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Motivation

Context

Heterogeneous datacenter architectures are common [3] due to the end of Dennard’s
scaling [2]. Today, computational needs of AI drive managers to diversify datacenters
even more [1]. In result datacenters become extremely complex and hard to operate.

Figure 1.1: 48 years of microprocessor trend data.
Legend: ▲ Transistors (thousands), ⬤ Single Thread
Performance (SpecINT 103), ⬛ Frequency (MHz), ▼
Typical Power (Watts), ◆ Number of Logical Cores [2].
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layout and operation called a digital 
twin. To fully appreciate the scope of 
this new tool, consider the varieties of 
data centers and their functions.

HIGH-LEVEL DESCRIPTION 
OF DATA CENTERS
Data centers provide space, power, cool-
ing, and network access for IT infra-
structure that executes a wide variety 
of workloads, from cloud computing to 
traditional enterprise, to HPC and AI. 
They can range from small shipping 
container form factors to hundreds of 

thousands of square feet while con-
suming over 100 MW of power in the 
largest facilities. Figure 2 displays the 
major subsystems in a typical data 
center. Electrical power is delivered 
from the public utility grid or local mi-
crogrid to IT and cooling resources in 
the data center where it is eventually 
dissipated as heat to the external envi-
ronment via the data center’s cooling 
infrastructure. The power and cooling 
subsystems are generally operated in-
dependently of the IT infrastructure, 
though integrated management of IT 

and facility subsystems has shown the 
potential for efficiency improvements.2

DIGITAL TWINS
Adapting NASEM’s definition of a dig-
ital twin3 to data centers, we define 
a data center digital twin (DCDT) as a 
virtual model that replicates the struc-
ture, context, and behavior of a data 
center. Continuously updated with 
data from its physical counterpart, a 
DCDT possesses predictive capabilities 
and aids in informed decision-making 
to optimize operations, extend operat-
ing life, and realize value. A key aspect 
of a DCDT is the bidirectional interac-
tion between the virtual model and the 
physical data center.

Replicating the state of the physical 
data centers (see Figure 3) enables us-
ers to complement existing data cen-
ter management functionality with 
complex functionality not feasible or 
practical with runtime management 
tools. The replicated state can be com-
bined with an external state and with 
simulation tools resulting in superior 
prediction capabilities.

It is important to point out that 
digital twins replace neither human 
oversight nor data center management 
tools, but rather complement both by 
providing advisory and optimization 
functionalities. Digital twins operate 
within the granularity range of minutes 
to hours, sufficiently fast to enable an 
interactive mode of operations with us-
ers, yet slower than management tools 
to enable practical consistency with the 
physical instances (see Figure 4).

Some key use cases for digital twins 
in data centers include the following:

1.	 Energy optimization: DCDT can 
model and predict energy con-
sumption patterns, enabling re-
al-time adjustments to cooling 
systems, power distribution, 
and workload allocation to 
maximize energy efficiency.

2.	 Capacity planning: By simulating 
different scenarios, DCDT can 
help data center managers opti-
mize space utilization, predict 
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FIGURE 1. Explosive growth in AI computational requirements drives data center 
upgrades (source: NVIDIA analysis: reproduced with NVIDIA permission).
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FIGURE 2. Data center architecture: IT equipment and workload, grid energy supply, 
carbon intensity, and so on.

Figure 1.2: Explosive growth in AI computational re-
quirements drives datacenter upgrades (source: NVIDIA
Analysis: reproduction with NVIDIA permission by [1]).
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Problem Statement
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Research Questions

Main Research Question

How to enable predictive analytics for datacenters through digital twinning?

Research Question 1

How to asses the current state-of-the-art of digital twinning for datacenters?

Research Question 2

How to design a datacenter digital twin reference architecture using discrete-event sim-
ulation and predictive data analytics?

Research Question 3

How to evaluate and validate a datacenter digital twin architecture in relation to system
requirements?
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System model
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Reference Architecture
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Results
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Extra Slides: Societal Impact
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