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1. Introduction

Abstract

In large-scale virtual environments, challenges are severe; spatial perception and
real-time localization of users, in terms of constraints of computational resources
and bandwidth, are under enormous pressure. Traditional algorithms, with high
complexity and strong global dependency, are difficult to meet the requirements of
lightweight deployment, which makes improvement urgent. This paper systemati-
cally explores algorithms for spatial perception and localization oriented toward
lightweight design, first, multi-dimensional requirements of spatial perception in
large-scale virtual environments are analyzed, with computational bottlenecks also
being sorted out together, and necessity of lightweight design and constraint condi-
tions of algorithms are clarified, then four design principles are proposed, including
distributed resource and localized resource collaboration, sparse sampling feature
extraction, dynamically adjustable precision error compensation, and topology-
based localization without global coordinate dependency. The coupling relationship
between the time overhead of algorithms and the frequency of spatial updates is
further analyzed, and the impact of data storage compression on response speed is
also taken into consideration. Bandwidth allocation strategy under multi-user con-
currency and trade-off model between lightweight design and robustness are both
discussed in detail, thereby providing a theoretical framework and design basis for
achieving efficient virtual spatial localization in resource-constrained environ-
ments.
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Lightweight positioning; spatial perception; large-scale virtual environment; algo-
rithm complexity

With rapid development of virtual reality and large-scale online interaction systems, scale of space and physical
density continue to grow, and needs for immersive spatial perception and real-time positioning are becoming increas-
ingly urgent, however, traditional positioning algorithms, at time of their design, generally assumed sufficient com-
putational and bandwidth resources, which makes it difficult for them to adapt to resource constraints in mobile
terminals, distributed deployment, and dynamic scenarios. Facing sharp contradiction between environmental scale
and resource constraints, exploring lightweight spatial perception and positioning algorithms has become key to
breaking through the bottleneck [1]. This article focuses on the problem of lightweight positioning in large-scale
virtual environments. Starting from the analysis of perception requirements, the algorithm design principles are
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systematically explained, and the balance path between algorithm complexity and real-time performance is analyzed,
in order to provide a theoretical reference for virtual space positioning in resource-constrained environments.

2. Theoretical Basis and Requirement Analysis of Lightweight Spatial Perception
2.1 Dimensions and challenges of spatial perception in large-scale virtual environments

Large-scale virtual environments typically include vast geographic ranges, massive physical objects, and continuous
dynamic scene changes, which means that users’ spatial perception is no longer limited to local neighboring areas,
but must process visual and structural information from distant, multi-level, and even cross-regional sources [2]. The
dimension of spatial perception is extended to three interrelated levels: the positioning dimension focuses on the
user’s absolute position in the global coordinate system; The relationship dimension focuses on the relative distance
and direction between users and surrounding objects and other virtual characters; The topological dimension focuses
on region partitioning, path connectivity, and spatial semantic information [3]. The combination of the three forms a
high-dimensional perception demand. However, the growth of environmental scale has led to an exponential increase
in perceived data volume, and traditional methods based on global broadcasting or full update are difficult to maintain
stable output with limited computing and bandwidth resources. At the same time, the contradiction of perceived
information timeliness is further exacerbated by user movement and object state changes in dynamic scenes. How to
ensure the integrity and consistency of multidimensional perception under resource-limited conditions has become
the core challenge that lightweight design must first respond to.

2.2 Computational bottlenecks and limitations of existing spatial perception methods

Current mainstream spatial perception methods can be roughly divided into two categories: geometry-based compu-
tational methods and data-driven methods, while geometric methods rely on precise collision detection, frustum cull-
ing, and distance field computation, and their complexity is usually proportional to square of number of entities in
scene, with virtual environment accommodating thousands of dynamic objects simultaneously, thus causing compu-
tational cost of single frame to quickly exceed time budget for real-time rendering [4]. Data-driven methods attempt
to establish spatial indexes and hierarchical bounding boxes through preprocessing to accelerate neighborhood que-
ries and occlusion judgments, but such structures face the dilemma of frequent updates in large-scale dynamic scenes,
where any change in entity positions may trigger local or even global index reconstruction, thereby shifting compu-
tational overhead from the query side to the maintenance side [5]. In addition, existing methods generally assume
that each terminal has sufficient computational and storage capabilities, which ignores resource limitations of mobile
terminals and lightweight terminals in actual deployment, and this assumption significantly reduces the applicability
of algorithms in heterogeneous device environments, with high-precision perception and low-latency response be-
coming difficult to balance, thus leading to typical problems such as stuttering, drift, and information loss that affect
user experience.

2.3 The necessity of lightweight design and algorithm constraints

The necessity of lightweight design originates from a fundamental contradiction, which exists in large-scale virtual
environments, there always exists a conflict between limited resources and unlimited perceptual demands, from en-
gineering perspective, user terminal devices such as mobile head-mounted displays and ordinary computing platforms
have hard limitations in computational capability, battery endurance, and network bandwidth, while scale of envi-
ronment can expand infinitely as applications develop [6]. From an algorithmic perspective, psychophysical research
on human perception of virtual space indicates that users at any moment do not need accurate global information, but
instead rely on sparse cues with extremely low redundancy to form stable spatial cognition; therefore, the goal of
lightweight design is to significantly reduce computational complexity and data throughput, thus avoiding significant
compromise of localization accuracy and perceptual coherence [7]. To achieve this goal, algorithms must satisfy
several constraint conditions, computational complexity should be controlled at near-linear or even sub-linear level,
data reading amount per single localization operation should be limited to constant or logarithmic level, model should
support incremental updates rather than full reconstruction, and should also possess adjustable accuracy levels to
adapt to different terminal capabilities and dynamic scene demands, with these constraints together constituting the
design boundary and evaluation criteria of lightweight algorithms.
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3. Design Principles for Lightweight Positioning Algorithms
3.1 Collaborative mechanism of distributed and localized computing resources

Lightweight positioning algorithms first need to break through the performance dependence of centralized computing
on a single node, and instead adopt an architecture of distributed and localized resource collaboration, with the core
idea being to divide global space into several mutually overlapping or adjacent local regions, and positioning com-
putation within each region is independently undertaken by the nearest edge node or user terminal [8]. Between
regions, only necessary boundary information and summarized data are exchanged, and this mechanism significantly
reduces remote server load, while also reducing network synchronization frequency, computational resources, whose
physical locations are also closer to the data generation side, thereby compressing communication latency and re-
sponse time. Collaboration is reflected in smooth switching during cross-region movement, and when the user enters
from one region into another region, the control of the positioning task is seamlessly transferred in the background,
without triggering global coordinate recalculation or full map update.

3.2 Spatial feature extraction strategy based on sparse sampling

Under lightweight framework, algorithm of localization should not pursue complete sampling, but should actively
implement sparsification strategy, extracting only key features, which need to achieve optimal balance among spatial
discriminability, computational cost, and stability, with sparse sampling having its basis: in large-scale virtual envi-
ronments, there exist large numbers of regions with repetitiveness, symmetry, and semantic similarity, and densely
extracting features from these regions is neither necessary nor economical [9]. The specific methods include using
random or quasi-random methods to reduce sampling density, as well as adaptive screening based on feature infor-
mation entropy - regions with high information entropy (such as structural changes and landmark dense areas) retain
more samples, while flat or open areas are significantly downsampled. To ensure discriminative localization after
sparse sampling, feature extraction should prioritize selecting geometric primitives or visual markers with local
uniqueness, such as wall corners, door frames, texture inflection points, etc.

3.3 Dynamic accuracy adjustable positioning error compensation method

Lightweight positioning algorithms must have the ability to dynamically adjust positioning accuracy based on real-
time operating status, in order to establish an adjustable balance mechanism between resource fluctuations and accu-
racy requirements. The implementation of dynamic accuracy is based on decomposing the positioning process into
two stages: rough positioning and fine correction. Rough positioning relies on low computational cost global clues
(such as region identification and landmark sequences) to lock the user’s position within a certain radius of confidence
interval; Fine tuning activates high-precision matching algorithms only when necessary to locally fine-tune the cur-
rent pose [10]. The adjustment logic of error compensation can be based on various triggering conditions, such as
actively reducing the frequency of fine correction when the terminal power is below a threshold, or tolerating larger
position errors in exchange for lower calculation latency when the user’s movement speed is high. The compensation
method itself can use Kalman filtering or its variants, by adjusting the covariance matrix between process noise and
observation noise to change the sensitivity of the filter to the measured values.

3.4 Topology localization framework without global coordinate dependency

Breaking away from the dependence on a globally unified coordinate system is an important path for lightweight
positioning algorithms to become practical, and the topological positioning framework provides feasible theoretical
support for this. Unlike the pursuit of precise Euclidean coordinate values in metric localization, topological locali-
zation only cares about the spatial region where the user is currently located, the connectivity between this region
and neighboring regions, and the relative order between regions [11]. At the implementation level, topological maps
abstract virtual environments into a graph structure consisting of nodes and edges, where nodes represent semanti-
cally or geometrically distinguishable spatial locations (such as rooms, corridor intersections, and near landmarks),
and edges represent reachable paths between nodes that do not require passing through other nodes. The localization
process is transformed into the problem of node recognition and path matching on the graph: the user searches for a
consistent sequence of position nodes in the topology graph based on the current perceived local feature sequence, in
order to determine their own region [12]. Due to the fact that the size of topology maps can be much smaller than
point clouds or grids in metric maps, their storage overhead and matching computation are significantly reduced.
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4. Balanced Path between Algorithm Complexity and Perceived Real-time Performance
4.1 Coupling relationship between algorithm time overhead and spatial update frequency

The time cost of a single positioning algorithm directly limits the maximum update frequency of virtual environment
spatial data. When the user moves at high speed, the positioning algorithm must complete the position calculation
within a very short time interval, the output will lag behind the actual motion, causing visual lag and perceptual
misalignment. The time cost and update frequency constitute a pair of interdependent parameters: reducing algorithm
complexity can increase frequency, but may result in loss of positioning accuracy; On the contrary, pursuing high-
precision algorithms will increase time overhead and force the system to reduce update frequency. Decoupling this
relationship requires the introduction of an adaptive mechanism, which dynamically adjusts the depth of algorithm
operation based on the user’s instantaneous speed and the severity of environmental changes—a simplified model is
used during low-speed or stationary periods, and computing resources are reserved for high-frequency updates; When
there is high-speed motion or sudden changes in the scene, the accuracy requirements should be moderately relaxed,
and the response speed should be prioritized.

4.2 Impact of data storage scale compression on localization response speed

The lightweight positioning algorithm must compress the data storage scale, but there is a non-linear correlation
between the degree of compression and the positioning response speed. Excessively large storage capacity will lead
to increased read time, which is especially obvious on mobile devices, where frequent random access will signifi-
cantly slow down startup latency of localization operations, while excessive compression may bring computational
overhead of decompression, and may also cause loss of key features required for spatial recognition, thus requiring
an ideal compression strategy to balance indexing efficiency, not just storage capacity. For example, adopting hier-
archical storage structure, retaining data of frequently used regions in uncompressed cache, while performing com-
pact encoding on infrequently accessed regions, in addition, data reading should adopt sequential access as much as
possible, thereby avoiding problem of data fragmentation caused by compression algorithms, overall, goal of storage
compression lies in reducing I/O load, and also in indirectly improving response speed of localization under premise
of not significantly increasing cost of decompression.

4.3 Perceived bandwidth allocation strategy in multi-user concurrent scenarios

When a large number of users coexist in the same large-scale virtual environment, the transmission bandwidth of
perceived data becomes the core bottleneck that restricts real-time positioning. Each user needs to obtain spatial
information about the surrounding environment and other entities. If all users request full data from the server, the
bandwidth demand will increase exponentially with the number of users. Lightweight design requires the use of
differentiated bandwidth allocation strategies: dynamically determining which information must be transmitted at
high frequency and high fidelity based on the distance, line of sight direction, and interaction possibility between
users, and which can be downgraded to low-frequency summarization or completely ignored. Users in neighboring
areas can directly exchange lightweight positioning data through peer-to-peer networks, reducing the forwarding
pressure on the central server. Meanwhile, the server-side should aggregate requests from multiple users and utilize
data multiplexing to reduce redundant transmission. A reasonable allocation strategy can make the bandwidth con-
sumption approximately linearly related to the number of users.

4.4 A compromise model between lightweight and positioning robustness

Lightweight design inevitably comes at the cost of sacrificing some information redundancy, which is precisely an
important source of localization robustness. Therefore, it is necessary to establish a quantitative and compromise
model between the two, and robustness is reflected in the fact that when the algorithm faces the absence of features,
dynamic interference, and fluctuation of computational resources, it can still effectively maintain the ability of local-
ization, while lightweight operations such as downsampling, low-precision approximation, and finite state truncation
may weaken this fault-tolerant ability. Core of compromise model is to identify regions and time periods in environ-
ment that are most sensitive to failure of localization, such as narrow corridors, high-density interaction areas and
fast motion segments, and in these critical scenarios, it is necessary to actively reduce degree of lightweighting while
retaining necessary redundant information, with the contrary case being that open and spacious, slowly moving or
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semantically single regions can fully implement lightweighting to save resources. The model should also include a
feedback loop that automatically falls back to a more conservative algorithm configuration when the uncertainty of
localization exceeds a preset threshold, thereby achieving a dynamic balance between lightweighting and robustness.

5. Conclusion

In summary, spatial perception and localization algorithms in large-scale virtual environments must shift from the
assumption of infinite resources to the consideration of hard resource constraints, and systematically reduce compu-
tational and storage costs through lightweight design principles such as distributed collaboration, sparse sampling,
dynamic accuracy adjustment, and topological representation. There is no static optimal solution between algorithm
complexity and perceived real-time performance, but a dynamic balance needs to be achieved through coupling anal-
ysis, compression strategies, concurrent bandwidth allocation, and compromise models. Future research can further
explore unsupervised adaptive lightweighting mechanisms, enabling algorithms to autonomously adjust light-
weighting intensity based on terminal status and environmental characteristics.
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