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Motivation

Context

Heterogeneous datacenter architectures are common [8] due to the end of Dennard’s
scaling [5]. 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 [5].
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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

We need effective tools to manage datacenters

To address the increasing datacenter complexity, Datacenter Digital Twins (DCDT) were
proposed [1]. However, many DCDT’s are not useful in practice, because they lack
critical features (e.g., predictive analytics) native to the generic Digital Twin definition [9].

Project Simulation Technique Focus Stakeholders Highlighted Features

ExaDigiT [2] CFD/HT Energy Loss
Prediction

SmartDC [13] CFD/HT, BIM, AI Heat Modelling

DyTwin [10] Gaussian Process Re-
gression, ML Anomaly Detection

ChatTwin [7] ? Configuration
Automation

Reducio [3] POD Heat and Airflow
Prediction

NetGraph [4] Graphs Network Management

Kalibre [12] ML, CFD Heat Modelling

Table 1.1: Comparison of selected datacenter digital twins. Features: 3D = 3D Visualizations; CH = Cooling/Heat, PE =
Power/Energy Consumption, F = Failures, N = Network, FS = FaaS, SE = Scenario Exploration, VP = Virtual Prorotyping, FD =
Federation; Tools: AI = Artificial Intelligence, ML = Machine Learning, ODA = Operational Data Analysis; ✽ = Predictive Analysis;
⋆ = Descriptive Analysis, ◈ = Prescriptive Analysis.
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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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Extra Slides: Societal Impact

Why is this research important today?

Over 3 million jobs in the Netherlands directly depend on cloud services, which are
hosted in datacenters [6]. Already the rapid expansion of datacenters has increased
the presence of service failures across all cloud services [11]. We need to act now.

CompSys NL Manifesto - v.2.4, May 2022

1. Manageability: How to tame the ever-growing complexity, and related human error, in
massive computer systems and networks?

2. Responsibility: How to realize responsible computer infrastructure – analogous to the
concept of responsible AI – whose operation we can rely on (from privacy, ethical, security,
performance, availability, and durability perspectives)?

3. Sustainability: How to reduce and make the most from the energy footprint of (increasing
levels of) computing?

4. Usability: How to work, within the context of Europe’s digitalization ambitions, with the
critical sectors for the Dutch society, such as industry, healthcare, and governance, to make
computer systems usable and accessible by all? How to enable AI and quantum computing?

Addressing these challenges requires an innovative, multi-year vision and approach...

… through a groundbreaking, holistic, and collective technology roadmap
The Netherlands is well-positioned to be a big player in CompSys, a consequence of its rich legacy in
communications and networking, and of its current community of CompSys researchers. Because we
are at the end of Moore’s Law, and because our society has just started deep digitalization, the time is
ripe for groundbreaking advances in all layers of computer systems and networking, see Figure 1.
Because advances in computer systems are inextricably linked, it is imperative the community takes a
holistic view of computer systems and networks. These fundamental topics require further, equally
fundamental advances in how we do science in the field, and demand collective thinking and action.

… through renewed education, truly accessible for all
As a major contribution to the Dutch society, we need a concerted action to reintroduce systems
thinking as a clear curricular goal, helping our society understand and shape the increasingly
interconnected and complex digitalized world. We need IT professionals with core computer systems
expertise, coming from all backgrounds and from under-represented groups.

… and through a concerted answer to our call to action
In the race to digital empowerment, we see a clear opportunity for Europe and the Netherlands to not
focus on only one aspect of digitalization, e.g., AI algorithms, but to consider CompSys technology
holistically. Motivated by societal needs and encouraged by the strengths of CompSys research in the
Netherlands, we call for a large-scale collective effort and investment in this field. The benefits of
digitalization are enormous and reward every area of our economy and society. However, if we fail to
do this soon, there is a high risk that the CompSys technology and specialists required by our society
will not be available in the Netherlands anymore, further limiting our digital sovereignty. Economically,
the Netherlands cannot out-compete without computer systems and networking research!

Figure 1. (Horizontals) Foundational research themes in computer science and networking research in
the Netherlands, and (Verticals) Cross-disciplinary advances with outstanding impact on society.

2

Figure E.1: Horizontally: the most important research areas in computer science in Netherlands. Vertically: qualities we should
ensure across all research areas with the most outstanding impact on society. Datacenter manageability is a top-priority [6].

12 / 13



Extra Slides: Why Digital Twinning?
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