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A B S T R A C T

For working memory to be efficient, it is important not only to remember, but also to forget—thus freeing up
memory for additional information. But what triggers forgetting? Beyond continuous temporal decay, memory is
thought to be effectively ‘flushed’ to some degree at discrete event boundaries—i.e. when one event ends and
another begins. But this framework does not readily apply to real-world visual experience, where events are
constantly and asynchronously beginning, unfolding, and ending all around us. In this rush of things always
happening, when might memory be flushed? In a series of experiments, we explored this using maximally simple
visual events. A number of dots appeared, a subset moved at random speeds in random directions, and observers
simply had to estimate the number of dots that moved. Critically, however, these motions could begin and end
asynchronously. In general, asynchronous motions led to underestimation, but further experiments demon-
strated that this was driven only by endings: regardless of whether dots started moving together or separately,
animations with asynchronous endings led to underestimation—even while carefully controlling for both the
overall amount of motion and average starting and ending times. (In contrast, no such effect occurred for
asynchronous beginnings.) Thus, the ends of events seem to have an outsize influence on working memory—but
only in the context of other ongoing events: once a motion ends amidst other unfinished motions, it seems more
difficult to recall that particular motion as having occurred as a distinct event.

1. Introduction

Almost all of the activities that we engage in during daily life re-
quire working memory—the ability to carry information forward in
time, especially from one moment to the next, in order to support on-
going behaviors. Sometimes we feel the operation of (and need for)
working memory in a visceral way—as when you must rehearse a
phone number as you cross the room to grab your phone, or when you
arrive in your kitchen but (with some embarrassment) can’t remember
what brought you there in the first place. But perhaps even more often,
working memory operates in the background, serving an essential role
in various activities even when we don’t notice it. For example, if
someone asks you to pass the salt and then you look away to the other
side of the table, you wouldn’t know what to do when you turned back
without working memory. (Or when you’re writing, you wouldn’t know
how to proceed from word to word without some representation of the
larger thought or sentence in working memory.)

As we all know, however, working memory is also severely limited
in both its capacity and its duration (for a review, see Baddeley, 2012).
You can remember that phone number as you cross the room, but

perhaps not an hour later—and not if you must also try to remember
several other numbers at the same time. These sorts of decay and in-
terference seem like limitations, but they may really be effective ways
to ‘flush’ working memory so as to free up those resources for the next
thought or behavior you will ‘work’ on (cf. Davis & Zhong, 2017). (Here
we use the term ‘flushing’ as akin to how computer scientists may
sometimes speak of memory caches being flushed. Of course, flushing
needn’t be an all-or-none operation: Space in working memory may be
freed up because only some information is removed, or because all in-
formation is only partly degraded. And similarly, just because in-
formation is flushed from working memory, that does not entail that it
is fully removed from longer-term storage. In the end, flushing simply
entails an operation that causes some information to be removed from
working memory, to some degree.) In this way, a critical part of
working memory is determining just when and what to strategically
forget. And indeed, recent models suggest that working memory is ef-
fectively flushed to some degree not only by decay and interference, but
at particular moments—especially those that correspond to event
boundaries.
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1.1. Event segmentation

One of the most central questions one can ask about any process is
the nature of the underlying units over which it operates. This is true not
just for artificial processes (e.g. functions in a computer program that
can take only certain types of data as input arguments) but for mental
processes—and one of the most exciting discoveries in cognitive science
is that often these underlying units are discrete entities. Visual attention,
for example, seems constrained not just by the amount of (continuous)
space over which it must operate (as in a ‘spotlight’ metaphor), but by
the discrete number of objects it must select within that space—such
that it is more demanding to select two points on two different objects,
compared to two equidistant points on the same object (e.g. Duncan,
1984; for a review, see Scholl, 2001). And visual working memory may
be similarly constrained not just by the amount of (continuous) in-
formation that must be recalled, but by the discrete number of objects
into which that information is distributed—such that remembering one
feature of an object (such as its color) automatically triggers re-
membering of other features of that same object (such as its shape; e.g.
Luck & Vogel, 1997; for a review of the debate surrounding such issues,
see Suchow, Fougnie, Brady, & Alvarez, 2014).

This same sort of discrete segmentation also occurs in time: just as
our minds carve up continuous spatial arrays into discrete visual ob-
jects, so too are continuous expanses of time segmented into discrete
visual events. Certainly this is true in everyday life: we experience each
day not as a continuous flow, but rather as a series of discrete tempo-
rally extended events—a breakfast, followed by a shower, followed by a
commute, etc. And the boundaries between these events seem not to be
arbitrary or idiosyncratic; rather, people generally agree on when dis-
crete events start and end, even when they are just watching stimuli
unfold in the third person—as when viewing a film or reading a book
(e.g. Zacks, Speer, & Reynolds, 2009). Sometimes the cues that define
these event boundaries are especially obvious—as when a film suddenly
cuts to a new viewpoint, or even flashes up the message “20 years
later…” (e.g. Zwaan, 1996). Other cues are more subtle, if just as
powerful—as when event boundaries are reliably triggered by in-
troduction of new characters, or even by new goals with existing
characters (e.g. Baldwin, Andersson, Saffran, & Meyer, 2008; Zwaan,
Radvansky, Hilliard, & Curiel, 1998).

Much of the excitement about event segmentation in psychology,
however, stems not from its phenomenological character, but from its
impact on other cognitive processes. Attention, for example, waxes and
wanes at event boundaries, such that the likelihood of target detection
(and the incidence of phenomena such as inattentional blindness) dips
at the moment of event segmentation (e.g. Hard, Meyer, & Baldwin, in
press; Huff, Papenmeier, & Zacks, 2012; Levin & Simons, 1997). Simi-
larly, long-term memory is better for information at event boundaries
(e.g. Heusser, Ezzyat, Shiff, & Davachi, 2018; Newtson & Engquist,
1976; Swallow, Zacks, & Abrams, 2009), and the ability to temporally
discriminate “which came first” is worse for pairs of items that span
event boundaries (e.g. Dubrow & Davachi, 2013, 2016; Heusser et al.,
2018).

1.2. Flushing working memory at discrete event boundaries

Perhaps most relevant for the current project, however, is the dis-
covery that event boundaries seem to operate as cues to flush working
memory to some degree (for reviews, see Kurby & Zacks, 2008;
Radvansky, 2012; Radvansky & Zacks, 2017). This occurs with the same
sorts of ‘narrative’ boundaries alluded to above—as when memory for a
written text is impaired after the introduction of a narrative time shift
(as in “An hour later, …”; e.g. Zwaan, 1996). But memory is also flu-
shed by actual physical experiences of event segmentation. Perhaps
most famously, walking through doorways causes forgetting (for a re-
view, see Radvansky & Zacks, 2017). In a typical experiment, a subject
is given a memory load (for example the identities of a number of

objects in a room) and then their memory is tested after they walk down
a hallway. Incredibly, performance is impaired when the subjects must
pass through a doorway during their walk, while equating for the
overall delay and distance traveled (e.g. Pettijohn & Radvansky, 2016).
This demonstrates a sort of flushing in which some information is re-
moved and overwritten in working memory, as a result of the new event
interfering with (and replacing information from) the previous one (see
Radvansky, Krawietz, & Tamplin, 2011).

Why would event segmentation flush working memory in this way?
The underlying idea of these studies is that holding information about
the current state of the world in working memory is useful mostly when
that information is a reliable guide to how the immediate future is
likely to unfold. And that reliability (or predictability) is often highest
within events, and lowest when spanning event boundaries. (This sort
of idea is embodied in the so-called Event Horizon model, which posits
models of the world that are updated and maintained across event
boundaries; for reviews, see Kurby & Zacks, 2008; Radvansky, 2012.)
What is happening during one moment of your shower may be a good
predictor of what will happen in the next moments of your shower, but
what happens at the end of your shower may be a less reliable guide to
how your commute will begin. And what you do in one room may be a
better predictor of what else you’ll do next in that same room, com-
pared to what you’ll do when walking into an entirely different room. In
these cases, the differences in predictability are a function of the dif-
ferent (discrete) activities/rooms themselves rather than the (con-
tinuous) amount of elapsed time. As a result, it may be adaptive to flush
memory to some degree at event boundaries since the statistical pat-
terns from the previous event may be less likely to hold in a new
event—and indeed since it may be downright maladaptive in many
situations to rely on obsolete information in working memory, once
there is a cue that a new event (with new statistical regularities) has
begun (cf. Gebhart, Aslin, & Newport, 2009; Jungé, Scholl, & Chun,
2007).

1.3. The current study: simple overlapping visual events

The examples above seem especially clear, insofar as only one event
is ever occurring at a time, and a new event always begins immediately
when the previous one ends. (This seems especially intuitive in the
contexts of doors and rooms, since it would be odd indeed to pass
through more than one doorway at a time.) But memory flushing due to
event segmentation is thought to occur not only for boundaries defined
by our own actions, but for visual events that we encounter around us, in
the third person. Occasionally, the structure of these visual events may
be similarly linear and unambiguous—as in the sorts of film clips that
have so often served as stimuli in this sort of research (where you ty-
pically only observe cuts to one viewpoint at a time). But in actual real-
world visual experience, events are constantly and asynchronously
beginning, unfolding, and ending all around us.

Imagine sitting on a park bench and watching a playground full of
children: you’ll have no trouble identifying discrete events occurring all
around you, but they’ll almost never happen to align perfectly in time.
In this rush of things always happening, when is memory flushed?
When should it be flushed? Whenever any event ends or begins? (That
seems non-optimal, since you might then be effectively flushing the
baby out with the bathwater—given that other visual events right in
front of you may still be ongoing.) Not while any event is still ongoing?
(That seems similarly non-optimal, since some different visual event
right in front of you might have just ended definitively—as when two
children stopped playing one game and started playing a very different
game.) Whenever all of the surrounding visual events in your visual
field happen to end simultaneously? (If you’ve ever watched the chaos
inherent to children on a playground, you may realize that you’d have
to wait for a very long time indeed for this miracle to occur.) Or instead,
perhaps event boundaries effectively flush working memory not in a
monolithic way, but instead only for that information tied to the current
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event itself? (This would allow you to flush working memory for what
some children were just doing on the playground, while at the same
time maintaining information about other children’s ongoing games.)
Answering such questions seems important for determining how
memory flushing due to event segmentation may operate in real-world
visual experience.

In the present study, we explored the impact of event segmentation
on working memory when multiple events were constantly beginning
and ending asynchronously, and so overlapping in space and time.
Moreover, we were interested in the possibility that working memory is
influenced not only by event segmentation that derives from higher-
level interpretations, but also by event segmentation that occurs as a
lower-level and more automatic type of ongoing process of the visual
system. As a result, we explored our question using the simplest pos-
sible events that we could devise: our ‘playground’ consisted of a
random array of dots, and each event involved a dot that moved, with
motion onsets serving as cues for visual event segmentation. Each dot
moved only once, at a random speed, in a random direction. Critically,
however, these motions (like those of children on a playground) did not
always occur at the same time: their beginnings and endings could be
asynchronous, such that (for example) one dot could stop while another
was still moving (as depicted in Fig. 1).

In order to tap working memory, we devised a new task based on
enumeration. Most previous studies of memory and event segmentation
have explored working memory for relatively high-level in-
formation—e.g. the identities of objects that may have appeared in a
movie clip, or the identities of words in a list that had to be remembered
while walking down a hallway. Here, in contrast, we wanted to explore
the influence of event segmentation on maximally simple visual
events—using stimuli that had no higher-level semantic content.
Accordingly, we used an especially simple working memory task: only a
subset of dots moved on each trial, and subjects simply had to estimate
the number that moved in total. Clearly, this estimate must be informed
by working memory: for each motion that you remember as having
occurred, you would effectively increment your estimate by one. But
accordingly, if memory were ever flushed to any degree, this would
lead to underestimation—since your memories for some of those motions
would be either absent or degraded. We thus interpreted conditions that
led to greater underestimation as reflecting a greater degree of memory
flushing.

Consider, for example, two conditions with moving dots. In one
condition, all of the dots stop moving at the same time. But in another
condition, each dot stops moving at a different time. While a dot is
moving, you might have an active trace of that motion in working
memory. But after a dot’s motion ends, that discrete event may be
complete—and so memory for that event may be flushed, such that you
are subsequently less likely to recall that particular motion as having
occurred as a distinct event. Critically, this may be especially likely to
occur in the context of other ongoing events, which may make im-
mediate use of freed-up working memory resources. If so, then we
might expect observers to remember fewer dots as having moved when
their motions end asynchronously, compared to when they all stop
moving at the same time—even if these two conditions are carefully
equated for both the overall amount of motion and for the average time
at which the dots stopped moving. Here we explored such possibilities
in a series of four experiments—focusing on the role of asynchrony per
se (Experiment 1), on the role of asynchronous endings of events
(Experiments 2a and 2b), and on the role of asynchronous event onsets
(Experiment 3).

2. Experiment 1: Does event structure influence perceived
numerosity?

In an initial experiment, we measured observers’ estimates for the
number of dots that had just moved in a simple display where (across
conditions) the dots could (independently) begin or end moving at the

same time, or at variable times. As depicted in Fig. 2a, this led to four
within-observer conditions: Same Beginnings+ Same Endings, Vari-
able Beginnings+ Same Endings, Same Beginnings+Variable End-
ings, and Variable Beginnings+Variable Endings. In order to tap basic
visual processing—and to avoid explicit counting—these motions all
occurred very quickly, such that all of the motions in a trial were always
complete by 500ms.

Fig. 1. A caricatured depiction of a sample trial, in which 20 dots initially
appear. (a) Dots A and B start moving, while most of the dots remain stationary.
(b) Dots C and D then begin moving while A and B continue moving. (c) Dots A,
C and D stop moving while B continues moving. (d) Finally, Dot B stops moving.
This sequence illustrates several of the basic conditions used in the experiments.
Dots C and D start and stop moving at the same time (as in the Same
Beginnings+ Same Endings condition). Dots A and C start moving at variable
times but stop moving at the same time (as in the Variable Beginnings+ Same
Endings condition). Dots A and B start moving at the same time but stop moving
at variable times (as in the Same Beginnings+Variable Endings condition).
And Dots B and C both start and stop moving at variable times (as in the
Variable Beginnings+Variable Endings condition).
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2.1. Method

2.1.1. Participants
Ten naïve observers from the Yale University and New Haven

communities, all with normal or corrected-to-normal acuity, partici-
pated for monetary payment. This sample size was determined before
testing began, based on the sample sizes from previous enumeration
experiments (e.g. Franconeri, Bemis, & Alvarez, 2009; He, Zhang, Zhou,
& Chen, 2009)—and, critically, this sample size was fixed to be iden-
tical for each of the four experiments.

2.1.2. Apparatus
Stimuli were presented using custom software written in Python

with the PsychoPy libraries (Peirce, 2007) and displayed on a monitor
with a 60 Hz refresh rate. Observers sat in a dimly lit room without

restraint approximately 60 cm from the display (with all visual extents
reported below based on this approximate viewing distance). The
functional part of the display subtended 34.87°× 28.21°.

2.1.3. Stimuli
Each display contained 20 dots (diameter 0.5°) presented in a cen-

tral circular (diameter 16°) display region (outlined by a 0.08° black
border) on a white background. Each dot was initially assigned a
random color (drawn from the HSV color space) and a random position
(with the constraint that it had to be at least 1° from the circular
border). In order to ensure that participants could not simply use the
total number of dots as a cue to the number of dots that (eventually)
move, only a subset of the 20 dots (randomly chosen, separately on
each trial, from 5 to 15) moved on each trial. (We also thought that this
sort of some-always-moving and some-always-static display more

X
X

X
X

X

X
X
X
X
X

Fig. 2. Depiction of the different event-structure conditions tested in each experiment (see text for details).
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closely approximated the chaos and diversity of real-world experi-
ence—as when viewing children on a busy playground, when there is
almost no moment when all of the children are behaving identically.)
Each dot moved with a randomly chosen heading (between 0 and 360°)
and at a randomly chosen speed (from 1.2 to 6°/s)—with the constraint
that the motions always ended with the dots still inside the display
region. (Each dot’s end position was always pre-calculated, with its
initial position and motion parameters randomly replaced whenever its
motion would cross the display border.)

Dots’ movements were confined to a 500ms window, with their
starting and ending times dependent on which of the four conditions
had been randomly selected for that trial (as depicted in Fig. 1a). (1) On
Same Beginnings+ Same Endings trials, the moving dots all started
moving together at 0ms and stopped moving together at 500ms. (De-
spite this temporal synchrony, the dots’ random speeds and directions
kept them from being strongly perceptually grouped.) (2) On Variable
Beginnings+ Same Endings trials, each dot started moving at a dif-
ferent random time between 0ms and 250ms, and all stopped moving
together at 500ms. (3) On Same Beginnings+Variable Endings trials,
all dots started moving together at 0ms, but each stopped moving at a
different random time between 250ms and 500ms. (4) And on Variable
Beginnings+Variable Endings trials, each dot started moving at a
different random time between 0ms and 250ms, and stopped moving
at a different random time between 250ms and 500ms.

2.1.4. Procedure and design
The circular display border was visible throughout the experiment.

Each trial began with a 500ms delay, after which the 20 dots appeared.
A subset of the dots then moved (in an animation that lasted <
500ms). 500ms after the dots appeared (by which time the motions
were all complete), they all remained visible (and static) for 250ms and
then disappeared. After a 500ms delay, a response prompt (written in a
0.4° tall black Monaco font) appeared in the center of the display re-
gion, reading “Estimate how many dots moved.”. (This entire procedure
is depicted in Fig. 1.) Observers then estimated the total number of dots
that had moved on that trial, by typing a number (with this number
appearing as they typed, in the same font, with its center 2° below the
center of the display region). After pressing another key to record their
response, the response itself turned blue for 500ms, after which the
next trial immediately began.

Observers completed 10 practice trials followed by 4 blocks of 132
trials each (4 event-structure conditions× 11 numerosity levels× 3
repetitions), with these trials presented in a different random order
(and with different random starting points, speeds, and directions) for
each block, for each observer. A written prompt encouraged observers
to take a short self-timed break in between each of the blocks.

2.2. Results

Only responses between 0 and 20 dots were analyzed (with this
constraint determined ahead of time, and applying to all experiments).
(In this experiment, this constraint eliminated only a single trial for a
single observer—out of 5280 total trials.) The error on each trial was
computed by subtracting the actual number of dots that moved from the
observer’s estimate of this value. (As such, a negative error indicates
underestimation, and a positive error indicates overestimation.)

The resulting mean error rates for each of the four event-structure
conditions are depicted in Fig. 3, broken down by each actual number
of moving dots. Inspection of these error rates suggests that observers
always underestimated the number of moving dots, but that the extent
of this underestimation depended on the condition—with the most
underestimation when both beginnings and endings were variable, the
least underestimation when neither was variable, and an intermediate
degree of underestimation in the other two conditions (but with reliably
more underestimation in the Same Beginnings+Variable Endings
condition compared to the Variable Beginnings+ Same Endings

condition).
These impressions were then verified by the following analyses. An

11 (numerosity)× 4 (event-structure condition) repeated measures
analysis of variance revealed an extraordinarily robust main effect of
event structure (F(3, 27)= 163.98, MSE=0.31, p < .001,
ηp2= 0.95), an extraordinarily robust main effect of numerosity (F(10,
90)= 51.22, MSE=1.10, p < .001, ηp2= 0.85; with greater under-
estimation for higher numbers of moving dots), and a significant in-
teraction between these variables (F(30, 270)= 8.40, MSE=0.22,
p < .001, ηp2= 0.48). Planned specific comparisons then revealed that
underestimates increased from Same Beginnings+ Same Endings trials,
to Variable Beginnings+ Same Endings trials, to Same
Beginnings+Variable Endings trials, to Variable
Beginnings+Variable Endings trials—with each of these conditions
differing reliably from its neighbors (SB+ SE vs. VB+SE: t(9)= 5.24,
p < .001, d=1.66; VB+SE vs. SB+VE: t(9)= 6.08, p < .001,
d=1.92; SB+VE vs. VB+VE: t(9)= 10.32, p < .001, d=3.26).

We note informally that these results were all exceptionally ro-
bust—with effect size measures for the specific comparisons always
greater than 1.5, and with these four event-structure conditions re-
taining their relative underestimation ranks for 8 of the 11 specific
numerosities (namely all of the numerosities above 7).

2.3. Discussion

These initial results demonstrate for the first time that event
structure—i.e. when events begin and end relative to each other—in-
fluences enumeration and working memory in simple overlapping vi-
sual events. In particular, these results suggest that variability in when
events begin and end (and perhaps especially when they end) lead to
greater underestimation—perhaps because when an event ends amidst
other ongoing events, its memory trace is flushed to some degree, such
that it is less likely to be recalled as having occurred as a distinct event.

Fig. 3. Results from Experiment 1. The vertical axis represents the mean errors
(the actual numerosity subtracted from the reported estimate). The horizontal
axis represents the actual number of dots that moved on a given trial. The error
shading reflects 95% confidence intervals after subtracting the shared variance.
The reported analyses confirm that each condition led to reliably different
degrees of underestimation compared to its closest neighbors.
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3. Experiment 2a: Does ending variability drive underestimation
(with uniform beginnings)?

The initial results from Experiment 1 suggest that event structure
influences enumeration and working memory. To directly compare all
four of its conditions, however, same vs. variable beginnings and end-
ings were contrasted without regard for how that possible variability
would impact the brute amount of motion in each condition. As a result,
it is possible that some of the comparisons might depend not on the
movement variability per se, but rather on the temporal window in each
condition during which an observer might notice a dot as currently
moving. For example, perhaps conditions with ending variability were
underestimated to a greater extent not because of that variability, but
just because those conditions featured less overall motion. In both this
experiment and the next experiment, we thus controlled for both the
overall amount of motion—and the average starting and ending time-
s—while testing for an effect of ending variability. We did so in an
especially direct manner, as depicted in Fig. 2b: when endings were
uniform, the dots now stopped moving not at 500ms (as in Experiment
1), but at an intermediate (“early”) time that perfectly matched the
mean time at which dots stopped moving when they had variable
ending times. In this experiment, we did so while all motion onsets were
uniform.

3.1. Method

This experiment was identical to Experiment 1, except as noted. Ten
new observers participated, with this sample size chosen to match that
of Experiment 1. As depicted in Fig. 2b, there were three event-struc-
ture conditions. Two of these—the Same Beginnings+ Same Endings
condition and the Same Beginnings+Variable Endings con-
dition—were identical to their counterparts in Experiment 1. The Same
Beginnings+Early Endings trials were similar to the Same Begin-
nings+ Same Endings trials, except that the dots all stopped moving
together not at 500ms (as in Experiment 1) but at some earlier moment
that was the average time at which the dots in the Same Begin-
nings+Variable Endings condition stopped moving in that particular
block. This ‘early’ ending time was thus different for each block, for
each observer—ranging from 261ms to 403ms, with an average value
across all blocks and observers of 332ms. Observers completed 10
practice trials followed by 4 blocks of 99 trials each (3 event-structure
conditions× 11 numerosity levels× 3 repetitions).

3.2. Results and discussion

Only responses between 0 and 20 dots were again analyzed, with
this constraint excluding 5 of the 3960 responses. The mean error rates
(calculated as in Experiment 1) for each of the three event-structure
conditions are depicted in Fig. 4. Inspection of these error rates suggests
first that the overall amount of motion did in fact matter—insofar as
dots with “early” endings (and thus less motion) were underestimated
to a greater extent than were dots that all stopped moving together after
the full 500ms. (This is clear in Fig. 4 from the fact that the yellow line
is consistently below the red line.) However, critically, event structure
still had a reliable effect even when controlling for the amount of
motion and the average ending time. In particular, dots that stopped
moving at variable times were still underestimated even relative to dots
that stopped moving at the equated average “early” times. (This is clear
from Fig. 4 from the fact that the blue line is consistently below the
yellow line.)

These impressions were then verified by the following analyses. An
11 (numerosity)× 3 (event-structure condition) repeated measures
analysis of variance revealed an extraordinarily robust main effect of
event structure (F(2, 18)= 50.80, MSE=0.37, p < .001, ηp2= 0.85),
an extraordinarily robust main effect of numerosity (F(10, 90)= 18.36,
MSE=1.31, p < .001, ηp2= 0.67), and an interaction that was

marginal at best (F(20, 180)= 1.59, MSE=0.26, p= .058,
ηp2= 0.15). Planned specific comparisons then revealed that under-
estimates increased from Same Beginnings+ Same Endings trials, to
Same Beginnings+Early Endings trials, to Same
Beginnings+Variable Endings trials—with each of these conditions
differing reliably from its neighbors (SB+ SE vs. SB+ EE: t(9)= 6.44,
p < .001, d= 2.04; SB+EE vs. SB+VE: t(9)= 4.58, p= .001,
d=1.45).

Once again, these results were all exceptionally robust—with the
effect size measure for the key specific comparison (between Variable
and Early endings) greater than 1, and this key difference (between the
yellow and blue lines in Fig. 4) being true for 10 of the 11 numerosities.
In addition, as depicted in Fig. 5, this key comparison was also ex-
ceptionally robust nonparametrically, with all but one observer
showing an effect in the direction of the overall trend.

These results effectively replicate one of the key results from
Experiment 1, now while carefully controlling for the overall amount of
motion and the average times at which dots stopped moving (when all
dots started moving together): once again, dots that stopped moving at

X
XX

X
XX

X

X
XX

X

X

Fig. 4. Results from Experiment 2a. The reported analyses confirm that each
condition led to reliably different degrees of underestimation compared to its
closest neighbors.

Fig. 5. Nonparametric results from Experiment 2a. The horizontal axis re-
presents the difference in underestimation (subtracting the degree of under-
estimation in the Early Endings condition from the degree of underestimation in
the Variable Endings condition)—corresponding to the mean difference be-
tween the yellow and blue lines in Fig. 4. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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variable times were underestimated relative to dots that stopped
moving at the same (equated) time—which is again the result that we
would expect if events that end during other ongoing events are to some
degree flushed from memory.

4. Experiment 2b: Does ending variability drive underestimation
(with variable beginnings)?

Experiment 2a demonstrated an effect of ending variability in dot
motions while carefully controlling for temporal factors, but it did so
only for conditions wherein dots began moving together. To assess the
generalizability of this effect, the current experiment thus tests for this
same effect of ending variability—using the same manipulations and
experimental design—but now for conditions wherein dots began
moving at variable times.

4.1. Method

This experiment was identical to Experiment 2a, except as noted.
Ten new observers participated, with this sample size chosen to match
that of both Experiments 1 and 2a. As depicted in Fig. 2c, there were
three event-structure conditions. Two of these—the Variable Begin-
nings+ Same Endings condition and the Variable Beginnings+Vari-
able Endings condition—were identical to their counterparts in Ex-
periment 1. The Variable Beginnings+ Early Endings trials were
similar to the Variable Beginnings+ Same Endings trials, except that
the dots all stopped moving together not at 500ms (as in Experiment 1)
but at some earlier moment that was the average time at which the dots
in the Same Beginnings+Variable Endings condition stopped moving
in that particular block. This ‘early’ ending time was thus again dif-
ferent for each block, for each observer—ranging from 294ms to
429ms, with an average value across all blocks and observers of
356ms. Observers completed 10 practice trials followed by 4 blocks of
99 trials each (3 event-structure conditions× 11 numerosity levels× 3
repetitions).

4.2. Results and discussion

Only responses between 0 and 20 dots were again analyzed, with
this constraint excluding 1 of the 3960 responses. The mean error rates
(calculated as in the first two experiments) for each of the three event-
structure conditions are depicted in Fig. 6. Inspection of these error
rates suggests first that the overall amount of motion did in fact matter
again—insofar as dots with “early” endings were underestimated to a
greater extent than were dots that all stopped moving together after the
full 500ms. (This is clear in Fig. 6 from the fact that the tan line is
consistently below the green line.) However, critically, event structure
still had a reliable effect again even when controlling for the amount of
motion and the average ending time. In particular, dots that stopped
moving at variable times were again underestimated even relative to
dots that stopped moving at the equated average “early” times. (This is
clear from Fig. 6 from the fact that the purple line is consistently below
the tan line.)

These impressions were then verified by the following analyses. An
11 (numerosity)× 3 (event-structure condition) repeated measures
analysis of variance revealed an extraordinarily robust main effect of
event structure (F(2, 18)= 30.24, MSE=0.46, p < .001), an extra-
ordinarily robust main effect of numerosity (F(10, 90)= 37.83,
MSE=0.88, p < .001), and a significant interaction between these
variables (F(20, 180)= 4.26, MSE=0.25, p < .001). Planned specific
comparisons then revealed that underestimates increased from Variable
Beginnings+ Same Endings trials, to Variable Beginnings+Early
Endings trials, to Variable Beginnings+Variable Endings trials—with
each of these conditions differing reliably from its neighbors (VB+ SE
vs. VB+EE: t(9)= 4.44, p= .002, d= 1.40; VB+EE vs. VB+VE: t
(9)= 3.19, p= 0.011, d=1.01).

Once again, these results were all exceptionally robust—with the
effect size measure for the key specific comparison (between Variable
and Early endings) greater than 1, and this key difference (between the
tan and purple lines in Fig. 6) being true for 8 of the 11 numerosities. In
addition, as depicted in Fig. 7, this key comparison was also robust
nonparametrically, with all but two observers showing an effect in the
direction of the overall trend.

These results fully replicate the key result from Experiment
2a—namely the greater underestimation induced by variable end-
ings—now in the context of variable (instead of uniform) beginnings.

5. Experiment 3: Does beginning variability drive
underestimation?

Experiments 2a and 2b both demonstrated that variable endings led
to greater underestimation than uniform endings (regardless of whether
beginnings were uniform or variable). If this is due to events being
flushed from memory to some degree when they end amidst other on-
going events, then the effect should be specific to ending var-
iability—since by definition, whether the motion onsets are variable
has no impact on when events end. However, the results of Experiment
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X

Fig. 6. Results from Experiment 2b. The reported analyses confirm that each
condition led to reliably different degrees of underestimation compared to its
closest neighbors.

Fig. 7. Nonparametric results from Experiment 2b—with the difference in un-
derestimation between the Early Endings and Variable Endings condition cor-
responding to the mean difference between the tan and purple lines in Fig. 6.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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1 also hinted at a role for beginning variability—insofar as observers
underestimated the most when both beginnings and endings were
variable (as in the fact that the purple line in Fig. 3 is always lowest).
However, that result is also complicated by the fact that the timing of
those effects was uncontrolled: the conditions with variable beginnings
always had less overall motion than the conditions with uniform be-
ginnings, given that the uniform motions in Experiment 1 always began
immediately after the display onset.1

As such, the current experiment is in some ways the mirror image of
Experiments 2a and 2b—now testing for an effect of beginning varia-
bility (regardless of whether endings were uniform or variable) while
carefully controlling for both the overall amount of motion and the
average start times. As depicted in Fig. 2d, the dots in Late Beginnings
trials now started moving not immediately after the display onset, but
after an intermediate time that matched the mean time at which dots
started moving when they had variable beginning times.

5.1. Method

This experiment was identical to Experiment 1, except as noted. Ten
new observers participated, with this sample size chosen to match that
of Experiments 1, 2a, and 2b. As depicted in Fig. 2d, there were four
event-structure conditions. Two of these—the Variable Begin-
nings+ Same Endings condition and the Variable Beginnings+Vari-
able Endings condition—were identical to their counterparts in Ex-
periment 1. The Late Beginnings+ Same Endings condition was similar
to the Same Beginnings+ Same Endings condition in Experiment 1,
except that the dots all started moving together not at 0ms but at some
later moment that was the average time at which the dots in the Vari-
able Beginnings+ Same Endings condition started moving in that
particular block. (This later starting time was thus different for each
block, for each observer—ranging from 62ms to 166ms, with an
average value across all blocks and observers of 121ms.) Similarly, the
Late Beginnings+Variable Endings condition was also similar to its
counterpart in Experiment 1, except that the dots all started moving
together not at 0ms but at some later moment that was the average
time at which the dots in the Variable Beginnings+Variable Endings
condition started moving in that particular block. (This later starting
time ranged from 64ms to 167ms, with an average value across all
blocks and observers of 120ms.) Observers completed 10 practice trials
followed by 3 blocks of 132 trials each (4 event-structure condi-
tions× 11 numerosity levels× 3 repetitions).

5.2. Results

Only responses between 0 and 20 dots were again analyzed, with
this constraint excluding 3 of the 3960 responses. The mean error rates
(calculated as in the experiments above) for each of the four event-
structure conditions are depicted in Fig. 8. Inspection of these error
rates suggests two primary patterns. First (and once again), the overall
amount of motion did matter, and in the same direction as in Experi-
ments 2a and 2b: the two conditions with the least motion (i.e. the two
conditions with variable endings) were underestimated more than the
two conditions with more motion (i.e. the two conditions with uniform
500ms endings). (This is clear from Fig. 8 from the fact that the purple
and dark blue lines are both consistently below the green and dark red
lines.) Second, however—and in stark contrast to Experiments 2a and
2b—there was no apparent effect of beginning variability, now that

temporal factors were controlled. And this apparent null effect was true
regardless of ending variability. (This is clear from Fig. 8 both from the
fact that the green and dark red lines did not differ consistently, and
from the fact that the purple and dark blue lines did not differ con-
sistently.)

These impressions were then verified by the following analyses. An
11 (numerosity)× 4 (event-structure condition) repeated measures
analysis of variance revealed an extraordinarily robust main effect of
event structure (F(3, 27)= 27.80, MSE=0.94, p < .001, ηp2= 0.76),
an extraordinarily robust main effect of numerosity (F(10, 90)= 14.42,
MSE=2.63, p < .001, ηp2= 0.62), and a significant interaction be-
tween these variables (F(30, 270)= 2.64, MSE=0.47, p < .001,
ηp2= 0.23). Planned specific comparisons then revealed that both of
the variable ending conditions led to more underestimation than either
of the uniform ending conditions (LB+VE vs. LB+ SE: t(9)= 5.78,
p< .001, d=1.83; LB+VE vs. VB+SE: t(9)= 6.56, p< .001,
d=2.08; VB+VE vs. LB+ SE: t(9)= 6.24, p< .001, d=1.97;
VB+VE vs. VB+SE: t(9)= 8.01, p< .001, d=2.53). However, the
key planned comparisons revealed that the conditions with variable
beginnings were underestimated no more than the conditions with late
beginnings, regardless of ending variability (LB+ SE vs. VB+SE: t
(9)= 1.11, p = .295, d=0.35; LB+VE vs. VB+VE: t(9)= 1.11,
p= .298, d=0.35).

5.3. Discussion

The results of this experiment were essentially the opposite of those
from Experiments 2a and 2b. All three experiments carefully controlled
for temporal factors—especially the overall amount of motion, and the
average beginning/ending times. But whereas those earlier experiments
demonstrated robust effects of ending variability (regardless of begin-
ning variability), the current experiment found no effect of beginning
variability (regardless of ending variability). As explored in the General
Discussion, this lack of any effect of beginning variability is what would
be expected by the memory flushing account.

Fig. 8. Results from Experiment 3. The reported analyses confirm that two
Variable Endings conditions led to less underestimation than did the two Same
Endings Conditions—but that there was no reliable difference between each
Late Beginnings condition and its matched Variable Beginnings condition.

1 Indeed, the condition from Experiment 1 in which both beginnings and
endings were variable—i.e. the purple line in Fig. 3—is especially suspect in
this regard: the randomly chosen variable beginnings could be as late as 249
ms, and the randomly chosen variable endings could be as early as 251 ms, so
there could by random chance have been some trials with very little motion
indeed.
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6. General discussion

For the past several decades of research on working memory, for-
getting was thought to be caused by some combination of decay and
interference. But work on event segmentation has added a new idea to
this mix—suggesting that memory is also effectively flushed to some
degree at discrete event boundaries, largely independently of elapsed
time. In the previous studies that have supported this possibility, the
onset of a new event always immediately followed the offset of the
previous event, with only one event occurring at a time—but this
doesn’t seem like a good fit with our visual experience of an often-
chaotic world. As such, the present studies asked how and when
memory flushing at event boundaries might occur in especially simple
visual events when multiple events could be starting and ending
asynchronously.

6.1. Memory flushing in simple overlapping events

The key result of the four experiments reported here is easy to
summarize. In operationalized terms: when observers must remember
how many dots had just moved, they underestimated to a greater de-
gree when the motions ended at variable times, compared to when all of
the dots stopped moving together. In contrast, no such effect occurred
for uniform vs. variable motion onsets. This general effect was re-
plicated in three different experiments (Experiments 1, 2a, and 2b), and
was highly robust in terms of the resulting data—with the critical
pattern replicating in the majority of the tested numerosities (as can be
appreciated by the largely non-overlapping lines in Figs. 3, 4, and 6).
The critical comparisons were also highly uniform across observers
(with 27 of the 30 observers showing these key effects) and were sta-
tistically reliable (with an average significance level of p < .001, and
an average effect size of d > 1.4).

We interpret these results in terms of memory flushing, based on the
idea that if memory for a completed event is flushed to some degree,
then it will be more difficult to recall that event as having occurred,
thus leading to a greater degree of underestimation of how many events
occurred in total. Critically, our results suggest that memory flushing
may occur more often or more readily when a discrete event ends in the
context of other ongoing events. This would explain why there was con-
sistently more underestimation for events that ended at variable time-
s—since in those contexts, memory resources for the just-completed
events could be immediately reallocated to other ongoing events.

When we speak of memory flushing in this context, however, we
don’t mean to imply an all-or-none operation. It seems consistent with
all extant data reviewed in the Introduction that memory flushing due
to event segmentation occurs probabilistically, and/or that it results in
degraded rather than fully eliminated memory traces. These possibi-
lities are consistent with the fact that while estimates were clearly af-
fected by event segmentation in the current studies, the magnitudes of
these effects were never especially extreme.

In contrast, the current results cannot be explained simply by appeal
to decay over time. This was particularly clear in Experiments 2a and
2b, when we included Early Endings conditions, whose uniform ending
times were carefully matched to the average ending time in the corre-
sponding Variable Endings conditions. Underestimates were con-
sistently worse for Variable Endings compared to those of Early
Endings, suggesting that memory traces in the latter conditions were
maintained better despite an equivalent amount of time having passed
on average before the response prompt appeared. And by the same
token, the current results also cannot be explained by appeal to event
endings alone—since all of the motions ended (sometimes “early”)
before the response prompt. Instead, the key factor seems to have been
events having ended while other events were still visibly in pro-
gress—just as one playground game might end while others are on-
going.

The current results seem to reflect effects of event segmentation, as

opposed to other factors that may influence working memory such as
grouping or ensemble processing. In the first place, we attempted to
minimize overt grouping by having the dots move at different speeds
and in different directions (thus thwarting any percept of common
fate). But more critically, an effect of grouping would predict the op-
posite pattern of results than the one we observed. In particular, dots
that began or ended moving at the same time would be more strongly
grouped, but these were the conditions that were least under-
estimated—whereas past work has clearly shown that more strongly
grouped items are underestimated to a greater degree (e.g. Franconeri
et al., 2009; He et al., 2009; Zhao & Yu, 2016). Similarly, one might
suspect that the greater heterogeneity of the Variable timed displays
would lead to less reliable ensemble representations (see Marchant,
Simons, & de Fockert, 2013). But while this possibility might explain
worse performance with such displays, it cannot account for the critical
direction of this impairment—i.e. for greater underestimation rather
than overestimation.

6.2. Implications for event segmentation

The current results add in several ways to an impressive body of
research from several laboratories suggesting that event boundaries
lead to memory flushing (e.g. Dubrow & Davachi, 2013, 2016; Heusser
et al., 2018; Kurby & Zacks, 2008; Newtson & Engquist, 1976;
Radvansky, 2012; Radvansky & Zacks, 2017; Swallow et al., 2009).
First, they demonstrate that such effects hold with especially simple
visual events (here consisting of colored dots that may each briefly
move) and with especially simple types of event segmentation cues
(here consisting of motion onsets). In contrast, previous work has
tended to employ far more elaborate stimuli, such as film clips (e.g.
Swallow et al., 2009) or explicit narratives (e.g. Zwaan et al.,
1998)—and even when studies have used visual images, they have
tended to be images of complex real-world objects (e.g. Heusser et al.,
2018). Second, the current results demonstrate that such effects hold at
the timescale of online working memory—here consisting of events that
all start and stop (perhaps at variable times) within less than half of a
second. In contrast, previous work has tended to employ considerably
longer delays, typically testing memory after tens of seconds (e.g.
Radvansky & Copeland, 2006; Swallow et al., 2009) or even several
minutes (e.g. DuBrow & Davachi, 2013; Heusser et al., 2018). Third, the
current results demonstrate that such effects hold with multiple events
that may be unfolding simultaneously—here in the context of multiple
dot motions. In contrast, previous work has tended to employ stimuli
that demand one event at a time—such as reading narratives, walking
through doorways, or experiencing film cuts. (Few of us read multiple
passages at the same time, walk through multiple overlapping door-
ways, or watch multiple films at the same time!)

The most theoretically important contribution of the current study,
however, is its suggestion that memory is flushed in simple visual dis-
plays to some degree not just at event boundaries, but when events end
amidst other ongoing events (and perhaps not otherwise). Indeed, this
was the key idea that the current experiments were designed to
test—which is why we used displays with multiple events that could so
readily begin and end independently and asynchronously. In contrast,
this possibility could not really arise even in principle in most previous
studies, since any given event always began immediately after the
previous event ended. When walking through a doorway, for example
(for reviews, see Radvansky, 2012; Radvansky & Zacks, 2017), one
enters the next room immediately after leaving the previous room.
(We’re not sure if there is some conceptual limit on the width of
doorways, but it might be interesting in future work to explore just
when memory is flushed in such experiments when the transitions be-
tween rooms are not just doorways, but spatiotemporally extended
tunnels!) And similarly, when there are cuts of perspective in films (e.g.
Zacks et al., 2009), the cuts are typically instantaneous—such that the
new scene is unfolding as soon as the old one ends. We have suggested
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here, however, that the real world is often not so straightforward—e-
specially when one is viewing multiple events that overlap in time. The
current results thus emphasize the utility of exploring phenomena such
as memory flushing due to event segmentation in contexts that share
more of the chaotic temporal flavor of real-world visual experience.
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Supplementary data to this article can be found online at https://
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