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ÅFull professor on University of Antwerp

ÅElectronics engineer, PhD in computer vision

ÅCo-created Normalized Systems Theory on engineering and architecture of evolvable software 
systems, i.e., enabling systems to cope with change

ÅBooks and papers (140 publications), and YouTube channel 

ÅHuman adoption 

ÅSpin off company with 55 software engineers 

Å> 65 software engineers at customers / partners 

ÅSoftware production

ÅSuite of code generators and tools

ÅMany software projects and products ( IT and OT), e.g., 

ÅEnergy Monitoring and Management System

ÅCommand & Control Centre for medical drone transport
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D O U G  M c I L R O Y

Mass Produced Software Components.



ɸexpect families of routines to be constructed on rational principles so that 
families fit together as building blocks. In short, [the user] should be able 

safely to regard components as black boxes. ɹ

1968 NATO Conference on Software Engineering, Garmisch, Germany

An IƙūŶƙŒŒǌɻǓɽDream

D O U G  M C I L R O Y

Mass Produced Software Components



ÅProduce and assemble software in more industrial way
ÅMass produced software components (McIlroy)
ÅSoftware Product Lines (SEI)
ÅPredicted versus opportunistic reuse

ÅSoftware Factory (Greenfield et al.)
ÅTechniques of traditional manufacturing

On Software Factories



E L O N  M U S K

Building a factory is                                 
ɺȚșșɽǟŶƗŒǓɻɽĨǓɽŲĨǌŌɽĨǓɽńǦŶƎŌŶƙūɽĨɽŅĨǌɟ



ɸthe 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. ɹ

2016 Tesla Shareholders Meeting, Freemont, US

ƙɽIƙūŶƙŒŒǌɻǓɽBǌŒĨƗ

E L O N  M U S K

The machine that builds the machine



ÅProduce and assemble software in more industrial way
ÅMass produced software components (McIlroy)
ÅSoftware Product Lines (SEI)
ÅPredicted versus opportunistic reuse

ÅSoftware Factory (Greenfield et al.)
ÅTechniques of traditional manufacturing

ÅSoftware products and components
ÅCome in many different variants and aggregations
ÅAssume a continuous sequence of new versions

ÅSystematic reuse of software is not trivial
ÅMethodological issues (Saeed)
ÅIssues related to evolvability (NST)
ÅRippling of impacts due to new versions and variants

On Software Factories and Reusability



R O B E R T  S O L O W

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



ɸDespite rapid developments in information technology, there has not been a 
corresponding increase in productivity growth ɟɹ

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

An Inconvenient Truth

E R I K  B R Y N J O L F S S O N

The Productivity Paradox (2.0)



Clean Architecture ɰRobert C. Martin



M A N N Y  L E H M A N

The Law of Increasing Complexity.



ɸ ǓɽĨƙɽŒǿƥƎǿŶƙūɽǉǌƥūǌĨƗɽŶǓɽŅƥƙǟŶƙǦĨƎƎȆɽŅŲĨƙūŒŌɚɽŶǟǓɽŅƥƗǉƎŒȅŶǟȆɚɽǌŒŪƎŒŅǟŶƙūɽ
ŌŒǟŒǌŶƥǌĨǟŶƙūɽǓǟǌǦŅǟǦǌŒɚɽŶƙŅǌŒĨǓŒǓɽǦƙƎŒǓǓɽȀƥǌƋɽŶǓɽŌƥƙŒɽǟƥɽƗĨŶƙǟĨŶƙɽƥǌɽǌŒŌǦŅŒɽŶǟɟɹ

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

An Inconvenient Truth

M A N N Y  L E H M A N

The Law of Increasing Complexity



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

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

On Software Factories and Reusability



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



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

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

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

ÅStructure needs to be preserved , and should be present to a high degree 
from the beginning to limit the entropy
ÅActually, 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)

On Software Factories and Reusability
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C H A R L E S  D A R W I N

It is not the strongest of the species that survives, nor the 
most intelligent, but the one that is most responsive to change.



ÅLaws of Manny Lehman
ÅIncreasing Complexity
ÅDeclining Quality
Åɛɟ

ÅThe Productivity Paradox (2.0)

ÅConsequences of bad architecture by Robert C. Martin

ÅDutch government Elias Committee 
Åhuge cost overruns, depreciation of IT systems after 7 years

ÅConcepts have been introduced like technical debt

But: Do not be ashamed !!

The Need for Software Evolution



ÅIncrease thrust power
ÅAdd additional F1
ÅAdditional fuel line
ÅMore powerful fuel pump
ÅLarger fuel tank stage 1
ÅStronger fuel tank stage 1
ÅAdapt shape fuel tank stage 1
ÅEnlarge interstage & second stage
ÅAdapt interstage & second stage
Åɛ
ÅĄ Design new rocket

Change ripples: The Saturn V



ÅGear handle worn out
ÅReplace gear handle
ÅHandle for 8 gears retired
ÅNew handles only 7 or 9 gears 
ÅReplace gear block in the rear
ÅReplace gear cabling
ÅReplace gear block in front
Åɛ
ÅĄ Replace racing bike

Change ripples: A Racing Bike



ÅConsider the software Function Ą Construction transformation

ÅConsider this design transformation as a system, with: 
Åthe requirement specifications as inputs x[k]
Åthe (versions of) software modules as outputs y[k]

ÅPositive feedback is created by change ripples

ÅIn evolving information systems, changes :
Åcan be and are applied
ÅƥƙɽĨɽǌŒūǦƎĨǌɽńĨǓŶǓɽƋʚȚɚɛ
Ådo cause ripple effects

y
x

System

The Software Design Cycle as a Dynamic System

Change ripples
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Change ripples: A Basic Transformation



Separation of Concerns ɰReductio ad Absurdum



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

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

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

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

Design Theorems for Stable Software
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Separating Cross -Cutting Concerns
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The Emergence of Elements
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An Advanced Transformation
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ÅElement structures are needed to interconnect with CCC solutions

ÅNS defines 5 types of elements, aligned with basic software concepts:
ÅData elements , to represent data variables and structures
ÅTask elements , to represent instructions and/or functions
ÅFlow elements , to handle control flow and orchestrations
ÅConnector elements , to allow for input/output commands
ÅTrigger elements , to offer periodic clock - like control

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

ÅIt 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 .

ÅExpansion of the elements, detailed software patterns , is model driven development .

Software Elements for Stable Skeleton Structures



Model -Driven Development ɰData Models



Model -Driven Development ɰFlow Models



ÅRecurrent stable structures are required to limit complexity and to
guarantee consistency

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

ÅAdditional 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. 

On the Catch 22 of Recurring Structure

Software Rejuvenation
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E D S G E R  D I J K S T R A

Being abstract is something profoundly 
different from being vague.



ÅAutomatic programming:
ÅThe act of automatically generating source code from a model or template
ÅSometimes distinguished from code generation , as performed by a compiler
ÅHas always been a euphemism for programming in a higher - level language than was 

then available to the programmer [David Parnas]

ÅAlso referred to a generative or meta -programming
ÅTo manufacture software components in an automated way

ÅIt is as old as programming itself:

Automatic Programming

System.out.println (ñHello world. ò);

System.out.println (ñSystem.out.println ( \ ñHello world.\ ò); ò);



ÅGoal is and has always been to improve programmer productivity

ÅIn general, to manufacture software components in an automated way, in the same way 
as automation in the industrial revolution , would:
ÅIncrease programming productivity
ÅConsolidate programming knowledge
ÅEliminate human programming errors

ÅThe approach aims to address many long- term issues that remain relevant :
ÅGrowing amount and importance of software
ÅImmense shortage of computer programmers
ÅBillions of defects in multi - trillion lines of code
ÅGigantic IT development and maintenance budgets
ÅGen AI is once again going to increase software production

The Need for Automatic Programming



ÅBetter known through names/trends like:
ÅModel-Driven Architecture (MDA)
ÅModel-Driven Engineering (MDE)
ÅModel-Driven Software Development (MDSD )
ÅLow-Code Development Platforms (LCDP)
ÅNo-Code Development Platforms (NCDP)
ÅɰAI (Assisted) Code Generation ɰVibe Coding ɰ

ÅThe various trends/disciplines share the use of models to structure requirements and/or to 
represent domain knowledge

ÅProgramming models originate in data and flow models , ńǦǟɽɛ

Automatic Programming ɰModel Driven Development



Information System Models ɰMore than Data and Flows

ÅDomain Driven Design

ɰEric Evans

ÅClean Code Architecture

ɰRobert Martin



ÅYou also have to maintain the meta -code
ÅConsists of several modules
ÅIs in general not trivial to write

ÅWill face growing number of implementations :
ÅDifferent versions and variants
ÅVarious technology stacks

ÅWill have to adapt itself to technologies :
ÅEvolutions of its underlying technology
ÅWhich even may become obsolete

ÅWill have to enable various types models :
ÅDifferent generic software models
ÅDifferent domain specific models

ÅMeta -Circularity : code that (re)generates itself

The Need for Meta -Circularity in Meta -Programming

Reader classes

Model classes

Control classes

Generator classes

Model Data

Code Templates

Generated Code
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From Vertical to Horizontal Integration

Model Data

Code Templates

Reader classes

Model classes

Control classes

Generator classes

Model Data

Code Templates
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From One to Multiple Abstraction Levels

Generator 
Code

Generated 
Code

Generated 
Artifacts

Generator code 
generates code

Generated code 
itself generates

Generator code 
generates itself



ÅThe Meta -Object Facility (MOF) is an Object Management Group (OMG) 
standard for model-driven engineering

The Layered Architecture of (Meta - )Modelling

Layers of modeling infrastructure (2003 , p.38)

Atkinson & Kuhne Atkinson, C. & Kuhne, T. (2003) 
Model-driven development : a metamodeling foundation. 
IEEE software. [Online] 20 (5), 36 ɰ41.



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

ÅJetBrains Meta Programming System (MPS) uses its own proprietary meta -modeling 
format , centered around the concept of projectional editing and Abstract Syntax Trees
Åeasy to use and integrated
Åassisting the software developer

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

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

ÅNS 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)

Toward an Interoperable Meta -Modeling Platform



ÅPurpose: Ecore defines the constructs used to create meta -models (M2 level), which in 
turn define models (M1 level) for DSLs or other applications .

ÅKey Elements: Ecore M3 structure:
ÅEPackage: Represents a package or namespace for grouping meta-model elements.

ÅEClass: Defines a class or type in the meta-model, with attributes and references.

ÅEAttribute: Represents a simple attribute (e.g., a string or integer) of a class.

ÅEReference: Defines a relationship (containment or non-containment) between classes.

ÅEDataType: Represents primitive or custom data types (e.g., EString, EInt).

ÅEOperation: Defines operations or methods on a class.

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

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

The EMF M3 or Ecore Meta -Meta -Model 



ÅPurpose: NS M3 defines the constructs used to create meta -models (M2 level), which in 
turn define models (M1 level) for DSLs or other applications .

ÅKey Elements: Our NS M3 structure:
ÅElementGroup: Represents a package or namespace for grouping meta-model elements.

ÅElementClass: Defines a class or type in the meta-model, with attributes and references.

ÅAttribute : Represents a simple attribute (e.g., a string or integer) of a class.

ÅReference: Defines a relationship (containment or non-containment) between classes.

ÅDataType: Represents primitive or custom data types (e.g., EString, EInt).

ÅOperation: Defines operations or methods on a class.

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

ÅInteroperability : NS M3 supports XMI (XML Metadata Interchange) for model serialization, 
striving to align with MOF-based tools

The NS M3 Lightweight Meta -Meta -Model 



The NS M3 Lightweight Meta -Meta -Model 

<?xml version=" 1.0" encoding=" utf - 8" ?>
<! -- net.democritus.metamodel:ontology -metamodel -expanders:2025.6.1 -- >
<xs: schema

xmlns: xs="http://www.w3.org/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="ontologyImport " type=" ontologyImport "/>
<xs: element name="oppositeReference" type=" oppositeReference"/>
<xs: element name="primitiveType " type=" primitiveType "/>
<xs: element name=" reference " type=" reference "/>
<xs: element name=" relationshipEnd" type=" relationshipEnd"/>

ɛ
</ xs: schema>



Integrating the M2 Abstraction Level
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Generator code 
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IDE Code



Toward a Meta -Model Driven Engineering Platform
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Use Case: The HLA Modelling & Simulation Standard



Use Case: The HLA Modelling & Simulation Standard



Use Case: The FHIR Healthcare Exchange Standard



Use Case: An IoT Edge Device Software Processing System



ÅCollaborating and sharing on the various levels of the platform:
ÅCode generators
ÅM1 models
ÅM2 meta-models or DSLs

ÅExploring extensions to meta -model standards:
ÅWhether they are actually meaningful up to M0 systems

ÅThe original sin of copy/paste emerges again:
ÅBetween ŌŶŪŪŒǌŒƙǟɽūǌƥǦǉǓɽŌŒǿŒƎƥǉŶƙūɽBé¤ɻǓɽɰmeta-models 
ÅWithin individual groups due to common meta -model aspects

ÅThe need for modules and modular separation arises again:
ÅCommon and exchangeable meta -model modules

Meta -Model Driven Development ɰOpportunities and Challenges 
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N O R B E R T  W I E N E R

To live effectively
is to live with adequate information.



ÅThe 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).

ÅDevOps 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
Åan assumption that all functions can be carried out, controlled, and managed 

in a central place using a simple code
Åtools in Continuous Integration / Continuous Delivery (CI/CD) 

infrastructure are in general numerous and versatile

Software Factories and DevOps



Today : a Typical DevOps Environment



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

ÅSuch a system needs to encompass the various processes and tools, 
and therefore allow
Åto modularize DevOps to increase security and reduce technical debt
Åto offer a SBOM (Software Bill Of Materials) for quality assurance

ÅThis is similar to control systems in physical manufacturing
ÅMES (Manufacturing Execution Systems) systems, that track and 

document the transformation of raw materials to finished goods
ÅSCADA (Supervisory Control and Data Acquisition) systems that control 

production processes in real - time, in manufacturing

The Need for Integrated Control Systems



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

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

ÅVarious tasks should be model -driven with tool implementation(s)
ÅAutomation server, e.g., Jenkins, Tekton
ÅBuild engine, e.g., Maven, Bamboo
ÅAutomated testing, e.g., Junit, Cucumber
ÅAutomated deployment, e.g., Docker, Kubernetes
ÅQuality Control, e.g., SonarQube
Åɛ

From DevOps to Evolvable Pipelines
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From DevOps to Evolvable Pipelines



ÅAn NST software factory needs to encompass assembly lines for
ÅSoftware applications , e.g., web information systems 
ÅCode generators , e.g., expansion resources
ÅLibraries , e.g., runtime libraries
ÅTools , e.g., mRadiant, plugins

ÅAn NST software factory needs to integrate the build pipeline processing steps
ÅExpanding and building
ÅUnit testing , integration testing, and reporting
ÅDeploying and end- to-end testing

ÅAn NST software factory needs to support
ÅHarvesting and Re- injection of custom code
Ą Systematic rejuvenation

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



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

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

ÅICS needs to support the full scope of an NST software factory: 
ÅNST metaprogramming environment, tools, and software applications 
ÅAll processing steps:
Åexpanding , building, reporting, deploying, testing

ÅHarvesting and re - injection 
Ą systematic rejuvenation 

ÅBased on a model of interconnected Assembly Units
ÅConsuming and producing artifacts through a central registry

From DevOps to Integrated Control Systems
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From DevOps to Software Assembly Units



Integrated Control System ɰModels ɰAssembly Units



Integrated Control System ɰModels ɰMeasurements



Integrated Control System ɰModels ɰRequirements ɰDeployments



ÅContinuous development
ÅApplications in full or extended development
ÅSeveral applications have dedicated expanders
ÅDaily build and test, bi -weekly deployments

ÅUpdating dependencies
ÅSimilar to traditional CI/CD, cadence as above

ÅRejuvenating skeletons
ÅExpanders follows same cadence
ÅRejuvenated skeletons in production (bi - )monthly
ÅStructural rejuvenation of skeletons across application landscape, 

the CI/CD/CR has only been realized the last 4 to 5 years

Integrated Control System ɰOperations



Integrated Control System ɰViews

ÅAggregated views are provided across
ÅTime 
ÅAssembly unit hierarchy
ÅPlatforms, applications
ÅComponents, libraries 
ÅExpander bundles

ÅAspect views are provided based on
ÅCustom code 
ÅQuality metrics
ÅTest coverage
ÅModel size
ÅDependencies 
Åɛ



Applications

CICD 28 monitored, up to

14 years old

1024 database tables

58 flows and 459 states

3655 extensions 

3352 insertions

5405 code measurements

Expander bundles

CICD 417 monitored, up to

7 years old

127 expanders

170 templates

Build infrastructure

163 pipelines

163 repositories

85 application deployments

22 code quality measures



Versions

529 application versions

4004 exp resource versions

298 library versions

44 micro - server versions

152 plugin versions

28 developer tool versions

568 Bill of Materials

Batches

2395 pipeline batches

2402 assembly unit batches

474 plugin editor expansion

1675 vulnerability overview

Measurements

9026 custom code measures

127 repositories

598 anatomy/quality/coverage

#22 code quality measures


