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w Some info on myself & my work

A Full professor on University of Antwerp
A Electronics engineer, PhD in computer vision
A Co-created Normalized Systems Theory on engineering and architecture of evolvable software
systems, i.e., enabling systems to cope with change
A Books and papers (140 publications), and YouTube channel
A Human adoption
A Spin off company with 55 software engineers
A > 65 software engineers at customers / partners
A Software production
A Suite of code generators and tools
A Many software projects and products (1T and OT), e.g.,
A Energy Monitoring and Management System
A Command & Control Centre for medical drone transport
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Mass Produced Software Components.

DOUG McILROY
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Mass Produced Software Components

DOUG MCILROY

¢expect families of routines to be constructed on  rational princijples so that
families fit together as building blocks. In short, [the user] should be able
safely to regard components as black boxes. .

1968 NATO Conference on Software Engineering, Garmisch, Germany



s On Software Factories

AProduce and assemble software in more industrial way

A Mass produced software components (Mcliroy)
A Software Product Lines (SE/)

A Predicted versus opportunistic reuse
A Software Factory (Greenfield et al.)

A Techniques of traditional manufacturing
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The machine that builds the machine

ELON MUSK

¢the true problem, the true difficulty , and where the greatest potential is, is building
the machine that builds the machine. In other words building the factory. .

2016 Tesla Shareholders Meeting, Freemont, US



s On Software Factories and Reusability

AProduce and assemble software in more industrial way

A Mass produced software components (Mcliroy)

A Software Product Lines (SE/)
A Predicted versus opportunistic reuse

A Software Factory (Greenfield et al.)
A Techniques of traditional manufacturing

A Software products and components
A Come in many different variants and aggregations
A Assume a continuous sequence of new versions

A Systematic reuse of software is not trivial
A Methodological issues (Saeed)

A 1ssues related to evolvability (NST)
A Rippling of impacts due to new versions and variants



You can see the computer age everywhere
but In the productivity statistics.

ROBERT SOLOW



#¢ An Inconvenient Truth

The Productivity Paradox (2.0)

ERIK BRYNJOLFSSON

¢Despite rapid developments in information technology, there has not been a
corresponding increase in productivity growthj .

Communications of the ACM, vol. 36, nr. 12, 1993, pp. 66-77.



N
%

Clean Architecture wRobert C. Martin
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The Law of Increasing Complexity.

MANNY LEHMAN



»¢ An Inconvenient Truth

The Law of Increasing Complexity

MANNY LEHMAN

Proceedings of the IEEE, vol. 68, nr. 9, september 1980, pp. 1068.



s On Software Factories and Reusability

AFor decades, strong indications exist for systemic issues in software
evolution and maintenance

ALehman drew a parallel between how software systems degrade  with
each consecutive change, requiring effort to maintain structure, and the
second law of thermodynamics



#¢ On Entropy and deteriorating structure

Increasing Entropy ~ Deteriorating Structure

This is not inevitable in an open system receiving energy

Mitigation is related to creating and preserving structure

Lower entropy is related to increased modular separation




¢ On Software Factories and Reusability

AFor decades, strong indications exist for systemic issues in software
evolution and maintenance

ALehman drew a parallel between how software systems degrade  with
each consecutive change, requiring effort to maintain structure, and the
second law of thermodynamics

A As software evolution is an open system receiving with considerable
energy being spent, degradation can be reduced to zero

A Structure needs to be preserved , and should be present to a high degree
from the beginning to limit the entropy

AActually, modularity arises spontaneously in evolutionary systems In
response to variation, and the amount of modular separation is
logarithmically proportional to the rate  of variation (Lipton et al., 2002)
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It IS not the strongest of the species that survives, nor the
most intelligent, but the one that is most responsive to

CHARLES DARWIN

change.



»¢ The Need for Software Evolution

A Laws of Manny Lehman
A Increasing Complexity

A Declining Quality
Acg

A The Productivity Paradox  (2.0)
A Consequences of bad architecture by Robert C. Martin

A Dutch government Elias Committee
A huge cost overruns, depreciation of IT systems after 7 years

A Concepts have been introduced like technical debt

But: Do not be ashamed !



#% Change ripples: The Saturn V

A Increase thrust power
A Add additional F1
A Additional fuel line
A More powerful fuel pump
A Larger fuel tank stage 1
A Stronger fuel tank stage 1
A Adapt shape fuel tank stage 1
A Enlarge interstage & second stage
A Adapt interstage & second stage
Ae

A A Design new rocket

LES JETTISON MOTOR & LAUNGH ESCASE SYSTEM

LES LAUNGH E8CAPE TOWER

2.
-----

A e

BOTTOM OF -1 ENGINE ( PLACES)  —II5.6 -2.9%

NOTE: $-IC STAGE ROTATED &
COUNTER CLOCKWISE
FOR CLARITY




&% Change ripples: A Racing Bike

A Gear handle worn out
A Replace gear handle
A Handle for 8 gears retired
A New handles only 7 or 9 gears
A Replace gear block in the rear
A Replace gear cabling
A Replace gear block in front

Ae
A A Replace racing bike




s The Software Design Cycle as a Dynamic System

A Consider the software Function A Construction transformation

A Consider this design transformation as a system, with:
A the requirement specifications as inputs X[K]
A the (versions of) software modules as outputs y[K]

A Positive feedback is created by change ripples

A In evolving information systems, changes:
A can be and are applied

Apkr T nE& GAT njr AT UYUr doaTacs AN
A do cause ripple effects

System

Change ripples




Change ripples: A Basic Transformation
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s Design Theorems for Stable Software

A In order to avoid dynamic instabilities in the software design cycle, the  rippling of changes needs to
be depleted or damped: a=0

A As these ripples create combinations of multiple changes  for every functional change, we call these
instabilities combinatorial effects

A Demanding systems theoretic stability for the software transformation, leads to the derivation of
principles in line with existing heuristics

A Adhering to these principles avoids dynamic instabilities, meaning that these  principles are
necessary, not sufficient for systems stability



&% Separating Cross - Cutting Concerns

Invoice
-Nr
-Date
-X




&% The Emergence of Elements

Remote Access

\ Access Control

Persistency
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An Advanced Transformation
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An Advanced Transformation
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s Software Elements for Stable Skeleton Structures

A Element structures are needed to interconnect with CCC solutions

A NS defines 5 types of elements, aligned with basic software concepts:
A Data elements , to represent data variables and structures
A Task elements , to represent instructions and/or functions
A Flow elements , to handle control flow and orchestrations
A Connector elements , to allow for input/output commands
A Trigger elements , to offer periodic clock -like control

A The fine-grained modular structure of the elements limits the entropy.
The moadular separation and encapsulation will avoid entropy increase.

A It seems obvious to use code generation techniques to create instances of these recurrent element
structures. Due to its simple and deterministic nature, we refer to this process as expansion , and to
the generators as expanders .

A Expansion of the elements, detailed software patterns , is model driven development



#% Model - Driven Development

wData Models
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Model - Driven Development

PreFlightChecks
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s Onthe Catch 22 of Recurring Structure

A Recurrent stable structures are required to limit complexity and to
guarantee consistency

A Recurrent stable structures need to be able to adapt over time, to
overcome flaws and technology changes

A Additional custom code is inevitable and needs to be maintained across
updated stable structures

An automated mechanism is required,
providing both code generation or expansion,
and regeneration with harvesting and injection.

Software Rejuvenation




&% Separating the Dimensions of Variability
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Being abstract is something profoundly
different from being vague.

EDSGER DIJKSTRA



s Automatic Programming

A Automatic programming:
A The act of automatically generating source code from a model or template
A Sometimes distinguished from code generation, as performed by a compiler

A Has always been a euphemism for programming in a higher -level language than was
then available to the programmer [David Parnas]

A Also referred to a generative or meta -programming
A To manufacture software components in an automated way

A ltis as old as programming itself:

System.out.printin ( fHello world. 0) ;

4

System.out.printin ( Bystem.out.printin (\iHel | o w\oIl0d .



»# The Need for Automatic Programming

A Goal is and has always been to improve programmer productivity
A In general, to manufacture software components in an automated way, in the same way
as automation in the inaustrial revolution , would:
A Increase programming productivity
A Consolidate programming knowledge
A Eliminate human programming errors

A The approach aims to address many /ong-term issues that remain relevant -
A Growing amount and importance of software
A Immense shortage of computer programmers
A Billions of defects in multi -trillion lines of code
A Gigantic IT development and maintenance budgets
A Gen Al is once again going to increase software production



s Automatic Programming  wModel Driven Development

A Better known through names/trends like:
A Model- Driven Architecture (MDA)
A Model- Driven Engineering (MDE)
A Model- Driven Software Development (MDSD )
A Low- Code Development Platforms (LCDP
A No-Code Development Platforms (NCDP)
A WAl (Assisted) Code Generation wVibe Coding w

A The various trends/disciplines share the wse of models to structure requirements and/or to
represent domain knowledge

A Programming models originate in data and flow models , n Ga [ ¢



s Information System Models

ADomain Driven Design
WEric Evans

A Clean Code Architecture
wRobert Martin

wMore than Data and Flows
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»# The Need for Meta-Circularity in Meta-Programming

A You also have to maintain the meta -code =
A Consists of several modules Model Data H
A Is in general not trivial to write

A Will face growing number of implementations

: : : Reader classes ]
A Different versions and variants

A Various technology stacks Model classes
A Will have to adapt itself to technologies : @ WM
A Evolutions of its underlying technology [ Control C|aSses

A Which even may become obsolete

_ _ Generator classe%
A Will have to enable various types models @

A Different generic software models

A Different domain specific models = H
A Meta - Circularity : code that (re)generates itself




The Need for Meta - Circularity in Meta
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A You also have to maintain the meta -code
A Consists of several modules

A Is in general not trivial to write

A Will face growing number of implementations
A Different versions and variants
A Various technology stacks

A Will have to adapt itself to:
A Evolutions of its underlying technology
A Which even may become obsolete

A Will have to enable and support:
A Different generic software models
A Different domain specific models

A Meta - Circularity : code that (re)generates itself
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w The Need for Meta -Circularity in Meta -Programming

A You also have to maintain the meta -code

A Consists of several modules Model Data M

A Is in general not trivial to write

A Will face growing number of implementations
A Different versions and variants
A Various technology stacks

A Will have to adapt itself to:
A Evolutions of its underlying technology
A Which even may become obsolete

A Will have to enable and support:
A Different generic software models

A Different domain specific models H
A Meta - Circularity : code that (re)generates itself




&% From Vertical to Horizontal Integration

Model Data _u Model Data _u
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From One to Multiple Abstraction Levels
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,o; The Layered Architecture of (Meta -)Modelling

AThe Meta - Object Facility (MOF) is an Object Management Group (OMG)

standard for model-driven engineering
M3 / —_ / Meta-Object Facility
instance_of .

w_ T e e

instance_of .

";"" M1 Aﬁif / User concepts

PR - instance_of .

H " o 4 i / /Usar data
Benutzer- : . . D . ’

rrgdal

Layers of modeling infrastructure (2003, p.38)

MO >
——— : Atkinson & Kuhne Atkinson, C. & Kuhne, T. (2003)
,ﬂ;"* vl Model-driven development : a metamodeling foundation.
Raoalitit - IEEE software. [Online] 20 (5), 36 ugl.




s Toward an Interoperable Meta -Modeling Platform

A MOF serves as the foundation for implementations like the Eclipse Modeling Framework
(EMF) and is aligned with standards like UML and XMI for model interchange .

A JetBrains Meta Programming System (MPS) uses its own proprietary meta - modeling
format , centered around the concept of projectional editing and Abstract Syntax Trees

A easy to use and integrated
A assisting the software developer

A The EMF M3 (or meta - meta - model) refers to the highest level of abstraction in the Eclipse
Modeling Framework (EMF), specifically the Ecore meta - model .

A At the EMF M2 model, we can accommodate both generic meta -models for information
systems, and Domain Specific Languages or DSLSs.

A NS Tooling aligns with the EMF, and uses for its meta -model driven software engineering
a lightweight version of the EMF M3 (or meta-meta- model)



#¢ The EMF M3 or Ecore Meta-Meta-Model

A Purpose. Ecore defines the constructs used to create meta -models (M2 level), which in
turn define models (M1 level) for DSLs or other applications .
A Key Elements.: Ecore M3 structure:
A EPackageRepresents a package or namespace for grouping-metdel elements.
A EClassDefines a class or type in the meteadel, with attributes and references.
A EAttribute: Represents a simple attribute (e.g., a string or integer) of a class.
A EReferenceDefines a relationship (containment or noantainment) between classes.
A EDataTypeRepresents primitive or custom data types (e&ptring EIn.
A EOperation Defines operations or methods on a class.

A Self-Defining: Ecore is bootstrapped, meaning the Ecore meta-model is itself defined
using Ecore (stored in Ecore.ecore).

A Interoperability - Ecore supports XMI (XML Metadata Interchange) for model serialization,
aligning with MOF - based tools



#¢ The NS M3 Lightweight Meta -Meta-Model

A Purpose: NS M3 defines the constructs used to create meta -models (M2 level), which in
turn define models (M1 level) for DSLs or other applications .
A Key Elements.: Our NS M3 structure:
A ElementGroupRepresents a package or namespace for grouping imetdel elements.
A ElementClassDefines a class or type in the metedel, with attributes and references.
A Attribute : Represents a simple attribute (e.g., a string or integer) of a class.
A Reference Defines a relationship (containment or noantainment) between classes.
A DataType Represents primitive or custom data types (e&ptring EIn.
A Operationt Defines operations or methods on a class.

A Self-Defining: NS M3is bootstrapped, meaning the NS M3 meta-model is itself defined
using NS M3 (stored in metamodels.xml).

A Interoperability - NS M3 supports XMI (XML Metadata Interchange) for model serialization,
striving to align with MOF-based tools
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The NS M3 Lightweight Meta -Meta-Model

elementGroups

elementClasses

alement
ElementClass

isGloballyUnique: Boclean
description: Description

name: Name
superClass

isAbstract: Boolean
isSealed. Boolean

group role target | references | owner
element dara
ElementGroup ElementRole
name: Name name: Name
groupld: Text description: Description

description: Description

Reference

dependsOn f—
description: Text

isidentifier: Boolean

J T'&Ifc

parentReference

node
RelationshipEnd

name: Name

cardinality

oppositeReferences

|

node

Cardinality

attributes | dataTypes

node
Attribute

name: Name
description: Description
isidentifier: Boolean

dataType

DataType

<?xml version="1.0" encoding="utf-8" ?>

<!-- net.democritus.metamodel:ontology -metamodel -expanders:2025.6.1 -- >
<Xxs:schema

xmlns: xs="http://www.w3.0rg/2001/XMLSchema "
xmlns="https://schemas.normalizedsystems.org/ xsd/metamodels/2025/5/0 "
elementFormDefault ="qualified ">

<!-- anchor:element -declarations:start -- >

<xs: element name="associationType" type=" associationType"/>

<xs: element name="attribute " type=" attribute "/>

<xs: element name="cardinality " type=" cardinality "/>

<xs: element name="dataType" type="dataType"/>

<xs: element name="elementClass" type=" elementClass"/>

<xs: element name="elementGroup" type=" elementGroup"/>

<xs: element name="elementRole" type=" elementRole"/>

<xs: element name="expansionMetamodel" type=" expansionMetamodel"/>
<xs: element name="nativeType " type=" nativeType "/>

<xs: element name="ontology " type=" ontology "/>

<xs: element name="ontologylmport " type=" ontologylmport "/>

<xs: element name="oppositeReference" type=" oppositeReference"/>
<xs: element name="primitiveType " type=" primitiveType "/>

<xs: element name="reference" type="reference"/>

<xs: element name="relationshipEnd" type=" relationshipEnd"/>

</ xs: schema>
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Integrating the M2  Abstraction Level

IDE Code [

Generator
Code Generator code
\ generates itself
4 )
N] Generated
V|
Generator code Code
generates code \ /
Generated code

itself generates

e

Generated
Artifacts

\




&% Toward a Meta -Model Driven Engineering Platform

meta
model
R

nmRadiant (Plugir

\_ ?
model
e )
|
Expander src
Framework templ |- Messsso
Src

\ code




&% Toward a Meta-Model Driven Engineering Platform
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£33 settings
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Use Case: The HLA Modelling & Simulation
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 Use Case: The FHIR Healthcare Exchange Standard
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&% Use Case: An loT Edge Device Software Processing System
alement
PublishDataPackage
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s Meta-Model Driven Development  wOpportunities and Challenges

A Collaborating and sharing on the various levels of the platform:
A Code generators
A M1 models
A M2 meta-models or DSLs

A Exploring extensions to meta - model standards:
A Whether they are actually meaningful  up to MO systems

A The original sin of copy/paste emerges again:
A Between OY UU EnjEK & a njp Glj Uyn@@Eemaelp Ij Yk ar Béa | Ug
A Within individual groups due to common meta -model aspects

A The need for modules and modular separation arises again:
A Common and exchangeable meta-model modules
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Overview

Software Factories: Rejuvenation , Control Systems,

A Realizing Software Factories

A From Evolvability to Rejuvenation

A Enabling Meta- Model Driven Engineering
A Toward a Software Factory Control System
A Integrating and Harnessing Gen Al

A Conclusion

Meta - Models, Al Integration



To live effectively
Is to live with adequate information.

NORBERT WIENER



¢ Software Factories and DevOps

A The current mainstream approach to organize and control the operations
of so- called software factories is a methodology called DevOps to
Integrate and automate the work of software development (Dev) and IT
operations (Ops).

A DevOps integrates and automates the work of software development
(Dev) and IT operations (Ops) as a means for improving and shortening
the systems development life cycle

A an assumption that all functions can be carried out, controlled, and managed
In a central place using a simple code

A tools in Continuous Integration / Continuous Delivery (CI/CD)
Infrastructure are in general numerous and versatile




Today : a Typical DevOps Environment

Bitbucket

@

Jenkins
DEPLOY
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Qube
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O
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repository ANSIBLE

OPERATE

kubernetes
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. Cucumber




s The Need for Integrated Control Systems

A A clear need exists for integrated control systems, to manage and
control end -to-end the building and assembly of software systems

A Such a system needs to encompass the various processes and tools,
and therefore allow

A to modularize DevOps to increase security and reduce technical debt
A to offer a SBOM (Software Bill Of Materials) for quality assurance

AThis is similar to control systems in physical manufacturing

A MES (Manufacturing Execution Systems)  systems, that track and
document the transformation of raw materials to finished goods

A SCADA (Supervisory Control and Data Acquisition)  systems that control
production processes in real -time, in manufacturing




w From DevOps to Evolvable Pipelines

A DevOps code also needs the structured separation and encapsulation of the
various functional tasks performed by numerous versatile tools

A similar to encapsulation of cross - cutting concerns in NS elements

A Various tasks should be model - driven with tool implementation(s)
A Automation server, e.g., Jenkins, Tekton
A Build engine, e.g., Maven, Bamboo
A Automated testing, e.g., Junit, Cucumber
A Automated deployment, e.g., Docker, Kubernetes

A Quality Control, e.g., SonarQube
Ae
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From DevOps to Evolvable Pipelines

\\ Cloud Platform :

\ Quality Control

\ Automation Server >




s From DevOps CI/CD toward CI/CD/CR Factories

A An NST software factory needs to encompass assembly lines for
A Software applications , e.g., web information systems
A Code generators , e.g., expansion resources
A Libraries , e.g., runtime libraries
A Tools, e.g., nRadiant, plugins

A An NST software factory needs to integrate the build pipeline processing steps
A Expanding and building
A Unit testing , integration testing, and reporting
A Deploying and end-to-end testing

A An NST software factory needs to support
A Harvesting and Re-injection of custom code
A Systematic rejuvenation



w From DevOps to Integrated Control Systems

A An Integrated Control System (ICS) needs to manage and control end to
the building and assembly of software systems in software factories

AICS needs to encompass the various processes and tools, enabling quality
assurance and traceability across the SBOM (Software Bill Of Materials)

AICS needs to support the full scope of an NST software factory:
A NST metaprogramming environment, tools, and software applications
A All processing steps:
A expanding , building, reporting, deploying, testing
A Harvesting and re -injection
A systematic rejuvenation

A Based on a model of interconnected Assembly Units
A Consuming and producing artifacts through a central registry

-end




;:§:~ From DevOps to Software Assembly Units
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”o'i'o‘ Integrated Control System wModels wAssembly Units

AssemblyUnit

Repository AssemblyUnitBatch
+version
AssemblyUnit ExpansionResourceDependency
Application ExpansionResource Library
usedBy uses
ApplicationVersion ExpansionResourceVersion LibraryVersion
PluginEditor DeveloperTool Library Application ExpansionResource
+version +version +version
Build
Factory
Pipeline PipelineTarget ResourceType
AssemblyUnit Resource
is produced b has uses hasType
P y + executesBuild + definesSkeps P + jar, .lib, .ear
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Integrated Control System wModels wMeasurements

Application

AssemblyUnit

ExpansionResource

Factory

Library

DeveloperTool

PluginEditor

Sharediietrics

CodeQualityMeasure

CodeAnatomyMeasure

TestCoverageMeasure

DependencyHealthMeasure

FocusediMetrics

CustomCodeMeasure

ExpansionResourceMeasure

LibrarySizeMeasure

ElementModelMeasure

OverlayMeasure

PluginCustomCodeMeasure

PluginModelMeasure




,’o‘i& Integrated Control System wModels wRequirements wDeployments

Business
Domain
Deplo
+ definesContext ploy
Application
governs
DigitalPlatform
+ enablesBusiness Uses
provides  isPartOf ApplicationDeployment
Factory
BusinessCapability Application
+whatTheBusinessDoes + softwareComponent deploysTo
supportedBy Server
FunctionalRequirement
+ specificNeed




s Integrated Control System  wOperations

A Continuous development
A Applications in full or extended development
A Several applications have dedicated expanders
A Daily build and test, bi - weekly deployments

A Updating dependencies
A Similar to traditional CI/CD, cadence as above

A Rejuvenating skeletons
A Expanders follows same cadence
A Rejuvenated skeletons in production (bi-)monthly

A Structural rejuvenation of skeletons across application landscape,
the CI/CD/CR hasonly been realized the last 4 to 5 years



s Integrated Control System  wViews

A Aggregated views are provided across
A Time
A Assembly unit hierarchy
A Platforms, applications
A Components, libraries
A Expander bundles

A Aspect views are provided based on
A Custom code
A Quality metrics
A Test coverage
A Model size
A Dependencies

Ace
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