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1. Executive Overview

This document explores the concept of digital twins, defining them as sophisticated virtual
models that continuously correspond with their physical counterparts to enable real-time
monitoring, analysis, and optimization of complex systems. The paper traces the historical
precedents of digital twins, from ancient architectural blueprints to modern industrial
applications, emphasizing their evolution into a transformative technology within Industry
4.0

Key Aspects of Digital Twin Technology:

Evolution and Complexity The document highlights that digital twin models vary in
complexity, ranging from simple, idealized representations to advanced multi-physics
models that account for parasitic effects and frequency-dependent behavior. [cite: 393]

Universal Application: Digital twins are not limited to a single domain; their applications
span diverse fields such as electrical engineering (exemplified by a detailed capacitor
model), mechanical systems (aircraft engines), chemical process industries, biological
systems, human mobility and behavioral modeling, and environmental modeling.

Classification of Digital Twins The paper classifies digital twins into three main categories
based on their functionality and level of integration with physical systems:

Database Architecture and Management: Effective digital twin implementation requires
robust database architectures capable of managing diverse data types, temporal
relationships, and access patterns throughout the system's lifecycle. [cite_start]This
includes structured databases for static twins, time-series and NoSQL databases for
dynamic twins, and in-memory databases for executable twins to support real-time
operations. [cite: 455,457, 463, 470]

Commercial Tools and Applications: The market offers a wide array of commercial
platforms and tools for digital twin development, including integrated solutions from
Siemens (Xcelerator, MindSphere), PTC (ThingWorx), Microsoft (Azure Digital Twins),
NVIDIA (Omniverse), Amazon Web Services (AWS loT TwinMaker), IBM (Digital Twin
Exchange), GE Digital, Dassault Systemes (3D Experience), and Autodesk (Fusion 360,
Twinmotion).

Industrial Implementation Examples: The document provides compelling examples,
such as Siemens' use of digital twins for electric aircraft motors, Tata Steel's plant-level
digital twins for blast furnaces, and Oracle Red Bull Racing's extensive integration of digital
twin technology, Al, and cloud computing for performance optimization in Formula 1,
demonstrating significant competitive advantages.

In conclusion, digital twin technology is revolutionizing industries by providing dynamic,
data-driven virtual representations that enhance monitoring, analysis, and optimization of
complex systems, ultimately reducing costs, risks, and development timelines across their
entire lifecycle.



2. Digital Twins: From Ancient Blueprints to Modern

Virtual Representations

The concept of digital twins represents a
sophisticated evolution of humanity's long-
standing practice of creating virtual
representations of physical assets. While
the terminology "digital twins" appears
contemporary, the fundamental principle
of virtualizing real-world objects has
historical precedents spanning millennia.
Consider the architectural blueprints of
ancient civilizations, such as those used in
constructing Egyptian pyramids. These
detailed plans served as the original digital
twins, providing comprehensive virtual
representations that guided the
transformation of conceptual designs into
monumental physical structures.

To achieve meaningful representation and
facilitate the transformation from virtual
models to tangible assets, several
foundational elements must be
established. The development process
requires precise definition of measurement
units, sophisticated mathematical
frameworks encompassing algebra and
geometry, and the creation of specialized
tools and standardized methodologies.
These components form the essential

infrastructure that enables accurate
translation between virtual and physical
domains.

The implementation of digital twin
technology can be understood through
multiple levels of complexity and detail. To
illustrate this concept using a fundamental
electronic component, consider the
capacitor as an exemplary model. A
capacitor consists of two conductive plates
separated by a dielectric material, creating
a device capable of storing electrical
charge. This simple yet effective apparatus
demonstrates how basic physical principles
can be accurately modeled and virtually
represented.

e

Figure 1 — Polyester Capacitor 1uf x 250 V

Area of each square conductor: S (in m?)
Separation between plates: d (in meters)

Dielectric material with relative permittivity €r

¢ Vacuum permittivity (constant)
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Figure 2 - Capacitor symbol

€0=8.854x10-12 F/m

The capacitor model utilizes established measurement systems, including millimeters for
dimensional specifications and square millimeters for surface area calculations. Additionally,
specialized units have been developed specifically for electrical charge quantification and
voltage measurement, expressed as potential difference between the conductive plates. This
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comprehensive measurement framework enables precise virtual modeling of the component's
physical characteristics and electrical properties.

Capacitance formula

S
C= fofra

Equation 1 - Capacitance formula

Where:
e Cisthe capacitance in Farads (F)
e Eris the relative permittivity of the insulator (also called dielectric constant)

e Sthe area of the conductor (in m?)
e disthe distance between the conductors (in m)

Through this systematic approach to digital representation, the capacitor example
demonstrates how complex physical systems can be accurately virtualized, measured, and
analyzed. The digital twin methodology transforms traditional engineering practices by
providing dynamic, data-driven representations that maintain continuous correspondence
with their physical counterparts, enabling enhanced monitoring, analysis, and optimization of
real-world assets.

Part of this modelling reaches out the definition of mathematic models to describe the
behavior of capacitors facing interaction with electrical devices.

Figure 3 - Capacitor model

First simplification considers a capacitor with infinite plates. This simplification avoid
considering the effect of electric filed in the borders.

So, the Ideal Capacitor stores energy by electric field (E). In Mechanics equivalent to potential
energy. Energy is proportional to Capacitance and Voltage.

U ! cv? I,=C il
€72 L= de
Equation 2 — Energy stored in a Capacitor Equation 3 — Modeling of current and voltage

behavior in a capacitor



2.1. Expanding Beyond Electronic Components

The capacitor example represents merely
one application within the vast landscape
of digital twin possibilities. This modeling
methodology extends across disciplines,
each requiring specialized measurement
systems and mathematical frameworks
tailored to their unique characteristics and
operational parameters.

A few years ago, | had my first encounter
with the concept of Digital Twins through
the television series Crossing Lines, an
international co-production released in
2013. While the show presents a
dramatized narrative, it notably features a
German expert utilizing a system that
integrates LIDAR technology and several
elements characteristic of today’s Digital
Twin platforms.

Although these capabilities may appear
cutting-edge, many of them have been in
development for quite some time. What
has changed is the growing availability and
practicality of such technologies—driven
by advances in artificial intelligence and
computational power—making Digital
Twins increasingly accessible and impactful
across various sectors.

In mechanical engineering, digital twins
model complex machinery such as aircraft
engines, where virtual representations
incorporate stress analysis, thermal
dynamics, vibration patterns, and wear
progression. These models utilize
measurements including rotational speeds
in revolutions per minute, torque values in
newton-meters, and material fatigue
coefficients, enabling predictive
maintenance and performance
optimization without physical intervention.

Chemical process industries employ digital
twins to virtualize reaction vessels,
distillation columns, and catalytic
converters. These representations
incorporate molecular behavior, reaction
kinetics, temperature gradients, and

pressure variations measured in pascals
and temperature units. The virtual models
enable optimization of chemical yields,
energy consumption, and safety
parameters through simulation rather than
costly physical experimentation.

Figure 4 — Digital twins in mechanical

Biological systems present another
frontier for digital twin applications, where
virtual models represent cellular processes,
organ functions, and complete
physiological systems. These models
incorporate measurements such as blood
flow rates in milliliters per minute, neural
transmission speeds, and metabolic rates.

Pharmaceutical companies utilize these
biological digital twins to simulate drug
interactions and treatment outcomes,
accelerating development timelines while
reducing reliance on traditional testing
methodologies.

Human mobility and behavioral modeling
represent an emerging application where
digital twins capture pedestrian flow
patterns, traffic dynamics, and urban
population movements. These models
integrate measurements including walking
speeds, density coefficients expressed in
people per square meter, and temporal
patterns of movement throughout
different time periods. Urban planners
utilize these behavioral digital twins to
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optimize infrastructure design, public
transportation systems, and emergency
evacuation procedures.

Environmental modeling extends digital
twin concepts to ecosystem
representation, incorporating atmospheric
conditions, water cycle dynamics, and
biodiversity metrics.

The conceptual foundations of digital twins
find their origins in the microelectronics
industry, where physical constraints and
dimensional limitations necessitated the
development of sophisticated virtual
modeling systems decades before the term
"digital twin" emerged. The microscopic
dimensions of integrated circuits,
combined with limited pin access for input
and output testing, created fundamental
challenges that made traditional physical
testing methodologies inadequate for
comprehensive circuit validation.
Microelectronics engineers developed
comprehensive simulation environments
including electrical circuit simulators like
SPICE for analog behavior analysis, logic
simulators for digital circuit verification,
and specialized failure analysis tools for
reliability assessment. These virtual
representations enabled designers to
model complex semiconductor behaviors,
predict performance characteristics under
various operational conditions, and identify
potential failure modes without requiring
physical prototypes or extensive test bench
configurations. The pin limitation
constraints, where complex integrated
circuits might contain millions of
transistors accessible through only
hundreds of external connections, drove
the development of boundary scan
methodologies and internal modeling
techniques that captured complete circuit
behavior through limited physical
interfaces. This necessity-driven evolution
of virtual modeling in microelectronics
established the technological foundation
and validation methodologies that would
later expand into comprehensive digital
twin implementations across broader
industrial applications, demonstrating how
physical constraints can catalyze the

development of sophisticated virtual
representation technologies. Companies
that are pioneers in this area was Mentor
Graphics and Cadence. Mentor Graphics
was a US-based company specializing in
electronic design automation (EDA)
software and hardware. It was acquired by
Siemens in 2017 and subsequently merged
into Siemens Digital Industries Software.
The Mentor Graphics name was retired in
2021 and replaced with Siemens EDA.

Cadence is a leading company in electronic
systems design, providing software,
hardware, and intellectual property (IP)
solutions. Their software, often referred to
as Cadence EDA tools, is used by
companies to design and verify integrated
circuits (ICs), system-on-chips (SoCs), and
printed circuit boards (PCBs).

Through these diverse applications, digital
twin methodology transforms traditional
approaches across multiple domains by
providing dynamic, data-driven
representations that maintain continuous
correspondence with their physical
counterparts. This comprehensive virtual
modeling capability enables enhanced
monitoring, analysis, and optimization of
complex systems while reducing costs and
risks associated with physical testing and
experimentation.



2.2. Detailing a bit more the capacitor model

The sophisticated modeling approach for
capacitors reveals the critical importance of
frequency-dependent characterization in digital
twin development. A capacitor's impedance
behavior demonstrates the evolution from
simple reactive components to complex multi-
element networks as operational frequencies
increase. At low frequencies, the impedance
follows the classical capacitive reactance
relationship, decreasing proportionally with
frequency increases according to the
mathematical relationship where reactance
equals the inverse of the product of angular
frequency and capacitance.

However, as frequency increases, the digital
twin model must account for parasitic elements
that fundamentally alter device behavior. The
emergence of equivalent series inductance and
equivalent series resistance creates a
characteristic impedance curve that deviates
significantly from ideal capacitive behavior. This
frequency-dependent transformation illustrates
how digital twin models must incorporate
multiple physical phenomena to maintain
accuracy across the intended operational
spectrum.

_J_ C_ldeal
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Figure 5 — Detailed model

The self-resonant frequency represents a critical
inflection point where the capacitor's digital
twin model transitions from capacitive-
dominant to inductive-dominant behavior. At
this frequency, the capacitive and inductive
reactance achieve equal magnitudes but
opposite phase relationships, resulting in
minimum impedance determined primarily by
the equivalent series resistance. Above the self-
resonant frequency, the device behaves
predominantly as an inductor, demonstrating
how the same physical structure can exhibit
fundamentally different electrical
characteristics depending on operational
conditions.

Based on Alternatronics Website
(https://alternatronicstest.xyz/en/calculators/c
apacitor-impedance-graph) it is possible to plot
Capacitor impedance over frequency. Figure 6
shows the result.



https://alternatronicstest.xyz/en/calculators/capacitor-impedance-graph
https://alternatronicstest.xyz/en/calculators/capacitor-impedance-graph

CelPlan's White Paper

Graphic calculator of capacitor impedance over frequency
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Figure 6 — Capacitor impedance over frequency

2.3. Digital Twin Model Complexity and Validation Requirements

This frequency-dependent behavior exemplifies
the challenges inherent in creating accurate
digital twins for real-world components. The
model must seamlessly transition between
different dominant physical mechanisms while
maintaining mathematical continuity and
physical accuracy. The equivalent series
resistance itself exhibits frequency-dependent
characteristics, initially decreasing with
frequency before stabilizing at higher
frequencies, adding another layer of complexity
to the virtual representation.

Different capacitor technologies, including
ceramic, electrolytic, and film types, exhibit
distinct impedance characteristics due to
variations in dielectric properties, electrode
configurations, and manufacturing processes.
These material and structural differences
require customized digital twin models that
incorporate technology-specific parasitic
elements and frequency responses. The digital
twin framework must therefore accommodate
multiple model variants while maintaining

consistent measurement standards and
analytical approaches across different
component types.

The validation of these complex models
requires extensive measurement campaigns
across frequency ranges spanning several
decades, from sub-hertz to gigahertz
frequencies. This validation process
demonstrates how digital twins evolve through
iterative refinement, where measured data
informs model improvements and parameter
adjustments. The resulting digital twin provides
predictive capabilities that enable circuit
designers to optimize performance without
extensive physical prototyping, illustrating the
practical value of sophisticated virtual
representations in engineering applications.



Summary
Definition:

Digital twins are sophisticated virtual models that
maintain continuous correspondence with their
physical counterparts, enabling real-time
monitoring, analysis, and optimization of complex
systems.

Universal Application:

Digital twins apply across diverse domains
including electrical engineering, mechanical
systems, aeronautical applications, biological
processes, climate modeling, and human
behavioral analysis.

Progressive Complexity:

Digital twin models exhibit multiple levels of detail,
evolving from simple idealized representations to
sophisticated multi-physics models that
incorporate parasitic effects and frequency-
dependent behavior.

Dependent Behavior:

Systems demonstrate universal principles where
energy storage, dissipation, and any transfer
mechanisms create characteristic responses that
vary with other variables or time scale across
different physical domains.

Specialized Requirements:

Each application domain requires tailored
measurement frameworks, mathematical
models, and validation methodologies while
maintaining consistent analytical approaches and
modeling principles.

Philosophical Question:

Are Digital twins a new name for modelling a system or are there more
involved?
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3. New Digital Twins

3.1. Introduction to Digital

Twins in Modern Industry
Digital twins represent one of the most
transformative technology concepts within
Industry 4.0, fundamentally reshaping how
organizations approach product development,
production optimization, operational
management, and lifecycle maintenance across
diverse sectors. While traditional approaches
have relied upon proven methodologies
including total quality management, physical
process optimization, and comprehensive
workforce training, emerging technological
capabilities are enabling organizations to
completely reimagine their approach to design
innovation, service delivery, operational
excellence, and customer engagement.

The digital twin concept integrates Internet of
Things applications with advanced simulation
and modeling capabilities in digital formats,
creating comprehensive virtual representations
of physical products, systems, and processes
throughout their complete lifecycle. This
convergence enables organizations to develop
what can be characterized as pure virtual
products that maintain continuous
correspondence with their physical
counterparts, facilitating real-time monitoring,
predictive analysis, and optimization across
multiple operational dimensions spanning
design, operation, and maintenance phases.

Digital Data

Figure 7 — Digital Twins

Figure 7 shows the basic concept for a product
but consider that this can be considered also for
a system or a process.

Digital twin is basically composed of a database
that records the product/system/process data
characteristics and a processing tool that
contains the modeling.

Digital twin classification

e Static
e Dynamic
o EXecutapl®

3.2. Static Digital Twin:
Foundational Virtual

Representation

A static digital twin represents the fundamental
level of digital representation, capturing
comprehensive design specifications, material
properties, and geometric characteristics of
physical objects in a permanent digital format.
Unlike dynamic implementations that
incorporate real-time data streams, static digital
twins preserve fixed information about
products or systems at specific points in time,
typically during the design phase or upon
completion of manufacturing. These virtual
models encapsulate critical parameters
including dimensional specifications, material
compositions, structural configurations, and
performance characteristics as originally
designed or as-built documentation.

The static approach provides substantial value
through its ability to enable virtual analysis and
simulation without requiring sensor integration
or continuous data connectivity. Engineers and
designers can utilize these comprehensive
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digital representations to conduct stress
analysis, thermal modeling, and performance
simulations using established mathematical
models and physical principles. For example, a
static digital twin of a mechanical component
captures its exact geometry, material
properties, and design tolerances, enabling
finite element analysis to predict behavior
under various load conditions, thermal cycling,
or environmental stresses.

Static digital twins serve as foundational
elements for more sophisticated
implementations, providing the baseline
geometric and parametric data upon which
dynamic monitoring systems can be built. They
enable design optimization through virtual
testing, facilitate manufacturing planning by
providing complete specification databases, and
support maintenance operations by preserving
as-built configurations for reference throughout
the asset lifecycle. This approach proves
particularly valuable in industries where
continuous monitoring may not be
economically justified but where
comprehensive virtual representation provides
significant analytical and planning benefits.

The static model establishes the essential
framework for understanding system behavior
and serves as the reference point against which
operational data can be compared when
transitioning to dynamic digital twin
implementations.

3.3. Dynamic Digital Twin:

Real-Time Virtual Integration
A dynamic digital twin represents an advanced
evolution of virtual modeling that maintains
continuous, bidirectional communication with
its physical counterpart through embedded
sensors, loT connectivity, and real-time data
streams. Unlike static representations that
capture fixed design parameters, dynamic
digital twins continuously update their virtual

state based on actual operational conditions,
environmental factors, and usage patterns,
creating a living digital representation that
evolves in parallel with the physical system.

The dynamic approach integrates real-time
sensor data including temperature, pressure,
vibration, electrical parameters, and
performance metrics to create comprehensive
operational awareness that extends far beyond
original design specifications. This continuous
data flow enables the virtual model to reflect
actual wear patterns, environmental impacts,
and operational variations that may deviate
from theoretical design parameters. For
example, a dynamic digital twin of an electric
motor continuously monitors rotational speed,
torque output, bearing temperatures, electrical
consumption, and vibration signatures, enabling
the virtual model to predict maintenance
requirements, optimize performance
parameters, and identify potential failure
modes before they manifest physically.

The bidirectional communication capability
distinguishes dynamic digital twins from purely
monitoring systems, enabling the virtual model
to influence physical operations through
automated adjustments, optimization
recommendations, or predictive interventions.
Advanced implementations incorporate
machine learning algorithms that analyze
historical data patterns to enhance predictive
accuracy and identify optimization
opportunities that may not be apparent
through traditional analysis methods.

This dynamic approach has been used in
competitions, such as Formula 1, continuous
measurements and external conditions such as
current position, weather forecast, could help
to adjust motor or brake parameters to avoid
failures or improve performance.

Dynamic digital twins enable sophisticated
applications including predictive maintenance
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scheduling based on actual component
condition rather than predetermined intervals,
real-time performance optimization through
automated parameter adjustments, and
comprehensive lifecycle management that
adapts to changing operational requirements.
This approach transforms reactive maintenance
and management approaches into proactive,
data-driven strategies that anticipate needs and
optimize performance before issues emerge,
creating substantial operational and economic
advantages across multiple industries.

3.4. Static vs. Dynamic Digital

Twins: Comparative Summary
Static and dynamic digital twins represent
fundamentally different approaches to virtual
representation, distinguished primarily by their
temporal characteristics and data integration
capabilities. Static digital twins capture fixed
snapshots of design specifications, material
properties, and geometric configurations at
specific points in time, serving as permanent
reference models that enable simulation and
analysis based on predetermined parameters.
In contrast, dynamic digital twins maintain
continuous connectivity with physical systems
through sensor networks and real-time data
streams, creating evolving virtual
representations that adapt to changing
operational conditions and environmental
factors.

The operational scope differs significantly
between these approaches, with static
implementations focusing on design validation,
theoretical performance analysis, and baseline
documentation, while dynamic systems enable
real-time monitoring, predictive maintenance,
and adaptive optimization based on actual
operational behavior. Static digital twins excel
in applications requiring comprehensive design
analysis, manufacturing planning, and reference
documentation where continuous monitoring

may not be economically justified or technically
feasible.

Dynamic digital twins provide superior value in
operational environments where real-time
insights, predictive capabilities, and adaptive
management deliver substantial benefits,
though they require more complex
infrastructure including sensor networks,
connectivity systems, and data processing
capabilities.

The choice between static and dynamic
implementations depends on specific
application requirements, with many
organizations utilizing static digital twins as
foundational elements that can evolve into
dynamic systems as operational needs and
technological capabilities advance. Both
approaches serve essential roles within
comprehensive digital twin strategies, often
complementing each other to provide complete
lifecycle coverage from initial design through
operational optimization and maintenance
management.

V'S
Aggregated value

Complexity R
4

Figure 8 — Static x dynamic Digital Twins
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3.5. Executable Digital Twins:
Autonomous System

Integration

Executable digital twins represent the most
advanced evolution of virtual representation
technology, incorporating autonomous
decision-making capabilities that enable direct
control and modification of physical systems
based on virtual model analysis and
optimization algorithms. Unlike static twins that
provide reference information or dynamic twins
that monitor and predict, executable digital
twins possess the authority and capability to
implement changes in physical systems
automatically, creating closed-loop integration
between virtual intelligence and physical
operations.

Figure 9 — Electromechanical Digital Twins

The executable approach integrates
sophisticated control algorithms, machine
learning systems, and automated actuators that
can modify physical system parameters in real-
time based on virtual model recommendations.
These implementations analyze continuous
data streams, identify optimization
opportunities or potential issues, and execute
corrective or enhancement actions without
human intervention. For example, an
executable digital twin of a manufacturing
process can automatically adjust machine
parameters, modify production schedules, or
reconfigure operational settings to optimize

efficiency, quality, or energy consumption
based on real-time analysis of system
performance and predictive modeling
outcomes.

Executable digital twins require robust safety
frameworks, validation protocols, and override
mechanisms to ensure that autonomous actions
align with operational objectives and safety
requirements. The virtual models must
incorporate comprehensive failure mode
analysis, constraint validation, and decision
verification processes to prevent unintended
consequences or system instabilities. Advanced
implementations utilize artificial intelligence to
learn from operational patterns and
continuously improve decision-making
algorithms while maintaining strict boundaries
for autonomous action authority.

This approach enables unprecedented levels of
operational optimization, immediate response
to changing conditions, and autonomous
adaptation to environmental variations or
system degradation. Executable digital twins
transform traditional human-supervised
operations into intelligent, self-optimizing
systems that can achieve performance levels
and response speeds impossible through
manual control, representing the ultimate
convergence of virtual intelligence and physical
system management.

3.5.1.Lifecycle Integration Across

Industries

Digital twin implementation extends far beyond
traditional manufacturing boundaries,
encompassing comprehensive lifecycle
management that begins with conceptual
design, manufacturing plan design, and
continues through operational deployment and
maintenance optimization. In the design phase,
organizations utilize virtual representations to
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simulate performance characteristics, test
multiple design iterations, and optimize
specifications before physical implementation,
significantly reducing development costs and
time-to-market constraints.

Operational applications demonstrate value in
sectors including energy distribution,
transportation systems, healthcare facilities,
and smart city infrastructure, where digital
twins enable continuous monitoring of complex
systems while providing predictive insights for
performance optimization. Real-time data
streams from sensors embedded throughout
physical systems feed virtual models that
simulate operational conditions, identify
potential issues, and recommend optimization
strategies.

Asset management and maintenance
applications represent perhaps the most
immediately valuable implementation area,
where digital twins enable predictive
maintenance strategies that minimize
unplanned downtime while optimizing
maintenance schedules based on actual
equipment condition rather than
predetermined time intervals. Industries
ranging from aerospace and automotive to
energy generation and telecommunications
leverage these capabilities to extend asset
lifecycles while reducing operational costs.

3.6. Industrial Implementation

Examples

Leading organizations across various sectors
demonstrate practical digital twin applications
that validate the technology's transformative
potential. Siemens utilized digital twin
capabilities to develop record-setting electric
aircraft motors, achieving significant weight
reduction while delivering five times greater
power output compared to conventional

alternatives. The development process
integrated comprehensive simulation with real-
world testing, optimizing design parameters
through continuous iteration between virtual
and physical domains.

Steel manufacturing presents particularly
compelling applications, where companies like
Tata Steel implement plant-level digital twins
for blast furnaces and coke oven operations.
These implementations enable remote
monitoring and control capabilities, allowing
supervisory personnel to manage complex
industrial processes through digital interfaces
while maintaining operational safety and
efficiency standards.

Digital twins therefore represent a fundamental
evolution in manufacturing methodology,
transitioning from traditional physical-centric
approaches toward integrated virtual-physical
systems that enhance operational capabilities
while reducing costs, risks, and development
timelines. This technological foundation enables
manufacturers to achieve unprecedented levels
of operational insight, predictive capability, and
customer responsiveness in increasingly
competitive global markets.

4. Database Architecture and
Management in Digital
Twin Systems

The implementation of digital twin technology
across static, dynamic, and executable
configurations requires sophisticated database
architectures capable of managing diverse data
types, temporal relationships, and access
patterns that span the complete lifecycle of
physical systems. Digital twin databases must
accommodate heterogeneous information
including design specifications, real-time sensor
streams, historical performance data,
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simulation results, and control parameters
while maintaining data integrity, accessibility,
and scalability across multiple operational
contexts.

4.1. Foundational Database
Requirements for Static
Digital Twins

Static digital twin implementations rely
primarily on structured databases that preserve
comprehensive design documentation, material
specifications, and geometric representations.
These foundational databases typically utilize
relational database management systems
optimized for complex queries and data
relationship management, storing information
including Computer-Aided Design models,
material property databases, manufacturing
specifications, and configuration management
records. The database architecture must
support version control mechanisms that track
design iterations, engineering changes, and
configuration modifications throughout the
product development lifecycle.

Geometric data storage presents particular
challenges due to the complexity of three-
dimensional models and the precision
requirements for engineering applications.
Modern implementations utilize specialized
geometric databases or hybrid approaches that
combine relational structures for metadata
management with object-oriented databases
for complex geometric representations. These
systems must maintain referential integrity
between geometric models and associated
engineering data while supporting efficient
spatial queries and geometric analysis
operations.

4.2. Dynamic Database
Architectures for Real-

Time Integration
Dynamic digital twin systems require database
architectures capable of managing high-velocity
data streams from sensor networks while
maintaining historical data for trend analysis
and predictive modeling. Time-series databases
have emerged as critical components for these
implementations, optimized for rapid ingestion
of timestamped data points and efficient
retrieval of temporal data ranges. These
specialized databases utilize compression
algorithms, partitioning strategies, and indexing
techniques specifically designed for time-based
data patterns.

The integration of real-time and historical data
presents significant architectural challenges,
typically addressed through hybrid database
approaches that combine time-series databases
for operational data with data warehouses for
analytical processing. Stream processing
systems enable real-time data validation,
aggregation, and preliminary analysis (Data
Science concepts) before storage, while
distributed database architectures provide the
scalability necessary for handling massive data
volumes generated by complex industrial
systems.

NoSQL databases play increasingly important
roles in dynamic digital twin implementations,
particularly for managing unstructured data
including maintenance logs, operator notes,
and diagnostic reports. Document databases
enable flexible schema evolution to
accommodate changing data requirements,
while graph databases facilitate complex
relationship analysis between system
components, failure modes, and operational
patterns.



CelPlan's White Paper

4.3. Advanced Database
Systems for Executable
Digital Twins

Executable digital twin implementations
demand database systems with ultra-low
latency characteristics and real-time transaction
processing capabilities to support autonomous
decision-making and control functions. In-
memory databases provide the response times
necessary for real-time analysis and decision
execution, while distributed caching systems
ensure data availability and consistency across
multiple processing nodes.

The database architecture must incorporate
sophisticated concurrency control mechanisms
to manage simultaneous read and write
operations from multiple autonomous
processes while maintaining data consistency
and preventing conflicts. Event-driven database
systems enable reactive processing capabilities
where database state changes trigger
automated responses and control actions,
creating seamless integration between data
analysis and physical system control.

4.4. Data Integration and
Interoperability

Frameworks
Modern digital twin databases must support
integration with diverse external systems
including Enterprise Resource Planning
platforms, Manufacturing Execution Systems,
and supply chain management applications.
Data virtualization technologies enable unified
access to distributed data sources without
requiring physical data consolidation, while
Application Programming Interface
management systems facilitate secure,
controlled access to digital twin data by
external applications and stakeholders.

Semantic databases and ontology management
systems provide standardized data
representations that enable interoperability
between different digital twin implementations
and facilitate data exchange across
organizational boundaries. These systems utilize
standardized vocabularies and relationship
definitions to ensure consistent data
interpretation and enable automated reasoning
capabilities.

Interfaces with existing
databases is a hot topic, and
managed with appropriate

Interface analysis and
connectivity analysis based on
throughput and latency.

4.5. Performance Optimization
and Scalability

Database performance optimization for digital
twin applications requires careful consideration
of query patterns, data access frequencies, and
processing requirements. Indexing strategies
must balance query performance with storage
efficiency, while partitioning approaches
distribute data across multiple storage systems
to enable parallel processing and improved
scalability.

Cloud-based database services provide elastic
scalability that can adapt to changing data
volumes and processing requirements, while
edge computing deployments enable local data
processing and reduced latency for time-critical
applications. Hybrid architecture combines
cloud scalability with edge responsiveness to
optimize performance across diverse
operational requirements.

The database infrastructure therefore serves as
the foundation upon which digital twin
capabilities are built, requiring sophisticated
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architectures that can adapt to evolving
requirements while maintaining the
performance, reliability, and security
characteristics essential for effective digital twin
implementation across static, dynamic, and
executable configurations.

5. Commercial Tools and
Applications for Digital
Twin Databases

The digital twin database ecosystem
encompasses a diverse range of commercial
platforms and tools designed to support the
storage, processing, and analysis requirements
across static, dynamic, and executable digital
twin implementations. These solutions range
from comprehensive integrated platforms to
specialized database technologies optimized for
specific digital twin workloads.

5.1. Enterprise Digital Twin
Platforms with Integrated

Database Solutions
Leading technology companies provide
comprehensive digital twin platforms that
include integrated database capabilities.
Siemens offers the Xcelerator portfolio,
including Teamcenter and MindSphere, which
provides comprehensive data management for
manufacturing digital twins. PTC's ThingWorx
platform integrates digital twin capabilities with
loT and augmented reality, offering strong
connectivity with industrial automation systems
and robust data management for discrete
manufacturing applications.

Microsoft's Azure Digital Twins provides a
scalable cloud-based solution with built-in Al
and analytics capabilities, enabling
manufacturers to model complex production
processes while integrating with enterprise
resource planning systems. The platform offers

comprehensive data governance and
compliance features essential for regulatory
adherence.

NVIDIA Omniverse represents one of the most
advanced platforms, launched in 2021, enabling
real-time 3D workflows using Universal Scene
Description and advanced Al. The platform's
emphasis on interoperability allows integration
with multiple software providers and supports
scalable digital twin development with
developer-friendly SDKs.

5.1.1. Cloud-Based Database
Services for Digital Twin

Applications
Amazon Web Services offers AWS loT
TwinMaker, which helps businesses develop
operational digital twins with tools for creating
virtual representations of physical systems with
real-world data integration. The platform
supports importing existing 3D models,
including CAD and BIM files, and provides
comprehensive monitoring capabilities for
buildings, factories, and industrial equipment.

IBM's Digital Twin Exchange platform operates
as an e-commerce solution for buying and
selling digital twin assets, featuring a rapidly
growing partner ecosystem. The platform offers
faster integration with Enterprise Resource
Planning and Enterprise Asset Management
systems, providing a one-stop solution for
digital twin implementations.

5.1.2. Specialized Database
Technologies for Digital
Twin Workloads

General Electric's GE Digital platform focuses
specifically on industrial applications, offering
more than 330 digital twin blueprints designed
for equipment performance monitoring and
manufacturing process optimization. The
platform integrates with Microsoft solutions to
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enhance usability and expand analytical
capabilities.

Dassault Systemes provides the 3D Experience
platform as an all-in-one solution combining
Saas$, Paas, and laaS offerings focused on
converging virtual and real worlds. The platform
supports comprehensive digital twin
development with subscription-based pricing
models tailored to specific requirements.

Autodesk delivers digital twin solutions through
Fusion 360 and Twinmotion, supporting real-
time collaboration and Al-driven design
optimization. Autodesk Tandem specifically
targets smart buildings and operational
efficiency, while the broader Autodesk
ecosystem supports integration with loT sensor
systems and third-party applications.

Siemens EDA paired with PLM technology
delivers a comprehensive digital twin that
incorporates all product domains: mechanical,
electronics, electrical systems, software,
process, simulation, semiconductors, and
operations. This comprehensive approach
connects these domains with manufacturing
and extends to data created while the product
is in use, enabling seamless integration of
product and production lifecycles.

5.1.3. Industry-Specific Database

Solutions
Specialized platforms address specific industry
requirements, such as Altair SmartWorks, which
merges loT with powerful analytics for adaptive
loT analytics, and Cintoo Cloud, designed
specifically for transforming laser scan data into
actionable 3D mesh representations for
detailed point cloud integration.

ANSYS Twin Builder provides simulation-based
digital twin models using Hybrid Analytics for
integrated multi-domain system simulation,
offering open solutions that efficiently model
real-world systems. The platform includes 30-

day free trial options and specialized pricing for
enterprise implementations.

5.1.4. Database Integration and
Interoperability

Frameworks
SAP's digital twin solutions integrate with
enterprise resource planning systems, providing
end-to-end visibility across supply chains with
strong data governance and compliance
features. These solutions help businesses
achieve greater efficiency, sustainability, and
agility while maintaining regulatory adherence.

Modern digital twin platforms emphasize
interoperability and integration capabilities,
supporting connections with existing enterprise
systems, loT platforms, and specialized
analytical tools. Many progressive
implementations leverage cloud computing,
artificial intelligence, and loT integration to
expand digital twin capabilities, with market
projections indicating that 50% of
manufacturers will connect related products
and assets in integrated digital twin ecosystems
by 2024.

6. Oracle Red Bull Racing:
Digital Twin and Al
Innovation in Formula 1

Oracle Red Bull Racing represents one of the
most advanced implementations of digital
twin technology and artificial intelligence in
competitive motorsports, demonstrating how
these technologies can provide strategic
advantages in high-performance engineering
environments.

Comprehensive Digital Twin Platform
Implementation
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Figure 10 - Red Bull RB21

Oracle Red Bull Racing relies extensively on
Oracle Cloud Infrastructure to drive
performance both on and off the track. The
team runs billions of simulations on Oracle
Cloud Infrastructure before and during each
race to ensure optimal data-driven strategy
implementation, enabling quick reactions to
variations in car performance, track
conditions, and competitor actions.

For the 2025 Formula 1 season, Oracle Red
Bull Racing leverages new OCI Compute A2
and OCI Compute A4 Flex shapes to increase
simulation speeds by 10 percent, enabling the
team to run even more simulations each week
to test wider varieties of scenarios and
improve race-day decisions. Since moving race
strategy infrastructure to OCI in 2021, the
team has already increased simulation speeds
by 25 percent.

Siemens Digital Twin Integration - 20-Year
Partnership

Siemens Digital Industries Software celebrates
a 20-year collaboration with Oracle Red Bull
Racing, representing one of the longest-
standing technical partnerships in Formula 1.
Red Bull Technology uses Siemens Xcelerator
and comprehensive digital twin technology to
design, iterate, and manufacture cars under
the immense pressure of Formula 1 racing
seasons.

The team has achieved a 300 percent
improvement in part design cycle time using
Siemens' NX software for product engineering.
The software's complex shape modeling

capabilities have made bodywork design
throughput 1,000 percent quicker per
iteration. With approximately 10,000 unique
parts per car, the team uses Teamcenter
software  to manage  different car
configurations required by each track globally,
reducing sign-off times for design changes
from weeks to hours.

Advanced Al Applications and Generative
Al Implementation

In a pilot program, Oracle is helping Oracle
Red Bull Racing bring generative Al to the pit
wall. After races conclude, teams have only 30
minutes to protest penalties, requiring review
of thousands of pages of historical regulatory
rulings. The GenAl solution from Oracle,
consisting of retrieval-augmented generation
(RAG) coupled with large language models
(LLM), enables the team to query all historical
regulations and generate real-time responses,
dramatically improving their ability to
efficiently adapt to sporting regulations.

Multi-Partner Digital Twin Ecosystem

Hexagon's Manufacturing Intelligence division
has maintained an 18-year partnership with
Oracle Red Bull Racing, delivering cutting-
edge 3D laser scanning and digitalization
solutions. Oracle Red Bull Racing has reduced
faults by 50% over the past two years using
Hexagon's ultra-fast scanning technologies,
which guarantee every component is
manufactured to required accuracy as cars are
reassembled for each race.

The team utilizes ANSYS simulation software
extensively, with Oracle Red Bull Racing's
aerodynamics team using ANSYS Fluent
Meshing for pre-processing model generation
and computational meshing, while ANSYS
Fluent CFD serves as a core component of their
virtual wind tunnel activities. The team also
uses Fluent for developing cooling circuits,
ANSYS Granta MI for materials information
management, and ANSYS LS-DYNA for virtual
impact testing.
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Powertrain Development and Future
Applications

Red Bull Ford Powertrains, the future supplier
of hybrid power units for Oracle Red Bull
Racing for the 2026 F1 season and beyond,
utilizes Oracle Cloud Infrastructure to
optimize powertrain development through
advanced simulation capabilities.

Sim Racing and Data Analytics Integration

Oracle Red Bull Racing's official e-sports
squad uses the same technical and strategic
methods as the F1 team, employing cloud-
based computing infrastructure, real-time
data dashboards, and lap-by-lap analytics of
braking, acceleration, and throttle to assist
drivers in improving virtual race performance.
This represents an unprecedented move to
share driver data with fans, historically
guarded rigorously by F1 teams.

Performance Impact and Strategic
Advantages

According to Christian Horner, CEO and Team
Principal, "Oracle has given us a technical
advantage that has helped us win races,
championships, and fans. Performance gains
are the lifeblood of competition in F1, and
Oracle Cloud Infrastructure is the best choice to
help us reach our goals on the track".

The Oracle Red Bull Racing implementation
demonstrates how digital twin technology,
combined with Al and cloud computing, can
provide measurable competitive advantages
in environments where performance margins
are extremely small and the pace of innovation
is exceptionally high. Their multi-vendor
approach, integrating Oracle cloud services,
Siemens design tools, Hexagon measurement
systems, and ANSYS simulation software,
illustrates the complexity and sophistication
possible in modern digital twin
implementations.

7. CelPlan’s Old Digital Twins

CelPlan Technologies: Digital Twin
Implementation for Wireless Network
Optimization

CelPlan Technologies leverages advanced
digital twin technology to create
comprehensive virtual representations of
wireless communication systems, enabling
sophisticated analysis, optimization, and
management of telecommunications
infrastructure through integrated radio
propagation modeling and geographic
information systems. The company's digital
twin approach transforms traditional
network planning and optimization
methodologies by creating dynamic virtual
environments that accurately mirror real-
world wireless network behavior and
performance characteristics.

Radio Propagation Modeling and Virtual
System Creation

CelPlan's digital twin implementation begins
with sophisticated radio propagation
modeling that incorporates multiple
theoretical and empirical propagation
models to accurately predict signal behavior
across diverse environments. The virtual
wireless system integrates comprehensive
topographic databases that capture terrain
elevation data, geographic features, and
environmental characteristics that influence
radio wave propagation patterns. These
topographic models (Figure 12) provide the
three-dimensional foundation upon which
radio frequency predictions are calculated,
enabling accurate simulation of signal
coverage, interference patterns, and network
performance metrics.
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Figure 11 - Satellite image
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Figure 13 - Morphology
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Figure 14 - Modelling of RF transmission

The morphology databases (Figure 13)
complement topographic information by
incorporating land use classifications,
building density data, vegetation coverage,
and urban development patterns that
significantly impact radio signal
propagation. These databases enable the
digital twin to account for signal attenuation,
reflection, diffraction, and scattering effects
caused by various environmental factors
including urban structures, forest canopies,
and terrain irregularities. The integration of
morphology data allows for precise
modeling of clutter loss factors and enables
differentiated propagation predictions
(Figure 14) for urban, suburban, rural, and
specialized environments.

Calibration Through Geo-Tagged
Measurement Integration

CelPlan Technologies enhances digital twin
accuracy through systematic calibration
processes that incorporate geo-tagged field
measurements collected from actual network
deployments. Drive test data, walk test
measurements, and fixed monitoring station
information provide real-world validation
points that enable refinement of propagation
model parameters to match observed
performance characteristics. The geo-tagged
measurement integration allows for location-
specific calibration that accounts for local
environmental factors and unique
propagation characteristics that may not be
captured in generic propagation models.

The calibration process utilizes machine
learning algorithms and statistical analysis
techniques to identify discrepancies between
predicted and measured signal levels,
automatically adjusting propagation model
parameters to minimize prediction errors
across different geographic regions and
operational environments. This iterative
calibration approach ensures that the digital
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twin maintains high accuracy levels while
adapting to local conditions and
environmental variations that influence
network performance.

Dynamic Digital Twin Capabilities for
Network Monitoring

The dynamic digital twin implementation
enables real-time integration of network
performance data collected from operational
infrastructure including base stations,
network management systems, and customer
devices. This continuous data stream allows
the virtual model to reflect current network
status, traffic patterns, and performance
metrics while identifying potential issues
before they impact service quality. The
dynamic capabilities enable predictive
analysis of network behavior under various
load conditions, environmental changes, and
infrastructure modifications.

Real-time data integration includes signal
strength measurements, call quality metrics,
data throughput statistics, and interference
levels that feed into the digital twin to
maintain accurate representation of current
network conditions. This dynamic updating
capability enables the identification of
performance degradation trends, capacity
constraints, and optimization opportunities
that may not be apparent through traditional
network monitoring approaches.

Executable Digital Twin for
Infrastructure Optimization

CelPlan's executable digital twin technology
represents the most advanced
implementation level, incorporating
autonomous optimization capabilities that
can automatically identify and implement
infrastructure adjustments to enhance
network performance. The executable
system analyzes current network conditions,

traffic patterns, and performance
requirements to recommend or automatically
implement changes to antenna
configurations, transmitter parameters, and
tower locations.

The optimization algorithms evaluate
multiple scenarios including antenna tilt
adjustments, power level modifications,
frequency planning changes, and sector
configuration optimizations to identify the
combination of parameters that maximizes
network performance while minimizing
interference and energy consumption. The
executable digital twin can simulate
thousands of configuration permutations to
identify optimal settings for specific
performance objectives including coverage
enhancement, capacity optimization,
interference reduction, or energy efficiency
improvement.

Infrastructure Adjustment and
Enhancement Capabilities

The executable digital twin provides
automated recommendations and
implementation capabilities for physical
infrastructure modifications including
antenna pattern adjustments, transmitter
power optimization, and strategic tower
placement for network expansion. The
system evaluates the impact of proposed
infrastructure changes through
comprehensive simulation before
implementation, reducing the risk of
unintended consequences and ensuring that
modifications achieve desired performance
improvements.

Advanced optimization scenarios include
adaptive beamforming adjustments for smart
antenna systems, dynamic frequency
allocation to minimize interference, and load
balancing strategies that redistribute traffic
across available infrastructure. The
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executable capabilities extend to network
topology optimization, where the system can
recommend cell splitting, sector
reconfiguration, or new site deployment to
address capacity constraints or coverage

gaps.

Comprehensive Network Planning and
Management Integration

CelPlan Technologies' digital twin platform
integrates with comprehensive network
planning workflows that support greenfield
network design, capacity expansion
planning, and technology migration
scenarios. The virtual environment enables
evaluation of next-generation technology
deployments including 5G implementations,
IoT network planning, and specialized
communication system design for industrial
or emergency service applications.

The platform supports multi-technology
analysis that considers the interactions
between different wireless technologies
operating in shared spectrum or geographic
areas, enabling comprehensive interference
analysis and coexistence planning. This
capability proves essential for complex
deployment scenarios where multiple
operators, technologies, and frequency
bands must coexist while maintaining
acceptable performance levels.

Advanced Analytics and Performance
Optimization

The digital twin implementation
incorporates advanced analytics capabilities
that identify patterns in network
performance data, predict future capacity

requirements, and recommend proactive
infrastructure investments to maintain
service quality as demand evolves. Machine
learning algorithms analyze historical
performance data to identify optimal
configuration parameters for different
operational scenarios and environmental
conditions.

Predictive analytics capabilities enable
forecasting of network behavior under
various scenarios including traffic growth,
technology evolution, and environmental
changes, providing strategic planning
insights that support long-term infrastructure
investment decisions. The analytics platform
generates comprehensive reports and
visualization tools that enable network
engineers and managers to understand
complex relationships between
infrastructure parameters and network
performance outcomes.

CelPlan Technologies' comprehensive
digital twin approach demonstrates how
advanced virtual modeling, combined with
real-world data integration and autonomous
optimization capabilities, can transform
wireless network planning, deployment, and
management processes. The platform's
ability to seamlessly integrate static design
capabilities, dynamic monitoring functions,
and executable optimization features
provides telecommunications operators with
powerful tools for maximizing network
performance while minimizing operational
costs and infrastructure investments.

Paulo Sigrist is a senior management professional with over 30 years of experience in telecommunications
and mobility infrastructure, specializing in mission-critical systems and complex infrastructure projects.
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