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https://istvandavid.com/lab 

Sustainable systems by sustainable methods

https://istvandavid.com/lab
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DT AI
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Ye olde digital twin
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A fit-for-purpose definition of “digital twin”

Physical TwinDigital Twin
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Digitalization and digital transformation
Industry 4.0 and 5.0
I5.0 complements the existing I4.0 
approach by specifically putting research 
and innovation at the service of the 
transition to a sustainable, human-
centric and resilient European industry

Nominal GDP driven by digitally transformed and other 
enterprises worldwide from 2018 to 2023

https://www.statista.com/statistics/1134766/nominal-
gdp-driven-by-digitally-transformed-enterprises/
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2018



13



14



15



16



17

Digital twins
for cyber-biophysical systems
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Controlled Environment 
Agriculture (CEA)
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The challenge of CEA: control is hard

…starting two months from now
Each bush must produce 50 grams of          per week

Maximize crop-to-energy ratio
Reduce waste
…
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Expressing expert processes
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Goal modeling
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Models
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DT4CBPS: Conceptual framework and requirements

Subject matter specific 
models and simulators

Flexible data and 
information collection

Flexible actuation 
autonomy
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Environment Crop

Room

Irrigation

HVAC

Lights

Energy

Growth

P ythonP DEVS

Negri, E., Fumagalli, L., Cimino, C. and Macchi, M. 
FMU-supported simulation for CPS digital twin. 
Procedia manufacturing: 28, pp.201-206, 2019.
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https://mydigitalpublication.com/publicati
on/?m=1281&i=805712&p=22&ver=html5

https://nouvelles.umontreal.ca/en/article/2022/03/16/ai-
on-the-farm-a-new-path-to-food-self-sufficiency/ 

https://lactualite.com/techno/des-algorithmes-
pour-transformer-lagriculture-hivernale/ 

https://mydigitalpublication.com/publication/?m=1281&i=805712&p=22&ver=html5
https://mydigitalpublication.com/publication/?m=1281&i=805712&p=22&ver=html5
https://nouvelles.umontreal.ca/en/article/2022/03/16/ai-on-the-farm-a-new-path-to-food-self-sufficiency/
https://nouvelles.umontreal.ca/en/article/2022/03/16/ai-on-the-farm-a-new-path-to-food-self-sufficiency/
https://lactualite.com/techno/des-algorithmes-pour-transformer-lagriculture-hivernale/
https://lactualite.com/techno/des-algorithmes-pour-transformer-lagriculture-hivernale/
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AI Simulation by Digital Twins
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AI Simulation
The combined application of AI and 
simulation technologies to jointly 
develop AI agents and the simulated 
environments in which they can be 
trained, tested and sometimes deployed.

Some of the best 
simulators today: in DTs

• Xiaoran Liu and Istvan David. “AI Simulation by Digital Twins: Systematic Survey of the State of 
the Art and a Reference Framework”. In: ACM/IEEE MODELS-C / EDTConf’24. ACM, 2024.

• Xiaoran Liu and Istvan David. “AI Simulation by Digital Twins: Reference Framework and 
Mapping on ISO 23247”. In: Soft. Syst. Model. Springer. 2025. [Under review]

Xiaoran (Sharon) Liu
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• B. P. Zeigler and T. I. Oren, "Theory of Modelling and Simulation," 1979,
• H. Vangheluwe et al. "An introduction to multi-paradigm modelling and simulation.“ 2002.

Based on:

PHYSICAL

DIGITAL Virtual experiment
== simulation

Opportunity:
purposeful experimentation to acquire missing data

Model M
Simulation 

trace

System S
Observation 

data

Experiment

≈ ≈≈
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AI/ML

Digital twins

Domains/problems

Lifecycle models

Challenges/limitations
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Digital twins
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Challenges/limitations

AI/ML

Deep learning proliferates
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Digital twins

Domains/problems

Lifecycle models

Frequency of 
interactions: might be 

limited

Instrumentation

Data velocity
and volume

AI/ML

Challenges/limitations
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Sustainability
by and of Digital twins
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Problem: our systems are not sustainable
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Systems  Engineering

98%

meeting the needs of the present without compromising 
the ability of future generations to meet their own needs
          (Brundtland)

“
Technical sustainability addresses the 
long-term use of software-intensive 
systems and their appropriate evolution in 
a constantly changing execution 
environment

“
P. Lago, S. A. Koçak, I. Crnkovic, and B. Penzenstadler. 
Framing Sustainability as a Property of Software Quality, 
Commun. ACM, vol. 58, no. 10, pp. 70–78, Sep. 2015.
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Digital technology to the rescue?
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Digital Twins for Sustainable Systems

Virtual 
experimentation

Control for 
optimal operation

Monitor and 
control systems

Safe 
retirement/reuse

Digital thread ► Digital fabric
I. David, D. Eork, and G. Kappel. “Circular Systems Engineering”. In: Software and Systems Modeling (2024)

60% of organizations believe Digital Twin technology is critical 
to improving sustainability efforts.

      (CapGemini, 2022)

Design for reuse

Optimize 
manufacturing
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Digital technology to the rescue!
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Digital technology to the rescue!
It is estimated that emails sent 
globally can contribute to 150M tons 
of CO2 emissions (2019), or about 
0.3% of the world’s carbon footprint.
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Unsustainable computing and ICT
Manufacturing
• 33% of global energy consumption
• 36% of global CO2 emissions

ICT
• 2-4% of global CO2 emissions (~avionics sector)
• 2040 prediction: ~14%
• To follow suit, decrease CO2 emissions by 

-42% by 2030
-72% by 2040
-91% by 2050

Hardware and e-devices
• E-waste is recognized by the World Economic Forum as 

the fastest-growing category of waste
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We need to engineer sustainable systems.
By sustainable methods.
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Demand for sustainable systems

INCOSE Systems Engineering Vision 2035

I believe, similarly to the EDI 
statements we have to write 
today for project proposals and 
applications, soon we will have to 
write sustainability statements. 
And this is not fifteen years from 
now, but closer to five.

“

computing's dominant frame of 
thinking is conceptually 
insufficient to address our current 
 ha   ng s (…)
and computing continues to incur 
societal debts it cannot pay back

“
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We need a better understanding of “sustainability”

https://www.theguardian.com/technology/2024/sep/15/data-center-gas-emissions-tech
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We need to model “sustainability”

Technology

Complexity →
diverse expertise is needed

Weak notion of sustainability Strong notion of sustainability
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R. Manellanga and I. David. "Participatory and Collaborative Modeling of Sustainable Systems: A Systematic Review". 
In: ACM/IEEE International Conference on Model Driven Engineering Languages and Systems Companion, MODELS-C. 
ACM, 2024, pp. 645–654. 10.1145/3652620.3688557

https://doi.org/10.1145/3652620.3688557
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So, what about the sustainability of digital twins?
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Energy-
efficient DTs

DT evolution

Simulator 
inference

Adoptability 
and human 

values
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Energy-efficiency of Digital Twins

PDE

KTG

Bond graph (a-causal)

DAE non-causal set

System dynamics

State trajectory (observation frame)

Bond graph
(causal)

Transfer
function

DAE causal sequence

DAE causal set

DEVSscheduling-hybrid DAE

Cellular Automata

Process Interaction
Discrete Event

3-Phase Approach
Discrete Event

Event Scheduling
Discrete Event

Activity Scanning
Discrete Event

Timed
Automata

Difference Equations

Statecharts Petri Nets

DESS

More abstract approximations

-Energy

Precision

Pareto front

Does not trivially 
translate to 

energy savings!
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Evolution of Digital Twins

• Istvan David and Dominik Bork. “Towards a Taxonomy of Digital Twin Evolution for 
Technical Sustainability”. In: MODELS-C 2023 Companion, Vasteras, Sweden. IEEE, 2023

• Judith Michael, Istvan David, and Dominik Bork. “Digital Twin Evolution for Sustainable 
Smart Ecosystems”. In: MODELS-C 2024 Companion, Linz, Austria. ACM, 2024
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Action

State

Reward

Digital Twin

Environment

Agent

-|traces-tracer|
a specific DEVS configuration 

(structure and parameters)

…

• Istvan David and Eugene Syriani. “Automated Inference of Simulators in Digital Twins”. In: 
Handbook of Digital Twins. To appear. CRC Press, 2023. isbn: 978-1-032-54607-0

• Istvan David and Eugene Syriani. “DEVS Model Construction as a Reinforcement Learning Prob- 
lem”. In: 2022 Annual Modeling and Simulation Conference (ANNSIM). IEEE. 2022, pp. 30–41.

• Istvan David, Jessie Galasso, and Eugene Syriani. “Inference of Simulation Models in Digital 
Twins by Re-inforcement Learning”. In: MODELS-C 2021, IEEE, pp. 221–224.

Rapid development of Digital Twins:
Simulator inference by reinforcement learning

PDE

KTG

Bond graph (a-causal)

DAE non-causal set

System dynamics

State trajectory (observation frame)

Bond graph
(causal)

Transfer
function

DAE causal sequence
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DEVSscheduling-hybrid DAE

Cellular Automata

Process Interaction
Discrete Event

3-Phase Approach
Discrete Event

Event Scheduling
Discrete Event

Activity Scanning
Discrete Event

Timed
Automata

Difference Equations

Statecharts Petri Nets

DESS
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Social sustainability of Digital Twins
Individual
Whose decisions are twinned anyways?
• Inclusive partnerships are key in fostering societally sustainability
• Include those who may be affected by the Digital Twins that govern 

socio-technical systems

Society
Adoption in lower-income economies?
• Digital solutions that might not be viable in another context
• Variability, product families, validity frames

Organizations
Who will adopt these solutions?
• Higher-digitalized domains: lack of agility, lack of understanding of 

benefits
• Lower-digitalized domains: lack of expertise, lack of trust

Tzachor, A., Sabri, S., Richards, C.E. et al. Potential and limitations of digital twins to achieve the Sustainable 
Development Goals. Nat Sustain 5, 822–829 (2022). https://doi.org/10.1038/s41893-022-00923-7
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We need to engineer sustainable systems.
By sustainable methods.

Sure. But how?
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Sustainable systems …by sustainable methods

Sustainability of and by digital tech

Digital
transition

Sustainability
transition

Twin
transition

Baran Shajari
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Problem: social sustainability is missing from TT
• Social sustainability?

• Trust in digitalization, transparency, 
explainability…

• Ignoring social sustainability leads to 
unwanted consequences
• Unskilled workforce, fear of AI (e.g., losing 

jobs)

• HCI as the universal design framework 
in support of social sustainability of 
digital tech
• Human-centered design, trust
• Accessibility
• Transparency

Baran Shajari
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Societal divides

Digitalization can, in fact, widen the gap between 
developed and developing countries
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By way of conclusion
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