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Abstract

Gaze contingent displays were used to simulateaviteld loss
during performance of visual search tasks. Comparisf human
saccadic strategies with those of a Bayesian idealcher show
that humans rapidly adapt their saccadic strateglasg that this
learning is limited and depends on the spatial gritof vision
loss.

1. Introduction

In contrast to the typical digital camera, whossohation and
sensitivity are relatively uniform across the sensoray, the
human visual system implements a dramatically inbgeneous
design in which spatial resolution decreases rgmdla function
of angular distance from the center of gaze. Tki&gh is part of
an elegant solution for a visual system attemptmgnaximize
field of view and spatial resolution while minimigj the required
neural resources. Humans encode a large fieldeaf vsing the
low-resolution peripheral retina and use high-speege
movements (saccades), when necessary, to directhitjie
resolution central part of the retina (the foveayward
behaviorally relevant regions of the scene. Unfuately, this
combination of a variable-resolution retina witheduent and
rapid eye movements can make it difficult for visiesearchers
to precisely control the retinal stimulus and, @qpeently, to
evaluate hypotheses about the way observers usealvis
information in complex visual tasks that involve mpaeye
movements, such as visual search and reading. Garegent
displays, which update the displayed stimulus camtiisly based
on the observer's gaze direction, provide a povarfethod for
controlling the retinal stimulus during such complasks.

As a pertinent example, consider the proposed udsgane-

contingent displays for bandwidth reduction. A n@mbof

researchers have suggested that gaze-contingefaydisnight be
useful for reducing the bandwidth necessary tostranimage
information by coarsely representing informatiorthe periphery,
where the degradation might be imperceptible [1iHwever,

such schemes should be pursued with caution. Atetedy [3]

investigating visual search with gaze-contingerspldiys found
that even imperceptible changes in the periphezgratiation of
visual information can significantly impact seangbrformance.
This result underlines the importance of studyingmplex,

ecologically relevant tasks to determine how humwlaservers use
visual information, and of using gaze-contingensptiys to
precisely control the presentation of that inforiomt

In this paper, we report the results of a study thaloited the
flexibility of one of these display systems to exaenhow human
observers adapt their saccadic strategies in alvisearch task
following simulated visual field loss.

2. System Configuration

2.1. Hardware and Experimental Setup

The stimuli were 8-bit images displayed on a -caliéd
monochrome Image Systems monitor
phosphor at a frame rate of 60 and a resolutio®0ff x 600

(M2IL) with white

pixels located 1 meter from the observer. To previde control

over target contrast, we combined the 24-bit RGBuusignals
from the graphics card to drive the electron gutiage [4]. Eye

position was measured using a Fourward-TechnoldgRisMark

VI dual Purkinje eye tracker. Head position wasntained using
a bite bar and headrest, and eye position signate wampled
from the eye tracker at 500 Hz. An 18-point caliiora routine

was used to establish a transformation between athiput

voltages of the eye tracker and the position ofoihserver’s gaze
on the computer display.

2.2.  Software

Gaze-contingent displays were generated using plaeeSVariant
Imaging System (SVIS) library developed by Perrg&isler [5].
Though a variety of gaze-contingent systems are aoailable,
we chose the SVIS library because it is fast, ligfight,
hardware-independent and freely available (from
http://www.svi.cps.utexas.edu). The software takesinput an
arbitrary video sequence, a gaze location provigedhe output
of the eye tracker, and an arbitrary 8-bit integralued two-
dimensional map that specifies the desired dispisplution at
each eccentricity and direction from the currerteglmcation and
returns the appropriate gaze-contingent varialdetogion video
sequence in real time (i.e., about 100Hz for tirawdt used in the
current study). The average latency between a gessurement
and its corresponding display update was 18ms autabframe.

3. Experimental Motivation

When an observer develops a retinal pathology, pditern of

sensitivity across the observer's visual field cahange in such a
way that the patterns of eye movements, or saccsithitegies,
appropriate for certain tasks before the injurydmee inadequate
or suboptimal for performing those same tasks ¥alg the

injury. A normal observer asked to identify a smédrget

presented in a peripheral part of the visual fifdd example,

typically executes a saccade to bring the imaghatftarget onto
the fovea. For a normal observer, this is optimatause the
detectability (signal-to-noise ratio) for such &gt is greatest in
the fovea. However, this may not be the best giyafer an

observer suffering, for example, the effects of utac

degeneration, which causes loss of foveal visioochSan

observer would gain little or no information by gleg the image
of the target onto the fovea.

In the current study, we were interested in deteimgi the ability
of observers to adapt their saccadic strategiesvto different
types of simulated changes to their visual fields first type, the
“shifted fovea,” is motivated by the observationatth while
researchers have repeatedly demonstrated that kuraad
monkeys adapt rapidly to the effects of real or udared
occulomotor  hypermetria  (overshooting) or hyponaetri
(undershooting) by adjusting the gain of their ceales [6],
clinical studies in patients with macular disorddid and
monkeys with macular lesions [8] have indicated thay do not
similarly adapt to changes in the preferred retlnahtion (PRL)
following loss of foveal vision. However, such obses do not



merely experience a shift in foveal location. Ratlteey typically
have a complex retinal sensitivity landscape qaidiely different
from that of an intact retina. The “shifted foveaXperiment was
designed to determine whether observers can adapsimulated
shift in the location of the fovea.

The second type of simulated change, the “centmbsna”, more
closely represents the pattern of loss experiebyguhtients with
central visual field deficits. Studies of these igats report,
unsurprisingly, that their performance on a varigtyisual tasks
is reduced compared to that of normal observersveder, it is
unclear whether this reduced performance simplgctSf the loss
of visual information from the fovea or whether therformance
also reflects the use of suboptimal saccadic sfiege Resolving
this question requires both a well-defined visuaskt and a
standard of optimal performance for that task, Whi@ provide
in the form of the ideal visual searcher [9]. Tleeritral scotoma”
experiment was designed to determine how well olessrcan
adapt to a simulated loss of central vision.

4, Experimental Methods

4.1. Human Observers

Two observers participated in each of the expertmdescribed
below. One (MMM) was an author of the study white tother
(TUB) was naive to the purpose of the study. Botarew
experienced psychophysical observers.

4.2.  Visibility Maps

The performance of the ideal searcher dependsalhtion the
retinotopic pattern of the detectability of thegetr in the noise
background. For example, a searcher with a unifpattern of
sensitivity to the target across the visual fieldwd gain no
benefit from eye movements. Accordingly, our cheeaeation of
ideal observers for the search tasks required mgpput these
sensitivity patterns (visibility maps) for each our human
observers.

To characterize these visibility maps, detectiocusacy for the 6
cpd sine wave target was measured as a functidsiuoflevel,
target contrast and target location, and detectitss were
blocked by blur level, target contrast, and targeation. The
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Figure 1. Visibility maps for human observers

detection experiment was similar to that reportedGeisler &
Najemnik [9]. In each trial, two 250 ms (roughly tetsing the
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median duration of individual fixations) stimulussplays were
presented in random order, separated by a 500tervah One of
these displays contained only & tbise background, while the
other also contained a target. The observer'suaskto maintain
fixation in the center of the display and indicatieich of the two
intervals contained the target. Psychometric fuomsti [3,
Appendix B] were fit to these data in each of &diions, along
evenly spaced radial ‘spokes’ extending from theterof the
display.

Figure 1 illustrates the measured falloff in thsilility of a fixed
target (foveald’ = 4.0) as a function of retinal eccentricity and
blur for each of our two human observers. We ingithe level of
blur using the percent of contrast transtg) &t the target’s peak
frequency. Three key features of the resultingbilisy maps are
that they differ significantly between observerdieyt are
anisotropic, with a generally slower falloff alotige horizontal
meridian than along the vertical meridian; and tregtern of
falloff changes with the amount of stimulus blum Amportant
consequence of these features is that the searategst and
performance for an ideal searcher differs signifita across
human observers and blur levels. For example, bimigcthe ideal
searcher’s visibility map from TUB’s to MMM'’s cuthe search
time by more than half, for a 2% error rate andshme d’ values
in the fovea.

4.3.  Visual Search Task

In our search task, the target was a small 6 apel wave pattern
randomly located at one of 85 target locations elgnsovering a
circular 1f noise background region 13.5 deg in diameter. The
observer began each trial by fixating the centehefdisplay and
pressing a button. After a random interval of 500dms, the

search display appeared. The observer was instraotéind the

target as quickly as possible without making angrer As soon

as the target’s location was detected, the obseressed a button
to mark the search time. The observer then fixdtes target

location and pressed the button again to indicae target

location. To be counted as a correct responsegliberver’s gaze
direction had to be closer to the actual targeatioa than to any
of the other 84 possible target locations. Thus, giobability of

being correct by chance was approximately 1.2%erAdach trial,

an auditory signal indicated whether the observandicated

location was correct or incorrect.

In each of the search experiments, human searfbrp@nce was
measured for different target contrast levels sehsthat they
corresponded to 4 different levels of foveal targstbility (d’'=
4.0, 5.0, 6.0, 7)0 Search trials were blocked by foveal target
visibility, with 50 trials per block and 10 blockerd’ condition.

4.4. Simulated Searchers

To quantitatively assess the search strategieshef human
observers, we compared their search performaneadh search
experiment to that of three different simulatedrckeers:

1. An ideal
optimally.

2. A random searcher that selects its fixations rarigom
from a uniform distribution across possible fixatio
locations.

searcher that selects fixation locations

3. A’'naive’ searcher that selects its fixations toopéimal
under the human observer’s unaltered visual seitgiti
map (i.e., as if the display were not gaze-contitge
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Note that in Experiment 1, the display is not gaze-

contingent and the ideal and ‘naive’ searchersttaus
equivalent.

All three of the simulated searchers were optimahe sense that
they used Bayesian updating to evaluate the postistribution
over target locations. That is, given the sameohysbf fixation
locations and observations, all three simulatedcbess would
compute identical posterior probability distribut& over the
location of the target. The searchers differed anlhow they
selected fixations.

The ideal searcher used in our simulations was dbase the
Bayesian ideal searcher model described elsewh&:8]. [
Briefly, we assumed that the ideal searcher’'s goab find the
target as quickly as possible, with the constrdiat the average
target localization accuracy exceeds a particuigerion valuec
that was fit to match the localization accuracytioé human
observer.

The ideal searcher begins in the center of thelaismssuming
equal prior probabilities over each of the 85 palssitarget
locations. At each time step, the ideal searchéeats matched-
template energy responses in parallel across @etdocations
and uses the responses encoded during this fix&ti@ompute
the posterior probability for the target at eacbaloon following
the current fixation. If one of these probabilitiegceeds the
criterion ), the search stops, otherwise the observer césula
the fixation location that maximizes the prospezfrobability of
correctly identifying the target location, and fi#sa that location,
continuing the search.

The ideal searcher is used to provide an uppert loni the
performance of our human searchers.
performance matches that of the ideal is perfornopgmally.

The other two simulated observers provide upperntsuon
human performance given certain plausible suboptisearch
strategies. In particular, the random searcheviges an upper
bound on performance for an observer that seléstéixiations
randomly, while the ‘naive’ searcher provides apargound on
performance for an observer that cannot learn a seategy
following visual loss. These observers can be useftuling out

certain human search strategies. For example nifamuobservers
outperform the random searcher, then we can coechhat
humans do not select their fixations randomly. lilse, if human
observers outperform the ‘naive’ searcher, thercare conclude
that humans indeed learn to use new strategie®wioly

simulated visual loss.

4.5,

4.5.1. Experiment 1: Unfoveated Search

If human observers were inefficient in a standaigual search
task, then it would not be surprising to find thhey are also
inefficient when performing visual search with astdited
sensitivity map. Based on previous results [3,8véner, we
expected observers to achieve near-ideal perforenancthe
standard (unfoveated) search task. To confirm ¢iatobservers
are indeed efficient in the unfoveated search tasgkfirst ran the
observers in an experiment replicating the taskl iseNajemnik
and Geisler [9]. A key difference in our version thle task,
however, is that the stimuli were uniformly blurretb

approximate an ‘unshifted’ version of Experimentd&scribed
below.

Visual Search Experiments

A searcher ewvhos

Figure 2 shows the performance of our human obserire
Experiment 1, along with the performance of thedmn and
ideal searchers (Note that the grey bars repre=eot rates for
both the human and simulated searchers). In lirte ptievious
results [9], human searchers outperformed the mandearcher
with performance near that of the ideal searcher.
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Fig. 2. Visual search performance in Exp. 1
(unfoveated search).

4.5.2. Experiment 2: ‘Shifted Fovea’ Search

In the ‘shifted fovea’ experiment, we sought to siate the effect
of physically translating the location of the ohsegis highest
resolution region in the visual field upward by 2degrees,
displacing the pattern of falloff in visibility meared in the
detection experiment. This transformation requiresiucing
resolution in some regions of the visual field whihcreasing
resolution in other regions. Of course, we cannm@otly increase
the resolution of an observer's retinae. Startinthva blurred
stimulus, however allowed us to arbitrarily charige pattern of
relativeresolution using the following algorithm:

1. Choose an initial blur levef for the display.

2. Compute the desiredl for the current target at all
locations in the ‘shifted’ visibility map.
3. Calculate the amount of blurring or unblurring (trest

transfer) required to achieve the desirddat each
location in the current visibility map.

4. If the maximum amount of transfer required in s{8p
< 1/T0, stop. Otherwise, reducge, and return to step
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Fig. 3. Shifting the observer’s visibility map



Figure 3 illustrates a vertical cross-section tigtosuch a shift for
observer MMM. The blur lever, (which varied across observers

andd’ levels) was used both as the baseline blur foeExEnt 2,
and as the uniform blur applied to the correspogditimulus in

Experiment 1. In Figure 3, this means that bluele abover,
require unblurring with respect to the baseliner,blhile blur
levels below7, require additional blurring.
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Fig. 4. Visual search performance in Exp. 2 (shifttfovea).

Figure 4 shows the search performance of the huritkal,
‘naive’, and random searchers in the ‘shifted fowsemrch task.
Comparing these results to those of Experiment tl,isi
immediately evident that error rates have risenstauttially and
that the median number of fixations required by $imaulated
searchers has fallen. Recall that the ‘quittingfecion ¢ for the
simulated searchers is controlled by the human rebss
detection accuracy. The lowered accuracy in thigesment led
to lowerc values and shorter searches for the simulatedsergt

It is also clear that humans now fall quite shoftoptimal
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Fig. 5. Visual search performance in Exp. 3 (centtascotoma).

performance, with performance nearer to that of thaive’
searcher.
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4.5.3. Experiment 3: ‘Central Scotoma’ Search

In the ‘central scotoma’ experiment, we sought itautate the
effect of foveal vision loss by blurring the ceh#adegrees of the
observer's visual field so that it carried virtyatio information £

= 0.10) in the target's frequency band. The stimulvas
unblurred (i.e.z = 1.0) in the periphery, and the indicated foveal
target visibilities ¢'= 4, 5, 6) are labeled according to their
unblurred detectability.

Figure 5 shows the search performance of the hurithal,
‘naive’, and random searchers in this task. Thoaigbrs remain
somewhat higher than in Experiment 1, human perdoca in
this task matched that of the ideal observer anaxaeeded the
performance of the random and ‘naive’ searchers.
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5. Conclusions

We used a gaze contingent display along with aalidbserver
model of visual search to investigate whether hurobservers
can appropriately modify their saccadic strated@®owing two
types of changes in their visibility maps. When sieulated
shifting the fovea, observers’ performance movedyafsom that
of the ideal observer, and nearer to that of aenahserver using
an unmodified search strategy. This failure to &dsgrccadic
strategies for a shifted visibility map supports guggestion [8]
that humans cannot quickly learn to center sacoawlitpoints on
a new retinal location (i.e., a new oculomotor ctHowever,
when we simulated a central scotoma, humans weegt@inatch
the performance of the ideal observer, greatly exditoming the
simulated searcher using an unmodified searcheglyatThis
suggests that following central vision loss humamay be able to
quickly adapt their eye movement strategies fotaiercommon
visual tasks, and that residual performance dsfioiy largely be
due to visual information loss.
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