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During visual exploration, saccadic eye movements scan the scene
for objects of interest. During attempted fixation, the eyes are
relatively still but often produce microsaccades. Saccadic rates
during exploration are higher than those of microsaccades during
fixation, reinforcing the classic view that exploration and fixation
are two distinct oculomotor behaviors. An alternative model is
that fixation and exploration are not dichotomous, but are instead
two extremes of a functional continuum. Here, we measured the
eye movements of human observers as they either fixed their gaze
on a small spot or scanned natural scenes of varying sizes. As
scene size diminished, so did saccade rates, until they were con-
tinuous with microsaccadic rates during fixation. Other saccadic
properties varied as function of image size as well, forming a con-
tinuum with microsaccadic parameters during fixation. This sac-
cadic continuum extended to nonrestrictive, ecological viewing
conditions that allowed all types of saccades and fixation posi-
tions. Eye movement simulations moreover showed that a single
model of oculomotor behavior can explain the saccadic continuum
from exploration to fixation, for images of all sizes. These findings
challenge the view that exploration and fixation are dichotomous,
suggesting instead that visual fixation is functionally equivalent to
visual exploration on a spatially focused scale.

free-viewing | fixational eye movements | miniature eye movements |
fixational saccades | natural images

lassic and current vision studies distinguish between visual

exploration, characterized by the alternation of saccades
and brief fixation periods, and attempted visual fixation, where
subjects maintain relative gaze stability despite continuous but
minute fixational eye movements (i.e., microsaccades, slow drift,
and oculomotor tremor) (1-7). The theoretical separation be-
tween exploratory gaze shifts and attempted fixation dates back
to the discovery of fixational eye movements in the early 1900s
(2-4), and remains central to contemporary discourse in visual,
cognitive, and oculomotor research (8). However, mounting ev-
idence in support of a common generator for both exploratory
saccades and fixational microsaccades (refs. 912 but see ref. 13)
brings into question whether such a dichotomy is justified. In-
stead, it may be that saccades and microsaccades form an ocu-
lomotor continuum along the entire spectrum of exploratory
scales, with classical exploratory saccades at one end and clas-
sical fixational microsaccades at the other end. In that case, it
might be baseless to distinguish between fixational and explor-
atory behaviors. Recent studies have identified abnormal dy-
namics of saccades and microsaccades as potential diagnostic
markers of neurological disease (14-16); thus, the frame of ref-
erence proposed here may have important clinical implications
concerning the role of the affected brain centers in the patients’
oculomotor behavior.

To establish such a framework, one must first reconcile any
known discrepancy between the dynamics of saccades during
exploration and those of microsaccades during fixation. Saccades
occur at an approximate rate of three per second during explo-
ration, whereas microsaccades occur about once a second during
fixation (5, 8, 17). This difference, unexplained by current models
of visual and oculomotor function, is in conflict with the physi-
ological and behavioral evidence supporting a common generator
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for saccades and microsaccades (8-10, 12, 18), and reinforces the
traditional view that exploration and fixation are two distinct
oculomotor behaviors (3, 7).

One solution to this paradox could be that exploration and
fixation are not opposing behaviors, but form a functional con-
tinuum in which saccades scan visual scenes of any and all sizes,
no matter how small. That is, fixation may serve to scan minute
regions of visual space, just as classical exploration serves to scan
larger visual regions. If this idea is correct, saccadic rates should
not only decrease as the size of the field of exploration decreases,
but also fall on a continuum with classical exploratory saccades at
one end and classical fixational saccades (i.e., microsaccades) at
the other end. Other saccadic properties should vary as function
of image size as well, forming a continuum with microsaccadic
parameters during fixation.

Results

We tracked the eye movements of human participants while they
fixated a small dot or freely explored natural images and blank
scenes of varying sizes (see Materials and Methods for details).

Experiment 1. Saccadic rates diminished with decreasing image
size, both for natural scenes (r = 0.99) and for blank scenes (r =
0.99) (Fig. 1). The rates of microsaccades produced during visual
fixation were equivalent to the rates of saccades produced during
the visual exploration of the smallest (natural, P = 0.24, and
blank, P = 0.57) scenes, signaling a continuum of saccade pro-
duction from exploration to fixation (Fig. 1). Blank scenes resulted
in reduced saccadic rates at all image sizes (analysis of covariance,
P = 0.000001), as expected from previous results (8). The sac-
cadic continuum from exploration to fixation was consistent across
individual subjects. No previous study has linked the diminishing
rates of saccades generated during the exploration of shrinking
images to those of microsaccades during fixation (19, 20).

The saccadic continuum was not limited to rate, but extended
to other saccadic properties such as magnitude, velocity, di-
rection, and intersaccadic interval. That is, as visual scenes de-
creased in size, saccades became smaller, slower, and sparser
(Fig. 24, B, and C, respectively) and took on trajectories that
were more horizontal in direction (Fig. 2D). The distributions of
these parameters did not change in shape abruptly, but shifted
continuously as the images shrunk (Fig. 2).

Statistical testing rejected the possibility of a bimodal distri-
bution of saccades and microsaccades underlying the saccadic
continuum apparent in Figs. 1 and 2, for all image sizes (Harti-
gan dip test P > 0.05) (21) (Fig. 24). To further test the hy-
pothesis of a bimodal distribution underlying microsaccade and
saccade generation, we implemented a model of oculomotor
behavior derived from known human oculomotor function (22,
23). We generated random scanpaths within each image size (see
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Fig. 1. A saccadic continuum from exploration to fixation. (Upper) Average
saccade rates for the different experimental conditions. Error bars represent
SEM across subjects. (Lower) Examples of Natural Scene and Blank Scene
stimuli, proportionally scaled down from the sizes presented in the experiment.

Materials and Methods for details) and obtained simulated sac-
cade magnitude distributions. Fig. 3 compares the simulated and
empirical saccade magnitude distributions. The model provides
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a good fit of our data (R-squared = 0.9) and captures the main
characteristics of the empirical saccadic magnitude distributions
for images of all sizes. Thus, the eye movement simulation results
indicate that a single model of oculomotor behavior can explain
a saccadic continuum from exploration to fixation, for images of
all sizes.

The shift in saccadic magnitudes was not due to differences in
the spatial frequencies available as the natural scenes decreased
in size. That is, the reduction in saccadic magnitudes with natural
scenes of diminishing size is a function of exploration area, and
not of spatial frequency content (Fig. 4; repeated measures
ANOVA, P = 0.9).

Experiment 2. Here, a different set of subjects viewed a large vi-
sual display that permitted the presentation of greater sized
images than previously tested (i.e., up to 160 degrees wide, thus
virtually encompassing a subject’s visual field in its entirety) (Fig.
5A). Viewing conditions were moreover unrestricted in that
participants could move their eyes and heads naturally as they
explored the images (whereas in experiment 1 their heads were
held in place with a forehead/chin rest; see Materials and Meth-
ods for details). As in experiment 1, saccade rates and magni-
tudes increased continuously with image size, reaching a ceiling
(i.e., saturation) effect for images larger than 100 degrees (Fig. 5
B and C). Indeed, saccade rates and magnitudes were equivalent
for the two largest image sizes tested (paired ¢ test, P = 0.99 and
= 0.07, respectively), indicating that further unrestricted
viewing conditions should not alter the present results.
Although the results of both experiments were equivalent for
the range of image sizes where they overlapped (Fig. 5D), ex-
periment 2 provided an expanded and less restricted measure of
saccadic dynamics than experiment 1. Thus, the results of ex-
periment 2 confirm that the saccadic continuum from fixation to
exploration applies to images of all sizes, even the very largest
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Fig. 2. The saccadic continuum from exploration to fixation extends to saccade magnitude, peak velocity, intersaccadic interval, and direction. (A-D) Saccadic
parameters in relation to scene size. (Upper) Distributions of saccadic parameters do not change in shape with decreasing image sizes, but merely shift
continuously. Data from the Natural Scene condition (plots) and Blank Scene condition were equivalent. (Lower) Average saccadic parameters during fixation
were indistinguishable from those during free-viewing of the smallest scene (t test P values indicated below each plot). Free-viewing regression slopes were
significantly different from zero for each saccadic parameter (correlation coefficients and P values for the regression of the parameter and the logarithm of
stimulus size indicated below each plot). Error bars represent SEM across subjects.
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Fig. 3. Empirical and simulated saccade magnitude distributions. Dashed lines show the empirical distributions (same data as in Fig. 2A) and solid lines the
simulated ones. Distributions are normalized by the maximum value to facilitate direct comparison.

ones, in nonrestrictive viewing conditions allowing all types of
saccades and fixation positions.

Discussion

Our results suggest that the human oculomotor system engages
in continuous exploration while observing objects of all dimen-
sions, with the size of the area of exploration determining sac-
cadic parameters such as rate and magnitude. Simply put, when
we observe small things (i.e., minute scenes, object features,
fixation targets), our oculomotor system scans them with small
and infrequent saccades, whereas if we look at big things our
oculomotor system scans them with larger, more frequent sac-
cades. The smaller the scene to be scanned, the smaller and less
frequent saccades (and microsaccades) will be. In other words,
saccadic and microsaccadic rates and magnitudes vary along
a continuum as a function of the size of the scene to be scanned.

This theoretical framework may moreover explain decreases
in microsaccade rates during high-acuity tasks (24), if accom-
panied by a de facto reduction in the area of active exploration
during performance.
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Fig. 4. Spatial frequency content does not explain decreased saccade
magnitudes for natural scenes of diminishing sizes. (A) Each gray line rep-
resents the spatial frequency spectrum (rotational average) of each natural
scene at the largest size (32°). Color lines indicate the average of the spec-
trum of all of the images at four different sizes (32°, 16°, 8°, and 4°). The
effect of stimulus size on the slope of the spectra is noticeable. The slope
variability at the highest stimulus size (32°) encompasses the average slopes
from stimuli sizes 4-32°. (B) Images were sorted by spectrum slope (high,
middle, and low) and then divided in three groups of 28 images each. Sac-
cade magnitude changes with stimulus size at all spatial frequencies, but it
does not change with spatial frequency for any image size. The smallest
image sizes (2°, 1°, and 0.5°) were not included in this analysis due to the
difficulty of calculating the corresponding spectra. Error bars represent SEM
across subjects.
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The finding that saccadic magnitudes decrease with scene size
is easier to explain, and altogether less surprising, than the
parallel decrement in saccadic rates. Why should diminishing
image sizes lead to progressively lower rates of saccades? Several
mutually compatible saccadic and microsaccadic properties may
account for this rate reduction: (i) saccadic latencies to recently
attended locations are longer than latencies to locations not yet
attended. This phenomenon, known as inhibition of return (25),
reportedly affects microsaccade dynamics (26). Because the ex-
ploration of a small area is more likely to result in a saccade to
a previously visited target, smaller image sizes may result in
longer saccadic latencies, and thus lower saccadic rates. (ii) Very
small saccades have longer latencies than large saccades (27).
Because very small saccades are more prevalent in small than in
large images, decreasing image sizes may result in longer average
saccadic latencies, and thus lower saccade rates. (iii) Lack of
visual content may explain why saccadic (and microsaccadic)
rates are lower during the exploration of a blank scene than
during that of a natural scene (8) (Fig. 1). Because limiting the
area of exploration reduces the amount of visual content, de-
creasing image sizes may result in progressively lower saccadic
rates. Also, the fovea, the high-resolution portion of the cen-
tral visual field, is fixed in size irrespective of task. Thus,
sampling small spatial areas with our high-acuity fovea does
not require as many eye movements as exploring larger areas
of visual space.

The hypothesis that lack of visual content is responsible for the
reduction of saccadic rates during the exploration of blank versus
natural scenes is consistent with the observation of higher sac-
cadic rates during the attempted fixation of large versus small
targets (28, 29). Because a large fixation target has no visual
content within the local area of fixation/exploration, one should
expect lower saccade rates in such a scenario.

Critical structures in the brainstem involved with generation
of saccades are also related to microsaccade generation. Van
Gisbergen and coworkers showed that the activity of excitatory
burst neurons in the pontine reticular formation encodes micro-
saccades and saccades (30). No studies to date have conducted
recordings from inhibitory burst neurons in connection with
microsaccades, however (31). Omnipause neurons in the ra-
phe stop firing during both saccades and microsaccades (32,
33), and population activity in the superior colliculus map gen-
erates microsaccades and saccades in equivalent fashion (9, 34).
The hypothesis of a fixation—exploration continuum reconciles
the dynamics of oculomotor behavior with the proposal of a
common microsaccade—saccade generator (9-11), and it moreover
elucidates previously unexplained results concerning the precise
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Fig. 5. The saccadic continuum extends to nonrestrictive viewing conditions. (4) Seven adjacent monitors formed a very wide screen display, encompassing
nearly all of a subject’s visual field. (B) Saccadic rate continuum from exploration to fixation. Error bars represent SEM across subjects. (C) Saccadic magnitude
continuum from exploration to fixation. (D) Comparison of saccadic rates (Upper) and magnitudes (Lower) in experiments 1 and 2. Different sets of subjects
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as reference (i.e., we subtracted a constant value from all of the data points from experiment 2, so that the average saccadic rates or magnitudes corre-

sponding to the four common image sizes tested in the two experiments were equivalent). Both experiments produced the same saccadic continuum from

fixation to exploration, although experiment 2 had an expanded range.

relationship between saccades and microsaccades, such as the
finding that subjects can make voluntary saccades that are as
small as fixational microsaccades (12). Thus, our results elimi-
nate the remaining barrier to consolidating saccades and
microsaccades as a single type of eye movement.

Saccadic eye movements are known to play multiple roles in
vision—that is, they foveate high-interest targets, correct gaze
errors, and search and integrate general information about the
environment to stitch together the perception of a scene (7, 35).
Likewise, many microsaccade functions have been proposed
(31), including the prevention of visual fading and the restora-
tion of faded visual targets (36-38), the control of fixation po-
sition (3, 39), and improved visual performance in high-acuity
tasks (24, 40). Our results point to a similarity in function for
microsaccades and saccades, and suggest that all of the saccadic
roles may be common to microsaccades, including the scanning
and exploration of visual objects and scenes traditionally as-
cribed to (large) saccades. We note that even forming a contin-
uum, saccades and microsaccades may have additional task-
dependent roles in specific situations. For instance, saccades and
large microsaccades counteract visual fading with higher efficacy
than the smallest microsaccades (38).

Previous speculations about the scanning behavior of micro-
saccades during fixation lacked empirical support. The technical
limitations that stood in the way of obtaining such evidence
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included the lack of a system to monitor eye position “without
attachments to the eye” and the inability to have participants
“inspect visual scenes as they normally do in everyday life” (ref.
12, p. 814). The present experiments overcome such obstacles to
show that microsaccades during attempted fixation and saccades
during free exploration share equivalent dynamics, even in un-
restricted viewing conditions, where the area of exploration
occupies the visual field in its entirety, and observers are able to
move their heads, eyes, and gaze position at will.

To sum up, the present results unify classically disparate fix-
ation and exploration behaviors as the scanning of the visual
world along a common continuum of scale, in which previously
unexplained differences between the dynamics of microsaccades
and saccades are elucidated by the differing magnitudes of the
objects and scenes viewed. Future research should determine
whether information acquisition by microsaccades during fixa-
tion is comparable to that of saccades during exploration (i.e.,
free-viewing) of very small objects.

Materials and Methods

Experiment 1. Ten subjects (three females) with normal or corrected-to-
normal vision participated in four experimental sessions of ~60 min
each, under the approval of the Barrow Neurological Institute’s in-
stitutional review board (IRB). Written informed consent was obtained
from each subject.

Otero-Millan et al.
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Subjects rested their heads on a chin-rest, 57 cm from a Barco Reference
Calibrator V monitor, 75 Hz refresh rate. Eye position was acquired in both
eyes at 500 samples/s (EyeLink 1000, SR Research). Saccade identification was
as in refs. 8 and 41.

We tested one fixation and 14 exploration (i.e., free-viewing) experi-
mental conditions. Half of the free-viewing conditions presented a natural
image and the other half a 60% gray rectangle (Fig. 1), on a 50% gray
background. The width of the image/rectangle was 32°, 16°, 8°, 4°, 2°, 1°, or
0.5° (the heights were three-fourths of the widths). In the fixation condition,
subjects fixated a central red dot (0.1° wide). In the free-viewing conditions,
subjects were instructed to move their eyes freely within the image (eye
movements exceeding the image area were recorded). Each 30-s trial was
preceded by an instructions screen indicating the task to be performed.

We presented each free-viewing condition 12 times and the fixation
condition 24 times (192 trials total, pseudorandomly interleaved). Each
natural image trial included a different image from the McGill Calibrated
Color Image Database (42).

Experiment 2. Six subjects (two females, no overlap with subjects in experi-
ment 1) with normal or corrected-to-normal vision participated in one exper-
imental session of ~60 min, under the approval of the Barrow Neurological
Institute’s IRB. Written informed consent was obtained from each subject.

Subjects sat ~57 cm from a large display composed of seven contiguous
monitors, each of which was 108 cm tall and 57 cm wide. The angle between
adjacent monitors was 5°. This setup allowed the presentation of greater
image sizes than in experiment 1 (i.e., up to 160 degrees wide, thus virtually
encompassing a subject’s visual field in its entirety) (Fig. 5A).

To conduct this experiment in unconstrained viewing conditions, we
measured the participants’ eye-in-head movements, in both eyes, with
a helmet-mounted system at 500 samples/s (EyeLink II, SR Research). Once
calibration was complete, participants could move their eyes and heads
naturally as they explored the images. Saccade identification was as in
experiment 1.

The very large sizes of the images presented precluded the tracking of
head movements (EyeLink Il's head tracking capabilities are limited to +30°),
but this limitation did not affect the precise measurement of eye-in-head
movements or the subsequent accurate calculations of saccade rates and
magnitudes. We also note that the results and conclusions from experiment
2 do not rely on, or make claims about, the subjects’ gaze positions with
respect to the image.

We tested one fixation and six exploration (i.e., free-viewing) experi-
mental conditions. In the fixation condition, subjects fixated a central red dot
(0.1° wide). In the free-viewing conditions, we presented a natural image
and subjects moved their eyes and heads freely to explore the scene. The
width of the image was 160°, 120°, 64°, 32°, 8°, or 2° (the heights were three-
fourths of the widths for the images <64°, and 94° for the images of 160°
and 120°). The subjects were instructed solely to explore the images at will
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(whereas in experiment 1, participants’ instructions required them to move
their eyes freely within the image). Each 30-s trial was preceded by an
instructions screen indicating the task to be performed.

We presented each condition nine times (63 trials total, pseudorandomly
interleaved). Natural images were taken from the McGill Calibrated Color
Image Database (42).

Modeling of Oculomotor Behavior. We implemented a model of oculomotor
behavior that allowed us to obtain simulated saccade magnitude dis-
tributions by creating a sequence of 20,000 randomly generated saccades for
each image size. In each step of the simulation we added a new saccade to the
sequence, taking as starting point the end point of the previous saccade and
selecting a new random end point. The probability distribution of saccadic
end points was derived from known properties of human oculomotor be-
havior, as follows:

First, points near the center of the image were chosen with higher like-
lihood than points farther from the center, following from a robust phe-
nomenon known as central bias (23). Thus, the probability of an end point
varied linearly with the distance to the center of the image, being maximal
at center and zero at the edges. A margin of error of 0.5° around each image
accounted for inaccurate fixation at the edge of the image.

Second, small saccades have a higher likelihood of occurrence than large
saccades (22, 23). Further, neural activity maps in the superior colliculus are
responsible, at least in part, for both saccadic and microsaccadic targeting
(34). In our simulations, a given end point’s probability of selection decreased
with the distance to the starting point of the saccade (d), according to the
superior colliculus retinal magnification function (from ref. 43):

i (s(2) ) o 2)

Third, gaze position errors of minute magnitudes are less likely to trigger
correcting saccades (15). Thus, we used a second function to reduce the
probability of the very smallest saccades:

pin(d)=1- /2%,

The values of the two free parameters (A and B above) that fit best the
empirical distributions determined the best fit of our model. We used the
same A = 0.3 and B = 0.15 values to fit the distributions for all image sizes.
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