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ABSTRACT

A computer-implemented method infers mental states of a
person from eye movements of the person. The method
includes 1dentifying elementary features of eye tracker data,
such as fixations and saccades, and recognizing from the
clementary features a plurality of eye-movement patterns.
Each eye-movement pattern i1s recognized by comparing the
clementary features with a predetermined eye-movement
pattern template. A given eye-movement pattern 1S recog-
nized if the elementary features satisfy a set of criteria
assoclated with the template for that eye-movement pattern.
The method further includes the step of recognizing from the
eye-movement patterns a plurality of eye-behavior patterns
corresponding to the mental states of the person. Because
high level mental states of the user are determined 1n real

time, the method provides the basis for reliably determining
when a user intends to select a target.

39 Claims, 3 Drawing Sheets
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METHOD FOR INFERRING METAL STATES
FROM EYE MOVEMENTS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATTIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 09/173,849 filed Oct. 16, 1998, now
abandoned, which claims priority from U.S. provisional

patent application Ser. No. 60/062,178 filed Oct. 16, 1997,
which 1s hereby incorporated by reference.

FIELD OF THE INVENTION

The present 1nvention relates generally to the field of eye
tracking and methods for processing eye tracking data. In
particular, the mvention relates to a system and method for
determining mental states or mental activities of a person
from spatio-temporal eye-tracking data, independent of a
prior1 knowledge of the objects 1n the person’s visual field.

BACKGROUND

In recent years, eye-tracking devices have made it pos-
sible for machines to automatically observe and record
detailed eye movements. One common type of eye tracker,
for example, uses an infrared light-source, a camera, and a
data processor to measure eye gaze positions, 1.€., positions
in the visual field at which the eye gaze 1s directed. The
tracker generates a continuous stream of spatiotemporal data
representative of eye gaze positions at sequential moments
in time. Analysis of this raw data typically reveals a series
of eye fixations separated by sudden jumps between
fixations, called saccades.

An 1nformative survey of the current state of the art in the
eyetracking field 1s given 1n Jacob, R. J. K., “Eye tracking
in advanced interface design”, in W. Barfield and T. Furness
(eds.), Advanced interface design and virtual environments,
Oxford University Press, Oxford, 1995. In this article, Jacob
describes techniques for recognizing fixations and saccades
from the raw eye tracker data. Fixation and saccade data
alone, however, 1s still relatively low-level data that 1s of
limited use, and Jacob fails to teach any specific methods for
recognizing a user’s consclous intentions or mental states.
These eye tracking methods, therefore, still fall short of the
goal of providing useful information about any higher-level
eye behavior or mental states.

One attempt to derive higher-level cognitive information
from eye movement data 1s described by India Starker and
Richard A. Bolt in “A gaze-responsive self-disclosing
display”, CHI "90 Proceedings, April 1990. Their technique
correlates eye fixation data with a prior1 knowledge of
objects in the user’s field of view (i.e., on the computer
screen) to make the inferences about the degree of interest
the user has 1n each object. One major disadvantage of this
technique 1s that it requires a priori knowledge of the objects
in the user’s visual field, such as their positions, shapes and
type 1nformation. Consequently, the technique cannot be
used 1n many computer software applications where infor-
mation about what 1s displayed on a computer screen 1s not
readily available. In addition, 1t cannot be used in other
situations where a priort knowledge 1s not available at all,
such as when the user 1s not viewing virtual objects on a
computer screen, but physical objects 1n the real world.
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In addition, because the technique disclosed by Starker
and Bolt 1dentifies the attention of the user with single
fixation points, 1t fails to accurately distinguish attentively
looking at an object from “spacing out” while inattentively
gazing at the object. Thus, although the technique attempts
to recognize the mental state of attentive interest, 1t actually
fails to properly distinguish this state from non-
attentiveness. It will also be noted that Starker and Bolt
propose a technique that 1s limited to i1dentifying just one

cognitive state.

Another technique for using eye-movement data 1s dis-
closed by Hironobu Takagl in “Development of Predictive
CHI with Eye Movements,” Master’s Thesis, University of
Tokyo, Feb. 7, 1996. As stated in the Abstract, Takagi
“developed algorithms to extract users’ intention and knowl-
edge states from eye-movements” (Takagi, p. 1). Takagi,
however, does not disclose any general method for extract-
Ing a user’s intention from eye movements. Because detailed
a prior1 knowledge of the user task 1s thought to be required
in order to infer user intentions, Takagil only teaches a
method that 1s limited to a very specific task or domain of
application. As Takagi states, “Any general methods of
analysis derived from known theories cannot be developed.
Therefore, we must develop analysis methods for each
domain task” (Takagi, pp. 13—-14). In other words, Takagi
not only fails to teach a general method of extracting a user’s
intention from eye movement data, he also states that such
a general method 1s 1impossible using known theories.

Takagi’s techniques are also limited by the fact that they
require a combination of eye movement data with informa-
tion about the objects being viewed by the user. In order to
extract information about a user’s intentions, Takagi mea-
sures eye movement data and combines 1t with a priori
knowledge about the contents of the user’s field of vision,
1.€., the contents of the computer display. Because predeter-
mined regions of the screen are known to contain objects
with specific meaning, the eye movement data can be
correlated with these regions and interpreted. Two of Taka-
o1’s algorithms, for example, assume the screen 1s divided
into rectangular regions termed “columns”, then correlates
eye movements to these specific columns (Takagi, p. 31-32).
Thus, the technique “analyzed data concerning regions that
divide stimuli. Eye movements were not transformed into
fixation-saccade data. This 1s a weak point of the method.
We cannot transform eye-movements data into fixation-
saccade data because of some problems” (Takagi, p. 45).
Thus, not only does Takagi require a priori knowledge of the
content of specific regions 1n user’s visual field, but Takagi’s
method only measures the region within which the user 1s
cgazing, and does not measure detailed fixation-saccade data.
Moreover, Takagi proposes “to analyze long term eye move-
ments statistically” (Takagi, p. 31). These statistical methods
are performed “with disregard for details of eye movements”™
(Takagi, p. 28). Such statistical methods, in other words,
ignore the detailed spatiotemporal trajectories of eye move-
ments and consider only statistical features of the move-
ments within coarsely defined regions that must be known a
priorl by Takagi’s system.

Takagl’s technmique 1s also limited i1n other important
respects. For example, Takagi’s techniques depend on a
prior knowledge of the tasks and “only analyze periods
when users carry out the main goal of the task™ (Takagi, p.
45). Regarding the long-standing problem of correctly relat-
ing eye fixations with user attentions, Takagl acknowledges
that his technique does “not deal with this problem” (Takagi,
p. 28). It is clear, therefore, that the prior art techniques for
interpreting eye tracker data suffer from one or more of the
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following disadvantages: they fail to properly 1dentily user
attention or intention, they do not identify a variety of
mental states, they are limited to very specific and prede-
termined user tasks, and they require a priori knowledge of
objects 1n the user’s field of vision.

SUMMARY

In view of the above, it 1s an object of the present
invention to overcome the disadvantages and limitations of
existing methods for deriving useful mnformation from eye
tracker data. In particular, 1t 1s an object of the present
invention to provide a method for accurately recognizing a
variety of high-level mental states of a user from eye tracker
data. It 1s another object of the invention to provide such a
technique that does not require a priori information about
objects in the user’s visual field, and 1s not limited to
situations where the user 1s looking at a computer screen. Yet
another object of the mvention i1s to provide a method for
analyzing user mental states from detailed fixation-saccade
data rather than from statistical data derived from eye
movements. An additional object of the invention 1s to
provide a technique for inferring mental states of a user
without requiring a priort knowledge of the task the user 1s
engaged 1n, or of the contents and locations of speciiic
regions at which the user i1s looking.

These and other objects and advantages are provided by
a computer-implemented method for inferring mental states
of a person from eye movements of the person. The method
includes 1identifying elementary features of eye tracker data,
such as fixations, saccades, and smooth pursuit motion.
Identifying a fixation typically includes identifying a fixa-
tion location and a fixation duration. Identifying a saccade
typically involves 1dentifying a beginning and end location
of the eye-movement, as well as possibly determining the
velocity and other characteristics of the movement. It will be
noted that for many applications that do not consider the
velocity of the saccade, identifying two successive fixations
can be used to 1dentily a saccade. Identifying smooth pursuit
motion typically includes identifying the velocity and path
the eye takes as it smoothly follows a moving object. The
method also 1ncludes recognizing from the elementary fea-
tures a plurality of eye-movement patterns, 1.e., speciiic
spatiotemporal patterns of fixations, saccades, and/or other
clementary features derived from eye tracker data. Each
eye-movement pattern 1s recognized by comparing the
clementary features with a predetermined eye-movement
pattern template. A given eye-movement pattern 1s recog-
nized if the features satisfy a set of criteria associated with
the template for that eye-movement pattern. The method
further includes the step of recognizing from the eye-
movement patterns a plurality of eye-behavior patterns
corresponding to the mental states of the person.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic 1llustration of central components in
a preferred embodiment of the present invention and their
relationships.

FIGS. 2A-2C are graphical illustrations of three eye
movement patterns according to the present mnvention.

FIGS. 3A-3D are graphical illustrations of four higher
level eye behavior patterns according to the present inven-
tion.

DETAILED DESCRIPTION

In a preferred embodiment of the present invention, raw
data samples representative of eye gaze positions are com-
municated to a microprocessor 10 from a conventional eye
tracking device 12, as 1llustrated in FIG. 1. Any method for
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measuring eye position or movement, whether optical,
clectrical, magnetic, or otherwise, may be used with the

present invention. A method of eye pattern recognition and
interpretation implemented on the microprocessor processes
and analyzes the raw data samples to produce 1n real time a
serics of eye behavior patterns which correspond to high
level mental states of activities. This generic high-level
information 1s then typically made available to an applica-
fion program 14 which uses the information to perform
application-specific tasks. A few of the many samples of
application programs which will benefit from the high level
eye pattern information provided by the methods of the
present 1nvention are: an on-screen keyboard for the
disabled, an eye-controlled pointing device, reading mnstruc-
tional software, an experimental tool m psychological
research, an eye-aware web browser, and a user interface for
rapid navigation of hierarchical information. The methods of
the present mnvention, however, do not depend on the use of
any particular application. In fact, it 1s a key feature of the
present 1nvention that i1t provides generic, application-
independent eye pattern recognition and interpretation.
Moreover, the present invention provides for the first time
the ability to accurately recognize high-level eye behavior
patterns 1ndependent of any a priori knowledge of the
content of the user’s visual field or other contextual infor-
mation. Provided suitable eye position of data 1s available,
the present invention 1s even able to recognize eye patterns
and mental states of a person who 1s dreaming or mentally
disengaged from the external world in other ways.

In accordance with the teachings of the present invention,
eye pattern recognition and interpretation i1s performed by a
collection of hierarchical levels of data interpretation. As
lustrated in FIG. 1 and 1n TABLE 1, the fundamental level
of data 1s LEVEL 0, which corresponds to the raw, uninter-
preted eye-tracker data samples. The first level of
interpretation, LEVEL 1, involves identifying elementary
features such as fixations and saccades from the raw data
provided by LEVEL 0. It 1s at this primitive level of
interpretation that prior methods end. The present invention,
in contrast, provides one or more additional higher-level
interpretations of the data. In a preferred embodiment,
LEVEL 2 interpretation mvolves 1dentifying from the fixa-
fions and saccades eye-movement patterns, typically con-
sisting of a set of several fixations and/or saccades satisfying
certain predetermined criterita. LEVEL 3 interpretation, 1n
turn, mnvolves 1dentifying from the LEVEL 2 eye movement
patterns various eye-behavior patterns. These eye-behavior
patterns typically consist of various movement patterns
satisfying particular criteria. Additional levels may provide
higher levels of interpretation that build on previous levels.
The highest interpretive levels correspond with mental states
of the user. For the purposes of this description, a mental
state of the user includes mental activities, mental intentions,
mental states, and other forms of cognition, whether con-
SCIOUS OI UNconscious.

TABLE 1

[nterpretive Level Description

LEVELS 3 and up EYE-BEHAVIOR PATTERNS «=> MENTAL

STATES

LEVEL 2 EYE-MOVEMENT PATTERNS

LEVEL 1 ELEMENTARY FEATURES
FIXATTONS/SACCADES

LEVEL O EYE-TRACKER DATA SAMPLES

It will be noted, as indicated 1n FIG. 1, that higher levels
of interpretation can make use of interpretative data on more
than one lower level. For example, although LEVEL 3
intepretation 1s based primarily upon the results of LEVEL
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2 1ntepretation, 1t may also make use of LEVEL 1 fixation
and saccade information, or even LEVEL O raw data if
necessary. It should also be noted that information in higher
levels of the hierarchy can be provided to lower levels for
various usetul purposes. For example, criteria for recogniz-
ing fixations during LEVEL 1 interpretation can be adjusted
in dependence upon the current mental state derived from
LEVEL 3 imterpretation. This feature permits the system to
be dynamically and intelligently adaptive to different users
as well as to different mental states of a single user.

We now turn to a more detailed discussion of the various
levels of mterpretation mentioned above. TABLE 1I below
lists the typical information present at LEVEL 0. Commonly
available eye tracker devices generate a data stream of 10 to
250 position samples per second. In the case of monocular
eye trackers, the z component of the gaze position 1s not
present. Eye trackers are also available that can measure
pupil diameter. These pupil measurements provide addi-
tional information that can be useful at various levels of
interpretation (e.g., pupil constriction during fixation can be
used to refine selection). Typical eye tracker devices derive
eye position data from 1mages of the eye collected by a CCD
camera. Other techniques for deriving eye position data,
however, are also possible. For example, eye trackers can
infer the position of the eye from physiological measure-
ments of electropotentials on the surface of the skin proxi-
mate to the eye. It will be appreciated that these and other
techniques for producing a LEVEL 0 data stream of eye
information are all compatible with the methods of the
present 1nvention. After the LEVEL 0 data stream 1s
collected, 1t 1s preferably analyzed 1n real time by a LEVEL
1 1nterpretation procedure. The LEVEL 0 data stream may
also be stored 1n a memory buifer for subsequent analysis.

TABLE 11

LEVEL 0: EYE TRACKER DATA SAMPLES

Evye gaze position (X, vy, Z)

Sample time (t)

Pupil diameter (d)

Eye is opened or closed (percentage)

The LEVEL 1 interpretation procedure 1dentifies elemen-
tary features of the eye data from the LEVEL O eye tracker
data. As indicated 1n Table IIlI, these elementary features
include fixations and saccades. FIG. 2A 1s a graphical
illustration of a sequence of fixations and saccades, with the
fixations represented as solid dots and the saccades repre-
sented by directed line segments between the dots. Many
techniques are well-known 1n the art for identifying and
recognizing from eye tracker data fixations, saccades, and
other elementary features. It will be appreciated that LEVEL
1 mterpretation may also 1dentily other elementary features
of the LEVEL 0 data, such as smooth pursuit motion. These
features are stored in a memory buflfer allocated for LEVEL

1 data.

TABLE 111

LEVEL 1: ELEMENTARY FEATURES: (e.g., FIXATIONS
and SACCADES)

Elementary Feature Feature Attributes

Fixation Position, time, duration
Saccade Magnitude, direction, velocity
Smooth Pursuit Motion Path taken by eye, velocity
Blinks Duration

Identifying a fixation typically involves identifying a
fixation location and a fixation duration. In the context of the
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present description, a fixation 1s defined as a statistically
significant clustering of raw eye tracker data within some
space-time 1nterval. For example, a fixation may be identi-
fied by analyzing the raw eye tracker data stream to deter-
mine if most of the eye positions during a predetermined
minimum fixation time interval are within a predetermined
fixation space interval. In the case of a current state-of-the
art eye tracker, the data stream 1s analyzed to determine 1f at
least 80% of the eye positions during any 50 ms time interval
are contained within any 0.25 degree space mterval. Those
skilled 1n the art will appreciate that these particular values
may be altered to calibrate the system to a particular eye

tracker and to optimize the performance of the system. If the
above criteria are satisfied, then a fixation 1s 1dentified. The
position and time of the 1dentified fixation can be selected to
be the position and time of a representative data point in the
space-time 1nterval, or can be derived from the fixation data
in the space-time interval (e.g. by taking the median or mean
values). The duration of the identified fixation can then be
determined by finding the extent to which the minimum
fixation time 1nterval can be increased with while retaining
a proportion of the positions within a given space interval.
For example, the time 1nterval can be extended forward or
backward 1n time by a small amount, and the data within the
extended interval 1s analyzed to determine if an 80% pro-
portion of the positions in the time interval are within some
1 degree space interval.

It will be appreciated that this particular technique for
identifying fixations 1s just one example of how a fixation
might be 1dentified, and then other specific techniques for
identifying fixations can be used in the context of the present
invention, provided they identify clustering of eye tracker
data 1n space and time that correlates with physiological eye
fixations. It will also be appreciated that the specific tech-
niques used for identifying fixations (and other elementary
features) will depend on the precision, accuracy, and spa-
tiotemporal resolution of the eye tracker used. In order to
reduce the false identification of elementary features, a high
performance eye tracker is preferred. An 1deal eye tracker
will have sufficient precision, accuracy, and resolution to
permit 1dentification of physiological fixations with a high
degree of confidence. Those skilled mn the art will also
appreciate that the techniques for recognizing a revisit and
other eye movement patterns described herein will depend
on the performance of the eye tracker used. The speciiic
techniques described herein are appropriate for average
performance eye trackers, which have a spatial resolution of
approximately 1 degree.

For many purposes a saccade can be tracked as simply the
displacement magnitude and direction between successive
fixations, though the changes in velocity do contain infor-
mation useful for understanding the eye movement more
specifically. The saccades may be explicitly 1dentified and
entered the LEVEL 1 memory buller, or may remain implicit
in the fixation information stored in the buffer. Conversely,
it will be appreciated that saccade information implicitly
contains the relatively positions of fixations.

In addition to fixations and saccades, elementary features
may 1nclude various other features that may be identified
from the raw eye tracker data, such as blinks, smooth pursuit
motion, and angle of eye rotation within the head. Those
skilled in the art will appreciate that various elementary
features may be defined and identified at this elementary
level, and then used as the basis for higher level interpre-
tation 1 accordance with the teachings of the present
invention. Thus, the use of various other elementary features
does not depart from the spirit and scope of the present
invention.
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The elementary features, such as saccades, fixations,
smooth pursuit motion and blinks, now form the basis for
further higher level interpretation. This LEVEL 2 interpre-
tation mvolves recognizing eye-movement patterns. An eye
movement pattern 1s a collection of several elementary
features that satisfies a set of criteria associated with a
predetermined eye-movement pattern template. As shown in
TABLE IV below, various eye-movement patterns can be
recognized at this level of interpretation. Typically, in
practice, after each saccade the data 1s examined to check if
it satisfies the criteria for each of the movement patterns.

TABLE IV

LEVEL 2: EYE-MOVEMENT PAT'TERN TEMPLATES

Pattern Criteria

Revisil The current fixation 1s within 1.2 degrees of one of the
last five fixations, excluding the fixation immediately
prior to the current one

Significant A fixation of significantly longer duration when

Fixation compared to other fixations in the same category

Vertical Saccade  Saccade Y displacement 1s more than twice saccade X

displacement, and X displacement 1s less than 1 degree

Horizontal Saccade X displacement 1s more than twice saccade Y
Saccade displacement, and Y displacement 1s less than 1 degree
Short Saccade A sequence of short saccades collectively spanning a
Run distance of greater than 4 degrees

Selection Fixation 1s presently contained within a region that is
Allowed known to be selectable

If LEVEL 1 data fits one of the LEVEL 2 eye-movement

pattern templates, then that pattern i1s recognized and a
pattern match activation value i1s determined and stored 1n a
LEVEL 2 memory buffer. The pattern match activation value

can be an on/off flag, or a percentage value indicating a
degree of match. It should be noted that some LEVEL 2
patterns may have criteria based on LEVEL 0 data, or other
LEVEL 2 data. Normally, however, LEVEL 2 pattern tem-
plates have criteria based primarily on LEVEL 1 informa-
tion. It should also be noted that the eye-movement patterns
are not mutually exclusive, 1.€., the same LEVEL 1 data can
simultaneously satisfy the criteria for more than one eye-
movement pattern template. This “pandemonium model”
approach tolerates ambiguities at lower levels of
interpretation, and allows higher levels of mterpretation to
take greater advantage of the all the information present in
the lower levels.

In addition to recognizing patterns, LEVEL 2 1nterpreta-
fion also may include the initial computation of various
higher level features of the data. These LEVEL 2 features
and their attributes are shown in TABLE V below. In the
preferred embodiment, the term “short saccade” means a
saccade of magnitude less than 3 degrees, while the term
“long saccade” means a saccade of magnitude at least 3
degrees. It will be appreciated, however, that this precise
value 1s an adjustable parameter.

TABLE V

LEVEL 2: EYE-MOVEMENT FEATURES

Feature Attributes

Saccade Count Number of saccades since the last significant fixation or
last 1dentification of higher level pattern
Number of large saccades since the last significant

fixation or last identification of higher level pattern

Large Saccade
Count

These features are used 1n the interpretation process in
LEVEL 2 and higher levels. The movement patterns recog-
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nized on LEVEL 2 are also used to recognize other move-
ment patterns, as well as behavior patterns on higher levels.
For example, revisits can be used to determine when a user
has found a target after searching. Significant fixations, 1.e.,
fixations whose duration are abnormally long, tend to con-
vey 1nformation about the change 1n user state. Examining
the length of sequences of saccade can provide information
recarding the mental activity of the user. For example,
consider the fact that a person can clearly perceive the arca
around a spot where a significant fixation occurred. Thus, 1f
the user makes a small saccade from that spot, then the user
1s making a knowledgeable movement because he 1s moving
into an area visible through peripheral vision. If the user
makes a short saccade run, as 1llustrated in FIG. 2A, the user
1s looking for an object locally. If, on the other hand, the user
makes a large saccade after a significant fixation, followed
by one or two small saccades, as 1llustrated 1n FIG. 2C, then
this represents knowledge movement to a remembered loca-
fion. This pattern of moving with knowledge 1s normally
considered to hold unfil a different pattern 1s identified from
further data. For example, multiple saccades, 1llustrated in
FIG. 2B, can indicate a pattern of global searching, which
normally happens when the user 1s searching a large area for
a target.

During searching, a fixation that 1s a revisit 1s treated as
being in the knowledgeable movement category as long as
that fixation lasts. This covers the situation when a user 1s
scarching, briefly perceives the desired target, moves to a
new location before realizing that he just passed the desired
target, and then moves back to (i.e., revisits) the previous
fixation. Recognizing revisits makes it possible to transition
back to knowledgeable movement after a user has been
scarching. It 1s relatively easy to recognize when a user has
begun searching. This technique makes 1t possible to make
the more difficult recognition of when the user has stopped
scarching.

The eye movement patterns and features of LEVEL 2
form the basis for recognizing higher level eye behavior
patterns during the LEVEL 3 interpretation. An eye behavior
pattern 1s a collection of several eye movement patterns that
satisfies a set of criteria associated with a predetermined
eye-behavior pattern technique. TABLE VI lists examples of
common eye-behavior patterns. As with the previous level,
these patterns are not necessarily mutually exclusive, allow-
ing yet higher levels of interpretation, or an application
program, to resolve any ambiguities. It will be appreciated
that many other behavior patterns may be defined 1in addition

to those listed 1n TABLE VI below.

It should be emphasized that, with the exception of
recognizing an “intention to select,” the recognition of eye
behavior patterns and eye movement patterns do not make
explicit or implicit reference to any details regarding the
contents of the user’s visual field. Thus the present invention
provides a technique for recognizing mental states of a user
without requiring any a priori knowledge of the contents of
the user’s visual field. For the purpose of this description,
knowledge of the contents of a visual field 1s understood to
mean Information regarding one or more objects that are
known (1) to be displayed in the visual field and (2) to have
specific locations 1n the visual field or to have speciiic
relative or absolute spatial structuring or layout in the visual
field. For example, knowledge that a text box 1s displayed to
the user at a specific location on a computer screen 1s
knowledge of the contents of the user’s visual field. In
contrast, general knowledge regarding the type of activity of
the user, or the types of objects that potentially might appear
to the user, are not considered knowledge of contents 1n the




US RE33,668 E

9

visual field. Thus, for example, 1f 1t 1s known that a user 1s
looking at a computer while browsing the web, that 1s not
considered knowledge of the contents of a user’s visual field.
If additional knowledge were available, such as knowledge
of any specific object on the screen and the object’s speciiic
location or spatial relationship with another object, or other
such 1nformation about speciiic content, then this would
constitute knowledge of contents in the visual field. In
addition, 1t should be emphasized that generic knowledge of
the types of objects viewed by the user 1s also not considered
knowledge of content in the visual field unless that knowl-
edge 1ncludes specific objects having specific locations
and/or spatial relationships with other objects.

TABLE VI

LEVELS 3 and up: EYE-BEHAVIOR PATTERN TEMPLATES

Pattern Criteria

Best Fit Line A sequence of at least two horizontal saccades to the left

(to the Left or right.

or Right)

Reading Best Fit Line to Right or Short Horizontal Saccade while
current state 1s reading

Reading a A sequence of best fit lines to the right separated by large

Block saccades to the left, where the best fit lines are regularly
spaced in a downward sequence and (typically) have
similar lengths

Re-Reading Reading in a previously read area

Scanning or A sequence of best fit lines to the right joined by large

Skimming saccades with a downward component, where the best fit
lines are not regularly spaced or of equal length

Thinking several long fixations, separated by short spurts of

saccades
several long fixations, separated by short spurts of
saccades, continuing over a long period of time

Spacing Out

Searching A Short Saccade Run, Multiple Large Saccades, or many
saccades since the last Significant Fixation or change 1n
user state

Re- Like searching, but with longer fixations and consistent

acquaintance rhythm

Intention to  “selection allowed” flag 1s active and searching 1s active

Select and current fixation 1s significant

FIG. 3A 1illustrates an example of a sequence of several
horizontal short saccades to the right, a pattern that would be
recognized as reading a line of text. A best fit line through
the sequence 1s mndicated 1n the figure by a dashed line. FIG.
3B illustrates an example of how the reading a line of text
pattern may be used as a basis for recognizing a higher level
pattern. In this case, a sequence of three best it lines to the
right are joined by large saccades to the left. The best {it lines
are regularly spaced mn a downward sequence and have
similar lengths, reflecting the margins of the test. This higher
level pattern represents reading a block of text. FIG. 3C
illustrates how keeping track of the right and left margins
(indicated by dashed vertical lines) while reading lines of
text (indicated by rectangles) can be used to recognize when
the text flows around a picture or other graphical object.
FIG. 3D illustrates a high level pattern corresponding to
scanning or skimming a page of text.

These examples 1llustrate how higher level cognitive
patterns can be recognized from lower level eye movement
patterns. It should also be noted that some LEVEL 3
behavior patterns are more introverted (e.g., spacing out)
while others are more extroverted (e.g., reading or
searching). Therefore, a mental introversion pattern can be
recognized by testing for a shift from more extroverted
behavior patterns to more introverted behavior patterns.
Other cognitive patterns can similarly be defined and rec-
ognized. For example, the level of knowledge of the user can
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be determined by observing the number of transitions
between behaviors 1n a given time period. There 1s no
theoretical limit to the number of patterns or interpretive
levels that may be introduced and implemented in accor-
dance with the principles of the present invention.

It should be understood that the distinctions between the
interpretive levels may be redefined or moved 1n various
ways without altering the nature of the invention. In
particular, patterns on one level may be considered to reside

on another level than has been shown above. For example,
scarching may be considered to be a LEVEL 4 behavior
pattern rather than a LEVEL 3 movement pattern. Even
when such changes are made, however, the hierarchical
structure of levels of the interpretation process, and the way
in which a collection of recognized patterns on one level are
used as the basis for recognizing patterns on a higher level
remains unchanged.

It will be appreciated that because implementation of the
present method on the hardware level 1s necessarily linear,
the hierarchical nature of the pattern interpretation will be
manifested as a repetition of various low-level interpretive
processing steps which are used 1n higher-level recognition.
Regardless of whether this repetition takes the form of a
single set of 1nstructions repeatedly executed or a series of
similar instructions executed in sequence, the hierarchical
interpretation technique i1s nevertheless present.

While the present invention enjoys the advantage that 1t
provides high level recognition of mental states based on eye
data alone, if contextual data is available (e.g., specific
information about the positions of objects on a computer
screen, or general knowledge of what type of information 1s
in the user’s field of view) it can be used to supplement the
eye data and improve performance. For example, if 1t 1s
known that text 1s being displayed 1n a specific region of the
screen, then this information can be used to more accurately
determine from the eye data what behavior a user 1s engaged
in while looking within that region. In addition, if 1t 1s
known that a certain region 1s selectable, then this contextual
information can be provided to the system to allow recog-
nition of the behavior of intending to select a selectable 1tem,

as indicated by the “selection allowed” behavior pattern 1n
TABLE IV.

The present invention also enjoys the advantage that high
level behaviors can be used to assist in providing a behav-
loral context in recognizing lower level patterns. For
example, significant fixations are recognized using criteria
that are automatically updated and selected according to
current behavior. The user’s fixation duration times are
recorded and classified by type of behavior (e.g., searching,
reading, looking at a picture, thinking, or knowledgeable
movement). Typically, for a given behavior that allows
selection, the distribution of fixations with respect to dura-
tion time has a first peak near a natural fixation duration
value, and a second peak near a fixation duration value
corresponding to fixations made with an intention to select.
The significant fixation threshold 1s selected for a given
behavior by choosing a threshold between these two peaks.
The threshold values for the behaviors are updated on a
regular basis and used to dynamically and adaptively adjust
the significant fixation thresholds. For example, if a user’s
familiarity with the locations of selectable targets increases,
the natural fixation times will decrease, causing the signifi-
cant fixation threshold to be automatically set to a lower
level. This automatic adaptation allows the user to more
quickly make accurate selections. Alternatively, a user may
wish to manually fix a specific set of threshold values for the
duration of a session.
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It should be noted that a user who 1s unfamiliar with the
contents of a wvisual field will typically display lots of
scarching activity, while a user who 1s very familiar with the
contents of a wvisual field will typically display lots of
knowledgeable looking. Thus, a user’s familiarity with the
contents of the visual field can be estimated by measuring
the ratio of the frequency of intentional fixations to the
frequency of natural fixations.

The present invention has the highly advantageous feature
tat 1t overcomes the long-standing “Midas Touch” problem
relating to selecting items on a computer screen using
eye-tracking information. Because the technique provided
by the present invention identifies various high level mental
states, and adaptively adjusts significant fixation thresholds
depending on specific attributes of fixation 1n the current
mental state, false selections are not accidentally made with
the person 1s not engaged 1n selection activities. For
example, while currently recognizing a searching behavior,
the system will tolerate longer fixations without selection
than while recognizing knowledgeable movement. In short,
the key to solving the Midas Touch problem 1s to adaptively
adjust target selection criteria to the current mental state of
the user. Because prior art techniques were not able to
recognize various high level mental states, however, they
had no basis for meaningfully adjusting selection criteria.
Consequently, false selections were 1inevitably made 1n vari-
ous behavioral contexts due to the use of mnappropriate target
selection criteria.

What 1s claimed 1s:

1. A computer implemented method for inferring mental
states of a person from eye movements of the person in real

time, the method comprising;:

a) identifying a plurality of elementary features of eye
tracker data for the person;

b) computing from the elementary features of a plurality
of eye movement patterns, wherein each pattern satis-
fles a set of predetermined eye movement pattern
template criteria, wherein computing eye movement

patterns 1s performed without requiring any a priori
knowledge of contents of the person’s visual field; and

¢) computing from the eye movement patterns a plurality
of eye-behavior patterns corresponding to mental states
of the person.

2. The method of claim 1 further comprising classifying
the elementary features according to associated eye-
behavior patterns.

3. The method of claim 2 wherein computing the eye
movement patterns comprises computing a significant fixa-
fion when a current fixation duration 1s longer than a
significant threshold for a current eye-behavior, where the
threshold 1s calculated from recent fixation duration times
classified by the current eye-behavior.

4. The method of claim 1 further comprising computing,
high level features from the elementary features.

5. The method of claim 1 wherein the plurality of eye
behavior patterns comprises at least three eye behavior
patterns.

6. The method of claim § wherein the eye behavior
patterns comprise a pattern selected from the group consist-
ing of reading patterns, spacing out patterns, and searching
patterns.

7. The method of claim 1 wherein computing eye move-
ment patterns 1s performed without requiring knowledge of
specific types of objects bemng displayed in the person’s
visual field.

8. The method of claim 1 being documented 1in a machine-
readable code and being stored on a computer storage
device.
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9. A computer implemented method for inferring mental
states of a person from eye movements of the person in real
time, the method comprising;:

a) identifying a plurality of elementary features of eye
tracker data for the person;

b) computing from the elementary features of a plurality
of eye movement patterns, wherein each pattern com-
prises a temporally ordered sequence of fixations and
saccades satisfying a set of predetermined eye move-

ment pattern template criteria; and

¢) computing from the eye movement patterns a plurality
ol eye-behavior patterns corresponding to mental states
of the person.

10. The method of claim 9 further comprising classitying
the elementary features according to associated eye-
behavior patterns.

11. The method of claim 10 wherein computing the eye
movement patterns comprises computing a significant fixa-
fion when a current fixation duration 1s longer than a
significant fixation threshold for a current eye-behavior,
where the threshold 1s calculated from recent fixation dura-
tion times classified by the current eye-behavior.

12. The method of claim 9 further comprising computing
high level features from the elementary features.

13. The method of claim 9 wherein the plurality of eye
behavior patterns comprises at least three eye behavior
patterns.

14. The method of claim 13 wherein the eye behavior
patterns comprise a pattern selected from the group consist-
ing of reading patterns, spacing out patterns, and searching
patterns.

15. The method of claim 9 wherein computing the eye
behavior pattern comprises 1dentifying a sequence of short
saccades to the right.

16. The method of claiam 9 being documented in a
machine-readable code and being stored on a computer
storage device.

17. A computer implemented method for inferring from
eye movements of a person that the person 1s reading, the
method comprising:

a) identifying elementary features of eye tracker data for
the person;

b) computing from the elementary features a hierarchy of
patterns on various interpretive levels, wherein com-
puted patterns on higher levels are derived from com-
puted patterns on lower levels, wherein highest level
computed patterns comprise a reading corresponding to
a reading state of the person.

18. The method of claim 17 wherein computing patterns
on various 1nterpretive levels comprises identilying a
sequence ol short saccades to the right.

19. The method of claim 17 wherein computing patterns
on various interpretive levels comprises 1dentifying a plu-
rality of sequences of short saccades to the right, wherein the
plurality of sequences are approximately vertically aligned
with each other.

20. The method of claim 17 wherein computing patterns
on various Interpretive levels and computing highest level
patterns 1s accomplished without requiring any a priori
knowledge of the person’s visual field.

21. The method of claim 17 being documented 1n a
machine-readable code and being stored on a computer
storage device.

22. An article storing computer-readable instructions that
cause one or more hardware devices to:

a) identify a plurality of elementary features of eye tracker
data for the person;
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b) compute from the elementary features a plurality of eye
movement patterns, wherein each pattern satisfies a set
of predetermined eye movement pattern template
criteria, wherein computing eye movement patterns s
performed without requiring any a priori knowledge of
contents of the person’s visual field; and

c) compute from the eye movement patterns a plurality of
eye-behavior patterns corresponding to mental states
of the person.

23. The article of claim 22 further comprising instructions
to classify the elementary features according to associated
eye-behavior patterns.

24. The method of claim 23 wherein the instructions o
compule the eye movement patterns comprises insiructions
fo compute a significant fixation when a current fixation
duration is longer than a significant threshold for a current
eye-behavior, where the threshold is calculated from recent
fixation duration times classified by the current eye-
behavior:

25. The article of claim 22 further comprising instructions
to compute high level features from the elementary features.

20. The article of claim 22 wherein the plurality of eye
behavior paiterns comprises at least three eye behavior
paiterns.

27. The article of claim 26 wherein the eye behavior
patterns comprise a pattern selected from the group con-
sisting of reading patterns, spacing out patterns, and search-
Ing patterns.

28. The article of claim 22 wherein computing eye move-
ment patterns is performed without requiring knowledge of
spectfic types of objects being displayed in the person’s
visual field.

29. An article storing computer-readable instructions that
cause one or more hardware devices 1o:

a) identify a plurality of elementary features of eye tracker
data for the person;

b) compute from the elementary features a plurality of eye
movement patterns, wherein each pattern comprises da
temporally ordered sequence of fixations and saccades
satisfying a set of predetermined eye movement pattern
template criteria; and

c) compute from the eye movement patterns a plurality of
eye-behavior patterns corresponding to menial states

of the person.
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30. The article of claim 29 further comprising instructions
to classify the elementary features according to associated
eye-behavior patterns.

31. The article of claim 30 wherein computing the eye
movement patterns comprises computing a significant fixa-
lion when a current fixation duration is longer than a
significant fixation threshold for a current eye-behavior,
where the threshold is calculated from recent fixation dura-

fion times classified by the current eye-behavior.

32. The article of claim 29 further comprising computing
high level features from the elementary features.

33. The article of claim 29 wherein the plurality of eye
behavior paiterns comprises at least three eye behavior
patterns.

34. The article of claim 33 wherein the eye behavior
patterns comprise a pattern selected from the group con-
sisting of reading patterns, spacing out patterns, and search-
Ing patterns.

35. The article of claim 29 wherein computing the eye
behavior paiterns comprises tdentifying a sequence of short
saccades to the right.

30. An article storing computer-readable instructions that
cause one or more hardware devices to:

a) identifying elementary features of eye tracker data for
the person;

b) compute from the elementary features a hierarchy of
patterns on various interpretive levels, wherein com-
puted patterns on higher levels are derived from com-
puted patterns on lower levels, wherein highest level
computed patterns comprise a reading pattern corre-
sponding to a reading state of the person.

37. The article of claim 36 wherein computing patterns on
various tnterpretive levels comprises identifying a sequence
of short saccades to the right.

38. The article of claim 36 wherein computing patterns on
various nterpretive levels comprises tdenitifying a plurality
of sequences of short saccades to the right, wherein the
plurality of sequences are approximately vertically aligned
with each other.

39. The article of claim 36 wherein computing patterns on
various interpretive levels and computing highest level pat-
terns 1s accomplished without requiring any a priort knowl-
edge of the person’s visual field.
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