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Retrospective duration judgments of naturalistic events  27 

depend on memories of event boundaries 28 

 29 

 30 

Abstract  31 

Daily planning and goal-directed behavior rely on accurate judgments of the duration of past 32 

experience. Although retrospective duration judgments are often shorter than the actual time 33 

elapsed, how episodic memory changes may impact duration judgments remains unclear. Here, 34 

participants watched videos depicting daily events with clear boundaries segmenting each 35 

subevent. Participants then completed recall and duration judgment tasks both immediately and 36 

after 7 days. Results showed that the recall of the event structure, specifically the number of 37 

subevents, significantly influenced immediate and delayed duration judgments. In contrast, 38 

memories of gist and number of details had no major impact. However, subevent duration 39 

judgments differ, with immediate judgments linked to gist and detail richness, while delayed 40 

judgments tend to average out. Together, these results provide new knowledge on the 41 

relationship between retrospective duration judgments and memories of naturalistic events, and 42 

how such relationship changes over time for different event structures.  43 
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Introduction 60 

 61 

People can perceive event durations spanning from mere milliseconds to several years 62 

(Karmarkar & Buonomano, 2007). Judgment of an event duration can be conducted 63 

retrospectively, either immediately following an experience or after a considerable lapse of 64 

time (Grondin et al., 2014; MacDonald, 2014; Ornstein, 1969; Tsao et al., 2022; Yarmey & 65 

Matthys, 1990; Zakay & Block, 2004; Zakay & Fallach, 1984). Our ability to assess temporal 66 

duration of past experience is crucial for various cognitive processes, including motor learning, 67 

strategic planning, as well as speech production and interpretation (Gransier et al., 2023; Little 68 

et al., 2013; Paton & Buonomano, 2018; Zion Golumbic et al., 2012). Despite its importance, 69 

our retrospective duration judgment is not always accurate; it tends to be shorter compared to 70 

the actual duration of the event, known as temporal compression (MacDonald, 2014; Tsao et 71 

al., 2022; Zakay & Block, 2004). Concurrent with this temporal compression, our memories of 72 

past experience also undergo significant changes, such as episodic forgetting and memory 73 

schematization (Radvansky et al., 2022; Santoro et al., 2016). However, whether and how 74 

retrospective duration judgments are derived from our recall of specific episodic memory 75 

content remains elusive.  76 

 77 

An interesting observation about retrospective duration judgment is that richer memories were 78 

often associated with less compressed and more accurate assessment of the event’s duration 79 

(Block, 1992; Clewett et al., 2019; D’Argembeau et al., 2022; Jeunehomme et al., 2018; 80 

Jeunehomme & D’Argembeau, 2019; Zakay & Block, 2004). These results support the storage-81 

size hypothesis, which posits that people judge duration based on the volume of retrievable 82 

memory content (Ornstein, 1969). Notably, for naturalistic event, memory is better encoded at 83 

event boundaries, making these boundaries important anchor points during memory retrieval 84 

(Michelmann et al., 2023). Indeed, boundaries typically involve contextual changes like shifts 85 

in emotional state and environmental transitions (e.g., moving from one room to another), and 86 

they are marked by greater neural pattern differences indicating the update and reset of memory 87 

representations at these critical points (Bangert et al., 2020; Block, 1992; Ezzyat & Davachi, 88 

2014; Lositsky et al., 2016; Swallow et al., 2009; Zakay & Block, 2004). In contrast to 89 

memories across boundaries, memories of events occurring between boundaries is less reliable 90 

and is believed to be integrated into a single coherent unit before being consolidated for long-91 

term storage (Ben-Yakov et al., 2013; Dudai et al., 2015; Sun et al., 2020; Terada et al., 2017; 92 

Wallenstein et al., 1998). This integration might also influence our retrospective duration 93 
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judgment in that items spanning across event boundaries are perceived as temporally more 94 

distant compared to items within the same boundary (Pu et al., 2022).  95 

 96 

Does this phenomenon imply that when we assess event duration, we would primarily rely on 97 

event boundaries, neglecting the granular information abounding within event segments? To 98 

address this question, we used a well-defined memory structure that includes not only sharp 99 

event boundaries that segment individual subevents, but also distinct contextual information.  100 

We then investigate whether durational judgement would be correlated with memory changes 101 

at different hierarchical levels, such as the number of boundaries, gist versus details for events 102 

and for each subevents.  103 

 104 

In fact, there has been a previous attempt to explore how memory structure might influence 105 

duration judgment, although limited to only one study. By examining the relationship between 106 

participants’ memories of naturalistic events (a campus walk) and their duration judgments, 107 

this study suggests that the number of event segments predicted the duration judgments while 108 

the details within those segments did not (Jeunehomme & D’Argembeau, 2019). However, one 109 

important caveat of this study is that event boundaries are not well-defined and are not reported 110 

in real time during encoding and retrieval. Instead, participants were required to engage in a 111 

detailed mental replay of the event prior to verbal recall, and boundaries were identified by 112 

external coders using transitional words in the verbal recall (e.g., "then," "next"). Because 113 

detailed mental replay encouraged vivid and continuous recall, event boundaries identified 114 

during retreival are likely different from those detected during encoding. Some other studies 115 

examined the changes in reported duration over a period of delay, but these work did not 116 

examine the significance of hierarchical structure of memory such as events and their subevents 117 

segmented by boundaries (Grondin et al., 2014; Yarmey & Matthys, 1990). Most of these 118 

studies also adopted a between-subject design, leading to high variability in reported durations 119 

(Lositsky et al., 2016; Safi et al., 2024). 120 

 121 

We wanted to induce memory changes within subjects so as to look at the possible change in 122 

durational judgements. Recognizing that forgetting naturally occurs over time, we designed a 123 

within-subject test-retest study with a 7-day test interval. To examine the memory changes 124 

structurally, we edited our video stimuli to incorporate sharp event boundaries that separate 125 

subevents with distinct gist and details. We anticipate that duration judgments would be 126 
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primarily driven by memories of event boundaries, while more granular memories such as gists 127 

and details will have smaller contributions to duration judgment. 128 

 129 

Fig. 1. Experimental paradigm. (a) Experimental flow. (b) The encoding phase. Participants 130 
viewed thirty 80-second videos depicting daily life events, each comprising 2-4 nested 131 
subevents each lasting either 20 or 40 seconds. A short phrase describing the event was 132 
presented before each video as a cue. During video watching, participants were instructed to 133 
press the spacebar to indicate event boundaries when context or activity shifts. (c) The retrieval 134 
phase. Prompted by cues, participants were asked to recall the corresponding video, followed 135 
by questions about the entire event and each subevent. Specifically, participants reported the 136 
duration of the whole event and of each subevent, reported the numbers of subevent in each 137 
individual event, and drew each subevent out with labels to show the remembered contents. (d) 138 
Example coding for drawings by participants. Coders first assessed whether the drawings 139 
captured the gist of the subevent, then categorized and counted the number of details the 140 
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participants included. (e)(i) Participants’ duration judgments on Day 1 showed temporal 141 
compression. Blue dots represent the mean reported duration for each participant. Black dots 142 
indicate the mean reported duration for all participants. Red dotted line indicates actual event 143 
duration. (ii-iv) Changes in memory attributes across days (ii) Reported subevent number (iii) 144 
Recalled gist accuracy (iv) Number of details. Participants’ recall of the events significantly 145 
declined from Day 1 to Day 7, i.e., forgetting. (n = 48). The dataset excluded invalid responses 146 
and empty responses (see Methods). See Fig. S2 for plots with memory performance before 147 
filtering. Error bars show the SEM.  148 
 149 

*** p < .001 (all two-tailed). 150 

 151 

Method 152 

Data and relevant code are available on OSF at 153 

https://osf.io/m43yh/?view_only=8f93a14ba974440f91c3be8a4e9c99ad 154 

 155 

Participants 156 

Fifty-five individuals (Female = 39, Preferred not to say = 1; Mage = 22.589; SDage =  3.109) 157 

were recruited from the University of Hong Kong for this experiment. The sample size was 158 

determined with reference to prior between-subject studies on retrospective duration and 159 

episodic memories (Furman et al., 2007; Jeunehomme et al., 2018). Anticipating potential 160 

challenges such as poor memory performance and participant absenteeism in the delayed 161 

experiment, we recruited more participants. Ultimately, six participants were excluded due to 162 

absenteeism in the delayed experiment, and one participant was excluded for low performance 163 

during the filtering process (see Analysis section). This resulted in a final sample size of 48 164 

participants in the analyses reported here. 165 

 166 

All eligible participants had normal or corrected-to-normal vision and hearing, were not color-167 

blind, and had no chronic medical conditions, history of severe mental illness, neurological 168 

disorders, or current clinical diagnosis for any psychiatric conditions. The experiments were 169 

conducted in either simplified or traditional Chinese, with all instructions and experimental 170 

materials remaining consistent across both language versions. Participants were assigned to the 171 

language condition based on their preferred language. All participants provided written 172 

informed consent and received monetary compensation upon completing the entire experiment 173 

($250 HKD, approximately $32 USD). This study has been approved by and conforms to the 174 

https://osf.io/m43yh/?view_only=8f93a14ba974440f91c3be8a4e9c99ad
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standards of the Human Research Ethics Committee for Non-Clinical Faculties at the 175 

University of Hong Kong (Ethics Approval No.: EA210341). 176 

 177 

Procedures 178 

To investigate the role of memory in event duration judgment, we conducted a within-subject 179 

experiment over 7 days, tracking how alterations in memory at different structural levels 180 

influence participants' duration assessments. Memory tests were administered immediately 181 

after participants watched the videos on Day 1 and again on Day 7 (see Fig. 1a). During these 182 

tests, participants described their memories in the form of drawings and reported duration of 183 

each event and subevent (See Figs. 1b, c). We then systematically coded their memories and 184 

analyzed both high-level structure (i.e., the number of subevents) and low-level features, 185 

including gist as well as the quantity and categories of details for each recalled subevent (see 186 

Fig. 1d).  187 

 188 

Given that our study primarily focuses on assessing retrospective duration judgments, 189 

participants were instructed to remove all wearable watches and turn off their electronic devices 190 

before the experiment began. To eliminate any potential time cues, all clocks in the lab and on 191 

the computer interface were removed. Any questions regarding the time were not answered to 192 

maintain the integrity of duration judgements. Participants were informed at the time of sign-193 

up that the experiment would conclude on schedule, lasting approximately 2.5 hours for Day 1 194 

and 1.5 hours for Day 7. Additionally, they were not informed of the number of tasks or the 195 

duration of each task before and during the experiment. 196 

 197 

Encoding session 198 

During the encoding session, participants watched 30 videos depicting distinct daily life events. 199 

Before the task began, they were briefed on the structure of the events, with subevents defined 200 

as distinct segments representing different activities. Participants were informed that each 201 

event would consist of a varying number of subevents. They were instructed to engage with 202 

the videos attentively, as if personally experiencing the events. However, since the study 203 

focused on naturalistic recall, participants were neither directed to memorize the videos nor 204 

informed of an upcoming memory retrieval task. 205 

 206 
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To assess participants’ ability to recognize the transition between subevents and thereby 207 

confirm their understanding of the event structure, they were instructed to press the 208 

SPACEBAR as soon as they recognized a change in subevents while watching the videos. After 209 

each video, participants were asked whether they had seen the video before. Trials with an 210 

unmatched number of presses or where participants had previously viewed the video were 211 

excluded from the analysis to ensure data integrity. 212 

 213 

Before each video, a cue word was presented for 2.5 seconds to serve as a prompt for recall 214 

during the subsequent retrieval task. This cue word encapsulated the overall event, such as 215 

"washing car," without specifying any subevents. 216 

 217 

The task lasted approximately 35 to 45 minutes, with several untimed breaks included. Before 218 

the main task, participants completed a practice session that included a demonstration and three 219 

practice trials. 220 

 221 

Day 1 Retrieval Test  222 

Immediately following the encoding session, participants underwent a surprise test designed to 223 

structurally assess their baseline memory and duration judgments for each event and subevent. 224 

All 30 videos from the encoding session were included in this test. Each trial consisted of three 225 

parts: first, participants estimated the duration of the entire event. Next, they identified the 226 

number of subevents within the video. Finally, they provided the duration and described the 227 

content of each subevent. 228 

 229 

In the first part of the test, participants were asked to report the total duration of the entire video 230 

using a slider. To prevent participants from recalling exact durations based on specific numbers 231 

or slider positions, their responses were shown without any numerical indicators. Additionally, 232 

reference points were provided only at ‘5s’ and ‘60s’on the slider, which ranged from 0 to 300 233 

seconds, to assist with estimation.  234 

 235 

Previous studies permitted participants unlimited time to mentally replay the event in detail, 236 

potentially resulting in duration estimates that reflect a prospective perception of their mental 237 

replay rather than a retrospective judgment. In contrast, our study imposed a fixed 12-second 238 

time limit for participants to form their judgment, followed by an additional 7 seconds to report 239 
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their answer. During this phase, participants were instructed to focus solely on the current 240 

question and not to consider other videos or forthcoming questions. 241 

 242 

Next, to evaluate higher-order memory of the event structure, participants reported the number 243 

of subevents they recalled from the video. Participants were instructed to honestly indicate the 244 

number of subevents they could remember, even if they had forgotten some content or details, 245 

using a slider ranging from 1 to 5. 246 

 247 

To assess whether lower-order memory contributed to duration judgments, participants were 248 

asked to report both the duration and content of each subevent. They provided the duration 249 

using the same slider as for the total event duration. Following this, participants were instructed 250 

to draw and label the scene of each subevent. Drawing was selected over verbal descriptions 251 

to minimize cognitive effort, given the study’s focus on visual stimuli. Participants depicted 252 

objects, characters, and background details on a blank page, based on their recollections, and 253 

used arrows and labels to indicate characters' actions. Participants were informed that they 254 

could use clear labeling with circles instead of creating detailed drawings. 255 

 256 

Participants had one minute to complete each subevent before moving on to the next. To ensure 257 

understanding and accuracy, they practiced using the drawing pad under the experimenter’s 258 

guidance during a demonstration and practice session prior to the actual task. 259 

 260 

Throughout the task, participants who were uncertain of their responses or had minimal recall 261 

were permitted to skip the specific questions they were unsure about. Trials were fully 262 

randomized, and an untimed break was provided after every five videos. The entire task lasted 263 

approximately 1 to 1.5 hours. At the end of the experiment, participants were free to leave. 264 

 265 

Day 7 Retrieval Test 266 

To analyze changes in memory and reported durations, participants repeated the memory test 267 

after a 7-day delay, anticipating forgetting. This 7-day interval was determined through a pilot 268 

test to ensure sufficient trials with natural forgetting. Trials were fully randomized, and all 269 

videos from the initial test were included in this follow-up assessment. 270 

 271 

 272 
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Materials 273 

In our study, we utilized 34 short videos, each uniformly lasting 80 seconds. These videos 274 

depict various everyday activities, for example washing a car and playing at the beach. To 275 

maintain a clear event structure within each video, we edited them to generate distinct event 276 

boundaries with noticeable changes in activity and/or environment. Each video was divided 277 

into 2 to 4 subevents, which correspond to natural and meaningful segments of a complex event, 278 

as defined by Swallow, Zacks, and Abrams (2009). For example, in the video depicting 279 

‘washing a car’ the subevents included ‘vacuuming the seats’, ‘cleaning the window’ and 280 

‘hosing off the car’ (see Fig. 1b). We varied the subevents’ durations between 20 and 40 seconds 281 

to introduce variation, thereby preventing participants from perceiving all subevents as having 282 

the same length. This approach aimed to prevent participants from calculating the total event 283 

duration based on a fixed subevent length during the retrieval test, while also ensuring 284 

participants had sufficient time to fully perceive the activities. 285 

 286 

These videos, sourced from platforms like YouTube and Bilibili (a complete video list is 287 

provided in the supplementary materials). To maintain consistency and minimize external 288 

distractions, each subevent within an event was filmed in a single continuous shot, with no 289 

manual editing, visual effects, or subtitles. Additionally, any logos in the videos were blurred 290 

to avoid biasing participants' perceptions. All videos were edited in Adobe After Effect and 291 

were exported with Adobe Media Encoder to resolution of 1920 (w) x 1080 (h).  292 

 293 

These videos were tested in a pilot study involving three coders who assessed event boundary 294 

consistency. This preliminary testing was conducted to minimize variations in the perception 295 

of event boundaries during the actual experiment. Videos with unclear event boundaries or 296 

ambiguous content were excluded from the final experiment. To familiarize participants with 297 

the procedure, four of these videos were used in a practice session. The remaining 30 videos 298 

were presented during the encoding session of the task. During the study, we replaced two 299 

videos, numbered 9 and 18, due to ambiguous event boundary identification observed in the 300 

initial experimental phase. Consequently, the trials associated with these videos from the first 301 

eight participants were excluded from the final analysis to ensure the reliability and consistency 302 

of the data. 303 
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The experiment was conducted using the software PsychoPy version 2022.2.4. During the 304 

retrieval test, participants were instructed to use a drawing pad (Wacom Intuos CTH-680) to 305 

complete the drawing and labeling tasks.  306 

 307 

Data analysis 308 

Exclusion criteria 309 

One participant was excluded due to low performance on the retrieval test. To ensure the 310 

accuracy of the data, specific criteria were applied to filter out certain trials. These criteria 311 

included: (1) trials lacking subevent indications or with incorrect indications during video 312 

watching, to ensure a clear understanding of the event structure, and (2) trials where 313 

participants reported having seen the video before, to prevent prior knowledge from biasing 314 

the results. To accurately align event content memories with duration judgments, the following 315 

trials were excluded: (1) trials with skips during the subevent number recall period, (2) trials 316 

with no response or a skip during the total duration report, and (3) trials where participants 317 

responded with ‘I forgot’ or did not provide an answer during the subevent number report. 318 

Additionally, to ensure the validity of responses, the analysis excluded: (1) trials exhibiting 319 

unusual temporal compression of less than 10 seconds for total duration judgment, (2) trials 320 

where any single subevent duration exceeded the total duration, indicating possible data entry 321 

errors, and (3) trials with a response time of less than 0.5 seconds. Excluding these trials 322 

ensured a more precise and reliable analysis of the remaining data. 323 

 324 

The analysis of drawings 325 

To assess participants’ recall accuracy and the details recalled, we invited coders to evaluate 326 

participants' drawings based on gist and details. We defined gist as any element indispensable 327 

to the interpretation of what occurred in a subevent (regardless of style, subjective feelings, 328 

etc.), which cannot be altered or excluded without changing the overall meaning of the 329 

subevent. After judging the gist accuracy of all participants' drawings for a particular video 330 

event, coders checked the drawn items against a provided checklist. This checklist was 331 

compiled by having other coders analyze the videos and list all relevant details, including 332 

actions, characters, items, and environments. Items not on the checklist (potential false memory 333 

items) were noted, and coders reviewed the video to verify their presence. Six coders were 334 

involved, divided into three groups, each composed of two coders, to ensure inter-rater 335 



 12 

reliability. Each group was responsible for coding 10 videos or events. If the two coders 336 

disagreed, a third coder was consulted, and the final coded result was determined by majority 337 

decision. 338 

 339 

Behavioral data analysis 340 

The statistical analyses and graphical representations were performed using R (version 341 

2023.03.3; R Core Team, 2023) and Prism (version 9.4.1 for Windows). We employed linear 342 

mixed-effects models (LMMs) to account for various factors and variances. Fixed factors 343 

included different levels of memory hierarchy, such as subevent number, gist accuracy, and the 344 

number of details recalled for duration judgment. Random effects accounted for participant and 345 

event (video) variability at the trial level. All linear mixed effects models (LMMs) were 346 

conducted using the lme4 package for linear mixed effect modeling (Bates et al., 2015). A 347 

forward selection method was implemented to compare the AICs and BICs of key hypothetical 348 

models. The significance levels for fixed and random effects, as well as all Likelihood ratio 349 

tests used to compare model fits, were assessed using the anova function in the ‘lmerTest’ 350 

package (Kuznetsova et al., 2017). Post-hoc analyses were conducted using the ‘emtrends’ 351 

function in the ‘emmeans’ library to compare the effects of different estimation errors.  352 

 353 

Results  354 

Despite spending considerable time on watching multiple videos, participants remained 355 

sensitive to the difference in subevent duration on both Day 1 and Day 7. Specifically, 356 

participants successfully distinguished between 20-second and 40-second subevents (Day 1, 357 

t(47) = -5.253, p < .001, d = 0.758; Day 7, t(47) = -5.31, p < .001, d = 0.766) (Fig. S1). In line 358 

with prior research, our findings also reveal significant temporal compression compared to the 359 

actual duration of the entire event, starting already on Day 1 (t(47) = -10.956, p < .001, d = 360 

1.581) (Tsao et al., 2022)(Fig. 1e).  361 

 362 

Single-Day Duration Judgments Vary by Memory Level 363 

We next focused on the judgment of total event duration within a single day. We wanted to see 364 

whether the reported total duration can be determined by the recall of content at different levels 365 

of the memory hierarchy. To do this, we employed a linear mixed model (LMM), which allow 366 

us to identify the main influencing factors from among random effects that originate from the 367 



 13 

high variability in reported durations among participants and across different types of events 368 

(Lositsky et al., 2016; Safi et al., 2024). We ran the LMM with recalled subevent number, 369 

overall gist accuracy, and total recalled details number as fixed factors to predict total event 370 

duration judgement. Random effects included participant and event. The analysis revealed that 371 

the number of recalled subevents significantly influenced reported total duration. Specifically, 372 

for each additional number of subevent recalled, participants' reported durations were, on 373 

average, 12.23 seconds longer on Day 1 and 11.06 seconds longer on Day 7 (Day 1: F(118.251, 374 

1) = 243.531, p < .001, η² = 0.67; Day 7: F(168.751, 1) = 330.939, p < .001, η² = 0.66). On the 375 

other hand, the reported total duration is independent of the order of subevents being recalled 376 

within the sequence (Day 1, F(1,659.25) = 0.88, 𝑝 = .348, η² = 0.001; Day 7, 𝐹(1,615.33) = 377 

0.79, 𝑝 = .375, η² = 0.001). Additionally, neither gist accuracy (Day 1, F(213.144, 1) = 0.230, 378 

p = .632, η² = 0.001; Day 7, F(190.831, 1) = 3.155, p = .077, η² = 0.02) nor the number of 379 

details recalled (Day 1, F(59.279, 1) = 2.232, p = .141, η² = 0.04; Day 7, F(55.903, 1) = 0.013, 380 

p = .910, η² < 0.001) contributed significantly to the reported total duration (Fig. S3). Thus, 381 

event duration judgment appears to involve recalling directly the number of subevents with no 382 

regard to the temporal order of its subevents nor the retrieval of lower-level memories. 383 

 384 

Notably, the duration judgment of an entire event is not merely the sum of all reported subevent 385 

duration, despite their significant correlation (r = .795, p < .001) (see Fig. S4). Specifically, the 386 

sum of subevent duration judgments was significantly longer (Day 1: t(47) = -3.134, p = .003, 387 

d = -0.453; Day 7: t(47) = -3.01, p = .004, d = -0.434), suggesting that duration judgment of 388 

event versus subevent may involve different strategies. To investigate the contribution of 389 

lower-order memory to subevent duration judgment, we ran a LMM using subevent gist 390 

accuracy and the number of recalled details as fixed factors, with participant and event included 391 

as random factors. Indeed, unlike the total duration judgments that depended on memories of 392 

number of subevents, judgment of subevent duration relies on lower-level memory structures, 393 

including both gist accuracy and the number of details (Gist: Day 1, F(2,1765.06) = 3.762, p 394 

= .023, η² = 0.004; Day 7, F(2,1712.41) = 3.468, p = .031, η² = 0.004; Details: Day 1, 395 

F(1,1571.27) = 22.520, p < .001, η² = 0.01; Day 7, F(1,1618.20) = 8.313, p = .004, η² = 0.005) 396 

(see Fig. S5).  397 

 398 

In essence, event and subevent duration judgments differ mainly in that the former does not 399 

draw on lower-level memories, whereas the latter does, suggesting that people adopt different 400 

recall strategies depending on the requirement of the duration judgment tasks. 401 
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 402 

 403 

Fig. 2 Event duration changes are only modulated by memory changes of recalled subevent 404 
number. (a) Changes in reported event duration among participants across days. Blue dots 405 
represent the mean reported duration for each participant. Black dots indicate the mean reported 406 
duration for all participants on each day. The red dotted line represents the actual event duration. 407 
(b) Main effect of across day change in recalled subevent number (p < .001), gist accuracy (p 408 
= .975) and recalled detail number (p = .826) on DurTotal. (c-e) Plots of estimated DurTotal 409 
across days by change of (c) recalled subevent number, (d) gist accuracy and (e) details 410 
respectively. Left panel, data were grouped based on the changes of memory across days with 411 
Fewer (Blue), Consistent (Green) and More (Orange) from Day 1 to Day 7. Right panel, a 412 
continuous estimation of how unit changes on memory affect retrospective duration. The 413 
dashed line represents the grey area where DurTotal = 1, indicating no compression. Grey area 414 
below 1 represents DurTotal < 1, indicating compression on Day 7. Error bars and shaded areas 415 
indicate the 95% confidence intervals (CI).  416 
 417 
*** p < .001. 418 

 419 

Across days: Unique role of event boundary on event duration judgments 420 

After encoding, memory is subjected to transformation over time. By examining how duration 421 

judgment may be altered accordingly, these natural memory changes provide a unique 422 

opportunity for us to probe how durational information may be related to stored memories. We 423 

first confirmed that memory changes occurred over our experimental time window, by 424 

comparing Day 1 and Day 7 memory performance using paired sample t-tests. We observed an 425 
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overall decline in memory performance across all memory levels between Day 1 and Day 7. 426 

Specifically, the accuracy of recalled number of subevents (t(47) = 4.051, p < .001, d = 0.512) 427 

dropped significantly, with the occurrences of both forgetting (number of occurrences across 428 

all participants: 79 out of 593) and false memories (number of occurrences across all 429 

participants: 52 out of 593). Moreover, subevent gist accuracy (t(47) = 4.00, p < .001, d = 0.411) 430 

and the number of accurately recalled details (t(47) = 5.842, p < .001, d = 0.843) also showed 431 

significantly decrease (Fig. 1e).  432 

 433 

We next looked at the change in reported total event duration across days, quantified as the 434 

ratio of Day 7 to Day 1 (DurTotal), with >1 values indicating expanded duration judgments 435 

relative to Day 1, a value of 1 indicating consistent duration judgment as Day 1, and <1 436 

indicating more compressed duration judgment relative to Day 1. We employed LMM to test 437 

whether this ratio can be explained by changes in recalled subevent number, gist accuracy and 438 

number of recalled details across days as fixed factors, and participants and event as random 439 

factors. Consistent with the above results for single days, DurTotal was significantly affected 440 

by changes in recalled subevent number, with temporal compression associated with forgetting 441 

whereas temporal expansion linked to falsely inserted subevents (F(1, 692.32) = 55.34, p < .001, 442 

η² = 0.07) (Fig. 2). However, DurTotal remained unaffected by changes in overall gist accuracy 443 

(F(1, 491.28) = 0.001, p = .975, η² < 0.001) and the total number of recalled details (F(1, 669.02) 444 

= 0.049, p = .826, η² < 0.001). In fact, the fit of this model does not significantly differ from 445 

that of a simpler LMM with only a single fixed factor—change in the number of subevents 446 

(AIC = 353.74; BIC = 376.67; LR = 0.04; p = .98 over the three-factor model including gist 447 

accuracy and recalled detail, see Table S1 for full comparison). The observation that DurTotal 448 

parallelled the change in the number of subevents recalled provides additional and direct 449 

support to our conclusion from single-day analysis that event duration judgment depends on 450 

higher-level memory and not lower-level ones. 451 
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 452 

Fig. 3 Subevent duration changes are not modulated by memory changes of recalled detail 453 
number. (a) Similar to Fig. 2e but for individual subevent. Fewer (Orange, n = 503 number of 454 
subevents), Consistent (Green, n = 497), More (Blue, n = 495). No significant effect is found 455 
(ps > .05). (b) Continuous estimation. (c) Predicting subevent DurSubevent by the change of detail 456 
per different subcategories (character, place, item, action, false memory item). across days. No 457 
significant main effect was found (ps > .05). For the frequency distribution of overall detail 458 
changes and by type, see Fig. S7. Error bars and shaded areas indicate the 95% confidence 459 
intervals.  460 
 461 

Across days: Subevent duration judgment change is dissociated from memory change 462 

Next, we focus on individual subevents and explore similarly whether and how changes in 463 

duration judgments are influenced by alterations in recalled subevent-specific memories. As 464 

mentioned, participants recalled fewer subevent details over the course of several days (t(47) 465 

= 5.842, p < .001, d = 0.843). As participants may have forgotten multiple subevents on Day 466 

7, making it impossible to identify their paired subevent and corresponding duration, we 467 

matched subevents across days based on their gist and calculated the DurSubevent for each pair 468 

(Day 7 / Day 1). Within these matched subevents, we calculated the absolute change in the 469 

number of recalled details and conducted a one-sample t-test, revealing a significant change 470 

across days, including forgotten details and false memories (𝑡(47) = 25.35, 𝑝 < . 001, d = 3.66). 471 

We employed a LMM to test whether the recalled number of details, as a fixed factor, 472 

contributed to changes in subevent duration, while accounting for the random effects of 473 

participants and events. Despite a general reduction in the number of recalled details, 474 

participants' subevent duration judgments did not change significantly (β = −0.01, 𝑆𝐸 = 0.03, 475 

𝑡(1458.74) = −0.38, 𝑝 = .702) (Figs. 3a, b). Likewise, duration judgements were not 476 

significantly altered when participants remembered a greater number of details on Day 7 477 
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relative to Day 1 (β = 0.01, 𝑆𝐸 = 0.03, 𝑡(1475.13) = 0.24, 𝑝 = .811). Furthermore, when 478 

comparing this model to the baseline model, which excluded memory level (i.e., detail recall) 479 

as a fixed factor, the results showed no significant improvement. This suggests that memory 480 

recall, particularly the recall of details, did not significantly influence judgments of subevent 481 

duration (LR = 0.1, p = 0.752).  482 

 483 

While our findings suggest that changes in subevent duration judgment are independent of the 484 

overall number of details recalled, specific types of details might still have an impact. Action-485 

related details, for instance, may be more significant predictors of subevent duration than static 486 

items, as perceived speed influences time perception (Burt, 1999; Burt & Popple, 1996; Mioni 487 

et al., 2015; Sasaki et al., 2013). To explore this, we further classified participants’ recalled 488 

details in our previous LMM into distinct categories, including character, action, item, place, 489 

and falsely-recalled details (Fig. S8). However, LMM results shows no significant main effects 490 

for any of the categories on subevent DurSubevent: change in character, F(1,1474)=1.122, p 491 

= .290, η² = 0.001; action, F(1,1449.8) = 0.274, p = .601, η² < 0.001; item, F(1,1461.9)= 0.001, 492 

p = .978, η² < 0.001; place, F(1,1462.9)=0.292, p = .589, η² < 0.001, and; falsely recalled item, 493 

F(1,1452.8) = 0.118, p = .731, η² < 0.001 (see Fig. 3c and Table S2).  494 

 495 

Averaging tendency of subevent duration judgments occurred across days  496 

If there is an overall decrease in recall detail across days, could this suggest the formation of a 497 

memory schema, resulting in a generalization of duration judgements, thus explaining the 498 

minimal effect of recalled subevent content on the change of subevent judgements above? To 499 

test this, we investigated whether participants tended to perceive each subevent duration more 500 

uniformly on Day 7 than on Day 1. We calculated the deviation of each participant's reported 501 

subevent duration from their average reported subevent duration for each day, and then 502 

analyzed how these deviations changed across all subevents between Day 1 and Day 7. 503 

Interestingly, we observed that participants' reported subevent durations tended to converge 504 

towards their average over days (t(47) = 5.32, p < .001, d = 0.768) (Fig. S9). Moreover, there 505 

is a significant decrease in the difference in duration judgments between 20s- and 40s-506 

subevents across days, as revealed by a paired t-test (𝑡(47) = − 2.02, 𝑝 = .04,  d = 0.291). All 507 

these suggest that the uniqueness of the subevent duration experience tend to decrease as time 508 

passes.  509 

 510 
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Discussion  511 

 512 
Human experience is continuous, yet it can be structurally segmented into meaningful events 513 

and further into subevents during encoding and retrieval. We investigated how changes in 514 

hierarchical memory components, including event boundaries, gist, and details of subevent, 515 

influence retrospective duration judgment. We employed a within-subject test-retest design, 516 

enabling the simultaneous measurement of both memory changes and duration judgments. To 517 

ensure a well-defined event structure, we used video clips with sharp boundaries, validated by 518 

participants' key presses during boundary detection. Our findings indicate that first, people’s 519 

judgments of event duration rely primarily on higher-level memories, that is their recall of the 520 

number of subevents. Second, the judgment of subevent duration is dependent on lower-level 521 

memory processes, including the accuracy of gist recall and the number of details remembered, 522 

with a tendency towards averaging across days. 523 

 524 

Our results suggest that individuals' judgments of total event duration involve recalling higher-525 

level event boundaries of the experience and retrieving associated duration information directly 526 

from each segment without recalling lower-level content. This may be achieved through a 527 

memory search mechanism where event boundaries act as anchor points that may also induce 528 

our direct recall of the associated durational information (Michelmann et al., 2023). 529 

Importantly, this duration information may not necessarily be stored as exact numerical values 530 

but could be in the form of temporal schemas that capture similarities and differences in event 531 

durations and the binding of sequential information, which can later be translated into 532 

numerical representations of duration during duration judgments (Baldassano et al., 2018). In 533 

this process, finer details, such as the gist accuracy of subevents and the number of details 534 

recalled, may be neglected and therefore do not significantly impact our duration judgment.  535 

 536 

Regarding duration judgments of subevent, we found that the underlying processes may differ 537 

from those used for entire events. Specifically, subevent duration judgments rely on lower-538 

level memories, despite their relatively small effect. This distinction is further highlighted by 539 

our across-day analyses, which showed that changes in higher-level memories influenced event 540 

duration judgments, whereas alterations in lower-level memories did not significantly impact 541 

subevent duration judgments. This finding suggests that the event segmentation model (Block, 542 

1992; Ornstein, 1969; Zakay & Block, 2004), which posits that people perceive duration 543 

retrospectively by recalling discrete segments marked by significant changes in context, 544 
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activity, or goals, may not universally apply to subevents that contains no further segments. 545 

Nevertheless, while event duration judgments remained consistent across Day 1 and Day 7, 546 

subevent duration judgments tended to average over time. We hypothesized that this averaging 547 

tendency may be due to increased similarity among subevents across different events as 548 

experiences within similar contexts often result in analogous representations, thus diminishing 549 

the distinctiveness of each video's context over time and facilitated generalization of durational 550 

schemas (Baldassano et al., 2018; Reagh & Ranganath, 2023). Future studies can explore how 551 

memory schematization may affect duration judgement. 552 

 553 

These findings prompt a reflection on whether duration judgment is a reconstructive process 554 

based on memory or a direct recall of temporal information. Some researchers suggest that 555 

duration judgment is influenced by the volume of retrievable memory content, particularly by 556 

boundaries marked by contextual changes, as described by the storage size and event 557 

segmentation models (Block, 1992; Ornstein, 1969; Zakay & Block, 2004). In contrast, other 558 

studies argue that duration is directly encoded and functions independently of memory 559 

accuracy. For instance, individuals have been found to accurately judge the duration of past 560 

public events even when their memories are imprecise (Burt, 1992; Burt & Kemp, 1991; 561 

Friedman, 1993; Yarmey, 2000). Our study suggests that the approach to judging duration is 562 

mixed and contingent on the event's structure and complexity. For larger, more complex events, 563 

we rely on higher-level memories such as boundaries, whereas for subevents, we rely on lower-564 

level memories. Future research could specifically investigate how modifying event boundaries 565 

after initial encoding may change the duration judgement.  566 

 567 

In conclusion, people’s judgments of duration vary depending on the complexity and structure 568 

of events. Events with subevents rely on higher-order memories, while subevent depend on 569 

lower-order memories. Preserving the accuracy of event durations is crucial, as it shapes our 570 

perception of the past and supports precise and adaptable time estimations in various contexts. 571 

Indeed, individuals with memory impairments, such as those caused by brain injury or 572 

neurodegenerative conditions like Alzheimer’s disease, often experience distorted time 573 

perception (El Haj et al., 2013; El Haj & Kapogiannis, 2016; Mioni et al., 2014). These 574 

temporal inaccuracies not only disrupt recollections of the past but may also affect how we 575 

perceive ourselves, i.e., self-identity (Piras et al., 2014). However, our data suggest a novel 576 

perspective, indicating that time perception may be more closely linked to the structure of 577 

events rather than solely depending on memory accuracy. Therefore, enhancing memory of 578 
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event structure after encoding could actively preserve duration perception. Future research 579 

should explore whether strategies focusing on event structure might help maintain subjective 580 

retrospective duration among healthy and among clinical population.  581 
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 776 
Fig. S1. Reported duration for 20-s and 40-s subevent on both Day 1 and Day 7. Significant 777 
differences were found on between 20-s and 40-s subevent on Day 1 (t(47) = -5.253, p < .001, 778 
d = 0.758) and on Day 7 (t(47) = -5.31, p < .001, d = 0.766). Blue dots represent the mean 779 
reported duration for each participant. Black dots indicate the mean reported duration for all 780 
participants on each day. Error bars indicate the 95% confidence intervals. Statistical 781 
significance is denoted by stars, with *** indicating p < 0.001.782 

 783 

Fig. S2. Memory performance across days. Left, for the reported subevent number. Middle, for 784 
the recalled gist accuracy. Right, for the number of details. Significant differences were found 785 
for changes in the number of subevents (t(47) = 5.232, p < .001, d = 0.755) and subevent gist 786 
accuracy (t(47) = 6.051, p < .001, d = 0.601), indicating forgetting. However, no significant 787 
difference was found for the number of details per subevent across days (t(47) = 0.475, p = .637, 788 
d = 0.073). Statistical significance is denoted by stars, with ** indicating p < 0.01, and *** 789 
indicating p < 0.001. 790 
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 791 

Fig. S3. LMM results on Day 1 and Day 7 reported DurTotal with including subevent number, 792 
gist accuracy, and correctly recalled detail number, and random effects for participant and event. 793 
Only the number of recalled subevents significantly predicts the DurTotal on both Day 1 794 
(F(1,118.251) = 234.531, p <.001, η² = 0.67) and Day 7 (F(1,168.751) = 330.939, p <.001, η² 795 
= 0.66). Statistical significance is denoted by stars, with *** indicating p < 0.001. 796 

 797 

Fig. S4. Significant positive correlations between the sum of all reported DurSubvent and DurTotal 798 
on both Day 1 (r = .795, p <.001) and Day 7 (r = .602, p <.001). The red line represents the 799 
best-fit regression line, while the black dotted line indicates the diagonal. Each dot represents 800 
one video trial. 801 

 802 
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 803 

Fig. S5. Predicted DurSubvent in relation to subevent gist accuracy and subevent detail number on 804 
Day 1 and Day 7. Linear mixed-effects model (LMM) results for DurSubvent include subevent 805 
gist accuracy, original duration, correctly recalled detail number, and day as fixed factors, with 806 
random effects for participants and events. Both gist accuracy and detail number were 807 
significant predictors of DurSubvent on Day 1 (F(2,1765.06) = 3.762, p = .023, η² = 0.004 and 808 
F(1,1571.27) = 22.520, p <.001, η² = 0.01 respectively) and on Day 7 (F(2,1712.41) = 3.468, 809 
p = .031, η² = 0.004 and F(1,1618.20) = 8.313, p = .004, η² = 0.005 respectively). Error bars 810 
and shaded areas indicate the 95% confidence intervals. Statistical significance is denoted by 811 
stars, with * indicating p < 0.05 and ** indicating p < 0.01. 812 
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 813 

Fig. S6. DurSubvent on Day 1 and Day 7 by participants for matched subevents in Fig. 3. A paired 814 
t-test indicated insignificant differences between the two days (t(47) = -0.002, p = .999, d < 815 
0.001). Blue dots represent the mean DurSubvent for each participant, while black dots indicate 816 
the overall mean DurSubvent across all participants for each day. 817 
 818 
 819 

 820 
Fig. S7. Left panel, the distribution of detail number change in Fig. 3. Right panel, the 821 
distribution of the number of detail changes, color matched with the detail types in Fig. 3c) (n 822 
= 1495). 823 



 32 

 824 
Fig. S8. The main effect of different types of detail on DurSubvent. LMM performed on all 825 
DurSubvent with including subevent gist accuracy, original duration, different types of detail 826 
recalled and day as fixed factors, and random effects for participant and event. Subevent 827 
durations were significantly predicted by details related to characters (F(1, 1440.4) = 6.364, p 828 
= .012, η² = 0.004) and places (F(1, 1673.4) = 6.121, p = .013, η² = 0.004) on Day 1, and by 829 
places (F(1, 1667.2) = 4.303, p = .038, η² = 0.003) on Day 7. Statistical significance is denoted 830 
by stars, with * indicating p < 0.05. 831 

 832 

 833 
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 834 
Fig. S9. Plots of participants’ reported subevent duration deviated from the average. The 835 
average duration was calculated for all subevents across all events for each participant. (a) 836 
Participants' reported subevent durations showed a significant decrease in deviation, 837 
converging towards their average over the days (t(47) = 5.32, p < .001, d = 0.768). (b) 838 
Individual participants’ changes in mean deviation. Dots colored in blue are below the dotted 839 
line of zero, indicating a tendency shifting toward the mean on Day 7. Dots colored in red 840 
represent subjects with a tendency shifting away from the mean. Error bars and shaded areas 841 
indicate the 95% confidence intervals. Statistical significance is denoted by stars, with *** 842 
indicating p < 0.001. 843 
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Model Method 

Subevent 

No. 

Change 

Content 

Accuracy 

Change 

No. of 

Detail 

Change 

Random 

factor: 

Participant 

Random 

factor: 

Event AIC BIC 

 

 

BF01 

1  LM V         411.214 424.968  

2 LMM V     V  V 365.173 388.097  

3 LMM V V    V V 373.864 401.372 0.0005 

4 LMM V  V  V V  375.710 403.218 0.001 

5 LMM V V V V V  384.333 416.426 <.001 

  853 

Table S1. Comparison of results predicting duration of the whole event using different methods. 854 
Tick marks indicate the variables included in the model prediction. All linear mixed-effects 855 
model (LMM) analyses include participants and events as random factors. Model fits are 856 
evaluated using AIC and BIC. The AIC and BIC indicate better model fits for LMM analysis 857 
compared to LM analysis. The model comparison results show that the linear model with 858 
changes in gist accuracy and detail (Model 5) provided a worse fit relative to the best-fitting 859 
model based on BIC (Model 2; BF01 = 7.052e-07). BF01 indicates the evidence in favor of the 860 
best-fitting model (Model 2) compared to Model 3,4,5. 861 
 862 

Model Method 

No. of 

Detail 

Change 

Character 

detail 

change 

Action 

detail 

change 

Action 

detail 

change 

Place 

detail 

change 

False 

detail 

change 

Random 

factor: 

Participant 

Random 

factor: 

Event 

AIC BIC 

1 LM             V V  
1717.

765 

1739.

005 

2 LMM V           V V 
1726.

7 

1753.

249 

3 LMM   V V V V V V  V  
1750.

33 

1798.

119 

 863 

Table S2. Comparison of Results Predicting Duration of the Subevent Using Different Methods. 864 
Tick marks indicate the variables included in the model prediction. All linear mixed-effects 865 
model (LMM) analyses include participants and events as random factors. Model fits are 866 
evaluated using AIC and BIC. The AIC and BIC values indicate model fit, with lower values 867 
suggesting better fit. Model 1 demonstrates the best fit based on AIC and BIC values, indicating 868 
that the number of detail changes is not a significant predictor for subevent duration changes 869 
across days. 870 


