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"Software Is Eating the World”

Digitalization of our society

e personal context (multimedia, health,

transport, cities...)

e professional context (digitalization of
numerous tools, processes and activities)

(5o

"Every company is a software company.
You have to start thinking and operating like
a digital company. It's no longer just about
procuring one solution and deploying one.
It's not about one simple software solution.
It's really you yourself thinking of your own
future as a digital company.”

— Satya Nadella, CEO, Microsoft
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Why Software Is Eating The World

By MARC ANDREESSEN

This week, Hewlett-Packard (where | am on the board) announced that it is exploring jettisoning its struggling
PCbusiness in favor of investing more heavily in software, where it sees better potential for growth. Meanwhile,
Google plans to buy up the cellphone handset maker Motorola Mobility. Both moves surprised the tech world.
But both moves are also in line with a trend I've observed, one that makes me optimistic about the future growth
of the American and world economies, despite the recent turmoil in the stock market.

b 4
n interdew with WSJ's Kewin Delaney, Groupon and
fedin investor Marc Andreessen insists that the

pnt poputarity of tech companies does not constitute
jbble. He also sessed that both Apple and Google
undervalued and that "the market doesn't ke tech.”

In short, software is eating the world

More than 10 years after the peak of the 1990s dot-com bubble.
a dozen or so new Internet companies like Facebook and Twitter
are sparking controversy in Silicon Valley. due to their rapidly
growing private market valuations, and even the occasional
successful IPO. With scars from the heyday of Webvan and
Pets.com still fresh in the investor psyche, people are asking,
“Isn’t this just a dangerous new bubble?”

I, along with others, have been arguing the other side of the
case. (I am co-founder and general partner of venture capital
firm Andreessen-Horowitz, which has invested in Facebook,

ipon. Skype, Twitter, Zynga, and Foursquare, among others. | am also personally an investor in LinkedIn.)
believe that many of the prominent new Internet companies are building real, high-growth, high-margin,

lly defensible businesses,
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Towards a Digital World

Complex systems development belongs to a multi=dimensional'space
= Design-space exploration, trade-off analysis & decision making

The accelerated world demands unprecedented levels of adaptability
= adaptability to an emerging sequence of requirements, often driven by

incoming data

Complex interactions between natural and engineered systems
= Reasoning at the level of ecosystems

SOFTWARE $YSTetm

— - = Continuous Feedback-Driven Engineering
of Digital Ecosystems
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One Time

Wait! What?

Design time
Analysis time
Development time
Training time
Run-time
Operation time

To what refer these “times” in
Engineering?

A tool? an activity? a moment in the life
cycle?




Design time and run time are no longer
separable. The system evolves while it
is operating. Requirements evolve
while the system is deployed. There is
only one time — continuous time.



Dogma of (Traditional) Software Engineering

“The wealth of methods and tools that are used at development-time to forge software have no more use
when the software enters the run-time stage” — Luciano Baresi and Carlo Ghezzi. The disappearing
boundary between development-time and run-time. In Future of software engineering research (FOSER "10).

S,D= R, where D might continuously change, due to mobility,

but also more recently to socio interactions, wicked phenomena to consider, etc.

This prevents both

e o seamless and continuous cross-fertilization over the engineering processes, and

e to _ beyond the ones captured in the established engineering processes



Facing Hyper Agility in GPS Development?

DECISION MAKING

EXPLORATION

Digital Thread

Single source of truth
Throughout the whole
product lifecycle
Accountability

Augmented
Engineering

Allow engineers to
focus on what matters
Context-aware tooling

METHOD

Continuous
Engineering

Flexible and dynamic
workflows

Shared responsibilities
Bridge the gap between
the tools and activities



Towards a Gontinuous
(model-driven)
Systems Engineering




Towards a Gontinuous Systems Engineering

continuous systems engineering belongs to two dimensions: in space (deep
variability, global decision making), and in time (digital twins, model hybridization).



Top Program Objectives feature model ]

Deep Variability

Industrial feature model

[ Aircraft Product feature model

Methods & Tools feature model

Supply chain feature model

Variability occurs on all concerns !

gf Costing feature model

[ Quality feature model

N/ 9% N N

Customer services feature model

Variability showcases interdependencies

Vo

Certification & .
assumptions feature model

[ Sustainability feature model }

Variability impacts soft/sys properties

Some concerns in aircraft industry...

=> combinatorial explosion of the epistemic and ontological variability

Deep Variability refer to the interaction of all concerns modifying the behavior
(including both functional and nonfunctional properties) of a complex
cyber-physical, socio-technical, system
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Our Vision

Embrace deep variability!

Explicit modeling of the variability points
and their relationships, such as:

1. Get insights into the variability concerns
and their possible interactions
2. Capture and document configurations for

Embracing Deep Variability For Reproducibility & Replicability

Mathieu Acher, Benoit Combemale, Georges Aaron Randrianaina, Jean-Marc Jézéquel
IRISA, Université de Rennes
Rennes, France

ABSTRACT

Reproducibility (a.k.., determinism in some cases) constitutes a
fundamental aspect in various fields of computer science, such
as floating-point computations in numerical analysis and simula-
tion, concurrency models in parallelism, reproducible builds for
third parties i ion and packaging, and containerization for
execution environments. These concepts, while pervasive across di-

In this paper we propose to characterize both intended and un-
intended variability of any software-intensive system in order to
support ducibility and replicability, and estimate its

robustness, uncertainty profile, and explore different hypotheses.

2 DEEP SOFTWARE VARIABILITY

Uncertainty in informatics comes from many different origins [16,

verse concerns, often exhibit intricate inter-dependencies, making 36), either logical (ie., inherent dictability, e.g., aleatory)
it challenging to achieve a hensive und ding. In this or epistemic (Le, due to i ient knowled,

short and vision paper we delve into the application of software Ontological causes include noise in the input data of a program, its
engineering techni ifically variability to memory layout, network delays, the internal state of the processor,

systematically identify and explicit points of variability that may
give rise to reproducibility issues (e.g., language, libraries, compiler,
virtual machine, OS, environment variables, etc). The primary ob-
jectives are: i) gaining insights into the variability layers and their
possible interactions, if) capturing and documenting configurations
for the sake of reproducibility, and iii) exploring diverse configu-
rations to replicate, and hence validate and ensure the robustness
of results. By adopting these methodologies, we aim to address the

the ambient temperature and even the age of the processor.

Epistemic causes include misunderstanding of the user’s needs,
variable behavior of conceptually similar resolution methods, choice
of threshold parameters, unexpected behavior of APIs, variable
behavior among functionally similar libraries, or subtle differences
in the semantics of programming languages (e.g., —3%2 evaluates to
~1inJavabut to 1 in Python), or even inside the same programming
language (for instance x/0 is an undefined behavior in C).

d with reproducibility and repli in
modern software systems and environments, facilitating a more
ive and nuanced ive on these critical aspects.

;‘;m:- e, random seed selection
s . e.g.x+(y+2) vs. (x+y)+z

ACM REP 2024

= We aim to address the complexities associated
with reproducibility and replicability in modern
cyber-physical systems and environments,
facilitating a more comprehensive and nuanced
perspective on these critical concerns.

the sake of reproducibility

3. Explore diverse configurations to replicate,
and hence optimize, validate, increase the
robustness, or provide better resilience



Variahility Exploration for Decision Making

Journal of Object Technology | RESEARCH ARTICLE
JOT
Saiket TecrmoLocy

e Automate the variability space exploration (genetic algorithms, Al agents)
e |[nteractivity with decision makers through parallel charts Variability Exploration for Decision Making: Supporting

Domain Experts in Configuring Business Processes

Haitam E1 Hayani*", A Land

“ENSIAS, Moroceo
YIRISA, Univ Rernes, ONRS, INRIA, Franco
SKings College London, Urited Kingdom
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Bex ssae / ABSTRACT

‘ = oo / . Designing a model with buit-in variability that can later be specialized for specific needs has become a common practice. This
gy ‘approach enables the consolidation of company expertise within a single model, extending its applicability beyond a single
/ R system, process, or behavior. Such modeling reveals a set of choices that Domain Experts (DEs) must evaluate, collectively
forming the variabilty space—the range of potential decisions available to achieve desired project outcomes. Selecting the
L ey / , ‘optimal decision within this variabity space is often challenging for DES, especially those without a technical background. The
e ’ / abundance of alternatives, each with the potential to significantly influence the capabilties of the final solution, adds complexity
" X 1o the decision-making process. To assist DEs in exploring their models, we propose a tool-supported method for discovering
Variability space exploration = and visualizing the variability space cap thin feature models. This method al s to expl different
options against predefined objectives. By representing the variability space in a format conducive to decision-making, our
{ @} Variability model refinement method helps identify ke choices that impact overall business processes, assess the implications of each option, and explore
alternative configurations. We validate this method through a simplified case study of the OneWay project of Airbus, a leading

international aircraft manufacturer. Applying our method to their feature model and business processes for avionics program
Decision making support planning in supporting activities and its overall performance.

Variability space discovery

Evolutionary algorithm execution

KEYWORDS Variabilty management, Saftware product fines, Evolutionary aigorithms

[crossover, ana
Mutation

Region of
interest

at providing systematic engineering processes and tool sup-

1. Introduction port for configuring and composing reusable components for a
z S ) ‘given objective. However, large variability spaces lead to crror-
S Model-bused variabilily management is commonly used fr  prone and time-consuming manual exploration activities and
F @ managing large variability spaces in the development of modern  pyoice hard the decision for the various options. These activities
z complex systems such as cyber-physical systems, configurable yqyally invalve various stakeholders and apply a multi-stage
o software systems and business processes. We can ife EXam- o while rying to each 4 global optimizaton of the
0 l’:*‘zég‘;';‘ e e oes feky Suchias THIpster alinet resuling product with regard t0  given objective.
al . but also from the systems engineering sector at Air- b oo X )
! bus (Foures et al. 2023) and Thales (Noir et al. 2016). It aims The exploration of a large variability space requires specific
) decision-making tools to let Domain Experts (DE) explore dif-
i 10T rferencs format ferent configurations and/or options, and assess them against
i, Benoi , Ovior Baras, and Stffon Zschal “The challenge is twofold: i) the variabil-
) ! X Jor oot Making Spporing Doman Experisn ity space an the varios decision choices nee 0 be abstracted
£ 4 onfguring Business Processes. Jou: fechnology. Vo. 24, S S e
1 e oo v ag,  and visualized for the sake of decision-making, and i) the in-
VM approach \ 1 BYNC Volved stakeholder (DE), needs o nteract with the exploration
SR ; Domain expert i it ipierech process to drive it according to specific preferences.
N ) 1
e ST SO e R e R e A A S IS ] AN AITO publiation

B B G ) JOT 2025, cf. httpsy/inria.hal.science/hal-05029778
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Feedback-Driven Software Development

e Deep Software Variability needs decision-making
support

e The MultiPlane MODA Framework (Bellairs’22)
o  encapsulate the variability and impact intra-/inter- plane

o "Decision Space" that derives from the dependencies in
individual variability models and impact models

o Global feedback loop

Global Decision Making Over Deep Variability in
Feedback-Driven Software Development

Jorg Kienzle Benoit Combemale Gunter Mussbacher
McGill University University of Rennes McGill University
Canada France Canada
Joerg Kienzle@megill.ca benoit.comt irisafr P oo
Omar Alam Francis Bordeleau Lola Burguefio
Trent University Ecole de technologie superieure Open University of Catalonia
Canada Canada Spain
omaralam@trentu.ca francist a 1b du
Gregor Engels Jessie Galasso Jean-Marc Jezequel
Paderborn University Université de Montréal University of Rennes
Germany Canada France
engels@upb.de jessie.galasso- jezequel @irisa.fr
carbonnel@umontreal.ca
Bettina Kemme Sebastien Mosser Houari Sahraoui
McGill University McMaster University DIRO, Université de Montréal
Canada Canada Canada
kemme@cs.megill.ca hraouh@iro.umontreal.ca

Max Schiedermeier

Eugene Syriani

McGill University University of Montreal
Canada Canada
max.schi i a i umontreal.ca

ABSTRACT

To succeed with the development of modern software, organiza-
tions must have the agility to adapt faster to constantly evolving
environments to deliver more reliable and optimized solutions that
can be adapted to the needs and environments of their stakeholders
including users, customers, business, development, and IT. How-
ever, stakeholders do not have sufficient automated support for
global decision making, considering the increasing variability of
the solution space, the frequent lack of explicit representation of its
associated variability and decision points, and the uncertainty of
the impact of decisions on stakeholders and the solution space. This
Ieads to an ad-hoc decision making process that is slow, crror-prone,
and often favors local knowledge over global, organization-wide
objectives. The Multi-Plane Models and Data (MP-MODA) frame-
work explicitly represents and manages variability, impacts, and
decision points. It enables automation and tool support in aid of

a multi-criteria decision making process involving different stake-
holders within a feedback-driven software development process
where feedback cycles aim to reduce uncertainty. We present the
conceptual structure of the framework, discuss its potential benefits,
and enumerate key challenges related to tool supported automation
and analysis within MP-MODA.

CCS CONCEPTS

« Software and its engineering — Collaboration in software
development.

KEYWORDS
MODA, Iterative Software Development, Feedback Loop

ASE 2022, cf. https://hal.inria.fr/hal-03770004
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RE for Cyber-Physical Syst

1.

There is a clear need for advanced global
decision support that is cross-discipline
and reduces information overload while
prioritizing uncertain or hard areas

It is a challenge to reduce information
overload while making balanced decisions
that address uncertainty and maintain
ecosystem equilibrium to achieve
continuous decision making

Global Decision Making Support
for Complex System Development

Lola Burguefio

University of Malaga
Malaga, Spain

Damien Foures

ITIS Software DDMS
Airbus Group

Toulouse, France

Benoit Combemale
ESIR & IRISA
University of Rennes
Rennes, France

.es damien.da

irbus.com benoit. irisa.fr

Jorg Kienzle
ITIS Software / School of Computer Science
University of Mdlaga / McGill University
Malaga, Spain / Montreal, Canada
joerg kienzle@uma.es / mcgill.ca

Abstract—To succeed with the development of modern and
complex systems (e.g., aircrafts or production systems), organiza-
tions must have the agility to adapt faster to constantly evolving
requirements in order to deliver more reliable and optimized

Gunter Mussbacher
Department of Electrical and Computer Engineering
McGill University / INRIA
Montreal, Canada / Rennes, France
gunter.mussbacher @mcgill.ca

the organization from reaching a better global result. Global
decision making that considers not only the solution space
of each specialized team, but also the overall solution space

solutions that can be adapted to the needs and
of their including users, suppliers, and
partners. However, do not have explicit

of the ion is required.
must have the agility to adapt faster to constantly evolving

and systematic support for global decision making, consldermg
the vast decision space and complex inter-relationships. This
decision space is d by increasing yet i
represented variability and the uncertainty of the impact of
decisions on stakeholders and the solution space. This leads to
an ad-hoe decision making process that s slow, error-prone,
and often favors local over global,

to succeed with complex system development by
delivering more reliable and optimized solutions that can be
adapted to the needs and environments of their stakeholders
including users, customers, suppliers, and partners. Without
automated support, teams have to revert to an ad-hoc decision
making process for requirements and design that is slow,

objectives. As a result, one team’s design decisions may impose
too restrictive requirements on another team. In this paper, we
evaluate our understanding of global decision making in the con-
text of complex system development based on a conceptual model
which explicitly represents and manages decision spaces including
variability and impacts. We have conducted our evaluation by
means of a case study where we interviewed domain experts
with an average of 20 years of experience in complex system
industries and report the key findings and remaining challenges.
In the future, we aim at providing explicit and systematic tool-
supported approaches for global decision making support for
complex systems.

Index Terms—Global Decision Making, Multi-Stakeholder,
Variability, Impact, Requirements, Design.

prone, and often favors local knowledge over global,
olgamzanon wide objectives. The vast decision space with
ever but i variability, and
the uncertainty of the impact of decisions on stakeholders
and the solution space further exacerbate this decision making
problem. While there is a growing body of knowledge around
variability management and decision making (see related work
in Section VI), the challenges of global decision making in
complex system development in an industrial context are not
yet well understood.

Based on an initial conceptual model, we evaluate our
understanding of global decision making by means of a case
study in the context of complex system development and report
aur_findings_in_this_naner_The.

madel_exnlicitl

RE 2024



RE for Gomplex System Development
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continuous decision
making support?

uncertainty management?

Global Decision Making Support
for Complex System Development

Lola Burguefio

University of Malaga
Malaga, Spain
.es damien.da

Damien Foures

ITIS Software DDMS
Airbus Group

Toulouse, France

Benoit Combemale
ESIR & IRISA
University of Rennes
Rennes, France

irbus.com benoit. irisa.fr

Jorg Kienzle
ITIS Software / School of Computer Science
University of Mdlaga / McGill University
Milaga, Spain / Montreal, Canada
joerg kienzle@uma.es / megill.ca

Abstract—To succeed with the development of modern and
complex systems (e.g., aircrafts or production systems), organiza-
tions must have the agility to adapt faster to constantly evolving
requirements in order to deliver more reliable and optimized

Gunter Mussbacher

Depariment of Electrical and Computer Engineering

McGill University / INRIA
Montreal, Canada / Rennes, France
gunter.mussbacher @mcgill.ca

the organization from reaching a better global result. Global
decision making that considers not only the solution space
of each specialized team, but also the overall solution space

solutions that can be adapted to the needs and
of their including users, suppliers, and
partners. However, do not have explicit

of the ion is required. F
must have the agility to adapt faster to constantly evolving

and systematic support for global decision making, considering
the vast decision space and complex inter-relationships. This
decision space is characterized by increasing yet inadequately
represented variability and the uncertainty of the impact of
decisions on stakeholders and the solution space. This leads to
an ad-hoe decision making process that s slow, error-prone,

to succeed with complex system development by
delivering more reliable and optimized solutions that can be
adapted to the needs and environments of their stakeholders
including users, customers, suppliers, and partners. Without
automated support, teams have to revert to an ad-hoc decision
making process for requirements and design that is slow,

and often favors loc: over global,
objectives. As a result, one team’s design decisions may impose
t00 restrictive requirements on another team. In this paper, we
evaluate our understanding of global decision making in the con-
text of complex system development based on a conceptual model
which explicitly represents and manages decision spaces including
variability and impacts. We have conducted our evaluation by
means of a case study where we interviewed domain experts
with an average of 20 years of experience in complex system
industries and report the key findings and remaining challenges.
In the future, we aim at providing explicit and systematic tool-
supported approaches for global decision making support for
complex systems.

Index Terms—Global Decision Making, Multi-Stakeholder,
Variability, Impact, Requirements, Design.

prone, and often favors local knowledge over global,
ownmzauon wide objectives. The vast decision space with
ever i but i variability, and
the uncertainty of the impact of decisions on stakeholders
and the solution space further exacerbate this decision making
problem. While there is a growing body of knowledge around
variability management and decision making (see related work
in Section VI), the challenges of global decision making in
complex system development in an industrial context are not
yet well understood.

Based on an initial conceptual model, we evaluate our
understanding of global decision making by means of a case
study in the context of complex system development and report
aur_findings_in_this_naner_The. madel_explicitl
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‘A digital twin is a software system that
purposefully represents an original,
accurately reflects its changes, can act
upon its original, and provides added
value to users or other systems.”

DIGITAL
TWIN

1
“| PHYSICAL
TWIN

-- Michael, Rumpe, Wortmann, Combemale, Jézéquel.

... hatural systems ... anthropized systems ... engineered systems

(Cyber-Physical Systems, infrastructures, and business processes)

16



Digital Twin: Seamless Gontinuum over
Engineering Processes

L

i

Dalibor, Jansen, Rumpe, Schmalzing, Wortmann: A Cross-Domain Systematic Mapping Study on Software Engineering for Digital Twins. In: Journal of Systems and Software, 2022.
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Digital Twin: The Role of Models and Data

/ Digital Twin (DT) \
/ Models \ Data

Predictive
Model

Planning Analysis
v
Prescriptive Descriptive | ®eneralizing Digital
Model Model ) L Shadow

3

N 1
1_ Executing Monitoring ‘—l

"% Actual System ]
© u‘I!':%S S! AE%ALL RIGHTS HE*‘FR#% ICOMPUTER RENDERING BY EIAl ‘ (AS) J

¥

System Environment

Conceptualizing Digital Twins. Romina Eramo, Francis Bordeleau,
Benoit Combemale, et al.. IEEE Software, March-April 2022, pp. 39-46, vol. 39.
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Model Hybridization

Model-Based
. . . X M BSE Systems Engineering
Man-made and inferred abstraction engineering Requiements s |

System Architecture
Simulation
e Hybrid modeling |
M&S Data Science

o coordinated use of heterogeneous models ! nalysis Knowledge Extraction

(deductive reasoning) (inductive reasoning)
e Adaptive modeling

o model adaptation (inference/refinement/configuration) i Lo

Towards a unifying theory for inductive and
deductive reasoning?

MDE

Domain-Specific
Languages & Model
Management

Model-Driven
Engineering 19



Towards
A Gatalog of Model Hybridization Pattern

The Shortcut pattern sends inputs first to an inductive The Pre-/Post-Processing pattern uses an inductive model to
model acting as a replacement for the deductive model produce specific inputs or to refine outputs from a deductive model

(

n o

The Trainer pattern enables modeling phenomena for The Continual Learning pattern combines a calibrated deductive model
which the knowledge is scarce/limited and a pre-trained inductive model to perform continual learning

Model Hybridization for Digital Twins, Bellairs Workshop 2025.



Abstraction
Engineering

“The demands of future systems require an engineering approach to the
systematic creation, maintenance, and coordinated use of abstractions”

21



Abstraction Engineering: Wait, What?

An abstraction is a representation of a
concept of concern in a particular context.
Each abstraction, as a minimum, has a

name and a purpose or intention.

Abstraction Engineering (AE) is the
discipline of constructing and manipulating

abstractions for a given purpose.

Abstraction Engineering

NELLY BENCOMO, Durham University, UK

JORDI CABOT, Luxembourg Institute of Science and Technology and University of Luxembourg, Luxem-
bourg

MARSHA CHECHIK, University of Toronto, Canada

BETTY H. C. CHENG, Michigan State University, USA

BENOIT COMBEMALE, University of Rennes, France

ANDRZE) WASOWSKI, IT University of Copenhagen, Denmark

STEFFEN ZSCHALER, King’s College London, United Kingdom

Modern software-based systems operate under rapidly changing conditions and face ever-increasing uncer-
tainty. In response, systems are increasingly adaptive and reliant on artificial-intelligence methods. In addition
to the ubiquity of software with respect to users and application areas (e.g., transportation, smart grids,
medicine, etc.), these high-impact software systems necessarily draw from many disciplines for foundational
principles, domain expertise, and workflows. Recent progress with lowering the barrier to entry for coding
has led to a broader community of developers, who are not necessarily software engineers. As such, the
field of software engineering needs to adapt accordingly and offer new methods to systematically develop
high-quality software systems by a broad range of experts and non-experts. This paper looks at these new
challenges and proposes to address them through the lens of Abstraction. Abstraction is already used across
many disciplines involved in software development—from the time-honored classical deductive reasoning and
formal modeling to the inductive reasoning employed by modern data science. The software engineering of
the future requires Abstraction Engineering—a systematic approach to abstraction across the inductive and
deductive spaces. We discuss the foundations of Abstraction Engineering, identify key challenges, highlight
the research questions that help address these challenges, and create a roadmap for future research.

cf. https://arxiv.org/abs/2408.14074

= See https://international.mde-network.org/top_navigation/abstraction_engineering.html
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We are not starting from scratch

Many of the research questions identified have (partial or full) solutions developed
in particular fields of Computer Science

Y s
re y

Language-oriented Model-driven Modeling & Verification / Artificial Foundational

programming & engineering Simulation Formal methods Intelligence Ontologies
Software Language Engineering

23



Anatomy of an abstraction

Legend:
% Nesidoo ; eri
process
A 0rGroup Abstraction Engineering
Abstract Feature Stochastic process
[ Concrete Feature fWhaﬂ

NELLY BENCOMO, Durham University, UK

JORDI CABOT, Luxembourg Institute of Science and Technology and University of Luxembourg, Luxem-
bourg

- MARSHA CHECHIK, University of Toronto, Canada
Ontological Concept

BETTY H. C. CHENG, Michigan State University, USA
BENOIT COMBEMALE, University of Rennes, France
ANDRZE) WASOWSKI, IT University of Copenhagen, Denmark
STEFFEN ZSCHALER, King’s College London, United Kingdom

Data scientists I

Modern software-based systems operate under rapidly changing conditions and face ever-increasing uncer-
tainty. In response, systems are increasingly adaptive and reliant on artificial-intelligence methods. In addition
to the ubiquity of software with respect to users and application areas (e.g., transportation, smart grids,
medicine, etc.), these high-impact software systems necessarily draw from many disciplines for foundational
principles, domain expertise, and workflows. Recent progress with lowering the barrier to entry for coding
has led to a broader community of developers, who are not necessarily software engineers. As such, the
field of software engineering needs to adapt accordingly and offer new methods to systematically develop
high-quality software systems by a broad range of experts and non-experts. This paper looks at these new
challenges and proposes to address them through the lens of Abstraction. Abstraction is already used across
many disciplines involved in software development—from the time-honored classical deductive reasoning and
formal modeling to the inductive reasoning employed by modern data science. The software engineering of
the future requires Abstraction Engineering—a systematic approach to abstraction across the inductive and
deductive spaces. We discuss the foundations of Abstraction Engineering, identify key challenges, highlight
the research questions that help address these challenges, and create a roadmap for future research.

Human stakeholders

Abstraction Engineering

cf. https://arxiv.org/abs/2408.14074

Top-down design
Bottom-up discovery

24



Abstraction Engineering: Key Ghallenges

Complexity

Manage abstractions dynamically
discovered

Combine designed vs discovered
abstractions

Contextualize abstractions
Combine abstractions from different
stakeholders

Problem

Space

Uncertainty

From precise to uncertain abstractions
Measurement uncertainty

Aleatoric uncertainty

(ML) Model uncertainty

Compose various sources of
uncertainty

25



Abstraction Engineering: Key Ghallenges

Compositionality

« Composing Al and non-Al subsystems

» Reason about relationships between
abstractions

» Agreement and conflict on abstractions
coming from different stakeholders

Solution

Space

Reuse

* What quality assurances can be
transferred

* How abstraction use shift over time

» Hierarchies of abstractions to create
new abstractions for particular
applications
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Take Away Messages

A\

» There is only one time to tame Systems Hyper-Agility
» Innovation = Exploration & Optimization
m Breakthrough over incremental innovation
» New temporal adaptability
s Dynamic environment

» Towards a Continuous (model-driven) Software Engineering
» Deep Variability, Global Decision Making
» Feedback-driven Development, Digital twins

» Open challenges
» Foundations: abstraction engineering (e.g. model hybridization)
» Technologies: context-aware dev tool, DT engineering...
» Businesses: IP management, standards, patents...

We don’t need faster cycles. We need systems engineering that accepts that change never stops

— and that models must live with the system.



There Is Only One Time In Systems Engineering!
Towards a Continuous (Model-Based) Software Engineering

Systems engineering is a complex endeavor encompassing diverse socio-technical activities. Traditionally,
these activities are organized along a development life cycle—from design to operation—applying
engineering processes at both design and run time, and across application and domain levels. This
organization has given rise to well-established life cycle models (e.g., V-model, Scrum) and practices (e.qg.,
DevOps) designed to manage the complexity of software-intensive systems. It also shapes our tools, methods,
and even communities within the software and systems engineering field—an illustration of Conway’s Law
applied to our own discipline! While this structured organization was crucial in the early days of the field
(“divide and conquer”), | argue that it now limits the adaptability required to address what | call hyper agility.
Modern systems evolve at an accelerating pace, operate in dynamic environments, and face increasing
uncertainty. Meeting these challenges demands continuous, model-based engineering of complex
cyber-physical and socio-technical ecosystems. In this talk, | will discuss challenges in variability management
and abstraction engineering to better support feedback-driven development, and explore how the digital twin
concept can act as a key enabler of this new engineering paradigm.
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