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Abstract 7 

This study investigated the retention of spatial knowledge in buildings following route-learning 8 
training in a virtual reality environment. A total of 121 participants were tested up to three months 9 
later on putting waypoints of the route in the correct order and recalling directions at waypoints. 10 
Memory accuracy declined over time, consistent with classic memory theory. Route knowledge 11 

was retained more robustly than sequential order, highlighting the importance of contextual 12 
retrieval cues. Landmark presence, decision-point complexity, and route features modulated recall, 13 

demonstrating that both task and environmental characteristics influence spatial memory. A 14 
hierarchical Bayesian regression model quantified forgetting with median memory accuracy, 15 

capturing uncertainty across individual variability of participants and the environment in the 16 
experiment. Predicted accuracy decreased from approximately 91% initially to 77% after 12 17 

weeks, and to approximately 72-75% after 6-12 months indicating that a substantial portion of 18 
spatial knowledge is retained over long intervals. By applying memory theory to analyse retention 19 
data, this study addresses a gap in the safety training field by providing a theory-driven approach 20 

to quantifying training effectiveness, enabling evidence-based design and assessment of safety and 21 
evacuation training in practice. 22 

Keywords: fire safety, human behaviour, safety training, evacuation drill, spatial cognition, 23 

knowledge retention, forgetting, forgetting curve, brms, bayesian regression 24 

 25 

Highlights  26 

• Long-term memory retention in safety and evacuation training is underexplored. 27 

• Spatial retention is tested up to three months in a controlled memory experiment. 28 

• A hierarchical Bayesian regression model is used to predict memory accuracy.  29 
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1. Introduction 30 

Building fires are a hazard to occupants and safe means for evacuation are of paramount 31 
importance during an incident. Although people’s actions during a fire can be attempted to be 32 
guided in real time (e.g., signage or auditory instructions), adequate training and preparedness 33 
prior to a fire occurring are important to mitigate the impacts on occupant safety [1–4]. A variety 34 
of methods exist to train people for fire safety and evacuation [5,6]. There are pronounced 35 

increases in the use of virtual reality (VR), augmented reality (AR), and gamified training 36 
programs in the literature and in practice [5], but evacuation drills are still a common practice [6]. 37 
This may partly be attributed to drills usually being the only form of training being prescribed by 38 
regulations. 39 

While fire safety and evacuation drills are often prescribed as a legal requirement, the contexts and 40 
applications for such requirements vary considerably across national legislation and often lack 41 

meaningful definition [2]. One issue is the separation of the goals of conducting training exercises 42 
for fire safety and evacuation, namely whether the activity intends to assess current evacuee 43 
performance or if it is aimed at improving future performance [2,6]. Out of these two, the effects 44 

of training on the future evacuee performance are still understood to a lower extent, although there 45 
is qualitative consensus on positive effects of training for emergency preparedness, assessment 46 
methods and metrics to capture training effectiveness vary greatly across studies [5].  47 

Especially knowledge retention is less often investigated in (fire) safety or evacuation training, 48 

and is often limited to single delayed assessments at relatively short retention intervals [5,7]. Thus, 49 
longer term effects and potential benefits are still not yet that well understood over longer periods 50 

of time. Our memory, however, is central to our behaviour. This is exemplified in recent interviews 51 
on evacuation training and emergency behaviour in Menzemer et al. (2024), where multiple 52 
participants mentioned how memories influenced their response during emergencies, including the 53 

interpretation of alarm cues and the choice of protective actions [4]. 54 

The objective of this research is to investigate how memory and forgetting affect retention of 55 

knowledge from fire evacuation training. The study introduces theoretical approaches to memory 56 
(or conversely forgetting) and proposes their application to assess knowledge retention after 57 
training to quantify longer term training impact. The manuscript describes a memory experiment 58 
on spatial knowledge with retention intervals up to three months and investigates moderating 59 

variables on remembering the learned route. The contributions of this study are threefold. Firstly, 60 
it provides empirical evidence of the longer-term retention of (spatial) knowledge acquired in 61 
safety and evacuation training. Secondly, it informs training design practice regarding adequate 62 
training intervals and realistic knowledge thresholds. Lastly, it supplies empirical data to inform 63 
models of evacuation behaviour that account for memory-based rules [8,9].  64 
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2. Memory and forgetting 65 

Memory theory is a helpful framework to better understand how knowledge is acquired from 66 
training, and how it is then stored and can be recalled later. Classic models distinguish between 67 
sensory, short-term (or working), and long-term memory [10–13]. Sensory memory lasts very 68 
briefly, typically seconds and less, and it processes and maintains raw information of 69 
environmental stimuli perceived through one’s senses. Sensory information can then be encoded 70 

into short-term memory, where it can be consolidated into long-term memory. Information in 71 
short-term memory usually stays within the system for up to 60 seconds while undergoing 72 
organisation, manipulation and consolidation into long-term memory [10]. This process is strongly 73 
dependent on attention [14], and prone to disruption by interference [15,16]. Long-term memory 74 
may be further classified as explicit and implicit memory [17]. Explicit memory refers to 75 

consciously accessible knowledge, including the recall of specific information or experiences, 76 

while implicit memory could be described as more automated or unconscious remembering, like 77 

shifting gears while driving a car. For explicit memory, two forms of memory are distinguished, 78 
episodic and semantic memory [18]. Semantic memory entails general knowledge of concepts and 79 
facts, and episodic memory extends to personal experiences including the specific circumstances, 80 
context, and elicited emotions of a situation. 81 

In this context, spatial memory, referring to information about the physical environment and the 82 

spatial relationships between oneself and objects within it, is of particular interest to understand 83 
how (emergency) wayfinding and navigation is affected by our ability to remember egress routes 84 

in a building. The question of how people learn and behave during navigation in physical spaces 85 
has a long tradition in psychology and eventually developed into its own subfield of “spatial 86 
cognition” with recent works in the neuroscience of its underlying processes [19]. Early research 87 

introduced the concept of cognitive maps, by showing that animals can form internal 88 

representations of their environment [20]. Siegel and White (1975) later proposed an influential 89 
model of spatial learning with progressive levels of spatial knowledge [21]. The first elements in 90 
that model consist of information on landmarks in an environment (landmark knowledge), 91 

followed by route knowledge on directions that connect landmarks with increasing detail on the 92 
relationship between them, before lastly acquiring survey knowledge, a map-like mental 93 

representation of a space independently from the personal position in it [21]. Modern research 94 
emphasizes that spatial memory and learning are complex and involve both egocentric (self-to-95 
object) and allocentric (object-to-object) navigation strategies. Research also investigates 96 
representations and a multitude of spatial cues [22], and that memory may be more dynamic than 97 
progressively acquiring different stages of knowledge after another [23]. 98 

The successful recall of stored information generally depends on retrieval processes, which allow 99 
knowledge to be accessed. Successfully retrieving information depends on the interaction between 100 

how information was initially encoded and cues present during recall [24]. Even partial retrieval 101 
cues can lead to remembering as they can trigger processes, in which incomplete information 102 

activates reconstruction of the full memory trace (‘pattern completion’) [25]. Retrieval is 103 
influenced by heuristics and deliberate searching of memories, with fast, intuitive recall often 104 
complemented by slower, conscious reasoning [26,27]. 105 

However, the durability of spatial and general memory is subject to forgetting processes. Overall, 106 
forgetting commonly means the loss or reduction of the ability to retrieve stored information, and 107 
several mechanisms are thought to contribute: interference from competing information, trace 108 



4 
 

decay reflecting the weakening of memory traces over time, and retrieval failure due to absence of 109 
effective cues [15,16,28]. Work by Ebbinghaus at the end of the 19th century established the basic 110 

forgetting curve showing rapid memory decay initially, followed by slower decay over time [29].  111 
Following research showed that forgetting can take different forms (e.g. power-law, exponential, 112 
or linear memory decay) [15,30]. It is also indicated that memory loss can slow greatly over long 113 
periods, and some knowledge can remain stable for years [31]. More recently, Radvansky et al. 114 
(2022) proposed a framework that suggests that forgetting dynamics differ across stages of 115 

memory (from minutes to years), rather than following a single continuous function [30]. At the 116 
same time, some strategies can help to counter forgetting. In particular, distributed practice and 117 
repeated active retrieval are effective ways to strengthen retention and slow down 118 
forgetting [32,33]. This emphasises that forgetting can be actively mitigated through deliberate 119 
training interventions. Taken together, a better understanding of memory can provide valuable 120 

information to estimate how well knowledge acquired from training may be retained and can 121 

inform practical decisions about training modes and intervals.  122 

Some studies have investigated how spatial knowledge decreases over time, offering insight into 123 
memory retention in applied contexts. This research indicates that spatial memory can persist over 124 
time, even after limited exposure. Ishikawa (2013) demonstrated that while route and landmark 125 
knowledge decay more rapidly, survey knowledge remains relatively stable over several months 126 
[34]. Kapaj et al. (2024) found that participants retained meaningful landmark and route 127 
knowledge two years after a single navigation episode in an outdoor environment, although a decay 128 

in landmark knowledge was observed [35]. Buttussi and Chittaro (2023) reported the retention of 129 
distance and direction information after a two-week interval following training in virtual reality 130 

and on a tablet screen [36]. These findings suggest that spatial memory can endure over time, 131 
especially when supported by engaging and rich learning experiences, and immersive training 132 
methods appear promising for enhancing retention. In the context of safety knowledge, Chittaro 133 

and Buttussi (2015) observed that immersive virtual reality (VR) training led to increased retention 134 

of safety procedures over a one-week interval compared to learning from a safety card [37], and 135 
Domgue K et al. (2025) observed increased accuracy in knowledge of operating fire extinguishers 136 
following training in virtual and augmented reality (AR) after 3-4 weeks compared to video-based 137 

training [38]. However, evidence from safety training effectiveness over time with longer or 138 
multiple retention intervals remains very scarce, as does research on knowledge on evacuation 139 

routes over time from training.  140 
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3. Methods 141 

This research explores people’s retention of spatial memory at different time intervals after being 142 
shown a route through a building in virtual reality. Prior to any recruitment and data collection, 143 
ethical approval for this study was obtained from the Swedish Ethical Review Authority 144 
(Etikprövningsmyndigheten; Application No. 2024-02160-01). Participants were informed that 145 
participation is voluntary, and they could at any time leave the experiment without being asked for 146 

a reason. The study and its data collection and analysis protocols were pre-registered on the 7th of 147 
March 2025 prior to any data collection.1 148 

3.1. Research design 149 

This study employed a mixed experimental design to investigate how people acquire and retain 150 
spatial knowledge from wayfinding training in buildings. The primary aim was to examine how 151 

well individuals remember a navigated route, with a focus on route knowledge as the dependent 152 
variable, operationalised as the ability to correctly recall or recognise route directions at decision 153 
points and to correctly arrange images from the route in the correct sequence (free reconstruction 154 

of order task). 155 

The on-site wayfinding training was carried out in virtual reality (VR) with a head-mounted 156 
display and controllers. This approach was chosen for two reasons. First, to evaluate the efficacy 157 
of a proof-of-concept of deploying low-cost virtual wayfinding training in buildings that could be 158 
used analogously to teach egress routes in buildings. Second, to put a real-scale wayfinding task 159 
into a laboratory setting to facilitate larger sampling opportunities to study the memory of 160 

information acquired from such training over time. The building represented in the virtual 161 
environment is a multi-storey office building located in Denmark, and the virtual environment was 162 

created using 360° image and video footage of the actual building. Participants were first shown 163 

an immersive 360° video in VR that guided the viewer through the building. After a short break, 164 

they were asked to start from the same position and navigate along the same route through the 165 
building themselves. Figure 1 shows a floorplan drawing (not to scale) of the route that participants 166 

navigated on the building tour and in their wayfinding task. It starts at the main entrance of the 167 
building and finishes in a room on the third floor. 168 

During the on-site session, participants completed a standardised psychometric test and a 169 

demographic survey. After the on-site session, participants were sent a retention test at different 170 
time intervals (retention intervals) to measure the spatial knowledge retained from the experiment. 171 
Retention intervals are manipulated between subjects with three groups tested after 2, 6, or 12 172 
weeks, respectively. These intervals were chosen to ensure that they are all well within the period 173 
of Long-Lasting Memory [30], and to collect data as far into the future as reasonably possible 174 

within the time frame of the project period for this research endeavour with intermediate intervals. 175 

 
1 The pre-registration report is available online at https://aspredicted.org/bn55-nkzc.pdf. 
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 176 

Figure 1 Qualitative drawing of the route in the virtual tour and wayfinding task. The staircase in the top right skips 177 
the first floor of the building. The numbers indicate the points where people’s route choice was recorded. 178 

The second variable manipulated in this experiment is previous familiarity with the environment. 179 

Table 1 provides an overview of the conditions for each experimental group in the study. 180 
Participants of Groups 1-3 will be recruited among the public with no prior knowledge of the 181 
building used in this study. To assess the influence of familiarity with the environment, a fourth 182 

group consisting of employees who work in the building represented in the virtual environment 183 
was tested at the 12-week interval. Originally the study protocol planned the retention test for 184 
Group 4 at the 6-week interval, but results from Groups 1-3 indicated relatively minor changes in 185 
memory over time and thus the protocol was adjusted to the 12-week interval. The design allows 186 
for controlled investigation of both the acquisition and decay of spatial memory over time.  187 

Table 1 Experimental Design. 188 

Group Familiar with 
the building 

Retention 
Interval 

1 No 2 weeks 

2 No 6 weeks 

3 No 12 weeks 

4 Yes 12 weeks 
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3.2.  The virtual environment 189 

The virtual environment in the experiment was a series of 360° pictures and videos of the building. 190 
The footage was captured with an Insta360 X3 camera and processed in proprietary software by 191 
the manufacturer (Insta360 Studio). The 360°-video footage was then used to create a 360°-video 192 
tour within the software Pano2VR (v7.1.8). The 360°-pictures were used in the same software 193 
environment to create a virtual tour by connecting each node with adjacent nodes using interactive 194 

markers in the environment (see Figure 2). Navigation between the nodes was possible through 195 
teleportation. This approach was favoured to promote easy, off-the-shelf solutions to developing 196 
a basic tool for training building routes. Background white noise and office sounds were added for 197 
increased immersion within the virtual environment. The application was compiled with NW.js 198 
(formerly node-webkit) to run locally as a standalone desktop app. The experiments were run on 199 

a desktop computer with an Intel Core i7-10700F CPU, 32 GB of RAM (3.2 GHz), and a dedicated 200 

NVIDIA GeForce RTX 3080 graphics card with 10 GB of GDDR6X VRAM. The hardware 201 

further included the HTC Vive Pro 2 head-mounted display with combined 5k resolution (2448 × 202 
2448 pixels per eye) at 120 Hz and headphones. Participants could interact with the environment 203 
using an HTC Vive Pro Controller 2.0. The headset cable was suspended from above with flexible 204 
ceiling straps to allow free movement. Figure 2 exemplifies what participants would see during 205 

the experiment in the virtual environment. 206 

 207 

Figure 2 Cropped screenshots from the virtual environment showing (left) walking up to waypoint 3, and (right) a 208 
participant choosing a direction at waypoint 3 during the experiment. 209 

3.3. Sample characteristics 210 

The on-site experiment with participants from the public was primarily conducted at the premises 211 
of Lund University. Participants were recruited from the area through advertising in local social 212 
media groups, via flyers and posters in and around the university. Participants needed to meet 213 

inclusion criteria to be considered eligible for the study, namely a minimum age of 18 years, the 214 

ability to give informed consent, and the ability to communicate in English. Criteria for exclusion 215 

from the study were cognitive impairments that would require permanent help from another 216 
person, physical impairments or the need of a hearing aid that would conflict with the usage of VR 217 
systems, being blind on one or both eyes, and certain medical conditions, like epilepsy, stress 218 
disorders, or a history of strong and recent concussion. 219 

Volunteers to join the study were compensated with a voucher for a local supermarket equal to 220 
150 SEK (approx. 13.40 €). Participants in Group 4, who worked in the building used in this study, 221 
were allowed to participate during working hours and were not further compensated. 222 
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A target sample size of n=22 per group was calculated in an a-priori power analysis for repeated 223 
and independent measures (α=0.05; 1-β=0.8) to detect large effect sizes which are based on 224 

reported experimental works on retention of spatial knowledge [34,36] and operational safety 225 
knowledge [38]. To account for participants not returning to the study for the retention test, 226 
recruitment aimed at target group sizes of 33 participants. 227 

A total of 103 participants were recruited across Groups 1-3. Only 3 participants did not return to 228 

their retention test. Furthermore, one participant’s data was excluded for not following instructions 229 
during the on-site session, one participant returned their retention test incomplete with the last task 230 
(free reconstruction of order) unanswered, and one participant was moved from Group 2 to Group 231 
3 as they could not return the retention test at the originally assigned date. Among people familiar 232 
with the building in this study, 22 participants were recruited (Group 4). Some participants 233 

returned the retention test not on the exact day they were scheduled and contacted. Most people in 234 

each group returned the retention test at the assigned date and differences between the actual and 235 

nominal retention intervals did not exceed 5 days. 236 

Table 2 gives an overview of the demographics of the participants that were included in the 237 
analysis for all experimental groups. The age span of all participants was between 20 and 40 years 238 
for Groups 1 to 3, and between 23 and 50 years for Group 4. 239 

Table 2 Participant demographics for all groups in this study. 240 
Group Number of Participants Age Spatial 

Orientation Test 
VR 

Experience 
Gaming Controller 

Experience 

Total Female Male Mean ± SD Mean Error ± SD Yes No Yes No 

1 31 18 13 26.4 ± 4.0 21.0 ± 16.4 25 6 25 6 

2 32 22 10 24.0 ± 2.7 16.9 ± 10.3 22 10 30 2 

3 36 21 15 24.6 ± 3.8 17.9 ± 11.3 25 11 32 4 

4 22 9 13 33.6 ± 6.0 18.8 ± 13.6 14 8 18 4 

3.4. Data collection 241 

Spatial abilities. The accuracy to imagine one’s own perspective in relation to other objects and 242 

the relation between objects in space can vary between people. Since understanding these 243 
relationships forms an important ability to form spatial knowledge, it seemed relevant to ascertain 244 

a baseline for spatial abilities. The perspective-taking and spatial orientation test (SOT) [39] was 245 
administered during the on-site session in computerised form [40]. In a fixed array of objects, 246 
participants needed to imagine their position at one object, their facing direction towards a second 247 
object, and then point towards a third object. The pointing angle needs to be drawn into an adjacent 248 
egocentric diagram, meaning they needed to imagine their own position at the centre and draw the 249 

corresponding pointing angle. The score reports the mean angular error from a series of 12 tasks. 250 

Route knowledge (way-finding task). Shortly after receiving the initial guided tour along the 251 
study route in virtual reality, participants were asked to find the same way through the building 252 
themselves starting from the same position. Participants could move through the building by 253 

navigating between fixed waypoints in a virtual environment comprising 360° images. They used 254 
a controller and point-and-click teleportation locomotion while physically standing up wearing 255 
virtual reality equipment (head-mounted display and headphones). Participants’ navigation 256 
behaviour in the virtual environment was recorded via screen capture and monitored by the 257 
researcher in real time. Participants were advised to prioritise correct route decisions, and that their 258 
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task completion time would be measured, but they were not further pressured. The time to 259 
complete the task was measured from the moment of confirming the instructions, thereby starting 260 

the wayfinding task, to the moment of reaching the final waypoint at the end of the route.  261 

Route knowledge (retention test). Participants were asked to complete an online test. The 262 
survey’s first part featured 14 images from along the route showing between 2 and 4 labelled 263 
arrows pointing in different directions. Participants should indicate the direction in which they 264 

remember going in the experiment. Figure 3 shows an example of one task from the test. 265 
Participants could leave an optional comment on what helped them find their way or influenced 266 
their response. Out of the 14 scenes, 2 images showed a stair landing, requiring participants to go 267 
upstairs (points 7 and 9 in Figure 1), 6 scenes required continuing straight ahead (points 1, 3, 4, 268 
11, 12, and 13 in Figure 1), and the remaining 6 required a turn as the correct response (points 2, 269 

5, 6, 8, 10, and 14 in Figure 1). The order of images in the test was randomised for each participant 270 

to address the impact of respondents’ fatigue. 271 

 272 

Figure 3 Example of a route knowledge retention test item in the study (Point 10 in Figure 1). Participants were 273 
asked to indicate the direction (here, A or B) they remember going in the experiment. 274 

Sequential spatial knowledge. The last task of the survey was a free reconstruction of order task 275 

featuring 10 out of the 14 previously shown scenes in a random order. Participants were instructed 276 

to arrange the images in the order in which they had encountered them along the route in the 277 

experiment. The number of items was reduced to 10 to reduce the difficulty of the task and to 278 

ensure that participants could not easily infer the sequence from transitions between images. 279 

Demographic data. To collect demographic information, a questionnaire was given to 280 
participants during the on-site experiment. The first part asked for people’s age, biological sex, 281 
dominant hand, previous VR usage, previous experience navigating using gaming controllers, and 282 
employment status. The second part collected information on perceived task difficulty during the 283 

experiment and allowed for free-text comments on the experience and the experiment in general, 284 
on difficulties using the controls and navigation in the virtual task, and the realism and perceived 285 

disparity of the experience to reality. Participants in Group 4 were also asked to give a self-286 
assessment of their general familiarity with the building. 287 

Landmark presence. During the retention test, participants could optionally provide information 288 
on how they conceived their answers and if there was anything present at the scene that helped 289 

them in finding their way. The responses were analysed thematically and coded [41] for 290 
mentioning a landmark used for orientation. A landmark presence score has been calculated for 291 
each waypoint in the retention test as the ratio of participants mentioning using any landmark for 292 
orientation divided by the total number of participants providing a comment on the waypoint. 293 
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3.5. Experimental procedure 294 

Upon arrival at the experimental site, all participants received a printed informed consent form 295 
with detailed information about the study’s aim and procedure. The sections on risks of 296 
participation and exclusion criteria pertaining to health conditions that would constitute a 297 
contraindication for using virtual reality equipment, and the section on voluntary participation with 298 
the right to termination were specifically highlighted to every participant before proceeding.  299 

After obtaining informed consent, the experiment commenced by administering the spatial 300 
orientation test (SOT). Next, the experimenter introduced participants to the VR system, explained 301 
how to wear the headset and operate the hand controllers, and answered any remaining questions. 302 

Participants were then fitted with the VR equipment and began the study with an immersive 360° 303 
video guiding them through a pre-defined route in the virtual representation of a real-world 304 
building (VR training tour). Instructions were to imagine being shown a room in the building 305 

which they must find their way later independently. The tour lasted for about 3.5 minutes slowing 306 
down at intersections along the route. After completing the guided tour, participants removed the 307 
VR equipment and took a brief break (approx. 1 to 5 minutes) before resuming the experiment. 308 

This was done to check on participants for any signs of motion sickness, and participants were 309 
offered a seat and water. During this break, participants were asked to complete the first part of 310 
the demographic survey.  311 

After the break, participants were re-fitted with the VR headset and began a brief introductory 312 

scenario allowing them to practice basic point-and-click teleportation-based navigation within a 313 
neutral virtual environment. This control familiarisation lasted approximately 1 to 5 minutes. Once 314 

participants confirmed they were comfortable with the controls, the main wayfinding task was 315 
launched. In the wayfinding task, participants started at the same position as in the guided tour and 316 
were instructed to independently navigate the same route through the virtual building. The task 317 

ended either when the participant reached the final point of the route or after a maximum of 10 318 

minutes. 319 

Upon completing the VR task, participants completed the second part of the demographic survey. 320 
A short debriefing followed, during which the purpose of the study and data management protocol 321 
were explained. Participants could again ask questions, received their compensation, and were 322 
assigned a unique participant ID, which they would later use to complete the follow-up retention 323 

test. Participants were then assigned to one of three experimental groups. Group assignment was 324 
primarily random but allowed for manual adjustment to achieve balance across key demographic 325 
and cognitive characteristics. Participants were informed of their group’s specific retention interval 326 
(2, 6, or 12 weeks) and the subsequent schedule for their follow-up test. Depending on their 327 
assigned group, participants were contacted after 2, 6, or 12 weeks to complete a retention test via 328 

an online questionnaire. Participants in Group 4 were scheduled to receive the same retention test 329 

at the 12-week interval.  330 
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4.  Results 331 

Free reconstruction of order 332 

Figure 4 visualises the results from the free reconstruction of order task in the retention test in form 333 
serial position curves. For Groups 1-3, the data shows tendencies of primacy and recency effects 334 

where the position of items at the beginning and end of the memory task were remembered 335 
significantly better than items in the middle. This difference in memory performance between 336 
waypoints is compared statistically through separate Friedman tests that were conducted for each 337 
group (Group 1, χ²(9) = 35.01, p = 5.93e −05; Group 2, χ²(9) = 73.93, p = 2.57e−12; Group 3, χ²(9) 338 
= 40.95, p = 5.11e−06; and Group 4, χ²(9) = 5.86, p = 7.54e−01). These results indicate that recall 339 

performance varied significantly across serial positions within each group for Groups 1-3, whereas 340 
no significant effect was observed for Group 4. 341 

 342 

Figure 4 Results of the free reconstruction of order task (serial position curves) across all retention intervals. Unlike 343 
Groups 1-3, Group 4 was previously familiar with the environment. 344 

Examining the data for Group 4, it was observed that 2 participants ordered the items in reverse 345 

(from end to start rather than start to end), but they likely still managed to infer the correct sequence 346 
of scenes and arrange them consistently. Subsequent examination of the data from the other groups 347 

yielded the suspicion that a few participants might have interpreted the task in a similar way, 348 
although this cannot be confirmed, and no participants in Groups 1-3 produced a fully correct but 349 
reversed order. The interpretation of the task likely varied systematically across all participants 350 
and groups, and thus it was decided not to modify the data. 351 

To investigate the differences in memory between groups that are visible in Figure 4, pairwise 352 
statistical comparisons were conducted using Mann–Whitney U tests. Group 1 performed better 353 

than Group 2 (p = 0.010, Hedges’ g = 0.72) and Group 3 (p = 0.029, Hedges’ g = 0.52), whereas 354 
Group 2 and Group 3 were much closer to each other in performance (p = 0.67, Hedges’ g = −0.19). 355 
Group 4, whose participants were familiar with the building in this experiment, performed 356 

substantially better than Group 3, who shared the same retention interval (p = 0.000002, Hedges’ 357 
g = 1.82). 358 

  359 
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Route knowledge test 360 

Because of the reasonable expectation that memory performance may vary across waypoints, the 361 
results from the route knowledge tests during the immediate on-site way-finding task and delayed 362 
retention test are first visualised and examined separately for each waypoint in the tasks. Figure 5 363 
presents the results side by side in two plots for each group in the experiment. 364 

For Groups 1-3, it is visible that all groups perform at similar levels of memory accuracy in the 365 
immediate wayfinding task during the experiment. Furthermore, Groups 1-3 generally show strong 366 
variation in their memory accuracy across the 14 waypoints in this task. This variation is much 367 
smaller for Group 4, which remains consistently near ceiling-level performance. Figure 6 presents 368 

a scatter plot of the participant data pooled over all waypoints in the memory tasks, together with 369 
the means for each group (or retention interval) and 95% confidence intervals. This qualitatively 370 
illustrates a pooled forgetting curve across the 12-week period. 371 

 372 

Figure 5 Average recall probability of correct directions for each of the waypoints tested in the task (left) during the 373 
experiment following the 360-video tour and (right) in delayed retention tests.  374 

To investigate the apparent effect of waypoints quantitatively alongside other potentially relevant 375 
factors, a Bayesian multilevel logistic regression with a logit link was fit to the accuracy data. The 376 
model tested the effects of test time (immediate vs delayed), group (nominal retention interval), 377 
and waypoint characteristics, namely landmark presence, waypoint complexity (number of 378 
possible choices), and waypoint type (straight, turn, or stairs). Additional predictors included 379 

spatial orientation abilities, experience with gaming controllers and virtual reality, age, and sex, 380 
with random intercepts specified for participants to account for individual variability. The model 381 
was fit using the R package brms [42] to accommodate the hierarchical structure of the data, with 382 

repeated measures nested within participants, and binary outcome. Including participant-level 383 
random effects allows accounting for individual differences in overall performance. 384 
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 385 

Figure 6 Averaged memory performance in correctly estimating route directions with 95% Confidence intervals 386 
(CI). Unlike Groups 1-3 (G1-3), Group 4 (G4) was previously familiar with the environment. 387 

The posterior estimates indicated a decrease in memory accuracy over time (delayed test, β = 388 
−0.64, 95% CI [−1.08, −0.20]). Waypoints with a higher landmark presence score were recalled 389 
more accurately (β = 0.77, 95% CI [0.26, 1.30]), whereas more complex waypoints reduced 390 

accuracy (β = −0.50, 95% CI [−0.69, −0.32]). Stair-type waypoints showed higher accuracy (β = 391 
1.96, 95% CI [1.12, 2.94]), whereas turn-type waypoints were recalled less accurately (β = −1.38, 392 

95% CI [−1.70, −1.06]). For the interaction between test time (immediate vs. delayed) and group, 393 
results suggested a decline in Group 2 at the delayed test (β = −0.50, 95% CI [−1.09, 0.11]), 394 
although the 95% credible interval included zero, while Group 3 showed a decline in delayed 395 

accuracy compared to Group 1 (β = −0.89, 95% CI [−1.49, −0.31]). No meaningful effects were 396 

observed for spatial orientation, age, sex, or prior experience with computer gaming or VR. The 397 
participant-level random intercept standard deviation was 0.81 (95% CI [0.62, 1.03]), indicating 398 
moderate variability across participants. A comprehensive overview of the posterior estimates is 399 

provided on the OSF repository for this project [43], including diagnostics of the model, which 400 
indicate good model convergence (all R̂=1.00). 401 

Forgetting over time 402 

To characterize memory decay, a Bayesian multilevel model was fitted to the binary accuracy data 403 
using the R package brms, considering a power-law formulation (see Eq. 1) which is the classic 404 
formulation in forgetting literature [15,30]. The model was fitted with random intercepts for 405 
participants and waypoints to account for repeated measures and item-level variability. These 406 
models estimated individual- and waypoint-level deviations in initial accuracy and forgetting rate. 407 

𝑀(𝑡) = 𝑐 + (𝑎 − 𝑐) ∗ (1 + 𝑡)−𝑏          (1) 408 

where a is initial accuracy, b the decay exponent, and c the asymptotic accuracy. 409 

Weakly informative priors were chosen to reflect plausible ranges for memory performance, a was 410 
centred near ceiling, c towards chance level, and the decay parameter b was left largely 411 
uninformative to allow the data to determine the forgetting rate. Posterior predictions indicated a 412 
decline in memory accuracy over increasing retention intervals. For the power-law model, initial 413 
accuracy was high (a = 0.88, 95% CI [0.69, 0.98]), with a decay exponent (b = 0.17, 95% CI [0.10, 414 
0.26]) and an asymptotic accuracy level (c = 0.28, 95% CI [0.01, 0.84]), capturing the 415 
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characteristic slowing of forgetting over longer delays. Between-participant variability was 416 
substantial for initial accuracy (sd_a ≈ 0.98), moderate for asymptotic accuracy (sd_c ≈ 0.71) and 417 

decay parameters (sd_b ≈ 0.07), while waypoint-level variability was higher for initial accuracy 418 
(sd_a ≈ 3.44) and moderate for asymptotic accuracy (sd_c ≈ 1.26). 419 

Figure 7 illustrates a forgetting curve across the observed delay intervals, derived from sample-420 
level predictions of the fitted power-law model. The red regression line represents the model’s 421 

posterior median predictions of memory accuracy over time, while the shaded ribbon indicates the 422 
95% credible interval. The scatter presents individual participants’ average recall performance at 423 
each measured delay, with black error bars showing the population-level means and 95% 424 
confidence intervals, similar to Figure 6. The model predicts a gradual decline in memory accuracy 425 
from baseline toward lower levels over the first three months. Performance would eventually 426 

stabilise over long delays. Together, the regression line and uncertainty bands capture the expected 427 

median forgetting trajectory. For plotting purposes, the number of posterior draws and delay 428 

resolution were reduced. The full regression model is available on the OSF repository associated 429 
with this project [43]. 430 

 431 

Figure 7 Memory performance over time as observed in this experiment in Groups 1-3 (G1-3) and posterior median 432 
with 95 % credible interval (CI) from a Bayesian multilevel regression.  433 
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5. Discussion 434 

This study investigated how spatial knowledge from wayfinding training is retained over time. It 435 
used a virtual reality route-learning task with retention intervals up to three months, analogously 436 
to teaching egress routes for fire evacuation training. Overall, memory performance showed a clear 437 
decline over time, consistent with classic forgetting dynamics [15,29,30], following the form of a 438 
power-law decay function with more rapid forgetting initially and slower forgetting over time. The 439 

decline in recall accuracy slowed notably over longer intervals, indicating that a portion of spatial 440 
knowledge remains relatively stable even after several months. A notable difference in 441 
performance level between the two memory tasks employed in this study (free reconstruction of 442 
order and route knowledge) is visible with participants showing lower accuracy in ordering items 443 
correctly from start to finish compared with recall directions at waypoints. In the first instance, the 444 

lower accuracy in the free reconstruction of order task likely reflects higher cognitive demands 445 

compared with the route knowledge task. This highlights the relative difficulty of remembering 446 

relationships between scenes in sequence, which is more vulnerable to primacy and recency 447 
effects, interference among middle items, and error propagation when one element is misplaced. 448 
By contrast, route knowledge stayed relatively stable and relies on cued recall of directions at 449 
specific waypoints, where visual and landmark cues act as strong retrieval anchors. The distinction 450 
suggests that different processes are engaged: remembering “what to do at a scene” benefits from 451 
contextual and landmark-based cues, whereas reconstructing “how scenes are related” can be more 452 
fragile. The weaker performance in the free reconstruction task may reflect an underdeveloped 453 

form of survey knowledge, which decays quickly when only formed from a single exposure. 454 
Group 4 consistently showed high memory accuracy with a small decline over 12 weeks, 455 

emphasising that actual familiarity with the building can strongly influence route retention. This 456 
suggests that in a group evacuation, having even a single trained or familiar person may play a key 457 
role in guiding others, highlighting the practical importance of focusing wayfinding training on 458 

individuals unfamiliar with a building, while already familiar personnel could be trained on 459 

complementary tasks such as emergency response or organisational responsibilities. This aligns 460 
with findings by Ishikawa (2013) that once established, survey knowledge remains relatively stable 461 
over longer periods [34], and with Kapaj et al. (2024), who demonstrated that meaningful route 462 

and landmark knowledge can be retained for longer periods of time after a single exposure [35]. 463 

Memory performance was strongly influenced by specific characteristics (e.g. landmarks) of the 464 
environment and individuals in this study. However, most buildings contain comparable features 465 
that can function as anchors for navigation. The Bayesian regression model implemented in this 466 
study allowed quantification of memory decay with explicit uncertainty estimates, providing 467 

median expected accuracy and 95% credible intervals across participants and waypoints. For our 468 
dataset, predicted accuracy started around 0.91 at the initial interval and declined to roughly 0.77 469 
after 12 weeks and 0.75 after 6 months (26 weeks). While these values illustrate the general pattern 470 

of forgetting and memory retention, indicating that a substantial portion of spatial knowledge is 471 
retained, they are specific to the task, sample, and characteristics of this study, and thus should be 472 
interpreted with care and as indicative rather than absolute thresholds. Waypoints with higher 473 
landmark presence scores were recalled more accurately, while more complex decision points 474 

reduced performance, both of which could be anticipated from landmarks acting as anchors and 475 
recall cues for effective retrieval of associated actions. Stair-type waypoints were recalled more 476 
reliably than other waypoint types, which is likely a result of participants using route feature 477 

knowledge as the route through the building always led upstairs, similarly to how routes in most 478 
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evacuation scenarios typically always lead downstairs. Turns were recalled less accurately than 479 
going straight, which could potentially be influenced by the locomotion technique, where 480 

teleportation creates an abrupt change in scenery and viewpoint when turning. This could be 481 
disorienting or disrupt memory for the transition itself due to the lack of continuous visual flow, 482 
whereas going straight was easier because the scene before and after teleportation was more 483 
predictable and continuous in terms of spatial layout and because of a lack of continuous self-484 
updating of spatial position [44]. While teleportation in virtual reality showed improved memory 485 

accuracy over less immersive solutions [36], a continuous locomotion technique may further 486 
improve that performance. 487 

Beyond the immediate findings, there are broader implications of this work for applied fire safety 488 
and evacuation training contexts. First, the use of VR in this study likely provides a conservative 489 

estimate of retention compared with real-life navigation and fire evacuation scenarios. VR may 490 

reduce sensory cues compared to reality, potentially limiting encoding quality. This can pertain, 491 

for example, to different levels of depth perception, locomotion techniques, olfactory, auditory, or 492 
haptic feedback in VR than in reality, and the overall realism and fidelity of the virtual 493 
environment. The reduced field of view of VR headsets compared to reality does not affect spatial 494 
learning [45].  Second, participant engagement and attention during training can significantly 495 
influence memory outcomes. Experimental participation may not perfectly reflect real-world 496 
motivation and attention of people during safety training and encoding under lower engagement 497 
may accentuate forgetting. In this context, engaging and more immersive training methods are 498 

proven to increase training effectiveness in various contexts [5,7,46]. However, in carefully and 499 
engagingly designed real-life training, memory performance could be expected to be better, likely 500 

making our current findings a cautious baseline for longer term retention. Third, this study 501 
provides insights into the influence of familiarity and environmental variables on retention. 502 
Landmark presence, decision-point complexity, and route features (e.g., stairs vs. turns) all 503 

modulated memory performance, demonstrating that both task and environmental characteristics 504 

shape the acquisition and retention of spatial knowledge. These findings can guide the design of 505 
egress routes and inform training programmes towards repeated practice [32], reinforcement of 506 
salient cues, and structured exposure to complex tasks to maximise retention. 507 

Finally, a key contribution of this work is its application of memory theory to training contexts. 508 
The study provides a framework for assessing long-term retention of training effects and 509 
effectiveness in a comparable, theory-driven approach. This framework allows for systematic 510 
evaluation of training effectiveness across different retention intervals and participant groups, 511 
providing both a predictive tool for future memory performance and an evidence-based approach 512 

for optimizing training design. In applied contexts of safety training, this approach can further 513 
investigate the influence of repeated practice, retrieval under varied conditions (e.g. realistic 514 
emergency conditions), and active engagement to quantify effectiveness of knowledge over time. 515 

All of which are not part of this study and are acknowledged as important to take such research 516 
results into future evidence-based practice. 517 

Moreover, the study employed a rather homogeneous sample of participants, which is likely 518 
reflected in the absence of meaningful effects of age and previous experience in gaming or VR, 519 
although spatial abilities and sex were less homogenous among the sample of participants and are 520 
known to affect spatial learning [22,47,48]. While this reduces variability, it limits generalization 521 
to more diverse populations, particularly older adults or individuals with functional limitations 522 
[49] or different navigational experiences, since participants were healthy younger adults. 523 
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Contextual factors were not manipulated in this study. For example, signage, social influences, 524 
and stress were not included, all of which likely affect encoding and retrieval. Stress, in particular, 525 

can narrow attentional focus and enhance memory for central cues while impairing memory for 526 
peripheral details, as described in cue-utilization theory [50,51]. Such effects are highly relevant 527 
in practical emergency contexts. Participants experienced only a single exposure to a single route, 528 
limiting opportunities for interference effects that might arise if multiple routes were taught. The 529 
route in the experiment was, in fact, rather inefficient in connecting starting point and finish, as 530 

alternative routes are much shorter. The fact that Group 4 showed such high accuracy in 531 
remembering this route precisely implies that repeated exposure and developing robust survey 532 
knowledge of the environment can overcome potential interference. The virtual reality 533 
environment, while providing controlled exposure, may have yielded weaker memory traces 534 
compared with real-world navigation due to differences in visual and proprioceptive input. Finally, 535 

the derivation of the landmark presence factor relied on voluntary participant responses, which 536 

may have captured only the most salient features and missed less obvious cues as most participants 537 
did not provide optional comments. 538 

Future research should build on the current findings to inform safety training procedures and the 539 
assessment of training effectiveness. Integrating broader theoretical frameworks from cognition, 540 
learning, and memory into training design could improve the acquisition and long-term retention 541 
of knowledge critical for emergency situations, like knowledge of egress routes. Furthermore, 542 
model-based predictions provide a framework for evidence-based decision-making in training 543 

design. This approach can optimise practice schedules, highlight areas that require additional 544 
exposure, and ensure that critical knowledge is sufficiently retained. Expanding studies to more 545 

diverse age groups and abilities would enhance generalisability, while neuroscientific methods 546 
could investigate underlying cognitive mechanisms of (spatial) learning. Systematic investigation 547 
of memory retention under varied conditions and over longer periods would enable more accurate 548 

predictions of forgetting curves and guide the timing of repeated training. Finally, exploring social 549 

influence and collectively retrievable memories (i.e. how many people in a population need to be 550 
trained and how is that information shared in an emergency) [52,53], memory thresholds (i.e. what 551 
level of memory accuracy is sufficiently ‘safe’), and optimal reinforcement strategies (i.e. how 552 

often should which kind of training be administered) could inform practical designs for repeated 553 
practice, ensuring critical (route) knowledge remains accessible when needed most.  554 
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6. Conclusions 555 

This study examined the retention of spatial knowledge acquired through wayfinding training in a 556 
virtual reality environment, with retention intervals extending up to three months. Overall, results 557 
demonstrated the expected decline in memory performance over time, consistent with classic 558 
forgetting dynamics, yet a portion of spatial knowledge remained relatively stable even after 559 
several months. Notably, route knowledge supported by landmark and visual cues proved more 560 

resilient than the recall of relationships between sequential scenes, which is more cognitively 561 
demanding and prone to interference. A predictive memory curve based on hierarchical Bayesian 562 
regression further allowed for extrapolation of performance beyond the observed three-month 563 
interval, providing a tool for anticipating future memory performance. 564 

A key contribution of this work is the provision of empirical retention data over a substantially 565 
longer period than most existing studies in safety training literature, which typically report on 566 

intervals of up to a few weeks. This extended observation window allows for a more nuanced 567 
understanding of forgetting curves and knowledge retention. 568 

Beyond describing forgetting dynamics, this study demonstrates the value of applying memory 569 
theory directly to training contexts. By quantifying long-term retention in a theory-driven and 570 

comparable manner, the framework presented here can inform practical training design, support 571 
predictions of future performance, and provide a benchmark for evaluating the effectiveness of 572 
wayfinding and other emergency training programs.  573 
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