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I 
 

Abstract 
 

Brain-computer interface (BCI) or Brain Machine Interface (BMI) provides direct 
communication channel between user’s brain and an external device without any requirement 
of user’s physical movement. Primarily BCI has been employed in medical sciences to 
facilitate the patients with severe motor, visual and aural impairments. More recently many 
BCI are also being used as a part of entertainment. BCI differs from Neuroprosthetics, a study 
within Neuroscience, in terms of its usage; former connects the brain with a computer or 
external device while the later connects the nervous system to an implanted device. A BCI 
receives the modulated input from user either invasively or non-invasively. The modulated 
input, concealed in the huge amount of noise, contains distinct brain patterns based on the 
type of activity user is performing at that point in time.  Primary task of a typical BCI is to 
find out those distinct brain patterns and translates them to meaningful communication 
command set.  

Cursor controllers, Spellers, Wheel Chair and robot Controllers are classic examples of BCI 
applications.  

This study aims to investigate an Electroencephalography (EEG) based non-invasive BCI in 
general and its interaction with a web interface in particular. Different aspects related to BCI 
are covered in this work including feedback techniques, BCI frameworks, commercial BCI 
hardware, and different BCI applications. BCI paradigm Steady State Visually Evoked 
Potentials (SSVEP) is being focused during this study.     

A hybrid solution is developed during this study, employing a general purpose BCI 
framework OpenViBE, which comprised of a low-level stimulus management and control 
module and a web based Google Street View client application. 

This study shows that a BCI can not only provide a way of communication for the impaired 
subjects but it can also be a multipurpose tool for a healthy person. During this study, it is 
being established that the major hurdles that hamper the performance of a BCI system are 
training protocols, BCI hardware and signal processing techniques. It is also observed that a 
controlled environment and expert assistance is required to operate a BCI system. 
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1. Introduction 
In this chapter different basics related to this study are discussed  

1.1. Motivation 
 

Ancient myths evoked a will in humans to control machines with their minds. The idea is 
being fanaticized in different forms at different times like in science fiction stories. For the 
last few decades, research in Neuroscience and Neuro-technologies provided a hope to bring 
forth reality to this fiction by providing an interface between human brain and machines. 

Since the invention of Computers, research in Human Computer Interaction or HCI domain 
has brought forth different interfaces to provide reliable communication channel between 
human and computers. Typically these interfaces include keyboard, mouse, and a display unit. 
With the advancement in HCI research, interaction between human and computers is being 
considered as a multimodal concept involving behavioristic metrics, rather than simple 
keyboard mouse interaction. This result in evolution of intelligent systems and environments 
that react, pro-act, and support human in their different activities based on experience from 
earlier interaction with system. 

HCI has provided quite an extensive set of novel interfaces for humans to interact with 
computers. These include motion sensing interfaces like Microsoft Kinect [1], Wii Remote 
[2], PlayStation Move [3] and eye tracking and gaze interfaces [4] such as the one provided 
by Tobii. Although these interfaces provide user with a flexibility to think and perform 
beyond what was possible with conventional interfaces, yet there is an urge to develop an 
interface with a broader scope and perspective without narrowing the focus on a particular 
sensory task or a motor activity. Ideal choice for such an interface is the one that is directly 
controlled by human brain.  

Further advancements in Neuro-technologies made it possible to gather information directly 
from human brain, which can be controlled by user. Such technologies resulted in evolution 
of BCI, an interface that provides user with a flexibility to issue different commands based on 
his or her brain activity in order to operate a system e.g. controlling a cursor on the screen 
with motor imagery. Initially BCI were meant to provide a way of communication for patients 
with severe motor disabilities. With further maturity of BCI, it is being tried with healthy 
subjects to provide a mode of communication outside clinical environment. With this 
breakthrough, researchers in HCI attracted towards BCI and considered it as a multimodal 
input interface for computers. In HCI perspective, such a system will adapt to user based on 
the brain activity he or she is performing.  

This intersection between BCI and HCI proved to be a driving force behind this work. 
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1.2. Objective  
 

This thesis work has two main objectives. Initial and foremost objective of this work is to 
explore BCI in general and its applicability in real world scenarios in order to provide basis 
for further research in this domain.   

Secondly, it is aimed to develop an interactive prototype that can somehow be used in a 
controlled environment to demonstrate the working of a BCI system.  

Besides these two main objectives there are few others as well, which are being identified and 
set at different times during this study. These include interfacing Emotiv EPOC [5] with 
Matlab and Labview, interfacing BCI with a web based target application, testing different 
BCI paradigms and software platforms.   

1.3. Scope 
 

The scope of this work includes an insight into BCI domain and development of a hybrid 
SSVEP based BCI system involving, 

 Scenario designing and configuration in OpenViBE. 
 Creating a Google Street View (web based) target application in C#. 

 Creating an Ogre based stimulus control and management application in C++ and, 

 A control panel to manage OpenViBE in non-GUI mode.    

1.4. Overview of Thesis Work 
 

This study started with exploration of BCI domain in general along with Emotiv EPOC [5] 
SDK. Initially focus was maintained on understanding the working and possible usage of 
Emotiv SDK in development of a BCI prototype. To accomplish this task, interface for both 
MATLAB and LabView was being created to view and analyze real time raw data along with 
processed data (i.e. data from Emotiv Suites) coming from EPOC headset via Emotiv SDK. 
Both interfaces can handle offline data in CSV format as well.  

Furthermore, an attempt was made to extract raw data directly from USB interface by using a 
third party API Emokit [6] in order to remove the barrier of having Emotiv Research SDK to 
access raw data , although the attempt was not successful due cross platform issues yet it was 
worth a try.  

Meanwhile different general purpose BCI software platforms were being investigated 
including BCI2000 [7] and OpenViBE [8] in order to evaluate their feasibility in comparison 
with Emotiv SDK. Outcome of this feasibility comparison was selection of OpenViBE as a 
BCI development platform for final prototype. 
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After selection of a BCI software platform, there comes the design of BCI system. It was 
being decided to utilize OpenViBE for data acquisition and signal processing. Moreover, a 
stimulus control and management application and a target Google Street view application also 
became the part of GSV BCI design. Initially it was considered to embed the stimulus control 
part in GSV target application, for that purpose a wide range of client end technologies were 
tried but none of them proved to be successful as they failed to provide precise frame updates 
at millisecond level accuracy, finally there were two options, either to select a python based 
api VisionEgg [9] or use a demo stimulus control application distributed with OpenViBE 
framework. Ogre [10] based OpenViBE demo application was eventually selected and 
customized to make it fit with GSV BCI design. 

In implementation phase, at first different scenarios were being created in OpenViBE, based 
on standard SSVEP scenarios. These scenarios perform specific tasks such as performing 
basic configurations, acquiring training data, performing offline signal processing and running 
BCI system in online mode. Basic experimental configurations include setting stimulation 
frequencies, stimulus color, epoch interval, and flickering delay etc. This was followed by 
development of GSV target application and Stimulus Control application. In stimulus control 
application single graphic stimuli were employed, where each stimulus was rendered in a 
separate rendering target.  

Finally a simple C# application was created to serve the purpose of control panel in order to 
run GSV BCI with OpenViBE in non-GUI mode.  

Further implementation details are provided in Chapter 7. 

1.5. Setting-up GSV BCI 
 

Like many other BCI systems, GSV BCI also requires a controlled environment to execute its 
operations smoothly and reliably. In following subsections a brief guideline is provided to 
setup and operate GSV BCI.  

1.5.1. Environment Setup 
 

As it is being mentioned, a controlled environment is a prerequisite for operating GSV BCI, 
hence it is important to setup environment before start interacting with BCI system. Following 
directions must be considered in this regard. 

 Use dim lights in the room where GSV BCI needs to be operated. 

 Make a comfortable seating arrangement for subject.  
 Avoid any activity that can possibly generate static charge. 

 Maintain a suitable distance between subject and display. Normally this distance is 
around 50 to 60 cm, but it might vary as it is up to user comfort level for visualizing 
flickering stimulus.  
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 Use a display with an appropriate size, neither too big nor too small, as larger display 
require user to rotate his or her head to visualize stimulus, while in case of smaller it is 
hard to focus on a particular stimulus. 

 Avoid any distracting activity in surroundings, as it might divert subject attention. 
 Before interacting with the system, subject must also be in a relax state of mind 

without any mental tiredness or stress. 

1.5.2. Hardware Setup 
 

GSV BCI doesn’t have any special hardware requirements to operate, as it can easily be setup 
on a PC with good computing power. It also doesn’t require any extra hardware setup for 
stimulus as screen based single graphic stimuli are employed rather than using conventional 
LED based stimulus. During this study a quad core PC with 8 Gb of main memory and nvidia 
8600 GT graphics adapter is employed.    

In this work, Emotiv EPOC is employed as a transducer to acquire signals from user brain, 
but at the same time GSV BCI provide user with flexibility to choose amongst different 
transducers supported by OpenViBE. 

Following are the directions to setup Emotiv EPOC for GSV BCI. 

 It is required to properly wet the felt pads of EEG sensors with saline liquid before 
inserting them into headset. It is important to note that these felt pad must not be 
soaked or partially wet, such conditions of felt pads might result in poor signal 
reception. 

 Carefully insert EEG sensors in headset. A click sound confirms proper insertion.   

 It is required to rewet felt pads after an hour of usage, as they might get dried. 

 Make sure that headset is charged well before usage. 
 Make sure that all desired electrodes make good contact physically with scalp. 

 For Reference electrodes use alternative location directly behind the ear. User is 
required to press and hold reference electrodes for a while before a good contact is 
shown in Emotiv Control panel application. 

 Put the headset on subject head in reverse direction, so that there are more electrodes 
covering Occipital region, as default placement of Emotiv EPOC has only two 
electrodes O1 and O2 in interested region. 

 Verify good contact of desired electrodes using Emotiv Control panel before start 
interacting with the system.  

1.5.3. Software Setup 
 

GSV BCI is designed to run on Windows machine, as it is being developed and tested on 64 
bit Microsoft Windows 7 platform. OpenViBE is employed to serve the purpose of a BCI 
software platform. Emotive SDK is also a mandatory requirement to operate the system. 
Emotiv tools like Control Panel and Test Bench are also quite useful in providing assistance 
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to operate the BCI system. There is no further requirement of any third party api or software 
tool to operate GSV BCI.  

GSV BCI is distributed with following software components 

1. Google Street View target application. 
2. Stimulus control application. 
3. GSV control panel application.  
4. OpenViBE scenarios for running SSVEP based BCI system.  
5. Batch files for setting up OpenViBE environment and running GSV target application 

and stimulus control application from within OpenViBE scenarios. 
6. Necessary Lua script and configuration files. 
7. Standard training data and classifiers. 

It is required to setup these components properly before start interacting with system. It is 
important to understand that GSV BCI can be run with or without ‘Control Panel’ application, 
as Control panel provides user with a high level interface to interact with OpenViBE in order 
to perform basic operations for running the system i.e. starting acquisition server, running 
different scenarios like training acquisition, offline signal processing etc. OpenViBE designer 
operates in Non-GUI mode with Control panel application.  Following directions are to be 
followed in this regard.   

1. Install and setup OpenViBE if it is not already installed, binary and source distribution 
of OpenViBE is available at [11]. 

2. Place batch files in OpenViBE root. 
3. Place executable of both stimulus control and GSV target client applications in 

openvibe-root/bin. 
4. Place the ‘GSV-BCI-SSVEP’ directory (containing scenarios, script files, 

configuration files and classifiers etc) at openvibe-root/share/openvibe-scenarios/bci. 
5. Start Emotiv Control Panel application considering that EPOC headset has already 

connected and setup properly. Before moving on further make sure that control panel 
shows a successful connection establishment and a good contact quality for all desired 
electrodes. 

6. Start OpenViBE acquisition server, adjust Emotiv driver settings and make sure it is 
polling raw EEG data at real-time. This can be checked by executing a simple ‘gsv-
accq-test’ scenario distributed with the system. 

7. Execute different scenarios in OpenViBE designer following the sequence in which 
they are asked to be run. These include, experimental configuration, training data 
acquisition, CSP training, classifier training, and scenario for running system in online 
mode. Signal processing scenarios like CSP and classifiers training are to be executed 
in fast forward mode. 

8. Make sure in case of execution of training data acquisition and online mode scenario 
that 1x1 pixel render target window of stimulus control application is at top of other 
application and in focus. 
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9. During execution of training scenario, user is required to maintain his or her focus on 
specified (background of next flickering stimulus turned white in order to notify it to 
user) flickering stimulus for the whole time period it is being stimulated. It is 
suggested to look at the small yellow mark in the center of flickering box in order to 
improve user attention and focus. This action is repeated for all flickering stimulus 
including static stimulus in a random sequence provided in configuration settings of 
training scenario. Each frequency is stimulated for the same amount of time separated 
by uniform break duration and flickering delay. 

10. To visualize real-time data while interacting with GSV BCI, Emotiv Testbench or 
Labview application can be used. 

In case of using GSV control panel to operate GSV BCI, user needs not to perform tasks 
mentioned in step 6 and 7, as they are being handled from within control panel.  
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2. Background 
 

2.1. BCI, What, Why, and When? 
 

First attempt towards direct brain communication was made by Edmond Dewan [12] in 1967 
to send Morse code messages based on amplitude changes detected in alpha band of subjects’ 
EEG. The change in amplitude is voluntarily controlled by the subjects in the experiments 
conducted by Edmond Dewan. 

Jacques Vidal is considered as a pioneer of BCI as he was the first to devise principles for 
creating a direct communication link between human brain and a computer [13]. He 
implemented the first ever successful BCI in 1977, a VEP based BCI [14] to control a target 
object in a maze using four xenon based check-board stimulus. This BCI exhibited around 
90% accuracy rate. This BCI is also considered as a first ever BCI game. 

A BCI is formally defined by Wolpaw et al. in [15] as 

“A brain-computer interface is a communication system that does not depend on the brain’s 
normal output pathways of peripheral nerves and muscles”.  

BCI provides user with an interface to control and perform communication with a system 
without any physical movement. Initially BCI were considered to be used as a clinical tool to 
rehabilitate patients with severe motor disabilities [16] [17]. But now it is gradually coming 
out of clinical environment and being used in other domains without restricting the focus on 
disable subjects [18] [19].  

There are four major building blocks of a BCI system as being described in the most cited 
BCI study by Walpow et al [16]. These include signal acquisition, Signal processing, target 
application or output device, and operating protocol or paradigm. Figure 2.1 gives a clear 
view of a closed loop BCI system, which is being reproduced from [16]. BCI receive brain 
signals as an input from human brain by employing some transducer. These signals are 
processed to extract features which are then translated to discrete command-set to operate 
some external device or application e.g. a speller application or a wheel chair etc.  

Prime objective of a BCI system is to detect subjects’ intentions towards some activity related 
to problem solving. These intensions are related to specific brain patterns, which are being 
identified and captured in near real-time. Due to limitations in recording techniques, it is not 
possible to specify brain patterns for each user intension to provide unlimited command set. 
EEG is the most widely used recording technique used in BCI systems due its high temporal 
resolution and non-invasiveness. EP and ERP are signal processing derivations of EEG, 
which are quite frequently used in BCI research. EP involves averaging of EEG responses 
locked in time to aural or visual stimulus, while ERP involves a further complex stimulus 
processing to averaged EEG activity.  
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Figure 2.1 Basic Components of a BCI system [16] 

 

With technological advancements and improvements in signal processing algorithms, BCI is 
widening its scope and looking for new adobes. BCI at its maturity might change the whole 
world because of unlimited boundaries and rich content, although for now it seems like a 
speculation but the glimpses it is showing to the world are quite remarkable. At present BCI is 
used to develop many practical applications in different domains such as clinical 
rehabilitation, forensics, virtual reality, gaming, robotics, etc. A detailed account of these 
applications is provided in section 2.3.  

2.2. BCI Types 
 

A BCI can be categorized on the basis of electrode positioning and type of activity subject’s 
brain is performing. Following subsections provides an account of different types of BCI 
systems.   
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2.2.1. Based on Electrode placement 
 

To acquire brain signals, metal electrodes or sensors are placed either on scalp or on the brain 
tissues inside the skull. This electrode placement led to the categorization of BCI systems into 
invasive and non-invasive BCI systems 

2.2.1.1. Invasive BCI  
 

Invasive BCI systems require implantation of an array of micro-electrodes in brain tissue in 
order to acquire neural signals. Such implantation of electrodes requires a surgery, which can 
be complicated.   

 

Figure 2.2 Surgical implantation of electrodes [20]. 

Invasive BCI are generally used, to make locked-in paralyzed patients perform some basic 
tasks, one of the first successful invasive BCI helped the subject to have control over cursor 
movement and speller application [21]. In few invasive studies, resulting BCI is used to 
perform complex activities as well, such as controlling a robotic arm [22] and television 
remote control [23] etc. 

A partial or less invasive BCI is developed by Washington University in St. Louis to control 
cursor movement, which records brain activity from subdural and epidural regions inside the 
skull [20]. Figure 2.2 shows a less invasive electrode implantation. 

 



10 

 

2.2.1.2. Non-invasive BCI 
 

In non-invasive BCI electrodes are placed on scalp to acquire signals from human brain. Non-
invasive BCI are more popular and feasible than invasive BCI in devising real life 
applications targeting both healthy and disabled subjects. Transducers used in non-invasive 
BCI are quite safe and easy to wear but their signal resolution is relatively poor due to signal 
dampness caused by scalp, skull and other membranes over brain tissue.  

To measure brain responses there are different technologies like EEG, MEG and MRI. EEG is 
the most popular and most widely studied non-invasive technology because of its ease of use, 
excellent temporal resolution and low setup cost. Different consumer based transducers are 
available for EEG acquisition at very moderate cost like Emotiv EPOC [5], NeuroSky 
Mindwave [24], and Mindset [25] etc. These technologies and EEG transducers are discussed 
further in chapter 3.  

There are different operating protocols or BCI paradigms associated with non-invasive BCI, 
such as motor imagery (SMR), SCP, P300, SSVEP and other non-motor cognitive paradigms. 
Detailed account of these paradigms is provided in chapter 5. 

2.2.2. Based on Brain Activity 
 

Human brain is capable of performing its operations in different states like active, passive and 
reactive. In order to accommodate these different states of brain, it is required to setup a BCI 
system that fits in with the requirements of that particular state.  

2.2.2.1. Active BCI 
 

In active BCI, subject is required to actively perform some cognitive task like mental 
calculation, imagined word association, and motor imagery i.e. imagining physical movement 
of left or right hand. Mental activity in response to such cognitive tasks is the prime driving 
force for Active BCI. 

Active BCI require quite extensive user training in order to accurately classify between 
different mental tasks performed by the user. Such training takes even months to achieve 
acceptable performance. Motor imagery is the most common and widely used paradigm in 
active BCI where different imagined movement exhibit changes in SMR. Motor Imagery 
paradigm was pioneered by Pfurtscheller et al [26] by developing Graz BCI.  

Other paradigms related to active BCI are non-motor cognitive tasks and SCP slow cortical 
potentials (based on operant conditioning). Mental tasks other than motor imagery can be 
distinguished using different frequency bands like delta (0-3 Hz ), alpha (8-13 Hz), beta (14-
20 Hz), and theta (4-7 Hz ) etc [27]. These bands are considered as empty slots for different 
mental tasks and thoughts. 
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2.2.2.2. Reactive BCI 
 

Reactive BCI formulates its output from the brain activity that occurred in response to some 
external stimulus. User is required to maintain his or her focus on desired visual or aural 
stimulus in order to make the system work properly. 

Main advantage of reactive BCI is that it require very minimum or no training to adapt to the 
system. They are rather more robust and easy to setup than active and passive BCI. Downside 
of such BCI systems is that they are always dependent on external stimuli and sometimes 
these stimuli are quite annoying especially in case of flickering visual stimulus. 

Major paradigms in reactive BCI are P300 and SSVEP which are elicited by focusing on 
specific type of stimulus. P300 or simply P3 also referred as odd-ball paradigm is a positive 
peak elicited around 300ms after stimulus presentation. P300 was first exploited by Farwell 
and Donchin [28] and formulated famous P300 Speller application.  

On the other hand SSVEP is elicited in visual cortex by maintaining focus on a stimulus 
flickering at constant rate between 3-75 Hz, with similar frequency as of focused stimulus. 
For example if a subject is focusing on a stimulus that flickers at 10 Hz, subject’s brain 
response (SSVEP response) exhibits the same frequency along-with its harmonics and sub-
harmonics. SSVEP responses are quite robust and require very minimal training. Probability 
of SSVEP elicitation is quite higher between 5-20 Hz frequency band [29].  

2.2.2.3. Passive BCI 
 

Passive BCI formulates its output from arbitrary mental activity which doesn’t require user 
attention or any cognitive task. It measures subject’s spontaneous responses such as emotional 
states like excitement, meditation, frustration, and engagement etc.   

Passive BCI normally play the supportive role rather than aiming at commanding the control. 
For example in a gaming scenario like in Alpha-World of Warcraft player’s high stress level 
turned the avatar to a bear, it comes back to its original state as player start relaxing [30]. 
Affective suite of Emotiv SDK [5] also serves the purpose of a Passive BCI. Passive BCI can 
also be used as secondary communication channel in HCI systems in order to influence and 
enrich primary interaction channel i.e. manual input [31].  

Performance metric for passive BCI is its cost and usefulness as secondary communication 
channel rather than bit-rate which is a standard metric for BCI systems. 
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2.3. Related work 

2.3.1. Communication and Rehabilitation 
 

BCI primary focus is to rehabilitate locked-in patients and disabled subjects by providing 
them an interface to communicate and execute different real life matters. Daly and Wolpaw 
[32] proposed two ways of using a BCI system for rehabilitation purpose, either use a BCI to 
control an external device like a robotic arm, or make use of biofeedback to modulate and 
control brain signals.  

Philips et al. employed brain signals to generate discrete outputs for controlling a wheel chair 
[33]. Farwell and Donchin used P300 Event related potential (ERP) to formulate a speller 
application [28] in order to provide a communication channel for locked-in patients.  

2.3.2. Entertainment 
 

BCI targeted entertainment industry as it crept out of clinical laboratory. With the availability 
of relatively cheap consumer based BCI hardware, research in BCI domain seemed rather 
more focused towards games, virtual reality and other entertainment genres. 

Vidal made the first successful attempt to navigate a moving object through a maze using 
VEP in 1977 [14], xenon based stimulus were used in the study. Chumerin et al. [19] make 
use of SSVEP paradigm to develop a multi-level maze game. Martenez et al. [18] devised a 
multi-command BCI game in which user is able to drive a car by focusing at different SSVEP 
check-board stimuli. MindBalnce is a game developed by Lalor et al. [34] in which user is 
required to maintain his balance by maintaining attention on two SSVEP check board 
stimulus.  

Besides direct control of gaming environment, BCI is also being used in an assistive role to 
enhance interactivity and immersion. AlphaWoW, a brain controlled version of World of 
War-craft employs user’s affective states to perform shape shifting [30]. 

Guger et al. [35] developed a BCI to control ‘Smart Home’, a virtual reality application. 
Friedman et al. integrated a highly-immersive VR environment ‘Cave’ with a BCI system to 
study the constraints related to BCI VR interaction.  

2.3.3. Forensics 
 

BCI is being successfully used in forensics as well. Lawrence Farwell introduced the notion 
of ‘Brain Fingerprinting’ [36] a forensic technique to detect the concealed information in 
suspect’s brain. It is based on P300 BCI paradigm along with a novel MERMER brain 
response. 
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Despite of its controversial nature it is being ruled admissible in court [37] and used in 
number of high profile cases like tacking down JB Grinder, a serial killer. 

This project has been funded by US federal investigation agencies FBI and CIA.  

2.3.4. Pattern Recognition and Reconstruction 
 

More recently BCI technologies are used for pattern recognition and reconstruction of image, 
visuals and speech. 

Esfahani and Sundararajan [38] make use of BCI to classify between different basic primitive 
objects like sphere cube etc. with an average accuracy of 44 %, Guerra et al. [39] discussed 
the affective processing of familiar faces for face recognition.  Basara et al. [40] discussed the 
brain responses to images of loved person. Gosling and Eimer [41] employed ERP to discuss 
the possibilities of explicit face recognition.  

In 2008, a Japanese research institute ATR successfully developed a BCI that allows the 
reconstruction and visualization of images directly from human brain [42]. Many researchers 
considered this advancement as a landmark in recording dreams in future.  

A very recent development by Pasley et al. [43] depicts the possibility to reconstruct speech 
from the words imagined by a listening user. 

2.3.5. Miscellaneous  
 

BCI technology is also tried in many other domains to develop useful applications and 
systems.  

Campbell et al. developed a BCI system based on P300 brain potentials to operate a smart 
phone [44]. Braintone Art [45] is a painting tool that employs users’ cognitive states to draw 
abstract artwork on canvas.  

A media performance group ‘MiND Ensemble’ employed BCI devices to study connectivity 
between human brain, music and machine [46]. 

AutoNOMOS Labs, a German AI research group developed a BCI to control a vehicle by 
employing distinct brain patterns of driver [47]. 
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3. BCI Technologies and Devices 
 

This chapter provides an account of prevalent BCI technologies along with different 
consumer and research-grade BCI devices. Non-invasive technologies and Emotiv EPOC 
headset are focused in particular as they are being used in this study. 

3.1. Overview 
 

Signal acquisition unit is the first amongst the major components of a closed loop BCI 
system. It is required to have an appropriate hardware setup to acquire brain activity. 
Different brain imaging technologies and transducers are used to acquire signals from human 
brain which are generated either arbitrarily or in response to some cognitive task or external 
stimulus.  

Brain signals are acquired either at scalp or directly from within brain by implanting 
electrodes in brain tissues later requires a complex surgery and usually employed in 
Neuroprosthesis for locked-in patients. 

Measuring the brain responses at scalp provides more flexibility towards research, as it is 
rather more easy, safe and convenient than surgical implantation of signal acquisition 
hardware. Moreover many consumer based transducers are also available to conduct BCI 
experiments at moderate cost with convenience.      

3.2. BCI Technologies 
 

There are two prevalent BCI technologies which are discussed in following subsections.    

3.2.1. Invasive 
 

Invasive brain technologies are subdivided into two categories 1.) fully invasive and 2.) 
partially invasive, former requires implantation of intracortical cone electrode arrays 
(electrodes with diameter less than 90µm) while the later implants array of electrodes in 
subdural or epidural regions. Electrodes in case of partially invasive implantation are of 
bigger size than fully invasive. 

 Electrocorticography or ECoG is one of the important invasive technologies, which is 
employed to measure the electrical activity beneath the skull in case of partially invasive 
systems. 

Typically invasive systems are more focused towards rehabilitation of patients. As invasive 
technologies are not in the scope of this study so for further information [21] [22] [23] [20] 
are recommended. 
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3.2.2. Non-Invasive 
 

Non-invasive technologies measures brain activity at scalp hence there is no need of any 
surgical implantation. These technologies are widely used in many research topics due to their 
ease of use. During this work non-invasive technology EEG is employed.  

Different non-invasive brain technologies are discussed in following subsections.    

3.2.2.1. EEG 
 

Electroencephalography or EEG is a non-invasive brain imaging technology that measures 5–
100 μv electrical potentials by electrode placement at scalp. EEG signals are quite noisy 
because of artifacts and obstructions created by scalp skin, bone tissue and cortical fluid.  

EEG signals exhibits excellent temporal resolution with small latencies but their spatial 
resolution is quite poor and show accuracy in range of about 2-3cm. Spatial resolution is quite 
important in classification between different brain states, so EEG setup requires careful 
placement of electrodes based on standard discussed in next section.  

There are three main derivatives of EEG which makes it possible to use EEG in different 
experimental scenarios. 

Rhythmic Responses 

Such kind of brain activity is associated with different known and observed frequency bands 
like delta (0.1-3.5 Hz), theta ( 4-7.5 Hz ), alpha (8-13 Hz), beta (14-30 Hz) and gamma 
(>30Hz).  
 
Event Related Potentials  

It is a potential change in EEG due to some higher brain functions that occurs in response to 
some particular event or stimulus e.g. P300 potentials. ERP provides a useful means for 
studying brain responses in non-invasive manner.  

Evoked Potentials 

EP is a subset of ERP that occurs in response to some external stimulus e.g. VEP, SSVEP etc. 
It deals with the processing of stimulus rather than any higher brain process.  

There are different operating protocols or paradigms associated with EEG like motor imagery, 
P300, SSVEP, and SCP etc. which are being discussed in chapter 5. 

Following are the main treats which make EEG a most widely studied non-invasive brain 
imaging technology.      
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 It is relatively cheap than other brain imaging technologies. 

 It provides excellent temporal resolution. 

 It is directly correlated with functional neural activity. 

 It allows implementation of real-time BCI systems. 
 Its acquisition setup is quite easy to use and risk free.  

For a detailed study of EEG [48] is recommended. 

3.2.2.1.1. Standard Electrode Positioning 
 

There is an effort made by “International Federation of Societies for Electroencephalography 
and Clinical Neurophysiology” to standardize electrode placement on skull to acquire brain 
signals by adopting a system proposed in [49]. This system is generally referred as 10-20 
system for electrode placement. 

It is being adopted globally since then, in its original form i.e. nomenclature and physical 
placement of 21 electrodes. Further enhancements are also made by adding more electrode 
positions. Figure 3.1 shows a standard 10-20 system for electrode placement. 

 

Figure 3.1 10-20 EEG Electrode placement system  

3.2.2.2. fNIRS 
 

Functional Near Infrared Spectroscopy is another relatively inexpensive non-invasive BCI 
technology, which determines the changes in brain tissue oxygenation along with cerebral 
hemodynamic by measuring optical changes at different wavelengths in reflection of 
projected Near Infrared light beam. 
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fNIRS can be used to produce brain images or maps with relatively high spatial resolution 
less than 1 cm at an expense of lower temporal resolution. For further detailed information 
related to fNIRS see [50].  

3.2.2.3. MEG 
 

Magnetoencephalography is a brain imaging technology for developing BCI systems, which 
measures magnetic fields created by brain’s electrical activity. It provides quite good temporal 
and spatial resolution without any need of physical contact. 

Despite of its excellent spatial and temporal resolution and real-time control, it is impractical 
for developing convenient BCI systems because of high cost and huge volume. For detailed 
reference of MEG see [51]. 

 

3.2.2.4. fMRI 
 

Functional Magnetic Resonance Imaging makes use of changes in blood oxygen level to 
measure the brain activity. It doesn’t have any requirement of having physical contact with 
sensors.  

It is successfully being employed in developing many non-invasive BCI systems like 
controlling robot arm etc. Recently a research group in japan develops a BCI by making use 
of fMRI to reconstruct and visualize images directly from human brain [42]. 

3.3. BCI Devices 
 

To acquire brain signals and use them as an input in signal acquisition module of BCI system, 
it is required to have some hardware setup that converts analogue signals of brain activity into 
digitized out-put.  

Commercialization of non-invasive BCI results in many research and consumer-grade BCI 
transducers. In the following subsections different consumer and research-grade EEG 
transducers are discussed. EEG based consumer-grade BCI transducers are rather more 
focused as in this study a consumer-grade Emotiv headset is used.  

3.3.1. Consumer-grade 
In following subsections different consumer grade EEG transducers are discussed. 
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3.3.1.1. Emotiv EPOC 

3.3.1.1.1. Overview 
 

Emotiv EPOC is a 14 channel non-invasive consumer based EEG transducer developed by an 
Australian company Emotiv Systems, which is available in Windows, Mac OSX and Linux 
environments. It uses wet electrodes and provides a wireless interface. 

Emotiv EPOC samples 16 bit unsigned integer EEG data at 128 Hz. This data contains the 
information like contact quality of each sensor, markers, drop samples, and gyros data along 
with real brain responses. Data is being offset by around 4200 microvolt. 

It comes with its own reference system as it employs two reference sensors and two different 
reference locations. Its output frequency range is 0.16-45 Hz. Along with EEG signals, it also 
measure EMG and EOG as in case of Expressive suite, frontal electrodes are rather designed 
to measure EMG and EOG along with EEG as well.  

Figure 3.2 shows the electrode placement of EPOC headset. Further details about Emotiv 
EPOC can be found at [5]. 

3.3.1.1.2. SDK 
 

Emotive offers different categories of its SDK in different price ranges. EPOC headset is also 
included in the price tag of a specific SDK except Lite SDK which is free. 

Lite SDK 

It is free for download and can be used with and without EPOC headset. It is a kind of 
introductory SDK that makes user familiar with Emotiv environment.  In absence of EPOC 
headset EmoComposer is used to test this SDK.  

Developer SDK 

Developer SDK is one step ahead of Lite SDK, as it provides user with access to different 
detection suites at some extra cost. Different applications can be developed by using 
developer SDK as it exposes the processed EEG data received from available detection suites.   

Research SDK 

Costing around $800, it is an extension of developer SDK, as it has got all the features that are 
offered by developer version with an additional feature of having access to raw EEG data, 
which can be used for research purpose. TestBench tool is also included in this SDK. Emokit  
[6] can be a kind of alternative for this research SDK 

Emotiv provides some other versions of its SDK (high price range) like Education, Enterprise 
and Enterprise Plus, which differ only in type of license otherwise, they are either developer 
or research as far as their features are concerned.   
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3.3.1.1.3. Detection Suites 
 

Emotiv EPOC comes with three detection suites based on different types of neural and 
neuromuscular activity. 

Expressive Suite 

This detection suite is used to detect different facial expressions. In this detection suite, EMG 
and EOG are employed hence its measurements doesn’t exhibit any direct neural activity. It 
detects the facial muscular activities like, eye blinks, eye wink, eyebrow movement, eyeball 
rotation, smile, laugh, and clench etc.  Expressive suite performs quite fast detections hence 
providing a good choice to use these detections to control a gaming environment.  

Affective Suite 

This suite measures the passive brain activity and discriminates between different mental 
states of user. Emotiv maps these brain states to different emotional states like meditation, 
excitement, frustration, and Engagement/boredom etc. It is important to understand that 
nomenclature of these states is not perfect. 

Cognitive Suite 

In cognitive suite, brain’s active responses are detected based on different mental tasks that 
user performs while interacting with the system. It provides 12 thought patterns plus 1 extra 
visualization pattern. Naming convention of these thought patterns is based on different 
physical actions like push, pull, drop, rotate and lift, etc. In fact these thought patterns are 
empty slots which can be filled by any particular thought or mental task hence they are not 
bound to the actions they are named for.  

 

Figure 3.2 Emotiv EPOC electrode placement. 
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Besides these detection suites Emotiv EPOC is capable of measuring head rotations in X and 
Y directions by making use of gyros.   

3.3.1.1.4. Tools 
 

Emotive EPOC is distributed with a set of software tools which are quite useful in data 
analysis, and emulation. Figure 3.3 depicts the layout of major Emotiv Tools. 

Emotiv Control Panel 

Control panel provides an interface to interact with different detection suites discussed above. 
It also provides personalization in order to manage different users who interacted with system 
at different times. With the help of control panel user can visualize sensor contact quality, 
monitor the changes in passive brain states, and perform different cognitive tasks.  

To use Emotiv processed data as an input for an external application like a computer game or 
a word processor application, control panel provides an interface via EmoKey. 

EmoComposer 

EmoCoposer is another software tool distributed with EPOC, which can be used as an 
emulator for the Emotiv EPOC headset. It is quite useful for debugging purpose in the 
absence of actual hardware. 

 It can also be connected with EmoKey to provide an interface for external application. 

EmoKey 

EmoKey is a software tool which provides an interface for mapping processed Emotiv output 
to an external application. It can be connected to both Control Panel and EmoComposer in 
order to receive processed brain reposes and emulated brain responses respectively. These 
brain responses are mapped with different key controls in order to interact with any external 
application, i.e. a text editor.  

TestBench 

Testbench provides user with a facility to view and analyze real-time EEG stream received 
from different electrodes. It provides serial port communication interface as well. It also helps 
user to save that raw EEG data in standard .edf format which can further be analyzed in 
MATLAB, Labview or in any other api for BCI analysis. 

User can also monitors data packets, FFT, and the measurements received from gyros.  
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3.3.1.1.5. Applications 
 

Emotiv EPOC distributes different free and paid application. These applications include 
research utilities and tools, games, photo galleries, neurofeedback and accessibility 
applications. These applications are available for download and purchase at [5]. 

3.3.1.1.6. Emokit 
 

Emokit [6] is a reverse engineered, python and C++ api to read Emotiv EPOC data from USB 
interface. It provides a kind of alternative for extracting raw EEG data with a $300 consumer 
EPOC headset rather than spending extra $500 for EPOC Research SDK. 

Emokit is supported on Windows, OSX, and Linux platforms. 

 

Figure 3.3 Emotiv Tools 

 

3.3.1.2. MindSet 
 

MindSet is a consumer-grade EEG device produced by an American company Neurosky in 
2007, which uses its single dry sensor to detect 2 brain states along with detection of eye 
blinks.  

Its single EEG dry sensor mounted on an arm is to be placed on forehead in order to detect 
EEG. Mindset is also equipped with a pair of headphones, and an SDK. It interfaces with a 
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computer using a wireless Bluetooth connection. It costs around $200. It has a support for 
both Mac OSX and Windows platform. 

Further details can be found at [25]. 

 

3.3.1.3. MindWave 
 

MindWave is a consumer based non-invasive BCI transducer also produced by NeuroSky, 
which costs around $100. It is considered to be a least expensive reliable EEG acquisition 
hardware ever produced. 

Mindwave acquire EEG at scalp by making use of its dry electrode, dry means that such an 
electrode doesn’t require any gel or saline solution for its operation. It manages to distinguish 
between two mental states along with detecting Eye blinks in a frequency band 0.5-50 Hz. It 
has a wireless interface and being used for both education and entertainment purpose as it is 
distributed with its SDK supported on both Windows and OSX platform. 

Further details regarding MindWave are provided in [24]. 

3.3.1.4. NIA 
 

Neural Impulse Actuator released by OCZ technology [52], is a consumer based BCI 
transducer comprised of 3 sensors in a price range around $100 and comes with a Windows 
based SDK. Rather than using EEG it employs EMG electromyography, the phenomenon to 
detect electric potentials generated due to activity of muscle cells. So its measurements are 
not purely neural in nature rather it is a mixture of nerve muscle and skin bio-potentials.  

It is not suitable for any kind of research related to direct brain responses as it doesn’t capture 
direct neural activity. However it can be used to control and play a computer game by 
mapping its bio-potential output. It is no longer being produced by OCZ technology rather it 
is now distributed by BCInet [53] another BCI hardware vendor. For further details about 
NIA [54] is suggested. 

3.3.1.5. Mindball 
 

Mindball, one of the first consumer based BCI device produced by a Swedish company 
Interactive Productline. It is not a general purpose BCI device rather it is a closed loop BCI 
gaming system, hence it can’t be used in conjunction with any other application. It has quite a 
large and expensive hardware setup costs around $20,000. 

Its working principle is to measures passive brain activity by employing its single EEG 
electrode. Typical setup consists of a table containing a wirelessly controlled ball, and a pair 
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of EEG headband. It requires two players equipped with EEG headbands, intensively focusing 
in order to move the ball towards oneself. For more details about Mindball see [55].  

3.3.2. Research-grade 
 

Research grade BCI devices provide more accurate measurements of brain responses. Besides 
the cheaper consumer-grade BCI transducers discussed in earlier sections, there are many yet 
relatively expensive research grade devices produced by different vendors. 

Starlab [56], g.tec [57], and NeuroSky are the leading BCI hardware providers for research 
purpose. Few of their major products are Biosemi [56], Enobio [56] , Intedix [58], gSAHARA 
[57], and gGAMMAsys [57] etc., which are being used in many BCI researches all over the 
world. Amongst these vendors, NeuroSky also produced consumer based EEG transducers 
like Mindwave and Mindset etc. 

Conventionally research-grade transducers use gel or saline liquid based wet sensors, but 
advancements in dry sensor technology, made them rather more favorable choice over wet 
sensors.  

A very recent significant development is non-contact EEG sensors produced by NeoroSky, 
which can effectively measure EEG with a distance from scalp. Hence they can easily be 
worn on hair [59]. 

3.4. Conclusions and Summary  
 

Different non-invasive BCI transducers are discussed in this chapter. Focus is maintained on 
consumer-grade devices as during this study a consumer grade Emotiv EPOC is employed. 
Each of these BCI transducers has some merits and demerits, a brief comparison of their 
features is provided in table 3.1.  

BCI Device Price SDK Major BCI 
Technology 

Electrode 
Count 

Vendors Supporting 
Platform 

Emotiv 
EPOC 

$299* Yes  EEG 14 Emotiv Windows, 
Mac, Linux  

MindSet $199 Yes EEG 1 NeuroSky Windows, 
Mac 

MindWave $99 Yes EEG 1 NeuroSky Windows, 
Mac 

MindBall $20,000 No EEG 1 Interactive 
Productline 

- 

NIA $90 Yes EMG,EOG 3 OCZ 
Technology 

Windows 

 

Table 3.1 Comparison of various consumer based BCI devices 

*basic price for headset, SDK prices are different that include headset and other tools.  
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Emotiv EPOC is considered to be one of the better choices amongst its other competitors. It is 
platform independent and provides support for different BCI software platforms like BCI2000 
and OpenViBE. It has more electrodes than any other consumer grade EE device. Its 
portability and relatively ease of use as compared to others add more positives to it.  

On the downside, it is not as that easy to precisely adjust its sensor placement hence results in 
many false positives and false negativess. It is not as that comfortable to wear and causes 
headaches after continuously using it for 2 to 3 hours. With the drainage of its battery signal 
quality also becomes poor. Moreover it is also not a good choice for some BCI paradigms like 
motor imagery and SSVEP because of absence of sensor locations, required for these 
paradigms. 
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4. BCI Software Frameworks & Platforms 
 

This chapter provides a detailed overview of software platforms and frameworks in BCI 
domain that are being explored during this study along with other BCI software platforms 
publically available. A brief general overview is followed by detailed description of different 
publically available BCI software platforms. 

4.1. Overview 
 

Jacques J. Vidal is considered as a pioneer in the BCI related research, as he was the first to 
present the concept of direct communication between brain and computer [13]. Later on many 
functional prototypes were developed on the basis of this idea. With advancement in 
computational power and software technologies, BCI evolved quite significantly in last 3 
decades.  

A typical BCI System is comprised of modules like data acquisition, signal processing, and 
feedback. Many research Institutes have developed custom tool sets based on specific 
requirements. Such software platforms are not extensively documented and not publically 
available as they are only being used for prototyping and testing in specific environments.  

In the last decade many BCI software suites have been released which are publically 
available. Most of them are platform independent and target a wide range of BCI users like 
developers, researchers and common users. Some of them are distributed under open source 
GNU GPL license, which provide flexibility in code inspection, modification and 
redistribution.  

4.2. OpenViBE 
 

OpenVibe [8] released and supported by French National Institute of Research INRIA [60], is 
an open source and freely available BCI software platform for designing, developing, and 
testing BCI systems. Since its first release in May 2009, OpenVibe is constantly updated and 
released after every three months by INRIA. This freely available software platform is an 
output of a research project “OpenViBE1” initiated in 2005 by INRIA.   

4.2.1. OpenViBE2 
In November 2009, a research project named “OpenViBE2” [61] for testing BCI technology 
in Video games and Virtual environments, is initiated and funded by French National 
Research Agency ANR in collaboration with INRIA and other commercial partners from 
Virtual reality and Gaming Industry including UbiSoft, Black Sheep and Clarte. In this 
project the main focus in not only to use brain signals as direct input but also to use them to 
adapt the content and interaction protocols of virtual environments by complementary means. 
Hence it addresses the challenge to combine BCI interactions with conventional gaming 
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peripherals. Recently a prototype of VR based game has been developed by Clarte for ADHD 
patients [62].  

4.2.2. System Design 
 

OpenViBE is based on a modular design. In following subsections different building blocks 
of its design are discussed.   

4.2.2.1. Kernel 
 

Kernel is a core module of OpenViBE that provide global services to applications via 
different managers dedicated to specific services. These managers include plug-in manager, 
scenario manager, and visualization manager.  

Plug-in manager is responsible for loading and managing plug-in modules e.g. .dll and .so 
libraries of existing or newly created plug-ins. Plug-in manager makes it possible to expand 
OpenViBE quite rapidly. 

Scenario manager is responsible for managing different scenarios in designer tool. It helps 
user in creating and configuring new scenarios along with modification of existing scenarios. 
It also monitors the execution of scenarios. It supports simultaneous execution of multiple 
scenarios as well.   

Visualization manager controls positioning and display of 2D/3D information. Designer 
employs Visualization manager to monitor and visualize brain signals both in real-time and 
offline modes. It also supports multiple visualization windows.  

Besides core managers OpenViBE provides many other managers as well that handle 
different global services i.e. Log Manager, Configuration manager, player manager etc.  

4.2.2.2. Box 
 

Box is considered to be the vital component of OpenViBE platform. It provides skeleton for 
developing a software component for any specific functionality. In its structure, it exposes its 
incoming and outgoing data streams to other boxes.  

A box can either be notified by arrival of input data or clock tick, such a behavior can be 
described by the type of functionality it is going to perform e.g. implementing an algorithm 
for offline classification simply require arrival of data at input for notification.  
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4.2.2.3. Plugins 
 

Plugins provide a way to extend existing functionalities of OpenViBE. These software 
components can be divided into three categories driver plugin, algorithm plugin, and box 
plugin. plugins are usually created by “Developer”.  

Driver plugins offer creation of device drivers to support additional transducers in OpenViBE. 
Driver plugins are used by Acquisition Server to acquire real-time data afterwards. They 
normally make use of device specific SDK. 

Algorithm plugins provide a generic abstraction for any kind of software component that can 
be added to the platform, e.g. classification, artifact rejection etc. such plugins are highly 
reusable and can easily be shared. 

Box plugins are software components that drive a box. A box plugin is in fact the actual 
implementation for a specific functionality that a box is going to perform. It is generally a 
combination of number of algorithm plugins.  

4.2.3. Target Users 
 

OpenViBE divides its target users into four categories discussed below. 

4.2.3.1. Developer 
 

Developer is an OpenViBE user who can add and test new functionalities in OpenViBE by 
using the SDK supplied with its core distribution. The SDK provides developer with access to 
different classes that are specific to different functionalities.  

Developer can either be a kernel developer or a plugin developer.    

4.2.3.2. Application Developer 
  

This role is designated to the creator of standalone applications that interact and use features 
of OpenViBE. For example application created during this study. 

4.2.3.3. Author 
 

Author is a non-programmer user who by making use of designer creates and executes 
different scenarios to setup a complete BCI system.  

It is important for this category of user to be aware of OpenViBE processing chain along with 
knowledge of BCI systems and elementary signal processing. 
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4.2.3.4. Operator 
 

Operator is another non-programmer OpenViBE user, who just needs to execute pre-
configured scenarios. An example of such a user would be a medical practitioner. 

Only requirement for such a user is to have knowledge of working of a BCI system. 

 

4.2.4. Tools 
 

OpenVibe comes with quite useful and rich toolset. Communication between different tools 
and modules is performed via VRPN protocol. These tools are discussed below.  

4.2.4.1. Designer 
 

Designer is a GUI based tool provided by OpenViBE for creating workflows for a specific 
tasks. These workflows are based on XML and termed as “Scenario”.  A scenario consists of 
a number of software components “box” that are connected to each other. A scenario can be 
executed in two modes normal and fast forward mode, fast forward mode is desirable for 
offline processing. 

Designer is quite useful tool for a non- programmers like author to create scenarios using 
different available software components. It has a simple GUI as shown in Figure 4.1. It 
provides user with a list of boxes for data acquisition, signal processing, visualization and 
other tasks, which can be used in a scenario by simple drag and drop. Each box has some 
inputs and outputs which are being handled by the user as per requirement. It also provides 
boxes for testing and debugging. 

Designer can also be used in a non-GUI mode using command line arguments.  

4.2.4.2. Acquisition Server 
 

Acquisition Server provides an interface for different BCI data acquisition transducers. It has 
a simple GUI that let user to select among different transducers and adjust their settings.  

Real-time data from acquisition server can be accessed in a scenario via generic acquisition 
box, which can then be used for acquiring training data or using it as an input to run BCI 
system in online mode. Figure 4.2 shows the GUI of acquisition server. 
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Figure 4.1  OpenViBE Designer GUI showing a scenario, different boxes are available for use in right column. 

 

4.2.4.3. Visualization Tools 
 

OpenViBE comes with a large number of 2D and 3D visualization tools which are quite 
useful in inspecting brain activity along with monitoring real-time signals. Some of these are 
signal display, time-frequency maps, power spectrum, and 2D/3D topography 

OpenViBE also provides widgets that are specific to feedback paradigms like P300 speller 
and motor imagery. 

 

 

Figure 4.2 OpenViBE Acquisition Server with Emotiv EPOC driver selected. 
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4.2.5. Salient Features 
 It is an open source BCI software platform distributed under GNU Lesser General 

Public License. 
 It has support for Windows and GNU/Linux platforms. 

 It doesn’t require any third party software to execute and utilize its core 
functionalities. 

 It operate a BCI system typically in three steps 1- online training data acquisition, 2- 
offline feature generation and classification, and 3- online execution of system in 
closed loop.     

 It is distributed with a GUI based tool Designer where a non-programmer can easily 
create XML based workflows to perform specific tasks e.g. acquiring data from 
acquisition server, setting experimental configuration parameters, offline 
classification. These workflows are named as Scenarios in OpenVibe, which contains 
number of software components in form of boxes connected to each other.     

 It comes with a number of pre-configured scenarios for different BCI paradigms like 
P300, motor imagery, SSVEP. 

 It is comprised of a number of software modules like data acquisition, signal 
processing, feedback, and visualization. 

 It allows user to add requirement specific software modules wrapped into “box”, a 
graphical representation of a software module, which can be used in different 
scenarios afterwards, hence enhances reusability concept. 

 It doesn’t impose any restriction on number of boxes or connections used in a 
scenario. 

 It provides a way of communication internally and with external application via 
VRPN, a TCP/IP based protocol focusing VR applications. 

 It divides its end user in four categories, Developer, Application Developer, Author 
and operator. First two users are programmers while other two are non-programmer. 

 It supports a large number of data acquisition hardware, experimental paradigms and 
signal processing methodologies.  

  It makes use of Lua Scripting language to perform system configurations and data 
flow management within a scenario. 

 It uses different open source graphics api for visualization and GUI including 
OpenScenegraph, Ogre, CEGUI 

 It provides quite extensive documentation for both programmers and non-
programmers. 

 It also offers sophisticated logging. 

4.2.6. Critical Analysis 
 

OpenVibe is being employed during this study for developing Google Street View BCI. 
Openvibe has been thoroughly examined for SSVEP paradigm along with testing it for P300 
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oddball paradigm. It is being preferred over BCI2000 as it provides pre-configured scenarios 
for SSVEP paradigm. Workflow based designer is another reason for choosing it. 

Openvibe is widely used in domains ranging from medical to entertainment and gaming [62]. 
Its availability on Linux platform makes it rather more appropriate choice over BCI2000. 
Because of its modular design, it promotes reusability of different software components 
which results in reducing the factors like cost and time while developing or extending a BCI 
system.  

It targets different type of users both programmers and non-programmers including 
developers, researchers, and clinicians. User specific requirements are addressed in its design 
hence different tools are proposed and suggested for specific type of users. These tools are 
quite useful in developing and/or running a BCI system.  

Its extensive documentation for both programmers and non-programmers along with pre-
configured and readily available scenarios for BCI paradigms like motor imagery, P300, and 
SSVEP makes it a good choice to start with. 

Use of Lua scripting language for data flow management and system configuration is another 
positive side of OpenViBE, as Lua is considered to be quite fast, easy to embed and having 
short learning curve hence it is quite desirable in gaming industry. Detailed account of Lua 
can be found at [63] [64]. 

Its ability to integrate with external applications especially in VR domain makes it an ideal 
choice for creating a high level VR based BCI. Making use of VR display through scene 
graph management library, it provides quite an intuitive way to visualize cerebral activity 
along with creation of interactive feedback applications. 

OpenViBE is therefore highly recommended due to its multi-dimensional attributes and 
usefulness. 

4.3. BCI2000 
 

BCI2000 [7] is an open source, general-purpose and research oriented BCI software suite. 
BCI2000 is an outcome of collaboration between University of Tubingen, Germany and New 
York State Department of Health. It has been in development since 2000 at Wadsworth center 
under Brain-Computer Interface R&D Program. Although BCI2000 is designed primarily to 
focus general purpose BCI but it is also very well suited to studies in Human Computer 
Interface (HCI) domain. BCI2000 is consistently maintained by a group of scientists along 
with contributions from other institutions and individuals.  

4.3.1. System Design 
 

BCI2000 is designed to achieve a general purpose modular BCI system. It is comprised of 
four core modules Operator, Application, Source, and Signal Processing modules. Figure 4.3 
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illustrates the modular design of BCI2000. Each module is a separate program that executes 
simultaneously and communicates with other modules via TCP/IP. 

Raw data being acquired by Source module is synchronously processed by Signal processing 
module, processed data is then sent to Application module which sends the event markers 
back to Source module which finally stores the raw data on disk with these event markers. 
Data files stored in standard format allow experimental session reconstruction during off-line 
analysis. Communication is kept synchronous between the modules to guarantee better system 
performance. In BCI2000 processing block size is determined on the basis of timing precision 
and processing resources, generally a smaller block size is desirable. 

There are no restrictions regarding number of channels, their sampling rate, event markers, 
and signal processing complexity rather its transducers that place constraints on these factors.  

Figure 4.3 BCI2000 system design showing its core modules and communication links between them. 

 

4.3.1.1. Operator Module 
 

Operator plays the role of controller in BCI2000 as it allows user to configure, start, pause 
and stop an experiment or application. It provides user with a simple GUI to perform these 
tasks along with displaying results of real-time analysis and system parameters that are being 
fed to Operator by other modules. Figure 4.5 shows the GUI of Operator module. 

4.3.1.2. Source Module 
 

Source module consists of two major components, acquisition server and a data storage 
component.  Acquisition of electrophysiological data from different transducers, sending 
calibrated signal samples to signal processing module and data storage with event markers are 

Operator Module 
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Application 

Events markers 

Events markers Events markers 

Raw Data Processed Data 



33 

 

the main responsibilities of Source module.  Its storage component supports EDF, GDF and 
native BCI2000 file formats.  

Data acquisition server provides implementation for different transducers. G.tec transducers 
like g.USBamp and g.MOBIlab are the part of its core distribution while implementation for 
others is provided by the BCI2000 community. Few of BCI2000 supported transducers are 
Emotiv EPOC , Neurosky and BCI hardware from the manufacturers like BrainProducts, 
BioSemi, OpenEEG, and Tucker-Davis Technologies.   

BCI2000 native file format with support for 16 and 32-bit integer and float format comprised 
of an ASCII header, binary raw data and event markers. Header defines the parameters 
specific to an experimental session while event markers, supplied by application module, 
specifies the point in time related to data where a specific stimulus is presented to the user. 
There is no restriction for number of channels, event markers and system parameters in the 
data file format.  

 

Figure 4.4 BCI2000 Launcher a wizard to select amongst set of different modules for a BCI experiment. 

4.3.1.3. Signal processing Module 
 

Signal processing module receives calibrated data samples as an input and sends processed 
data as an output to Application module. Signal processing module offers a chain of filters. 
Processing of input data is a two step procedure, feature extraction and translation, which is 
performed using chain of filters. Because of multi-tier modular design of BCI2000, each filter 
behaves as a separate module independent of others.  
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In Feature extraction step a set of spatial and temporal filters are employed to generate feature 
vectors, while device independent control signals are generated during feature translation step 
by employing linear classifier and normalization of extracted features in previous step. 

 

Figure 4.5 BCI Operator module GUI along with configuration window. 

4.3.1.4. Application Module 
 

Application module receives control signals from Signal Processing module and uses them to 
manipulate an application. Application module also sends event markers to Source module 
during training sessions. A typical BCI2000 application module is presented on the screen 
with selectable targets e.g. text or icons. BCI2000 is distributed with a number of readily 
available BCI paradigms in its Application module i.e. cursor task, P300 speller, evoked 
potentials etc. 

4.3.2. Salient Features 
 It is an open source Microsoft Windows based BCI software platform distributed 

under GNU General Public License. 
 It is comprised of four modules Operator, Signal processing, Application and Source 

module that runs simultaneously independent of each other and can be distributed 
across a network. These modules communicate with each other via TCP/IP and readily 
available for BCI experiments without any need for recompilation.  
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 It offers multi-level modularity in its design except Operator module e.g. four core 
modules at first level, chain of filters within each module except Operator at second 
level and reusable code blocks at third level. Modification in the second and third 
level modules requires recompilation. 

 It provides standard and modular implementation which can be designated to any BCI 
system along with standardization of details that are secondary to BCI application and 
algorithms yet quite important for successful final output e.g. format of stored data is 
similar irrespective of specific BCI implementation i.e. containing information like 
event markers and experimental configurations. 

 It is extendable as it offers to develop customized implementations at different levels 
upon specific requirements of a BCI system by employing software building blocks. 
For example developing a new source module for a specific transducer, developing a 
novel experimental paradigm in application module, adding a new filter etc.  

 It supports many BCI transducers, experimental paradigms and signal processing 
methodologies currently used.  

 It provides quite rich aural and visual stimulus set with millisecond accuracies.   
 Besides support for BCI peripherals, it also supports different conventional and 

advance HCI devices like eye tracker, keyboard, joystick etc. 
 It doesn’t have any requirement for third party software to perform its operations.    
 It is written in C++ hence it is quite good in resource utilization.  

 It supports a complete layer of python for writing different modules like data 
acquisition, signal processing along with support for writing online signal processing 
code in MATLAB. 

 It provides quite extensive documentation for both researchers and developers. 

4.3.3. Critical Analysis 
 

BCI2000 is amongst widely used general purpose BCI software platforms because of its 
flexible design. It is being acquired by more than 500 research institutes all over the world. As 
it provides prerequisites for conducting successful experiments and developing BCI 
applications, users of BCI2000 either developer or a scientist need to be focused only on 
domain specific aspects. Moreover, it reduces time constraint and complexity and hence 
reduces the overall cost of a BCI system or research.  

As BCI2000 provides quite extensive documentation, guidelines, tutorials and skeleton for 
developing different modules, it is a good choice to design and develop a complete BCI 
system without requiring any third party software. Relatively fair programming knowledge is 
required to develop custom modules because of this extensive documentation and guidelines. 
This documented aid also makes it fairly easy for researchers to operate and configure 
existing BCI2000 components. Detailed BCI2000 reference and guideline is provided in a 
book [65]. 

As its different modules can be distributed across a network, which is quite desirable for 
sharing workload amongst peers hence results in performance improvement. Its GUI is quite 
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intuitive that allows system configurations and parameter settings to be done by very simple 
means. GUI also allows selecting combination of modules via launcher wizard (Figure 4.4) to 
start an experiment, and visualizing results of different modules.       

Downside of BCI2000 is that it is only fully supported on Windows platform. It is being 
planned to have Linux and Mac OSX support in upcoming release.  

During this study BCI2000 is being explored and tested for the P300 oddball paradigm by 
employing P300 speller application provided in BCI2000. Accuracy around 90% is being 
achieved. As BCI2000 is not distributed with SSVEP paradigm so OpenViBE is preferred 
over it.   

4.4. EEGLAB 
 

EEGLAB [66] developed at Swartz Center for Computational Neuroscience (SCCN), is a 
MATLAB based offline BCI Framework, which is distributed under GNU GPL license.  It is 
generally used for offline analysis of electrophysiological data like EEG, MEG and EMG etc. 
Figure 4.6 shows GUI of EEGLAB.  

4.4.1. Salient Features 
 It is a platform independent, free and open-source framework. 

 Along with command line interface, it provides rich graphical user interface allowing 
user to interact and process electrophysiological high density data in more 
sophisticated manner.   

 It requires MATLAB environment to run on but there is an option to use GNU Octave 
environment as well with a performance decrease around 50%.  

 It is also distributed as a compiled binary with MATLAB Runtime Engine. 

 It provides different basic signal processing, visualization and analysis tools along 
with implementation of advance signal processing and analysis techniques like ICA, 
artifact rejection, time/frequency analysis etc.   

 It allows user to import around 20 different types of data formats for data analysis and 
processing. 

 It provides user with flexibility to add custom plugins to meet any specific 
requirement. 

4.4.2. Critical Analysis 
 

EEGLAB is explored in general during this study for offline analysis of raw EEG data. 
EEGLAB can be a good starting point to work in BCI domain as it provides quite extensive 
documentation and series of tutorials along with rich toolset for signal processing, 
visualization, and data analysis. Allowing researchers and developers to add and share custom 
plugins in EEGLAB is another positive side of this framework, which benefit the whole 
research community. Further description of EEGLAB can be found at [66].   
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Figure 4.6 EEGLAB Graphical user Interface. 

4.5. Vision Egg 

Vision Egg [9] is an open source GNU LGPL python framework for visual stimulus control 
and presentation. Vision Egg is not a BCI Software platform; rather it is a part of BCI 
feedback module. Figure 4.7 shows the GUI of Vision Egg. 

Vision Egg, a framework based on OpenGL and python, provides quite an effective way to 
produce stimuli for ocular research. Along with providing conventional sinusoidal grating and 
random dot pattern visual stimuli, it provides user with the flexibility to use advance features 
of a modern graphics adapters like perspective distortion for creating visual stimulus. 

4.5.1.  Salient Features 
Following are the main features that Vision Egg offers.  

 It is a Free and open-source framework with GNU LGPL license. 

 It is available on Windows, Linux, and Mac OSX platforms.  

 It employs OpenGL and python to provide a high level interface, which can easily be 
configured with any custom BCI application along with many existing BCI software 
platforms i.e. BCI2000 [7].   

 It is distributed with a large number of sample stimulus applications, which are readily 
available and can be modified as per requirements.  
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 It provides functions to manipulate 3D objects, text, numeric data, movies and images 
in visual stimulus. 

 It provides the user with flexibility to alter stimuli at runtime via hardware or 
software.  

 It provides precise frame rates. 

 It can be configured with special graphics workstations.  

4.5.2. Critical Analysis 
 

During this study Vision Egg [9] is being examined for creation of SSVEP stimulus. Stimuli 
are being created using 2D sinusoidal grating provided by the framework. It is being observed 
that stimulus created using Vision Egg exhibit precise frame rates and accurate screen 
frequencies with very little jitter. Screen frequencies are being measured with an oscilloscope 
using a light diode. It was one amongst the final two choices for stimulus during this study but 
overruled by Ogre based stimulus as the later provides better communication between 
different OpenViBE [8] modules. For further description [9] is recommended.  

 

Figure 4.7 Vision Egg Configuration window with multi stimulus demo. 
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4.6. Pyff 
 

Pyff [67] is a python based feedback framework used in conjunction with other BCI Software 
platforms and systems for rapid development of BCI feedback applications. Main motive 
behind Pyff is to make the feedback module of a BCI system fast and easy to implement. Due 
to increase in complexity of feedback and stimulus paradigms, their effective implementation 
is quite critical and a big challenge in conducting BCI experiments.  

Pyff provides a solution to this challenge especially for those who are not computer scientists 
by making use of python, a high level programming language which is rather more intuitive 
than C++, which is widely used for developing such applications.  

4.6.1. Salient Features 
 

Pyff has following features 

 It is a platform independent, free and open source framework distributed under GNU 
GPL. 

 It runs anywhere where there is support for python. 
 It comprises of four building blocks feedback controller, feedback paradigms, GUI, 

and set of base classes.  
 It is distributed with quite a large number of demo feedback applications readily 

available for BCI experiments.   
 It is not specific to any BCI Software Platform and System. 

 It employs UDP and XML for communication, both internally and with other modules 
of a BCI system. 

 Besides being a feedback module in a BCI system, it can also be used as a standalone 
application for performing different Neuroscience experiments.  

4.6.2. Critical Analysis  

Pyff is explored for SSVEP stimulus generation, presentation, and management. Although it 
is not considered for stimulus presentation during this study yet it is quite a useful tool for 
creating feedback applications for BCI systems because of its intuitiveness and rapid 
development. Main reason for its denial is the fact that it doesn’t fit in the design of BCI 
application being developed during this study. It is important to understand that pyff is not a 
complete BCI framework rather it is only a feedback module. On the basis of a language 
comparison in [68], it is being claimed by creators of pyff in [67] that a non-expert 
programmer can learn to use pyff framework within two days. Pyff offers many standard 
feedback paradigms, which are ready to use with very little or no modification. Pyff is 
considered as a good effort towards standardization of stimulus presentation and feedback 
paradigms along with sharing and reproducibility of published results. Further description of 
pyff can be found at [67].  
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4.7. Conclusions and Summary 
 

The BCI frameworks discussed in this chapter are somehow observed during this study. There 
are few others as well which are not covered during this work. They also provide building 
blocks for designing, developing and managing BCI systems such as BioSig [69], TOBI [70] , 
BCI++ [71], BCILAB [72]. Choice of framework mainly depends upon the requirements of 
target application. It is difficult to compare these frameworks in terms of performance by 
exploring them generally, but an attempt can be made to do such comparison by thorough 
investigation. BCI2000 and OpenViBE both provide wide and rich feature-set and are 
amongst good choices. 

These frameworks might have limitations but they surely provide a foundation for developing 
a complete BCI system, which is far more convenient than starting from scratch. A brief 
comparison of these frameworks on basis of their license, officially supported software 
platform and requirement for commercial software is given in Table 4.1.  

             

Framework Windows Mac OSX Linux Commercial 
Requirement 

License  

OpenViBE Yes No Yes Windows GNU LGPL 
BCI2000 Yes No No - GNU GPL 
EEGLAB Yes Yes Yes MATLAB GNU GPL 
VisionEgg Yes Yes Yes - GNU LGPL 
Pyff Yes Yes Yes - GNU GPL 
 

Table 4.1 Comparisons of BCI Frameworks. 
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5. BCI Paradigms 

 

This chapter provides an account of different BCI paradigms, which are used in devising the 
working principle of non-invasive BCI systems. Focus is maintained on SSVEP paradigm as 
it is being used during this study. 

5.1. Overview 

A BCI paradigm defines the working principle of a BCI system. It provides a way to extract 
particular kind of brain response, which can be used as an input for a BCI system. A BCI 
paradigm is based on different types of neural responses like active, reactive, and passive 
brain responses. There are different paradigms used in BCI domain like motor imagery, P300 
oddball paradigm, SCP, and SSVEP.  Motor imagery is one of the earliest and most widely 
used BCI paradigm.   

It is an important design consideration of a BCI system to select an appropriate BCI 
paradigm, as different paradigms suit different target users, for example a BCI paradigm 
based on Visual stimulus is not suitable for a visually impaired subject similarly a person with 
motor disabilities is not an appropriate candidate for motor imagery BCI paradigm. 

Different signal properties of EEG are used to categorize BCI paradigms like Evoked 
potentials, Event related potentials, and rhythmic brain activity etc. In the following 
subsections different BCI paradigms are discussed along with their categorization.   

5.2. Types of BCI Paradigms 

BCI paradigms can be divided into two main categories Exogenous and Endogenous, which 
are described below. 

5.2.1. Exogenous Paradigms 
 

Exogenous paradigms require user to have focused attention on an external stimulus to 
produce involuntary brain responses that are used to drive a BCI system. A cue based external 
stimulus either visual or aural, is a mandatory requirement in exogenous paradigm. Typical 
examples of exogenous paradigms are P300, VEP, and SSVEP. 

A BCI system based on exogenous paradigm doesn’t have any serious impact of biofeedback 
on response performance, as biofeedback in exogenous paradigms merely reports task 
performance i.e. control outcome. There is also no impact of operant conditioning on system 
performance as the brain responses produced in exogenous paradigm are autonomic or 
involuntary in nature.  
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In exogenous paradigms user’s learning curve, to improve brain responses, is dependent on 
his or her interaction with the interface rather than tweaking and modulating observed brain 
responses.  

For further details chapter 2 of [73] is suggested. 

5.2.2. Endogenous Paradigms 
 

In Endogenous paradigms user is required to willingly perform some kind of mental task or 
activity in order to generate voluntary brain responses, for example mental counting, 
imagining right or left hand movement etc. Motor Imagery and SCP are amongst most 
thoroughly studied and investigated endogenous paradigms. 

There is no requirement of any external stimulus in endogenous paradigms but more often 
cues and prompts are employed to enhance quality of brain responses. User’s learning can 
also results in performance improvement.  

Biofeedback and operant conditioning also plays a vital role in improving response 
performance. Biofeedback minimizes the training time while operant conditioning results in 
determining and improving performance accuracy for voluntary responses.  

In Endogenous paradigms feedback comprises of task oriented neural activity, reinforcement 
input, and performance information. Further details regarding endogenous paradigms can be 
found in Chapter 2 of [73]. 

5.3. Prevalent Non-Invasive BCI Paradigms  

5.3.1. SSVEP 

Steady State Visually Evoked Potentials or SSVEP is an exogenous BCI paradigm that 
measures the electric potential differences in visual cortex in response to a constantly 
flickering visual stimulus. SSVEP paradigm is employed during this work. 

It is an extension to VEP [14] (change in electric potential due to a visual stimulus, i.e. N1, 
P1, N2 etc.), with visual stimuli flickering at constant frequencies in a range 6-75 Hz. SSVEP 
responses are prominent in occipital and occipito-parietal regions. A typical electrode 
placement for SSVEP paradigm includes O1, O2, Oz, PO3, PO4, PO7, PO8, and POz 
standard electrode positions [74]. Figure 5.1 shows the electrode configuration for SSVEP 
paradigm in an extended 10-20 electrode system. 
 
In SSVEP paradigm, a stimulus flickering at constant frequency is presented to the user, 
maintaining focus on the stimulus results in achieving brain’s steady state. SSVEP is elicited 
due to synchronization of subject’s neural activity and constant flickering visual stimulus. For 
example if a user is focusing on a stimulus flickering constantly at 10 Hz, brain responses will 
exhibit the same frequency along with its harmonics. Few important facts about SSVEP are, 

 SSVEP is widely used in non-invasive BCI research.  SSVEP responses are quite robust. 



43 

 

 SSVEP signals show good signal to noise ratio.  SSVEP responses are generated normally in frequency range 6-75 Hz.  Best SSVEP responses can be obtained in a frequency range 6-20 Hz [75], within this 
range 10Hz and 16-18Hz [76] are rather more favorable candidates.  

 

Figure 5.1 A typical Electrode placement for SSVEP paradigm. 

A careful consideration is required for SSVEP stimulus selection and design. There are 
different important factors that can affect the strength of SSVEP responses i.e. type, 
frequency, shape, amplitude, contrast, and color etc.   

There are three major types of SSVEP stimulus,  

Light stimulus 

It is a physical stimulus based on LEDs, which is conventionally used in SSVEP paradigm. 
Light stimulus exhibits strong SSVEP responses than screen based stimulus but it requires 
hardware setup to execute its operation. 

Pattern graphic stimulus 

Such type of SSVEP stimulus is rendered on screen by oscillatory alternation of different 
patterns e.g. checkbox or lines. Pattern graphic stimulus requires at least two graphics patterns 
which alternate at specific rates. 

Single graphic stimulus 

It is a screen based stimulus, which is rendered by alternating two different colors at specific 
rate e.g. red and black. This alternating rate i.e. a full cycle defines the frequency of stimulus. 
It is also considered as a special case of pattern graphic stimulus consists of a two patterns 
foreground and background color. 
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Screen based stimuli, especially single graphic stimulus theoretically support all frequencies 
less than R/2 but in practical only R/n frequencies can be achieved where R is screen refresh 
rate and n = 2, 3, 4….R-1, R.  Generally frequencies less than 6 Hz are not considered as they 
elicit very weak or no SSVEP responses. 

Strength of SSVEP responses vary in different types of visual stimuli. A detailed investigation 
of SSVEP stimuli is provided in [77]. SSVEP signals are extracted from within brain 
responses for the first time by Regan [76] using Fast Fourier Transform.  

SSVEP paradigm is considered to be the most reliable and fastest amongst all other non-
invasive BCI paradigms with an average accuracy above 90 % and information transfer rate 
ITR around 60 bits per minute. In fact SSVEP paradigm provides fastest and most reliable 
communication in BCI domain to date. 

For more detailed SSVEP study chapter 11 of [78] is suggested. 

5.3.2. P300 or Oddball Paradigm  

P300 or Oddball paradigm is an exogenous BCI paradigm in which an ERP component P300 
is elicited. P300 is a positive potential with latency around 300 ms, it is related to decision 
making process and its strength is directly proportional to meaningfulness of stimulus.  

 

Figure 5.2 P300 component elicitation using a speller application 

Generally a visual stimulus is used to elicit P300, but an auditory stimulus can also be used in 
case of visually impaired subject. Farwell and Donchin are the pioneers in using P300 ERP as 
a BCI paradigm [28]. They developed a non-invasive BCI system with a speller application 
i.e. an interface comprised of a 6x6 matrix of characters, which provides a way of 
communication for locked-in patients. Working principle of this system is to discriminate 
between attended and un-attended targets. Attended targets can be separated from un-attended 
as P300 is elicited in case of attended ones. User is asked to mentally count number of flashes 
the desired character receives, in order to boost P300 elicitation. Figure 5.2 shows a 6x6 
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character matrix and P300 component elicitation. Farwell further used P300 along with 
MERMER to devise a forensic technique ‘Brain Fingerprinting’ [36]. 

P300 shows quite high accuracy percentages, but information transfer rate is not as that high 
compared to SSVEP. It is prominent in parietal region. Although Farwell and Donchin only 
used Pz location but a rather more recommended electrode location set consists of Oz, P3, P4, 
PO7, PO8, Pz, Cz, and Fz  [79].   

5.3.3. SCP 

Slow cortical potentials or SCP is an endogenous BCI paradigm pioneered by Birbaumer et 
al. [80] [81]. These are in fact slow potential changes that occur over 0.5-10 second in 
frequency range 0.1-2 Hz. Its negative and positive components represent different neural 
activities, negative SCP accounts for movement along with other functions that involve 
cortical activation while positive component of SCP is generally related to reduce cortical 
activation. Electrode position Cz is considered as, of prime importance for SCP elicitation. 

Birbaumer et al provides a way to use SCP as ‘operant conditioning’ in a BCI system, which 
is termed as TTD or Thought-Translation Device [80].  They developed a prototype to allow 
ALS patients to spell words, though at a slow rate around 2 characters per minute but still it is 
quite remarkable for severely paralyzed patients [81]. It is being observed that both healthy 
and disabled subjects gain control over the system by making use of different strategies like 
mental imagery etc.    

A more detailed account of SCP is provided in [82]. 

5.3.4. Motor Imagery (SMR) 
 

Motor Imagery is an endogenous BCI paradigm which detects the changes in sensorimotor 
rhythm of brain. Motor imagery can be considered as a mental simulation of a motor action. 
Changes in SMR are the result of some imagined motor task e.g. thinking of moving a hand 
or leg etc. It is considered to be one of the earliest and most widely employed BCI paradigms. 
It provides ease of detection but its command-set is quite limited. 

One of the first motor imagery based BCI system, Graz BCI was developed by Pfurtscheller 
et al. [26]. To provide more degree of freedom in motor imagery paradigm, concepts like 
Event related synchronization ERS and desynchronization ERD are introduced by the same 
research group.  

There are two SMR rhythms ‘beta’ and ‘mu’, with a frequency range 14-30 Hz and 8-13HZ 
respectively. An imagined movement results in decrease in amplitude of mu and beta rhythms 
and vice versa. SMR can be detected by placing electrodes over motor cortex. 

There is no requirement for any kind of stimulus, but cues can be used to enhance the SMR 
responses, like providing a cue for leg movement etc. Motor imagery is quite efficient BCI 
paradigm yet it requires extensive training. 

For a more detailed account [83] is recommended.  
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5.3.5. Non-Motor Cognitive Tasks 

Besides motor imagery, different non-motor cognitive tasks can also be identified in subject’s 
brain responses. The notion was first discussed by Keirn and Aunon [27] in a demonstration 
to distinguish between five cognitive tasks by associating them with known frequency bands 
like alpha, beta, gamma, delta, and theta. 

Although it provides relatively high degree of freedom yet it may results in wrong 
classification. Cognitive suite of Emotiv SDK also uses this paradigm to distinguish between 
12 different thought patterns [5].  

To make this paradigm more effective, it is used in conjunction with motor imagery. For 
example a mental arithmetic is combined with left or right hand movement to provide more 
control over the system. To identify different brain patterns, spatial information is also taken 
into account along with time frequency analysis. Techniques like Common Spatial Pattern 
CSP and Independent Component Analysis ICA are employed for classification of different 
thought patterns. 

5.3.6. Passive BCI Paradigm 

Passive BCI paradigm is an endogenous paradigm, based on arbitrary brain responses, which 
arouse involuntarily without user’s intent. These fluctuations in brain responses are observed 
in different known frequency bands. Driving force for passive paradigm are spontaneous 
responses like different emotional states e.g. excitement, frustration, engagement etc.  

A passive paradigm is generally not aimed at providing commanding control over a BCI 
system rather it is better considered as providing support to other paradigms.  Affective suite 
of Emotiv SDK employs passive BCI paradigm to discriminate between subject meditation, 
engagement, frustration, and excitement states.  

5.4. BCI Illiteracy  
 

A very common issue in BCI systems is the lack of user’s ability to communicate and interact 
with the system. A BCI system based on a specific paradigm can provide a mode of 
communication but not for all users. Moreover no universal BCI paradigm has been devised 
to date that can effectively work for all users. 

Strength and quality of subject’s brain response to a particular BCI paradigm determines the 
level of literacy for that paradigm. BCI illiteracy is a term that depicts the low level of 
subject’s interaction and control over a BCI system. BCI illiteracy is not restricted to any 
particular paradigm rather it is observed across all paradigms.  

Users tend to perform differently with different BCI paradigms, as the brain responses vary 
from user to user. Hence a user who is good in motor imagery might not perform at all in 
SSVEP paradigm. A detailed account of BCI illiteracy is provided in Chapter 3 of [73]. 
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5.5. Conclusions and Summary 
 

In this chapter different non-invasive BCI paradigms are discussed, each of them has its own 
merits and demerits. However it is not easy to evaluate that which BCI paradigm is the best 
amongst all others, as their efficiency depends on user’s ability to interact with the system 
rather than the mechanism itself.  

A general metric that is used to evaluate the performance of a BCI paradigm is ITR i.e. 
number of bits transferred in unit time. Almost in all BCI paradigms ITR defines the overall 
performance except passive BCI paradigm, where its cost and usefulness as a supportive 
entity defines its performance. 

In terms of ITR and user training time, SSVEP can be considered as the best among all as its 
communication rate is around 60 bits per minute as compared to P300 and Motor imagery 
paradigms which have ITR around 30 and 20 bpm respectively. SSVEP is quite robust and 
requires minimal user training. Above mentioned merits of SSVEP resulted in its selection as 
a BCI paradigm for this study. Figure 5.3 shows the comparison of different BCI paradigms 
in term of ITR and training time. 

A more detailed and in-depth study of different BCI paradigms can be found at [16]. 

 

Figure 5.3 Performance Comparison of BCI paradigms 
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6. Implementation 
 

This chapter provides an account of implementation details of SSVEP based Google Street 
View BCI along with details related to Emotiv EPOC interfacing with MATLAB and 
Labview in order to view and analyze real-time EEG. 

6.1. Overview 
 

This thesis work is divided into three main phases, initially a general Investigation of BCI is 
performed along with Emotiv SDK exploration, in next phase real-time raw EEG data is made 
available to Matlab and Labview by developing an interface for each of these environments, 
finally a prototype is developed to demonstrate the working of a non-invasive SSVEP based 
BCI system. 

Emotiv SDK provides an interface to access both raw and processed data in an external 
environment by means of its API ‘edk.dll’. During this study this API is used to visualize 
real-time raw brain responses in LabView and Matlab. Interface developed for LabView 
offers rather more interactivity. 

Prototype development involved a web based multi-threaded Google Street View client end 
application, an Ogre based stimulus control and management application, and scenario 
designing and development in OpenViBE. SSVEP paradigm is used in this prototype with 
single graphic screen stimulus. For signal acquisition and EEG signal processing OpenViBE 
toolset is used. 

In the following sections, different implementation details are discussed.  

6.2. Matlab Interfacing 
 

After initial investigation it was decided to analyze raw EEG data in some numerical 
computing environment like Matlab or LabView. A basic interface with GUI was partially 
developed to access both real-time and offline data in Matlab. Access to real-time data was 
made possible by means of dll function calls to Emotiv API, while offline data was imported 
in csv format. 

This interface was not further enhanced because of availability of EEGLAB [72], a 
comprehensive Matlab framework for offline EEG data analysis. At that point it was decided 
to abort further development of Matlab interface in favor of EEGLAB for offline analysis and 
to try LabView for real-time data visualization as it provides rather more interactive data 
visualization tools. 

Few basic Matlab routines are also distributed with Emotiv SDK, which can be used to access 
both raw and processed EEG data in Matlab Environment for further processing.    
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6.3. Labview Interfacing 
 

EEG data was being accessed in LabView, real-time EEG was made available by making dll 
function calls to Emotiv API, while offline EEG data was accessed in csv format. Two 
different LabView interfaces were developed based on sample C++ applications distributed 
with Emotiv SDK to access raw and processed EEG data.  

EEGLogger 

EEGLogger provides an interface for visualizing real-time and offline raw EEG data. An 
interactive GUI was developed for EEGLogger so that a user can easily visualize different 
fluctuations in EEG signals. Emotiv API ‘edk.dll’ was used to access real-time data, by 
making use of LabView feature to access C++ library routines. CSV format was employed to 
import offline data in EEGLogger. 

This interface provides both graphical and numerical representation of raw EEG data. Real-
time EEG is also saved in a simple text file for logging purpose.  

 

Figure 6.1 EEGLogger Graphical User Interface 

EmoStateLogger 

EmoStateLogger provides an access to real-time processed EEG data from different Emotiv 
suites i.e. expressive, affective, and cognitive suites. Mechanism for accessing real-time 
processed EEG data is similar to that of EEGLogger i.e. via ‘edk.dll’. 
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Figure 6.1 and 6.2 shows the layout of both LabView interfaces. 

 

Figure 6.2 EmoStateLogger Graphical User Interface 

6.4. BCI2000 Interfacing 
 

After making EEG data available in Labview and Matlab environments, it was aimed to 
evaluate different BCI software platforms. In this regard, Emotiv EPOC was configured with 
BCI2000 [7] to investigate P300 oddball paradigm. 

No actual development was done while this interfacing, rather only necessary configuration 
was performed to run P300 speller application using Emotiv EPOC headset.   

6.5. Google Street View BCI 

6.5.1. Design 
 

GSV BCI is based on a hybrid design strategy targeting Microsoft Windows, which involves 
different tools and technologies. Different BCI design considerations were taken into account 
while designing GSV BCI.  

First and foremost design consideration was selection of BCI paradigm. On the basis of initial 
investigation during phase 1 of this study, SSVEP was selected due to its high information 
transfer rate, robustness, and minimal user training.  

After selection of BCI paradigm, it was required to select either a BCI software platform or 
develop different BCI core modules (i.e. signal acquisition, signal processing, and feedback 
etc.) from scratch to setup BCI pipeline. As it is more convenient to use a software platform 
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rather than developing each module separately, so a BCI software platform OpenViBE [11] 
was selected. OpenViBE was preferred over BCI2000 [7] (another BCI platform) as it is 
distributed with support for SSVEP paradigm. Different scenarios were designed in 
OpenViBE designer based on standard SSVEP scenarios to perform different tasks like Signal 
acquisition, feature extraction, and classification etc.  

A target feedback application comes next in BCI system design. Web based multi-threaded 
Goggle Street View application was developed, which manipulates discrete commands 
received from OpenViBE to perform navigation in GSV environment i.e. clockwise and 
anticlockwise rotation, movement in forward and backward direction. 

 

Figure 6.3 Google Street View Design 

 

Stimulus presentation and control is another design consideration, which provides input to a 
BCI system. It was required to select among different stimulus types i.e. light stimulus, single 
graphic, and pattern reversal stimulus. Single graphic stimulus was selected because of fairly 
easy setup and implementation. SSVEP stimulus design considerations are discussed in more 
detail in next section. 

Finally a high level intuitive interface ‘Control panel’ was included in the design in order to 
operate GSV BCI without using OpenViBE designer GUI.  

GSV BCI design provides flexibility to operate the system either directly using OpenViBE 
designer or through ‘Control panel’. Basic design of GSV BCI is shown in Figure 6.3. 

6.5.2. Design Considerations for SSVEP Stimuli 
 

Stimulus design consideration plays a vital role in overall performance of a BCI system. 
Selection of single graphic SSVEP stimulus among different stimulus types was not as that 
difficult, but the real challenge was its integration with target feedback application. 
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To make the design compact, it was decided to embed a set of single graphic stimulus in GUI 
of target Google Street View application. As target application used in this study was web 
based, so in order to embed a stimulus, it was required to create SSVEP stimuli using any 
client end technology that is compatible with the target GSV application. Different 
technologies were tried to produce acceptable SSVEP stimuli but none of them succeeded as 
they failed to provide millisecond accuracy in updating frames.  

Initially JavaScript was tried using ‘setTimeout’ routine to make implementation rather 
simpler, but it showed too many drop frames. Another consideration was to create animated 
gif for each stimulating frequency but it failed as well in same regard. It was followed by 
evaluation of Adobe Flash based stimuli, which also showed too much jitter. Microsoft 
Silverlight, Microsoft WPF, WebGL, Jquery, and java applets were also tried but result was 
almost the same. An effort was also made to use OpenGL in C# windows forms using 
SharpGL [84] and OpenTK [85] libraries, but it also resulted in quite similar performance that 
above mentioned technologies exhibited. Eventually it was realized that failure was due to the 
reason that GUI of a web based application doesn’t require the frames to be updated at system 
level precision, which is mandatory requirement for SSVEP stimuli. 

Finally two choices were left, either to use a python based API VisionEgg [9] or to make use 
of Ogre based SSVEP feedback application distributed with OpenViBE, latter was considered 
as it was already configured with OpenViBE environment, hence resulted in avoiding an extra 
communication layer.   

6.5.3. Target Client Application 
 

Main purpose of BCI is to provide a control mechanism for a device (e.g. robotic arm, wheel 
chair etc.) or a software application by employing discrete neural responses. Such application 
or device is considered as a target for a BCI system. 

In this study a web based target application was developed that allows user to navigate 
through Goggle Street View. It is basically a multithreaded Windows Forms application 
developed in C# with an embedded navigable Google Street View environment. Initially 
Microsoft WPF was tried, which caused some multithreading and VRPN connection issues 
and hence resulted in selection of simple Windows Forms.  

Setting up Google Street View environment involved, 

 a static html page, 

 ‘main.js’   

A simple static web page was created to hold Google Street View environment. GSV 
environment, contained in a ‘div’ html element was generated using JavaScript based Google 
Maps API [86]. ‘main.js’ is the main JavaScript file that contains different interaction routines 
to provide basic navigation in GSV. Static html page was then navigated in a ‘WebBrowser’ 
container to make GSV available in Windows Form.  
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This application contains two threads, a main application thread and a background worker 
thread. Application thread handles the main execution and control involving GSV 
environment setup and its navigation, while background thread performs connection 
establishment and data communication with OpenViBE. Marshaling was also performed, so 
that main application thread can have access to real-time data received by background thread.  

 

 

Figure 6.4 GSV target client application interface 

Target Client application receives discrete command set, to be used as navigation control in 
GSV environment, from OpenViBE in real-time via VRPN, a TCP/IP based communication 
protocol. This communication was performed on background thread. For logging ‘log4net’, a 
free logging API is used. Figure 6.4 shows the interface of GSV target client application. 

6.5.4. Stimulus Control Application 
 

Stimulus control application manages stimulus presentation in order to produce SSVEP 
responses. This application is based on sample SSVEP feedback application (an ogre based 
application developed in C++) distributed with OpenViBE framework. As explained in 
section 6.5.2 sample SSVEP feedback application was selected for stimulus presentation and 
control because it already had a communication link with OpenViBE environment.  

This application has got both VRPN server and client modules. Server module is used to send 
commands like start/stop experiment to OpenViBE scenarios, while client module receives 
different commands form OpenViBE scenarios i.e. start/stop experiment, start/stop flickering, 
and target stimulus selection etc., target stimulus selection is only available in training mode. 
For bidirectional communication with OpenViBE an already established VRPN channel was 
employed. 
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Sample SSVEP application was modified in a way to make it fit with GSV BCI design.  Main 
routine of this application, contained in a file ‘GSV-BCI-SSVEP.cpp’ is responsible for 
OpenViBE kernel loading, initialization of kernel descriptor, and setting up OpenViBE 
configuration and log manager. ‘CApplication’ is a base class that represents a stimulus 
control application. A render target of size 1x1 was created without a viewport in this class 
that responds to keys pressed in order to start/stop experiment. ‘CApplication’ also contains a 
set of abstract routines which were implemented in derived classes. Two child classes 
‘CTrainerApp’ and ’COnlineApp’ were derived from base class representing training and 
online mode respectively. Some utility classes were also included in this application, which 
provide functionalities like developing communication link with OpenViBE environment, and 
stimulus rendering etc.  

There are two modes of this application, invoked by different command line arguments. 

Training mode 

In this mode, training data is acquired which is then used for generating classifiers to be used 
in online mode. It contains both client and server VRPN modules. Here five rendering targets 
are created one for each flickering stimulus plus one more for a static stimulus.  

Online mode 

Online mode provides real-time data to OpenViBE online scenario ‘gsv-bci-ssvep-5-online’, 
which in turn generates and sends discrete commands to GSV target application in order to 
perform navigation in GSV. It contains only server VRPN module. It involves creation of four 
rendering targets one for each flickering stimulus.       

6.5.5. OpenViBE Scenarios 
 

Five different scenarios were created using OpenViBE designer tool, based on standard 
SSVEP scenarios distributed with OpenViBE framework. A detailed description of 
OpenViBE framework is provided in section 4.2. These scenarios can be executed either 
directly in designer tool or using ‘Control panel’. Each of these scenarios perform specific 
functionality as described below,  

Configuration 

This scenario performs basic configurations to set up GSV BCI. It contains two main boxes 
one is responsible for peripheral settings like screen refresh rate while other is used to provide 
experimental settings like stimulus color, stimulating frequencies, epoch duration, epoch 
interval, and frequency tolerance etc. This scenario needs to be executed at least once before 
operating GSV BCI. 

Training acquisition 

This scenario was created to acquire training EEG data. It receives real-time EEG data from 
BCI transducer using acquisition client box. It communicates with stimulus control 
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application via VRPN server and client boxes. Few configuration settings were also added in 
this scenario like setting goal sequence for target stimulus, flickering duration, and flickering 
delay etc. Training acquisition is an online scenario and hence cannot be run in fast forward 
mode. 

 

Figure 6.5 Execution of Online GSV navigation scenario, target client and stimulus control application are running 
simultaneously.  

CSP training 

It is an offline scenario that was designed to generate CSP spatial filters which later on used 
in classification and online navigation scenarios. It uses the data acquired in training 
acquisition scenario as an input. Training data is processed using Common Spatial Pattern or 
CSP algorithm to generate spatial filters. Processing of training data involves channel 
selection (if necessary), temporal filtering, and stimulation based epoching. It can be executed 
in fast forward mode.    

Classification 

It is another offline scenario in signal processing chain, which takes the training data as an 
input and performs different operations on that data. Its processing chain involves channel 
selection, spatial filtering (using filters created in CSP training scenario), temporal filtering, 
target separation, stimulation based epoching, time based epoching, signal averaging, feature 
extraction and finally classifier generation for each stimulating frequency. This scenario can 
also be executed in fast-forward mode hence results in saving considerable amount of time.  

Online GSV navigation 

It is an online scenario, which is used to perform navigation in GSV environment using real-
time EEG data. It employs acquisition client box to receive real-time brain responses from 
EEG transducer via OpenViBE Acquisition Server, generated in response to SSVEP stimulus. 
It communicates with both stimulus control application and GSV target client application. It 
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contains both VRPN client and server boxes, server is used to send navigation commands to 
GSV target client application, while client receives commands from stimulus control 
application for scenario termination. It contains four separate processing chains i.e. setting 
necessary environment variables, launching stimulus control and target GSV applications, 
real-time signal processing, and scenario termination chain. Signal processing chain is similar 
to the one used in classification scenario, only difference is that it receives real-time data from 
acquisition client and use ‘classier processor’ box in place of ‘classifier trainer’. Execution of 
online GSV navigation scenario is shown in Figure 6.5.  

Visual interpretation of these scenarios is provided in Appendix A. 

6.5.6. Control Panel  
 

Control panel is an interface to operate GSV BCI in more intuitive way. It performs different 
tasks like starting acquisition server, configuring BCI environment, and running different 
scenarios on a single click that otherwise user performs manually. In order to execute 
different scenarios in designer tool, control panel makes background calls for scenario 
execution using command line arguments of designer tool. OpenViBE designer is launched in 
non-GUI mode in conjunction with control panel.   

 

Figure 6.6 GSV Control Panel 
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Control panel is a Windows Forms application developed in C#. User is required to provide 
absolute path to OpenViBE home directory. Control panel runs different batch files located 
relative to OpenViBE Home to launch acquisition server and designer in non-GUI mode in 
order to execute scenarios for training data acquisition, signal processing, and online mode. 

A background call to execute a scenario is of the following form, 

string parameters = " --no-session-management --no-gui --play ..\\share\\openvibe-

scenarios\\bci\\SSVEP-GoogleStreetViewBCI\\test\\VRPNTestServer.xml"; 
string path = $OpenBibe_Home + "\\openvibe-designer.cmd"; 
ProcessStartInfo process = new ProcessStartInfo(acquisitionServerpath, parameters); 

Process.Start(process); 
 

Figure 6.6 shows the layout of GSV control panel. 

6.6. Summary 
 

During the implementation phase of this study, different frameworks, tools, and technologies 
were employed i.e. BCI2000, OpenViBE, VisionEgg, Adobe Flash, Microsoft Silverlight, 
Microsoft WPF, WebGL, OpenGL, Java applet, and Ogre3D. Development was mainly done 
in C++ and C# using Microsoft Visual Studio 2010 along with scripting languages like LUA 
script and JavaScript. For stimulus presentation application python and java were also used.  

GSV BCI is quite flexible in its implementation, as it is not restricted to any specific 
transducer. Emotiv EPOC is used in this study but any other transducer supported by 
OpenViBE can be used as well with very few changes in OpenViBE scenarios.  

Hardware specification employed during implementation phase is mentioned in Table 6.1. 

  

Processor Intel Core2Quad Q9550 

Main Memory 8GB 

CPU Clock Speed 2.83GHz 

GPU NVidia GeForce 
8600GT 

Operating System Windows 7 64 bit 
Enterprise Edition  

Graphics API DirectX 11 

Display Resolution 1920 x 1200 (primary) 
1024 x 768 (Secondary) 

Screen Refresh Rate 60 Hz 

 

Table 6.1 Hardware and Software Specification   
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7. Results and Discussion 
 

This thesis work is an investigative study of BCI domain that in itself contains a large number 
of research topics. In the following sections different results are discussed which were 
observed during this investigation along with limitations of BCI and factors that potentially 
effect output of an SSVEP based BCI system. 

7.1. P300 Speller Application, BCI2000 
 

Emotiv EPOC was configured with BCI2000 to test P300 oddball paradigm using speller 
application where rows and columns in the character matrix flash randomly at specific rate. 
Experimental environment was set up, following the instructions provided in BCI2000 
documentation for P300 speller application [87]. Before proceeding with the P300 speller 
application, following considerations were made sure. 

 Use of very dim light where experimental setup was established. 
 Use of secondary display for P300 character matrix. 

 Setting screen resolution of secondary display to dimensions of P300 character matrix. 

 Avoiding any visual or aural distractions in experimental environment.  

Initially training data was acquired, in which user was asked to spell a sentence provided 
through parameter configuration window (see section 4.3 for more details about BCI2000 
configuration). User was required to maintain focus on a character in order to spell it. 
Training session stopped automatically when user spelled the whole sentence, training session 
can also be aborted manually.  

 

 

Figure 7.1 Feature plot (right) and waveform representation (left) of P300 ERP 
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Training data was analyzed in BCI2000 Offline Data Processing tool to manually select best 
features as classifiers. P300 Classifier tool was used to automatically generate best classifiers 
which were used in free spelling mode afterwards. Manually selected classifiers can also be 
used in free spelling mode. Figure 7.1 shows that P300 response, both in R-squared matrix 
and in waveform graph occurred with latency around 330ms, where R-squared is a statistical 
coefficient of determination [87]. Automatically generated classifiers showed theoretical 
accuracy of more than 90 %.  

Results achieved in free spelling mode were quite remarkable. Subject successfully spelled 
his name ‘ASIM RAZA’ in first attempt without making a single mistake. It took around 3 to 
4 minutes to spell the name. Accuracy dropped a little in case of spelling longer sentences. It 
was also observed that subject’s performance dropped with passage of time due to mental 
fatigue. 

It was also observed that shape of characters has some sort of impact over P300 elicitation. 
Closed shape characters like ‘O’, ‘P’, and ‘B’ evoked stronger response in comparison to 
characters like ‘I’, and ‘L’ etc.   

7.2. SSVEP based GSV BCI System 
 

Measuring stimulating frequency 

Frequency of flickering SSVEP stimuli was measured by employing a simple hardware setup 
(courtesy: Dr. Stefan Gustavson) comprised of a low noise light sensor (light to voltage 
convertor TLS250R), an oscilloscope and a set of capacitors for noise removal. Frequency 
measurements showed that SSVEP single graphic stimuli successfully generated desired 
screen frequencies. Few drop frames were observed but for now they cannot be avoided. 
Figure 7.2 shows the light sensor and frequency measurement of 10Hz single graphic SSVEP 
stimulus in oscilloscope display.    

 

Figure 7.2 Light sensor TAOS TLS250R (Left), Frequency measurement of SSVEP stimulus flickering at 10Hz 
(Right). 
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Setting-up GSV BCI 

To test GSV BCI performance in real-time, it was required to set up a proper experimental 
environment, which was done by following the instructions provided in section 1.5.  

Electrode Placement  

As it is being mentioned that Emotiv EPOC is not a suitable candidate for SSVEP paradigm, 
different electrode configurations were tried to observe real-time performance of GSV BCI. 

14 Electrodes configuration  

This is standard electrode configuration for Emotiv EPOC, in which headset is put on, in 
standard way i.e. primary reference electrodes located directly above and behind the ears. 
While interacting with GSV BCI in real-time, it was being observed that this electrode 
configuration provides fairly little control over the system as it only offers two electrodes in 
occipital region. Hence the EEG recorded with this configuration contained very little 
interesting information with too many artifacts.      

2 Electrodes configuration 

To avoid artifacts and unnecessary information, it was decided to use the electrodes which 
cover occipital region. Unfortunately this configuration also failed to provide good results 
because of very little information. Two electrodes in occipital region weren’t enough to evoke 
strong SSVEP. Headset was put on in normal way in this experimental setup.      

8 Electrodes configuration  

Another attempt was made to improve performance of GSV BCI by putting on headset in 
reverse direction and using 8 frontal electrodes for acquiring EEG. This configuration offers 
more electrodes in occipital and occipito-parietal region. Results were relatively better than 
other two configurations but it still had a problem of containing artifacts as the frontal 
electrodes in EPOC are designed to capture EEG along with EMG and EOG for detecting eye 
blinks and facial expressions.      

Frequency Range 

Strength of SSVEP responses vary with different frequencies. As mentioned in [75] best 
SSVEP responses can be obtained in frequency range 6-20Hz, different frequencies were tried 
within this range i.e. f < R/n, where R is screen refresh rate and n is an integer greater than 2. 
Although OpenViBE suggests the use of lower frequencies with Emotiv EPOC in SSVEP 
paradigm but frequency combination 15, 12, 10, and 7.5Hz provided better classification than 
lower frequency range 8.57, 7.5, 6.666, and 6Hz. It was also observed that larger difference 
between two successive frequencies results in more accurate classification.        
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Classification Algorithm 

To perform signal processing in GSV BCI, OpenViBE toolset was employed. OpenViBE 
offers two main classification algorithms, LDA and SVM. It was aimed to select best and 
viable amongst these two, both these algorithms were used in conjunction with GSV BCI, 
SVM performed slightly better than LDA. This slight difference in performance wasn’t 
enough for SVM selection over LDA as latter offers quite simple configuration setup, which 
was rather more desirable because of limited knowledge of signal processing.      

7.3. Factors effecting SSVEP  
 

Although it is established that EPOC headset is not an ideal choice for SSVEP paradigm, 
there are few other factors as well that can possibly affect performance of SSVEP based BCI 
system. 

SSVEP stimulus attributes 

A stimulus is the source of generation of SSVEP responses. Hence it is very important to 
carefully consider different attributes of a stimulus e.g. size, type, frequency, and color etc. 
All these attributes have an impact on SSVEP elicitation. Stimulus with smaller size tends to 
produce weak SSVEP responses, while a very large size SSVEP stimulus is quite annoying 
for the user. So stimulus with a moderate size must be considered. Effect of different colors 
on SSVEP stimulus is not yet known. Conventional light stimulus performs better than other 
types while effect of frequency is already discussed in last section. 

User’s Skill 

User’s ability to respond to SSVEP paradigm is another factor that plays its part in improving 
the performance of an SSVEP system. Normally users with no or little visual deficiencies 
tend to show better control over SSVEP systems.  

Background distraction 

Distraction in background environment both on and off the screen also has an impact on 
SSVEP responses. A motion picture can proved to be more harmful for SSVEP than a rich 
graphics environment. Attention requirement for target application reduces the effect of 
distraction [88].  

GSV target application exhibits distraction while switching between panoramas.  

Stimulus Distance 

Inter stimulus and subject-stimulus distance can potentially affect SSVEP performance. Inter 
stimulus distance of around 44 cm produces best SSVEP results [89]. Distance between 
stimulus and subject should be maintained in a way that the user need not to rotate his or her 
head in order to focus a stimulus. 
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7.4. Limitations 
 

There are few potential hurdles that hinder the growth of BCI technology.  

 To date no such sophisticated hardware has been developed that can measure neural 
responses at the rate in which they are generated inside the brain. Currently available 
BCI hardware shows high latencies, which is one of the major reasons of failure in 
developing universal BCI system. 

 Human brain is quite complex in its composition, extracting different brain patterns 
requires extensive signal processing that cannot be done effectively using currently 
available techniques. 

 Different BCI imaging technologies also possess limitations. 
 It is not that easy to avoid environmental and biological artifacts as well.    
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8. Conclusions and Future Work 

8.1. Conclusions: 
 

Interacting with a BCI system is a skill that varies from subject to subject. Every human brain 
is different in terms of its topology and information processing. Due to complex nature of 
human brain and limitations of neuroscience technologies, no universal BCI system is 
developed to date that can work successfully with all kinds of users, yet there are many BCI 
systems that perform quite well in specific controlled environment, targeting a particular 
group of users. BCI systems have already shown success in patient rehabilitation by providing 
disabled users with alternatives for motor actions and communication. Success of BCI outside 
clinical environment will surely improve with its maturity.    

User’s response to different BCI protocols or paradigms is also different e.g. a user who is 
performing well with a motor imagery BCI might fail badly with SSVEP based system. The 
failure of a particular protocol doesn’t necessarily mean the lack of efficiency in that protocol 
rather it is the user who doesn’t have the ability to respond to that particular protocol or 
paradigm. This phenomenon is termed as BCI illiteracy, which is discussed in section 5.4. 

It is important to understand that BCI technology just came out of infancy and it is still a long 
way away from its maturity. Hence expecting a BCI system to perform ideally is not that fair.  

It is also important to carefully choose the target domain for a BCI system. Environments 
where the control over a system is critical, BCI should be avoided, for example controlling a 
vehicle with a BCI system might end up in a disaster.    

EEG as a Brian Imaging Technology  

Among different brain imaging technologies EEG can be considered as a viable choice for 
developing a practical BCI system. It requires almost a risk free and relatively inexpensive 
hardware setup to measure brain responses in comparison to invasive and non-invasive 
technologies like MEG, fMRI, and fNIRS.  It has good temporal resolution which is quite 
critical for time-frequency analysis. 

EEG has a poor spatial resolution and contains a lot of environmental and biological noise yet 
it is a good choice for BCI research.  

SSVEP as a BCI Paradigm 

SSVEP paradigm can be considered as a good choice for a BCI system targeting users with 
little or no visual deficiencies. It is quite robust and its signal to noise ratio as compared to 
other paradigms is also remarkable. Information transfer rate in SSVEP paradigm is around 
60 bits per minute which is the highest ITR by any BCI paradigm. It requires very short or no 
user training. It provides more degree of freedom as the typical frequency range of its 
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elicitation is 5- 75Hz, SSVEP signal modulation also results in enhanced SSVEP command 
set. 

Besides merits of SSVEP, it does have some limitations, 

 It is not helpful for visually impaired subjects. 

 Stimuli used in SSVEP paradigm are quite annoying. 

 It is not that easy to interact with SSVEP based system for a longer period of time. 
 Use of lower frequencies might cause seizures as well. 

 Higher frequencies don’t evoke strong SSVEP responses.  

In conclusion, with careful consideration SSVEP can be used to develop a successful practical 
BCI. 

Emotiv EPOC as a BCI Transducer 

Among different consumer-grade EEG BCI transducers available in the market, Emotiv 
EPOC can be considered as fairly good choice to have a start with BCI technology. It is 
mainly because of its relatively low cost, fairly easy setup, more electrode locations, cross 
platform availability, and its SDK.  

Despite of its merits, it is not recommended for research based work. EEG signals have poor 
spatial resolution, so electrode position on scalp has be precise to perform accurate 
classification. Although EPOC has 14 electrodes, yet a slight change in electrode positioning 
while putting in on might result in wrong classification. Another problem with EPOC is 
having no electrodes in motor cortex region. Hence it can’t be used with motor imagery 
paradigm. It is also not an ideal choice for SSVEP paradigm as it has only two electrodes in 
occipital region. It is also not that user friendly as headaches are experienced if it is kept on 
for more than 2 to 3 hours. 

For a research oriented study, it is recommended to have more sophisticated and conventional 
EEG BCI transducer. Few of them are discussed in section 3.3.2. 

Employing BCI Software platform 

A general purpose BCI software platform like BCI2000 or OpenViBE can prove to be a good 
choice for developing a BCI system. It aids in minimizing time and cost of overall BCI 
system design and development in comparison to development from scratch. 

Such platforms can also be good candidate for a research study as they are flexible enough to 
meet customized requirements. For example if a novel BCI signal processing algorithms is 
devised and required to be tested in a real-time BCI environment, it can easily be 
implemented and integrated with a platform like BCI2000, rather than developing a whole 
new BCI system for it.  
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Google Street View BCI System 

Prototype developed during this study can be a good starting point for further investigation 
and research in BCI domain, especially related to BCI usage as HCI interface in web based 
environments, as so far not much work is done in this specific area.  

Interaction with a BCI system in web based environment is quite challenging because of 
difference in priorities of underlying technologies. For example web based technologies failed 
to create an acceptable SSVEP stimulus because of less precision in frame rates.  

Another challenge was the synchronization of managed and unmanaged code. Limitation of 
Emotiv EPOC towards SSVEP paradigm resulted in lesser control over GSV BCI system, but 
it would be interesting to test GSV BCI with a research-grade BCI transducer.   

A basic hardware design is also suggested for SSVEP BCI system in Appendix B. 

8.2. Future work 
 

This work brought out few research-grade topics that can be investigated later on. Moreover 
during this study BCI signal processing chain remained in black box due to lack of domain 
specific knowledge, which can be investigated later on with inputs from domain experts in 
signal processing. Following are the few possible future works. 

A platform independent implementation of GSV BCI system can be one of the future works. 
Such implementation should be independent of both operating system and BCI software 
platform along with testing GSV BCI with different EEG transducers both research and 
consumer-grade.   

A research oriented study can also be performed in order to compare the viability of different 
general purpose BCI Software Platforms like BCI2000 and OpenViBE etc. 

A detailed investigative study can also be performed to determine different factors that can 
potentially affect the performance of SSVEP paradigm. It might involve development of 
different techniques for eradication of these factors as well.  

Design considerations of SSVEP stimulus can also be investigated e.g. stimulus type, 
frequency, shape, color, contrast, and size etc. Especially effect of color and shape which are 
not much investigated to date. 

Minimizing training time can be another future work, along with strategy development to 
perform online calibration with BCI system, which can possibly result in removing any need 
for user training.                                         
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Appendix A: OpenViBE Scenarios 
 

 

Figure A.1: OpenVibe Scenario 1: Basic Experimental and peripheral configuration   

 

 

 

 

Figure A.2: OpenVibe Scenario 2: Training data acquisition 
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Figure A.3: OpenVibe Scenario 3: CSP spatial filter creation 
  

 

Figure A.4: OpenVibe Scenario 4: Classifier generation 
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Figure A.5: OpenVibe Scenario 5: Online GSV Navigation 
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Appendix B: EEG Transducer Design Overview 
 

Consumer-grade BCI transducers doesn’t perform well with SSVEP paradigm. The notion has 
been proved while testing EPOC headset during this study. Moreover, conventional research 
grade EEG transducers are not that user friendly and quite difficult to configure because of 
wired setup and wet sensors, which require application of gel on scalp before using headset.  

Following hardware design is suggested for EEG Transducer specifically for SSVEP 
paradigm, which would possibly be efficient, cost effective, and user friendly. 

Headset Casing: To make EEG headset more comfortable and natural for the user, it is 
required to have a casing that user can easily wear. A sports headband shown in Figure B.1 
can prove to be a good choice for that purpose. An array of 3 to 5 electrodes covering 
occipital region are to be placed inside headband. Moreover an extra electrode in the frontal 
region is also required in order to measure EMG and EOG, which will result in better 
classification of SSVEP responses. Headband will also be equipped with a miniature signal 
transmitting and rechargeable battery unit. A consumer-grade headset XWave [90] uses the 
same type of casing but with a single NeuroSky sensor, which is not suitable for any EP or 
ERP paradigm like SSVEP.   

 

Figure B.1 Proposed Headset Casing 

Interface: Headset will wirelessly connect to a computer via USB interface by employing 
Radio or Bluetooth transmission protocol. A Standard USB HID receiver will be used to 
receive brain responses from headset.  

EEG Sensors: Dry EEG sensors will be employed in proposed headset like the one provided 
by [57]. Another option is to use non-contact EEG sensors produced by NeuroSky but it will 
be up to the availability of such sensors as so far they are not available in market. 
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Appendix C: Suggested BCI Literature: 
Books:  

Title Brain-Computer Interface Applying our Minds to Human-Computer 
Interaction [73] 

Editors  Desney Tan, Anton Nijholt 
Publisher Springer 
Year 2010 

 

Title Human-Computer Interaction. Novel Interaction Methods and Techniques 
[79] 

Authors G Johnson, D Krusienski 
Publisher Springer 
Year 2009 
Section Ensemble swlda classifiers for the p300 speller (551-557) 

 

Title Towards brain-computer Interfacing [69] 
Editors Guido Dornhege, José del R. Millán, Thilo Hinterberger, Dennis J. 

McFarland and Klaus-Robert Müller 
Publisher MIT press 
Year 2007 

 

Title A Practical Guide to Brain-Computer Interfacing with BCI2000:General-
Purpose Software for Brain-Computer Interface Research, Data 
Acquisition, Stimulus Presentation, and Brain Monitoring [7] 

Authors G Schalk, J Mellinger 
Publisher Springer 
Year 2010 

 

Title The Cognitive Electrophysiology of Mind and Brain [78] 
Authors Alberto Zani, Alice Proverbio 
Publisher OCT 
Year 2002 

 

Articles: 

Title Brain–computer interfaces for communication and control [16] 
Authors Jonathan R. Wolpaw, Niels Birbaumer, Dennis J. McFarland, 

Gert Pfurtscheller, Theresa M. Vaughan 



f 
 

Journal Clinical Neurophysiology 
Volume/Issue/Pages 113/-/767-791 
Year 2002 

 

Title Real-Time Detection of Brain Events in EEG [14] 
Authors Jacques J Vidal 
Journal Proceedings of the IEEE 
Volume/Issue/Pages 65/-/633-641 
Year 1977 

 

Title Talking off the top your head: toward a mental prosthesis 
utilizing event-related brain potentials [28] 

Authors L Farwell, E Donchin 
Journal Electroencephalography clinical Neurophysiology 
Volume/Issue/Pages 70/6/510-523 
Year 1988 

 

Title Fully Online Multi-command Brain-Computer Interface 
 with Visual Neurofeedback Using SSVEP Paradigm [18] 

Authors PabloMartinez, Hovagim Bakardjian, and Andrzej Cichocki 
Journal Computational Intelligence and Neuroscience 
Volume/Issue/Pages 2007/-/ 94 561–94 570 
Year 2007 

 

Title A Survey of Stimulation Methods Used in SSVEP-Based BCIs 
[77] 

Authors Danhua Zhu, Jordi Bieger, Gary Garcia Molina, and Ronald M. 
Aarts 

Journal Computational Intelligence and Neuroscience 
Volume/Issue/Pages 2010/-/ - 
Year 2010 

 

Reports: 

Title Electroencephalograph based Brain Computer Interfaces [48] 
Authors Raymond Carl Smith 
Category Masters Thesis Report 
Faculty/Institution Electrical and Electronic Engineering/ University College Dublin. 
Year 2004 
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