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ABSTRACT

As augmented reality (AR) glasses become integrated into daily life, their use during 
walking introduces critical safety challenges: virtual overlays can occlude real-
world information, forcing users to divide attention between digital content and 
environmental hazards. While transparency control can mitigate this issue, fixed settings 
may be inadequate for dynamic walking contexts where lighting, scene complexity, 
and user motion change continuously. This paper presents an environment-aware 
transparency control system that dynamically adjusts AR interface opacity in real-
time using a lightweight, interpretable heuristic. The system extracts visual features 
from the headset’s pass through camera, including scene motion, ambient brightness, 
and visual complexity, and combines them with head rotation velocity from inertial 
sensors to compute continuous transparency values. A within-subjects study (N = 10) 
in a real-world indoor walking environment compared three interfaces: Opaque, Semi-
Transparency, and Adaptive Transparency. Results show that both transparency-enabled 
interfaces significantly improved perceived safety and situational awareness while 
reducing interface interference compared to the Opaque condition (p < .001). Cognitive 
workload was reduced by 46.3–51.1% under both the Semi and Adaptive conditions. No 
significant differences were observed in objective walking behavior across interfaces. 
Although no significant differences were found between the Semi and Adaptive in 
either objective or subjective measures, 60% of participants preferred the Adaptive 
interface, suggesting that dynamic responsiveness offers perceived benefits for mobile 
AR safety and user experience.
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INTRODUCTION

The rapid adoption of consumer augmented reality (AR) glasses marks a 
fundamental shift toward wearable AR integrated into everyday pedestrian 
activities. Devices such as Meta Ray-Ban Display (Meta, 2025) have exceeded 
seven million units in sales (OnOff, 2026), while the broader smart glasses 
market grew by 210% in 2024 (BusinessABC, 2025). As AR transitions from 
a specialized tool to a personal computing platform, a critical safety challenge 
emerges: digital overlays can occlude real-world information essential for 
safe navigation, particularly in dynamic pedestrian environments.
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Transparency control is the primary mechanism for mitigating such 
occlusion, allowing users to perceive the physical world through virtual 
content. However, it introduces a fundamental trade-off: increasing 
transparency enhances environmental awareness but reduces content 
readability. Prior work has shown that transparency and background 
complexity jointly influence both performance and user preference (Hussain 
and Park, 2024), while perceptual responses to transparency are inherently 
non-linear, limiting the effectiveness of fixed settings (Zhang and Murdoch, 
2021). This challenge is further exacerbated during walking, where lighting, 
user motion, and environmental hazards change continuously (Erickson 
et al., 2020), rendering static transparency inherently suboptimal.

Recent adaptive AR systems attempt to address this limitation but remain 
constrained in pedestrian contexts. Li et al. (2024) introduced SituationAdapt, 
which leverages vision-language models to adjust UI layouts based on scene 
semantics, but evaluation was limited to static indoor scenarios. Cheng  
et al. (2021) proposed SemanticAdapt, an optimization-based approach for 
virtual content placement using semantic relationships, yet similarly targeted 
stationary use. More recently, Pei et al. (2025) presented AttentionAR, a 
risk-aware system that modulates transparency based on user attention and 
environmental hazards using multimodal large language model reasoning, 
but the computational latency of such inference may be incompatible with 
pedestrian scenarios where hazards emerge within fractions of a second.

Prior research on AR interface design during walking further confirms the 
influence of environmental factors such as traffic density on user preferences 
for window size, opacity, and placement (Chang et al., 2024a; Chang et al., 
2024b). Although a fixed transparency value (e.g., 0.68) has been suggested for 
outdoor walking scenarios, such recommendations cannot accommodate the 
continuous variability encountered in real-world environments. Additional 
work on text positioning (Rzayev et al., 2018) and dual-task presentation 
strategies (Klose et al., 2019) further highlight the impact of walking on 
visual attention and cognitive load.

These limitations motivate the following research question: How can 
optimal AR UI transparency be predicted and applied in real time for 
pedestrians? To address this, we propose an environment-aware adaptive 
transparency control system that dynamically adjusts UI opacity based on 
visual and motion-related features, and evaluate it through a within-subjects 
user study (N = 10) in a real-world indoor walking environment comparing 
three interfaces: fully opaque (Opaque), fixed semi-transparency (Semi), and 
adaptive transparency (Adaptive). 

METHOD

We developed a lightweight, heuristic-based transparency control system for 
real-time operation on standalone AR headsets during walking. The system 
continuously extracts visual and motion-related features and computes 
adaptive transparency values with minimal latency. 
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System Design

Four environmental features are extracted in real-time. Three visual features 
are computed from the passthrough camera feed using OpenCV. View motion 
is estimated as the optical flow magnitude between consecutive frames, 
capturing scene dynamics. Brightness is defined as the mean pixel intensity, 
representing ambient lighting, while contrast is computed as the standard 
deviation of pixel intensities, reflecting scene complexity and visual structure.

In addition, head rotation velocity is obtained from the headset’s inertial 
measurement unit, serving as an indicator of user activity and attention shifts. 
Rapid head movements suggest active environmental scanning and therefore 
require higher transparency, whereas stable viewing permits higher opacity 
to enhance content readability.

The transparency value is computed as a weighted combination of these 
features:

	 � _ , _ , ,� � �f w m ion head motion brightness contrastvie ot

where � �� �0 1,  represents the transparency level. Weights were empirically 
tuned through pilot testing to balance responsiveness and stability. A 
temporal smoothing filter is applied to prevent rapid fluctuations that could 
distract users, allowing gradual transitions while preserving responsiveness 
to meaningful environmental changes.

Participants

Ten participants (all male; age range: 23–30 years, M  = 25.8, SD = 2.3) 
were recruited from a university population. All had normal or corrected-
to-normal vision and prior experience with AR or XR technology. The 
experiment was conducted using a Meta Quest 3 headset operating in video 
passthrough mode with a fixed diagonal field of view of 45°. Xsens inertial 
measurement units, worn on the lower body, captured walking behavior at 
60 Hz. 

Task and Procedure

The experiment was conducted in a real-world indoor walking environment 
spanning two floors of a university building. Figure 1 illustrates the predefined 
route, which included straight corridors, turns, elevator transitions between 
floors, open waiting areas, and a stair descent, covering approximately 300 
meters and requiring 3–5 minutes per condition. Participants walked at a 
comfortable, self-selected pace while viewing video content through the 
headset. Two experimenters accompanied each participant: one ensured 
safety, and the other managed data logging and system monitoring. 
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Figure 1: Predefined indoor walking route spanning two floors of the university 
building.

Experimental Design and Measures

A within-subjects design was employed with one independent variable 
(interface type) at three levels: Opaque (fully opaque), Semi (fixed 68% 
opacity), and Adaptive (dynamically modulated opacity). Condition order 
was counterbalanced using a Latin square design, with 3–5 minute breaks 
between conditions to reduce fatigue and carryover effects.

Objective performance was quantified using four gait metrics derived 
from Xsens data: average walking speed, average stair descent speed, stride 
length, and stride width. Subjective experience was assessed after each trial 
using a 7-point Likert questionnaire (Table 1) evaluating three dimensions: 
safety and situational awareness, UI interference and visual readability, and 
viewing experience and attention flow. 

Table 1: Subjective evaluation questionnaire items grouped by measurement 
category (7-point Likert scale).

Category Items (1 = Strongly Disagree, 7 = Strongly Agree)

Safety & situational
awareness

1. �� I could easily perceive pedestrians and obstacles in my 
surroundings.

2. � I felt confident that I could respond to potential hazards in 
time while walking.

UI interference &
visual readability

3. � The interface did not obstruct my forward view or interfere 
with my walking.

4. � I did not need to turn my head excessively to remain aware of 
my surroundings.

Viewing experience & 
attention flow

5. � The interface did not hinder my ability to follow the video 
content.

6. � Switching attention between the video and the surrounding 
environment felt smooth and natural.
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Data Analysis

Data were analyzed using repeated-measures analysis of variance (ANOVA) 
at � � 0.05. Significant effects were followed by Bonferroni-corrected post 
hoc paired comparisons. Assumptions of normality and sphericity were 
verified, with Greenhouse–Geisser corrections applied when sphericity was 
violated. Effect sizes are reported as partial eta squared (η 2p). 

Preference rankings were analyzed using the Friedman test, followed by 
Wilcoxon signed-rank tests with Bonferroni correction. 

RESULTS

Table 2: Summary of repeated-measures ANOVA results for objective and subjective 
measures across interfaces (*p < .05, **p < .01, ***p < .001).

Type Measure F df p ηη 2p

Objective

Average walking speed 1.75 (2, 18) .203 0.163

Average stair descent 
speed

0.30 (2, 18) .747 0.032

Stride length 1.10 (2, 18) .356 0.109

Stride width 0.30 (2, 18) .743 0.032

Subjective

Safety & Situational
Awareness

25.19 (2, 18) <.001*** 0.737

UI Interference &
Visual Readability

20.32 (2, 18) <.001*** 0.693

Viewing Experience &
Attention Flow

4.32 (2, 18) .029* 0.326

NASA-TLX workload 16.23 (2, 18) <.001*** 0.643

Objective Walking Behavior

As shown in Table 2, no significant main effects of interfaces were observed 
for any gait metrics. Average walking speed, average stair descent speed, 
stride length, and stride width did not differ across interfaces (all p > .20), 
with small-to-moderate effect sizes (� 2 0 032 0 163p � �. . ). 

Mean walking speed ranged from 0.98 to 1.03 m/s, lower than the typical 
preferred speed of 1.2-1.4 m/s reported for young adults (Bohannon, 1997), 
and consistent with the reduced walking speed under visual dual-task 
conditions (Schabrun et al., 2014), as shown in Figure 2. 
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Figure 2: Objective gait metrics across interfaces. No significant differences were 
observed in average walking speed, average stair descent speed, stride length, or 
stride width. Values are expressed as percentage change relative to baseline walking.

Subjective Measures

In contrast, as shown in Figure 3, interfaces significantly influenced 
subjective experience. Perceived safety and situational awareness 
showed a strong main effect ( ( ) 22,18 25.19, .001,  0.737)F p pη= < = .  
Post hoc comparisons indicated that both Semi (M SD= =6 15 0 67. , . )  
and Adaptive (M SD= =6 30 0 66. , . ) were rated significantly higher 
than Opaque (M SD= =3 35 1 09. , . , both p < .001), with no 
significant difference between Semi and Adaptive. UI interference 
and visual readability also showed a significant main effect 
(F p p2 18 20 32 001 0 6932, . , . , .� � � � �� ), with both Semi and Adaptive 
outperforming Opaque (both p < .001), and no significant difference 
between them. Viewing experience and attention flow showed a smaller but 
significant main effect (F p p2 18 4 32 029 0 3262, . , . , .� � � � �� ), although no 
pairwise differences remained significant after Bonferroni correction.

NASA-TLX scores differed significantly across interfaces with a large effect 
size (F p p2 18 16 23 001 0 6432, . , . , .� � � � �� ), as shown in Figure 3. Both Semi  
(M SD= =24 8 8 7. , . ) and Adaptive (M SD= =22 6 9 2. , . ) yielded substantially 
lower workload than Opaque (M SD= =46 2 12 1. , . ), corresponding to 
reductions of 46.3% and 51.1%, respectively (both p < .001), with no 
significant difference between Semi and Adaptive.
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Figure 3: Subjective measures and NASA-TLX scores across interfaces. Asterisks 
indicate significant pairwise differences after Bonferroni correction (p < .05, **p < .01,  
***p < .001).

User Preferences

All participants ranked Opaque as the least preferred interface. A Friedman test 
confirmed a significant effect ( ( )² 2 15.2, .001, ’  0.76= < =p Kendall sWχ ). 
Post hoc tests showed that both Semi and Adaptive were significantly preferred 
over Opaque (both p < .001), with no significant difference between them. 

DISCUSSION

Transparency control significantly improved user experience during AR 
walking. Both Semi and Adaptive interfaces outperformed Opaque with large 
effect sizes in perceived safety and situational awareness, UI interference and 
visual readability, and cognitive workload, with NASA-TLX scores reduced by 
46.3–51.1%. These findings extend prior work on transparency-readability 
trade-offs in stationary AR displays (Hussain and Park, 2024; Zhang and 
Murdoch, 2021) to a dynamic walking context, demonstrating that even 
partial transparency effectively mitigates attentional conflict between virtual 
content and the physical environment.

Objective gait metrics remained stable across all interfaces. Although not 
statistically significant, descriptive trends suggest higher walking speed, longer 
stride length, and narrower stride width under Semi and Adaptive compared 
to Opaque. Prior dual-task gait research has shown that increased cognitive 
demands during walking typically manifest as reduced speed, shortened stride 
length, and increased gait variability (Al-Yahya et al., 2011; Schabrun et al., 
2014). The observed trends may therefore reflect a lower attentional burden 
under transparency-enabled interfaces, though confirming this interpretation 
would require a larger sample.
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No significant differences were observed between Semi and Adaptive 
on any measured outcome. The controlled indoor environment provided 
relatively stable conditions, which may have limited the opportunity for 
adaptive transparency to demonstrate clear advantages over a fixed value. 
Outdoor settings with more dynamic lighting transitions, varying traffic 
density, and unexpected hazards would provide a stronger test. The modest 
sample size (N = 10) may have further limited statistical power to detect 
subtler effects between two interfaces.

Despite similar quantitative outcomes, preference data revealed a clear 
divergence: 60% of participants favored Adaptive for its responsiveness, 
while 40% preferred Semi for its predictability and consistency. This pattern 
aligns with human-automation interaction research, where appropriate 
system responsiveness can enhance perceived control and trust (Parasuraman 
and Riley, 1997) but may reduce usability if perceived as unpredictable 
(Jameson, 2008). These findings suggest that individual tolerance for interface 
variability should be considered in adaptive AR design, and that hybrid or 
user-configurable strategies may better accommodate diverse preferences.

The heuristic-based approach offers practical advantages for real-world 
deployment. Unlike model-driven systems relying on deep learning or 
large language model inference, the proposed method requires no GPU 
acceleration and maintains low latency suitable for safety-critical pedestrian 
scenarios. The explicit feature weighting also provides interpretability and 
allows designers to tune system behavior for specific contexts or user needs.

LIMITATIONS

Several limitations should be acknowledged when interpreting these 
findings. This study was conducted in a controlled indoor environment 
with limited variability; outdoor settings with more dramatic lighting, 
traffic, and hazards may produce different results. The sample was small 
(N = 10) and homogeneous, limiting generalizability to broader populations. 
Feature weights were manually tuned through pilot testing and may not 
represent optimal values across users or contexts. Exposure duration was 
short (3–5 minutes per condition), leaving longer-term adaptation and 
habituation effects unexplored. Finally, the task focused on video viewing 
and does not generalize to other AR use cases such as navigation or real-time 
information retrieval.

CONCLUSION

This work presented an environment-aware adaptive transparency control 
system for AR walking using a lightweight heuristic that integrates optical flow, 
brightness, contrast, and head motion. A within-subjects study demonstrated 
that transparency control significantly improves perceived safety, visual 
readability, and cognitive workload during walking. While adaptive and 
fixed transparency produced comparable quantitative outcomes, majority 
user preference for adaptive behavior points to experiential benefits not 
captured by standard metrics. These findings establish transparency control 
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as a fundamental design consideration for pedestrian AR applications and 
demonstrate that real-time adaptive transparency is feasible on current 
consumer hardware without computationally intensive models. Future work 
should evaluate this approach in outdoor environments, explore data-driven 
feature weight optimization, and investigate personalized adaptation that 
accommodates individual differences in user preference.
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