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Abstract : Mobile AR surgical systems face strict computational and memory
constraints. This study presents a lightweight markerless tracking algorithm based on
compressed surface encoding and incremental pose update strategies. Surface
representations are quantized using a vector-clustering scheme, reducing memory
usage by 31.4% compared with full-resolution meshes. Incremental pose estimation
is performed using a local depth residual model that avoids global re-optimization.
Testing was conducted on 50 simulated surgical sequences (total 18,000 frames).
Average tracking drift over 2 minutes was limited to 1.21 mm, while maintaining 52
FPS on a mobile AR processor. Compared to standard dense ICP pipelines,
computation time decreased by 38.9% without significant loss in accuracy. This
approach is suitable for battery-powered head-mounted surgical devices.
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INTRODUCTION

Mobile augmented reality (AR) surgical platforms are increasingly being explored as
an alternative to conventional cart-based navigation systems because they can present
guidance directly within the surgeon’s field of view while reducing operating-room
footprint and setup complexity [1]. Recent clinical and technical studies have shown
that head-mounted AR systems can support trajectory guidance, spatial interpretation,
and workflow integration across several procedures [2]. Recent depth-based markerless
AR guidance systems further suggest that image-to-patient registration and tracking can
be performed directly on wearable devices using onboard sensing, without dependence
on external fiducials or tracking infrastructure, which strengthens the practical appeal
of mobile deployment in surgical settings [3]. Even so, available evidence consistently
indicates that navigation quality depends strongly on tracking accuracy, pose stability,
and robustness under realistic intraoperative conditions rather than on visualization
quality alone [4,5]. This issue is particularly important for battery-powered mobile
platforms, which operate under strict constraints in computational capacity, memory
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availability, and inference latency, yet are still expected to maintain millimeter-level
precision despite depth noise, limited surface exposure, and frequent viewpoint changes
[6,7]. Depth-based markerless tracking has emerged as a practical solution in this
context because it reduces reliance on external optical tracking systems and fiducial
markers while allowing repeated pose updates during surgery [8]. Integrated depth
sensors, such as those available in modern AR headsets, provide direct access to
intraoperative surface geometry and make surface-based tracking feasible within
clinically acceptable time windows [9,10]. However, reported performance remains
highly sensitive to initialization quality, visible surface extent, and local geometric
distinctiveness [11]. In spine navigation and related applications, automated AR
tracking pipelines have reduced workflow complexity and improved usability, but
performance degradation still occurs when occlusion increases, drift accumulates over
time, or geometric overlap becomes insufficient for reliable correspondence estimation
[12]. These findings indicate that improving mobile AR tracking requires a balanced
solution that addresses not only alignment accuracy but also temporal stability,
robustness to partial observations, and computational efficiency under device-level
constraints. Dense Iterative Closest Point (ICP)-based alignment remains one of the
most common strategies for refining pose between intraoperative depth data and
preoperative anatomical models [13,14]. Although dense ICP can be effective in
controlled environments, its computational burden is substantial for mobile processors,
and its stability often deteriorates when overlap decreases, outliers increase, or local
correspondences become ambiguous [15]. These limitations become more severe in
surgical scenarios, where anatomy may be only partially visible and sensing conditions
may vary continuously throughout a procedure. Some AR navigation systems therefore
combine dense geometric alignment with feature-based calibration or hybrid
registration modules [16]. However, many of these methods assume relatively clean
sensing conditions or adequate overlap and do not explicitly address the memory
overhead associated with dense mesh or point-cloud representations. In addition,
several existing evaluations are conducted over short sequences or limited interaction
windows, which may underestimate cumulative drift and long-term instability during
continuous use [17]. As a result, current evidence still leaves an important gap between
short-term registration success and sustained, resource-aware tracking performance on
mobile surgical AR hardware. Related insights can be drawn from recent work on point-
cloud compression, geometric abstraction, and memory-aware 3D processing. Studies
in general 3D vision have shown that geometric quantization, clustering-based
encoding, and compact surface representations can reduce storage and bandwidth
requirements while preserving essential shape information needed for downstream
tasks [18]. Other efficient registration frameworks attempt to reduce unnecessary
computation by focusing correspondence estimation on overlapping or geometrically
informative regions rather than processing the full surface at every update [19]. These
ideas are conceptually relevant to mobile AR tracking because they directly target the
two bottlenecks that often limit real-time deployment on wearable hardware: memory
consumption and repeated dense matching. Nevertheless, most such approaches have
been developed and validated on general 3D datasets, robotics benchmarks, or desktop-
class hardware. Their behavior on surgical depth streams remains insufficiently
understood, especially when observations are noisy, anatomy is only partially exposed,
and tracking must remain stable over extended frame sequences under limited power
and memory budgets [20,21]. This gap suggests the need for a surgical tracking
framework that integrates compact geometric representation with efficient incremental
pose estimation rather than treating memory reduction and tracking accuracy as

61



Volume: 02 Issue: 01 (2026) Journal of the Artificial Intelligence Engineers Consortium Studies
|

separate problems. Against this background, the present study introduces a lightweight
markerless tracking framework for mobile AR surgical guidance that combines
compressed surface encoding with incremental pose updates derived from local depth
residuals. Surface data are quantized using a vector-clustering strategy to reduce
memory usage while retaining the geometric structure needed for reliable registration.
Instead of repeatedly performing dense global optimization, the proposed method
updates pose incrementally, which is intended to lower runtime cost and improve
suitability for mobile processors. The aim of this study is to maintain stable tracking
across long sequences while reducing memory demand and computational overhead
relative to dense ICP-based pipelines. By evaluating the framework on 50 simulated
surgical sequences comprising 18,000 frames, this work examines memory reduction,
long-term drift behavior, and real-time performance under mobile hardware constraints.
The significance of this study lies in its effort to align algorithmic design with the
practical limitations of wearable surgical AR systems, thereby supporting a more
deployable form of markerless guidance that is not only accurate but also efficient and
stable during sustained intraoperative use.

2.Materials and Methods

2.1 Sample and Study Environment Description

The evaluation included 50 simulated surgical tracking sequences with a total of 18,000
frames. Each sequence represented a two-minute procedure with continuous camera
motion around rigid bone models generated from high-resolution CT data. The primary
tracking targets were thoracic and lumbar vertebrae. Depth images were rendered with
realistic sensor noise and partial occlusion to reflect intraoperative conditions. Camera
motion included smooth rotations, lateral shifts, and short pauses to simulate head-
mounted movement during surgery. All experiments were performed on a mobile AR
processor with limited memory and battery capacity to match practical clinical
deployment.

2.2 Experimental Design and Control Setup

The proposed lightweight tracking method was compared with a standard dense point-
to-plane ICP pipeline that used full-resolution meshes and global optimization at each
frame. The experimental group applied compressed surface encoding based on vector
clustering and incremental pose updates derived from local depth residuals. The control
group performed dense alignment without compression or incremental updates. Both
methods used the same initial pose and identical depth input data. Performance
indicators included tracking drift over time, average frame rate, peak memory usage,
and per-frame computation time. This design allowed direct comparison of efficiency
and tracking stability under the same motion patterns.

2.3 Measurement Methods and Quality Control

Tracking accuracy was evaluated by comparing estimated poses with reference
transformations defined in the simulation system. Translational drift was calculated as
the Euclidean distance between estimated and reference positions after two minutes of
continuous tracking. Rotational deviation was measured in degrees using axis-angle
representation. Peak memory usage was recorded during each sequence, and frame rate
was calculated as the mean number of processed frames per second. Each sequence was
repeated three times with different initial perturbations to assess repeatability. Depth
noise levels and occlusion ratios remained constant across repeated runs. All
experiments were conducted on the same hardware platform to ensure consistent timing
and memory measurements.
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2.4 Data Processing and Model Formulation

Depth images were converted into three-dimensional point sets using intrinsic camera
parameters. Surface compression was performed using vector clustering, where local
surface regions were represented by centroid vectors within a reduced codebook. If the
original mesh contained MMM vertices and the compressed model contained K clusters
(K<M), memory usage decreased proportionally to the reduction ratio K/MK/MK/M.
Incremental pose updates were computed by minimizing a local depth residual function:

N
E(AR, A= Z | (ARp+At)-q 12,
i=1
Where AR and At represent incremental rotation and translation, and p,, q. denote
corresponding compressed surface points. Long-term tracking drift was quantified as
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where T is the total number of frames, and x%' and x™ are estimated and reference

positions at frame t.

2.5 Statistical Analysis

Mean values and standard deviations were calculated for tracking drift, frame rate,
memory usage, and computation time across all sequences. Paired t-tests were used to
compare the proposed method with the dense ICP baseline under identical conditions.
Statistical significance was defined as p<0.05. Variance analysis was conducted to
assess stability across repeated trials. These procedures ensured objective evaluation of
computational efficiency and tracking performance on mobile hardware.

3.Results and Discussion

3.1 Drift Behavior During Continuous Tracking

Across the 50 simulated surgical sequences (18,000 frames), the proposed method
limited the mean positional drift to 1.21 mm over 2 min. Drift increased smoothly over
time and did not show sudden divergence after rapid viewpoint changes. This pattern
indicates that incremental pose updates reduced error accumulation between frames
[22,23]. In comparison, dense ICP pipelines typically show larger variability when
surface overlap decreases, because correspondence sets become unstable and may lead
to local misalignment. Similar time-dependent accuracy variation has been reported in
device-level evaluations of mobile depth mapping systems (Fig.1). The present findings
indicate that reducing global re-alignment frequency improves long-sequence stability
on mobile AR platforms.

3.2 Real-Time Performance on Mobile AR Hardware

The proposed approach sustained 52 FPS on a mobile AR processor and reduced
computation time by 38.9% compared with dense point-to-plane ICP. The improvement
is related to two factors: a reduced number of active surface elements after quantization
and pose refinement based on local residuals instead of full-scene optimization.
Wearable surgical AR systems require stable frame rates because temporary delays can
interrupt visual guidance even when mean accuracy remains acceptable. Related AR
navigation research emphasizes reporting both accuracy and stability to evaluate system
reliability (Fig.2). The current results demonstrate that memory-efficient surface
modeling combined with incremental updates can meet real-time requirements without
significant loss of precision [24,25].

3.3 Memory Efficiency and Structural Preservation

Surface compression reduced peak memory usage by 31.4% compared with full-
resolution meshes, while maintaining millimeter-level tracking accuracy. The clustered
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representation preserved the main geometric structure required for pose estimation,
even though fine detail was reduced. On mobile devices, lower memory demand helps
prevent system throttling and frame drops, which indirectly supports tracking stability.
Studies evaluating mobile mapping and AR tracking systems have shown that
acquisition strategy and data representation influence overall accuracy and consistency
(Fig.1). The present results confirm that controlled surface abstraction provides an
effective balance between storage efficiency and geometric reliability [26,27].
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Fig.1.variation in trajectory error of mobile depth mapping under different scanning strategies.

3.4 Comparison with Related AR Navigation Studies

Compared with dense ICP-based tracking approaches commonly used for depth
alignment, the present method supports a low-memory and incremental update strategy
that is suitable for mobile surgical AR. Many AR navigation systems report low average
error under controlled conditions, yet error distributions often include outliers caused
by occlusion or rapid motion. Therefore, stability analysis using boxplots and drift
curves is commonly applied to evaluate robustness (Fig.2). The proposed framework
achieved competitive accuracy while operating fully on a mobile AR processor.
Limitations remain under severe occlusion or abrupt viewpoint changes, where local
residual information becomes insufficient. Adaptive overlap monitoring and selective
re-initialization may further improve robustness in such conditions.

Fig.Z. Boxplot of registration error and stability results in AR-assisted surgical navigation.

4.Conclusion

A lightweight depth-based tracking method with memory-efficient surface encoding
was evaluated for mobile augmented reality surgical platforms. The approach combines
vector-cluster surface compression with incremental pose updates based on local depth
residuals. This design reduced memory usage by 31.4% and computation time by 38.9%
compared with dense ICP, while maintaining an average drift of 1.21 mm over two
minutes at 52 FPS. The results indicate that stable millimeter-level tracking can be
achieved on battery-powered head-mounted devices without full-resolution meshes or
repeated global optimization. These findings underline the importance of addressing
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memory and processing limits directly when designing mobile AR navigation systems.
The framework supports real-time surgical guidance in applications that require
compact hardware and continuous operation. It is suitable for rigid anatomical tracking
in orthopedic and spine procedures using wearable AR devices. Limitations remain in
situations with severe occlusion or rapid motion, where reduced overlap weakens depth
information. Future improvements may include overlap monitoring, selective re-
initialization, or integration of additional sensing data to strengthen robustness during
longer surgical sessions.
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