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Abstract

Strategically shaping patterns of eye movements through training has manifold promising applications, with the potential to
improve the speed and efficiency of visual search, improve the ability of humans to extract information from complex displays,
and help correct disordered eye movement patterns. However, training how a person moves their eyes when viewing an image or
scene is notoriously difficult, with typical approaches relying on explicit instruction and strategy, which have notable limitations.
The present study introduces a novel approach to eye movement training using aversive conditioning with near-real-time
feedback. Participants viewed indoor scenes (eight scenes presented over 48 trials) with the goal of remembering those scenes
for a later memory test. During viewing, saccades meeting specific amplitude and direction criteria probabilistically triggered an
aversive electric shock, which was felt within 50 ms after the eliciting eye movement, allowing for a close temporal coupling
between an oculomotor behavior and the feedback intended to shape it. Results demonstrate a bias against performing an initial
saccade in the direction paired with shock (Experiment 1) or generally of the amplitude paired with shock (Experiment 2), an
effect that operates without apparent awareness of the relationship between shocks and saccades, persists into extinction, and
generalizes to the viewing of novel images. The present study serves as a proof of concept concerning the implementation of

near-real-time feedback in eye movement training.
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Eye movements are a ubiquitous part of everyday life for
individuals with a fully functioning visual system. A typical
person makes several saccadic eye movements per second
when scanning the natural world (Hayhoe & Ballard, 2005;
Henderson, 2003), and such eye movements are necessary for
representing different aspects of the visual world with the
detail and precision afforded by the high-acuity fovea
(Curcio et al., 1990; Jacobs, 1979). It is therefore unsurprising
that eye movement patterns are associated with the efficiency
and accuracy of visual search performance (Najemnik &
Geisler, 2005; Neider & Zelinsky, 2006; Zelinsky et al.,
1997) and with later memory for visual displays
(Hollingworth & Henderson, 2002; Voss et al., 2017,
Zelinsky & Loschky, 2005). How a person moves their eyes
when scanning the visual world is directly related to their
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perceptual experience, with far-reaching implications for
health, safety, and well-being.

The ability to strategically shape how a person moves their
eyes when scanning a scene has manifold potential benefits.
There are many situations and professions in which efficient
visual search is critical, including radiologists scanning an
image for cancer (Aizenman et al., 2017; Brennan et al.,
2018; Reingold & Sheridan, 2011), Transportation Security
Administration officers scanning baggage for contraband
(Halbherr et al., 2013; Mitroff et al., 2018), air traffic control
officers monitoring flight patterns for safety (Ahlstrom &
Friedman-Berg, 2006), and military personnel or emergency
responders searching for a potential threat (Crundall et al.,
2003). Efficiently extracting visual information through eye
movements also has implications for optimizing the effective-
ness of education and instruction practices, which often rely
on visual media to communicate complex concepts (Yuan
et al., 2019). Eye movements can be abnormal for a wide
variety of reasons, from visual neglect following stroke
(Kinsbourne, 1987), to amblyopia (Ciuffreda et al., 1991), to
atypical eye movement patterns linked to schizophrenia
(Holzman et al., 1973). In these contexts, effective methods
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for curbing abnormal eye movement patterns have potential
clinical utility (Levi & Li, 2009; Malhotra et al., 2013; Russell
et al., 2008). In these and other ways, training more optimal
eye movement patterns could have broad benefits for maxi-
mizing human ability, performance, and learning.

Unfortunately, training eye movement patterns in visual
search is notoriously difficult. Individuals often have limited
awareness of how they move their eyes (Chun & Jiang, 1998;
Horowitz & Wolfe, 1998; Reingold & Sheridan, 2011; Vo
et al., 2016), limiting the effectiveness of verbal or pictorial
instruction concerning eye movements. Providing pictures
showing people where and how to look while searching can
have some utility (Litchfield et al., 2008, 2010; Vitak et al.,
2012), but such an approach to training is typically limited to
simple rules for orienting and requires the active engagement
of an explicit strategy that is accessible to awareness
(Auffermann et al., 2015a, 2015b; Carroll et al. 2013;
Chapman et al., 2002; Koenig et al., 1998; Kok et al., 2016;
Litchfield et al., 2008, 2010; Nickles et al., 1998, 2003;
Pradhan et al., 2009; Vitak et al., 2012). This limits the scope,
flexibility, and generalizability of training (Drew & Williams,
2017; Kok et al., 2016; Kramer et al., 2019; Peltier & Becker,
2017).

Conditioning via reinforcement has been robustly applied
to object-based (Anderson et al., 2011, 2014; Della Libera &
Chelazzi, 2009; Donohue et al., 2016; Hickey & Peelen, 2015;
Shomstein & Johnson, 2013; Kim & Anderson, 2019) and
space-based orienting (Anderson, 2015; Anderson & Kim,
2018a, 2018b; Chelazzi et al., 2014; Hickey et al., 2014),
curbing the frequency of eye movements targeting particular
objects and locations. However, such an approach has not
been applied to directional eye movements per se outside the
context of an oculomotor decision-making task (Liao &
Anderson, 2020), owing in part to the challenge of linking
eye movements themselves to outcomes with the temporal
precision necessary to distinguish which eye movement trig-
gered a given outcome during naturalistic viewing. The ability
to effectively train eye movement patterns through outcome-
based learning would have the potential to shape visual scan-
ning behavior in a way that does not depend on explicit strat-
egy (and can even operate without awareness), can be applied
to a variety of complex eye movement patterns that are not
easily communicated through explicit instruction, and gener-
alizes to untrained contexts and visual search tasks. This last
point—generalizability—is particularly important if eye
movement training is going to have a meaningful impact in
everyday life, beyond the often narrow and artificial context
experienced during training in a laboratory or clinic.

In the present study, I introduce a novel approach to the
shaping of eye movements through training using aversive
conditioning with near-real-time feedback. Participants view
images of scenes and try to commit the details of each scene to
memory, and are informed that they will periodically receive a
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mild electric shock during the task. Unbeknownst to the par-
ticipant, the shocks are related to how they move their eyes.
Eye movements exceeding a minimal amplitude in a particular
direction (Experiment 1) or of a particular amplitude regard-
less of direction (Experiment 2) probabilistically result in an
electric shock, which is delivered very rapidly after the eye
movement is made. Results demonstrate that this feedback
manipulation shapes the frequency of leftward compared to
rightward eye movements (Experiment 1) and the frequency
of low- compared to high-amplitude saccades (Experiment 2),
depending on which is paired with shock, in a manner that (a)
proceeds without awareness of the relationship between
shocks and saccades, (b) persists into extinction, and (c) gen-
eralizes to the viewing of novel images.

Methods
Experiment 1

Participants Thirty participants were recruited from the Texas
A&M University community. Participants were compensated
with course credit. All reported normal or corrected-to-normal
visual acuity and normal color vision. All procedures were
approved by the Texas A&M University Institutional
Review Board and conformed with the principles outlined in
the Declaration of Helsinki. Given the novelty of the experi-
mental paradigm, there was no clear basis for estimating sam-
ple size; the chosen sample size would yield power (1-3) > 0.9
using the effect size for the influence of reward learning on
saccades during free viewing of images (d = 1.65 and 0.75 in
Anderson & Kim, 2018a, 2018b, respectively), which seemed
like the closest analogue.

Apparatus A Dell OptiPlex equipped with MATLAB soft-
ware and Psychophysics Toolbox extensions (Brainard,
1997) was used to present the stimuli on a Dell P2717H mon-
itor. The participants viewed the monitor from a distance of
approximately 70 cm in a dimly lit room. Eye position was
monitored using an EyeLink 1000 Plus desktop mount eye
tracker (SR Research). Head position was maintained using
an adjustable chin and forehead rest (SR Research). Electric
shocks were delivered through an isolated linear stimulator
under the constant current setting (STMISOLA, BioPac
Systems) using paired electrodes (EL500, BioPac Systems).

Delivery of shock and calibration of shock intensity Electric
shocks were delivered via two electrodes attached to partici-
pants’ left forearm. Prior to completion of the training phase,
shock intensity was individually calibrated by gradually in-
creasing it to a level that participants self-reported as “uncom-
fortable but not painful” (as in, e.g., Gregoire et al., 2020; Kim
& Anderson, 2020a, b; Kim et al., 2020). The resulting
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intensity of electrical stimulation was used for the training
phase. Each shock, during both calibration and the training
phase, consisted of an electrical pulse 2 ms in duration.

Training phase Each trial consisted of a fixation display
followed by the presentation of a whole-screen image of an
indoor scene. The fixation display, which consisted of a cen-
tral white plus sign presented against a black background,
remained on screen until eye position was registered within
1.4° of the center of the fixation cross for a continuous period
of 500 ms (as in, e.g., Anderson & Kim, 2019a, 2019b). This
was to ensure that (a) eye position was properly calibrated and
(b) each scene was presented with eye position beginning in
the middle of the scene. Each scene (46.4° x 27.3° visual an-
gle) was presented for 12 s. Participants were instructed to
look over the scenes carefully in order to commit the details
of each scene to memory for a later memory test, and that they
would have multiple opportunities to view each scene. They
were also informed that they would periodically receive a mild
electric shock, but they were not informed of any relationship
between shock and eye movements (see Fig. 1). The training
phase consisted of two blocks each consisting of 24 trials.
Eight different indoor scenes were used, which were taken
from the CB Database (Sareen, Ehinger, & Wolfe, 2016); each
scene was therefore presented three times during each block.

Test phase The test phase was identical to the training phase,
with the following exceptions. Participants were informed that
shocks would no longer be delivered and were disconnected
from the linear isolated stimulator. Twelve different scenes

Fig. 1 Example trial with eye position over time indicated by black
arrows (directional saccades) and blue circles (areas of fixation). In this
example, leftward saccades exceeding 11.6° in amplitude, indicated with

were now used, four new scenes taken from the same database
in addition to the same eight scenes used during training. The
duration of scene presentation on each trial was shortened
from 12 s to 6 s, and the number of trials per block was
increased to 36. Participants again completed two blocks of
the task.

Memory test Participants were presented with images that
matched those that were viewed during the experiment in
addition to left-right mirror-reversed versions of those same
scenes. Participants were instructed to press the “m” key if the
scene matched one that they had previously viewed and the
“z” key if it was a mirror reversal. Text reminding participants
of the button-to-response mapping remained at the bottom of
the screen throughout the memory test. Each scene and its
mirror reversal were presented twice during the memory test,
for a total of 48 trials. Trials were untimed. The memory test
was not designed to be difficult and was merely included as a
check that participants were attentive during the training and
test phases.

Awareness assessment At the end of the experiment, partici-
pants were asked to write down a short summary (five
sentences or less) describing what they thought the purpose
of the experiment was. The specific prompt was: “In 5
sentences or less, describe what you think the purpose of this
experiment was. What do you think the researchers are test-
ing? Please provide your best guess, even if you really feel like
you have no idea.” Participants entered their responses into a
word processor. Responses were assessed for any indication

a lightning bolt, are probabilistically followed by an electric shock
immediately upon detection

@ Springer



Behav Res

that the participant thought that shocks were related to how
they looked at the images.

Procedure Participants completed shock calibration, two
blocks of the training phase, two blocks of the test phase,
the memory test, and the awareness assessment in that order.
For half of participants, rightward saccades could result in an
electric shock, whereas for the other half of participants, left-
ward saccades could result in shock (see below for additional
details concerning the specific criteria for delivery of shock).
The entire experiment took approximately 50 minutes to
complete.

Measurement of eye position and delivery of electric shock
Eye position was calibrated prior to each block of the task
using a nine-point array (3 x 3 grid), and was manually drift-
corrected by the experimenter as necessary during the fixation
display (as described above, a trial could not begin until
500 ms of continuous fixation at the center of the screen was
acquired). Saccades were defined as occurring when velocity
exceeded 35°/s and acceleration exceeded 9500°/s2, consistent
with prior research on the effects of reward learning on eye
movements during scene viewing (Anderson & Kim, 2018a,
2018b). Using these parameters, saccade events from the
parsed EyeLink data were read into the MATLAB script con-
trolling stimulus presentation using the EyeLink functions for
the Psychophysics Toolbox.

Naturally, there is a brief delay between the end of a sac-
cade and when the end is detected, as samples need to be
accumulated before the beginning of the end can be identified,
but even with this natural limitation, timestamps generated
during testing of the paradigm indicate that the end of a sac-
cade is detected by the computer controlling stimulus presen-
tation within 35 ms of the moment the saccade was deter-
mined to have ended by the EyeLink event parser (which
back-logs to the actual estimated end point once a sufficient
number of samples have been measured to indicate it). This
testing was accomplished by having the computer controlling
stimulus presentation send an event marker to the computer
controlling the eye tracker immediately upon registration of a
saccade and comparing the time of the event marker to the
time at which the saccade was logged as having ended by the
EyeLink event parser. Note that this is a conservative estimate,
as it includes the additional time required to send an event
marker back to the computer controlling the eye tracker,
which only occurred in testing. In the experiment, the end
point of the measured saccade was compared to the starting
point (both available in the end-of-saccade event in the parsed
data), and if the amplitude of the saccade exceeded 11.6°
(25% of the image extent) in one of two directions (left or
right, counterbalanced across participants), a shock was deliv-
ered with 33% probability immediately upon detection (see
Fig. 1). Pilot data without the inclusion of shock suggested

@ Springer

that this criteria would result in approximately 50 shocks per
participant over the course of the entire study (mean number
of shocks delivered in the actual experiment: 52.7).

Shock was chosen for the unconditioned stimulus used to
shape behavior given that it is felt almost immediately upon
delivery. Given the speed with which electricity travels and
the speed with which the MATLAB trigger for the linear
isolated stimulator can be generated upon the command to
do so (measured between 9 and 12 ms over 25 tests using
the present apparatus), the electrical pulse should reach the
participant in under 50 ms of the eliciting saccade, safely
before the next saccade can be programmed and executed,
especially under naturalistic viewing conditions involving
scene stimuli in which fixations are predominantly goal-
directed (see, e.g., Hayhoe & Ballard, 2005; Henderson,
2003; Henderson & Choi, 2015). In order to avoid detecting
blinks that trigger a saccade event or saccades not related to
task performance, saccades with start and/or end points falling
outside the area within which the images were presented (i.e.,
the computer monitor) were ignored.

Analysis of eye movements Saccades exceeding 25% of the
image extent in amplitude in any direction during the
period that an image was on the screen were recorded
by the computer controlling stimulus presentation. The
direction of each such saccade was coded based on the
direction that had the higher amplitude with respect to the
cardinal directions of up, down, left, and right using the
x,y position of the eye (i.e., using a 45° cutoff). Of par-
ticular interest was the first saccade for each image pre-
sentation that exceeded 25% of the image extent in any
direction (i.e., was of a high enough amplitude to elicit a
shock if in the trained direction) given that (a) aversive
conditioning tends to most strongly affect early saccades
(Anderson & Britton, 2020; Britton & Anderson, 2020;
Kim & Anderson, 2020b; Nissens et al., 2017) and (b) a
high-amplitude saccade in one direction makes it much
more likely that the next high-amplitude saccade will be
in the opposite direction given the task of viewing the
entire image (as each such saccade necessarily brings
eye position closer to the edge of the screen in that direc-
tion), making the total frequency of saccades in different
directions likely to be less informative. From a transla-
tional standpoint, early saccades are especially important
in situations in which search time is limited and a target
must be found quickly, and so the ability to shape the
direction specifically of early saccades has clear utility.
Once coded as described above, the frequency (proportion)
of the first saccade exceeding 25% of the image extent in
amplitude was determined for each of the four cardinal direc-
tions for each participant. Then, the difference between left-
ward and rightward saccades was computed and compared
between the two training conditions (leftward vs. rightward
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saccades associated with shock) using an independent-
samples ¢ test. In addition, the landing point of each initial
saccade exceeding 25% of the image extent in amplitude in
any direction was plotted (with the starting point anchored to
the center of the screen) to visualize the results of training on
the spatial distribution of eye movements.

Experiment 2

Participants Forty new participants were recruited from
the Texas A&M University community. Participants
were compensated with course credit. All reported nor-
mal or corrected-to-normal visual acuity and normal col-
or vision. All procedures were approved by the Texas
A&M University Institutional Review Board and
conformed with the principles outlined in the
Declaration of Helsinki.

Apparatus and experiment task The apparatus, delivery and
calibration of shock intensity, training phase, test phase, mem-
ory test, awareness assessment, and procedure were identical
to Experiment 1 with the exception of how shock was deter-
mined from eye movements as described below.

Measurement and analysis of eye position and delivery of
electric shock The same procedure was used for reading in
eye position data and on-line coding of saccades, except
that in this experiment, saccades were coded for amplitude
regardless of direction. For half of participants, high-
amplitude saccades could trigger shock, whereas for the
other half of participants, shocks only followed low-
amplitude saccades. If the amplitude of a saccade exceeded
15.5° in the x-dimension or 9.1° in the y-dimension (33%
of the image extent) in any direction, it was coded as a
high-amplitude saccade. If the amplitude of a saccade fell
below 5°, it was coded as a low-amplitude saccade (sac-
cades falling between these amplitude thresholds were not
coded and were ignored). Based on pilot data, the proba-
bility of shock following a high-amplitude saccade for par-
ticipants in the high-amplitude shock condition was set to
25% (mean number of shocks delivered in the actual ex-
periment: 37.4). Since low-amplitude saccades were ex-
pected to in general be much more frequent than high-
amplitude saccades given the nature of the scene viewing
task, participants for whom low-amplitude saccades were
associated with shock were yoked to participants in the
high-amplitude condition. Specifically, each participant in
the low-amplitude condition received the same number of
shocks per trial as a yoked participant in the high-
amplitude condition, which were delivered following
low-amplitude saccades as defined above. The difference
between the frequency of low- and high-amplitude sac-
cades was compared across training conditions.

Results
Experiment 1

Awareness assessment and memory test Only one participant
made any statement relating shock to how they moved their
eyes in the task. Most participants thought the experiment was
about the effects of electric shock on memory for the scenes
and/or whether they better remembered the parts of the scenes
they looked at. Subsequent analyses focus on the 29 partici-
pants who did not give any indication of awareness
concerning the relationship between shock and eye move-
ments. Mean accuracy in the memory test was 97.5%, sug-
gesting that participants viewed the images attentively.

Eye movements In the training phase, the balance between
leftward and rightward saccades differed by training condition
(see Fig. 2), with the frequency of saccades in the trained
direction being reduced, #27) = 3.29, p = 0.003, d = 1.23
(see Fig. 3). The same pattern was observed in the test phase,
both computed over all trials, #(27) =3.49, p =0.002, d = 1.29,
and when restricting analyses to eye movements made during
the viewing of novel images, #27) =4.17, p < 0.001, d = 1.55
(see Table 1).

Experiment 2

Awareness assessment and memory test No participant made
any statement relating shock to how they moved their eyes in
the task. Once again, most participants thought the experiment
was about the effects of electric shock on memory for the
scenes and/or whether they better remembered the parts of
the scenes they looked at. Mean accuracy in the memory test
was 96.9%, suggesting that participants viewed the images
attentively.

Eye movements In the training phase, the balance between
low- and high-amplitude saccades differed by training condi-
tion, with the frequency of saccades of the trained amplitude
being reduced, #38)=2.70, p=0.010, d = 0.86 (see Fig. 4). A
similar pattern was observed in the test phase, being margin-
ally significant when computed over all trials, #(38)=1.89, p =
0.066, d = 0.60, and significant when restricting analyses to
eye movements made during the viewing of novel images,
#(38) = 2.08, p = 0.044, d = 0.66 (see Table 2).

Discussion
By utilizing electric shock, an unconditioned, naturally aver-
sive stimulus that can be triggered and delivered to a partici-

pant very rapidly, it is possible to provide near-real-time feed-
back with respect to eye movements. With software that
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Table 1
associated with shock. Standard deviations are in parentheses

Frequency (proportion) of leftward and rightward saccades in the test phase of Experiment 1 as a function of the direction previously

Leftward saccades previously associated with shock

Rightward saccades previously associated with shock

Left Right

Left Right

0.196 (0.078)
0.260 (0.053)

All scenes

Novel scenes only

0.562 (0.108)
0.494 (0.070)

0.338 (0.077)
0.351 (0.066)

0.483 (0.078)
0.434 (0.082)

quickly identifies and outputs information about saccades (the
commercial software running on the EyeLink computer) and
software that quickly reads in this information and triggers
shock on the basis of the direction and amplitude of saccades
(implemented in MATLAB using the EyeLink functions for
the Psychophysics Toolbox), aversive feedback can be ap-
plied as a consequence of a particular saccade before a subse-
quent saccade can be generated. This is important, as it allows
for a tight temporal coupling between the aversive outcome
and the specific behavior responsible for eliciting it, which is
known to facilitate efficient learning (e.g., Cohen, 1968;
Lerman & Vorndran, 2002; Jones, 1962).

Using this novel oculomotor conditioning procedure, it is
possible to shape eye movements in a manner that does not
seem to depend on awareness of shock contingencies or ex-
plicit strategy, persists into extinction, and generalizes to the
viewing of stimuli that were never paired with the aversive
outcome. In these respects, aversive conditioning with near-
real-time feedback offers advantages over alternative ap-
proaches to eye movement training that rely more on explicit
instruction and strategy (Auffermann et al., 2015a, 2015b;
Carroll et al. 2013; Chapman et al., 2002; Koenig et al.,
1998; Kok et al., 2016; Litchfield et al., 2008, 2010; Nickles
etal., 1998, 2003; Pradhan et al., 2009; Vitak et al., 2012). The

Fig. 2 Heat map depicting the landing point of the first saccade
exceeding 11.6° in amplitude (the amplitude required to elicit shock) in
any direction in the training phase of Experiment 1, rotated 180° for the
participants in the right-saccade training condition such that the shock-
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magnitude of the bias was modest in the present study,
amounting to a change in the frequency of leftward and right-
ward saccades of less than 10% in each direction (Experiment
1) and a change in the frequency of high- and low-amplitude
saccades of less than 15% each (Experiment 2).

A number of prior studies have paired electric shock with
particular objects, which produces a bias to orient toward
shock-associated objects, which is thought to reflect an auto-
matic attentional bias that facilitates threat detection (e.g.,
Anderson & Britton, 2020; Kim & Anderson, 2020b;
Nissens et al., 2017; Schmidt et al., 2015). Such object-
specific biases can affect early saccades (Nissens et al.,
2017). The oculomotor biases observed in the present study
cannot be explained by object-specific orienting given that
they transfer to the viewing of novel scenes. With regards to
this distinction, it is also noteworthy that shock reduced the
frequency of associated saccades, which contrasts with the
aforementioned studies in which training increases the fre-
quency of eye movements toward a shock-associated object.
This is consistent with the distinction between associative
learning and instrumental conditioning that has been sug-
gested in the reward and attention literature, with orienting
toward reward-predictive objects being driven by the former
(Bucker & Theeuwes, 2017; Kim & Anderson, 2019; Le

Frequency of saccades (z-score)

associated direction is always to the left. The fixation cross represents the
starting point of the saccade (which was not necessarily the center of the
screen)
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Pelley et al., 2015; Sali et al., 2014) and orienting toward
reward-predictive regions of space (Anderson & Kim,
2018a, 2018b) or in reward-predictive directions (Liao &
Anderson, 2020) being driven by the latter; in the present
study, it appears that aversive conditioning is shaping
orienting behavior as a punishable action, mirroring how re-
ward can potentiate orienting behavior that is spatial in nature.
Given how the saccade—shock contingencies were de-
fined in the present study, being independent of the starting
position of the eyes in Experiment 1 and being entirely
independent of direction in Experiment 2, coupled with
the fact that the trained bias was evident during the view-
ing of novel images, it is unlikely that the observed biases
can be explained by a tendency to avoid saccading to spe-
cific spatial locations. Instead, it would seem that oculo-
motor plans per se were modulated by punishment learn-
ing. Similarly, given these same considerations, it would
seem that training exerted its influence on saccades
targeting a location defined in retinotopic space rather than
a location defined spatiotopically or in allocentric space,
consistent with how habit learning driven by target loca-
tion probability influences spatial orienting (Jiang &
Swallow, 2013). As shifts of covert attention typically pre-
cede eye movements (e.g., Deubel & Schneider, 1996;
Hoffman & Subramaniam, 1995), the reported approach
to eye movement training might also result in a shift in
the spatial distribution of covert attention when the eyes
are fixated, although understanding any influence on co-
vert attention would require dedicated experimentation.

Table 2.
associated with shock. Standard deviations are in parentheses

_ 0:5 1 Rightward Saccades Associated with Shock
C
o -
204
o
Q.
003 -
=
3 0.2 -
c
(9]
=
50.1 4 .
w
O -

down left
Direction of Initial Saccade

right

a function of training condition in Experiment 1. Error bars represent the

The approach to eye movement training reported in the
present study offers advantages unique to conditioning tech-
niques. Most prominently, it shapes oculomotor behavior in a
manner that can persist without the need to consciously en-
gage a particular top-down attentional strategy. This has im-
portant translational implications, as conscious strategies can
themselves be cognitively effortful and attentionally demand-
ing (e.g., Botvinick & Braver, 2015; Irons et al., 2017; Walton
et al. 2003; Weissman et al., 2006) and potentially take focus
off of the very task that the strategy is intended to facilitate,
and such strategies are also difficult to effectively teach given
that individuals have limited awareness of how they move
their eyes and therefore how effectively they are engaging
the strategies (Chun & Jiang, 1998; Horowitz & Wolfe,
1998; Reingold & Sheridan, 2011; Vo et al., 2016). The fact
that the trained bias can generalize to the viewing of novel
images indicates some promise in generating a bias that will
extend beyond the narrow confines within which it is learned.

The present study serves as a proof-of-concept concerning
anovel approach to the training of eye movements, and many
important questions remain to be answered. How long can the
trained bias persist into extinction, and how far can it gener-
alize? Are their modifications to the training technique that
could maximize persistence and generalizability? Can more
complex aspects of oculomotor behavior be trained, such as
sequences of eye movements? It is unlikely that training
something as broad as a left-right directional bias would have
much translational potential; training specific sequences of
eye movements would be necessary to maximize the

Frequency (mean total) of low- and high-amplitude saccades in the test phase of Experiment 2 as a function of the amplitude previously

Low-amplitude saccades previously associated with shock

High-amplitude saccades previously associated with shock

low high low high
All scenes 941.2 (142.3) 129 (41) 1039.4 (181.3) 0125.2 (34.5)
Novel scenes only 320 (46.6) 43.5 (12.7) 353.6 (61.6) 384 (12.2)
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Fig.4 Frequency (mean total) of low- and high-amplitude saccades as a function of the amplitude associated with shock during training in Experiment 2.

Error bars represent the SEM

translational potential of this technique with respect to the
real-world issues outlined in the Introduction. For example,
when scanning a radiological image for cancer or an image of
a bag for contraband, perhaps punishing saccades returning to
a previously fixated location, at least during the early stages of
search, would facilitate more complete visual search and
would result in fewer search misses. Similarly, perhaps initial-
ly encouraging high-amplitude saccades during search follow-
ed by shorter-amplitude saccades later in search, by punishing
the converse, could facilitate an initial search of global image
characteristics followed by more detailed search of areas of
identified interest—an approach to search that could have
benefits over a search pattern that more frequently switches
back and forth between the two levels. More empirically
speaking, it might be possible to take the eye movement pat-
terns of individuals who exhibit exemplary search perfor-
mance and train the eye movements of others to more closely
conform to this pattern by punishing deviations from the pat-
tern of a certain magnitude.

Also important to establishing the translational potential of
the approach to training introduced in the present study would
be to demonstrate a situation in which behavioral performance
in a visual search task is improved as a result of training. That
is, a further-refined approach would need to be tested in the
specific context and/or for the specific population it is
intended to benefit, with measurable results in the speed or
accuracy of search. The delivery of electrical stimulation for
the purposes of conditioning also has somewhat limited trans-
lational appeal, requiring the use of a device that cannot be
easily implemented in home or school settings by individuals
without appropriate training; future research could explore
ways of implementing the near-real-time concept using re-
ward feedback, although there are logistical challenges to be
worked out concerning how to communicate the reward in a
manner that could be sufficiently processed before a subse-
quent saccade could be generated. Electrical stimulation was
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chosen for the present study because it can be so rapidly de-
livered and perceived, and it is unclear how much slower the
processing of feedback could be before the conditioning pro-
cedure loses its effectiveness.

Conclusion

Using a technique involving electrical stimulation, the present
study offers a solution to the problem of how to effectively
condition eye movements during naturalistic visual search,
with demonstrated potential. By integrating the online analy-
sis of eye position with the generation of an electrical pulse, it
is possible to achieve very rapid feedback conducive to the
learning of associations between eye movements and aversive
outcomes. Much remains to be studied concerning the ulti-
mate reach of this technique in influencing eye movements
and resultant behavioral performance in visual search tasks, as
discussed above. The present study offers an important proof
of concept with respect to the use of near-real-time feedback
to train oculomotor behavior, which holds promise in over-
coming multiple limitations of other approaches to eye move-
ment training.
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