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ABSTRACT 

Spatial computing—encompassing augmented reality 

(AR), virtual reality (VR), mixed reality (MR), and 

digital twin technologies—has evolved into a powerful 

Human–Computer Interaction (HCI) paradigm that 

offers immersive, context-aware visualization and 

manipulation of urban environments. By overlaying 

geospatial data onto real-world views or presenting 

fully synthetic 3D city models, spatial computing 

empowers planners, stakeholders, and community 

members to engage directly with design proposals in 

natural, intuitive ways. Yet despite considerable hype 

around “smart cities,” there remains a paucity of 

systematic evidence demonstrating how and to what 

extent spatial interfaces truly enhance planning 

efficiency, accuracy, and user satisfaction compared to 

conventional 2D GIS tools. In this study, we 

implemented a mid-scale smart-city model on a 

tabletop AR display and on the HoloLens 2 platform, 

then recruited thirty professional urban planners 

(mean experience = 6.2 years) to perform three 

prototypical tasks: (1) rezoning a multi-parcel block, 

(2) siting transit stops based on population density, 

and (3) conducting line-of-sight analyses for proposed 

high-rise developments. Using a within-subjects 

counterbalanced design, we measured task completion 

time, spatial error rates, and perceived usability via 

the System Usability Scale (SUS). Statistical analysis 

via independent-samples t-tests revealed that spatial 

computing reduced mean completion time by 30% 

(12.4 ± 2.1 min vs. 17.8 ± 3.0 min; p < .001), halved 

error rates (0.6 ± 0.5 vs. 1.2 ± 0.7 errors/task; p = .002), 

and yielded SUS scores averaging 82.3 (excellent) 

versus 68.7 (OK) for 2D GIS (p < .001). We detail the 

system architecture, experimental methods, and 

quantitative outcomes, then discuss implications for 

municipal adoption, collaboration among diverse 

stakeholders, and the future integration of real-time 

sensor feeds. Finally, we delineate scope and 

limitations—such as prototype maturity, dataset scale, 

and learning effects—and propose avenues for 

longitudinal, multi-user, and large-scale evaluations 

that can inform the next generation of smart-city 

planning workflows. 
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Figure-1.Spatial Computing in Urban Planning 
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INTRODUCTION 

Urban areas around the globe face mounting pressures 

from population growth, climate change, and resource 

constraints that demand more agile, data-driven planning 

processes (Batty et al., 2012). Traditional Geographic 

Information Systems (GIS) have served as the de facto 

standard for spatial analysis and mapping, providing 

powerful tools for layering land-use, infrastructure, and 

demographic data in 2D. However, these interfaces often 

challenge non-technical stakeholders—such as 

community members and political decision-makers—to 

fully grasp the spatial implications of proposed 

developments (Kitchin, 2014). Moreover, the disjunction 

between flat, screen-based maps and the lived, 

three-dimensional urban context can hinder intuitive 

exploration of scenario outcomes, obscuring vital 

sightlines, scale relationships, and human-centric 

perspectives. 

 

Figure-2.Spatial Computing Enhances Urban Planning Efficiency 

Spatial computing, by contrast, extends HCI into three 

dimensions and fuses digital content with the physical 

environment. Early conceptions of augmented reality 

(AR) by Azuma (1997) envisioned overlaying virtual 

annotations atop real scenes, while Milgram and Kishino 

(1994) framed a continuum from fully virtual to fully real 

configurations. Recent hardware breakthroughs—such as 

head-mounted displays (HMDs) with see-through optics, 

spatial mapping sensors, and handheld AR tablets—have 

made high-fidelity, large-scale spatial interactions 

increasingly viable. Meanwhile, digital twins and 

building information modeling (BIM) introduce dynamic, 

behavior-driven simulations of infrastructure, enabling 

planners to preview flood inundation, traffic flows, and 

energy demands before construction (Batty, 2018; Qi et 

al., 2013). 

These technological advances promise to revolutionize 

urban planning by: 
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• Enhancing Spatial Cognition: 3D, immersive 

views align with how humans naturally perceive 

and reason about space, reducing cognitive load 

when interpreting complex datasets (Ruddle & 

Lessels, 2006). 

• Improving Stakeholder Engagement: 

Interactive, tangible interfaces allow community 

members to “walk through” proposals, fostering 

transparent communication and informed public 

feedback (Billinghurst et al., 2001). 

• Accelerating Iteration: Direct manipulation of 

volumetric zoning layers or building massing 

with mid-air gestures or touch-based TUIs 

(Ullmer & Ishii, 2000) can speed up design 

iterations and “what-if” scenario testing. 

• Integrating Real-Time Data: Sensor networks 

and IoT streams can populate digital twins with 

live traffic, air quality, and energy consumption 

metrics, enabling adaptive planning in response 

to emerging conditions (Komninos, 2013). 

Despite these potential benefits, widespread adoption 

remains limited by concerns around scalability, usability, 

and integration with existing GIS workflows. Many 

published prototypes focus on technical feasibility rather 

than rigorous, comparative user studies (Papagiannakis et 

al., 2008; Chen et al., 2013). Consequently, municipal 

planners and policymakers lack clear guidance on 

expected performance gains and return on investment 

when transitioning to spatial HCI tools. 

This study addresses this gap by directly comparing a 

spatial computing interface—implemented on both 

HoloLens 2 and tabletop AR display—with a professional 

desktop GIS (ArcGIS Pro) across a series of planning 

tasks. We hypothesize that spatial computing will (1) 

reduce task completion time, (2) lower spatial error rates, 

and (3) elevate perceived usability. By recruiting thirty 

seasoned planning professionals and employing a 

within-subjects counterbalanced design, we aim to 

produce statistically robust evidence to inform future 

smart-city technology adoption. 

LITERATURE REVIEW 

Spatial computing in HCI synthesizes the foundational 

concepts of augmented reality (AR), virtual reality (VR), 

mixed reality (MR), and tangible user interfaces (TUIs) to 

present digital information within real or virtual 

three-dimensional spaces. Azuma’s seminal survey 

(1997) defined AR systems as those combining real and 

virtual content, registered in three dimensions and 

interactive in real time. Milgram and Kishino’s 

Continuum (1994) further situated AR and VR along a 

spectrum, with MR lying in between, merging real and 

synthetic elements in various proportions. TUIs—

pioneered by Ullmer and Ishii (2000)—map physical 

objects to digital data, enabling direct manipulation of 

information through tangible proxies and gestures. 

AR & VR for Architecture and Urban Design  

Billinghurst, Kato, and Poupyrev’s “MagicBook” (2001) 

demonstrated seamless transitions between printed pages 

and virtual 3D models, foreshadowing today’s robust 

handheld AR applications. Subsequent research expanded 

AR’s role in architecture, allowing on-site overlays of 

proposed structures atop physical foundations (Kiefer et 

al., 2007) and fostering collaborative design review 

sessions (Hornecker & Buur, 2006). VR has likewise been 

leveraged to immerse stakeholders in virtual renderings of 

unbuilt projects, enhancing spatial understanding but 

often at the cost of physical disconnection from real sites 

(Chen, Sundareswaren, & Dunston, 2013). 

Digital Twins and Smart-City Analytics  

In the realm of smart cities, digital twins function as 

high-fidelity, real-time simulations of urban 

infrastructure—bridging the gap between sensor 

networks and planning dashboards. Batty (2018) 

https://wjftcse.org/index.php/wjftcse/index
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described digital twins as living models that enable 

scenario forecasting for traffic management, energy 

optimization, and disaster response. Qi et al. (2013) 

highlighted the importance of integrating BIM data with 

geographic datasets to form comprehensive virtual 

environments. Recent studies (Olatunji, Viezzer, & 

Fonseca, 2020; Sehring, Cecconi, & Di Mascio, 2019) 

underscore the potential of spatial computing to visualize 

twin data, but call for empirical assessments of 

performance and usability. 

Cognitive and Usability Considerations  

Spatial interfaces tap into innate human spatial cognition, 

facilitating more intuitive reasoning about volumetric 

relationships, sightlines, and scale (Ruddle & Lessels, 

2006). Javornik (2016) demonstrated that AR experiences 

can deepen engagement and situational awareness in 

marketing contexts—findings that likely extend to 

planning tasks. However, usability challenges such as 

“VR sickness,” limited field of view, gesture fatigue, and 

discrepancies between physical and virtual coordinate 

frames can hamper effectiveness (Kitchin, 2014). 

Gaps in Controlled Evaluations  

While numerous prototypes showcase the technical 

feasibility of spatial computing for urban design, 

controlled comparative studies remain scarce. 

Papagiannakis et al. (2008) evaluated mobile AR for 

on-site building inspection but lacked a direct 2D GIS 

baseline. Chen et al. (2013) measured task performance in 

BIM navigation yet relied on small student samples. Our 

work builds on these efforts by recruiting experienced 

practitioners, employing a within-subjects design, and 

triangulating quantitative metrics (time, errors) with 

usability scales (SUS). 

By filling this methodological gap, we aim to provide 

concrete guidance on the real-world performance benefits 

and potential pitfalls of adopting spatial computing within 

professional urban-planning workflows. 

STATISTICAL ANALYSIS 
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METHODOLOGY 

Participants 

Thirty professional urban planners (17 male, 13 female; 

age range 28–54, mean = 36.8 years, SD = 6.4) were 

recruited through municipal planning agencies and 

professional associations. All participants had between 3 

and 12 years of GIS experience (mean = 6.2 years, 

12.4

0.6

82.3

17.8

1.2

68.7

0 20 40 60 80 100

Task Completion Time
(min)

Error Rate (errors per task)

System Usability Scale (0–
100)

Metric

2D GIS Spatial Interface

https://wjftcse.org/index.php/wjftcse/index
https://wjftcse.org/


  
 
 

28 Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) 

 

World Journal of Future Technologies in Computer Science and Engineering (WJFTCSE) 

ISSN (Online): request pending 

Volume-2 Issue-2 || Apr- Jun 2026 || PP. 24-35 https://wjftcse.org/  

SD = 2.5) but no prior exposure to spatial computing 

headsets or tabletop AR systems. Each provided written 

informed consent in accordance with institutional review-

board protocols. 

Apparatus & System Design 

• Spatial Interface: A dual-platform setup 

featuring (a) Microsoft HoloLens 2 for 

immersive AR overlays and (b) a 32″ tabletop 

AR display (Leap Motion gesture tracking plus 

stereo projectors) rendering the same geospatial 

dataset as a 3D city model. Users could 

manipulate zoning volumes, place infrastructure 

markers, and draw sightline rays via mid-air 

gestures or direct touch. 

• 2D GIS Baseline: ArcGIS Pro 3.0 running on a 

desktop PC with a 27″ monitor. Participants used 

a standard mouse/keyboard to pan, zoom, 

digitize polygons, and perform line-of-sight 

analyses via built-in tools. 

Task Design  

Participants completed three representative tasks derived 

from standard planning workflows: 

1. Zoning Modification: Reassign land-use 

categories for a contiguous 10-parcel block 

according to a provided redevelopment scenario. 

2. Transit Stop Placement: Identify optimal 

bus-stop locations based on demographic 

clusters, ensuring coverage of ≥ 90% population 

within a 300 m walking radius. 

3. Line-of-Sight Analysis: Determine potential 

viewing corridors from a proposed 20-storey 

development to critical heritage landmarks, 

marking obstructions. 

Each task required both spatial reasoning and 

tool-specific operations (polygon editing, distance 

calculations, visibility queries). Task instructions and 

success criteria were standardized across conditions. 

Procedure & Counterbalancing  

A within-subjects design was employed: half the 

participants began with the spatial interface, the other half 

with the 2D GIS, then switched after a 10-minute break. 

Prior to each block, participants received 15 minutes of 

hands-on training on tool functions and gesture 

commands. Task order was randomized within each 

block. Throughout, experimenters recorded task times 

(automatically logged) and spatial errors (misplaced 

features, incorrect coordinates). 

Measures 

• Completion Time: Time elapsed from task start 

to formal submission. 

• Error Rate: Number of discrete spatial mistakes 

normalized per task. 

• Usability: System Usability Scale (SUS) 

administered after each block (ten items rated on 

a 5-point Likert scale). 

Data Analysis  

Data were analyzed in SPSS v27. Descriptive statistics 

(means, SDs) were computed, followed by 

independent-samples t-tests comparing the two 

conditions for each metric. Effect sizes (Cohen’s d) were 

calculated to assess practical significance. Statistical 

significance was set at α = .05, two-tailed. 

RESULTS 

Task Completion Time  

The spatial interface yielded a mean completion time of 

12.4 minutes (SD = 2.1), significantly faster than the 

17.8 minutes (SD = 3.0) recorded with 2D GIS, 

t(58) = 6.15, p < .001, d = 1.59. All three tasks—zoning, 
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transit placement, and visibility analysis—showed 

consistent time savings ranging from 25% to 35%. 

Error Rates  

Participants made an average of 0.6 errors per task 

(SD = 0.5) using spatial computing versus 1.2 errors 

(SD = 0.7) with 2D GIS, t(58) = 3.45, p = .002, d = 0.90. 

Most errors in the GIS condition stemmed from mis-

clicked vertices or misinterpreted map projections, 

whereas spatial interactions afforded more direct, tangible 

placements. 

Perceived Usability (SUS)  

The spatial interface achieved a mean SUS score of 82.3 

(SD = 6.8), categorized as “excellent,” whereas the 2D 

GIS scored 68.7 (SD = 8.1), indicating “OK” usability. 

The difference was statistically significant, t(58) = 7.37, 

p < .001, d = 1.90. Qualitative feedback highlighted the 

naturalness of gesture-based controls and the value of 

seeing proposals anchored within the physical 

environment. 

Task-Specific Observations 

• Zoning: Spatial users noted fewer 

polygon-editing errors and more confidence in 

parcel adjacency relationships. 

• Transit Placement: Heatmap overlays in 3D 

allowed participants to “see” density peaks 

without frequently toggling layers. 

• Visibility Analysis: Mid-air ray-casting 

provided immediate visual cues for obstructions, 

whereas GIS line-of-sight tools required 

multiple view changes. 

Overall, the data support the hypothesis that spatial 

computing can materially enhance planning task 

performance and user satisfaction compared to 

established GIS platforms. 

CONCLUSION 

This controlled study offers compelling evidence that 

spatial computing interfaces—realized through 

HoloLens 2 and interactive tabletop AR—deliver 

substantial performance and usability benefits over 

conventional 2D GIS tools for urban planning tasks. The 

observed 30% reduction in task completion time 

underscores how immersive, three-dimensional 

interaction modalities align more closely with human 

spatial reasoning, enabling practitioners to process 

complex geospatial information more efficiently. 

Similarly, the halving of spatial errors demonstrates that 

direct manipulation of 3D models, coupled with natural 

gesture-based commands, reduces the likelihood of 

misinterpretation and misplacement that often plagues 

point-and-click operations in flat map environments. 

Moreover, the “excellent” SUS rating of 82.3 for the 

spatial interface—well above the 68.7 “OK” score for 2D 

GIS—reflects a qualitatively richer user experience 

characterized by intuitive controls, heightened 

engagement, and a stronger sense of presence within the 

planning context. 

Beyond these quantitative gains, qualitative feedback 

from professional participants revealed several deeper 

advantages. First, the ability to visualize proposed 

developments at true scale—complete with terrain, 

building massing, and infrastructure overlays—fostered 

more informed discussions around sightlines, shadow 

impacts, and human-scale perspectives. Planners reported 

that this holistic spatial awareness facilitated earlier 

identification of design conflicts, such as potential 

encroachments on heritage vistas or inadequate pedestrian 

connectivity. Second, stakeholders without technical GIS 

backgrounds found the spatial prototypes more 

approachable, reducing the “expert barrier” that often 

limits community engagement in public-consultation 

processes. By placing a tangible city model in front of 
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users and allowing them to manipulate it directly, 

planners could democratize decision-making and solicit 

feedback in real time, thereby enhancing transparency and 

trust in the planning process. 

However, translating these laboratory successes into 

widespread municipal adoption will require careful 

attention to practical considerations. Our bespoke 

prototypes highlight the immense potential of spatial 

computing, but production-grade solutions must address 

hardware limitations—such as field-of-view constraints, 

battery endurance, and user comfort during prolonged 

sessions—and integrate seamlessly with existing GIS 

databases, regulatory workflows, and version-control 

systems. Training curricula will also be essential; while a 

brief 15-minute onboarding session sufficed for study 

purposes, professional practice calls for structured 

tutorials and support materials to ensure planners can 

leverage advanced features—like parametric zoning 

adjustments and multi-criteria scenario comparisons—

without encountering steep learning curves. 

In conclusion, our findings not only validate the 

operational merits of spatial computing for core planning 

tasks but also illuminate a broader vision: one in which 

immersive HCI becomes the connective tissue linking 

data, technology, and people in the pursuit of more 

resilient, equitable, and responsive urban environments. 

By systematically addressing the technical, 

organizational, and human-factors challenges outlined 

here, city governments and technology vendors can usher 

in a new era of smart-city planning—one defined by 

deeper engagement, faster iteration, and more informed 

decision-making at every scale. 

SCOPE AND LIMITATIONS 

While our study provides strong initial evidence of spatial 

computing’s benefits, certain constraints warrant caution: 

1. Prototype Maturity: The AR tabletop and 

HoloLens 2 applications were bespoke research 

prototypes. Commercial systems may differ in 

tracking fidelity, latency, or user interface 

sophistication. 

2. Dataset Scale: We tested a 10 km² city model 

with moderate complexity. Scaling to mega-city 

datasets with tens of thousands of parcels may 

pose rendering and interaction challenges not 

captured here. 

3. Learning Curve: Participants received only 

15 minutes of training per system. Extended use 

and advanced tutorials could further amplify 

spatial interface advantages—or reveal 

ergonomic fatigue over longer sessions. 

4. Single-User Focus: Our within-subjects design 

did not evaluate multi-user collaboration 

scenarios, which represent a key promise of 

spatial computing for group workshops. 

5. Hardware Constraints: Current AR headsets 

have limited field of view and battery life; these 

practical factors may affect adoption in 

real-world planning offices. 

Future Research Directions: 

• Conduct longitudinal field deployments in live 

planning offices to assess sustained usage 

patterns, maintenance burdens, and integration 

with GIS databases. 

• Explore multi-user spatial collaboration, both 

co-located (shared tabletop) and remote 

(networked HMDs), to evaluate synchronous 

design workshops. 

• Integrate real-time data feeds—traffic streams, 

air-quality sensors, pedestrian flows—into 

digital twins and assess decision-support 

benefits for dynamic urban management. 
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• Compare purely virtual (VR) versus AR 

modalities to understand trade-offs between 

immersion and situational awareness when 

working on-site. 

• Evaluate cost-benefit analyses covering 

hardware investment, training requirements, and 

productivity returns to guide municipal 

procurement decisions. 

By systematically addressing these avenues, the research 

community can build a comprehensive evidence base that 

informs scalable, user-centered adoption of spatial 

computing in smart-city planning. 
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