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Abstract It has previously been argued that, during visual
search, eye movement behavior is indicative of an underlying
scanning “strategy” that starts on a global, or “coarse,” scale
but then progressively focuses to a more local, or “fine,” scale.
This conclusion is motivated by the finding that, as a trial
progresses, fixation durations tend to increase and saccade
amplitudes tend to decrease. In the present study, we replicate
these effects but offer an alternative explanation for them—
that they emerge from a few stochastic factors that control eye
movement behavior. We report the results of a simulation
supporting this hypothesis and discuss implications for future
models of visual search.
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There has been considerable debate surrounding the control of
eye movement behavior during visual search tasks, especially
in relation to fixation durations (Findlay & Gilchrist, 2003).
This is important because fixation durations are a crucial
component of eye movement behavior and information pro-
cessing (Rayner, 2009). For example, when objects are similar
to the target being searched for, fixation durations increase to
enable a detailed inspection of those objects (S. I. Becker,
2011; Luria & Strauss, 1975). In the present study, we focus
on how eye movement behavior is influenced by the time
course of visual search. It has previously been reported that
during a single trial of search, fixation durations tend to
increase as more fixations are made (Over, Hooge,
Vlaskamp, & Erkelens, 2007). This was explained with the
suggestion that visual search begins with a “coarse” strategy
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when a display is examined, focusing on global aspects of the
display (e.g., spatial layout), but then, as the trial progresses,
shifts toward a “fine” strategy, involving less rapid (and more
careful) processing of individual elements in the display (e.g.,
stimulus features). In other words, there is a strategic change
in behavior as information is gathered about the display. The
presence of this coarse-to-fine strategy in visual search was
further supported by the finding that saccade amplitudes (i.e.,
how far the eyes move between successive fixations) began by
“peaking” early within a trial, initially increasing, but then
decreased as the trial progressed (see also Unema, Pannasch,
Joos, & Velichkovsky, 2005), which is consistent with the
hypothesis that there is a shift from encoding more global to
local aspects of the display. It is important to note that a
distinction must be made between the overt coarse-to-fine
behavior that was observed and the theoretical explanation
for this behavior—namely, that the coarse-to-fine behavior
was the result of a deliberate coarse-to-fine strategy.

The presence of coarse-to-fine behavior in eye movements
during visual search has important implications for how eye
movement data from visual search experiments are analyzed.
In the best-case scenario, variability introduced by this behav-
ior will introduce noise into the statistical analyses that are
conducted but will be equivalent across experimental condi-
tions and will not, therefore, reduce the validity of any con-
clusions based on those analyses. However, in the worst-case
scenario, this additional variability will lead to inaccurate
conclusions regarding the acceptance or rejection of experi-
mental hypotheses. For example, consider a visual search task
where participants show a tendency to fixate a given object
type earlier in trials rather than a second, alternative object
type, thereby causing a difference between fixation durations
for the two object types by virtue of the temporal order in
which they were fixated.

Therefore, gaining a better understanding of possible
coarse-to-fine strategies in visual search is an important
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endeavour. The goal of the present study was to critically
evaluate whether coarse-to-fine behavior can be explained
using an alternative, more parsimonious account. We sought
to determine whether coarse-to-fine behavior might not reflect
a deliberate strategy but, instead, might emerge from the
manner in which eye movement behavior is controlled during
visual search and, more specifically, from a small number of
stochastic factors that constrain how people move their eyes to
effectively search for targets. Consideration of these factors is
important for understanding the various influences on eye
movement behavior during visual search. For example, it is
known that saccadic targeting is not always accurate (e.g.,
saccades often under-/overshoot their intended targets), and
these mislocated fixations are often followed by corrective
saccades (see Trukenbrod & Engbert, 2007). Furthermore, the
time required to program a saccade is influenced by the length
of the intended saccade, typically increasing with length be-
cause longer saccades presumably require more accuracy and,
thus, more time to program (Bartz, 1962; Hackman, 1940;
Kalesnykas & Hallett, 1994). However, these aspects of sac-
cadic programming and execution are generally ignored by
theories of visual search.

Because the factors that may generate coarse-to-fine be-
havior are likely to vary in a stochastic fashion, we instantiated
our alternative account of course-to-fine behavior within the
framework of a computational model and then used this model
to simulate the key aspects of eye movement data. These
simulated data were then compared with experimental data
obtained from a visual search task in order to evaluate the
explanatory adequacy of our account. This model incorporates
well-established principles of visual search that have been
used in previous computational models. For example, most
models of search assume that objects are selected for detailed
examination (i.e., fixation) in parallel, with priority given to
objects that share features with (i.e., are similar to) the target,
as well as to objects that are closer to the current point of
fixation (Findlay & Walker, 1999; Zelinsky & Neider, 2008).
Our model incorporates this assumption, choosing between
multiple potential objects to inspect in parallel. Similarly, the
decisions regarding which object to fixate next proceed until
either a target is identified or some number of nontargets have
been inspected, consistent with response criterion assump-
tions that have also been adopted in previous models (Chun
& Wolfe, 1996; Thornton & Gilden, 2007). Finally, our model
includes very simple assumptions about factors that influence
both fixation durations (e.g., saccadic programming latencies)
and saccade amplitude (e.g., saccadic error). A complete
formal description of our model is presented below.

Finally, it is very important to emphasize that we are not
disagreeing with the existence of coarse-to-fine behavior as an
empirical phenomenon; we are simply providing an alterna-
tive account for why it occurs. Furthermore, because it is
difficult to make a priori predictions regarding how several

stochastic factors might interact in visual search to modulate
fixation durations and saccade amplitudes, it was necessary to
instantiate our account as a computational model to evaluate
the explanatory adequacy of our account. The latter point is
important because our goal was not to provide a comprehen-
sive new model of visual search but was, instead, much more
modest—to demonstrate that it is not necessary to incorporate
a deliberate coarse-to-fine strategy into future models of eye
movement behavior and visual search.

Method
Participants

Sixteen 21- to 25-year-old participants (11 females) from the
University of Southampton took part in the study.

Apparatus

Eye movement behavior from the right eye was recorded
using an Eyelink 1000 running at 1000 Hz. A nine-point
calibration was used and accepted if the mean error
was less than 0.5° of visual angle, with no error ex-
ceeding 1° of visual angle. Drift corrects were performed
before each trial.

Participants were seated, in a dimly lit room, 71 cm from
the display with their head stabilized using a chinrest, and
responses were collected using a game pad. Stimuli were
presented on a 21-in. CRT monitor with a 100-Hz refresh rate
and a 1,024 x 768 pixel resolution.

Stimuli

The stimuli were T'and offset L shapes, with the target being a
T shape and the Ls being distractors. The shapes subtended
approximately 1.5° of visual angle. The 7 and L shapes were
randomly rotated by 0°, 90°, 180°, or 270" and then placed at
random upon a virtual 5 x 4 grid (29° x 22°). On each trial, 16
stimuli were presented. The shapes were displaced +0.57°—
2.57° (sampled from a uniform distribution) up/down and
left/right, making their arrangement appear random. The
colors of the shapes were selected from 16 points in CIExyY
color space that had previously been used in similar search
tasks (e.g., Stroud, Menneer, Cave, & Donnelly, 2012). The
number of distractors of each color was equated across the
experiment, but the specific colors were randomly selected
during each trial.

Design and procedure

The task was to search for a 7 among offset Ls. The T target
was of a given color that was consistent from trial to trial. The
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experiment consisted of 640 trials, preceded by 20 practice
trials. A single target was presented on 320 trials. Trials began
with a drift correct procedure, after which participants were
presented with a centrally located reminder of the target,
which they had to fixate for the trial to begin. Participants
had unlimited time to respond.

Because the similarity between the target color and the
distractors is an important aspect of this task, we followed
precedent (e.g., Stroud, Menneer, Cave, Donnelly, & Rayner,
2011) and asked each participant to search for a different-
colored target. Thus, our results are not limited to a single
color but, instead, generalize to all colors.

Results
Data processing

We removed any fixations with a duration of less than 60 ms
or greater than 1,200 ms (5 % of raw data set fixations) as
outliers. We also removed incorrect-response trials and any
fixations that coincided with a response. In addition, to avoid
including fixations that were elongated or modulated by re-
sponse preparation, we removed fixations that landed on a
target or that were preceded by or directly followed by a
fixation on the target. It is worth noting that previous studies
of coarse-to-fine behavior included the first fixation on dis-
plays. However, first fixations were excluded here because
they typically began during the presentation of the target
reminder preceding each trial, causing only part of the fixation
to occur on the display itself. These fixations tended to be
elongated, and it was not possible to determine whether they
were elongated as a result of coarse-to-fine behavior or be-
cause of saccadic inhibition, which involves the lengthening
of fixation durations after display changes (Reingold &
Stampe, 2002). Finally, because there were fewer observations
for ordinal fixation numbers ten and above, we limited our
analyses to the first nine ordinal fixation numbers. The final
data set consisted of 28,541 fixations.

Analytic approach

Response accuracy was high (97 %), so our analyses
focused on replicating the pattern of results that have
been interpreted as evidence for a “coarse-to-fine” strat-
egy in search. Specifically, this pattern involves increas-
ing fixation durations coupled with decreasing saccade
amplitudes across a trial. We then conducted a simula-
tion, using our model to determine whether this pattern
of results could also be explained using our alternative
account.

@ Springer

Coarse-to-fine behavior: Fixation durations and saccade
amplitudes

We began by examining whether fixation durations increased
and saccade amplitudes first increased and then decreased as a
function of ordinal fixation number (Fig. 1), using two sepa-
rate within-subjects ANOVAs. Both analyses indicated that
there was an effect of ordinal fixation number [fixation dura-
tions, F(8, 120) = 4.5, p < .0001; saccade amplitudes,
F(8, 120) = 9.8, p < .0001]. To minimize the number of
post hoc comparisons, we then conducted a series of
Bonferroni-corrected paired #-tests comparing both dependent
variables at the first, fifth, and ninth ordinal fixation numbers.
For fixation durations, these contrasts indicated that mean
fixation durations increased between the first and fifth ordinal
fixation numbers, #(15) = 5.9, p <.001, and between the first
and ninth ordinal fixation numbers, #15) = 3, p = .024, but
showed no difference between the fifth and ninth ordinal
fixation numbers (¢ < 1). Contrasts also indicated that saccade
amplitudes increased between the first and fifth ordinal fixa-
tion numbers, #(15)=20.4, p <.0001, and showed a trend for a
decrease in saccade amplitudes between the fifth and ninth
ordinal fixation numbers, #(15) = 2.5, p = .069, resulting in no
difference between the first and ninth ordinal fixation
numbers, #(15) = 1.2, p = .66.

Our analyses thus replicate the pattern of findings (e.g.,
Over et al., 2007) that have been taken as evidence for a
coarse-to-fine strategy in visual search, with fixation durations
increasing as a function of ordinal fixation number and sac-
cade amplitudes first increasing but then showing a trend
toward decreasing later in the trial. Furthermore, despite the
fact that the number of fixations per trial was lower than that in
previous research examining coarse-to-fine behavior (e.g.,
Over et al., 2007), our stimuli were similar to those used in
the majority of visual search studies, making the theoretical
implications of our results applicable to those studies.

Simulating our alternative account

Because our results replicate the basic pattern of findings that
have been interpreted as evidence for a coarse-to-fine search
strategy (Over et al., 2007), we can now provide an alternative
account of those findings, using our results to evaluate this
account. To do this, we first describe the four basic principles
of our account (which are independently motivated from
several other areas of visual-cognitive research and formally
implemented as a Monte Carlo simulation model). These
principles identify six basic parameters that are widely accept-
ed as determining eye movement behavior in visual search
and are thus founded in previous research. These parameter
values are therefore estimated to be the factors necessary to
effectively simulate visual search behavior.
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Fig. 1 Mean observed and simulated fixation durations (left panel) and saccade amplitudes (right panel, in degrees of visual angle) for distractors as a

function of ordinal fixation number. Error bars represent +SEM

The first principle is that stimuli are selected to be saccade
targets probabilistically, with the probability of any given
stimulus y being selected as the target of the next saccade
being specified by

p(stimulus »y = saccade target’ﬁxation location x) (1)
o Amax(x,i)_Ax,y

B ZieN (AmaX(x,i)*Ax,i) ’

where A is the Euclidean distance (measured in degrees of
visual angle) between any two locations, x is the current
fixation location, and 7 is an index of the set of N “eligible”
saccade target locations. (What determines whether a stimulus
is eligible as a saccade target is discussed below.) Saccade
targets are therefore selected using a version of the Luce
(1959) choice ratio wherein the probability of any given
stimulus being selected as a saccade target is both inversely
related to its distance from the current fixation location and
proportional to the relative distances of all other eligible
saccade target locations. This effectively means that stimuli
near the current fixation location will have a higher probability
of being selected than those far from the current fixation
location, but with the most distant stimulus having a p = 0
probability of being selected.

The second principle is related to the eligibility of stimuli as
saccade targets: To be included in the set of NV possible saccade
targets, a stimulus must not be in the set of « previously
fixated stimuli, under the assumption that the locations of
these stimuli are either actively maintained in a short-term
visual buffer (Pylyshyn, 2003) or actively inhibited (e.g., via
inhibition of return to previously fixated locations; Zelinsky &
Neider, 2008) to prevent the same stimuli from being the

targets of repeated saccades. However, because saccades are
prone to motor error (Which was simulated by sampling from a
two-dimensional Gaussian distribution with a standard devia-
tion of o degrees of visual angle), only fixations that land
within a certain distance of a stimulus (specified by a radius of
0 degrees of visual angle) are considered to be “fixated”
and, thus, included as one of the x locations being
maintained in the short-term visual buffer. Fixations
outside of this radius result in another saccade being
initiated, with a bias to move the eyes toward the
original saccade target because of its close spatial prox-
imity to the mislocated fixation, but with the actual
target being selected probabilistically (as described by
Eq. 1). When the number of previously fixated locations
increases to the point of equaling the visual buffer
capacity (i.e., «), the oldest location is removed from
the buffer (i.e., forgotten or “overwritten” by the currently
fixated stimulus) so that stimuli that were previously fixated
during the early part of a trial have some probability of being
refixated.

The third principle is that fixation durations directly reflect
the amount of time that is required to both encode a stimulus
(m) and program a saccade (in milliseconds, as a function of
T,) and that the latter time increases linearly with the length of
the intended saccade. This first part of this principle is consis-
tent with the well-established fact that, even in a com-
plex task like reading, very little time (e.g., 60 ms) is
necessary to extract visual information from a display
(Rayner, Liversedge, White, & Vergilino-Perez, 2003). The
second part of this principle is consistent with empirical
observations that fixation duration increases with the length
of the next saccade (Bartz, 1962; Hackman, 1940) and the
hypothesis that longer saccades require more time to program
because the targets of those saccades are further away, thereby
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necessitating greater saccade accuracy. Thus, in our model,
fixation durations are a function of the intended length as
specified by

fixation duration = #; + #,(intended saccade length). (2)

Finally, the last principle is simply that participants in our
visual search task do not necessarily inspect all of the stimuli
in a display but, instead, typically examine a subset of those
stimuli (specified by the parameter Ng;,,) because some of the
stimuli are so dissimilar to the target that they can be ruled out
as targets without inspection (e.g., a red distractor when
looking for a blue target; Treisman & Gelade, 1980) and/or
because the participants adopt an increasingly liberal criterion
for responding “target absent” as a trial progresses and an
increasing number of distractors are inspected without locat-
ing a target (Thornton & Gilden, 2007).

The model as described above was used to simulate our
visual search experiment after multiple grid searches of the
model’s parameter space were completed to identify the pa-
rameter values that minimized the mean absolute percentage
difference between each of the observed and simulated means
displayed in Fig. 1. The final simulation results shown in
Fig. 1 are thus based on 10,000 simulated trials and the
following parameter values: kK =4, 0 =09, 0 =1.9, 7, = 87,
T =7, and Ny, = 7. As the figure shows, the model accu-
rately predicted the observed means, with a mean absolute
percentage observed-simulated deviation of 1.74 %. It is also
important to note that the best-fitting parameter values are
concordant with prior estimates of those parameters. For ex-
ample, the value of x is in close agreement with previous
research suggesting that a short-term visual buffer can main-
tain four or five stimuli (Pylyshyn, 2003). Similarly, the values
of 7 and 7 produce saccadic latencies of 110-260 ms, con-
sistent with the observed range in visual search (Rayner,
2009). Finally, the values of o, 8, and Ny, are consistent with
observations that participants occasionally fixate between
stimuli and rarely examine all stimuli prior to responding
(Findlay & Gilchrist, 2003).

Discussion

Eye movement behavior during visual search exhibits a ten-
dency for fixation durations to increase and saccade ampli-
tudes to initially rise to a “peak” and then decrease as a trial
progresses (Over et al., 2007). One explanation for this is the
adoption of a coarse-to-fine strategy in which participants first
gather information about global aspects of the display and, as
the trial progresses, then shift toward gathering detailed as-
pects of the display by inspecting individual elements (Over
et al., 2007). This pattern of data has important implications
for the analysis of visual search experiments that have
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recorded eye movements and any theoretical conclusions
based on those analyses, thus motivating our present attempt
to understand this behavior in more detail.

Our goal was to determine whether the apparent coarse-to-
fine pattern of behavior that was previously reported could,
instead, emerge from a small number of well-established
properties of eye movement behavior. However, as was indi-
cated in the introduction, because it is difficult to predict how
several stochastic factors interact with one another to produce
such complex behavior, it was necessary to first conduct a
visual search experiment to replicate the coarse-to-fine behav-
ior and to then use the data from that experiment to evaluate a
more parsimonious account that does not require a shift in
strategy on behalf of the participants. This alternative account
was formally instantiated as a computational model.

Our model accurately simulated the data that we obtained
from our experiment. This is important because it demonstrates
how three simple principles for selecting saccade targets (i.e.,
probabilistic selection biased toward proximal stimuli, inhibi-
tion of return to a small number of previously fixated stimuli,
and bias against inspection of dissimilar stimuli) in conjunction
with basic findings about saccadic programming and execution
(fixation duration increases with next saccade length; Bartz,
1962; Hackman, 1940) might explain empirical phenomena
that were originally interpreted as evidence that visual search
is mediated by a complex coarse-to-fine strategy (Over et al.,
2007). But perhaps more importantly, our account provides a
simple theoretical framework for thinking about and simulating
the patterns of eye movements that are observed during visual
search tasks. One merit of this theoretical framework is that it is
parsimonious, being based on simple principles that are widely
applicable across a variety of visual-cognitive task domains
(e.g., reading; Reichle, Pollatsek, & Rayner, 2012). Another
merit is that the framework is specified such that each of its
assumptions can be directly related to psychological processes
and/or behaviors that can be measured (e.g., saccadic program-
ming latencies; W. Becker & Jiirgens, 1979).

Finally, it is worth mentioning that, although we have
developed an alternative account of coarse-to-fine behavior
in visual search, the original patterns (Over et al., 2007) still
stand and have been replicated here, demonstrating robust
systematic modulations of fixation durations and saccade
amplitudes as a function of ordinal fixation number during
visual search. This is important to consider because it has
theoretical implications for our understanding of eye move-
ment behavior during visual search. The pattern of data also
has implications for the development of models of visual
search in terms of how they simulate this empirical pattern.
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