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Oculomotor behavior reveals, not only the acquisition of visual information at fixation,
but also the accumulation of information in memory across subsequent fixations. Two
candidate measures were considered as indicators of such dynamic visual memory
load: fixation duration and pupil size. While recording these measures, we displayed an
arrangement of 3, 4 or 5 targets among distractors. Both occurred in various orientations.
Participants searched for targets and reported whether in a subsequent display one of
them had changed orientation. We determined to what extent fixation duration and pupil
size indicate dynamic memory load, as a function of the number of targets fixated during
the search. We found that fixation duration reflects the number of targets, both when
this number is within and above the limit of working memory capacity. Pupil size reflects
the number of targets only when it exceeds the capacity limit. Moreover, the duration
of fixations on successive targets but not on distractors increases whereas pupil size
does not. The increase in fixation duration with number of targets both within and above
working memory capacity suggests that in free viewing fixation duration is sensitive to
actual memory load as well as to processing load, whereas pupil size is indicative of
processing load only. Two alternative models relating visual attention and working memory
are considered relevant to these results. We discuss the results as supportive of a model
which involves a temporary buffer in the interaction of attention and working memory.

Keywords: eye movements, fixation duration, pupil size, memory load, processing load, attention, working
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INTRODUCTION

Vision science is shifting its focus from the traditional stimulus-
response paradigm to a more ecologically valid approach: the
analysis of continuous visual processes in free viewing. In
these conditions, visual information is acquired via eye move-
ments and thus their measurement may provide crucial insights
into the time course of processing and accumulation of visual
information.

In freely viewing, the eyes are directed to different loca-
tions of interest via saccades. The eyes fixate these locations
in order to identify and encode information (Henderson and
Hollingworth, 1999; Irwin, 2004). Over time, information from
the fixated locations is accumulated in memory across multiple
fixations (Melcher, 2001; Hollingworth and Henderson, 2002;
Tatler et al., 2003). In order to study accumulation of infor-
mation in memory in free viewing conditions, it is important
to determine which measures of eye movement are sensitive
to memory load. Such measures could be useful in combina-
tion with behavioral responses, but also in combination with
neurophysiological recording, for example, of electrical brain
activity.

One of the most common and informative eye movement
measures is fixation duration. The duration of fixation increases
under processing load, i.e., it increases when processing becomes

more effortful (Inamdar and Pomplun, 2003; Peterson et al.,
2008; He and McCarley, 2010). In particular, fixation duration is
sensitive to the amount of attention deployed to a fixated location
(Just and Carpenter, 1980; Irwin, 2004; Henderson, 2007) and,
crucially, memory load lengthens the average duration of fixation
in free viewing conditions, as shown in visual search studies
(McCarley et al., 2006).

Another potentially useful information processing indicator
is pupil size. When measured at fixation, the pupillary response
increases with memory accumulation and task difficulty (Beatty,
1982). Pupil size saturates at the limit of working memory capac-
ity and decreases during use of memory strategies that reduce
load (Beatty, 1982; Andreassi, 2000; Beatty and Lucero-Wagoner,
2000). Pupil size is relatively unexplored, however, as a measure
in free viewing conditions. We are aware of only one study
where pupil size increased with memory load during unrestricted
eye movements (Porter et al., 2007). In their study, the pupil
dilated more for larger search set size, larger number of search
targets, and for heterogeneous as compared to homogeneous
distractors.

This study aims at assessing fixation duration and pupil size,
specifically, as measures of accumulating memory load in free
viewing conditions. Whereas previous studies considered the
effect of memory load on eye movement measures averaged across
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the duration of free viewing (McCarley et al., 2006), here we will
focus on how these measures change dynamically as memory load
increases as participants gather information during viewing of a
display. To do this, we used a visual search task with multiple
targets. The presence of multiple targets necessitated them to be
accumulated in memory during free viewing. The visual search
was followed by a change detection task in order to assess memory
for the targets. The number of targets in a display was varied
between 3, 4 and 5, a number chosen to lie around the working
memory capacity limit of 4 (Luck and Vogel, 2013). We predict
that both fixation duration and pupil size will reflect the number
of targets in the search task. Moreover, these measures might also
reflect the number of distractors viewed, to the extent that they
enter memory.

Besides memory load, the task also involves attentional selec-
tion, control operations, and other cognitive processes. Fixation
duration and pupil size may, in principle, be differently sensitive
to all of these processes and their interactions. To predict the
interaction of these processes and memory load during the task,
we draw on two recent models.

According to Model I (Bowman and Wyble, 2007; Wyble
etal., 2011, 2015), limited resources are shared between working
memory and attention. This implies that during the course of
a search task, as each new target is detected, working memory
becomes increasingly loaded, resulting in decreasing processing
rate. Therefore, in our visual search task, a difference between 3,
4 and 5 targets should be seen from early on. According to Model
II (Simione et al., 2012; Raffone et al., 2014), new targets will be
loaded automatically into a temporary global workspace buffer
with limited capacity. When this buffer is full, control operations
involving interactions between attention, working memory and
global workspace are needed, in order to select and manage the
content for consolidation in memory. These interactions give rise
to additional processing load. Therefore, in the early stage of a
search task, effects of memory load alone will be obtained. When
the buffer is loaded to capacity, additional effects of attentional
and processing load will appear. Hence according to Model II, a
difference between 3 and 4 targets should be seen early, since they
lie within memory capacity limit. But, in addition, a difference
between 4 and 5 targets would arise with a late onset, because
of the additional processing load that becomes necessary when
the buffer is full. This prediction contrasts with Model I. Both
models have in place an early mechanism of attentional filtering,
which warrants that only targets are loaded into working memory.
Therefore, the effect of memory load will be seen only in target
processing and not on distractor processing.

To evaluate fixation duration and pupil size as memory
load measures, we test the extent to which the two measures
adhere to one of these alternative models. The degree of con-
formity with one of the models would legitimate the measure;
at the same time it would support the model to which it
adheres.

MATERIAL AND METHODS

PARTICIPANTS

Twenty-three participants (ages 18-29 years, mean 20.86 years,
7 male) took part in the experiment. Of these, 15 reported normal

vision, 6 had their vision corrected to normal with glasses and two
with contact lenses. Two participants were excluded because of
noisy eye-movement data and two others for failure to meet the
criterion number of trials in each condition as explained below,
leaving 19 participants (6 male), whose data were used for the
final analysis. All participants gave their written consent. The
study was approved by the departmental Ethics Committee of the
KU Leuven.

STIMULI AND APPARATUS

We used displays with target and distractor items in various
orientations (Figure 1). There were 40 items in each display,
3, 4 or 5 of which were targets. In a pilot experiment using
a staircase procedure, we found 40 items to be the optimal
set size for 70% correct responses in our task. To avoid any
luminance differences between conditions, we kept the number
of items constant at 40 across all conditions, while varying the
number of distractors as 40 minus the number of targets in the
display.

The target stimuli were “T”s, 0.41° x 0.41° of visual angle,
and the distractor stimuli were “L”s, 0.31° x 0.41° of visual angle.
Both types of items were rotated 20°, 80°, 140°, 200°, 260° or
320°. No item was in vertical or horizontal orientation and no
two targets in a display had the same orientation. Each item was
surrounded by a circle subtending 0.83° of visual angle. This
was done in order to make it too difficult for our participants
to discriminate targets without fixating on them (Peterson et al.,
2001; Korner and Gilchrist, 2007).

The stimuli were presented in black (0.48 cd/m?) on a gray
background (32.84 cd/m?). The gray background spanned the
entire monitor screen and subtended 39.9° x 30.5° of visual
angle. The stimuli themselves appeared within a virtual rectangle
of size 32.9° x 23.12°. Distractor locations were chosen randomly
within this rectangle under the constraint that the minimum dis-
tance between two items was 3.12°. Target locations were chosen
randomly but with the constraint that targets appeared within
a donut shaped region of inner radius 3.12° and outer radius
10.4° from the center of the display, with a probability of 0.86, 0.9
and 0.92 in the 3-, 4- and 5-target conditions, respectively. This
was done in order to deter easy detection of targets close to the
central fixation dot or near the border of the display by reducing
the odds of targets occurring there. Two targets were always
separated by a minimum of 6.24° so as to prevent two targets
from being detected in a single fixation. Stimuli were presented
on a 40 cm x 30 cm monitor with a refresh rate of 75 Hz and
a screen resolution of 1600 x 1200 pixels. The viewing distance
was 55 cm. The stimulus presentation program was written in
Python 2.7.

PROCEDURE

We used a change-detection task, in which participants searched a
first display, the search display, for 10 s. This display was followed
by a change detection display where, in half of the trials, one of the
targets (changed target) had changed orientation (different trials),
and in the other half, a display identical to the search display was
shown (same trials). Participants were asked to report whether a
change had occurred.
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FIGURE 1 | A sample display with 40 items: 5 targets (“T") and 35 distractors (“L").

Each trial comprised of a blank screen with a fixation dot,
a search display, another blank screen with a fixation cross, a
change detection display, and a feedback display. At the start
of each trial, participants were asked to fixate on the cen-
tral dot and press the space bar to start the task. Immedi-
ately after the space bar was pressed, a visual search display
was presented for 10 s. Participants were not informed about
the number of targets in the display, but had been told in
advance that each display would contain 3-5 targets. Partic-
ipants were asked to search for the targets and memorized
the orientation of each target in order to perform change
detection in the subsequent display. After the first display, the
fixation cross was shown for a duration randomly varied accord-
ing to a uniform distribution in the interval of 1-1.5 s. The
change detection display was shown afterwards until participants
responded or after another 10 s, whichever was earlier. Partici-
pants were asked to respond with the left arrow key to indicate
“change” or the right arrow key to indicate “no change”. The
response keys were counterbalanced across participants. After
response, a feedback screen was displayed for 0.8 s with the
targets encircled in green for correct responses and in red for
incorrect ones. The feedback for a changed target was given
by substituting the response circle around the target with a
larger one. The new trial started immediately after the feedback
screen.

Participants performed a practice block of 12 trials before the
experiment. They were then asked to complete ten blocks of 27
experimental trials each for a total of 270 trials, lasting around
100 min.

EYE MOVEMENT AND PUPIL SIZE RECORDING

The desktop system of the EyeLink 1000 eye tracker (SR Research
Ltd.) was used for recording eye movements and pupil size. The
accuracy of the system is typically between 0.25° and 0.5° and
pupil size resolution is 0.2% of diameter. The system records
pupil area or diameter as integer numbers in arbitrary units
using centroid or ellipse fitting for pupil detection. In our exper-
iment, pupil area was recorded and ellipse fitting was used in
order to reduce dependance of pupil size on gaze direction. Eye
position and pupil size were tracked at a sampling frequency of
250 Hz.

Participant’s head was stabilized using a chin rest. At the
beginning of the experiment, the eye to be tracked was deter-
mined from the quality of calibration. A 9-point calibration
was done for calibration points at the center, four corners and
mid-points of the edges of the stimulus display area. A toler-
ance of 2° was maintained for error between calibration and
validation. If the error was larger, calibration was repeated.
For participants with consistently poor calibration or valida-
tion in the left eye, the right eye was tracked. For 14 of the
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19 participants whose data were finally analyzed, the left eye was
tracked.

Before each trial, drift correction was performed during the
fixation display automatically by the EyeLink system. If drift was
greater than 2°, the trial did not proceed and calibration was
repeated. Calibration was also done at the start of each block.

During the experiment, EEG was also recorded, but these data
will be reported elsewhere.

ANALYSIS OF DATA

Eye movements

Fixation locations, fixation durations, and pupil sizes were deter-
mined and output by the EyeLink software. This software detected
saccades based on an eye velocity threshold of 22°/s and an
acceleration of 3800°/s.

Since calibration was performed only once before a block,
which lasted about 9 min, and the head was fixed with a chin rest
only, errors in eye location because of head movements cannot
be excluded. To check location accuracy, we visually inspected
scan paths for each participant both trial-by-trial and by super-
imposing scan paths of all trials in each block over the rectangular
viewing area. To make corrections in fixation locations, all targets
from all trials in a block were centered and superimposed. For
fixations within 3.12° around the target, a fixation density array
was generated and a Gaussian filter was applied to generate
a heat map. A heat map that was not centered at the target
indicated a shift in the recorded eye location. The vector from
the center of mass of the heat map to the center of the target
was used as a correction factor for all fixation locations in that
block. 2 of 23 participants who had excessive eye movements
outside the display in spite of the corrections were excluded from
analysis.

During analysis of fixations, a target was considered detected
when a fixation was located within 2° radius around the tar-
get. Korner and Gilchrist (2007) showed that for stimuli with
bounding circles that reduced discriminability similar to the ones
used in our experiment, fixation distances beyond 3° reduced
item detection to chance levels. Moreover, since no difference had
previously been found between a 2° criterion and a criterion com-
puted with a nearest neighbor algorithm for assigning fixations to
visual search targets (McCarley et al., 2006), we used a criterion
of 2°.

Fixation duration and pupil size

Fixation duration and pupil size recorded during the search dis-
play were analyzed for trials with correct responses. We divided
the 10 s duration of search interval into bins of 1 s each. For each
participant, in each bin, fixation durations were averaged across
fixations on both targets and distractors.

Pupil size was analyzed during fixations and additionally as a
time series. In fixations, the sampling points of pupil size were
first averaged in time within each fixation and then, across all
fixations in the bin. Before both analyses, the pupil signal was
preprocessed. Since pupil response is known to be slow while
the eye tracker is a source of high-frequency noise (Klingner
et al., 2008), the pupil size signal was low-pass filtered at 10 Hz
to remove noise from the eye tracker. For blinks detected by

the EyeLink software, 10 samples before the blink, all samples
during the blink, and 20 samples after the blink were removed
and replaced by spline interpolation. Fewer than 1% of samples
were replaced in this way. Other spike-like artefacts probably
related to partial occlusion of the pupil by eyelids were detected by
custom-made software and also replaced by spline interpolation.
On average, 3.26% of the data was replaced in this process. For
each participant, pupil sizes series were normalized by finding
the mean pupil size during the search display irrespective of
conditions and subtracting this mean value from each sample
point.

Statistical analysis

We used repeated-measures ANOVA with the Huynh-Feldt cor-
rection (g) of p-values associated with two or more degrees of
freedom in order to compensate for violation of sphericity. We
used the Fisher’s LSD (least significant difference) test for post-hoc
analyses.

RESULTS
PERFORMANCE
The average accuracy in the task was greater than 70% (Table 1).

The accuracy in same trials was higher than that in different tri-
als (F(1,18) = 36.4, p < 0.001). Accuracy decreased with the num-
ber of targets, as indicated by the effect of target (F236 = 30.3,
p < 0.001, € = 0.96). Accuracy was higher for 3-target condition
compared to 4-target condition (p < 0.001) and 5-target condi-
tion (p < 0.001). There was no difference in accuracy between 4-
and 5-target conditions.

A correct response does not mean that all the targets presented
were fixated. Participant could score well above chance level by
inspecting a few targets and gauge the rest from peripheral vision,
or even guess the rest. Since we could not eliminate either of these
possibilities, we grouped trials according to the number of targets
fixated irrespective of the number presented. This way, a target
condition corresponded to the number of targets that were fixated
and most likely attended and memorized.

When initially using the criterion that a target fixation should
last longer than 200 ms, some participants had very few trials
in the 5-target condition. Therefore, we took into account the
minimum number of trials needed in each condition to deter-
mine the criterion for target fixation duration. Histograms of
fixation durations within 2° of the target peaked between 120 ms
and 180 ms. In a range of 10-20 for number of trials and
120 ms—150 ms for fixation duration, we generated exhaustive
combinations of number of trials and fixation duration. We used
each combination of number of trials and target fixation duration

Table 1 | The percentage of correct trials for 19 participants.

Targets Different trials Same trials All trials

M SD M SD M SD
3 80.8 8.47 87.3 6.92 84.1 7.19
4 72.23 10.06 81.6 10.95 76.9 9.54
5 68.5 11.16 79.1 1.17 73.8 9.43
All 73.9 8.65 82.7 8.77 78.3 8.1
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FIGURE 2 | Cumulative target fixation scores calculated for each
second of search interval. The means across 19 participants are shown.
Standard errors are not displayed because they were so small that they did
not exceed the mean markers in size.

as a criterion to find the number of participants satisfying this
criterion. We found that for a criterion of 10 for number of
trials and 150 ms for target fixation duration, the maximum
number of participants satisfied the criterion. Data from two
participants who could not meet this criterion were excluded from
analysis, leaving us with data for the 19 participants that we finally
analyzed.

Since we presented a minimum of 3 targets, we analyzed
only those trials where at least 3 targets were fixated. In the
3-target condition all the targets presented were always fixated.
For the 4- and 5-target condition, in 94.2% and 89.6% of
different trials, the changed target was fixated and in 58.3%
and 36.2% of the same trials, all presented targets were fixated,
respectively. This result confirms that even when participants
responded correctly, they did not always fixate on the necessary
targets.

To evaluate the time course of target fixations in a trial, we
calculated the average cumulative target fixation scores as the
number of targets fixated up to each second of the search interval
(Figure 2). An ANOVA with target condition and time as factors
showed a significant effect of target (F(y36 = 1605.9, p < 0.001,
e = 0.58), an effect of time (F(q,162) = 971.4, p < 0.001, € = 0.28)
and an interaction between target and time (F(5324) = 128.6,
p <0.001,=0.6).

FIXATION DURATION VS. PUPIL SIZE

We applied an ANOVA with factors of time and target condition
on fixation duration and pupil size. There was an effect of time
for both fixation duration (F(9,162) = 13.99, p < 0.0001, ¢ = 0.4)
(Figure 3A) and pupil size (F(9,162) = 7.9, p < 0.001, & = 0.24)
(Figure 3B). There was a prominent effect of target condition for
fixation duration (F(336) = 50.4, p < 0.0001, ¢ = 0.71) and post-
hoc tests showed a significant increase in fixation duration with
number of targets (all p < 0.001). For pupil size, the effect of target
condition was significant (Fy36) = 4.3, p = 0.02, € = 0.95) with
post-hoc tests showing that pupil size was larger for the 5-target
condition than the 3-target condition (p < 0.01) and the 4-target
condition (p < 0.05).

A
240
230
£ 220
§ 210
©
5 200
k=
_5 190
2180
[
170 34 34 34 34 34 34
45 45 45 45
160
1 2 3 4 5 6 7 8 9 10
Time (s) Targets:
-O-3
04
<-5
B
200
100
[0}
N
2 0
‘a
]
o
-100
-200
45 45 45 45 45 45
1 2 3 4 5 6 7 8 9 10
Time (s)
FIGURE 3 | Average fixation duration and pupil size. Fixation duration
(A) and pupil size (arbitrary units) (B) in 1-s intervals for the entire search
interval. Along the time axis the target conditions having significant
difference are indicated as found from post-hoc tests. The difference
between 3- and 5-target conditions is not shown because it occurred from
the 2nd to the 10th second for fixation duration and from the 3rd to the 10th
second for pupil size. All plots show the data averaged across 19
participants. The error bars indicate the standard errors of the means.

There was an interaction between target condition and time
for fixation duration (F(1s324) = 2.3, p = 0.04, ¢ = 0.31). Post-
hoc tests showed the emergence of a difference between 3-
and 5-target conditions beginning at two seconds and staying
until the end of search, a difference between 3- and 4-target
conditions emerging at the 4th second and staying till the 9th
second and a difference between 4- and 5-target conditions
beginning at the 7th second and staying till the end of search
(Figure 3A). For pupil size the interaction between target con-
dition and time only approached significance (F(13324) = 2,
p = 0.06, ¢ = 0.36) though it was significant (p = 0.009)
before correcting for sphericity. Post-hoc tests revealed a differ-
ence between 3- and 5-target conditions beginning from the
3rd second and staying until the end of search, no difference
between 3- and 4-target conditions and a difference between
4- and 5-target conditions from the 5th second till the end of
search (Figure 3B).
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FIGURE 4 | Pupil size series (arbitrary units). (A) Pupil size series
averaged across all target conditions for entire duration of search interval.
(B) Pupil size series for the 3 target conditions after omitting the initial pupil
response to luminance change. In (B) the bar along the time axis indicates
the interval of significant difference between target conditions as found in
the point-wise ANOVA. All plots show the pupil size series averaged across
19 participants. The shaded areas indicate standard errors of the means.

Thus, both fixation duration and pupil size showed sensitivity
to the number of targets in the display. In contrast to pupil
size, fixation duration showed a difference between the target
conditions within memory capacity (3 and 4). This difference
lasted for 6 s of the entire interval of visual search, suggesting
sensitivity of fixation duration to memory load. In the middle
of the interval, after about 5-6 s, a difference between target
conditions above memory capacity (4 and 5) appeared. This effect
occurred simultaneously in both measures, suggesting a late onset
of additional processing load effects.

In addition to the assessment of pupil size within fixa-
tions we analyzed the evolution of pupil size over all 2500
sampling points. We applied an ANOVA with 3 targets as a
factor on each of the 2500 sampling points. The false discovery
rate was controlled using the procedure described by Storey
(2002).

In the pupil size series, there was a steep increase in the
first 1.5 s, (Figure 4A), which could be attributed to luminance
change from the fixation cross to the onset of the search dis-
play. After this time, pupil size generally increased through-
out the search interval. Figure 4B illustrates this increase after
omitting the initial pupil response to luminance change. The
point-wise ANOVA showed a main effect of target in the inter-
val 5.5-7.5 s, which corresponds to the maximal deviation
of the 5-target condition. This result indicates that an effect
of target on pupil size occurs, albeit only for a limited time
interval.

TARGETS VS. DISTRACTORS

To evaluate the contribution of targets and distractors to the
effect of target condition, we assessed fixation duration and
pupil size separately for target and distractor fixations. We
pooled the 3-, 4-, and 5-target conditions and distinguished
target fixations based on order of visiting during search into
Ist, 2nd, 3rd and 4th target visited. Targets visited 5th were
not considered because their number was too small. To have
the same amount of target and distractor data, for each target
we selected the fixation on either the preceding or the follow-
ing distractor alternatingly, after having established that these
two do not differ systematically. Fixation duration and pupil
size were averaged for each target visiting order, separately for
target and distractor fixations. Only first target fixations were
used for this analysis. It could not be excluded, however, that
some of the preceding and following distractor fixations are
re-fixations.

We performed an ANOVA with fixation type (target vs.
distractor) and visiting order (Ist, 2nd, 3rd, and 4th) as fac-
tors. Target fixations were much longer than distractor fixations
(Fa,18) = 149.1, p < 0.0001) (Figure 5A). But there was no fixation
type effect on pupil size. There was an effect of target visiting order
for fixation duration (F3 54y = 4.1, p = 0.01, € = 1), while for pupil
size this effect did not reach significance (F(3 54, = 2.3, p = 0.08)
despite visible increase of pupil size between 1st and 2nd targets
(Figure 5B). From the cumulative target scores we know that
the first target is fixated by the first second (Figure 2), in which
time, pupil size responds predominantly to luminance changes
(Figure 4A). This suggests that the pupil size during the fixation
on the 1st target is defined by luminance and it is unlikely that it
reflects any difference between targets and distractors related to
cognitive processing.

For fixation duration there was a significant interaction
between fixation type and visiting order (F(354) = 9.6, p < 0.0001,
¢ = 1). Post-hoc tests showed that for targets there was a sig-
nificant increase in fixation duration with target visiting order
between all target visiting order combinations except between
2nd and 3rd targets (all p < 0.01). For distractors, there was
no difference between target visiting orders. Post-hoc tests also
revealed highly significant differences between targets and dis-
tractors for all target visiting orders (all p < 0.001) (Figure 5A).
We tested the changes across the target visiting orders using
a planned comparison with linear contrast over visiting order.
There was a linear trend for targets (F(1,18) = 18.6, p < 0.001)
but not for distractors (p = 0.2). In sum, fixation dura-
tion increases with visiting order only for targets and not for
distractors.

Pupil size showed no interaction between fixation type and
target visiting order. Pupil size, therefore, reveals no difference
between targets and distractors. Pupil size, being a slow signal,
is hence ineffective in differentiating eye fixations on targets and
distractors in free viewing.

DISCUSSION

We asked how memory load affects fixation durations and pupil
size in free viewing behavior. To this end, we recorded eye move-
ments and pupil size in a multiple-targets visual search task in
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FIGURE 5 | Fixation duration and pupil size for targets and distractors.
Fixation duration (A) and pupil size (arbitrary units) (B) for fixations on
successive targets and their preceding distractors in the order of target
fixations. Only for fixation duration, a significant difference between targets
and distractors as found from post-hoc tests was seen for all target visiting
orders. All plots show the data averaged across 19 participants. The error
bars indicate standard errors of the means.

which participants could freely move their eyes. The accuracy of
memory for targets was tested in a subsequent change detection
task where participants detected the change in orientation of one
of the targets. The effect of memory load on fixation duration
and pupil size was evaluated in the course of the visual search
task. The number of targets (3, 4 and 5) fixated in the search
display was an index of memory load. Fixation durations and
pupil size were also compared for successive target and distractor
visits.

Our findings suggest that the 10 s of the visual search task can
be approximately divided in two sequential stages of processing:
the first stage is dominated by loading targets into memory and in
the second stage memory accumulation is accompanied by other
cognitive processes. The following line of evidence supports this
conclusion.

The first 4 targets used in the targets vs. distractors analysis
were visited within 6 s (Figure 2). In this interval there was a
linear increase in the duration of fixation on targets but not on

distractors (Figure 5A). Later during this interval (46 s), fixation
duration was longer for 4- than 3-target conditions, both within
the memory capacity limit. In the following interval, about 7-10's,
both fixation duration and pupil size increase with time and both
differentiate between 4 and 5 target conditions, i.e., above the
memory capacity limit (Figure 3). Thus, the initial difference in
fixation duration within the memory capacity was associated with
increasing duration of target fixations, whereas the later part with
the number of targets above memory capacity was additionally
characterized by still longer fixation duration and larger pupil
size.

FIXATION DURATION

Cumulative target fixation scores (Figure 2) show that targets are
fixated sooner in conditions which have more targets, leading
to a prominent difference between the three conditions at any
time. This pattern is discernible in the dynamics of fixation
duration. The deviation in fixation duration between 3- and 5-
target conditions starts at 2 s, followed by a deviation between 3-
and 4-target conditions. The early increase in fixation duration
coincides with the early increase in the number of targets fixated
(Figure 2). As well, the different rates of increase of fixation
duration for 3-, 4- and 5- target conditions (Figure 3A) mirror
the rates of increase in the number of targets fixated (Figure 2).
The difference between 3- and 4-target conditions, in which the
numbers of targets are still within the limit of working memory
capacity, indicates sensitivity of fixation duration to memory load.
The fixation durations in the 4- and 5-target conditions begin
to differ only from the 7th second onwards (Figure 3A) when in
the 5-target condition 4 targets have already been seen. Assuming
memory is fully loaded at this time, the following prominent
increase in the 5-target condition may reflect cognitive control
operations involved in managing the number of items exceeding
the capacity limit.

We observed a huge difference in fixation duration between
targets and distractors. This is not surprising, because after
detection of targets attention stays on targets for encoding,
while after detection of distractors the focus of attention shifts
away.

The target-distractor comparison revealed that the observed
difference between the 3-, 4-, and 5-target conditions occurs
because of the increasing fixation durations on successive tar-
gets but not on distractors (Figure 5A). No increase in dura-
tion for distractor fixations indicates that the effect is specific
to accumulating targets into memory rather than decreasing
resources or increasing cognitive effort while performing the
task.

A general trend of fixation durations increasing with time
is known to occur because of transition from global to local
scanning strategies and is typically limited to the first 2 s of free
visual exploration (Unema et al., 2005). Such an effect was seen
for all of 3-, 4- and 5-target conditions (Figure 3A). The effects
suggesting memory accumulation are reflected later both in the
difference between 3-, 4- and 5-target conditions and in the linear
trend for successively visited targets.

The increase of fixation duration with memory load is consis-
tent with the results of previous studies of multiple target visual
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search (McCarley et al., 2006), single target visual search (Peterson
etal., 2008; He and McCarley, 2010) and comparative search tasks
(Inamdar and Pomplun, 2003).

Fixation duration, thus, reflects memory load precisely when
the number of items lies within memory capacity limit. In the
second half of the search interval in our task, when memory
load exceeds the memory capacity, fixation duration probably
indicates the effect of processing load in addition to memory
load. These results show no support for Model I (Bowman and
Wyble, 2007; Wyble et al., 2011), however, they are in accordance
with Model II (Simione et al., 2012; Raffone et al., 2014). As
predicted by Model II, fixation duration divulges the dichotomy
between memory load and processing load in the course of the
search interval. An early difference occurs between 3- and 4-target
conditions and between 3- and 5-target conditions indicating
increase in memory load within the memory capacity. This
corresponds to the filling of the temporary buffer in Model
II. According to Model I, a difference should have been seen
between 4- and 5-target conditions as well at this stage, but no
evidence bearing this was found in our results. Model II also
posits that information that is filtered by attention occupies the
temporary buffer for later consolidation into working memory.
Such filling of the temporary buffer is supported by the increase in
duration of fixations on successive targets and not on distractors.
As memory load exceeds capacity limit, the difference between 4
and 5-target conditions emerges, when, according to Model II,
processing load is heightened because encoding becomes more
effortful.

PUPIL SIZE

For 7 s of the entire search duration, pupil size showed a
difference between 3- and 5-target conditions. 4- and 5-target
conditions deviated from the 5th second onwards (Figure 3B).
This coincides with the onset of the difference between 4-
and 5-target conditions in fixation duration (Figure 3A). The
cumulative target fixation score (Figure 2) indicates that at this
moment the 5-target condition exceeded memory capacity of
4. The pupil size series also showed an effect of number of
targets only in this interval of maximal deviation of the 5-target
condition.

Pupil size does not differ between targets and distractors
(Figure 5B). Furthermore, pupil size does not change with target
visiting order. Its increase during the search interval is most
prominent after 5 s (Figure 3B). These findings constitute addi-
tional evidence that pupil size is unlikely to be related to memory
load and probably reflects cognitive effort which is most promi-
nent in the second half of our task.

Porter et al. (2007) also reported an increase of pupil size
with time in free viewing. In this study, the pupil dilated quickly
and sustained till the end of a counting task, while it dilated
gradually throughout a visual search task. These different dilatory
patterns were ascribed to the differences in spatial memory
requirements between the tasks. In our experiment, a similar
gradual increase in pupil size in time is seen (Figures 3B, 4), which
might correspond to spatial memory requirements imposed by
the visual search task for tagging of found targets and vis-
ited distractors (Shore and Klein, 2000; Korner and Gilchrist,

2008). Besides this, when memory load increased within the
task, pupil size did not appear to have the temporal resolution
necessary to observe memory load changes at the level of a single
fixation.

Thus, pupil size reflects the number of targets only when
it exceeds the memory capacity limit. This suggests that pupil
size reflects processing load rather than memory load. In our
task, the processing load might involve multiple collateral pro-
cesses accompanying memory management. This additional
effort required for encoding in the case of 5 targets, which is
reflected in pupil size, was predicted by Model II as the late
emergence of difference between 4 and 5 targets.

CONCLUSION

In sum, our findings indicate that both fixation duration and
pupil size depend on the number of targets which are fixated in
a search task with unrestricted eye movements. Fixation duration
is selective to memory load for targets. In contrast, pupil size is
too slow for isolating instances of memory accumulation such
as target encoding in the free viewing search task. Pupil size
most likely reflects an overall processing load which incorporates
several cognitive processes. The slowness of pupil size dynamics
renders it unlikely that a combination of fixation duration and
pupil size may enhance our understanding of memory accumula-
tion, compared to fixation duration alone.

The dynamics of the search task and the different target-
distractor processing are in good correspondence with the pre-
dictions of Model II. This could be understood as evidence for
involvement of a temporary buffer in memory accumulation
of multiple targets across sequential fixations in free viewing
behavior.

ACKNOWLEDGMENTS

The authors were aided by an Odysseus grant from the Flemish
Organization for Science (FWO).

REFERENCES

Andreassi, J. L. (2000). “Pupillary response and behavior,” in Psychophysiology:
Human Behavior and Physiological Response, (Mahwah, NJ: Lawrence Erlbaum
Assoc.), 218-233.

Beatty, J. (1982). Task-evoked pupillary responses, processing load and the struc-
ture of processing resources. Psychol. Bull. 91,276-292. doi: 10.1037//0033-2909.
91.2.276

Beatty, J., and Lucero-Wagoner, B. (2000). “The pupillary system,” in Handbook of
Psychophysiology, eds J. T. Cacioppo, L. G. Tassinary and G. G. Berntson 2nd
Edn. (Cambridge, England: Cambridge University Press), 142—162.

Bowman, H., and Wyble, B. (2007). The simultaneous type, serial token model
of temporal attention and working memory. Psychol. Rev. 114, 38-70. doi: 10.
1037/0033-295X.114.1.38

He, J., and McCarley, J. S. (2010). Executive working memory load does not
compromise perceptual processing during visual search: evidence from additive
factors analysis. Atten. Percept. Psychophys. 72, 308-316. doi: 10.3758/app.72.2.
308

Henderson, J. M. (2007). Regarding scenes. Curr. Dir. Psychol. Sci. 16, 219-222.
doi: 10.1111/j.1467-8721.2007.00507.x

Henderson, J. M., and Hollingworth, A. (1999). The role of fixation position
in detecting scene changes across saccades. Psychol. Sci. 10, 438-443. doi: 10.
1111/1467-9280.00183

Hollingworth, A., and Henderson, J. M. (2002). Accurate visual memory for
previously attended objects in natural scenes. J. Exp. Psychol. Hum. Percept.
Perform. 28, 113-136. doi: 10.1037//0096-1523.28.1.113-136

Frontiers in Human Neuroscience

www.frontiersin.org

January 2015 | Volume 8 | Article 1063 | 8


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Meghanathan et al.

Measures of memory load

Inamdar, S., and Pomplun, M. (2003). “Comparative search reveals the tradeoff
between eye movements and working memory use in visual tasks,” in Proceed-
ings of the Twenty-Fifth Annual Meeting of the Cognitive Science Society, eds
R. Alterman and D. Kirsh (Boston, MA: Cognitive Science Society), 599-604.

Irwin, D. E. (2004). “Fixation location and fixation duration as indices of cognitive
processing,” in The interface of Language, Vision and Action: Eye Movements and
the Visual World, eds J. M. Henderson and E. Ferreira (New York, NY: Psychology
Press), 105-133.

Just, M. A., and Carpenter, P. A. (1980). A theory of reading: from eye fixations to
comprehension. Psychol. Rev. 87, 329-354. doi: 10.1037/0033-295x.87.4.329
Klingner, J., Kumar, R., and Hanrahan, P. (2008). “Measuring the task-evoked
pupillary response with a remote eye tracker,” in Proceedings of the 2008
Symposium on Eye Tracking Research and Applications—ETRA (New York: ACM

Press), 69-72.

Korner, C., and Gilchrist, I. D. (2007). Finding a new target in an old display:
evidence for a memory recency effect in visual search. Psychon. Bull. Rev. 14,
846-851. doi: 10.3758/bf03194110

Koérner, C., and Gilchrist, I. D. (2008). Memory processes in multiple-target visual
search. Psychol. Res. 72, 99-105. doi: 10.1007/s00426-006-0075-1

Luck, S. J., and Vogel, E. K. (2013). Visual working memory capacity: from
psychophysics and neurobiology to individual differences. Trends Cogn. Sci. 17,
391-400. doi: 10.1016/j.tics.2013.06.006

McCarley, J. S., Kramer, A. E, Boot, W. R,, Peterson, M. S., Wang, R. E, and Irwin,
D. E. (2006). Oculomotor behaviour in visual search for multiple targets. Vis.
Cogn. 14, 685-703. doi: 10.1080/13506280500194147

Melcher, D. (2001). Persistence of visual memory for scenes. Nature 412:401.
doi: 10.1038/35086646

Peterson, M. S., Kramer, A. E, Wang, R. E, Irwin, D. E., and McCarley, J. S. (2001).
Visual search has memory. Psychol. Sci. 12, 287-292. doi: 10.1111/1467-9280.
00353

Peterson, M. S., Melissa, R. B., and Wong, J. H. (2008). Were you paying attention
to where you looked? The role of executive working memory in visual search.
Psychon. Bull. Rev. 15, 372-377. doi: 10.3758/pbr.15.2.372

Porter, G., Troscianko, T., and Gilchrist, I. D. (2007). Effort during visual search
and counting: insights from pupillometry. Q. J. Exp. Psychol. (Hove) 60, 211—
229. doi: 10.1080/17470210600673818

Raffone, A., Srinivasan, N., and van Leeuwen, C. (2014). The interplay of attention
and consciousness in visual search, attentional blink and working memory
consolidation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130215. doi: 10.
1098/rstb.2013.0215

Shore, D. L, and Klein, R. M. (2000). On the manifestations of memory in visual
search. Spat. Vis. 14, 59-75. doi: 10.1163/156856801741369

Simione, L., Raffone, A., Wolters, G., Salmas, P., Nakatani, C., Belardinelli, M. O.,
et al. (2012). ViSA: a neurodynamic model for visuo-spatial working memory,
attentional blink and conscious access. Psychol. Rev. 119, 745-769. doi: 10.
1037/a0029345

Storey, J. D. (2002). A direct approach to false discovery rates. J. R. Stat. Soc. Ser. B
64, 479-498. doi: 10.1111/1467-9868.00346

Tatler, B. W,, Gilchrist, I. D., and Rusted, J. (2003). The time course of abstract
visual representation. Perception 32, 579-592. doi: 10.1068/p3396

Unema, P. J. A., Pannasch, S., Joos, M., and Velichkovsky, B. M. (2005). Time course
of information processing during scene perception: the relationship between
saccade amplitude and fixation duration. Vis. Cogn. 12, 473-494. doi: 10.
1080/13506280444000409

Wyble, B., Bowman, H., and Nieuwenstein, M. R. (2015). On the interplay
between working memory consolidation and attentional selection in controlling
conscious access: parallel processing at a cost-a comment on ‘The interplay
of attention and consciousness in visual search, attentional blink and working
memory consolidation’. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370:20140197.
doi: 10.1098/rstb.2014.0197

Wyble, B., Potter, M. C., Bowman, H., and Nieuwenstein, M. (2011). Attentional
episodes in visual perception. J. Exp. Psychol. Gen. 140, 488-505. doi: 10.
1037/20023612

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 27 October 2014; accepted: 22 December 2014; published online: 21 January
2015.

Citation: Meghanathan RN, van Leeuwen C and Nikolaev AR (2015) Fixation
duration surpasses pupil size as a measure of memory load in free viewing. Front. Hum.
Neurosci. 8:1063. doi: 10.3389/fnhum.2014.01063

This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2015 Meghanathan, van Leeuwen and Nikolaev. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution and reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience

www.frontiersin.org

January 2015 | Volume 8 | Article 1063 | 9


http://dx.doi.org/10.3389/fnhum.2014.01063
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Fixation duration surpasses pupil size as a measure of memory load in free viewing
	Introduction
	Material and methods
	Participants
	Stimuli and apparatus
	Procedure
	Eye movement and pupil size recording
	Analysis of data
	Eye movements
	Fixation duration and pupil size
	Statistical analysis


	Results
	Performance
	Fixation duration vs. pupil size
	Targets vs. distractors

	Discussion
	Fixation duration
	Pupil size

	Conclusion
	Acknowledgments
	References


