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While the cognitive and neural mechanisms that underlie episodic future thinking are increasingly well un-
derstood, little is known about how the temporal unfolding of events is represented in future simulations. In this
study, we leveraged wearable camera technology to examine whether real-world events are structured and
compressed in the same way when imagining the future as when remembering the past. We found that future
events were simulated at proportionally higher speed than past events and that the density of experience units

representing the unfolding of events was lower for future than for past episodes. Despite these differences, the
nature of events influenced compression rates in the same way for past and future events. Furthermore, the
perceived duration of both types of events depended on the density of represented experience units. These results
provide novel insight into the mechanisms that structure the unfolding of events during future simulations.

1. Introduction

The ability to mentally simulate future scenarios—referred to as
episodic future thinking—is a key feature of the human cognitive system
that plays important roles in decisions and actions (Suddendorf &
Corballis, 2007). To simulate future possibilities, we need to represent
events as unfolding over time, as if pre-playing the situation in our
mind. However, despite important progress in understanding the cog-
nitive and neural mechanisms that underlie episodic future thinking
(Schacter, Benoit, & Szpunar, 2017), little is known about how the
temporal course of events is represented in future simulations. The aim
of this study is to investigate whether real-world events are structured
and compressed in the same way when imagining the future as when
remembering the past.

Recent studies have shown that episodic memories represent prior
experiences in a compressed form, such that the time it takes to re-
member an event is typically shorter than the actual duration of the
past episode (Bonasia, Blommesteyn, & Moscovitch, 2016;
Jeunehomme & D'Argembeau, 2019; Michelmann, Staresina, Bowman,
& Hanslmayr, 2019; Wang & Gennari, 2019). The course of events is
represented as a succession of moments or slices of prior experience
(referred to as experience units) that includes temporal discontinuities:
some segments of prior experience are not represented during memory
replay (Jeunehomme, Folville, Stawarczyk, Van der Linden, &
D'Argembeau, 2018). The density of recalled experience units notably
depends on event segmentation processes (Zacks, 2020); events that are
perceived in terms of finer sub-events are encoded with a higher density

of information and thus are less compressed in memory (Faber &
Gennari, 2015; Jeunehomme & D'Argembeau, 2020).

Simulating future events relies on many of the same cognitive and
neural processes as remembering past events (D'Argembeau, 2020;
Schacter et al., 2012), but little is known about the temporal structure
of episodic future thoughts. The evidence suggests that people organize
event details in chronological order both when remembering past
events and when imagining future events (Anderson, Peters, &
Dewhurst, 2015). In terms of event compression, a recent study showed
that the mental simulation of routes in a virtual environment occurred
at about 2-3 times the speed it took to actually navigate these routes
(Arnold, Iaria, & Ekstrom, 2016). However, it remains unclear whether
this compression mechanism generalizes to real-world events and si-
mulations other than spatial navigation. Furthermore, it is unknown
whether the unfolding of events is structured and compressed in the
same way when remembering the past and imagining the future.

In the present study, we compared the temporal structure of real-
world events in episodic memories and episodic future thoughts by
measuring the time needed for participants to mentally re-experience or
pre-experience a series of daily life activities, while the actual duration
of events was measured with wearable camera technology (Chow &
Rissman, 2017). Verbal reports on the content of memories and future
simulations were also collected. This allowed us to estimate event
compression rates (i.e., the ratio of the actual event duration to the
duration of mental replay/preplay), as well as the density of recalled/
imagined moments of experience per unit of time of the actual event
duration (Jeunehomme & D'Argembeau, 2019).
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We tested two competing hypotheses on how rates of event com-
pression compare between episodic memories and future simulations. A
first possibility is that the unfolding of experience is structured and
compressed in the same way when representing past and future events,
given that episodic remembering and future thinking largely rely on
common processes (Schacter et al., 2012). Suggestive evidence for this
hypothesis comes from a study showing that people generate event
details as fast for future as for past events (Anderson et al., 2015).
However, another possibility is that events are more compressed when
imaging the future than when remembering the past: people may only
use essential information for representing the course of future events
(e.g., scripts of action sequences), whereas memories may include more
incidental details. In general, future simulations are less detailed than
memories (e.g., Addis, Wong, & Schacter, 2008; D'Argembeau & Van
der Linden, 2004), suggesting that fewer experience units may be used
to represent the unfolding of events.

To further investigate the mechanisms underlying future event
compression, we also assessed whether the nature of events affects
compression rates in the same way when remembering the past and
imagining the future. Previous studies have shown that prior experi-
ences are less compressed when they involve specific actions compared
to spatial displacements with no action to perform except walking
(Jeunehomme & D'Argembeau, 2019, 2020). If similar mechanisms
underlie the temporal structure of episodic memories and future
thoughts, this difference in compression rates should also occur when
simulating future events.

Finally, another aim of this study was to examine the extent to
which future event compression impacts duration judgments. There is
substantial evidence that retrospective duration judgments depend es-
sentially on the retrieval of contextual elements: the perceived duration
of a past event increases with the number of contextual changes that are
remembered (Block & Zakay, 1996; Faber & Gennari, 2015;
Jeunehomme & D'Argembeau, 2019). On the other hand, the process by
which people estimate the duration of future events has received less
empirical attention (e.g., Burt & Kemp, 1994; Hinds, 1999). According
to Roy, Christenfeld, and McKenzie (2005), expected duration judg-
ments rely on information stored in memory; it follows that any vari-
able affecting retrospective duration judgments should similarly affect
predictions of future durations. Therefore, we predicted that for both
past and future events, estimated durations would increase with the
density of experience units representing the unfolding of events.

2. Method
2.1. Participants

Thirty-two young adults (17 females; mean age = 28 years,
SD = 4.37) took part in this study (for justification of sample size, see
Supplementary material).

2.2. Materials and procedure

All participants received a memory task and a future simulation
task. In the memory task, they first experienced a series of events and
then mentally re-experienced these events. In the future simulation
task, they first mentally simulated a series of events and then accom-
plished these events. Two sets of events were used, each involving a
series of actions in which participants interacted with people and ob-
jects, and a series of spatial displacements that did not involve parti-
cular action other than walking from a place to another (see Fig. 1). The
assignment of each set of events to the memory and future simulation
tasks and the order of presentation of the tasks were counterbalanced
across participants. For both sets of events, the actual duration of ac-
tions and spatial displacements was recorded using a wearable camera
(see Supplementary material).

The time needed by participants to remember or simulate events
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was assessed as follows: a pair of pictures representing the beginning
and end of an event was presented and participants had to mentally re-
experience or pre-experience the unfolding of the event in as much
detail as possible; the duration of their mental replay/preplay was
measured (see Fig. 2). Then, participants rated the subjective char-
acteristics of their mental representation (see Supplementary material),
estimated the actual duration of the event, and verbally described ev-
erything that came to their mind when replaying/preplaying the event.

2.3. Scoring of verbal reports

Verbal reports describing the content of mental replay/preplay
consisted of a succession of moments or slices of experience (referred to
as experience units) that represented the unfolding of events. For each
event, the number of reported experience units was assessed; transitions
between experience units were identified on the basis of verbal in-
dicators (e.g., “then”, “next”, “after that”) and moments of silence (for
more detail, see Supplementary material).

2.4. Statistical analyses

Data were analyzed using robust statistical methods (Field &
Wilcox, 2017) because the assumptions underlying classical inferential
methods (normality and homoscedasticity) were violated for our main
measures of interest (see Figs. 3-4). All descriptive statistics refer to the
20% trimmed means and their 95% confidence intervals (for more
detail, see Supplementary material).

3. Results
3.1. Temporal compression of events

On average, each event actually took about 1-2 min to unfold, with
no difference between past and future events (see Supplementary ma-
terial). The rate of temporal compression of events during episodic
remembering and future thinking was estimated as the ratio of the
actual event duration to the duration of its mental replay/preplay.
Mean compression rates for past and future events that involved actions
and spatial displacements are shown on Fig. 3. A robust two-way re-
peated-measures ANOVA revealed a main effect of temporal direction,
Q = 3.92, p = .048, showing that temporal compression was lower for
past than future events (¢ = 0.23). The effect of the type of events was
also significant, Q = 4.53, p = .034, showing that actions were less
compressed than spatial displacements (¢ = 0.28). The interaction
between the temporal direction and type of events was not significant,
Q = 0.66,p = .418.

3.2. Density of experience units

Verbal reports on the content of memories and future thoughts
consisted of a succession of experience units that represented the un-
folding of events. For each event, we estimated the density of recalled/
imagined experience units as the number of experience units reported
per minute of the actual event duration (see Fig. 4). A robust two-way
repeated measures ANOVA revealed a main effect of temporal direc-
tion, Q = 11.99, p < .001, showing that past events were described
with a higher density of experience units than future events (¢ = 0.65).
Moreover, events that involved specific actions were associated with a
higher density of experience units than events that involved spatial
displacements, Q = 26.66, p < .001, ¢ = 0.79. No significant inter-
action was found, Q = 2.26, p = .133.

Next, we conducted a robust multilevel regression analysis to de-
termine whether rates of event compression were predicted by the
density of experience units contained within memories and future
thoughts. When fitting regression models separately for past and future
events, we found that the density of experience units was a significant
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Going to

(B square) and to go to the bookstore to buy
a postcard (participants were given 2 euros
for purchasing the postcard). After having
purchased the postcard, they had to go to
the hall of the University building to choose
a leaflet on the display stands; the leaflets
depicted activities that could be done in
Liége (e.g., museum visits, festivals or con-
certs) and participants were instructed to
choose an activity they would like to carry
out in a near future. Finally, they had to
return to the laboratory to bring the camera
back to the experimenter. (b) In the second
set of events, participants were first in-
structed to leave the laboratory and to go to
a coffee shop to purchase the beverage of
their choice that they were instructed to
take away (participants were given 3 euros
for purchasing the beverage). Then, they
had to go to the reception office at the en-
trance of the University building to ask in-
formation about the closing time of the
building. Finally, they had to return to the
laboratory to bring the camera back to the
experimenter. For each set of events, loca-
tions in which actions were performed are
indicated by color circles and paths taken to
go to these locations are indicated by color
lines. Examples of pictures (taken by the
wearable camera) indicating the beginning
and end of each event are shown on the left.

the bookshop

Fig. 1. Overview of the two sets of events.
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Fig. 2. Illustration of the memory and future simu-
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Fig. 3. Temporal compression rates as a function of
the temporal orientation (past vs. future) and type
(actions vs. spatial displacements) of events. The rate
of temporal compression is estimated as the ratio of
the actual event duration to the time needed to
mentally re-experience or pre-experience the event.
Violin plots show the distribution of the data and
point-range plots represent the 20% trimmed means
and their 95% robust confidence intervals. The da-
shed line indicates a compression rate of 1 (i.e., the
duration of mental replay/preplay coincides with the
actual event duration).

Past Future

Temporal orientation

predictor of compression rates for both memories (b = —0.06,
SE = 0.009, df = 24.74, t = 6.34, p < .001) and future thoughts
(b = —-0.14, SE = 0.02, df = 2474, t = 848, p < .001).
Interestingly, however, a regression model that included both the
temporal direction of events and the density of experience units as
predictors revealed a significant interaction between the two predictors
(b = —0.08, SE = 0.02, df = 154.38,t = 5.09,p < .001), indicating
that the negative relationship between the density of experience units
and event compression rates was stronger for future than past events
(Fig. 5). This suggests that it took proportionally more time to represent
an experience unit when simulating future events than when re-
membering past events (see Supplementary material).

3.3. Duration judgments

Retrospective and expected duration judgments were analyzed
using the duration judgment ratio (i.e., the ratio of the duration esti-
mate to the actual duration of the event; Block, Hancock, & Zakay,
2010). As shown on Fig. 6, participants tended to overestimate the
duration of actions, whereas they provided relatively accurate estima-
tions for spatial displacements. A robust two-way repeated measures

Action . Spatial

40

N w
(=] o
n !

Density of experience units

L 4

ANOVA yielded a main effect of temporal orientation, Q = 5.06,
p = .025, showing that estimated durations were higher for future than
past events (¢ = 0.21), and a main effect of the type of events,
Q = 16.35,p < .001, showing that estimated durations were higher
for actions than spatial displacements (¢ = 0.42). No significant in-
teraction was found, Q = 0.001, p = .966.

Robust multilevel regression analyses with the duration judgment
ratio as outcome variable and the density of experience units as pre-
dictor indicated that duration estimates increased with the density of
experience units, for both past (b = 0.04, SE = 0.01, df = 17.06,
t = 4.38,p < .001) and future (b = 0.08, SE = 0.02, df = 26.84,
t = 3.63, p = .001) events. This effect did not interact with temporal
orientation (b = 0.018, SE = 0.013, df = 240.69,t = 1.41,p = .16).

4. Discussion

This study provides the first evidence that the unfolding of real-
world events is temporally compressed in future simulations, thus ex-
tending previous results on the simulation of routes in a virtual en-
vironment (Arnold et al., 2016). Another contribution of this study is to
show that there are both similarities and differences in the temporal

Fig. 4. Density of experience units as a function of
the temporal orientation (past vs. future) and type
(actions vs. spatial displacements) of events. The
density of experience units corresponds to the
number of recalled/imagined units per minute of the
actual event. Violin plots show the distribution of the
data and point-range plots represent the 20%
trimmed means and their 95% robust confidence
intervals.

Past Future

Temporal orientation
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Fig. 5. Relationship between temporal compression rates and the density of experience units for past and future events. The regression lines represent the fixed effect
of the density of experience units on compression rates in robust multilevel regression analyses (for detail, see Supplementary material).

structure and compression of episodic memories and episodic future
thoughts. Although events were simulated at proportionally higher
speed when imagining the future than when remembering the past, the
nature of events influenced compression rates in the same way for past
and future events.

While the exact mechanism of event compression is not fully un-
derstood, previous studies suggest that the time-compressed replay of
prior experience occurs, at least in part, because of temporal dis-
continuities in the representation of the unfolding of events: some
moments of prior experience are not remembered, as if people mentally
jumped from one moment of experience to another without re-
presenting what happened in between (Jeunehomme et al., 2018;
Jeunehomme & D'Argembeau, 2019). The magnitude of event com-
pression may depend on the length of these temporal gaps when re-
presenting the course of events or, reciprocally, on the density of re-
membered experience units per unit of time of the actual event duration
(Jeunehomme & D'Argembeau, 2020). The present results suggest that
basically the same compression mechanism operates when simulating
future events. In fact, it has been argued that episodic memories and
future thoughts rely on the same simulation system, which draws on

Action . Spatial

Duration judgment ratio

elements from prior experiences and schemas to (re)construct event
representations (Addis, 2020). Following this view, our finding that
compression rates were higher when simulating future events may re-
flect differences in the balance of different forms of underlying con-
tents: compared to memories, future thoughts involve fewer experi-
ential details and a greater reliance on schemas to represent the course
of events. We also found that the density of experience units predicted
compression rates to a greater extent for future than past events, sug-
gesting that it takes proportionally more time to represent an experi-
ence unit when simulating future events. This may reflect differences in
the associative history of constituent details: remembering involves the
reinstatement of previously associated details, whereas imagination
requires the creation of novel configurations of details, which places
higher demands on the simulation process (Addis, 2020). As a result,
the fluency or ease of event simulations is higher when remembering
than when imagining (Michaelian, Perrin, & Sant'Anna, 2020).
Despite these differences in the temporal resolution of memories
and future thoughts, compression rates and the density of experience
units were modulated by the nature of events (i.e., actions vs. spatial
displacements) in the same way for past and future episodes. Relative to

Fig. 6. Duration judgment ratio (i.e., estimated
duration/actual event duration) as a function of the
temporal orientation (past vs. future) and type (ac-
tions vs. spatial displacements) of events. A duration
judgment ratio higher than 1 means that the duration
of the event is overestimated, whereas a ratio lower
than 1 means that the duration of the event is un-
derestimated; a ratio of 1 indicates an accurate esti-
mation. Violin plots show the distribution of the data
and point-range plots represent the 20% trimmed
means and their 95% robust confidence intervals.
The dashed line indicates a duration judgment ratio
of 1 (i.e., accurate estimation).

Past
Temporal direction

Future
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spatial displacements, actions are more likely to be segmented in fine-
grained subevents, leading to the formation of more experience units to
represent the event's unfolding and thus lower event compression rates
(Jeunehomme & D'Argembeau, 2020). Our results suggest that this ef-
fect of event segmentation on the temporal structure of mental re-
presentations (Clewett, DuBrow, & Davachi, 2019; Zacks, 2020) is si-
milar when remembering past events and simulating future events,
providing further support to the view that memory and imagination
involve fundamentally the same mechanism (Addis, 2020). Compres-
sion rates might notably depend on changes in the structure of events
that lead to incremental versus global updating of event models (Bailey
& Zacks, 2015; Curiel & Radvansky, 2014). Event models represent
information along various dimensions such as persons, objects, actions,
and spatial location. Changes in these dimensions can result in incre-
mental updating (when the current event model is altered to accom-
modate new information) or global updating (when a new event model
is created) of event models. One possibility is that events are less
compressed when the succession of experience units represents incre-
mental changes, such that there is more continuity in the representation
of events. For example, the higher density of experience units when
representing actions might reflect incremental updating in the event
model (e.g., a succession of actions involving the same entities in the
same location), whereas transitions between experience units when
representing spatial displacements might more frequently involve
global updating (e.g., mental jumps from one location to another).
From a functional perspective, representing actions at a finer resolution
may enhance the effectiveness of planning, thereby promoting more
effective decision making and implementation intention (Baumeister,
Vohs, & Oettingen, 2016; Gollwitzer, 1999; Taylor, Pham, Rivkin, &
Armor, 1998).

Another goal of the present study was to investigate possible dif-
ferences between retrospective and expected duration judgments and to
determine the extent to which duration estimates are influenced by the
density of recalled/imagined moments of experience. Overall, our re-
sults are consistent with previous studies showing that for short time
intervals (i.e., less than 5 min), the duration of naturalistic events tends
to be overestimated (for a review, see Roy et al., 2005). This was
especially the case for events that involved actions, whereas spatial
displacements were relatively well estimated. Duration estimates were
on average higher for future than past events but for both types of
events perceived duration depended on the density of recalled/ima-
gined experience units. These findings are not only consistent with the
contextual-change hypothesis, according to which the duration of a past
event is estimated on the basis of the amount of changes that are ac-
cessed in memory (Block & Reed, 1978), but also provide novel evi-
dence that a similar mechanism underlies expected duration judgments
(i.e., people use imagined experience units as an index for predicting
the duration of future events).

5. Conclusions

Episodic future thinking would not be functional if we spent endless
time simulating events in our mind. To be adaptive, episodic simula-
tions need to represent events at a faster rate than the actual duration of
experience. Our results suggest that this temporal compression me-
chanism operates in basically the same way—by representing events as
a succession of discrete moments of experience that includes temporal
discontinuities—when remembering the past and imagining the future,
although compression rates vary with the nature and temporal or-
ientation of events. A question for future research is whether event
compression rates can be flexibly modulated as a function of goals and
task context.
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