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Abstract

The eyes are a rich source of information for gathering context in our
everyday lives. A use® gaze is postulatd to be the best proxy for attention or
intention. Using gaze information as a form of input can enable a computer system to
gain more contextual information about the use® task, which in turn can be
leveraged to design interfaces which are more intuitie and intelligent. Eye gaze
tracking as a form of input was primarily developed for users who are unable to
make normal use of a keyboard and pointing device. However, with the increasing
accuracy and decreasing cost of eye gaze tracking systems it wibs be practical for
able-bodied users to use gaze as a form of inpurt addition to keyboard and mouse
This dissertation explores how gaze information can be effectively used as an
augmented input in addition to traditional input devices.

The focus of ths research is to augment rather than replace existing
interaction techniques. Adding gaze information provides viable alternatives to
traditional interaction techniques, which users may prefer to use depending upon
their abilities, tasks and preferences.This dissertation presents a series of novel
prototypes that explore the use of gaze as an augmented input to perform everyday
computing tasks. In particular, it explores the use of gazeased input for pointing
and selection, scrollingand document navigdion, application switching, password
entry, zooming andother applications. It presents the results of user experiments
which compare the gazeaugmented interaction techniques with traditional
mechanisms and show that the resulting interaction is either mamparable to or an
improvement over existing input methods. These results show that it is indeed
possible to devise novel interaction techniques that use gaze as a form of input

without overloading the visual channel andwvhile minimizing false activations.
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The dissertation also discusses some of the problems and challenges of using
gaze information as a form of input and proposes solutions which, as discovered over
the course of the research, can be used to mitigate these issues. Finally, it concludes
with an analysis of technology and economic trends which make it likely for eye
tracking systems to be produced at a low enough cost, that when combined with the
right interaction techniques, they would create the environment necessary for gaze
augmented inputdevices to become massnarket.

The eyes are one of the most expressive features of the human body for non
verbal, implicit communication. The design ofnteraction techniques whichuse gaze
information to provide additional context and information to computing systems has
the potential to improve traditional forms of humancomputer interaction. This

dissertation provides the first steps in that direction.
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Figure 26. The Gazenhanced Page Up / Page Down approach

addresses the limitations of current Page Up and Page

Down Techniques by Positioning the region under the
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Figure 27. Estimation of reading speed. Vertical pixels viewguer
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taken from wWikipedia.org)...........ueeeeeeeiiiiiiceceeeemieiieienieeeeseeeeeeeeenene A4

Figure 28. The eydn-the-middle automatic scrolling technique
AAEOOOO OEA OAOITTETC OPAAA O 1 AOAE
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Figure 29. The smooth scrolling with gazeepositioning

technique allows for readng and scanning of content.

Scrolling starts and stops depending on the position of the
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Figure 30. The discrete scrolling with gazeepositioning

leverages the gazeenhanced Page Up / Page down and

triggers a Page Down event when the usergaze falls

below a threshold line for a specified duration...................cccvveeeeee 47
Figure 31. Offscreen gazeactuated buttons/hotspots for

document navigation and control. Buttons which trigger

discrete events (Home, Page Down etc.) use a dwblsed

activation. Hotspots that have a more continuous action

(scroll up etc.) use a nero-dwell based activation.......................oeee 48.
Figure 32. Subjective evalation results for Smooth scrolling with

gazerepositioning in two conditions (with and without

explanation of how the system works). Error bars show

Standard EITOr.........cooooviiiiiii i ieemccceics e e s seemmmmmme e e e eea e emeennmne DL
Figure 33. Exposé view of open applications (image from
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between nonoverlapping windows using eye gaze. When

the user looks at a particular window, it is restored to its

full dimension while all other windows are distorted using

an elastic windowing algorithm............cccoevvviiiiicccccc e 2B
Figure 35. Using EyeExposgPressing and holding the EyeExposé

hotkey tiles all open applications on the screen. The user

simply looks at the desired target application ad releases

the hotkey to switch appliCatioNS...........ccovvvviuiiieeee e 51
Figure 36. Exposé/EyeExposé view of 12 open windows, each

window being a distinct color (yellow, white, red, purple,

light green, light blue, grey, pink, orange, dark green, dark

blue and brown). ... vreeeeeees e eeeeenemeeea D0

Figure 37. Instructions for which window to switch to next were

shown on a second MONItOL...........cceeeeeiiiiiicce e e B
Figure 38. Taskbar in each of the 4, 18 and 12 window conditions........... 62.
Figure 39. AltTab view of 12 open application Windows...............c.ccvvvvueees 62
Figure 40. Quantitative evaluation resultsz time to switch

between apliCationsS..........coovvviiiiiiis e eeenemmme e D31
Figure 41. Quantitative study results error rate. .........ccceeeveeeeiiiieccemmnnneeeenn 64..
Figure 42. Qualitative evaluation results survey ranking data.................... 65...
Figure 43. On screen keyboard laut for ATM PIN entry............oovvvviiiiiieassd 12

Figure 44. Onscreen keyboard &yout for gazebased password

entry showing QWERTY, Alphabetic layouts................cccevveeeeeeee... 24
Figure 45. Gazepattern when the user enters "password” as the

password. Each key has a bright red dot at the center of it.

This focus point allows the user to focus their gaze at the

center of the target thereby increasing the accuracyfe@ye

tracking dat@..........ccouvviiiiiiiemcccee e ee e v eemmmccm e e e ean e s emmmmmmmme e o,
Figure 46. Average time for passard entry across all users in

each of the 4 conditions. Differences between Gaze+Dwell
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and Gaze+Trigger are not significant. Differences between

QWERTY and alpha layouts are significant.....................ccceeeev.......8Q.
Figure 47. Percentage error in password entry across all users in

each of the four conditions. Error rates in the Gaze+Dwel

conditions were similar to those of the keyboard.

Gaze+trigger error rates were considerably higher

presumably due to eyehand coordination...................coeesccceeeeenn. .81,
Figure 48. Google Map image before the user clicks on the +

button to zoom in one level. The region of interest

(annotated by the orange circle) happens to be the

Y210 (010 o 1Yz | R - o
Figure 49. Google Map image immediately &it the user clicked

the + button to zoom in. Notice that the region of interest

(annotated by the orange circle) is already outside the

visible region of the map...........oooooi i B
Figure 50. Results of our reatime saccade detection and

smoothing algorithm. Note that the one measurement

look-ahead prevents outliers in the rav gaze data from

being mistaken for saccades, but introduces a 20ms

latency at a saccade thresholds..............cccoevvviceemecc e ieeee. 98

Figure 51. Pseudocode listing for Saccade Detection and Fixation

Smoothing algorithm...........ccccoooiiiiiiie . 990

Figure 52. Sources of error in gaze input. Shaded areas show the

target region. Example triggers are indicated by red

arrows. The triggers shown are all different attempts to

click on the upper target region. The trigger points

correspond to: a) early trigger error, b) raw hit and

smooth hit, ¢) raw miss and smooth hit, and d) late trigger
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Figure 53. Analysis of errors in the two studies show that a large

number of errors in the Speed Task happen due to early

XiX
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triggers and lae triggers z errors in synchronization

between the gaze and trigger eVentS...............eveeeiiceecececinnnnennennnns 103.
Figure 54. Simulation of smoothing and early trigger correction

(ETC) on the speed task for the Moving Target Study

shows that the percentage error of the speed task

decreases significantly and is comparable to the error rate

of theaccuracy task...........coevviiiiiiiiccecccceiiiiiiiiiiiiiieccceeeeeeiveeeeennnn L04.
Figure 55. Magnified view for gazéased pointing technique with

and without focus points. Using focus points provides a

visual anchor for subjects to focus their gaze on, making it

easier for them to click in the text DOX............uvvviiiiiiicecccceciiiiiiins 105.
Figure 56. An image of the eye showing the center of the pupg)(

and the corneal reflection ¢). The difference vector p-g)

is used to determine the gaze vector. Sourc&heory for

Calibration-Free Eye Gaze Trackirmy Amir etal............cccccvvvvvevne. 111
Figure 57. The Ilowcost prototype in development uses

commercialover-the-shelf cameras modified to work in

the infrared spectrum. The glint source pictured above

uses IR LEDs (invisible to the hu@n eye)...........cccvvvviiiiicmeeeennnn. 115
Figure 58. A screenshot of prototype softwag built using open

source Computer Vision libraries (OpenCV) which uses

machine learning to identify faces in the image. It then

looks within the face region to identify the eyes. Simple

image processing (erosion/dilation) helps to separate the

pupil and dint images. Ellipsefitting provides the center

of the pupil and the glint which can then be used to

determine the point-of-regard.................veiiiiicccceciccii e evieeeeen 116
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sensor. Image processing is done on an dward FPGA,

making this a lightweight peripheral that can be connected

VIAUSB.....oo e eeeeeeeeneeeeee 118
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Figure 60. Concept eye tracker here the Aple MacBook Pro
has been shown with two black bars in the top bezel,

which can conceal the infrared illuminants necessary for
...124
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1 Introduction

The eyes are a rich source of infonation for gathering context in our
everyday lives. Weuse our eyes to determine who, what, or where in our daily
communication. A use® gaze is postulated to be the best proxy for attention or
intention [116]. Wsing eyegaze information as a form of input can enable a computer
system to gain more contextual information about the usé task, which in turn can
be leveraged to design interfaces which are more intuitive and intelligent.

Eye gaze tracking as a formof input was primarily developed for users who
are unable to make normal use of a keyboard and pointing device. However, with the
increasing accuracy and decreasing cost of eye gaze tracking systems it will soon be
practical for able-bodied users to use gze as a form of input in addition to keyboard
and mousez provided the resulting interaction is an improvement over current
techniques. This dissertation explores how gaze information can be effectively used
as an augmented input in addition to traditionalinput devices.

The focus of this research is to augment rather than replace existing
interaction techniques. Adding gaze information provides viable alternatives to
traditional interaction techniques, which users may prefer to use depending upon
their abilities, tasks and preferences. This dissertation presents a series of novel
prototypes that explore the use of gaze as an augmented input to perform everyday
computing tasks. In particular, it explores the use of gazeased input for pointing
and selection scrolling and document navigation, application switching, password
entry, zooming andother applications. It presents the results of user experiments
which compare the gazeaugmented interaction techniques with traditional

mechanisms and show that the rsulting interaction is either comparable to or an
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Figurel. Logo for the Gazenhanced User Interface Design (GUIDe) research project.

improvement over existing input methods. These results show that it is indeed
possible to devise novel interaction techniques that use gaze as a form of input
without overloading the visual channel andwvhil e minimizing false activations.

The dissertation also discusses some of the problems and challenges of using
gaze information as a form of input and proposes solutions which, as discovered over
the course of the research, can be used to mitigate theseuss. Finally, it concludes
with an analysis of technology and economic trends which make it likely for eye
tracking systems to be produced at a low enough cost, that when combined with the
right interaction techniques, they would create the environment neessary for gaze
augmented input devices to become massarket.

The eyes are one of the most expressive features of the human body for non
verbal, implicit communication. The design ofnteraction techniques which use gaze

information to provide additional context and information to computing systems has



the potential to improve traditional forms of human-computer interaction. This

dissertation provides the first steps in that direction.

1.1 Thesis Statement

The keyboard and mouse have long been the dominant fos of input.
Contemporary computer systems are still plagued by the asymmetrical bandwidth
problem [52], where the bandwidth from the computer to the user is far greater than
the bandwidth from the user to the computer.

In this dissertation we build upon the insight presented by Jacob ifb2] to
investigate the possibility of introducing the movements of a us@& eyes as an
additional input medium. We positthat gaze information, i.e. information about what
the user is looking at, can be used as a practical form of input i.e. a way of
communicating information from the user to the computer.The thesis statement of
this work is:

0" AUA ET &1 Of AGET POAAVEAATI O@ER DI AD £A

In this research, we explore the design space of interaction techniques that
use gaze information for everyday computing tasks. While some of the interaction
techniquespresented have the potential to supplant traditional input devices such as
the mouse (Chapter3), our goal is not to replacetraditional input devices but to
provide viable alternatives which users may choose to use depending upon their
tasks abilities and preferences. er sections of this dissertation explore
augmenting existing interaction techniqueswith eye gaze. In particular, using gaze in
conjunction with the keyboard and the mouse to design effective interaction
techniques.

We chose the realm of desktop interactions, since theye broadly applicable
to all types of computer usersin addition, the technology for desktop eye traking
systems has improved sufficiently to make it a viable input modality. The cost of
these systems remains an issue, but current technology and economtrends

indicate that low cost eye tracking should be possible in the near future.



1.2 Contributions

This dissertation presents a series of novel prototypes we built and
experiments we conducted as a basis for the formulation of design guidelines for
improving the usability and utility of gazebased interaction techniques The major
contributions presented in this thesis are:

Gazebased interaction techniques : We present several novel interaction
techniques which explore the use of gaze as an augmented inptd perform
everyday computing tasks. In particular, we explore the use of gabased input for
pointing and selection, scrolling and document navigation, application switching,
password entry, zooming andother applications. We present the results of user
experiments which compare the gazédasedinteraction techniques with traditional
mechanisms and show that the resulting interaction is either comparable to or an
improvement over existing input methods. These results show that it is indeed
possible to devse novel interaction techniques that use gaze as a form of input
without overloading the visual channel andwvhile minimizing false activations.

Technologies for gaze input: We discuss some of the problems and
challenges of using gaze information as a forof input and propose solutions which,
as discovered over the course of the research, can be used to mitigate these issues. In
particular, we present techniques for filtering and smoothing gaze data, improving
eye-hand coordination for gaze plus trigger ativated interaction techniques and the
providing focus points to help improve the accuracy of eye tracking and the user
experience for using gazébased interaction techniques. This dissertation also
introduces some ideas for improving eye tracking technolgy and systems.

Design guidelines for gaze-based interaction : Based on our experiencen
designing, implementing, and evaluatinggazebased interaction techniques we
identify key design challenges for supporting effectivegazebased interaction. We
formulate design guidelinesrelating to these challenge areas, including appropriate

uses forgazebased interaction.



1.3 Dissertation Roadmap

The remainder of this dissertation is organized as follows:

In Chapter 2, we discuss the motivation for this work and prade
some background information including the history of eye tracking, how state of the
art eye trackers work and the challenges fousing gazeas a form ofinput.

Chapters 38 present the gazebased interaction techniques developed
as part of this dissetation. Each chapter provides a sel€ontained section on using
eyezgaze for a particular task

Chapter 3, onpointing and selection describesthe design, evolution
and evaluation of a new pointing technique which uses a combination of eye gaze
and keyhoard.

Chapter 4, ongazeenhanced scrolling techniquespresents several
different techniques for gazebased scrollingincluding augmenting manual scrolling
techniques with gaze information andautomatic scrolling techniques which control
the onset and peed of scrolling based on the us@& gaze and the use of offcreen
targets for gazebased document navigation and control.

Chapter 5, on application switching, describes the design and
evaluation of a gazebased technique for switching between applicatins. This
technique extends Appl& concept of Exposé by using ga#®ased selection of the
desired applicationwindow rather than clicking on itwith a mouse

In Chapter 6, wediscuss the use of a gazeased password entry to
reduce the risks of shouldersurfing.

Chapter 7, on zooming, presents the results of our attempts to
implement gazecontingent semantic zooming and explains why the obvious
implementations of such a system fail to work.

Chapter 8 discusses a number of other smaller gabased
applications, which have interesting uses, but are too small to merit a chapter for
themselves. We also introduce new ideas for gadmsed interfaces in this section.

Chapter 9, on improving gaze input, discusses some of the challenges
for using gazeinput and presents solutions to these challenges. In particular it

presents a saccade detection and fixation smoothing algorithm, discusses approaches



to mitigate eye-hand coordination problems when using a combination of gaze plus
trigger based input and discusseshe use of focus points to help focus the users gaze
and improve the user experience for gazbased interaction.

In Chapter 10, wepresent a discussion on why current eye tracking
systems are prohibitively expensive for massnarket use and propog technobgy
and business modekhanges to enable the emergence of lewost, massmarket eye
trackers. We conclude with a summary othe design challenges for gaze input and a

corresponding set of design guidelines which help to mitigate these challenges.



2 Backgrand

This chapter presents the background material and related work relevant to
this dissertation. It specifically looks atthe motivation behind our research, the
history of eye tracking, current state of the art in eye tracking and the challenges for
using gaze as a form of input. It should be noted that we do not present a detailed
analysis of related work in this section. Related work that is relevant to each

interaction technique is presented at the beginning of theorresponding chapter.

2.1 Motivation

Conputers have become a integral component of our lives. Whether at
work, home or anywhere in between, we spend increasing amounts of time with
computers or computing devicesComputers have not be@ around for a very long
time z the origins of the PersonalComputer can be traced back to the early 1980s
when Xerox, IBM and Apple introduced their respective personal computers.
However, even in this shorttime span increasing amounts of repetitive strain
injuries (RSI)[7, 33] have emergedrom overuse of the keyboard and mouse.

Repetitive strain injuries develop over periods of long and continuous
overuse often extendingover several years The surge in computerelated RSI
amongst technology professionals habeenrecognized in recent yearsAs more and
more professions adopt computers as aprimary tool, the number of cases of
repetitive strain injuries is expected to increase dramatically. While the keyboard
and mouse both contribute to computefrelated RSI, most people suffering from RSI
find that mouse use causes more strain and pain thamsing the keyboard [86]
(Figure 2).



Figure2. Tendonitis: a form of repetitive strain injury (RSI) caused bycessive use of
the keyboard and particularly the mouse.

This impending epidemic of computefrelated repetitive strain injuries
coupled with the author® personal desire to develop new forms of interaction which
would help to alleviate some of the stress and pain of RSI became one of the key
motivators for exploring alternative forms of input for computer systems.

Alternative input modalities such as speech, which do not rely solely on the
use of the hands, have been in use for a longe. However, while speech recognition
may be suitable for some tasks, it is not a silver bullet for all tasks. In particular,
using speechfor a pointing task does not provide provides users with much useful
functionality [85]. In addition, the accuracy, privacy and social issues surrounding
the use of speech interfaces make them less than optimal for use in everyday
computing scenarios.

For our research, we chose to investigate theossibility of using a more

subtle form of input? eye gaze.

2.2 Gaze as a Form of Input

Jacob[53] and Zhai[116] present an overview of why one would want to use
eye movements for interactive input. We synthesize some of their comments in the
list below:

1 The eyes are a fastonvenient, high bandwidth source of information.

Eye movements have been shown to be very fast and very precise.



1 The eyes require no trainingz it is natural for the users to look at the
object of interest In other words, the controtdisplay relationship is
already well establishedin the brain.

1 A user® eye gaze serves aan effectiveproxy for his or her attention
and intention. Since we typically look at what we are interested in or
look before we perform an action, eye gaze is the best némvasive
indicator for our attention and intention. In fact the problem of lack of
eye-contact in video conferencing[29] shows just how much humans
perceive by observing the eyes of others.

1 The eyes provide the context within which ou actions take place.

The eyes and the hands work well in coordination.

Jacob inhis 1990 paper What You Look at Is What you Gf2] introduced
several gazebased interaction techniques forobject selecon, continuous attribute
display, moving an object, eye controlled scrolling text, menu commaarts listener
window. In this paper Jacob states thaOx EAO EO 1 AAAAA EO APDPOI E
techniques that incorporateeye movements into the useompute dialog in a
that: O %U A -in@#adiidn is a useful source of additional input and should be
AT 1T OEAAOAA xEAT AAOECIT Elacols Bémndl ovdehiA By ET OE
tracking laid the foundation for this research on the use of gaze as a form of input.

In his paper on MAGIC pointing118] : EAE OO0 A® B0 th©dshad O
perception channel with a motor control task seems fundamentally at odds with users
natural mental model in which the eye searches for and takes in information and the
hand produces outp@ OEAO 1| AT EDPOI AOBRDNiss@édemizAal 1T AEAA
affirms that the eyes should be used for the purpose of looking and should not be
overloaded with the unnatural task of doing actions, since that is counter to the
evolutionary function of the eyes. By contrast, the hands are meant for performing
actions. Zhai goes on to state thatd/ OEAO OEAT A O AEOAAI AA C
alternative, using eye gaze for practical pointing does not appear to be very
D Ol | E orailetBaddress this challengewith their MAGIC techniques, which use



a conventional input device within the small area of the eygaze to accomplish
pointing. We wanted to extend this approachof using gaze in conjunction with
conventional input devices anddetermine if it is possibleto devise other practical
gazebased interaction techniques by focusing orinteraction design.

For our research we chose to investigate how ga#sased interaction can be
made simple, accurate, and fast enoughto not only allow disabled users to use it for
standard computing applications, but also make the threshold of use low enough that
able-bodied users will actually prefer to use gazdased interaction to traditional

input techniques.

2.3 History of Eye Tracking

The history of eye tracking can be traced afar back as the late 19 century
and early 20" century [115]. Javal useddirect visual observation to track eye
movements in 1879. Ohm used mechanical techniques to track eye movements by
attaching a pencil at the end of a long lever which was positioned on the corneacku
that each time the eye movedhe pencil would make a mak. The first recorded effort
for eye tracking using a reflected beam of light was done by Dodge and Cline in 1901.
Marx and Trendelenburg used a mirror attached to the eye to view the reflected
beam of light. Judd, McAllister and Steel used motion pictugghotography for eye
tracking as far back as 1905. They inserted a white speck into the eye which was
then tracked in the motion picture recording of the eye.

Buswell [26] used eye tracking studies to examine how people look at
pictures. Yarbug[115] in his pioneering work in the fifties used suction caps attached
to the eye to measure eye movements. Yarbus shows seafedifferent designs of
suction caps in his book and his work laid the foundation for the research in the field
of eye movements.

Figure 3 shows a scleral coil contact lens which was inserted in the eye of the
subject. The sclerl contact lens contains an induction coil embedded in the
periphery of the lens. The subjed@ head is kept stationary inside a magnetic cage.
The changes in the magnetic field are then used to measure the subfeceye

movements.
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Figure 3. A scleral coil contact lens Figure 4. Electreoculography (EOG;

being inserted into a subje® eye. approach for eye tracking measures th
potential difference betweeneye muscles

Figure 4 shows a picture of a subject whose eyes are being tracked using
electro-oculography (EOG) which measures the potential difference between
muscles of the eye.

The approaches to eye tracking have evolved significantly over the years.
Fortunately, eye trackers today have become less invasive that their predecessors.
Corneal reflection eye tracking was first introduced by the Dual Purkinje Eye Tracker
developed at the Stanford Research Institute. This eye tracker used the reflection of
light sourceson the cornea as a frame of reference for the movement of the pupil.
Figure 5 shows an image of a subject using the SRI eye tracker. It should be noted that
this unit required the subject® head to be held stationary.

Head mourted eye trackers have been developed to fix the frame of reference

for the eyes relative to the motion of the headFigure 6). Some head mounted eye

Figure5. SRI Dual Purkinje Eye Tracker us Figure 6. A head mounted eye tracker

corneal reflections to track eye movements. ~ which fixes the position of the camers
relative to the motion of the head.

s
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Figure 7. IBM BlueEyes Projec
prototype eye tracker which uses
infra-red illumination. Figure8. The Tobii 1750 eye tracker.

trackers provide higher accuracy and frame rate than remote eye trackers sincedh
are able to get a close up image of the eye by virtue of using the head mounted
camera.

The BlueEyes projec{4] at IBM Almaden developed remote video based eye
trackers which used infrared illumination as shown inFigure 7. Several commercial
systems[67, 107, 108] have now been developed which use a similar approach for
eye tracking and provide nonrencumbering, remote, videebased eye tracking
(Figure 8).

2.4 State of the Artin Eye Tracking

The state of the art systems for desktop eye tracking use remote video based
eye tracking as described aboveUnlike their historical counterparts, these eye
trackers allow for some range ofree head movement, do not require the user to use
a chinrest or bite bar or to be tethered to the eye tracker in any waylhese systems
work by measuring the motion of the center of the pupil relative to the position of
one or more glints or reflection of infra-red light sources on the cornea. These

systemsDOT OEAA AT AAAOOGAAU A AEANONAIO A8 A8
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boast frame rates as high as 1000 Hz, most commercially available systems provide a
frame rate of about 50 Hz.

For our research we use a Tobii 1750 eye tracker shown Figure 8. This unit
costs approximately $30,000, however, based oourrent technology and economic
trends it is conceivable to have a similar unit incorporated into everyday computing

devices.

2.5 Challenges for Gaze Input

The eyes are fast, rguire no training and eye gaze provides context for our
actions [36, 52, 53, 116] Therefore, using eye gaze as a form of input is a logical
choice. However, using gaze inpubhas proven to be challenging for three major

reasons.

2.5.1 Eye Movements are Noisy

As noted by Yarbug115], eye movements are inherently noisy. The two main
forms of eye movements ardixations and saccadesFixations occur when a subject is
looking at a point. A saccade is a ballistic movement of the eye when the gaze moves
from one point to another. Yarbus, in his pioneering work in thd 960&, discovered

that eye movements are a combination of fixations and saccades even when the

i

Figure9. Trace of eye movements when subjects are asked to follow the lines of
figures as smoothly as possible. Source: Yarbus, 1967.
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subjects are asked to follow the
outlines of geometrical figures

as smoothly as possible Kigure _?
9).

Yarbus, also points out R

that while fixations may appear
to be dots inFigure 9, in reality,
the eyes are not stable even §
during fixations due to drifts,

tremors and involuntary micro- : .

Fig. 54. Records of eye movements during fixation on a stationary point by the subject. a)

Saccadei Flgure 10) . Fixation for 10 sec; b) fixation for 30 sec; c) fixation for 1 min. The scale of angular mea~-

surement in minutes of angle is given in record b, and the distribution of the cones is indi-
cated schematically on this scale.

2.5.2 Eye Tracker Accuracy Figure 10. Fixation jitter due to drifts, tremors and

involuntary microsaccades, Source: Yarbus, 1967
Modern day eye

trackers, especially remote videdbased eye trackers, claim to be accurate to about
nduvwd | £ OEOOAI AT CI A8 4EEO AdpkOenial AO Ol
1280x1024, 96 dpi screen viewed at a normal viewing distance of about 50 di3,

107]. In practice this implies that the confidence interval for a point target can have a

spread of a circle of up to 66 pixels in diamete(Figure 11), since if the user is

looking at a point (1x1 pixel) target, the reathg from the eye tracker can be off by up

to 33 pixels in any direction In addition, current eye trackers require calibration

(though some require only a onetime calibration). The accuracy of the eydracking

data usually deteriorates due to

a drift effect caused by changes

in eye characteristics over time

[105]8 5 0A008 AUAO 1 AU

x ]:22 px drier after viewing information

on a screen several minutes.

BEE

Figure 11. Confidence interval of eye tracke
I OOdzN} Oé® LYyySNJ OANDE S the eyes User® posture also

This can change the shape and

the reflective characteristics of
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changes over time as they begin to slouch or lean after some minutes of sitting. This
results in the position/angle of their head changing. The accuracy of an eye tracker is
higher in the center of the field of view of the camera. Consequenthhe tracking is
most accurate for targets at the center of the screen and decreases for targets that
are located at the periphery of the screerj20]. While most eye trackers claim to
work with eye glasses, we have observed a noticeable deterioration in tracking
ability when the lenses are extra thick or reflective.

Current eye tackers are capable of generating data at 50Hz to 1000Hz
depending upon thedevice and the application. However, eye trackers also introduce
latency since they need computing cycles t@rocessing datafrom the cameraand
compute the current position of the use® eye gaze. The Tobii eye tracker used in our

researchhas a maximumatency of 35ms.

2.5.3 The Midas Touch Problem

Mouse and keyboard actions are deliberate acts which do not require
disambiguation. The eyes, however, are a perceptual orgareantfor looking and are
an alwayson device [53]. It is therefore necessary to distinguish between visual
search/scanning eye movements and eye movements for performing actions such as
PDi ETOET¢C TO OAI AAOGETI 18 4EEO AEEAAO EO
problem [52].

Even if the noise from eye movements could be compensated for and if the
eye trackers were perfectly accurate, the Midas Touch problem would still be a
concern. This challenge for gaze as a form of input necessitates good interact
design to minimize false activations and to disambiguate thaser® intention from

his or her attention.

2.6 Summary

This dchapter discussed the motivation for using gaze as a form of input
provided a historical background of eye tracking and introduced té current state of
the art in eye tracking. While using gaze as a form of input is appealing, the

challenges of interpreting noisy eye movements, eye tracker accuracy issues and the

15



Midas Touch problem must be addressed. In the following chapters of this
dissertation we present several gazdased interaction techniques for everyday

computing tasks.
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3 Pointing and Selection

We began our research bybserving how able-bodied users use the mouse
for pointing and selection in everyday computing tasks. Whilehere are large
individual differences in how people interact with the computer, nearly everyone
used the mouse rather than the keyboard tselectlinks while web browsing. Other
tasks for which people used the mouse included launching applications eitherofn
the desktop or the start menu, navigating through folders, minimizing, maximizing
and closing applications, moving windows, positioning the cursor when editing text,
opening contextsensitive menus and hovering over buttons/regions to activate
tooltips.

The basic mouse operations being performed to accomplish the abovetians
are the wellknown single-click, double-click, right-click, mouseover, and clickand-
drag. Ideally a gazebased pointing technique should support all of the above
fundamental opeations.

It is important to note that our aim is not to replace or beat the mouse. Our
intent is to design an effective gazéased pointing technique which can be a viable
alternative for users who choose not to use a mouse depending on their abilities,
tasks or preferences. Such a technique need not necessarily outperform the mouse
but must perform well enough to merit consideration (such as other alternatives like

the trackball, touchpad, or trackpoint).

Portions of this chapter were originally published by the author, Andreas Paepcke and Terry Wir
in[61] and by the author and Terry Winograd[68].
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3.1 Related Work

Considerableprior research [13, 23, 38, 40, 52, 66, 74, 96, 114, 118hs been
done to implement gazebasedpointing techniques. However, a practical technique
for pointing and seledion is still an open problem. The commonly accepted approach
to using gazebased pointing and selection relies on the usef large targets in custom
applications [52, 67, 106]. Other approaches have used spee¢i4], keyboard[23]
and mouse [118] for doing target refinement; used zoomed views[13, 66] or
leveraged semantic information [96] about the location of potential targets to
improve gazebased pointing. We discuss each of these in more detail below. It
should be noted that we chose not to leverage semantic information in our work
since we wanted to hae a general purpose pointing technique that does not rely on
any additional information from the application or the operating system.

Jacob[52] introduces gazebased interaction techniques forobject seletion,
continuous attribute display moving an object eyecontrolled scrolling text menu
commands and listener window This work laid the foundation for eyebased
interaction techniques. It introduced keybased and dweHlbased activation, gaze
based hotspots, and gazébased contextawareness for the first time. Issues of eye
tracker accuracy were
overcome by having
sufficiently large targets in
custom applications.

Zhai et al. [118]
presented the first gaze
enhanced pointing technique
that used gaze as an
augmented input. In MAGIC
pointing, the cursor is
automatically warped to the
vicinity of the region in which

Figure 120 %K I A S (ationt 6f ®@ aMAGIA
the wuser is looking. The pointing technique.
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