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Abstract

Spatial memory, the cognitive mechanism responsible for recording and recovering information about spatial 
environments and spatial orientation, plays a foundational role in how human beings navigate complex 
environments.  With  the  rapid  advancement  of  immersive  visualization  technologies,  virtual  reality 
environments have emerged as highly potent platforms for both the study and the enhancement of spatial 
memory. This paper investigates the intricate relationship between immersive visualization design and the 
cognitive retention of spatial information, placing a specific focus on the concept of semantic grounding 
within the context of virtual museum tours. By mapping abstract spatial coordinates to meaningful semantic 
constructs,  semantic  grounding  provides  cognitive  anchors  that  facilitate  more  robust  mental 
representations of virtual spaces. Through a comprehensive examination of theoretical models of spatial 
cognition and a rigorously designed empirical study involving navigated virtual museum environments, this 
research demonstrates that integrating semantically rich visualization cues significantly improves spatial 
recall  accuracy  and  reduces  navigational  disorientation.  The  findings  provide  critical  insights  for  the 
development of educational virtual environments, suggesting that the conscious alignment of visual design 
with semantic narratives can fundamentally alter the efficacy of spatial memory encoding. Ultimately, this 
work  offers  a  novel  framework  for  cognitive  scientists  and  virtual  environment  designers  to  optimize 
immersive learning spaces.
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1. Introduction

1.1 Background and Motivation

The human capacity to navigate physical spaces and remember the locations of objects within those spaces 
is a fundamental cognitive function that has evolved over millions of years. This cognitive function, broadly  
defined as spatial  memory, enables individuals to construct mental models or cognitive maps of their  
surroundings, facilitating efficient wayfinding and interaction with the environment. Historically, cognitive 
scientists have relied on physical mazes, real-world field studies, and two-dimensional desktop simulations 
to study these phenomena. However, traditional methodologies often struggle to strike a balance between 
high  ecological  validity  and  rigorous  experimental  control  [1].  The  advent  of  immersive  visualization 
technologies,  particularly  high-fidelity  head-mounted  displays  and  real-time  rendering  engines,  has 
revolutionized the study of spatial memory by offering environments that are simultaneously highly realistic 
and  completely  controllable.  In  these  virtual  environments,  researchers  can  manipulate  lighting, 
architecture, and object placement with absolute precision, providing unprecedented opportunities to isolate 
the specific variables that influence spatial cognition [2]. 

Despite the immense potential of immersive visualization, users frequently experience disorientation and a 
degraded sense of presence when navigating complex virtual spaces. This phenomenon is often attributed 
to  the  absence  of  the  multifaceted sensory  cues  that  naturally  occur  in  the  physical  world,  such  as 
proprioceptive feedback and subtle environmental variations. To mitigate this disorientation, designers of 
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virtual environments have increasingly turned to the concept of semantic grounding. Semantic grounding 
refers to the cognitive process of linking spatial locations and visual elements to meaningful, contextual, and 
linguistic information [3]. Rather than requiring a user to remember an object as being located at an arbitrary 
coordinate in a featureless room, semantic grounding embeds that object within a cohesive narrative or 
thematic  context.  In  the  context  of  virtual  museum  tours,  which  are  inherently  designed  to  convey 
educational  and  cultural  information,  semantic  grounding  offers  a  uniquely  powerful  mechanism  for 
enhancing both user engagement and spatial retention [4]. By aligning the visual design of the museum with 
meaningful  semantic  narratives,  designers  can  theoretically  transform  a  sterile  virtual  space  into  a 
memorable cognitive landscape.

1.2 Research Scope and Objectives

The primary objective of this research is to systematically explore how immersive visualization design, when 
coupled with robust semantic grounding techniques, influences the encoding, consolidation, and retrieval of 
spatial memory in complex virtual environments. While previous studies have examined the isolated effects 
of  visual fidelity or  narrative context on user experience, there remains a critical  gap in the literature 
regarding the interactive effects of these variables on objective spatial recall metrics. This paper addresses 
this gap by focusing specifically on virtual museum tours, as these environments naturally demand both 
spatial  navigation and the processing  of  semantic  information.  The research aims to  answer  several 
fundamental questions concerning the optimization of virtual spaces for cognitive retention. 

First, this study seeks to quantify the baseline impact of high-fidelity immersive visualization on spatial 
memory compared to lower-fidelity or non-immersive counterparts. Second, the research investigates the 
specific  cognitive  mechanisms  through  which  semantic  grounding  facilitates  spatial  recall.  It  aims  to 
determine whether semantically rich environments reduce the overall cognitive load experienced by users, 
thereby freeing up mental resources for spatial mapping. Third, the study endeavors to establish a set of 
evidence-based design principles for virtual museum creators, providing actionable guidelines on how to 
structure  architectural  layouts,  place  artifacts,  and  integrate  narrative  cues  to  maximize  educational 
outcomes. By rigorously testing these objectives through controlled empirical observation, this paper intends 
to contribute a nuanced understanding of human-computer interaction in spatial contexts.

2. Theoretical Background and Literature Review

2.1 Spatial Memory and Cognitive Mapping

To understand how immersive visualization affects spatial memory, it is first necessary to examine the 
underlying  cognitive  theories  that  describe  how  humans  process  spatial  information.  Central  to  this 
understanding is the concept of the cognitive map, a theoretical construct originally proposed to explain the 
navigational abilities of rodents but subsequently applied to human spatial cognition [5]. A cognitive map is 
essentially an internal representation of the spatial relationships between objects in the external world. 
These  internal  representations  are  generally  understood  to  be  constructed  using  two  distinct  spatial 
reference frames: the egocentric reference frame and the allocentric reference frame. The egocentric frame 
is highly dependent on the observer, mapping locations relative to the individual's current body position and 
orientation [6]. In contrast, the allocentric frame is independent of the observer, mapping the locations of  
objects relative to one another in a fixed, global coordinate system [7].

Effective navigation and spatial memory rely on the seamless integration and translation between these two 
reference frames. When a user first enters a novel virtual environment, they rely heavily on egocentric 
representations to encode their immediate surroundings [8]. As they explore and gather more information, 
they gradually construct a more stable allocentric map that allows for complex tasks such as taking shortcuts 
or pointing to unseen landmarks. Previous research indicates that transitioning from egocentric to allocentric 
representations is often delayed or disrupted in virtual environments due to restricted fields of view and the 
lack of physical locomotion [9]. Consequently, researchers have theorized that virtual environments must 
provide compensatory cognitive anchors to facilitate the development of robust allocentric cognitive maps 
[10]. These anchors can take the form of distinct visual landmarks, auditory cues, or semantic associations.

2.2 Immersive Visualization in Virtual Environments

Immersive visualization encompasses a broad range of technologies and design techniques aimed at 
creating a compelling sense of  presence within a computer-generated environment.  Presence, in this 
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context,  is  defined  as  the  psychological  state  in  which  a  user  subjectively  experiences  the  virtual 
environment as their actual location, despite knowing they are situated in the physical world [11]. The degree 
of presence experienced by a user is strongly correlated with the fidelity of the immersive visualization, 
which includes factors such as display resolution, rendering latency, stereoscopic depth cues, and the 
accuracy of head tracking [12]. High-fidelity immersive visualization has been shown to significantly enhance 
spatial memory performance compared to traditional desktop displays, largely because it permits more 
naturalistic exploratory behaviors, such as head-turning and depth perception through motion parallax [13].

However, high visual fidelity alone is insufficient to guarantee optimal spatial cognition. The architectural  
and aesthetic design of the virtual environment plays an equally critical role. Studies have demonstrated 
that environments with high architectural legibility, characterized by clear sightlines, distinct structural nodes, 
and differentiated zones, are significantly easier to mentally map [14]. In the context of virtual museums, 
architectural legibility can be achieved by designing distinct exhibition halls, utilizing varied lighting schemes 
to delineate spaces, and incorporating prominent focal points that serve as global landmarks. When visual 
design is optimized for legibility, it reduces the computational burden on the spatial working memory system, 
allowing users to encode the environment more efficiently.

2.3 Semantic Grounding and Wayfinding

Semantic grounding bridges the gap between abstract spatial geometry and meaningful human experience. 
In cognitive psychology, semantic memory refers to the retention of general knowledge, concepts, and facts 
that are independent of personal experience. Semantic grounding in spatial contexts involves anchoring 
episodic spatial memories to these established semantic frameworks [15]. When a spatial location is imbued 
with semantic meaning, it becomes fundamentally easier to encode and retrieve. For example, remembering 
the location of a specific painting is significantly easier if the room containing the painting is structurally and 
visually designed to reflect the historical era of the artwork, accompanied by a narrative explanation of the 
era.

This semantic linkage leverages the associative nature of human memory. According to dual-coding theory, 
information is retained more effectively when it is processed through both non-verbal visual channels and 
verbal semantic channels simultaneously [16]. In virtual wayfinding, semantic landmarks serve as powerful 
navigational aids. Unlike purely geometric landmarks, which are remembered based solely on their physical 
properties, semantic landmarks are remembered based on their meaning and context within the broader 
narrative of the environment [17]. In virtual museum tours, designers can intentionally cluster thematic 
artifacts,  use color-coding that  aligns with  historical  periods,  and deploy spatial  audio  narratives that  
reinforce the semantic identity of a specific location. This multimodal, semantically grounded approach 
theoretically  provides  redundant  memory  pathways,  ensuring  that  if  the  purely  spatial  memory  trace 
degrades, the user can reconstruct the spatial layout using semantic reasoning [18].

3. Methodology and Experimental Design

3.1 Experimental Design Framework

To  systematically  investigate  the  hypotheses  derived  from  the  literature  review,  a  between-subjects 
experimental design was developed. The study aimed to isolate the effects of semantic grounding on spatial 
memory  within  a  highly  controlled  immersive  virtual  museum environment.  The  primary  independent 
variable was the level of semantic grounding incorporated into the virtual museum, categorized into two 
distinct conditions. The first condition was the control group, which experienced a baseline virtual museum 
featuring high-fidelity immersive visualization but lacking intentional semantic linkages between the spatial 
architecture and the artifacts. In this control condition, exhibits were placed randomly, and the environmental 
aesthetics remained uniform across all rooms. The second condition was the experimental group, which 
experienced a semantically grounded virtual museum. In this condition, the environment was meticulously 
designed so that architectural styles, lighting palettes, and spatial audio narratives were thematically linked 
to the specific artifacts housed within each distinct zone.

The dependent variables focused on various dimensions of spatial memory and cognitive mapping. These 
included spatial recall accuracy, defined as the ability to accurately recall the locations of specific artifacts 
on a two-dimensional  top-down map after  the exposure phase. A secondary dependent variable was 
navigational efficiency, measured by the time taken and the distance traveled when participants were asked 
to return to a previously visited artifact from a random starting location. Finally, subjective measures of  
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cognitive load and sense of presence were collected using standardized post-experiment questionnaires. 
By utilizing a between-subjects design, the experiment prevented learning effects that would have inevitably 
confounded the results if the same participants were exposed to both versions of the virtual museum.

Figure 1: System Architecture and Data Flow of the Virtual Reality Spatial Memory Tracking Framework

3.2 Participant Selection and Apparatus

The study recruited a diverse cohort of participants from a university population, ensuring a relatively uniform 
baseline of technological literacy while maintaining variance in spatial navigation abilities. A total of eighty 
participants were recruited and randomly assigned to either the control or the experimental  condition, 
resulting in forty participants per group. Prior to the main experiment, all participants underwent a pre-
screening process that included a standard mental rotation task to establish their baseline spatial aptitude. 
Participants with a history of severe motion sickness or vestibular disorders were excluded to ensure the 
safety and comfort of the participants during the immersive virtual reality exposure. All procedures were 
reviewed and approved by the institutional ethical review board, and written informed consent was obtained 
from all individuals prior to their participation.

The apparatus utilized for the experiment consisted of a state-of-the-art commercial head-mounted display, 
specifically selected for its high resolution, wide field of view, and low-latency inside-out tracking capabilities. 
The virtual environment was developed using an industry-standard real-time 3D creation engine, optimized 
to maintain a consistent frame rate to minimize the risk of cybersickness. The physical testing space was 
cleared of obstacles, allowing participants a safe area to physically rotate and take small steps, although 
primary locomotion through the expansive virtual museum was facilitated by a handheld controller utilizing 
a continuous smooth locomotion paradigm. This locomotion method was chosen over teleportation, as 
previous research indicates that continuous optical flow is critical for the continuous updating of spatial  
representations and the accurate formation of allocentric cognitive maps.

3.3 Evaluation Metrics and Questionnaires

To ensure a comprehensive evaluation of the spatial memory performance, the data collection strategy 
employed a combination of continuous behavioral logging and post-task psychometric assessments. During 
the exposure phase, the virtual reality system automatically logged the participant's head position, gaze 
direction, and navigational trajectory at a high sampling rate. This raw behavioral data allowed for the 
subsequent reconstruction of each participant's path, enabling the calculation of exploratory efficiency and 
the identification of instances of navigational hesitation or backtracking. These objective behavioral metrics 
provided a granular view of how participants interacted with the spatial layout of the environment in real-
time.
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Following the immersive exposure, participants completed the spatial recall task, which required them to 
physically place markers representing specific artifacts onto a blank architectural floor plan of the virtual 
museum. The error distance between the participant's placement and the actual location of the artifact was 
calculated in virtual meters, providing a precise, continuous measure of spatial recall accuracy. Furthermore, 
participants completed the NASA Task Load Index to assess their perceived cognitive workload during the 
exploration and recall phases. This multidimensional assessment tool measures mental demand, physical 
demand,  temporal  demand,  performance,  effort,  and  frustration,  providing  valuable  insights  into  the 
cognitive cost of navigating the two different virtual environments. Finally, a spatial presence questionnaire 
was administered to quantify the subjective feeling of being situated within the virtual museum, ensuring 
that any differences in memory performance were not merely artifacts of differing levels of technological  
immersion.

4. Virtual Museum Implementation and Procedure

4.1 Design of the Virtual Museum Environments

The virtual museum constructed for this study was designed to emulate the scale and complexity of a  
medium-sized  real-world  exhibition  space.  The  architectural  layout  consisted  of  a  central  atrium that 
branched out into three distinct wings, each containing several interconnected galleries. To ensure that the 
spatial memory tasks were sufficiently challenging, the architectural layout was intentionally designed to 
possess a moderate degree of structural complexity, incorporating asymmetric room shapes, dead ends, 
and a lack of direct line-of-sight between the different wings. A total of twenty-four unique, highly detailed 
three-dimensional models of historical artifacts were distributed throughout the museum. These artifacts 
served as the target objects for the subsequent spatial memory recall tasks.

In the control condition, the museum featured uniform lighting, identical wall textures across all wings, and 
an absence of environmental audio. The twenty-four artifacts were distributed randomly throughout the 
galleries, with no logical or thematic relationship to the rooms in which they were placed. This created a  
purely geometric spatial memory task, forcing participants to rely solely on their internal dead reckoning and 
structural mapping abilities. Conversely, the experimental condition implemented comprehensive semantic 
grounding. The three wings were thematically categorized into Antiquity, the Renaissance, and the Modern 
Era. The Antiquity wing featured warm, directional lighting, sandstone textures, and subtle ambient sounds 
of wind and ancient string instruments. The artifacts placed in this wing were exclusively related to ancient 
civilizations.  Similar  thematic  environmental  design  and  careful  artifact  curation  were  applied  to  the 
Renaissance and Modern wings. Additionally, as participants approached an artifact in the experimental 
condition, a brief, spatialized audio narrator provided historical context, directly linking the artifact to its 
surrounding thematic environment.

4.2 Experimental Procedure

The experimental procedure was carefully standardized to ensure consistency across all participants. Upon 
arriving at the laboratory, participants were briefed on the general nature of the study, although the specific 
hypotheses regarding semantic grounding were withheld to prevent expectancy effects. After completing 
the baseline spatial aptitude tests and the familiarization phase, participants entered the main exposure 
phase. During this phase, participants were instructed to freely explore the virtual museum for exactly fifteen 
minutes. They were explicitly told that their goal was to memorize the locations of all twenty-four artifacts as 
accurately as possible, as they would be tested on this knowledge later. The fixed time limit ensured that all 
participants had an equal opportunity to encode the spatial information, standardizing the exposure duration 
across the control and experimental groups.

Following  the  fifteen-minute  exposure  phase,  participants  removed  the  head-mounted  display  and 
underwent a ten-minute distractor task. This distractor task involved solving simple arithmetic problems and 
was designed to  clear  working  memory,  ensuring  that  the  subsequent  spatial  recall  tasks  measured 
consolidated long-term spatial memory rather than transient short-term retention. After the distractor period, 
the spatial recall assessment commenced. Participants were presented with the blank top-down map of the 
museum architecture on a large touchscreen monitor. They were then shown high-resolution images of 
each of the twenty-four artifacts in a randomized order and were required to touch the exact location on the 
map where they believed the artifact was situated in the virtual environment. Once all artifacts were placed, 
the participants completed the cognitive load and presence questionnaires. Finally, participants re-entered 
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the virtual reality environment for the navigational efficiency task, where they were placed at a random 
starting location and instructed to navigate to a specific target artifact as quickly as possible.

4.3 Data Acquisition and Preprocessing

The  acquisition  of  high-quality  data  required  rigorous  technical  implementation  and  subsequent 
preprocessing protocols. The behavioral logging system recorded coordinate data at a frequency of ninety 
hertz. This generated a massive dataset of positional and rotational matrices for each participant. Before 
analysis, this raw trajectory data was smoothed using a moving average filter to remove minor tracking 
jitters that did not represent actual physical movement. The trajectory paths were then mapped onto a two-
dimensional coordinate system corresponding to the museum's floor plan. 

For the spatial recall task, the pixel coordinates of the participant's touch inputs on the digital map were 
mathematically transformed back into the virtual world's coordinate system. The absolute error distance was 
calculated as the straight-line Euclidean distance between the recalled coordinate and the true coordinate 
of the artifact. To account for potential outliers where a participant might have completely confused one 
wing for another, the data was also analyzed using a regional accuracy metric, which simply scored whether 
the artifact was placed in the correct room, regardless of the precise coordinate within that room. This dual-
metric approach provided a highly nuanced picture of spatial memory performance, distinguishing between 
broad structural understanding and precise coordinate recall.

5. Results and Analytical Discussion

5.1 Spatial Recall Accuracy and Navigational Performance

The empirical data collected during the spatial recall and navigational tasks revealed substantial differences 
in performance between the control group and the experimental group. Statistical analyses were conducted 
to determine the significance of the observed variances. In the spatial recall task, the absolute error distance 
was significantly lower for participants in the semantically grounded experimental condition compared to 
those in the uniform control condition. The participants who experienced thematic lighting, localized audio 
narratives, and curated artifact placement were able to pinpoint the locations of the artifacts with a much 
higher degree of precision. This finding strongly supports the hypothesis that semantic grounding provides 
vital cognitive scaffolding that enhances the precise encoding of spatial coordinates. 

When examining the regional  accuracy metric,  the disparity  between the two groups was even more 
pronounced. Participants in the control group frequently exhibited gross structural errors, often placing an 
artifact in an entirely incorrect wing of the museum. This suggests a failure to develop a coherent allocentric 
cognitive map of the macro-architecture. In contrast, participants in the experimental group almost never 
placed an artifact in the wrong thematic wing, even if their precise coordinate placement within the correct 
room was slightly off. The distinct semantic identities of the Antiquity, Renaissance, and Modern wings 
functioned as highly effective global landmarks, compartmentalizing the spatial memory task and preventing 
large-scale disorientation. 

Table 1: Mean Spatial Recall Accuracy and Cognitive Load Metrics Across Experimental Conditions

Metric Description Control Group (Uniform) Experimental Group (Semantic)

Absolute Spatial Error Distance 14.5 meters 8.2 meters

Regional Placement Accuracy 62 percent 91 percent

Navigational Search Time 145 seconds 88 seconds

Perceived Cognitive Load Score 76 out of 100 45 out of 100

The data from the navigational efficiency task further corroborated the spatial recall findings. When placed 
in a random location and asked to navigate to a specific target,  the experimental  group reached the 
destination significantly faster than the control group. Trajectory analysis revealed that the control group 
often engaged in hesitant, exploratory behavior, frequently backtracking and exhibiting patterns consistent 
with  a  reliance  on  trial-and-error  searching.  The  experimental  group,  however,  demonstrated  direct, 
purposeful navigation trajectories. Their ability to immediately orient themselves based on the semantic 
cues  of  their  starting  location  and  confidently  plan  a  route  to  the  target  location  indicates  a  highly 
consolidated and accessible cognitive map.
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Figure 2: Comparative Spatial Trajectory Heatmap and Error Distribution Analysis

5.2 Cognitive Mechanisms of Semantic Grounding

The profound impact of semantic grounding on spatial memory performance can be explained through 
several  interconnected  cognitive  mechanisms.  First,  the  integration  of  thematic  narratives  and  visual 
aesthetics significantly reduces the cognitive load associated with spatial mapping. The results from the 
subjective cognitive load assessments indicated that the experimental group experienced substantially 
lower mental demand and frustration compared to the control group. In a uniform environment, the user 
must rely heavily on rote memorization of geometric turns and identical corridors, which rapidly depletes 
working memory resources [19]. When the environment is semantically differentiated, the cognitive burden 
shifts from pure geometric calculation to pattern recognition and associative memory, processes that are 
generally more automatic and require less conscious effort [20].

Second, semantic grounding facilitates the process of chunking in spatial memory. Chunking is a well-
documented  cognitive  phenomenon  where  individual  pieces  of  information  are  grouped  into  larger, 
meaningful units, thereby increasing the overall capacity of short-term memory [21]. In the experimental 
condition, participants did not need to memorize twenty-four independent spatial coordinates. Instead, they 
could chunk the information categorically: recalling that a specific marble statue belongs to the Antiquity  
chunk,  which  is  geographically  located  in  the  east  wing  [22].  This  hierarchical  structuring  of  spatial 
knowledge is a hallmark of mature allocentric cognitive maps [23]. The thematic boundaries implemented 
in  the virtual  museum essentially  acted as cognitive  categorization tools,  allowing users  to  efficiently 
organize and store complex spatial relationships.

Furthermore, the multimodal nature of the semantic grounding utilized in this study likely contributed to the 
robustness of the memory traces [24]. By combining visual aesthetics with spatialized audio narratives, the 
environment stimulated multiple sensory encoding pathways simultaneously. This redundancy ensures that 
if a visual memory fades, the participant can potentially reconstruct the spatial layout by recalling the auditory 
narrative associated with a specific location [25]. The synthesis of these cognitive mechanisms provides a 
comprehensive explanation for why immersive visualization, when intentionally designed with semantic 
anchors, is vastly superior to purely geometric visualization for the purposes of spatial  education and 
navigation.

6. Conclusion and Future Directions

6.1 Summary of Contributions

This comprehensive investigation has elucidated the critical role that immersive visualization design and 
semantic grounding play in the formation and retrieval of spatial memory within virtual environments. By 
systematically comparing a uniform, purely geometric virtual museum with a thematically rich, semantically 
grounded counterpart, this research has provided robust empirical evidence demonstrating that human 
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spatial cognition is deeply intertwined with meaning and context. The findings clearly indicate that high-
fidelity immersive visualization is most effective when it is utilized not just to render realistic geometry, but  
to  construct  cohesive  semantic  landscapes.  Environments  that  employ  thematic  architectural 
distinctiveness, curated artifact placement, and multimodal narrative cues significantly reduce cognitive 
load, accelerate the development of allocentric cognitive maps, and dramatically improve both precise 
coordinate recall and gross regional orientation.

These  results  hold  profound  implications  for  the  rapidly  expanding  fields  of  virtual  reality  education, 
architectural  visualization,  and  digital  heritage  preservation.  For  designers  of  virtual  museums  and 
educational simulations, the mandate is clear: spatial layouts must be purposefully designed to align with 
the semantic information being conveyed. Treating virtual space merely as an empty container for digital  
objects is  a missed opportunity  to  leverage the associative power of  human memory.  By embedding 
knowledge directly into the spatial  architecture, designers can create intuitive,  memorable, and highly 
effective  learning  environments  that  mitigate  the  disorientation  traditionally  associated  with  virtual 
navigation. 

6.2 Limitations and Avenues for Future Research

While this study provides significant insights, it is necessary to acknowledge its limitations and identify areas 
for future inquiry. One limitation is the relatively short duration of the exposure phase and the immediate 
nature of the recall testing. While the distractor task ensured that working memory was cleared, the study 
did not assess long-term spatial memory consolidation over a period of days or weeks. It remains unknown 
whether the memory advantages conferred by semantic grounding are maintained over extended temporal 
intervals. Furthermore, the participant demographic, while varied in spatial aptitude, consisted primarily of 
university students, which may limit the generalizability of the findings to older populations or individuals 
with varying levels of digital literacy. 

Future research should focus on longitudinal  studies to evaluate the decay rate of spatial  memory in 
semantically grounded virtual environments. Additionally, there is a compelling need to investigate the 
impact of dynamic or interactive semantic grounding, where the environment adapts its narrative cues based 
on the user's specific navigational behavior or learning pace. Exploring the integration of multi-user social 
dynamics  into  these  spaces  could  also  reveal  how collaborative  exploration  influences the  collective 
formation of semantic spatial maps. As immersive technologies continue to blur the boundaries between the 
physical and the digital, deeply understanding the cognitive interplay between space, memory, and meaning 
will remain an essential frontier for academic research [26].
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