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ARTICLE INFO ABSTRACT

Research indicates that eye movements can reveal expressions of memory for previously studied relationships.
Specifically, eye movements are disproportionately drawn to test items that were originally studied with the test
scene, compared to other equally familiar items in the test display — an effect known as preferential viewing (e.g.,
Hannula, Ryan, Tranel, & Cohen, 2007). Across four studies we assessed how strength-based differences in
memory are reflected in preferential viewing. Participants studied objects superimposed on background scenes
and were tested with three-object displays superimposed on the scenes viewed previously. Eye movements were
monitored at test. In Experiment 1 we employed an item-method directed forgetting (DF) procedure to ma-
nipulate memory strength. In Experiment 2, viewing patterns were examined across differences in memory
strength assessed through subjective confidence ratings. In Experiment 3, we used spaced repetitions to objec-
tively strengthen items, and Experiment 4 involved a list-method DF manipulation. Across all experiments, eye
movements consistently differentiated the effect of DF from other strength-based differences in memory, pro-
ducing different viewing patterns. They also differentiated between incidental and successful intentional for-
getting. Finally, despite a null effect in recognition accuracy in list-method DF, viewing patterns revealed both
common as well as critical differences between list-method DF and item-method DF. We discuss the eye
movement findings from the perspective of theoretical accounts of DF and other strength-based differences in

Keywords:

Intentional forgetting
Eye-movements
Suppression
Preferential viewing
Memory strength

memory.

1. Introduction

To most people, remembering is adaptive, whereas forgetting re-
presents a failure of memory. Contrary to lay beliefs, forgetting serves
an adaptive function (Bjork, 2011). It is not always necessary to retain
everything, and sometimes we need to forget information that is out-
dated, inaccurate, or painful. The process of how we intentionally or
voluntarily forget information has been examined with laboratory
methods like the directed forgetting (DF) procedure (Bjork et al., 1968),
or the think-no-think procedure (Anderson & Green, 2001). We limit
the discussion to DF because that is the procedure we used in our stu-
dies. In DF studies, participants are exposed to some information to
learn for a later memory test, and are subsequently told to forget some
portion of that material. Numerous studies demonstrate impaired
memory for F-items compared to R-items, referred to as the DF effect
(for recent reviews, see Sahakyan, in press; Sahakyan & Foster, 2013;
see also MacLeod, 1998), and the critical question is how it is

accomplished. The theoretical interpretations of the DF effect continue
to evolve to keep pace with new methodologies available to investigate
it. It is not an exaggeration to say that a paradigm shift has taken place
in the 21st century DF research, where the traditional inhibitory in-
terpretation of list-method DF has been challenged by the context-
change mechanism, whereas the passive view of item-method DF in-
volving selective encoding has been challenged by active inhibitory
interpretations aimed at downregulating representations of F-items. We
will expand the theoretical discussion of different DF methods.
Typical DF studies have relied on observable behavioral measures
such as percent correct or accuracy to assess impairment of F-cued
items. However, this measure limits investigation to items that were
retained in memory despite the instruction to forget (i.e., a failure of
DF). In other words, much research has examined “anti-forgetting”
rather than successful DF. The critical question is what happens to the
F-items when DF is successful. Addressing this question is challenging
and it requires employing a concurrent measure that accompanies
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behavior so that successful intentional forgetting (F-items that are sub-
sequently forgotten) could be compared with incidental forgetting (R-
items that are subsequently forgotten). To this end, electrophysiological
and imaging studies have made progress in differentiating between
incidental and successful intentional forgetting (for a review, see
Anderson & Hanslmayr, 2014). Many behavioral studies have also
yielded crucial insights about the nature of intentional forgetting by
combining DF procedures with other measures, such as attentional tasks
(Fawcett & Taylor, 2008, 2012; Taylor, 2005), or color-judgments tasks
(Fawcett et al., 2016). Accumulating evidence suggests that intentional
forgetting is more effortful and demanding than previously thought.

1.1. Eye-tracking investigation of directed forgetting

In this investigation, we used a novel approach by combining DF
with eye movement analyses. Established research indicates that eye
movements are an extremely sensitive marker of memory (e.g.,
Hannula et al., 2007; Ryan et al., 2000; Ryan & Cohen, 2004; Ryan &
Villate, 2009). Furthermore, the influence of retained memory on
viewing patterns is observed even when the behavioral selection is in-
accurate (Hannula et al., 2012; Hannula & Ranganath, 2009; Nickel
et al., 2015; Ryan et al., 2000; Ryan & Cohen, 2004). We saw this as an
opportunity to study eye movements in conjunction with DF because
doing so could provide insight into forgetting processes by revealing
potential differences between incidental forgetting and successful in-
tentional forgetting. We adapted a paradigm from the neurocognitive
literature that has been well-integrated with eye movement monitoring
as well as imaging techniques to allow relating memory performance to
the underlying mechanisms. Before introducing the paradigm, we
briefly summarize the theoretical mechanisms of DF.

1.2. Theoretical accounts of directed forgetting

In item-method DF (IMDF) studies, F- and R-instructions are deliv-
ered following each item, producing robust impairment of F-items.
Traditionally, this impairment has been interpreted in terms of selective
rehearsal of R-items, in which the F-cue leads to terminating of re-
hearsal of those items, whereas the R-cue leads to encoding those items
more elaborately (Basden et al., 1993; Bjork, 1970; MacLeod, 1999). In
contrast to this passive view, more active views of IMDF suggest that
effortful processes are engaged to accomplish forgetting of F-items. For
example, reaction times on the secondary tasks performed with IMDF
are slower during the execution of the F-instruction, indicating that
attention is actively withdrawn after the F-cue, and that forgetting is
effortful (Fawcett & Taylor, 2008, 2012; Taylor, 2005; Wylie et al.,
2008). In another study, participants engaged in a stop-signal task
while studying words that were followed by R- or F-cues (Fawcett &
Taylor, 2010). Participants were more successful in stopping perfor-
mance after F-cues compared to R-cues, suggesting that F-cues might
engage inhibitory mechanisms similar to stop signals. In addition to
behavioral studies, multinomial modeling approaches that disentangle
encoding and retrieval parameters of memory effects indicate that
worse memory of F-items in IMDF is driven by impaired retrieval (in
addition to impaired encoding of F-items), thereby suggesting that
IMDF does not merely reflect a failure to encode information, but that it
is also driven by retrieval factors, which presumably could be vo-
luntarily controlled (Rummel et al., 2016; Marevic, Arnold, & Rummel,
2018; Marevic & Rummel, 2020). Finally, neural evidence indicates
that successful IMDF recruits additional processes beyond those asso-
ciated with incidental forgetting, and that these processes are likely
inhibitory in nature (Anderson & Hanslmayr, 2014; Ludowig et al.,
2010; Nowicka et al., 2011; Paz-Caballero et al., 2004; Rizio & Dennis,
2013; Oehrn et al., 2018; Van Hooff et al., 2009; Wylie et al., 2008).
Our first study was inspired by this growing body of evidence, in-
dicating that passive decay of F-items, which has historically dominated
the field, is no longer the widely accepted view, and that inhibitory
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explanations are being entertained in the IMDF literature.

In list-method DF (LMDF) studies, F- and R-instructions are deliv-
ered once between the study of two lists, and they refer to an entire first
list of items. Such procedures typically produce impaired memory for
List 1 items, and enhanced memory for List 2 items in the F-group
compared to the R-group. In contrast to IMDF, which leads to memory
impairment in tests of recognition and recall, LMDF is typically not
obtained in recognition (it is mostly found in free recall tests). To re-
concile the discrepant findings in recognition between the IMDF and
LMDF, the inhibitory explanation of LMDF was proposed, where the
null effect in recognition was attributed to release of inhibition of F-
items due to their re-presentation at test (e.g., Bjork, 1989; Bjork &
Bjork, 2003; Geiselman et al., 1983). Much later, an alternative inter-
pretation of LMDF was offered by the context-change account
(Sahakyan & Kelly, 2002), which explained the null effect in recogni-
tion by pointing out the diminished role of contextual information in
recognition tests, in contrast to the substantial effect of contextual in-
formation in free recall, where LMDF is robust. For a more detailed
review of theoretical explanations across IMDF and LMDF, the reader is
referred to Sahakyan (in press) or Sahakyan and Foster (2013). In this
section we briefly reviewed various accounts, noting that our in-
vestigation was prompted by the debate in IMDF (although we also
examined LMDF using eye movements).

1.3. Paradigm for assessing eye movements

We employed a cornerstone paradigm from the neurocognitive lit-
erature that assesses relational memory. The latter involves the ability
to learn arbitrary associations between a set of elements that constitute
a memory episode (Cohen & Eichenbaum, 1993; Eichenbaum & Cohen,
2001). Unlike single-item recognition tests, which involve deciding
whether items had been studied, relational memory tests require
nuanced distinctions involving how elements in an episode were re-
lated. The paradigm adapted in our investigation has been extensively
used in assessment of relational memory impairment in amnesia
(Hannula et al., 2007, 2015, 2006; Ryan et al., 2000; Ryan and Cohen,
2004), aging (Ryan et al., 2007), patients with schizophrenia (Williams
et al., 2010; Hannula, Althoff, et al., 2010), as well as the benefits of
aerobic fitness on relational memory (Baym et al., 2014; Monti et al.,
2012). Importantly, eye-movement behavior has been extensively ex-
amined in this paradigm (e.g., for a review, see Hannula, Ranganath,
et al., 2010), including with concurrent neuroimaging techniques
(Hannula & Ranganath, 2009).

The details of the paradigm are demonstrated in Fig. 1. Briefly,
participants are exposed to arbitrary item-scene pairings, one pair at a
time, and are subsequently tested by being shown a previously exposed
scene, followed by a 3-item display superimposed on that scene. One of
the items was paired with that scene during encoding (target), whereas
the remaining two items are familiar from the study phase, but were
studied with different scenes (lures). Participant's task is to select the
item that was paired with the presented scene at encoding. Because all
presented items and scenes are familiar, correct identification of the
target hinges on relational memory.

In a series of experiments with this task, Hannula et al. (2007) ex-
amined eye movements during the test phase. The viewing patterns
demonstrated disproportionately greater viewing towards the target
that was previously studied with the test scene relative to a selected
lure, a phenomenon known as preferential viewing (Hannula et al., 2012,
2007; Hannula & Ranganath, 2009; Ryan et al., 2007; Baym et al.,
2014). Critically, the difference in viewing behavior is between the two
items which were selected behaviorally (i.e., selecting a Target re-
presents a correct trial, and selecting a Lure represents an incorrect
trial). Therefore, differences in viewing observed at the time of test are
not driven by selection of an object, but rather reflect the influence of
memory of the target having been studied with that particular back-
ground scene. Previous research demonstrates that preferential viewing
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REMEMBER test trials
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Fig. 1. Eye-movement relational memory paradigm. Participants are presented with a fixation cross, followed by an unobstructed picture of a scene, followed by a
centrally superimposed object on that scene, and concluding with a memory instruction indicating whether the object needs to be remembered or forgotten (top row).
At test, participants see a fixation cross, followed by unobstructed view of a previously studied scene, which in turn is followed by a three-object display consisting of
three previously studied objects superimposed on that scene (bottom row). One of the objects had previously been paired with the scene (target), whereas the
remaining two were paired with different scenes (lures). Participants are asked to indicate which object was paired with the presented scene. Note, that although the
figure shows R and F instructions, which is what we implemented in our investigation, in the original paradigm, all study trials are “R” trials, without the actual

presentation of the instruction.

emerges extremely rapidly, rising and peaking within approximately
500-750 ms after the onset of the 3-item test display. This time course
is similar to ERP recordings showing brain activity that discriminated
studied pairs from repaired items beginning approximately 600 ms
following stimulus onset (Donaldson & Rugg, 1998, 1999). Also similar
to ERP studies, viewing behavior can be shifted to align with the overt
behavioral response (i.e., response-locked analysis), where preferential
viewing was shown to peak approximately 1000-500 ms prior to item
selection. The time course of eye-movement behavior is quite robust
across many studies. It is uninfluenced by task demands and emerged
even when viewing the target was counterproductive to the task (Ryan
et al., 2007).

1.4. Current studies and predictions

Relational memory is impaired by IMDF, as demonstrated in pre-
vious behavioral studies (Bancroft et al., 2013; Hockley et al., 2016;
Hourihan et al., 2007; Marevic et al., 2018). Our investigation aimed to
assess how impaired relational memory is expressed in eye movements.
More specifically, the first goal was to assess how IMDF affects the
magnitude of preferential viewing. As discussed above, preferential
viewing is defined as disproportionate amount of viewing directed to-
wards the Selected Target than towards the Selected Lure, reflecting the
expression of memory in eye movement behavior. We had reasons to
suspect that preferential viewing would be reduced in IMDF in part
because various populations with impaired relational memory were
examined using this paradigm, and showed reduced preferential
viewing. Thus, we suspected that viewing to the Selected Target may be

reduced in the F-condition.

Our second goal was to assess viewing patterns on incorrect trials,
when participants select the Lure. The critical question is what happens
to viewing to the Unselected Target on those trials, and whether it
differs between the cue conditions. Evidence of retained memory traces
for target items (despite selecting the lure) would be reflected in greater
viewing directed towards the Unselected Target compared to the
Unselected Lure. Given that on incorrect trials participants select a lure,
there is no reason to expect viewing differences between the remaining
two unselected objects (i.e., target and the second lure), unless there
was lingering memory for the target item, leading to greater viewing of
that Unselected Target compared to the Unselected Lure. We aimed to
examine whether viewing patterns to the Unselected Target distinguish
intentional forgetting from incidental forgetting.

The debate in IMDF literature centers around whether impaired
memory is driven by passive withdrawal of rehearsal in response to
forget cues, or due to active inhibitory processes that downregulate
memory for F-items. By examining viewing patterns on incorrect trials,
we tested two different predictions of these accounts. The inhibitory
account predicts diminished viewing to the Unselected Target in the
Forget compared to the Remember condition because according to this
account active inhibitory processes are engaged to downregulate the
processing of F-items. Therefore, successfully forgotten F-items result
from the consequences of inhibitory processes impairing memory, as
opposed to forgotten R-items, which arise from selective encoding dif-
ferences. In contrast, the selective rehearsal account attributes DF to
selective encoding, such that withdrawing rehearsal from R-items turns
them functionally into F-items, and therefore forgotten R-items should
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be similar to F-items in the viewing patterns on incorrect trials.

These predictions were examined in Experiment 1 using an IMDF
paradigm. In Experiments 2 and 3, we addressed alternative inter-
pretations of IMDF findings, by eliminating the DF manipulation and
examining eye movements in strong and weak memories. Finally,
Experiment 4 involved LMDF to assess if eye movements might reveal
processes that go undetected in behavioral accuracy, and whether they
differentiate DF in general from other strength-based differences in
memory.

2. Experiment 1: item-method DF
2.1. Methods

2.1.1. Participants & sample size

Participants were 31 undergraduates from the University of Illinois
who were compensated with course credit. Eye-movement recordings
were not recorded for one participant due to equipment failure, and
eye-movement analyses were conducted on 30 participants, whereas
recognition accuracy was based on 31 participants. The study was ap-
proved by the Institutional Review Board of University of Illinois at
Urbana-Champaign and complied with APA ethical standards in the
treatment of participants. All participants gave informed consent prior
to inclusion in the study.

We estimated sample size based on a priori power analysis for re-
peated measures ANOVA, in which we were planning to test an inter-
action between Cue (F vs. R) and viewing to Selected Objects (Target vs.
Lure). We used G*Power package (Faul et al., 2007). The power ana-
lysis for a small effect size interaction showed that we needed 30 par-
ticipants at power equal to 0.80, with a = 0.05 (two-tailed). However,
as part of the initial revision of the manuscript, we switched from
ANOVAs to employing multilevel modeling. Our sample size based on
our original unilevel power analysis should be sufficient given that
multilevel models are more powerful than ANOVAs for this type of data
(Brysbart & Stevens, 2018).

2.1.2. Apparatus

Eye position was recorded at a rate of 1000 Hz using an Eyelink
1000 eye-tracking system (SR Research). After the study block and prior
to the test block, eye position was calibrated using a 3 X 3 spatial
array. Calibration ended with participants fixating on a centrally lo-
cated cross-hair, which began the test block. The computer screen re-
solution was set to 1280 x 1024.

2.1.3. Stimuli

The stimuli consisted of 108 colored images of real-world, identi-
fiable objects selected from various online sources, including Google
Images (sized to 300 x 300 pixels), and 108 colored images of real-
world scenes (sized 800 x 600 pixels) selected from the Fine-Grained
Image Memorability (FIGRIM) dataset (Bylinskii, Isola, Bainbridge,
Torralba, & Oliva, 2015). Object stimuli were images of everyday ob-
jects, such as office supplies, food items, kitchen utensils, toys, musical
instruments, etc. Scenes consisted of both indoor and outdoor scenes
comprised of urban, rural, and natural landscapes, whereas indoor
scenes were equally comprised of rooms in houses and buildings. Ob-
ject-scene pairings were randomly determined across participants, and
were equally assigned Remember and Forget instructions across coun-
terbalancing conditions. In the test display, objects were presented in
the top left, top right, and bottom middle positions (see Fig. 1), and
across counterbalancing conditions, target objects appeared in each
spatial position an equal number of times.

2.1.4. Procedure

The details of the paradigm are shown in Fig. 1. There was an initial
practice block consisting of 6 study trials and 2 test trials. The practice
block was identical to the actual study and testing procedure, with the
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exception that Forget/Remember memory instructions were not in-
troduced during practice. The purpose of the practice block was to fa-
miliarize participants with encoding and testing procedures, and learn
the mapping of responses on the keyboard with the spatial arrangement
of test items in the object display. The encoding phase consisted of 108
study trials, in which participants were presented a fixation point for
1 s, followed by an unobstructed scene for 2 s. Afterwards, an object
was superimposed on the scene for 4 s, and participants were instructed
to think of how well the object and scene went together. This is a typical
instruction in this paradigm to ensure encoding of relational informa-
tion, to permit observing its expression in eye movements.' Afterwards,
a Forget or Remember memory instruction was presented for 2 s. Half
of the study trials were followed by a Remember, the other half by a
Forget, instruction, and were randomly assigned with the exception
that no more than three memory instructions of the same type occurred
in a row. Participants were told that objects followed by a Remember
instruction would appear on the memory test, and they should keep
them in mind, while objects followed by a Forget instruction would not
appear on the memory test, and that participants should do what they
can to forget them.

All eye tracking data was collected during the testing phase. At test,
participants were told they would be tested on all objects from the
encoding phase, regardless of the memory instruction. That is, partici-
pants were to indicate the object they remember being paired with the
scene even if they were previously instructed to forget that object.
Testing phase consisted of 36 trials, half including all F-items and the
other half including all R-items. Each test trial began with a fixation
point for 1 s, followed by an unobstructed scene preview for 2 s.
Afterwards, a 3-object display was superimposed on the scene for 6 s.
One of the objects had been previously paired with the scene, while the
other two had been previously paired with other scenes. Participants'
task was to indicate which of the three objects had been previously
paired with the scene. Participants made their selection via key presses
on the computer keyboard, while their eyes were fixated on the com-
puter screen. Importantly, within the 3-object display, all objects came
from the same memory instruction, thereby controlling for item
strength within the test trial (see Fig. 1, bottom panel). Within each
testing phase and throughout counterbalancing conditions, the Target
objects appeared equally often in any of the three test locations on the
screen. Each test trial concluded after participants were given 4 s to
provide a binary confidence judgment (Low or High), indicating their
confidence that the object they selected had been previously paired
with the test scene.

2.2. Results

2.2.1. Analytic approach

The study procedure and data collection was conducted using E-
Prime 2.0 (Psychology Software Tools, Inc, 2015). Eye tracking data
was extracted for analysis using MATLAB software (MATLAB, 2018).
All statistical analyses were done using R software (R Development
Core Team, 2008). The eye movement analyses (i.e., proportion of
viewing time on individual trials) were performed using mixed effects
models, fitted with the Imer function in the Ime4 package (Bates et al.,
2015) as well as the ImerTest package (Kuznetsova et al., 2017). In
evaluating proportion of viewing, Cue (F vs. R), Selected Object (Target
vs. Lure) and Bin (four 500 ms time bins amounting to 2 s prior to
response selection) were used as the fixed effects, and Participants as
random intercepts. The Cue and Selected Object variables were mean
centered and contrast coded. Bin was coded using a linear mean cen-
tered contrast coding, as an increasing linear trend was expected in the

! Studies in our lab indicate that the practice session familiarizes participants
with the task demands so that they engage in associative encoding on their own,
even if encoding instructions are not explicitly delivered.
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Bin variable based on previous research with this paradigm (e.g.,
Hannula et al., 2007; Hannula & Ranganath, 2009; Baym et al., 2014.
Further details about analyses are explained below). Models were fit by
maximum likelihood using the Ime4 package in R (Bates et al., 2015),
and Wald's z-scores were computed for each coefficient to test for sig-
nificance of fixed effects (whenever appropriate). Significance testing
for each coefficient was done using the lmerTest package in R
(Kuznetsova et al., 2017).

Our analyses centered around two broad goals of this investigation.
The first goal was to assess how DF instructions affect the magnitude of
preferential viewing. Prior research indicates that preferential viewing
unfolds over time, rising and peaking prior to the overt behavioral re-
sponse, after which it diminishes and levels off. Therefore, first we
identified the time point at which preferential viewing is fully estab-
lished (i.e., when viewing peaks and is at its maximum), using response-
locked analyses. Afterwards, we performed targeted hypothesis testing
examining the effect of Cue on preferential viewing in that critical time
bin. The second goal of this investigation was to assess viewing patterns
on incorrect trials, when participants select the lure. The critical
question is what happens to viewing to the Unselected Target on those
trials, and whether it differs between the cue conditions.

2.2.2. Recognition accuracy

Recognition accuracy was analyzed with a multilevel logistic re-
gression model, which predicted whether participants made a correct or
incorrect recognition response on a trial-by-trial basis. In this analysis,
Cue (R vs. F) was used as a fixed effect and Participants was treated as a
random intercept for the fixed effect of cue. Recognition accuracy re-
plicated the DF effect — participants were more likely to select the target
in the Remember condition (M = 0.81, SD = 0.39) than the Forget
condition (M = 0.73, SD = 0.44), = 0.48, SE = 0.15, z = 3.17,
p = .002.

2.2.3. Eye movement analyses

2.2.3.1. Preferential viewing analyses. For eye movement analyses, we
followed the established practices in the literature and calculated a
measure of viewing time to an element of a test display as a proportion
of total time viewing all three elements (“proportion of viewing time”).
In order to measure proportion of viewing time, three distinct regions of
interest (ROI) were defined, where each ROI indicated the area on the
screen where one of the objects was presented during the test. On trials
where an accurate response was made (the target was selected),
viewing time was calculated as the proportion of time viewing that
target out of total time viewing all three objects. On trials when an
inaccurate response was made (a lure was selected), viewing time was
calculated as the proportion of time viewing that lure out of total time
viewing all three objects. Thus, the number of correct/incorrect trials
that contribute to estimates of viewing time was not expected to be
equivalent across conditions, and therefore multilevel models were
used to evaluate the results.

Fig. 2 summarizes mean proportion of viewing (averaged across
participants and across trials) to a Selected Object (Target vs. Lure), by
Cue (F vs. R), and Time Bins (in increments of 500 ms), shifted to align
with respect to behavioral response on each trial (i.e., response-locked
figure). To assess preferential viewing, a mixed effects model was fit to
the proportion of viewing on each trial, using Cue (F vs. R), Selected
Object (Target vs. Lure), and Bin (four 500 ms time bins, equating to 2 s
prior to response) as fixed effects, and Participants as a random inter-
cept. There was a significant effect of Selected Object, Bopject = 0.13,
SE = 0.02,t = 8.09, p < .001, indicating disproportionately more
viewing to the Selected Target than to the Selected Lure, confirming
preferential viewing. There was also an effect of Bins, fpi, = 0.18,
SE = 0.02,t = 11.49, p < .001, confirming that overall viewing in-
creased over time. Critically, these effects were qualified by a sig-
nificant Selected Object X Bin interaction, § = 0.22, SE = 0.03,
t = 7.02, p < .001, indicating that the magnitude of preferential
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viewing varied across the time bins (the variance associated with
random intercept of participants was 0> = 0.003, SD = 0.05). Pre-
ferential viewing peaked in the 500 ms bin prior to response, with
approximately 72% of the total viewing time being devoted to the Se-
lected Target over the Selected Lure, Bgpjecc = 0.23, SE = 0.03,
t=755p < .001.

These analyses confirmed the established effects in the literature
that preferential viewing peaks prior to the behavioral selection, es-
tablishing itself by 500 ms prior to response. In order to assess how DF
affected preferential viewing, we examined the effect of Cue on
Selected Objects in the 500 ms time bin prior to response with a Mixed
Effects Model. In addition to the significant effect of Selected Object,
Bobject = 0.24, SE = 0.03, t = 7.82,p < .001, there was a significant
Selected Object x Cue interaction, § = 0.12, SE = 0.06, t = 2.08,
p = .038. Although preferential viewing was observed in both cue
conditions as evidenced by the significant effect of selected object in the
Forget (Bobjecc = 0.18, SE = 0.04, t = 4.57, p < .001) and in the
Remember conditions (Bspjecc = 0.30, SE = 0.05,t = 6.68,p < .001),
preferential viewing was reduced in the Forget condition. This was
evidenced by the different effects of cue within selected objects.
Namely, more viewing was directed towards the Selected Lure in the
Forget compared to the Remember condition (B, = —0.12,
SE = 0.06,t = 2.19, p = .030), whereas viewing to the Selected Target
was the same between the cue conditions (8., < 0.001, SE = 0.03,
t = 0.03, p = .977). Thus, preferential viewing was reduced in the
Forget condition because more viewing time was devoted to the
Selected Lure. Taken together, the viewing pattern in the Remember
condition replicated the established findings in the literature. The novel
findings in the Forget condition indicated that preferential viewing was
reduced by the DF manipulation, and that it was driven by enhanced
viewing on incorrect trials, rather than reduced viewing on correct
trials.

2.2.3.2. Analyses of retained traces. Previous literature has identified
eye movement behavior as a marker of retained memory traces in the
absence of conscious recollection. Even when behavioral accuracy
failed, eye movements were shown to indicate the influence of
memory on viewing patterns, suggesting that they are a more
sensitive (albeit indirect) marker of memory compared to explicit
accuracy. Our interest was whether viewing towards the Unselected
Target would distinguish between incidental forgetting and intentional
forgetting, which would indicate differential retention of memory
traces for Targets across Forget and Remember conditions.

Fig. 3 summarizes average proportion of viewing on incorrect trials
(averaged across participants) to Unselected Objects (Target vs. Lure),
by Cue (F vs. R), and Time Bins (in increments of 500 ms), shifted to
align with respect to behavioral response (i.e., response-locked figure).
Although Bin was not a variable of interest in this analyses, we pre-
sented the results across the time bins for completeness. A mixed effects
model was fit to proportion of viewing time on incorrect trials (col-
lapsed across bins) using Cue and Unselected Object as fixed effects, and
Participants as a random intercept. There was an effect of Unselected
Object, Bobject = 0.10, SE = 0.02, t = 4.74, p < .001, indicating
greater viewing to the Unselected Target than the Unselected Lure (the
variance associated with random intercept of participants was
o> < 0.001, SD < 0.001). Although the Cue X Unselected Object
interaction did not reach statistical significance (8 = 0.07, SE = 0.04,
t = 1.71, p = .088), there was a significant effect of Cue in viewing to
the Unselected Targets, Beue = 0.07, SE = 0.03,t = 2.43,p = .02, but
no effect of Cue in viewing to the Unselected Lures, S, < 0.01,
SE = 0.003,t = 0.17, p = .865. These findings indicate that on in-
correct trials, participants tend to view the Unselected Target sub-
stantially less in the Forget condition than in the Remember condition,
indicating reduced retention of memory traces of target objects as a
result of successful DF.
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Fig. 2. Mean proportion of viewing to the Selected Target and Selected Lure across Cue and Time Bins (grouped by 500 ms time.) in Experiment 1. Error bars

represent SE of the mean.

2.3. Discussion

In this experiment, we obtained a DF effect in recognition accuracy,
indicating impaired relational memory as a result of the Forget cue. Eye
movements revealed reduced preferential viewing in the Forget com-
pared to the Remember condition. This was driven by enhanced
viewing towards the Selected Lure in the Forget compared to the
Remember condition, whereas viewing to the Selected Target remained
invariant across the cue conditions. This pattern indicates that when
participants failed to forget the target (despite being told to forget),
their eye movements were indistinguishable from the Remember con-
dition. On the other hand, when participants forgot the target (con-
sistent with the instruction to forget), they viewed those missed targets
substantially less in the Forget condition compared to the missed targets
in the Remember condition. The assessment of viewing on incorrect
trials indicated that there was reduced evidence of retained memory
traces for the Unselected Targets in the Forget condition compared to
the Remember condition. Thus, eye-movements provided a new marker
of intentional forgetting, distinguishing intentional from incidental for-

getting.

The eye movement findings in the Forget condition provide support
for the inhibitory account of IMDF. However, an alternative explana-
tion might be that the observed viewing differences between the Forget
and Remember conditions are not specific to inhibition, per se, but
rather reflect more general viewing differences that emerge between
any strong and weak memories, with R-items reflecting strong mem-
ories, and F-items reflecting weak memories (regardless of what pro-
duces those strength-based differences). Interestingly, published data to
date do not provide guidance to the question of how preferential
viewing differs between strong and weak conditions of the experiment.
This is because past research with this paradigm has been geared to-
wards testing various populations with compromised hippocampal ac-
tivity (e.g., older adults, schizophrenia patients, or amnesic patients), or
examining the neural mechanisms of preferential viewing. Given that a
third variable problem cannot be ruled out in studies with population
differences, we aimed to directly examine preferential viewing in strong
and weak memories. If what was observed in the current study is re-
flective of more general viewing differences produced by strong and
weak memories, then we should observe similar viewing behaviors
without DF manipulations.
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Fig. 3. Mean proportion of viewing time on incorrect trials directed towards the Unselected Target and Unselected Lure as a function of Cue and Time Bins in

Experiment 1. Error bars represent SE of the mean.
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Initially, we re-examined Experiment 1 findings as a function of
participant-provided confidence ratings obtained in the experiment,
and found robust differences in memory accuracy between high and
low confidence conditions, consistent with the well-known relationship
between confidence and accuracy (e.g., Tekin et al., 2018; Wixted &
Wells, 2017). Unfortunately, confidence judgments were timed, re-
sulting in participants failing to provide many confidence ratings (de-
spite not missing the actual object selection). This precluded mean-
ingful analyses of the eye movements as a function of confidence,
despite some promising preliminary trends. We revisited this issue in
Experiment 2.

3. Experiment 2: subjective memory strength

In this study, we assessed viewing behavior as a function of parti-
cipant-provided confidence ratings in the absence of any DF manip-
ulations. The procedure was similar to Experiment 1, with the exception
that the DF manipulation was eliminated, and the entire procedure was
divided into several mini study-test blocks, which is a common practice
in preferential viewing literature. After encoding a block of object-scene
pairs, participants received a test on those items, before moving on to
the next study block. There were a total of four study-test blocks.
Importantly, in the current experiment, confidence judgments were
untimed, and for more nuanced discrimination, participants provided
Low/Medium/High confidence ratings, as opposed to a binary con-
fidence rating used previously. Thus, confidence was used as a proxy for
memory strength. We aimed to assess whether preferential viewing
varied across memory strength conditions, and how these differences
compared to what was observed in Experiment 1.

3.1. Methods

3.1.1. Participants & sample size

Participants were 30 students from the University of Illinois who
were compensated with course credit. The study was approved by the
Institutional Review Board of University of Illinois at Urbana-
Champaign and complied with APA ethical standards in the treatment
of participants. All participants gave informed consent prior to inclu-
sion in the study. Sample size determination was similar to the previous
experiment.

3.1.2. Apparatus
Eye position was recorded at a rate of 1000 Hz using an Eyelink
1000 Plus eye-tracking system (SR Research). The calibration stage and
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the computer screen resolution were identical to Experiment 1.
Calibration took place prior to the beginning of each test block, for a
total of four times. Each calibration ended with participants fixating on
a centrally located cross-hair, which began the test block.

3.1.3. Stimuli

The stimuli included all materials from Experiment 1, and were
supplemented by an additional set of 36 objects and 36 scenes selected
from the same sources as in the previous experiment, resulting in a total
of 144 background scenes and 144 objects.

3.1.4. Procedure

The details of the paradigm and the encoding instructions are si-
milar to Experiment 1 with a few exceptions. First, there were no DF
instructions (all trials were “Remember” trials). Second, the entire ex-
periment was divided into four study-test blocks, each block consisting
of encoding 36 object-scene pairs, and receiving 12 trials of a sub-
sequent test. Each test trial contained 3-objects per test display, with a
Target and two Lures (similar to Experiment 1). In total, participants
were exposed to 144 object-test pairings, and received a total of 48 test
trials. The third change to the procedure involved collecting three
confidence judgments (Low, Medium, or High), and the ratings were
untimed.

3.2. Results

3.2.1. Recognition accuracy

Recognition accuracy was analyzed with a multilevel logistic re-
gression model using Confidence (Low vs. Medium vs. High) as a fixed
effect and Participants as a random intercept for the fixed effect of
confidence. Overall recognition accuracy was 82%, and it varied across
the participant-provided confidence ratings (Low Vs. medium vs. High),
B =264,SE = 0.22,z = 11.85,p < .001. Specifically, accuracy was
higher in the High confidence condition (M = 0.93, SD = 0.25) than in
a Medium confidence condition (M = 0.65, SD = 0.48), § = 3.96,
SE = 0.41, 2 = 9.69,p < .001, which in turn was higher than in the
Low confidence condition (M = 0.53, SD = 0.50), § = 1.17,
SE = 0.45, z = 2.58, p = .01. Thus, higher confidence ratings were
associated with more accurate memories. We therefore used confidence
as a proxy for subjective memory strength and examined viewing be-
havior as a function of confidence.

3.2.2. Eye movement analyses

3.2.2.1. Preferential viewing analyses. Fig. 4 summarizes mean

VIEWING SELECTED OBJECTS

1.00 » LOW-selected-TARGET
.90 LOW-selected-LURE
.80
.70
.60
.50
.40

Proportion Viewing

.30
.20
.10

.00 . .

=o=MEDIUM-selected-LURE

—e— MEDIUM-selected-TARGET —e— HIGH-selected-TARGET

=o=HIGH-selected-LURE

RESPONSE

-2000-1500 -1500-1000

-1000-500
Time Bin (500 ms)

-500-0 0-500 500-1000
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proportion of viewing (averaged across participants and across trials) to
a Selected Object (Target vs. Lure), by Confidence (Low vs. Medium vs.
High) and Time Bins (in increments of 500 ms), shifted to align with
respect to behavioral response on each trial. To assess preferential
viewing, a mixed effects model was fit to the proportion of viewing time
on each trial, using Confidence (Low vs. Medium vs. High), Selected
Object (Target vs. Lure), and Bin (four 500 ms time bins, equating to 2 s
prior to response) as fixed effects, and Participants as a random
intercept. There was a significant effect of Selected Object,
Bobjeert = 0.13, SE = 0.02, t = 7.18, p < .001, indicating
disproportionately more viewing to the Selected Target than to the
Selected Lure, confirming preferential viewing. There was also an effect
of Bin, By, = 0.17, SE = 0.02, t = 9.86, p < .001, indicating that
overall viewing increased over time. These effects were qualified by a
significant Selected Object X Bin interaction, § = 0.18, SE = 0.03,
t = 5.29, p < .001, indicating that the magnitude of preferential
viewing varied across the time bins (the variance associated with
random intercept of participants was 0> = 0.004, SD = 0.06). Viewing
reached its peak in the 500 ms time bin prior to response, with
approximately 79% of the total viewing time being devoted to the
Target over the Lure, Bopjecc = 0.17, SE = 0.03, t = 6.26, p < .001.
These results confirm the established findings in the literature as well as
the findings of the first experiment.

To assess whether viewing patterns varied across confidence levels,
we examined proportion of viewing in the 500 ms time bin prior to
response with a mixed effects model, using Confidence (Low vs. Medium
vs. High) and Selected Object (Target vs. Lure) as fixed effects, and
Participants as a random intercept. In addition to the significant effect of
Selected Object, Bopject = 0.11, SE = 0.03, t = 3.83,p < .001, there
was a significant Selected Object x Confidence interaction, = 0.16,
SE = 0.07, t = 2.39, p = .017. This interaction arises because of a
significant effect of Confidence on viewing to the Selected Target,
Beonfidence = 0.17, SE = 0.03, t = 5.03, p < .001, indicating greater
viewing to the Selected Target in the High confidence condition com-
pared to the Medium confidence or Low confidence conditions.
However, there was no effect of Confidence on viewing to the Selected
Lure, Beonfidence = —0.01, SE = 0.08,t = 0.07, p = .943. The net result
was that the magnitude of preferential viewing decreased across de-
creasing levels of confidence — whereas preferential viewing was robust
in the High confidence condition, Bspjecc = 0.22, SE = 0.04, t = 5.15,
p < .001, it was attenuated although still significant in the Medium
confidence condition, Bopject = 0.11, SE = 0.05, t = 2.17, p = .031,
whereas in the Low confidence condition, there was no preferential
viewing, Bopject = 0.01, SE = 0.07, t = 0.15, p = .879.

3.2.2.2. Analyses of retained traces. Fig. 5 summarizes mean proportion
of viewing on incorrect trials (averaged across participants and across
the trials) to Unselected Objects (Target vs. Lure), by Confidence (Low
vs. Medium vs. High) and Time Bins (in increments of 500 ms), shifted
to align with respect to behavioral response. The confidence provided
for the selected object on incorrect trials was used to assign the memory
strength of the unselected targets and lures (on incorrect trials,
participants select one of two lures and assign it a confidence
judgment; the unselected target and unselected lure on that trial is
being assigned the proxy strength of the selected lure).

The same mixed effects model was used to assess the proportion of
viewing time on incorrect trials as in Experiment 1. There was only an
effect of Unselected Object, Bopject = 0.04, SE = 0.02, t = 1.93,
p = .054, indicating greater viewing to the Unselected Target than to
the Unselected Lure (the variance associated with random intercept of
participants was o> = 0.001, SD = 0.04). There was no effect of
Confidence in viewing to Unselected Target, Pconfidence 0.05,
SE = 0.05, t = 1.24, p = .217, although there was an effect of
Confidence in viewing to the Unselected Lure, fBconfidence = —0.07,
SE = 0.04, t = 2.10, p = .036. The Confidence x Unselected Object
interaction was significant, § = 0.11, SE = 0.05,t = 2.11, p = .035.
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This interaction reflected an effect of Unselected Object in the High
confidence condition, Bopjecc = 0.13, SE = 0.04, t = 3.23,p = .001, but
not the Medium confidence condition, Bpjece = —0.01, SE = 0.03,
t = 0.20, p = .845, or the Low confidence condition, B,pjec = 0.01,
SE = 0.04, t = 0.32, p = .749. Thus, the differential retention of
memory traces across levels of confidence was due to reduced viewing
to the Unselected Lures in the High confidence condition compared to
the lower confidence conditions. This is the opposite of what was ob-
served in Experiment 1, where there was reduced viewing to the
Unselected Target.

3.3. Discussion

The current experiment revealed recognition accuracy differences as
a function of confidence, confirming that memory strength varied
across confidence levels. Eye movements revealed that preferential
viewing was reduced across confidence conditions. Participants viewed
the Selected Target more in the High confidence condition, and they
viewed it decreasingly less in the Medium and Low confidence condi-
tions. At the same time, there were no differences in viewing to the
Selected Lure across confidence conditions. This pattern of viewing
behavior is the opposite of what was observed in Experiment 1, where
reduced preferential viewing in the weak/Forget condition was driven
by increased viewing towards the Selected Lure, rather than decreased
viewing of the Selected Target.

In terms of the viewing patterns on incorrect trials (i.e., retained
traces analyses), viewing to the Unselected Target was invariant across
the confidence levels. This finding also contrasts with Experiment 1,
where viewing to the Unselected Target was reduced in the weak/
Forget condition. We interpret this finding with caution because in
Experiment 2, the confidence judgments that were provided for the
selected lures on incorrect trials were used to assign proxy strength for
unselected target and unselected (second) lure on that trial. In contrast,
in Experiment 1, the unselected targets and unselected lures had ob-
jectively defined strength. Nevertheless, the overall pattern of findings
across preferential viewing analyses and the retained traces analyses
suggests that strength-based differences that arise when the partici-
pants' goal is to remember all items (as in Experiment 2) cannot explain
the viewing patterns of Experiment 1, where the goal of forgetting some
items in IMDF produced a different set of viewing behaviors, despite
strength based differences between F and R items.

Importantly, the confidence judgments used to group the unselected
objects in Experiment 2 were taken from those assigned to the in-
correctly selected objects on those trials, and therefore the conclusions
should be taken with caution. In Experiment 3 we sought to overcome
this limitation by objectively manipulating the memory strength of all
objects.

4. Experiment 3: objective repetitions

The results of the previous two studies tentatively suggest that the
eye movement patterns observed in Experiment 1 and Experiment 2
may reflect the influence of two fundamentally different mechanisms
on viewing behavior — namely, that the viewing patterns observed in
Experiment 1 may be specific to DF, and may not generalize to other
strength-based differences in memory, despite both experiments pro-
ducing differences in memory accuracy. However, memory strength
was not objectively manipulated in Experiment 2, where confidence
served as a proxy for memory strength. Therefore, in Experiment 3 we
aimed to further examine strength-based differences in memory and
their reflection in the viewing behavior by objectively varying strength
through repetitions, given that they have a robust influence on
strengthening memory (e.g., Hintzman, 1974). In this study, there was
no DF manipulation, and half of the object-scene pairs were shown
twice, whereas the other half of object-scene pairs were presented once.
The objective strengthening manipulation would also permit more
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Fig. 5. Mean proportion of viewing time on incorrect trials directed towards the Unselected Target and Unselected Lure as a function of Cue and Time Bins in

Experiment 2. Error bars represent SE of the mean.

unequivocally interpreting the findings from the retained traces ana-
lyses in Experiment 2.

4.1. Methods

4.1.1. Participants & sample size

Participants were 30 students from the University of Illinois who
were compensated with course credit. The study was approved by the
Institutional Review Board of University of Illinois at Urbana-
Champaign and complied with APA ethical standards in the treatment
of participants. All participants gave informed consent prior to inclu-
sion in the study. Sample size determination was similar to the previous
experiments.

4.1.2. Apparatus
The apparatus, calibration procedures, and screen resolution was
identical to Experiment 2.

4.1.3. Stimuli
The stimuli were the same as in Experiment 1.

4.1.4. Procedure

The experimental procedure was similar to Experiment 1 with a few
exceptions. Instead of the DF manipulation, we used repetition ma-
nipulation to strengthen some pairs. We dropped the DF instructions
and employed “Remember-all trials”. Half of the object-scene pairs
were presented once, whereas the remaining half were shown twice.
Participants studied 54 object-scene pairs using the same timing and
encoding instructions as in Experiment 1. Afterwards, they were shown
108 object-scene pairs, half of which were presented for the first time,
whereas the remaining half of the pairs were presented the second time,
as they had been shown previously (the pairing of objects with their
scenes was preserved across repetitions). The selection of Once- and
Twice-presented pairs was determined randomly, and so was their
presentation order. The test procedure was similar to the previous ex-
periments. The test displays consisted of a scene along with either all
Once-presented or all Twice-presented objects, thereby controlling for
item strength within the test display. After selecting the object, parti-
cipants were asked to provide one of three confidence judgments re-
garding their object selection (Low, Medium, or High), and they had
unlimited time to provide their confidence rating.

4.2. Results

4.2.1. Recognition accuracy

Recognition accuracy was analyzed with a multilevel logistic re-
gression model using Presentations (Once vs. Twice) as a fixed effect and
Participants as a random intercept for the fixed effect of presentations.
Recognition accuracy was significantly higher for twice-presented
(M = 0.88, SD = 0.33) than once-presented items (M = 0.71,
SD = 0.45), § = 1.22, SE = 0.18, z = 6.72, p < .001, replicating
successful manipulation of memory strength through repetitions.

4.2.2. Eye movement analyses

4.2.2.1. Preferential viewing analyses. Fig. 6 summarizes mean
proportion of viewing (averaged across participants and across trials)
to a Selected Object (Target vs. Lure) by Presentation Status (Once vs.
Twice) and Time Bins (in increments of 500 ms), shifted to align with
respect to behavioral response on each trial. To assess preferential
viewing, a mixed effects model was fit to the proportion of viewing time
on each trial, using Presentations (Once vs. Twice), Selected Object
(Target vs. Lure), and Bin (four 500 ms time bins, equating to 2 s prior
to response) as fixed effects, and Participants as a random intercept.
There was a significant effect of Selected Object, Bopject 0.10,
SE = 0.02,t = 5.39, p < .001, indicating disproportionately more
viewing to the Selected Target than to the Selected Lure, confirming
preferential viewing. There was also an effect of Bin, B, = 0.22,
SE = 0.02, t = 12.24, p < .001, indicating that overall viewing
increased over time. These effects were qualified by a significant
Selected Object x Bin interaction, § = 0.11, SE = 0.04, t = 3.13,
p = .002, indicating that the magnitude of preferential viewing varied
across the time bins (the variance associated with random intercept of
participants was o® = 0.005, SD = 0.07). Viewing reached its peak in
the 500 ms time bin prior to response, with approximately 76% of the
total viewing time being devoted to the Target over the Lure,
Bobject = 0.16, SE = 0.03, t = 5.27, p < .001. These results confirm
the established findings in the literature and the previous two
experiments.

To assess whether viewing patterns varied across once or twice
presented items, we examined proportion of viewing in the 500 ms time
bin prior to response with a mixed effects model, using Presentations
(Once vs. Twice) and Selected Object (Target vs. Lure) as fixed effects,
and Participants as a random intercept. In addition to the significant
effect of Selected Object, Bopjece = 0.18, SE = 0.03,t = 5.38,p < .001,
there was a significant Selected Object x Presentations interaction,
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Fig. 6. Mean proportion of viewing time to the Selected Target and Selected Lure as a function of Presentation Status and Time Bins (grouped by 500 ms) in

Experiment 3. Error bars represent SE of the mean.

B = 0.15, SE = 0.06, t = 2.34, p = .020. This interaction arises be-
cause of a significant effect of Presentations on viewing to the Selected
Target, Boresentations = 0.05, SE = 0.02, t = 2.15, p = .032, indicating
greater viewing to Selected Target in the twice-presented condition
compared to once-presented condition. However, there was no effect of
Presentations on viewing to the Selected Lure, Bpresentations = —0.07,
SE = 0.07,t = 1.03, p = .304. The net result was that the magnitude of
preferential viewing decreased in once-presented compared to twice-
presented condition, although it was significant in both cases (in once-
presented: Bopjece = 0.10, SE = 0.04, t = 2.33, p = .020; in twice-
presented: Bopject = 0.28, SE = 0.05, t = 5.50, p < .001).

4.2.2.2. Analyses of retained traces. Fig. 7 summarizes mean proportion
of viewing on incorrect trials (averaged across participants and across
trials) to Unselected Objects (Target vs. Lure), by Presentations (Once
vs. Twice) and Time Bins (in increments of 500 ms), shifted to align
with respect to behavioral response. A mixed effects model was fit to
proportion of viewing time on incorrect trials (collapsed across bins)
using Presentations and Unselected Object as fixed effects, and Participants
as a random intercept. There was only an effect of Unselected Object,

Bobject = 0.05, SE = 0.02, t = 2.31, p = .021, indicating overall greater
viewing to Unselected Target than Unselected Lure (the variance
associated with random effect was o> = 0.002, SD = 0.04). None of
the remaining effects were significant. There was neither effect of
Presentations in viewing to Unselected Targets, Bpresentations < 0.01,
SE = 0.03,t = 0.13, p = .895, nor in viewing to Unselected Lures,
Boresentations = 0.02, SE = 0.03, t = 0.611, p = .541.

4.3. Discussion

Experiment 3 revealed strength-based differences in recognition
accuracy resulting from objective repetitions. The eye movements re-
vealed reduced preferential viewing in the Once-compared to Twice-
presented condition that stemmed from decreased viewing to the
Selected Target in the weaker memory condition. There were no dif-
ferences in viewing to the Selected Lure across strong and weak con-
ditions. Note, that this viewing pattern was similar to Experiment 2,
where weaker conditions (i.e., Low or Medium confidence) were asso-
ciated with less viewing to the Selected Target compared to the stronger
condition (i.e., High confidence). Furthermore, no differences in
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viewing to the Unselected Target were obtained in Experiment 3 across
presentation conditions, a finding that confirms what was observed in
Experiment 2. Therefore, in Experiment 3, where we objectively ma-
nipulated memory strength through repetitions, the viewing behavior
resembled what was observed in Experiment 2, and it was the opposite
of what was observed in Experiment 1.

5. Experiment 4: list-method DF

The previous three experiments revealed viewing differences re-
sulting from DF and those obtained through objectively strengthening
memory via repetition, or across subjective memory strength as as-
sessed through confidence ratings. The viewing behavior in DF was the
opposite of what was observed in the previous two experiments. If
viewing patterns observed in Experiment 1 are unique to DF, they may
also emerge in a LMDF procedure. Assessing LMDF through the eye
movements may yield new insights because traditionally LMDF has
been absent in tests of single item recognition (for reviews, see
Sahakyan & Foster, 2013; Sahakyan, in press), and also associative re-
cognition (Hanczakowski et al., 2012). Thus, eye movements may re-
veal patterns that go undetected in measures of recognition accuracy.
There are no studies of LMDF using eye-movements in the literature.
Given eye movements' sensitivity to subtle distinctions in memory in
ways that behavioral accuracy is not (Hannula et al., 2012; Hannula &
Ranganath, 2009; Ryan et al., 2000; Ryan and Cohen, 2004), we
wanted to investigate if eye movements might distinguish between
Remember and Forget conditions, despite a null LMDF effect in beha-
vioral accuracy. Comparing the eye movement patterns between the
two DF studies would be theoretically informative. If the same pattern
emerges between Experiment 1 and the current study, it would poten-
tially generalize the effect of DF on the viewing behavior and differ-
entiate DF from other strength-based effects observed in Experiments 2
and 3. In addition, finding reduced evidence of retained memory traces
for target objects in the LMDF study (akin to what was observed in
Experiment 1) would be consistent with the inhibitory mechanism of
LMDF. On the other hand, equivalent viewing towards the Unselected
Target across the Forget and Remember condition would be more
consistent with non-inhibitory interpretations of LMDEF.

5.1. Methods

5.1.1. Participants & sample size

Participants were 80 students from the University of Illinois who
were compensated with course credit. The data file was corrupted for
one participant, and analyses was conducted on 79 participants. The
study was approved by the Institutional Review Board of University of
Illinois at Urbana-Champaign and complied with APA ethical standards
in the treatment of participants. All participants gave informed consent
prior to inclusion in the study. Sample size was determined similar to
the previous experiments, except that the nature of critical interaction
was between a within-subjects variable (either List, or Selected Object),
and a between-subjects variable of Cue. A priori power analyses for a
small effect size interaction showed that we needed a minimum of 72
participants at power equal to 0.80, with a = 0.05.

5.1.2. Apparatus

Eye position was recorded at a rate of 250 Hz using an Eyelink II
eye-tracking system (SR Research). Eye position was calibrated using a
3 X 3 spatial array, in a process completed after the study block and
prior to the test block. Calibration ended with participants fixating on a
centrally located cross-hair, beginning the test block. The computer
screen resolution was set to 1280 x 1024.

5.1.3. Stimuli
The stimuli were identical to Experiment 1, consisting of 108 object-
scene pairs divided between equally List 1 and List 2 (see procedure for
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more details).

5.1.4. Procedure

The procedures were similar to Experiment 1 with the exception of
employing a list-method DF procedure. This meant splitting the entire
stimulus set into two separate lists (List 1 and List 2), each consisting of
54 object-scene pairs, for a total of 108 study trials. At the beginning of
encoding, participants were told they would be studying two separate
lists of object-scene pairs. After List 1, half of the participants were told
they were then going on to study another list of objects (Remember
condition), and proceeded to study object-scene pairs. The other half of
participants experienced a simulated computer crash at the end of List 1
and were instructed that they would not be tested on that list of objects
due to computer failure and that they should forget those objects. They
then proceeded to study List 2 with the impression that they would only
be tested on objects from that list. The short break between List 1 and
List 2 was consistent between the Remember and Forget conditions. At
test, DF instructions were cancelled for the group that experienced the
computer crash, and all participants were told they would be tested on
all object-scene pairs regardless of which list they came from. All three
objects in the test display came from either List 1 or List 2, in order to
control for item strength within each trial. Upon selection of the object,
participants provided binary confidence judgments following the pro-
cedures of Experiment 1.

5.2. Results

5.2.1. Recognition accuracy

Recognition accuracy was analyzed with a multilevel logistic re-
gression model using Cue (Remember vs. Forget) and List (List 1 vs. List
2) as fixed effects, and Participants as a random intercept for the fixed
effects of cue and list. There was no effect of cue, indicating that re-
cognition accuracy did not differ between the Forget and Remember
groups, Beue = 0.66, SE = 0.39, z = 1.71, p = .09 (Forget List 1:
M = 0.70, SD = 0.46; List 2: M = 0.72, SD = 0.45; Remember List 1:
M = 0.76, SD = 0.43; List 2: M = 0.73, SD = 0.44). There was neither
the effect of List, ;s = —0.02, SE = 0.09, z = 0.27, p = .786, nor the
Cue X List interaction, § = —0.32, SE = 0.18, z = 1.76, p = .08.
These results confirm that there was no DF effect in this study, re-
plicating the null DF effect in associative recognition reported pre-
viously (Hanczakowski et al., 2012).

5.2.2. Eye movement analyses

5.2.2.1. Preferential viewing analyses. Fig. 8 summarizes mean
proportion of viewing (averaged across participants and across trials)
to a Selected Object (Target vs. Lure) by Cue (R vs. F) and Time Bins (in
increments of 500 ms), shifted to align with respect to behavioral
response on each trial. Note that the data is collapsed across the lists in
the Forget and Remember conditions. We examined viewing patterns in
each list separately, but since the same pattern emerged in both lists, we
are presenting the combined figure.

To assess preferential viewing, a mixed effects model was fit to the
proportion of viewing time on each trial, using Cue (F vs. R), Selected
Object (Target vs. Lure), and Bin (four 500 ms time bins, equating to 2 s
prior to response) as fixed effects, and Participants as a random inter-
cept. There was a significant effect of Selected Object, Bopjece = 0.07,
SE = 0.03,t = 2.66, p = .008, indicating disproportionately more
viewing to the Target than to the Lure, confirming preferential viewing.
There was also an effect of Bins, B, = 0.14, SE = 0.03, t = 5.77,
p < .001, indicating that overall viewing increased over time. These
effects were qualified by a significant Selected Object X Bin interac-
tion, B = 0.29, SE = 0.05,t = 5.87, p < .001, indicating that the
magnitude of preferential viewing varied across the time bins (the
variance associated with random intercept of participants was
o® = 0.003, SD = 0.06). Viewing reached its peak in the 500 ms time
bin prior to response, with approximately 67% of the total viewing time
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Fig. 8. Mean proportion of viewing time to the Selected Target and Selected Lure as a function of Cue and Time Bin (grouped by 500 ms) in Experiment 4. Error bars

represent SE of the mean.

being devoted to the Target over the Lure, fopjecc = 0.15, SE = 0.02,
t = 7.73,p < .001. These results confirm the established findings in
the literature as well as the previous experiments.

To assess whether viewing patterns varied between Forget and
Remember conditions, we examined proportion of viewing in the
500 ms time bin prior to response with a mixed effects model, using Cue
(F vs. R) and Selected Object (Target vs. Lure) as fixed effects, and
Participants as a random intercept. In addition to the significant effect of
Selected Object, Bopject = 0.15, SE = 0.02, t = 7.57, p < .001, there
was a significant Selected Object x Cue interaction, f 0.13,
SE = 0.04, t = 3.33, p < .001. This interaction arises because of a
significant effect of Cue on viewing to the Selected Lure, ... = —0.09,
SE = 0.04, t = 2.15, p = .037, indicating greater viewing to the
Selected Lure in the Forget condition compared to Remember condi-
tion. However, there was no effect of Cue on viewing to the Selected
Target, Bcye = 0.04, SE = 0.03,t = 1.18, p = .244. The net result was
that the magnitude of preferential viewing decreased in the Forget
compared to Remember condition, although it was significant in both
cases (in Remember: Bopjece = 0.22, SE = 0.03, t = 8.13,p < .001; in
Forget: Bopject = 0.08, SE = 0.03, t = 2.81, p = .005).

5.2.2.2. Analyses of retained traces. Fig. 9 summarizes mean proportion
of viewing on incorrect trials (averaged across participants and across
trials) to Unselected Objects (Target vs. Lure), by Cue (F vs. R) and Time
Bins (in increments of 500 ms), shifted to align with respect to
behavioral response. The same mixed level model was used to assess
the proportion of viewing time on incorrect trials as in the previous
experiments. There was only an effect of Unselected Object,
Bobject = 0.03, SE = 0.01, t 1.97, p = .049, indicating greater
viewing to the Unselected Target than the Unselected Lure (the
variance associated with random intercept of participants was
o> < 0.001, SD 0.03). None of the remaining effects were
significant. Unlike in Experiment 1, there was no effect of Cue in
viewing to Unselected Target in the current experiment, f.,e < 0.01,
SE = 0.02,t = 0.152, p = .88.

5.3. Discussion

There was no DF effect in behavioral accuracy in Experiment 4,
consistent with other findings in the literature indicating the absence of
DF in recognition tests, including in associative recognition. The eye
movement behavior revealed a reduction in preferential viewing in DF
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Fig. 9. Mean proportion of viewing time on incorrect trials directed towards the Unselected Target and Unselected Lure as a function of Cue and Time Bins in

Experiment 4. Error bars represent SE of the mean.
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that was driven by increased viewing to the Selected Lure in the Forget
condition compared to the Remember condition. At the same time,
there were no differences in viewing to the Selected Target between the
cue conditions. Thus, the effect of DF on preferential viewing in the
current experiment replicated the findings of Experiment 1 (while also
contrasting with those observed in Experiments 2 and 3, which were
driven by the opposite patterns of viewing). However, the current ex-
periment contrasts with Experiment 1 in important ways because unlike
Experiment 1, no differences emerged in viewing to the Unselected
Target between the Forget and Remember conditions in the current
experiment. Therefore, the effects of DF on preferential viewing in the
current experiment were similar to that in Experiment 1, whereas the
effects of DF on retained traces revealed that the magnitude of retained
traces for forgotten targets was similar in the Forget and Remember
conditions.

6. General discussion

Intentional forgetting can be an adaptive process for navigating a
complex world. How exactly intentional forgetting is accomplished is a
topic of debate in the literature. In this investigation, we used a novel
approach by examining eye movements that accompany behavior to
make progress on the theoretical mechanisms of DF. We pursued two
major goals — (1) to examine how successful intentional forgetting is
expressed in eye movement behavior, and whether it differs from in-
cidental forgetting that happens despite the intention to remember, and
(2) how strength based differences in memory are expressed in eye
movements in general. In Experiment 1, we varied strength using the
item-method DF manipulation. In Experiment 2, memory strength was
assessed through subjective confidence ratings. In Experiment 3,
strength was varied through objective repetitions, and in Experiment 4,
we used the list-method DF procedure. Note, that there was no DF
manipulation in Experiments 2 and 3, and they represent more tradi-
tional “remember-all” memory studies.

We adapted a paradigm from neurocognitive literature that has
been extensively examined using eye movements. The task involved
associative recognition, where participants had to select the target
object that was paired with the background scene during encoding. The
test displays always contained three items from the same memory in-
struction to control for the strength of items within the test display (i.e.,
F-Target with two F-Lures, or R-Target with two R-Lures). From the
point of behavioral accuracy, correct selection of the F-Target on a
given test trial represents a failure of intentional forgetting because
memory for the Target “survived” despite the previous instruction to
forget it. In contrast, selection of the F-Lure represents successful in-
tentional forgetting, because participants did not select the Target
(presumably because it was forgotten). Finally, selection of the R-Lure
represents incidental forgetting, because the target was missed despite
the intention to remember. Critically, we compared eye movements
associated with these behavioral outcomes. To the best of our knowl-
edge, this is the first study to have coupled eye tracking measures with
an item-method DF paradigm using associative recognition testing
procedures.

In Experiment 1, there was impaired recognition accuracy for F-
items, indicating that item-method DF impaired relational memory.
This finding is consistent with other behavioral studies in the literature,
documenting impaired relational memory in IMDF using word pairs
(e.g., Bancroft et al., 2013; Hockley et al., 2016; Hourihan et al., 2007).
The eye movements in the Remember condition replicated the estab-
lished findings of preferential viewing, indicating that participants de-
voted a disproportionate amount of time viewing the Selected Target
compared to the Selected Lure. Greater viewing towards the Target
indicates the influence of memory (as opposed to influence of selection)
on eye movement behavior.

The viewing behavior in the Forget condition revealed several novel
findings. Namely, failure of intentional forgetting was virtually
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identical to the Remember condition. That is, on the trials when par-
ticipants did not forget the Target and correctly selected it on the re-
cognition test, they viewed that Target as much as in the Remember
condition. In contrast, on the trials when they selected the Lure (pre-
sumably because they successfully forgot the Target), participants
viewed the Selected Lure more in the Forget condition than in the
Remember condition. Overall, there was a reduction in preferential
viewing in the Forget condition that was driven by enhanced viewing
towards the Selected Lure. Note that this viewing pattern is the opposite
of our prediction, where we thought that DF may reduce preferential
viewing because participants may view the selected Target less in the
Forget condition. In contrast, the results showed that preferential
viewing was reduced because of the enhanced viewing towards the
Selected Lure in the Forget condition.

Importantly, eye movements distinguished successful intentional
forgetting from incidental forgetting as evident in differential retention
of memory traces across the Forget and Remember conditions in
Experiment 1. The critical question was what happened to viewing the
two remaining objects whenever participants selected the lure (i.e.,
Unselected Target and Unselected Lure), and whether there were dif-
ferences between the Forget and Remember conditions. Whenever
participants select a lure, there is no reason to expect differences in
viewing the two unselected objects, unless a lingering memory for the
Unselected Target influenced the viewing behavior, producing greater
viewing towards that Unselected Target than the Unselected Lure (i.e.,
Nickel et al., 2015). The results showed that whenever participants
selected a lure, they tended to view that Unselected Target more than
the Unselected Lure, confirming the influence of retained memory
traces of Unselected Targets on the viewing behavior. Importantly,
however, they viewed the Unselected Target substantially less in the
Forget condition than in the Remember condition, indicating that suc-
cessful intentional forgetting impaired memory beyond what was ob-
served in instances of incidental forgetting, producing differences in the
viewing behavior between the two instruction conditions.

To the best of our knowledge, this is the first study to establish eye
movements as a marker distinguishing successful intentional forgetting
from incidental forgetting. From a theoretical viewpoint, the eye
movement findings provide support for the inhibitory account of item-
method DF, and are inconsistent with the selective rehearsal view. The
inhibitory account of IMDF makes a prediction that successful DF
should be distinguished from incidental forgetting — in this case, it
predicts that successful intentional forgetting should show suppressed
viewing to the Unselected Target in comparison with incidental for-
getting. In contrast, the selective rehearsal account does not make this
prediction because it suggests that impaired memory of F-items arises
from terminating rehearsal of those items. Thus, passively forgotten R-
items and successfully forgotten F-items should produce similar sig-
natures in eye movements. Our findings were inconsistent with the
rehearsal view, and supported the inhibitory view.

With an exception of few important differences, Experiment 1
findings were replicated in Experiment 4. First, there was no impair-
ment in behavioral accuracy between the Forget and Remember con-
ditions in LMDF, consistent with other null findings in the literature
(Hanczakowski et al., 2012). Despite the null effect in behavioral ac-
curacy, a reduction in preferential viewing was observed also in Ex-
periment 4, and it was driven by enhanced viewing towards the Se-
lected Lures in the Forget condition, replicating Experiment 1.
However, in contrast to IMDF, LMDF revealed equivalent retention of
memory traces for Unselected Targets between the Forget and Re-
member conditions. Although both instruction conditions showed
greater viewing towards the Unselected Targets than the Unselected
Lures, this effect was of the same magnitude between the Forget and
Remember conditions. This aspect of divergent findings between the
two DF studies is theoretically important because it suggests that LMDF
does not share the inhibitory mechanisms that appear to be implicated
in IMDF. In Experiment 1, successful intentional forgetting was evident
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in impaired retention of target memory traces in the Forget condition,
consistent with the inhibitory view. This was not the case in Experiment
4, where the Remember and Forget conditions revealed similar evi-
dence of retained memory for Target items as expressed in the viewing
behavior.

Viewing behavior across two DF studies were in stark contrast with
those observed in strength-based differences in memory in a purely
“remember-all” context. Namely, in Experiment 2, recognition accuracy
was highest in the high confidence condition, and lowest in the low
confidence condition, replicating the well-known relationship between
confidence and memory strength (e.g., Tekin et al., 2018; Wixted &
Wells, 2017). In Experiment 3, we objectively manipulated memory
strength by presenting half of the object-scene pairs twice during the
encoding stage, and obtained recognition accuracy differences that
tracked the repetitions. Neither Experiment 2 nor Experiment 3 con-
tained any DF manipulation, and both experiments involved strength-
based differences in recognition accuracy. Although in general, pre-
ferential viewing was reduced in both Experiment 2 and Experiment 3,
it was driven by a different mechanism than what was observed in DF
studies. Namely, participants were less likely to view the Selected
Targets in the “weak” conditions than in the “strong” conditions of
Experiment 2 and Experiment 3, whereas viewing to the Selected Lures
remained invariant across strengths. This is the opposite of what was
observed in DF studies, where reduced preferential viewing stemmed
from enhanced viewing towards the Selected Lures, while viewing to
the Selected Targets remained invariant across Forget (weak) and Re-
member (strong) conditions. In addition, when differential memory
traces for unselected targets were observed in Experiment 2, it was also
driven by a different mechanism than what was observed in IMDF.
Namely, participants were less likely to view the Unselected Lures in
the “strong” condition than in the “weak” conditions of Experiment 2.
In Experiment 3, on the other hand, no differences were observed in
retained memory traces of strong and weak targets, which is also in-
consistent with IMDF findings, but replicates LMDF findings. Overall,
across a range of measures, the viewing patterns between the strong
and weak memories in the “remember-all” context were either incon-
sistent or opposite of what we observed in strong and weak memories in
the “forgetting” context, indicating that the goals that participants
pursued affected subsequent eye movements observed at retrieval. As-
sessing memory strength with objective manipulations as well as
through subjective assessments is not an uncommon practice in eye-
tracking research such as in pupillometry (e.g., Otero et al., 2011). The
fact that both objective and subjective memory strength was reflected
in similar patterns of viewing behavior, and contrasted with viewing
behaviors observed in DF, provides generalizability of findings and
strengthens the conclusions.

In the current investigation, we adopted a modified paradigm that
had been widely used to assess different populations characterized by
relational memory impairment, namely in amnesia (Hannula et al.,
2007, 2015, 2006; Ryan et al., 2000; Ryan & Cohen, 2004), aging (Ryan
et al.,, 2007), and schizophrenia (Williams et al., 2010; Hannula,
Althoff, et al., 2010). To the best of our knowledge, this is the first study
to investigate the impact of strength-based differences on preferential
viewing as a general principle of memory. Overall, eye movement
analyses revealed important differences between strong and weak
memories that recognition accuracy could not reveal on its own. First,
they distinguished successful and unsuccessful DF, providing support
for the inhibitory account of item-method DF, and posing a challenge
for the selective rehearsal account. Second, eye movements also dis-
tinguished between strong and weak memories in a context of intending
to “forget some items” from intending to “remember-all” items of
varying strengths. Namely, when the goal is to remember, weaker items
lead to reduced preferential viewing compared to strong items, and this
is reflected in viewing weaker Selected Targets less than stronger Se-
lected Targets. In contrast, when the goal is to forget some items,
weaker/Forget conditions lead to reduced preferential viewing, but this
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is reflected in greater viewing towards the Selected Lures in the Forget
than the Remember condition rather than reduced viewing towards the
weak targets. Third, the effect of inhibitory mechanisms in item-method
DF on eye movements were not obtained in list-method DF, suggesting
that list-method DF does not appear to share inhibitory mechanisms
that drive the impairment in item-method DF. The current findings
suggest strength-based differences lead to different magnitudes in pre-
ferential viewing, and that the pattern of eye movements leading to
reduced preferential viewing is dependent on the context in which
strength-based differences emerge.

Typical DF studies investigate successful intentional forgetting
through items that participants failed to forget, which amounts to
studying anti-forgetting despite an intention to do so. More recent in-
vestigations using concurrent measures such as EEG and fMRI have
begun to dissociate incidental from successful intentional forgetting by
identifying differential brain activity between the two types of forget-
ting (for a review, see Anderson & Hanslmayr, 2014). By doing so, these
studies have argued for inhibitory mechanisms associated with suc-
cessful intentional forgetting, contrasting with the traditional view of
successful DF resulting from terminating rehearsal of F-items during
encoding. Using eye-tracking as a concurrent measure of behavior al-
lowed shedding light on the theoretical debate of DF, by revealing
markers of inhibition in eye movements.
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