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The study of eye movements during reading is considered a valuable tool for understanding the underlying cognitive
processes and for its ability to detect alterations that could be associated with neurocognitive deficiencies or visual
conditions. During reading the gaze moves from one position to the next on the text performing a saccade–fixation
sequence. This dynamics resembles processes usually described as Continuous Time Random Walk, where the jumps
are the saccadic movements, and the waiting times are the duration of fixations. The time between jumps (intersaccadic
time) consists of a stochastic waiting time and a flight time which is a function of the jump length (the amplitude of
the saccade). This motivates the present proposal of a model of eye movements during reading in the framework of the
Intermittent Random Walk, but considering the time between jumps as combined stochastic-deterministic process. The
parameters used in this model were obtained from records of eye movements of children with dyslexia and typically
developed children performing a reading task. The jump lengths arise from the characteristics of the selected text. The
time required for the flights was obtained based on a previously proposed model. Synthetic signals were generated and
compared with actual eye movements signals in a complexity-entropy plane.

Dyslexia is a neurodevelopmental disorder responsible for

one of the most frequent learning disabilities characterised

by difficulties in reading. The eye movements of individu-

als with dyslexia present differences with respect to those

of typically developed individuals during reading.1–3. For

this reason, the study of eye movements of children with

dyslexia has become a topic of great interest in different

scientific communities, motivated by the idea that a deep

understanding of them allows early diagnosis and prompt

intervention in the process of learning to read. As a con-

tribution to this topic, we present a simple model of eye

movements of children with dyslexia based on the Con-

tinuous Time Random Walk framework, taking into ac-

count the combination of stochastic and deterministic pro-

cesses that characterise eye movements during reading.

The model involves few parameters that can be derived

from a small number of experimental data. Such simplic-

ity has the advantage of allowing the generation of syn-

thetic eye movement data in a simple way that could be

of interest for studies using techniques that require large

amounts of data that are not easy to obtain.

I. INTRODUCTION

The study of eye movements during reading has a very long
history. In the last 20 years, researches in this area have fo-

a)Electronic mail: franciscoiaconis@gmail.com

cused on the development of models that account for the dif-
ferent mechanisms involved in the task4. Two fundamental
principles govern the dynamics of reading: where to look and
when to move the eyes to the next target. In an attempt to
explain them, the developed models include a large number
of elements that allow the reading process to be described in
great detail4,5. The most common elements usually included
are fixation duration, saccade length, processing time (where
first fixation duration, single fixation duration or gaze duration
are intertwined), skipped words, and regressions4. The more
elements are included in the model, the more interactions must
be taken into account. Thus, not only does the complexity of
the algorithms increases, but the descriptions become depen-
dent on many specific details, which results in the loss of the
ability to simply describe the phenomenon in general, beyond
the particular details involved in each sub part of the process.

Globally, the reading process consists of a sequence of steps
that varies depending on the skills of the reader and the type
of reading that the subject performs6. Once a person acquires
some reading skills, differences in strategies become more rel-
evant. These strategies can be related to the particularities of
the text or the reading task, but also to alterations that affect
the visual system or certain brain areas involved in reading.

Particularly, we are interested in dyslexia, a condition de-
tected in children mostly during schooling, that originate
a particular way of processing and reading. Several re-
searches address the study of eye movements of readers with
dyslexia1–3,7–9, following the premise that an adequate de-
scription of them can lead to an early diagnosis and interven-
tion. Among the various existing models of eye movements
during reading, some could be adapted to include the mod-

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
40

88
6



Eye movements of dyslexic children during reading 2

elling of readers with dyslexia. However, as previously men-
tioned, these models involve a large number of elements and
interactions that make them very specific and complex.

A simple model, capable of globally describing reading
with a reduced number of parameters, and allowing to recog-
nise the specific elements that characterise both strategies and
particularities of the readers, may be useful in many aspects.
One of them could be its usability to provide simulated data
sets which can be of great interest in studies that require large
volumes of data, or data that is not simple to obtain. Alter-
natively, it may be useful to experiment with tools that can
lead to new forms of diagnosis by allowing the detection of
quantifiable features. For example, an elementary model of
saccadic eye movements10 has been implemented to gener-
ate synthetic signals that were used to study event detection
and denoising techniques11. In the same way, in the present
work we propose a model that allows generating synthetic
eye movement signals of dyslexic children during reading in a
simple and adequate way that could be used in further studies
or even being useful as a clinical tool for diagnostic purposes.

Our proposal combines three main theoretical approaches.
The first one refers to the approach from which we address
the reading process. From a physically observable point of
view, reading is directly related to the stochastic dynamics of
the eyeball (a rigid body) where a sequence of rotations and
stops are observed. Such a behaviour can be related to a typi-
cal process described by the Continuous Time Random Walk
(CTRW) theory12–15. This framework is an extension of the
classical Brownian motion where the waiting times and jump
lengths are obtained from probability distributions that, cou-
pled or separable, can lead to sub-diffusive or super-diffusive
processes. Different diffusive processes have been modelled
with the CTRW 16,17. In the framework of the CTRW and
based on the Master equation, Gomez Portillo and collabora-
tors14 have discussed a process where the jumps, also called
flights, were characterised by random speeds with a certain
duration (flight periods). In the present manuscript we discuss
an extension of the proposal of Gomez Portillo, but instead
of using master equations we implement a set of subordi-
nate equations as done by, e.g., Fogedby and collaborators18.
In our model, the flights (saccadic movements) are modelled
following some equations presented in a previous works19,20

where the flight duration is a function of the saccade ampli-
tude.

The second key element in our proposal refers to the choice
of the probability density functions used to model the duration
of fixations and the amplitude of saccades. We propose lin-
ear combinations of lognormal functions to this end, a choice
that results from analysing previous publications, where eye
movements performed during cognitive tasks were charac-
terised as nonlinear processes15,21–25. According to these
approaches, reading is a cognitive process in which differ-
ent components interact to produce a response to a certain
stimulus. Many cognitive researchers have studied cogni-
tive processes focusing on the characterisation of components
and interactions, distinguishing apart processes component-
dominated or interaction-dominated21,23,26,27. In particular,
Stephen and coworkers21,23 have shown that the distribution

of gaze steps (the distance from one sampled point to the next
in an eye tracker dataset) can be modelled with lognormal
or power law distributions that describes multiplicative pro-
cesses with interaction-dominant structures. Also lognormal
functions have been proposed to model fixation durations and
saccade amplitudes28 in a relatively simple proposal based on
mixture models.

The third element refers to the complexity of the compo-
nents and interactions involved in cognitive tasks. Complex-
ity, understood as an intermediate state between order and
disorder and related to scale-free structures, has been used
to describe different biological systems, particularly neural
dynamics29. Hidden structures of selected features can be
studied using statistical complexity measures30,31. Defined as
the product of the Shannon entropy and a discrete version of
the Jensen-Shannon divergence, the complexity index organ-
ises the structures from a minimum value, indicating a fully
ordered or disordered system, to a maximum, reached in an
intermediate value. When plotted against Shannon entropy
one obtains a complexity-entropy plane that provides infor-
mation about the structures of the studied patterns in terms of
their randomness. Recently, the complexity-entropy plane has
been used to characterise cognitive differences in a psycholog-
ical test that assesses attention, from the analysis of different
patterns emerging from eye movements dynamics25. This tool
is robust enough to separate different cognitive or behavioural
characteristics. Thus, complexity-entropy plots can be used
not only to characterise the hidden structures of selected fea-
tures of eye movements during reading, but also to test the
proposed model by comparing the Shannon entropy and sta-
tistical complexity of actual eye movement signals registered
from dyslexic children during reading and synthetic data gen-
erated with an algorithm based on the dynamic approach we
propose here.

This presentation is organised as follows. We start with a
brief description of eye movement dynamics of dyslexic read-
ers and a summary of the experiment conducted and data col-
lection. In Sec. III we characterise the four fundamental fea-
tures involved in the model we propose: duration of fixations,
and amplitude, direction and duration of saccades. The for-
malism of the model and an algorithm to generate synthetic
data are presented in Sec. IV. A set of simulated signals
are analysed and compared to actual eye movement records
in Sec. V. The complexity-entropy profiles of fixations and
saccades are also studied. Finally, a discussion and some con-
clusions close our proposal in Sec. VI.

II. EYE MOVEMENT DYNAMICS DURING READING

A. Reading and dyslexia

Dyslexia is a specific learning disability classified as a
neurodevelopmental disorder by the American Psychiatric
Association32. Affecting around 10% of the population33,
dyslexia is considered the most frequent learning disability
and is characterised by various difficulties in reading like, e.g.,
decoding and writing words even with an otherwise adequate
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Eye movements of dyslexic children during reading 3

intellectual development33–35.

During reading, eye movements of dyslexic individuals dif-
fer from those of typically developed (TD) readers, indepen-
dently of the languages considered1–3. The observed differ-
ences seem to be related to difficulties of dyslexic individu-
als to consolidate the necessary automation of the grapheme-
phoneme transformation. This process develops smoothly in
TD children, but does not seem to occur easily in dyslexic
children2. Previous studies performed on English and other
non-transparent language speakers, established that during
reading, dyslexic readers present longer duration of fixations,
shorter saccades and more regressions than TD readers of the
same chronological age3,7,8. This correlates with the strategy
of collecting the information presented in the text piece by
piece, relating each grapheme to the known phoneme.

B. Participants and experimental data

12 dyslexic children aged 9-10 years compose the group
of participants on which we focus our proposal. The dyslexia
diagnosis was performed by psychopedagogues specialised on
reading disorders. For comparison purposes, a group of 29
children in the same age range was also included in the study.

All participants speak Spanish as native language, and at-
tend medium socioeconomical level schools in the Buenos
Aires Metropolitan Area (Argentina). Children were asked
to read aloud a short Spanish nine-line text shown on a com-
puter monitor while their eye movements were recorded, at a
sample rate of 90 Hz, using the eye tracker Tobii Pro (Tobii
AB, Sweden). The records of dyslexic children were regis-
tered in psycho-pedagogical clinics. The eye movements of
the TD readers were recorded by professionals in the school
they attend. Informed consent was obtained from the legal
guardian of each participant. The children also gave their con-
sent to participate and the school authorised the collection of
data within the institution. All participants were treated in full
accordance with the Declaration of Helsinki.

Each collected dataset constitutes a two dimensional time
series {(t,x,y)} indicating the eye position (x,y) on the screen
at each sampled time t in milliseconds (ms). Positions on the
screen were normalised to satisfy the ratio 16:9. Thus, in what
follows, x ranges from 0 to 16 and y ranges from 0 to 9. Fix-
ations and saccades were detected with an algorithm adapted
from the one proposed in Ref.36. Blinks and saccades associ-
ated with return-sweeps (saccades that take the gaze from the
end of one line to the beginning of the next) were eliminated
from the analysis.

For a correct statistical analysis large amounts of eye move-
ments are needed. In the present study, despite the fact that
the number of participants is relatively low, a reliable statisti-
cal analysis can be performed since each participant performs
around 200 movements to read the text used in our experi-
ment. The analysis we carried out was made with a total of
2130 saccadic movements and fixations.

FIG. 1. Histogram of duration of fixations of dyslexic children, ob-
tained from the experimental data. In full line the lognormal fit.

III. ANALYSIS OF EYE MOVEMENT FEATURES DURING
READING

To model eye movements, information about the duration
of fixations and the duration and amplitude of saccades is re-
quired. In this section we analyse these features based on the
experimental data collected in order to establish the basic ele-
ments to be included in the model.

A. Fixations

The duration of fixations is generally modulated by the un-
derlying cognitive process and varies considerably throughout
it. Different type of probability density functions have been
used to represent the occurrence of fixation durations, among
the most extensively used is the lognormal function28. Fig.
1 shows the histogram of the duration of fixations obtained
form the dyslexic children. Frequencies can be fitted with a
lognormal function:

f (µ ,σ ;x) =
1√

2πσx
e
− [ln(x)−µ ]2

2σ2 (1)

which can be used as the probability density function (PDF)
of the duration of fixations. We performed this fit using the
curve_fit method included in the scipy.optimize python pack-
age. The values obtained for the parameters were: µ = −
1.44 ± 0.04 and σ = 0.83 ± 0.03. The resulting curve is
plotted in Fig. 1.

In order to verify the adequacy of these values, the proce-
dure was repeated 6 times but taking half of the records ran-
domly selected finding in all cases similar values for µ and σ .
The procedure was also implemented with the data collected
from the TD children. The histogram of duration of fixations
for this group did not present significant differences with re-
spect to the dyslexic ones.
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Eye movements of dyslexic children during reading 4

B. Amplitude and direction of saccades based on a stimulus

Learning to read in Spanish requires, as a first step, recog-
nising the letters. Next, syllables or graphemes and their cor-
responding phonemes are identified. The association between
graphemes and phonemes must become automatic to continue
with the following step: the recognition of the word as a
whole, formed from a given sequence of graphemes. While
consolidating reading, children gradually incorporate words
to this automatising process. The known words are trans-
formed immediately, the unknown words are decomposed into
graphemes and transformed to phonemes. Thus, depending on
how consolidated the process is, it will be how reading will
be carried out, that is, how much mix there will be between
word recognition and syllable processing. Dyslexic children
present difficulties in the automation process, which in many
cases never occur2,37.

The movement of the eyes over the text clearly depends on
how automated the reading process is. This suggests that the
analysis of the distances between syllables and words in the
text is critical in understanding the dynamics of eye move-
ments during reading, especially in relation to the level of
reading proficiency. The spatial configuration of stimuli will
strongly influence the amplitude of saccades. Less skilled
readers, whether dyslexic or slow learners, will perform sac-
cadic movements with amplitudes close to the distances be-
tween consecutive syllables in the text. As the reader becomes
more skilled, it is expected that short words of up to two syl-
lables will be recognised as a whole and the amplitude of sac-
cades will be closer to the distance of two syllables38,39. We
call this distance second neighbours distance, and we call first
neighbours distance the distance between consecutive sylla-
bles. More experienced readers do not need to fixate on words
of less than 3 letters, hence amplitude of saccades become
longer38,39.

In this study, we aimed to identify the key features of the
text that allow characterising saccadic movements and can be
included in the proposed model. To this end we examined
the distances between syllables and words in the text. Specif-
ically, we analysed the distances between first and second
neighbours, distances between words, and distances between
words that have more than 3 letters. The experimental val-
ues obtained for these distances did not exceed 3 units. Based
on these findings, we divided the interval (0,3) into 20 equal
parts to create a discrete domain {d1,d2, . . . ,d20} for this vari-
able. The normalised frequency polygons for each of these
distances are presented in Fig. 2, illustrating the distribution
of each type of distance found across the text. The discretized
values of di in which we group the distances considered are
represented on the horizontal axis and the vertical axis indi-
cates their normalised frequency.

To model the probability of the saccade amplitude we pro-
pose a linear combination of the frequencies of the described
distances. In order to allow for regressions (backward sac-
cades) we include in the linear combination the four dis-
tances considered (i.e. first and second neighbours distances,
distances between words and distances between words with
more than 3 letters), but defined for the negative domain

FIG. 2. Normalised frequency polygons of the distribution of first
and second neighbours distances, as well as distances between words
and words with more than three letters associated with the values
found in the text used in the present experiment.

{d−20 = −d20, . . . ,d−2 = −d2,d−1 = −d1}. This is, we use
a negative sign to indicate the amplitude of a backward sac-
cade. In this way, the saccade amplitudes take values between
-3 and 3 and are governed by a PDF that is a linear combina-
tion of the frequencies of appearance of the different distances
that characterise the text.

To give a mathematical formalism, we propose 8 functions
hi, i= 1,2, . . . ,8, 4 of them used to model the frequency of for-
ward (positive) displacements and the other 4 used to model
the frequency of backward (negative) displacements. The
probability p j of a saccade of amplitude d j can be expressed
as a fraction, with the numerator being the sum of the product
of each of the eight functions hi evaluated at d j and their cor-
responding weights wi, and the denominator being the sum of
the same expression over all possible distances in the domain
[−20,20].

p j =

8

∑
i=1

hi(d j) wi

20

∑
j=−20

8

∑
i=1

hi(d j) wi

, (2)

where wi, i = 1, . . . ,8 are the coefficients (weights) corre-
sponding to each hi in the linear combination. They were es-
timated for dyslexic and TD children from the experimental
data using the curve_fit method of the scipy.optimize python
package and the values found are listed in Table I. The result-
ing frequencies of the distances for the dyslexic children and
the corresponding curve fit are plotted in Fig. 3.

The values wi reflect the influence of each type of distance
considered in the description of saccadic movements. The re-
sults presented in Table I show that children with dyslexia
mainly perform saccadic movements with amplitudes that
match those of the first neighbours (wi = 0.41, the highest
value of wi) and, to a lesser extent, the amplitude of their
saccades correspond to the distance of the second neighbours
(wi = 0.2). Backward saccades are mostly directed to first
neighbours (wi = 0.11). In contrast, TD children perform a
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Eye movements of dyslexic children during reading 5

FIG. 3. Histogram of the amplitude of saccades of dyslexic children
fitted with a linear combination of functions hi describing the fre-
quency of occurrence of the four distances with which the text was
characterised.

TABLE I. Weights wi of the functions hi obtained from fitting the
histograms of distances between syllables and words to the empirical
values of saccade amplitudes of dyslexic and TD children (Eq. (2)).

Distances (hi)
Weight (wi)

TD DD
First neighbour backward [0.13 ± 0.03] [0.11 ± 0.07]
Second neighbour backward [0.05 ± 0.09] [0.0 ± 0.2]
All words backward [0.0 ± 0.2] [0.0 ± 0.4]
Words with more than
3 letters backward [0.06 ± 0.08] [0.0 ± 0.2]

First neighbour forward [0.26 ± 0.03] [0.41 ± 0.07]
Second neighbour forward [0.07 ± 0.09] [0.2 ± 0.2]
All words forward [0.0 ± 0.2] [0.0 ± 0.4]
Words with more than
3 letters forward [0.27 ± 0.08] [0.0 ± 0.2]

combination of jumps with amplitudes that match first neigh-
bours distances and distances between words with a minimum
of 3 letters (wi = 26 and wi = 27 respectively). Their back-
wards saccades also correspond to jumps between syllables
(wi = 0.13).

C. Duration of saccades

The duration of saccades can be estimated using the model
proposed by Frapiccini et al20, which has been proven to be
efficient for the description of various processes, particularly
reading. This model allows an accurate representation of the
saccadic eye movements with a single free parameter: the
amplitude. Specifically, the duration of saccades can be ex-
pressed as:

τsac
i = a ηi

2/5 (3)

where ηi is the amplitude of the i-th saccadic movement and
for the value of a we have obtained a = [0.0745± 0.0006].

IV. MODEL OF EYE MOVEMENTS DURING READING
AS A CTRW

Eye movements during reading consist of moments of still-
ness (fixations) followed by forward or backward movements
of variable lengths. The stochastic characteristics of the du-
ration of fixations and the amplitude and duration of saccades
convert the process into one of the CTRW type.

There are various approaches to the CTRW. Some of them
are based on the Master equations13,14. Some others are de-
rived from Langevin equations18,40. In this section we propose
a model of eye movements during reading based on this last
approach.

According to previous proposals10,20, the equation describ-
ing the dynamics of a series of alternating jumps and waiting
times is given by:

dx

dt
= F(t) = ∑

i

fi(t, ti), (4)

where x is the horizontal coordinate of the gaze position and
F(t) is the eye movement activation function, represented by
the sum of terms fi(t, ti)

20 with ti the instant in which the i-th
jump occurs.

The function fi(t, ti) can be defined by the amplitude of the
saccade ηi and the fixation time τ

f ix
i . These two parameters

have stochastic characteristics and comply with a joint proba-
bility density function Ψ(η ,τ). We base our proposal on the
hypothesis that the duration of fixations and the amplitude of
saccades are independent, so Ψ(η ,τ) can be written as the
product of two probability functions13:

Ψ(η ,τ) = λ (η) ψ(τ), (5)

where λ (η) and ψ(τ) are the PDFs that define the amplitude
of the saccadic movement and the duration of fixation respec-
tively. Based on the description of saccade amplitudes pro-
posed in Sec. III B, in our model of reading the PDF λ (η) is
approximated by the fit of the probabilities p j given in Eq. 2,
this is the curve plotted in Fig. 3. The PDF describing the
duration of fixations is given by the lognormal fit plotted in
Fig. 1

In order to move the eyes a distance η , a time necessarily
intervenes, this is the time of flight of the saccadic movement.
After each jump there is a waiting time corresponding to the
fixation duration. The sum of these two times (time of flight
+ fixation time) defines the intersaccadic time. In the present
proposal, we do not focus on the shape of the saccadic move-
ment but we account for the time required to move the eyes
from one point to the next (time of flight). This is, we ap-
proach the process as a sequence of sudden horizontal move-
ments that can be modelled as xiδ (t − ti), assuming that the
jumps occur at times ti and are followed by an intersaccadic
time τi given by the expression:

τi = τ
f ix

i + τsac
i , (6)

with τ
f ix

i the duration of the i-th fixation.
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Eye movements of dyslexic children during reading 6

Alternatively to Eq. (4), a set of subordinate equations
can be considered. This approach has been discussed by
Fogedby18 and used to analyse Lévy flights. A system of
subordinate equations involves an equation for the time and
another for the jumps. Kleinhans12, based on the work of
Fogedby18, discussed a discrete version of subordinated equa-
tions that provides an alternative form of the CTRW. Follow-
ing Kleinhans work12, and adapting it to eye movement sig-
nals, we associate each jump with a saccade and each waiting
time with an intersaccadic time. Our approach to reading dy-
namics, alternative to the one governed by Eq. (4), is described
by the following discrete iterative equations16,41:

xi = xi−1 +ηi (7a)

ti = ti−1 + τi (7b)

were ηi and τi are stochastic variables derived from the PDF
Ψ(η ,τ) defined in Eq. (5). Even when the PDFs are assumed
independent, we still have a coupling due to the presence of τi

which depends on ηi through Eq. (3). Thus the expression for
the waiting time is

ti = ti−1 + τ
f ix

i + a ηi
2/5. (8)

The probability of ηi is given by the linear combination in
Eq. (2), and the PDF for τ

f ix
i is given by Eq. (1).

Essentially, Eq. (7a) defines a set of points (positions on
the text) occurring at time intervals determined by intersac-
cadic times which follow a stochastic dynamics described by
Eq. (7b). To recreate a continuous time process, it is neces-
sary to consider the position of the gaze remaining still until
the new movement takes place12. This is:

x(t) = xi f or ti ≤ t ≤ ti+1. (9)

To generate a synthetic signal simulating eye movements
during reading, we propose an iterative algorithm governed
by Eq. (7a) and Eq. (7b), requiring as input the probability of
saccadic amplitudes (Eq. 2) and duration of fixations (lognor-
mal fit plotted in Fig. 1). In each step the algorithm randomly
selects a saccade amplitude and it generates a position xi on
the text from the sum of the previous position and the selected
amplitude. Independently, randomly selects a fixation dura-
tion and generates time increments ti from the sum of the pre-
vious time and the selected fixation duration, and the duration
of the saccade selected.

1. To simulate each line in text:

(a) Initialise the gaze position x0 in the position of the
first syllable of the line.

(b) Obtain a realisation for ηi using the probability
defined in Eq. (2).

(c) Check position: if xi +ηi is greater than the posi-
tion of the first syllable go to the next step. if not,
ηi is discarded and a new realisation is requested
(go to step 1a). This is so that the synthetic signal
does not have a movement to the left where there
is no text to read.

(d) Check end of line: if xi +ηi is smaller than the
position of the last syllable of the line go to the
next step. If not, this value of ηi is discarded and
pass to the next line. For the new line repeat from
the step 1. If it was already in the last line, the
step 1 is finished.

(e) If 1c and 1d are checked, the new position is
xi+1 = xi +ηi. Then go to step 1b.

2. Calculate the duration of each saccade (flight time) τsac
i .

3. Using the lognormal PDF (Eq.(1)) generate as many du-
ration of fixations τ

f ix
i as saccades were generated.

4. Define ti+1 = ti + τ
f ix

i + τsac
i .

As a result we obtain a time series {(t0 =
0,x0),(t1,x1), . . . (tN ,xN)} indicating the position xi of
the eyes on the text at each time ti in which a saccade occurs.
For the intermediate instants t ∈ (ti, ti+1) we consider the eyes
remain still (see Eq. (9)), thus eye movements are represented
as a step function.

We base our proposal on the assumption that the probabil-
ity of a saccade amplitude is independent of the probability
of the following duration of fixation. This does not necessary
implies lack of memory in the process. As most cognitive
processes, there is a persistence on the process due to the fact
that the subject wants to perform the task assigned. This per-
sistence is included through the probability of the amplitude
of saccades given by Eq. (2) and can be visualised in Fig. 3,
where it is evident that forward (positive) saccades are more
probable.

V. RESULTS

With the proposed algorithm we generated 50 synthetic sig-
nals simulating the eye movements of dyslexic children read-
ing the text used in the present experiment. To evaluate the re-
sulting signals we propose two direct inspections and a more
elaborated analysis based on the entropy and complexity of
actual and synthetic data.

A. Direct comparison

In order to directly compare synthetic signals with the ex-
perimental ones, we employed two different methods. The
first method consisted of visually inspecting trajectories of
the synthetic and actual signals having approximately the
same duration, by plotting them together and comparing their
shapes. An example of this plot is shown in Figure 4. The plot
shows the x-coordinates (horizontal eye movements) of one
empirical and one synthetic signal generated by our stochas-
tic model. Our visual inspections showed that the synthetic
signals closely matched the actual signals in terms of reading
speed and trajectory shape. In fact, in some cases, the signals
were so similar that they almost overlapped each other.
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Eye movements of dyslexic children during reading 7

FIG. 4. Visual comparison of empirical and modelled horizontal eye
movement signals during reading a text. The model closely repro-
duces the dynamics of the measured signal, validating its ability to
simulate the complexities of reading.

FIG. 5. Reading times for actual data and synthetic ones.

The second method used to compare synthetic versus ac-
tual signals was by comparing the resulting reading times. In
this case, all signals can be directly compared, as it can be
observed in Fig. 5 where the boxplots summarise the reading
time of the 12 dyslexic readers and that of the simulated data.

The agreement found between synthetic and empirical sig-
nals indicate that our proposal provides a simple and effective
method to globally model eye movements of dyslexic children
during reading.

B. Complexity-entropy profiles

Shannon entropy and statistical complexity are two prop-
erties that provide insights about the randomness or hidden
structures of a given feature31. These indices have been pre-
viously used in the study of eye tracking signals related to a
cognitive process25.

Here we analyse the entropy and complexity properties of
both actual and synthetic data in order to compare two fea-
tures: the amplitude and direction of saccades on the one
hand, and the organisation of fixation locations on the text,

FIG. 6. Shannon entropy and statistical complexity associated to the
amplitude of saccades of actual and synthetic data.

on the other. The methodology used is the one proposed by
Rosso and collaborators31.

The Shannon entropy and the statistical complexity asso-
ciated to the histogram of the amplitude of saccades were
calculated for each empirical and synthetic signal. We kept
the previous considerations of using negative amplitudes to
indicate regressions, and took the same 40 bins in the inter-
val (−3,3) (see Sec.III B). The values obtained are plotted
in the Complexity-Entropy (C-H) plane in Fig. 6. As it was
expected, empirical and synthetic signals locate in the same
region of the plane, indicating that the spatial distribution of
the data generated with the model and their statistical proper-
ties coincide with those of actual datasets. Given the location
of the data in the C-H plane, it can be said that the configu-
ration of amplitude and direction of saccades tends to behave
unpredictably (entropy higher than 0.6) and reaches the max-
imum complexity.

Another key element in the structure of the signals is the
ordinal relation between fixation locations. This is, the or-
ganisation of the sequence of position of fixations on the text.
To compare this structure we performed a complexity-entropy
analysis of fixation locations using the permutation distribu-
tion, originally proposed by Bandt & Pompe42. The method-
ology consists on taking sliding windows of fixed length over
the time series {xt}, each of which is associated with a per-
mutation pattern according to the ordinal position of the data
points in it. The relative frequency of these patterns defines
the probability distribution. The recommended number q of
permutation patterns is considered to be less than 1

5 of the
actual duration of the time series to ensure meaningful sam-
pling. In this work, we set a window size of 4 consecutive
points (ws = 4) which leads to 4! = 24 possible permutation
patterns, below the recommended maximum. This distribu-
tion captures the spatial organisation of horizontal movements
of the eyes.

The values of Shannon entropy and statistical complexity
obtained for actual and synthetic data are plotted in Fig. 7. As
in the previous comparisons, we found a very good agreement
between both sets of data, which reinforces our conclusion
that the model was able to reproduce the eye movement dy-
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Eye movements of dyslexic children during reading 8

FIG. 7. Entropy and complexity of actual and synthetic signals cal-
culated with the ordinal patterns distribution.

namics of dyslexic children reading the experimental text.

VI. DISCUSSION AND CONCLUSION

The study of the dynamics of eye movements in cognitive
tasks is considered of great importance due to the link exist-
ing between eye movements and the cognitive process itself.
In this proposal we have presented some contributions on this
subject. We have addressed the modelling of the eye move-
ments that dyslexic children perform while reading a text in
Spanish. The structure of these movements can be considered
the most elementary within the range of different structures
emerging during reading as the reader becomes an expert. The
eye movement dynamics of children with dyslexia closely re-
semble the eye movements of children in the early stages of
learning to read.

This work has focused on three main objectives. One was
the analysis of eye movements recorded from dyslexic chil-
dren during reading a text in Spanish. The second purpose
was the introduction of a simple but efficient model that repli-
cates the studied movements. A third objective was to analyse
the capability of the model to reproduce certain structures that
characterise the eye movement dynamics under study.

To achieve these objectives we analysed, on the experimen-
tal data, four fundamental features that govern the eye move-
ment dynamics during reading: the duration of fixations and
the amplitude, direction and duration of saccades. Partic-
ularly, we provided expressions for the probability of these
events. We have shown that the PDF that characterise the du-
ration of fixations can be modelled with a lognormal function,
and exhibited that a linear combination of numerical func-
tions, obtained from distances between syllables and words in
the text, can be used to describe the probability associated to
the amplitude and direction of saccades. Duration of saccades
were obtained from their amplitude, as proposed in a previous
work20. All these elements allowed us to propose a stochastic
model for the dynamics of eye movements of dyslexic chil-
dren during reading, based on the formalism of the CTRW.
The movements were decomposed into instantaneous jumps

and waiting times by means of a system of two coupled finite
difference equations. An analysis of certain patterns compos-
ing the sequence of fixations and saccades was carried out in
terms of statistical complexity and entropy which allowed, at
the same time, revealing the behaviour of the studied struc-
tures and comparing actual eye movement signals with syn-
thetic ones generated with the model.

The proposed model can be considered as a continuation of
the ideas previously introduced in the works of Specht et al.10,
Bouzat et al.19 and Frapiccini et al.20. Our proposal combines
the model of saccadic movements with stochastic variables as
the amplitude and direction of saccades and the duration of
fixations. Such a combination gives rise to a CTRW model
based on a Langevin equation. Instead of directly solving the
Langevin equation, we decomposed it into a system of two
subordinated finite difference equations similar to those used
by Kleinhans12.

The analysis performed on synthetic data generated with
an algorithm based on the proposed model, indicates that the
simulated eye movements behave similar to the actual ones.
The visual inspection and the comparison of reading time gave
very good agreements. This type of comparison is not conclu-
sive, which is why we implemented the complexity-entropy
analysis, a methodology that allows studying complex struc-
tures.

The results obtained for the amplitude and direction of sac-
cades showed a very good agreement between actual and syn-
thetic data, at the same time that it revealed a configuration
of amplitude and direction of saccades tending to uncertainty
with a maximum complexity. It can be interpreted as an in-
termediate state between a predictable order and an unpre-
dictable disorder. The coincidences obtained for both empir-
ical and synthetic data in this analysis was actually not sur-
prising as the probability distributions used to calculate the
entropy and complexity indices were all obtained form the
same one. The important conclusion from this result is that
the linear combination proposed to model the amplitude and
direction of saccades, which was based on the distances be-
tween syllables and words in the text, provides a very good
description of actual saccades. As was noticed from the anal-
ysis of Fig. 6, synthetic signals are concentrated in the middle
of the point cloud determined by the actual data. This can be
explained by the fact that actual data present more variability
than the synthetic ones. A term of error (residue) can be in-
cluded in the linear combination in Eq. (2) to obtain a better
approach to the variability of actual eye movement signals.

A second complexity-entropy analysis was carried out in
order to study the configuration of position of fixations on the
text. We analysed the ordinal relation between them using
ordinal patterns as proposed by Bandt & Pompe42. The agree-
ment found reveal that the model is capable of reproducing
the dynamics of patterns of fixation locations, an element that
is not included in the generating algorithm. In this case, the
inclusion of an error term in Eq. (2) seems not to be necessary.

One final consideration can be made with respect to our
proposed model. For a different text, the functions hi in Eq. (2)
must be estimated again since they are based on the distances
characterising the syllables and words on it. We hypothesise
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Eye movements of dyslexic children during reading 9

that the coefficients wi will remain similar, based on the fact
that the behaviour of dyslexic children will not change. Thus,
if the hypothesis is correct, the model allows generating syn-
thetic signals from the analysis of a few records.
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