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Abstract- This paper discusses the creation of a system for
computer-aided communication through automated analysis
and processing of electrooculogram signals. In situations of
disease or trauma, there may be an inability to communicate
with others through standard means such as speech or
typing. Eye movement tends to be one of the last remaining
active muscle capabilities for people with neurodegenerative
disorders, such as amyotrophic lateral sclerosis (ALS) also
known as Lou Gehrig’s disease. Thus, there is a need for eye
movement based systems to enable communication. To meet
this need, the Telepathix system was designed to accept eye
movement commands denoted by looking to the left, looking 
to the right, and looking straight ahead to navigate a virtual 
keyboard. Using a ternary virtual keyboard layout and a 
multiple feature classification model, a typing speed of 6
letters per minute was achieved.

Keywords- electrooculography, computer control, hands
free speller, eye movement analysis, amyotrophic lateral
sclerosis, ALS, Lou Gehrig’s disease, sensorimotor and 
neuromuscular systems.

I. INTRODUCTION

The eye acts as a dipole with the front of the eye 
electrically positive in reference to the electrically
negative back of the eye. This phenomenon was first
observed by Emil du Bois-Reymond in 1848 and is
foundational in electrooculography [1].

Electrooculograms are taken with bi-polar electrodes on
the outside of each eye. Exact electrode placements vary,
but the electrodes are generally placed on the temples or 
on the distal ends of the forehead. When there is eye
movement, a differential potential results that is also
related to the magnitude of rotation. In Figure 1, the
magnitudes of the right and left eye movement can be
seen as 150 μV and -75 μV respectively. The recorded
polarity is dependent on the electrode setup since the
signal is positive when the eyes are moving toward the
positive electrode [1].

Figure 1. An illustration of the electrooculogram signal generated by 
horizontal movement of the eyes [1] 

Today the recording of the electrooculogram is a
routinely applied diagnostic method for investigating the
human oculomotor system, such as in sleep studies [2]. It
has been established that electrooculography has potential
in applications beyond diagnostics, for instance, in 
assisting the disabled [3, 4]. Recent advances in robotics
have led to the development of eye movement based 
systems to facilitate patient mobility [5]. In addition to 
assisting in movement, enabling communication is
paramount.

With the technology described in this paper, a person
with limited motor control such as someone with ALS,
can have a new means to communicate. In the U.S. alone
30,000 people are currently suffering from ALS and there
are 5,000 new cases each year. As the oculomotor nuclei 
have some resistance to the crippling neurodegenerative
effects of ALS, possibly due to the role of glutamate
neurotransmitter transporters, eye movement is one of the
last remaining active muscle capabilities in the latter part
of the disease [6]. Thus, utilizing eye movement is at the
core of our strategy for enabling extended communication
ability.
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II. METHODOLOGY

The system, named Telepathix, was created to allow 
users to interact with a computer only by moving their
eyes. The system prompts the user to make eye movement
commands to navigate the ternary keyboard shown in
Figure 2. With each successive eye movement command
(Left, Center, or Right) the keyboard iteratively splits into
thirds until a letter is chosen. The letter selection process
ends when the user initiates the stop sequence by “typing”
two blank spaces.

Figure 2. Ternary keyboard for electroocular spelling interface

A. User Interface
The Telepathix system employs a multi-colored virtual

keyboard and a prompt line to facilitate usage. If the user 
wanted to spell “hi” using eye movement commands and
was presented with the keyboard in Figure 2, he or she
would go through an iterative three step process to select 
each letter. Specifically in the “hi” case, when prompted,
the user would first make a Left eye movement command
to select the left third, or blue third, of the keyboard. Then
the keyboard would change, only to present the nine
letters of the selected third. Next, the user would make a 
Right eye movement command to select a third of the blue
letters, namely, the g, h, and i. The interface would then
orient the final three letters horizontally, and so the user
would make a Center eye movement command to select
the h. Thus, the user would have selected the h. Choosing
the i would be a similar process.

B.  System Setup
Signals were acquired through two bi-polar electrodes

placed on the user’s forehead. The overall system setup 
can be seen in Figure 3. The Gould box was used for 
basic filtering and signal amplification, the Data
Acquisition (DAQ) hardware for converting signals from
analog to digital form, and the Laptop for digital signal
processing, classification, and user feedback. The signals
were acquired at 200 samples per second and for three
second time windows. 

Figure 3. System setup showing major components

C. Ideal Signals
In Figure 4, there are four instances of clearly

identifiable eye movement commands: Center as denoted
by a comparatively flat line due to no eye movement, Left
as denoted by an initial positive potential followed by a 
negative potential, Right as denoted by an initial negative
potential followed by a positive potential, and Blinks as
denoted by sharp lower magnitude peaks.

Figure 4. Recorded eye movement commands to navigate keyboard

Ideally, the user’s eye movement commands would
always result in clearly distinguishable signals as shown
in Figure 4. The classification problem of determining
where the user wanted to go on the keyboard would in
turn be much simpler. However, clearly distinguishable
signals are not always acquired, as can be seen in the
eighth exemplar of a live spelling trial shown in Figure 5.

Figure 5. Possible Right or Center eye movement command
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�� Filtering�
To assist in choosing appropriate features and to have a

stronger foundation for a classification scheme, a 
smoothing filter was employed to improve the ability to
distinguish the exemplars and thus their respective eye 
movement commands. Two examples of filtered signals,
one being the ambiguous signal from above and the other
a clear signal, are seen in Figure 6. After filtering, Center
and Left eye movement commands were determined.

Figure 6. Effect of smoothing filter (bottom two panels) on original 
signal data (top two panels)

E. Feature Identification
To create a robust classifier, representative and 

significant features must be selected. The following are
the set of features that were explored in developing a 
classification scheme:

1. Peak Polarity – Left and Right commands
correspond to positive and negative potentials,
respectively.

2. Slope – In comparison to noise and artifacts,
there exists a characteristic slope for potential
changes due to eye movement.

3. Threshold – Left and Right commands generally
exceed a set value in their respective directions.

4. Mean Value – Since the Center command is
given by no eye movement, the mean for those
commands should be near zero.

5. Command Timing – Since the user is prompted
and then a three second command recording
window opens, the true command signal start point
should be expected with a slight delay due to
human response time.

6. Peak Duration – In comparison to noise or
interference, true command signals have
characteristic peak durations.

7. Correlation of Model Peak – A characteristic
peak can be created and used to serve as a model to 
find similar peaks in other signals. 

F. Classification
The classifier is used to determine true eye movement

commands amidst random eye movement and noise. The
three eye movement commands each have unique
characteristics, but the Center command significantly
differs from both the Left and Right commands in that
there should be no major peaks. Thus, first grouping the
signals into two categories, Center Commands and Non-
Center Commands, was a useful step in the overall
classification scheme. This concept is illustrated in Figure
7 as a hierarchical clustering procedure using divisive
steps.

Figure 7. Hierarchical Clustering Procedure

In order to clearly distinguish the command signals,
several features were used in tandem. During a signal
acquisition time window, multiple signals may be present.
For example, after the user makes a Left eye movement
command, the person may blink or even accidentally 
make a Right eye movement command. Thus, to improve
translation of the user’s intent, the first present eye 
movement command is processed. This triggering
approach also allows an experienced user to rest after he
or she has given the eye movement command.
Accounting for the degree of the peak slopes as well as
peak mean values is a reliable classification scheme for 
this application. A trial for spelling a five-letter word is 
shown in Figure 8 with each eye movement command
plotted. A total of 15 points is shown since choosing a 
letter entails making three eye movement commands.

Figure 8. Feature space for a single spelling trial consisting of a total of
15 eye movement commands
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As can be seen in Figure 8, the eye movement
commands are in three clusters corresponding to Left (4
points), Center (2 points), and Right (9 points) eye
movement commands.

III. RESULTS AND DISCUSSION

Spelling trials with 13 different users were conducted.
Each subject was required to spell 6 five-letter words with
a roughly equal distribution of required Left, Right, and
Center eye movement commands. The words were zebra,
noisy, igloo, input, punch, and pixel. The improved
accuracy can be seen in Figure 9. Users gain experience
in using the system by the time they reach the sixth word.

Figure 9. Overall accuracy for 13 users plotted over spelling 
6 five-letter words

Overall accuracy for Left and Right eye movement
commands improved when comparing the first spelled
word with the last. Center eye movement command
accuracy stayed relatively constant. This may be due to 
the nature of making a Center command, which entails no
eye movement during the recording window, coupled
with the system’s sensitivity to acting upon the first
perceived eye movement command.

Additionally, in the entire dataset of eye movement
commands for 78 five-letter words each peak was profiled
for better signal characterization:

Left Potential: 88.92 +/- 11.88 μV
Max = 105.17 μV
Min = 58.00 μV

Right Potential: -91.91 +/- 10.78 μV 
Max = -61.24 μV 
Min = -129.36 μV

Peak Duration: 0.289 +/- 0.067 s
Max = 0.484 s
Min = 0.119 s 

Peak duration data were also found to be significantly
different between users (p < 0.05). This opens up the

possibility of integrating an adaptive training module to 
future designs, which could recognize specific users and 
adapt to their specific eye movement signatures,
improving accuracy and data collection times.

As for typing speed, the users in the study were set at a 
pace of 3 letters per minute. Users having practiced
spelling entire sentences were able to operate at a faster 
pace of 6 letters per minute or roughly 200 bits per minute.
This is a high rate of information transfer for people who
may not have been able to communicate, as can be the
case with severe neurodegenerative disease, paralysis, or 
stroke. The next phase of the research will include trials 
with users with neurodegenerative disease such as ALS to
further determine the utility of the system.

IV. CONCLUSION

Classification plays an important role in many
biomedical applications. Additionally, it is important to 
automate the classification process since hand processing 
is often not a viable option. In this example of a hands
free speller, both automation and reliable classification
were needed. Otherwise, the whole system would have
been severely limited in scope and use. Utilizing the
triggered slope and mean features of the eye movement
command signals, a reliable classification scheme was 
implemented. Thus, the system described can be used as
an important communication tool, particularly for those
who may not be able to communicate in other ways.

ACKNOWLEDGEMENTS

The authors would like to thank Norma Graham for 
providing initial testing equipment and Will Hurst for his
technical assistance in the laboratory. This research was
made possible by the support of the design initiative in the
Columbia University Biomedical Engineering Department.

CONTACT

ark2003@columbia.edu

REFERENCES
[1] J. Malmivuo, R. Plonsey, Bioelectromagnetism: Principles and Applications

of Bioelectric and Biomagnetic Fields. New York: Oxford University Press,
New York, 1995, ch. 28.

[2] R.B. Knapp, H. Lusted, “Biological Signal Processing in Virtual Reality
Applications,” Proc Virtual Reality and Persons with Disabilities, 1993.

[3] J.R. LaCourse, F.C.J. Hludik, “An Eye Movement Communication Control
System for the Disabled,” IEEE Transactions on Biomedical Engineering,
vol. 37, no.12, pp. 1215-1220, December 1990. 

[4] C. Yingxi, W. Newman, "A human-robot interface based on
electrooculography," Proc. Int. Conf. IEEE Robotics and Automation, vol. 1,
pp. 243- 248, May 2004.

[5] M. Bibbs, M. Hirshkowitz, “Sleep stage scoring in the adultpopulation,”
Respir Care Clin N Am, vol. 11, no. 4, pp. 691-707, December 2005. 

[6] A. Plaitakis, P. Shashidharan, “Amyotrophic Lateral Sclerosis, Glutamate,
and Oxidative Stress,” Psychopharmacology – The Fourth Generation of
Progress, 2000.

1298


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


