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1 INTRODUCTION
1.1 Background and Motivation

The Architecture, Engineering, and Construction (AEC) industry stands at a critical juncture where
traditional facility management approaches struggle to meet the demands of increasingly complex and
intelligent buildings. Modern facilities generate vastamts of data from Building Information Models
(BIM), Internet of Things (loT) sensors, and operational systems, yet facility managers often lack
integrated tools to visualize and interact with this information effectively. The disconnect between
designphase BIM models and operatiorgthase management creates inefficiencies thdtice

efficiency, delaymaintenance responses, and excessive energy consumption.

Digital twin technology promises to bridge this gap by creating living virtual replicas of physical
buildings that update in retime. However, current digital twin implementations in the AEC sector face
significant barriers: proprietary platforms wittghilicensing costs, complex technical requirements that
exclude smaller organizations, and interfaces that separate 2D planning from 3D visualization, forcing
users to constantly switch between different tools and mental models.

The emergence of game engine technology, particularly Unreal Engine 5.5, presents a compelling
approach to addressing these implementation challenges. Game engines provide sophisticated 3D
visualization capabilities, rediime data processing frameworkgdaintegrated virtual reality support

within accessible development environments. While commercial digital twin platforms often require
significant investment and proprietary ecosystems, game engines offer open development paradigms

that could potentiallyeduce implementation barriers.

Current academic literature in facility management digital twins demonstrates limited exploration of
game engine platforms beyond established Unity implementations. Unreal Engine's advanced rendering
pipeline and Blueprint visual scripting system offertidit advantages for ngorogrammer
development workflows, yet systematic evaluation of these capabilities in facility management contexts
remains limited. This gap presents an opportunity to investigate whether game engine technology can
provide viable dkrnatives to traditional digital twin development approaches while maintaining

professionagrade functionality.
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1.2 Problem Statement

Facility managers currently face a fragmented toolset where building geometry, sensor data, and
management interfaces exist in separate systems that do not communicate effectively. Traditional BIM
viewers provide static 3D models without rHiale data inégration. 10T platforms display sensor

readings in dashboards divorced from spatial context. Navigation between 2D floor plans and 3D models

requires mental translation that slows decigimaking and increases error potential.

This fragmentation becomes particularly problematic during critical facility management tasks. When
responding to comfort complaints, managers must correlate sensor readings with room locations, check
multiple systems for historical data, and mentally aitae spatial relationships between affected areas.

The time required for this manual correlation delays response times and may result in overlooking

systemic issues that only become apparent when viewing data in spatial context.

Furthermore, the transition to immersive technologies like virtual reality remains disconnected from
daily facility management workflows. Existing VR applications for architecture focus on design review
or marketing rather than operational managementtiegea gap between the potential of immersive

visualization and practical facility management needs.

The technical barriers to implementing integrated digital twins further compound these problems.
Commercial platforms require significant investment and lock organizations into proprietary
ecosystems. Opesource alternatives often lack the performandeatures necessary for professional
deployment. The result is that digital twin technology remains inaccessible to educational institutions,
smaller facilities, and organizations in developing regions that could benefit most from improved facility

managemet tools.
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1.3 Research Objectives and Questions

This research aims to develop and validate a comprehensive workflow for transforming static BIM
models into interactive digital twins using game engine technology. The primary objective is to
demonstrate that Unreal Engine 5.5 can serve as an accessititenplfor integrating building

geometry, reatime sensor data, and muttiodal user interfaces into a cohesive facility management
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Figure2. From BIM to Digital Twin Research Workflow
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The specific research objectives include:

1. Developing a methodology for importing and optimizing IFC building models in Unreal Engine
while preserving geometric and material fidelity

2. Creating a progressive navigation system that seamlessly connects 2D floor plans with 3D
exploration through intuitive interface transitions

3. Integrating reatime loT sensor data from multiple sources (HOBO environmental sensors and
OpenWeather API) with spatial visualization

4. Developing virtual reality interfaces that provide equivalent functionality to desktop systems
Validating the complete system through performance metrics and practical deployment in a real

building environment
These objectives address the following research questions:
Primary Research Question:

Can game engine technology effectively bridge the gap between Building Information Modeling and

operational facility management through integrated digital twin implementation?
Secondary Research Questions:

1 How can 2D floor plan navigation and 3D spatial exploration be seamlessly integrated to
improve facility management efficiency?

1 What technical approaches enable téak loT data visualization within game engine
environments while maintaining performance?

1 Can complex facility management interfaces successfully transition to virtual reality without
sacrificing functionality or usability?

1 What are the practical challenges and solutions in implementingt®thgital twin workflows

using Unreal Engine?
1.4  Scope and Limitations

This research focuses on developing a functional digital twin prototype for the Faculty of Civil
Engineering and Geodesy building at the University of Ljubljana. Theléwet structure with active
environmental monitoring systems provides a realisticeese for validating the proposed methodology

while maintaininga manageable scope for a master's thesis project.
The implementation scope encompasses:

1 Processing and optimization of IFC3 building models
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9 Interactive navigation through mimiap and fullscreen floor plan interfaces

1 Reattime integration of temperature, humidity, and CO2 sensors

1 Desktop and virtual reality deployment modes

1 Two fully implemented rooms demonstrating complete functionality
The research acknowledges several limitations:

1 User validation relies on setésting rather than formal user studies with facility management
professionals
The implementation covers selected rooms rather than comprehensive building coverage
BCF (BIM Collaboration Format) integration for issue tracking remains for future development
Performance validation uses available hardware without testing across diverse system

configurations

These limitations reflect the practical constraints of academic research while maintaining sufficient
scope to demonstrate the viability of the proposed approach. The modular architecture ensures that

future work can address these limitations without fumglatal restructuring.
15 Research Contributions

This research makes several significant contributions to the fields of digital twin development and

facility management:
Technical Contributions:

1 A validated workflow for BIMto-game engine integration that preserves geometric and
material fidelity while achieving redgime performance

1 A unified navigation workflow that integrates 2D floor plan interfaces with 3D spatial
exploration through hierarchical map systems and coordbeted teleportation

1 A proven architecture for integrating heterogeneous data sources (BIM, |oT, weather) using

eventdriven communication patterns
Practical Contributions:

1 Demonstration that free, opaource tools can create professiegigde facility management
systems
1 Evidence that Blueprint visual scripting enables-poogrammers to develop and customize

digital twins
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9 Validation that VR interfaces can maintain feature parity with desktop systems while achieving

comfortable performance
Academic Contributions:

Addressing the significant underrepresentation of Unreal Engine in AEC research literature
Providing empirical performance data for game engiased digital twins

Establishing reusable patterns for future digital twin implementations
1.6  Thesis Structure

This thesis is organized into five chapters that document the complete journey from problem

identification through implementation to validation and conclusions:

Chapter 2: Literature Review examines existing research in BIM integration, digital twin applications,
and game engine utilization in architecture. The review identifies critical gaps in current approaches,
particularly the separation of 2D and 3D navigativorkflows and the limited exploration of Unreal
Engine for facility management applications.

Chapter 3: Methodology presents the systematic approach to developing thie-&@ital twin
workflow. This includes the technical framework, development phases, and validation criteria used to

assess system performance and usability.

Chapter 4: Implementation provides comprehensive documentation of the system development,
including BIM model processing, navigation system creation, |0T sensor integration, and VR
adaptation. The chapter transparently reports both successes and chatliémgeg practical insights

for future implementations.

Chapter 5: Discussion, Conclusj@and Future Work synthesizes the results, discusses implications for
facility management practice, and presents conclusions regarding the research objectives. The chapter
also outlines extensive future work possibilities, from immediate enhancementg-tenonresearch

directions.

This structure provides a logical flow from theoretical foundations through practical implementation to
academic contributions, demonstrating that game engine technology can successfully transform static

BIM models into living digital twins that enhanceciiity management efficiency and accessibility.
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2 LITERATURE REVIEW
2.1 Digital Twins in Facility Management (concepts, applications, challenges, gaps)
2.1.1 Conceptual Evolution and Current State

Digital twin technology represents a paradigm shift from reactive to proactive facility management
approaches.Systematic bibliometric analysis of research articles revehi digital twin
implementation in facility management progresses from conceptual frameworks towasstggjeot

applications, though widespread adoption faces significant technical and organizational[tbirf&rs

Deng et al. provide a comprehensive figgel taxonomy mapping evolution from traditional Building
Information Modeling (BIM) to advanced digital twin concef@$. Their systematic review of 123
articles demonstrates that most current implementations operate at early-develigpment stages
(Levels 23), with fully integrated digital twins remaining largely aspirational. The taxonomy establishes
that while digitdtwin concepts have achieved theoretical maturity, practical implementations remain

predomnantly experimentdi3].
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Figure3. Five-level Taxonomyfor Digital Twin [3]

Research demonstrates digital twins' potential as advanced technological solutions for facility
management, promising enhanced operational efficiency, predictive maintenance capabilities, and

improved occupant experiendd$, [5].
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2.1.2 Implementation Challenges and Technical Barriers

Data integration and interoperability emerge as the most critical barriers constraining digital twin
adoption. Systematic reviews identify these challengesss most studied implementations,
manifesting in standardsisalignment, realime processing limitations, and inadequate integration
frameworks for diverse sensor inp{d$, [6]. Almatared et al. highlight that systems integration, data
management, and security concerns create faykired challenges requiring specialized frameworks

even for domairspecific application§7].

Empirical studies reveal modest quantifiable benefits despite theoretical promise. Zhao et al. report only
10% increase in staff satisfaction and 1% reduction in energy consumption in architecture, engineering,
and construction facility management applizas [8]. These limited improvements contrast with the

transformative potential described in theoretical literature, highlighting implementatibity gaps.

The complexity of multsource data integration presents persistent technical barriers. Research
demonstrates that seamless data flow between building systems and digital representations remains
problematic even in successful pilot implementati&s[9]. Current practice focuses primarily on as

built BIM and Al/ML for energy and maintenance management rather than comprehensive operational

integration[7].
2.1.3 Current Applications and Documented Benefits

Despite implementation challenges, documented digital twin applications demonstrate measurable
facility management benefits. Madubuike and Anumba developed a prototype integrating virtual design,
sensor networks, and analytics for réale HVAC and indoorair quality monitoring in healthcare
facilities [10]. Their implementation demonstrates practical applications while remaining at prototype

stage, illustrating the gap between probtoncept and operational deploym§iq].

Lu et al. developed digital twins at building and city levels using the Cambridge campus case study,
achieving 43 citations and demonstrating practical feasibility fordscgte implementatiofé1]. Their
work represents one of few comprehensive buildévgl implementations providing empirical

validation data.

Current applications focus predominantly on monitoring capabilities rather than predictive analytics.
Analysis of research clusters shows emphasis on asset management, lifecycle management, and smart
grid integration, but limited advancement toward automasn control feedback and Aksed
prognosticq2]. This suggests digital twin technology remains in early operational phases rather than

achieving advanced predictive capabilities.
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2.1.4 Organizational and Cultural Barriers

Beyond technical challenges, organizational factors present significant adoption barriers. Signorini and
Pome report digital twin adoption limited to 13% of Italian facility management organizations, primarily
due to high implementation costs, integratioomplexity, and workforce skill gapps]. Cost
effectiveness remains a primary concern, with organizations struggling to justify investments given

modest documented benefits.

Elyasi et al. identify organizational culture and information management as key challenges through
gualitative research in Norwegian AEC conte¥f§. Their findings emphasize that the main
implementation challenges relate to people and change management rather than technical limitations.
The low level of innovation and resistance to change characteristic of the AEC sector constrains digital

twin adopion.

The need for specialized skills presents another critical barrier. Digital twin implementation requires
interdisciplinary expertise combining building systems knowledge, information technology capabilities,
and facility management experience. This skifjuieement creates adoption barriers for organizations

lacking technical resources or unwilling to invest in comprehensive training proffhaies.

Research reveals divergence between academic definitions and practitioner understanding. What
practitioners define as digital twins corresponds to "digital shadow" maturity levels in academic
classifications, indicating gap between theoretical conceptspraatdical implementatiof9]. This

disconnect suggests need for better alignment between research and industry practice.

2.1.5 Research Gaps and Implementation Opportunities

Analysis reveals critical gaps constraining digital twin advancement in facility management. Empirical
validation of conceptual frameworks represents the most significant research need, with most studies
focusing on theoretical development rather than cetmgnsive performance evaluatidn, [2]. User
experience evaluation methodologies specific to facility management remain underdeveloped,

constraining demonstration of practical value and return on investment.

The literature identifies several future research areas requiring attentidmaséd predictive
maintenance and prognostics, creation of fully automated and semantically rich digital twins,
interoperability of semantically rich data between BIM and Figlligent anomaly detection for smart
maintenance, digital twin applications in facility lifecycle management, and use of big data collected

through loT with machine learning algorithms for data ana[gis
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Costeffective implementation strategies suitable for smaller organizations receive limited attention.
Most research focuses on comprehensive, technically sophisticated implementations without addressing

scalable approaches that balance functionality wiilementation costs and organizational capabilities

[6]. [9].
2.2 Standards and Data Integration (IFC, BCF, IoT basics)
2.2.1 Evolution of Industry Foundation Classes Standards

The Industry Foundation Classes (IFC) standard has undergone significant evolution from process
oriented to produebriented models, representing a fundamental shift in architectural representation and
building information management. Yu et al. conductesiesnatic review of 64 studies spanning 2001
2022, documenting this transformation and highlighting IFC 4.3 as a major advancement in schema
development{12]. Their analysis reveals architectural representations evolved from phaseEss
approaches to cagmehensive product models, while infrastructure domains shifted from-spetaific

elements toward operation and maintenance processes.

IFC progression from version 1.0 through 4.3 demonstrates expanding domain coverage, particularly in
Geographic Information Systems (GIS), green building applications, and infrastructure projects
including bridges, rail, roads, ports, and waterwidyd. IFC 4.3 introduces modular structures and

language independence features designed to address previous limitations in scope and flexibility,

representing a critical step toward modernizing the standard for broader industry adoption.

The evolution reflects industry recognition that building information modeling extends beyond design
phases into operational management. Zhou et al. identify IFC integration with Al and loT as research
hotspots, emphasizing adaptability requirements in repplication scenarios and continued
standardization efforts supporting technological converggr&deThis integration potential makes IFC

relevant for digital twin implementations requiring comprehensive building data management.
2.2.2 IFC 4.3 Technical Advancements and Capabilities

IFC 4.3 represents significant advancement over previous versions through enhanced infrastructure
support and improved integration capabilities. The schema introduces new entities specifically designed
for infrastructure domains and enhanced GIS integratiddressing longstanding gaps in coverage for
complex building and infrastructure projedts2]. These modular structures enable more flexible

implementation approaches while maintaining compatibility with existing BIM workflows.

Comparative analysis demonstrates IFC 4.3 provides substantial improvements in domain coverage and

reduced complexity compared to earlier versions. However, complexity and maintainability concerns
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persist, requiring ongoing attention to schema optimization and industry collabojfbipnThe
emphasis on modularity and language independence reflects industry recognition of need for more

accessible and internationally applicable standards.

The technical advances support facility management applications through improved data exchange
capabilities. Revolti et al. emphasize IFC's role in ensuring interoperability between different BIM
software applications throughout building lifecycle, fronsiga through construction to operatif&j.

This interoperability becomes critical for digital twin implementations requiring data integration across

multiple platforms and lifecycle phases.
2.2.3 Interoperability Challenges and Limitations

Despite technical advancements, persistent interoperability challenges constrain IFC implementation
across diverse software platforms and organizational contexts. Multiple studies identify inconsistent
Model View Definition (MVD) support as primary barriter seamless data exchange, with certification
processes necessary but insufficient for guaranteeing lossless interopejHilifhese limitations
particularly affect proprietary data types and dorsgacific extensions falling outside standard IFC

coverage.

Golabchi and Kamat demonstrate through empirical evaluation that while IFC enables basic
interoperability, software certification does not guarantee complete data preservation during
import/export operationd.6]. Their research reveals proprietary data types and custom extensions often
experience data loss during exchange processes, limiting practical effectivenesbadéd@vorkflows

in complex project environments.

The AEC industry's informatieimtensive nature compounds interoperability challenges. Planning,
designing, building, manufacturing, occupying, and maintenance processes involve vast amounts of data
used for diverse purposf$]. This data complexity requires robust interoperability solutions extending
beyond basic geometric exchange to include semantic information, relationships, and operational

parameters essential for facility management applications.
2.2.4 Domain-Specific Applications and Sector Limitations

Analysis of domairspecific IFC applications reveals both progress and persistent gaps across facility
management, building automation, and specialized construction domains. Patacas et al. identify
significant shortcomings in IFC and COBie standards fdtifiamanagement applications, particularly
regarding asset register creation and service life plardinlg Their research demonstrates current
standards lack adequate support for comprehensive facility management workflows, requiring enhanced

tools andmethodological improvements.
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Building automation systems present additional integration challenges. Vieira et al. indicate while IFC
provides the most adequate framework for Building Automation Systems (BAS), completeness gaps in
automation and management features require furtherlogewent [18]. These domakspecific
limitations highlight need for continued schema evolution and septxific extension protocols

achieving comprehensive coverage across diverse building applications.

The evaluation reveals IFC and COBie limitations for operational phase requirements. Several asset
register information requirements defined in BS 8210 are not directly supported in IFC (10 out of 22)
and COBie (7 out of 22), especially for building usagih(data drop $17]. These gaps include capital
information, written down value of assets, accumulated depreciation, and sources of components,

limiting practical utility for comprehensive facility management.
2.2.5 BCF Integration and Issue Management

The Building Collaboration Format (BCF) represents a critical standard for issue management and
communication within BIM workflows, enabling systematic tracking and resolution of design and
construction coordination challenges. Hyland et al. demonstrakésBactical utility for automated

issue reporting and correction through integration withtéSed BIM tools, particularly in dimensional
compliance control applicatioi$9]. Their empirical study validates BCF's effectiveness in facilitating

automatedssue detection and resolution workflows.

Current BCF implementations emphasize interoperability enhancement through various technical
strategies, though standardization challenges persist across different software platforms and
organizational contexts. Lee et al. propose interoperable coordimagthods systematically linking
communication data to building models, creating knowledge storage systems preserving issue context
and facilitating information reud@0]. Their approach addresses fundamental challenges in managing

communication informatin across distributed project teams.

The development of semantic integration approaches represents significant advancement in BCF
capabilities. Schulz et al. introduce bcfOWL ontology enabling semantic integration between BCF and
BIM through Linked Data environments, enhancing interopergbdihd providing richer data
relationships for issue managemgit]. This ontological approach addresses limitations in current BCF
implementations by enabling more sophisticated queries and data integration across heterogeneous

systems.

Research trends indicate movement toward distributed, federated approaches foasB&Hssue
management. Oraskari et al. propose transitioning BCF to distributed environments using Social Linked

Data architecture, enabling decentralized authenticatidnseakeholdecontrolled data management



13
Bani Mustafa, M. M. K. 2025., From BIM to Interactive Digital Twin: A Workflow for Integrating Virtual and Physical
Environments
Ljubljana, UL FGG, Second Cycle Master Study Program Building Information ModellBilyl A+

[22]. This approach aligns with the federated structure of the construction industry and addresses

limitations in centralized data management systems.
2.2.6 10T Basics and Environmental Monitoring

Internet of Things sensor integration for environmental monitoring in built environments employs
diverse architectures ranging from fixed sensor networks to hybrid configurations combining stationary
sensors with mobile data relay systems. Current literatlocuments predominant use of fixed
environmental monitoring systems, particularly in agricultural and indoor air quality applic&8jns
Analysis of studies reveals fixed sensor systems dominate implementations, with focus on stationary

network archiectures for continuous environmental parameter monitoring.

Environmental monitoring loT implementations utilize diverse communication protocols ranging from
Wi-Fi and Bluetooth to specialized Low Power Wide Area Network (LPWAN) technologies and cellular
connections. Research indicates Narrowband 10T-INB provides effective solutions for greenhouse
and building monitoring applications, offering stable wireless transmission capabilities suitable for
practical facility management automati@4]. Advanced implementations incorporate edge computing

capabilities agateway levels and clotlthsed analytics platforms for comprehensive data processing.

The integration of physical, optical, chemical, and wireless network sensors requires sophisticated data
management approaches supporting-tiea collection, processing, and analysis. Studies demonstrate
successful implementation of-rBinute data colle@n intervals with machine learning anomaly
detection and cloutased statistical analysis, providing responsive environmental monitoring suitable

for facility management decisiemaking requirement5], [26].

Current loT environmental monitoring implementations face persistent challenges including
standardization limitations, sensor calibration requirements, and platform compatibility constraints.
Research consistently identifies need for robust sensor calibpsibtocols and standardized evaluation

frameworks[23]. Data security and privacy concerns represent growing challenges as loT sensor
networks expand in scope and integration complexity, particularly relevant to building environments

where occupancy dattion and behavioral pattern analysis may impact user privacy.
2.3  Game Engines and VR in AEC (Unity vs. Unreal, interaction design)
2.3.1 Game Engine Applications in Architecture, Engineering, and Construction

Game engines have emerged as powerful platforms for enhancing visualization, design review, and
collaborative workflows in Architecture, Engineering, and Construction applications. The integration of

game engines with BIM technology effectively narrowsghp between intricate architectural designs
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and interactive visualization, significantly enhancing stakeholder engagement and eeaikiog
processeg27]. This convergence leverages robust visualization and interactive strengths of game

engines, augmenting collaboration and comprehension of spatial dynamics.

Current literature analysis reveals Unity dominates AEC implementations, appearing in majority of
reviewed studies as the engine of choice for-tiead BIM data exchange, immersive Virtual Reality
visualization, interactive walkthroughs, and mulsier qality assurance tool$27]. Unity-based
prototypes demonstrate significant benefits including improved interactivity and workflow efficiency,
though implementations encounter challenges with performance optimization, interoperability

constraints, and higtiensity data processing requirements.

The convergence facilitates reahe creation and evaluation of design alternatives, significantly
elevating stakeholder participation in the design pli2ge The application of BIM in constructing
simulation models, streamlined by game engines, diminishes time and effort required for model creation,

promoting model reuse and ensuring efficient communication of outcomes to stakeholders.

2.3.2 Unity Engine Capabilities and AEC Integration

Unity's established presence in AEC applications stems from demonstrated capabilities in critical areas
including extensive BIM integration, comprehensive VR/AR support;tiea collaboration features,

and standardized 3D navigation and interactivitysoMay et al. developed UnityRev, a prototype
enabling reatime bidirectional BIM data exchange demonstrating Unity's capacity for seamless
integration with existing AEC workflows through direct Revit APl connecti¢28]. Their
implementation showcaséhity's effectiveness in enabling collaborative design processes, enhanced

visualization capabilities, and simulation functionality.

Kumar et al. demonstrate Unity's effectiveness for interactive, scedrasan design review in
healthcare facilities, establishing feasibility for BIM tool integration while noting limitations in direct
interaction capabilities requiring continued devet@mt [29]. The research provides evidence that
Unity can support complex facility management applications though technical challenges persist
including performance bottlenecks with large datasets and optimization requirements for VR

applications.

Additional Unity implementations include immersive VR visualization for construction site monitoring,
multi-user QA/QC tools, and urban design visualization platforms, collectively demonstrating the
engine's versatility across diverse AEC application dom{80], [31]. These implementations
consistently report successful prototype development and integration with existing tools, particularly

BIM platforms like Revit, while facing ongoing technical challenges.
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2.3.3 Unreal Engine Potential and Current Limitations

While Unreal Engine applications in AEC remain limited in current literature, the engine's advanced
rendering capabilities, sophisticated lighting systems, and robust VR support suggest significant
potential for facility management and digital twin apgiicas. The documented implementation by

Shiratuddin and Thabet employs Unreal Tournament 3D Game Engine for remote collaborative
walkthroughs, demonstrating basic capabilities for 3D visualization and distributed collaboration,

though without integration ith modern BIM workflows or comprehensive VR supd82].
2.3.4 Comparative Analysis and Selection Criteria

Direct comparative studies between Unity and Unreal Engine for AEC applications remain absent from
current literature, limiting evidendeased selection guidance for researchers and practitioners. Existing
Unity implementations demonstrate proven capaddlitin critical feature areas: BIM integration,
VR/AR support, reatime collaboration, and 3D navigation and interactivity, with reported challenges

primarily in performance and scalability for large datasets and VR frame rate optim|28i{idi30].

For Unreal Engine, literature provides evidence for limited critical features: basiomealollaboration

and 3D navigation capabilities, both demonstrated through outdated implementations without modern
BIM integration or comprehensive VR support vatidn. This documentation gap constrains informed
technology selection for contemporary AEC applications, particularly those requiring -@dting
visualization quality, advanced VR capabilities, and integration with modern facility management

systems.
2.3.5 VR Interaction Design for Facility Management

Virtual Reality technology demonstrates potential for enhancing facility management operations, though
empirical validation remains limited to smaltale studies. Carreira et al. report VR environments for
maintenance tasks improve productivity and engeege, with users performing well without extensive
training, indicating intuitive nature of wetlesigned VR interfaces for facility management applications
[33]. Their prototype demonstrates flexible data integration capabilities despite absence ai siatada

models for facilities management operations.

Navigation systems in VR facility management present unique design challenges significantly impacting
operational effectiveness. Bhonde et al. demonstrate free movement through walking simulation
combined with controllebased interactions and verbal ingutables task completion &8% faster

than traditional method§34]. Their implementation provides rei@ine feedback and rooscale
visualization, supporting more efficient navigation through complex building layouts while maintaining

high levels of useconfidence and willingness to adopt VR technology.
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Current VR facility management implementations face several persistent challenges constraining
practical adoption. The lack of standard data models for facilities management operations represents
primary barrier, requiring flexible, dynamic data integnatepproache§33]. Additionally, properly
designed interfaces and comprehensive interoperability frameworks are essential for achieving scalable

implementation across diverse facility types and organizational contexts.
2.4 Identified Research Gaps and Conceptual Framework

2.4.1 Critical Research Gaps

Analysis of current literature reveals several critical gaps constraining digital twin advancement in
facility management. The integration of seamless navigation workflows accommodating both spatial
overview and detailed inspection tasks remains unexplowt most systems providing limited
navigation options that may not suit diverse facility management requiref8&ht€omprehensive
evaluation of different navigation paradigms specifically designed for facility management tasks is
lacking, constrainig development of evidendssed design guidelines.

Realttime 10T sensor data visualization within VR environments represents significant research gap.
While current studies demonstrate separate capabilities for VR visualization and building data
integration, comprehensive frameworks integrating multiphs@etypes (temperature, humidity, CO2)
within immersive spatial contexts while maintaining system performance anétiagelty interfaces
remain underdevelopel36]. The limited sample sizes and scope of current empirical studies also
constrain generalability of findings, highlighting need for largecale validation studies across diverse
facility types and user populations.

User interface design for ngachnical facility management personnel constitutes critical gap in current
research. Most VR implementations prioritize technical functionality over user experience, resulting in
complex interfaces requiring extensive tragniand technical expertise, thereby limiting adoption
among facility management professionals who represent primary user base for operational building

systems.

The absence of comprehensive Unreal Engine implementations in contemporary AEC contexts limits
understanding of development considerations, implementation challenges, and integration requirements.
This knowledge gap extends to critical factors includingeeaf development, performance

characteristics, scalability potential, and integration complexity with existing AEC tools and workflows.
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2.4.2 Conceptual Framework for BIM -to-Digital Twin Integration

This research addresses identified gaps through comprehensive framework integrating BIM data, loT
sensors, and VR interaction within unified digital twin system. The framework employs game engine
technology to bridge traditional facility management apgneaavith modern interactive technologies,
recognizing successful digital twin implementation requires addressing both technical integration

challenges and user experience requirements.

The conceptual approach establishes three core principles guiding methodology and implementation

strategies:

1. Accessibility through opesource technology reducing implementation barriers for educational
institutions and smaller organizations,

2. Integration of 2D planning interfaces with 3D immersive exploration through progressive
navigation paradigms, and

3. Reaktime data visualization within spatial contexts enabling informed deemsaking for

facility management professionals.

The framework addresses documented gap between academic theory and industry practice by providing
empirical validation of digital twin capabilities in real building environments. Rather than pursuing
technologically sophisticated solutions requiring extenstraining, this research prioritizes
accessibility and practical utility for facility management professionals while maintaining professional

grade functionality and performance.
2.4.3 Research Positioning and Contributions

This research contributes to digital twin literature by demonstrating practical implementation pathways
using accessible technology. While existing research focuses on theoretical frameworkscosstigh
proprietary solutions, this work validates that depbated facility management capabilities can be
achieved through opesource game engine platforms, specifically addressing the underrepresentation

of Unreal Engine in AEC research literature.

The research advances understanding of game engine applications in AEC contexts by providing
empirical performance data and systematic comparison with established Unity implementations. The
comprehensive integration of BIM data, IoT sensors, and VR ioesfa@rovides foundation for

comparative studies and continued research in this emerging field.

Finally, the research addresses critical need foreffsttive implementation strategies suitable for

resourceconstrained environments. By demonstrating that free, -eperce tools can create
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professionalgrade facility management systems, this work provides practical pathways for

organizations previously excluded from digital twin technology due to high implementation costs and

technical complexity.
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3 METHODOLOGY

This chapter presents the systematic methodology employed to develop a workflow integrating virtual
and physical environments through an interactive digital twin system. Building upon research gaps
identified in Chapter 2, this study explores Unreal Engipglications in AEC contexts and develops
practical solutions for navigation between 2D planning interfaces and immersive 3D facility exploration.
The methodology combines BIM integration, 10T sensor data visualization, and VR interaction design
to createa functional digital twin for facility management, addressing identified gaps in current literature
regarding game engine implementations for digital twin applications while providing empirical

validation of Unreal Engine's capabilities in this domain.
3.1 Research Design and Approach

3.1.1 Research Framework

This study employs a Design Science Research (DSR) methodology, following the framework of Peffers
et al. (2007), which is particularly wedlited for developing technological artifacts that address

practical problems while contributing to scientific kredge. The research follows six phases:

1. Problem ldentification and Motivation: Literature gaps in Unreal Engine implementations for
digital twins

Solution Objectives: Multmodal navigation system with IoT integration and VR capability
Design and Development: Iterative system implementation using UE5.5

Demonstration: Functional prototype deployment in a real building environment

Evaluation: Performance metrics validation and user experience assessment

S

Communication: Academic documentation and contribution to existing knowledge

3.1.2 Mixed-Methods Approach
The research integrates quantitative performance metrics with qualitative user experience evaluation:
Quantitative Components:

1 System performance benchmarking (response times, coordinate accuracy)
1 Navigation efficiency measurement (task completion times)

1 Technical capability assessment (frame rates, data processing speeds)
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Qualitative Components:

User interface design evaluation
Development workflow documentation

Technical challenge identification and solution strategies
3.2 Technology Stack and System Architecture

3.2.1 Overall Architecture Framework

The digital twin system architecture employs a rdalfiered approach that bridges traditional BIM
visualization with interactive facility management functionality. Each architectural layer builds upon
the previous foundation, creating a structured hiésafom physical building data to user interaction

interfaces:

System Architecture

- Full-Screen Map VR Environment
User Interface Laye[' Mini-Map Interface P — Interface
z z Room Selection Teleportation
Nav1gat10n Layer e B el Processing Coordination
Data Integration L 4.3 BIM Data 10T Sensor Exteernal API
. i Connections
Layel‘ Intergration

Figure4. System Architecture
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3.2.2 Technology Stack Selection

Unreal Engine 5.5 serves as the primary development platkelected for its redime rendering
capabilities that produce higfdelity architectural visualizations. The platform's VR performance
optimization ensures comfortable immersive experierides Blueprint visual scripting system enables
rapid prototyping without extensive coding requirements, while the Datasmith pipeline provides native

IFC data import support, addressing typical BIM integration challenges.

The system integrates supporting technologies to create a cohesive digital twin framework. The HOBO
Li-Cor API enables redime environmental sensor data integration for temperature, humidity, and CO2
monitoring. The IFC 4.3 standard ensures industiymtible BIM data exchange, while the
OpenWeather API provides external environmental context. UMG (Unreal Motion Graphics) handles

user interface development across desktop and VR platforms.

This technology stack addresses current research limitations in game engine applications for facility
management by demonstrating practical implementation pathways and establishing performance

benchmarks for future comparative studies between differestamment platforms.

3.3 Development Strategy

The system development employs an iterative prototyping approach with modular design principles,
enabling rapid development cycles and continuous validation throughout the implementation process.
The strategy divides development into four sequential phases, with each phase targeting distinct

technical challenges while maintaining system integration.

Iterative Prototyping Framework: The development strategy prioritizes incremental functionality
development with immediate testing at each stage. This approach enables early identification of
technical challenges and design limitations, allowing for cocmseections before significant resource
investment. Each prototype iteration undergoes performance validation and user interface testing to

ensure consistent progress toward research objectives.

Modular Design Architecture: The system architecture implements modular components that operate
independently while maintaining seamless integration capabilities. This design strategy ensures that
individual modules can be developed, tested, and refinddowi disrupting overall system

functionality. The modular approach also facilitates future system extensions and technology updates

without requiring fundamental architectural changes.

Phase 1: Foundation Development establishes core navigation infrastructure throughapmnini

implementation with reaime position tracking across multiple building levels. BIM model integration



22
Bani Mustafa, M. M. K. 2025., From BIM to Interactive Digital Twin: A Workflow for Integrating Virtual and Physical
Environments
Ljubljana, UL FGG, Second Cycle Master Study Program Building Information ModellBilyl A+
occurs through the Datasmith pipeline, creating stable software architecture and data structures that

support subsequent development phases while ensuring geometric accuracy.

Phase 2: Interactive Enhancement implements clickable room zones with integrated sensor data
visualization. This phase bridges static BIM geometry withtieed 10T data streams through dynamic
information panels that respond to user location and rooetts®i. 10T sensor integration follows

structured protocols with secure authentication and automated pollingranhat intervals.

Phase 3: 3D Integration develops coordinate transformation systems enabling teleportation between 2D
floor plan interfaces and 3D building exploration. VR functionality implementation occurs during this
phase, with performance optimization ensuring corafilé experiences across different hardware

configurations.

Phase 4. Validation and Testing focuses on system performance evaluation across desktop and VR
environments, collecting quantitative metrics and conducting user experience assessments to establish

empirical validation foundations.

Development Phases

« Mini-map system with

: « Clickable room zones « 2D-3D coordinate + Deskiop & VR
player tracking « Real-time 10T sensor transformation testing
. MulAli—llfvcl building integration « VR teleportation system « Performance metrics
navigation . . « Dynamic information « Performance optimization collection
- B}M model integration panels « Cross-platform « User experience
via Datasmith . Li-Cor API compatibility evaluation

« Software architecture
and data structure

authentication
« Visual status indicators

P asractive . Talidati &
Foundation Interactive 3D Integration V ‘llld;ll-llll'l &
Development Enhancement Testing

Figureb5. Development Phases

Integration Workflow: The BIMto-Digital Twin workflow progresses systematically from IFC 4.3
model import through Datasmith processing to structured building level creation with defined room
entities. The process concludes with coordinate system calibaatd interactive zone implementation,

enabling integration between static BIM data and dynamic digital twin functionality.

IFC4.3 Datasmith Geometry Level Room Coordinate Interactive
Model Import Processing Structure Definition Calibration Zones

Figure6. Integration Workflow



23
Bani Mustafa, M. M. K. 2025., From BIM to Interactive Digital Twin: A Workflow for Integrating Virtual and Physical
Environments
Ljubljana, UL FGG, Second Cycle Master Study Program Building Information ModellBilyl A+

3.4 Validation Framework

The validation framework establishes evaluation criteria for the digital twin system based on-the real
world deployment approach employed in this research. The methodology focuses on technical
performance measurement and implementation validation radrefdimal user studies, reflecting the

practical constraints of academic research while maintaining systematic assessment standards.

3.4.1 Performance Validation Approach

Technical Performance Metrics: System validation employs quantitative performance measurement
focusing on frame rate consistency and response times. Desktop performance targets 120 FPS operation
during normal navigation tasks, while VR implementation nexguimaintaining 90+ FPS for
comfortable immersive experiences. The validation process measures system responsiveness through

interface interaction timing and coordinate accuracy assessment via teleportation precision testing.

CrossPlatform Functionality: The validation approach includes systematic testing across both desktop
and VR environments to ensure feature parity and consistent performance. This includes verifying that
all navigation functions (miamap, fultscreen intdace, teleportation) operate identically across

platforms while maintaining appropriate performance standards for each interaction mode.

3.4.2 Implementation Validation Strategy

RealWorld Deployment Testing: Validation occurs through practical deployment in the Faculty of Civil
Engineering and Geodesy building at the University of Ljubljana, utilizing the building's existing loT
sensor infrastructure. This approach provides atithéesting conditions that reflect actual facility

management scenarios rather than simulated environments.

Component Integration Validation: The testing strategy verifies successful integration between BIM
geometry, 10T sensor data, and user interfaces through systematic functionality testing. This includes
validating API connectivity with HOBO LCor sensorsQpenWeather integration, and coordinate

transformation accuracy between 2D floor plans and 3D building positions.

3.4.3 Validation Scope and Limitations

Self-Testing Methodology: The validation approach acknowledges reliance on deveopercted
testing rather than formal user studies with facility management professionals. This limitation reflects
academic research constraints while maintaining sysieneahluation of core functionality and

performance requirements.
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Implementation Coverage: Validation focuses on two fully implemented rooms (Lecture Hall 201 and
Office 205) demonstrating complete system functionality, rather than comprehensive building
coverage. This targeted approach enables thorough testing of all system components while maintaining

manageable scope for thekdsel research.

35 Summary

This methodology chapter establishes a systematic approach for developing an interactive digital twin
system that addresses documented gaps in current facility management resedd8R framework
provides structured development phases from problem identification through validation, while the
mixedmethods approach combines quantitative performance measurement with qualitative

implementation assessment.

The multilayered system architecture successfully integrates BIM data processitigmecialT sensor
information, and VR interaction capabilities through Unreal Engine 5.5. The technology stack selection
addresses current research limitations by demativg practical implementation pathways for game

engine applications in facility management contexts.

The iterative development strategy with modular design principles enables systematic functionality
development while maintaining system integration. The -fidwirse approach progresses from
foundation development through interactive enhancement, 3D integrand validation testing,

providing a replicable framework for similar digital twin implementations.

The validation framework establishes performance criteria appropriate for academic research constraints
while maintaining systematic evaluation standards. Reald deployment testing in an operational
university facility provides authentic validation abtions that reflect actual facility management

scenarios.

This methodology contributes to digital twin research by demonstrating that game engine technology
can effectively serve as a platform for professional facility management applications. The established
development patterns, performance benchmarks, andrdtiten approaches provide standardized
evaluation criteria for future AEC industry game engine implementations while advancing practical

knowledge in BIMto-digital twin workflows
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4 IMPLEMENTATION AND RESULTS
4.1 Case Study Context (UL FGG building)

The Faculty of Civil and Geodetic Engineering building at the University of Ljubljana provides an ideal
test environment for validating the BH-digital twin workflow. This fourstory structure features
active environmental monitoring systems and divegaial configurations, offering authentic facility

management challenges while maintaining manageable scope for academic research.
The building's characteristics support comprehensive system testing:

Four distinct levels with varied room types (offices, lecture halls, laboratories)
Existing HOBO sensor infrastructure for environmental monitoring

Active facility management requirements

Available IFC model created in ArchiCAD 24

=A =4 A4 =

This realworld context ensures the developed solutions address genuine operational needs rather than
theoretical scenarios. The building's moderate scale enables thorough testing of all system components

while avoiding the complexity that would overwhelhesislevel research.

Figure7. UL FGG Building Exterior View
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4.2 BIM Model Processing and Integration
4.2.1 |IFC Model Preparation and Import

The building model, originally created in ArchiCAD 24 and exported as IFC 2.3, presented immediate
compatibility challenges. The outdated IFC 2.3 schema caused metadata loss during import. Initial

attempts to reexport through ArchiCAD failed to preservitical geometry and metadata.

Opening the original ArchiCAD 24 file in ArchiCAD 28 revealed additional complications. Missing
library dependencies between versions resulted in geometric element loss during the upgrade process.

Figure8. ArchiCAD ModelVisualization

The solution employed Blender Bonsai, an epeuarce IFC processing tool, to upgrade and stabilize
the model. While this deviated from the ideal ArchiGA&dUnreal pipeline, it produced a functional
IFC model compatible with Unreal Engine's requirements.

Unreal Engine

DataSmith——
Model

IFC 2.3 Blender——— IFC 43

Blender ——— IFC 4

Figure9. IFC Model Processing/Norkflow
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4.2.2 DataSmith Import Implementation

The Datasmith importer processed the IFC model in approximately one minute, preserving architectural
structure, element metadata, and material assignments. However, performance analysis revealed that

landscape elements, particularly highlygon trees, serely impacted frame rates.

Import Content...
Quixel Bridge
Unreal Marketplace
Content Browser

Datasmith

@ File Import...

Basic

#® Direct Link Import... Import Unreal Datasmith file

Lights

Cinematic
Shapes
Testing
Media Plate
: Visual Effects
Y Geometry
Volumes
All
+ Place Actors Panel

VOW W OV W W WV VW Vv

* BP_VRPawn
* BP_RoombDetectionZone

Target Point

Figure10. Datasmithimportinterface

Removing these neessential geometric elements improved performance from unstable rates to a
consistent 120 FPS. The optimization preserved all architecturally relevant elements while eliminating

components irrelevant to facility management.

The import successfully retained comprehensive IFC metadata. For example, wall elem8B68~Z
maintained its classification data, material specifications, ownership history, and creation timestamps.

This metadata preservation enables advanced querying beyond basic geometric representation.
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4.2.3 Building Structure and Room Definition

A critical challenge emerged during the import process regarding spatial information handling. The
Datasmith importer successfully processed geometric elements but did not import IFC spatial entities
such as IFCSpace and IFCRoom objects. This limitatioanithat while the building's physical

structure was accurately represented, the logical room divisions and spatial relationships required

alternative implementation approaches.

To address the missing spatial data, a custom room detection and interaction system was developed. The
solution involved manually creating collision box components positioned within each room's geometric
boundaries, with each collision box containing matadncluding room identification, purpose, and

associated sensor configurations.

The collisionbased approach enables automatic room detection when users navigate through the
building. When the player character (Pawn) enters a collision zone, the system automatically retrieves
room-specific information and updates the interface acogigi This approach provides seamless

spatial awareness without requiring complex geometric analysis or room boundary calculation

algorithms.

# Details

©, BP_RoombDetectionZone

General Acto oD Misc hysics Rendering
Transform
Default

Roc

9000

Rendering
Replication
Collision
HLOD

Physics

Figure12. Room Collision Box

For usefinitiated room navigation, clickable button elements were positioned above each room in the

full-screen map interface. When users select a room button, the system queries the corresponding
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collision box to retrieve room metadata and executes teleportation to a predefined coordinate within that

room space.

The teleportation coordinates were manually calibrated for each room to ensure optimal user
positioning, avoiding obstacles and providing clear sightlines for effective facility exploration. This
coordinatebased teleportation system achieves precise abpadivigation while maintaining user

comfort and orientation.

1D-001

HasTemperature!

HasHumidi

-T700.0 -300.0 900.0

Figure13. Teleportation Coordinates

The multilevel building structure was organized using Unreal Engine's level streaming system, with

each floor implemented as a separate level:

1 Klet_2: Basement level containing utility and storage areas

T Pritlic¢cje_2: Ground floor with main entrance
1 Nadstropje_2: Second floor housing primary classroom and office spaces
1

Nadstropje_3: Third floor with additional educational facilities

This levelbased organization enables efficient memory management and allows for selective loading
of building sections based on user navigation requirements, optimizing system performance while

maintaining complete building accessibility.
4.2.4 Performance Validation and Material System Integration

The optimized BIM model integration achieved excellent performance metrics, maintaining a stable 120
FPS operation during normal facility navigation tasks. This performance level significantly exceeds the
minimum 90 FPS requirement for comfortable VR eigrages, providing substantial headroom for

additional system features and ensuring smooth operation across different hardware configurations.
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The performance optimization process demonstrated that selective geometry management, rather than
comprehensive model simplification, can achieve optimal results while preserving architectural

accuracy and visual fidelity essential for facility managerapptications.

The Datasmith import process successfully preserved the original material assignments from the
ArchiCAD model, eliminating the need for manual material recreation or modification. This
preservation of material properties ensures visual consistency bdtweantiginal BIM model and the
interactive digital twin implementation, maintaining architectural authenticity essential for effective

facility management visualization.

The successful material integration also confirmed the compatibility between ArchiCAD's material
system and Unreal Engine's physicdigsed rendering pipeline, validating the technical feasibility of

the BIM-to-game engine workflow for architectural vidization applications.

Figure14. PerformancéetricsDisplay
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4.3 Navigation System Development

4.3.1 Mini-Map System Implementation

The minimap serves as the foundational navigation interface, providing continuous spatial awareness
as users move through the building. This system bridges traditional 2D floor plans with 3D exploration

by maintaining reatime position tracking and dynaarfloor plan visualization.

Figure15. Mini-Map

Data Structure Architecture:

Two fundamental data structures support rfldtbr navigation and room interaction. The S_FloorData
structure contains three components: FloorName for display purposes, Floorimage referencing the floor
plan PNG asset, and FloorLevel representing thecatrbuilding position. This structure enables
dynamic floor plan switching based on the player's current location

Window  Tools  Help

= S_FloorData
=_OE -+ Add Variable

® Structure # Def

Structure

Figure16. S_FloorDateStructure
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The S_Roominfo structure provides comprehensive room metadata. It includes string identifiers for
RoomName and RoomID, boolean flags indicating sensor availability (temperature, humidity, CO2, and
occupancy), a Vector containing teleportation coordinated, descriptive text about room purpose.
This structure maintains detailed information about each interactive space while supporting future

sensor expansion.

SampleLevel - S_Roomlinfo

= D ;QE -+ Add Variable

® Structure X ¢ Default Values
Structure
Tooltip
RoomName String

RoomlID String

Figurel7. S_RoomlinfoStructure

RealTime Player Position Tracking:

The tracking system operates through continuous coordinate monitoring using Unreal Engine's Event
Tick functionality. Every framethe system queries the player character locatising Get Player
Character - Get Actor Locati on, flooriplenrpositiomsa VThisr t s 31

conversion uses a calibration system based on known building landmarks.

J Get Player Pawn J Get Actor Location = Break Vector

Targ or

(» Player Index |T‘ Return Value o @ In Vec X

Target Return Value @ —

Figure18. PlayerPosition TrackingNodes
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Floor level detection utilizes-Zoordinate thresholds to automatically determine the current building
level. The basement activates below Ocm, ground floor betwd®&&m, second floor between 450
800cm, and third floor above 800cm. These thresholdsuatcior typical ceiling heights and

transitional spaces like stairwells.

Floor level Detection
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Figure19. Floor LevelDetectionLogic

The coordinate transformation applies linear interpolation between manually established reference
points. Building corners at world coordinates (2300, 1640) a2800,-1530) serve as calibration
anchors. This mapping achieves accurate player icon posgiovhile maintaining consistent spatial

relationships across all floors.
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Floor Plan Integration and Management:

Floor plans are stored as PNG files with transparency support, organized using standardized naming
conventions. The textures use-gflecific compression settings with mipmap generation for multiple
scale rendering. Dynamic texture loading implements mereffigient onrdemand loading based on

the current floor level. Recently accessed floors remain cached for rapid switching, balancing memory
usage with responsive transitions.

W5 Content Browser X
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s Content
- \
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Figure21. Floor Plan Assets

Widget Implementation and User Interface:

The minimap widget (WBP_MiniMap) utilizes a canvhased layout positioned in the bottomddle

of the screen using responsive anchors, (@5, 1.0, 1.0) with Zorder priority1 to ensure visibility
abovemost of theprojectelements. The base dimensions46Bx315 pixels automatically scale for
different screen resolutions while maintaining aspect ratio, with minimum and maximum size

constraints preventing readability issues.
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Figure22. MiniMap Widget Blueprint (Designer Window)

The player icon implementation featuresblack arrow indicator witha transparent background,
dynamically positioned on the floor plan through +iale coordinate conversion. The icon includes
rotation alignment with the camera direction, corrected through Blueprint logic to maintain proper
directional orientation. Positionpdates occur every frame through Event Tick for continuous player
tracking accuracy across all building floors.

The interactive functionality employs an invisible button overlay (InvisibleClickButton) covering the
entire minimap area. This approach ensures reliable click detection across all supported platforms while

maintaining the visual integrity of the floorgul display.
4.3.2 Full-Screen Interactive Map Implementation
Interface Architecture

The fulkscreen map (WBP_FullScreenMap) provides a professional facility management interface
integrating navigation with sensor data visualization. The widget employs ethmedayout: a header
panel with floor selection controls, a central floor ptamtainer with scale box functionality, and a

room information panel positioned toight.
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A semitransparent black background overlay (80% opacity) maintains visual focus while preserving

depth perception. This design ensures clear visibility of both architectural geometry and environmental

data.
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Figure23. Full-ScreenMapInterface

Clickable Room Zone Development

Technical limitations with UMG Image widget mouse interactions required an alternative solution.
Image widgets demonstrated inconsistent OnMouseButtonDown event responses, compromising user

experience reliability.

The solution employs invisible Button components positioned over room areas through coordinate
based placement. These buttons use completely transparent normal states, light blue hover highlighting
(30% opacity), and darker blue pressed feedback (40%tgpdutton dimensions match architectural

proportions, with classroom buttons at 425%240 pixels and office buttons at 140x120 pixels.

This approach ensures reliable click detection across all supported platforms while maintaining visual
seamlessness, as users interact directly with architectural representations without visible interface

elements obstructing the floor plan imagery.
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Figure24. ClassroonButton inFull-Map Interface

The positioning process involved setting floor plans as temporary backgrounds, manually aligning
buttons with room boundaries, and documenting coordinates for consistent placement. This approach

ensures reliable click detection while maintaining seamlissghintegration.

‘. Designer

Is Variable Open Buttor

Figure25. Classroom Button in Widget Designer
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Multi-Floor Navigation Architecture

The floor navigation system uses a combo box dropdown enabling seamless level switching. The
SwitchFloor function processes floor index selections and dynamically updates texture references from
the S_FloorData array. Flospecific content filtering preves interface clutter by showing only

relevant room buttons for each level.

Floor-specific content filtering prevents interface clutter and maintains user clarity through conditional
visibility management. When users select Level 2 (Nadstropje_2), room buttons for Lecture Hall 201
and Office 205 become interactive. This visibilgystem utilizes the FloorLevel property within
S_Roominfo structures to automatically determine appropriate button states.

Kelt_2 (Basement)

Pritlicje_2 (Ground Floor) Select Room

Nadstropje_1 (Level 1)

Nadstrof'e_z (Level 2)

I  EE B N

Figure26. Floor Level Dropdown Menu

Room Information Panel and Sensor Integration

The panel presents facility data through a structured vertical layout. When users select a room, the
SelectRoom function processes the S_Roominfo structure and populates the display with room

identification, description, and sensor availability status.
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Figure27. SelectRoom Function

Classroom 01

ID-001
Main classroom -
Second level

emperature: Yes

Iumidity: Yes |
- C02:Yes
$Ccupancy: Yes |

i
|

(I

l

Figure28. RoomInformationPanelDisplay

Sensor status presentation converts boolean values to intuitive visual indicatoréassanglNo that
immediately convey sensor availability without requiring technical interpretation. The implemented
rooms demonstrate varying sensor configurations: Lecture Hall 201 provides complete environmental
monitoring (Temperature, Humidity, CO2, Occupancy)ilev Office 205 offers basic monitoring
(Temperatur& Humidity).
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Teleportation System Integration

The teleport button triggers the TeleportToRoom function, which processealimated coordinates
for each room. These coordinates ensure optimal user positioning, avoiding obstacles and providing
clear sightlines for facility inspection. The system mi@ins spatial continuity by preserving user

orientation during transitions.

Figure29. Teleportation Function

4.3.3 Coordinate Transformation System
Mathematical Framework:

The transformation system addresses the fundamental challenge of mapping 3D world coordinates to
2D floor plan representations. Rather than implementing complex matrix mathematics, the system uses
a practical twepoint calibration approach providing rellabconversion with minimal computational

overhead.

Reference coordinates use building corner landmarks clearly identifiable in both 3D geometry and 2D
plans. The bottornight corner at (2300, 1640) and ttgdt corner at {2300,-1530) provide stable

calibration anchors consistent across different floezlke
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Figure30. Top-Left TargetPoint
Blueprint Implementation:

The transformation process operates through Blueprint calculations converting player location data into
mini-map positioning. Specific calibration values derive from the reference point system: 4600.0 and
3170.0 represent coordinate ranges, while 465.0846d provide positioning adjustments for mini

map scaling. These values were refined through iterative testing to ensure optimal accuracy across the

building footprint.

€ Event Tick

4650] pgq pin ®

31700 pdd pin @ 50 pdd pin @

(157 5] Add pin ®

Figure31. PlayerPosition Calculation
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Linear interpolation between reference points enables accurate conversion for any position within
building boundaries. This approach provides reliable spatial mapping without complex trigonometric

calculations that would increase system requirements.

Figure32. Playerlcon onMini-Map

Multi-Floor Strategy:

The transformation system maintains consistency across all levels by using identical parameters for
horizontal positioning. Vertical floor detection operates independently throwgli@inate thresholds,

allowing accurate floor determination while mainiag consistent XY transformations.

All floor plan images maintain uniform scaling, eliminating the need for fipercific transformation
parameters. This standardization ensures that player icon positioning remains accurate during floor

transitions without recalibration.

Floor level Detection

Figure33. Floor Level DetectioiNodes
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Technical Challenge

A significant implementation challenge involved managing Unreal Engine's coordinate system
conventions and widget anchor positioning requirements. The initial implementation required
adjustment of Yaxis values due to coordinate system differences betweell space and Ul

positioning systems, with negative coordinate handling requiring specific consideration for accurate

positioning.

Floor plan image standardization represented another critical technical requirement. Ensuring uniform
floor plan dimensions and scaling across all building levels prevented transformation parameter
variations that would compromise positioning accuracyngufioor transitions. This standardization

process involved careful image preparation and import configuration to maintain consistent spatial

relationships.

The system design deliberately accommodates player positioning outside building boundaries without
generating errors or system failures. This approach recognizes that facility management applications
may require exterior building access, and the coordinatsformation system maintains functionality

even when players move beyond the primary building footprint, ensuring robust operation across diverse

usage scenarios.
Validation and Performance Metrics:

The coordinate transformation system achievesnseter positioning accuracy through its calibrated
reference point methodology. Testing validation involves teleportation accuracy assessment at known
reference points, with measured deviations confirmistesy reliability across different building areas

and floor levels.

System performance remains optimal due to the simplified mathematical approach, requiring minimal
computational resources for rgathe coordinate conversion. The tyoint calibration system provides
sufficient accuracy for facility management applicasiomhile maintaining responsive performance

during continuous player tracking and position updates.
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4.4 loT and Weather Data Integration

The integration of redime environmental sensor data transforms the static BIM model into a living
digital twin reflecting current building conditions. The system leverages the HOBGDR cloud
platform for indoor environmental measurements while inm@ing OpenWeather API for external
weather data. This duaburce approach enables facility managers to compare indoor conditions against

outdoor patterns for informed decisiaraking.

Figure34. IoT and WeatheDataWidget

4.4.1 HOBO LI -COR API Implementation
Authentication Architecture

The LIFCOR API integration employs OAuth 2.0 Bearer token authentication for secure data access.
The C++ implementation provides robust error handling and efficient memory management for API
communications. The static token configuration eliminates todesh complexity while maintaining
security through HTTPS encryption.

Authentication headers follow standard OAuth conventions with Bearer token authorization and JSON
content type specification. The token is stored in Unreal Engine variables, providing secure access
without exposing credentials in source code.
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HttpRequest->SetURL(URL);
HttpRequest->SetVerb("GET");

HttpRequest->SetHeader("Content-Type", "application/json");
HttpRequest->SetHeader("Authorization", FString::Printf(TEXT("Bear

Figure35. API Structure in C++

API Endpoint Structure

The LI-COR API provides RESTful endpoints for retrieving sensor data througkbtised queries.
The base URL connects to the cloud service, while data endpoints specify logger IDs and time windows
for precise data retrieval periods. This structure allguarying specific sensors within defined time

ranges, optimizing data transfer and processing efficiency.

Base URL: https://api.licor.cloud/vl/

Data Endpoint: data?loggers={logger_id}&start_date_time={start}&end_date_time={end}
C++ Implementation Architecture

The API integration uses C++ to leverage Unreal Engine's native HTTP module capabilities. The
implementation creates custom data structures encapsulating sensor readings, timestamps, and metadata,

then exposes these to Blueprint for visual scripting iatémn

FString SensorType = SensorObj—>GetStringField(TEXT asurement_type"));
Value = SensorObj->GetNumberField(TEXT("valu
g Timestamp = SensorObj->GetStringField(TEXT("timestamp

if (Timestamp > LatestTimestamp)
{
{

LatestTimestamp = Timestamp;
}
}

if (SensorType == TEXT("Temperature"))
{

SensorData. Temperature = = >(Value);
SensorData.HasTemperature =
UE_LOG(LogTemp, Warning, TEXT(" T!—mpnl ature: %.2f°C"), Value);
}
}
else if (SensorType == TEXT("RH"))
{
{
SensorData.Humidity = < >(Value);
SensorData.HasHumidity =
UE_LOG(LogTemp, Warning, TE(T(”Hlunl ity: % , Value);
3
}
else if (SensorType == TEXT("C02"))
q
{
SensorData.C02 = < =(Value);
SensorData.HasC02 = B
UE_LOG(LogTemp, Warning, TEXT("CO2: %.2f ppm"), Value);
}
}

SensorData.LastUpdate = LatestTimestamp;
SensorData.HasData = (SensorData.HasTemperature || SensorData.HasHumidity || SensorData.HasC02)]

UE_LOG(LogTemp, Warning, TEXT("Pa ta - T-=m| %s, Humidity: %s, CO2: %s"),
SensorData.HasTemperature C
SensorData.HasHumidity 7
SensorData.HasC02 ? TEXT

return SensorData;

Figure36. C++ Code Sample
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The C++ approach provides several advantages over pure Blueprint solutions. Error handling uses try
catch blocks for network failures. JSON parsing utilizes Unreal's-ibuiltilities for efficiency.
Memory-optimized structures store sensor readings withedundancy. Threaghfe asynchronous

requests prevent Ul blocking during API calls.

HTTP requests initiate through Unreal Engine's FHttpModule, with responses processed
asynchronously to maintain application responsiveness. Upon successful retrieval, the JSON response

parses into structured formats that Blueprint nodes can easily consume.
4.4.2 Sensor Data Processing and Structure

JSON Response Processing

The LI-COR API returns structured JSON containing metadata and measurement values. Each response
includes multiple data points per sensor, with fields for values, units, measurement types, and sensor
serial numbers. The parsing system extracts relevamdsfiefocusing on value, unit, and
sensor_measurement_type properties.

"timestamp”:
"data_type":

"data_type_id"
"value":

"uni
"sensor_me "Te

Figure37. APl JSON Response

Sensor serial numbers differentiate between multiple sensors connected to the same logger. This enables

proper attribution of measurements to specific environmental parameters within the same room or zone.
Data Structure Conversion

The C++ parsing logic converts the JSON response into an Unreal Exognpatible data structure that

Blueprint can process. This custom structure, defined as FSensorData, contains:

1 Temperature (float): Ambient temperature in Celsius

1 Humidity (float): Relative humidity as percentage
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CO2 (float): Carbon dioxide concentration in parts per million
HasTemperature (bool): Indicates valid temperature data availability

HasHumidity (bool): Indicates valid humidity data availability
HasCO2 (bool): Indicates valid CO2 data availability

= =4 -4 -4 -

LastUpdate (FDateTime): Timestamp of the most recent successful data retrieval

=’ Break Sensor Data

Sensor Data Temperature @
Humidity @
co2 @

Has Temperature

Has Humidity

Has CO2

Has Data

Last Update

Figure38. LI-COR APISensorDataStructure

Boolean flags enable graceful handling of partial sensor failures. Individual measurements might be
unavailable while others continue functioning, allowing the system to display available data without

errors
On-Demand Data Retrieval

The system implements an-demand data retrieval pattern triggered when users interadheitbom
collision box by walking inside the roanfihis approach optimizes APl usage and reduces unnecessary
network traffic compared to continuous polling strategies. When avadies inside a roornthe system:

1 Checks if the room has associated sensor configurations

1 Constructs an API query with appropriate logger IDs and time windows
1 Initiates the asynchronous HTTP request
1

Processes the response and updates the Ul accordingly

This pattern ensures current data when viewed while avoiding computational and network overhead of

maintaining reatime connections for all sensors simultaneously.
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4.4.3 Blueprint Integration and Data Flow
System Architecture Overview

The 10T integration employs a thréier Blueprint architecture. BP_BasePawn serves as the main player
controller, BP_loTManager handles API orchestration, and BP_RoomDetectionManager provides
spatial awareness. This layered approach separates concdensaihiaining clear data flow paths

BP_BasePawn: Central Layer

The BP_BasePawn serves as the central hub that coordinates all system components. At initialization

(Event BeginPlay), it performs several critical setup operations:

1. Component Discovery: Uses "Get All Actors Of Class" to find all BP_RoomDetectionManager
instances in the level

2. Event Binding: Connects to room detection events (PlayerEnteredRoom and
PlayerExitedRoom) using "Bind Event to On Actor Begin/End Overlap"

3. loT Manager Reference: Stores a reference to the BP_loTManager component for API

operations

This initialization pattern ensures that all room detection zones are automatically registered without

manual configuration, supporting scalable level design where detection zones can be added or removed

without code changes.

Figure39. BasePawn Blueprint
Room Entry Workflow
When a player enters a room detection zarfeje-phase sequence executes
Phase 1: Room Detection (BP_RoomDetectionManager)

I The collision system triggers HandleRoomEntered
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9 Validates the overlapped actor is a BP_RoomDetectionZone

I Extracts S_Roominfo data and broadcasts "On Room Entered" event
Phase 2: Event Propagation (BP_BasePawn)

1 Receives the PlayerEnteredRoom event with room data payload
1 Breaks the S_Roominfo structure to extract Room Name and Room ID

1 Initiates two parallel processes: API data retrieval and widget updates
Phase 3: API (BP_loTManager)

1 StartRoomDataUpdates receives the Room ID

1 Looks up the corresponding logger ID in RoomLoggerMap

1 Generates timestamped APl URL using the Generate APIURL function
T Initiates HTTP request with authentication token

Phase 4: Data Processing (BP_BasePawn)

1 The OnSensorDataReceived event fires when the API returns data

1 Break Sensor Data node decomposes the structured response

9 Stores values in local variables (LatestTemperature, LatestHumidity, LatestCO2)

1 Sets HasSensorData flag to indicate valid data availability

Phase 5Widget Updates format data for display, check availability flags, and update Ul elements

accordingly.
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Player Movement

Player Enters/Exits
Detection Zone?

Enters Exits
BP_RoomDetectionManager BP_RoomDetectionManager
Detects Room Entry Detects Room Exit

Broadrcasts Room Event BP_BasePawn
with S_RoomInfa Stops IoT Updates

l l

BP_BasePawn
Receives Room Event and
Extracts Room ID

Starts IoT Lipdates Widget Centent Cleared

BEP_IoTManager
Looks up Logger ID

!

Generates API LIRL
with Timestamp

l

Makes HTTP Request &
Returns Sensor Data

}

BP_BasePawn
Receives Sensor Data

Widget Updated

Figure40. loT Workflow Diagram

BP_IoTManager
Clears Timer

The widget update sequence demonstrates sophisticated Ul state management:

1. Data Formatting:
1 Temperature and humidity values are rounded for display
1 CO2 values are appended with "ppm" units

1 Missing data triggers "Non" display strings
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2. Conditional Display Logic:
1 Multiple Branch nodes check data availability flags
1 Each sensor type has independent display logic
1 Text formatting uses To Text nodes with appropriate conversions

3. Widget Access Pattern:
1 "Get All Widgets Of Class" retrieves active 0T widgets
1 Direct property access updates InTemp, InHumidindInCO2 variables

1 Widget automatically reflects updated values through binding
Room Exit Workflow
The exit workflow ensures clean state transitions:

Detection Phase: HandleRoomExited validates the exited zone matches the CurrentRoomZone
API Shutdown: Calls StopRoomUpdates on BP_loTManager to halt polling

State Reset: Clears roamlated variables and flags

P w N PRE

Widget Cleanup: Updates display to show exit status

Figure41l HandleRoomExited Function
Data Flow Optimization
The implementation demonstrates several optimization strategies:

1. Lazy Widget Updates: The system only updates widgets when they exist, preventing null

referenceerrorset Al |l Wi dgets Of Class - Check i f ar
exist

2. Selective API CallsRoom ID validation ensures API calls only occur for semspipped
roomsRoom I D - Find in RoomLogger Map - Valid re

3. State Management: Boolean flags (IsUpdatingData, HasSensorData) prevent redundant

operations and provide clear system state visibility.
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EventDriven Communication Architecture

The Blueprint communication pattern follows Unreal Engine best practices:

1.

Custom Events: Clearly named events (OnSensorDataReceived, PlayerEnteredRoom) provide
selfdocumenting interfaces

Event Delegates: Red event pins indicate asynchronous operations that won't block gameplay
Parameter Passing: Complex data structures (S_Roominfo, Sensor Data) pass through events,
maintaining data integrity

Widget Integration Pattern

The widget update mechanism in BP_BasePawn reveals a direct property manipulation approach:

A\

Widget Discovery: "Get All Widgets Of Class" with 10T class filter
Array Handling: GET node with index 0 assumaesingle widget instance
Direct Property Access: SET nodes directly modify widget variables

Type Conversion: To Text nodemnsure proper string formatting

This direct manipulation approach provides immediate updates without complex binding systems,

suitable for singlenstance widgets in facility management contexts.

Error Resilience in Blueprint

The Blueprint implementation includes multiple resilience patterns:

P 0N PR

Null Checks: Branch nodes verify data existence before processing
Default Values: "Non" strings provide clear feedback for missing data
State Flags: HasSensorData prevents display of stale information

Array BoundsThe Top Level Only checkbox prevents recursive widget searches

Performance Considerations

The Blueprint visual scripting approach, while less performant than C++, provides adequate speed for

facility management applications:

1
1
1
1

Eventdriven architecture prevents continuous polling
Conditional branches minimize unnecessary processing
Direct widget updates avoid complex binding overhead

Singleframe operations complete within 16ms budget
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4.4.4 OpenWeather API Integration for Environmental Context
API Configuration and Authentication

The OpenWeather integration utilizes the free tier Current Weather Data API foinmrealeather
information. The API key stores as a Blueprint variable, maintaining security through feegct
access controls. The endpoint uses Ljubljana's coordiged15, 14.495) for accurate local weather
data.

API call

https://api.openweathermap.org/data/2.5/weather?lat=

&lon= &appid=

Figure42. OpenWeather API Call Structure
VaRest Plugin Implementation

Unlike the HOBO API integration which uses C++ for robust error handling, the OpenWeather
implementation leverages the VaRest plugin for Unreal Engine. This Blubpset approach provides
visual scripting capabilities for HTTP requests and JSON parsiaking the weather integration more

accessible for modification by team members without C++ expertise.
The VaRest implementation follows a structured Rbdsed workflow:

1. HTTP Request Construction: The Call URL node initiates the API request with GET verb
configuration
Response Handling: Upasuccessful response, the system triggers the callback event
JSON Parsing: Sequential nodes extract nested weather data from the response structure

Data Storage: Parsed values are stored in Blueprint variables for Ul display

This visual approach provides clear data flow visibility during debugging and allows rapid iteration
during development, though it trades some performance efficiency compared to the C++ implementation

used for sensor data.
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Figure43. OpenWeatheNodes

Actor-Based Architecture

The OpenWeather integration utilizes the free tier Current Weather Data API féintealeather
information. The API key stores as a Blueprint variable, maintaining security through feegct
access controls. The endpoint uses Ljubljana's coordifge€#5, 14.495) for accurate local weather

data.
JSON Response Processing

The OpenWeather API returns comprehensive meteorological data. The VaRest parsing sequence
extracts temperature, humidity, weather conditions, and wind speed from nested JSON objects. Each

extraction includes null checking to prevent parsing errors whigonapfields are absent.

Figure44. OpenWeather JSON Response
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The parsing logic uses VaRest's specialized nodes:

Get Response Object: Retrieves the root JSON object
Get Object Field: Accesses nested objects like "main" and "wind"
Get Number Field: Extracts numerical values for temperature and humidity

Get String Field: Retrieves text descriptions for weather conditions

= =4 -4 -4 -

Get Array Field: Handles the weather array for condition descriptions

Wind speed converts from meters per second to kilometers per hour (multiplication by 3.6) for user
familiarity. Temperature displays with two decimal places, humidity as integer percentage, and weather

conditions as capitalized text descriptions.

The current implementation retrieves weather data once at startup, balancing APl usage limits with
practical needs. Outdoor weather changes more slowly than indoor conditions, making frequent updates
unnecessary for typical facility management sessiormiuetion deployments might implement-10

minute update intervals for extended sessions.

The current implementation retrieves weather data once at startup, balancing API usage limits with
practical needs. Outdoor weather changes more slowly than indoor conditions, making frequent updates
unnecessary for typical facility management sessiormiuetion deployments might implement-10

minute update intervals for extended sessions.
Error Handling and Resilience

The VaRest implementation includes error handling through the request failure callback path. When

API calls fail due to network issues or service unavailability, the system:

Logs the error for debugging purposes
Displays "N/A" in weather fields to indicate unavailable data

Continues normal operation with indoor sensors unaffected

W N PR

Retains the last successful weather data in variables

This resilience ensures that outdoor weather unavailability doesn't compromise the core facility

management functionality focused on indoor conditions.
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4.4.5 User Interface Integration
Widget Display Architecture

The sensor data visualization occupies a dedicated panel in thelefpperner of the screen, designed
for quick reference during facility navigation. The IoT widget maintains a consistent position across
both desktop and VR modes, though scaling adljeists ensure readability in immersive environments.

The weather data shares the same IoT widget panel as indoor sensor information, creating a unified
environmental dashboard. The widget employs adalamn layout that visually distinguishes between
indoor and outdoor conditions:

Left Column- Indoor Sensors:

Temperature (from HOBO sensors)
Humidity (from HOBO sensors)

1
1
1 CO2 Levels (from HOBO sensors)
1 Occupancy statuguture deployment)
Right Column- Outdoor Weather:

Current temperature with weather icon

1

1 Weather condition description

1 Wind speed and direction indicator
1

Outdoor humidity percentage

This sideby-side presentation enables immediate comparison between indoor and outdoor conditions,
supporting decisions about natural ventilation opportunities, HVAC scheduling, and energy

optimization strategies.

@ Ljubljana
Indoor Sensors Outdoor Weather
1 Temperature
S
. g;;:ldity Clouds
CO, Levels n Temperature
556.0 ppm 18.56 °C
8 Occupancy =3 Wind
0.89 k/h
& Humidity

95%

Figure34. 10T and WeatheDataWidget
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Display Formatting Logic

The text formatting system in the Blueprint converts raw numerical values intériaselly displays.
Temperature values are rounded to one decimal place for precision without overwhelming detail.
Humidity percentages are displayed as integers, as depmakion is not meaningful for relative
humidity in facility management contexts. CO2 levels are shown as integers with automatic thousand

separator formatting for values above 999 ppm.

The system implements intelligent fallback displays when sensor data is unavailable. Rather than
showing error messages or leaving fields blank, the interface displays "Non" for missing values,
maintaining visual consistency while clearly indicating datavailability.

Widget Data Binding

The CreateloTWidget function manages the data flow from stored variables to Ul elements. The
function receives both indoor sensor data and outdoor weather data as parameters, centralizing the

display logic:

OutTemp: Bound to outdoor temperature text field

1

1 OutCondition: Updates weather description label

1 OutHumidity: Displays external humidity percentage
1

OutWind: Shows formatted wind speed

The binding system uses Blueprint's SET nodes to update text elements, maintaining consistency with
the indoor sensor display approach while ensuring synchronized updates across all environmental

parameters.
For indoor sensors, the binding follows a similar pattern:

1 InTemp: Updates with HOBO temperature data
1 InHumidity: Displays HOBO humidity readings
1 InCO2: Shows HOBO CO2 measurements with ppm units

Each sensor reading is displayed with its corresponding icon and unit notation, following established
facility management interface conventions. Temperature appears with the degree symbol (°C), humidity

as a percentage (%), and CO2 levels with the ppngaizson.
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RealTime Update Mechanism

While the current implementation usesaemand data retrieval, the architecture supports future real
time updates through the established event system. The OnSensorDataReceived event can be triggered
by timers,or user actions, demonstrating the system's extensibility for various update patterns.

The unified dashboard approach ensures that facility managers have comprehensive environmental
awareness at a glance, with both internal conditions and external weather factors visible simultaneously.
This holistic view enables dathiven decisiormaking that considers all environmental variables
affecting building performance and occupant comfort.

Integration with Navigation System

The sensor data display integrates seamlessly with the room navigation workflow. When users select
rooms through the fubcreen map interface, sensor data requests are initiated in parallel with the room
information display update. This parallel procegsiansures that environmental data appears

simultaneously with room details, creating a cohesive information presentation.

The integration leverages the existing S _Roominfo structure's sensor availability flags
(HasTemperatureSensor, HasHumiditySensor, HasCO2Sensor) to determine which API gqueries to
initiate. Rooms without configured sensors skip API calls entirely, optim&matem performance for

mixed sensor deployment scenarios.

This tight integration between navigation and sensor systems demonstrates the holistic approach to
digital twin implementation, where building geometry, navigation interfaces, antimeatlata form a

unified facility management platform.
4.5  Virtual Reality Integration
45.1 VR System Architecture

The VR implementation extends the digital twin into immersive environments while maintaining full
functionality from the desktop version. The system utilizes Meta Quest 2 hardware connected via PC
Link cable to an ASUS ROG Strix laptop featuring an RTXQ107Tobile GPU, Intel i9013980HX
processor, and 40GB DDR5 RAM. This configuration leverages desktop processing power while

providing tetherless head movement through the Quest 2's-msideacking.

The VR architecture builds upon Unreal Engine's VR template, inheriting established motion controller

configurations and interaction systems. The VR Pawn inherits from BP_BasePawn, ensuring all sensor
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data retrieval and room detection capabilities remain functional in immersive mode. This inheritance

pattern maintains code reusability while extending functionality for spatial interaction.
4.5.2 Rendering Pipeline Optimization

Initial VR testing revealed significant performance bottlenecks. Frame rates dropped@3d-B% in
complex building areas, below the 90 FPS minimum required for comfortable VR experiences. The

optimization process systematically addressed renderingcieeffies through multiple strategies.

Ray Tracing Elimination: Complete deactivation of hardware ray tracing removed unnecessary GPU

overhead for architectural visualization tdaes notequire photorealistic reflections.

Anti-Aliasing Optimization: Reducing from 4x MSAA to 2x MSAMalanced visual quality with
performance, as VR displays' lower resolution makes aggressivaianiing less critical than on high

resolution monitors.

Forward Rendering Pipeline: Switching from deferred to forward shading better suits VR'gievulti
rendering requirements, reducing memdmgndwidth and improving performance for transparent

materials common in architectural visualization.
VR-Specific Optimizations:

Rendering Method: Forward Shading
Mobile Multi-View: Enabled
Fixed Foveated Rendering: Medium

Instance Stereo: Enabled

= =4 -4 - A

Round Robin Occlusion: Enabled

These optimizations elevated performance to a consisteilP@@PS range. This exceeds target

specifications and provides comfortable headroom for complex visualization tasks.
4.5.3 3D Widget Implementation

The transition from 2D screespace interfaces to VBompatible 3D widgets requireaifundamental
reimplementation of the Ul system. The existing loT and -miap widgets were converted to Widget
Components attached to the VR Pawn, transforming them from canvas overlays to spatial objects within

the virtual environment.
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Figure46. 3D Widget Settings

Widget Positioning System

The Blueprint implementation reveals sophisticated spatial positioning logic that maintains optimal

viewing angles regardless of head movement. The system positions widgets at:

i Forward Distance: 200 units (2 meters) from the camera
9 Lateral Offset: 200 units to theft for 10T display
9 Vertical Placement: 200 units the top
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The VR loT Display positioning uses World Location calculations relative to the camera component,

ensuring consistent placement as users move through the environment.

ation
»
Sweep Hit Result
7 Set World Rotation
» »

UpdateHand
Figure47. Widget Positioning Code

Dynamic LookAt Behavior
The Event Tick implementation includes a "leaK rotation system that maintains widget readability:

Get Camera World Location

Get Foward Vector

Find Look at Rotatiomodebetweerthe Forward VectomandtheWorld Location of theeamera
Apply rotation with-5.0,-15.0 degree offsets

a k~ w0 Dnh e

Set World Rotation on Scene Component

This continuous rotation adjustment ensures widgets remain perpendicular to the user's view direction,
preventing oblique angles that would compromise text readability-5'had-15 degree offsets fine
tune the viewing angle for optimal comfort basedygical VR head positions.

HeadMounted Display Detection

The system includes intelligent platform detection through the "Is Head Mounted Display Enabled"
node, allowing automatic switching between desktop and VR widget configurations. When HMD is

detected:

1 Desktop widgets are hidden
1 VR Widget Components activate
1 Scaling adjusts to 0.15 factor for appropriate VR sizing

-IE Branch

» True |

[ F Is Head Mounted Display Enabled

Return Value
Condition False >

Figure48. VR Mode Detection Node
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4.5.4 Mini-Map VR Integration

The minimap successfully transitions to VR as a secondary Widget Component positioned in the lower
left field of view. The implementation maintains all existing functionality, includiegttime player

position trackingand clickto-openfull-screen map functionality
The VR Mini Map Component uses identical positioning logic but with adjusted coordinates:

T X: 200 units forward
T Y: 200 units (left side)
1 Z: 200 units (below center)

This positioning places the miniap in the user's peripheral vision, accessible with a slight head turn

without obstructing the primary view.
455 VR Performance Validation

The optimized VR implementation achieves performance metrics exceeding industry standards for
comfortable experiences. Frame rate measurements show 105 FPS average performance, 90 FPS
minimum in complex scenes, 120 FPS maximum in simple rooms, and fraeshietween 8:31.1

milliseconds.

These metrics confirm the system maintains responsiveness required for professional VR applications.
The performance headroom allows for future feature additions without compromising user comfort.
Consistent frame rates above 90 FPS eliminate motion sigkrisks associated with unstable

performance.

Memory utilization remains stable during extended sessions. Widget components consume minimal
GPU resources compared to 3D geometry. Texture streaming for floor plans operates efficiently within

VR memory constraints. The eveihiven architecture preventsemory leaks from accumulated data.

CPU utilization balances between rendering and logic processing. Blueprint execution remains within
frame time budgets. Asynchronous API calls prevent frame drops during data retrieval. The optimization

successfully distributes computational load acrosdale cores.

The VR implementation validates that complex facility management interfaces can transition to
immersive environments without sacrificing functionality. All navigation modes, sensor data displays,
and interaction mechanisms operate identically to deskispows. Users can switch between platforms

based on task requirements rather than feature availability.
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This successful VR adaptation addresses the research objective of creatingadaltinterfaces for
facility management. The implementation demonstrates that game engine technology provides sufficient
performance and flexibility for professional VR appliions. The unified codebase approach ensures
that improvements to either platform benefit both, reducing development overhead while maximizing

functionality.
4.6 Performance Validation and Optimization
4.6.1 Performance Metrics Collection

Performance validation utilized Unreal Engine's bmilprofiling tools to measure system efficiency
across different operational scenarios. The primary metric collection employed the "stat fps" command,
revealing consistent 120 FPS performance in desktme across all implemented features. This frame
rate represents the maximum refresh capabilitgno$tstandard displays, indicating that the system
operates without performance bottlenecks under normal conditions.

The 120 FPS desktop performance provides substantial overhead for system operations, ensuring:

Immediate Ul response to user inputs

1
1 Smooth minimap position updates during navigation
1 Seamless transitions between floor levels

1

Realtime widget updates without frame drops
4.6.2 Component Performance Impact

The multiwidget system demonstrates efficient resource utilization with three simultaneously active Ul

components:
loT/Weather Widget (Toheft):

1 Minimal performance impact due to-giemand data updates
1 Textonly display requires negligible GPU resources

1 Asynchronous API calls prevent frame blocking
Mini-Map Widget (BottomCenter):

1 Continuous position tracking via Event Tick
1 Optimized through viewpontelative positioning

I Texturebased floor plans minimize draw calls
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Full-Screen Map (Modal):

1 Activated only on demand, replacing other widgets
1 Singleinstance design prevents memory accumulation

1 Efficient room button management through visibility toggling

The spatial separation of widgets prevents overlapping draw calls and ensures each component renders
independently without interference. The bottoemter minimap positioning leaves the primary
viewport unobstructed while maintaining peripheral visibility

4.6.3 BIM Model Optimization Results

The Datasmith import optimization, removing higblygon landscape elements, significantly improved
rendering performance. The architectural geometry, consisting primarily of planar surfaces and simple
volumes, renders efficiently without dynamic occlusioiing.

Performance characteristics of the optimized model:

Consistent draw call count across all building levels
Minimal overdraw from architectural elements

Efficient material batching through Datasmith preservation
4.6.4 System Scalability Analysis
The current performance metrics suggest substantial capacity for system expansion:
Available Overhead:

1 Desktop: Operating at display maximum (120 FPS) indicates unused computational capacity
1 VR: 90120 FPS range provides 30+ FPS buffer above minimum requirements

1 Memory: Efficient Blueprint architecture prevents memory leaks
Scalability Opportunities:

Additional rooms can be added without performance impact duedemmand loading
More sensor types can be integrated using the existing-dxigah architecture

Multiple building support possible through level streaming
4.6.5 Network Performance Optimization

The API integration demonstrates efficient network resource utilization:
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LI-COR API Performance:

On-demand queries only when entering serespripped rooms
30-minutequery window minimizes response payload size

1
1
1 Single API call per room entry prevents request accumulation
1 Asynchronous processing maintains Ul responsiveness
OpenWeather API Performance:

1 Single startup query minimizes API usage

1 Cached weather data eliminates redundant requests

1 Lightweight JSON response (<1KB) ensures rapid parsing
1

Fallback handling prevents system stalls on API failure
4.7 Implementation Challenges and Solutions
4.7.1 Technical Challenges Overcome

The implementation process encountered several significant technical challenges requiring innovative

solutions:
IFC Model Compatibility:

1 ChallengeDatasmith importindFC format limitations resulted in missing room entities
1 Solution: Developed a coordinab@ased room definition system using invisible collision zones

1 Result: Flexible room detection independent of BIM model completeness
Widget Interaction Reliability:

1 Challenge: Unreal Engine 5.5 Image widget mouse events proved inconsistent
9 Solution: Implemented invisible button overlays matching room boundaries

1 Impact: 100% reliable click detection while maintaining visual design
2D-3D Coordinate Mapping:

1 Challenge: Transforming floor plan pixel coordinates to 3D world positions
1 Solution: Manual calibration system using reference points

1 Achievement: Sulmmeter accuracy
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VR Performance Optimization:

Challenge: Initial 65/3 FPS fell below VR comfort threshold
Solution: Systematic rendering pipeline optimization

Result: Achieved 9020 FPS, exceeding requirements
4.7.2 Integration Challenges Resolved
Multi-Source Data Synchronization:

1 Challenge: Coordinating HOBO sensors, OpenWeather, and BIM geometry
1 Solution: Evendriven architecture with centralized BP_BasePawn orchestration

1 Benefit: Clean data flow without tight coupling
DesktopVR Mode Switching:

Challenge: Preventing desktop widgets from appearing in VR
Solution: HMD detection with conditional widget instantiation

Outcome: Seamless platform transitions without manual configuration

4.7.3 Unresolved Challenges and Future Work
BCF (BIM Collaboration Format) Integration:

While the current implementation successfully demonstrates-tBléigital twin workflows, BCF

integration remains incomplete. This functionality would enable:

1 Issue tracking within the 3D environment

1 Collaborative markup and annotation

1 Integration with external BIM coordination platforms
1

Standardized communication between stakeholders

The BCF implementation represents a planned enhancement scheduled for future development cycles,

as the current system architecture provides the necessary foundation for this extension.
4.7.4 Lessons Learned

The implementation process revealed valuable insights fortBiyame engine workflows:

1. Flexibility Over PerfectionAccepting imperfect BIM data and developing workarounds proved

more practical than requiring perfect models. Reailld BIM models contain inconsistencies,



69

Bani Mustafa, M. M. K. 2025., From BIM to Interactive Digital Twin: A Workflow for Integrating Virtual and Physical
Environments
Ljubljana, UL FGG, Second Cycle Master Study Program Building Information ModellBilyl A+

4.7.5

missing data, and format variations. Building systems that adapt to imperfect inputs ensures
broader applicability than those requiring ideal conditions.

EventDriven Architecture:Loose coupling through events enabled independent component
development and testing. Team members could work on separate features without blocking
others. Integration became a matter of connecting events rather than refactoring tightly coupled
code. This pttern significantly reduced debugging complexity.

Performancd-irst Design: Early optimization, particularly for VR, prevents costly refactoring
Incremental Validation:Testing each component in isolation before integration reduced
debugging complexity significantly. Issues identified early required minimal fixes compared to
problems discovered after integration. The modular architecture facilitated this incremental
apprach.

PlatformAgnostic DesignDeveloping for both desktop and VR from the start ensured broader
accessibility. Features designed for single platforms often required significant rework fer multi
platform support. The unified approach reduced development time while maximizing
deploymenbptions.

Implementation Best Practices Established

The project established several reusable patterns for future digital twin implementations:

Modular Blueprint Architecture:

1
1
1

Separate concerns across specialized Blueprints
Use events for inteBlueprint communication

Maintain single responsibility per component

Hybrid API Integration:

1
1
1

C++ for performanceritical operations
Blueprints for visual logic and rapid iteration

Mixed approach balances efficiency with accessibility

Progressive Complexity:

1
1
1

Start with basic navigation (mimnap)
Add detailed interaction (fulcreen map)

Integrate advanced features (IoT, VR) incrementally
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These patterns provide a framework for extending the system and developing similar digital twin

applications in facility management contexts.
4.8 Chapter Summary

This implementation successfully demonstrates the transformation of static BIM models into interactive
digital twins for facility management. The system achieves all primary research objectives while

establishing practical solutions to common integratiwailenges.

The multitier navigation system seamlessly connects 2D floor plans with 3D exploration through mini
map overview, fullscreen detailed interaction, and immersive VR exploratiortn$etier teleportation
accuracy validates the coordinate transformation agmbr. Reatime loT integration provides

immediate environmental awareness within spatial context.

Performance metrics exceed all target specifications. Desktop operation at 120 FPS and-¥R0at 90
FPS confirm game engine viability for professional applications. The efficient architecture scales to
support additional buildings, rooms, and sensors withasndamental restructuring.

Technical challenges encountered during implementation yielded innovative solutions applicable to
future projects. The coordinabmsed room detection bypasses BIM completeness requirements.
Invisible button overlays ensure reliable interaction despitmetigitations. Eventriven architecture

enables flexible component integration without tight coupling.

While BCF integration and comprehensive building coverage remain for future development, the current
implementation validates the research hypothesis. Game engines provide viable platforms for
professional facility management applications. The convergehdgIM, loT, and game engine
technologies has reached sufficient maturity for practical deployment.

The established patterns, documented challenges, and validated solutions contribute practical
knowledge to the digital twin research domain. This implementation demonstrates that sophisticated
facility management systems can be developed using accessilslenbaking digital twin technology

available to organizations previously excluded by cost or complexity barriers.



71
Bani Mustafa, M. M. K. 2025., From BIM to Interactive Digital Twin: A Workflow for Integrating Virtual and Physical
Environments
Ljubljana, UL FGG, Second Cycle Master Study Program Building Information ModellBilyl A+

5 DISCUSSION, CONCLUSION, AND FUTURE WORK

5.1 Achievement of Research Obijectives

The implementation successfully addresses all primary research objectives established at the project's
inception. The development of a functional BtMdigital twin workflow demonstrates that game
engines, specifically Unreal Engine 5.5, can effectivelyves as platforms for facility management
applications. The system's ability to maintain 120 FPS in desktop mode drad $PS in VR while

processing reaime sensor data validates the technical feasibility of this approach.

The seamless integration between 2D floor plans and 3D exploration addresses a critical gap identified
in the literature review. Traditional facility management tools force users to choose between spatial
overview and detailed inspection, but the impleradrdystem provides both through its progressive

navigation hierarchy.
5.2 Comparison with Existing Solutions

Unlike existing commercial platforms that require proprietary formats or specialized viewers, this
implementation leverages open standards (IFC) and widely available game engine technology. While
platforms like Autodesk Tandem or Bentley iTwin offer sopibiged features, they require significant
investment and lock users into specific ecosystems. The Unreal Engine approach provides comparable

functionality using free, opesource tools accessible to academic institutions and smaller organizations.

The system's VR capabilities exceed many commercial offerings that treat immersive visualization as a
separate application. By maintaining feature parity between desktop and VR modes, the implementation
demonstrates that muithodal interfacesi o nneddto sacrifice functionality for immersion. This

contrasts with existing solutionshere VR modes often provide limited interaction capabilities.

5.3 Contributions

Practical Contributions for Facility Management

The implementation demonstrates several measurable advances for facility management practice:

Accessibility Enhancement: Using free game engine technology and open BIM standards reduces
implementation barriers for organizations with limited software budgets. Educational institutions, small
facilities, and developing regions can deploy sophistictdetlity management systems previously

restricted to large corporations with substantial licensing investments.
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Technical Skill: The successful development using primarily Blueprint visual scripting enables facility
managers to customize digital twins without extensive programming expertise. This approach empowers
domain professionals to directly modify system fimuality rather than depending entirely on external

development resources.

Operational Efficiency Improvement: Integrating live sensor data with spatial visualization provides
immediate environmental condition assessment within spatial context. Facility managers can identify
problematic areas, verify HVAC performance, and optareénergy consumption based on 4tiake

data rather than historical reports or assumptions.
Theoretical Contributions to Digital Twin Research

Progressive Interface Complexity Framework: The thieenavigation system (mimap, fulkscreen

map, 3D teleportation) establishes a methodological approach for managing interface complexity in
spatial information systems. This hierarchical navigatioodel provides theoretical foundations
applicable to other domains requiring both overview and detailed analysis, including urban planning and

industrial facility management.

Heterogeneous Data Integration Architecture: The edewén coordination pattern developed for
integrating multiple data sources (BIM, 10T, weather) establishes a reusable theoretical model for digital
twin data management. The loose coupling achieveoudin event broadcasting enables system
extension without fundamental architectural modifications, providing a scalable foundation for future

digital twin research
Academic Research Contributions

Game Engine Validation in AEC Applications: Thissearchprovides empirical evidence that game
engines can serve as viable platforms for professional architectural applications, addressing the

significant research gap in Unreal Engine utilization within facility management contexts.

Performance Benchmarking: Achieving 120 FPS in desktop mode ad@09GPS in VR while
processing redime sensor data establishes performance baselines for game lesggdedigital twins,

contributing quantitative data to academic literature
5.4 Limitations

The implementation achieves its core objectives while revealing several constraints that define the scope

of current functionality:
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System Scalability Considerations: Performance testing demonstrates excellent results with two
operational rooms, yet scaling to facilityide deployment with hundreds of rooms requires architectural
evaluation. The current eslemand data retrieval apprbaeffectively supports humanggered
interactions but may not accommodate continuous automated monitoring scenarios without

modifications to the evestriven architecture.

BIM Model Processing Dependencies: The coordibaised room detection approach, developed to
address IFC standard limitations, necessitates manual configuration for each spatial zone. This solution
provides functional room identification but lacks autoadaboundary extraction capabilities from

complex or imperfect BIM models, limiting deployment efficiency in large facilities.

Data Integration Boundaries: Environmental sensor integration (temperature, humidity, COZ2)
establishes proaff-concept for reatime data visualization, yet the current framework does not
encompass broader facility management data stréaohsding equipment operational status, energy
consumption analytics, or maintenance scheduling systems. Expanding sensor diversity would require

extending both data structures and visualization mechanisms.

Interface Design Validation Gap: User interface decisions apply established UX design principles
without empirical validation through formal user studies. Professional facility managers may require
different information hierarchies, spatial navigationgrais, or data presentation approaches than those

implemented in the current system.

PlatformSpecific Constraints: The Unreal Engine implementation leverages Blueprint visual scripting
for accessibility but may encounter performance limitations in computationally intensive scenarios.
Complex algorithmic operations or largeale data pra&ssing might benefit from hybrid C++/Blueprint

approaches.

Integration Protocol Limitations: While the system successfully demonstrates 10T sensor integration
through REST APIs, it does not address legacy building automation systems that may use proprietary

protocols or require specialized middleware for datasscce

5.5 Broader Implications and Applications

The implementation extends beyond its immediate facility management purpose to offer value across
educational, research, and industry contexts. In educational settings, the system provides a valuable tool
for BIM and facility management programs where stud can explore the relationship between digital
models and physical buildings, understanding howtiead data enhances static geometry. The open
architecture allows educational institutions to modify and extend the system for specific pedagogical

objedives.
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As a research platform, the modular architecture and documented implementation procestenable
investigation of digital twin technologies. Researchers can use the system to study user interaction
patterns, test new visualization techniques, or evaluate the impact of different data integration strategies

on decisioAmaking efficiency.

The research also demonstrates sufficient maturity for test implementation in actual facilities. Small to
mediumsized buildings could adopt the system with minimal customization, providing-adiowntry
point for organizations exploring digital twindenology. The success of such test implementations

could drive broader industry adoption and standardization efforts.

The progressive navigation framework and exdrten architecture patterns developed for facility
management applications demonstrate potential relevance to other spatial information domains. Urban
planning systems, industrial plant management, and cangiggation applications could benefit from

similar interface design approaches and data integration methodologies. Thisamalih applicability
illustrates how targeted academic research can generate practical solutions that simultaneously advance

eduation, enable further research, and provide industry value
5.6 Conclusions

This research aimed to develop a functional BtMligital twin workflow integrating realime sensor
data with immersive visualization for facility management applications. The implementation
successfully achieved all primary objectives by creating deghifavigation system connecting 2D floor

plans with 3D spatial exploration through game engine technology.

The prototype demonstrated highrformance capabilities, maintaining 120 FPS in desktop mode and
90-120 FPS in VR while processing live 10T sensor data from temperature, humidity, and CO2
monitoring systems. The system validated the feasibility of ugiegsource tools for professional
facility management applications, with Blueprint visual scripting enabling-pnogrammer

customization and development.

This work delivers three significant contributions to digital twin research and practice. Technical
contributions include a validated BH-game engine integration workflow preserving geometric
fidelity while achieving reatime performance, and an evairiven architecture pattern for

heterogeneous data integration enabling system extension without fundamental restructuring.

Practical contributions demonstrate that free game engine technology makes sophisticated digital twin
systems accessible to organizations without substantial software budgets, while empowering facility

managers to customize systems through visual scripfithgut extensive programming knowledge.
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Academic contributions address the significant underrepresentation of Unreal Engine in AEC research
literature, provide empirical performance benchmarks for game ebhgseal digital twins, and establish

reusable patterns for progressive interface compléxispatial information systems.

This research confirms that digital twins are no longer experimental: they are ready for practical facility
management deployment. The convergence of BIM, 10T, and game engine technologies has reached
sufficient maturity to transform static building mod@iso living, interactive management platforms

that enhance operational efficiency while remaining accessible to users without specialized technical

training.
5.7 Future Work
5.7.1 Immediate Extensions

BCF Integration: The planned BCF (BIM Collaboration Format) implementation will enable issue
tracking and collaborative markup within the digital twin. This enhancement would allow facility
managers to document problems, assign tasks, and communicatmaiitienance teams directly

through the 3D interface.

360-Degree Photography Integration: Incorporating-88@ree panoramic photographs of actual rooms
would provide photorealistic reference views alongside the 3D model. Users could switch between the
geometric BIM representation and real photographic cagtuemabling visual verification of current
conditions, documentation of equipment placement, and validation of model accuracy against physical
reality. This would be patrticularly valuable for remote facility assessment and historical documentation

of spae modifications.

Expanded Room Coverage: Extending the implementation to all rooms in the building would validate
scalability and might reveal performance bottlenecks requiring optimization. This expansion would also

enable buildingvide analytics and pattern recognition.

Additional Sensor Types: Integrating occupancy sensors, energy meters, and equipment status monitors
would provide comprehensive facility awareness. This would require extending the data structures and

developing new visualization strategies for differéatia types.
5.7.2 Medium-Term Enhancements

AgentBased Modeling and Simulation: Implementing ageaged models would enable simulation of
occupant behavior, movement patterns, and space utilization within the digital twin. Virtual agents could
represent building occupants, maintenance staff, amng, providing insights into circulation flows,

emergency evacuation scenarios, and space efficiency. The simulation could predict congestion points,
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optimize room scheduling, and evaluate the impact of layout changes on occupant comfort and
productivity. Unreal Engine's Al navigation mesh and behavior tree systems provide the necessary

framework for implementing sophisticated agent behaviors.

Machine Learning Integration: Historical sensor data could train predictive models for fault detection,
energy optimization, and maintenance scheduling. The game engine's computational capabilities could

support reatime inference and visualization of gietions.

Multi-Building Support: Extending the system to campuige deployment would require level
streaming, distributed data management, and hierarchical navigation systems. This would demonstrate
true digital twin scalability.

Mobile Platform Deployment: Developing iOS and Android versions would enable facility managers to
access the digital twin during field inspections. The Unreal Engine's-glaiésrm capabilities make
this technically feasible.

5.7.3 Long-Term Research Directions

Augmented Reality Integration: Combining the digital twin with AR devices like HoloLens or Magic
Leap would enable esite visualization of hidden infrastructure and +&ale sensor data overlay on
physical spaces.

Al-Assisted Facility Management: Integrating large language models could enable natural language
queries about building status, automated report generation, and intelligent assistance for facility

management decisions.

Digital Twin Standards Development: The implementation could contribute to standardization efforts
for digital twin interfaces, data formats, and interaction patterns, promoting interoperability across

platforms.

Sustainability Analytics: Extending the system to calculate and visualize carbon footprints, energy
efficiency metrics, and sustainability indicators would support green building certification and

environmental reporting.
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