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Ye olde digital twin



A fit-for-purpose definition of “digital twin’

data

Model control

Digital Twin Physical Twin
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A fit-for-purpose definition of “digital twin’

data

Model control

Physical Twin




Digitalization and digital transformation

Industry 4.0 and 5.0

5.0 complements the existing 14.0
approach by specifically putting research
and innovation at the service of the
transition to a sustainable, human-
centric and resilient European industry

European
Commission

Digital Transformation Pyramid

dellars

GOP In trillion LLS.

100

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

62.8 . -
67.7
23.2

2018 2020 2022 20237

@ Digitally transformed enterprises @ Other enterprises

https.//www.statista.com/statistics/1134766/nominal-
gdp-driven-by-digitally-transformed-enterprises/
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Plateau will be reached;

O less than 2years @ 2to 5 years

@ 51to 10 years A more than 10 years

& obsoleta before plateau
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Brain-Camputer Intarface \ ”““ﬁ:b’:"“gm Leaming)
Autonomous Mobiie Robots y oT mm‘“""'
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Quanlum Compuling Blockchain
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A= Edge Al
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- 4D Printing
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Smar Fabrics
Smart Dust
Flying Autonemous Vehicles Avgmented FReekly
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Gartner Hype Cycle for
Emerging Technologies, 2019

Expectations

Biochips
AlPaas,
Edge Analytics, :JSG
Autonomous Driving Level 5 "\ \ |
Low-Earth-Orbit Satellite Systems. (3
Edge Al Graph Analytics
Explainable Al - ,
Personification
Knowledge Graphs Next-Generation Memory
Synthetic Data x 3D Sensing Cameras
Light Cargo Delivery Drones _
Transfer Learning . — Emotion Al
Flying Autonomous Vehicles -
Augmented Intelligence Autonomous Driving Level 4
Nanoscale 3D Printing
Decentralized Autonomous !
Organization DigitalOps
Generative Adversarial ,  Adaptive ML
Networks
Decentralized Web O
’
AR Cloud Immersive Workspaces
Biotech - Cultured
or Artificial Tissue
Peak of
Innovation Inflated Trough of Slope of Plateau of
Trigger Expectations Disillusionment Enlightenment Productivity
—
L ]
Plateau will be reached: Tlme
less than 2 years @® 2to6& years 5 to 10 years () more than 10 years @ obsolete before plateau As of August 2019



Hype Cycle for Emerging
Technologies, 2020

Expectations

A

Responsible Al

Digital Twin of the Person
UsIness 5&pﬂbi!itie& ;
Generative Al
Composite Al
Adaptive ML

Fﬂc&!ge

Generative Adversarial
Metworks ™

Embedded Al
Data Fabric

Composable Enterprise
Al Augmented Development
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Secure Access Service Edge (SASE)

Social Data
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Bring Your Own |dentity
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' Explainable Al
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Low-Cost Single-Board
Computers at the Edge DNA Computing and Storage
_ Al-Assisted Design
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Provenance
Peak of
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Hype Cycle for Emerging Technologies, 2021

Al Augrented Software Engineering —

Employes Communications
Applications I"-._

| Nonfungible Tokens

Data Fabric
Decentralized |dentity

Composable Applications

Generative Al

Multiexperience
Active Metadata —_ g | Digital
Management Humans
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Applications
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Hype Cycle for Emerging Tech, 2022

Faundation Models
WEhE "\'.
Computational Storage . g

SUPSTaRPSs —.
Industry Cloud Platforms —

_~Decentralized Identity
~NFT
—Cloud Data Ecosystems

Internal Talent Marketplaces —

Digital Humans

Dynamic Risk
Governance
Observability-Driven
Development

Expectations

Data Observability . Cloud Sustainability

Platform Engineering A
Causal Al - |
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Digital Twin of
a Customer

Metaverse
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Generative Design Al
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]
Time
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Digital twins
for cyber-biophysical systems



Prevalence of Household Food Insecurity by Province, 2021

Data Source: Statistics
Canada, Canadian Income Survey (CIS)
2020. Data on the territories from this
survey not available yet.

EMcMaster

University
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Prevalence of Household Food Insecurity by Province, 2021 The Global State of Food Secu I'Ity

Best and worst performing countries
for food security in 2020°

B Best performance ™ Good performance
Moderate performance ™ Need improvement

& .

i

! '::'h.-
1

Data Source: Statistics
Canada, Canadian Income Survey (CIS)
2020. Data on the territories from this
survey not available yet.

* Affordability, availability, safety, quality and natural resources of food
based on 59 unique indicators across 113 countries.

Source: Economist Intelligence Unit

@ VicMaster @®G statista %a

University




Prevalence of Household Food Insecurity by Province, 2021

Data Source: Statistics
Canada, Canadian Income Survey (CIS)
2020. Data on the territories from this
survey not available yet.
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The challenge of CEA: control is hard

Maximize crop-to-energy ratio
Reduce waste
aﬂ'
Each bush must produce 50 grams of per weeRr
.Sstarting two months from now

ﬁ McMaster
" University
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Expressing expert processes
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Goal modeling
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DT4CBPS: Conceptual framework and requirements
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\ ' Physics |G
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Digital twin

} simulator
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control
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Subject matter specific : A
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Environment

Room

HVAC =22 ]

Lights

Irrigation

------

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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Digital Twins for Cyber-Biophysical Systems:
Challenges and Lessons Learned

P

Houari Sahraoui®

Fidelity is
guestionable

No full autonomy

Lack of
explainability

Challenges

Manual
modeling not
feasible

Modeling and
Simulation

Untested
hypotheses

ﬁMcMaster

® University

Design and
operation

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

M

Al on the farm: A new path to food self-

sufficiency

&&

4Des algonthmes pour transformer https.//lactualite.com/techno/des-algorithmes-
A I'agnculture hivernale pour-transformer-lagriculture-hivernale/

~ Lintelligence artificiclle sinvite dans fermes verticales de lentreprise I.||H.|H.I.l.:l| e Ferme dhiver,

¥ qui ambitionoe de proposer une solution de rechange technologique et carbomeutre &
limportation de fruits et legumes pendant b sats |Ir ide

https://mydigitalpublication.com/publicati

on/?m=1281&i=805712&p=22&ver=htmls

What the future brings

Exploring sustainable solutions for greenhouse adaptation and survival

§ Mc \Li%‘i‘fr

Univers
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Al Simulation by Digital Twins



Hype Cycle for Artificial Intelligence, 2023
, Gartner

Al Simulation

The combined application of Al and
simulation  technologies to jointly

Smart Robots
Responsible Al

Generative A develop Al agents and the simulated

Newomorhic Computng environments in which they can be
Artiicel Goneralntligence 4% Models Y Syntheti Dat trained, tested and sometimes deployed.

Decision Intelligence

MadelOps
Al TRISM

Operational Al Systems

_ Some of the best
() EdgeAl Compute SImUlatOI’S tOday Iﬂ DTS

Al Engineering
A Simulsion @) N -
oo Cloud Al Data Labeling

Services and Annotation

Composite Al
Data-Centric Al

Expectations

Meuro-Symbolic Al Knowledge Graphs

Multiagent Systems Intelligent Applications

First-Principles Al
Automatic Systems

Autonomous Vehicles
Al Maker and Teaching Kits

Peak of
Innovation Inflated Trough of Slope of
Trigger Expectations Disillusionment Enlightenment

Xiaoran (Sharon) Liu

Time E « Xiaoran Liu and Istvan David. “Al Simulation by Digital Twins: Systematic Survey of the State of
Plateau will be reached: i the Art and a Reference Framework”. In;: ACM/IEEE MODELS-C / EDTConf'24. ACM, 2024.
i ¢ Xiaoran Liu and Istvan David. “Al Simulation by Digital Twins: Reference Framework and
' Mapping on ISO 23247". In: Soft. Syst. Model. Springer. 2025, [Under review|

() less than 2 years @® 2to5years @ 5to10years A more than 10 years



Opportunity:

purposeful experimentation to acquire missing data

DIGITAL Virtual experiment : _
Model M == simulation < SlmUIatl()n
trace
PHYSICAL
Experiment Observation
System S
data

?ﬁﬂiﬂckiﬁtﬁ:ﬁr
" University

Based on:

* 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.
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Domains/problems
ﬁ]ﬁ Digital twins

Al/ML

¥3Q) Lifecycle models

Challenges/limitations

@McMaﬂter

University

Al Simulation by Digital Twins

Systematic Survey of the State of the Art and a Reference Framework

Xiaoran Liu
MoeMpster ”nwrn.ilr
Humultomn, Cansda
L2 T mpcrmaster ca

ABSTRACT

Insufficient dats volme and quality are particularky presing chal
lenes in the adoption of modern sbsymbaolic AL To alleviale these
challenges, Al simulation recommenids developing virtual tmining
envirmmments in which AT agents can be safely and elficiently de
veloped. Digital bains open new avenues Al simadation, &s these
high-fubelity virtual replicas of physical systems are equipped with
state-nl-the-art simulators and the ability to further interact with
thie plvysical system for additional data collection. In this paper, we
repart on our sysiematic survey of digital bein-enabled AT simu
lathom. By analyeing 22 primary studies, we dentify technobogical
trends and derive a reference framework to situate digital rans
amd Al components. Finally, we identify challenges and research
appartunitics for prospective researchers.

CCS CONCEPTS
» General and reference — Surveys and overviews; « Comput-
ing methodologies — Learming setlings,

KEYWORDS

Al artificial intellience, dola sclence, deep newrnl networks, dagital
twins, lifecyele model, mackdne learning, newral networks, rein-
Fsrcement learndng, SLR. subsymibalic Al survey, trambing

ACM Reference Format:

Kigoeran Loy amd labvan Daviel. 20204, Al Sinislatson by Digital Twim: Sysieng-
slie Survey of the Sate of the Art and a Referenee Pramework. In Pfrecevdimp
of Intermalivnz] Confermace on Engmeering Diptal Twies (EFTConf 241 ACM,
New York, WY, USA, 13 pagea. BitpasdodongOOC0000 0000000

1 INTRODUCTION

Masdern artificiad itelligenee (AL} is enabled by messive valumes of
idatn provesied by powerful computational metlods [B4]. This 5 a
stark contrast with traditional AL which s sepported by symbale
methods and logic [69]. The volume and quality of avallable data

lix Lrair Al i Uie carmveritane of sicceas b maodern Al However, ac-
cessing and harvedting real - world data i g substantisl barrier due o
lts scarcity, cost, or diffhculi m'mlhll.ll'r.ll.l.n.drrlng_ the developoent
ol precise amnd resilient Al models. For example, in monufacturing,

Promussom bo make digital ov hanl copies of all or pest of this sk for persnad o
o Lamarswan s b8 pramicd weihio iee rovsied dat copies e e mode or disiri el
Torr predit or comsmrrial mivantape sl thal copses Boar Bws nstiey and the Bl rifaton
s the forst puage. Copyriphis e cnqeoments of Ehis ek smened by oo ean e
aiatbants b wmssh b bsrarnl, Adsbraciomg, sitd credsl e st To gy b re i, o
regrbdish, i sl s srrvers i bl o bsls, s prio e Ersssa—n
aimlinr u e By T Ernmi jar el 1L

ENTCeny i, Sepiompber 2004, 5004, Ling. Awiria

iy 380 Copryrighi Baeld By the orsics aniibeosind. Pubslicastion isgphis Sernmed o ACBL
AN ISEN TTE G i s 0 T

Fetigm s Aok a0 NN RY

Istvan David
MeMaster Unbversity
Hamilton. Canada
istvan davidimemaster.ca

propeiclary data, dals salos, and seadative operalional procedunes
complicate the soquisition of data [43]. Data-related barmiers, in
turn, liamit the applicability of otherwice powerful Al methods.

Al simulation is a prime candsdate for alleviating these problens
As delimed by Garner recently, Al simulalion is the lechnique of
" the oonbined application of Al and simuiation techaslgies fo pintly
develop Al agents and the simulated enviraments in which they can
by trained, textrd gnd sometimes deployed. It inchudes bath the we of
AF b make simulations mare efficient and uwful, and the we of a wide
ranpe of simulation models 1o d.!w]'up meore versalile u.lpq‘.qﬂr;mw Al
wyaterms” [47] Aller modeling the phenomenon o system st hand,
a simulation of the model computes the dynamic ingul/outpat
behavior [ 77]. representative of the system. A simulabon produces
ilats, called the simulation trace, that represents the behavior of the
simulated system over time. These traces can be used as training
hata for AT agents, asveming that the simulation is o fithful, valid
and detailed representation of the modeled system, and that the
sirnulation can still be executed efficiently and in a Gmely manner.

With the emergence of digital twins (DT) [54], the quality al
tributes of simulators have improved as well. Simulators are firsg
class components of DTs [16] and enablers of sophisticated services,
c.g. real-time sdagiation [71], predictive analytics [62], and pro
cess confrod i manufecturng [ 23] These sdvanced services requalne
well-performing amd hiph-fidelity simulatoss— the types of simala
tors that align well with the poals of Al simalation

A recetit interview study on DTs with nineteen scademic and
imabastry participasts by Moctadic et al [58] mestions thal " ma
chine learning ard reinforoement learning could poaaibly be combinnd
wilth [IT% in the future, to help to earn abeut compley systems (Le,
safety-oritical sysfemi) in o virtuel emvironment, whem thiv i difficuly
o i om the real-world syatem” Similar ambitions have been kden
tified by Mihai et al [56] as fufure prospects of DTs Indeed, the
impravemsents in simulator enginecring that have been driven by
[¥Ta, are genceating interest in 7T for AL simuobation B b plaosihle
Lo anticipale that the neal generation of Al simubstion lechnigues
will be heavily inflsenced by the frther sdvancements of DT ted-
nology [51, 66]. Therefore, it s important to understand the siale
of affairs b dightal twinning for Al semulathon parpeses, propane
lior the related challenges. and set tarpeted reseanch agendas

This work marks a step towards converping Al sinulbation and
OT technadogy. We review the state of the art on Al simudation by
OTs, derive a framework, ||l|.1|.|.|.l‘3r Ireneds m syslem onganizalisn,
Al llavors, and sinmsbition. aml outhoe futwre avenoes of reseanch.

Comtex?t and scope. In this work. we focus on Al simulation by
digital twins. We acknow bedge the utifity of the other direction, Le.
simulators of DTe being cnabled by Al [55]); however, we consider
sisch works oulside the seope of the currenl study

33



Digital twins
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Deep learning proliferates

Table 7: AI methods

Al #Studies Studies
RL 18 (81.8%)
L, DRL 13 (59.1%)
L Value  8(36.4%) [2, 10, 14, 15, 18, 19, 21, 22]
L, Policy  5(22.7%) [6,8,9, 11, 13]
L, Vanilla 5(22.7%) 4.7, 16,17, 20}
DL 4(18.2%) [1,3,5,12]
I, 1(45%)  [16]
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Deep learning proliferates

- Simulator | E Update
Q Al/ML Digital Twin [
CE[_"Ir:'.‘_'i_'\" Ve TD
| O : A ia
~ontrol L t Flcontrol
Physical Twin  |[¢ Physical Twin |
(a) Reinforcement Learning (b) Deep Learning
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% Challenges/limitations
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L T Trivere ity
= AL VAL O 1L}

Frequency of
interactions: might be
limited

Data velocity
and volume

Instrumentation
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Problem: our systems are not sustainable

“ meet/ng the needs Of the present \X/Ithout Comprom/SIng Prevalence of Household Food Insecurity by Province, 2021
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

17.9%

Technical
Economic

15.3%

e b
‘v— 17.7%

19.0%

P. Lago, S. A Kogak, I|. Crnkovic, and B. Penzenstadler. Ty
Framing Sustainability as a Property of Software Quality, Crnoey Qenodha ncome Suney SCE)

2020. Data on the territories from this

Systems Engineering Commun. ACM, vol. 58, no. 10, pp. 70-78, Sep. 2015

HEF AND INVIEONMENT  EURDPE |

Air pollution: Nearly everyone in Europe
breathing bad air

uuuuu g Varregai b

With the EU woting on mevw air quality nsles, satollics data shen 98% sople face polition
absorve limits reccenmended by the Workd Heatth Organization,

F X




Digital technology to the rescue?’



Digital Twins for Sustainable Systems

607% of organizations believe Digital Twin technology is critical
to iImproving sustainability efforts.
(CapGemini, 2022)

Safe

Control for retirement/reuse

i i ___ Post-life '
optimal operation I THTESd 2
Monitor and e _"_..-Concep;m.__‘\
control systems S —— Design for reuse
b g Operation ; -
7 ; Design
= — % e ——————
= Manufacturing 3
S 3 _ Operation Post-life
Concept Optimize
. Design manufacturing
- Concept
A Virtual

Digital thread » Digital fabric

| IVICIVEADLCL ' '
niversi experlmentatlon |. David, D. Bork, and G. Kappel. “Circular Systems Engineering”. In: Software and Systems Modeling (2024)



Top Strategic Technology Trends 2024

Rise of the
Builders

Platform
Engineering

Al-Augmented
Development
Protect Your Investment

Al Trust, Risk and Ind[lj.:st? Cloud Alnt?”'gt?nt Machine | I
Security Management atrorms RIS RS Customers I
: Augmented i
Continuous / Sustainable Connected .~ Fl

Threat Exposure
Management

/

Technology

Workforce

P

~ Democratized
. Generative Al

Source: Gartner Gartner
@ 2023 Gartner. Inc. and/or its affiliates. All rights reserved. CM_GTS 2080051 &




By 2027, 80% of ClOs will have performance
metrics tied to the sustainability of the IT

organization.

Source: Gartner

Gartner




222222222

ECONOMIC
FORUM

Al for social :ggpd:.{mproﬁﬁg lives and
protecting the planet
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9 ﬁayé Al is helping tackle climate change

Fab 12,2024

WORLD
ECONOMIC
FORUM

o Ry

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.

I.J‘-. .
‘*-I. i

Al for social gﬂ&d* imi)rcﬁ'ing lives and
protecting the planet

McMaster

University




Unsustainable computing and ICT

f McMaster
¥ University

Manufacturing
» 33% of global energy consumption
» 36% of global CO2 emissions

Hardware and e-devices - -
* E-waste is recognized by the World Economic Forum as
the fastest-growing category of waste

ICT
« 2-4% of global CO2 emissions (~avionics sector)
* 2040 prediction: ~14% -42% by 2030

* To follow suit, decrease CO2 emissions by-72% by 2040
-01% by 2050
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G LO BAL ENVIRONMENTAL SUSTAINABILITY
MEGATREND BECOMES A HIGH PRIORITY

SYSTEMS ENGINEERING

VISION 2035

EMNGINEERING SOLUTIONS FOR & BETTER WORLD

?ﬁ.ﬁ{{ﬂfﬁi&aﬁzf

¥ University
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ENVIRONMENTAL SUSTAINABILITY
BECOMES A HIGH PRIORITY

GLOBAL

MEGATREND

P Impacts of human
activity on climate will be
ingrained in assessments
of engineered systems
and public/private
policies.

P Many systems, both
straightforward and
novel, will arise to
mitigate the deleterious
impacts of climate
change, such as global
warming.

Primary 7\ I " -.%
R gt LT
esources . _{{q{%ﬁ

Exploration I ink l P

K
P Society will @;
=

place great
importance on
reuse, giving
rise to Circular
Economies.

-' L) !
-

E e Ty s

THAT PRODUCE SUSTAINABLE SYSTEMS AND BEHAVE IN A SUSTAINABLE M



Demand for sustainable systems

ENVIRONMENTAL SUSTAINABILITY
BECCRMES A HIGH PRICRITY

GLOBAL

MEGATREND

B b=pacts of burnan
sctiity on cimate wil ba
ingrained i ssssaameny

ity the delcterioes
impact of dimats
change, wech s ghchal
warmenag

¥ Priarity will be placess on sysrema
rhit ard mais $T R 5L

Frpurie dCllE s

ardl raporeble
wanls dispasal

fusl Baved anargy

Bus Inf Syst Eng 65(1):1-6 (2023)
https:/fdor.org/10.1007/312599-022-00784-6

EDITORIAL

Sustainable Systems Engineering

Opportunities and Challenges

Wil M. P. van der Aalst - Oliver Hinz + Christof Weinhardi

nt-Computing
stainability

€€ computing's dominant frame of
thinking is conceptually
insufficient to address our current

Modelling Sustainability in Cyber-Physical Systems:

A Systematic Mapping Study

Jacome Cunha®", Tvan Ruchkin®, Ana Moreira®® Jodo

© Dgan Savic?, Vaseo Amar L]F

Ankica Barigié®,

Aranjo’™ . Moharram Challenger

challenges (..)
and computing continues to incur
societal debts it cannot pay back

¥ The glebal fowil-

INCOSE Systems Engineering Vision 2035

* e Vi wﬂ«ﬁ."r

Univers

White Paper DRAFT for Discussion

by concerned Education and Enterprise Communities
This Paper is a Compendium to the Systems Enginearing Vision 2035

Building the Systems Engineering Workforce of the Future

Education, Training and Development of System Engineers

“ 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.
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We need a better understanding of “sustainability”

The gap between tech companies’ official and actual emissions

Total

Official emissions,

artificially cdeflated by
emissions renewable energy credits
Amazon @ L
Apple ® @22«  Locati i
actual emissions
from the area of
: business operations
Microsoft ® ® panite aaliisds
Google e o
Meta ® ]
=08

Data center emissions probably 662%
higher than big tech claims. Can it
keep up the ruse?

Emissions from in-house data centers of Google, Microsoft,
Meta and Apple may be 7.62 times higher than official tally

v https://www.theguardian.com/technology/2024/sep/15/data-center-gas-emissions-tech 51



We need to model "sustainability”

g i Complexity —
Social Responsibility; . . .
diverse expertise Is heeded

Workplace democracy; L

r
|
|

1|
|
|

17

1]

1 7

Social-Environmental _ |
Environmental Justice; 'Environmental-Economic !
Equitable access to Energy Efficiency; I
resources. Subsidies & incentives; I

Carbon Pricing. L

Weak notion of sustainability Strong notion of sustainability

iMcMaster

University 52
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ABSTRACT

Sustainahility has become a key characteristic of modern systems.
Unfortunately, the convoluted nature of sustainability limits its
understanding and hinders the desipn of sustainable systems. Thus,
eooperation among a diverse set of stakeholders is paramount to
sound sustainability-related decisions. Collaborative modeling has
demonstrated benefits in facilitating cooperation between technical
experts in engincering problems; but fails to include non-technical
stakeholders in the modeling endeavor. In contrast, participatory
modeling exeels in facilitating high-level modeling among a diverse
set of stakcholders, often of non-technical profiles; but fails to gen-
crate actionable engincering models. To instigate a convergence
between the two disciplines, we syst ically survey the field of
collahorative and participatory modeling for sustainable systems.
By analyzing 24 primary studics (published until june 2024}, we
identify common challenges, cooperation models, modeling for-
malizms and tools; and recommend future svenues of research.

CCS CONCEPTS

+ General and reference - Surveys and overviews; « Social
and professional topics -+ Sustainability.

KEYWORDS

collaboration, MDE, model-driven, model-based, participatory mod-
eling, survey, sustainability, systematic literture review

ACM Reference Formal:

Rajilla Manelbanga anad bdvan Daval 2024, Parlicigetory amd Collaborslive
Muodeling of Sustinable Systems: A Systematic Review. In ACMAEEE 27th
International Conference on Muodel Driven Engineering Lanyuayes and Sysiems
(MODELS Companion "24), Seplember 22-27, 2024, Linz, Austric. ACM, New
Yark, NY, USA, 10 pages. hitps:/idoiorg/ 101145/ 3652620, 3688557

1 INTRODUCTION

Sustainability is the capacity to endure [57] and preserve a system's
functionality over time [52]. Sustainability has become one of the
key characteristics and a major concern in modern systems [39]. An
apt demonstration of this trend is the position the European Com-
mission takes in identifying sustainability as one of the two central

Permissson to make digial or hard copies of all or part of this werk for personal or
classroom wse is granted withont fee provided that copees are not made or dstributed
For prafit or commesrial advantage and that copies hear this notics and the fll cistsan
on the ferst page Copyrights for compenents of this work owmed by others than the
authar(s) must be honored. Absiraciing with credil is permalied. To copy eiherwise, or
repahlish, Lo post on servers ar to redistribole lo hsts, requires prior specific permasson
amd/for a fee. Request permi from CEILOOE.

AWFDELS Comparion 24, September 22-27, 2004, Linz, Austria

@ 324 Copyright hedd by the owmer/antho(s). Publication nighls hcensed fo ACM.
ACM ISBN 579340070622 -5/ 24009

Fibtpis: ot orgy T 1145/ 36526241 3688557

Participatory and Collaborative Modeling of Sustainable Systems:
A Systematic Review

Istvan David
McMaster Universily
Hamilton, Canada
istvan david@memasterca

topics for a resilient Enropean industry within the framework of In-
dustry 5.0 [44] Expert voices are also calling to action in developing
mmmbksyﬂumanicngnrﬂ'mgntﬂmds[i?ﬂ
hngcdbyﬂmmmﬁnﬁaﬂmﬂnmmnfmahﬂ-
ity [39], ie., having different meanings at different levels of shstrar-
tion and having different meanings for stakcholders of different
domains. Various forms of cooperative modefing offer a treatment
for these challenges. Modeling allows for treating the problem of
stratified meanings by the mechanisms of multi-ahstraction and
multi-semantics [80]. As such, the role of modeling in the anal-
ysis and design of sustainable systems is ciearly recognized [28].
Cooperation allows for treating multiple meanings by involving a
diverse set of stakcholders at strategic points of the design process.
In the absenee of sufficiently diverse cooperation, complex en-
deavors incvitably fail. For cxample, Nutt [64] reports that shout
half of policy decisions fzil to achicve the desired results as ignored
stakeholder knowledge and interests lead to erroncons decision-
making In response to the need for a diverse involvement of stake-
holders, participatory modeling [51] facilitates a high-level model-
ing approach, c.g., through systems dynamics [63], in which non-
upﬂnu.dnm-tmhmml Hnr:mnb:pmufﬂrd:nmn—
maodeling can achicve, preventing such cooperative endeavors from
shifting into an effective design phase. The need for combining par-
ticipatory modeling with a more technical cooperative modeling
paradigm for the design of sustainable systems has been clearly
articulated before. e.g., by Midgley [60] and Nabavi ot al [63].
Collaborative modeling [36, 46] is 2 prime candidate to become
tainable systems. Collsborative modeling is a method or technique
in which multiple stakcholders manage, collaborate, and are aware
of cach others" work on a sct of shared formal models [46]. While
the benefits of collaborative modeling in technical problems have
been demonstrated in academia and indosiry alile, state-of-the-
art collaborative modeling techniques ane sewercly limited in their
human facets and communication aspects [37], forming a scrions
barrier for non-technical stakeholders to participate in collshorative
modeling endeavors. This, in turm, restricts collsborative model-
mgtnt:d\nlmipmbhmsan:ihmls:h:pﬂcnﬂdo&nlhhum

eling that can benefit the design of sustainable systems. Collabh-
orative modeling can support the detailed design of sustainabl
systems, but it needs to become stakeholder-focused and inclusive

12 1

10 1

loint number

22 (91.7%) Environmental

18 (75.0%) Social

15 (62.5%)

20 0

Econamic

5

li20.82%)

0 0
(0.0%) (0.0%)

12
(50.0%)

4
(16.7%)

1 (B.3%)
(4.2%)

Figure 2: Breakdown of joint sustainability dimensions

' R, Manellanga and |. 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.
i ACM, 2024, pp. 645-654. 10.1145/3652620.3688557
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So, what about the sustainability of digital twins?
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Adoptability
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State trajectory (observation frame)

More abstract approximations

ergy-efficiency of Digital Twins

Precision == e
e Pareto front

_'—Eﬁlerg.y

A Survey of Techniques for Approximate Computing

SPARSH MITTAL, Oak Ridge MNational Laboratory

Approximate computing trades off eomputation quality with effert expended, and as fsing performance
demands confront plateauing resource budgets, approximate computing has bocome ool menely attractive,
but oven imperative. In this article, we present a survey of fechnigues for approximate computing (AC).
W diseuss strategies for 1:|||<’|ir1r.'_ .'1|||||'||};ij:;|.'|.|::l||:' program |:a||rri|||:'|:-= and ::||||||I:|u'i||£: autput (|||:||il'..1.'. I:|-1.'||r1i1|u1'.--'
for using AC in differont processing units (eg., CPU, GPU, and FPGA), processor components, memory
technologies, and so forth, as well as programming framewaorks for AC, We classify these techniqoes based
on several key characteristics to t'l'l'lph-:'l:-i?.l' their similarities and differences, The atm of this article is to
provide insighta to researchers into working of AC techniques and inapire more efforts in this area to make
AC the mainstream computing approach in future systems.

Does not trivially
translate to

energy savings!
gy g 56




Evolution of Digital Twins

Power Plant \9

.-'.?‘ %
-

Scenario 1

] i L. . fﬂrer:asrfng of EIeFtricfry_ _ m
Physical Twin: Citizen Energy Community fluctuations requires addition Al-driven predictions

_ Commercial -
= Hub ’

' I I Energy Storage

of model and recalibration !
require new data
and models
_;Ml' ¥

Digital Twin

Added sensors and actuators for
management of excess energy
provide new data and require

new models and services

iﬂiﬂg g Power Distributer / ./ Hospita
\ =)
Residential Hub I&\ I
Ry #Ha i |

Photovoltaic i
Energy Storage Wind Farm

McMaster

University

Scenario 4

Physical Digital Reuse of the data and models
Twin Twin Datz of the coal power plant for
anather digital twin

, *+ lIstvan David and Dominik Bork. ‘“Towards a Taxonomy of Digital Twin Evolution for |
I Technical Sustainability”. In: MODELS-C 2023 Companion, Vasteras, Sweden. I[EEE, 2023 |
I » Judith Michael, Istvan David, and Dominik Bork. “Digital Twin Evolution for Sustainable |
! Smart Ecosystems”. In: MODELS-C 2024 Companion, Linz, Austria. ACM, 2024 !



Rapid development of Digital Twins:

Simulator inference by reinforcement learning

Digital Twin
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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 governi...

socio-technical systems

'ﬁ'ﬂ‘ﬂ‘ 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

ﬁﬂ-{chﬁmtﬂr

University

VIENNA MANIFESTO ON
DIGITAL HUMANISM

VIENNA, MAY 2019

This manifesto is a call to defiberate and to act on corment and future technological
dewelopment. Vi e ' i X nfirstrial
(oAl ANE, B0
In pcé

ILima3 e Seme 3
humal meously creates and threaiens jobs prodiuces
and o ni etology. It shifts power structures
thereby biusrieg the human and the machine
Tha quast is fi lightenment and humanism. The ¢ =51 oot
actraitioe s anary azpect of computer stence many ke

TRk hc

fel

Like all technologies, digital technologies do not emerge from nowhere. They are shaped
by immplicit anvd eopalicit choicess and porate a set of values, nomms 3
ard] sssumpliont Aboul how Bhe w
(jall] B

We must shape technologies in accordance with
allowing technologias to shape humans Clur tas not only to rein n the downs af
infiarr n and communication technologie imar et L

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/10.1038/541893-022-00923-7
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We need to engineer sustainable systems.

By sustal

nable methods.

Sure. But how?
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Sustainable systems

Armamm—— ]

..y sustainable methods

Evolution and longevity of digital twins

Energy-efficiency of Digital Twins

o
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Simulator inference by reinforcement learning

Digital
transition

Twin
transition

Sustainability of and by digital tech
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Problem: social sustainability is missing from

 Social sustainability?
 Trust in digitalization, transparency,
explainability..
* |gnoring social sustainability leads to
unwanted consequences

« Unskilled workforce, fear of Al (e.g., losing
jobs)

* HCI as the universal design framework
IN support of social sustainability of
digital tech

« Human-centered design, trust
» Accessibility
ﬁ.m-icmsgamparency

University

Bridging the Silos of Digitalization and
Sustainability by Twin Transition:
A Multivocal Literature Review

LU R DL L
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Socletal divides

‘ Digitalization can, in fact, widen the gap between
%}Indw}ia‘ﬂ n;;ter developed and developing countries

Copoied with roschardt rd
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By way of conclusion



Engineering complex and sustainable systems
through [elle]ie=1MaVilgls

Al Simulation by Digital Twins Unsustainable computing and ICT
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