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Abstract

Proactive interference — the disruptive effect of old memories on new learning — is a long-
established forgetting mechanism, yet there are doubts about its impact on visual working
memory and uncertainty about the kinds of information that cause proactive interference. The
present study aimed to assess these issues in three experiments using a modified recent
probes task. Participants encoded four target images on each trial and determined whether a
probe matched one of those targets. In Experiment 1, probes matching targets from trial N-1
or N-3 damaged responding in relation to a novel probe. Proactive interference was also
produced by probes differing in state to a previously experienced target. This was further
assessed in Experiments 2 and 3. Here, probes differing in colour to a previous target, or
matching the general target category only, produced little proactive interference. Conversely,
probes directly matching a prior target, or differing in state information, hindered task
performance. This study found robust proactive interference in visual working memory that
could endure over multiple trials, but it was also produced by stimuli closely resembling an
old target. This challenges the notion that proactive interference is produced by an exact

representation of a previously encoded image.

Key words: Proactive interference, visual working memory, forgetting, recent probes

task.
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Magnitude and Sources of Proactive Interference in Visual Memory

Visual short-term and working memory (VWM)! has both a limited capacity (Luck &
Vogel, 1997) and brief lifetime (Ricker & Cowan, 2010, 2014). Understanding these well-
established limitations is theoretically important and has attracted much research attention,
and the weaknesses of VWM may potentially be linked to sensitivity to interference. One
form of interference is produced by the memory of stimuli/events encountered in the recent
past, which can disrupt currently maintained memories (see Jonides & Nee, 2006). This is
known as proactive interference (PI) and it is a major mechanism in some explanations of
forgetting (Brown et al., 2007). However, its effects on VWM are not fully understood and
there are doubts about its magnitude. According to Shoval et al. (2020, p. 1258), VWM “is
traditionally assumed to be immune to proactive interference” and given the brief lifetime
and small capacity of VWM, redundant events encountered in the recent past should not
persist in memory. There is therefore good reason to expect modest or minimal PI, and some
theories support this. For example, Engle (2002) has argued that one of the purposes of
working memory is dealing with, and reducing, PI. The ability to handle PI may be more
pronounced in individuals with a higher working memory capacity, who may be better placed
to use executive control to manage PI (see Kane & Engle, 2000).

In VWM, evidence supporting the notion of transient PI was reported by Makovski
and Jiang (2008), who combined Monsell’s (1978) recent probes task with a change detection
procedure. Participants remembered an array of target stimuli over a short delay, and then

determined whether a single probe matched one of the targets. On the critical trials, the probe

! There is some confusion in the literature concerning the distinction between short-term memory and
working memory, but the former is often used to describe passive maintenance of information and the
latter refers a more active system that both maintains and manipulates information (Aben et al., 2012).
For consistency with similar previous studies, we use the term “working memory” in this manuscript,
but we are referring to a limited capacity system that maintains and uses visual information over
relatively short delays.
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was a match for an untested target from the previous trial (a Recent Negative or RN probe),
and this lowered accurate responding in relation to a novel probe (a Non-Recent Negative or
NRN). This increase in false alarms on RN trials, where participants incorrectly endorsed
probes from a prior trial, is evidence of PI, and it was found for both shapes and colours.
However, it was a limited effect. PI was spatially specific, as the RN probe only disrupted
task performance if it was presented in the same location as the original target. Actively
attending to stimuli, and deliberately remembering them, was also important, as no PI was
found for passively attended and incidentally encoded memoranda.

Other studies have failed to find PI too. In the canonical change detection task, based
on encoding a small number of stimuli presented very briefly and maintained over a short
delay, Lin and Luck (2012) found no evidence for PI. This was supported by Balaban et al.
(2019), who collected data from over 3,800 participants and almost half a million change
detection trials. There was little evidence that VWM capacity declined over the course of the
experiment, as would be expected if PI built-up throughout the procedure. Instead, PI could
explain only 5% of the variance in VWM capacity. However, there is an important difference
in the type of PI investigated by Makovski and Jiang (2009), compared with Lin and Luck
and Balaban et al. The former investigated item-specific PI, where an item encountered on
trial N-1 is used as a probe on trial N, whereas Lin and Luck and Balaban et al. were
searching for a form of item-nonspecific PI (see Postle et al., 2004; Postle & Brush, 2004),
where the same set of stimuli are re-used over multiple trials, allowing the potential build-up
of PI to be investigated.

Yet there are also doubts about item-specific PI, which is the focus of this study. In
Oberauer et al.’s (2017) fourth experiment, participants viewed an array of three targets,
followed by a probe, and the task was to recall the colour of the probed target. Sometimes the

probe also matched a target from the previous trial. If PI occurred, participants might be
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expected to recall the colour of the target from trial N-1, but there was little evidence for such
PI occurring.

Mercer and Duffy (2015) did find a PI effect in the recent probes task, where
participants had to remember three complex shapes, but the PI diminished as the inter-trial
interval was lengthened (similar to earlier demonstrations of PI weakening over time in
verbal memory, e.g., Kincaid & Wickens, 1970; Loess & Waugh, 1967; Peterson & Gentile,
1965; Turvey et al., 1970). Conversely, McKeown et al. (2014, 2020) found that PI tended to
persist regardless of the length of the delay separating trials and despite using abstract,
unfamiliar visual stimuli, which are usually difficult to retain over a retention interval. PI may
even endure over multiple trials. Hartshorne (2008) showed participants three unfamiliar
visual stimuli on each trial, followed by a single probe after a 1 s delay. The probe matched
one of the current targets 40% of the time, but on the remaining 60% of trials the probe
matched a target from a previous trial (i.e., a RN probe). Probes depicted stimuli experienced
on trials N-1, N-2, N-3, N-4, N-5 or N-8. The PI effect was reduced in the N-8 condition in
comparison to N-1, N-2 and N-3, but this does indicate that PI continues over several trials.

In summary, there is uncertainty concerning the robustness and persistence of PI in
VWM. Some studies have found no (e.g., Oberauer et al., 2017) or very limited PI (e.g.,
Makovski & Jiang, 2008), casting doubt about the importance of PI as a mechanism affecting
VWM. In contrast, other studies have found robust and long-lasting PI (e.g., Hartshorne,
2008; McKeown et al., 2014, 2020), so this study intended to reassess the magnitude, and
accuracy, of PI in the recent probes task.

The present study also aimed to provide an understanding of the types of information
that can produce PI. In some explanations of PI, it is assumed that residual memories persist
in an exact state over time, and thereby disrupt retrieval. For example, McKeown et al.

(2014) proposed that PI is caused by a passive memory trace, which is an unattended record
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of a past event that is highly detailed and does not decay. This contrasts with active memory
traces, which are directly maintained in the focus of attention. The act of holding a visual
trace in the focus of attention is imperfect and leads to the representation degrading over
time. Papadimitriou et al. (2015) also outlined a two-store account, based on the classic
multi-store model, to explain PI: an unbiased visual sensory memory is immune to PI but
decays rapidly, requiring a longer-lasting VWM store to be used at extended delays, but this
store is susceptible to PI. It can be assumed that the VWM store persisting over extended
delays is preserving an accurate representation of old items — i.e., items that have not
decayed.

However, the standard version of the recent probes task does not allow an assessment
of the underlying sources of PL. In the typical task, the RN probe is a direct match for a
recently encountered target and the NRN probe is either completely novel or has not been
experienced for multiple trials. While this RN probe does hinder task performance, it is
possible that stimuli similar to the RN probe could have an equivalent effect. If PI could be
produced by stimuli that only resemble a previously encoded item, it would challenge the
suggestion that PI is highly specific and caused by an exact representation of an old event.
Instead, PI may be better explained as a familiarity-based effect (i.e., it may be driven by a
familiarity signal from long-term memory; Oberauer et al., 2017).

The present study assessed this idea by investigating the types of information that lead
to PI in VWM. This is possible as a visual stimulus can vary on several different dimensions,
including features such as colour, state (e.g., the arrangement or position of an object) and
exemplar (i.e., the broader category to which an object belongs). The present experiments
were therefore able to manipulate RN probes on different visual dimensions.

In Experiment 1, probes identical to a previous target, or differing in state, were

compared against an NRN probe to assess whether RN probes very close to the original
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stimulus could produce PI, or whether the effect was limited to RN probes that were an
identical match for an earlier item. Experiments 2 and 3 then extended this idea by using RN

probes that also differed in colour and exemplar to a prior target, as well as the state.

Experiment 1

The first experiment used a modified version of the recent probes task where
participants had to remember four target images (depicting familiar objects and animals) over
a short delay. A subsequent probe was then presented, which either matched or mismatched
one of the current targets. When the probe was a mismatch for a current target, it was either
novel (NRN), matched a target from a previous trial (RN probe) or resembled a target from a
previous trial, but differed in state (State RN probe).

Manipulating the type of RN probe provided a means of determining the kinds of
information that cause PI for visual stimuli. It was possible that the RN probe alone would be
able to disrupt performance, in relation to the NRN condition. Alternatively, the State RN
probe may also disrupt performance in comparison to NRN probes, and potentially have the
same detrimental effect as the regular RN probe. This would indicate that PI can generalise to
state-level information.

The robustness of PI was measured by manipulating the number of trials separating
the current probe from its initial occurrence. Specifically, RN probes either matched a target
from the immediate previous trial (trial N-1) or a target encountered three trials before the
current one (trial N-3). If PI represents an immediate carryover effect, only RN probes that
were experienced on trial N-1 should produce PI. Conversely, if PI can endure over several
trials, as suggested by Hartshorne (2008), RN probes encountered on trial N-3 may also be

capable of producing PL
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Method

“Figure 1 about here”

Participants

The study was advertised through an internal participant pool and the website

“Psychological Research on the Net” (https://psych.hanover.edu/research/exponnet.html).

Sixty-two participants consented to the experiment but only 37 completed the full procedure
and submitted their responses. The final sample included 24 females and 13 males aged
between 19 and 57 (M = 30.22, SD = 10.14; one age missing). Eighteen participants also
reported wearing glasses or contact lenses when using a computer.

Recruitment occurred over a period of three and a half months. Only after this point
were data assessed, with Bayesian statistics confirming that all alternative hypotheses

received support from the data.

Materials

Stimuli were selected from the database used by Brady et al. (2008, 2013) and Konkle

et al. (2010), available at http://konklab.fas.harvard.edu/#. In total, 880 stimuli were selected

for experimental trials, with an additional 26 used on practice trials. Stimuli included unique
images of familiar objects (e.g., tools, gadgets, cutlery, clothing) and animals. Importantly,
these stimuli are also available in different states, where images depict the same object in
different arrangements or positions (e.g., an open or closed tin, or a tied or untied shoe). The
State RN probes matched a previously encountered target but in a different state. Examples

can be seen in Figures 1 and 2.


https://psych.hanover.edu/research/exponnet.html
http://konklab.fas.harvard.edu/
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The experiment was designed and run using the Gorilla Experiment Builder

(www.gorilla.sc; Anwyl-Irvine et al., 2020). This allowed the experiment to be conducted

online, but the study could only be completed on a desktop computer or laptop.

Design and Procedure

The PI effect was assessed in a 2 (trial on which the probe was last encountered: N-1
vs. N-3) x 3 (probe type: RN vs. State RN vs. NRN) repeated measures design. Accuracy and
response time data were collected, and an overview of the procedure is shown in Figure 1.

Trials commenced with a fixation cross, displayed for 100 ms, followed by four
targets. The targets were displayed for 1.5 s, with two targets in a top row and two in a
bottom row, and followed by an unfilled 3 s retention interval. After this, a probe was
displayed in the centre of the screen for up to 5 s and participants had to respond using the
“M” key to indicate a Match and the “Z” key to indicate a Mismatch. To prompt a response,
an instruction — “Match (M) or mismatch (Z)?” — was displayed underneath the probe. After
their response, the next trial commenced after a delay of 1 s.

There were four types of probe. The most common were Positive probes, which
matched one of the current targets (but these were not formally assessed, as they are
uninformative about PI; see Berman et al., 2009). Positive probes matched each target
position an equal number of times. RN probes matched an untested target from either trial N-
1 or N-3, whereas State RN probes resembled an untested target from trial N-1 or N-3 but
were not an identical match (they differed in state/arrangement). NRN probes showed novel
stimuli that had not previously been encountered. To balance the design for the purposes of
the ANOVA, two NRN conditions were created, to match the N-1 and N-3 RN and State RN

conditions, but in reality all NRN stimuli were unique.


http://www.gorilla.sc/
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The experiment comprised 200 trials, including 80 Positive trials and 40 RN, 40 State
RN and 40 NRN trials. Mismatching trials therefore made up 60% of all trials and were
equally divided between N-1 and N-3 trial types. Trials were completed in four separate
blocks of 50 trials, which included 20 Positive trials and 10 of each mismatching trial type.
Trials within a block were presented in a fixed order, due to the specific requirements of the
design, but the block order was randomised for each participant.

The experiment lasted approximately 30-35 minutes. Participants were asked to watch
an instructional video and complete six practice trials prior to beginning the main experiment.
No feedback was provided, and participants were asked to confirm they consented to the

experiment and wished to submit their responses for analysis at the end of the procedure.

Results

Data scoring

Trials with missing or unusually quick responses (< 150 ms) were removed, but these
were extremely rare, comprising less than 0.3% of all trials. The proportion of correct
responses in each condition was calculated, and the response time analysis was based on
trials with a correct response only. Additionally, 95% CIs were calculated using the
procedure outlined by Jarmasz and Hollands (2009) and effect sizes were computed using an
online calculator for repeated measures designs

(https://memory.psych.mun.ca/models/stats/effect_size.shtml).

“Table I about here”

Data Analysis


https://memory.psych.mun.ca/models/stats/effect_size.shtml
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Both frequentist and Bayesian ANOV As were used to assess accuracy and response
time data. The Bayesian ANOVA was conducted using JASP software (JASP Team, 2018),
which employs a model comparison approach?. Bayes factors (BF!?) are given for each main
effect, combination of main effects, and combination of main effects and interactions. BF!’
gives an indication of the level of support for a hypothesis — for instance, a BF'? of 8 indicates
the data are eight times more likely under the alternative, than null, hypothesis, whereas a
BF!%0f 0.125 denotes the opposite pattern. As a guide, BF'® values of 3, 10 or 100 can be
used to indicate moderate, strong, or extreme support for the alternative hypothesis, whereas
a BF'%lower than 0.33 offer more support for the null hypothesis (Wagenmakers et al., 2018).
Values in the intermediate region (0.33- 3) are insensitive. In this approach, interactions are
not assessed in isolation — they are always combined with main effects. To explore
interactions, specific analyses of effects can be calculated, based on a BFnclusion score. This
value provides the level of support for certain models (e.g., a main effect, or an interaction)
and can be interpreted in a similar manner as outlined above (e.g., BFiclusion > 3 indicates
good support for a specific model, whereas values < 0.33 do not). Both BF'® and BF nciusion are
used here.

To explore more specific effects, Holm-Sidak corrected paired #-tests and Bayesian
post-hoc tests were used. The latter tests were conducted using an approach outlined by
Dienes (2014, 2019), based on a distribution with a mode of 0 and a SD equivalent to the
expected effect size. Here, the maximum expected effect size for the accuracy comparison —

the difference between RN and NRN conditions — was set at 0.11 (following the maximum PI

2 The Bayesian ANOVA in JASP is based on default priors, which are designed to be computationally
convenient and applicable in a variety of situations. However, it is also possible to measure the impact
of the chosen priors by running an identical analysis that swaps default priors (» = 0.5) for wider (» =
1) or narrower (r = 0.2) priors. Crucially, the conclusions did not change at all for the analysis on
accuracy when either narrow or wide priors were used. The same held for the response time analysis,
except under narrow priors the interaction effect became insensitive (BFmcision = 0.58), though there
was still very little support for retaining it within the model.
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effect outlined by Mercer and Dufty, 2015, for visual stimuli in the recent probes task). For
the response time comparison, the maximum effect size — i.¢., the extent to which response
times are slowed on RN compared to NRN trials — was set at 100 ms, following Berman et
al.’s (2009) summary of the recent probes task literature.

The mean difference between the two conditions being compared, and the standard
error, was then used to calculate BF'?. This approach has the advantage of making a realistic

estimate of the effect size, based on past work (Dienes, 2019).

Accuracy

Mean proportion correct scores and SE are shown in Table 1. There was evidence for
a strong PI effect in the N-1 condition from both the RN and State RN probes, whereas the PI
effect was less pronounced in the N-3 condition.

To formally assess these data, 2 (trial on which the probe was last encountered: N-1
vs. N-3) x 3 (probe type: RN vs. State RN vs. NRN) frequentist and Bayesian repeated
measures ANOV As were performed on the proportion of correct responses, but there was
evidence of a negative skew in all conditions (see Appendix 1). Such deviations from
normality do appear common (Blanca et al., 2013; Bono et al., 2017) and are likely to have
affected prior studies using the recent probes task, but the issue is the extent to which they
affect the outcomes of the ANOVA. There is wider debate concerning the extent to which
ANOVA can handle violations to the normality assumption (e.g., Blanca et al., 2017;
Oberfeld & Franke, 2013; Schmider et al., 2010), but importantly a non-parametric

alternative yielded similar effects to the ANOVAS,

3 The issue with the negative skew for accuracy scores could not be corrected using typical
transformations in the NRN condition, due to high performance. Yet exploring the data with
Friedman’s test found significant PI when comparing the three probe types, ¥*(2) = 27.09, p < .001.
Holm-Sidak corrected Wilcoxon tests showed higher performance on NRN trials compared to RN (Z
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Both main effects and the interaction were significant (with the interaction being
corrected using the Greenhouse-Geisser adjustment for violating the sphericity assumption)
and from the Bayesian perspective, all models received extreme support from the data. This
indicated strong evidence for the alternative over the null hypothesis (the model comparison
results are shown in Appendix 2, whereas the specific analyses of effects are shown in Table
2.

For the trial on which the probe was last encountered, F(1, 36) =55.61, MSE =0.01, p
<.001, np? = 0.61, accuracy was lower on N-1 (M = 0.88 [0.86, 0.90]) than N-3 (M = 0.96
[0.94, 0.98]) trials. For the effect of probe type, F(2, 72) = 23.67, MSE = 0.004, p < .001, n,*
= 0.40, performance in the NRN condition (M = 0.96 [0.95, 0.97]) was significantly higher
than both the RN (M =0.89 [0.88, 0.90], p <.001, d = 1.02) and State RN (M =0.91 [0.90,
0.92], p <.001, d = 0.76) conditions. However, the two types of RN probe did not
significantly differ (p =.057, d = 0.34).

The two main effects were underpinned by an interaction, F(1.70, 61.16) = 15.43,
MSE =0.003, p <.001, n,*> = 0.30, which was explored with post-hoc tests. Within the N-1
condition, performance on NRN trials was higher than both RN (p <.001, BF'? = 816,790.13,
d =1.22) and State RN (p <.001, BF'? = 825.59, d = 0.86) conditions, and there was
compelling evidence for the alternative hypothesis. Yet the RN and State RN probe types did
not significantly differ (p = .140, d = 0.32), though the effect was insensitive (BF'* = 0.99).

PI was therefore present in the N-1 condition, and in the N-3 condition RN probes
again lowered performance compared to NRN probes (p =.032, BF'’=15.69, d = 0.49).

However, the State RN vs. NRN comparison was non-significant and insensitive in the N-3

=-4.67, p <.001) and State RN (Z = -3.83, p <.001) conditions, but not between RN and State RN (Z
=-1.90, p = .058). A further Wilcoxon test confirmed lower performance for N-1 compared to N-3
trials (Z=-5.02, p <.001). Thus, the effects from a non-parametric analysis supported those emerging
from the ANOVA.
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condition (p = .187, BF'®=1.29, d = 0.32). Additionally, the RN and State RN trials did not
significantly differ in the N-3 condition (p = .430, BF'* = 0.25, d = 0.16) and this comparison
was in line with the null hypothesis.

The final set of comparisons found worse performance in the N-1 than N-3 conditions
for all probe types. These effects were all significant and supported the alternative
hypotheses, but were especially strong for the RN and State RN probes (RN: p <.001, BF!*=
816,790.13, d = 1.27; State RN: p <.001, BF!°=6,458.38, d = 0.90; NRN: p = .013, BF!°=

15.69, d = 0.59).

“Table 2 about here”

Response time

Response time data are shown in Table 1. Responses to RN and State RN probes were
slower than NRN probes in both N-1 and N-3 conditions. There was evidence of a positive
skew in some conditions (N-3 State RN and N-1 NRN), as shown in Appendix 1, but this did
not seem to affect the overall outcome of the analysis®.

These data were formally assessed with further 2 x 3 frequentist and Bayesian
repeated measures ANOV As. There was a significant effect of the trial on which the probe
was last encountered, F(1, 36) = 14.19, MSE = 9142.72, p < .001, n,*> = 0.28, and extreme

support for retaining this main effect in the model (see Table 3 for the Bayesian analysis

* The positive skew was corrected through a log transformation of the data. Analysing the log-
transformed response times in a 2x3 ANOVA revealed the same effects as the untransformed data:
there were significant effects of the trial on which the probe was last encountered, F(1, 36) = 15.70,
MSE =0.001, p <.001, n,* = 0.30, and probe type, F(2, 72) = 38.49, MSE = 0.002, p < .001,n,* =
0.52, but no interaction, F(2, 72) = 1.79, MSE = 0.001, p = .175, n,*> = 0.05. Post-hoc analyses also
revealed the same pattern of results as the ANOVA based on untransformed data. The latter is
reported in the main analysis as it aids interpretation of the effects.
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outcomes, and Appendix 3 for the full model comparison). It was due to slower responses on
N-1(M=1,103.12[1,084.73, 1,121.51]) than N-3 (M = 1,054.77 [1,036.38, 1,073.16) trials.
Probe type was another significant effect, F(2, 72) = 28.41, MSE = 11,764.15, p < .001, np> =
0.44, and strongly supported by the Bayesian analysis. Responses to NRN probes (M =
1,001.35[983.34, 1,019.36]) were significantly slower than both RN (M = 1,117.25
[1,099.24, 1,135.26], p <.001, d = 1.07) and State RN (M =1,118.24 [1,100.23, 1,136.25], p
<.001, d = 1.03) probes. There was also extreme support for the alternative hypothesis when
comparing the NRN probe against RN and State RN probes (both BF'® > 100,000,000),
indicating both RN probes slowed performance compared to NRN. Conversely, the latter two
conditions did not differ (p = .955, d =0.01) and this comparison offered strong support for
the null hypothesis (BF!° = 0.16).

Finally, the interaction was non-significant, (2, 72) = 1.50, MSE = 9,303.37, p =

229, n* = 0.04, and there was no support for retaining it within the model.

“Table 3 about here”

Discussion

Experiment 1 investigated the sources of PI and its endurance over trials, with the
frequentist and Bayesian analyses being consistent in their outcomes. In terms of the
underlying sources of PI, both the RN and State RN probes produced a strong PI effect,
compared to the NRN control. Reponses to RN and State RN conditions were less accurate
and slower than the NRN condition, suggesting that stimuli matching the state of a previously
encoded item can disrupt responding. PI can therefore be generated by stimuli that are only

similar to those encountered in the recent past.
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PI’s endurance was more ambiguous. For accuracy data, the RN probes produced a PI
effect in both N-1 and N-3 conditions, according to the frequentist and Bayesian analysis. The
State RN probe also produced PI in the N-1 condition, but not N-3. However, performance on
RN trials in the N-1 condition was lower than N-3, so the strongest PI effect came from RN
items that were experienced in the recent, rather than more distant, past. For response time
data, responses to RN and State RN conditions remained slower than NRN in both the N-1
and N-3 conditions. PI may therefore be present even when the old item was presented

several trials earlier. This outcome is further reviewed in the General Discussion.

Experiment 2

Experiment 1 demonstrated that a probe differing in state to a previously encountered
target produced substantial PI in relation to the NRN control condition. State-based
information can therefore cause PI but Experiment 2 aimed to investigate the generalisability
of this effect. It did so by introducing additional types of RN probe. In addition to RN and
State RN conditions, there were also Colour RN trials (where the probe differed in colour to a
previously encountered target) and Exemplar RN trials (where the probe showed a different
exemplar from the same category as a previous target) — see Figure 2. The N-3 condition was
removed, so RN probes were always related to an untested target from the previous trial, and
improvements were made to the NRN condition. In Experiment 1, the NRN probe was a
completely novel object, whereas in Experiment 2, the NRN probe matched an untested
target from trial N-8. NRN stimuli had therefore been encountered earlier in the experiment,
which may provide better control over familiarity effects.

Both RN and State RN conditions were expected to lower task performance in
relation to NRN, as shown in Experiment 1, but this experiment allowed the sources of PI to

be more fully tested. If PI can be produced by numerous kinds of information, Colour RN and
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Exemplar RN conditions may also disrupt performance in comparison to the NRN condition.
Alternatively, if the sources of PI are very limited, these additional RN probe types may have

minimal effect on task performance.

Method

“Figure 2 about here”

Participants

The approach to sampling was similar to Experiment 1, except the study was only
advertised via an internal participant pool scheme. This prevented participants who
completed Experiment 1 from also undertaking this experiment, ensuring a new sample was
recruited. The intention was to recruit participants over a time frame similar to Experiment 1,
but it took moderately longer to achieve a similar sample size (four months). Data were
analysed using Bayesian statistics at that point, which revealed strong support for the
alternative hypothesis for both dependent variables (BF'® > 10; Wagenmakers et al., 2018).

Twenty-nine participants consented to, and completed, the experiment, but two
participants were removed as over 15% of their responses were missing or invalid. The final
sample included 27 participants (23 females and four males) aged between 19 and 40 (M =
23.70, SD = 4.32). Thirteen participants also reported wearing glasses or contact lenses when

using a computer.

Materials

Stimuli matched Experiment 1, except some new images were used to create the

Colour RN and Exemplar RN conditions. Colour RN probes were identical to a previously
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encountered target but varied in colour (e.g., a green or pink handbag). Exemplar RN probes
were drawn from the same category as a previous target and were in the same state, but the
specific exemplar differed (e.g., two different laptops). The Colour RN and Exemplar RN
conditions were created by randomly selecting 80 stimulus pairs (40 varying in colour and 40
varying in exemplar) from the images used by Brady et al. (2013) and available at

http://konklab.fas.harvard.edu/# (see Figure 2).

Design and Procedure

The PI effect was assessed in a one-way repeated measures design, varying probe type
(RN vs. State RN vs. Colour RN vs. Exemplar RN vs. NRN). The procedure largely matched
Experiment 1, except the total number of experimental trials was reduced to 180, the N-3
condition was removed and the NRN probe now matched an untested target from trial N-8.
This was not expected to produce a PI effect (Hartshorne, 2008), while ensuring that NRN
stimuli had been experienced in the past and were therefore not completely unfamiliar. Each
RN probe type, and the NRN control, were assessed on 20 trials, whereas the Positive probes
were again presented on 80 trials. Trials were completed in four blocks and the order of the

blocks was randomised.

Results

Data scoring

Scoring matched the approach used in Experiment 1, but one participant was removed
due to overall low performance on the task, which was 3.75 SDs below the mean.
Additionally, trials with missing or unusually quick response (< 150 ms) were again

removed, but these were extremely rare, comprising less than 0.3% of all trials.


http://konklab.fas.harvard.edu/
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“Table 4 about here”

Accuracy

The mean proportion of correct responses is shown in Table 4, which suggested a PI
effect from the RN and State RN conditions only. There was again evidence of a negative
skew in the different conditions (see Appendix 4), but both parametric and non-parametric
tests revealed the same outcome”.

One-way repeated measures frequentist and Bayesian ANOVAs were used to assess
these data. The former was corrected using the Greenhouse-Geisser adjustment for a violation
to sphericity. There was a significant effect of probe type, F(3.15, 78.77) = 4.76, MSE = 0.01,
p =.004, n,> = 0.16, and the effect was 23 times more likely under the alternative, than null,
hypothesis® (BF!® = 23.03).

While the ANOVA was useful in establishing the presence of differences, the
pairwise comparisons were of most relevance in understanding PI. A series of Holm-Sidak
corrected #-tests and Bayesian post-hoc tests were therefore conducted (see Table 5).
Bayesian tests again used 0.11 as the estimated effect size (matching Mercer & Dufty, 2015,
but also matching the RN/NRN N-1 comparison in Experiment 1). Performance on NRN
trials was significantly better than both RN and State RN trials, with Bayesian tests showing

good support for the alternative hypothesis. However, NRN performance did not significantly

5 Friedman’s test found a significant PI effect when comparing the five probe types, ¥*(4) = 11.46, p =
.022. Holm-Sidak corrected Wilcoxon tests showed significantly worse performance in the RN (p =
.033) and State RN (p =.012) conditions, in comparison to the NRN control, whereas Colour RN (p =
.429) and Exemplar RN (p = .238) did not differ from NRN.

® Following Experiment 1, the robustness of the Bayesian ANOVA was tested by re-running the
analysis with narrow and wide priors. For both the accuracy and response time analyses, there
remained convincing support for the alternative hypothesis regardless of the priors.
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differ from Colour RN and there was little support for the alternative hypothesis. The
comparison between NRN and Exemplar RN was also non-significant and supported the null
hypothesis.

No other comparisons were significant. However, there was moderate evidence for
the alternative hypothesis when comparing the RN condition against both Colour RN and
Exemplar RN probes, and more substantial support for the alternative hypothesis when
comparing State RN against Exemplar RN. However, the RN vs. State RN comparison was

more compatible with the null hypothesis.

“Table 5 about here”

Response times

Next, response time data in the five conditions — with errors removed — were assessed
(see Table 4). Similar to accuracy data, there was evidence for a PI effect in the RN and State
RN conditions, but not the other RN conditions. There was also a positive skew in some
conditions (specifically, State RN, Exemplar RN and Colour RN - see Appendix 4), but
analyses on both transformed and untransformed data led to the same outcomes’. The latter
are reported here, to aid interpretation.

One-way frequentist and Bayesian repeated measures ANOVAs found a significant

effect of probe type, F(4, 100) = 5.45, MSE = 8,002.85, p < .001, np> = 0.18, and strong

" The positive skew was corrected through a log transformation of the data. Analysing the log-
transformed response times in a one-way ANOV A revealed the same effects as the untransformed
data, with a significant probe type effect, F(4, 100) = 5.98, MSE = .001, p < .001, n,> = 0.19. Holm-
Sidak corrected paired-samples -tests revealed responses on NRN trials were faster than both RN (p =
.005) and State RN (p = .032) trials. Conversely, Colour RN (p = .587) and Exemplar RN (p = .849)
response times did not differ from NRN. Responses on RN trials were also slower than Colour RN (p
=.035) and Exemplar RN (p = .020) trials. All other comparisons were non-significant.
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support for the alternative hypothesis, with the effect being 50 times more likely under the
alternative, than null, hypothesis (BF'? = 50.93).

Once again, the pairwise comparisons were of particular interest in establishing the
nature of PI. These showed that RN and State RN conditions significantly slowed responding
in relation to the NRN control, whereas Colour RN and Exemplar RN did not. Bayesian post-
hoc tests, conducted using the approach outlined in Experiment 1, supported the alternative
hypothesis (and therefore the presence of PI) in the RN and State RN conditions, when
compared against NRN. There was less evidence for PI in the Colour RN and Exemplar RN
conditions. In addition, responses to Colour RN and Exemplar RN probes were both
significantly quicker than standard RN probes. From the Bayesian perspective, performance
in the RN condition was also slowed in comparison to the Colour RN and Exemplar RN
conditions, with decent support for the alternative hypothesis. The equivalent comparisons in

the State RN condition were insensitive. The full set of comparisons are shown in Table 5.

Discussion

Experiment 1 showed that RN probes differing in state from the previously encoded
item could produce P1. Experiment 2 assessed whether this effect could be produced by other
types of RN probe, offering a more thorough test of the kinds of information that can lead to
PI. To achieve this, four different types of RN probe were used, where the probe on trial N
either directly matched a target from trial N-1, or varied in terms of its state, colour, or
exemplar. Results revealed PI from the RN and State RN conditions, in relation to the NRN
control, for both accuracy and response time, matching Experiment 1. However, there was
little evidence for PI from the Colour RN and Exemplar RN probes, indicating that the

sources of PI are relatively limited.
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Experiment 3

The final experiment provided a direct replication of Experiment 2 with a larger
sample. While Experiment 2 supported the findings of Experiment 1, there was ambiguity in
some of the pairwise comparisons (particularly in terms of whether the RN and State RN
conditions led to worse performance than the Colour and Exemplar RN conditions).
Experiment 3 therefore tested the replicability of the effects arising from Experiments 1 and

2.

Method

Participants

A new sample was recruited via Aston University’s psychology participant pool, with
data being collected over a period of approximately two weeks. Seventy-seven participants
consented to the experiment, and 66 completed the full procedure. Three participants did opt
to withdraw their data at the end of the task, so the final sample included 63 individuals.
Participants were undergraduate psychology students (51 female, 11 male and one nonbinary)
aged between 18 and 32 (M = 18.95, SD = 2.20). Thirty-two participants reported wearing

glasses or contact lenses when using a computer.

Materials, Design and Procedure

The arrangements for this experiment were identical to Experiment 2.

Results
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Data scoring

Two participants were removed due to very low performance on the task (average
correct responses across all conditions were 3 and >5 SDs below the mean, respectively, and
at or below chance). Trials with missing or unusually quick responses (< 150 ms) comprised

approximately 1% of all responses and were removed.

Accuracy

“Table 6 about here”

Table 6 shows the mean proportion of correct responses, with the clearest PI in the
RN and State RN conditions only. The negative skew in the different conditions was again
present (see Appendix 5), especially for NRN probes, but both parametric and non-parametric
tests revealed the same outcome®.

One-way frequentist and Bayesian repeated measures ANOV As found a significant
effect of probe type, F(3.47, 208.20) = 17.60, MSE = 0.01, p < .001, n,*> = 0.23 (the former
being corrected using the Greenhouse-Geisser adjustment), and extreme support for the
alternative hypothesis (BF'? = 7.32 x 10°)°.

The crucial post-hoc tests were then carried out following the approach of Experiment

2, except the Bayesian tests estimated the difference between RN and NRN conditions to be

8 Friedman’s test found a significant PI effect when comparing the five probe types, ¥*(4) = 51.86, p <
.001. Holm-Sidak corrected Wilcoxon tests showed significantly worse performance in the RN (p <
.001) and State RN (p <.001) conditions, in comparison to the NRN control, whereas Colour RN and
Exemplar RN did not differ from NRN. Additionally, RN and State RN conditions led to significantly
lower performance than Colour RN and Exemplar RN conditions (all p values < .005).

% Re-running the Bayesian ANOVA using narrow and wide priors did not change the outcome of the
analysis. Extreme support for the alternative hypothesis remained.
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0.07, following the effect observed in Experiment 2 (as this was a direct replication of the
earlier study, this effect was judged to be more likely). Results are shown in Table 7.
Responses to the NRN probe were significantly higher than both RN and State RN probes,
with extreme support for the alternative hypothesis. Conversely, the Exemplar RN and
Colour RN probes did not lead to significantly lower performance than the NRN control, and
these effects were more congruent with the null hypothesis (though insensitive). Additionally,
performance on the RN and State RN probes was significantly worse than both Colour RN
and Exemplar RN, and there was convincing support for the alternative hypothesis. There
were no significant differences between RN and State RN, or between Colour RN and
Exemplar RN. The latter comparison was congruent with the null hypothesis, though the

former was insensitive.

“Table 7 about here”

Response Time

As seen in Table 6, RN and State RN probes slowed responding, compared to the
NRN condition, on the error-free response time measure. Responses were also modestly
slowed in the Exemplar RN and Colour RN conditions, compared to NRN. Further data
exploration revealed a positive skew in some conditions (primarily in the State RN and NRN
conditions — see Appendix 5), but analyses on both transformed and untransformed data led

to equivalent outcomes!®. Following Experiment 2, the untransformed data are reported and a

' The positive skew was corrected through a log transformation of the data, and analysing the
transformed data with a one-way ANOVA revealed a significant probe type effect, F(4, 240) = 8.08,
MSE = 0.002, p < .001, n,> = 0.12. Holm-Sidak corrected paired-samples -tests showed that
responses on NRN trials were faster than both RN (p = .003) and State RN (p <.001) trials.
Conversely, Colour RN and Exemplar RN response times did not differ from NRN. Responses on
Colour RN trials were also faster than RN (p =.007) and State RN (p = .003) trials. All other
comparisons were non-significant.
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one-way ANOVA (corrected using the Greenhouse-Geisser adjustment) found a significant
effect of probe type, F(3.21, 192.52) = 5.11, MSE = 23,265.39, p = .002, n,*> = 0.08. The
Bayesian ANOV A showed this effect was 31 times more likely under the alternative, than
null, hypothesis (BF'® = 31.08)'".

Post-hoc tests were then conducted (see Table 7). The Bayesian tests were based on
the difference between RN and NRN conditions being 97.35 ms, as found in Experiment 2.
The post-hoc comparisons found significantly quicker responses to NRN trials compared
with RN and State RN trials, with support for the alternative hypothesis. Responses to Colour
RN probes were also faster than RN and State RN trials, with support for the alternative
hypothesis again being uncovered. No other comparisons were significant, but the Bayesian
tests revealed moderate support for the alternative hypothesis when comparing State RN
against Exemplar RN, with the former condition leading to slower responses. The RN vs.
State RN and Colour RN vs. Exemplar RN comparisons were compatible with the null

hypothesis, and the remaining comparisons were insensitive.

Discussion

Experiment 3 aimed to provide a replication of Experiment 2, but with a larger
sample. Matching Experiment 2, RN and State RN conditions increased errors, and slowed
responding, compared to the NRN control. However, in terms of accuracy, this experiment
provided better evidence that both RN and State RN conditions increased errors compared to
the Colour RN and Exemplar RN conditions (these effects were significant, with extreme

support for the alternative hypothesis). Additionally, the RN condition slowed response times

' Support for the alternative hypothesis remained when the priors were either narrow or wide. The
Bayes factor was smaller under wide priors, BF'? = 7.53, but decent evidence for the alternative
hypothesis remained, in comparison to the null hypothesis.
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compared to Colour RN, replicating Experiment 2, but this effect was uncovered in the State
RN condition too. Furthermore, the Bayesian comparison found moderate support for the
alternative hypothesis when comparing the State RN and Exemplar RN conditions, with
faster responding in the latter condition, though this effect was conventionally non-
significant. Matching Experiment 2, the Colour RN and Exemplar RN conditions did not
significantly affect responding in comparison to the NRN control. Most of these comparisons
were also congruent with the null hypothesis, but insensitive. In summary, the effects were
largely compatible with Experiment 2, with reliable PI being confined to the RN and State

RN conditions.

General Discussion

PI is often included in the list of major forgetting mechanisms (e.g., Nairne &
Pandeirada, 2008) and has played an important role in early theorising about forgetting (e.g.,
Underwood, 1957) as well as more recent models (e.g., Brown et al., 2007). However, there
have been doubts about the impact of PI in VWM (see Shoval et al., 2020), contradictory
findings concerning its robustness (e.g., Makovski & Jiang, 2008; McKeown et al., 2020;
Mercer & Duffy, 2015; Oberauer et al., 2017), and uncertainty over its underlying
mechanisms (see Oberauer et al., 2017). The present study aimed to assess the impact of PI
on VWM and provide an understanding of its nature. A major aim was to determine the kinds
of information that can produce PI, providing insights into the underlying sources of this
form of interference. Existing research has not resolved this issue in the visual recent probes
task as the RN probe, which directly matches an item from a previous trial, is compared
against a new probe (or one that has not been experienced for multiple trials). Yet it is
possible that stimuli resembling an older item could also produce PI. The present study

directly tested this idea by varying the similarity of the RN probe to a past target. The second
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aim was to assess the overall magnitude of PI, given prior conflicting findings, and

Experiment 1 tested whether PI endured over several trials.

Magnitude of PI

PI impacted performance in the present experiments. Compared to the NRN
condition, accuracy in the RN condition was 7% lower in Experiments 1 and 2, and 9% lower
in Experiment 3. Responding was also 116 ms, 97 ms and 77 ms slower, in Experiments 1, 2
and 3, respectively. In Monsell’s (1978) original demonstration of PI in the recent probes
task, responses to RN probes were 7% less accurate and 75 ms slower than NRN probes (see
Jonides & Nee, 20006), so the PI effect reported here was of a similar magnitude. In a
discussion of verbal working memory, Berman et al. (2009) indicated that RN probes are
typically rejected around 50-100 ms slower than NRN probes, hence the present findings
were consistent with that effect (97 ms difference, on average). Furthermore, the PI effect has
not always been found on the response time measure in VWM (e.g., McKeown et al., 2020,
Experiments 3-5), whereas it was present here. In comparison to some recent studies that did
find PI on a response time measure (McKeown et al., 2020, Experiments 1 & 2; Mercer &
Duffy, 2015), the RN/NRN difference varied between 29 ms and 47 ms. In relation to
accuracy, McKeown et al. (2020) found that accuracy on RN trials was 3-4% lower than
NRN trials.

In summary, the PI effect reported here was more pronounced than some other, recent
studies using visual stimuli, showing that it can constrain VWM performance. In addition, the
effect was not spatially specific. Makovski and Jiang (2008) found that the PI effect was
eliminated when the probe was not presented in the same spatial location as the prior target,
whereas here a PI effect was reported even though the targets and probe were in different

locations.
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In terms of the persistence of PI over multiple trials, the effect was somewhat
ambiguous. Experiment 1 showed a clear PI effect on accuracy when the RN probe matched
an item from both trial N-1 and trial N-3, whereas PI from State RN probes was confined to
the N-1 condition. However, responses to RN probes in the N-1 condition were less accurate
than when these probes matched an item from three prior trials, suggesting that PI was
strongest for more recent items, at least on the accuracy measure.

Reduced PI from more distant RN probes could be explained via both decay and
interference processes. On N-3 trials, up to 34.8 s could pass since an RN probe had last been
encountered, whereas this was a maximum of 13.6 s on N-1 trials. The N-3 condition
therefore provided a longer delay, allowing unnecessary memories of old images to gradually
decay over time. While the notion of decay is controversial, there is evidence of time-
dependent forgetting without overt external interference in VWM (e.g., Gold et al., 2005;
Krill et al., 2018; Mercer & Barker, 2020; Pertzov et al., 2013; Rademaker et al., 2018;
Ricker & Cowan, 2010, 2014). Additionally, Nilsson (2020) has systematically examined the
effect of time delays in colour and line orientation memory, using psychophysical techniques.
Observers memorised visual features over a variety of different retention intervals and there
was evidence for a random decay process, though the half-life of line orientation memory
was shorter than the half-life for colour memory, suggesting different visual properties may
decay at different rates. This study was also able to minimise any external interference,
increasing the plausibility of decay as a mechanism for the loss of PI.

In relation to the PI literature, however, McKeown et al. (2014, 2020) showed that PI
in the visual recent probes task was largely unaffected by the duration of the interval
separating trials. Berman et al. (2009) had previously outlined a similar effect in the verbal
version of the recent probes task, suggesting PI may be time insensitive over short intervals.

While some earlier studies of PI in verbal memory did document a decline in PI over time,
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this only happened after relatively long delays — for example, Loess and Waugh (1967) found
that PI dissipated in the Brown-Peterson task after inter-trial intervals lasting approximately 2
minutes. In a similar procedure, Kincaid and Wickens (1970) found a more rapid reduction in
PI, over delays of 45 s, but this is still substantially longer than the decay intervals used here
and in other recent studies.

An alternative explanation therefore relies on interference produced by the additional
intervening trials in the N-3 condition. In that condition, participants were asked to remember
an additional 12 images after encountering the RN probe as a target and re-experiencing it as
a probe, whereas this was just four intervening targets in the N-1 condition. Berman et al.
(2009) also showed that a single intervening trial could eliminate the PI effect on a response
time measure.

The decay and interference explanations would need to be directly tested in
subsequent studies, which should systematically vary the inter-trial interval separating trials
(to create decay intervals) and the number of intervening item (to assess interference effects).

Yet both these explanations struggle with some aspects of the present data, as there
was still evidence of PI persisting over lengthy intervals. As already noted, the RN probes in
the V-3 condition lowered accuracy in relation to the NRN control, and when looking at the
response time measure, PI was present for RN and State RN probes in N-1 and N-3
conditions. In summary, then, there was some evidence of PI enduring over several trials,
broadly supporting Hartshorne’s (2008) discovery of a relatively durable form of PI for visual
stimuli. This raises implications for understanding the mechanisms of PI, which are reviewed

more thoroughly below.

Sources of PI
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While all experiments were able to find PI on accuracy and response time measures,
the PI effect could also be produced by stimuli matching the state of an old item. In
Experiment 1, regular RN probes and State RN probes were used, with the former being a
direct match for a previous, untested target, and the latter closely resembling a prior target,
but differing in its arrangement. Experiments 2 and 3 retained these RN probe types, while
also introducing probes that were identical to a prior target, but differed in colour, or only
resembled the general exemplar of a prior target.

A probe that resembled a previous target’s state produced strong PI in each
experiment, but overall, the kinds of information that could produce PI was relatively limited
— the RN probes differing in colour and exemplar did not greatly affect performance
compared to the NRN control, and in Experiment 3 performance was higher in the Colour RN
and Exemplar RN conditions, compared with RN and State RN (responses to Colour RN
probes were also quicker than RN and State RN probes). This indicates that PI is confined to
probes that are either identical to, or extremely similar to, an earlier target. This also signals
that phenomenon related to PI, such as negative semantic priming (see Megias et al., 2020),
did not occur. Negative semantic priming may have been expected to affect all RN
conditions, including ones that did not affect responding (e.g., for the Exemplar RN, there
was a close semantic relationship between an earlier target and the probe). This may be due
to differences in the procedures — while the recent probes task requires retention of arrays of
targets, with an emphasis on accurate responding, priming tasks tend to require simple
identification or judgements of stimuli, with an emphasis on rapid responding.

The discovery that PI can be produced by items resembling the state of a previously
encoded image questions the notion that an exact representation of a previous event continues
to persist in VWM and disrupt current responding. Instead, familiarity may be playing a role

in PI, which is compatible with Oberauer et al.’s (2017) suggestion that PI arises at the
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decision stage of a VWM task (e.g., deciding whether a probe matches a current target).
Furthermore, if PI is based on a familiarity-signal from long-term memory, this may explain
how PI is able to endure over several trials in some cases. However, both Experiments 2 and
3 showed that the sources of PI are limited, hence any effect of familiarity does not appear to
generalise widely to other stimuli. For example, an item identical to a prior target except in
colour should still instil a feeling of familiarity, yet this colour RN probe did not damage task
performance. When considering competing views that PI is either produced by an exact, non-
decayed representation of an old item (e.g., McKeown et al., 2014) or a more general,
familiarity signal (e.g., Oberauer et al., 2017), the results from this study fall in between these
suggestions.

Indeed, the data reported here potentially indicate that residual visual memories
preserve sufficient detail to maintain exemplar-level information. It is already well-
established that VWM loses detail relatively quickly after encoding, with Rademaker et al.
(2018) showing that VWM becomes less accurate over time, but in a gradual manner, and a
similar effect may have happened here. In relation to the present study, the precise exemplar
encountered may not be lost, but some specific details concerning its state may be forgotten.
Probes that replicate a previously encountered target, or vary only in state to a prior target,
therefore produce PI because they are operating within the exemplar-level representation. Yet
as this level of detail is preserved, encountering a probe that is a different exemplar from a
particular category would not produce PI, and this may also explain the absence of PI from
the Colour RN probe, as two objects of a very different colour may be treated as two separate
exemplars.

This interpretation does appear to contrast with findings concerning the fidelity of
visual long-term memory (VLTM). Brady et al. (2008) found that participants could

remember precise details about the state and exemplar of thousands of objects, though in that
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study, participants viewed images individually for 3 s, whereas here four images were shown
simultaneously for half that time. Performance in Brady et al.’s (2008) study may also have
been influenced by the recognition task, which was based on a two-alternative forced-choice
task. Cunningham et al. (2015) replicated Brady et al.’s procedure, but also added an old/new
recognition test, which required responses to a single probe (as was also the case in the
present experiments). Performance on this old/new task was significantly poorer than the
two-alternative forced-choice procedure, and participants were more likely to incorrectly
endorse state and exemplar foils compared to novel foils. VLTM may therefore be more
reliant on coarse, gist-based representations than originally thought.

Alternatively, PI may be graded and as probes deviate further and further from the
original image, PI becomes less impactful. There was some evidence for this, particularly
within the Experiment 3 data. For instance, responses to RN and State RN probes were less
accurate than both Colour RN and Exemplar RN, and slower than Colour RN. Some of these
effects do need to be treated with caution (they were more ambiguous in Experiment 2), but
there were hints that PI became less pronounced as the RN probes differed more substantially

from the original event.

Further Research

There are several directions for future research. Distinguishing between decay and
interference explanations for diminishing PI would be useful, as outlined above, as would
further testing of the exemplar-based interpretation of PI. Future studies may be able to
undertake additional modifications to the recent probes task to assess this idea. For instance,
stimuli could be manipulated to create changes that are either relevant or irrelevant for

exemplar identification, as the latter arrangement is not predicted to produce PI.
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There is also need to assess the properties of the memory underlying PI. If P1 is
produced by a residual trace of a past event, the underlying memory must be more robust
than VWM (e.g., in terms of capacity and lifetime), whereas the data from Positive trials
suggest that the memories assessed here appear more limited than a VLTM (average correct
responses on Positive trials did not exceed 75%.). A memory store existing between VWM
and VLTM could explain these data, such as Endress and Potter’s (2014) temporary form of
memory that has a large capacity and a lifetime of a few minutes.

Yet it may not be necessary, or desirable, to apply a multi-store view of memory here.
Unitary store models (e.g., Cowan, 1995; Oberauer, 2002) rely on a single long-term memory
system, with representations existing in different states of activation. In the present study,
representations of recent events may remain in a state of activation even after the memory is
no longer needed, and these may return to the focus of attention when the same item, or a
very similar item, is encountered again. This account is more parsimonious than one that
requires several different memory systems, and overlaps with Oberauer et al.’s (2017)
familiarity interpretation of PI, but further testing to differentiate these possibilities is

required.

Limitations

While the present findings provide new insights into PI, an online platform was used
to run the experiments. This was necessary because of the coronavirus pandemic and closure
of physical laboratories, but there is a valid concern about the loss of experimental control.
Despite this, a form of item-nonspecific PI was previously demonstrated in an online
experiment (Hartshorne, 2008) and a clear PI effect was observed in the present experiments,

showing that item-specific PI can be found in an online recent probes task.
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The present study also used images of familiar, real-world objects and animals,
whereas typically VWM procedures use simple stimuli (e.g., shapes or colours) or abstract,
unfamiliar items (e.g., McKeown et al., 2014). There may be greater risk of verbal labelling
with familiar stimuli, although the four target images were displayed simultaneously for just
1.5 s, which may make effective rehearsal strategies more difficult. Indeed, participants could

not consistently identify target-probe matches, as shown by performance on Positive trials.

Conclusion

Despite some doubts about the role in PI in VWM, the present study showed that it
does damage the retention of visual information and may endure over several trials.
Importantly, however, PI could also be produced by a probe that closely resembled a
previously experienced target, but differed in state, identifying another source of PI in VWM.
This challenges the notion that PI is caused by an exact representation of a previously

encoded event.
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Appendices
Appendix 1

Violin Plots for Proportion Correct (Top Graph) and Response Times (Bottom Graph) in

Experiment 1
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Appendix 2
Results of Bayesian Model Comparison for Accuracy Data in Experiment 1
Models P(M) P(M|data) BFwm BF!0 error %
Null model (incl. subject) 0.200 4.715e-21 1.886¢e-20 1.000 -
Probe type + Trial on which the
probe was last encountered +
0.200 0.995 765.428  2.110e+20 3.531
Probe type x Trial on which the
probe was last encountered
Probe type + Trial on which the
0.200 0.005 0.021 1.102¢ +18  2.253
probe was last encountered
Trial on which the probe was
0.200 3.212e-10 1.285e-9 6.811e+10 1.045
last encountered
Probe type 0.200 3.31le-16 1.324e-15 70212.846  0.949
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Appendix 3
Results of Bayesian Model Comparison for Response Time Data in Experiment 1
Models P(M) P(M|data) BFm BF!° error %
Null model (incl. subject) 0.200 8.382e¢-12 3.353e-11 1.000 -
Probe type + Trial on which the
0.200 0.786 14726  9.382e+10  2.707
probe was last encountered
Probe type + Trial on which the
probe was last encountered +
0.200 0.196 0.977 2.343¢+10  2.515
Probe type x Trial on which the
probe was last encountered
Probe type 0.200 0.017 0.070 2.060e +9 1.454
Trial on which the probe was
0.200 9.293¢-11 3.717e-10 11.087 1.517

last encountered
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Appendix 4

Violin Plots for Proportion Correct (Top Graph) and Response Times (Bottom Graph) in

Experiment 2
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Appendix 5

Violin Plots for Proportion Correct (Top Graph) and Response Times (Bottom Graph) in

Experiment 3
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Tables
Table 1
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Mean (SE) Proportion of Correct Responses and Response Times According to Probe Type

and Trial on which Probe was Presented as a Target in Experiment 1.

N-1 N-3
Probe Type Proportion Correct  Response Time Proportion Correct  Response Time
RN 0.83 (0.02) 1,152.54 (42.48) 0.94 (0.01) 1,081.96 (40.63)
State RN 0.86 (0.02) 1,146.67 (41.63) 0.95 (0.01) 1,089.81 (46.84)
NRN 0.94 (0.01) 1,010.16 (42.10) 0.97 (0.01) 992.55 (38.10)

Note. Positive trials featured probes that matched a target from trial N, and therefore the N-1

and N-3 manipulation is not relevant. However, the mean proportion of correct responses and

response times on Positive trials were 0.73 (SE = 0.02) and 1,072.91 ms (SE = 36.40),

respectively.
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Table 2

Bayesian ANOVA Analysis of Effects for Accuracy Data in Experiment 1

Effect P(incl) P(incl|data)  BFinclusion

Probe type 0.40 0.005 1.62 x 107
Trial on which the probe was last encountered  0.40 0.005 1.57x 1013
Interaction 0.20 0.995 191.36

Note. P(incl) shows the prior model probabilities, based on default values, and P(incl|data)
indicates model probabilities after the data have been examined. The change between these

two values generates the BFclusion Score, which provides evidence for retaining or rejecting

each effect.
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Table 3

Bayesian ANOVA Analysis of Effects for Response Time Data in Experiment 1

Effect P(incl) P(incl|/data)  BFmciusion
Probe Type 0.40 0.804 7.93 x 10°
Trial on which the probe was last encountered  0.40 0.786 45.55

Interaction 0.20 0.196 0.25
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Table 4
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Mean (SE) Proportion of Correct Responses and Response Times According to Probe Type in

Experiment 2.

Response Time

Probe Type Proportion Correct
RN 0.87 (0.02)
State RN 0.88 (0.02)
Colour RN 0.92 (0.02)
Exemplar RN 0.92 (0.01)
NRN 0.94 (0.01)
Positive 0.74 (0.03)

1,044.85 (45.57)
1,006.65 (47.79)
963.98 (39.84)
956.46 (40.98)
947.50 (43.98)

960.31 (37.25)

Note. Positive trials are included for reference but were not formally analysed as they are

uninformative about PI.
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Table 5

Cohen’s d and Post-hoc Comparisons for Proportion of Correct Responses and Response

Times in Experiment 2

Comparison Proportion Correct Response Time
d  BFY p d BF'? p

RN vs. NRN 0.60 134.41 .045 0.67 131.79 .020
RN. vs. State RN 0.09 0.28 959 0.25 1.07 .620
RN vs. Colour RN 044 7.32 185 0.62 51.16 .034
RN vs. Exemplar RN 043 7.32 197 0.64 80.61 .027
State RN vs. NRN 0.65 27.84 .026 0.59 27.84 .044
State RN vs. Colour RN 044 242 203 0.37 2.27 365
State RN vs. Exemplar RN 0.54 505.49 .056 0.36 2.41 .339
Colour RN vs. NRN 0.19 0.49 730 0.16 0.43 .804
Colour RN vs. Exemplar RN 0.00 0.20 916 0.07 0.27 916
Exemplar RN vs. NRN 0.32 1.29 472 0.28 0.32 721

Note. The p values were corrected using the Holm-Sidak adjustment. In this approach, as

55

soon as one non-significant result is obtained, the comparison procedure stops (Abdi, 2010).

This approach was followed here, but all adjusted p values are reported for completeness. At

the point one non-significant effect emerged, all other comparisons were also non-significant.
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Table 6
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Mean (SE) Proportion of Correct Responses and Response Times According to Probe Type in

Experiment 3.

Response Time

Probe Type Proportion Correct
RN 0.81 (0.02)
State RN 0.83 (0.02)
Colour RN 0.89 (0.01)
Exemplar RN 0.88 (0.01)
NRN 0.90 (0.01)
Positive 0.75 (0.01)

1,199.69 (38.29)
1,218.15 (43.15)
1,141.84 (41.88)
1,165.04 (40.04)
1,122.65 (46.34)

1,068.21 (32.08)

Note. Positive trials are included for reference but were not formally analysed as they are

uninformative about PI.



PROACTIVE INTERFERENCE IN VISUAL MEMORY

Table 7
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Cohen’s d and Post-hoc Comparisons for Proportion of Correct Responses and Response

Times in Experiment 3

Comparison Proportion Correct Response Time
d BF!0 p d BF!? p

RN vs. NRN 0.73  6386.81 <.001 0.35 19.38 .050
RN. vs. State RN 0.21 1.96 387 0.11 0.13 .656
RN vs. Colour RN 0.78 >1000000 <.001 0.37 25.95 .035
RN vs. Exemplar RN 0.59 158.15 <.001 0.21 1.42 442
State RN vs. NRN 0.65 >1000000 <.001 0.48 349.78 .004
State RN vs. Colour RN 0.61 >1000000 <.001 0.43 107.80 011
State RN vs. Exemplar RN 0.45 59108.81 .001 0.27 4.14 201
Colour RN vs. NRN 0.12 0.39 544 0.09 0.51 472
Colour RN vs. Exemplar RN 0.10 0.08 157 0.14 0.11 .639
Exemplar RN vs. NRN 0.19 0.39 .623 0.17 1.21 587

Note. The approach to applying the Holm-Sidak correction matched that used in Experiment

2 (see Table 5).
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Figure 1.

Figure 2.
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Figure Captions

Figure 1. Diagram showing two example trials in Experiment 1. Trial N-1 is shown in grey
boxes and Trial N is shown in black boxes. In Trial N-1, a positive probe is presented, where
the probe matches one of the current targets. Trial N shows three example mismatching
probes: the NRN probe is novel and not previously experienced, the RN probe matches an
untested target from Trial N-1 and the State RN probe shows an untested target from Trial N-
1, but in a slightly different state (here, the teapot is presented with its lid in place, whereas

originally the lid was next to the pot).

Figure 2. Example RN probe types. State RN probes differed in state/arrangement to the
original target, but showed the same object. Colour RN probes were identical to a prior target,
except for colour, whereas Exemplar RN probes were drawn from the same semantic
category as a prior target. The two latter RN probes were not used in Experiment 1. Standard

RN probes were an identical match for a previous target.
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