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This work presents a study of an extensive set of 101 categories of eye movement features
from three types of eye movement events: fixations, saccades, and post-saccadic oscilla-
tions. We present a unified framework of methods for the extraction of features that de-
scribe the temporal, positional and dynamic characteristics of eye movements. We perform
statistical analysis of feature values by employing eye movement data from a normative
population of 298 subjects, recorded during a text reading task. We present overall
measures for the central tendency and variability of feature values, and we quantify the
test-retest reliability of features using either the Intraclass Correlation Coefficient (for
normally distributed and normalized features) or Kendall’s coefficient of concordance (for
non-normally distributed features). Finally, for the case of normally distributed and nor-
malized features we additionally perform factor analysis and provide interpretations of the
resulting factors. The presented methods and analysis can provide a valuable tool for
researchers in various fields that explore eye movements, such as in behavioral studies,
attention and cognition research, medical research, biometric recognition, and human-

computer interaction.
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Introduction

The extraction of eye movement features for model-
ing the structure and functionality of the oculomotor
system is a vital task in many fields of research. Human
eye movements can serve as an investigation tool in cog-
nitive and behavioral studies, given their inherent connec-
tion to the guiding mechanisms of visual attention. The
connections of eye movements and the performed cogni-
tive task was systematically investigated in (Yarbus,
1967). The advances in eye-tracking technology, allowed
for the adoption of eye movement analysis in studies of
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cognitive psychology in various fields, such as linguis-
tics, spatial processing, reading, and problem solving
(Just & Carpenter, 1976; Rayner, 1998). Several research
studies specifically explored the underlying mechanisms
connecting eye movements with visual attention and
perception (Collins & Doré-Mazars, 2006; Eckstein,
Beutter, Pham, Shimozaki, & Stone, 2007; Schiitz,
Braun, & Gegenfurtner, 2011). Also, the increasing af-
fordability of mobile eye-trackers facilitated the inspec-
tion of natural human behavior in out-of-the-lab envi-
ronments (Hayhoe & Ballard, 2005; Land, 2009).

There are numerous studies that focused on the
interconnections of oculomotor behavior and individual
characteristics. Eye movements have been explored in
relation to individual motivation (Kaspar & Konig,
2011), and the ‘Big 5’ personality traits (agreeableness,
conscientiousness, extraversion, neuroticism, openness)
(Rauthmann, Seubert, Sachse, & Furtner, 2012).
Recently, vigor of eye movements was associated with
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the personal impulsiveness during decision-making tasks
(Choi, Vaswani, & Shadmehr, 2014). Additionally, the
research of personal traits in oculomotor structure and
functionality has served as the basis for the field of eye
movement biometrics (Rigas & Komogortsev, 2017).

Another field of use of eye movements is clinical re-
search. Irregular eye movements have been examined as
indicators of pathophysiological neural abnormalities,
and for the identification of early signs of neurodegenera-
tive diseases (MacAskill & Anderson, 2016). The charac-
teristics of eye movements during reading have been
investigated in research studies of early Alzheimer’s
disease (Fernandez et al., 2013) and Parkinson’s disease
(Wetzel, Gitchel, & Baron, 2011). Furthermore, there are
studies exploring the oculomotor behavior in various
behavioral disorders, such as ADHD (Fried et al., 2014)
and autism (Klin, Jones, Schultz, Volkmar, & Cohen,
2002; Shirama, Kanai, Kato, & Kashino, 2016).

The research on the extraction of eye movement fea-
tures has been fragmented, since most eye movement
studies focus on small sets of features related each time to
a special topic under consideration. This motivated our
current study on the extraction and analysis of an exten-
sive set of eye movement features, from fixations, sac-
cades, and post-saccadic oscillations. For our analysis, we
use data recorded during the task of reading. Such a task
allows for the extraction of a large diversity of features
that can be used to describe physiological and behavioral
properties of eye movements.

The contribution of our current work can be summa-
rized as follows:

1) We present methods for the extraction of an exten-
sive collection of 101 general categories of eye
movement features from pre-classified eye move-
ment events (fixations, saccades, and post-saccadic
oscillations). Code and data for the extraction of fea-
tures are publicly available at the following link:
https://digital.library.txstate.edu/handle/10877/6904

2) We employ data from a large database of 298 sub-
jects recorded during a text reading task, in order to
demonstrate normative values of central tendency
(median) and overall variability (inter-quartile range)
of the extracted features.

3) We evaluate the test-retest reliability of the extracted
features by using measures of absolute agreement,
specifically, we use the Intraclass Correlation Coef-
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ficient (ICC) for normally distributed and normalized
features, and the Kendall’s coefficient of concord-
ance (W) for non-normally distributed features.

4) We perform factor analysis with varimax rotation on
normally distributed and normalized features, and we
provide an interpretation of the resulting factors
based on the most heavily weighted features contrib-
uting to each factor.

Extraction of Eye Movement Features

General Overview and Used Notation during
Feature Extraction

Prior to feature extraction, the raw eye movement re-
cordings (horizontal and vertical positional signal in
degrees of visual angle) are preprocessed in order to
classify the signal into parts corresponding to basic types
of eye movement events, namely, fixations, saccades, and
post-saccadic oscillations (see definitions in respective
sections). The algorithm used to perform eye movement
classification is a modified version of the velocity-based
method presented in (Nystrom & Holmgqvist, 2010). The
modifications focus on the adoption of thresholds and
parameters that lead to optimum classification perfor-
mance for the data of our reading text experiment. The
accuracy of the algorithm was complementarily verified
via visual screening of classified eye movement events.

The extracted features generally fall in one of two
categories: single-value features and multi-value features.
For single-value features, a unique value is calculated for
each recording by applying a collective model over the
values from the instances of an event-type (fixation, sac-
cade or post-saccadic oscillation). For multi-value fea-
tures, six descriptive statistics are used to model the dis-
tributions of feature values extracted from all instances of
an event-type in a recording, thus generating six respec-
tive feature subtypes. The used descriptive statistics are:
the mean (Mn), median (Md), standard deviation (Sd),
interquartile range (Iq), skewness (Sk), and kurtosis (Ku).
The features are extracted from horizontal, vertical and/or
radial profiles (the term profile refers to the variation of a
quantity —position, velocity, acceleration— in time/sample
domain), or from 2-D trajectory in space.

In List 1, we present various symbols and notation
that will be used in the descriptions of feature extraction
methods in following sections.
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List 1. Symbols and notation

Fix"Vvm, SacV*™ PsoN"™: denote total number of instances of an
event-type (fixations, saccades, post-saccadic oscillations) in recording
FixPos(j),SacPos;(j), PsoPos;(j): denote the j** positional sample
of i*" instance of an event-type

FixVel,(j),SacVel;(j), PsoVel,(j): denote the jt* velocity sample of
i" instance of an event-type

FixAcc(j), SacAcc;(j), PsoAcc;(j): denote the jt* acceleration
sample of i" instance of an event-type

DscrStat: used as superscript to denote multi-value features. Feature
subtypes are generated by applying DscrStat(x;) (x; denotes feature
values), with DscrStat(-) = Mn, Md, Sd, 1q, Sk, and Ku

HVR: used as superscript to denote features calculated for horizontal,
vertical, and radial components of eye movement

HV: used as superscript to denote features calculated only for horizontal
and vertical components of eye movement

R: used as superscript to denote features calculated only for radial
component of eye movement

HV2D: used as superscript to denote features calculated for positional
samples in 2-D space (2D-space trajectory)

Fixation Features

The term fixation is used to define the state when the
eyes are focused on a specific area of interest, projecting
the content of this area on the high-resolution processing
region of the retina (fovea centralis). During fixation the
eyes are not totally still but they perform various minia-
ture movements: slow ocular drifts, small saccades (mi-
cro-saccades), and high-frequency tremors (sometimes
referred as physiological nystagmus) (Steinman, Haddad,
A.A., & Wyman, 1973). In next subsections, we describe
different categories of features that can be extracted to
represent temporal, positional, and dynamic characteris-
tics of the eye movement signal during fixations.

Features of fixation temporal characteristics

The duration and rate of fixations (F0/-F02, List 2)
are two basic fixation features that describe the temporal
behavior of the oculomotor system. For example, during
reading, these characteristics can be used to examine
cognitive functions co-modulated by various aspects,
such as the context (Raney, Campbell, & Bovee, 2014),
subject-related idiosyncrasies (Holland & Komogortsev,
2011), and mental workload (Ahram et al., 2015). In
Figure 1 (left), we can overview a sequence of fixations
performed during reading, and we can observe the varia-
bility in their durations.

Features of fixation position and drift
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A simple way to model the overall fixated position is
to calculate the centroid (F03, List 3) of samples in the
fixation position profile. However, this simple feature
cannot model the characteristics of fixation drift, i.e. the
slow movement of the eye around a fixated location.
Computational modeling of fixation drift can provide
information about the stability of visual input in retina
and the related cognitive implications (Poletti, Listorti, &
Rucci, 2010), and also, properties of fixation drift could
be used as cues for the detection of pathological condi-
tions like amblyopia (Schor & Westall, 1984) and cere-
bellar disease (Leech, Gresty, Hess, & Rudge, 1977). It
should be mentioned that fixation drift can be also at-
tributed to device dependent sources (sometimes called
‘baseline drift’), and so, the modeling of fixation drift can
be particularly useful for human-computer interaction
applications (Stampe & Reingold, 1995) and during the
inspection of eye-tracking quality (Hornof & Halverson,
2002). Fixation drift can be manifested in various forms
(Figure 1, right), and for this reason we present a number
of alternative features that can be used to model the char-
acteristics of fixation drift (F04 to F'13, List 3).

Features of fixation velocity and acceleration

Due to limited eye mobility during fixations, their ve-
locity and acceleration profiles are usually affected by
noise. However, the variability in these profiles can also
reflect information stemming from physiological sources,
e.g., micro-movements and oculomotor function irregu-
larities. Such movements have been explored in studies
of visual perception (Martinez-Conde, Macknik, &
Hubel, 2004), or for the examination of pathological
conditions (Bolger et al., 2000; Bylsma et al., 1995). In
Lists 4-5 we present the features that model fixation ve-
locity and acceleration (F74 to F25), and in Figure 2 we
show examples of fixation velocity and acceleration pro-
files. Most features are extracted via the statistical model-
ing of profiles using the mean, median, standard devia-
tion, skewness and kurtosis. Such profile-modeling fea-
tures have been previously employed in eye movement
biometrics (George & Routray, 2016) both for fixations
and saccades. It is important to clarify that the statistical
modeling of profiles should not be confused with the
mechanism used for creating feature subtypes (previously
described in general overview section). The employed
statistics are similar but, in the current case, they are used
as the means for modeling the ‘shapes’ of profiles.
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Lists of Fixation Features
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List 2. Fixation temporal features

List 4. Fixation velocity features

FO1: Fixpa,
The fixation rate: Fix"V*™/Rec®", where Rec®" is the total recording
duration

FO2: FixDurPserstat
DscrStat () on durations of fixations: FixDur;,i = 1, ..., FixV*™

List 3. Fixation position and drift features

F03: FixPosCentroidPscrstat-HV

DscrStat(-) on position centroids of fixations:

FixPosCentroid; = Y}_, FixPos;(j)/N, i = 1,..., Fix"*™ with N
the number of samples in fixation

FO4: FixDriftDispPscrstat—HVR

DscrStat() on drift displacements of fixations: FixDriftDisp; =
|FixPos;(end) — FixPos;(start)|,i = 1, ..., Fix"Vvm

FO5: FixDriftDistPscrstat-HVR

DscrStat(-) on drift distances of fixations: FixDriftDist; =
YoM FixPos,(j + 1) — FixPos; ()|, i = 1, ..., Fix"*m

FO06: FixDriftAvgSpeedPscrstat-HVR
DscrStat(-) on drift average speeds of fixations:
FixDriftAvgSpeed; = FixDriftDisp;/FixDur;,i = 1, ..., Fix"¥m

FO7: FixDriftFitLndisw "
DscrStat(-) on drift linear-regression-fit slope of fixations:
FixDrif tFitLngp,, calculated via linear regression fit on positional

samples FixPos;(j), j = 1, .., N in each fixation i,i = 1, ..., Fix"*™

FO8: FixDriftFitLn); ™"
DscrStat(-) on drift linear-regression-fit R* of fixations:
FixDriftFitLngz, calculated via linear regression fit on positional

samples FixPos;(j), j = 1, .., N in each fixation i,i = 1, ..., Fix"*™

F09: FixDriftFitQdbsste—Hv

DscrStat(-) on drift quadratic-regression-fit R* of fixations:

FixDrif tFitQdg:, calculated via quadratic regression fit on positional
samples FixPos;(j), j = 1, .., N in each fixation i,i = 1, ..., Fix"*™
F10: FixDriftPrL0Q0""

The LOQO parameter percentage: 100% - X5 L0QO,/Fix"*™, with
L0QO;" calculated via stepwise multilinear regression fit on positional
samples FixPos;(j),j = 1, ..., N in each fixation i,i = 1, ..., Fix"™
F11: FixDriftPrL0Q1%"

The LOQI parameter percentage: 100% - X5 L0Q1;/Fix"*™, with
L0Q1;" calculated via stepwise multilinear regression fit on positional
samples FixPos;(j),j = 1, ..., N in each fixation i,i = 1, ..., Fix"*™
F12: FixDriftPrL1Q0""

The L1QO parameter percentage: 100% - f:i’iNum L1QO0,/Fix"*™ with
L1QO;" calculated via stepwise multilinear regression fit on positional
samples FixPos;(j),j = 1, ..., N in each fixation i,i = 1, ..., Fix"™
F13:FixDriftPrL1Q1%"

The L1Q1 parameter percentage: 100% - X5 L1Q1;/Fix"*™, with
L1Q1;" calculated via stepwise multilinear regression fit on positional
samples FixPos;(j),j = 1, ..., N in each fixation i,i = 1, ..., Fix"*™

Num

Num

Num

F14: FixVelProfMnPscrStat-HVR
DscrStat () on velocity profile-sample mean of fixations:
FixVelProfMn; = ¥, |FixVel,(DI/N ,i = 1, ..., Fix"*™

F15:FixVelProf MdPscrstat-HVR
DscrStat(+) on velocity profile-sample median of fixations:
FixVelProfMd; = median(|FixVel|),i = 1, ..., Fix"*™

F16: FixVelProfSdPscrStat-HVR

DscrStat(-) on velocity profile-sample standard deviation of fixations:
FixVelProfSd; = Jzy:l(lFixVeli(j)l — FixVelProfMn)?/N,i =
1, ..., FixNum

F17:FixVelProfSkPscrstat-HVR

DscrStat(-) on velocity profile-sample skewness of fixations:
N (IFixvel;()|-FixvelProfMn;)* /N

FixVelProfSk; = 5,0 =
(Jz}V:lqFixVezi(j)|—FixVezProani)z/N)

1, ..., FixNum

F18: FixVelProf KuPscrStat-HVR

DscrStat(-) on velocity profile-sample kurtosis of fixations:

N (Fixvely(j)|-FixVelProfMn)*/N
FixVelProfKu; = 2o (PP ekl Fixyetprorting) 5,1 =
(Z,UFixvel;(DI-FixvelProfMn)2/N)

1, ..., FixNum

F19: FixPrAbP90VelT hrPscrstat-R

DscrStat(-) on percentages of the velocity samples of fixations that are
above 90-th percentile”” threshold: FixPrAbP90VelThr;,i =

1, ..., FixNum

F20: FixPrCrP90VelT hrPscrsStat-R

DscrStat(-) on percentages of the velocity samples of fixations that

cross 90-th percentile threshold:
FixPrCrP90VelThr;, i = 1, ..., Fix"vm

List 5. Fixation acceleration features

" LxQy shows whether linear/quadratic terms were used in regression,
e.g., L0Q1; = 1 when only quadratic terms were used, L1Q0; = 1 when
only linear terms were used, etc.

F21: FixAccProfMnPscrsStat-HVR

DscrStat(-) on acceleration profile-sample mean of fixations:
FixAccProfMn; = X, |FixAcc;(DI/N ,i = 1, ..., Fix"*m
F22:FixAccProfMdPscrstat-HVR

DscrStat(-) on acceleration profile-sample median of fixations:
FixAccProfMd; = median(|FixAcc|),i = 1, ..., FixNvm
F23:FixAccProfSdPscrStat-HVR

DscrStat () over acceleration profile-sample standard deviation of
fixations:

FixAccProfSd; = \/Z?’:l(lFixAcci(j)l — FixAccProfMn)?/N ,i =
1, ..., FixNum

F24: FixAccProfSkPscrstat-HVR

DscrStat(-) on acceleration profile-sample skewness of fixations:
¥, (IFixAcc;(j)|-FixAccProfMny)® /N

FixAccProfSk; = 5,0 =
(Jz}Ll(|FixAcci(j)|—FixAccProani)Z/N)

1, .., FixNum

F25: FixAccProfKuPscrstat-HVR

DscrStat(-) on acceleration profile-sample kurtosis of fixations:
N (IFixAccy()|-FixAccProfMn)*/N

FixAccProfKu; = 3,0 =
(Z,UFixacc; ()] -FixAccProfMny)?/N)

1, .., FixNum

" P90 (90-th percentile) threshold calculated over all fixation samples.
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Figure 1. Eye movement positional signal, and examples of different ways of modeling fixation drifts (vight top: linear fit is
preferred; right bottom. quadratic fit is preferred).
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Figure 2. Examples of fixation velocity and acceleration profiles for horizontal and vertical components of eye movement (P90
denotes the 90-th percentile velocity threshold).

Saccade Features

The saccades are very fast movements rotating the
eyes from one position of focus to another. The peak
velocities of saccades can reach over 600°/s. During the
initiation of a saccade, the saccade-generating neural
circuitry makes an estimation of the difference between
the starting and target positions and sends sequences of
neural guiding pulses to the extra-ocular muscles to rotate
the eye. If the intended target is not accurately reached,
one or more small corrective saccades are performed to
transfer the eye to the final target position. In next sub-
sections, we present a large variety of features that can be

extracted from saccades. Prior to the extraction of sac-
cade features, we post-process the data by filtering out
any saccades with durations larger than 70 ms and radial
sizes larger than 8° (the adjacent post-saccadic oscilla-
tions are filtered out as well). This procedure is per-
formed to avoid any large outliers that can skew the dis-
tributions of saccade features, given that during reading
usually relatively small saccades are performed. An ex-
ception on this post-processing rule was made for fea-
tures S49 to S52, since the exact role of these features is
to measure the frequency of occurrence of such large
saccadic events.
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Features of saccade temporal characteristics

Two basic temporal features of saccades are their du-
ration and rate (S0/-S02, List 6). During reading for ex-
ample, saccade durations usually are in range of 20-40
ms. The incorporation (or not) of saccadic durations
when analyzing eye movement data is an important con-
sideration in studies of cognitive processing (Inhoff &
Radach, 1998) and during tasks of perceptual selection in
human-computer interaction (Canosa, 2009). Also, atypi-
cal values of saccade temporal features (e.g., larger than
usual durations) can be signaling the onset of neural dis-
orders (Ramat, Leigh, Zee, & Optican, 2007), whereas
increased saccadic rates have been reported in studies of
behavioral disorders like autism (Kemner, Verbaten,
Cuperus, Camfferman, & van Engeland, 1998).

Features of saccade amplitude and curvature

The amplitude of saccades (S03, List 7) is frequently
used as the basic feature to describe their size. The ampli-
tudes of saccades are related to the respective durations
and peak velocities (Bahill, Clark, & Stark, 1975), giving
the opportunity of co-examination of these characteris-
tics. Although the amplitude can provide a basic descrip-
tion of the overall size of a saccade, it cannot describe the
curvature characteristics of saccadic trajectories. The
modeling of saccade curvature can be important for be-
havioral studies, given the observed connections of cur-
vature with the distractor-related modulation of eye
movements (Doyle & Walker, 2001). The representation
of saccade curvature has been thoroughly reviewed in
(Ludwig & Gilchrist, 2002), where a large variety of
curvature features (old and new) were described. We
have included these features in the current set (SOS8 to
S19, List 7) along with additional features that can model
the non-linearity of saccade trajectory (S04-S05, List 7).
Based on our observation that the ending parts of sac-
cades often show larger degree of non-linearity, we also
present two more features for modeling the saccade end-
ing parts (‘tails’) (S06-S07, List 7). In Figure 3, we show
examples of saccade trajectories both in time domain
(position profile) and in 2D-space domain.

Features of saccade velocity and acceleration

Saccades are considered to be of ballistic nature and it
is assumed that their velocity cannot be modulated inten-
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tionally (Becker & Fuchs, 1969). Thus, the dynamic
features of saccades provide a valuable source for explor-
ing the background neurophysiological activity. In previ-
ous studies, the characteristics of saccadic velocity have
been investigated as indicator of (de-)activation (Galley,
1989) and arousal (Di Stasi, Catena, Canas, Macknik, &
Martinez-Conde, 2013). In Figure 4, we can observe
examples of the characteristics of various saccade veloci-
ty profiles. A prominent feature that can be extracted
easily from velocity profiles is peak velocity (S21, List
8). Additionally, as previously done for fixations, we
extract a set of profile-modeling features by employing
descriptive statistics to represent the overall ‘shape’
properties of velocity profiles (S22 to S26, List §).

The acceleration of saccades is directly related to the
underlying forces moving the eyeball. Thus, saccadic
acceleration can provide important information related to
the dynamic properties of eye movements. The existence
of asymmetries in the shapes of saccadic acceleration-
deceleration phases has been previously reported in
(Fricker, 1971), and it has been shown that the character-
istics of these phases can be modulated by motor learning
(Collins, Semroud, Orriols, & Doré-Mazars, 2008). Also,
abnormal characteristics of the saccade acceleration-
deceleration phases have been reported in studies of au-
tism spectrum disorders (Schmitt, Cook, Sweeney, &
Mosconi, 2014). In Figure 5, we show examples of sac-
cade acceleration profiles (for the same saccades as in
Figure 4) demonstrating the peaks, durations, and shapes
of the acceleration-deceleration phases. To describe the
basic properties of saccadic acceleration, we extract fea-
tures for the peak values of acceleration and deceleration
phases (List 9, S27-528), and also, we extract acceleration
profile-modeling features via the application of descrip-
tive statistics (List 9, $29 to S33).

Features of saccade-characteristic ratios

Features that represent ratios of saccadic characteris-
tics can provide valuable clues for the inter-connections
of oculomotor mechanisms. Also, such features can be
used to provide robustness against exogenous effects
when such effects are not desired (e.g., effects of stimulus
layout). Various ratio features have been investigated in
the past in studies of Parkinson’s disease (peak velocity-
mean velocity ratio or Q-ratio) (Garbutt, Harwood,
Kumar, Han, & Leigh, 2003), as indicators of alertness
(peak velocity-duration ratio or Saccadic-ratio) (Gupta &
Routray, 2012), and in biometrics (peak acceleration-
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peak deceleration ratio) (Rigas, Komogortsev, &  saccade-characteristic ratio features (S34 to S40).

Shadmehr, 2016). In List 1

0, we present the extracted
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Lists of Saccade Features

List 6. Saccade temporal features

S01:Sacgaee
The saccade rate: SacV*™/Rec®"
$02: SacDurPscrstat

DscrStat(-) on durations of saccades: SacDur;, i = 1, ..., SacNvm

List 7. Saccade amplitude and curvature features

S03: sacAmstchtat—HVR
DscrStat(-) on amplitudes of saccades: SacAmp; = |SacPos;(end) —
SacPos;(start)|,i = 1, ..., SacNv™

S04: SacTravDistPscrStat-R
DscrStat(+) on travelled distances of saccades: SacTravDist; =
Yt SacPos;(j + 1) — SacPos; ()|, i = 1, ..., Sac"*™

$05:SacEfficiencyPscrStat-R
DscrStat(-) on efficiency metric of saccades: SacEfficiency; =
SacAmp; Num

——,i=1,..,5ac
SacTravDist;

$06: SacTailEfficiencyPscrstat-R
DscrStat(+) on tail efficiency metric of saccades:
. .. ___ SacTailAmp; -
SacTailEfficiency; = SactallTravbisty i=1,..,Sac
are defined as the samples of the last 7ms of a saccade

$07: SacTailPrinconsistPscrStat-Hv2D

DscrStat(-) on percentage tail inconsistency metric of saccades:
SacTailPrinconsist;, i = 1, ..., SacV*™ is the percentage of saccade
“Tail’ for which angle(LD;, 0D;) = 60°, where LD; the vector connect-
ing the current and the previous point of a saccade, and OD; the vector
connecting the starting and ending point of a saccade (raw signal was
used)

$08: SacInitDirPscrstat-Hv2D

DscrStat(+) on initial direction of saccades:

SacInitDir; = angle(ID;, 0D;), i = 1, ..., Sac’*™, where ID; the
vector connecting the starting point of a saccade and a predefined point
(20ms afterwards), and OD; the vector connecting the starting and
ending points of a saccade (in x-y plane)

$09: SacInitAvgDevPscrStat-HvzD

DscrStat () on initial average deviation of saccades:

SacInitAvgDev; = XL, InitDev,(j),i = 1,...,Sac"*™, where m the
samples in a window of 10ms after the start of a saccade. InitDev;(j) is
calculated by subtracting the eye position (of sample /) on the dimen-
sion orthogonal to the saccade direction from the value on that dimen-
sion at the start of the saccade

5$10,511:
SacMaxRawDev?scrStat-HV2D ¢qcPoiMaxRawDepPscrstat-Hv2D
DscrStat(-) on maximum raw deviation of saccades and the respective
point: SacMaxCurv; = max;_,,_y|PerpDist(j)|,i = 1,...,Sac""™,
where PerpDist(j) is the perpendicular distance (deviation) of sample j
from the straight line connecting the starting and ending points of a
saccade (metrics expressed as percentages of saccade amplitude)
§$12: SacAreaCuryPserStat-Hv2D
DscrStat(-) on area curvature metric of saccades: SacAreaCurv; =
128D - PD(),i = 1,...,SacV*™, where SD(j) the distance cov-
ered by sample j along the straight path between onset and endpoint
since the previous sample (j-1), and PD(j) is the perpendicular (signed)
deviation of sample j (metric expressed as percentage of saccade ampli-
tude)

$13: SacQuadCuryPscrstat-HVzD

Num \where ‘Tails’
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DscrStat(-) on quadratic-fit curvature metric of saccades:
SacQuadCurv; i = 1, ...,Sac¥*™ is the quadratic coefficient calculated
via quadratic fitting on saccade position points*.

514, 515:

SacCubCurvM1Pscrstat-HV2ZD §qcpPoiCubCurvM1PscrStat-HvzD
DscrStat(-) on cubic-fit-extreme-1 of saccades and the respective
point: SacCubCurvM1; i = 1, ..., Sac"*™ is the maximum of the cubic
function fitted on the position points of a saccade* (metrics expressed as
percentages of saccade amplitude)

516,517:

SacCubCurvM2Pscrstat-HV2ZD §qcPoiCubCurvM2PscrStat-HvzD
DscrStat(-) on cubic-fit-extreme-2 of saccades and the respective
point: SacCubCurvM2; i = 1, ..., Sac¥*™ is the minimum of the cubic
function fitted on the position points of a saccade* (metrics expressed as
percentages of saccade amplitude)

518,519:

SacCubCurvMaxPscrStat-HV2D ¢qcPoiCubCurvMaxPscrstat-HV2D
DscrStat(-) on cubic-fit-curvature-maximum of saccades and the
respective point:

SacCubCurvMax; =

max(SacCubCurvM1;, SacCubCurvM2;), SacPoiCubCurvMax; =
max(SacPoiCubCurvM1;, SacPoiCubCurvM2)),i = 1, ..., SacN*™
(metrics expressed as percentages of saccade amplitude)

* for this features every saccade is translated so that the axis through its
starting and ending positions coincides with the abscissa. The horizontal
axis is rescaled so that each saccade starts at -1 and ends at +1

List 8. Saccade velocity features

§$20: SacNumVelLocMinPserStat-R

DscrStat(-) on number of local minima in velocity profile of saccades:
SacNumVelLocMin; is the number of sign changes from negative to
positive in vector SignVel(j) = sign(SacVel,(j) — SacVel;(j —
1),j=2,.,N,i=1,..,Sac"*"

$21:SacPkVelPscrstat-HVR

DscrStat(-) on peak velocities of saccades:
$22:SacVelProfMnPscrStat-HVR

DscrStat () on velocity profile-sample mean of saccades:
SacVelProfMn; = ¥_,|SacVel;(DI/N ,i = 1,..., Sac"*™
$23:SacVelProfMdPscrStat-HVR

DscrStat () on velocity profile-sample median of saccades:
SacVelProfMd; = median(|SacVel|),i = 1, ..., Sach*™
S$24:SacVelProfSdPscrstat-HVR

DscrStat(-) on velocity profile-sample standard deviation of saccades:

SacVelProfSd; = \/Z?’:l(lSacVeli(j)l — SacVelProfMn;)?/N ,i =
1,...,SacNwvm

$25:SacVelProfSkPscrstat-HVR
DscrStat(-) on velocity profile-sample skewness of saccades:
Z?’ﬂ(ISacVeli(j)I—SacVelProani)3/N

SacVelProfSk; = 5,0 =

( Z}Ll (ISacVeli(j)I—SacVelProani)z/N)

1,..,SacNvm

$26:SacVelProf KuPscrstat-HVR
DscrStat(-) on velocity profile-sample kurtosis of saccades:

N (Isacvely(j)|-SacVelProfMn)*/N
SacVelProfKu; = ZjziUSacveli)l-SacvetProfMny) ~ Q=
(Z}‘Ll(ISacVeli(j)I—SacVelPrann[)z/N)
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List 9. Saccade acceleration features

§$27:SacPkAccPserstat-HVR
DscrStat(-)on peak accelerations of saccades: SacPkAcc; =
max;_y ax—1lSacAcc;()I,i = 1,...,Sac"™, where idx is the sample

where SacPkVel; occurs

$28:SacPkDecPscrstat-HVR

DscrStat(-) on peak decelerations of saccades: SacPkDec; =
Max;_igy1,. n1SacAcc; (DI, i = 1,...,Sac"*™, where idx is the sample
where SacPkVel; occurs

$29: SacAccProf MnPscrStat-HVR

DscrStat(-) on acceleration profile-sample mean of saccades:
SacAccProfMn; = ¥¥_,|SacAcc;(DI/N,i = 1,...,Sac"*™
$30: SacAccProf MdPscrStat-HVR

DscrStat(-) on acceleration profile-sample median of saccades:
SacAccProfMd; = median(|SacAcc;()]),i = 1, ..., SacVvm
$31:SacAccProfSdPscrstat-HVR

DscrStat(-) on acceleration profile-sample standard deviation of
saccades:

SacAccProfSd; = \/Z?’:l(lSacAcci(j)l — SacAccProfMn;)?/N,i =
1,...,SacNwvm

$32:SacAccProfSkPscrstat-HVR
DscrStat(-) on acceleration profile-sample skewness of saccades:
Z?’_l(ISacAcci(j)I—SacAccProani)3/N

SacAccProfSk; = =5 =

Z?’ﬂ(ISacAcci(j)I—SacAccProani)Z/N

1,..,SacNvm

$33:SacAccProfKuPscrstat-HVR
DscrStat(-) on acceleration profile-sample kurtosis of saccades:

SacAccProfKu; = 2N (ISacAcc;(j)|-SacAccProfMny)* /N =
(Z _,(SacAcc;(j)I- SacAccProanl)Z/N)

1,..,SacNvm
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5$40: SacPkAccPkDechssrstat-HVR
DscrStat(-) on peak acceleration-peak deceleration ratio of saccades:

SacPkace; |
SacPkAccPkDecyqio, = 5ot i =1, ..., Sachum
i

List 11. Saccade main-sequence features

List 10. Saccade-characteristic ratio features

$41: SacAmpDurFitLng e cepe

The intercept from the linear-regression-fit performed collectively on all
saccades to model the overall amplitude-duration relat1onsh1p y = f(x),
where y = SacAmp;, x = SacDur;,i = 1,...,Sac™™

542: SacAmpDurFlthS,ape

The slope from the linear-regression-fit performed collectively on all
saccades to model the overall amplitude-duration relationship y = f(x),
where y = SacAmp;, x = SacDur;,i = 1, ..., SacV*™

543: SacAmpDurFitLnf,

The R? from the linear-regression-fit performed collectively on all
saccades to model the overall amplitude-duration relationship y = f(x),
where y = SacAmp;, x = SacDur;,i = 1, ..., SacV*™

544: SacPkVel AmpFitLng o cepe

The intercept from the linear-regression-fit performed collectively on all
saccades to model the overall logarithm peak velocity-logarithm ampli-
tude relationship y = f(x), where y = log(SacPkVel;),x =
log(SacAmp,),i = 1, ..., Sac"v™

545:SacPkVelAmpFitLng,,,

The slope from the linear-regression-fit performed collectively on all
saccades to model the overall logarithm peak velocity-logarithm ampli-

tude relationship y = f(x) where y = log(SacPkVel;),x =
log(SacAmp,),i =1, ..., Sac"*

546:SacPkVelAmpFitLn},

The R* from the linear-regression-fit and performed collectively on all
saccades to model the overall logarithm peak velocity-logarithm ampli-
tude relationship y = f(x), where y = log(SacPkVel;),x =
log(SacAmp,),i =1, ..., Sac"v™

$34: sacAmpDurDschtat HVR

DscrStat(-) on amplitude-duration ratio of saccades:
Sachmpi y _ 1, ..., Sachum

AmpDurg,io. =
SacAmp Ratio; ™ sqcpur;

$35: SacPkVelAmphssistat-HVR
DscrStat(-) on peak velocity-amplitude ratio of saccades:
p y-amp

SacPivel; .
SacPkVelAmpgatio, = - — i = 1,...,sac"*™

SacAmp;
§36: SacPkVelDur)seistat-HVR
DscrStat(-) on peak velocity-duration ratio of saccades:

SacPkvel; .
SacPkVelDurgyio, = ——— i = 1, ..., SacVv™m
atio; Sacbur;

§37:SacPkVelMnVelpssiStat-HVR
DscrStat(-) on peak velocity-mean velocity ratio of saccades:

SacPkVel; .
SacPkVeanVelRatioi = W i=1, ...,SaCNum
Ratio;

$38:SacPkVelLocNoiseRatioPscrstat-R

DscrStat(-) on peak velocity-local noise ratio of saccades:
m i=1,..,Sac’*" where
SacLocNoise;

SacLocNoise; calculated from velocity samples preceding a saccade

§39: SacAccDecDurpscrstat

DscrStat(-) on acceleration-deceleration duration ratio of saccades:
EndTime SacACCStarlTlme

SacPkVelLocNoisegpqyio, =

SaCACC .
i=1,..,Sachvm,

SacAccDecDurpgyo, =

EndTlme StartTime

SacDec —SllCACC

SaCACCiStartTime’ SaCACCLEndTlme, SaCDeCLSthtTlme, SacDeciEndTLme are
the starting and ending times of the acceleration/decelerations phases

List 12. Special features of saccade reading behavior

547:SacSmRightg,,.

The number of small rightward saccades per second, i.e. saccades where
SacAmpF < 8° and SacPos! (end) — SacPos! (start) > 0,i =
1,...,SacNwvm

548:SacSmlLeftg,,,
The number of small leftward saccades per second, i.e. saccades where
SacAmpF < 8° and SacPos! (end) — SacPos < 0,i =1, ..., SacVv™

549:SacLgRightg,,.

The number of large rightward saccades per second, i.e. saccades where
SacAmpF > 8° and SacPos! (end) — SacPos! (start) > 0,i =
1,...,SacNwvm

S§50:SacLgleftg,;.

The number of large leftward saccades per second, i.e. saccades where
SacAmpF > 8° and SacPos! (end) — SacPos! (start) > 0,i =
1,...,SacNwvm

S51:SacSmLeftSmRightg,,;,

The ratio of the number of small leftward saccades to the number of
small and rightward saccades

S§52:SacSmAllLgLeftg,.;,
The ratio of the number of all small saccades to the number of large and
leftward saccades
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Figure 6. Saccade main-sequence relationships and the respective linear regression fits for amplitude-duration (left) and the
logarithms of peak velocity-amplitude (vight).

Features of saccade main-sequence characteristics

A more sophisticated way to describe the relation-
ships between basic saccadic characteristics is to create a
collective model (e.g., via curve fitting) using all the
saccadic event instances in a recording. In the work of
(Bahill et al., 1975) the general relationships of feature-
pairs of amplitude-duration and peak velocity-amplitude
were investigated, and the term ‘main-sequence’ (bor-
rowed from Astronomy) was used to describe them. The
properties of main-sequence have been investigated in
connection to mental workload and arousal (Di Stasi,
Antoli, & Canas, 2011; Di Stasi et al., 2013), and also,
they have been employed for modeling saccadic vigor in
eye movement biometrics (Rigas et al., 2016). The fea-
tures extracted to describe the main-sequence relation-
ships (S41 to S46, List 11) were modeled by fitting linear
curves directly on the amplitude-duration data and on the
logarithms of peak velocity-amplitude data (due to non-
linear relationship). In Figure 6, we show examples of
the performed fitting on the main-sequence data.

Special features of saccade reading behavior

Due to the use of reading paradigm, we also extracted
a specialized group of saccadic features (S47 to S52, List
12) that combine amplitude and direction cues, and they
can potentially represent saccadic events connected to the
reading behavior of subjects, e.g., forward read words,
corrections and word regressions, line changes etc. It
should be mentioned that previous research specialized
on the study of eye movements during reading has out-
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lined the importance of similar features and identified
possible sources of their variability (Rayner, 1998). The
modeling of the extracted features into more complex
entities specifically related to reading behavior is out of
the scope of our work, however, in section Limitations
and Further Extensions we discuss about several studies
that can be useful during the implementation of such
complex features.

Post-saccadic Oscillation Features

A post-saccadic oscillation is a small oscillatory
movement that can occasionally appear after a saccade.
The term post-saccadic oscillation can be used to cover
movements appearing in various manifestations, e.g., as
small rapid movements, known as dynamic overshoot
(Kapoula, Robinson, & Hain, 1986), or as slower and
smoother movements, known as glissadic overshoots
(Weber & Daroff, 1972). Although, there are several
studies that relate the appearance of glissadic phenomena
with fatigue (Bahill & Stark, 1975b) and idiosyncratic
characteristics (Kapoula et al., 1986), the exact sources
and the role of post-saccadic oscillations is not yet fully
understood. Also, their recording has been found to be
pronounced for specific eye-tracking technologies (Frens
& van der Geest, 2002) and influenced by filtering.

Features of post-saccadic oscillation temporal char-
acteristics

The basic features that are extracted to model the
temporal characteristics of post-saccadic oscillations are
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the duration (P0/) and two features modeling the fre-
quency of appearance of post-saccadic oscillations, the
interval between post-saccadic oscillations and the per-
cent of saccades followed by a post-saccadic oscillation
(P02, P03, List 13). To further quantify the frequency of
appearance of different manifestations of post-saccadic
oscillations we extract features that quantify the percent-
ages of slow, moderate, and fast post-saccadic oscilla-
tions (P04, P05, P06, List 13). The thresholds for the
categorization of post-saccadic oscillations into slow,
moderate and fast were selected after careful examination
of their characteristics during the pre-processing stage.

Features of post-saccadic oscillation shape

Instead of extracting the ‘amplitude’ of post-saccadic
oscillations (absolute difference between starting and
ending positions), which is probably less informative due
to their ‘oscillatory’ shape, we extract a feature that rep-
resents the maximum absolute deviation in these ‘oscilla-
tory’ shapes (P07, List 14). We further model the position
profiles of post-saccadic oscillations by extracting two
features that represent the number of local minima (val-
leys) and maxima (peaks) (P08, P09, List 14). In Figure
7, we present examples of post-saccadic oscillation posi-
tion profiles demonstrating the variability in their ‘oscil-
latory’ shapes, and showing the features that can be ex-
tracted to model this variability.

Features of post-saccadic oscillation velocity and ac-
celeration

Due to the nature of post-saccadic oscillations their
velocity profiles usually have multiple peaks. We extract
the feature of peak velocity (P10, List 15) from the larg-
est of them —most times it is the first peak. In Figure 8,
we show examples of velocity profiles of post-saccadic
oscillations (for the same events as in Figure 7) and
demonstrate the differences in the peak velocities of fast,
moderate, and slow post-saccadic oscillations. In Figure
9, we present the respective acceleration profiles. As was
performed for fixations and saccades, we extract a set of
features that model the ‘shapes’ of velocity and accelera-
tion profiles of post-saccadic oscillations via the use of
descriptive statistics (P11 to P20, Lists 15-16).

Features of saccade/post-saccadic oscillation charac-
teristic ratios

Given the fact that every post-saccadic oscillation can
be tied to a preceding ‘parent’ saccade, we extract three
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additional categories of features that can be used to mod-
el the possible interrelationships between the characteris-
tics of saccades and their adjacent post-saccadic oscilla-
tions. These features (P21 to P24, List 17) are extracted
by computing the ratios between important characteristics
of post-saccadic oscillations and saccades, specifically,
duration, amplitude (saccade) or deviation (post-saccadic
oscillation), and peak velocity.

Experiments

Subjects

The experiments were performed with the participa-
tion of 298 subjects (162 males/136 females) with ages
from 18 to 46 years, (M =22, SD = 4.3). All subjects had
normal or corrected vision (151 normal / 147 corrected
with 61 glasses / 86 contact lenses) and filled a question-
naire to verify that they did not have any recent severe
head injury that could affect the oculomotor functionality.
The study was approved by the institutional review board
of Texas State University and the participants provided
signed informed consent.

Apparatus and Recording Setup

The eye tracking system used for the experiments was
an EyeLink 1000 eye tracker with a sampling rate of
1000 Hz. The eye tracker operated in monocular mode
capturing the left eye. The typical vendor specifications
of this system report accuracy of 0.5° and spatial resolu-
tion of 0.01° RMS. In our experiments, we followed a
strict protocol to ensure the high quality of recordings by
restricting the allowed calibration accuracy error to max-
imum values lower than 1.5° and average values lower
than 1°. We practically measured the average calibration
accuracy over all recordings to be 0.48° (SD = 0.17°) and
the average data validity to be 94.2% (SD = 5.7%). Va-
lidity is defined as the percentage of samples that were
successfully captured by the eye-tracking device during a
recording. Common sources of failure to capture (invalid-
ity) can be blinks, moisture, squinting etc. During the
recordings, each subject was comfortably positioned at a
distance of 550 mm from a computer screen with dimen-
sions 474 x 297 mm and resolution 1680 x 1050 pixels,
where the visual stimulus was presented. To mitigate any
possible eye-tracking artifacts from small head move-
ments, the subjects’ heads were stabilized using a chin-
rest with a forehead.
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Lists of Post-saccadic oscillation Features

List 13. Post-saccadic oscillation temporal features

P01: PsoDurPistrstat
DistrStat(-) on durations of post-saccadic oscillations: PsoDur;, i =
1, ..., PsoNum

P02: PsolnterpPistrstat

DistrStat(-) on inter-post-saccadic oscillation intervals: Psolnterv; =
Psoft“rtTfme - Psof_"f“me,i =2, ...,Pso"*™ where

PsojtertTime pgoEndTime are the starting time of a post-saccadic oscil-
lation and the ending time of the previous post-saccadic oscillation

PO03: Psop,
The percentage of saccades with a post-saccadic oscillation: 100% -
(PsoMvm /SacNum)

P04: PsoSlowp,

The percentage of slow post-saccadic oscillations:

100% - (PsoSlow™¥™ /PsoN*™), with PsoSlow™*™ the number of
slow post-saccadic osc., i.e. 20°/s < peak post-saccadic oscillation
velocity < 45°/s

P05: PsoModeratep,

The percentage of moderate post-saccadic oscillations 100% -
(PsoModerate™*™ /PsoN*™), with PsoModerate™*™ the number of
moderate post-saccadic oscillations, i.e. 45°/s < peak post-saccadic
oscillation velocity < 55°/s

P06: PsoFastp,

The percentage of fast post-saccadic oscillations

100% - (PsoFast"*™/PsoN*™), with PsoFast"*™ the number of fast

post-saccadic oscillations, i.e. peak post-saccadic oscillation velocity >
55°/s

List 14. Post-saccadic oscillation shape features

P07: PsoMaxAbsDepPistrStat-HVR
DistrStat(-) on maximum absolute deviation of position profiles of
post-saccadic oscillations: PsoMaxAbsDev; = |maxj PsoPos;(j) —
min; PsoPos; (j)l,i =1,..,PsoNvm

P08: PsoNumPosVlsPistrStat-HVR

DistrStat(-) on number of valleys in position profile of post-saccadic
oscillations: PsoNumPosV ls; is the number of sign changes from
negative to positive in vector SignPos(j) = sign(|PsoPos;(j)| —
|PsoPos;(j — DI),j =2,..,N,i =1, ..., Pso"m

P09: PsoNumPosPksPistrStati-HVR

DistrStat(-) on number of peaks in position profile of post-saccadic
oscillations: PsoNumPosPks; is the number of sign changes from
positive to negative in vector SignPos(j) = sign(|PsoPos;(j)| —
|PsoPos;(j — DI),j =2,..,N,i =1, ..., Pso"m

List 15. Post-saccadic oscillation velocity features

P10: PsoPkVelPistrStat-HVR
DistrStat(-) on peak velocities of post-saccadic oscillations:
PsoPkVel; = max;_, y|PsoVel;(j)|,i =1, .., Pso™™

P11: PsoVelProf MnPistrStat-HVR
DistrStat(-) on velocity profile-sample mean of post-saccadic oscilla-
tions: PsoVelProfMn; = Y_,|PsoVel,()I/N,i = 1,..., Pso™*™

P12: PsoVelProfMdPistrStat-HVR
DistrStat(-) on velocity profile-sample median of post-saccadic oscil-
lations: PsoVelProfMd; = median(|PsoVel;]),i = 1, ..., PsoN*™

P13: PsoVelProfSdPistrstat-HVR
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DistrStat(-) on velocity profile-sample standard deviation of post-
saccadic oscillations:

PsoVelProfSd; = Jzy:l(lPsoVeli(j)l — PsoVelProfMn;)2/N,i =
1, ..., PsoNum

P14: PsoVelProfSkPistrStat-HVR
DistrStat(-) on velocity profile-sample skewness of post-saccadic
oscillations:

Z?’ﬂ(IPsaVeli(j)I—PsoVelProani)3/N

PsoVelProfSk; = 5,0 =

( Z}V:l(IPsoVeli(j)I—PsaVelProani)z/N)

1, ..., PsoNum

P15: PsoVelProfKuPistrStat-HVR
DistrStat(-) on velocity profile-sample kurtosis of post-saccadic

. . >N (IPsovel;(j)|-PsoVelProfMn)*/N .
oscillations: PsoVelProfKu; = —= & - 7,0 =
(Z?’m(IPsoVeli(j)I—PsoVelProani)Z/N)

1, ..., PsoNum

List 16. Post-saccadic oscillation acceleration features

P16: PsoAccProfMnPistrStai-HVR
DistrStat(-) on acceleration profile-sample mean of post-saccadic osc.:
PsoAccProfMn; = Y)_,|PsoAcc;(DI/N,i = 1,..., Pso™™

P17: PsoAccProfMdPistrStai-HVR
DistrStat(-) on acceleration profile-sample median of post-saccadic
osc.: PsoAccProfMd; = median(|PsoAcc;|),i = 1, ..., PsoVv™

P18: PsoAccProfSdPistrstat-HVR
DistrStat(-) on acceleration profile-sample standard deviation of post-
saccadic oscillations:

PsoAccProfSd; = Jzy:l(lPsoAcci(j)l — PsoAccProfMn;)?/N ,i =
1, ..., PsoNum

P19: PsoAccProfSkPistrStat-HVR
DistrStat(-) on acceleration profile-sample skewness of post-saccadic
oscillations:

PsoAccProfSk; =

Z?’=1(|PsaAcci(j)|—PsoAccProani)3/N

3,0 =

(JZ}‘Ll(IPsoAcci(j)I—PsoAccProani)Z/N)
1, ..., PsoNum

P20: PsoAccProf KuPistrStat-HVR
DistrStat(-) on acceleration profile-sample kurtosis of post-saccadic
oscillations:

Z}\’:l(IPsoAcci(j)I—PsoAccProani)"/N

PsoAccProfKu; = 3,0 =
(Z}Vﬂ(IPsoAcci(j)l—PsoAccProani)Z/N)

1, ..., PsoNum

List 17. Saccade-post-saccadic oscillation characteristic ratio features

P21: PsoSacDurPsoDurhisirstat

DistrStat(-) on saccade-post-saccadic oscillation duration ratios:
Sacbur; . _ 1 PsoNum

SacDurPsoDurgg;i,, =
Ratio; ™ psopur;’

P22: PsoSacAmpPsoDurpisirstat-HVR

DistrStat(-) on saccade amplitude-post-saccadic oscillation duration

_ SacAmp; .

ratios: SacAmpPsoDurpay0, = i=1,..,PsoNvm

psoDur;

P23: PsoSacAmpPsoMaxAbsDevhisirStat-HVR
DistrStat(-) on saccade amplitude-post-saccadic oscillation maximum

absolute deviation ratios:
SacAmpPsoMaxAbsDevg o, = __Sachmpi__ 1,..

PsoMaxAbsDev;’
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P24: PsoSacPkVelPsoPkVelbisirStat-HVR
DistrStat(-) on saccade-post-saccadic oscillation peak velocity ratios:

 _ SacPkvel; . _ Num . .
SacPkVelPsoPkVelgario, = ooty i = 1, ., PSO Experimental Paradigm
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Figure 7. Examples of post-saccadic oscillation position profiles showing the differences in their ‘oscillatory’ shapes.
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Figure 8. Examples of post-saccadic oscillation velocity profiles showing the differences in their peak velocities and shapes.
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Figure 9. Examples of acceleration profiles of fl}e previously shown post-saccadic oscillations.
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The data used in this study are from a text reading ex-
periment, where every subject performed two recordings
in two sessions separated by an interval of 13 to 42
minutes (M = 19.5, SD = 4.2). Between these two ses-
sions the subjects performed other eye movement tasks
(non-text stimuli) and had brief periods of rest to mitigate
eye fatigue. The visual stimulus of the text reading exper-
iment consisted of excerpts from the poem of Lewis Car-
roll “The Hunting of the Snark”. The first six stanzas
were presented in first session and the next six stanzas in
second session. The text excerpts were presented in white
color on a black background using Times New Roman
bold font of size 20pt, single-spaced, corresponding to
line height of 0.92° on the presentation screen. Screen-
shots of the used visual stimulus are provided at:
https://digital.library.txstate.edu/handle/10877/6904. The
participants were asked to silently read the text, and the
totally given time was 60 seconds. The recordings were

post-processed to extract the parts that corresponded to
the first full pass of the text by each subject.

Analysis Methods and Results

Methods for the Assessment of Central Ten-
dency, Variability, and Reliability

In this section, we present the performed analysis for
the exploration of the central tendency, variability, and
test-retest reliability of the extracted features. For the
calculation of summary statistics describing the central
tendency and variability of features we employ the medi-
an and inter-quartile range over the feature values from
the experimental population. We use these measures
instead of the mean and standard deviation because these
measures are expected to summarize the feature values
more robustly both for normally and non-normally dis-
tributed features. We also employ two powerful measures
for assessing reliability, the Intra-class Correlation Coef-
ficient (ICC) and Kendall’s coefficient of concordance
(Kendall’s W), used for normally (the former) and non-
normally (the latter) distributed features (see next section
for definitions). In our experimental paradigm, the as-
sessment of reliability is particularly important because it
can serve two purposes: a) it reveals the stability of
measurements taken on different occasions (sessions),
and b) it can be used as a proxy of the relative variability
of feature values between subjects (inter-subject) and
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sessions (intra-subject), thus indicating the relative dis-
criminatory power of each feature.

Assessment of normality

To assess the direct normality of features we employ
the Pearson’s y° test and calculate the p values at 5%
significance level. Features that are not directly normal
are subjected to a number of classic normalization trans-
formations followed by reassessment of the test. The used
transformations applied on each feature distribution X
are: the logarithm — log(X + 1), the
— sqrt(X + 0.5), the cube root — sign(X) W, the
reciprocal — 1/X, the arcsine — 2 -sin~' VX (for pro-
portions), and the logit — logadjX/(1 — adjX) (for
proportions and features in range [0, 1]) with adjX repre-
senting X adjusted in range [0.025, 0.075] to avoid unde-
fined cases. The logarithm, square root, cube root, and
reciprocal were complementary evaluated for the reflec-
tion transformation - max(X) + 1 — X. Furthermore, in
order to evaluate cases where the deviation from normali-

square root

ty is due to outliers at the extremes, we perform Winso-
rization (Ruppert, 2004) with maximum-minimum limits
at 5%-95% percentiles of distribution, and we reassess
normality following the previous procedures.

Assessment of reliability

Intraclass Correlation Coefficient (ICC): The ICC is
a measure that can be calculated for normally distributed
data in order to evaluate either the absolute agreement
(accounts for systematic differences) or the consistency
(does not account for systematic differences) of quantita-
tive measurements, and thus, it can be used to assess the
reliability among different occasions (in our case differ-
ent recording sessions). Six basic forms of ICC and their
calculation procedures are described in (Shrout & Fleiss,
1979). In the current work we use the ICC to assess abso-
lute agreement, and for this reason, we employ the third
ICC form (denoted as ICC(2, 1) in (Shrout & Fleiss,
1979)). The original approach for calculating the respec-
tive variance estimates is based on ANOVA tables. For
cases involving two-way random effect models (like the
current case) there is also a more robust approach for this
calculation based on variance component maximum like-
lihood (VCML) analysis (Searle, Casella, & McCulloch,
1992). We currently adopt this approach to calculate the
ICC. The ICC takes values in range [0.00, 1.00] (1.00
indicates complete agreement). The work of (Cicchetti,
1994) suggested some rules of thumb for interpreting the
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ICC values, in specific, [0.75, 1.00] indicates ‘excellent’
agreement, [0.60, 0.75) indicates ‘good’ agreement,
[0.40, 0.60) indicates ‘fair’ agreement, and [0.00, 0.40)
indicates ‘poor’ agreement.

Kendall’s coefficient of concordance (Kendall’s W):
The Kendall’s W (Kendall & Babington Smith, 1939) is a
non-parametric measure that can be used to assess occa-
sion agreement without the requirement for normally
distributed data. The Kendall’s W is calculated as a nor-
malization of the Friedman test statistic (Friedman, 1937)
in range [0.00, 1.00], with 1.00 indicating complete
agreement. The process of estimating Kendall’s W does
not make any prior assumption for the nature of the data
distribution but instead performs statistical calculations
based on data rankings. Since Kendall’s W is calculated
for non-normally distributed data and since there are no
similar rules (ranges) for the interpretation of values as
for the ICC (‘excellent’, ‘good’ etc.), it is not advised to
directly compare values of ICC and Kendall’s W.

Results and Discussion for Central Tenden-
¢y, Variability, and Reliability

The tables of results presented below are structured in
two-levels: the top part presents results for single-value
features. The bottom part presents results for multi-value
features (six feature subtypes are presented in corre-
sponding columns). As already described, these multiple
values are extracted by calculating descriptive statistics
(columns Mn, Md, Sd, 1q, Sk, Ku) on values from multi-
ple feature instances in a recording. The tables present
values only for the independent components of eye
movement (horizontal H, and vertical V), except for the
features extracted only from the radial component or
from trajectory in 2-D plane. In Tables 1, 3, and 5 (fixa-
tions, saccades, and post-saccadic oscillations respective-
ly) we present the values of central tendency (median,
denoted MD) and overall variability (inter-quartile range,
denoted 1Q) for features values across subject population.
In Tables 2, 4, and 6 we present the respective measures
from the assessment of normality and reliability of fea-
tures. In this case, for each feature there is one column
indicating the maximum p value (p) calculated following
the described procedures for normality assessment, and
the adjacent column presents the value of either the ICC
when p value denotes a normally distributed feature (p >
0.05), or Kendall’s W when p value denotes a non-
normally distributed feature (p < 0.05). To further facili-

Rigas, I., Friedman, L., & Komogortsev, O. (2018)

Study of an Extensive Set of Eye Movement Features: Extraction Methods and Statistical Analysis

tate the overview of results, the cells that correspond to
non-normal features have been highlighted using light-
grey shading. Although the two reliability measures
(ICC/W) are presented interchangeably in the same col-
umn for simplicity, we should once more emphasize that
it is not advised to directly compare their values.

In Table 1, we can overview the typical values of
fixation features calculated over the experimental popula-
tion. We can observe that the median fixation duration
was calculated to be about 200 ms (F02) and corresponds
on an average rate of about 3-4 fixations per second
(F0I). This duration is within the expected range for
fixations during reading, and similar values have been
reported in previous research studies (Nystrom &
Holmgqvist, 2010; Rayner, 1998). Since the fixation cen-
troid (F03) is a direct measure of position, the extracted
values for this feature are heavily affected by the posi-
tioning and centering of the stimulus. However, when a
common stimulus is used for all subjects (as in our exper-
iments) the median and inter-quartile range can provide
clues about the existence of systematic error and its vari-
ability, either system-related or subject-related (unique
error signature) (Hornof & Halverson, 2002). As revealed
from the values of F05-F06, the drift during fixation
affects in a similar way both components of eye move-
ment. Furthermore, the drift speeds of the two compo-
nents (F06) seem to be very close to previously reported
values of 0.5°/s (Poletti et al., 2010). The values of the
drift linear-fit slope feature (F(07) reveal a positive ten-
dency for the horizontal component and negative tenden-
cy for the vertical. Another important observation is that
the values of the quadratic-fit R” feature (F09) are larger
than these of the linear-fit R? feature (F08), which seems
to indicate the occasional appearance of non-linearity
(curvature) in fixation drifts (see Figure 1), a phenome-
non previously reported in (Cherici, Kuang, Poletti, &
Rucci, 2012). Finally, the calculated values for velocity
and acceleration (F14 to F25) demonstrate the relatively
low levels of eye mobility during fixations, compared to
the corresponding levels for saccades and post-saccadic
oscillations (see corresponding tables).

The examination of Table 2 allows for an assessment
of the normality and reliability of fixation features. In
overall, 50.7% of fixation features (feature subtypes) are
found to be normally distributed and the rest are distrib-
uted non-normally. An examination of the shaded parts of
the table (non-normal features) reveals that there is a
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general tendency for non-normality from the acceleration
feature categories, and when using the kurtosis (Ku) de-
scriptive statistic irrespectively of feature category. For
the case of fixations, the calculated ICC values for as-
sessing reliability are in range of 0.06 to 0.92. Following
the categorization suggested in (Cicchetti, 1994) we can
see that 32.5% of them are in the region of ‘excellent’
reliability, 20.5% in the region of ‘good’ reliability,
23.9% in the region of ‘fair’ reliability, and 23.1% in the
region of ‘poor’ reliability. The top performing fixation
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features in terms of reliability are F'/4, F15, F16 (model-
ing of fixation velocity profile with mean, median, and
standard deviation), F09 (R* when modeling fixation drift
with quadratic-fit), and F(02 (fixation duration). For the
case of non-normal features, the calculated W values are
in range of 0.52 to 0.98. The difference in ranges of ICC
and W (values of W seem to be compressed in the upper
half of range [0.00, 1.00]) portrays the risk of attempting
to directly compare the values of the two measures.

Table 1. Statistics of central tendency and variability for fixation features over the experimental population.

Single-value Features

Feature Type MD 1Q Feature Type MD Q Feature Type MD Q
. o H 7.58 3.52 o H 75.78 8.47
FOI (s) 3.81 0.56 Fll (%) v 8.7 3.49 Fl3 (%) v 7320 754
H 9.25 4.57 H 7.30 3.27
F10 (%) v 9.47 4.18 F12(%) v 8.55 3.35
Multi-value Features
(columns Mn, Md, Sd, Iq, Sk, Ku represent DscrStat of respective feature subtypes)
Mn Md Sd Iq Sk* Ku"
Feature Type
MD Q MD Q MD Q MD Q MD Q MD Q
FO2 (ms) 201.54 35.35 185.00 31.25 90.57 28.38 91.00 31.75 1.45 0.94 6.56 5.09
FO3 (%) H 0.09 0.82 -0.07 1.05 4.72 0.34 7.97 0.75 -0.13 0.22 242 0.58
N v -3.37 1.65 -2.84 2.36 8.44 0.82 14.56 1.86 -0.01 0.19 1.80 0.15
F04 (%) H 0.12 0.04 0.09 0.03 0.11 0.05 0.12 0.04 1.97 1.20 8.45 7.68
v 0.10 0.04 0.08 0.02 0.10 0.05 0.10 0.04 2.19 1.30 9.78 9.04
FO5 (° H 0.94 0.49 0.83 0.44 0.49 0.30 0.45 0.28 1.83 1.03 8.00 6.26
© %4 0.98 0.50 0.87 0.46 0.50 0.32 0.51 0.31 1.68 0.97 7.47 6.32
FO6 (%) H 0.65 0.23 0.50 0.18 0.58 0.26 0.65 0.24 1.81 0.94 7.50 5.64
%4 0.55 0.22 0.40 0.14 0.59 0.37 0.53 0.21 2.62 1.53 12.96 12.96
FO7 (%) H 0.12 0.18 0.09 0.21 0.82 0.32 0.87 0.34 0.26 0.98 5.79 3.60
14 -0.03 0.23 -0.05 0.19 0.81 0.43 0.75 0.28 0.21 1.72 8.97 7.88
F08 H 0.44 0.11 0.44 0.17 0.30 0.02 0.54 0.08 0.04 0.41 1.73 0.20
v 0.43 0.09 0.43 0.15 0.30 0.02 0.55 0.08 0.08 0.38 1.71 0.18
F09 H 0.59 0.11 0.65 0.16 0.26 0.02 0.40 0.06 -0.52 0.49 2.19 0.55
%4 0.57 0.11 0.61 0.15 0.26 0.02 0.42 0.07 -0.40 0.46 2.08 0.44
F14 (%) H 3.44 1.47 3.25 1.40 0.77 0.44 0.85 0.42 1.35 1.13 5.86 5.17
v 3.54 1.57 3.34 1.38 0.87 0.57 0.92 0.56 1.32 1.53 6.16 7.84
FIS (%) H 2.74 1.22 2.60 1.18 0.66 0.40 0.75 0.37 1.33 1.17 6.10 5.23
v 2.90 1.29 2.74 1.19 0.78 0.50 0.83 0.49 1.29 141 5.86 6.42
FI6 (%) H 291 1.15 2.67 1.07 0.98 0.46 0.84 0.39 2.44 1.62 11.26 10.34
%4 2.78 1.22 2.62 1.04 0.75 0.50 0.76 0.41 1.71 1.96 8.57 12.34
F17 H 1.26 0.24 1.11 0.15 0.66 0.29 0.57 0.24 2.09 1.04 9.41 6.57
14 1.06 0.09 1.02 0.07 0.38 0.11 0.43 0.09 1.19 1.18 6.23 6.16
FI8 H 4.99 1.26 3.94 0.47 3.61 2.32 2.13 1.06 3.51 1.60 18.75 14.90
v 4.05 0.37 3.64 0.22 1.68 0.80 1.49 0.34 2.70 2.09 14.11 17.20
F19 (%, 3.54 2.41 2.08 2.76 4.12 2.16 3.96 1.63 2.46 1.52 10.85 10.19
F20 (%) 2.46 2.10 1.57 2.10 2.52 1.25 2.54 1.49 1.80 1.48 7.32 7.28
F21 (s2) H 970.59 532.93 916.30 530.15 192.69 180.26 199.52 149.80 0.92 1.92 5.11 7.56
V 10814 543.5 1033.8 534.7 245.85 216.43 257.63 179.94 0.93 2.15 4.84 8.79
F22 (s2) H 77892 425.21 735.89 427.30 171.21 150.92 178.35 130.06 0.85 1.42 478 5.62
V  868.74 433.95 828.11 423.55 214.25 173.24 229.76 153.74 0.89 1.53 4.58 6.16
F23 (s2) H 793.72 443.25 745.84 422.62 167.78 164.06 172.51 124.06 1.11 2.05 5.48 9.92
N vV 88377 450.08 839.21 439.42 218.22 201.96 221.26 155.43 0.96 2.50 4.87 12.49
F24 H 1.19 0.06 1.15 0.05 0.35 0.10 0.41 0.08 1.03 1.01 5.30 4.13
- 14 1.17 0.04 1.14 0.04 0.32 0.05 0.39 0.05 0.76 0.60 437 2.51
5 H 4.51 0.39 4.13 0.21 1.68 0.85 1.61 0.33 2.27 1.61 11.00 12.01
- 14 4.38 0.19 4.07 0.17 1.41 0.29 1.50 0.21 1.74 1.09 7.84 7.46

Skewness and kurtosis are unit-less measures, so, the feature units

do not apply on them



Journal of Eye Movement Research
11(1):3

Rigas, 1., Friedman, L., & Komogortsev, O. (2018)

Study of an Extensive Set of Eye Movement Features: Extraction Methods and Statistical Analysis

Table 2. Statistics of normality and reliability for fixation features over the experimental population.

Single-value Features

Feature Type p ICC/W  Feature Type p ICC/W  Feature Type p Icc/w
H 0.47 0.31 H 0.21 0.68
FoI 0.39 0.82 Fl1 v 039 0.40 FI3 v 0.22 0.64
H 0.53 0.53 H 0.47 0.36
F10 |4 0.62 0.44 Fi2 v 0.21 0.37
Multi-value Features
(columns Mn, Md, Sd, Iq, Sk, Ku represent DscrStat of respective feature subtypes)
F e Ty Mn Md Sd Iq Sk Ku
eature Type P IcC/W P 1cC/W P IcC/W P IcC/W P IcC/W P 1CC/W
F02 0.34 0.86 0.14 0.86 0.05 0.68 0.40 0.78 0.05 0.33 0.06 0.25
FO3 H 0.06 0.58 0.13 0.45 0.07 0.52 0.09 0.48 0.09 0.21 0.06 0.26
1’4 <0.05 0.71 <0.05 0.69 <0.05 0.72 <0.05 0.70 0.14 0.24 <0.05 0.64
Fo4 H 0.99 0.79 0.41 0.73 0.99 0.71 0.10 0.72 0.53 0.46 <0.05 0.70
v 0.13 0.74 0.06 0.70 0.24 0.58 0.78 0.68 0.16 0.08 <0.05 0.52
FO5 H <0.05 0.95 <0.05 0.96 <0.05 0.87 <0.05 0.90 0.13 0.30 <0.05 0.60
14 <0.05 0.94 <0.05 0.96 <0.05 0.87 <0.05 0.90 <0.05 0.65 <0.05 0.62
F06 H 0.54 0.78 0.55 0.74 0.15 0.69 0.32 0.71 <0.05 0.62 <0.05 0.59
v 0.17 0.73 <0.05 0.83 <0.05 0.80 0.33 0.69 0.34 0.21 <0.05 0.58
Fo7 H <0.05 0.87 <0.05 0.88 0.14 0.73 0.17 0.78 <0.05 0.63 0.67 0.25
v 0.05 0.81 0.48 0.81 0.29 0.65 0.20 0.68 <0.05 0.60 <0.05 0.60
FOS H 0.37 0.84 0.31 0.80 <0.05 0.83 <0.05 0.75 0.18 0.81 <0.05 0.74
1’4 0.15 0.79 0.92 0.75 <0.05 0.79 0.60 0.49 0.96 0.74 <0.05 0.68
F09 H 0.31 0.88 0.73 0.87 <0.05 0.63 0.11 0.49 0.07 0.84 <0.05 0.82
1’4 0.35 0.83 0.75 0.82 0.33 0.34 0.84 0.31 0.64 0.79 <0.05 0.73
Fl4 H <0.05 0.94 0.07 0.91 0.35 0.60 0.33 0.67 0.82 0.36 <0.05 0.63
v 0.10 0.88 0.05 0.91 <0.05 0.81 <0.05 0.85 0.09 0.37 <0.05 0.67
Fls H 0.05 0.89 <0.05 0.96 0.07 0.61 <0.05 0.84 0.63 0.35 <0.05 0.65
1’4 0.18 0.89 0.06 0.92 <0.05 0.82 <0.05 0.86 0.34 0.34 <0.05 0.65
Fl6 H 0.38 0.87 0.16 0.90 <0.05 0.81 <0.05 0.83 0.93 0.40 0.35 0.36
v 0.22 0.87 <0.05 0.95 <0.05 0.79 0.06 0.68 0.08 0.43 <0.05 0.68
Fl7 H 0.15 0.86 <0.05 0.90 0.37 0.81 0.05 0.79 0.77 0.44 0.05 0.44
14 0.20 0.68 0.12 0.56 0.53 0.57 0.85 0.47 0.11 0.21 <0.05 0.58
Fls H 0.49 0.84 <0.05 0.88 0.31 0.75 0.06 0.79 0.47 0.32 0.52 0.31
v <0.05 0.84 0.28 0.51 0.17 0.51 0.88 0.51 <0.05 0.60 <0.05 0.57
F19 0.12 0.84 <0.05 0.90 <0.05 0.78 0.36 0.70 0.40 0.47 <0.05 0.69
F20 0.05 0.86 <0.05 0.92 <0.05 0.82 0.07 0.75 0.14 0.62 <0.05 0.79
1 H <0.05 0.96 <0.05 0.97 <0.05 0.85 <0.05 0.91 <0.05 0.73 <0.05 0.70
- v <0.05 0.95 <0.05 0.97 <0.05 0.83 <0.05 0.88 <0.05 0.73 <0.05 0.73
F2 H <0.05 0.96 <0.05 0.98 <0.05 0.86 <0.05 0.88 <0.05 0.71 <0.05 0.68
- 1’4 <0.05 0.95 <0.05 0.97 <0.05 0.85 <0.05 0.89 <0.05 0.69 <0.05 0.67
23 H <0.05 0.95 <0.05 0.97 <0.05 0.86 <0.05 0.91 <0.05 0.77 <0.05 0.73
- 1’4 <0.05 0.94 <0.05 0.97 <0.05 0.82 <0.05 0.89 <0.05 0.73 <0.05 0.72
F24 H <0.05 0.83 0.20 0.44 <0.05 0.83 0.87 0.48 <0.05 0.72 <0.05 0.67
- 14 0.06 0.40 0.46 0.27 <0.05 0.67 0.39 0.27 <0.05 0.59 <0.05 0.58
F25 H <0.05 0.86 0.13 0.56 <0.05 0.82 0.39 0.52 <0.05 0.67 <0.05 0.62
- v <0.05 0.70 0.06 0.33 <0.05 0.61 0.30 0.12 0.06 0.06 <0.05 0.53

From the respective values we can see that the top per-
forming fixation feature categories based on Kendall’s W
measure are F21, F22, F23 (modeling of fixation acceler-
ation profile with mean, median, and standard deviation),
and FO5 (travelled distance during fixation drift). It is
interesting to observe that although the eye mobility is
relatively limited during fixations, the dynamic features
(based on velocity and acceleration) seem to provide the
best test-retest measurement agreement both for the case
of normal and for non-normal features.

In Table 3, we present the values for the features ex-
tracted from saccades. The median duration (S02) over

the experimental population was calculated to be about
28 ms. This duration seems to be justified given the rela-
tively small amplitude of the saccades performed during
reading, and it is within the range reported in other stud-
ies that employed the reading paradigm (Abrams, Meyer,
& Kornblum, 1989; Nystrom & Holmgqvist, 2010). The
median rate of saccades (S0/) is similar but slightly lower
than the rate of fixations, possibly due to the post-
filtering of large saccadic events. A very interesting
group of features are those that model the curvature of
saccadic trajectory. As explained, the feature of saccade
efficiency (S05) models the difference between the am-
plitude and the actual travelled distance during a saccade.
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The smaller values of saccade tail efficiency (S06) (effi-
ciency at the ending part of saccade) when compared to
overall saccade efficiency (S05) indicates the appearance
of ‘hooks’ in saccade trajectory towards the ending part
(when the post-saccadic oscillation phase begins). Quali-
tative observations of such phenomena have been report-
ed in previous studies (Bahill & Stark, 1975a). The calcu-
lated value for the point of maximum raw deviation (S17)
shows that in general the maximum raw deviation can be
expected to occur around the middle (54%) of saccadic
trajectory. Since the horizontal component of eye move-
ment is typically more active during the reading task, the
values for the dynamic features are much larger than for
the vertical component. The median horizontal peak ve-
locity (S§21) was calculated to be about 170°/s, and the
relatively large values of the Sd and Ig feature subtypes
reveal a considerable variability of the peak velocity
during the duration of a recording. The values of peak
acceleration and deceleration (527, S28) are both close to
13000°/s”. Similar values but for much smaller popula-
tion are reported in (Abrams et al., 1989). The median
peak acceleration appears to be in overall slightly larger
than the peak deceleration, however, the reported varia-
bility does not allow to support the generality of this
phenomenon. The calculated values for the features of
acceleration-deceleration duration ratio (S39) and peak
acceleration-peak deceleration ratio (S40) also suggest
the volatility of this difference. The median acceleration-
deceleration duration ratio seems to be slightly over one
although it is expected that the larger values of peak ac-
celeration (compared to peak deceleration) should corre-
spond to smaller values of duration. An explanation for
this discrepancy is that, in general, there is greater diffi-
culty to accurately estimate the exact durations of the
acceleration-deceleration phases (atypical profiles, multi-
ple zero-crossings etc.) compared to the estimation of
peak values. The overview of the features of saccadic
reading behavior further clarifies the previously discussed
difference in fixation and saccade rates (features FOI,
S01). In specific, by adding the rates of ‘large’ saccades
(5§49, §50) and ‘small’ saccades (547, S48) we get a value
that is much closer to the fixation rate. The rate of left-
ward large saccades (S50) is 0.4 (about one such saccade
per two seconds), and seems to be consistent with the
expected rate of line changes during normal reading. The
calculated value for the rate of leftward small saccades
(§48) is 0.8 (about one such saccade per second), a value
that seems to be quite large to represent only word re-
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gressions. This value can be attributed to small corrective
saccades performed during reading, e.g., for correcting
undershoots during line changes (Rayner, 1998).

The overview of the results from assessing the nor-
mality and reliability of saccade features is provided in
Table 4. An initial observation is that the percentage of
saccade features that are normal (or can be normalized) is
much larger (74%) than previously. A prominent cluster-
ing of non-normal features seems to occur for some of the
skewness (Sk) and kurtosis (Ku) feature subtypes. Also, a
considerable clustering of non-normal features can be
observed in feature categories S05, S06, S07 (saccade
efficiency, tail efficiency, tail inconsistency). For the case
of saccade features, the calculated ICC values range from
0.00 to 0.96, with relatively larger percentage (42.1%) of
them being highly reliable (‘excellent’ reliability), 19.9%
are considered of ‘good’ reliability, 16.9% present ‘fair’
reliability, and 21.1% present ‘poor’ reliability. The sac-
cade feature categories with the top values of ICC are S36
(the ratio of saccade peak velocity to saccade duration),
$29, 830, §31 (modeling of saccade acceleration profile
with mean, median, and standard deviation), and S06
(saccade tail efficiency). Top values refer to horizontal
(or radial) components since they are more reliable than
vertical components. There are also several other feature
categories with exceptional reliability (ICC > 0.9), as for
example S02 (saccade duration) and S27-S28 (peak ac-
celeration and peak deceleration). As previously, the
calculated Kendall’s W values for the non-normal fea-
tures seem to be compressed at the upper half of range,
varying from 0.44 to 0.98. The excellent reliability of
feature S36 (ratio of saccade peak velocity to saccade
duration) is further solidified by the higher Kendall’s W
measure calculated for the Mn subtype of this feature,
which was designated as non-normal (the rest subtypes
were designated as normal). The same holds for features
S06 (saccade tail efficiency) and S02 (saccade duration)
for subtype Md. These and other similar cases (where
some feature subtypes are designated as normal and some
as non-normal) seem to imply that although the values of
ICC and Kendall’s W cannot be directly compared, there
is a certain degree of correspondence in their relative
assessments about which feature categories are more
reliable than others. Finally, another saccade feature
category with non-normal members with very high W
values is S20 (number of local minima in velocity pro-
file).
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Table 3. Statistics of central tendency and variability for saccade features over the experimental population.

Single-value Features

Feature Type MD 1Q Feature Type MD 1Q Feature Type MD 1Q Feature Type MD 1Q
S01 (s) 3.19 0.57 S44 (°/s) 1.99 0.06 S48 (s1) 0.76 0.46 S52 8.08 2.77
S41 (%) -1.45 085  S45(s) 0.62 012  S49(s)) 0.02 0.03
542 (“s) 0.14 0.05 S46 0.87 0.07 S50 (s1) 0.40 0.13
S43 0.60 0.17 S47 (s71) 2.36 0.50 S51 0.32 0.23
Multi-value Features
(columns Mn, Md, Sd, Iq, Sk, Ku represent DscrStat of respective feature subtypes)
Feature Type Mn Md Sd Iq Sk Ku
- MD Q MD Q MD Q MD 1Q MD Q MD 1Q
S02 (ns) 28.01 4.87 27.00 5.00 6.79 2.57 9.00 5.00 0.42 0.64 2.97 141
S03 (° H 2.46 0.50 2.26 0.53 1.29 0.35 1.66 0.54 0.91 0.49 3.86 1.60
© v 0.21 0.09 0.12 0.05 0.41 0.26 0.17 0.07 5.89 3.31 45.14 46.10
S04 (°) 2.58 0.53 2.36 0.56 1.32 0.33 1.66 0.57 1.02 0.52 4.20 1.96
S05 0.97 0.01 0.98 0.01 0.03 0.02 0.02 0.01 -3.03 2.05 15.13 19.05
S06 0.54 0.15 0.51 0.17 0.23 0.04 0.32 0.14 0.21 0.59 2.40 0.90
S07 (%) 48.14 10.97 42.86 14.29 22.47 6.50 23.21 21.43 -0.11 0.51 3.21 1.64
S08 (°) 1.81 6.95 1.74 5.92 38.34 4.65 41.86 10.96 -0.06 0.21 2.97 0.57
S09 (°) 5.1E-04 2.6E-03 6.5E-04 2.8E-03 0.01 5.9E-03 0.02 7.9E-03 0.03 0.48 3.69 1.48
S10 (%) 1.29 2.17 2.20 2.54 5.22 1.77 6.84 2.38 0.02 0.77 4.10 3.41
S11 (%) 53.97 5.60 56.11 8.24 27.09 2.94 43.44 9.25 -0.19 0.29 2.01 0.32
S12 (%) 1.69 3.14 1.43 2.73 6.68 2.83 6.65 2.58 0.25 1.52 7.71 9.30
S13(°) 0.02 0.04 0.02 0.04 0.09 0.04 0.09 0.04 0.21 1.40 7.31 7.97
S14 (%) 2.64 1.41 1.82 151 2.87 111 3.34 1.49 1.75 1.03 6.83 5.51
S15 (%) 40.95 8.42 41.65 13.51 24.86 4.89 37.77 14.55 -0.15 0.49 2.13 0.70
S16 (%) -1.42 0.88 -0.55 0.89 2.09 1.00 2.03 1.37 -2.50 1.51 10.45 11.13
S17 (%) 33.37 11.60 28.13 21.69 29.55 3.73 56.96 20.87 0.29 0.67 1.77 0.51
S18 (%) 1.25 1.94 1.61 211 4.37 1.53 5.29 2.10 0.09 0.84 4.55 3.10
S19 (%) 50.48 3.18 51.42 5.11 16.16 1.43 26.51 3.66 -0.21 0.28 2.27 0.50
S20 0.35 0.41 0.00 0.00 0.61 0.31 1.00 1.00 1.69 1.30 5.63 5.63
21 (%%5) H 167.65 45.16 164.43 46.74 58.27 19.56 75.42 31.59 0.43 0.57 3.17 1.23
v 27.47 9.39 21.93 7.34 24.76 12.24 14.00 6.54 4.56 2.72 30.07 32.78
522 (%) H 8139 20.60 78.94 22.15 29.81 9.35 38.95 14.89 0.54 0.49 3.18 1.10
v 11.17 3.94 8.79 3.15 10.83 5.71 5.45 2.77 5.03 2.90 34.86 37.18
523 (%s) H 7994 20.65 75.38 21.20 34.63 10.15 44.98 15.77 0.69 0.45 3.38 1.24
v 9.58 3.37 7.30 2.54 10.15 6.11 5.32 2.54 5.19 3.36 36.93 42.19
524 (%) H 57.37 17.31 56.05 18.38 20.12 7.02 26.03 11.74 0.41 0.62 3.14 1.26
- v 823 2.96 6.42 2.31 8.18 3.96 4.29 2.26 4.71 2.65 31.54 32.64
55 H 0.06 0.10 0.06 0.10 0.29 0.06 0.38 0.10 0.03 0.38 3.15 0.85
- v 0.54 0.10 0.53 0.10 0.47 0.04 0.64 0.08 0.03 0.28 2.95 0.60
526 H 1.67 0.11 1.61 0.10 0.23 0.08 0.25 0.11 1.53 0.98 6.39 5.83
- v 2.40 0.17 2.22 0.15 0.76 0.15 0.88 0.19 1.44 0.66 5.53 3.84
527 (s2) H 13811 3519.9 13578 3702.2 4314.1 1294.2 5659.5 1827.2 0.27 0.54 3.00 1.04
V 46947 1583.6 4079.1 1315.6 2640.2 1333.4 2660.6 922.30 2.07 1.95 9.97 13.88
528 (/s2) H 12896 4369.7 12464 4281.7 4016.3 1546.2 5161.9 1890.6 0.50 0.56 3.28 1.38
V49290 1633.4 4445.0 1430.7 2613.6 1313.4 2755.5 969.99 1.74 2.04 8.52 13.77
529 (%5%) H 62452 2386.7 6122.7 2364.0 1703.5 818.87 2150.0 1082.9 0.35 0.56 3.37 1.13
V 20754 651.90 1880.0 625.15 948.74 469.65 920.06 340.21 2.25 2.24 11.25 15.48
530 (/s2) H 57127 24634 5452.6 2448.6 1916.6 907.11 2483.1 1265.5 0.52 0.48 3.24 1.12
vV 17374 558.01 1565.9 506.84 879.58 400.75 872.65 316.58 2.07 2.06 10.32 14.98
S31 (/) H 41979 1274.2 4126.4 1254.3 1194.3 463.70 1514.3 580.34 0.29 0.61 3.19 1.21
V15520 499.58 1408.1 456.93 730.35 413.22 714.94 273.77 2.06 2.24 10.18 16.27
532 H 0.43 0.25 0.43 0.23 0.42 0.05 0.56 0.08 0.04 0.31 3.07 0.60
- v 0.74 0.09 0.72 0.09 0.44 0.04 0.57 0.08 0.29 0.29 3.11 0.66
533 H 2.38 0.29 2.22 0.23 0.68 0.26 0.74 0.27 1.49 0.54 5.74 2.86
v 2.88 0.21 2.64 0.18 1.01 0.19 1.15 0.22 1.51 0.55 5.74 3.10
534 (%) H 8437 21.83 81.94 23.65 30.77 9.76 39.98 15.56 0.49 0.47 3.22 1.07
v 7.31 3.13 4.48 1.90 11.59 6.04 6.12 2.83 497 2.77 33.85 33.81
35 () H 7636 13.01 74.02 14.17 19.72 9.00 23.31 8.74 1.09 2.37 5.07 15.56
V. 536.97 367.86 167.49 36.95 1664.6 2560.8 204.88 74.38 7.95 4.23 74.42 72.44
36 (/s2) H 6060.8 23504 5888.7 2461.3 1714.2 794.94 22250 1111.6 0.37 0.61 3.37 1.09
VvV 1004.1 377.96 802.26 305.82 796.28 448.29 532.07 244.72 3.79 2.28 22.73 22.75
537 H 2.02 0.12 1.96 0.10 0.34 0.23 0.35 0.08 2.03 5.02 11.99 47.13
v 14.76 10.27 4.54 1.09 46.23 72.02 5.84 2.23 7.74 4.20 69.84 72.20
S38 13.05 6.11 12.20 5.73 5.83 3.06 7.28 3.84 0.89 0.50 4.15 1.92
S39 1.01 0.20 0.91 0.20 0.46 0.11 0.54 0.13 1.28 0.74 4.98 3.15
540 H 1.12 0.13 1.07 0.12 0.34 0.07 0.43 0.09 0.80 0.39 3.73 1.46
v 1.07 0.12 0.94 0.10 0.62 0.15 0.65 0.12 1.86 1.07 8.10 7.34




Journal of Eye Movement Research Rigas, 1., Friedman, L., & Komogortsev, O. (2018)
11(1):3 Study of an Extensive Set of Eye Movement Features: Extraction Methods and Statistical Analysis

Table 4. Statistics of normality and reliability for saccade features over the experimental population.

Single-value Features

Feature Type p ICC/W Feature Type p ICC/W  Feature Type p ICC/W  Feature Type p ICC/W
S01 0.96 0.80 S44 0.77 0.83 S48 0.56 0.83 S52 0.08 0.55
S41 0.07 0.61 S45 0.99 0.79 S49 <0.05 0.66
S42 0.59 0.72 S46 <0.05 0.86 S50 0.08 0.62
S43 0.62 0.76 S47 0.23 0.79 S51 0.47 0.83
Multi-value Features
(columns Mn, Md, Sd, Iq, Sk, Ku represent DscrStat of respective feature subtypes)

_ Mn Md Sd Iq Sk Ku
Feature Type P Icc/w P IcC/W P 1CC/W p IcC/W P IcC/W P Icc/w
S02 0.17 0.92 <0.05 0.94 0.38 0.89 <0.05 0.94 <0.05 0.86 <0.05 0.83
503 H 0.07 0.76 0.22 0.74 0.09 0.74 0.34 0.73 0.12 0.40 0.19 0.43

14 0.40 0.60 0.36 0.63 <0.05 0.64 0.38 0.65 0.05 0.27 0.40 0.28

S04 0.12 0.77 0.08 0.75 0.14 0.73 0.63 0.72 0.30 0.36 0.48 0.45
S05 <0.05 0.86 <0.05 0.88 <0.05 0.72 0.81 0.66 <0.05 0.63 <0.05 0.60
S06 0.56 0.94 <0.05 0.96 0.11 0.79 <0.05 0.90 0.06 0.84 <0.05 0.89
S07 <0.05 0.92 <0.05 0.72 0.26 0.84 <0.05 0.77 <0.05 0.80 <0.05 0.93
S08 0.67 0.57 0.17 0.56 0.11 0.49 0.15 0.52 0.08 0.25 0.14 0.52
S09 0.05 0.56 0.06 0.46 <0.05 0.90 <0.05 0.92 <0.05 0.50 <0.05 0.61
S10 0.15 0.79 0.80 0.74 0.34 0.48 0.17 0.72 <0.05 0.57 0.15 0.28
S11 0.57 0.68 0.85 0.65 0.15 0.40 0.51 0.58 0.06 0.33 <0.05 0.77
S12 0.07 0.88 0.07 0.89 0.27 0.63 <0.05 0.88 <0.05 0.54 <0.05 0.59
S13 0.07 0.89 0.20 0.90 0.06 0.61 <0.05 0.87 <0.05 0.54 <0.05 0.56
S14 0.37 0.87 0.54 0.88 0.08 0.64 0.70 0.77 <0.05 0.66 <0.05 0.61
S15 0.74 0.85 0.45 0.82 0.17 0.85 0.06 0.79 0.78 0.84 0.11 0.80
S16 0.87 0.85 <0.05 0.93 0.16 0.53 0.09 0.84 <0.05 0.66 <0.05 0.61
S17 0.94 0.87 0.88 0.87 0.23 0.78 <0.05 0.85 0.66 0.89 <0.05 0.88
S18 0.14 0.90 0.91 0.78 <0.05 0.83 0.85 0.74 <0.05 0.60 0.23 0.28
S19 0.51 0.70 0.99 0.56 0.35 0.49 0.65 0.57 0.10 0.42 0.32 0.26
S20 <0.05 0.95 <0.05 0.44 0.11 0.87 <0.05 0.69 0.06 0.84 <0.05 0.84
$21 H 0.06 0.91 0.32 0.90 0.06 0.84 0.28 0.80 0.75 0.58 <0.05 0.73
- 14 0.57 0.73 0.11 0.79 0.21 0.37 0.44 0.69 0.61 0.17 0.28 0.20
522 H 0.43 0.90 0.15 0.88 0.22 0.86 0.69 0.79 0.12 0.49 0.20 0.45
- 14 0.27 0.74 0.06 0.81 0.67 0.31 0.06 0.68 0.08 0.22 0.38 0.23
$23 H 0.53 0.88 0.13 0.86 0.67 0.84 0.75 0.78 0.77 0.36 0.05 0.30
- 14 0.14 0.71 0.08 0.81 0.17 0.30 0.08 0.69 0.51 0.25 0.17 0.24
524 H 0.74 0.92 0.35 0.91 0.40 0.86 0.74 0.83 0.27 0.64 0.23 0.47
- 14 0.11 0.73 <0.05 0.89 0.55 0.36 0.05 0.68 0.32 0.18 0.10 0.21
55 H 0.06 0.83 0.13 0.81 0.18 0.73 0.07 0.69 <0.05 0.60 <0.05 0.55
- 14 0.18 0.68 0.50 0.58 0.12 0.11 0.07 0.00 0.06 0.00 <0.05 0.50
526 H <0.05 0.92 <0.05 0.93 0.23 0.59 0.37 0.83 <0.05 0.62 <0.05 0.61
- 14 0.13 0.75 0.90 0.61 0.94 0.40 0.06 0.49 0.17 0.05 0.09 0.12
527 H 0.06 0.91 0.24 0.90 0.05 0.69 0.37 0.78 <0.05 0.71 <0.05 0.67
- 14 0.49 0.76 0.84 0.82 0.15 0.44 0.59 0.62 <0.05 0.62 <0.05 0.61
28 H 0.07 0.93 0.62 0.92 0.22 0.72 0.51 0.81 <0.05 0.74 <0.05 0.69
- 14 0.97 0.79 0.62 0.85 0.38 0.44 0.26 0.66 <0.05 0.68 <0.05 0.67
529 H 0.05 0.95 0.76 0.95 0.13 0.82 0.61 0.85 <0.05 0.74 <0.05 0.69
- 14 0.52 0.81 0.55 0.87 0.80 0.39 0.40 0.69 <0.05 0.64 <0.05 0.62
530 H 0.06 0.95 0.14 0.95 0.21 0.87 0.15 0.88 <0.05 0.72 <0.05 0.64
14 0.35 0.82 0.12 0.88 0.56 0.41 0.06 0.70 <0.05 0.65 <0.05 0.63

s3] H 0.13 0.93 0.63 0.93 0.14 0.73 0.09 0.81 <0.05 0.70 <0.05 0.68
14 0.30 0.78 0.66 0.85 0.05 0.44 0.22 0.64 <0.05 0.66 <0.05 0.63

532 H 0.24 0.90 0.47 0.86 0.45 0.49 0.20 0.27 0.59 0.10 0.34 0.00
- 14 0.16 0.65 0.27 0.55 0.11 0.15 0.07 0.07 0.17 0.15 0.09 0.01
533 H <0.05 0.93 <0.05 0.91 0.09 0.78 0.05 0.76 0.07 0.04 0.14 0.04
14 0.06 0.66 0.07 0.60 0.92 0.37 0.28 0.37 <0.05 0.51 0.79 0.04

534 H 0.50 0.90 0.22 0.89 0.13 0.86 0.27 0.80 0.08 0.49 0.24 0.45
14 0.05 0.65 0.37 0.69 0.26 0.31 0.18 0.66 0.11 0.21 0.21 0.22

535 H 0.05 0.59 0.77 0.92 <0.05 0.72 0.56 0.78 <0.05 0.60 <0.05 0.57
14 0.25 0.10 0.06 0.58 <0.05 0.52 0.77 0.41 <0.05 0.54 <0.05 0.54

$36 H <0.05 0.98 0.07 0.96 0.08 0.87 0.41 0.87 0.10 0.42 0.29 0.34
14 0.25 0.77 0.05 0.86 0.05 0.30 0.07 0.66 0.60 0.12 0.94 0.12

537 H  <0.05 0.78 0.45 0.80 <0.05 0.62 0.64 0.46 <0.05 0.59 <0.05 0.59
14 0.20 0.09 0.80 0.62 <0.05 0.52 0.61 0.42 <0.05 0.54 <0.05 0.55

S38 0.39 0.90 0.52 0.89 0.26 0.88 0.56 0.85 0.08 0.22 0.60 0.21
S39 0.23 0.87 <0.05 0.95 0.26 0.60 0.60 0.61 0.11 0.38 0.27 0.24
540 H 0.25 0.89 0.72 0.87 0.27 0.65 0.13 0.62 <0.05 0.53 <0.05 0.53
14 0.14 0.60 0.43 0.56 0.77 0.31 0.51 0.36 0.06 0.18 <0.05 0.55

20
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In Table 5, we show the values for the post-saccadic
oscillation features. The median duration (P0/) was cal-
culated to be about 14 ms, and the median interval be-
tween post-saccadic oscillations (P02) was found to be
about 400 ms (though, with high variability). In overall,
post-saccadic oscillations seem to occur at more than half
of the saccades (P03). This finding agrees with previous
observations (Nystrom & Holmgqvist, 2010) and further
justifies the necessity for modeling the characteristics of
post-saccadic oscillations. The vast majority of post-
saccadic oscillations (76.5%) are ‘slow’ (P04) (peak
velocities between 20°/s and 45°/s), whereas the percent-
ages of ‘moderate’ (P05) (peak velocities between 45°/s
and 55°/s) and ‘fast’ (P06) (peak velocities larger than
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55°/s) post-saccadic oscillations are about 11-12% each.
The velocity and acceleration profile-modeling features
(P10 to P20) demonstrate the intermediate levels of eye
mobility compared to saccades and fixations. Also, the
examination of the ratio features shows that the post-
saccadic oscillations have about 2-3 times smaller dura-
tion (P21) compared to the preceding saccades, whereas
their peak velocities are about 5-6 times smaller (P24)
than saccades (for horizontal component).

An overview of Table 6 can reveal the characteristics
of normality and reliability of post-saccadic oscillation
features. The percentage of normal (or normalized) post-
saccadic oscillation features is slightly higher than the
percentage for fixations, lying at 54.9%.

Table 5. Statistics of central tendency and variability for post-saccadic oscillation features over the experimental population.

Single-value Features

Feature Type MD 1Q Feature Type MD 1Q
P03 (%) 61.16 35.13 P05 (%) 10.96 7.84
P04 (%) 76.47 22.68 P06 (%, 11.69 16.68
Multi-value Features
(columns Mn, Md, Sd, Iq, Sk, Ku represent DscrStat of respective feature subtypes)
Mn Md Sd Iq Sk Ku
Feature Type
MD Q MD Q MD Q MD Q MD Q MD Q
P01 (ms) 14.04 4.63 12.00 5.00 6.83 2.50 8.00 4.63 1.09 1.34 4.15 5.73
P02 (ms) 417.61 240.15 292.50 164.25 314.00 274.80 307.50 325.50 1.95 0.91 7.42 6.05
P07 (%) H 0.26 0.10 0.22 0.09 0.16 0.10 0.17 0.10 1.39 121 5.46 5.94
’ 14 0.09 0.04 0.07 0.03 0.07 0.05 0.07 0.03 1.99 2.21 8.86 14.59
P0S H 0.42 0.29 0.00 0.00 0.59 0.18 1.00 1.00 1.52 1.89 4.90 8.65
14 0.94 0.35 1.00 0.00 0.81 0.19 1.00 0.00 0.68 0.61 3.33 1.96
P09 H 0.35 0.21 0.00 0.00 0.57 0.17 1.00 1.00 1.70 1.63 5.34 8.34
14 0.96 0.34 1.00 0.00 0.82 0.18 1.00 0.00 0.70 0.64 3.33 1.85
P10 (%) H 3456 10.33 30.92 9.75 15.74 7.63 18.46 9.75 1.15 0.81 4.58 2.99
14 15.04 5.76 13.23 5.53 8.57 4.20 9.58 3.84 1.32 1.49 5.54 7.50
P11 (%) H 19.60 5.99 18.47 5.84 7.69 2.74 9.27 4.17 0.77 0.67 3.81 1.79
14 7.43 3.06 6.55 291 4.22 1.95 4.78 2.37 1.27 1.25 5.19 6.07
P12 (%%s) H 1938 6.06 18.25 5.75 8.41 294 9.53 4.55 0.82 0.64 3.87 1.77
14 6.96 3.08 5.96 2.73 4.41 2.10 5.00 2.68 1.26 1.07 5.04 4.66
PI3 (%) H 10.39 3.14 9.20 293 5.28 2.39 6.32 2.97 1.10 0.72 431 2.68
14 4.57 1.74 3.98 1.63 2.70 1.24 3.04 1.28 1.30 1.36 5.33 7.37
Pl4 H -0.07 0.28 -0.13 0.27 0.50 0.07 0.69 0.19 0.22 0.50 2.85 0.95
14 0.19 0.19 0.19 0.21 0.56 0.07 0.71 0.14 0.06 0.39 3.10 0.82
PIS H 2.01 0.12 1.90 0.12 0.49 0.14 0.54 0.14 1.50 0.96 6.01 4.79
14 2.16 0.18 1.98 0.14 0.68 0.21 0.69 0.18 1.82 0.96 7.19 5.62
PI6 (*/5?) H 2668.1 1025.9 2550.4 959.65 994.41 465.48 1229.7 591.04 0.72 0.62 3.59 1.72
VvV 1590.0 717.65 1464.5 647.84 724.89 458.57 879.24 494.30 0.91 0.87 4.15 3.36
PI7 (/s H 24746 937.04 2341.6 900.91 1044.8 454.21 1289.1 563.62 0.76 0.57 3.63 1.80
V 14355 691.71 1271.3 585.81 756.43 455.73 890.76 505.94 1.07 0.72 4.39 3.11
PIS (%5 H 17223 683.02 1584.8 607.61 698.26 404.35 809.86 437.07 0.92 0.80 3.98 2.63
vV 1089.9 472.33 992.72 417.73 510.26 297.07 608.03 300.61 0.92 1.04 4.05 3.94
P19 H 0.37 0.26 0.35 0.25 0.57 0.09 0.74 0.15 0.09 0.40 3.10 0.79
14 0.45 0.16 0.44 0.17 0.52 0.07 0.66 0.12 0.11 0.46 3.27 0.89
P20 H 2.48 0.49 2.23 0.32 0.94 0.50 0.95 0.43 1.72 0.81 6.46 4.18
- 14 241 0.27 2.19 0.20 0.85 0.27 0.87 0.22 1.74 0.97 6.82 5.57
P21 2.38 1.07 211 0.94 1.26 0.69 1.53 0.90 1.29 0.89 4.69 3.67
P22 (%) H 21193 93.61 172.35 73.29 144.95 87.20 153.23 107.83 1.56 1.06 6.06 5.57
- 14 18.34 13.53 9.70 6.21 29.36 27.85 14.94 10.96 4.14 3.00 23.60 31.64
P23 H 1359 7.74 10.12 5.84 11.35 12.36 9.97 6.60 2.72 3.06 12.69 24.22
- 14 3.35 2.19 1.72 0.81 5.10 4.45 2.90 1.77 3.55 2.32 17.87 22.65
P24 H 5.76 2.24 5.02 2.00 3.14 2.02 3.34 1.59 1.82 1.80 7.46 11.25
- 14 2.32 0.77 1.74 0.50 1.90 1.08 1.59 0.71 2.48 1.50 10.80 11.10
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Table 6. Statistics of normality and reliability for post-saccadic oscillation features over the experimental population.

Single-value Features

Feature Type p ICC/W  Feature Type p Icc/w
P03 0.75 0.91 PO5 0.22 0.53
P04 0.05 0.83 P06 0.54 0.80
Multi-value Features
(columns Mn, Md, Sd, Iq, Sk, Ku represent DscrStat of respective feature subtypes)
Feature Type Mn Md Sd Iq Sk Ku
? P 1cc/W p 1cc/w p IcC/W P 1cC/W p Icc/wW P IcC/W
P01 0.72 0.80 <0.05 0.89 0.11 0.24 <0.05 0.82 <0.05 0.73 <0.05 0.71
P02 <0.05 0.94 <0.05 0.94 0.59 0.82 <0.05 0.94 <0.05 0.62 <0.05 0.63
PO7 H 0.26 0.83 0.20 0.85 <0.05 0.83 <0.05 0.87 <0.05 0.67 <0.05 0.64
v 0.07 0.65 0.06 0.87 0.12 0.42 0.06 0.71 <0.05 0.63 <0.05 0.62
P08 H 0.80 0.61 <0.05 0.42 <0.05 0.73 <0.05 0.54 <0.05 0.81 <0.05 0.74
%4 0.46 0.67 <0.05 0.16 0.13 0.26 <0.05 0.28 <0.05 0.58 <0.05 0.57
P09 H 0.11 0.49 <0.05 0.14 <0.05 0.72 <0.05 0.57 <0.05 0.77 <0.05 0.72
v 0.07 0.67 <0.05 0.19 0.05 0.30 <0.05 0.36 <0.05 0.61 <0.05 0.59
P10 H <0.05 0.93 <0.05 0.92 0.06 0.72 0.06 0.82 <0.05 0.68 0.06 0.33
v 0.85 0.80 0.22 0.85 <0.05 0.74 0.44 0.66 <0.05 0.61 <0.05 0.59
Pl H 0.84 0.87 0.05 0.87 0.05 0.78 0.44 0.79 <0.05 0.70 0.77 0.31
%4 0.78 0.80 0.44 0.82 0.10 0.52 0.30 0.67 0.21 0.34 <0.05 0.66
P12 H 0.27 0.84 0.30 0.82 0.90 0.73 <0.05 0.87 0.23 0.30 0.56 0.24
- %4 0.67 0.79 0.18 0.79 0.32 0.58 0.82 0.66 <0.05 0.67 <0.05 0.65
PI3 H <0.05 0.92 <0.05 0.90 0.06 0.74 <0.05 0.87 0.06 0.42 0.64 0.35
v 0.48 0.80 0.12 0.84 <0.05 0.74 0.25 0.63 <0.05 0.59 <0.05 0.59
P4 H 0.49 0.79 <0.05 0.86 0.09 0.24 0.37 0.41 0.05 0.42 0.17 0.35
%4 0.13 0.67 0.28 0.64 0.16 0.13 0.09 0.09 0.25 0.00 0.06 0.12
PIS H 0.06 0.45 0.13 0.58 0.05 0.21 0.16 0.31 <0.05 0.57 <0.05 0.57
v 0.20 0.59 0.42 0.54 0.06 0.24 0.16 0.25 0.52 0.21 <0.05 0.59
PI6 H 0.38 0.89 0.67 0.90 <0.05 0.85 0.60 0.72 <0.05 0.66 <0.05 0.60
V  <0.05 0.91 0.37 0.87 <0.05 0.81 0.08 0.75 <0.05 0.67 <0.05 0.63
Pl7 H 0.35 0.88 0.06 0.89 0.05 0.68 0.07 0.72 <0.05 0.59 0.05 0.14
v <0.05 0.90 0.23 0.85 <0.05 0.82 0.05 0.75 <0.05 0.65 0.15 0.29
PIS H 0.94 0.89 0.65 0.92 <0.05 0.84 0.06 0.79 <0.05 0.68 <0.05 0.62
V  <0.05 0.90 0.10 0.86 0.08 0.60 0.06 0.71 <0.05 0.63 <0.05 0.61
P19 H 0.77 0.75 0.09 0.71 0.33 0.49 0.22 0.34 0.26 0.01 0.84 0.03
v 0.37 0.71 0.36 0.64 0.11 0.14 0.83 0.03 0.59 0.02 0.06 0.13
P20 H 0.29 0.83 <0.05 0.90 <0.05 0.84 0.05 0.66 0.27 0.22 <0.05 0.57
- v 0.44 0.68 0.22 0.59 0.19 0.33 0.11 0.31 0.06 0.22 <0.05 0.59
P21 <0.05 0.93 <0.05 0.92 <0.05 0.88 0.05 0.79 <0.05 0.72 <0.05 0.68
9s H <0.05 0.92 0.07 0.80 <0.05 0.87 0.67 0.82 <0.05 0.70 <0.05 0.69
- V  <0.05 0.83 <0.05 0.86 0.07 0.41 <0.05 0.87 0.51 0.28 0.07 0.33
P23 H <0.05 0.91 0.68 0.85 <0.05 0.83 0.06 0.78 <0.05 0.65 <0.05 0.64
- V  <0.05 0.83 0.16 0.68 <0.05 0.76 <0.05 0.82 <0.05 0.62 <0.05 0.62
P24 H 0.64 0.83 0.07 0.86 <0.05 0.80 0.47 0.73 0.05 0.26 <0.05 0.63
- v 0.36 0.73 0.75 0.69 <0.05 0.77 <0.05 0.80 <0.05 0.58 <0.05 0.58

The ICC values for the case of post-saccadic oscillations
range from 0.00 to 0.92, and the corresponding levels of
reliability for the post-saccadic oscillation features are
35.5% ‘excellent’, 23.4% ‘good’, 12.1% ‘fair’, and ‘poor’
29.0%. Among the most reliable categories of post-
saccadic oscillation features are P03 (percentage of sac-
cades followed by a glissade), and P/6 and P/8 (model-
ing of post-saccadic oscillation acceleration profile with
mean and standard deviation). The values of Kendall’s W
vary from 0.14 to 0.94 with the most reliable features
appearing in categories P02 (interval between post-
saccadic oscillations), PI0 (peak velocity of post-
saccadic oscillations), P/3 (modeling of post-saccadic
oscillation velocity profile with standard deviation), P21

(ratio of durations of saccades and adjacent post-saccadic
oscillations), and P22 (ratio of amplitudes of saccades
and durations of adjacent post-saccadic oscillations).

Factor Analysis Methods and Results

Preparation of feature subset for factor analysis

We extracted 101 general categories of features from
fixations, saccades, and post-saccadic oscillations. From
these categories, the single-value features contribute x 1
feature values, and the multi-value features contribute x 5
feature values. Also, the features that are extracted from
horizontal, vertical, and radial components contribute x 3
feature values, the features extracted from horizontal and

22



Journal of Eye Movement Research
11(1):3

vertical only components contribute x 2 feature values,
and the features extracted from radial-only component or
from 2D-trajectory contribute x 1 feature values. Thus, by
combining the contributions from all feature categories
we finally result with 1112 unique feature values that are
extracted from each recording of every subject. Not all of
these features are suitable for factor analysis, and for this
reason, we followed a procedure for the preparation of a
subset of features. Our first step was to remove any fea-
tures that had undefined values or missing data for any
subject. On this basis, 3 features were removed. Our
second step was to drop any features that were not nor-
mally distributed and could not be transformed into nor-
mal (following the procedures described in previous
section). This left 687 features. The remaining features
contained redundant features. For example, some features
were based on either the mean (Mn) or the median (Md)
of the same distribution, or the standard deviation (Sd) or
the interquartile range (Ig) of the same distribution. We
did not need two estimates of the central tendency of eye-
movement feature distributions (mean, and median) so
the less reliable (lowest ICC) measure was dropped from
further analysis. Similarly, we did not need two measures
of variance (interquartile range, and standard deviation)
so the less reliable was dropped. After this step, there
were 582 features left. We also intercorrelated every
feature with every other feature, and found those pairs of
features that were intercorrelated (Pearson’s r) greater
than 0.90 (absolute value). We considered such pairs of
features effectively redundant. The lower reliability fea-
ture from each pair was dropped from further analysis.
This removal of redundant features was done for all sub-
jects for session 1 data. This left 323 features. At this
stage, the correlation matrix of the features was not posi-
tive definite, and could not, in this condition, be submit-
ted to a factor analysis. As few highly intercorrelated
features as possible were removed to ensure that the fea-
ture correlation matrix was positive definite. This left 274
features. In the final step, we removed all remaining
features with an ICC less than, or equal to 0.7. This left
our final dataset, ready for submission to factor analysis,
with 95 features.

Factor analysis methodology

We used SPSS (IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY: IBM Corp.) to conduct our
factor analysis. To determine the number of factors we
conducted a scree plot analysis in R, using the package
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“nFactors” (Raiche, 2010), as shown in Figure 10. The
factor analysis was based on the correlation matrix of the
95 features in the final data set. We searched for 16 fac-
tors, based on the scree plot analysis. In our analysis, we
employed maximum likelihood extraction, which is well
suited to multivariate normal distributions (Osborne,
2014). Also, we employed the most widely used varimax
rotation to enhance the interpretability of the resulting
factors.

Scree Plot Analysis
T T T

25 1

Non Graphical Solutions to the Scree Test

Method............. N Factors

Eigenvalues

Eigenvalue (> Mean)
Parallel Analysis......... 16

Optimal Coordinates....... 16

ol T . - M
1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Components

Figure 10. Scree plot to determine the number of factors to look

for in the final data set. The three more commonly used analysis

(mean eigenvalue, parallel analysis and optimal coordinates)
all indicate that there are 16 factors.

Factor analysis results

The factor analysis results are presented in Table 7.
We employed the rotation factor matrix to extract the
most important features. For each factor we created a
description-name, based on our best interpretation of the
meaning of the 4 most heavily weighted features (abso-
lute value). Table 7 also contains the percent of variance
accounted for by each factor. It also lists the 4 most heav-
ily weighted features contributing to that factor as well as
the feature weight (absolute value). The “Saccade Speed”
factor accounted for 21.3% of the variance in the analy-
sis, approximately more than twice as much as any other
factor. Two other factors, “Fixation Drift Speed” and “2-
D Saccade Distance Travelled” accounted each for more
than 10 % of the variance. Factors 11 to 16 each account-
ed for less than 2 % of the variance. It should be noted
that in some cases the most heavily weighted feature was
difficult to be interpreted, and thus, we performed addi-
tional analysis and investigated intercorrelations with
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other features to derive more easily interpretable descrip-
tion-names for the respective factors. For example, for
factor 14, the most heavily weighted feature is $25 (mod-
eling of saccade velocity profile with skewness), horizon-
tal (H) component, mean (Mn) descriptive statistic. This
was found to be very highly correlated with the much
more interpretable feature S37 (ratio of saccade peak
velocity to saccade mean velocity), horizontal (H) com-
ponent, median (Md) descriptive statistic. So, for this
factor we finally selected the description-name “Ratio of
Horizontal Saccade Peak Velocity to Mean Velocity”.
For factor 15, the most heavily weighted feature is §25

(modeling of saccade velocity profile with skewness),
radial (R) component, standard deviation (Sd) descriptive
statistic. In this case, we investigated cases with high and
low values for this feature and observed that the cases
with high values corresponded to velocity profiles with
several minima and maxima. We verified that there is a
strong relationship between this feature and feature S20
(number of local minima in velocity profile), mean (Mn)
descriptive statistic, which was initially excluded from
factor analysis because it could not be normalized. Thus,
we finally selected the description-name “Tendency for
Multipeaked Saccade Velocity Profiles” for this factor.

Table 7. Results from factor analysis showing the most heavily weighted features and the percent of accounted variance
for each factor, along with the interpretation of factors via respective Post Hoc, Ad Hoc assigned description-names.

o ] First Feature Second Feature Third Feature Fourth Feature
[}
22 » s
<] o 2 e
o3 g gz o) ] o) =] o =] o] =]
& = 2 =)
a =33 E 2 OQ I 70 OQ S wn e OO S (7% OQ I 725
2= S = 2 B S = a4e B 9= 2T B T = 2T ®
g SE 3£ 3 g F 58 : B F 3& : B3 % 3£ 3 ®% %
A 2 =S 3 =8 " =8 - 2 "
1 Saccade Speed 21.258 S36 R Mn 0.99 S02 - Mn 084 S32 H Mn 082 S06 - Mn 0.82

2 Fixation Drift Speed 10.358 Fo6 R Mn 091 F04

2-D Saccade Distance

3 Travelled 10.300 S04 - Mn 084 S03
4 Horizontal Amplitude of 5789 P07 H M 080 Pll
PSOs
5 Vertical Fixation Drift 5316 F09 Vo Mi 068 S38
Curvature
6  Vertical PSO Amplitude 4.827 S14 - Ig 055 SI8
7 Horizontal Saccade 2891 F09 Vo Mi 048 S35
Speed
8 Saccade Curvature 3.942 S13 - Md 076 SI6
9 Fixation Rate 3.736 F02 - Md 060 FOI
Saccade Curvature
10 Variabiity 2.268 S14 - Ig 053 SIS
Number of Word
11 Regressions During 1.733 S48 - - 0.49 S03
Reading
Ratio of Vertical Saccade
12 Peak Velocity to PSO 1.696 S14 - Ig 031 P24
Peak Velocity
Reversals of 2-D
13 Direction as Saccades 1.679 S25 H Mn 039 S07

End

Ratio of Horizontal

4 Saccade Peak Velocity to 1.613 S25 H Mn 031 FI7
Mean Velocity
Tendency for

5 Multipeaked Saccade 1.552 S25 R Sd 032 8528

Velocity Profiles
Percent of Saccades
Followed by PSOs

o

[y

1.119 P03 - - 023 P02

R Mn 0.83 F06 V. Mn 080 F06 H Mn 076
H Sd 066 S03 H Ig 062 P23 R Md 055
H Mn 071 F20 R M»n 069 P23 H Md 067
R Mn 054 S43 R - 049 S45 R - 0.43

- Ig 046 PIO V. Md 045 P07 V. Md 043

H Ig 043 S45 R - 040 S38 R Mn 038
- Mn 073 S17 - Sk 070 SI5 - Mn 0.69
- - 054 F02 - Ig 050 S$47 - - 036
- Ig 032 F02 - Md 032 FO7 H Ig 032
H Sd 044 S42 R - 039 S03 H Ig 038
Vv Mp 031 SIS - Ig 027 S03 H Sd 025
- Sd 036 S06 - M2 032 P24 R Sd 032
H Ig 030 FI7 R M2 028 P2 - Ig 027

H Ig 027 S27 H Ig 023 S26 H Ig 023

- Sd 022 PI6 R Ig 020 F20 R Mn 019
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Limitations and Further Extensions

The current research should be considered within the
scope of certain limitations. First of all, the recordings of
eye movements were conducted using a specific model of
a high-grade eye-tracker (EyeLink 1000). It would be
very interesting to investigate the stability of feature
values and the results from reliability assessment for eye
movement recordings captured with eye-tracker models
of different specifications. Since most of the highly relia-
ble features were found to be dynamic and related to
velocity/acceleration traces, which are usually the most
prone to error, it would be useful to assess the effects of
different error sources (eye-tracker dependent etc.) on the
features. Second, the current test-retest interval can be
considered relatively small (30 min.). Although such an
interval justifies a preliminary test-retest analysis for
assessing the reliability of features coming from different
subjects, the examination of eye movement feature values
for larger time intervals is expected to shed light on their
long-term stability.

A further extension of the current study involves the
combination of the extracted features into more complex
entities that can be interpreted within the context of cog-
nitive and visual behavior models. Examples of such
models specifically for the task of reading have been
presented in various previous studies, e.g., see (Reichle,
Pollatsek, Fisher, & Rayner, 1998), (Engbert, Nuthmann,
Richter, & Kliegl, 2005), (McDonald, Carpenter, &
Shillcock, 2005), (Reilly & Radach, 2006), and (Kliegl,
Nuthmann, & Engbert, 2006). In order to implement such
more complex entities (complex features) one needs to
take into consideration the influences not only of fixated
word properties but also of previous and upcoming words
(lag- and successor-word effects), or it is even possible to
code the features based on larger clusters of words, e.g.,
word quintets (Heister, Wiirzner, & Kliegl, 2012).

Conclusion

In this work, we presented an overview of an exten-
sive collection of features that can be extracted from eye
movements. The described features can be used for mod-
eling the characteristics of fixations, saccades, and post-
saccadic oscillations, and allow for examining the physi-
cal and behavioral properties of eye movements. Along
with the presented methods for the extraction of features,
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we examined their variability and test-retest reliability,
and performed factor analysis using data from a large
population of subjects. The presented methods and analy-
sis can provide further insights on the temporal, position-
al, and dynamic properties of eye movements, and can
serve as a useful tool for studies and applications involv-
ing the exploration and selection of eye movement fea-
tures.
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