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The functional field of view (FFV) is the part of the visual field centred around the current gaze position that
the visual system can process in detail. Its size depends partly on physiological limitations, but its
adaptability is largely determined by cognitive factors. For example, changes in the FFV often reflect the
demands of a given task: it shrinks with high task demands and expands with easier tasks. Here, we placed
an upright or inverted target among distractors. We manipulated the visibility of the search array during
gaze-contingent search with small (6°), medium (12°) and large (18°) apertures. Aperture size affected
performance, improving it when it increased from 6° to 12°, but not from 12° to 18°, suggesting an upper
bound of the ‘natural’ aperture for this specific task. Furthermore, our results suggest that the FFV does not
change in size in response to stimulus inversion.
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1 INTRODUCTION

While human visual processing is highly adaptable [28,45], it is constrained by both physiological
and cognitive factors. One example of this is the clear difference between the physical size of our
visual field and the size of the area that we can process in detail. The term functional field of view
(FFV) has been used to describe the restrictions imposed by limits in visual information processing
capacity around the current gaze position. A substantial amount of research on this topic is
available where varying terminology has been used, such as attentional window [6], functional
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viewing field, FVF [45], useful field of view, UFOV [4], area of visual conspicuity [12] and visual
span [22,35]. While the FFV is sometimes compared with related concepts such as the spotlight
of attention [41] or the attentional zoom lens [14] the two are nevertheless not the same. As
Young & Hulleman [54] highlight, while concepts such as the spotlight and zoom lens describe
attentional mechanisms that may operate separately from eye movements, the FFV is centred on
the locus of fixation.

1.1 Physiological factors

Information processing in the visual field is limited by physiological constraints, for example, the
difference in receptor density between the fovea and the peripheral retina [47]. The area with the
highest resolution is the fovea, whose size is about as large as the projected retinal size of a
thumbnail on an extended hand (~1° visual angle). The region extending beyond this point has
lower receptor density and visual resolution therefore deteriorates as a function of eccentricity
from the fovea.

Since the distribution of rods and cones across the retina is not uniform, visual processing of
the environment is similarly not uniform across the visual field [2,9,11,23,36,39]. The foveal retina
contains mainly cones while the peripheral retina is more densely packed with rods than cones
[10,18,28,50]. The receptive fields of retinal ganglion cells are then responsive to particular
locations within the visual field and this retinotopic organisation is maintained roughly
throughout the stream of visual information processing [31,37,49].

1.2 Cognitive factors

The functional field of view (FFV) is, however, mainly constrained by cognitive, or functional
factors such as visual attention. These factors can be assessed by posing such questions as how
much information can we effectively handle at a given time? Does it depend on scene properties?
Does it depend on the amount of information in the visual field? Does this change by task
demands and cognitive load?

A common approach to studying the functional field of view is through the manipulation of
stimuli or tasks that might influence task difficulty. Williams [51] used a dual-task paradigm,
combining a foveal character-discrimination task and a peripheral line-orientation discrimination
task. While the visual display factors were constant in the foveal character discrimination task,
the cognitive load was varied between subjects by using either a physical or a category match
[40]. Williams used a tachistoscope that allowed a visual field of 11° in diameter and displayed
stimuli at three different eccentricities (1.66° 3.33° and 5° from central fixation), finding that under
high levels of foveal (cognitive) load participants performed worse in the peripheral line
orientation discrimination task. He assessed the size of the functional field of view based on
correct responses on the line orientation task, plotting iso-sensitivity contours, concluding that
in the high foveal load condition the FFV was only about 2° in diameter, whereas low foveal load
resulted in a functional field size of about 4° around fixation.

Motter & Simoni [34] measured changes in FFV size based on the presence or absence of overt
eye movements in visual search. Their participants performed a conjunction search (for a red T
among green L’s) in three conditions: eye movements were either required, allowed, or
suppressed. The search arrays contained either 6, 12, 24 or 48 items, and the FFV boundary was
calculated based on the farthest distance of the detectable target from the fixation point. They
found that when eye movements were suppressed, the size of the FFV increased over time,
presumably to enable observers to gather as much information about the search set as possible,
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compensating for the inability to overtly attend to salient locations. They concluded that despite
our ability to attend to stimuli in the periphery, we prefer to perform search, keeping the target
of attention in our fovea by making eye movements, which is, in the end, a natural way of
gathering information.

Further evidence showing that FFV size varies by search difficulty comes from Young and
Hulleman [54]. They measured eye movement patterns in static and moving displays with varying
stimulus complexity that affected the mental load associated with the search. In what they called
the easy search condition, participants were asked to search for a horizontal line among other
lines and line combinations while the medium and difficult search conditions involved search for
a T-shaped target (medium) and a square with a smaller square in its top left corner among similar
squares (difficult). Using the measured gaze coordinates and the locations of the search items,
using different radii, they counted the number of fixations and the total number of items that fit
within a specific aperture radius per trial, starting with a 1° aperture. Each item was counted only
once so there was no overlap. The final FFV was estimated as the radius that fit 50% of the total
number of search items displayed during the trial. Using this method, they estimated the size of
the FFV for each condition to be 8.7°-9.7° (easy), 5.8°-6.8° (medium) and 1.7°-2.2° (difficult). To
provide further support for these calculations of FFV size, Young and Hulleman performed a
second experiment with the same design, but this time using an actual gaze-contingent window
with three sizes: 9.7°, 4.9° and 2.4°. This approach yielded empirical support for the estimates of
the FFV sizes calculated in experiment 1. Moreover, Young & Hulleman observed that on trials
where item motion would not typically impede visual search, no “robustness against item motion”
(as they called it), was present with the small aperture in the hard search condition. They
concluded that this detrimental effect of motion was primarily due to the limited number of items
available for processing within one fixation and was not directly due to task difficulty.

These findings led to an influential proposal where Hulleman & Olivers [19] challenged the
prevalent assumption that visual search is item-based. They argued instead that the focus in
understanding visual search (and attention more generally) should be on the functional viewing
field, the topic of our current study. Hulleman and Olivers [19] argued that visual search
performance is primarily determined by visual fixations rather than item numbers. According to
their proposal, the size of the FFV and the number of items within it depends on several factors,
such as the complexity of the visual scene, the difficulty of the search task and target
characteristics. They claimed that the FFV is dynamic and depends on how discriminable the
target is from the surroundings: low target discriminability results in a higher load and a smaller
FFV, and vice versa for high discriminability (but see [20]; Open Peer Commentary, for criticisms
of this proposal).

Krasovskaya and colleagues [24] attempted to measure whether visual performance was
affected by task manipulations in a display where participants had to determine whether a target
was present among a set of distractors in a 45 item grid. They manipulated the size of the stimuli
to affect the difficulty of the search: on “easy” trials they used large items (1.3°) while on “difficult”
trials they used smaller items (0.7°). The number of items in the display was kept constant.
Participants had to manually respond if a target shown at the start of the trial was present in the
search set. They found an effect of stimulus size and target presence on task performance with
longer search times and lower accuracy for the small item search than the large item search.
Additionally, response times were longer and accuracy lower on target-absent trials than target-
present trials. While this study showed that manipulations of item size and target presence
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affected search difficulty, it did not reveal how much information was processed during the visual
search.

1.3 The current aims

Our aim was to manipulate the functional viewing field directly to determine the amount of visual
information that can pass through the FFV under different conditions. We used a gaze-centred
aperture of three different sizes to directly limit the amount of visible information to test whether
there was any noticeable deterioration in task performance as the aperture decreased in size.
Specifically, our aim was to identify the point at which the aperture no longer had a detrimental
effect on performance during a challenging visual search task. We conducted a gaze-contingent
visual search experiment using artificial traffic signs that varied by colour, shape, and the identity
of the object depicted on the sign. On each trial observers were presented with a target to look
for and they had to find a traffic sign having that particular symbol, colour, and orientation (task
and stimuli adapted from [7]).

We also tested whether stimulus manipulations might affect the cognitive load associated with
the search task, assessing their interaction with the size of the FFV. To this end, here we used a
similar design to Krasovskaya et al. [24] but added a gaze contingent aperture (centred on the
fixation point). We also contrasted two different ways of presenting the stimuli, either upright or
inverted, to test the effects of target identifiability during search. Before the search began,
participants briefly saw the target they had to search for. The target was always shown in an
upright position during this ‘preview’ period, on trials where the stimuli were upright the level
of target abstraction would be low, while trials containing inverted stimulus sets (including the
target) would have a higher degree of abstraction associated with the mental rotation of the target
image. We expected that if the FFV truly differed in the two orientation conditions (Upright vs.
Inverted, which we assumed would affect identification of the targets), then search performance
in each condition would start deteriorating at different aperture boundaries.

2 METHODS

2.1 Data recording

The stimuli were presented on a 24-in. BenQ XL2411Z screen with a resolution of 1,920 x 1,080
pixels and a refresh rate of 144 Hz. Eye movement recordings were carried out monocularly on
the dominant eye at a frequency of 1000 Hz using an EyeLink 1000 Plus eyetracker (SR Research
Ltd, Osgoode, Ontario, Canada). Eye dominance was determined using the Porta test. Participants
were seated in a height-adjustable chair with their head position fixed by a chinrest in a slightly
darkened room. The distance to the screen was 90 cm. PsychoPy Coder [38] was used for stimulus
presentation and manual response collection.

Experiment design. Twenty participants (12 female, mean age = 31) were instructed to search
for a target traffic-sign among distractors and perform a two-alternative-forced-choice (2AFC)
task, judging whether the target had a dot on the left or right of the figure on the sign. At the
start of each trial (the ‘preview’), a target traffic sign was shown at screen centre for 500 ms (Fig.
1a). After this, 45 stimuli were presented for up to 7000 ms, which included the target and 44
distractors chosen randomly from the full set. Inside each traffic sign there was a small black dot
on the left or the right side of the icon. Participants had to find the target (present on all trials)
and manually respond which side the dot was on (‘a’ for left, ‘d’ for right). The trial ended as soon
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as a response was provided or if there was no response within the 7000 ms period. In the latter
case the trial was registered as a ‘no response’ trial. The target was present on all trials.

We manipulated target orientation in an effort to affect the degree of abstraction associated
with the search. For all conditions, the target preview before the search was presented in an
upright position, but the rotation of the target in the search array differed by condition (Fig. 1b).
On low abstraction trials the target and the search set stimuli were presented in an upright
position, but for trials that required mental rotation, the search stimuli and target were inverted
during the search (Fig. 1c). We expected that having to perform a mental rotation of the target
could potentially affecting search performance. The left and right positions of the black dot for
the 2AFC task did not have to be mentally inverted, i.e., left was reported as participants’ left (‘a’
key) and right coincided with participants’ right (‘d’ key). In addition to the orientation
manipulation, we added a gaze-contingent aperture that followed participants’ gaze location in
an online fashion. We used three different aperture sizes: 6°, 12° and 18° (Fig. 1d).

Each participant performed a total of 600 trials separated into six blocks of 100 trials and they
could rest between the blocks. Each aperture size was fixed at two blocks, and the order of the
blocks was randomised for each participant. Upright and inverted trials were mixed in every
block, so participants could not predict the orientation of the next trial. An example of each
condition is presented in Fig. 1. Each participant performed 30 training trials with an aperture of
20° before starting the main experiment.
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7000ms/until
response

b. Target variation

Preview Upright Inverted

C. Orientation

Upright Inverted

Aperture size

Large— 18° Medium—12° Small - 6°

Fig. 1. General experimental design and the different conditions used in the experiment. The figure depicts
the general design and possible experiment variations. The timing applies to one experimental trial. 1a:
First, a target was shown for 500 ms. Then, a search set containing 45 icons appeared for 7 seconds during
which a response was expected. The trial ended as soon as there was a response or when the 7000 ms time
limit ended. 1b, left panel: example target variations in the preview at the start of the trial (500 ms). There
were four possible target options: a blue diamond, a blue square, a brown square, a brown diamond. 1b,
central panel: example target variations in the upright condition. 1b, right panel: example target variations
in the inverted condition. There were 64 possible images for each shape and colour combination. The black
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dots for the 2AFC task were randomly overlayed either on the left or on the right side of each icon. 1c:
possible search set orientations: upright (left panel) and inverted (right panel). 1d: the three possible
aperture sizes in the experiment.

2.2 Analyses

We conducted separate analyses of accuracy and response times for manual responses.
Orientation and aperture size were the independent variables, where a repeated measures
ANOVA was used for both analyses (with the following R packages: Stats, Effectsize and
Emmeans).

We further analysed saccades and fixations to compare fixation durations and saccade
amplitudes for each of the orientations and aperture size conditions using a repeated measures
ANOVA, using the Effectsize and Emmeans R packages. The number of fixations is also a typical
measure of potential differences in search behaviour (such as for different search conditions).
However, as the analyses of the number of fixations and fixation durations essentially converge
in this study, it is not included in the main analysis section (presented in Appendix A).

3 RESULTS

3.1 Accuracy

We analysed the proportion of correct, incorrect and no response trials for each aperture size (Fig.
2a). We calculated accuracy as a function of orientation and aperture size (Fig. 2b) by first
counting the number of responses given for each unique combination of participant number,
accuracy, orientation, and aperture size and then separately calculating the percentage of correct
responses for each combination.

a. Ratio of participant responses b.
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Fig. 2. Response accuracy rates for the different experimental conditions. Panel a shows the accuracy
ratios of participant responses to the total number of responses given aperture size. On the x-axis from
left to right: ‘Correct’ for correct responses, ‘Incorrect’ for incorrect responses, ‘No response’ for trials
where no manual response was given within 7000 ms after the start of the search. Panel b depicts the rate
of accuracy given orientation and aperture size. On the x-axis from left to right: ‘Upright’ for upright
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trials, ‘Inverted’ for inverted trials. Colour coding for both panels: yellow — small aperture, purple —
medium aperture, gray — large aperture.

Overall, 77.4% of participant responses were correct, and we can therefore assume that
participants understood the task and were able to perform it relatively well (chance performance
= 50%). The number of no response trials (17.3%) was over three times higher than the number of
incorrect trials (5.3%).

To assess whether orientation and aperture size significantly affected accuracies, we
performed a 2x3 repeated measures analysis of variance on the accuracy rates with orientation
(Upright, Inverted) and aperture size (Large, Medium, Small) as independent variables. Trials with
no response were treated as incorrect responses for this analysis. The analysis revealed a main
effect of aperture size (F(2,36) = 5.543, p = .008, n2 = .24), but neither a significant effect of
orientation (F(1,18) = .404, p = .533, 12 = .02) nor an interaction between the two factors (F(2,36)
=.598, p = .555, 112 = .03). Pairwise comparisons for aperture size revealed that the main effect of
aperture size was due to a significant difference between the large and the small aperture sizes
(mean difference estimate = -.052, t(36) = -2.929, p = .016) and between the medium and the small
aperture sizes (mean difference estimate = -.051, t(36) = -2.836, p = .019). The difference between
the large and medium aperture sizes was, on the other hand, not significant (mean difference
estimate = -.001, t(36) = -.092, p = .995).

3.2 Response times

Response times are shown in figure 3, for trials with both correct (panel 3a) and incorrect (panel
3b) responses. We conducted separate response time analyses on correct and incorrect trials and
excluded no response trials. We performed a 2x3 repeated measures ANOVA on response times
with the factors orientation (Upright, Inverted) x aperture size (Small, Medium, Large). The
analysis of correct trials showed a significant main effect of aperture size (F(2,36) = 15.580, p <
.001, N2 = .464), but not of orientation (F(1,18) = .006, p = .937, n2 < .001) and no interaction
between the two independent variables (F(2,36) = 1.521, p = .232, 2 = .078). Pairwise comparisons
showed that the main effect of aperture size was due to significant differences between the large
and small (mean difference estimate = -.263, t(36) = -5.212, p < .0001) and medium and small (mean
difference estimate = -.219, t(36) = -4.336, p = .0003) apertures. Similar to the accuracy results, the
RT difference between the large and medium apertures was not significant (mean difference
estimate = -.044, t(36) = -.876, p > .5). Adjustments for multiple comparisons were made using the
Tukey method. Fig. 3 shows the RT’s for the different conditions.

For incorrect trials there was no significant effect of aperture size: (F(2,34) = .142, p =.868, 12 =
.008), nor any interaction between aperture size and orientation (F(2,34) = .387, p = .682, n2 = .022).
However, there was an effect of orientation, with faster RT’s on inverted than upright trials for
incorrect responses (mean difference estimate = -.286, t(17) = -2.124, F(1,17) = 4.510, p = .048, 2 =
.209) (Fig. 3b).
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Fig. 3. Response times. The figure depicts the response times on correct (panel a) and incorrect (panel b)
trials. Panel a shows the non-significant interaction of search times for correct responses in the upright
(‘Upright’ on the x-axis) and inverted (‘Inverted’ on the x-axis) conditions given the large (gray), medium
(purple) and small (yellow) aperture sizes. Panel b shows that response times on incorrect inverted trials
were faster than on incorrect upright trials for all aperture sizes. Trials with no response were excluded
from the analysis for both correct and incorrect trials. Square points represent the mean, error bars are
95% Cls.

3.3 Eye movements

3.3.1 Preprocessing. Eye movement data were preprocessed using the following parameters: for
saccades we only included amplitudes between .5° and 20°, durations between 10 and 60 ms and
peak velocities between 40 °/s and 750 °/s. For fixations, we only analysed durations falling
between 60 ms and two standard deviations from the mean (mean = 243.214 ms, SD = 154.545 ms,
fixDur min = 60 ms, fixDur max = 552 ms). Only saccades and fixations occurring during stimulus
presentation were included, with a total of 150926 saccades and 167612 fixations remaining after
preprocessing. To assess the quality of the saccade detection algorithm, we looked at the
relationship between saccade amplitude and peak velocity (the main sequence) of the detected
saccades by fitting a square root model with their peak velocity and square root of amplitude
values [16,27]. For our data containing 150926 saccades after preprocessing, the coefficient of
determination demonstrated a good fit (R2 =.759).

3.3.2 Saccade amplitude. We performed a 2 (orientation) x 3 (aperture size) x 3 (accuracy)
repeated measures ANOVA with saccade amplitudes as dependent variable. We found a main
effect of aperture size (F(2,35) = 67.338, p < .001, 2 = .794) that reflected the difference between
the large and small apertures (mean difference estimate = .721, t(35) = 10.784, p < .0001) and the
medium and small apertures (mean difference estimate = .621, t(35) = 9.111, p < .0001). The
difference between the large and medium apertures was not significant (mean difference estimate
=.099, t(35) = 1.455, p = .325). The effects of orientation and accuracy were not significant (F < 1,
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p > .5, 12 < .05). Adjustments for multiple comparisons were made using the Tukey method. The
mean amplitudes for each condition plotted by response accuracy are shown in Figure 4.
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Fig. 4. Mean saccade amplitude. The figure depicts the mean amplitudes for correct (panel a), incorrect
(panel b) and no response (panel c) trials on upright (‘Upright’ on the x-axis) and inverted (‘Inverted’ on
the x-axis) trials given the large (gray), medium (purple) and small (yellow) aperture sizes. Square points

represent the mean, and error bars are 95% Cls.

3.3.3 Fixation durations. A 2 (orientation) x 3 (aperture size) x 3 (accuracy) repeated measures
ANOVA showed that aperture size affected fixation durations (F(2,35) = 44.042, p < .0001, 2 =
.715). Pairwise comparisons revealed a significant difference in fixation durations between the
large and small apertures (mean difference estimate = -13.418, t(——35) = -8.488, p < .0001) and
medium and small apertures (mean difference estimate = -12.421, t(35) = -7.698, p < .0001).
Notably, the difference between large and medium apertures was not significant (mean difference
estimate = -.998, t(35) = -.618, p > .5). Adjustments for multiple comparisons were made using the
Tukey method. A within-subjects analysis of variance showed a significant effect of accuracy
(F(2,215) = 32.325, p < .0001, n2 = .231) caused by differences between correct and no-response
values (mean difference estimate = 8.500, t(——215) = 6.540, p < .0001) and incorrect and no-
response values (mean difference estimate = 9.54, t(——215) = 7.312, p < .0001). This effect was not
seen, however, when correct and incorrect responses were compared (mean difference estimate
= -1.04, t(——215) = -.795, p > .5). The effect of orientation was not significant (F < 1,p > .1, n2 <
.05). The mean durations of the fixations for each condition and accuracy are shown in Figure 5.
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Fig. 5. Mean fixation durations. The mean duration of fixations for correct (panel a), incorrect (panel b)
and no response (panel c) trials on upright (‘Upright’ on the x-axis) and inverted (‘Inverted’ on the x-axis)
conditions given the large (gray), medium (purple) and small (yellow) aperture sizes. Square points
represent the mean, and error bars are 95% Cls.

4 DISCUSSION

Our aim was to assess the size of the functional viewing field during a visual search task by
directly manipulating the amount of available visual information at any given moment with a
gaze contingent mask that covered the whole display except for an aperture at the centre of gaze.
We manipulated the size of the aperture to assess the point where it no longer had a detrimental
effect on performance. The most notable result is that performance measured by both search time
and accuracy was by far the worst for the smallest aperture (6°), but there were no significant
differences between the effects of the medium (12°) and large (18°) aperture sizes. This suggests
that the medium aperture could be considered an upper boundary of the FFV for this particular
task — in other words, there is little benefit to increasing the size of the FFV beyond this.
Furthermore, we tested whether the orientation of the stimuli would modulate the size at which
our aperture changed performance. There was no significant interaction between the upright and
inverted conditions, however. In fact, if anything, the trend was for lower response times for the
inverted than upright stimuli on medium aperture trials, but this was not significant.

4.1 Assessing the functional field of view

We found strong evidence that visual search performance is determined by the amount of
information accessible through the FFV. Our results indicate that the medium-sized aperture (12°)
was the most optimal of the three in terms of matching the natural aperture for our specific task.
We reach this conclusion because there were no response time or accuracy benefits of increasing
aperture size above the medium one, while accuracy was lowest and response times largest for
the smallest aperture. This matches existing evidence that search is more efficient when fewer
saccades into the periphery are needed to find a target of interest [19,46,52]. This also matches
the size of the largest eccentricity condition (5° from central fixation) that Williams [44] used his
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study but diverges from his findings of a 2° FFV in the high foveal load condition and 4° in the
low foveal load condition. Task differences may explain this seeming discrepancy. While
participants in Williams’ study [44] had to perform a discrimination task, keeping their gaze
steady on a fixation point, the participants in the current study had to scan the visual scene until
they found the target, or the trial ended.

We expected the optimal size of the aperture to change for the inverted and upright conditions
with a smaller optimal aperture for the former, as smaller FFV has been associated with increased
search difficulty [6]. This expectation was also guided by existing literature and theoretical
frameworks supporting the effect of stimuli orientation in task load manipulations. For example,
Yin [53] demonstrated that mono-oriented objects increased the difficulty in memory tasks when
presented upside-down. Rock [44] studied how humans perceive various figures in different
orientations and highlighted the challenges associated with mental rotation. Further studies by
Beitner et al. [5], Evans and Treisman [15] and Epstein et al. [13] have supported this. Finally,
inversion effects have been supported by neuroimaging studies [1,26]. However, the effects of
orientation manipulation used in our study were not significant. There are several potential
explanations for this. First, the search task might have been too difficult in both orientation
conditions, creating a ‘ceiling effect’ where participants reached maximum performance with
little room for improvement. Another potentially interesting explanation involves object polarity
and symmetry. According to Leek and Johnstone [29], salient polar features (located at the end of
the object’s principal internal axis), provide a reliable reference point that guides the viewer’s
recognition of the object in any orientation axis. McMullen and Farah [33] found that only
symmetrical, and not asymmetrical, stimuli lose the effect of orientation. However, this lack of
sensitivity to orientation only appeared after practice — performance for misoriented object
recognition was improved after participants were repeatedly exposed to the same set of stimuli
(our participants were repeatedly exposed to the same set of stimuli with a training set before the
main task). Moreover, most of the stimuli used in our study were symmetrical. This symmetry,
combined with practice obtained throughout 600 trials could have facilitated object recognition
in the inverted condition. Moreover, participants could have also created internal templates with
some salient, potentially polar, features that guided their performance.

Another explanation for the lack of the inversion effect may lie in the way we manipulated the
FFV. Aperture sizes in our experiment were chosen to fit approximately 4, 6-8 and 15-16 icons
within one fixation for the small (6°), medium (12°) and large (18°) apertures, respectively. This
was different from the aperture sizes used by Young and Hulleman [54], for example (for the
small, medium and large apertures they used 2.4°, 4.9°and 9.7°, respectively, estimated from gaze
coordinates; see Introduction). When we used a 2° aperture in a previous gaze-contingent study
[25], our participants were unable to scan the search set and provide correct manual responses
on more than 50% of the trials within the time limit. We therefore increased the aperture size to
4°, which allowed observers to respond correctly on over 50% of the trials. The different optimal
aperture sizes may also reflect other task differences between the two studies. Our search display
included a much larger item set than Young and Hulleman’s [54] (45 items versus maximum 18
items, respectively) and our stimulus manipulations differed (shape, colour and icon combinations
in static upright and inverted positions instead of static and moving monochromatic lines, T
among L’s and squares within squares). Another important difference is that there was no ‘target
absent’ condition in our study - the target was present on all trials. This task difference enforced
search until either a target was found, or the trial ended, without allowing for a strategic ‘cutoff’
[8,54] on absent trials. Knowing that the target is always present, participants may have
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responded more confidently on erroneous trials, as the probability of a wrong response is lower
than in the target absent condition.

Finally, we enforced a 7000 ms time limit on responses and the number of no response trials
(17.3%) was over three times higher than the number of incorrect trials (5.3%), and much higher
than the number of no responses in Young and Hulleman (<1% at 14.6 s display duration). The
largest part of these no-response data consisted of trials from the smallest aperture condition
where observers were most likely to "time out” after 7 seconds.

Our stimuli were randomly pulled from the same set and on inverted trials all the stimuli were
inverted. This might have set the baseline for target-distractor discriminability at a level where it
did not significantly differ between upright and inverted trials, making the search within the two
conditions equally difficult. According to Young and Hulleman [54] this difficulty in target-
distractor discriminability should have enforced serial search on both upright and inverted trials.
However, the difference in aperture size (small vs. medium) significantly affected performance,
suggesting the use of parallel search in both aperture conditions. The boundaries of the small
aperture could have prevented effective comparisons of potential targets when one of them was
occluded by the mask (see discussion in [21]).

4.2 Eye movements

We also measured any potential differences in oculomotor behaviour by aperture size. Aperture
size affected both saccade amplitudes and fixation durations with longer durations and lower
amplitudes for the small than the medium and large apertures. This finding agrees with claims in
the literature that larger saccades are exploratory, involving covert processing of peripheral
information for decisions on the next potential fixation location [3,17,42,48]. The increase in
fixation durations on small aperture trials differs from the findings of Young and Hulleman [54],
who found no such differences between different aperture sizes. However, findings similar to ours
have been reported before. For example, during reading and visual search, fixation durations
increase with increased difficulty [22] (also see [43] for a review), as well as with the viewing
distance [35]. Aperture size may have influenced abstraction levels by limiting the amount of
peripheral information available for effective parallel processing. Increased fixation durations and
decreased saccade amplitudes might therefore reflect decreased processing efficiency because of
field-of-view limitations. There was also a general decrease in fixation durations on no-response
trials compared to correct and incorrect trials. This reflects a larger number of fixations made on
the no-response trials, probably signifying that more resources were necessary to perform the
search and make a decision before time ran out. Decreased fixation durations and an increased
number of fixations are, indeed, often seen in tasks with high levels of perceptual load [30,32].

4.3 Future directions

While previous research has extensively explored the impact of stimulus inversion on cognitive
processes, including memory, neural activity, and perceptual mechanisms [1,13,15,26,44,53], the
specific investigation into FFV within the framework of inversion has not been carried out so far,
to the best of our knowledge. The absence of an inversion effect in the current study serves to
improve the methods used to study the FFV in the context of stimuli manipulation. Future studies
of FFV could introduce a control condition, with search sets that are fully congruent and fully
incongruent with the target shape and colour, i.e., blocks where those two features are fixed. This
could involve an easier baseline condition and eliminate the shape/colour mismatch that resulted
in faster response times on incorrect inverted trials as opposed to upright trials. This could also

PACM on Human-Computer Interaction, Vol. 8, No. ETRA, Article 223, Publication date: May 2024.



223:14 Sofia Krasovskaya, Arni Kristjansson, and Joseph MacInnes

provide a baseline that mixed blocks could be compared to, potentially increasing the difference
between the upright and inverted conditions. Second, it would be interesting to see how removing
any restrictions on response time would affect performance. Third, manipulating target presence
vs. absence between trials could potentially change participants” search strategy, resulting in a
more perceptible effect of orientation. Fourth, the size of the FFV could be personalized using an
incremental approach. This way the amount of input would be dynamically adapted to people
with different performance levels and make the estimations of the FFV much more accurate.
Finally, prevalidating the effect of stimuli adjustment before adding the gaze-contingent aperture
would ensure that it is a proper approach for manipulating the amount of cognitive load
associated with the task.

5 CONCLUSIONS

We manipulated the functional field of view with gaze-contingent apertures while orientation of
the set varied (upright vs. inverted). We did not observe any detrimental effects of either the small
or medium-sized apertures on search performance in the inverted versus upright conditions,
while for the smallest aperture, performance was significantly affected. In the inversion condition
we observed a trend towards an improvement of search performance with the medium-sized
aperture and no deterioration in performance with the small aperture, while search in the inverted
condition with the large aperture was worse compared than in the upright condition. This might
be interesting to explore within an updated design that would include the suggestions from the
Future directions section. In general, our findings suggest that there is no benefit of using an
aperture larger than 12° specifically for the task used in the current study. We speculate that the
medium-sized aperture is closest to the size of our natural FFV during the performance of this
particular visual search task.
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We analysed saccades and fixations to compare the number of fixations for each of the
orientations and aperture size conditions using a repeated measures ANOVA, using the Effectsize
and Emmeans R packages. As each trial differed in length based on participant response times, we
took the mean number of fixations per trial.

A.1 Results: Number of fixations

A 2 (orientation) x 3 (aperture size) x 3 (accuracy) repeated measures ANOVA showed that aperture
size affected the number of fixations (Fgz3s5) = 14.061, p < .0001, ? = .445). Pairwise comparisons
revealed a significant difference in the number of fixations between the large and small apertures
(mean difference estimate = .245, t35) = 4.843, p = .0001) and medium and small apertures (mean
difference estimate = .218, 35y = 4.234, p = .0005). The difference between large and medium
apertures was not significant (mean difference estimate = .026, t3s) = .512, p > .5). Adjustments for
multiple comparisons were made using the Tukey method. A within-subjects analysis of variance
showed a significant effect of accuracy (Fp215) = 43.938, p < .0001, ? = .290) caused by differences
between correct and no-response values (mean difference estimate = -.364, t15) = -8.170, p < .0001)
and incorrect and no-response values (mean difference estimate = -.360, 215 = -8.063, p < .0001).
This effect was not seen when correct and incorrect responses were compared (mean difference
estimate = -.004, tp15) = -.079, p > .5). The effect of orientation was not significant (F< 1, p > .5, 7?
< .05). The mean number of fixations per second for each condition and accuracy are shown in
Figure Al.

a. Correct b. Incorrect ¢. Noresponse
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Fig. A1. Mean number of fixations per second. The mean number of fixations for correct (panel a),
incorrect (panel b) and no response (panel ¢) trials on upright (‘Upright’ on the x-axis) and inverted

(‘Inverted’ on the x-axis) conditions given the large (gray), medium (purple) and small (yellow) aperture
sizes.

Received November 2023; revised January 2024; accepted March 2024.

PACM on Human-Computer Interaction, Vol. 8, No. ETRA, Article 223, Publication date: May 2024.



