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Abstract

A hotly debated question is whether memory influences attention through conscious or
unconscious processes. To address this controversy, we measured eye movements while
participants searched repeated real-world scenes for embedded targets, and we assessed memory
for each scene using confidence-based methods to isolate different states of subjective memory
awareness. We found that memory-informed eye movements during visual search were predicted
both by conscious recollection, which led to a highly precise first eye movement toward the
remembered location, and by unconscious memory, which increased search efficiency by
gradually directing the eyes toward the target throughout the search trial. In contrast, these eye
movement measures were not influenced by familiarity-based memory (i.e., changes in
subjective reports of memory strength). The results indicate that conscious recollection and
unconscious memory can each play distinct and complementary roles in guiding attention to

facilitate efficient extraction of visual information.
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1. Introduction

How people move their eyes can provide important clues about the contents of their
mind. For example, how the eyes move while viewing an object or scene can differ for
previously encountered items compared to those that are novel, suggesting that eye movements
can be used to reveal memory for prior experiences (Althoff & Cohen, 1999; Hannula, 2010;
Kafkas & Montaldi, 2012; Ryan, Hannula, & Cohen, 2007). Interestingly, there is evidence that
eye movements may reveal influences of memory even when participants have no conscious
awareness of that memory (Hannula, 2010; Hannula, Baym, Warren, & Cohen, 2012; Henderson
& Hollingworth, 2003; Hollingworth, Williams, & Henderson, 2001; Ryan, Althoff, Whitlow, &
Cohen, 2000; Smith & Squire, 2017). Whether these effects are truly due to conscious or
unconscious memory, however, is hotly contested, because other studies have found that eye
movement differences between new and previously viewed items are limited to trials in which
participants are aware of their memory for the items (Smith, Hopkins, & Squire, 2006; Smith &
Squire, 2008).

The debate about conscious and unconscious influences on visual attention has been
particularly lively in the literature on contextual cueing—a paradigm in which participants search
for a target letter in an array of distractors (Chun & Jiang, 1998). Repetition of the array and
target combination leads to performance improvements due to memory for the context (i.e., the
array of distractors), as evidenced by a decrease in response time, a more accurate first eye
movement toward the target location, and a decrease in the number of eye movements needed to
reach the target (Peterson & Kramer, 2001). Improved search performance in this task is often
attributed to unconscious memory, because when participants are subsequently asked if they
recognize the studied arrays, they report little or no memory for those arrays (Chun, 2000; Chun

& Jiang, 1998; Chun & Phelps, 1999; Johnson, Woodman, Braun, & Luck, 2007). However,



because these recognition tests did not probe memory confidence and are typically based on
small numbers of trials, the failure to find a relationship with conscious memory could be
attributed to imprecise memory probes and insufficient power (Goujon, Didierjean, &
Marmeche, 2007; Schlagbauer, Muller, Zehetleitner, & Geyer, 2012; Smyth & Shanks, 2008).
Moreover, in contextual cueing studies using realistic scenes as contexts, participants report
recognizing the scenes well above chance after the conclusion of the study (Brockmole &
Henderson, 2006a, 2006b). It is therefore currently unknown whether the improvements in
search performance from contextual cueing are due to conscious memory, or to unconscious
memory. Furthermore, it is not known whether conscious and unconscious memory might be
able to influence eye movements in different ways.

1.1 Current Research

In the present experiment, we investigated these possibilities by combining a contextual
cueing paradigm with a confidence-based recognition method to isolate different states of
subjective memory awareness, and used eyetracking to examine different patterns of eye
movements during search. Participants first completed a learning phase where they searched
realistic scenes for embedded target letters, indicating when they identified the letter (i.e., either
a “T” or an “L”). During the subsequent test phase (see Fig 1), participants were presented with
a mixture of old scenes (i.e., scenes that had been encountered in the earlier learning phase) and
new scenes; for each scene, they first made a recognition judgment, and then searched for the
target letter as they did in the learning phase. Memory awareness was measured by asking
participants to rate memory confidence for each scene on a 6-point scale during the recognition
judgment. For each of these test scenes, participants were told that if they could consciously
recollect some qualitative aspect of the initial learning event, such as what they thought about

when the scene was encountered earlier, they should respond “Recollect old (6);” otherwise, they



rated their memory confidence by responding “I’m sure it’s old (5),” “Maybe it’s old (4),” “I
don’t know (3),” “Maybe it’s new (2),” or “I’m sure it’s new (1).”

To isolate eye movement patterns related to unambiguously unconscious memory, we
examined the scenes that participants were confident had not been studied (i.e., receiving a
response of “I’m sure it’s new”), and in this way we excluded any scenes for which there was
even a weak sense of conscious memory (i.e., the “maybe it’s old’, “I don’t know” and “maybe
it’s new” trials). Conversely, to assess eye movement patterns that were related to
unambiguously conscious memory, we examined the old scenes that were confidently recognized
as studied and for which participants reported being able to retrieve specific details about the
study event (i.e., “recollect old”). We also examined intermediate levels of memory confidence
to determine if memory strength might be related to eye movement patterns in a manner similar
to conscious or unconscious memory. There is evidence from behavioral and neural studies that
intermediate-confidence recognition responses may rely on a familiarity process that is distinct
from conscious recollection (e.g., Eichenbaum, Yonelinas, & Ranganath, 2007; Yonelinas, 2002,
but also see Donaldson, 1996), but whether they are related to distinct types of eye movements is
not yet clear (e.g., Kafkas & Montaldi, 2011, 2012; Sharot et al., 2008).

The influences of the above memory processes on contextual cueing performance were
assessed in the present study using two eye movement measures, which have been shown to be
sensitive to contextual cueing effects and are reflective of eye movement behavior at distinct
points in the search process. To assess search-relevant behavior early in the trial, we measured
the degree error of the first eye movement in a trial (i.e., first saccade accuracy) in terms of
whether it was aimed toward the target, similar to the measure used by Peterson & Kramer
(2001). To assess search processes that take place throughout the course of the trial, we

measured scanpath efficiency—the efficiency of the overall search path—by dividing the total
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distance traveled by the shortest possible path to the target (Castelhano & Henderson, 2007). We
expected that both of these eye movement measures of performance would be improved for
scenes that were repeated compared to scenes that were new, and would thus reflect influences of
memory.

Given the ambiguity of the existing literature regarding the role of conscious and
unconscious memory in eye movement guidance, we did not have strong a priori predictions
about how the eye movement measures would be related to reports of memory awareness.
However, a number of different outcomes would be of theoretical interest. For example, the
findings may show that eye movements are related selectively to either conscious or unconscious
memory, which would be useful in resolving the debate about whether eye movements reflect
conscious or unconscious memory processes. Conversely, both conscious and unconscious
memory may influence each of the eye movement measures, suggesting that the influence of
memory on eye movements may not clearly dissociate along the lines of conscious awareness.
Finally, conscious and unconscious memory may be related to distinct types of eye movements,

suggesting that conscious and unconscious memory processes may contribute to visual search in

distinct ways.
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Figure 1. Test phase trial. In each test phase trial, participants saw a preview of a scene without its target,
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then reported whether they remembered viewing the scene in the learning phase. They subsequently searched the



scene again as they did in the learning phase. (A) The preview of the scene, which did not contain the target letter.
(B) A schematic of the recognition judgment probe; participants were asked to rate their memory for the scenes on a
1-6 scale capturing varying levels of confidence. (Note that colors and spacing for “Recollect old” and “I’m sure it’s
new” responses are used for the sake of illustration; they were not visually unique from the other responses in the
actual memory probe.) (C) The scene presented again for the subsequent search task; a zoomed in view of the target

letter (“L”) is provided for visualization purposes.

2. Materials and Methods

2.1 Participants

Twenty-six undergraduate students were recruited from the participant pool at the
University of California, Davis. Three participants did not meet criteria for high-quality
eyetracking (i.e., at least 75% signal, such that the eyetracker was able to record the position of
the eyes at least 75% of the time) and were excluded from analysis. Signal in the 23 participants
included in the analyses was 93% on average. The included sample exceeded the sample size
needed to detect the weakest effects previously reported in similar studies with 95% power. All
participants had normal or corrected-to-normal vision and participated in exchange for course
credit. Informed consent was obtained from all participants.

2.2 Stimuli

Stimuli consisted of 160 digital photographs of real-world indoor and outdoor scenes (Fig
1). Each scene contained a small grey “L” or “T” as the search target. The search targets were
randomly placed using a custom MATLAB script to ensure an even distribution of target
locations across scenes, with the center region (160x160px) and periphery of the scenes (outer
15%) excluded as possible target locations. Scenes were subsequently manually inspected, and if
targets were not visible, they were moved to the nearest possible point at which they were
visible. This procedure resulted in targets with x-coordinates ranging from 154px to 871px, and

y-coordinates ranging from 115px to 653px. The initial scene set consisted of 300 scenes, and



these scenes were subsequently normed for search difficulty; the final set of 160 scenes was
produced by eliminating the easiest and most difficult scenes. For a given scene, the identity of
the target letter was consistent and appeared in the same location across presentations.

Of the 160 scenes, 64 scenes were presented once in the learning phase (i.e., 1x scenes),
64 scenes were presented three times in the learning phase (i.e., 3x scenes), and 32 scenes served
as lures in the test phase (i.e., new scenes). To minimize any stimulus effects, two
counterbalances were used: assignment of scene to condition was counterbalanced such that each
scene appeared in two of these three possible conditions (1x, 3x, new) across participants. That
is, across participants, each scene appeared as a 1x and new scene, a 1x and 3x scene, or a 3x and
new scene.
2.3 Apparatus

Participants sat 85cm away from the screen, such that scenes spanned approximately
25°x19° of visual angle at a resolution of 1024x768 pixels. Targets spanned approximately
0.27°x0.27° of visual angle. Eye movements were recorded using an SR research Eyelink 1000+
tower mount eyetracker, which sampled at 1000Hz. Eye movements were measured from the
right eye, although vision was binocular, and a chin and forehead rest were used to prevent head
movements. Participants’ eye movements were tracked throughout the experiment.
2.4 Procedure

The first half of the experiment consisted of a learning phase, during which participants
searched a series of scenes for their targets. Each scene was preceded by a fixation cross to
ensure that participants were looking at the center of the screen upon scene presentation.
Participants were asked to find the search target in each scene and use the keyboard to indicate

whether it was an “L” or a “T”. Each trial was terminated at response, or after 20s without



response. Participants were not aware that there would be a subsequent memory test and were
not told that scenes would be repeated.

The learning phase was comprised of 128 unique scenes, with 64 scenes presented once
(i.e. 1x scenes) and 64 scenes presented three times (i.e. 3x scenes), for a total of 256 trials. The
3x scenes were included to assess contextual cueing effects during the learning phase over
repeated searches. Based on prior research, we anticipated near-ceiling memory performance for
the 3x scenes, and therefore included the 1x scenes to generate a more even distribution of
recognition responses for the purposes of test phase analyses by memory type. The scenes were
randomly ordered throughout the learning phase with the constraint that at least 3 different
scenes were interleaved between repeated presentations of a given scene. The participants were
given short breaks every 50 trials and between the learning and test phases, and the eyetracker
was re-calibrated after each break to prevent drift. The delay between the end of the learning
phase and the start of the test phase instructions was approximately three minutes.

In the test phase (Fig 1), each trial started with a fixation cross, followed by a 400 ms
preview of a scene without its target; the scene was either one that had been presented in the
learning phase, or a new scene. Each preview was then replaced by a memory response screen.
Participants were given as long as they needed to provide a memory response indicating whether
or not they recognized the scene from the learning phase. Response options fell on a 1-5 and
recollect scale (Yonelinas, 2002) made up of “sure new”, “maybe new”, “don’t know”, “maybe
old”, “sure old”, and “recollect old”. Participants were instructed and tested on how to use this
scale prior to beginning the test phase. A response of “recollect old” indicated that a participant
could recall details of their experience of having seen the image in the learning phase. Examples
given to participants included remembering an emotion they felt during prior exposure to the

scene, and remembering ambient noise or sensations experienced while previously viewing the
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scene. The other responses fell on a continuous gradient ranging from no memory to strong
memory for a scene. Importantly, participants were instructed that a response of “sure old”
indicated high memory confidence comparable to that of “recollect old” responses, but without
the additional episodic details.

After the memory probe in each trial, participants were shown another fixation cross
followed by the same scene—this time with the search target included—and searched as they did
in the learning phase. The test phase consisted of 160 trials (128 old scenes and 32 lures), with
one trial for each unique scene.

2.5 Analysis

Statistical analyses were conducted using linear mixed effects models with crossed
random effects of participant and image, which allowed us to harness trial-by-trial (i.e., within-
subjects) data while controlling for individual differences and stimulus effects. The models were
estimated using the ImerTest package in R (Kuznetsova, Brockhoff, & Christensen, 2017), and
were fit using maximum likelihood. The degrees of freedom, estimated using the Satterthwaite

approximation, and ¢ values used were output by the linear mixed effects model for the variables

of interest. Effect sizes were calculated as classical Cohen’s d, as \/thf (Rosenthal & Rosnow,

1991). Trials with less than 75% signal were excluded from analysis (5% of trials).

The models for each analysis of the effects of memory on eye movements (section 3.2)
were specified by regressing the eye movement measure in question (i.e., first saccade accuracy,
scanpath ratio, or delta distance) on a memory variable, which depended on the type of memory
being assessed: conscious recollection, unconscious memory, or familiarity strength (see Table
1). In order to plot the data in a way that most directly reflects the analyses, Figures 2, 3a, and 4a
are derived from the linear mixed effects models. As such, the plotted means are estimated

marginal means, and the error bars represent the standard error of the estimated marginal means,



both derived from the models. This allows for both within- and between-subjects variance to be
taken into account, and controls for participant and stimulus effects. (However, the plots are

similar when the raw data is plotted. See Appendix for more details.)

Fixed effect: Memory contrast Random effects Included data
S " " " - . All old scenes given responses
Recollection: "Recollect" versus "Sure old Participant, image " N R
of "recollect" or "sure old
Unconscious memory: "Sure new" old scene versus All scenes, both old and new,

Participant, image

"Sure new" new scene given a "sure new" response

All old scenes except those

Familiarity strength: "Sure new" through "Sure old" Participant, image : " "
given a "recollect" response

Table 1. Linear mixed effects model specifications for each test phase analysis (section 3.2).
Individual trials were used, as opposed to aggregating the data by participant. In each model, the outcome was
the eye movement measure of interest (i.e., first saccade accuracy, scanpath ratio, or delta distance). The fixed
effect was the memory response given to a scene, or, in the case of unconscious memory, the old versus new
status of the scene. Random effects were selected a priori to control for potential confounding influences of
participant and scene, given the repeated measures design.

3. Results

3.1 Contextual cueing effects

Search speed. The learning phase included a mixture of scenes that were presented once,
which we used to examine memory in the subsequent test phase, and scenes that were presented
three times, which allowed us to examine contextual cueing effects prior to probing recognition
memory. For the scenes that were presented three times in the learning phase, participants
showed a significant increase in search speed across repeated presentations, #6410)=-16.84,
p<.0001, d=-0.42 (first presentation M=6030ms, third presentation M=3296ms), and repeated
scenes had faster search speed than new scenes in the test phase, #(2347)=-9.44, p<.0001, d=-
0.39, demonstrating the standard contextual cueing effect (Brockmole & Henderson, 2006a,

2006b).




Eye movement term

Description

Saccade

A movement of the eyes between two
locations. Represented as black lines in the
following figures.

First saccade accuracy

The accuracy with which the first saccade in a
trial was directed towards the target. Calculated
as the angular degree error between the vector
defined by the first saccade (from the center
starting point), and the vector defined by the
direct path to the target from the center
starting point. A higher degree error value
indicates that the first saccade was less
accurate. One degree error value was obtained
per trial.

Scanpath efficiency

The efficiency with which the eyes traveled to
the target throughout the course of the trial,
defined as the ratio of the eyes' actual path to
the shortest possible path to the target.
Calculated as the scanpath ratio, which is the
total distance traveled by the eyes in a trial
divided by the path directly from the center
starting point to the target. A value of one
indicates ideal performance, such that the
actual path was the same length as the ideal
path, and higher scanpath ratio values indicate
poorer performance. One scanpath ratio value
was obtained per trial.

Delta distance

The extent to which each saccade brought the
eyes closer to the target. Calculated as the
change in distance from the target that resulted
from a saccade, given in pixels. A positive value
indicates that the landing location of a saccade
was closer to the target than the starting
location of the saccade. One delta distance
value was obtained per saccade per trial. The
arrows represent saccades, with direction of
the saccade indicated.
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Table 2. Descriptions of eye movement measures and terms used. Figures are included to provide examples of high
and low values for each measure. In these figures, each black line (and arrow) represents a saccade. The white line
represents ideal performance, which serves as the comparison point in calculating first saccade accuracy and

scanpath efficiency.
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Figure 2. Improvement in eye movement measures for scenes presented three times in the learning phase, over the
course of the learning phase (presentations 1-3) and the test phase (presentation 4). Least-squares means controlling
for participant and image are plotted, and the error bars represent the standard error of these estimated means from

the model. (A) First saccade accuracy. (B) Scanpath efficiency.

Eye movements. To investigate the behavior of the first eye movement made in the search
process, first saccade accuracy was calculated as the degree error between the vector defined by
the first saccade and the vector defined by the ideal path to the target from the central fixation
cross (Table 2). Lower values indicate lower degree error and therefore better performance, such
that the first eye movement was aimed more directly towards the target. First saccade accuracy

improved across presentations in the learning phase (across presentations 1-3), #3834)=-2.37,



p=.018, d=-0.08, and throughout the experiment as a whole (across presentations 1-4), #(4971)=
-7.88, p<.0001, d= -0.22 (Fig 2a).

To investigate eye movement behavior throughout the search period, we quantified
scanpath efficiency over the course of the trial as the scanpath ratio (Castelhano & Henderson,
2007), the ratio of the observed scanpath to the most direct possible path to the target (Table 2).
Specifically, we defined scanpath ratio as the total distance travelled by the eyes in the course of
finding the target (calculated by summing the length of saccades) divided by the length of the
direct path from the starting point to the target. As such, a scanpath ratio of 1 indicates ideal
performance, such that the path taken by the eyes was the same length as the ideal path, whereas
higher scanpath ratio values indicate less efficient paths. Scanpath ratio also improved over the
course of the learning phase, #3379)=-14.73, p<.0001, d= -0.51, and throughout the entire
experiment, #(4317)=-18.65, p<.0001, d=-0.57, (Fig 2b).

Both first saccade accuracy and scanpath efficiency were also significantly better for
repeated scenes than new scenes in the test phase (first saccade accuracy: #(1515)=-5.87,
p<.0001, d=-0.30, scanpath efficiency: #2131)=-9.37, p<.0001, d=-0.41). Together, these
analyses suggest that the two eye movement measures improved as a result of contextual cueing,
and that these effects were observed even prior to the test phase in which recognition judgments
were required.

3.2 Behavior during the test phase

Memory accuracy. The percentage of scenes receiving a recognition confidence response

99 <6 99 ¢

corresponding to “recollect,” “sure old,” “maybe old,” “don’t know,” “maybe new,” and “sure
new,” respectively, were 41%, 34%, 10%, 6%, 5%, 4%, for scenes that were presented three
times during the learning phase; 11%, 24%, 14%, 12%, 19%, 20% for scenes presented once

during the learning phase; and 0.5%, 2.5%, 5%, 13%, 25%, 54% for new scenes. These results



indicate that participants recognized more of the old than new scenes, and they used the full
range of response confidence ratings. Only the scenes presented once in the learning phase and
the new scenes were used in each of the following test phase analyses.

First saccade accuracy. Figure 3a presents test phase first saccade accuracy, in terms of
degree error, as a function of memory response and type of scene (i.e., old versus new). To
determine whether first saccade accuracy was influenced by recollection, we examined the test
phase eye movement data from old scenes that were endorsed as “recollect old” (i.e., recollection
for the scene) and compared this to the eye movement data from old scenes endorsed as “sure
old” (i.e., high-confidence familiarity with the scene) (Table 1). We found that conscious
recollection of a scene drove the first saccade more directly toward the target than did high-
confidence familiarity with a scene, #(327)=-3.6, p<.001, d= -0.40. This result indicates that
conscious recollection improved the accuracy of the first eye movement, such that the first
saccade was more likely to be aimed toward the target in scenes that were recollected.

To determine whether first saccade accuracy was influenced by unconscious memory, we
examined the test phase data from old scenes that were endorsed as “sure new” and compared
them to the data from new scenes that were endorsed as “sure new” (Table 1). This strict
criterion for unconscious memory (i.e., only considering scenes that were endorsed as “sure
new’ rather than all misses) ensured that none of the scenes used in the unconscious memory
contrast were contaminated by conscious recollection or familiarity, and that the scenes differed
only in terms of whether or not the participant had seen them previously. Put differently, we
compared first saccade accuracy between high-confidence misses and high-confidence correct
rejections. First saccade accuracy did not differ between the new scenes and the old scenes that
participants were confident they had not seen before, #(264)=-1.26, p=.21, d= -0.16, indicating

that unconscious memory did not significantly improve first saccade accuracy. Additionally,
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Bayesian analysis provided substantial evidence for the null hypothesis, suggesting that the
numerically better first saccade accuracy for previously viewed scenes was almost five times
more likely to be explained by chance than by unconscious memory (BFo=.22) .

Lastly, to determine whether first saccade accuracy was influenced by familiarity
strength, we examined the test phase data for old scenes that were not endorsed as “recollect
old,” and assessed whether there was a linear relationship between familiarity confidence and
first saccade accuracy (Table 1). That is, first saccade accuracy was compared across the gradient
of responses ranging from “sure new” to “sure old” (denoted by the regression line over the gray
points in Fig 3a). First saccade accuracy did not differ across memory strength, f=.02, #(633)=
0.63, p=.54, indicating that it was not affected by familiarity, with substantial evidence for the

null hypothesis (BFio=.11).
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Figure 3. (A) Test phase average first saccade accuracy (the angular degree error between the first
saccade’s direction from the center, and the direction of the target from the center; Table 2) by memory response.
The “New (Not Seen)” (blue) scenes were correct rejections (i.e., “sure new” responses) of new scenes, which are

included as a memory-less control; all other data points were old scenes, and these responses therefore include hits

! By convention, a BF190< .33 indicates substantial evidence for the null hypothesis (Jeffreys, 1961).
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(recollect, sure old, and maybe old) and misses (don’t know, maybe new, sure new). Least-squares means
controlling for participant and image are plotted, and the error bars represent the standard error of these estimated
means from the model. The gray line represents the regression line across the familiarity-based responses used in the
analysis of memory strength effects. (B) Density plot (i.e., smoothed histogram) showing the distribution of first
saccade accuracy by memory type. Density corresponds to a smoothed estimate, using a Gaussian smoothing kernel,

of scaled frequency? (see Appendix for a standard histogram).

To further characterize the relationship between first saccade accuracy and memory, we
examined the density plot (i.e., smoothed histogram) of the distributions of first saccade accuracy
by memory type (Fig 3b). The figure shows that recollected scenes were associated with a large
proportion of very accurate trials, such that the first saccades in these trials were within
approximately 60 degrees of the direct path to the target. For the recollected scenes, the trials that
did not have these highly accurate first saccades appeared to have degree errors distributed
roughly evenly across degree error values greater than 60 degrees, which may represent a
distribution of guessing-based responses. That is, the distribution of degree error for recollected
scenes appears visually analogous to a mixture model consisting of a highly precise distribution
(i.e., <60 degrees), and a guessing distribution (Zhang & Luck, 2008). This suggests that
recollection may improve average first saccade accuracy by causing a subset of first saccades to
be highly accurate, rather than causing a diffuse, more incremental improvement in first saccade
accuracy across all recollected trials. In contrast, the distributions for old scenes that were not
recollected and new scenes were similar to each other and generally inaccurate, leading to

distributions spread across the full range of degree error values. This suggests that for scenes that

2 Figure 3b was produced from the histogram of first saccade accuracies, using smoothed density estimates to aid the
eye in detecting trends. The curve was generated using a Gaussian smoothing kernel, and bin widths were set to 1/3
of the default for the kernel (as determined by the stat density function within the ggplot2 package in R). The
standard histogram, also using scaled frequency to facilitate comparison between categories with different numbers
of trials, is plotted in Figure A.2.



were not recollected, first saccades were not systematically related to the target location, and
therefore did not appear to be guided by memory.

Scanpath efficiency. Figure 4a presents test phase scanpath efficiency, quantified as
scanpath ratio, as a function of memory response and type of scene. The same memory contrasts
and scenes that were used for the analyses of first saccade accuracy were used for the analyses of
scanpath ratio as well (Table 1). Within scenes given “sure new’’ responses, scanpath ratio was
significantly lower for old scenes than for new scenes, t(331)=-3.76, p<.001, d= -0.42—that is,
scanpath ratio was lower for high-confidence misses than for high-confidence correct rejections.
This indicates that unconscious memory for a scene led to a more efficient path to the target,
even when participants were highly confident that they had not viewed the scene previously. In
contrast, scanpath ratio was not improved by recollection compared to high-confidence
familiarity, #(307.4)= -1.47, p=.14, d= -0.17, nor by familiarity strength overall, f=-.02, #(908)=
-0.67, p=.51.

When scanpath ratio was recalculated from the second saccade onward to provide
complete temporal separation from first saccade accuracy (i.e., excluding the first saccade), the
same pattern of results was obtained, such that only unconscious memory improved efficiency
(unconscious memory: #375)=-2.28, p=.02, d= -0.24; recollection: #(361)=-0.91, p=.36, d= -
0.10; familiarity: B=-.03, #(1022)=-0.98, p=.33). Furthermore, Bayesian analysis provided
substantial evidence for the null effect of both conscious recollection (BF10=.15) and familiarity
(BF10=.14), such that in each case, the numerical differences in scanpath ratio were more than six
times more likely to be explained by chance than by recollection or familiarity. Thus, memory-
related increases in scanpath efficiency were not observed for conscious recollection or memory

strength, but rather were limited to unconscious memory.
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Figure 4. (A) Test phase average scanpath ratio (measured as the ratio of the observed scanpath to the shortest path
to the target; Table 2) by memory response. The “New (Not Seen)” (blue) scenes were correct rejections (i.e., “sure
new” responses) of new scenes, which are included as a memory-less control; all other data points were old scenes,
and these responses therefore include hits (recollect, sure old, and maybe old) and misses (don’t know, maybe new,
sure new). Least-squares means controlling for participant and image are plotted, and the error bars represent the
standard error of these estimated means from the model. The gray line represents the regression line across the
familiarity-based responses used in the analysis of memory strength effects. (B) Delta distance, measured as the
extent to which each saccade brought the eyes closer to the target, over the course of the trial (Table 2). The x-axis
represents the saccade index, which is the ordinal saccade number in a trial. Each data point represents the average
change in distance from the target (in pixels) for a given saccade index, with a separate data point for each condition

(old versus new scenes). Locally weighted smoothing was used to produce the curve between data points in each
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condition®. (C) Histogram of scanpath ratio values for old and new scenes. (D) Histogram of the number of saccades
made in a trial for old and new scenes. Scaled frequency values are presented in both (C) and (D) to facilitate
comparisons between the old and new distributions, given that there were different numbers of old and new scenes.
In each histogram, the bin width is one unit. Plots (B) — (D) include new scenes given a response of “sure new”

(corresponding to the blue point in (A)), and all old scenes.

Although analysis of scanpath ratio indicated that unconscious memory increased the
overall efficiency of the eyes in a trial, the underlying mechanism is unclear: it is equally
plausible that the improvement in scanpath ratio was simply driven by a reduction in the total
number of saccades made in a trial, or by another mechanism such as an enhancement of the
efficiency of each individual saccade. A secondary analysis aimed at testing this showed that the
effect of unconscious memory on scanpath ratio was not solely driven by a reduction in the
number of saccades needed to reach the target. Specifically, the number of saccades made in a
trial was only marginally reduced by unconscious memory, #(371)=-1.90, p=.05 (Fig 4d). In
contrast, when the number of saccades made in a trial was covaried in the model assessing the
influence of unconscious memory on scanpath ratio, the effect of unconscious memory on
scanpath ratio not only remained, but was in fact strengthened, #(310)=-4.11, p<.0001, d=-.47.
Therefore, unconscious memory appeared to guide the eyes such that each saccade was more
efficient, rather than simply reducing the number of saccades needed to reach the target.

Decomposing scanpath efficiency. The finding that scanpath ratio was significantly better
for old scenes endorsed as “sure new” compared to new scenes endorsed as “sure new’ indicates
that unconscious influences of memory led to a more efficient scanpath. One interpretation of

this effect is that the eyes are gradually guided toward the target throughout the search process

3 In Figure 4b, the lines were generated using a loess smoothing (i.e., locally weighted smoothing) function
in the ggplot2 package in R, which plots local regressions to aid the eye in seeing trends from scatterplots that may
not necessarily be best captured by a standard linear regression.

20



by unconscious memory. However, another possibility is a two-state account whereby
participants either have memory for the target location and rapidly move towards it, or they have
no memory (conscious or unconscious) for the target location and effectively search for the
target at random (e.g., Johnson et al., 2007; Smyth & Shanks, 2008)—and the existence of these
two subsets of old trials would not be apparent when examining the average effects. An effect
analogous to this two-state account was seen in the first saccade accuracy results above, such that
recollection appeared to improve average first saccade accuracy by causing a subset of
recollected trials to have highly precise first saccades, with the remaining trials appearing to be
based on guesses (Fig 3b). If a similar two-state account were the case for scanpath efficiency,
scanpath ratio for the majority of old scenes might be similar to that of the new scenes (i.e., there
was no effect of memory for these scenes at all), but there may exist a subset of old scenes for
which there was unconscious memory and a very highly efficient scanpath. For these latter trials,
the eyes would have moved quickly to the target location, and therefore would be expected to
elicit very few saccades and highly efficient scanpaths. To assess these possibilities, we
considered two sets of analyses.

First, to quantify scanpath efficiency throughout the search process, we examined delta
distance—the extent to which each saccade brought the eyes closer to the target—which allowed
us to determine if memory led to consistently elevated efficiency throughout the course of
search, for trials eliciting different numbers of saccades. Delta distance was calculated separately
for each saccade in the test phase, and was defined as the change in distance from the target from
the beginning to the end of the saccade (Table 2). As such, a larger delta distance value indicates
that the saccade brought the eyes closer to the target. Given that the effects of memory on
scanpath ratio were observed across all memory responses for old scenes, such that previous

viewing of a scene improved scanpath ratio irrespective of memory response, all old scenes were
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included in the model of delta distance. If only a subset of trials involved direct guidance to the
target whereas the rest proceeded as random search, as in the two-state account, one would
expect delta distance to be greater for old scenes only at low saccade indexes (i.e., shorter trials).

Figure 4b shows that delta distance was greater for old scenes than for new scenes, and
this effect was observed across both low and high saccade indexes. That is, there was a
significant effect of old/new status of a scene, #(16400)=3.15, p=.002, d= 0.05, and no
interaction between old/new status and saccade index, #(16461)=-0.37, p=.71. This indicates that
memory enhanced scanpath efficiency similarly for both early and late saccades, and for trials
ranging from few to many saccades. Similar results were observed when we restricted the
analysis to scenes that were endorsed as “sure new,” such that there was a significant effect of
old/new status, #(6527)=2.72, p=.007, d= 0.07, and no old/new by saccade index interaction,
#(6517)=-0.50, p=.62. Lastly, when analysis was restricted to old scenes, there was no effect of
any memory response on delta distance, = -.0004, #(12370)= 0.05, p=.96, suggesting that
improvements in delta distance were uniquely related to unconscious memory, without an
influence of familiarity or conscious recollection. Therefore, examination of delta distance
suggests that unconscious memory gradually led the eyes to the target throughout the course of
search. (For a related analysis that controls for the total number of saccades made in a trial, see
Appendix.)

Second, we examined the histograms of scanpath ratio and number of saccades elicited
by old and new scenes in the test phase, to assess whether there was evidence for two different
underlying distributions of scanpaths for the old scenes. That is, according to the two-state
account, one might expect to see a majority of trials with high scanpath ratios and many
saccades, reflecting random search equivalent to the search process observed in new scenes—

along with a subset of old trials with scanpath ratios near ceiling (i.e., around 1) and few



saccades, reflecting that the eyes were guided directly to the target. This two-state account would
be corroborated by distributions that are similar to those seen in first saccade accuracy (Fig 3b),
such that a subset of old trials are near ceiling, and the remaining distribution is an evenly
reduced version of the new trial distribution. That is, the subset of near-ceiling trials would have
appeared to be evenly sampled from the remainder of the distribution rather than resulting from
an overall shift of the distribution towards higher performance. However, instead of this kind of
mixture distribution, both Figure 4c and Figure 4d suggest that the distribution of old trials is
simply shifted left towards lower scanpath ratios and fewer saccades, respectively, than new
trials. As such, the distributions do not suggest that there was a mixture of trials with memory
leading the eyes directly to the target and trials that are indistinguishable from new trials.
Instead, the distributions suggest that there was an increase in search efficiency affecting the
majority of trials, in contrast to the effects of recollection on first saccade accuracy.

Replication. All of the test phase analyses above (throughout section 3.2) were conducted
using the scenes that were presented once in the learning phase, as we expected the scenes that
were presented three times to be at ceiling levels of recognition. However, we also examined
performance on these latter scenes for the sake of completeness, and the analyses largely
replicated the effects we observed in the scenes presented once. All significant and null effects
replicated for degree error of first saccade (recollection effect: #(431)=-3.01, p=.003, d=-0.29),
scanpath ratio (unconscious effect: #241)=-2.48, p=.013, d=-0.32), and delta distance (old/new
effect: #(4213) = 6.86, p<.0001, d= 0.21), except for the null interaction between saccade index
and old/new status in delta distance,  =-.03, #(6174)=-3.62, p<.001. This interaction indicates
that the magnitude of the effect of old/new status on delta distance changed over the course of
the trial or across trials of different lengths, which could suggest that the influence of

unconscious memory on eye movement guidance was restricted to a particular point in the search



process or to trials consisting of a certain number of saccades. However, examination of the data
revealed that this significant interaction was instead due to a transient reduction in the effect of
old/new status on delta distance around the 21%'-25" saccade (likely due to having few trials of
that length for scenes presented three times), whereas old/new status showed a consistent effect
throughout the rest of the saccades. Therefore, analyses using the scenes presented three times
provided an internal replication of the main results outlined above.
4. Discussion

In the present study, we examined eye movements made during a visual search task and
used a subjective report procedure that isolated the contributions of conscious recollection,
unconscious memory, and familiarity strength. The present results demonstrate that eye
movements made while viewing real-world scenes can be influenced by both conscious and
unconscious memory. Whereas conscious recollection for a scene uniquely improved the
accuracy of the first eye movement in a search task, unconscious memory uniquely improved
participants’ search efficiency and gradually guided the eyes towards the target over the course
of a trial. Examination of the distributions underlying these effects suggested that conscious
recollection may lead to very highly accurate first saccades on a subset of trials, whereas
unconscious memory may instead lead to a general and diffuse improvement in the efficiency of
each saccade on the majority of trials. Furthermore, Bayesian analyses indicated that these
memory effects on eye movements may be independent, such that conscious memory did not
influence scanpath efficiency, and unconscious memory did not influence first saccade
accuracy—and indicated that familiarity strength did not influence either of these patterns of eye
movements. These results build upon previous work by introducing a novel paradigm that allows

for the separation of conscious and unconscious memory from intermediate strength-based
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memory that could bias these measures, and, through eyetracking, allows for the decomposition
of previously reported reaction time effects.

By demonstrating that multiple types of memory can influence attention simultaneously,
the present results may be able to explain past conflicting findings on whether contextual cueing
effects are due to conscious or unconscious memory. That is, the present finding of multiple
forms of memory contributing to contextual cueing suggests that the contradictory conclusions
reached in prior studies may be due to the dichotomous old/new memory assessments used, and
to differences in memorability of the stimuli used. Specifically, many of the studies reporting
that contextual cueing is driven only by unconscious memory, due to the absence of conscious
memory for the stimuli, used abstract arrays of letters as the background context (e.g., Chun,
2000; Chun & Jiang, 1998; Goujon et al., 2015). Abstract arrays generally do not elicit levels of
conscious memory that are detectable in the dichotomous old/new memory tests that are used in
these studies, likely due to very high similarity between stimuli and a lack of semantic
information. On the other hand, those studies attributing contextual cueing to conscious memory,
due to very high recognition accuracy on dichotomous memory tests, have typically used scenes
as stimuli (e.g., Brockmole & Henderson, 2006a, 2006b)—for which people have exceptionally
good memory (Konkle, Brady, Alvarez, & Oliva, 2010; Standing, 1973). Given that contextual
cueing effects are stronger and appear sooner in scenes than in arrays, combined with the present
results, it seems likely that contextual cueing in scenes is driven by both conscious and
unconscious memory, whereas contextual cueing in abstract arrays of letters may be driven
primarily by unconscious memory.

The finding that conscious recollection influenced the first saccade whereas unconscious
memory influenced performance throughout the course of search might seem surprising, given

that conscious influences of memory are generally thought to be slower than unconscious



influences (Schacter, Wagner, & Buckner, 2000; Yonelinas, 2002). We suspect that one reason
that the conscious memory effects occurred so early in search is because participants saw a
preview of and made explicit memory judgments about each test phase scene prior to searching
for the target, and as such, eye movements related to conscious recollection may have been
planned prior to the onset of the target-containing version of the scene. However, while the
explicit recognition response likely did impact the ability of recollection to influence the first eye
movement, the same effects on the first saccade were already apparent in the learning phase,
where there was no scene preview or memory judgment—suggesting that these early eye
movements are observed even without a preview or explicit retrieval demands. We interpret the
results as indicating that conscious recollection can impact eye movements relatively quickly
after stimulus onset, even without a preview.

The current results do not speak directly to questions regarding the neural substrates of
these effects, but we believe that combining the present subjective report methods with patient
studies or neuroimaging methods may be useful in addressing these questions. For example,
there is conflicting evidence regarding whether the hippocampus or regions in the surrounding
medial temporal lobe are involved in supporting memory-related patterns of eye movements
(Chun & Phelps, 1999; Giesbrecht, Sy, & Guerin, 2013; Manns & Squire, 2001; Preston &
Gabrieli, 2008), and the present paradigm may prove useful in informing this debate when
combined with measures of neural substrates. Furthermore, a growing body of memory research
has indicated that recollection is dependent on the hippocampus (Eichenbaum et al., 2007), and
that it is associated with relatively high-resolution information (Yonelinas, 2013). Specifically,
the hippocampus has been shown to provide high-resolution spatial information about previous
events, whereas cortical regions outside the hippocampus can support less precise spatial

information such as the general quadrant in which objects were previously encountered (Koen,
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Borders, Petzold, & Yonelinas, 2017; Kolarik et al., 2016). The fact that recollection in the
current study was associated with highly accurate first saccades towards the target location is
consistent with the proposed role of the hippocampus in supporting high-precision memory
responses.

Whereas the deployment of highly precise memory representations supported by the
hippocampus is a feasible mechanism through which recollection may influence first saccade
accuracy, the potential mechanisms underlying the influence of unconscious memory on
scanpath efficiency are less easily identified. There is evidence, however, for relational memory
that can be expressed through eye movements in the absence of awareness for that memory
(Hannula et al., 2010; Ryan et al., 2000), and it has been proposed that relational memory is
instrumental in binding targets to contexts in support of contextual cueing (Chun & Phelps,
1999). It is therefore possible that the present findings of guidance by unconscious memory may
reflect relational memory, which could use contextual scene information to gradually guide the
eyes towards the region containing the target. Another possibility is that unconscious memory
may improve efficiency throughout the search process by reducing the extent to which saccades
are made to incorrect regions. That is, perhaps increased fluency of perceptual processing,
resulting from prior exposure (Schacter et al., 2000; Voss & Paller, 2008), reduces the amount of
visual information needed to reject incorrect regions. Studies aimed at identifying the
mechanisms underlying the present effects would be useful in determining how unconscious
memory influences attention.

In addition to furthering our understanding of how experience guides eye movements,
these findings pave the way for a variety of practical applications. For example, extending this
work to real-world tasks could allow us to understand and enhance the influence of experience

on radiologists’ ability to detect cancers in x-ray images, or TSA agents’ ability to find weapons
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in luggage (Wolfe, Brunelli, Rubinstein, & Horowitz, 2013; Wolfe, 2016): if these results extend
to classes of images in addition to repeated instances of an image, perhaps eye movement
measures could detect unconscious forms of memory-informed search that are not available to
conscious report. Moreover, to the extent that eye movements can be used to index different
forms of memory, these measures may provide an efficient means to quickly detect different
types of memory impairments such as those observed in aging and Alzheimer’s disease. Future
research is needed to determine whether the presently identified patterns of eye movements may
generalize to other conditions, such that they may serve as indicators of conscious and

unconscious memory influences.
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Appendix
Statistical analyses
Correlations between search speed reaction time (RT) and eye movement measures. To
further verify that the eye movement measures used were reflective of search performance, and
therefore contextual cueing performance, we determined whether the eye movement measures
were related to RT. An analysis of all of the trials in which the target was identified, throughout
both the learning and test phases, showed a significant correlation between scanpath ratio and RT

(r=.75, p<.0001). The correlation between first saccade accuracy and RT was small, but also
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significant (r=.12, p<.0001). Despite the weaker relationship between first saccade accuracy and
RT (likely driven by the much smaller proportion of total trial time indexed by first saccade
accuracy), RT appears to be related to first saccade accuracy independently from improvements
in scanpath ratio, as first saccade accuracy remains significant (p<.0001) in predicting RT even
when scanpath ratio is controlled for.

Influence of encoding time. Due to the possibility of confounds stemming from the
expected relation between higher initial viewing time (i.e., RT on first presentation) and stronger
memory, we repeated all linear mixed effects models (Table 1) assessing the relation between
memory and eye movement patterns with the additional covariate of RT for the first presentation
of the scene. This was not found to alter the pattern of results.

Scanpath ratio. Scanpath ratio values were skewed; to ensure that skew did not
significantly impact the observed effects, we re-ran the analyses with log-transformed scanpath
ratio values, and found that the unconscious effect held (p<.001) as did the null effects of
familiarity and recollection. The other variables of interest were not skewed.

The first calculation of scanpath ratio presented in the main text (section 3.2) included
data from the first saccade. To provide statistical separation of scanpath ratio from first saccade
accuracy, models of the effect of memory on this measure of scanpath ratio included a covariate
of first saccade accuracy. That is, Figure 4a and the statistics reported in the main text assessed
the influence of memory on scanpath ratio for a given degree of first saccade accuracy. The null
effect of recollection on scanpath ratio was similar regardless of whether or not this covariate
was included, however (with covariate, p=.14, without covariate: p=.12). Furthermore, inclusion
of the first saccade accuracy covariate did not alter the pattern of results with respect to
familiarity nor unconscious memory. This covariate was not included in the models assessing

scanpath ratio that was calculated from the second saccade onward.
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Decomposition of scanpath efficiency: additional analysis. Delta distance was computed
to determine whether scanpath efficiency was elevated throughout the course of the search
process, and for trials consisting of different numbers of saccades. In order to have a sufficient
number of trials in each saccade index bin, trials consisting of 30 or fewer saccades were used in
this analysis. However, because different trials required different numbers of saccades to locate
the target, plotting all of these trials together may obscure effects that vary depending on trial
length. To observe the trends in unconscious memory guidance throughout trials consisting of a
similar number of saccades, we plotted absolute distance from the target, over the course of
saccades, for trials in which the target was found within 6-8 saccades (Fig A.1). (The mode
number of saccades in a trial was 7; Fig 4d) This plot corroborates the conclusion that
unconscious memory gradually guided the eyes towards the target over the course of the trial, as

the eyes appear to be consistently closer to the target in old scenes.
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Figure A.1. Absolute distance from the target over the course of the trial, for trials in which the target was
found within 6-8 saccades. All scenes were endorsed as “sure new,” and are sorted by whether or not they appeared
in the learning phase. Shaded regions represent the standard error of the mean. The same smoothing method was

used as that in Figure 4b.
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Plotting. Figures 2, 3a and 4a were plotted using least-squares means obtained using the
linear mixed effects models. Thus, the plots control for participant and image as in the models
reported in the text—but the trends are similar when the raw data is plotted instead. Error bars in
these figures were calculated using the standard error values generated by the Ismeans package in
R (Lenth, 2016).

Figure 3b presents a density plot of first saccade accuracies, but a standard version of the
histogram is presented below (Fig A.2). Proportions (i.e., scaled frequency) are used to facilitate

comparison between distributions containing different numbers of trials.

0.015

001 0 Scene type

Familiar
New

Recollect

0.005

Density (scaled frequency)

0 50 100 150

Degree error

Figure A.2. Histogram of first saccade accuracy in the test phase, sorted by scene type. “New” scenes
include all new scenes; “Familiar” scenes include old scenes presented once that were not recollected, and
“Recollect” scenes include old scenes presented once that were recollected.

Degrees of freedom. Because the degrees of freedom were derived from the linear mixed
effects models using the Satterthwaite approximation, the degrees of freedom were based on the
number of trials included in an analysis rather than the number of participants included in the

experiment. Therefore, a high value for degrees of freedom reflects the fact that a large number
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of data points were included in a given model. Degrees of freedom obtained using this method

often contain decimals, but they were rounded to the nearest integer in the manuscript.
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