
1Scientific RepoRts | 6:20815 | DOI: 10.1038/srep20815

www.nature.com/scientificreports

Persistence in eye movement 
during visual search
Tatiana A. Amor1,2, Saulo D. S. Reis2, Daniel Campos3, Hans J. Herrmann1,2 &  
José S. Andrade, Jr.1,2

As any cognitive task, visual search involves a number of underlying processes that cannot be directly 
observed and measured. In this way, the movement of the eyes certainly represents the most explicit 
and closest connection we can get to the inner mechanisms governing this cognitive activity. Here we 
show that the process of eye movement during visual search, consisting of sequences of fixations 
intercalated by saccades, exhibits distinctive persistent behaviors. Initially, by focusing on saccadic 
directions and intersaccadic angles, we disclose that the probability distributions of these measures 
show a clear preference of participants towards a reading-like mechanism (geometrical persistence), 
whose features and potential advantages for searching/foraging are discussed. We then perform a 
Multifractal Detrended Fluctuation Analysis (MF-DFA) over the time series of jump magnitudes in the 
eye trajectory and find that it exhibits a typical multifractal behavior arising from the sequential 
combination of saccades and fixations. By inspecting the time series composed of only fixational 
movements, our results reveal instead a monofractal behavior with a Hurst exponent H ≈ 0.7, which 
indicates the presence of long-range power-law positive correlations (statistical persistence). We expect 
that our methodological approach can be adopted as a way to understand persistence and strategy-
planning during visual search.

Eye-movement data provides information on the cognitive process underlying visual search1 and, in particular, 
visual search tasks can be used to shed some light on how the human (or animal) eye implements information for 
foraging and/or planning2–4. A number of studies have been conducted on the visual search of hidden objects in 
complex scenes5–7, going from cases of targets embedded in a noisy background8 to more simplified visual tasks 
on macaques9. Visual search, however, remains as a complex cognitive task which involves a number of diverse 
underlying mechanisms that need to be addressed. One of these essential mechanisms, whose properties are still 
under debate, is memory.

The first theories on visual search assumed the existence of visual memory in terms of an inhibitory mecha-
nism that prevents an item to be revisited after identifying it as a distractor10, or in the capacity of collecting visual 
information in parallel for each item inspected11. Later, it was suggested that visual search involves a memoryless 
search strategy12. By studying the response time of a visual task involving the search of a target along with dis-
tractors, it was found that the efficiency of search remains constant across trials. This would imply that the visual 
system does not accumulate information about an item over time during a search episode and that subjects may 
frequently reinspect locations that have already been inspected. However, although subjects tend to reexamine 
some items, the pattern of revisitations does not match the one predicted by a memoryless model13. Thus, it has 
been argued that revisitations occur not because the searcher forgets the items that have been examined, but 
because the items were inadequately examined at first. So, while memory may not be a primary mechanism for 
instantaneous object recognition (in these scenarios saliency could be, for example, more significant14,15) it seems 
clear that it must play a role in cognition and, in particular, in strategy planning. Along these lines, the problem 
of visual memory has been recently addressed as a synonym of persistence for natural scenes in a number of 
works16–18. From the study of how subjects can recall unrelated items, removing semantic cues, it has been shown 
that visual memory over time performs better than had been thought. Therefore, persistence may represent a con-
venient conceptual measure to analyze the performance and/or efficiency of living beings performing real-world 
visual tasks.
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In the aforementioned studies, persistence and memory were investigated through the analysis of purely cog-
nitive measurements, such as the response time of subjects or the amount of objects recalled after inspecting a 
scene. One should note that in any visual task we are constantly gathering information from the scene we con-
template, while performing high-speed eye movements, called saccades, towards potential target positions19. The 
steps in between these saccades namely, the fixations, allow us to inspect the scene at high-resolution as these 
images fall into the central retina20. The fixations are therefore the events during which most visual information 
is captured from the target positions or from the scene21.

Here we address the following question: Is there any quantifiable persistent behavior in the movement of 
the eyes during visual search? We disclose that the process of eye movement during visual search exhibits two 
distinctive persistent behaviors. Initially, we condense the information about the eye paths by reducing fixations 
and saccades to a set of points and vectors, respectively. First, our results reveal that the probability distributions 
of the angles between the intersaccadic vectors present a clear asymmetry which indicates the existence of a 
short-range geometrical persistence related to a reading-like strategy of search. Second, we apply the Multifractal 
Detrended Fluctuation Analysis method (MF-DFA) to study the whole time series of eye movement during visual 
search, which encompasses fixational as well as saccadic movements. In what follows, we show that this sequential 
combination of distinct events leads to an apparent multifractal signature. Moreover, by inspecting the time series 
composed only by fixational movements, we observe that it presents instead a monofractal behavior, which is 
indicative of the presence of long-range power-law positive correlations. Such power-law correlations are synon-
ymous of long-range statistical persistence and therefore are interpreted as a signature of long memory processes22.

As mentioned before, both approaches (geometrical and statistical) are not cognitive measurements, as they 
just arise from the analysis of the visual path. Therefore, the cognitive layer of the problem is beyond the scope of 
our statistical framework. However, by doing direct measurements on the eye paths we are able to address on how 
visual search is performed from a different perspective. In other words, we are reporting from a statistical point 
of view what participants do while looking for a hidden target.

Results
Geometrical Persistence. We study the geometrical persistence in eye movement during a visual search 
task by the analysis of two angles, namely, the horizontal angle, θh, and directional angle, θd. The first refers to the 
angle between a saccadic event and the horizontal direction, and the second corresponds to the angle between 
two consecutive saccadic events. The visual task consists in searching for a unique number “5” embedded in an 
image of numbers between “1” and “9”, as depicted in Fig. 1A. We randomly place the numbers at the nodes posi-
tions of a regular square lattice and displace them from that position by a small random distance, both in the x 
and y coordinates. This is done in such way that there is no overlapping between numbers (see Methods for tech-
nical details).

In order to study both the horizontal and directional angles we simplify the original trajectories, shown in 
Fig. 1B, by replacing the fixational and saccadic events by a series of dots and vectors, respectively. As presented 
in Fig. 1C, the dots correspond to the mean position of a fixation, and the vector between two fixations, i.e. two 
dots, represents a saccadic event (see Methods for information on the fixation and saccade filtering method 
adopted). By doing this we are able to study the persistence in a spatial sense, regardless the time interval of each 
fixation or saccade. Next, we compute θh and θd. The first one provides information on the anisotropy of the tra-
jectories, whereas the second provides information on the directional persistence.

The horizontal angle for the i-th saccade is computed as

( )θ = / , ( ), ,r rarctan 1
i

i y i xh

where ,ri x ( ),ri y  is the x (y) component of vector ri associated with the i-th saccadic event. The range of θh goes 
from 0° to 360° in a counterclockwise sense. For example, if θh is close to 0° it means that the saccadic movement 

Figure 1. The experiment. (A) Visual search stimuli. Participants have to search for the unique number “5” 
embedded in a cloud of numbers between “1” and “9”. The red region shows the position of the target, the 
unique number “5”. (B) Eye movement recorded during the experiment. The path going from yellow to green, 
represents the actual eye trajectory, the color yellow corresponds to the beginning of the search and the green to 
the ending. (C) Modified eye trajectory. In order to study the eye paths as geometrical entities, we simplified the 
original trajectory, shown in (B), by reducing the fixations into points and the saccadic events into the vectors 
between two consecutive fixations, i.e. two points.
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was done with a preference towards the horizontal direction from left to right. On the other hand, if θh is close to 
180° it means that the saccadic movement was done over the horizontal direction from right to left. The inspec-
tion of the distribution of θh provides information of the existence of a privileged direction during the search.

Figure 2A shows schematically how θh is extracted from an experimental trajectory. As one can see in Fig. 2B, 
the horizontal angle distribution, θ( )P h , presents a clear asymmetry during the visual search. Although the 
images (Fig. 1A) were prepared in such a way as to prevent any salience and/or directional biases, the subjects 
prefer to perform a systematic search following a horizontal sweep. This is very different from a regular random 
walk where the subjects would perform an isotropic search with a uniform distribution for θh, since no direction 
should be privileged. However, the large percentage of θh’s falling in the intervals from 315° to 45° and from 135° 
to 225°, between 15% and 20%, indicates a clear preference towards a reading-like search. Measuring the absolute 
angle relative to any other direction, rather than the horizontal one, does not change the results. For example, 
instead of the horizontal angle, one could measure the “vertical angle” and observe the same distribution rotated 
90°.

In order to study the geometrical persistence from one saccadic movement towards the other, we defined the 
directional angle θd, from 0° to 360°, as

( ) ( )θ = / − / . ( )( + ), ( + ), , ,r r r rarctan arctan 2
i

i y i x i y i xd 1 1

Again, ri corresponds to the saccadic vector at step i, and +ri 1 to the one at the subsequent time step i +  1. The 
quantity ,ri x ( ),ri y  denotes the x (y) component of ri from the i-th saccadic event. From the definition of θd, the 
movement will be considered persistent if consecutive saccadic jumps frequently follow a similar direction, 
namely, if low (close to 0°) and large (close to 360°) angle values dominate the distribution θ( )P d . Angles with a 
value around 180° then correspond to anti-persistent movement, that is, a saccadic event followed by another that 
goes back in the opposite direction (Fig. 3A).

The distribution of θd, as depicted in Fig. 3B, shows a pattern that again differs from the one associated to a 
random searcher. If the subject performs a random search with no memory, a uniform distribution θ( )P d  should 
be expected. The experimental distribution of θd shows instead that directional persistence exists along the visual 
search, having a significant percentage of angles close to 0° and 360°. More precisely, 12% of the angles between 
saccades are close to 0°, and 10% are close to 360°. We believe that this statistics shows that the participants prefer 
to go on a path following a certain linear direction, at least during a short term. However, there are also some 
antipersitent movements (i.e. return saccades). This last is shown by the considerable number of θd around 180°, 
representing 5% of all cases.

Reading and non-reading-like search strategies. The previous results suggest that most of the partici-
pants prefer to perform a reading-like strategy while looking for the unique number “5”. This could imply that the 
directional persistence emerges only from those subjects performing these strategies. In other words, if a partici-
pant performs a reading like type of search, most of his saccadic movements are done sequentially on the same 
direction. Therefore, such trajectory exhibits a directional persistence behavior on the horizontal direction. To see 
if this hypothesis is valid, we separated all trials into two sets, trajectories that follow a reading-like strategy and 
trajectories that do not. From the histograms of θh computed for each trial, we calculate the difference between 
the count number of angles associated to the horizontal direction and angles associated with the vertical 

Figure 2. The distribution of the horizontal angle (θh) exhibits spatial anisotropy. (A) Definition of the 
horizontal angle along the modified visual trajectory, for a real experiment. ri is the vector associated to a 
saccadic event (red arrows) as the angle θh denoted in blue corresponds to the angle that goes from the 
horizontal direction up to ri in a counterclockwise angular direction. (B) The distribution for θh shows a clear 
anisotropy in space as the number of counts is larger for angles associated with the x gaze position. This 
indicates a search strategy towards a reading-like search.
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direction. If a trial follows a reading-like type of search then this difference is very large, as there is an anisotropy 
towards the horizontal direction. On the other hand, this difference diminishes for a trial following a 
non-reading-like type of search, as there are equal contributions on the horizontal direction as well as on the 
vertical direction. By setting a threshold (we use a threshold equal to 0.5), we are able to divide our set of trial into 
two groups: trajectories that follow a reading-like type of search (81%), and trajectories that follow a 
non-reading-like type of search (19%).

Trials corresponding to a reading-like strategy exhibit an asymmetry in the distribution, as expected, biased 
towards the horizontal direction, as shown in Fig. 4A. Those who execute a different strategy have a distribution 
for θh closer to a uniform one, as depicted in Fig. 4B, where the preference towards the horizontal direction 
diminishes. We computed the distribution of θd values for both groups or search strategies. Fig. 4C shows that 
reading-like trajectories exhibit a persistent pattern that is quite similar to the one shown in Fig. 3B for the whole 
set of trials. Interestingly, for the non reading-like trials directional persistence still appears, as can be seen in 
Fig. 4D. This reflects that directional persistence exists regardless of the selected strategy, and that θd is a good 
indicator of that.

It is also notorious that the peak corresponding to antipersistence disappears for the non-reading-like trials. 
This finding needs to be studied in more detail and may be related to efficiency during visual search. As is gener-
ally accepted, in reading tasks return saccades are used by individuals to facilitate text understanding23,24. Such an 
automatic mechanism could be (consciously or not) used by the participants in our experiment as a way to deal 
with the problem of information foraging in a visual search context. This can be actually confirmed by studying 

Figure 3. Directional persistence is unveiled by the distribution of the directional angle (θd). (A) Each 
panel represents a different type of directional persistence. Different extracts from modified trajectories are 
presented along with saccade vectors , +r ri i 1 (green, red and blue arrows). The directional angle is defined as the 
relative angle between both vectors with an angular direction going from ri to +ri 1 (small curved arrow). Both ri 
and +ri 1 are drawn into a coordinate axes to show the angle between them, θd (shaded gray). From top to 
bottom: A movement with an almost 13° directional angle, showing counterclockwise persistence; θd close to 
180° that can be related to a turning point, or anti-persistent movement, and θd close to 360° showing clockwise 
persistence. (For better visualization, θd was chosen to be ≈13° instead of ≈0° to show counterclockwise 
persistence.) (B) The distribution of θd differs from a uniform distribution having large peaks at θ ≈ 0d  and 
θ ≈ 360d , implying that persistence exists during the visual search.
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the correlations between velocity and directional angles (see Figs. 4E,F). There we observe that horizontal sacca-
des (both persistent and anti-persistent) carried out by users enrolled on a reading-like strategy are clearly faster, 

Figure 4. The distributions of θh and θd shows different strategies for the visual search. (A) Set of trials that 
display a reading-like trajectory for visual search. The asymmetry on the number of counts for bins 
between[315–45]° and [135–225]° shows a preference towards a search following the horizontal direction, 
namely, a reading-like search. (B) Set of trials that perform a type of trajectory different from a reading-like 
search. The distribution for θh resembles more a uniform distribution. Although there is a clear asymmetry on 
the horizontal direction, as well as on the vertical one, it is not as prominent as the one found in (A). (C) 
Distribution of θd for the set of trials that follow a reading-like search. Persistent movements are revealed by the 
asymmetry in the distribution, with a large number of occurrences with θ ≈ 0d  and θ ≈ 360d . (D) The 
distribution of θd for the trials that do not show an anisotropic distribution for θh, thus do not follow a reading-
like strategy, also show evidence of persistent behavior on the eye movements. The asymmetry on the 
distribution of θd, with more occurrences with θ ≈ 0d  and θ ≈ 360d , shows that persistent movements exist 
regardless of the strategy employed during the visual task. It is notorious, how the peak regarding 
antipersistence θ( ≈ )180d  disappears and is only present in a reading-like type of trajectory. Mean velocity of 
the previous saccade as a function of θd for trials following a reading-like trajectory for visual search (E) and for 
those following a type of trajectory different from a reading-like search (F). Both persistent and anti-persistent 
saccades carried out by users enrolled on a reading-like strategy are faster than those obtained for other non-
reading-like strategies. Thus, this may suggest that an automatic mechanism is at play in the case of reading-like 
strategies.
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so suggesting that an automatic (faster) mechanism is at play. As a consequence, return saccades observed in this 
strategy probably correspond to revisits of the participant to a previous site that, due to the faster speed used while 
foraging, has not been conveniently explored. This suggests that, when using reading-like patterns, participants 
rely on larger saccades, so reducing the search time, in spite of the occasional delay due to return saccades.

Short-range persistence on saccadic events. The distribution of the directional angle shows that there 
is a directional persistence of the eye paths treated as geometrical entities. In order to study the sequential 
dependence of the trajectory beyond the pair correlation between consecutive saccades, we study the conditional 
probability  θ θ( )

+ , + − i i i
d d

[ 1]  of having a persistence movement at θ +i
d  given that the previous − 1 movements 

have also been persistent. Therefore, on a given trial,  is the length of a sequence of persistent saccadic move-
ments starting at the i-th element of the sequence of θd. For example, imagine that a subject performs a saccadic 
movement at θ i

d. If = 2, we compute the probability that θ +id
2 is a persistent saccadic movement given that θ +id

1 
and θ i

d also are persistent saccadic movements. Therefore, the analysis of   provides information on how many 
saccadic events a participant performs on average within the same relative direction.

We study   for θd in [0:5]° or [355:360]°, which represents saccadic persistent movements in both counter-
clockwise and clockwise angular direction. We also study   for θd in [0:10]° or [350:360]°, and θd in [0:20]° or 
[340:360]°. Analyzing all trials we find that this sequential persistence is short-term, as shown in Fig. 5. Also 
shown in Fig. 5 is the dependence of   on the step lag ( )  calculated after shuffling the data of the saccadic 
sequence. As compared to the original experiments, the faster decay of   observed for the shuffled data confirms 
the intrinsic persistence present in the eye paths.

Statistical Persistence. Up to here, we analyzed persistence in visual search treating the trajectories as 
geometrical entities. In this section, we study the long-range persistence in visual search by performing a 
MF-DFA25 over the time series of displacements magnitude in the eye trajectory involving all eye movements (see 
Methods for the MF-DFA method). The MF-DFA provides the multifractal spectrum identifying the q-order 
fluctuation function, Fq, in the fractal structure within time periods with large and small fluctuations. The analy-
sis of log-log plots of Fq versus the scale, s, for each q value reveals the presence or not of scaling behavior in the 
original time series. For long-range power-law correlated signals ( ) ( )~F s sq

H q , where ( )H q  is the generalized 
Hurst exponent. If the profile is of the form of a fractional Brownian motion ( )H q  goes from 0 to 126. Values of 
( )H q  between 0 and 0.5 correspond to long-range anticorrelated time series, whereas values between 0.5 and 1 

correspond to long-range positive correlated time series27–29. A Hurst exponent of 0.5 corresponds to uncorre-
lated time series. Multifractal time series are those that exhibit a power-law regime in Fq but with different ( )H q  
for different values of q, while monofractal time series are those that exhibit a power-law regime in Fq but have a 
constant value of ( )H q  independent of q.

We performed the MF-DFA over the magnitude time series (also called volatility time series) which has been 
studied before in economics30,31, in human heartbeat fluctuations32, as well as in human activity33. For an original 
x gaze position one has a time series, X, of length N such that = ,...,X x x{ }N1 . Then the magnitude time series is 
defined as

∆ = ∆ ,..., ∆ , ( )−X X X{ } 3N1 1

where ∆Xi  is the absolute value of the difference between two consecutive data points, −+x xi i1 .
The magnitude time series relates to the nonlinear properties of the original time series32. Assuming that the 

visual trajectories emerge from a complex and nonlinear underlying dynamics, studying the correlations in the 
magnitude time series certainly represents an adequate approach (see discussion in Supplementary information S1).  
An example of the magnitude time series is shown in Figs. 6A,B, for x and y position. Although the original time 
series is about 5 minutes long, we show only the first 2000 ms for better visualization. The integrated time series 
clearly evokes a fractional Brownian motion, as depicted in Figs. 6C,D.

We performed the MF-DFA over all trials and then computed the mean Fq curve for each q value. Taking the 
mean Fq curve reduces the fluctuations across trials34. Next, we calculated the Hurst exponent for each Fq mean 
curve by performing a least-squares linear regression35. The MF-DFA of the magnitude time series involving all 
eye movements shows a behavior that resembles a multifractal one (Figs. 7A,B). However, there is a crossover 
region between 100 ms and 300 ms which suggests that the correlations do not follow a power-law scaling. This 
behavior is most notorious for the fluctuation functions with intermediate q values. Thus, we separated our scal-
ing regime into an upper regime (s >  256 ms) and a lower regime (s <  256 ms) and computed H for each q only 
over the mentioned range of window sizes. The crossover becomes evident as different values of H are obtained 
for intermediate q values, as shown in Figs. 7C,D. The scaling exponent does not differ significantly between 
regimes for >q 3 and < −q 3. For negative values of q, H corresponds to long-range positive correlated signals 
being ( < − ) ≈H q 3 1 for the horizontal coordinate and ( < − ) ≈ .H q 3 0 8 for the vertical coordinate. On the 
other hand, positive values of q correspond to a long-range anti-correlated behavior, being ( > ) ≈ .H q 3 0 4 for 
the horizontal coordinate as well as for the vertical one. The negative values of q are related to small fluctuations, 
whereas positive q values are related to large fluctuations. That is, for negative q values, Fq are more influenced by 
segments of the time series that have a small variance, while for positive q values, by segments with large variance. 
This suggests that negative q values are related to fixational eye movements, small and fast fluctuations, and posi-
tive q values to saccadic events, large fluctuations. This conjecture is reinforced by the fact that the crossover 
region is of the order of the average time interval of the fixations, close to 300 ms in our experiment.
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Finally, note that for =q 2 we recover the classical DFA analysis. For this case, the results in Fig. 7 coincide 
with those obtained from previous eye-tracking experiments performed with fixed scenes36,37 or dynamic 
free-viewing38, where a transition from positive to negative correlations has also been observed.

MF-DFA over the fixational time series. In order to confirm the aforementioned equivalence of fixa-
tional movements to small fluctuations (and saccades to large fluctuations, correspondingly) we decided to study 
the time series of purely fixational movements. Each trial has a number m of fixational events that we extract from 
the original time series and ‘stitch’ together into the net fixational time series. The original time series has the form 

F S F S F= , , …, , ,− −X { }m m m1 1 1 1 , with  i and  i standing for the i-th fixation and saccade, respectively. We 
performed the stitching procedure by first subtracting the mean of each  i, resulting in a fixation time series of 
the form = − , …, −{ }X t m m t1 1    . In order to avoid artificially large fluctuations, the stitching 
procedure is performed by joining i  to  +i 1 at a point where they both happen to be zero, as exemplified in 
Fig.S1. One could argue that the stitching procedure could emulate non-existing correlations. However, it has 
been shown that, given a positively correlated signal, one can remove random segments of the signal up to 50% of 
the total length without losing its scaling behavior39.

The MF-DFA for the X  and Y  magnitude time series, for the x and y gaze directions respectively, reveals a 
monofractal behavior since H does not change along a wide range of q values (Fig. 8). Moreover, the obtained 

Figure 5. Short-term persistence on saccadic events. The conditional probability of having a value of θd in a 
certain interval given that all previous θd’s are also in that interval is computed for different step lags. From top to 
bottom: Conditional probability for θd in [0:5]° or [355:360]°, for θd in [0:10]° or [350:360]° and for θd in [0:20]° or 
[340:360]°. The full colored dots represent the experimental data and the empty ones, the shuffled data.
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value .~H 0 7 indicates that the magnitude fixation time series contains long-range positive correlations. This 
means that large fluctuations are more likely to be followed by large fluctuations and analogously for the small 
ones, indicating a possible persistent behavior on the fixational movements. By shuffling the magnitude fixation 
time series, we found that the correlations originates from the actual data, as ( )H q  for the shuffled time series 
differs from the one encountered on the real data (see Supplementary information Sec. S2 for a further discussion 
on the shuffled data). Hence, one can conclude that the multifractal behavior of vision is necessarily a result of the 
combination between the saccadic and fixational movements. Interestingly, these results are robust when we 
remove microsaccades from the fixational events (see Supplementary information Sec. S3). The removal of micro-
saccadic events is performed by the conjugation of the stitching process described previously with a widely 
accepted microsaccade-detecting algorithm40.

Discussion
We investigated the presence of two types of persistent behavior along the visual search trajectories. The first one 
makes reference to the trajectories as a geometrical entity, since we simplified the original trajectories replacing 
the fixational and saccadic events by a series of points and vectors, respectively. For this we defined two angles: θh, 
the angle between the horizontal direction and the saccade vector and θd, the relative angle between two saccade 
vectors. The distribution of θh shows that most participants prefer to perform a systematic search in order to find 
the target, related to a reading-like search. This is revealed by the large amount of θh’s with values close to 0° and 
180°, which indicates a spatial anisotropy. On the other hand, the distribution for θd presents a bias towards values 
of 0° and 360°, being this related to a directional linear persistence. Altogether our analysis shows that partici-
pants are likely to adopt an automatic reading-like (either conscious or not) mechanism for searching. This is 
confirmed by showing that such reading-like patterns do actually correlate with faster saccades, so with faster 
spatial exploration. This increase in speed requires, however, the use of return saccades from time to time in order 
to revisit positions were some information may have been lost or overlooked. While these results seem reasona-
ble, we stress that they are still speculative and would probably require a more rigorous verification. This could be 
probably attained for instance, by comparing the search strategies of literate vs illiterate subjects, in a similar 
fashion as conducted in ref. 41.

The second type of persistence that we study is a temporal statistical persistence over the original trajectories. 
By inspecting their temporal scaling, via a MF-DFA method, we found that the magnitude time series present 
a multifractal behavior as the fluctuation function has a different slope for each q-order. However, a crossover 
region exists that does not allow us to confirm whether or not these time series follow a power-law scaling. We 
believe that this is due to the fact that the time series are composed by at least two very different movements with 
a different underlying dynamics, one related to the fixations and the other to the saccades. When we analyze just 
the fixation magnitude time series, we find that these have a monofractal behavior showing long-range posi-
tive correlations and, therefore, long-range persistence over time. It is noticeable that these results are in close 
agreement to previous works37,38,42 where fixational movements (including microsaccades) were studied for other 
cognitive tasks. This may be interpreted as an indirect proof that saccadic mechanisms (used repeatedly during 
visual search) and microsaccades (typically used to compensate shorter fixational movements) share a common 
generator or dynamics, in agreement with recent findings43. This, however, would require a more complete study 
in which saccades and microsaccades could be compared in identical (or at least very similar) conditions.

Finally, we believe that these results should be taken into account while trying to model eye-movement dur-
ing visual search, as well as in the modeling of similar visual tasks. Geometrical persistence carries information 
regarding the localization of the last potential target position, affecting where to go next while inspecting an 
image. Therefore it is not just the distribution of saccades sizes that is relevant. In fact, it appears that the statistical 

Figure 6. Magnitude gaze position time series and their integrated, profile, signal. (A) Absolute value of ∆X
(∆ )Y  for a typical trial time series. The actual time series is 5 minutes long, but only the first 2000 ms are shown 
in order to see the actual magnitude time series with enough resolution. (B) Integrated time series for the whole 
trial length showing a fractional Brownian motion nature.
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properties of the whole time series (persistence representing just one significant case) should be regarded as a 
means to uncover emergent phenomena from an underlying nonlinear system operating at a neuromotor level.

Materials and Methods
The study has been approved by the Ethics Research Committee of the Universidade Federal do Ceará (COMEPE) 
under the protocol number 056/11. All methods used in this study were carried out in accordance with the 
approved guidelines and all experimental protocols were approved by COMEPE. Informed consent was obtained 
from all subjects.

Data and Experiment
The experiment on visual search was performed using an EyeLink 1000 system (SR Research Ltd., Mississauga, 
Canada), with an acquisition frequency of 1 kHz on a monocular recording. Each subject carried out a sequence 
of four trials, each one with a maximum duration of five minutes. In each trial we presented the participant 
an image with numbers randomly distributed in a 1024 ×  1280 px image, where the goal was to find a unique 
number 5. Between each trial the subject had the possibility of relaxing and before starting the recording we 
performed a new calibration. At the beginning of each trial the participant was asked to fixate his/her eyes into 
the center of the screen, in case a drift correction needed to be performed. The duration of each trial may vary, as 
it ends when the target is found. Ten subjects were tested from a group of graduate and undergraduate students 

Figure 7. Multifractal Detrended Fluctuation Analysis (MF-DFA) of the magnitude position time series 
shows two scaling regimes. (A) and (B) Mean Fq curves averaged across all trials computed for the whole 
magnitude position time series in x (A), and y (B). F2 is shown in black, corresponding to the standard DFA 
method. A clear crossover region can be noticed at ≈300 ms. Two regimes are defined, a lower regime and a 
upper regime, separated by the dotted line (scale =  256 ms). The black arrow shows the direction in which the 
value of q increases, from = −q 9 up to =q 9. (C) and (D) Hurst exponent, H, as a function of q, for x  
(C) and y (D), calculated over all values (green), over the upper regime (orange) and lower regime (purple). The 
crossover region can be detected as the curves do not overlap for intermediate values of q. If Fq indeed would 
follow a power-law scaling, there should be no difference between fitting the data in one regime or another, 
regardless the value of q.
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from Universidade Federal do Ceará, who had normal or corrected to normal vision. Trials with a poor calibra-
tion or with gaze points outside the screen were disregarded.

The classification of the fixation and saccades was made using the EyeLink online filter44 [Section 4.3]. 
Fixations in the EyeLink system are identified using a saccade-pick algorithm. The system analyzes the 
moment-to-moment velocity and acceleration of the eye using fixed thresholds for both the velocity and accelera-
tion of the eye. If the eye goes above either the velocity or acceleration threshold, the start of a saccade is marked. 
Analogously, when both the velocity and the acceleration drop back below their thresholds, the algorithm identi-
fies the saccade end. By default, every movement which does not lie within this definition is considered as being 
part of a fixation. The saccade velocity threshold was set to be 30°/s, the saccade acceleration threshold, 8000°/s2, 
and the saccade motion threshold, 0.15°.

MF-DFA method. We preform the multifractal detrended fluctuation analysis over the magnitude time 
series using the method described in ref. 45. First we obtained the profile ( )j  of a time series u of length N as

 ∑( ) = − , = , ..., ,
( )=

j u u j N[ ] 1
4k

j

k
1

where ⋅  indicates the average over the whole time series. Next, the profile is divided into N s non-overlapping 
time windows of equal length s. Then, the local trend, for each window ν = , ...,N1 s  is computed by a 
least-squares fitting of the profile. Thus, the detrended time series for ν = , ...,N1 s becomes,

Figure 8. Fixation time series exhibit a long-range positive correlated monofractal behavior. (A) and (B) Fq 
as a function of the scale computed for the fixation time series in x (A) and y (B). For all values of q, Fq presents 
approximately the same slope, and it is not possible to identify two different regimes. (C,D) Hurst exponent H as 
function of q for the original fixation time series and the shuffled fixation time series in x (C) and in y  
(D). As ( )H q  is approximately constant along all values of q, the fixation time series are monofractal and 
positively correlated with ≈ .H 0 7.
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 ( ) = ( ) − , ( )ν,
˜ j j y 5s s

m

where 
ν,y s
m  is the local polynomial trend of degree m. For each of the N s segments the variance of the detrended 

signal ( )Y js  is evaluated by averaging over all data points j in the v-th window,

∑ν( , ) = ( ( )) .
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Finally, averaging over all segments v we obtain the q-order fluctuation function,

∑ ν( ) =
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For q =  2 we recover the regular DFA result28.
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