KEC Journal of Science and Engineering, Vol. 9 Issue 1, April 2025 [

Received Date: 19" December, 2024
Revision Date: 6" January, 2025
Accepted Date: 15" January, 2025

Al in BIM and Digital Twins for Architecture:
Building the Future, Preserving the Past

Rashmi KC Sharma'”, Sweta Shrestha?

!Dept of Architecture, Kathmandu Engineering College, Nepal, Email: rashmikcsharmal @gmail.com
2Assoc. Professor, Dept of Architecture, Kathmandu Engineering College, Nepal, Email: sweta.shrestha@kecktm.edu.np

Abstract— The integration of AI with Building Information
Modeling (BIM) and Digital Twin technology is reshaping
the architectural landscape, bridging the gap between
cutting-edge construction practices and the preservation
of cultural heritage. This article explores how AI-
driven BIM streamlines construction through predictive
maintenance, cost optimization, and real-time project
adjustments, enabling the creation of efficient, resilient,
and sustainable structures. Simultaneously, digital twin
technology, powered by Al, offers new avenues for historic
preservation by producing data-rich, 3D models that allow
for precise monitoring and virtual restoration of heritage
sites. By examining real-world applications in both modern
buildings and historic landmarks, this article demonstrates
how AI’s role in architecture not only advances building
practices but also safeguards architectural history for
future generations.
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Introduction

The architectural landscape is undergoing a profound
transformation driven by advancements in technology.
Among these, Artificial Intelligence (Al) has emerged as a
critical tool in enhancing Building Information Modeling
(BIM) and Digital Twins. BIM facilitates a digital
representation of physical and functional characteristics of
places, while Digital Twins provide real-time simulations
of buildings throughout their lifecycle. This synergy allows
architects to design more efficiently, manage projects
effectively, and preserve historical architecture.

Building Information Modeling:

Building Information Modeling (BIM) is a process that
integrates multi-dimensional digital representations of a
building’s physical and functional characteristics. More than
just 3D modeling, BIM allows architects, engineers, and
contractors to collaborate effectively, sharing data across all
stages of a project—from initial design to demolition.
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Digital Twin:

In the rapidly evolving fields of architecture, engineering,
and construction (AEC), the concept of the Digital Twin has
emerged as a groundbreaking innovation. A Digital Twin
is a dynamic, real-time virtual replica of a physical asset,
system, or environment. It integrates data from various
sources to provide an accurate, interactive representation of
the real world, enabling seamless monitoring, analysis, and
optimization throughout the asset’s lifecycle.

While its roots lie in manufacturing and aerospace industries,
Digital Twin technology has found significant applications
in the built environment. It offers architects, engineers,
and facility managers the ability to visualize a building’s
current performance, predict future behaviour, and enhance
operational efficiency.
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At its core, a Digital Twin is much more than a static model.
It connects the virtual and physical realms through real-
time data integration, IoT (Internet of Things) sensors, and
advanced analytics. By mirroring the behaviour of physical
assets, it empowers stakeholders to:

e  Monitor performance: Gain real-time insights into how
a building or system is functioning.

e Optimize operations: Identify inefficiencies and
improve energy use, space utilization, and resource

allocation.

e Predict maintenance needs: Anticipate potential
issues and perform preventive maintenance, reducing
downtime and costs.

e Enhance decision-making: Leverage data-driven

insights for strategic planning and upgrades.

Methodology
Literature Review

The literature review systematically analyzed digital twin
and BIM technologies using comprehensive searches across
academic databases from 2010 to 2024. The research focused
on peer-reviewed publications, conference proceedings,
and technical reports, employing thematic synthesis and
comparative evaluation to identify key technological trends,
implementation strategies, and research gaps in architectural
technology integration.

Case Study

The case study methodology selected architectural projects
demonstrating advanced digital twin and BIM integration
potential. Data collection utilized 3D laser scanning, IoT
sensor networks, and performance simulation tools. The
research analyzed geometric information integration, real-
time performance monitoring, and lifecycle management
strategies, with validation through expert reviews and cross-
source data verification to ensure methodological rigor.

Literature Review

Building Information Modeling (BIM) has emerged as a
transformative tool in the architecture, engineering, and
construction (AEC) industries. By integrating advanced
mathematical principles with modern software technologies,
BIM enables the creation of detailed, interactive models that
enhance collaboration and decision-making throughout a
project’s lifecycle. This review explores the mathematical
underpinnings of BIM and its impact on various stages of
design, construction, and management.

The Mathematical Underpinnings of BIM

BIM leverages a combination of mathematical concepts to
digitally represent the physical and functional characteristics
of buildings. These concepts form the foundation of BIM’s
ability to simulate, analyze, and manage complex projects.
Key areas include:

Geometry

Geometry is at the heart of BIM, enabling the creation of 3D
models that accurately represent physical structures.

® 3D Modeling: BIM uses coordinate geometry to define
points, lines, and surfaces in three-dimensional space.

o Cartesian Coordinate System: Fundamental to 3D
modeling, this system specifies points in space using
three perpendicular axes (X, y, z).

e  Solid Modeling: Mathematical techniques like Boolean
operations (union, intersection, and difference) are
employed to manipulate volumes and create complex
geometries.

®  Parametric ~ Modeling:  Relationships  between
parameters define the behavior of geometric elements.
For example, a column’s height and diameter can be
parametrically linked, ensuring consistency when

dimensions are modified.
Topology

Topology provides insights into the relationships and
connectivity between building components, enhancing
spatial reasoning and data organization.

o  Connectivity: Examines how elements such as walls,
floors, and roofs are interconnected.

®  Adjacency: Defines the spatial arrangement of objects
relative to one another.

® Incidence: Explores how geometric elements, such as
vertices, edges, and faces, relate to one another.

Spatial Analysis

Spatial analysis enables BIM to simulate and evaluate the
physical characteristics of a design.

e  Distance Calculations: Determining distances between
points, lines, and surfaces within a model.

®  Area and Volume Calculations: Accurately calculating
areas of walls, floors, and other surfaces, as well as the
volume of enclosed spaces.

e  Spatial Queries: Performing operations such as
identifying elements within a certain range or analyzing
intersecting geometries.
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Data Structures and Algorithms

Efficient data management and computational algorithms
enhance BIM’s functionality.

e  Graph Theory: BIM models can be represented as
graphs, where nodes represent components and edges
represent their relationships.

®  Tree Structures: Hierarchical data structures are used
to organize building elements, such as grouping by
building, floor, and room.

e  Algorithms: Algorithms support tasks like collision
detection, visibility analysis, and pathfinding, critical
for ensuring model accuracy and feasibility.

Physics-Based Simulation

BIM incorporates advanced simulations to analyze the
performance and behavior of building systems.

e  Structural Analysis: Techniques like Finite Element
Analysis (FEA) solve equations to predict structural
responses to loads and stresses.

e  Thermal Analysis: Simulating heat transfer and energy
efficiency to optimize building performance.

®  Fluid Dynamics: Modeling airflow and fluid behavior
within spaces to ensure proper ventilation and system
functionality.

Impact of BIM Across the Project Lifecycle

The mathematical principles of BIM enable its application
across the entire project lifecycle:

e  Design Phase: BIM supports iterative design processes,
allowing architects and engineers to explore multiple
options and optimize structural integrity and energy
efficiency.

e  Construction Phase: By linking schedules, costs,
and logistics to the 3D model, BIM ensures accurate
planning and real-time problem-solving.

e  Operation and Maintenance Phase: Post-construction,
BIM models act as Digital Twins, enabling facility
managers to monitor performance, predict maintenance

needs, and extend asset longevity.
Digital Twin

The concept of a Digital Twin (DT) has emerged as a
transformative innovation across multiple industries,
including architecture. Rooted in real-time data integration
and virtual replication, digital twins enable stakeholders to
monitor, analyze, and optimize physical assets throughout
their lifecycle. This literature review explores the evolution,
applications, challenges, and future prospects of digital
twins in the architectural domain.

Evolution of Digital Twin in Architecture

Initially conceptualized in the manufacturing and aerospace
industries, the digital twin paradigm gained traction in
architecture as Building Information Modeling (BIM)
technologies matured. Grieves (2014) introduced the
term “Digital Twin” in the context of product lifecycle
management, which later found relevance in architecture
through the integration of BIM, Internet of Things (IoT),
and cloud computing technologies. Recent studies highlight
the shift from static 3D models to dynamic, data-driven
virtual representations capable of real-time simulation and
decision-making.

Applications of Digital Twin in Architecture

1. Design Optimization: Digital twins facilitate iterative

design processes by simulating environmental
conditions, energy usage, and occupant behaviour.
For instance, Lu et al. (2020) demonstrate how DTs
enhance energy efficiency by integrating real-time

environmental data during the design phase.

2. Construction Management: Construction projects
benefit from digital twins through real-time progress
tracking, resource allocation, and predictive analytics.
Studies by Wang et al. (2021) emphasize the role of
DTs in reducing delays and cost overruns by integrating

IoT-enabled sensors with project management tools.

3. Facility Management: Post-construction, digital twins
serve as operational tools for facility management,
enabling  predictive = maintenance,  occupancy

monitoring, and energy optimization. For example, Kim

etal. (2019) illustrate the use of DTs in managing smart
buildings, leading to a 20% reduction in operational

costs.

4. Urban Planning: Digital twins extend beyond individual
buildings to city-scale applications, supporting urban
planning and disaster management. Yin et al. (2022)
discuss city-level DTs that integrate GIS data with IoT
networks to simulate urban dynamics, assess traffic
patterns, and plan infrastructure development.

Challenges in Implementing Digital Twin

1.  Data Integration and Interoperability: Integrating
heterogeneous data sources, including BIM, IoT, and
GIS systems, poses significant technical challenges.
Open standards and frameworks, such as IFC and
CityGML, are being developed but require wider
adoption.
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2. Cost and Complexity: The implementation of digital
twins requires substantial investment in hardware,
software, and expertise. Small and medium-sized firms
often face barriers to entry due to these costs.

3. Data Security and Privacy: Real-time data exchange
exposes systems to cybersecurity risks. Researchers
like Smith et al. (2021) advocate for robust encryption,
authentication protocols, and regulatory compliance to
safeguard sensitive information.

4. Scalability: Scaling digital twin solutions from single
buildings to urban systems introduces computational
and organizational challenges. Addressing these
requires advancements in cloud computing, edge
processing, and collaboration frameworks.

Case Studies: Transformative Impact of BIM & Digital
Twins in AEC

Building Information Modelling (BIM) and Digital
Twins have reshaped the Architecture, Engineering, and
Construction (AEC) industry, driving innovation and
efficiency at every stage of a building’s lifecycle. Below are
three iconic case studies that showcase the transformative
potential of these technologies in delivering groundbreaking
projects.

Case Study 1: The Shard, London

Fig. 1 The Shard, London

Overview

The Shard, designed by Renzo Piano, stands as an
architectural marvel in London’s skyline. Its 310m height
and location in a dense urban environment posed unique
challenges for designers, engineers, and contractors. BIM
was instrumental in overcoming these hurdles, ensuring the
project was executed with precision and efficiency.[2]

Key BIM Applications
1. Design & Visualization

o LiDAR and photogrammetry were used to create a
digital twin of the site, integrating existing infrastructure
with the proposed design.

o  Virtual enhanced coordination and

stakeholder communication, reducing errors during the

modeling

planning phase.
2. Construction Planning

o BIM facilitated construction sequencing, resource
scheduling, and logistics management.

o Virtual simulations helped optimize workflows and
ensure minimal disruption to surrounding areas.

3. Clash Detection

o  The digital twin identified potential clashes between
structural, MEP (Mechanical, Electrical, Plumbing),
and architectural elements.

o Resolving issues in the virtual environment reduced
costly delays and reworks on-site.

4.  Collaboration

o A centralized BIM model allowed multiple teams to
work cohesively, maintaining design integrity and
improving efficiency.

5. Facility Management

o Post-completion, the digital twin provides insights
into maintenance, structural integrity, and energy

consumption, optimizing operations and occupant
comfort.

Case Study 2: Museum of the Future, Dubai

Fig. 2 Museum of the Future, Dubai



KEC Journal of Science and Engineering, Vol. 9 Issue 1, April 2025 K&

Overview

The Museum of the Future in Dubai exemplifies innovation
in both design and construction. Its unconventional torus
shape and the need for LEED Platinum certification posed
significant technical challenges. BIM and digital twins were
essential to realizing this vision. [2]

Key BIM Applications
1. Parametric Modeling

o  Engineering consultant Buro Happold utilized BIM to
design the complex steel framework and fagade panels.

o Digital models ensured structural elements remained
invisible beneath the intricate calligraphy details of the
facade.

2. Construction Sequencing

o  Principal contractor BAM International leveraged
digital twins for programming and simulating each
construction phase.

o This approach improved site safety and ensured
adherence to project timelines.

3. Sustainability

o A 3D energy model enabled real-time collaboration
among 12 disciplines, leading to a 45% reduction in
water use and 25% energy savings.

4. Lifecycle Management

o Digital twins integrate internal systems, supporting
efficient maintenance and long-term facility operations.

Case Study 3: One World Trade Centre, New York

Fig. 3 One World Trade Centre, New York
Overview

One World Trade Centre, constructed in the aftermath of 9/11,
symbolizes resilience and innovation. As the tallest building

in the Western Hemisphere, its construction demanded

cutting-edge solutions to address safety, sustainability, and
complexity. BIM served as the backbone of this ambitious

project. [2]
Key BIM Applications
1. BIM Command Centre

o A centralized BIM platform facilitated collaboration

among architects, engineers, and contractors.

o Real-time data sharing ensured seamless integration

across various disciplines.
2. Safety & Design

o Advanced BIM models supported the design of
structural reinforcements, including a 186ft tall

concrete base and high-strength glass.

o  Energy-efficient systems, such as rainwater recycling
for cooling and irrigation, were integrated into the

design.
3. Lifecycle Management

o Sensors embedded in the building provide
data to its digital twin, enabling optimization
of energy use and air quality management.
Case Study 4. Preserving St. Peter’s Basilica with Al

and Digital Twin Technology

Fig. 4 Digital model of St. Peter’s Basilica
Overview

St. Peter’s Basilica, a renowned architectural masterpiece,

faces the challenges of age and complex structure. To
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preserve its historical significance and ensure its longevity,
Italian engineering firm Italferr created a digital twin. This
cutting-edge solution leverages Al and BIM technologies
to monitor the basilica’s structural health, streamline

maintenance, and enhance public understanding. [3]
Key BIM Applications
Digital Twin Creation:

® Data Acquisition: Advanced geospatial techniques
captured detailed 3D models of the basilica, including

its intricate architectural features.

® Al-Driven Monitoring: Sensors and Al algorithms
monitor the basilica’s response to stress, enabling
predictive maintenance and early detection of potential

issues.

®  Virtual Exploration: The digital twin provides a virtual
platform for researchers, architects, and the public to

explore the basilica’s history and architecture.
Maintenance and Preservation:

® Remote Monitoring: Real-time data from sensors
allows for remote monitoring of the basilica’s structural

health, reducing the need for on-site inspections.

® Optimized Restoration: The digital twin facilitates
efficient planning and execution of restoration projects,

minimizing disruptions to the basilica’s operations.

Case Study5: Al and Digital Technologies in the Restoration
of Notre Dame de Paris

(%
Ll |

Fig. 5 Digital model of Notre Dame de Paris

Overview

The devastating fire at Notre Dame de Paris in 2019
spurred a monumental restoration effort, leveraging Al
and digital tools to preserve the cathedral’s architectural
integrity and historical significance. Led by Livio De Luca
and supported by CNRS and the Ministry of Culture, the
project aimed to create a comprehensive digital ecosystem
for data management, collaborative research, and accurate
reconstruction. [1]

Key BIM Applications
Digital Reconstruction:

® Reality Capture: Advanced technologies like laser
scanning and photogrammetry captured detailed 3D
models of the cathedral’s structure and architectural
elements.

®  Al-Driven Analysis: Al algorithms analyzed historical
photographs and digital scans to identify the original
positions and shapes of damaged or destroyed
components.

® 3D Modeling: Digital models were created to reconstruct
collapsed elements like arches and voussoirs, ensuring
historical accuracy.

Collaborative Platform:

® (Cloud-Based Tools: A centralized digital platform
facilitated collaboration among architects,
archaeologists, and engineers, enabling efficient data
sharing and analysis.

® Semantic Annotation: Al-powered annotation tools
enriched the digital models with contextual information,
aiding in decision-making and research.

V. Challenges
Despite these advancements, several challenges remain:

e  Data Privacy Concerns: The collection and analysis of
data raise issues regarding privacy and security.

e [ntegration Issues: Ensuring seamless integration
between various software platforms can be complex.

e  Skill Gaps: There is a growing need for professionals
trained in both architecture and data science to
maximize the potential of these technologies.

Conclusion

Al’s role in BIM and Digital Twins is pivotal for the future
of architecture. It not only fosters innovation but also
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plays a crucial part in preserving our past. As technology
continues to evolve, embracing these tools will be essential
for architects aiming to build sustainably while honouring
historical legacies.
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Our journey into exploring Al’s transformative potential

in architecture began with a simple question: How can

emerging technologies preserve our built heritage while
pushing design boundaries? As architects and researchers,
we’ve witnessed the remarkable convergence of artificial
intelligence, Building Information Modeling (BIM), and

Digital Twin technologies—a synergy that promises to

revolutionize how we conceptualize, construct, and conserve

our architectural environments.

This article emerges from our passionate investigation into
how these technologies are not just tools, but collaborative
partners in architectural innovation. By examining real-
world applications across modern construction and historic
preservation, we reveal how Al-driven approaches are
creating more efficient, sustainable, and culturally sensitive
architectural solutions.



