
 

 

ABSTRACT 

 

LI, YUEQING. Evaluation of Collaborative Brain-Computer Interface (C-BCI) for People 
with Motor Disabilities. (Under the direction of Dr. Chang S. Nam.) 
 

Brain-computer interfaces (BCIs) are new technologies that allow users to 

communicate with the outside world or control external equipment without the use of 

“normal” pathways of peripheral nerves and muscles. For people with motor disabilities,  

BCIs provide a degree of communication and control that can help make simple tasks more 

convenient and ultimately reduce the burden placed on caregivers at times. Meanwhile, BCIs 

could also be used to study brain structure and function in the context of human cognition 

and behavior. SSVEP BCIs are non- invasive BCIs that use SSVEP brain signals to 

communicate or control. Without initial training needed, users can use SSVEP BCIs by only 

focusing on the visual stimuli.   

However, current efforts in the area of BCI technology still present significant gaps. 

Most existing BCIs serve only single users. Few studies have explored the integration of 

BCIs in “normal” life, especially to support interactive work and collaboration with other 

people. There is a general lack of understanding regarding how BCIs should support 

collaborative work between users with motor disabilities and between users with and without 

motor disabilities under various task conditions. 

The objective of this research was to investigate the collaborative behavior of peop le 

with motor disabilities (i.e., amyotrophic lateral sclerosis, ALS) using a collaborative BCI 

system that utilizes steady-state visually evoked potentials (SSVEPs). The NC State Brainbot 

BCI was used as a test bed for the research. 



 

 

The research described in this paper derived from two separate studies. Study 1 was a 

fundamental investigation of SSVEPs in which user sensitivity to specific visual stimuli was 

assessed through the manipulation of LED light frequency and color. The study employed 

three types of dependent variables: (a) task performance (response rate), (b) brain activity 

(spectral power) and (c) user evaluations (subjective ratings of fatigue and preference toward 

light frequency and color). Study 2 recruited the same group of participants as Study 1 and 

examined the effects of the collaboration modes under user-specific stimuli configurations 

determined in Study 1.  

Besides an individual mode where a single user performs a task, two collaboration 

modes were presented: (a) Sequential mode: a pair of users takes turns to perform a task, (b) 

Simultaneous mode: a pair of users performs a task at the same time (i.e., brain signals from 

both users are used to control the BCI). Moreover, the effect of luminance contrast was 

investigated to validate the applicability of the SSVEP-based BCI. Study 2 employed three 

types of dependent measures, including: (a) task performance (accuracy, task completion 

time, and information transfer rate (ITR)), (b) brain activity (spectral power), and (c) user 

subjective evaluations. Participants with motor disabilities were recruited from the ALS 

association and local community. Age-matched able-bodied participants were recruited from 

the local community to investigate the effect of motor disability on C-BCI performance.  

The research was expected to yield fundamental knowledge of BCI-supported 

cooperative work, an understanding of the support needed for interaction with BCIs for group 

activities, as well as design considerations for collaborative BCIs. Meanwhile, the SSVEP 

BCI paradigm can be used as a testbed to investigate the important topics in human 

factors/ergonomics, such as situation awareness, team work and decision making.  
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1. INTRODUCTION 

Brain-computer interface (BCI) is a new interaction medium that allows users to 

communicate with the external world or control external equipment without the use of 

normal pathways of peripheral nerves and muscles (Wolpaw, Birbaumer, McFarland, 

Pfurtscheller, & Vaughan, 2002). BCIs can be classified into two categories, invasive and 

noninvasive, based on the methods of acquiring brain activities, including 

electroencephalography (EEG), magnetoencephalography (MEG), positron emission 

tomography (PET), functional magnetic resonance imaging (fMRI) and optical imaging.  

BCIs have shown to have the capability of providing great benefits to people with motor 

disabilities - increasing their quality of life both physically and spiritually (Li, Nam, 

Shadden, & Johnson, 2011; Sellers & Donchin, 2006; Volosyak, Cecotti, Valbuena, & 

Graser, 2009; Wolpaw et al., 2000; Wolpaw et al., 2002). BCI systems can help people with 

motor disabilities in a variety of ways.  BCIs grant them a sense of independence he/she may 

not have without the use of the system. For example, the user(s) can use a BCI to type letters 

(Li, et al., 2011; Sellers & Donchin, 2006), toggle home electronics and send messages to 

their family members or caregivers (Allison, Wolpaw, & Wolpaw, 2007; McCullagh, et al., 

2010; Wolpaw et al., 2002). Also, BCIs can reduce the burden often times placed upon the 

caregiver. For instance, BCIs can be used to control a wheelchair for increased mobility 

(Muller, Bastos-Filho & Sarcinelli-Filho, 2011; Wang, Hong, Gao & Gao, 2007). Research 

has shown that both able-bodied users and people with motor disabilities can use BCI 
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systems with accuracy levels acceptable for both communication and device control (Allison 

& Pineda, 2003; Volosyak et al., 2009; Mugler, Ruf, Halder, Bensch & Kübler, 2010).  

SSVEP-based BCI, which uses steady-state visual evoked potentials (SSVEPs) as a 

control signal, is one example of a non-invasive BCI system. Since no initial training is 

required to use an SSVEP based BCI system, this option provides great advantages over most 

other BCI systems, such as P300-based BCIs and motor imagery-based BCIs. Currently, the 

SSVEP based-BCI can provide the fastest and most reliable communication as a non-

invasive BCI (Volosyak, 2011; Wang, Gao, Hong, Jia & Gao, 2008; Zhu, Bieger, & Aarts, 

2010). 

Although BCI research has great promise, BCI development is still in its infancy 

stage and there are many challenges to overcome (Ebrahimi, Vesin & Garcia, 2003; Lebedev 

& Nicolelis, 2006; Nam, Woo & Bahn, 2012). First, the use of BCIs by people with motor 

disabilities has not been thoroughly investigated. In its current stage, most research employs 

able-bodied participants. Compared to able-bodied participants, people with motor 

disabilities may require custom system configurations or may have differing user interface 

preferences. Therefore, further research is required to acquire invaluable empirical data and 

insight toward the future of BCI-based applications that cater towards people with motor 

disabilities. Secondly, most BCI studies are single-user based and have not explored the 

integration of BCI into every day normal life, especially to support interactive work such as 

collaboration with other people (Wang, Wang, & Jung, 2011; Wolpaw et al., 2002). In fact, 

people with motor disabilities have had little opportunity to work collaboratively with other 

people. In tandem, there has been a general lack of understanding regarding how BCIs should 
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support collaborative work between users with motor disabilities and between users with and 

without motor disabilities under various task conditions. However, collaborative BCIs (C-

BCI) were shown to bring greater benefits to those with motor disabilities (e.g., Poli, 2013). 

More studies regarding C-BCIs will help to determine how the applications could be 

extended to real-life situations.  

The objective of this research was to investigate the user performance, brain activity, 

and BCI design preference of people with motor disabilities (e.g., amyotrophic lateral 

sclerosis, stroke, spinal cord injury, etc.) using a SSVEP-based collaborative BCI, Brainbot 

(Nam, Lee, & Bahn, 2013), as a test bed.  
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Figure 1.1  Research framework 
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The research presented includes two studies (see Fig. 1.1). Study 1 is a fundamental 

study of SSVEP, in which the user-specific visual stimuli was identified with respect to LED 

light frequency and color. This study employed two types of dependent variables: (a) task 

performance (number of detections), and (b) brain activity (i.e., spectral power). Study 2 

recruited the same group of participants as in Study 1 and examined the effect of the 

collaboration mode under the user- specific stimuli condition determined in Study 1. Besides 

the individual mode, where the participant performed the task by herself/himself, two 

collaborative modes were provided: (a) Sequential mode: a pair of users took turns 

performing the task, and (b) Simultaneous mode: a pair of users performed the task at the 

same time (i.e., brain signals from both users were used to control the BCI). Moreover, the 

effect of luminance contrast was investigated to validate the real applicability of SSVEP-

based BCIs. This study employed several dependent measures, which can be categorized into 

three types of variables: (a) task performance (accuracy, task completion time, and 

information transfer rate), (b) brain activity (spectral power) and (c) user subjective 

evaluations (subjective ratings based on user satisfaction, user fatigue and user preference). 

Participants with motor disabilities were recruited from the local associations (e.g. North 

Carolina ALS Association) and community. Age-matched healthy participants were recruited 

from the local community to investigate the effect of motor disability on BCI performance.  

This research can be of great significance due to the potential yield of fundamental 

knowledge in collaborative BCI, an understanding of the support needed for interaction in 

BCI technology supported group activities, as well as an understanding of interactive design 

considerations for collaborative BCIs. Meanwhile, the usability analysis of the collaborative 
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BCI will make it more applicable to real life and more user friendly to those with motor 

disabilities. 

1.1  How Does SSVEP-Based BCI Work?  

1.1.1  What Is SSVEP?  

Brain waves (EEG) are the electrical activity produced by the firing of the neurons in 

the brain.  EEG is often analyzed in the domains of time and/or frequency. In the time 

domain, EEG is measured as the voltage changes from the baseline as a response to an event 

or stimulus (visual, auditory, haptic, etc.). EEGs in the time domain include P300, N100, 

slow cortical potential (SCP), etc. Fig. 1.2 (Lithari et al., 2010, p. 31) gives an example of 

event-related potentials (ERPs), in which changes in voltage are time- locked to a particular 

event or stimulus (Wolpaw & Boulay, 2010). In Fig. 1.2, for example, N100 is a negative 

peak between 90 and 170 milliseconds; P300 is a positive peak between 300 and 400 

milliseconds.  
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Figure 1.2  Example of ERP components 

 

In the frequency domain, EEG is measured as the voltage oscillations at the particular 

frequencies. EEGs in frequency domain include alpha (8-13 Hz), beta (13-30 Hz), delta (0.5-

4 Hz), theta (4-8 Hz), and gamma (30-100 Hz), as illustrated in Fig. 1.3 (Malmivuo & 

Plonsey, 1995). EEG features in both the time and the frequency domain have been used in 

BCIs (Wolpaw & Boulay, 2010).   
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Figure 1.3  Examples of EEG frequency bands 

 

Of the numerous categories of brain waves, this research focused on the SSVEP brain 

wave. SSVEP is the visually evoked potential from one’s scalp resulting from ionic current 

flows within the neurons of the brain (Niedermeyer & da Silva, 2005). When people look at a 

flashing light source blinking at a fixed frequency, an electrical potential with the same 

frequency is produced in the brain. The brain also produces corresponding harmonic and sub 

harmonic frequencies of the stimuli frequency (Mehta, Hameed & Jackson, 2010). Fig. 1.4 

(Saupe, Schröger, Andersen & Müller, 2009) illustrates a SSVEP caused by a visual stimulus 
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of 7.5 Hz. The peak values appeared in the fundamental frequency (f1 = 7.5 Hz), the second 

harmonic (f2 =15 Hz = 7.5 x 2) and the third harmonic (f3 =22.5 Hz = 7.5 x 3). 

 

 

Figure 1.4  7.5 Hz and its harmonic SSVEPs 

 

SSVEP brain signals have a great advantage over other brain waves in that no initial 

training or user response is required in order to utilize them. For the presented research, LED 

lights were used to elicit the SSVEP due to their many advantages, which were explained in 

part 2.1.1. 
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1.1.2  SSVEP-Based BCIs 

BCIs have been developed utilizing a variety of EEG features. For example, P300 

brain waves have been used in spelling tasks (Farewell & Donchin, 1988; Li, Nam, Shadden 

& Johnson, 2011; Nam, Li & Johnson, 2010) and robot control (Pires, Nunes, & Castelo-

Branco, 2008). Motor imagery brain waves have been used in wheelchair control and robot 

control (Xia, Li, Yang, Xiao, Velez & Yang, 2011). SSVEP brain waves have also been used 

in spelling tasks (Friman, Lüth, Volosyak, & Gräser, 2007) and wheelchair control (Muller, 

Bastor & Filho, 2013).  

The development of non- invasive BCIs for humans can be seen in Fig. 1.5. It is 

generally agreed upon that BCI history began with Hans Berger’s pioneering in the field 

more than 80 years ago. In 1924, Berger recorded – for the first time - human brain activity 

by means of EEG and identified oscillation activity in the brain. He observed alpha waves 

between 8 to 12 Hz, which are prominent on the posterior scalp when one reacts to light 

(McFarland & Wolpaw, 2011; Neidermeyer, 2005). It is thought that Jacques Vidal was the 

first BCI researcher who coined the term “brain-computer interface” and devised the first 

BCI system in the 1970s (McFarland & Wolpaw, 2011; Vidal, 1973; Vidal, 1977). By 

focusing on a visual stimulus – illuminated by a xenon flash - presented on a diamond-

shaped red checkerboard, subjects could generate directional commands to finish a 

navigational task within a virtual maze (Vidal, 1977). However, Graimann, Allison & 

Pfurtscheller (2010) argued that Dr. Grey Walter developed the first BCI in 1964. In Dr. 

Grey Walter’s BCI system, the patient could control a slide projector (Dennett, 1992; 

Graimann, Allison & Pfurtscheller, 2010). 
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Figure 1.5  Timeline of noninvasive BCI for humans 

 

The 1980s and 1990s presented new BCI milestones: the P300 Speller by Farewell 

and Donchin (1988), an SCP-based BCI by Birbaumer and colleagues (Birbaumer, 

Ghanayim, Hinterberger, Iversen & Kotchoubey, 1999), an SMR-based BCI by Wolpaw and 

colleagues (Wolpaw, McFarland & Vaughan, 2000), an ERD/ERS-based BCI by 

Pfurtscheller and colleagues (Pfurtscheller, Flotzinger & Kalcher, 1993), an SSVEP-based 

BCI by Calhoun and McMillan (1996), as well as many other devices. 

A typical SSVEP BCI system is composed of certain components (see Fig. 1.6): data 

acquisition, signal preprocessing, feature extraction, classification and control command 

translation. 
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Figure 1.6  SSVEP BCI framework 

 

When a user is presented with visual stimuli (e.g., LED light), EEG data is recorded 

via the system hardware (including a stimuli application, amplifier, and EEG cap) and 

software. Signal preprocessing will remove the artifacts and noise using temporal and spatial 

filters. A feature extraction algorithm, such as FFT (Fast Fourier Transform), PSD (Power 

Spectral Density), and CSP (Common Spatial Pattern), will be used to retrieve the specific 

EEG features from the recorded brain signal for classification. The retrieved EEG features 

are then classified into different categories. Depending on the application and the property of 

the EEG signal, an appropriate classification algorithm will be utilized. Finally, the classified 

EEG will be translated into an output to control external equipment (e.g. wheelchair) or 

select a character (e.g. in order to spell a word). 
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Table 1.1 summarized the SSVEP-based BCI research after 1996. The papers were 

selected if “SSVEP”, “BCI” or “brain-computer interface” appeared in the title or key words. 
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Table 1.1  Summary of SSVEP-based BCI research in chronological order 

Study 
Participant Stimulus Task 

Mode Type Number Age Device Frequency (Hz) Color 

Calhoun et al., 1996 Able-bodied 3 ----- Fluorescent light 13.25 ----- Individual 

Cheng & Gao, 1999 Able-bodied 4 (3 male) 22-27 Computer display 6-9 ----- Individual 

Cheng et al., 2001 Able-bodied ----- ----- Computer display 
6.45, 7.23, 8.01, 

13.87 

Red, green, 

yellow 
----- 

Wahnoun et al., 2002 Able-bodied 11 ----- Computer display 

5, 7.08, 7.727, 

8.927, 11.087, 

12.14, 12.75, 17, 

21.25 

White with a 

small light gray 

square in the 

middle 

Individual 

Cheng et al., 2002 Able-bodied 
13 (11 

male) 

10-39 

(M=24) 
Computer display 6-14 ----- Individual 

Beverina et al., 2003 Able-bodied 5 24-32 Computer display 6, 10 Green Individual 

Gao et al., 2003 Able-bodied 1 ----- LED 
6, 6.195, 6.390, 

…, 15 
Green Individual 

Wang et al., 2004 Able-bodied 2 ----- LED 9-17 ----- ----- 

Lalor et al., 2004 Able-bodied 5 (male) 23-27 Computer display ----- White/black Individual 

Sami & Nielsen, 2004 Able-bodied 8 ----- Computer display 8.8, 35 ----- Individual 

Kelly et al., 2004 Able-bodied 15 21-38 Computer display 17, 20 White/black Individual 

Piccini et al., 2005 Able-bodied 5 ----- LED 6-10 ----- Individual 

Müller-Putz, et al., 

2005 
Able-bodied 

9 (female)/5 

(male) 

25.3±3/23

-37 
LED 6, 7, 8, 13 Red Individual 

Wang et al., 2005 Able-bodied 13 (8 male) ----- LED 21, 23, …, 43 White Individual 

Lalor et al., 2005 Able-bodied 5 (male) 23-27 Computer display 8.5, 10 White/black Individual 

Kelly et al., 2005 Able-bodied 10 22-30 Computer display 
9.45,10.63,14.17,

17.01 
White/black Individual 

Kelly et al., 2005 Able-bodied 11 21-37 Computer display 10.03,12.04 White/black Individual 

Kelly et al., 2005 Able-bodied 10 22-30 Computer display 14, 17 White/black Individual 

Jaganathan et al., 2005 Able-bodied ----- ----- Computer display 6-15 White/black Individual 

Maggi et al., 2006 Able-bodied 5 (3 male)  LED 6, 7, 8, 10 Green Individual 

Materka & Byczuk, 

2006 
Able-bodied 1 (male) ----- LED 

25, 26.5625, 

28.125, 29.6875 
----- Individual 
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Table 1.1  Continued 

Study 
Participant Stimulus Task 

Mode Type Number Age Device Frequency (Hz) Color 

Materka & Byczuk, 

2006 
Able-bodied 1 (male) ----- LED 34-40 ----- Individual 

Wang et al., 2006 Able-bodied 16 (10 male) 22-42 Computer display 9-17 ----- Individual 

Nielsen et al., 2006 Able-bodied 7 ----- Computer display 

5, 7.08, 7.73, 8.5, 

9.44, 10.63, 

12.14, 14.16, 17 

----- Individual 

Trejo et al., 2006 Able-bodied 3 23-35 Computer display 5, 5.625, 6.4, 6.9 White/black Individual 

Mukesh et al., 2006 Able-bodied 15 
23-27, 

45 
Computer display 6, 7, 12, 13, 14 White/black Individual 

Lüth et al., 2007 Able-bodied 8 (7 male) 20-35 LED 13, 14, 15, 16, 17 Red Individual 

Valbuena et al., 2007 Able-bodied 7 25-35 LED 13, 14, 15, 16 ----- Individual 

Leow et al., 2007 Able-bodied 5 (3 male) 24-63 LED 14-29 Red Individual 

Materka et al., 2007 Able-bodied 5 ----- LED 32-40 ----- Individual 

Touyama & Hirose, 

2007 
Able-bodied 3 ----- Computer display 4.8, 6.86 ----- Individual 

Touyama & Hirose, 

2007 

Able-bodied 2 ----- Computer display 4.8, 6.86 ----- Individual 

Scherer et al., 2007 Able-bodied 10 (7 male) 27±5 LED 

6.25, 7.25, 8, 13; 

11.75, 13, 15.25, 

17.25 

Red Individual 

Lin et al., 2007 Able-bodied 11 ----- Computer display 27,29,…,43 ----- Individual 

Kluge & Hartmann, 

2007 
Able-bodied 3 M=31 Computer display 10.12 ----- Individual 

Martinez et al., 2007 Able-bodied 5 ----- Computer display 
5,6,7,8;12,13.3,15

,17 
White/black Individual 

Jia et al., 2007 Able-bodied 10 ----- LED 6, 6.5, 7, …, 19 ----- Individual 

Friman et al., 2007 Able-bodied 10 20-30 LED 5, 7, 9, 11, 13, 15 ----- Individual 

Friman et al., 2007 Able-bodied 11 (10 male) 
21-58 

(30.1) 
LED 13, 14, 15, 16, 17 Red Individual 

Ruen et al., 2007 Able-bodied 5 (2 male) 22-24 LED 7-35 Red Individual 



 

16 

Table 1.1  Continued 

Study 
Participant Stimulus Task 

Mode Type Number Age Device Frequency (Hz) Color 

Molina, 2008 Able-bodied 2 (male) 23, 25 LED 40-50 White Individual 

Huang, 2008 Able-bodied 6 (4 male) 26-35 Xe-light 30-50 ----- Individual 

Bin et al., 2008 Able-bodied 8 ----- LED 
13, 14, 15, 16, 17, 

18 
----- Individual 

Wu & Yao, 2008 Able-bodied 10 25±3 LED 8.3,10 White Individual 

Wu et al., 2008 Able-bodied 10 25±3 LED 4.6,10.8,16.1 White Individual 

Müller-Putz et al., 2008 Able-bodied 10 (5 male) 25±2.3 LED 6,7,8,13 Red Individual 

Müller-Putz & 

Pfurtscheller, 2008 
Able-bodied 4 (2 male) 18-29 LED 6,7,8,13 Red Individual 

Wang et al., 2008 Able-bodied 1 ----- Computer display 10 ----- Individual 

Ren et al., 2008 Able-bodied 5 male 22-25 Computer display 10 White/black Individual 

Cecotti & Graeser, 

2008 
Able-bodied 2 ----- Computer display 

15.5,16,16.5,17,1

7.5 
----- Individual 

Wu et al., 2008 Able-bodied 10 25±3 Computer display 4.6,10.8,16.1 White/black Individual 

Vasquez et al., 2008 Able-bodied 4 ----- Computer display 

8.8,9.4,11.55,12.5

,13.65, 15, 16.7, 

18.8 

White/black Individual 

Oehler et al., 2008 Able-bodied 4 male ----- Computer display 10-15 White/black Individual 

Martinez et al., 2008 Able-bodied 4 ----- Computer display 
5,6,7,8;12,13.3,15

,17 
White/black Individual 

Krusienski & Allison, 

2008 
Able-bodied 6 (3 male) 18-29 Computer display 6,15 White/black Individual 

Allison et al., 2008 Able-bodied 14 (6 male) 
18-29 

(M=19.7) 
Computer display 6,15 

White/black;gray

/white; 

red/gray;green/gr

ay 

Individual 

Parini et al., 2009 

Able-bodied 7 18-50 LED 6, 7, …, 17 Green Individual 

Duchenne 

muscular 

dystrophy 

4 10-30 LED 6, 7, …, 17 Green Individual 
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Table 1.1  Continued 

Study 
Participant Stimulus Task 

Mode Type Number Age Device Frequency (Hz) Color 

Bin et al 

 

., 2009 

Able-bodied 12 (10 male) ----- Computer display 
6.5, 7.5, 8.6, 10, 

12, 15 
White/black Individual 

Pfurtscheller et al., 

2010 
Able-bodied 6 26.1±2.9 LED 8, 13 ----- Individual 

Shyu et al., 2010 Able-bodied 7 23-32 LED 21 White Individual 

Cecotti et al., 2010 Able-bodied 10 M=27.2 LED 
6.66, 7.5, 8.57, 

10, 12 
----- Individual 

Shyu et al., 2010 Able-bodied 7 23-32 LED 21 White Individual 

Wang et al., 2010 Able-bodied 5 M=25 LED 9, 11, 13, 15, 17 Blue Individual 

Ortner et al., 2011 Able-bodied 7 25±3.4 LED 8, 13 ----- Individual 

Horki et al., 2011 Able-bodied 7 (4 male) ----- LED 8, 13 Red Individual 

Allison et al., 2012 Able-bodied 10 ----- LED 8, 13 Red Individual 

Hwang et al., 2012 Able-bodied 10 ----- LED 
5, 5.1, 5.2., …, 

9.9 
----- Individual 

Resalat & Setarehdan, 

2012 
Able-bodied 8 (male) 25±2 LED 15, 20 White Individual 

Fermandez-Vargas et 

al., 2013 
Able-bodied 18 (12 male) 18-59 LED 27, 28, 29, 30 Green Individual 

Lim et al., 2013 
Able-bodied 11 (9 male) 24-29 LED 7-17 ----- Individual 

ALS 1 24-29 LED 7-17 ----- Individual 

Resalat & Setarehdan, 

2013 
Able-bodied 8 ----- LED 15, 20 White individual 
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Out of the 73 reviewed papers, for visual stimulation, 32 used computer displays, 39 

used LEDs, 1 used a fluorescent light and 1 used an Xe- light. There were two interesting 

discoveries. Most of the reviewed papers used able-bodied people in the experiments. In fact, 

there were only two papers that used participants with motor disabilities. It is also important 

to note that all of the BCIs used in these papers supported only single-user usage and no 

collaborative BCI paradigms were investigated. 

Many SSVEP-based BCI applications have been developed since the 1990s. 

Applications can primarily be classified into three categories: spelling systems, navigation 

systems, and control systems.  

Spelling Systems: Fig.1.7 is an example of the Bremen SSVEP BCI (Allison et al., 

2010), with which users can type a character using only brain signals. By focusing on one of 

the four arrows, people can move the cursor to the desired character. Upon arriving at the 

desired character the user can select the character by focusing on the “Select” option. At this 

point the character will then be displayed on the screen. 
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Figure 1.7  SSVEP BCI spelling system 

  

Allison et al. (2010) investigated the applicability of SSVEP-based BCI with 106 

participants in a spelling task. Their results showed that the SSVEP-based BCI can provide 

effective communication for most participants.       

Navigation Systems: Fig.1.8 is an example of an SSVEP BCI (Volosyak, Valbuena, 

Lüth, Malechka & Gräser, 2011), in which users navigate – with over 90% accuracy in 86 

participants - through a maze. By looking at the 4 white LED panels, users can effectively 

tell the system to move the position of the puck left, right, forward and back.    
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Figure 1.8  SSVEP BCI navigation system 

 

Control Systems: Fig.1.9 is an example of a SSVEP BCI hand orthosis system in 

which users can control a hand orthosis system by looking at the flashing LEDs mounted on 

the system (Ortner, Allison, Korisek, Gaggl & Pfurtscheller, 2011). They found that people 

can achieve around 80% accuracy without any training. 
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Figure 1.9  SSVEP BCI hand orthosis system 

 

Researchers have attempted to combine SSVEP and other EEG features to create 

hybrid BCIs. Panicker, Puthusserypady & Sun (2011) attempted to use SSVEP to control 

state detection in a P300 BCI. Yin, Zhou, Jiang, Chen & Liu (2013) attempted to incorporate 

SSVEP into a P300 paradigm to create a hybrid speller. Xu, Qi, Wan, Yin & Liu (2013) 

proposed a hybrid BCI speller paradigm by combining P300 potential and an SSVEP 

blocking feature. Allison and his colleagues (2012) attempted to construct a hybrid 

ERD/SSVEP BCI to control a cursor in a 2-D environment. Some researchers, in order to 

better serve people with motor disabilities, attempted to develop non-visual SSVEP BCIs that 

do not require the need for the user to gaze or open the eyes. Lopez-Gordo, Pelayo & Prieto 
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(2010) developed a binary SSVEP-BCI in which able-bodied participants could achieve 

average 89% accuracy without gazing. Lim et al. (2013) developed an ‘eyes-closed’ SSVEP-

based BCI in which one ALS patient achieved 80% classification accuracy with his eyes 

closed. 

1.1.3  Other BCI Applications 

Based on specific EEG features, BCIs can be classified into two categories: BCIs 

using ERPs (Event-related Potentials) features (i.e., SSVEP, P300 and SCP) and BCIs using 

cortical oscillations features (i.e., sensorimotor rhythms (SMR) and ERD/ERS) (Wolpaw & 

Boulay, 2010). Based on the mental strategies used in BCIs, Graimann, Allison & 

Pfurtscheller (2010) proposed alternative classifications: BCIs based on selective attention 

and BCIs based on motor imagery. Mental strategy is the experimental strategy the BCI 

systems use and determines the BCI patterns (EEG features). Therefore, the two 

classifications are equivalent. In fact, BCIs based on selective attention have almost the same 

range as BCIs using ERPs, and BCIs based on motor imagery (MI) have the same range as 

BCIs that utilize cortical oscillations.        

Table 1.2 summarizes the BCI category classifications as well as their respective 

advantages and disadvantages. Since Graimann, Allison & Pfurtscheller (2010) do not 

consider SCP BCI in their classification, and because SCP BCI is not widely used in other 

BCIs, it is not considered in this study. 
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Table 1.2  Summary of EEG-based BCIs 

Category 
Mental 

Strategy 

EEG  

Feature 
Advantage Disadvantage Examples 

ERPs 

based 

BCI  

Selective 

Attention 

P300  1. Reliable across 

users and sessions;  

 2. No training;  

 3. Support fast 

communication 

 1. May require 

users to shift 

gaze; 2. External 

stimuli may be 

annoying to 

some users 

P300 Speller (Farewell 

& Donchin, 1988) 

SSVEP 
Bremen BCI (Allison et 

al., 2010) 

MI based 

BCI 

Motor 

Imagery 

SMR 

 1. Don’t rely on 

external stimuli 

 1. Training 

needed 

Cursor control 

(Wolpaw, McFarland, 

Neat & Forneris, 1991) 

ERD/ 

ERS 

Cursor control 

(Pfurtscheller, Neuper, 

Guger, Harkam & 

Ramoser, 2000) 

 

Information transfer rate (ITR) in BCI (Wolpaw, Ramoser, McFarland, & 

Pfurtscheller, 1998) is widely used to assess the overall performance of BCIs (McFarland & 

Krusienski, 2012). ITR measures how fast the BCI system can translate brain signals into an 

output command. Most BCIs can reach a maximum ITR of 10-25 bit/min (Wolpaw et al., 

2002).  Bin (2009) reported an ITR of 67bits/min in a SSVEP-based BCI. Volosyak (2011) 

even reported a peak ITR of 124 bits/min using an SSVEP-based Bremen BCI system. 

SSVEP-based BCI systems offer a high ITR and require no initial training. As a result, 

SSVEP-based BCIs are gaining popularity among the research community. However, Schalk 

(2008) thinks that the sustainable performance of typical BCI systems is still modest.   

Meanwhile, little representative data has been publicized in regards to accuracy and speed for 

users with motor disabilities, especially in SSVEP-based BCI applications. Furthermore, it is 
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possible that user performance is dependent upon the type and severity of their motor 

disabilities.    

When users look at a stimulus flickering at a fixed frequency, whether it is an LED 

light or graphical interface, a visually evoked potential will appear and have the same 

frequency as the visual stimulus. Due to its simplicity and stability, SSVEP brain waves 

could be retrieved and used as a control signal in different applications. When multiple 

stimuli are available, users can control more than one target and therefore accomplish even 

more complex tasks.   

1.2  Limitations of Current BCI Research  

Despite these advances, BCI development is still in its infancy stage and more 

research is needed in order to bring tangible, significant benefits to the world (Ebrahimi, 

Vesin, & Garcia, 2003; Graimann, Allison & Pfurtscheller, 2010; Lebedeve & Nicolelis, 

2006; McFarland & Wolpaw, 2011; Wolpaw et al., 2002).   

Firstly, research is required to assess potential users’ real- life needs, so that BCI 

systems can be developed with user satisfaction in mind (Scherer & Lane, 1997; Stroh, Van 

Doren, Bryden, Peckham, Keith, Kilgore, & Grill, 1999). Until now, most research has 

emphasized the speed and accuracy of BCI systems (Wolpaw et al., 2002). Little research has 

assessed the requirements of people with motor disabilities in the context of human-computer 

interaction (HCI). In fact, BCI system usability analyses are even more important because of 

the characteristics of its potential users (Sellers, Kübler, & Donchin, 2006). For example, in 

the P300 Speller application, research has shown that users with severe motor disabilities 

prefer selecting letters at a slower pace because they feel more empowered (Kubler et al., 
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1999). As mentioned in Table 1.2, visual stimuli in SSVEP BCI may annoy users; therefore, 

optimal visual stimuli should be identified. In parallel, future research should explore human 

factors in SSVEP BCIs in the context of HCI.   

Most researchers typically used able-bodied people as a substitute for people with 

motor disabilities for experimentation and trials. Sometimes participants with motor 

disabilities were used but many times they were very limited in number (see Table 1.1). For 

example, Lim, Hwang, Han, Jung & Im (2013) employed 11 healthy participants and 1 ALS 

participant to evaluate their “eyes-closed” SSVEP-based BCI – one of the very few SSVEP 

BCI research studies to employ participants with motor disabilities. Due to the limited 

participant pool, the conclusions from that study may not be applicable to a larger audience 

of people with motor disabilities. To effectively develop BCI applications for a broad user-

base, an equal sample of participants with motor disabilities, as compared to able-bodied 

participants, should be employed in the future research.   

Additionally, most BCI research has been conducted in unrealistic, quiet 

environments (Boord, Barriskill, Craig, & Nguyen, 2004; Wolpaw et al., 2002).  As a result, 

these conclusions may not be applicable to real life applications. For example, Nam et al. 

(2010) showed that users had better performance with certain level of sound than in a quiet 

condition, because the sound could keep them in a higher level of vigilance. Therefore, a 

wider array of environmental factors should be considered for future research.  

Finally, most existing BCI applications serve only single-user accessibility. Few 

collaborative BCIs have been developed.  However, in theory, collaborative BCIs should 
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prove to be more beneficial to persons with motor disabilities since C-BCIs can provide an 

environment closer to real life. 

1.3  Research of Collaborative BCI 

Very recently, some initial research showed the possibility and potential to develop 

collaborative BCIs (Eckstein et al., 2012; Poli, Cinel, Matran-Fernandez, Sepulveda, & 

Stoica, 2013a; Poli, Cinel, Sepulveda, & Stoica, 2013b). Eckstein et al. (2012) has examined 

the possibility of integrating the brain activity of group members in the decision making 

process. Their result showed that the aggregated neural activities across brains could increase 

decision accuracy and take less time than the combined observers’ opinions. Additionally, 

research by Poli et al. (2013a) showed that collaborative BCIs can produce better task 

performance than single-user BCIs in decision making tasks and space navigation. However, 

it should be noted that none of the above research recruited participants with motor 

disabilities. Meanwhile, previous research generally used much simpler tasks (Poli et al., 

2013a).            

This thesis focused on the collaborative BCI, with the intention of evaluating user’s 

EEG pattern in collaborative behavior when using SSVEP BCI in a robot control task. This 

research aimed to determine the user-specific SSVEP stimuli and the most efficient BCI 

work mode. Human factors of the collaborative BCI system were evaluated in order to 

improve its usability. Participants with motor disabilities were recruited in the research in 

order to obtain empirical data, which has been neglected in the area of BCI research. The 

results could give some insights to the real-world applicability of the SSVEP-based BCI 

applications as a non-muscular communication system for people with motor disabilities. 
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More importantly, the research should provide precious empirical data for future 

applications. BCI applications developed on the basis of empirical evidence can provide a 

greatly improved quality of life for people with motor disabilities. 

The dissertation was organized as the following: Chapter 2 reviewed previous 

SSVEP-based BCIs studies. Chapter 3 outlined the objective, methods and result of Study 1.  

Chapter 4 outlined the objective, methods, result and discussion of Study 2. Chapter 5 

provided the general discussion of the research. Chapter 6 concluded the dissertation and 

illustrated its application in human factor/ergonomics and future research directions.  
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2. LITERATURE REVIEW 

2.1  SSVEP Stimuli  

There are many determinants that can affect the property of SSVEP stimuli, such as 

stimulation device, frequency, color, size, shape, luminance contrast, environment, noise, etc. 

2.1.1  Stimulus Device 

To elicit SSVEPs, a stimulus device, or hardware that emits light, is needed to 

provide a RVS (repetitive visual stimulus) for users to focus on. Commonly, a stimulus 

device is either a light source (e.g. LED or Light Emitting Diode, Xe- light, Fluorescent light, 

etc) or a computer display running a software application. LEDs are commonly utilized 

because they can be easily manipulated. Software applications have the advantage of 

ubiquity and flexibility; however, the software applications do require a layer of application 

programming. An LED stimulus device was used in this study. In particular, frequencies and 

colors of LEDs were manipulated by a program developed by the BCI Lab at NCSU.     

An LED consists of a p-n junction semiconductor diode that emits light when current 

is applied. An LED is essentially a solid-state device that controls current without heated 

filaments. When applying 3.6 VDC, an LED can produce 100 milliwatts of power and 30 

milliamps of current. Since the entire LED unit is completely embedded in epoxy, there are 

no loose parts, resulting in a very reliable piece of hardware (The LED Light Inc., 2013).  

The first SSVEP-based BCI used a fluorescent light as visual stimuli (Calhoun & 

McMillan, 1996). Beginning in 1999, computer displays began to be used as visual stimuli in 

development and testing (Zhu, Bieger, Molina, & Aarts, 2010). In 2003, LEDs began to be 

used to provide visual stimuli in SSVEP-based BCIs (Gao, Xu, Cheng, & Gao, 2003).  Zhu, 
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Bieger, Molina and Aarts (2010) have researched the stimulation methods used in SSVEP-

based BCIs. They have reviewed 58 research papers prior to June 2009 and found that 55% 

of the experiments used computer displays, 41% used LEDs, and the remaining 4% used 

fluorescent light or Xe- light. Since 2009, a review of 63 research papers yielded that 49% 

used computer displays, 49% used LEDs, and the remaining 2% used Hexagon light. 

Light sources, particularly LEDs, have advantages over computer displays. At first, 

computer-based stimuli have restrictions in the frequencies that can be achieved due to 

monitor refresh rates. Technically, only sub-harmonics of the screen refresh rate can be used 

to create visual evoked potentials (Wahnoun et al., 2002) and frequencies cannot exceed half 

of the refresh rate of the monitor (Arakawa et al., 1999). Due to the fact that most computer 

monitors operate at a frequency less than 100 Hz, these restrictions greatly limit the available 

number of frequencies that can be displayed on a computer monitor. Some new approaches 

have been proposed to help alleviate these restrictions. For example, Zhang and the 

colleagues (2012) have proposed using sequences of differing frequencies for each target.  

However, those methods are not mature and require more testing before they become 

reliable. 

Secondly, previous research showed that the use of LED lights as the RVS can 

produce better SSVEP BCI system performance than the use of computer monitor-based 

stimuli. For example, Zhu et al. (2010) compared the best and median performance of 

SSVEP-based BCIs using LEDs, checkerboards, and squares. The results demonstrated that 

systems using LEDs achieved a maximum ITR of 68 bits per minute with 48 choices (Gao, et 

al., 2003), the pattern reversal system achieved 45.5 bits per minute with 8 choices (Vasquez, 
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Bakardjian, Vallverdu, & Cichocki, 2008), and a system using rectangle stimuli achieved 58 

bits per minute with 6 choices (Bin, Gao, Yan, Hong, & Gao, 2009). The median ITR for the 

SSVEP-based BCIs using LEDs, checkerboards, and squares were 42 bits per minute, 26 bits 

per minute, and 35.075 bits per minute respectively. 

Finally, research indicated that LED flicker evoked significantly larger fundamental 

frequency amplitude in the SSVEP-based BCIs compared to CRT (cathode-ray tube) and 

LCD (liquid-crystal display) flickers (Wu, Lai, Xia, Wu, & Yao, 2008). These results suggest 

that, LED-based SSVEP BCI systems not only result in a higher system performance and 

greater SSVEP amplitude, but also facilitate the use of significantly more frequencies.  

Meanwhile, LED lights have relatively low cost than computer displays (Nam, Moore, Choi, 

Li, & Lee, 2014). For these empirically-proved reasons, this study used LED lights as visual 

stimuli of the SSVEP BCI.  

2.1.2  Frequency of Visual Stimuli 

Frequency is one of the most important characteristics of SSVEP stimuli. According 

to Herrman (2001), stimuli between 1 Hz and 100 Hz can elicit SSVEP responses, but 

strength of the response may vary at different frequencies with different subjects (Bieger & 

Garcia-Molina, 2010). Frequency is usually divided into 3 bands: 5-12 Hz (low), 12-25 Hz 

(medium), and 25-30 Hz (high) based on Regan’s division (Regan, 1989). Regan’s division 

will be used in this study because of its wide acceptance. 

Research has shown that the strength of SSVEP response is highest at the center of 

the bands and lowest at the edges like an inverted U-shape (Pastor, Artieda, Arbizu, 

Valencia, & Masdeu, 2003; Regan, 1989; Wang, Wang, Gao, Hong, & Gao, 2006). For 
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instance, Pastor et al. (2003) studied the SSVEP response at 14 different frequencies (5-60 

Hz) and found that the amplitude of the response peaked at 15 Hz and decreased at higher 

stimulation frequencies (see Fig. 2.1). 

 

 

Figure 2.1  Effect of visual stimulation frequency on the SSVEP amplitude 

 

Previous research has also shown that most SSVEP-based BCIs employ low and 

medium frequency bands due to the fact that they can elicit greater SSVEP amplitude (s) 

(Zhu, et al., 2010). In a review by Zhu et al. (2010), it was found that most research utilizes 

low and medium frequencies. Regan (1989) found that the largest SSVEP amplitudes 

appeared near 10 Hz-18 Hz and that high frequency systems showed the lowest response.  

Bakardjian et al. (2010) has investigated the SSVEP frequency response for 32 frequencies, 

ranging from 5-84 Hz, and found that the 5.6-15.3 Hz pattern reversal stimulation evoked the 

strongest response at 12 Hz. The weaker local maxima appeared at 28 Hz and 42 Hz and the 
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long-term SSVEP response was highly non-stationary and frequency-dependent. Volosyak et 

al. (2011) examined the Bremen-BCI interface and found a significant increase in 

information transfer rate (ITR) and accuracy when us ing a medium frequency band (13-15 

Hz) compared to a high frequency band (34-40 Hz). Moreover, about 97.7% of users were 

able to use the medium-frequency system while only 65.1% of users could use the high-

frequency system. Succinctly, as stimuli frequency increases beyond 15 Hz, BCI illiteracy 

increases. 

On the other hand, research has shown that the high frequency band can be beneficial.  

While Bieger and Garcia-Molina (2010) concluded that high frequency based responses are 

weaker than the low and medium frequency bands, higher frequency bands are less likely to 

produce adverse effects, such as epileptic seizures. In their experiment, Wang et al. (2005) 

concluded that there is no significant difference in the signal-to-noise ratio (SNR) for a high-

frequency SSVEP BCI and a low-frequency SSVEP BCI. However, the opposite is reported 

by Volosyak et al. (2011): the SNR for high frequencies is much lower than that for medium 

frequencies. Both experiments indeed support Bieger and Garcia-Molina in that users prefer 

high-frequency SSVEP BCIs. In addition, Diez et al. (2011) reported high performance for 

users controlling a moving object with blinking sources of 37, 38, 39, and 40 Hz, all of which 

are in the high frequency band. 

In sum, supporting research exists in regards to visual frequency in an able-bodied 

participant sample. However, little research has been conducted with participants with motor 

disabilities, particularly in regards to user preferences in frequency and other factors.                   
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2.1.3  Color of Visual Stimuli 

Color can affect user mood and SSVEP response (Gerard, 1957; Regan, 1966). Regan 

(1989) showed that the human eye is less sensitive to lights from the red and blue spectrum 

and is optimally sensitive to the green spectrum at 510 nm (Regan, 1989). Studies do suggest 

that white color stimuli produce the best performance, followed closely by green colors, and 

then red and blue (Bieger & Garcia-Molina, 2010). However, user preference indicates blue 

over red, red over green, and green over white.   

It has been proven that colors do vary in their strength of response and user 

preference at differing frequencies (Regan, 1966). Additionally, colors interact with the 

pattern and spatial frequency of the stimulus (Komatsu & Ideura, 1993; Regan, 1989).  One 

study found that a green stimulus results in the strongest SSVEP between 20-40 Hz whereas 

a red stimulus evokes the strongest potential between 30-50 Hz (Byczuk et al., 2010). While 

the ranges differ, there is no significant difference in the strength of the signal. Zhu et al.’s 

(2010) review reports that green, red, gray, black, and white have been used in SSVEP BCIs, 

yet no single color is rated “better” than another. It may be a parameter that depends solely 

on user preference. 

One observation that is steady across SSVEP color stimuli studies is that stimuli 

presented with black backgrounds appear to produce better performance data than stimuli 

presented with non-black backgrounds (Bieger & Garcia-Molina, 2010). In addition, users 

prefer black backgrounds over other color backgrounds. 
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In summary, supporting research exists in regards to color with able-bodied 

participants. However, little research has been conducted with people with motor disabilities. 

Moreover, the interactions of color with other factors have not been well investigated.  

2.1.4  Luminance Contrast     

Luminance measures the amount of light emitted from a light source. Luminance 

contrast describes the relative brightness of the light source in comparison to another light 

source. Luminance contrast is an extremely important aspect of SSVEP-based BCI design. 

Research shows that both ambient luminance and contrast can affect the visual acuity of 

older adults (Elton, Johnson, Nicolle & Clift, 2013). Research shows that the amplitude of 

the evoked potentials is positively correlated to the logarithm of contrast (Campbell & 

Maffei, 1970). Spekreijse (1966) found that brightness and modulation depth can increase 

SSVEP amplitudes. 

Nam, Li, & Johnson (2010) have shown a significant effect for interface color 

contrast on most P300 measures for able-bodied participants. In the study, intensification and 

text color contrast are controlled. Participants had significantly higher accuracy, larger 

information transfer rate (ITR), larger amplitude, and shorter latency in high interface color 

contrast as compared to low interface color contrast. 

Zemon & Gordon (2006) investigated the mechanisms of luminance contrast in 

humans using arrays of isolated-checks and discovered that a raster of dark squares, rather 

than bright squares, elicit larger responses when emerging from a neutral background. Bieger 

& Molina (2010) investigated the effect of luminance contrast within BCI by testing eight 

conditions where both foreground and background stimuli luminance was varied. However, 
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the results differed from Zemon & Gordon’s findings in that bright stimuli elicited larger 

responses over dark stimuli. It should be noted that both studies used computer monitors to 

display the visual stimulus rather than LED lights. 

In conclusion, insufficient research has been conducted regarding the effect of 

luminance contrast on user performance within SSVEP-based BCIs, particularly with the use 

of LED lights as visual stimuli. This study investigated the effect of luminance contrast on 

user performance in an SSVEP-based collaborative BCI system. This study expected that 

participants would have better performance in high luminance contrast than low luminance 

contrast.  

2.2  Motor Disability 

Sellers & Donchin (2006) have evaluated the effectiveness of a P300-based BCI 

system with 3 ALS patients and 3 non-ALS controls. Stimuli were presented auditorily, 

visually, as well as both auditory and visually simultaneously. Their results showed that the 

event-related potentials elicited by the target stimuli can be discriminated for both ALS 

patients and non-ALS controls. However, non-ALS controls had higher average accuracy 

(79.6%, 73.3%, and 59.4%) than ALS patients (63.6%, 60.3%, and 49.9%), although two 

ALS patients had similar accuracy to the non-ALS control who had the worst performance.  

Meanwhile, non-ALS controls also had better best classification accuracy than ALS patients.   

Research by Volosyak, Cecotti, Valbuena and Graser (2009) evaluated the Bremen SSVEP 

based BCI with 32 participants including 8 handicapped users in a spelling task. Their result 

showed that able-bodied participants had significantly higher accuracy (93.73%) than 

handicapped participants (87.94%). However, there was no significant difference for ITR. 
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They concluded that there was almost no difference between the disabled and healthy 

subjects. 

Münβinger et al. (2010) examined the P300-Brain Painting with 3 ALS patients and 

10 healthy participants. Their result showed that healthy participants had higher accuracy 

than ALS patients in both copy-spelling (91.81% vs. 78.95%) and copy-painting (80.53% vs. 

70.18%). Moreover, healthy participants also had greater ITR than ALS patients in both 

copy-spelling (8.57 bits/min vs. 5.89 bits/min) and copy-painting (6.03 bits/min vs. 4.41 

bits/min). Li and his colleagues (2011) have examined the effects of interface type and screen 

size of a P300 Speller with 10 participants with severe motor disabilities and 10 able-bodies 

participants as control group. Their results showed that the control group had significantly 

higher accuracy (79.7%) than those with motor disabilities (28.7%). The control group also 

had significantly greater ITR (1.281bits/min) than those with motor disabilities (0.326 

bits/min).       

Lim, Hwang, Han, Jung & Im (2013) have examined the SSVEP-based BCI with the 

binary intentions classifications. For the online experiment, there were 5 healthy participants 

and 1 ALS patient. Their results showed that healthy participants had higher average 

classification accuracy (96.0%) than the ALS patient (80%). In another study conducted by 

Li et al. (2014), they investigated the effects of luminosity contrast and stimulus duration on 

P300 Speller with 10 people with motor disabilities and 10 able-bodied as a control group.  

They found that the control group had significantly higher accuracy (76.5%) than those with 

motor disabilities (26.8%). Also, the control group had significantly greater ITR (1.23 

bits/min) than those with motor disabilities (0.32 bits/min).    
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Based on the literature review, this study expected that healthy participants would 

have better performance than ALS patients.   

2.3  SSVEP-Based Collaborative BCIs 

2.3.1  Group versus Individual 

According to Kozlowski & Bell (2003), teams and groups: (a) are composed of two 

or more individuals, (b) exist to perform organizationally relevant tasks, (c) share one or 

more common goals, (d) interact socially, (e) exhibit task interdependencies (i.e., workflow, 

goals, outcomes), (f) maintain and manage boundaries, and (g) are embedded in an 

organizational context that sets boundaries, constrains the team, and influences exchanges 

with other units in the broader entity. The comparison between group and individual is a 

fundamental and enduring issue (Laughlin et al., 2002). A large amount of research has been 

conducted to compare the group performance and individual performance (Brown, 2000; 

Davis, 1973; Davis, 1992; Hill, 1982). Based on the conclusions, they can be classified into 3 

different views (see Table 2.1). 

 

Table 2.1  Summary of viewpoints of “Group vs. Individual” 

Viewpoint Content Interpretation 

1 

Group 

outperforms 

individuals 

 Benefit from pooling information and 

opportunities from group members. 

 Groups recognize and reject errors, accept 

correct responses by individual members. 

 Errors could be cancelled statistically. 

2 

Individuals 

outperform 

groups. 

 Groups make more errors than individuals in 

decision tasks. 

 Bias at the individual level could be 

exacerbated at the group level. 

3 It depends. 

 The relative magnitude of individual and group 

bias depends on factors such as group size, 

magnitude of individual bias, initial individual 

judgment and group judgment process.  
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(1) Groups outperform individuals. 

Most studies support the idea that groups perform better than the average individual 

on a range of problem-solving tasks (Baron, Kerr, & Miller, 1992; Brown, 2000; Davis, 1992; 

Forsyth, 1999; Hill, 1982; Hinsz, Tindale, & Vollrath, 1997; Laughlin, VanderStoep, & 

Hollingshead, 1991; Levine & Moreland, 1998; Stasser & Dietz-Uhler, 2001; Wutchy, Jones, 

& Uzzi, 2007). Hill (1982) found that group performance was often quantitatively superior to 

the performance of individuals and groups were often qualitatively superior in complex 

problem solving. Hastie (1986) found that groups had significantly better performance than 

individuals in problem solving. Laughlin et al. (1991) compared groups with an equivalent 

number of individuals and found that group performance increased over individual 

performance with the demonstrability of the problem solutions. For example, groups perform 

at the level of the best group member on highly demonstrable mathematical, insight, and 

information-rich rule induction problems. On the other hand, groups perform at the level of 

the average group member on weakly demonstrable estimations of quantities. 

Some researchers have compared group and individual performance on decision 

making tasks (Einhorn et al., 1977; Hastie, 1986; Hill, 1987; Laughlin & Ellis, 1986; 

Vollrath, Sheppard, Hinsz, & Davis, 1989). Their results showed that group outperforms 

individuals, although the group performance is not as well as that of the highest-ability 

members (Kerr et al., 1996). Research from Laughlin et al. (2002) even indicated groups 

perform better than the best individuals on letters-to-numbers problems. Kerr & Tindale 

(2011) compared the group-based forecasting and individual-based forecasting and found 

that group aggregation can improve on individual forecasting accuracy. Research in recent 
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collaborative BCIs also supports this idea (Eckstein et al., 2012; Poli et al., 2013a; Poli et al., 

2013b; Stoica, 2012; Wang, Jung & 2011; Yuan et al., 2012).     

There are many explanations to support the claim that groups outperform individuals. 

Traditional theoretical explanations emphasized processes by which groups recognize and 

reject errors and processes by which groups recognize and accept correct responses proposed 

by one or more members (Laughlin, 2002). Groups could benefit from the pooling of 

information and opportunities from one group member to correct another member’s errors. 

Meanwhile, the errors could be cancelled statistically in the computation of average member 

performance (Hill, 1982). Hinsz et al. (1997) emphasized groups as collective information 

processors who can effectively process more information than the average individual, 

especially on complex problems. Examples in real life include juries, multiple-judge courts, 

and boards of directors and committees, which all rely on collective judgment rather than 

individual judgment.  

(2) Individuals outperform groups. 

Some studies support the idea that individuals perform better than groups (Janis, 1972; 

Janis, 1982; Kerr, MacCoun, & Kramer, 1996; Smith, Tindale, & Steiner, 1998; Tindale, 

Smith, Thomas, & Filkins, 1996). In a study of decision bias, Tindale (1993) found that 

groups were more biased than individuals when the witness accuracy was at 80%. In another 

study, Tindale (1993) compared groups and individuals propensities toward making 

“conjunction errors”. The results showed that groups made significantly more errors than 

individuals and tended to exacerbate errors predominant at the individual levels. Tindale 

(1993) argued that groups often made more errors than individuals for decision tasks, in 
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which cognitive heuristics or inappropriate decision strategies were common at individual 

level. Kerr & Tindale (2011) argued that collective judgment could be inferior to individual 

judgment, because “too many cooks spoil the broth sometimes”. They thought that “biases at 

the individual level could be exacerbated at the group level without any of the members 

being aware of the problem”. One possible reason could be that the shared belief systems that 

help groups to resolve conflicts are not optimal (Tindale, 1993). 

However, after examining the previously mentioned studies one will find that above 

papers only found some conditions, in which individuals performed better than groups. In 

most other conditions, groups still performed better than individuals. For example, when the 

witness accuracy was lower than 80% (e.g., 50%, 40%, and 20%), groups performed better 

than individuals (Tindale, 1993). Moreover, most research in favor of this idea is based on 

decision making task.          

(3) It depends. 

Some studies support the idea that there is no simple answer. Kerr et al. (1996) 

reviewed the relevant empirical literatures and argued that there is no clear or general pattern 

and there is no simple answer to the question. They found that the relative magnitude of 

individual and group bias depends on several factors, such as group size, magnitude of 

individual bias, initial individual judgment, and group-judgment process. However, their 

conclusion is based on decision making tasks.     

Group performance can be affected by many factors. For example, the input-

mediator-outcome-input (IMOI) model indicates that team outcomes depend on various 

input, processes and cognitive and affective emergent states (Ilgen, Hollenbeck, Johnson, & 
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Jundt, 2005). Meanwhile, groups differ on a number of attributes, such as group size, group 

composition, and group structure (Wildman, Thayer, Rosen, Salas, Mathieu, & Rayne, 2012). 

Research has shown these differences could be moderators of group performance (Horwitz,  

2005). For instance, task type could moderate group performances. Stewart & Barrick (2000) 

found significant group performance differences between conceptual and behavioral tasks. 

In summary, the most prevalent idea is that groups outperform individuals. However, 

groups might perform worse than individuals in some cases when individual bias is 

exacerbated at the group level. This happens most often in decision making tasks. The author 

in this research agreed with the first viewpoint (Groups outperforms ind ividuals), because it 

has more solid theoretical and empirical support and the interpretation is more reasonable.   

Although many studies have been conducted to compare groups and individuals, very 

few are in the background of brain-computer interaction and almost no research employed 

participants with motor disabilities. To better understand the group work of those with motor 

disabilities when using BCI together, more research is needed to build the theoretical 

framework and get empirical data to evaluate the process. 

2.3.2  Collaborative BCIs 

While BCIs hold the promise to restore the communication and control ability of 

users with motor disability, BCI research has not yet fully addressed the social burdens of 

their disabilities (i.e., interaction with other people). In effect, people with motor disability 

have had little opportunity to work jointly with other people. Doctors often encourage their 

patients with motor disability to participate in peer groups, because active interaction with 

other people is important for them to reach their potential. However, very few studies have 
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explored the integration of BCI in normal life (Wang et al., 2011; Wolpaw et al., 2002), 

especially to support interactive work such as information exchange and collaboration with 

other people. New BCI applications have recently been validated, such as control of a robotic 

arm (Chapin, Moxon, Markowitz, Nicolelis, 1999), neural prosthesis (Muller-Putz & 

Pfurtscheller, 2008; Schwartz, Cui, Weber & Moran, 2006), mobile humanoid robot (Bell, 

Shenoy, Chalodhorn, Rao et al., 2008), and smart home (Edlinger, Holzner, Guger, 

Groenegress & Slater, 2009). While there is a wealth of BCI research and development 

related to and supporting single-user tasks, little emphasis is given to the value of BCI-

supported collaborative work of people who have a motor disability. Moreover, most existing 

BCIs are still single-user applications (or individual BCIs), which do not meet the needs of 

users with motor disabilities who want to work together (see Table 1.1). 

Collaborative brain-computer interface (C-BCI) is defined in this study as a non-

invasive EEG-based BCI that supports collaboration in which, by working in a group of two, 

users can help each other and perform tasks jointly. Depending on the collaboration mode, 

users may take turns or work simultaneously to perform tasks at their own pace. However, 

there has been a general lack of understanding of, or inattention to, issues related to BCI-

supported collaborative work. For example: Can people with motor disabilities perform a 

task jointly with other people (with or without motor disability) only through means of their 

brain activity? How then can BCIs best support their collaborative work? How do these 

issues vary across users working under differing task conditions and environmental 

conditions? What design considerations should we take into account for collaborative BCIs?  
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To empirically examine these new research questions, we developed a C-BCI for control – 

Brainbot, which allows participants to jointly move a ball. 

Compared to individual BCIs, collaborative BCI system design and evaluation is 

more complex and requires multiple components to be integrated. Challenges exist in 

locating and recruiting multiple users with motor disabilities to evaluate collaborative BCIs. 

It is intrinsic that collaborative BCIs, compared to individual BCIs, can provide greater 

benefit to those with motor disabilities. 

Working together and collaboration is common and natural for people and can lead to 

faster task completion, improved work quality, and shared insight, perspective, and expertise 

especially for a complex task (Heer, Ham, Carpendale, Weaver, & Isenberg, 2008).  

Collaboration can foster the sharing of knowledge, ideas, and skills, and plays an important 

role in areas of art, academia, business, and scientific research (Isenberg, 2007; Isenberg & 

Carpendale, 2007). Research has also indicated that group decisions are superior to 

individual decisions in many different aspects (Davis, 1973; Kerr, MaCcoun, & Kramer, 

1996; Kerr & Tindale, 2004; Laughlin, Bonner & Miner, 2002). Davis (1973) argued that, 

“In very general terms, the usual finding is that groups are indeed superior on most criteria 

when directly compared with individuals”. 

Based on the review in part 2.3.1, this study expected that participants would have 

better performance in collaborative BCI than in individual BCI.       

2.3.3  Necessity of Research in Collaborative BCI 

Due to the rapid advance of BCI technology and aforementioned advantages of 

collaborative work, we envisage that in the near future people with motor disability will be 
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able to perform tasks with other people as a team using only their brain activity. However, 

there has been a general lack of understanding regarding how BCIs should support 

collaborative work between users with motor disability and between users with and without 

motor disabilities under various task conditions. Simply placing people in groups and 

assigning them tasks in a BCI system does not guarantee engagement in effective 

collaborative work.  

Research has shown that BCI can help people with severe motor disabilities to 

accomplish control and communication by using only brain waves (Wolpaw et al., 2002). A 

variety of BCI-based applications have been developed, such as spelling devices (Farewell & 

Donchin, 1988), wheelchair control (Muller et al., 2011), and smart home control (Edlinger 

et al., 2009), etc. Research has also shown that both able-bodied users and people with severe 

motor disabilities can use BCI systems with accuracy levels acceptable for communication 

and control (Allison & Pineda, 2003). BCI systems have been commercialized since the 

1980s. For example, Neural Signals was founded in 1987 by Philip Kennedy to develop BICs 

that allow paralyzed patients to communicate with the outside world and control external 

devices (http://www.neuralsignals.com/nsidnn/). Another company, g.tec even introduced the 

first commercially available BCI system (intendiX) in 2012 for home use which can be used 

to control computer games and apps (http://www.intendix.com/). There are also other BCI 

products on the market from Sony, NeuroSky, OCZ Technology, etc.   

More recently, researchers have begun to notice the advantage of collaborative BCIs 

and argued that collaborative BCIs should be investigated to better serve people with motor 

disabilities. Dr. Riccardo Poli from the University of Essex (United Kingdom) proposed that 

http://www.intendix.com/
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it is time to move into the collaborative BCIs, in which multiple users are connected to a BCI 

system and help each other in carrying out a task (Poli, 2013). Some initial research has also 

been conducted showing the possibility and potential to develop co llaborative BCIs (Eckstein 

et al., 2012; Poli et al., 2013a; Poli et al., 2013b; Stoica, 2012; Wang, Jung & 2011; Yuan et 

al., 2012). Wang & Jung (2011) have examined the collaborative BCI performance in a task 

of movement planning. In their system, an individual BCI system solves the classification 

task first, and then a classifier would integrate the individual result. Their result showed that 

collaborative BCI setups could result in better overall performance than the single user BCI 

system. Eckstein et al. (2012) has examined the possibility of integrating the brain activity of 

group members in the decision making process. Their results showed that the combined 

neural activities could lead to decisions as accurate as the combined behavioral activities in 

less time. Additionally, research by Poli et al. (2013b) showed that collaborative BCIs can 

produce better task performance than single-user BCIs in a visual matching task. In another 

study, Poli and his colleagues (2013a) investigated the collaborative BCI in space navigation 

task. They found that collaborative BCIs produced significantly superior trajectories than 

single user BCI in a space navigation task. However, it should be noted that all of the 

aforementioned studies employed able-bodied participants. Also, previous research generally 

used much simpler tasks and users were not directly controlling any external equipment (Poli 

et al., 2013a). Therefore, further research is needed to investigate the collaborative behavior 

of people with motor disabilities in more complex tasks (e.g., robot control).   

SSVEP-based BCI is chosen for the following reasons - Firstly, SSVEP-based BCI 

requires almost no initial training, which provides a great advantage over most other BCI 
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systems (Guger et al., 2012). Secondly, research has shown that SSVEP-based BCI can 

provide the fastest and most reliable communication as a non- invasive BCI (Volosyak, 

2011). For example, SSVEP-based BCI can reach a higher information transfer rate (ITR) 

than other BCIs (Bin, 2009; Volosyak, 2011). ITR is used to assess the performance of BCI 

and was reported in the majority of BCI studies (Volosyak, 2011). Finally, general design 

solutions exist for SSVEP.  For example, LED is preferred to provide visual stimuli and low 

to medium frequency is generally used (Zhu et al., 2010). Therefore, SSVEP-based BCI is a 

good test bed for research relating to collaborative BCI. 

This study investigated collaboration of people with motor disabilities as a team 

within a collaborative BCI. This research is of great significance due to its potential to yield 

fundamental knowledge of BCI-supported cooperative work, understanding of the support  

needed for interaction in BCI technology supported group activities, and design 

considerations for collaborative BCIs.  

2.3.4  Collaboration Mode 

 Collaboration mode defines how group members work together to perform the task.  

In this study, participants focused on their user-specific visual stimuli and controlled the 

robot either alone or as a group. More specifically, collaboration mode defines the operation 

sequence of the task between the two participants. It is very similar to the Task 

Interdependence in the literatures (Bell & Kozlowski, 2002; Cohen & Bailey, 1997; 

Matteson et al., 1999; Saavedra, Earley, van Dyne, 1993; Van De Ven, Delbecq, & Koenig, 

1976; Wildman et al., 2012). Task interdependence describes the structure of the 



 

47 

dependencies and interconnections between group members and is regarded as one of the 

core team characteristics (Wildman et al., 2012).      

According to Saavedra et al., (1993), “task interdependence is the degree to which 

group members must rely on one another to perform their tasks effectively”. The task 

interdependence could be classified into four levels: pooled, sequential, reciprocal and 

intensive (or team). In pooled interdependence, each member makes his/her contribution to 

the group output without the need for any direct interaction with any other group member(s). 

Each group member has a similar role and completes the whole task. It is an independent 

work flow. In sequential interdependence, work is completed like an assembly line: one 

group member must act before another can act. Good group performance requires that each 

step should be performed successfully and in the prescribed order. It is a one-way work flow. 

In reciprocal interdependence, group members perform different parts of the task in a flexible 

order. One group member’s output is another group member’s input and vice versa. It is a 

two-way work flow. In intense (or team) interdependence, the group members work jointly to 

complete the group task. It is a simultaneous workflow (Saavedra et al., 1993; Wildman et 

al., 2012). As task interdependence increases from pooled to intense, more collaborations are 

needed to link the group members.   

Researchers showed that task interdependence could affect group performance 

(Saavedra et al., 1993; Wildman et al., 2012). DeChurch and Mesmer-Magnus (2010) found 

that task interdependence moderated the relationship between team cognition and team 

performance. Team cognition was more predictive of team performance when task 

interdependence was high. Stajkovic, Lee, and Nyberg (2009) found that task 



 

48 

interdependence moderated the relationship between collective efficacy and group 

performance. The relationship between collective efficacy and group performance was 

stronger in groups with higher interdependence. Horwitz (2005) also suggested that task 

interdependence moderated the relationship between team diversity and team performance. 

The relationship is stronger for teams working on high interdependent tasks than teams 

working on low interdependent tasks. 

The only research about collaboration mode in BCI was conducted by Poli et al. 

(2013a). They compared two collaboration methods in a space navigation task performed by 

two participants. The first collaboration mode is designed to calculate the average EEG input 

signals from each participant and then get the output movement vector from the classifier to 

execute the navigation. The second collaboration mode is designed to classify each 

participant’s EEG input signal first, and then average the movement vector from each 

participant. The results showed that performance with the second collaborate method was 

significantly better than that of single participants. They argued that the second method could 

produce a noise reduction and therefore result in better trajectories. The author thought that 

the first collaboration mode didn’t consider the individual difference of the participants, 

because the average of each participant’s EEG input signal may produce something 

unexpected and unexplainable. The second collaboration mode was more reasonable, since it 

compared each participant’s output and then chose one trajectory in between. However, it 

could only avoid the worst result rather than result in the best result. The author thought that 

a better collaboration mode should choose the output that is closest to the trajectory. This 
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idea was employed in the current research. A comparison between each participant’s output 

and the target would be conducted each time so that the best output could be chosen.          

Although some studies have been conducted on task interdependence, which is 

similar to the collaboration mode in this study, very few are in the background of brain-

computer interaction (BCI) and no participants with motor disabilities have been recruited. 

As such, more research is needed to investigate the task performance and user behavior of 

collaborative BCI in various collaboration modes. These efforts could ultimately improve the 

usability of collaborative BCI and meet the requirement of group work for those with motor 

disabilities. 

2.4  Limitation of Previous Research 

Although much research has been conducted with SSVEP-based BCI, limitations still 

exist. An insufficient amount of research has been devoted to environmental factors (e.g., 

noise, luminance contrast, distraction, etc.) in SSVEP-based BCI applications, particularly in 

relation to people with motor disabilities. In fact, very few BCI labs in the world have 

worked, or are currently working, with people with motor disabilities, such as ALS, CP, 

spinal cord injury, stroke patients, etc. However, people with motor disabilities are “true 

users” and stand to gain great benefit from SSVEP-based BCI technology (Sellers, 

Krusienski, McFarland, Vaughan, & Wolpaw, 2006; Wolpaw et al., 2002). It is not 

guaranteed that conclusive evidence from an able-bodied sample will apply to people with 

motor disabilities. BCI technology is intended to provide people with motor disabilities a 

greater degree of control and communication. Therefore, participation by people with motor 

disabilities in BCI research is vital and indispensable.    
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Several challenges exist in establishing a sufficient sample of people with motor 

disabilities. Primarily, it is often times difficult to locate participants with motor disabilities. 

Generally, people with motor disabilities may not live independently and utilize caretakers 

for their general wellbeing; therefore, the process of contacting such individuals is very t ime 

consuming and inefficient. Moreover, it is difficult for people with motor disabilities to travel 

to a place of research, regardless of the special access available. For the researcher, it can be 

challenging to conduct an experiment with participants with motor disabilities. For example, 

EEG gel is required in a BCI experiment to acquire high quality brain signals. However, this 

is highly inconvenient for participants with motor disabilities because the participants are 

unable to wash their hair by themselves after the experiment. Moreover, some people with 

motor disabilities cannot control their muscle movement very well and have difficulty 

visually focusing on objects for long periods of time – a critical requirement for BCI 

application participation. In a typical BCI experiment, participants are asked to focus on the 

visual stimuli and move as little as possible in order to reduce the noise and interference. 

  Additionally, most BCI research has been conducted in unrealistic, quiet 

environments (Boord, Barriskill, Craig, & Nguyen, 2004; Wolpaw et al., 2002). As a result, 

these conclusions may not be applicable to real life applications. For example, Nam et al. 

(2010) showed that people had better performance in noisy condition than quiet condition.  

Therefore, a wider array of environmental factors should be considered for future research.  

Finally, most existing BCI applications serve only single-user accessibility. Few 

collaborative BCIs have been developed. However, in theory, collaborative BCIs should 
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prove to be more beneficial to persons with motor disabilities since C-BCIs can provide an 

environment closer to real life. 

This research attempted to employ those with motor disabilities who can get better 

benefits from use of BCI and evaluate their collaborative behavior. The study should provide 

significant insight for future BCI research. 

2.5  Research Hypotheses 

2.5.1  Study 1 

Study 1 was a fundamental study of SSVEP, in which user-specific visual stimuli 

were identified in regards to the LED light frequency and color based on task performance 

and brain activity. For example, if participant A’s user-specific visual stimulus was 10 Hz 

and in white color, then 10 Hz white LED light would be used in Study 2 for participant A. 

 

Study 1

Frequency of 

Visual Stimuli

Color of Visual 

Stimuli
Brain Activity

Task 

PerformanceUser-Specific 

Visual Stimuli 

Identification 

Procedure

User-Specific 
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Figure 2.2  Study 1 framework 
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2.5.2  Study 2 

Under the user-specific visual stimuli determined in Study 1 and with the same group 

of participants, Study 2 answered the following questions: 

 What is the effect of collaboration mode on task performance and brain activity? 

 What is the effect of luminance contrast on task performance and brain activity? 

 What is the effect of motor disability on task performance and brain activity? 
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Figure 2.3  Study 2 framework 

 

Based on the literature review and the uniqueness of collaborative BCI, the following 

hypotheses were made. 

Hypotheses: 

H1: Group task performance (in sequential mode and simultaneous mode) will not be 

significantly different from the average individual performance in individual mode. 
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H1a. Group accuracy will not be significantly different from the average individual. 

H1b. Group completion time will not be significantly different from the average 

individual. 

H1c. Group ITR will not be significantly different from the average individual. 

H2: SSVEP response (spectral power) in collaborative modes will not be significantly 

different from individual mode. 

H3: Task performance in high luminance contrast will not be significantly different from low 

luminance contrast. 

H3a. Accuracy in high luminance contrast will not be significantly different from low 

luminance contrast. 

H3b. ITR in high luminance contrast will not be significantly different from low 

luminance contrast. 

H3c. Completion time in high luminance contrast will not be significantly different 

from low luminance contrast. 

H4: SSVEP response (spectral power) in high luminance contrast will not be significantly 

different from low luminance contrast. 

H5: Task performance (accuracy, completion time, ITR) will not be significantly different 

between ALS participants and able-bodied participants.  

H5a. Accuracy will not be significantly different between ALS participants and able-

bodied participants. 

H5b. Completion time will not be significantly different between ALS participants and 

able-bodied participants.  
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H5c. ITR will not be significantly different between ALS participants and able-bodied 

participants. 

H6: SSVEP response (spectral power) will not be significantly different between ALS 

participants and able-bodied participants. 
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3. STUDY 1: IDENTIFICATION OF USER-SPECIFIC VISUAL STIMULUS 

FREQUENCY AND COLOR  

3.1  Objective 

The main objective of Study 1 was to identify the user-specific frequency and color of 

visual stimulus (i.e., LED lights) for each participant, which was used in Study 2.  

3.2  Methods  

3.2.1  Participants 

Fourteen participants with motor disabilities (ALS) were recruited from the local 

ALS association and community. ALS is a severe neurodegenerative disease that leads to 

paralysis and eventually death within 2-5 years (Kunst, 2004). ALS patients were chosen 

because they are the most likely population to benefit from a BCI (Sellers & Donchin, 2006) 

and are cognitively intact in spite of the inability to communicate by traditional means 

(Hanagasi et al., 2002; Lomen-Hoerth, Murphy, & Langmore, 2003; Paulus et al., 2002). 

Eight male and 6 female with motor disabilities participated, with mean (M) age of 56.4 

years old (Standard Deviation, SD = 11.3). Fourteen able-bodied participants of similar ages 

(8 male and 6 female) were recruited from the local community, with mean (M) age of 52.5 

years old (Standard Deviation, SD = 8.5).  

Potential participants were required to complete a screening questionnaire online.  

Participants unable to complete the questionnaire due to motor disability received assistance 

from a family member or the experimenter to complete the questionnaire. Participants were 

rejected if younger than 18 years of age or if suffering – or previously suffered from seizures, 

epilepsy, or skin allergies (Allison et al., 2010). All eligible participants were compensated 
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$20/hour for participation and provided with printed informed consent form. All experiments 

were held in the Cognitive Ergonomics Laboratory at North Carolina State University. The 

study was approved by IRB at NCSU.  

3.2.2  Apparatus 

The hardware included an amplifier (g.tec Medical Engineering), an EEG cap (g.tec 

Medical Engineering.), electrodes, a g.GAMMAbox (g.tec Medical Engineering), EEG gel 

(ELECTRO-GEL, Electro-Cap International, Inc.), syringes (BD 5ml Syringe), blunt needles 

(16G x ¾ in. BD PrecisionGlideTM needle), a chin rest, and 27 LED lights. The frequency 

detection software was used, developed by BCI Lab at North Carolina State University.  

Please refer to Table 3.1 for the main purpose for each item. 

 

Table 3.1  Apparatus of Study 1  

Category Item Main Purpose 

Hardware 

LED lights Provide visual stimuli 

EEG cap, electrodes Acquire EEG signal 

EEG gels Increase conductivity 

g.GAMMAbox Provide cable connection 

amplifier Record EEG signal 

chin rest Fix the position of user’s head 

Software 
Frequency detection 

software 

Detect the frequency with 

maximum spectral power 

Disposals syringe, blunt needle Apply EEG gel to scalp 

 

Amplifier: A g.USBamp USB 2.0 high-end biosignal amplifier (g.tec Medical 

Engineering) was used in the research containing sixteen 24-bit channels that sample at a 

frequency of 38.400 Hz per channel (g.tec medical engineering Gmbh). The amplifier is 

capable of capturing and digitally converting a variety of biosignal types including EEG 

(electroencephalogram), EOG (electrooculogram), and ECG (electrocardiogram). The 
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amplifier has 4 potential separated groups with 4 input channels each, allowing 

simultaneously recording EEG, EMG, EOG, and ECG without interference. The 4 groups 

can be interconnected to record 16 channels with the same ground and reference potentials.   

EEG Cap, Electrodes: The EEG cap and electrodes from g.tec Medical Engineering 

were used to acquire EEG signal. 

EEG Gel, Syringe and Blunt Needle: EEG gel from Electro-Cap International, Inc. 

was used to increase scalp conductivity. Blunt syringes and needles manufactured by BD 

were used to apply the conductive EEG gel to the scalp and were immediately discarded after 

each single use.     

Frequency Detection Software: A frequency detection software developed by the 

BCI Lab at North Carolina State University was used to detect the frequency to which the 

participant is sensitive (Fig. 3.1). First, a maximum spectral power value       was 

determined by capturing and process data every three seconds. If   [             ], or 

  [               ] , then the participant’s peak spectral power value occurred at 

frequency   . If    was the frequency of the visual stimulus, it meant the participant was 

sensitive to the visual stimulus. 
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Figure 3.1  Frequency detection software 

   Note: A: raw data waveform in time domain; B: FFT spectrum; C: raw data in time domain; D: control 

panel. 

  

LED lights: 27 cost effective LED lights (9 red, 9 blue and 9 green) developed in the 

BCI Lab at NCSU were used as visual stimuli to elicit SSVEP responses. LEDs were highly 

customized and can be easily adjusted to different colors and frequencies via a programmable 

Micro Control Unit (Fig. 3.2). A high- intensity LED can last up to 36 hours with one 3-

voltage battery. For more detail of the LED lights design, please refer to Nam et al. (2014).  

3.2.3  Independent Variables (LED parameters) 

Two LED parameters (frequency, color) were manipulated in Study 1. 

3.2.3.1  Frequency 

Nine frequencies were provided based on the results of Pastor et al. (2003), Table 1.1 

and preliminary pilot tests: 6 Hz, 7 Hz, 8 Hz, 9 Hz, 11 Hz, 12 Hz, 13 Hz, 15 Hz and 20 Hz. 

A B 

C 
D 
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3.2.3.2  Color 

Three colors were evaluated in the study: red, green and blue (Fig. 3.2), because they 

were frequently used in the previous research and are also three primary colors (Bieger & 

Garcia-Molina, 2010). 

 

 

Figure 3.2  LED lights (red, green and blue from left to right) 

 

3.2.4  Dependent Variables 

Three categories of dependent variables were used in this study: task performance, 

brain activity and user evaluations. 

3.2.4.1  Task Performance  

Number of Detection: It measures how many times the visual stimulus is correctly 

detected by the participant in one trial. It is an integer number between 0 and 7. 

3.2.4.2  Brain Activity 

Spectral Power (    ): It is the decomposed frequency component of the time 

domain signal and often utilized as the features in SSVEP-based BCIs to get control 

command (Hwang et al., 2012; Lim et al., 2013). It is defined as, 
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∫        

 

  

 

where x(t) is the amplitude of the EEG signal and T is the duration of one cycle 

(Mitra, 2002).  

3.2.4.3  User Evaluations  

User Preference: Participants were asked to specify their favorite visual stimulus 

configuration (frequency band & color) after the experiment via a questionnaire (Appendix 

E).  

3.2.5  Data Acquisition and Signal Processing 

3.2.5.1  Data Acquisition 

SSVEP brain waves were recorded using an EEG cap (Electro-Cap International, 

Inc.) embedded with 16 channels (Fz, C3, Cz, C4, CPz, P7, P3, Pz, P4, P8, PO3, POz, PO4, 

O1, Oz, and O2) based on the modified 10-20 system of the International Federation 

(Sharbrough et al., 1991). Only brain signals from channel O1 and O2 were used for signal 

processing, since occipital lobe is the visual processing center (“Occipital Lobes”, 2007).  

Figure 3.3 showed the electrode montage used in the study. Recordings were referenced to 

the left mastoid and grounded to location AFz (Allison et al., 2010). SSVEP brain waves 

were amplified with a g.USBamp amplifier (g.tec Medical Engineering).  
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Figure 3.3  Electrode montage (used in Study 1 & 2) 

 

Data collection, online signal processing and offline data analysis were conducted 

using LabVIEW-based software developed by BCI Lab at North Carolina State University. 

3.2.5.2  Signal Processing 

EEG raw data had a sampling rate of 512 Hz. It was first filtered by a 0.1 Hz high 

pass filter and a 75 Hz low pass filter, notch filtered by 60 Hz (Li et al., 2010; Li et al., 2013; 

Orhan et al., 2012; Pires, Nunes, & Castelo-Branco, 2011; Shyu, Lee, Lee, & Chiu, 2010). 

Then, the acquired time domain EEG data was transformed into frequency domain to get 

SSVEP response in the power spectrum by FFT and (Fig. 3.4). FFT was selected due to its 

computing efficiency (Florian & Pfurtscheller, 1995; Muthuswamy, & Thakor, 1998) and 

wide usage in EEG spectral analysis (Ahern, Schwartz, 1985; Bonnet & Arand, 2001; 

Doufesh, Faisal, Lim, & Ibrahim, 2012; Joy, Hance, & Killam, 1971; Koponen, Partane n, 

Paakkonen, Mattila, & Riekkinen, 1989; Togo, Cherniack, & Natelson, 2006; Wong, 

Barfield, & Walker, 2007). The maximum power value       was calculated. If   

Nasion 

Inion 

Reference 
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[             ], or   [               ], then the participant’s peak spectral power 

value happened at frequency   . If    was the frequency of the visual stimulus, it meant that 

the participant was sensitive to the visual stimulus. 

 

 

Figure 3.4  Signal process in Study 1 

 

3.2.6  Experimental Task   

In Study 1, participants were asked to focus on a flashing LED light each time when 

the visual stimulus is presented. There were 27 unique LED configurations (frequencies by 

colors, see Table 3.2) with 1 trial under each configuration. Trials were completely 

randomized in order to prevent trial order effects. Each trial lasted 21 seconds with 5 seconds 

of rest between each trial (see Fig. 3.5). 

 

0 t (second)

120 21 5

…...

21 5 21 5 21

1st 2nd 26th 27th 

experimentbaseline

 

Figure 3.5  Study 1 task sequence 
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Table 3.2  Experiment design of Study 1 

Factors Color  
Motor Disability 

Yes No 

Frequency 

6 Hz 

Blue   

Red   

Green   

7 Hz 

Blue   

Red   

Green   

8 Hz 

Blue   

Red   

Green   

9 Hz 

Blue   

Red   

Green   

11 Hz 

Blue   

Red   

Green   

12 Hz 

Blue   

Red   

Green   

13 Hz 

Blue   

Red   

Green   

15 Hz 

Blue   

Red   

Green   

20 Hz 

Blue   

Red   

Green   
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A chin rest was used in order to fix each participant’s head at a set distance from the 

visual stimulus (Fig. 3.6). The chin rest stood 124.46 cm vertically and 54.77 cm horizontally 

from the blinking LED lights. Participants were allowed to adjust the height of the chair to 

maximize comfort. 

  

 

Figure 3.6  Visual stimulus setup and EEG measurement 

 

3.2.7  Procedure 

Participants were required to wash their hair prior to the experiment. Participants 

were also prepped on the basic procedure of the experiment and how to correctly respond to 

the visual stimuli. Finally, they were required to finish a demographic questionnaire as well 

as informed consent form. 

All experiments were conducted in a quiet, dimly lit room. Participants were provided 

with a comfortable chair and were requested to avoid any unnecessary gross body movement 

and to look at the blinking LED lights in a relaxed manner during the experiment. No 

interferences or hints were provided during the experiment. Participants were also allowed a 

brief resting period between each trial.   
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Figure 3.7  Study 1 procedure 

 

Once the system was set up, the participant was asked to close eyes for 2 minutes to 

record the baseline of EEG. For each trial, the participant was asked to open eyes and focus 

on a blinking LED light for 21 seconds. Then there was a 5-second break with eyes closed. 

When all 27 trials finished, each participant was asked to complete a user preference 

questionnaire to evaluate the visual stimuli parameters experienced. Finally, each participant 

was compensated by cash and debriefed by the experimenter.     

Setup required approximately 20 minutes, as did each experiment. In sum, an 

experiment could be completed in less than one hour. 

3.2.8  Data Analysis: Selection of User-Specific Visual Stimuli 

The method to determine user-specific visual stimulus parameters has been outlined 

in several studies. Hwang et al. (2012) employed spectral powers to determine 30 optimal 

stimulus frequencies among 50 frequencies (5-9.9 Hz with a span of 0.1 Hz). They evaluated 

the spectral powers for each candidate stimulus frequency and chose the optimal frequencies 

that had bigger spectral powers. However, if the participant responded to all 50 frequencies,  
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they chose the first 30 frequencies (5-7.9 Hz with a span of 0.1 Hz). Likewise, Lim et al. 

(2013) used spectral powers to determine the optimal stimulus frequency. They selected the 

frequencies with the strongest spectral powers as the optimal frequencies. Wang, Gao, & Gao 

(2005) utilized stability and SNR to determine the optimal stimulus frequency. They argued 

that the optimal frequency should have high stability and  high signal-to-noise ratio. They 

used the product of the stability and the signal-to-noise ratio as a criterion to determine the 

optimal stimulus frequencies. The optimal frequency is the frequency that has the maximum 

product value. 

Based on the previous research, this study utilized spectral power as the main 

criterion to determine the user-specific stimulus configuration. In correspondence, task 

performance was also considered. The following procedure was used to determine the user-

specific visual stimulus configuration (see Fig. 3.8): 
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n ≥ 4 ?
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No

m > 0 ?
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Note: 
m = number of correct responses; 
n = number of frequencies with correct response.

Rank remaining (27-
m) stimuli by 

spectral powers

Choose top  (4-n) 
stimuli  with 

different 
frequencies 

 

Figure 3.8  User-specific visual stimuli identification procedure 
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Define m as the number of correct responses (m is actually the total number of 

detections in all trials), n as the number of frequencies with correct response (n ≤ m). There 

are 3 cases in user-specific visual stimuli identification. 

Case 1: If m = 0, participants have detected no visual stimuli.  

 Rank all stimuli by spectral powers.  

 Select the 4 highest ranking visual stimuli with different frequencies. 

Case 2: If m > 0 and n ≥ 4, participants have detected at least 4 frequencies.  

 Rank stimuli with correct responses by number of detections.  

 Select the 4 highest ranking visual stimuli with different frequencies. 

Case 3: If m > 0 and n < 4, participants have detected less than 4 frequencies. 

 Rank m stimuli with correct responses by number of detections.  

 Select the n highest ranking visual stimuli with different frequencies.  

 Then rank the remaining (27 - m) visual stimuli by spectral powers. 

 Select the (4 - n) highest ranking stimuli with different frequencies.     

Finally, 4 user-specific LED configurations with unique frequencies were chosen for 

each participant and utilized in Study 2. The data analysis revealed 10 participants in Case 1, 

2 participants in Case 2 and 16 participants in Case 3.  
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3.3  Results and Discussion 

3.3.1  Results 

Table 3.3 and 3.4 summarized the four identified user-specific visual stimuli 

configurations for all ALS participants and able-bodied participants, respectively. They were 

presented in a mode of “frequency + color”. For example, a user-specific visual stimulus 

“6G” represented a 6 Hz visual stimulus in green. 

    

Table 3.3  ALS participants’ user-specific visual stimuli configurations  

Participant Stimulus 1 Stimulus 2 Stimulus 3 Stimulus 4 

1 6G 7G 8G 11R 

2 6R 7G 11G 13B 

3 8R 6R 7G 11R 

4 11R 6G 8R 7R 

5 8B 7R 9G 11B 

6 6R 11B 7R 8R 

7 6G 7G 8R 13R 

8 6R 8G 11R 13G 

9 8R 11B 9G 7G 

10 7G 6G 8G 11G 

11 8G 6G 7G 11G 

12 7B 8R 6B 13R 

13 6R 7R 8G 11G 

14 6G 7G 8R 11B 

                Note: R = Red, G = Green, B = Blue  

 

 

 

 

 

 



 

70 

Table 3.4  Able-bodied participants’ user-specific visual stimuli configurations 

Participant Stimulus 1 Stimulus 2 Stimulus 3 Stimulus 4 

1 6R 7R 8G 11G 

2 6G 7R 8B 11G 

3 6G 7G 8R 11B 

4 6R 11R 7G 8R 

5 6R 11G 7R 13B 

6 11B 12G 8G 13R 

7 8G 7G 6R 13R 

8 11G 12B 7G 8B 

9 6R 7G 8G 13R 

10 7G 6G 8R 11R 

11 12G 11B 8G 13R 

12 6G 11R 7G 8R 

13 6R 7R 8G 11G 

14 12B 11G 7G 8B 

               Note: R = Red, G = Green, B = Blue 

 

Result showed that LED lights in low and medium frequency band were selected for 

most participants. This was consistent with the research from Zhu et al. (2010), who 

mentioned that low and medium frequency bands could elicit greater SSVEP amplitude. The 

color identification revealed individual difference, although Red and Green were chosen 

more than Blue. The identification of the LED parameters was further discussed below.   

3.3.2  Discussion 

Table 3.5 summarized participant’s favorite visual stimulus configuration. Frequency 

was classified into 3 bands based on Regan (1989): Low, Medium and High.  Their favorite 

visual stimuli were presented in a mode of “frequency + color”. For example, “Low + Green” 

represented a visual stimulus with low frequency band in green. 

  

 



 

71 

Table 3.5  User preference of visual stimuli 

ALS Control Group 

Participant User Preference Participant User Preference 

1 High + Blue 1 Low + Green 

2 Low + Green 2 Low + Blue 

3 Low + Red 3 High + Green 

4 Medium + Red 4 Low + Red 

5 Low + Green 5 Low + Red 

6 Medium + Green 6 Low + Red 

7 Low + Blue 7 Medium + Green 

8 Low + Blue 8 Low + Green 

9 High + Green 9 Low + Green 

10 Low + Blue 10 High + Red 

11 Low + Blue 11 Low + Green 

12 Low + Blue 12 Low + Red 

13 Low + Red 13 Low + Green 

14 Low + Green 14 Low + Blue 

 

In general user preference did not align to user-specific visual stimuli, especially in 

regards to color. For example, participant 6 in ALS group preferred visual stimuli of 

“Medium + Green”. However, the 4 identified user-specific visual stimuli were “6R”, “11B”, 

“7R” and “8R”. Neither frequency nor color was consistent. Participant 10 in ALS group 

preferred visual stimuli of “Low + Blue”. The 4 identified user-specific visual stimuli were 

“7G”, “6G”, “8G” and “11G”. The frequency was consistent, but the color was not 

consistent. So, the result not only showed the individual difference of user-specific visual 

stimuli, but also indicated the inconsistence between user preference and user-specific visual 

stimuli configurations.  

Since user preferred visual stimuli didn’t always guarantee good task performance, 

user-specific visual stimuli were determined by spectral power and task performance  in this 

study. To improve usability and enhance user satisfaction, however, more research is needed 
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in the future to determine user-specific visual stimuli based on both task performance, brain 

activity and user preference.      
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4. STUDY 2: EVALUATION OF COLLABORTIVE BCI 

4.1  Objectives 

The main objective of Study 2 was to investigate how collaboration mode, luminance 

contrast, and motor disability affect task performance and brain activity.   

4.2  Methods 

4.2.1  Participants 

Participants from study 1 were employed again for study 2. For collaborative 

experiments in Study 2, each ALS participant was paired with exactly one other ALS 

participant and each able-bodied participant was paired with exactly one other able-bodied 

participant. They were assigned into groups of 2 people by complete randomization within 

each group (able-bodied and ALS participant).   

4.2.2  Apparatus 

The apparatus in Study 2 were the same as in Study 1, except that the SSVEP-based 

collaborative BCI was used, which was developed at the BCI Lab at North Carolina State 

University. 

SSVEP-based Collaborative BCI: Brainbot is a collaborative BCI (C-BCI) and 

enables a pair of users, including those with motor disability, to jointly perform a physical 

control task (e.g., moving an object) as illustrated in Fig. 4.1. BrainBot consists of a robotic 

arm, three target locations (station 1, station 2 and station 3), ten LEDs and a rubber ball. 

Brainbot is constructed using the LEGO Mindstorms NXT kit communicating with a 

computer via a Bluetooth medium. The kit consists of a NXT brick, a programmable 32-bit 
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microcontroller that allows the robot to operate, three Servo Motors which give the robot the 

ability to move, and four sensors which provide the robot with inputs from its environment. 

 

 

Figure 4.1  SSVEP-based robot control system 

 

In an example task, participants would be asked to grab (G) a ball, move and release 

(R) it to one of the three target locations (station 1-St1, station 2-St2, and station 3-St3) alone 

or collaboratively with their partner by focusing on the LED light corresponding to a desired 

action/motion. In the example task, the default frequencies for grab (G), release (R), station 1 

(St1), station 2 (St2) and station 3 (St3) are 8 Hz, 11 Hz, 7 Hz, 6 Hz, and 9 Hz, respectively. 
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In the experiment, however, participants’ user-specific visual stimuli were utilized. The same 

layout of the visual stimuli was applied to each participant based on the pilot test. 

4.2.3  Independent Variables 

Three independent variables were manipulated in this study: collaboration mode, 

luminance contrast, and motor disability. 

4.2.3.1  Collaboration mode 

Three types of collaboration modes were used in this study. In each collaboration 

mode, participants are provided a predetermined sequence of “correct” movements. Any 

visual stimulus that has been chosen three times in a row constitutes a move to be carried out 

by the robot. Only movements following the predefined path constitute correct moves. For 

example, if the predefined path was GSt3R and the participant(s) performed the 

following six movements GSt1St3St2St3R, then only three of the sequential 

movements would be considered “correct” (i.e. G, the first instance of St3, and R).  

Collaboration modes include: 

(a) Individual Mode (no collaboration): Each participant performed the task alone.  

When an incorrect movement was made, the participant must correct it before making a 

subsequent movement in the predetermined path.     

(b) Sequential Mode: Two participants took turns performing the task as a group.  

When an incorrect movement was made, whoever made it must correct the movement before 

making a subsequent movement in the predetermined path. For two participants (e.g., 1 and 

2) to perform a 6-sequence control, the pattern would look like: 1-2-1-2-1-2.  
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(c) Simultaneous Mode: Two participants performed the task together 

simultaneously. Each participant’s brain signal was processed separately and their decisions 

were compared with the predefined sequence. If either participant chose the correct 

command, that command would be sent to the robot. If both participants made an incorrect 

movement, they must correct the movement before moving on to the subsequent movement 

in the predetermined path. For two participants (e.g., 1 and 2) to perform a 6-sequence 

control, the pattern could be pretty random. For example, if participant 1 performed the first 

3 sequences and participant 2 performed the second 3 sequences, the pattern would look like 

1-1-1-2-2-2.   

4.2.3.2  Luminance Contrast 

Luminance measures the amount of light emitted from a light source. Luminance 

contrast describes the relative brightness of the light source in comparison with another light 

source.  Luminance contrast is an extremely important aspect of SSVEP-based BCI design, 

as it can directly affect the visual stimuli.  Web contrast (Whittle, 1994) was used to define 

luminance contrast (  ): 

   
     

  

 

   where    is the luminance of the visual stimulus and    is the luminance of the 

background. It is obvious to see that when the background is more luminous (i.e., brighter) 

than the visual stimulus, then        . Likewise, when the background is darker than 

the visual stimulus,     .    
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 Two levels of luminance contrast were manipulated in this study: low and high.  

Luminance contrast was controlled by adjusting the background luminance. During the 

experiment, the windows, doors, blinds and curtains were all closed. There were only two 

light sources in the lab: the visual stimuli (LED lights) and the room’s overhead lights. Both 

light sources maintained a stable luminance, although the LED’s color may change based on 

a participant’s user-specific visual stimuli configuration. Two levels of background 

luminance were controlled: low (the light is off), and high (the light is on). Correspondingly, 

there were two levels of luminance contrast.   

4.2.3.3  Motor Disability 

The participants were classified into two equal-sized groups: able-bodied participants 

and participants with motor disabilities. The functional status of the ALS participant was 

rated by using an ALS Functional Rating Scale (ALSFRS) (Appendix G) (Cedarbaum & 

Stambler, 1997). The scale is a multiple-choice questionnaire that rates 12 items such as 

speech, salivation, swallowing, handwriting, etc. The final score represents the relative 

functional status of the ALS participant. The ALSFRS questionnaire was sent out to every 

ALS participant with nine effective feedbacks.    

4.2.4  Dependent Variables 

There were three categories of dependent variables: task performance, brain activity, 

and user evaluations. 

4.2.4.1  Task Performance 

Accuracy (%): Accuracy is the ratio of the number of correct robot movements over 

the total number of robot movements. For example, if the predefined path was GSt3R 
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and the participant performed six movements GSt1St3St2St3R, then the 

accuracy would be 50% (3/6). In study 2, the number of correct robot movements is 6.  

 Information Transfer Rate (ITR) (bits/min): ITR has been widely used in BCI 

research (Wolpaw et al., 1998) and conveys how many bits can be transferred per minute. It 

can be calculated by two steps. At first, the number of bits transferred per trial (B) would be 

calculated. Then, ITR can be obtained by dividing B by the duration of the trial. The 

following formula, defined by Pierce (1980) and Wolpaw et al. (1998), would be used to 

calculate the number of bits transmitted per trial: 

  [                       
   

   
 ] 

        

where N is the number of possible targets (number of visual stimuli in this study), and 

A is the probability that the target was accurately classified (accuracy here).   

Task Completion Time (seconds): Task completion time measures the time duration 

needed to perform one trial. Each trial was automatically recorded by a computer by clicking 

“OK” and “STOP” on a control interface. 

4.2.4.2  Brain Activity 

Spectral Power (   ): Spectral Power is defined the same as in Study 1, 

     
   

 

  
∫        

 

  

 

where x(t) is the amplitude of the EEG signal and T is the duration of one cycle 

(Mitra, 2002). 
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Short-Time Fourier Transform (STFT): STFT describes the change in frequency and 

phase of local sections of the signal over time. It converts 1-D time domain signals to 2-D 

time-frequency signals to provide simultaneous time and frequency information (Flandrin, 

1999). STFT is used to compare the signal with elementary functions that are localized in 

time and frequency domains simultaneously, i.e., 

       ∫                  

 

  

 

where ω(t) is a window (e.g., Hamming) function, and x(t) is the signal to be transformed. 

4.2.4.3  User Evaluations  

After the experiment, participants were asked to evaluate the BCI system, LED lights, 

workload and user preference via questionnaires (Appendix F). 

User Evaluation of C-BCI System: Participants were asked to rate the level that the C-

BCI system could help them. Three qualitatively choice were provided: very helpful, 

somewhat helpful and not helpful. 

User Evaluation of LED Lights: Participants were asked to rate the level that the LED 

lights were annoying. Three qualitatively choice were provided: not annoying, somewhat 

annoying and annoying. 

User Evaluation of Workload: Participants were asked to rate the level of their 

tiredness after the experiment. Three qualitatively choice were provided: not tired, somewhat 

tired and tired. 

http://en.wikipedia.org/wiki/Window_function
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User Preference: Participants were asked to choose their favorite experiment 

condition out of 6 conditions (collaboration mode (3) x luminance contrast (2)) when 

finished. 

4.2.5  Data Acquisition and Signal Processing 

4.2.5.1  Data Acquisition 

Data acquisition in Study 2 was the same as in Study 1. Please refer to Part 3.2.5.1 for 

more detail. Data collection, online signal processing and off- line data analysis were 

conducted using LabVIEW-based software developed by BCI Lab at North Carolina State 

University. 

4.2.5.2  Signal Processing 

Data processing included two phases: preprocessing and classification. In the 

preprocessing phase, raw EEG data was filtered and transformed into the frequency domain.  

In the classification phase, SSVEP brain waves were classified and a corresponding decision 

was sent to the NXT robot. 

 

 

Figure 4.2  Signal processing in Study 2 

Filter FFT Referencing 

Normalization Averaging Classification 
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 Preprocessing: Five steps were performed before the classification: filtering, 

frequency data acquisition, referencing, normalization and averaging (Fig. 4.2).   

Step1: The time domain EEG data was obtained and filtered by a 0.1 Hz high pass 

filter and 75 Hz low pass filter, also notch filtered by 60 Hz. 

Step 2: The filtered data was transformed into frequency domain using FFT. The time 

window was 3 seconds and the window sliding speed was 0.25 second. For each time 

window, the maximum power values were selected at fundamental, 2nd and 3rd harmonics 

for each frequency in each channel (O1 and O2): 

    = the k th harmonic power at jth frequency from ith channel, 

where i = 1, 2; j = 1, 2, 3, 4; and k = 1, 2, 3.  

Step 3: Then, the raw power values were corrected by referring to the base line power 

values: 

  
   

 
    

     

 

   
   

= the kth baseline-corrected harmonic power at jth frequency from ith channel; 

     = the kth harmonic base line power at jth frequency from ith channel. 

Step 4: Next, the corrected power values were normalized between 0 and 1: 

        
  

   

∑   
   

 
   

 

        = the normalized kth harmonic power at jth frequency from ith channel 

Step 5: Finally, normalized power values were averaged for each frequency. In other 

words, one average power value could be obtained for each frequency for each time window. 
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  ̅   
∑ ∑         

   
 
   

∑   
    ∑   

   

 
∑ ∑         

   
 
   

 
 

  ̅ = the average power at jth frequency 

Classification: In the decision making process, the frequency with the maximum 

average power value was chosen preliminarily.  

            
 

   
̅̅ ̅   

̅̅ ̅   
̅̅ ̅   

̅̅ ̅  

If a frequency was chosen 3 times in succession, it would result in a corresponding 

movement command sent to the robot to carry out.   

4.2.6  Experimental Task   

In study 2, each participant must perform predetermined sequence of six movements 

(GSt3RGSt1R) in each condition either alone (individual mode) or together with 

the teammate (sequential or simultaneous mode). In other words, the participant must grab 

(G) the rubber ball in the neutral position (St2), then move to St3 and release (R) the ball, 

then grab (G) the ball and move to St1, then release (R) the ball. 

 

 

Figure 4.3  Study 2 task sequence 
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Four movements were available in each task: G, R, St1 and St3. The four user-

specific visual stimuli identified in Study 1 were used for each participant to optimize 

movement selection accuracy. The two top ranking visual stimuli were randomly assigned to 

G and R (as they were more frequently used). The two remaining visual stimuli were 

randomly assigned to St1 and St3. The four visual stimuli were set up in front of the 

participant and apart from each other to prevent the interference based on the pilot test.  

There were 6 conditions (collaboration mode x luminance contrast) for each participant with 

1 trial in each condition. The 8 trials were completely randomized in presentation to reduce 

any trial order effect. A 3-minute break was provided between each trial (Fig. 4.3).    

4.2.7  Procedure 

Before the experiment, participants were required to wash their hair. Participants 

were instructed on the basic procedure of the experiment and how to respond to visual 

stimuli. All experiments were conducted in a quiet room. Participants were provided a 

comfortable chair and required to avoid any unnecessary gross body movement and to focus 

on the corresponding visual stimulus at each movement in a relaxed manner during the 

experiment. They were instructed not to focus on accuracy or speed. No interferences or hints 

were provided during the experiment. A brief three-minute resting period was provided 

between each trial. 
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Figure 4.4  Study 2 procedure 

 

Once the system is set up, the participants needed to close their eyes for 2 minutes for 

the system to record the baseline of EEG. Next, the participants were asked to open their eyes 

and perform the first task. When finished, a three-minute rest was given. Then, the 

participants began the second task. This process was repeated until all 8 trials were finished. 

Then, each participant was required to complete a single questionnaire to evaluate the system 

and experiment condition. Finally, the participants were compensated by cash and debriefed 

with the help of the experimenters (Fig. 4.4). The whole procedure took approximately 1 

hour, 20 minutes for setup and 40 minutes for the experiment.   

4.2.8  Experiment Design & Statistical Analysis 

Study 2 was a balanced 2 x 3 x 2 mixed design. There were two within-subjects 

factors (Collaboration Mode and Luminance Contrast), and one between-subjects factor 

(Motor Disability). Table 4.1 summarizes Study 2’s experiment design. 
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Table 4.1  Experiment design of Study 2 

Factors Collaboration Mode 
Motor Disability 

Yes No 

Luminance 

Contrast 

Low 

Individual Mode   

Sequential mode    

Simultaneous mode    

High 

Individual Mode   

Sequential mode    

Simultaneous mode    

 

A three-way ANOVA was conducted to analyze the effect of the three independent 

variables: collaboration mode, luminance contrast, and motor disability on task performance, 

brain activity and user evaluations. Tukey’s HSD test was used for post hoc analysis because 

it has greater power than the other tests and can maintain the Type I error at the same time 

(Jaccard et al., 1984). The post-hoc tests were used to identify any significant difference 

between each level of the independent variables. 

The experimental model in study 2 can be defined as: 

                                                             

                    

where 

   = fixed effect of luminance contrast (factor A); 

   = fixed effect of collaboration mode (factor B); 

   = fixed effect of motor disability (factor C); 
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      = random effect of the participant nested within motor disability; 

     = interaction effects of factor A and factor B; 

     = interaction effects of factor A and factor C; 

        = effect of a particular level of factor A on the particular participant nested 

within motor disability;  

     = interaction effects of factor B and factor C; 

        = effect of a particular level of factor B on the particular participant nested 

within motor disability; 

       = interaction effects of factor A, factor B and factor C; 

          = effect of a particular level combination of factor A and factor B on the 

particular participant nested within motor disability; 

         = errors. 

Table 4.2 summarizes the error term of the F test. 

 

Table 4.2  Summary of F test error terms 

Factor (H) Error Term (E) 

Luminance Contrast            

Collaboration Mode            

Motor Disability          

Luminance Contrast x Collaboration Mode                

Luminance Contrast x Motor Disability              

Collaboration Mode x Motor Disability              
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Before conducting ANOVA, normality and constant variance assumptions 

(homoscedasticity) were assessed for each dependent variable. The Shapiro-Wilk test showed 

that normality assumptions were violated for all dependent variables (accuracy, completion 

time, ITR and spectral power). Brown-Forsythe test was chosen to test the constant variance 

assumption, because it provides more power to detect variances differences and protect Type 

I error (Conover, Johnson, & Johnson, 1981; Olejnik & Algina, 1987). Brown and Forsythe’s 

test showed that the homoscedasticity assumption was not violated except a mild violation 

for ITR (p = 0.0431). Based on recommendations from Montgomery (2009) as well as Neter, 

Wasserman and Kutner (1990), a log transformation was applied to all dependent variables. 

However, non-normality remained unaffected, as shown in Table 4.3. 

 

Table 4.3  Normality and homoscedasticity test 

Dependent 

Variables 

Shaprio-Wilk Test 

for original data 

Shaprio-Wilk Test for 

log transformed data 

Brown-Forsythe test 

for original data 

Accuracy 
W=0.2945,  

p < 0.0001 

W=0.3660,  

p < 0.0001 

F11, 72 = 1.20,  

p = 0.3011 

Completion 

Time 

W=0.9554,  

p < 0.0001 

W=0.2624,  

p < 0.0001 

F11, 72 = 0.56,  

p = 0.8526 

ITR 
W=0.7675,  

p < 0.0001 

W=0.2079,  

p < 0.0001 

F11, 72 = 1.98,  

p = 0.0431 

Spectral 

Power 

W=0.9161,  

p < 0.0001 

W=0.8658,  

p < 0.0001 

F11, 72 = 0.80,  

p = 0.6354 

 

Next, a rank-based ANOVA was performed on the data. The results of the rank-based 

ANOVA were identical to the results of the parametric ANOVA with the original data for all 

dependent variables except ITR. According to Montgomery (2009), “When both procedures 

give similar results, the analysis of variance assumptions are probably satisfied reasonably 
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well, and the standard analysis is satisfactory. When the two procedures differ, the rank 

transformation should be preferred because it is less likely to be distorted by non-normality 

and unusual observations” (p. 114). Therefore, results of accuracy, completion and spectral 

power were presented based on the parametric ANOVA results, while ITR was presented 

based on rank-based ANOVA results. However, all the figures presented used the original 

unit to make it easy to understand.   

4.3  Results 

4.3.1  Task Performance 

Three dependent measures were employed to investigate participants’ performance.  

Performance measures included accuracy, completion time and information transfer rate 

(ITR). Table 4.4 summarized the significant effects for performance measures. 

 

Table 4.4  Significance effects for task performance 

Parameter Effect F-Value p-value 

Accuracy 
Collaboration Mode F2,24 = 36.31 <0.0001 

Luminance Contrast F1,12 = 72.14 <0.0001 

Completion 

Time 

Collaboration Mode F2,24 = 43.00 <0.0001 

Luminance Contrast F1,12 = 73.18 <0.0001 

ITR 
Collaboration Mode F2,24 = 56.45 <0.0001 

Luminance Contrast F1,12 = 182.59 <0.0001 

 

4.3.1.1  Accuracy (%) 

The analysis revealed a significant main effect of collaboration mode (F2,24 = 36.31, p 

< 0.0001) as well as a significant effect of luminance contrast (F1,12 = 72.14, p < 0.0001), as 

illustrated in Fig 4.5 and Fig 4.6. The error bar indicates the 95% confidence interval of one 

standard error.  
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Tukey’s HSD test indicated that accuracy in simultaneous mode (M = 0.868, SD = 

0.126) was significantly higher than that in sequential mode (M = 0.728, SD = 0.115) (F1,12 = 

38.43, p < 0.0001) and individual mode (M = 0.684, SD = 0.120) (F1,12 = 66.63, p < 0.0001). 

However, accuracy was not significantly different between individual mode and sequential 

mode (F1,12 = 3.85, p = 0.613), although the mean accuracy in sequential mode was higher 

than that in individual mode. Accuracy in high luminance contrast (M = 0.839, SD = 0.126) 

was significantly higher in comparison to low luminance contrast (M = 0.681, SD = 0.112). 

  

 

Figure 4.5  Main effect of collaboration mode on accuracy 

                                        Note: ** p < 0.05, *** p < 0.0001.  
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Figure 4.6  Main effect of luminance contrast on accuracy 

                                        Note: ** p < 0.05, *** p < 0.0001. 

 

However, the analysis revealed no significant effect of motor disability (F1,12 = 0.01, 

p = 0.9274). Accuracy for ALS participants (M = 0.762, SD = 0.147) and able-bodied 

participants (M = 0.758, SD = 0.139) was not significantly different (Fig. 4.7). No significant 

interaction effects were found between collaboration mode and motor disability (F2, 24 = 0.91, 

p = 0.4151), luminance contrast and motor disability (F1, 12 = 0.23, p = 0.6405), or 

collaboration mode and luminance contrast (F2, 24 = 1.65, p = 0.2125). 
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Figure 4.7  Average accuracy of ALS and able-bodied participants 

 

4.3.1.2  Completion Time (second) 

The analysis revealed a significant main effect of collaboration mode (F2,24 = 43.00, p 

< 0.0001) as well as a significant effect of luminance contrast (F1,12 = 73.18, p < 0.0001), as 

illustrated in Fig 4.8 and 4.9. The error bar indicates the 95% confidence interval of one 

standard error.  

Tukey’s HSD test indicated that completion time in simultaneous mode (M = 30.95, 

SD = 10.33) was significantly shorter than that in sequential mode (M = 45.19, SD = 12.23) 

(F1,12 = 40.62, p < 0.0001), which was also significantly shorter than that in individual mode  

(M = 51.10, SD = 11.63) (F1,12 = 7.01, p = 0.0141). Therefore, completion time in 

simultaneous mode was also significantly shorter than that in individual mode (F1,12 = 81.38, 

p < 0.0001). Meanwhile, completion time in high luminance contrast (M = 35.29, SD = 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Motor Disability

A
c
c
u

ra
c
y
 

No

Yes



 

92 

10.32) was significantly shorter than that in low luminance contrast (M = 49.53, SD = 13.93). 

The completion time also indicated the clinical difference. For example, the completion time 

decreased 39.4% from individual mode to simultaneous mode, and decreased 28.8% from 

low luminance contrast to high luminance contrast.  

 

    

Figure 4.8  Main effect of collaboration mode on completion time 

                                  Note: ** p < 0.05, *** p < 0.0001. 
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Figure 4.9  Main effect of luminance contrast on completion time 

                                   Note: ** p < 0.05, *** p < 0.0001. 

 

However, the analysis revealed no significant effect of motor disability (F1,12 = 0.48, 

p = 0.5005). Completion time of ALS participants (M = 43.55, SD = 13.08) was not 

significantly different from able-bodied participants (M = 41.28, SD = 15.18) (Fig. 4.10). No 

significant interaction effects were found between collaboration mode and motor disability 

(F2, 24 = 3.12, p = 0.0622), luminance contrast and motor disability (F1, 12 = 0.66, p = 0.4316), 

or collaboration mode and luminance contrast (F2, 24 = 4.89, p = 0.0719). 
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Figure 4.10  Average completion time of ALS and able-bodied participants 

 

4.3.1.3  Information Transfer Rate (ITR) (bits/minute) 

Rank-based ANOVA revealed a significant main effect of collaboration mode (F2,24 = 

56.45, p < 0.0001) as well as a significant effect of luminance contrast (F1,12 = 182.59, p < 

0.0001), as illustrated in Fig 4.11 and 4.12. The values were presented in the original units of 

ITR rather than the rank to be more interpretable. The error bar indicates the 95% confidence 

interval of one standard error. 

Tukey’s HSD test indicated that rank of ITR in simultaneous mode (M = 62.5, SD = 

18.1) was significantly higher than that in sequential mode (M = 36.6, SD = 20.4) (F1,12 = 

13.62, p < 0.0001), which was significantly higher than that in individual mode (M = 28.4, 
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of ITR in high luminance contrast (M = 56.4, SD = 19.8) was significantly higher than that in 

low luminance contrast (M = 28.6, SD = 20.4). 

 

 
Figure 4.11  Main effect of collaboration mode on ITR                              

                                 Note: 1. Original unit was used in the figure to make it easy to understand.  

                                       2. All statistics were from rank-based ANOVA. 

                                       3. ** p < 0.05, *** p < 0.0001. 
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Figure 4.12  Main effect of luminance contrast on ITR 

                             Note: 1. Original unit was used in the figure to make it easy to understand. 

                                       2. All statistics were from rank-based ANOVA. 

                                       3. ** p < 0.05, *** p < 0.0001.     
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Figure 4.13  Average ITR of ALS and able-bodied participants 

                Note: Original unit was used in the figure to make it easy to understand. 

 

4.3.2  Brain Activity 

Table 4.5 summarizes the significant effect for brain activity measure. 

 

Table 4.5  Significant effects for brain activity 

Parameter Effect F-Value p-value 
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4.3.2.1  Spectral Power (   ) 
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illustrated in Fig 4.14 and 4.15. The error bar indicates the 95% confidence interval of one 

standard error.  

Tukey’s HSD test indicated that spectral power in individual mode (M = 0.787, SD = 

0.269) was significantly smaller than that in sequential mode (M = 1.049, SD = 0.407) (F1,12 

= 16.48, p = 0.0005) and simultaneous mode (M = 0.972, SD = 0.273) (F1,12 = 8.15, p = 

0.0087). However, spectral power was not significantly different between sequential mode 

and simultaneous mode (F1,12 = 1.45, p = 0.2399), although the mean spectral power in 

sequential mode was higher than that in simultaneous mode. Meanwhile, spectral power in 

high luminance contrast (M = 1.028, SD = 0.351) was significantly bigger than that in low 

luminance contrast (M = 0.844, SD = 0.300). 

 

 
Figure 4.14  Main effect of collaboration mode on spectral power 

                    Note: ** p < 0.05, *** p < 0.0001.     
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Figure 4.15  Main effect of luminance contrast on spectral power 

                                   Note: ** p < 0.05, *** p < 0.0001.     

 

However, the analysis revealed no significant effect of motor disability (F1,12 = 0.01, 

p = 0.9358). Spectral power of ALS (M = 0.942, SD = 0.359) and able-bodied participants (M 

= 0.930, SD = 0.320) was not significantly different (Fig. 4.16). No interaction effects were 

found between collaboration mode and motor disability (F2, 24 = 0.44, p = 0.6481), luminance 

contrast and motor disability (F1, 12 = 0.22, p = 0.6489), or collaboration mode and luminance 

contrast (F2, 24 = 0.48, p = 0.6256). 
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Figure 4.16  Average spectral power of ALS and able-bodied participants 

 

4.3.3  User Evaluations 

A Two-way contingency analysis was conducted for user evaluations at first.  Exact 

Fisher Test was utilized because some cells had less than 5 observations (Higgins, 2003).  If 

there was no association between the two factors, a one-way frequency analysis was 

conducted.       

4.3.3.1  User Preference 

Table 4.6 summarizes ALS participants’ user preference of experiment conditions. 

 

Table 4.6  Two-way contingency table of user preference for ALS participants 

Collaboration Mode Individual Simultaneous Sequential Total 
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The Fisher Exact Test showed that there is no association between collaboration 

mode and luminance contrast (        ). A one-way frequency analysis of collaboration 

mode revealed no significant difference in user preference (  
  = 4, p = 0.1353). A one-way 

frequency analysis of luminance contrast revealed significant difference in user preference 

(  
  = 7.1429, p = 0.0075) showing that ALS participants preferred high luminance contrast 

over low luminance contrast. 

Table 4.7 summarizes able-bodied participants’ user preference of experiment 

conditions. 

 

Table 4.7  Two-way contingency table of user preference for ALS participants  

Collaboration Mode Individual Simultaneous Sequential Total 

Luminance 

Contrast 

Low 0 1 2 3 

High 0 7 4 11 

Total 0 8 6 14 

 

The Fisher Exact Test showed no association between collaboration mode and 

luminance contrast (         ). A one-way frequency analysis of collaboration mode 

revealed no significant difference in user preference (  
  = 0.2587, p = 0.593). A one-way 

frequency analysis of luminance contrast revealed significant difference in user preference 

(  
  = 4.5714, p = 0.0325) showing that able-bodied participants preferred high luminance 

contrast over low luminance contrast. 

4.3.3.2  User Evaluation of C-BCI System 

Table 4.8 summarizes the user evaluation of C-BCI system. 
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Table 4.8  Frequency table of user evaluation of C-BCI system 

User Evaluation 
Very 

Helpful 

Somewhat 

Helpful 

Not 

Helpful 
Total 

Group 
ALS 8 6 0 14 

Able-bodied 5 8 1 14 

 

A one-way frequency analysis revealed no significant difference for both ALS 

participants’ (  
  = 0.2857, p = 0.5930) and able-bodied participants’ (  

  = 5.2857, p = 

0.0712) evaluation of the BCI system. However, all ALS participants considered the C-BCI 

system to be “somewhat helpful” or “very helpful”. Meanwhile, most able-bodied 

participants (13 out of 14) considered the BCI system as “somewhat helpful” or “very 

helpful”. In sum, both groups thought that C-BCI systems could help them in communication 

and control to some extent.     

4.3.3.3  User Evaluation of Workload 

Table 4.9 summarizes the user evaluation of workload. 

 

Table 4.9  Frequency table of user evaluation of workload 

User Evaluation 
Not 

Tired 

Somewhat 

Tired 
Tired Total 

Group 
ALS 13 1 0 14 

Able-bodied 11 2 1 14 

 

A one-way frequency analysis revealed significant difference for ALS participants’ 

evaluation of workload (  
  = 10.2857, p = 0.0013). Most ALS participants (13 out of 14) 

thought the workload was very low (“not tired”). Analysis also revealed significant 

difference in able-bodied participants’ evaluation of workload (  
  = 13, p = 0.0015). Most 
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able-bodied participants (11 out of 14) thought the workload was very low (“not tired”). In 

sum, both groups thought that the workload was pretty low when using the C-BCI system.     

4.3.3.4  User Evaluation of LED Lights 

Table 4.10 summarizes the user evaluation of LED lights in the C-BCI system. 

 

Table 4.10  Frequency table of user evaluation of LED lights 

User Evaluation 
Not 

Annoying 

Somewhat 

Helpful 
Annoying Total 

Group 
ALS 13 1 0 14 

Able-bodied 12 2 0 14 

 

A one-way frequency analysis revealed significant difference for the evaluation of 

LED lights (  
  = 10.2857, p = 0.0013) by ALS participants. Most ALS participants (13 out 

of 14) thought the LED lights were “not annoying”. Analysis also revealed significantly 

difference in able-bodied participants’ evaluation of workload (  
  = 7.1429, p = 0.0075). 

Most able-bodied participants (12 out of 14) thought the LED lights were “not annoying”. In 

sum, both groups thought that the LED lights as visual stimuli were “not annoying” when 

using the C-BCI system. 

4.4  Discussion 

Study 2 investigated how collaboration mode, luminance contrast and motor 

disability affect task performance, brain activity and user evaluations for participants with 

and without motor disabilities. 
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4.4.1  Effects of Collaboration Mode 

Results showed that collaboration mode had a significant main effect on both task 

performance and brain activity. Accuracy in simultaneous mode was significantly higher than 

in sequential mode and individual mode. Completion time was significantly different in all 

three modes - shortest in simultaneous mode and longest in individual mode. The rank of ITR 

was significantly different in all three modes - highest in simultaneous mode and lowest in 

individual mode. Spectral power in simultaneous mode and sequential mode was 

significantly bigger than that in individual mode.  

In sum, simultaneous mode can produce significantly better task performance than 

individual mode. Sequential mode also produced a significantly better task performance than 

individual mode with the exception of accuracy, for which there was no significant 

difference. Therefore, hypotheses H1b and H1c were rejected. Simultaneous mode and 

sequential mode could produce significantly stronger brain activity than individual mode -

rejecting hypothesis H2. 

Simultaneous Mode vs. Individual Mode: The results of this research are similar to 

those from Poli et al. (2013a), Poli et al. (2013b), Eckstein et al. (2012), and Wang & Jung 

(2011). Poli et al. (2013a) found that collaborative BCIs produced significantly superior 

trajectories than single user BCIs in space navigation tasks. Poli et al. (2013b) showed that 

collaborative BCIs can produce better task performance than single-user BCIs in visual 

matching tasks. Eckstein et al. (2012) found that collaborative BCIs took less time in 

decision making process. Wang & Jung (2011) found that collaborative BCIs can produce 

higher classification accuracy than single users in a task of movement planning. Based on the 
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literature review of group vs. individual in Chap 2, most studies had results consistent with 

the view that groups perform better than the average individual (Baron, Kerr, & Miller, 1992; 

Brown, 2000; Wutchy, Jones, & Uzzi, 2007). The result of the study was also consistent with 

this viewpoint.          

 Simultaneous mode provides an advantage over individual mode in SSVEP-based 

BCI in the form of group work efficiency. In other words, the error cancellation property of 

group work makes the simultaneous mode much more efficient than the individual mode. For 

example, in individual mode, the individual user had to make each movement alone and 

correct errors alone. In simultaneous mode, however, correct movement could be made if 

chosen by either participant. Meanwhile, the error could be corrected by either user. This 

mechanism greatly improved the accuracy as well as ITR and reduced the task completion 

time. 

It is possible that social facilitation enhanced brain activity in simultaneous mode 

tasks compared to individual mode tasks (Aiello & Douthitt, 2001; Triplett, 1898; Zajonc, 

1965; Zajonc, 1980). Likewise, social facilitation could also contribute to greater task 

performance in simultaneous mode compared to individual mode. The presence of a 

teammate could make each participant have higher arousal level and enhanced focus to the 

visual stimulus (Aiello & Douthitt, 2001; Zajonc, 1980), which in turn helped to produce 

stronger brain activity and greater task performance (Steriade & McCarley, 1990).         

Sequential Mode vs. Individual Mode: Sequential mode is actually a modification of 

individual mode. The only difference is that two participants take turns finishing the task, 

even though they can’t help each other select movement or correct errors. In other words, 
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each individual would perform only three movements rather than six, providing more 

opportunities for rest after each correct movement. 

This is a critical advantage for sequential collaboration - less burden and more 

downtime - which could reduce the participant’s tiredness, elevate the alertness and 

potentially produce better task performance (shorter completion time and bigger ITR) and 

stronger brain activity. Although the accuracy was not significantly higher in sequential 

mode (the average accuracy was higher), it is reasonable to believe that the advantage should 

be more significant as the number of movements increases in the task. As discussed earlier, 

social facilitation should also contribute to the advantage of sequential mode. 

Short-Time Fourier Transform (STFT): STFT describes the change of frequency 

and phase of local sections of the signal over time. It provides a visualization of brain activity 

in 2-D time-frequency domain. Fig. 4.17 illustrates an STFT plot of one ALS participant in 

individual mode, sequential mode and simultaneous mode in high luminance contrast. The 

four frequencies for G(rab), R(elease), St(ation)3, St(ation)1 was 6 Hz, 7 Hz, 8 Hz and 11 

Hz, respectively. For convenience, it was written as G_6, R_7, 1_8 and 3_11, in which the 

first character represented the command and the last number represented the frequency of the 

corresponding visual stimulus. Each plot was composed of six parts, corresponding to the six 

predetermined movements in each trial: GSt3RGSt1R. The plot showed the 

frequency response pattern for each movement. Moreover, it revealed stronger frequency 

response in sequential mode and simultaneous mode than individual mode, therefore 

provided another proof of the advantage of collaborative BCI. 
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Figure 4.17  STFT plot 

Note: top (individual mode), middle (sequential mode), bottom (simultaneous mode) 

 

Use preference also supports the popularity of the collaborative mode. Results 

showed that about 71.4% ALS participants and 100% able-bodied participants preferred 
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collaborative mode. Participants commented that they “enjoyed the collaboration process 

with the teammate in the collaborative mode” and “were more efficient when controlling the 

robot together with the teammates”, because they could get help from the teammate when 

they making a wrong move. However, some ALS participant expressed their concern about 

the collaborative mode. One ALS participant commented that she preferred the individual 

mode because she “was always in control of the process”. Another ALS participant said he 

“couldn’t believe in his teammate and would rather perform the task alone”. These comments 

surfaced some very important research question: How can C-BCI system provide users with 

motor disabilities a greater sense of control? What training paradigm could bolster mutual 

trust? 

The result proves that the collaborative BCI is workable and more efficient than 

individual mode. It indicates the feasibility of developing more collaborative applications for 

those with motor disabilities in order to improve their quality of life.   

4.4.2  Effects of Luminance Contrast 

Results showed that luminance contrast had a significant main effect on task 

performance and brain activity. Participants had a significantly higher accuracy, a shorter 

completion time, a bigger ITR and a bigger spectral power in high luminance contrast 

compared to low luminance contrast. Therefore, hypotheses H3 and H4 were rejected. Nam, 

Li & Johnson (2010) obtained similar results with 15 able-bodied participants in a P300-

based BCI finding that participants had better task performance and stronger brain activity in 

high luminance contrast than that in low luminance contrast. Li, Bahn, Nam & Lee (2014) 

repeated the experiment with 10 participants with severe motor disabilities and 10 able-
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bodied participants and came to similar conclusions. Although they used different 

terminology, essentially, luminance contrast was controlled, because only the background 

luminance was controlled at two levels (low and high).            

One explanation is that participants could perceive more intense stimuli in high 

luminance contrast when all the other environmental factors remained unchanged. High 

luminance contrast could result in brighter, more noticeable visual stimuli compared to low 

luminance contrast, even when the visual stimuli were the same luminance. From visual 

sensory theory, rods will function more in high luminance contrast and make green and b lue 

LED lights appear brighter (Wickens, Lee, Liu & Gordon-Becker, 2004). Since more green 

and blue were used than red, high luminance contrast produced brighter visual stimuli. As 

revealed by Campbell & Maffei (1970), the amplitude of evoked potentials was linearly 

increasing as the logarithm of the contrast of the stimulus. So, the spectral power in high 

luminance contrast was bigger than that in low luminance contrast. Meanwhile, participants 

could stay more alert and have better focus in high luminance contrast. Li et al. (2014) 

showed that participants can lose focus when using BCIs. Higher luminance contrast may 

help the participants to remain more focused so as to produce better task performance. 

Use preference also supports the popularity of the high luminance contrast. Results 

showed that significantly more participants preferred high luminance contrast. About 85.7% 

ALS participants and 78.6% able-bodied participants preferred high luminance contrast. 

Most participants commented that they could “catch” the stimuli more easily in high 

luminance contrast condition.  Some participants said that it was easier to focus on the visual 

stimulus in high luminance contrast, while it was difficult in low luminance contrast because 
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visual stimuli did not provide enough intensity and required too much concentration. On the 

other hand, some participants disliked high luminance contrast. One participant said that in 

high luminance contrast the visual stimuli were too bright while low luminance contrast was 

more user-friendly and allowed for longer durations of use. Another participant commented 

that high luminance contrast produced some sort of “burn” effect in the eyes that worsened 

with time. These comments advanced the following research questions: What level of 

luminance contrast is most user-friendly for long-term use? Is there a luminance contrast 

threshold? Further research is needed to answer those questions.     

4.4.3  Effects of Motor Disability 

Data analysis revealed no significant main effect of motor disability on task 

performance or brain activity as well as any interaction effect between motor disability and 

other independent variables. Accuracy, completion time, ITR and spectral power were not 

significantly different between ALS participants and able-bodied participants. In other words, 

ALS participants exhibited comparable task performance to the able-bodied participants in 

all three modes. Therefore, hypotheses H5 and H6 were not rejected. These results differ 

from the previous research (Li et al., 2011; Lim et al., 2013; Münβinger et al., 2010; Sellers 

& Donchin, 2006). Li et al. (2011) and Volosyak et al. (2009) found that able-bodied 

participants had better task performance than participants with severe motor disabilities.  

In a SSVEP–based BCI, participants need only focus on the visual stimulus, which 

brings into question whether ALS participants’ motor disabilities could affect the quality and 

duration of focus. Li et al. (2011) argued that participants with motor disability become 

easily fatigued in shorter duration of focus, which affected their performance in comparison 
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to able-bodied participants. Piccione et al. (2006) also found that participants with motor 

disabilities were unable to avoid head or eye movement, which are known to produce 

artifacts, disturb classification and harm performance. 

However, the hypothesized “fatigue” from Li et al. (2014) was not observed in this 

study. No ALS participants requested extra rest during the experiment, even though a break 

could be requested at any time. Furthermore, analysis of user evaluation of workload 

revealed that statistically more ALS participants (92.9%) were “not tired” rather than 

“somewhat tired” or “tired” at the end of the experiment. It indicates that their motor 

disability didn’t result in extra fatigue when using the SSVEP-based BCI. Also, the 

hypothesized “head or eye movement” by Piccione et al. (2006) was not observed in the 

experiment. ALS participants not utilizing wheelchairs (6 in the study) retained most motor 

abilities and could control head or eye movement as good as any able-bodied participant. 

ALS participants utilizing wheelchairs (8 in the study) were unable to move and rested their 

heads against the back of the wheelchair. 

In this sense, it is possible to argue that SSVEP-based BCI usage is unaffected by 

motor disability. Most BCI researchers also hold this paradigm (Sellers & Donchin, 2006; 

Volosyak et al., 2009; Wolpaw et al., 2002), although this postulation has not been 

significantly supported with a large sample size. Therefore, the empirical data in this study 

should provide greater substantial support in favor of such a paradigm        

Results of this study indicated that ALS patients could use SSVEP-based BCI as 

accurately and efficiently as able-bodied people. It upholds the potential of BCI as an 

alternative method of communication and control for those with motor disabilities in 
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communication and control. It also sheds light on the future research and development of 

BCI.    
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5. GENERAL DISCUSSION 

Three discussion topics are considered: collaboration patterns in collaborative tasks, 

elevated individual performance in collaborative tasks, and the relationship between 

ALSFRS and ALS participants’ task performance. 

5.1  Collaboration Patterns 

Results indicated that participants had better task performance in collaborative 

modes, especially in simultaneous mode. Obvious questions arise: Did collaboration patterns 

manifest? Did both participants participate in the task? Ideally, both participants would share 

similar participation and interest in a task. The purpose of the collaborative BCI is intended 

to promote collaborative efforts among users with motor disabilities. If the good performer is 

always dominating the team, it will not be a real collaboration and the users can’t feel the 

desired interaction between them. 

To answer this question, the collaboration patterns in simultaneous mode were further 

investigated, because it was the most similar to collaborations in real life and both 

participants could make the decisions. Table 5.1 summarized the collaborations for all the 

groups. Each pattern described how the six movements in the experimental task were 

performed by the two participants. For example, “1-2-2-1-1-1” means that the second 

movement (Move to Station 3) and third movement (Release) were performed by participant 

2, while the other four movements were performed by participant 1. It should be noted that 

only correct movements were displayed. Incorrect movements and correcting process were 

not listed here. 
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Table 5.1  Collaboration patterns in simultaneous mode 

ALS Control Group 

Group 

Low 

Luminance  

Contrast 

High 

Luminance 

Contrast 

Group 

Low 

Luminance  

Contrast 

High 

Luminance 

Contrast 

1 1-2-2-1-1-1 1-2-2-2-1-1 1 1-2-1-2-1-2 1-2-2-1-2-2 

2 1-2-2-1-1-2 1-2-1-1-2-2 2 1-2-2-1-2-1 1-2-2-2-2-1 

3 2-1-1-1-2-2 2-1-1-2-2-1 3 2-2-2-1-2-1 2-2-2-1-1-2 

4 1-2-1-2-1-2 1-1-1-2-2-2 4 2-1-2-2-1-1 1-1-1-2-1-1 

5 2-1-1-1-1-1 1-2-2-1-2-2 5 1-1-2-2-2-1 1-2-2-1-2-1 

6 2-2-1-1-1-2 1-1-1-2-2-1 6 1-1-1-2-1-2 1-2-1-2-2-1 

7 1-1-1-2-1-2 1-1-1-2-2-1 7 1-2-1-2-1-2 1-2-2-2-2-1 

           Note: “1” and “2” are the labels of the two participants .  

 

These collaboration patterns reveal that no single trial was completed by only one 

participant. More specifically, each participant performed at least two out of six correct 

robotic movements in each trial except ALS group 5 (in which participant 2 performed only 

1 trial in low luminance contrast) and control group 4 (in which participant 2 performed only 

1 trial in high luminance contrast). It indicated that some sense of collaborative fellowship 

was likely present in simultaneous mode – a worthy topic for future research and 

development.  

5.2  Individual Performance 

Results showed that participants had better task performance in collaborative mode 

than individual mode. Another question is: Is it possible that collaboration elevates individual 

performance?   

To explore this question, accuracy, average individual completion time and spectral 

power were retrieved from the simultaneous mode and sequential mode. The data was 
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segregated by each individual participant’s movement selections within the task. For 

example, if participant 1 performed four movements in one trial in simultaneous mode, then, 

participant 1’s individual data in this trial would be based on those four movements. Since 

each individual participant may perform different number of movements in simultaneous 

mode, the individual task completion time would not be comparable. For comparison, 

average completion time was used in the analysis. 

ANOVA were conducted to evaluate the effects of collaboration mode and motor 

disability. The data analysis procedure was similar to that of Part 4.3.1 (Task Performance) 

and Part 4.3.2 (Brain Activity). At first, normality and constant variance assumptions 

(homoscedasticity) were assessed for each dependent variable. A Shapiro-Wilk test showed 

that normality assumptions were violated for accuracy and spectral power. A Brown and 

Forsythe’s test showed that the homoscedasticity assumption was not violated. Then, a log 

transformation was applied to accuracy and spectral power. However, it didn’t change the 

non-normality (see Table 5.2). 

 

Table 5.2  Normality and homoscedasticity test 

Dependent 

Variables 

Shaprio-Wilk Test 

for original data 

Shaprio-Wilk Test for 

log transformed data 

Brown-Forsythe test for 

original data 

Accuracy 
W=0.9701, 

p = 0.0011 

W=0.9737, 

p < 0.0028 

F5, 162 = 2.00, 

p = 0.0810 

Average 

Completion 

Time 

W=0.9897, 

p = 0.2591 
N/A 

F5, 162 = 1.76, 

p = 0.1240 

Spectral 

Power 

W=0.9009, 

p < 0.0001 

W=0.9775, 

p = 0.0079 

F5, 162 = 1.94, 

p = 0.0908 
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Then, ANOVA was utilized to analyze average completion time. A rank-based 

ANOVA was utilized to analyze accuracy and spectral power. The results of the rank-based 

ANOVA were identical to the results of the parametric ANOVA with the original data. 

Based on Montgomery (2009), results of accuracy and spectral power were also presented 

based on the parametric ANOVA. 

5.2.1  Accuracy (%) 

The analysis revealed a significant main effect of collaboration mode (F2,52 = 26.23, p 

< 0.0001), as illustrated in Fig 5.1. The error bar indicates the 95% confidence interval of one 

standard error. Tukey’s HSD test indicated that the accuracy was significantly different 

between individual mode and simultaneous mode (F1,26 = 52.20, p < 0.0001), between 

individual mode and sequential mode (F1,26 = 10.01, p = 0.0026), and between simultaneous 

mode and sequential mode (F1,26 = 16.50, p = 0.0002). The individual accuracy in 

simultaneous mode (M = 0.900, SD = 0.157) was significantly higher than that in sequential 

mode (M = 0.779, SD = 0.207), which was also significantly higher than that in individual 

mode (M = 0.684, SD = 0.147).  
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Figure 5.1  Main effect of collaboration mode on individual accuracy 

                               Note: ** p < 0.05, *** p < 0.0001. 

     

However, the analysis revealed no significant effect of motor disability (F1,26 = 0.02, 

p = 0.8861), or significant interaction effects between collaboration mode and motor 

disability (F2,52 = 0.87, p = 0.4258). 

5.2.2  Average Completion Time (second) 

The analysis revealed a significant main effect of collaboration mode (F2,52 = 35.34, p 

< 0.0001), as illustrated in Fig 5.2. The error bar indicates the 95% confidence interval of one 

standard error. Tukey’s HSD test indicated that the average completion time was 

significantly different between individual mode and simultaneous mode (F1,26 = 70.06, p < 

0.0001), between individual mode and sequential mode (F1,26 = 19.84, p < 0.0001), and 

between simultaneous mode and sequential mode (F1,26 = 15.59, p = 0.0002). The individual 

average completion time in simultaneous mode (M = 3.75, SD = 2.70) was significantly 
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shorter than that in sequential mode (M = 5.99, SD = 4.00), which was also significantly 

shorter than that in individual mode (M = 8.52, SD = 2.35). 

    

 

Figure 5.2  Main effect of collaboration mode on individual average completion time 

    Note: ** p < 0.05, *** p < 0.0001. 

 

However, the analysis revealed no significant effect of motor disability (F1,26 = 0.08, 

p = 0.7747), or significant interaction effects between collaboration mode and motor 

disability (F2,52 = 1.34, p = 0.2718). 

5.2.3  Spectral Power (   ) 

The analysis revealed a significant main effect of collaboration mode (F2,52 = 4.59, p 

= 0.0146), as illustrated in Fig 5.3. The error bar indicates the 95% confidence interval of one 

standard error. Tukey’s HSD test indicated that the individual spectral power in individual 

mode (M = 0.808, SD = 0.387) was significantly smaller than that in sequential mode (M = 
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1.049, SD = 0.648) (F1,26 = 8.65, p = 0.0049) and simultaneous mode (M = 0.981, SD = 

0.547) (F1,26 = 4.43, p = 0.0402). However, the individual spectral power was not 

significantly different between simultaneous mode and sequential mode (F1,26 = 0.70, p = 

0.4069).  

  

 

Figure 5.3  Main effect of collaboration mode on individual spectral power 

                          Note: ** p < 0.05, *** p < 0.0001. 

 

Meanwhile, the analysis revealed no significant effect of motor disability (F1,26 = 

0.00, p = 0.9588), or significant interaction effects between collaboration mode and motor 

disability (F2,52 = 0.77, p = 0.4694). 

5.2.4  Summary 

Result revealed a significant main effect of collaboration mode for task performance 

and brain activity. The accuracy and average completion time were significantly different 
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among the three modes, with highest accuracy and shortest completion time in simultaneous 

mode and lowest accuracy and longest completion time in individual mode. The spectral 

power was significantly bigger in sequential mode and simultaneous mode than that in 

individual mode. Similar to the result in Chap 4, motor disability didn’t show any significant 

main effect on individual performance or brain activity.  

The result showed that collaboration not only improved the group performance, but 

also elevated the individual performance within the group. In other words, participants had 

significantly better performance collaborating as a group member rather than completing a 

task alone.     

5.3  Performance Modeling for ALS participants 

One interesting area in BCI research is to find out the relationship between task 

performance and user demographics for participants with motor disabilities. Li, Woo, & Nam 

(2012) have investigated the relationship between user performance and ALSFRS in 10 

participants with severe motor disabilities, but were unable find any significant relationship. 

However, the participants in their research were composed of 3 subjects with ALS and 7 

subjects with CP. The heterogeneous participants reduced the validity of their result.  

This part was trying to model the task performance (completion time) by user 

demographics, such as age, gender, ALSFRS and number of years of ALS. ALSFRS is 

regarded independent from age, because ALS can affect people at any age, though it usually 

shows up in the late middle age (Kollewe et al., 2008). Since ALS is a progressive 

neurodegenerative disorder, the average ALSFRS score declines over time (Armon & Moses, 

1998; Cedarbaum & Stambler, 1997; Kimura et al., 2005). However, whether the ALSFRS 
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change is linear during the disease is to be determined  (Cedarbaum & Stambler, 1997). 

Completion time was chosen to represent the task performance based on its importance in the 

robot control task and future real applications. For any real applications in communication 

and control, it should be assumed that users could finish the task within an acceptable time 

limit. Therefore, task completion time should be the most important index. For example, all 

participants finished the task successfully in the current study, so completion time should be 

given more focus. Task completion time in individual mode with low luminance contrast was 

used to fit the model. Low luminance contrast was chosen because it is similar to the real 

application.           

5.3.1  Model Fitting 

Figure 5.4 and 5.5 shows a scatterplot and the correlations of task completion time 

and user demographics. It revealed linear trends between user demographic  (e.g., ALSFRS, 

Years) and task completion, as well as the collinearity between ALSFRS and Years. So, a 

linear model was employed. 
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Figure 5.4  Scatterplot of completion time and user demographics  

 

 

 

Figure 5.5  Correlations between time and the predictors  

 

                           

where  

  is task completion time (second),    ; 

   is age of the participant,     ; 

   is the gender of the participant (indicator variable, 1 for male and 0 for female);  

   is ALSFRS (ALS function rating) of the participant,        ; 
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   is the number of years the participant was diagnosed as ALS,     .   

Since gender is a binary variable, it is a multiple linear model with one indicator variable. 

Diagnostics revealed both the normality assumption and homoscedasticity assumption were 

not violated: Shapiro-Wilk Statistic: 0.8941, p = 0.22 (see Fig. 5.6); Chi-square = 

0.02246753, p = 0.88085. 

 

 

Figure 5.6  Normality plot 

 

A stepwise linear regression produced the final model: 

 ̂                           
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Figure 5.7  Statistical output of linear regression 

 

The model revealed a significant linear relationship between completion time and 

ALSFRS. When other variables were controlled, one unit decrease in ALSFRS will result in 

0.753 second increase in task completion time (i.e., task completion is slower). 

5.3.2  Summary 

The model fitting found a linear relationship between the completion time and 

ALSFRS. This also confirmed with the experimenter’s observations. The participant with the 

longest completion time had the most severe health conditions (smallest ALSFRS value). A 

nurse came along with the participant in order to solve any emergencies. The participant with 

the shortest completion time was diagnosed as ALS less than 6 months. Except the mild 

difficulty when moving one finger, the participant was physically comparable to able-bodied 

participants. 

As the functional status degrades, ALS patients gradually lose control of head and 

neck movement. As the result, when sitting in the wheelchair, their field of view may vary 

depending how their neck leans against the back of the wheelchair. In the study, one ALS 

participant habitually looked to the left rather than the front. The caregiver helped to change 
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the posture, but after some time, the participant moved back to the previous posture 

unintentionally (the caregiver stated the patient lost all body control). To solve this problem, 

the layout and position of visual stimuli may need to be moved to ensure it remains within in 

the field of view of the participants. Ideally, a user- friendly design should integrate all the 

visual stimuli in one movable unit that adaptively adjusts based on the position of the 

participant’s field of view.   

Also, it should be noted that there were only nine samples by which the model was 

fit; therefore, the relationship may not be wholly inclusive. To obtain a more accurate and 

encompassing model, more ALS participants should be employed in future research.            
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6. CONCLUSION 

6.1  Summary of Results 

The objective of this research was to investigate the collaborative behavior of people 

with motor disabilities using a collaborative BCI driven by steady-state visually evoked 

potentials (SSVEPs). Two studies were conducted in the research. Study 1 identified user-

specific visual stimuli in regards to the LED light frequency and color. Study 2 investigated 

the effects of collaboration mode, luminance contrast and motor disability on task 

performance, brain activity and user evaluations.  

Fourteen ALS participants and fourteen able-bodied participants of similar age were 

recruited from local ALS Association and local communities, respectively. All participants 

finished the tasks successfully with acceptable performance within time limit (mean accuracy 

= 76%). Results revealed significant main effects of collaboration mode and luminance 

contrast. Participants had significantly better task performance and stronger brain activity in 

collaborative modes (simultaneous mode and sequential mode) than individual mode. 

Meanwhile, high luminance contrast produced significantly better task performance and 

stronger brain activity than low luminance contrast. There was no significant effect of motor 

disability between ALS participants and able-bodied participants and the two groups showed 

very similar task performance and brain activity. 

Further analysis showed that collaborative mode produced collaboration patterns: 

every team member participated in the task in all trials. In addition, individual performance 

and brain activity were improved in collaborative modes compared to individual mode. 
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Finally, the study also revealed a linear relationship between completion time and ALSFRS, 

which measured the functional status of ALS patients. 

6.2  Contributions to BCI Research 

Although research has investigated the nature of collaborative BCI (Eckstein et al., 

2012; Poli et al., 2013), this study pioneered the evaluation of different collaboration modes 

with ALS patients. Result indicated that collaborative efforts produce advantages in both task 

performance and brain activity compared to tasks performed alone. Moreover, the study 

revealed the relationship between task performance (completion time) and ALSFRS.  These 

results could provide invaluable insights to the real-world applicability of the SSVEP-based 

BCI applications as a non-muscular communication and control system for people with 

motor disabilities. Additionally, this research was conducted with people with motor 

disabilities as research participants, providing precious empirical data for future applications, 

ultimately paving the way for providing a greatly improved quality of life for people with 

motor disabilities through the future of BCI. Most importantly, this research demonstrated 

that people with motor disabilities can use C-BCI as efficient as able-bodied people, which 

proved the potential of C-BCI to help those with motor disabilities.  

6.3  Research Implications in Human Factor and Ergonomics (HFE) 

First, the SSVEP-based BCI paradigm can be used as a testbed to investigate 

important topics in human factors, including attention, working memory, team work, 

decision making and situation awareness in human-computer interaction. As a method that 

could be used in neuroergonomics (Parasuraman, 2003), SSVEP-based BCI has the 

advantage of low cost and high temporal resolution. Presently there are three areas of 
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research that utilize BCI technology in a very efficient manner: visual attention, binoc ular 

rivalry and working memory. As one would expect visual attention is a very common 

cognitive mechanism that is studied through SSVEPs elicited from LED lights (Morgan, 

Hansen, & Hillyard, 1996). Binocular rivalry is the presentation of two incongruent visual 

targets that are presented simultaneously (one target in one visual hemi-field and the second 

in the other hemi-field) (Vialatte, Maurice, Dauwels, & Cichocki, 2009). In the case of 

working memory the SSVEPs are used as a frequency tag which can help better estimate a 

person’s memory load through the SSVEP amplitude (Silberstein, Nunez, Pipingas, Harris, & 

Danieli, 2001).  

External applications could also be developed and connected to the SSVEP-based 

BCI system, such as robot control, navigation, communication and entertainment games 

which would allow a multitude of HF/E topics to be further explored using BCI technology. 

Those systems can be used in a lab setting for academic research as well as practical settings 

for serving those with motor disabilities. With regards to the applications themselves, 

usability testing can be conducted and user experience can be studied and enhanced. Since 

the system works for both people with motor disabilities and without disabilities, universal 

design guidelines can be summarized and utilized effectively. As a bridge, the SSVEP-based 

BCI can connect people with and without motor disabilities, drastically improving their life 

quality, empowering them with a new level of independence and even broadening their social 

interactions. 
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6.4  Research Limitation and Future Work 

Some limitations exist in this research that warrant further study. At first, the 

experimental tasks in this study are very simple, with only six robotic movements to select, 

most tasks could be finished in less than 1 minute, which dramatically reduced the potential 

for fatigue. In contrast, a task of greater complexity would require more time and increase the 

chances of fatigue. Though the current study is unable to determine the impact that fatigue 

may have on ALS and able-bodied participant’s performance, future research with varying 

degrees of task complexity may shed light on whether a complexity threshold exists for either 

user group.  

Second, this research employed only four visual stimuli corresponding to four robot 

control commands (Grab, Release, Station1, and Station3). As the number of visual stimuli 

increases, the layout of the visual stimuli can become a concern. The layout should provide a 

user-friendly interface that prevents the interference between visual stimuli and 

accommodates the ALS users’ field of view. For the late-phase ALS users, this problem is 

absolutely critical as such user’s field of view may drift or wander uncontrollably. Further  

research should be conducted with increased number of visual stimuli to determine the 

optimal visual stimuli layout while maintaining a consistent field of view. 

Third, only two levels of luminance contrast were explored. Although it could 

qualitatively determine which level is more user friendly, it is not clear what relationship 

may exist between multiple levels of luminance contrast and task performance. Three or 

more levels should be considered in the future to discover the relationship to task 

performance and determine if a usability threshold exists. 
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Fourthly, ITR was used in the study to evaluate the SSVEP-based BCI system. 

Although ITR is the most commonly applied metric to assess the overall performance of 

BCIs (McFarland & Krusienski, 2012), it may not be appropriate to evaluate the SSVEP-

based BCI system, especially the real applications (Fatourechi, Mason, Birch & Ward, 2006; 

Yuan et al., 2013). When Wolpaw et al. (1998) defined the ITR calculation in BCI research, 

there are preconditions. For example: All the output commands should be equally likely to be 

selected. The classification accuracy should be the same for all the target symbols. However, 

those preconditions may not be strictly met in the robot control task in the study. For 

example, when the participant performed one movement, the probability of selecting the 

other target commands became a conditional probability and may not be the same. 

Meanwhile, the classification accuracy for each target symbol may not be the same since the 

participant may show different sensitivity to the visual stimuli. Therefore, a modified or a 

more appropriate metric should be developed in the future to evaluate the performance of 

SSVEP-based BCI system.         

Finally, this study modeled task performance and ALS participant demographics and 

discovered a linear relationship between completion time and ALSFRS. However, the sample 

of this study – while significantly larger than previous research – continues to remain too 

small to reach a wholly inclusive conclusion. Future research should consider larger samp le 

sizes to obtain a clearer understanding of the ALS population’s usage of BCIs.       
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Appendix A. Informed Consent Form 

North Carolina State University  

INFORMED CONSENT FORM for RESEARCH 

This form is valid from May 15, 2013 through May 14, 2014 

This consent form is valid from June 25, 2013 through June 25, 2014 

 

Title of Study: Evaluation of Collaborative Brain-Computer Interface (C-BCI) for People with Severe Motor 

Disabilities 

 

Principal Investigators: Yueqing Li  Faculty Sponsor (if applicable): Chang S. Nam, Ph.D.  

 

What are some general things you should know about research studies? 

You are being asked to take part in a research study .  Your participation in this study is voluntary. You have the 

right to be a part of this study, to choose not to participate or to stop participating at any time without penalty.  

The purpose of research studies is to gain a better understanding of a certain topic or issue. You are not 

guaranteed any personal benefits from being in a study. Research studies also may pose risks to those that 

participate. In this consent form you will find specific details about the research in which you are being asked to 

participate. If you do not understand something in this form it is your right to ask the researcher for clarification 

or more information. A copy of this consent form will be provided to you. If at any time you have questions 

about your participation, do not hesitate to contact the researcher(s) named above.  

 

What is the purpose of this study? 

The purpose of this study is to assess the performance, brain activity, and user preference in the use of a Steady-

State Visual Evoked Potential (SSVEP)-based collaborative brain-computer interface (BCI) controlled robot 

system only using brain signals (See Figure 1). SSVEP (steady-state visual evoked potential) is the brain signal 

evoked by repeated visual stimulus. SSVEP BCI system is a system that uses SSVEP to control external 

equipment (e.g., robot in this study). 

 

 

                                                     

 

Figure 1. SSVEP-based BCI: robot control system  

What will happen if you take part in the study? 

If you agree to participate in this study, you will be asked to: 

1. Submit a preliminary demographic questionnaire asking questions about age, gender and handedness.  

2. Your motor ability will be evaluated by the ALS Functional Rating Scale.  
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3. Participate in preliminary trials using the SSVEP BCI system. During these trials, you will have the 

opportunity to ask any questions and address any concerns you have with the system. 

4. Once comfortable with the system, you will participate in a series of trials using the SSVEP BCI 

controlled robot system. 

5. Throughout the experiment and at the end, you will be asked to provide subjective ratings of different 

aspects of the system. 

6. At the conclusion of the study, you will be briefed on the experiment.  

 

In total, the experiment includes 2 sessions and will take approximately 2 hours. Each session will take about 1 

hour and be held on a different day. 

 

Video recordings will be collected during the experiment. Any video recordings collected will be kept in secure 

computer storage until the project ends.  No informat ion in video record ings that identifies participants in any 

way will be released without their separate written approval.                                                                         

 

Risks 
EEGs we will be recording are non-invasive and are considered very safe. However, slight redness may occur in 

the locations where the electrodes and electrode gels were placed, but this will disappear after a few hours.  

There is a slight risk that exposure to a blinking light could result in an epileptic seizure, especially if you have 

a history of seizures.  If you have a history of seizures, you should inform the experimenter immediately.  By 

signing this consent form, you are confirming that you have no known history of epilepsy.  If at any point 

during the experiment you start to feel any discomfort, you are encouraged to inform the experimenter and the 

study will be stopped either permanently or until you are comfortable to resume the experiment.  

 

 

Benefits 

The results of this study will ideally help create the most comfortable and efficient SSVEP-based collaborative 

BCI system for future users, specifically  users with physical disabilit ies, the population for which this system is 

intended to improve the life quality. 

 

Confidentiality 

The information in the study records will be kept confidential to the full extent allowed by law.  Data will be 

stored securely in lab computers and the computers of the principle investigators.  No reference will be made in 

oral or written reports that could link you to the study. You will NOT be asked to write your name on any study 

materials. 

 

Compensation  

You will be compensated at the rate of $10 per hour for participation in this research. You will be fully 

compensated even if you withdraw before the completion of the experiment.                                                                    

 

What if you are a NCSU employee? 

Participation in this study is not a requirement  of your employment at  NCSU, and your participation or lack 

thereof, will not affect your job. 

What if you have questions about this study? 

If you have questions at any time about the study or the procedures, you may contact the principal researcher, 

Yueqing Li at yli48@ncsu.edu or 479-200-5977. 

 

What if you have questions about your rights as a research participant? 

 If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in 

research have been violated during the course of this project, you may contact Deb Paxton, Regulatory 

Compliance Administrator, Box 7514, NCSU Campus (919/515-4514) or faculty advisor, Dr. Chang S. Nam at 

csnam@ncsu.edu. 

mailto:yli48@ncsu.edu
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Consent To Participate 

“I have read and understand the above information.  I have received a copy of this form.  I agree to participate 

in this study with the understanding that I may choose not to participate or to stop participating at any time 

without penalty or loss of benefits to which I am otherwise entitled.” 

 

 

Subject's signature_______________________________________  Date _________________ 

 

 

Investigator's signature__________________________________ Date _________________ 
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Appendix B. Screening Questionnaire 

 
 

1. Name ____________________ 
 
2. Gender:   A) Female     B) Male 

  
3. Age: ___________ 

  

4. What is you handedness? 
 

A) Left-handed     B) Right-handed 
 

5. What is visual acuity (regular or corrected vision)? Glasses and/or contact lens are OK. 
 
A) 20/20 or better     B) worse than 20/20 

 
6. Do you have or have you ever had a seizure? 

  
A) Yes     B) No 
 

7. Do you have or have you ever had epilepsy? 
  

A) Yes     B) No 
 
8. Do you have or have you ever had any skin allergies? 

  
A) Yes     B) No 
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Appendix C. Demographics Questionnaire for Ablie-bodied Participants 

 

Participant No. ______________  (for the experimenter) 
 
1. Name ____________________ 

 
2. Gender:   A) Female     B) Male 

  
3. Age: ___________ 
  

4. Highest education: __________________ 
 

A) High School     B) College     C) Graduate     D) Other 
      
5. What is you handedness? 

 
A) Left-handed     B) Right-handed 

 
6. Have you ever used the BCI system (or similar systems) before?  
 

A) Yes     * How many times? _______________ 
 

B) No 
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Appendix D. Demographics Questionnaire for Participants with Motor Disabilities 

 

Participant No. ______________  (for the experimenter) 
 
1. Name ___________________________ 

 
2. Gender:   A) Female     B) Male 

 
3. Age: ___________    
 

4. Highest education:    
 

A) High School     B) College     C) Graduate     D) Other 
 
5. What is you handedness? 

 
A) Left-handed     B) Right-handed  

  
6. Type of physical impairment:  
 

A) Amyotrophic lateral sclerosis (ALS)     B) Cerebral palsy     C) Traumatic brain injury       
 

D) Brainstem stroke     E) Brain or spinal cord injury     F) Muscular dystrophies  
 
G) Multiple sclerosis     H) Other  

 
7. Severity of your physical impairment:   

 
A) Inability to move     B) Partial ability to move     C) Ability to move             
 

8. When did you have the physical impairment?  __________________ 
 

9. Have you ever used the Brain-Computer Interface (BCI) system before? 
  
A) Yes     B) No 

 
If yes, how long?    A) 1 ~ 3 months       B) 3 ~ 6 months  C) 6 months ~ 1 year       

 
D) > 1 year  
  

If yes, how often each week?   A) 1 ~ 2 B) 3 ~ 5       C) 6 ~ 8     D) 8 ~ 10       
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E) > 10 

  
8. How would you rate the difficulty of moving your muscles voluntarily? 

 
A) Always difficult B) Sometimes difficult    C) Occasionally difficult   D) Easy    
 

E) Always easy 
 

9. Do you use other means to communicate (e.g., sign language, gestures, drawing, etc)?  
 
A) Yes     B) No 

 
If yes, what means do you use most often? A) sign language   B) gestures   C) drawing    

 
D) other 
 

What is the other means you use?  
 

__________________________________________________   
 
10. How easily do you think you write (or type) anything? (e.g., notes, e-mails,  

 
message, etc.) 

 
A) Always difficult     B) Sometimes difficult     C) Occasionally difficult      D) Easy       
 

E) Always easy 
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Appendix E. Questionnaire of Study 1 

 

1. Name_______________ 
 
2. Participant No. _______________ (for experimenter only) 

 
3. Which of the follow condition do you like most in the experiment? 

 
A) Low (frequency) + blue (color) 
    

B) Low (frequency) + red (color) 
 

C) Low (frequency) + green (color) 
   
D) Medium (frequency) + blue (color)    

 
E) Medium (frequency) + red (color) 

 
F) Medium (frequency) + green (color) 
 

G) High (frequency) + blue (color)    
 

H) High (frequency) +red (color) 
 
I) High (frequency) + green (color)   

 
J) No preference 

 
Please explain briefly of your choice above. 
 

____________________________________________________________________ 
 

____________________________________________________________________ 
 
4. If you prefer other colors rather than those provided in the experiment, please list here. 

 
___________________________________________________________________ 

5. Which of the follow condition do you dislike most in the experiment? 
 

A) Low (frequency) + blue (color)    
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B) Low (frequency) + red (color) 

 
C) Low (frequency) + green (color) 

   
D) Medium (frequency) + blue (color)    
 

E) Medium (frequency) + red (color) 
 

F) Medium (frequency) + green (color) 
 
G) High (frequency) + blue (color)    

 
H) High (frequency) + red (color) 

 
I) High (frequency) + green (color)    
 

J) No preference 
 

Please explain briefly of your choice above. 
 
____________________________________________________________________ 

 
____________________________________________________________________ 

 
6. Please provide your comments of the experiment you participated so that we can improve 

in the future. Thanks a lot. 

___________________________________________________________________ 

___________________________________________________________________ 
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Appendix F. Questionnaire of Study 2 

 

1. Name_______________ 
 
2. Participant No. _______________ (for experimenter only) 

 
3. Which of the follow condition do you like most in the experiment? 

 
A) Individual Mode + Low Luminance Contrast 
 

B) Individual Mode + High Luminance Contrast 
 

C) Sequential Mode + Low Luminance Contrast 
   
D) Sequential Mode + High Luminance Contrast 

 
E) Simultaneous Mode + Low Luminance Contrast 

 
F) Simultaneous Mode + High Luminance Contrast 
 

G) No preference 
 

Please explain briefly of your choice above. 
 
____________________________________________________________________ 

 
____________________________________________________________________ 

 
4. Which of the follow condition do you dislike most in the experiment? 
 

A) Individual Mode + Low Luminance Contrast 
 

B) Individual Mode + High Luminance Contrast 
 
C) Sequential Mode + Low Luminance Contrast 

   
D) Sequential Mode + High Luminance Contrast 

 
E) Simultaneous Mode + Low Luminance Contrast 
 

F) Simultaneous Mode + High Luminance Contrast 
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G) No preference 

 
Please explain briefly of your choice above. 

 
____________________________________________________________________ 
 

____________________________________________________________________ 
 

5. How do you think the SSVEP-based Collaborative BCI can help you in your life? 
 
A) Very helpful      

 
B) Somewhat helpful      

 
C) Not helpful 

     

6. Please rate your level of being tired while using the SSVEP-based collaborative BCI? 
 

A) Not tired      
 
B) Somewhat tired      

 
C) Tired 

 
7. How would you rate the level of annoying of the flickering LED lights? 
  

A) Not annoying      
 

B) Somewhat annoying      
 
C) Annoying 

 
8. Please provide your comments on the SSVEP-based collaborative BCI so that we can  

 
improve in the future. Thanks a lot. 
 

________________________________________________________________________ 
 

________________________________________________________________________ 
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Appendix G. ALS Functional Rating Scale 

 

Name_______________ 

Gender______________ 

Date________________ 

1. Speech 

A) Normal speech process 

B) Detectable speech disturbance 

C) Intelligible with repeating 

D) Speech combined with nonvocal communication 

E) Loss of useful speech 

2. Salivation 

A) Normal 

B) Slight but definite excess of saliva in mouth; may have nighttime drooling 

C) Moderately excessive saliva; may have minimal drooling 

D) Marked excess of saliva with some drooling 

E) Marked drooling; requires constant tissue or handkerchief  

3. Swallowing 

A) Normal eating habits 

B) Early eating problems-occasional choking 

C) Dietary consistency changes 

D) Needs supplemental tube feeding 
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E) NPO (exclusively parenteral or enteral feeding) 

4. Handwriting  

A) Normal 

B) Slow or sloppy; all words are legible 

C) Not all words are legible 

D) Able to grip pen but unable to write 

E) Unable to grip pen 

5. Cutting food 

A) Normal 

B) Somewhat slow and clumsy, but no help needed 

C) Can cut most foods, although clumsy and slow; some help needed 

D) Food must be cut by someone, but can still feed slowly 

E) Needs to be fed 

6. Dressing and hygiene 

A) Normal function 

B) Independent and complete self-care with effort or decreased efficiency 

C) Intermittent assistance or substitute methods    

D) Needs attendant for self-care 

E) Total dependence 

7. Turning in bed 

A) Normal 

B) Somewhat slow and clumsy, but no help needed 
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C) Can turn alone or adjust sheets, but with great difficulty 

D) Can initiate, but not turn or adjust sheets alone 

E) Helpless 

8. Walking 

A) Normal 

B) Early ambulation difficulties 

C) Walks with assistance 

D) Non-ambulatory functional movement only 

E) No purposeful leg movement     

9. Climbing stairs 

A) Normal 

B) Slow 

C) Mild unsteadiness of fatigue 

D) Needs assistance 

E) Cannot do 

10. Dyspnea (Difficult or labored breathing) 

A) None 

B) Occurs when walking 

C) Occurs with one or more of the following: eating, bathing, dressing (ADL) 

D) Occurs at rest, difficulty breathing when either sitting or lying 

E) Significant difficulty, considering using mechanical respiratory support 

11. Orthopnea (difficult or painful breathing except in an erect sitting or standing position) 
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A) None 

B) Some difficulty sleeping at night due to shortness of breath. Does not routinely use more 

than two pillows 

C) Needs extra pillow in order to sleep (more than two) 

D) Can only sleep sitting up 

E) Unable to sleep 

12. Respiratory insufficiency 

A) None 

B) Intermittent use of BiPAP 

C) Continuous use of BiPAP 

D) Continuous use of BiPAP during the night and day 

E) Invasive mechanical ventilation by intubation or tracheostomy   

13. How many years since onset of symptoms? 

_______ years 

Note:  

1. BiPAP stands for Bi-level Positive Airway Pressure. It is a breathing apparatus that helps 

people get more air into their lungs. 


