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Abstract - Brain-machine interfaces (BMI) and 
brain-computer interfaces (BCI) provide the brain 
with a new, non-muscular channel through which the 
brain can send messages and demands to the external 
environment.  These interfaces are communication 
devises that extract electrical signals from the brain, 
either invasively or non-invasively, and translate them 
into output actions to control any number of output 
devices. Much research has been conducted involving 
ways of improving non-invasive methods to match the 
performance of invasive methods. One way of 
improving non-invasive methods is to improve the 
performance of the feature extraction method.  
Current BCIs are implemented mainly using the Fast 
Fourier Transform (FFT) and Autoregressive method 
(AR).  However, research suggests that the Wavelet 
Packet Transform (WPT) would work better on the 
non-stationary EEG signals.  The goal of this project is 
to test and compare the performance of these three 
signal processing methods and determine which most 
accurately determines the user’s intent. 
 
1. INTRODUCTION 
 
       There are many disorders that disrupt the 
neuromuscular channels of the brain, which results in the 
brain being unable to communicate with its external 
environment. These disorders affect more than two 
million people in the United States alone [1]. Those most 
seriously affected can lose complete control of their 
limbs, rendering them locked into their bodies and 
incapable of any form of communication with their 
environment. Brain-machine interfaces (BMI) and brain-
computer interfaces (BCI) provide the brain with a non-
muscular channel through which the brain can send 
messages and demands to the external environment [2].  
By opening up this channel of communication, 
researchers are able to dramatically improve the quality of 
life for many disabled individuals.  This paper is a survey 
of the progress made in BMI and BCI research.  
 
2. BMI VS. BCI  
 
       In research today, the terms BCI and BMI are used 
almost interchangeably. These interfaces are 

communication systems that acquire specific features of 
brain activity and translate them into output actions. 
The technical difference between these two interfaces is 
the intended output device.  In a BMI, the translated input 
signals are sent directly to a mechanical assistive device.  
On the other hand, in a BCI, translated input signals are 
sent first to a computer. These signals could be used in a 
computer based application, such as, controlling cursor 
movement or a spelling application[2], or could be 
transferred to a mechanical assistive device, such as a 
prosthetic limb [1]. 
 
2. MAIN COMPONENTS 
       A BMI/BCI is made up of five main components: a 
signal acquisition module, a two part signal processing 
module, a data output module, and an operating protocol 
module. In the following, we briefly discuss each module 
in turn.   
 

Fig. 1 [4] Basic design and operation of any BCI system.   
 
       As shown in the above diagram, the signal acquisition 
module extracts electrical signals from the brain, either by 
invasive methods, which use specific neuron firing 
patterns/rates or non-invasive methods, which use rhythm 
amplitudes [2]. This module then amplifies and digitizes 
these signals and sends them over to the signal processing 
module.   
       In the first part of signal processing, specific signal 
features, which encode the users’ commands, are 
extracted from the digitized signals.  In the second part, 
these signals are sent to a translation algorithm [2], where 
the signal features are translated into desired output 
actions.  Some of the desired movements for motor 



prosthetics include: movement of a cursor, clicking a 
button, and specification of complex time-varying 
trajectories, such as reaching for an object [1].  
Continuous movements, such as following an object with 
a hand, can be represented via a three-dimensional 
coordinate system.  This module distinguishes between 
distinct states of limb movement, such as reaching and 
grasping. 
       The ability of the system to identify a user’s intent 
helps reduce the decoding error. BMIs are now capable of 
accurately predicting movement for 90% of trials in real 
time or within only milliseconds delay [1].  In addition, 
patients are able to improve the decoding the system’s 
interpretation of intent through practice.    
        
 
 
These device commands are sent to the data output 
module, which uses them to run an output application or 
an electronic device.  Below in Fig. 2, two device 
applications are depicted; image A is a simple cursor 
movement application and B is a simple spelling 
application.   

   
      A     B 
Fig. 2 [4] Implementation of a non-invasive BCI with electrodes 
positioned on the top of the scalp.   
 
        In an open-looped BCI, the output is not accessible 
to the user.  However, in a closed loop BCI, this output is 
sent back to the subject’s brain.  The brain uses this 
feedback to maintain and improve the accuracy of the 
system. 
       The final module, operating protocol, specifies all the 
specific details about how the interface will run.  It 
defines how the system will be turned on and off, whether 
communication is continuous or not, what feedback will 
be provided to the user, and much more [2]. 
 
 
3. INVASIVE AND NON-INVASIVE 
METHODS 
 
3.1 Non-invasive Methods and Their Limitations 
       In non-invasive methods, electrodes are placed on the 
subject’s scalp.  These electrodes recode rhythm 
amplitudes via electroencephalography (EEG) [3], which 
is a measurement of electrical activity produced by the 
brain.  Researchers have used non-invasive methods to 
train subjects to control a computer cursor using µ-
rhythms [4].  µ-rhythms are oscillations detected by the 

brain during actual and imagine movements.  In these 
studies, the subject increased the amplitude of the µ-
rhythm to move the cursor in an upward direction and 
decreased the µ-rhythm to move the cursor in a downward 
direction. 
 
 

 
Fig. 3 [4] Implementation of a non-invasive BCI with electrodes 
positioned on the top of the scalp.   
 
       Non-invasive methods have many limitations.  The 
rate at which information is extracted from the EEG 
signal is low, only 20-30 bits per minute [4].  This low 
information rate is acceptable for cursor movement or 
spelling applications, but it is insufficient for the control 
of mechanical assistive devices, which require real-time 
extraction and translation of a user’s intent.  In addition, 
the signals obtained only represent a field of potential, 
rather than the specific activity of a single neuron.   
 
3.2 Invasive Methods 
       In invasive methods, electrodes are implanted into 
regions of the brain in order to obtain signals from 
specific neuron firing patterns or rates.  The region of the 
brain in which the electrode is implanted is very 
important.  Early researchers believed that the motor 
cortex [5] was the optimal location because it was the area 
of the brain associated with motion.  However recent 
research has shown that different and multiple locations 
may produce better signals.  Some of the alternative sites 
include: the parietal cortex, the premotor cortex, the 
frontoparietal cortices, and the motor cortex and premotor 
cortex simultaneously.   
       Invasive methods solve many of the limitations of 
non-invasive methods.  Many can acquire and translate a 
user’s intent in real-time.  They record specific neuron 
patterns, rather than a field of potential.  Invasive methods 
also may give better signal-to-noise ratios, because the 
scalp can distort signals [2]. 
 
4. FEEDBACK  
       The need for real-time feedback is essential when 
creating BCIs for clinical application.  The human brain 
uses two feedback mechanisms: (1) online control and 
correction of errors during the execution of movement, 
and (2) learning, which is the gradual adaptation of motor 
commands, after the execution of one or two movements 
[3]. The goal of a BCI is to effectively replicate these 



types of feedback. By creating a closed-loop interaction 
between nerve cells and an electronic device, it allows for 
the possibility of combining synthetic characteristics of 
neural tissues with the adaptive control of neural devices 
[3].  Vision is crucial to the guidance of long-term 
adaptation of movement.  Monkeys trained to control a 
computer cursor by using their visual system to adapt 
their brain to control the cursor movement.  In addition, a 
control algorithm was ‘co-adapted’ to deal with changes 
in directional properties of the recorded neurons.  After 
each session, the directional tuning of a set of neurons 
seemed to settle into a stable arrangement, which suggests 
these changes were adaptive, occurring as the nervous 
system switched between direct control (by the control 
algorithm) and brain control.  
 
5. CURRENT BCI IMPLEMENTATIONS   
 
5.1 Visual Evoked Potentials (VEP) 
       In the 1970s, Jacques Vidal used the VEP recorded 
from electrons placed on the scalp over the visual cortex 
in order to determine the direction of the subject’s eye 
gaze [2]. By determining the user’s fixation point, 
researchers thus determined the direction the subject 
wanted to move the cursor. 
       Another BCI that utilizes VEP has a user face a 
screen displaying 64 symbols in an 8 x 8 square.  The user 
concentrates of the symbol he or she would like to select.  
Then, subgroups of these symbols undergo a fine 
red/green check pattern alternation 40 – 70 times per 
second [2]. If the user’s intended symbol is in the 
subgroup there will be a spike in the VEP reading.   
       Each symbol is included in several subgroups and all 
the subgroups are shown multiple times.  The comparison 
of the VEP amplitude after the stimulus is processed and 
the user’s VEP template already established results in 
highly accurate determination of the intended symbol. 
Volunteers with and without disabilities were able to 
control the application in 10-12 words/min [2]. 
 
5.2 Slow Cortical Potentials (SCP) 
       Slow Cortical Potentials are slow voltage changes 
generated in the cortex.  They are among the lowest 
features of EEG signals recorded from the scalp. These 
potential shifts occur between 0.5-10.0s [2]. 
       In the standard format, SCPs are extracted from the 
recorded EEG signals and fed back to the user via visual 
feedback from a computer screen displaying one choice 
on the top and another choice on the bottom. The 
selection process takes four seconds.  During the first two 
seconds, the system measures the user’s initial voltage 
level.  Then the user selects the top or bottom choice by 
increasing or decreasing the voltage level [2].  
 
5.3 P300 evoked potentials 
       Other BCIs utilize P300 evoked potentials, which 
refer to the peak of 300 ms reached in the EEG when 
infrequent or particularly significant auditory, visual or 

somatosensory stimuli are mixed together with frequent 
or routine stimuli [2]. 
       In one application, a user faces a 6 x 6 grid of 
symbols. Every 125 ms, a single row or column flashes.  
In one trial each row or column flashes twice, resulting in 
a total of 12 flashes. The user selects a particular symbol 
by counting how many times a row or column containing 
that symbol flashes. Only the choice desired by the user 
evokes a large P300 potential recorded over the 
sensorimotor cortex. This method, unlike VEP and SCP, 
requires no initial user training. 
 
5.4 µ and β Rhythms 
       µ rhythm is an oscillation measurement representing 
8-12 Hz EEG activity in the primary sensory or motor 
cortical areas when they are not engaged in processing 
sensory input or producing motor output. β rhythms, on 
the other hand, represent 18-26 Hz of EEG activity in the 
sensorimotor cortex [2]. These rhythms are associated 
with those areas most directly connected to the brain’s 
normal motor output channels. Movement or the 
preparation for movement is usually accompanied by a 
decrease in µ and β rhythms. Increase in these rhythms 
occurs after a motion with relaxation. Thus, BCIs 
implemented using these rhythms do not require actual 
movement, but can function with simply imagined 
movement as well. 
 
 
6. PROMINENT RESEARCH  
 
6.1 Early Research 
       Research on BCIs began in the 1970s with 
researchers developing algorithms to replicate movement 
by recording neuron firing rates in the motor cortex.  One 
group of researchers [5] showed that monkeys were able 
to learn how to control the firing rates of these neurons 
via a closed-loop system, which utilized punishments and 
rewards.  In the 1980s researchers [5] discovered a 
mathematical relationship between electrical responses of 
motor cortex neurons and the direction that monkeys 
moved their arms.  It was also discovered that different 
areas of the brain, not only the motor cortex, collectively 
controlled motor commands. 
 
6.2 Later Research 
 
       A group of researchers [3] used monkeys as subjects 
and implanted electrodes into the region of their brain 
believed to participate in movement planning, the 
posterior partial cortex.  The monkey subjected to this 
experiment had to reach towards one of two targets on a 
touch screen.  A probabilistic algorithm was designed to 
predict the preferred target based on the neuron signals 
discharged during the period of delay before the monkey 
made any movement.  Within 50 trials, the monkeys were 
able to regulate this discharge and indicate the intended 
target without movement. 



 
Fig 4 
 
In another experiment [2], monkeys were trained to reach 
or grasp objects on a computer screen by using a joystick.  
A robot arm replicated the monkeys’ movements (See 
Fig. 4).  The BCI utilized velocity predictions in order to 
control reaching and grasping movements.  When the 
monkeys were shown the robotic arm, they quickly 
learned how to control it by observing its movements. 
 
6. CLINICAL APPLICATIONS  
 
       It was not until the middle of the 1990s that BCIs 
were tested on humans.  In 1998, a patient suffering from 
“locked-in syndrome” had an electrode implanted into his 
brain. After several weeks of training, the patients learned 
how to control a cursor on a computer and spell out words 
using a spelling application [5]. 
        In 2002, a man who went blind during his adulthood 
became the first of sixteen patients to receive a vision 
implant.  This was a leap in BCI technology, because for 
the first time the implant was installed without having to 
be hooked up to a large mainframe.  It only offered black-
and-white vision at a considerably slow frame rate.  
However, he was able to slowly drive a car around the 
institution’s parking lot [5].   
        Cyberkinetics Neurotechnology invented 
BrainGate[5], an invasive BCI which allowed a patient to 
control a prosthetic arm.  In 2005, a tetraplegic patient 
became the first person to control a prosthetic arm via this 
technology. 
 
7. FUTURE WORK 
7.1  Specific Aims 

Accurate recognition of the EEG pattern is a key 
problem in current BCI research. This project aims to test 
and compare the performance of three methods of feature 
extraction: Wavelet Packet Transform (WPT), Fast 
Fourier Transform(FFT) and Autoregressive model(AR). 
7.2 Significance  

At present, the FFT and AR methods of feature 
extraction are most commonly used in BCI 
implementations.  However, both these models are unable 
to describe signal information in various time windows 

and frequency bands.  Since, EEG signals are 
nostationary, a feature extraction method that would be 
able to describe signal information more dynamically is 
necessary.  Accurate feature extraction is essential to the 
success of BCI implementations in the future. It is this 
phase, together with the translation algorithm, which is 
responsible for accurately distinguishing a user’s intent. 
By improving the accuracy of feature extraction, 
researchers will be able to implement their BCIs to do 
much more complicated tasks.  In addition, it will bring 
the non-invasive BCIs closer to invasive BCIs in terms of 
capabilities. 
 
 
7.3 Experimental Data 
        The data that will be used for this study were 
collected by Zak Keirn at Purdue University.  It is made 
publically available by Chuck Anderson, a professor from 
Colorado State University [6]. In the following, the data 
will be briefly discussed.   

Seven subjects participated in the study and the 
number of trials varied for each subject.  Below is a table 
of the subjects and the number of trails each performed. 

Fig 5 [7] 
 
       In this study only the data from the subjects who 
completed 10 trials will be used, in order to maintain 
uniformity. Thus, data from subjects 1, 3, 4 and 6 will be 
analyzed. EEG samples were recorded for 10 seconds 
during each mental task. The subjects were asked to 
perform five mental tasks. In the following, we will 
discuss each in turn [7]. 

Baseline task: This was used as a control task.              
Subjects were asked to simply relax and think of 
nothing in particular. 
 
Math Task: Subjects were given non-trivial 
multiplication problems and asked to solve them 
without vocalizing the answer. The problems were 
designed so that an immediate answer was not 
apparent, such as 42 * 18. 
 
Geometric figure rotation task: Subjects were given 
30 seconds to study a 3D shape.  Then the shape was 
taken away and they were asked to visualize the 
object rotating around an axis in their minds. 
 



Mental letter-composing task: Subjects were asked to 
compose a letter to their friend in their mind, without 
vocalizing it. 
 
Visual counting task: Subjects were asked to visualize 
numbers being written sequentially on a blackboard, 
with the previous number being erased before the 
next number was written. 
 

       For both the visual counting task and the mental 
letter-composing task, subjects were asked to resume 
where they left off after trial one in trial two, instead of 
starting over. 
       I will also look for additional EEG sample data 
acquired from motor imagery tasks. Each of the methods 
of feature extraction in question will be used to extract the 
features from the EEG signals acquired from all the 
sample data. I will analyze the accuracy of the method by 
how well each feature extraction method differentiates 
between the mental tasks and thus determines the 
subject’s intent.  
 
7.4 Existing Research / Research Methodologies 
        Since feature extraction is such an essential part of 
BCI advancement, very extensive research has been 
conducted on the best method of feature extraction.                            
       This project was specifically influenced by the 
research of Vinod A. Prasad, an assistant professor in the 
school of computer engineering at Nanyang 
Technological University. He proposed that WPT would 
be a better choice for EEG feature extraction because it 
captures non-stationary data such as frequency variation 
and magnitude undulation [8]. 
      A wavelet has multiple resolutions, including spectral 
and temporal resolution. It gives faster response and high 
accuracy in capturing temporal changes. His research 
showed that WPT-based EEG feature extraction was more 
accurate than both the FFT and AR methods in both 
mental tasks, such as multiplication, and motor imagery 
tasks, such as, playing basketball with right hand. 
      Haun and Palaniappan compared the classification 
performance among six different feature extraction 
methods [7]. Although WPT was not among their 
comparison, their research noted the weaknesses of the 
FFT and AR. In addition, they provided helpful 
information on the location of EEG sample data to use for 
this project. 
      Due to time restraints, I plan on using existing 
implementations of the WPT, FFT, and AR signal 
processing models.  With the results of this experiment, I 
may begin a new project to work on improving or 
modifying the best method even further. 
 
7.5 Qualifications 
      I sufficient background knowledge and experience to 
complete this project. I have a degree in Computer 
Science and a concentration in pre-med. Courses 
completed at Villanova University, such as Digital Signal 
Processing, Calculus III, Differential Equations, Biology, 

and Psychology of Perception have provided  me  with a 
firm foundation of educational background. 
 
7.6 Timeline 
This project is to be completed within a two-month time 
frame. Below is a tentative timeline for the project: 
 
Weeks 1-2: Complete all necessary research and compile 
all EEG samples for both mental and motor imagery. 
 
Weeks 3-4: Select the EEG samples to use for the project. 
Use FFT and AR to extract the features from the EEG 
signals. Record the accuracy of each method in 
differentiating between the tasks for both motor and 
mental imagery.    
 
Weeks 5-6: Using WPT, extract the features from the 
EEG signals. Record the accuracy of WPT in 
differentiating between the tasks for both motor and 
mental imagery. 
 
Weeks 7-8: Analyze and interpret results. Record 
findings, discuss their meaning, and propose future 
research in this field based on findings. 
 
 
 
8. CONCLUSIONS 
        BCI technology allows paralyzed individuals to 
communicate with their external environment. The 
interface works by extracting signals from the brain either 
via invasive or noninvasive methods. Important features 
are extracted from these signals and then they are 
translated into desired output actions. These output 
actions are then sent to an output application or electronic 
device. 
        Real-time feedback is an essential feature of BCI 
implementations. Any BCI used to control mechanical 
assistive devices must be able to detect and interpret a 
user’s intent in real-time. Visual and audio feedback has 
allowed current BCI technology to achieve this goal. 
        BCI research has made great strides over the years.  
It has already provided many disabled individuals with 
links to their environment, allowing some to control 
computer applications and operate a prosthetic arm and 
even restoring vision in individuals who had gone blind in 
adulthood.  However, the field of BCI research is still 
being explored and there is much more progress to be 
made in the area of clinical applications of this research. 
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