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As we move through daily life, we rely on an internal guide—a mix of intuition, memory, and reasoning. This helps us make decisions,
anficipate outcomes, and adjust our actions based on what we see and know. This inner model lets us simulate possibilities and react to
the world with foresight. Similarly, a digital twin serves as the “mind’ of a complex system”—a virtual counterpart that thinks, predicts,

and adapts on behalf of the real-world process it mirrors.

Five decades after NASA and automotive engineers began using digital models to simulate physical systems, digital twins have evolved
info essential tools for innovation. Today, they are everywhere—replicating, analyzing, and optimizing everything from healthcare and
transportation to urban planning, manufacturing, sports infrastructure, and even models of the human brain. While digital twins rarely
replicate entire systems, they are designed to focus on the most critical components, using streamlined or reduced-order models to

support prediction, control, and informed decision-making.

Hewlett Packard Labs, among others, has made digital twins a top research priority for the latter half of the 2020s. Our research
focuses on developing practical design strategies and algorithmic approaches to make digital twins functional and effective. In
particular, the research addresses combining machine learning approaches with modelling and extends the frontiers of technology
with reinforcement learning control of digital fwin technology. These efforts are helping to advance several high-profile digital twin
projects—improving the efficiency of data centers, harnessing more energy from fusion reactions and ocean waves, and enabling a

global twin to make climate projections well into the future.

Specifically, digital twins are defined as mechanisms that provide living digital models to shadow physical systems. These systems
enable analysis and application of artificial infelligence to better manage selective aspects of a larger operation or ecosystem. They
replicate the physical system to predict failures and identify opportunities for change. By monitoring and evaluating a system'’s

operating profile, digital twins can prescribe real-time actions to optimize performance or respond to unexpected events.
Here’s how they work. At their core, they combine two essential components: decision-making and system modelling.

Digital twins learn from past actions and their outcomes. Researchers use this historical data, sequences of events, and their results
to train decision-making models through a process known as reinforcement learning. Drawing from both archived data and real-time
sensor input, digital twins can simulate scenarios, evaluate potential outcomes, and prescribe actions to optimize performance or

respond to emerging conditions.

The second component, system modelling, is the ability to digitally replicate how a physical system behaves. This involves identifying
complex relationships between sensor variables and capturing them through either statistical/machine learning techniques or physics-
based simulations. For example, a model might estimate how heat builds up in server racks under different computational loads and

how alternative cooling strategies would perform.
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Optimizing systems

Why are digital twins so important? The biggest advantage they offer is providing the operator a greater ability to study operational
strategies and optimize their systems. They make it easier to perform what-if scenarios. What if a pump fails? What if a series of storms
alters the conditions for a seasonal harvest? What if a different material is used to shore up the rigidity of a product under certain
conditions? Taking it a step further, how can a system be optimized, for instance, by identifying the ideal balance between energy

consumption, cooling requirements, and performance demands in a data center?

Digital twins can model complex, cross-disciplinary transient behaviors to give operators more insights and a greater ability o change
behaviors in the future. They can impact the entire lifecycle of a system from design to installation, to operations, fo extension of life, and

decommissioning. They can also serve as a design tool for future system prototyping.

While traditional dashboards offer insights, digital twins elevate this by providing dynamic, interactive models. Unlike dashboards, which
simply present data, digital twins enable you fo train models, solve complex problems, and integrate their outputs into Al-driven systems
for better decision-making. Dashboards require expert interpretation of the data, whereas digital twins actively support decision-making

with real-tfime, predictive capabilities.

Making digital twins a research priority

Over the last five years, the concept of digital fwins has been front and center at many conferences. Digital twins are now being

increasingly applied fo many engineering systems and in many domains, including supply chain and healthcare.

While it's impossible to pinpoint the number of digital twins worldwide, the market for digital twin systems is exploding. It is becoming
the default packaging for integrating Al with physical systems. A study by Fortune Business Insights projects the market will grow by
40% a year, reaching $250 billion by 2032.

At Hewlett Packard Labs, one of our principal research areas is applying Al to optimize engineering systems in a number of ways. By

integrating digital representation, we can apply Al to improve the performance and efficiency of these systems.

Research in digital twins often categorizes capabilities into different levels: modelling, monitoring, analysis, and dynamic control. At
Labs, the focus is on advancing digital twin technologies to the analysis and dynamic control levels through Al research. By integrating
Al, Labs enhances predictive analysis, forecasts, and recommendations at the analysis level, while also pushing forward innovations
in reinforcement learning for the dynamic control of living digital twins. These efforts aim fo improve the efficiency and reliability of

physical systems.

Labs is actively contributing to several digital twin projects. Here is an overview of these projects and their contributions to advancing

our innovation agenda.

Data Centers

At first glance, data cenfers may appear to be nothing more than vast collections of computing hardware. In reality, they handle
an enormous volume of Al and software workloads—processes that demand substantial energy and contribute significantly to

carbon emissions.

Labs is developing digital twins that simulate the operation of three interdependent subsystems within a data center: cooling
infrastructure, workload scheduling, and energy storage. These subsystems don’t operate in isolation; they are closely linked. And
their performance is influenced by external factors such as weather forecasts and fluctuations in workload, which in turn affect

cooling demand.

Another critical factor is carbon intensity, which is the proportion of non-renewable (“brown”) energy in the power grid at any given time.
This influences decisions about when to store energy, shift loads, or execute workloads to minimize emissions. To manage

these complex dynamics, Labs has demonstrated how reinforcement learning—the same machine learning technique used in
autonomous vehicles—can be applied fo optimize the coordination of these subsystems, achieving meaningful gains in energy efficiency

and sustainability.
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https://urldefense.com/v3/__https:/www.fortunebusinessinsights.com/digital-twin-market-106246__;!!NpxR!ntKBZG1lLJNNgW19ZOHXlSBX2xCXz_smwmE6mPK3pS9c9VIF4cUc_wOzNgpmQNbN1Lki3PeoKLQ_vYif41k$
https://www.hpe.com/psnow/doc/a00142761enw?jumpid=in_pdfviewer-psnow
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DEHTAL DATA CENTER FRAMEWORK

Data Center Digital Twin

This diagram depicts the relationship between a physical data center and its digital twin.
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In digital twins, the agents use simulators to make decisions, but they’re enabled to send signals to the physical systems that control

them. Using this advanced mechanism, we believe we can reduce carbon emissions, energy consumption, and electricity consumption by

about 15% over other methods.

This technology is evolving, and digital twins will also talk o each other more. For instance, in a data center cluster, you can have twins of

data centers communicating, with one flagging that the GPUs in Dublin are scheduled for full load over an extended period of time, while

the twin in Boston agrees to accept some workload traffic, while some of the overflow is sent to San Francisco and Belgium.

Controllers can route different traffic types to specific data centers and even partition data when jobs span multiple locations. For

example, if 90% of a job’s data resides in one region, execution can be optimized to minimize remote data transfer. Load distribution

across data centers already balances volume but can also account for factors like energy efficiency and green energy mix. While current

systems coordinate at the control level, they lack integration at the digital twin level.

Labs is well-positioned to lead in advancing digital twins—from servers to entire data center clusters—enabling smarter management,

operation, maintenance, and design.

 —
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Frontier Supercomputer

Labs are participating in the ExaDigiT project to contribute toward building a digital twin for the Frontier supercomputer. Current
work involves developing the model for liquid cooling and connecting fo the energy-aware scheduler to improve system performance

and efficiency. This also involves data analysis from a supercomputer for anomaly detection and other predictions.

Fusion

Nuclear fusion is the energy that the sun and stars produce, and it can be the potential source of unlimited, renewable, and clean
energy for our planet. However, to make nuclear fusion a viable energy option, researchers need to figure out how to make fusion
reactions more efficient. The U.S. Department of Energy has engaged Labs and other partners to use Al research to help this
process along. Labs is doing frontier research in Al to guide the optimal conditions and techniques for generating maximum energy
from fusion. The digital twin allows researchers to guide the experiments with explainable and trustworthy machine learning and
simulations while keeping the scientists in the loop. This also opens up explorations of new ways in which laser pulses can be

designed to affect the fusion reactions.

An engineer manipulates an image of a digital twin of a machine part on a laptop.

Wave Energy
Labs is collaborating with Carnegie Clean Energy on a digital twin that tracks and simulates ocean wave conditions for a project

that harnesses the power of the ocean waves for renewable energy production. In this application, reinforcement learning guides
a three-legged wave energy converter to resist the waves to capture maximum energy, while minimizing mechanical stress for

lower maintenance.

Destination Earth

A highly accurate digital model of the Earth monitors, simulates and predicts the interaction between natural phenomena and
human activities. The project actually consists of two digital twins that form the basis for an interconnected ensemble of twins

for various aspects of the Earth’s physics. One twin provides simulations of climate scenarios from global to regional and national
levels. Labs provides a data fabric to allow the twin fo organize and transfer data. The second twin simulates the effects of extreme

weather conditions.
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https://exadigit.github.io/
https://www.hpe.com/psnow/doc/a00138120enw?jumpid=in_pdfviewer-psnow
https://community.hpe.com/t5/advancing-life-work/hewlett-packard-labs-and-carnegie-clean-energy-collaborate-on/ba-p/7174356
https://www.hpe.com/psnow/doc/a00140957enw
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Digital twins will evolve

Digital twins are poised to play an increasingly vital role in shaping the systems of tomorrow. Many experts predict that within the
next decade, most complex systems, from infrastructure and industrial operations to advanced products, will be accompanied by a

digital twin.

By enabling continuous feedback across a product’s life cycle, digital twins make it easier to validate designs, optimize performance
in real time, and anticipate maintenance needs. They offer a bridge between physical and digital realms, allowing systems to be
monitored, improved, and adapted even after deployment. Ultimately, digital twins could serve as living models that span the entire
life span of a product, from design and deployment to decommissioning, helping engineers create smarter, more sustainable, and

more resilient systems.
In the decade ahead, digital twins won't just reflect reality—they’ll help shape it.

Digital twins will be on the program agenda at the HPE Discover Las Vegas 2025 conference on June 23-26. Andrew Wheeler,
director of Hewlett-Packard Labs, will deliver a Theater Session called “Exploring Al Horizons: Responsible Al, Agentic Al, & Digital
Twins for Sustainability.”

Learn more at

https:/www.hpe.com/us/en/hewlett-packard-labs
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