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EXECUTIVE SUMMARY

This deliverable provides a comprehensive overview of the initial tasks from WPs 2, 3, and
4, encompassing the progress made in aligning partners for the development of
decentralized knowledge graphs, cognitive digital twins, and the multi-objective
distributed decision support system. It also addresses the alignment of these
developments with the use cases to better understand the opportunities and specificities
related to data, production, and other factors.

With this in mind, this report provides a comprehensive overview of the key developments
and progress achieved in the initial stages of DMaaST, focusing on the Smart
Manufacturing Assessment Platform (SMAP). The document begins with an introduction
to the SMAP concept, detailing its layered architecture and the project objectives defined
in the proposal phase and during the Stage 0 of the project. This report also introduces
the two selected use cases within the demonstrators’ productions—KAM (focused on
their PCBs and water meters production) and JPB (centered on Lulylok production)—
which serve as the foundation for demonstrating and validating the developed
technologies.

The subsequent sections dive into the core technological components of SMAP,
structured into three layers: 1) Data Layer: Where the methodologies used to identify and
analyse data requirements, including data availability and risks are highlighted. It also
presents the Decentralized Knowledge Graph (DKG), detailing its assets, development
plan, and integration with other SMAP layers. 2) Cognitive Digital Twins (CDT) Layer where
the concepts and frameworks behind Digital Twins (DTs) and Coghnitive Digital Twins, with
a focus on their double-level perspective are explored. The report provides an in-depth
characterization of use-case-specific DTs, detailing their input/output data, costs, and
resources. 3) Multi-Objective Distributed Decision Support System (MO-DDSS) Layer:
delving into the optimization algorithms underpinning the MO-DDSS, including swarm
intelligence, evolutionary strategies, and hybrid approaches. Here, the state-of-the-artis
summarized, identifying challenges, and outlining the framework for integrating these
algorithms into Al agents and multi-objective optimization applications.

As part of Task 4.1 and with contributions from all partners, several conceptual diagrams
have been developed during this initial stage of the project. These diagrams provide a
detailed depiction of the SMAP layers and their respective modules, fostering a shared
understanding among partners and facilitating interdisciplinary collaboration. Therefore,
the reportculminates in a description of the integrated SMAP framework, synthesizing the
outputs from each layer into a cohesive system designed to enhance operational
efficiency, resilience, and predictive capabilities in manufacturing environments. This
integrated approach ensures that the platform not only addresses the specific needs of
the defined use cases but also serves as a versatile and scalable solution applicable to
broader industrial challenges.

By aligning technical specifications, data requirements, and technological frameworks,
the consortium has laid the foundation for SMAP's successful implementation and
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integration. This document serves as a critical milestone, consolidating the project’s
early-stage results and providing a roadmap for future developments.
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ABBREVIATIONS
Abbreviation Definition
DKG Decentralized Knowledge Graph
KA Knowledge Asset
NC Non-compliance
PPM Parts Per Million
SC Supply Chain
RDF Resource Description Framework
SMAP Smart Manufacturing Assessment Platform
UAL Uniform Asset Locators
CDT Cognitive Digital Twin
DT Digital Twin
MO Multi-objective
MO-DDSS Multi-objective distributed decision support system
Al Artificial intelligence
MES Manufacturing execution systems
ERP Enterprise resource planning
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1. Introduction

The report starts with an introduction to the Smart Manufacturing Assessment Platform
(SMAP) concept and project objectives, continuing with the detailed description of the
use cases. These use cases are initially described in broad terms, introducing their value
chains and the productions/products that will be the focus of the project. Later, more
detailed technological insights are provided in each section, explaining how each
technology addresses specific aspects such as data characteristics, process types, and
other relevant factors.

1.1. SMAP Layers — Report structure

Th report is organized around the three core technological
layers of the SMAP, as seen in Figure 1: 1 the Data Layer, 2
the Double-Level Manufacturing Ecosystem Digital Twins
Layer, and 3 the Multi-Objective Decision Support System
(MO-DDSS) Layer. Each layer represents a fundamental
building block of the SMAP framework and collectively
forms the technological backbone of the DMaaST project.

DATA STREAMING

CIRCULARITY & SUSTAINABILITY

The subsequent sections of the report are organized as
follows:

Figure 1. SMAP Layers

— Data Layer (Section 2): This section focuses on the foundational aspects of data
management, including the requirements, methodologies, and data sources
needed to support the SMAP framework. It also delves into the Decentralized
Knowledge Graphs (DKGs) that facilitate the integration and accessibility of
knowledge assets.

— Cognitive Digital Twins Layer (Section 3): This section details the conceptual
and technical aspects of the CDT layer, emphasizing its double-level perspective,
which includes both Manufacturing Ecosystem Digital Twins and Value Chain
Digital Twins. It also addresses data requirements specific to this layer and the
characterization of the use cases through the lens of digital twins.

— MO-DDSS Layer (Section 4): This section presents the decision-support
capabilities of the SMAP, focusing on multi-objective optimization algorithms and
their application to solving complex manufacturing challenges. It includes a
review of the state-of-the-art, the framework for distributed optimization, and
validation methods for the developed solutions.

The layered structure of the SMAP ensures a modular and integrative approach, where
each layer builds upon the capabilities of the previous one. By addressing the challenges
and innovations at each layer, this report provides a comprehensive roadmap for the
development, integration, and validation of the SMAP technologies.

1.2. Objectives - Stage 0 results

Funded by
the European Union
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The primary objective of Stage 0 has been that of consolidating the Technology Readiness
Level 3 (TRL3) by aligning the project team, collecting data, defining specifications, and
conducting detailed technical planning. Therefore, at the technological level, within the
Stage 0, the innovation pillars of the project have been clearly defined, along with the
strategies to develop the main technologies of the project. This stage has ensured a solid
base for the technological advancements and their seamless integration into the SMAP
ecosystem. The project was structured so that the initial tasks of WPs 1 to 4 were
dedicated to this, in this deliverable, the advancements of WP2 to 4 are gathered,
considering that WP1, related to human centricity and sustainability/circularity aspects,
has its own dedicated reports (D1.1, D1.2). Thus, this deliverable compiles the results of
achieving the following objectives:

— Establishing the SMAP Architecture: The digital interaction between tools is
desighed to ensure compatibility and interoperability, forming the backbone of the
SMAP system [T4.1].

— Data Requirements and Availability: Detailed assessment of data requirements
and availability to ensure the necessary inputs for developing and validating the
SMAP ecosystem [T2.1].

— Use Case Characterization: Define and analyse the manufacturing processes,
value chains, and specific requirements of each use case. This ensures that the
technologies developed align with real-world scenarios and effectively address
the operational challenges and goals of the use cases [T3.1].

— Manufacturing Value Chains and Digital Twins: Characterization of the
manufacturing value chains and production processes of the use cases, along
with the development of cognitive Digital Twins (DTs) and their validation
methodology [T3.1].

— Defining the scope of the MO-DDSS: Objectives and constraints for the selected
use cases are evaluated, including identifying suitable Decision Support Systems
(DSS) and Multi-Objective (MO) algorithms for optimization [T4.1].

The results of Stage 0 are consolidated and presented in D4.1, serving as a
comprehensive report that guides the next stages of the project while ensuring that the
necessary groundwork has been laid for the successful development and
implementation of SMAP.

1.3. Use Case description

This section provides an in-depth explanation of the two use cases that will be
considered and used to demonstrate the technologies developed within the DMaaST
project. These use cases serve as practical scenarios to validate and showcase the
functionalities of the SMAP and its associated technologies. By focusing on real-world
applications, they ensure that the solutions developed are not only technically robust but
also aligned with industry needs and challenges. The use cases will act as testbeds for
the deployment and evaluation of the project’s innovations, offering valuable insights
into their performance and potential impact.

1.3.1. KAM -PCB & Water Meters

Funded by
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KAM has one use case applied across two different productions. The first production is
the PCB assembly, the second production is the water meter assembly. They are
interconnected via the value chain as displayed in Figure 2.

Error! Reference source not found.

ML Sranding & mareting 1

US Factory

Intern.at!unal US W production Out!m!.lnd
logistics logistics

PCB + electricity factory er——
utboun

PCB production Int.err.lal EL production logistics
logistics \
Sourcing

+

inbound Water factary
logistics

Int: 1
e W production Ol

logistics logistics

Heat/cooling facta
Qutbound

Automati Internal i
utomatic nterna HC productior logistics

sensor pairing logistics

Supply chain operational logistics

Figure 2: KAM value chain and production lines

The PCB production is described as followed:

KAM manufactures their own printed circuit boards (PCB)
for use in prototypes, O-series, metering products, and

metering reading infrastructure components
(“concentrators”). A finished product is displayed in Figure
3.

For the duration of the first half year of 2023, ¥4 Mio panels
were produced (each panel consisting of multiple PCBs),
spanning 115 different part numbers, of which the top 25
part numbers were responsible for almost 200,000 panels.

Figure 3: PCB Panel

The production starts with the unprinted boards, which are
then printed, soldered with Surface-Mounted Components
(SMT), Through-Hole Components (THT), tested rigorously, and then cut into individual
PCBs (“milling”). These are then forwarded to the different factories.

The water meter production is described as followed:

The production is a combination of single-piece flow steps (e.g., bottom and top
assembly), and grouped steps (e.g., a set of meters are baked in the ovens
simultaneously). The finished product is displayed in Figure 4. Order sizes vary a lot from
single figure to quadruple figures.

Funded by
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The assembly and verification of the KAM water
meter occurs mainly in the following steps, which
are displayed in Figure 5:

1) Bottom assembly, where the first of two
PCBs are mounted at the bottom in the
water meter housing and a tube is inserted.

2) Top assembly, where the top PCB s
mounted with a cover and glassing, and the
housing is sealed and tested for leaked.

3) Verification in flow benches. All meters are Figure 4: Water meters
verified in flow benches.

4) Customer configuration of communication settings and the cover is laser
engraved.

5) After configuration, meters are sent to packaging.

The bottom part functions as the measuring device, while the top PCB generally handles
data communication. However, this can vary depending on the client's needs. The
processes are predominantly manual labour.

However, not all water meter products follow the same route. E.g., some water meter
products are flow tested in flow benches before top assembly and customer
configuration, others are flow tested after top assembly but before customer
configuration.

Both the PCB and the bottom part have unique identifiers, but once the top part is
assembled, the entire whole is relabelled.

Panel

. PCB

Assembly,of bottom-pcb

Assembly of top-pcb
¥ Flow testing +

iz customer
~ PCB configuration

—>

Figure 5: Water meter assembly

1.3.2. JPB - Lulylok

The use case of JPB is focusing on Lulylok™. Lulylok™ is a patented and standardized
product (same process), with differences in terms of material used (Inconel or stainless
steel) and dimensions (different sizes 4,...16). The Lulylok™ is a self-locking nut, which is
displayed in Figure 6. It connects two pipe ends and secures the assembly against motor
vibrations. . One Lulylok™ is composed of two components: one machined nut and one
internal spring.
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Figure 6: Lulylok Nut

The Lulylok™ production specification is briefly described hereafter:

e Automated Production Line: The machining production line is highly
automated.

e Night-Time Automation: This machining line can be programmed for
automatic operations during the night, ensuring continuous production and
increased productivity.

e Production Volume: Depending on the specific references, the average
production rate is ~ 630 pieces/day.

e Stock Levels: Stock levels are calculated based on forecasts and contractual
clauses.

e Consistent Flow: The production flow remains constant unless there are
supply issues with raw materials.

The production and value chain of the Lulylok™ are described as follows:

JPB orders materials and components from different suppliers (supply of materials such
as stainless steel or Inconel bars, springs as the second Lulylok component) shown in
Figure 7Figure 6Figure 6. After receiving these supplies, JPB stores them in its warehouse
(there is a specific warehouse for the materials, and another specific stocker for the
components storage).

When Lulylok™ is produced the process starts by one operator preparing the right
material for production, then it is fed to the suitable machine. It is worth noting that for
Lulylok™ different sizes and materials, there are diverse machines; six in total. Once the
product has been machined, there is a robot, Robot 1, that picks it up (regardless of its
position, whether machine 1, 2, ..., 6), puts itin trays for cleaning and sets it down to be
picked up again by another robot, Robot 2. This latter then picks it up, checks its quality
with measuring tools and marks it (serial number). For each production, a first part
validation by inspectors and operators is done.

Compliant parts are placed in trays to be picked up by operators for the next stages.
Inspectors take samples depending on volumes in order to do additional dimensional
controls. The next step is deburring, which is carried out by operators and dedicated
deburring machines.
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The nuts (Lulylok™ without spring) are then washed (using water with a chemical product)
and undergo a dimensional check. They are then transported to the coating area: for
sandblasting (a necessary operation to prepare the surface for coating). After
sandblasting, these parts are directed to the assembly department to be assembled
manually with the spring and then marked using marking machine.

The parts are then redirected to the coating area to be coated and returned to the factory
to be brushed (to remove coating excess) either automatically by robot or manually by
operators. Next, the Lulylok™ (final product) undergoes a dimensional then quality
control check, are then stored in the warehouse (storage of semi-finished and finished
products) until delivery to the customer according to their requirements. All the
processes are described in the Value Stream Mapping from Figure 7.

Value Stieam I l E; hﬂ
Mapping

4
[

¢ et et L] E S
—

Figure 7: VSM
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2. Data layer — T2.1 Report

2.1. Data requirements and availabilit

Data is central to the success of the DMaaST project as it underpins the seamless
integration of multiple organizations within the manufacturing ecosystem. Decentralized
Knowledge Graph (DKG), cognitive DTs, and multi-objective decision support systems
rely on data from trustworthy data sources. Data serves as the foundation for building
resilient, adaptable, and sustainable manufacturing processes, making real-time, cross-
organizational data integration critical.

2.1.1. Methodology
The following measures were taken to collect information in order to achieve these
objectives.

e Collaborating with KAM and JPB to organise pertinent data sources.

e Available data was shared by both use cases.

e Theinformation that was transmitted was analysed.

e Use cases were maintained in close communication to resolve any uncertainties

and guarantee that the information was accurately obtained.
e Describe and represent knowledge in order to simplify its future application.

2.1.2. Datarequirements

The DMaaST project requires diverse types of data from the aeronautics (JPB) and
electronics (KAM) sectors to support its innovation pillars. These can be summarized, in
broad terms, in the following data types:
e Production data: Real-time machine and production line data for creating low-
level DTs that simulate the performance of manufacturing services.
e Supply chain data: Information about the stages and flow of materials and
products across the value chain to model high-level DTs.
e Sustainability metrics: Data related to energy consumption, emissions, and
waste production that will feed into the sustainability and circularity assessment
module.

2.1.3. Datafrom the use cases

2.1.3.1. Data provided summary

KAM has supplied a collection of files that illustrate a database and its interconnections.
Following collaboration and the resolution of particular questions, this overarching
summary can be explained.

KAM has monitored its electronic component using an ID that enables tracking from the
first phase to the final stage of manufacture. This enables the calculation of various
statistical metrics, such as the effects of each product in the process and the demand
for the equipment. With supplementary information, emission assessment and LCA can
be performed.
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On the other hand, JPB has supplied a collection of files that includes a database
example and documentation regarding its production line. In this scenario, the technical
interdependence of the data is intricate, driving the team to cooperate in order to ensure
that the information provided is well understood and DMaaST can obtain the maximum
value out of it.

2.1.3.2. KAM process flow

KAM is the electronic sector use case for DMaaST. Their production activities involve the
production of water meters, which comprehends from the fabrication of the electronic
hardware to the final packaging of the water meter.

The water meter production process starts with the production of the PCBs, where each
water meter has two different PCBs, a “top” and “bottom” PCBs. The PCB production
occurs on a production line that produces a panel composed of 6-8 identical PCBs. The
panels and each PCB have an ID, respectively, that allows tracking. The PCBs are packed
to send to the water meter factory; each batch of PCBs is designated as a work order.

Once in the water meter production process, the PCBs are taken from the batch and
assembled into the water meter housing, together with remaining hardware components.
This is done in four steps:

assembly of water housing and mounting of bottom PCB,

—

)
2) mounting top PCB and assembly of remaining hardware components,
3) verification of each water meter,
4) configuration for end customer. Steps 1-3 are done on shop floor orders that can

combine multiple customer orders into a single batch or divide a single large
customer order into smaller batches.

The part is tracked through these processes using the same ID as the PCB that has been
mounted in it and also has a part reference ID that defines which water meter type has
been manufactured. As a result, an ended water meter is defined with a composite ID
that adds the top part PCB ID and the bottom part PCB ID.
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Figure 8: KAMSTRUP production data schema.

2.1.3.3. JPB process flow

JPB Systeme (JPB) is the aeronautics sector use case for DMaaST. Their production
activities involve the production of different aeronautic component like plugs and nuts,
as well as other security and self-locking systems.

The information for the Lulylok production is organised by JPB into a variety of tables,
each of which is associated with a significant function in the production. The production
activity of JPB encompasses the entire process, from the preparation of raw materials to
the packaging of the final assembled products.

The Lulylok process includes the storage of stainless steel and Inconel rods that have
been machined to a precise dimension (diameter, length). In order to ensure that the
product serves its intended purpose, production process will include machining,
dimensional control and quality control procedures, as well as processes such as
deburring, polishing, sandblasting, coating, and brushing.
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Lulylok production is mainly contained in three essential tables from the Enterprise
Resource Planning (ERP) used in the company, TBL_POINT, TBL_GAMME, and
TBL_AFFAIRE. They are also supported with other production related tables that bring
more specific information like stock flows, manufacturing process or tool inventory.
Furthermore, additional tables are available to assist with information about
supplementary production requirements, including a schedule, cost management, and
article lists.

The affair number should be the initial stage in order to follow a specific production
batch. For that batch, a product reference (type of component manufactured) code is
assigned. With these two essentials numbers, more information can be extracted from a
chain of tables that yields data such as the number of pieces manufactured, the times
required for each production step, and the discarded pieces.

vora GAMME DE FABRICATION
e

-----------

TOL_CAMME manutactung a TRLVEW Themas Mathng nle THLART e v

o THL_NOMENPC Suocier ik

Figure 9: JPB production data schema.

2.1.4. Data contribution to the project
This data closely supports the innovation pillars of the project:

e Decentralized Knowledge Graph (DKG): The DKG will serve as the foundational
layer for efficient cross-organizational integration through decentralized systems.
It will use this as the primary schema for interconnecting Knowledge Assets. The
DKG will serve as a practical framework for managing data interrelations and
interchange. Acting as a dynamic content map, the DKG, when integrated with the
DMaaST strategy, will facilitate the creation of secure and resilient data flow rules
within a single manufacturing line. Additionally, its dynamic nature allows for the
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private and decentralized incorporation of new nodes and processes from other
companies, promoting scalability and collaboration. This approach establishes a
robust foundation for Manufacturing-as-a-Service (MaaS), enabling seamless
data integration and exchange across organizations.

Manufacturing Ecosystem Cognitive DT: Adding human expertise, this data will
be used to create the cognitive DTs. These DTs will use the data to train and detect
important patterns in production, enabling production optimization and
collaboration between different stakeholders.

Multi-Objective Distributed Decision Support System (MO-DDSS): The
decision support system leverages the DT-generated data to automate real-time
production decisions using federated learning, multi-agent systems, and other
advanced techniques.

Sustainability and Circularity Assessment: Data on energy use, waste
generation, and product lifecycles allows for all project sustainability
assessments. The project also enables traceability across the value chain to
support circularity efforts in line with EU regulations.

2.1.5. Data Sources

The DMaaST project will gather data from multiple sources within the aeronautics and
electronics sectors. These sources include:

Internal systems: Manufacturing execution systems (MES), enterprise resource
planning (ERP) systems, SCADA systems and databases from each individual
company.

External stakeholders: Supply chain partners, logistics providers, and other
third-party contributors to the value chain.

2.1.6. Potential risks

Data management inherently entails several risks that may compromise the reliability
and accessibility of data sources in the DMaaST project, including:

22

Cybersecurity vulnerabilities: The sharing of data among organisations may
expose them to cyberattacks or data breaches.

Data integrity concerns: The decentralized knowledge graph's characteristic
allows flexibility, but it can cause inconsistencies or errors if the data is not
checked properly before being added.

Supply chain disruptions: External occurrences, such as environmental hazards
or geopolitical factors, may impede the flow of data from suppliers or logistics
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providers, hence affecting the precision of digital twins and decision support
systems.

e Technological failure: Sensors or network systems may cause data loss or
delays, diminishing the system's real-time efficacy.

None of these risks were detected in stage 0 of the project; as the project progressed,
these points should have been present.

2.2. Decentralized Knowledge Graph

OriginTrail Decentralized Knowledge Graph (DKG) presents a global, open data structure
comprised of interlinked knowledge assets, structured in an RDF (Resource Description
Framework) knowledge graph, hosted on an open, permissionless decentralized network
of DKG nodes. It is designed to support the Verifiable Internet for Al on the basis of an
open, permissionless knowledge economy in which knowledge is the primary asset
class.

OriginTrail DKG strongly focuses on interoperability through standards such as semantic
web standards (RDF, SPARQL, JSON-LD etc), Verifiable Credentials and Decentralized
Identifiers (DIDs) by W3C, as well as GS1 standards such as the Digital Link and EPCIS
2.0 for real world asset tracking (and to which OriginTrail core developers have actively
contributed to). OriginTrail DKG is multi-chain, integrating with Ethereum and Polkadot
ecosystem blockchains such as Gnosis, Neuroweb, Base and others. It is fueled by the
TRAC utility token, which is used to manage relations between DKG network participants.

OriginTrail synergizes blockchains and knowledge graphs in a layered architecture.
Blockchains are trust networks, designed to enable trusted computation through
decentralized consensus, behaving like a global, trusted computer. Knowledge graphs,
on the other hand, are semantic data networks for knowledge management. Providing a
trusted environment for Al applications via these two fundamental layers is what
OriginTrail architecture is designed for.

Al applications

Decentralized Knowledge Graph Layer

Blockchain layer

¢ N @

v

Figure 10: The three layers of OriginTrail
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2.2.1. Knowledge Assets

A Knowledge Asset (KA) is an ownable container of knowledge that can describe any
digital or physical object, abstract concept, or really any "thing". It lives in a decentralized
knowledge graph which makes it easily discoverable, while its information integrity and
ownership are supported by the blockchain. More precisely, a Knowledge Asset is a web
resource identified by Uniform Asset Locators (or UAL, which is an extension of the
traditional URL), consisting of:

e Knowledge: in the form of graph data (RDF) and vector embeddings, stored on the
DKG (not on the blockchain),

e Cryptographic proofs: representing cryptographic digests of the knowledge, stored
on the blockchain,

e Uniform Asset Locator: globally unique URI with assigned ownership using
blockchain accounts, implemented as a non-fungible token on the blockchain

VECTOR EMBEDDINGS

GRAPH DATA (RDF)

KNOWLEDGE

ASSET PROOFS

UNIFORM ASSET LOCATOR NFT (UAL)

Figure 11: Knowledge Asset structure - Source: DKG Basic concepts | OriginTrail

Knowledge Asset profile \'.\
Legend »

did:dkg:otp/0x5cac..30/309100

@ Asset GS: 61

] @'}
Blockchain NeuroWeb Mainnet e o
Q
ERC721 NFT . =
Resources 6
: D https://www.adidas-group.com e
Type Organization

See all resources

Figure 12: Example of a Knowledge Asset from Supply chain

In Figure 11 and Figure 12 the structure and an example of a KA can be observed. The
knowledge content can be observed as a time series of knowledge content states, or
assertions. Each assertion can be independently verified for integrity, by recomputing the
cryptographic fingerprint by the verifier and comparing if the computed result matches
with the corresponding blockchain fingerprint record. Technically, an assertion is

Funded by
the European Union

24 Grant Agreement N°101138648



https://docs.origintrail.io/dkg-v6-current-version/dkg-basic-concepts
https://dkg.origintrail.io/explore?ual=did:dkg:otp/0x5cac41237127f94c2d21dae0b14bfefa99880630/309100

D M%ST D4.1 -Technical alignment

represented using the n-quads serialization and a cryptographic fingerprint used for
assertion verification (n-quads graph Merkle root, stored immutably on the blockchain).

Knowledge Assets can contain both public and private data the public assertion data
being replicated on the OriginTrail Decentralized Network and publicly available, and
private assertion data contained within the private domain of the asset owner (e.g.
OriginTrail Node run by the asset owner, such as a person or company). In summary, a
knowledge asset is a combination of an NFT record and a semantic record. Using the
dkg.js SDK oneis be able to perform CRUT (create, read, update, transfer) operations with
Knowledge assets, which will be explained in further detail below.

A KA can encapsulate various types of information, such as knowledge graph triples,
vector embeddings, log data, images, and more. Knowledge Assets are dynamic,
enabling owners to create, update, and transfer them seamlessly using the OriginTrail
protocol, ensuring full control and interoperability across systems. By incorporating
Knowledge Assets, the DMaaST project establishes a secure framework for managing,
sharing, and utilizing data within decentralized environments. This integration enhances
collaboration and innovation, offering key benefits like discoverability, ownership,
verifiability, and composability. Forinstance, Knowledge Assets enable manufacturers to
create searchable indexes of product data that can be easily accessed by other
organizations, supporting initiatives like EU DPP for product traceability, supply chain
transparency, and risk management.

The DMaaST project leverages Knowledge Assets to transform data into structured,
discoverable, and verifiable knowledge, facilitating secure data flows and
interoperability. This foundational approach enables the creation of novel data
workflows, supporting business innovation and new models by effectively utilizing data
from manufacturing systems.

2.2.2. Development plan of the DKG

The technical development of KA and the DKG involves a structured and systematic
approach to ensure seamless integration, efficient data processing, and robust
governance.

To develop the KA, the first step is to establish their structure using the RDF standard,
which allows for a robust representation of data and relationships. JSON-LD will be
employed to make JSON data compatible with RDF-based systems, enabling smooth
integration into the knowledge graph. Ontologies, as standardized schemas, play a
critical role in organizing data types and their relationships within a specific domain.
Existing ontologies will be assessed for suitability, and if none are fully aligned with the
requirements, custom ontologies will be developed to represent the data meaningfully.
This development process requires a detailed collection and analysis of data to identify
logical groupings and relationships that can form the basis of knowledge assets.
Additionally, identifying the formats of the data currently in use will help ensure
compatibility through tools or conversions, integrating them into the RDF-based
framework.
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The development of the Decentralized Knowledge Graph involves setting up both Core
and Edge Nodes. Core Nodes serve as the backbone of the DKG, requiring precise
configurations and scalability to support the system's objectives. Edge Nodes will be
configured to enable individual users to publish data while retaining control and
governance. Data pipelines will be designed and implemented to transform raw data into
structured knowledge assets, ensuring scalability and efficiency. These pipelines will
also parse and extract insights from the data, contributing to the system's overall utility.
Connectivity between nodes is crucial, and protocols will be defined to ensure seamless
information sharing and interoperability.

Governance and control are integral to the development process, with access control
mechanisms implemented at the edge nodes to provide users with full ownership of their
data. These mechanisms ensure selective sharing of information, maintaining data
privacy and security.

2.2.3. Interconnection with other layers

The data layer of the DMaaST project will be seamlessly integrated with the Digital Twin
(DT) layer, creating a cohesive system that enhances data utilization across both physical
and digital environments. In this setup, Knowledge Assets (KAs) serve as the building
blocks, encapsulating crucial information related to products, processes, facilities, or
human expertise. As introduced above, KAs are organized within the DKG, in such a way
that enables powerful connections between data points. Each Knowledge Asset (KA) is
uniquely identified with a UAL and structured metadata for easy discovery. Ownership is
transparently managed via blockchain NFTs, and the data is immutable, verifiable, and
secured with advanced fingerprinting techniques.

By linking KAs to the Digital Twin layer, the DMaaST project facilitates a dynamic, real-
time exchange of data between the digital representations (Digital Twins) and physical
systems. The composability of KAs allows the integration of multiple data sources,
creating a comprehensive view of the system that can be used to power analytics,
traceability, and decision-making. This integration provides the basis for the rest of the
layers in the DMaaST platform, driving innovation, improving operational efficiency, and
enabling the creation of new business models. The synergy between the KAs in the data
layer and the Digital Twin layer ensures that the platform can leverage the full potential of
manufacturing data, supporting secure data access, advanced analytics, and seamless
interoperability across the ecosystem.

3. Cognitive digital twins layer — 73.1 Report
3.1. Digital Twins

3.1.1. Terminology and base concepts

The concept of Digital Twins (DTs) was first introduced by Grieves in 2002 and gained
attention in recent years in academia and industry [1]. However, a common
understanding of the various existing definitions, concepts and solutions of DTs is scarce.
In this project, we define a DT, based on the definition by VanDerHorn [1], as a DT being a
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digital representative of a physical entity that features a bi-directional communication
between the digital representative and the physical entity . The physical entity is located
in the real-world and provides information for the digital representative. The digital
representative is a software application representing a real-time mirror of the physical
entity that provides decisions for the real-world in turn. Both components are connected
over an intra-twin communication link so that data and decisions can be exchanged
automatically [2]. 2 Whereas, the bi-directional communication link distinguished a DT
from the concepts of a Digital Model and a Digital Shadow [3], [4].3

DTs can enable cost andrisk reductions, efficiency and service improvements, as well as
security, reliability and resilience increases [1]. These potentials are enabled by
capabilities such as monitoring, simulation, analysis, and optimization [5], [6]. Based on
DTs’ broad potential, DTs are applied in various areas such as aeronautics, healthcare,
smart cities, and manufacturing [5], [7]. For instance, in the manufacturing domain,
reliability assessment is an important application area for DT models. Faults and failures
in manufacturing systems can lead to high costs if they, e.g., cause production shut
downs [8]. DTs can improve the reliability of the system by, e.g., supporting to predict
faults and upcoming failures as well as maintaining systems [5], [9]. *

3.1.2. Cognitive Digital Twins

The Cognitive Digital Twin (CDT) represents a significant advancement over traditional
Digital Twins, offering a more intelligent, comprehensive, and lifecycle-oriented
depiction of complex systems [10]. A CDT serves as an extension of the DT by
incorporating three additional components, namely the access, analytics, and cognition
layers [11]. The access layeris the enhanced communication layer, especially with
respect to access to data about the state of the physical system. The analytics
layer brings advanced Machine Learning (ML) and Artificial Intelligence (Al) into the
framework to enhance actionable knowledge. The cognitive layer enables human
cognition to convert the traditional DTs into smart and intelligent systems. This definition
of CDT complies with the dynamic data-driven simulation except the fact that it is not
only the real-time data that is used to update the model, but also fusion of human
knowledge is an important factor in designing, updating, optimizing and validating the
model [12].°

" Extracted from our paper: M. Jungmann and S. Lazarova-Molnar. 2025. “Fusing Expert Knowledge and
Data for Simulation Models by Considering Uncertainty from Expert Knowledge Statements”, ACM SIGAPP
Conference

2 Extracted from the paper: M. Jungmann and S. Lazarova-Molnar. 2024. “Towards Fusing Data and Expert
Knowledge for Better-Informed Digital Twins: An Initial Framework”. Procedia Computer Science.

3,4 Extracted from the paper: M. Jungmann and S. Lazarova-Molnar. 2025. “Fusing Expert Knowledge and
Data for Simulation Models by Considering Uncertainty from Expert Knowledge Statements”, ACM SIGAPP
Conference

5 Extracted from the paper: P. Niloofar, S. Lazarova-Molnar, F. Omitaomu, H. Xu and X. Li. 2023. A General
Framework for Human-in-the-Loop Cognitive Digital Twins. 2023 Winter Simulation Conference (WSC)
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In this project, a Digital Twin becomes a Cognitive Digital Twin by integrating expert
knowledge. The seamless and systematic combination of data and expert insights
enables the efficient and effective development of cognitive DT models, resulting in
better-informed and more accurate representations. KIT research group has identified a
research gap in this area, which are actively addressing through their work. For example,
an extraction approach that combines lolT data with expert knowledge to create CDT
models is being developed and implemented. [13], [14].

In the remainder of this document, whenever a DT is referred to, a CDT is implied, as
this is the intended result.

3.1.3. Value Chain Digital Twins

The value chain analysis, a concept introduced by Porter [15], is a systematic approach
used to identify, define, and evaluate the strengths and weaknesses within the processes
that add value to an organization's products or services. It emphasizes the necessity for
organizations to consider all steps from procurement to after-sales services as part of a
holistic framework. To maintain competitive advantage in the market, Porter also
underlined the importance of creating value at every step, i.e., bringing materials into an
organization, transforming them into final products or services, shipping them to
customers, and providing marketing and service opportunities.

In today’s rapidly evolving business landscape, value chains are becoming increasingly
complex. Globalization, technological advancements, and shifting consumer
preferences have necessitated a more integrated and dynamic approach to managing
these processes. Traditional methods of value chain analysis, which often rely on static
tools and retrospective data, are proving inadequate for addressing the speed and
intricacy of modern markets. This is where digital twins of the value chain come into play
to produce high-quality products meeting customer needs and expectations with low
manufacturing and supply chain costs. The use of DTs in value chain has recently been
growing in various applications, as evidenced by the research and reviews, most of which
are designed as conceptual frameworks [16-20]. However, it is still developing, and more
opportunities are available for further research.

Avalue chain DT is a virtual representation of the entire value chain, integrating data from
every stage to enable real-time monitoring, simulation, and optimization. By
incorporating loT data, predictive analytics, and machine learning, this DT provides
organizations with a dynamic and comprehensive view of their processes. Unlike
traditional value chain analysis, it allows for a proactive approach by identifying
inefficiencies, forecasting potential disruptions, and testing optimization scenarios
without impacting actual operations. This capability not only enhances operational
efficiency but also supports strategic decision-making. These DTs can be applied across
three key areas. In supply chain planning, they enhance demand forecasting through data
integration from sales history and market trends, while simulating disruptions for risk
mitigation. They also support sustainability by analysing environmental impacts and
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aiding in circular economy initiatives. In warehouse management, these digital twins
optimize inventory control by mapping supply flows and monitoring storage conditions,
while predictive analytics prevent disruptions from equipment failures. For
transportation, they optimize routes and networks, reducing costs, improving efficiency,
and enabling reverse logistics in a closed-loop system.

As part of this project, the Value Chain DT integrates seamlessly with other production-
level DTs to provide both detailed insights at each stage and an overarching perspective
across the value chain. This alignment ensures that every primary and support activity is
continuously optimized for value creation, enabling organizations to maintain their
competitive advantage in a rapidly changing market.

3.2. Double-level perspective of the Cognitive Digital Twin

3.2.1. Concept

With the double-level perspective of the Manufacturing Ecosystem Digital Twin, we aim
to consider two levels in the manufacturing area simultaneously:

1) Manufacturing Services Level: The manufacturing services level DT is focused on
the production processes of the use cases. As of now for KAM this is the
production of their PCB as well as water meter product and for JPB this is the
production of their Lulylok product.

2) Value Chain Level: The value chain level DT is focused on the different value chain
parts and their interaction to be able to provide the product to the customers. As
of now these parts are Internal Logistics, Warehouse, Suppliers, External Logistics
and Customers.

With the Manufacturing Ecosystem DT that incorporates both levels, the impact and
interdependencies on value chains and manufacturing services can be simulated and
optimized, e.g., within different what-if scenarios.

3.2.2. Manufacturing Ecosystem Double-Level Digital Twin

A diagram of the possible structure of the Manufacturing Ecosystem DT in the DMaaST
project, based on the previously described levels and the interdependencies between
the sub-DTs, is presented in Figure 13:
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Figure 13: Manufacturing Ecosystem double-level DT

For the manufacturing services, each production line will presumably be modelled by
one or more manufacturing services CDTs. The manufacturing services CDTs will be
modelled with a hybrid model extraction approach that fuses expert knowledge into data-
driven extraction approaches, under the assumption that we get suitable loT data as well
as expert knowledge statements for this. Driven by its data-centric nature, the CDT model
adapts (semi-)automatically to the underlying data. As a result, it can be treated as a
black box by the value chain DT, generating outputs derived from the provided loT input
and expert knowledge data. The black box structure is shown in Figure 14:

Extracted ) .
Data Input Manufacturing Simulation Output
>
Services Digital
Twin Model

Data Input KAM Production | Simulation Output
— Y
Workflow

Data Input JPB Production | Simulation Output
[ - - -
Workflow

Figure 14: Manufacturing Services CDTs based on the underlying data input from loT and expert knowledge data

For the value chain stages, each stage will presumably be modelled by CDTs, like
manufacturing services CDTs. Similarly, these digital twins will be modelled with a hybrid
model assuming suitable data and knowledge are available. Each DT of these stages can
be handled as interacting black boxes from the value chain DT and provides its output
and simulation results based on the given input loT and expert knowledge data. The
double layer value-chain DT models and their interactions, structured as black boxes
interconnected to each other, are shown in Figure 15:
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Output Data
Input Data Suppliers pP——»
o
DT Model |——— &
i Simulation data
L Output Data
Input Data | Warehouse [——
_— -
DT Model Output Data
T Simulation data Value Chain
C—] -
x Output Data M Simulation data
Input Data | pProduction ——>
o
DT Model | ———
'] Simulation data
L) Qutput Data

Input Data | Customers |————
—il

DT Model | ——
Simulation data

—_—

Figure 15: Value Chain DT models based on input / output data and their interactions

3.2.3. Framework of the Manufacturing Services DT

To extract the manufacturing CDT, we will be using the following framework, that consists
of different components and is displayed in Figure 16. The framework is inspired by our
previous work [14] and adapted to the requirements of this project. Incoming loT data is
prepared in the data processing module. In parallel to this, incoming expert knowledge is
prepared in the knowledge processing module. After the processing both data sources
are merged to a seamless and systematic data basis in the data and knowledge fusion
module. From the data basis a CDT model is further extracted and validated within an
iterative approach. The extracted model can then be used as the manufacturing services
black-box modelintroduced in Figure 14.

Manufacturing Services Digital Twin

s ] . ™
Production Line or loT data
Knowledge Graph or — Data_
Value Chain DT input decisions processing
) Data and Model [*  Model
p ~ nowledge || , -
Expert knowledge or fusi extraction || validation
. knowledge usion
Knowledge Graph with Knowledge
expert knowledge | insights processing

statements Y,

Figure 16: Manufacturing Services DT Framework

For the value chain DTs, each black-box model of manufacturing services CDT will be
adapted to model the diverse value chain stages. Considering the value-chain model, the
framework will be as shown in Figure 17. The input data stored in the SMAP database
(provided by loT, expert knowledge, or other means), together with the objectives of the
KPIs and what-if scenarios, are fed into the double-level DT to monitor production,
analyse data, and produce simulations. The simulations results and generated KPIs are
then fed into decision support system.
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Obijectives
(KPls) Monitoring

Y

Data Analysis

SMAP Database Double-level DT

v

v

Simulation Scenarios

A 4

Predictive Analysis

MO-DDSS < [P

Predictions

Figure 17: DTs framework

3.3. DT-related Use Case Characterisation
3.3.1. Manufacturing Services

For the characterisation of the manufacturing services within the use cases we identify
and answer the following categories for each use case and demonstrator as defined in
the DMaaST project:
1) optimization goal,
) KPls,
3) requirements,
) overall functioning and production workflow.

As the project continues, changes are possible in each of the categories as the
characterisation is an iterative process and is influenced by different factors from the
demonstrators and other partners. In the following, we will detail the current
characterisation first for Kamstrup and then for JPB.

3.3.1.1. KAM

For the characterisation of the KAM use case, we are focusing on the productions of the
PCB and water meter products.

Optimization Goal:

From the current point of view, we define the optimization goal of KAM as resilience
towards external supply chain disruptions, as well as efficient use of capacity.
Additionally, operational efficiency as well as predictive analysis are also defined as
optimization goals.

The goals are intended to be achieved through both real-time monitoring, as well as
simulation of “what-if” scenarios.
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KPls®:
The impact of above goals will ultimately be measured through a number of KPIs.
Kamstrup is undergoing a maturation process on their KPIs, in order to define measurable
and accountable KPIs across a number of areas such as Quality, Sustainability, Cost, and
Delivery.
As of now, the following KPIs have been identified, which we further have to define and
prioritize:

* External Failure Rate

* Internal Failure Rate

*  Supplier Quality Points-per-million (PPM)

* Delivery Performance

* Customer Order Lead Time

*  Supply-Chain (SC) OPEX Cost per Meter

* Supply-Chain Direct Cost

* Productivity

* Days Inventory Outstanding

* Count of Supplier Non-conformance (NC)

Overall functioning and Production Workflow - PCB:

In Chapter 1.3, we stated an explanation on the production workflow. In here, we
summarized the production workflow within a short overall functioning description as
well as a production workflow chart, displayed in Figure 18, based on our current
understanding. The PCB production process can be summarized as boards are produced
by printing, soldering, testing and milling. As the project continues updates and changes
to this part of the characterisation are possible.

Input Data
KAM Production Services Digital Twin (PCB)

Unprinted .
@ 7/ Board (1) /L> Print Board

Solder with surface- )
Ly mounted Quallty™, o
components (SMT) Yes

Solder with through-|(")
> hole components — Inline-testing
(THT)

= Milling > Packing »(_ End

[1 automated
manual transported manually

[ ] semi-automated Q transported automated

Figure 18: PCB Production Workflow

Overall functioning and Production Workflow — Water Meters:

5n the duration of the project, KIT and IND will further define and iterate on the KPls. Especially, because
some of the KPIs are more suited for the value chain perspective than for the manufacturing service
perspective. Thus, they will focus on the manufacturing service sub-perspective for the manufacturing
service Digital Twin.
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In Chapter 1.3, we stated an explanation on the production workflow. In here, we
summarized the production workflow within a short overall functioning description as
well as a production workflow chart, displayed in Figure 19, based on our current
understanding. The water meters production process can be summarized as PCB Panels
are assembled first in a bottom assembly and after that in a top assembly.

KAM Production Services Digital Twin (Water Meters)

. / Piezo glue Strainer Dry cell
Tube Meter housing

Wafer Screws EMC Shield
—

Bottom Assembly Line
@ PCB Panel (1) Mount PCB in : Insert Tube in [ ] Mount misc. o
meter housing | ~|meter housing components

Bake in glue Not all meters

oven require baking
) S— COVGF Baﬁery
Glass
Top Assembly Line
op PCB Panel Mount Top O Mount cover O . .
—> . —> Fill Helium [—> Seal housing
(1 PCB and glassing "|

Test Helium for
leakage

v

L, Verify product on
flow benches

Praducts above this point are produced as part of

Place product on larger shop floor order;
internal stock after this point products are produced to a different
shop floor order with final configuration specification

Final Customer Configuration -
Configure O
communicatiowg Laser engrave Yes | — 5 Packaging End
B cover
settings
[ automated
manual transported manually

[ | semi-automated Otransported automated

Figure 19: Water Meters Production Workflow

3.3.1.2. JPB

For the characterisation of the JPB use case, we are focusing on the production of the
Lulylok™ product.

Optimization Goal:
JPB wants to improve the global overview of the supply and production system. This will

allow to react timely to external changing conditions and swiftly adapt production. The
challenges to be solved are therefore to allow a better resilience in production according
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to the hazards linked to external factors and enable a MaaS business model. A better
understanding of the global system should also help to take the right decisions to
decrease their internal stocks, without compromising the OTD and OQD.

As aresult, at this stage, we define the optimization goals of JPB as operational efficiency,
resilience, and predictive analysis.

KPIs®:
As of now, we have identified the following KPIs, which we further have to define and
prioritize:

e OTD (OnTime delivery to customers)

e 0OQD (On-Quality Delivery : Quality delivered to customers)

e Machining scrap rate

e Machining rework rate

e Suppliers OTD and suppliers OQD

e Stock levels

Requirements:

JPB states that On Time delivery (OTD) and On Quality Delivery (OQD) are KPls of utmost
importance, as for all aerospace sectors. 97% OTD and 97 % OQD are the minimum
targets that should be met. Chapter 3.4 will further detail data requirements.

Overall functioning and production workflow - Lulylok™:

In Chapter 1.3, an overview of the production workflow was made. Here, we provide a
summary of the production workflow, including a brief description of its overall
functionality and a production workflow chart, shown in Figure 20, based on our current
understanding. The Lulylok™ production process can be summarized as that Lulyloks are
manually assembled from one nut and one spring. Nuts machining is done with 6
machines, 2 robots (automation level: 100%), 1 robot (automation level: 50%) and
manual operators in several steps.
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Input Data Prepare Machining Adjustment Loop NCS
consumables l
and tools No No

AND Set up . Yes - Dimension Yes ,
@ machining — Part Inspection @ Machining ‘b{ Control @ Deburring
Prepare Raw

Material

NCS

No

Poland factory supply v . )
(Manufactured nuts - > A bly Sandblasting = CUCEE., | Cleaning

2nd production model) control

l

Set-up marking ———>

Marking
validation

NCS
No
C“5‘°mer Visual Final quality Yes Shipping to
requirement inspection inspection Storage customer
inspection Pe P

NCS: Non-Conformity Sheet

EE— Marking > Coating —— > Brushing

| | [ Automated |

Contact quality service Corrective action
> (identify and record | —— (manufacturing process
defects) modified)

Isolate (marked non
conpliant)

Manual

| ‘ Automated & Manual

Non-conform parts are not reil

Figure 20: Lulylok™ production Workflow

d into the i if ing process.

3.3.2. Value Chains

For the characterisation of the value chain within the use cases, we first have identified
the value chain stages. The value chain has been constructed in six fundamental stages:
Suppliers, External Logistics, Warehouse, Production, Internal Logistics and Customers.
A generalvalue chain workflow is shown in Figure 21. These stages serve as the backbone
for analysing both use cases within the project. The process flow information and
contributions provided by KAM and JPB together with the optimization goals have been
instrumental in defining the value chain workflow for each use case.

Ext. Logistics
L g

[ Suppliers HExt Logistics WarehouseHlnt LOgIStICSH Production HExt Log\stlcsj—{ Customers

Int. Logistics

Figure 21 General Value Chain Workflow.

Secondly, we identified the key factors and their role in adding value to the product in
both use cases. Considering the optimization goals and KPIs defined above, key factors
are high quality suppliers, effective inventory management, optimal material flow,
traceability of products, and efficient response to the market demands. High quality
suppliers will produce minimal material delivery times and supply components
consistently with minimal defect rate. Effective inventory (warehouse) management will
not only make the raw materials and components readily available for just-in-time
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practices but also reduce unnecessary stock and inventory costs. Optimal material flow
with optimized production process will have products with high acceptance rate and
reduce delays if any. It will also reduce production and maintenance costs as well as
waste. Traceability of products and efficiently responding to demands will improve
customer satisfaction while reducing environmental effects.

Thirdly, we identified the input and output data of these stages, required to achieve the
optimization goals and KPIs. These are stated in Section 3.4, where costs and resources
of each stage are also indicated. Depending on the KPIs and analysis of different what-if
scenarios, these data may vary accordingly.

Inthe following sections, we will detail the current value chain workflow for the use cases.
Note that updates in these workflows and other categories are possible during the
iterative characterisation throughout the project.

3.3.2.1. KAM

The value chain workflow for this use case is shown in Figure 22. It includes a two-step
production: printed circuit board (PCB) and water meter (WM). Each production line has
their own manufacturing models with the product quality assessment embedded in their
design. The value chain starts with supplying raw materials and semi-finished goods from
the corresponding suppliers with external logistics. Selected materials are assessed by
a quality control process before adding into the PCB or WM warehouse. This ensures that
only the materials meeting the required standards enter the warehouse and then the
production workflow. (Note that despite having a quality assessment step in this
workflow, it will be included in the warehouse DT model.).

—  PCBSQA
A

__ PCB (Int. Log\st\cs\ [ pcB ]
\_Warehouse W2PCB {_Production

Ext. Logistics) Py
" sg\%\f - ; [Int. Logistics |,
\_PcB2WM J

<
[Supp\iers —
-/ \

wm _L\nt Log\st\cs _/ WM 1 _[ External \ M/""/De\ivery at ™~ S,
Warehouse W2WM Production Logistics ~_customers_—
| WM SQA

Figure 22: KAM Value Chain Workflow. PCB: Printed Circuit Board, WM: Water meter, SQA: Supplier Quality
Assessment

The required materials from the PCB warehouse are then transferred into the PCB
production line through internal logistics. After the semi-product PCBs are produced,
they are transferred into the WM warehouse and then to the WM production together with
other required materials for water meter production. When water meters are ready, i.e.
they are all configured with respect to the customer orders, they are sent to the
customers.
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3.3.2.2. JPB

In the JPB use case, there are multiple suppliers for raw materials and springs. The
springs are transported from suppliers to JPB factory, where they are stored in a
component’s stocker. Raw materials are transported to LH Building inventory, an offsite
building. (This will however change in 2025 with a moving of all machines and storage in
a new plant) . Then these raw materials are transferred to the material inventory when
necessary. This workflow involves three key warehouses:

e LH Building Inventory: A separate facility located offsite from the factory,
dedicated to storing raw materials. Since it is offsite, all movements to and from
this warehouse require logistics (done internally by JPB operators).

e Spring storage: A dedicated inventory within the factory in which springs are
stored. This ensures immediate availability of springs for the production process
when needed.

e Material Inventory: Located inside the factory, this inventory acts as the central
hub for raw materials required for production. Materials are transferred here from
LH Building Warehouse using internal logistics.

Raw materials (from material inventory) and springs (from spring inventory) are then
transferred into the production lines for manufacturing. As described in the previous
section, raw materials are processed, assembled, and subjected to quality control to
meet product standards during this stage. After production, finished products (Lulylok™)
are delivered directly to JPB finished products stocker. Then, delivery to customers using
external logistics can be done. Figure 23 outlines this workflow.

[ spring \ _{/ Ext. Lug\sllcs" "‘ Spring )
|_ Supplier ) S2wW ) \_Inventory

—
y = P e [ Int. Logistics |
| Raw material Ext. Logistics . w2pB
| supplier 1 S12wW [ R

’Rawmater\a\\‘_ _IExT,Lag\stic; ; LHEuwIding: _|/\nr,Lng\s[i(sr\_ | Material 1 _(/\nt Logistits] _{r PB \‘ _| Int. Log "‘ "’ QA ) "’ Ext Lng\stics‘
| supplier2 | S22W ) \_inventory ] | waw | | Inventory | [ wz2)pB | |_Production JjpB2QA | | Sale

\ \
QaawW ‘

| '{ Customers

(Int. Logistics |,

Figure 23 JPB Value Chain Workflow

3.4. Data Requirements

3.4.1. Manufacturing Services

The data requirements for DTs differ depending on the use case and goal of the
simulation. As the use cases, optimization goals and KPIs will be continuously adapted
in communication with KAM and JPB as well as other partners within the project, changes
in data requirements are possible. Thus, the data requirements can be influenced and
adapted. E.g. if there are manual steps in the production that should be modeled, we will
need information about them so that we are able to integrate those into our data-driven
CDTs including fused expert knowledge:

Focus: Reliability
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Data Type

Event Data

Condition Monitoring Data
State Data

System Failure Data

Maintenance Records

Expert Knowledge
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Description

Beginning of processing / end
of processing for each
operator/machine with id and
timestamp

Sensor values regarding, e.g.,
pressure, vibrations etc.
State values of the machines
Data of past system failures
and categorisation of failure
types

Scheduled or reactive and
associated repair logs

Experts giving input about the
system of interest

Focus: Production and Performance

Data Type

Manufacturing Services
Steps

Event Log

Condition Monitoring Data

Production Quantity

Throughput Rate

Workload

Operating and Work
Schedules

Production Goals

Expert Knowledge

Description

All manufacturing steps till
each productis finished
Beginning of processing / end
of processing for each
operator/machine

Sensor values regarding, e.g.,
pressure, vibrations etc.
Products produced in last
hour

Actual Order Execution Time
+ Produced Quantity for each
hour

The workload each machine
and worker is expected to
deliver

At what times do the worker
and machines work and
when are the breaks. When
different processes and
equipment are active. For the
current day, ideally also
historical and future data.
KPlIs used to set the target
production levels/efficiency
Experts giving input about the
system of interest

Focus: Production Planning

39
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Format and Frequency

Time Series, depending on
process and/or machine

Time Series, depending on
machine

Time Series, as they occur
Time Series, as they occur

As they are available either
as document per
maintenance case or as time
series

Expert knowledge
statements

Format and Frequency
List

Time Series, depending on
machine and/or process

Time Series, depending on
machine

Time Series, as data is
available

Time Series, as data is
available

List, updates with timestamp

Ideally past 4 weeks plus
current plus planned

List, updates with timestamp

Expert knowledge
statements
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Data Type

Products

Manufacturing Services
Steps for each Product
Capacity of Machines

Capacity of Workers

Interdependencies

Event Log

Condition Monitoring Data

Expert Knowledge
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Description

All products that should be
included into the production
planning process

All manufacturing steps
required for each product
Detailed capacity of each
machine for each different
products

Detailed capacity of the
workers for each different
product

Identified interdependencies
between products,
machines, workers and
manufacturing steps (if any)
Beginning of processing / end
of processing for each
operator/machine

Sensor values regarding, e.g.,
pressure, vibrations etc.
Experts giving input about the
system of interest

Focus: Product Quality

Data Type
Quality Ratio

Quality KPIs

Product Characteristics

Expert Knowledge

Description

Produced Quantity + Good
Quantity (ORI: Right First Time
Production) for each hour
KPls on which the quality of
each product of interest is
measured

Important characteristics of
each product from which the
Quality KPIs can be measured
Experts giving input about the
system of interest

Focus: Energy Efficiency in Production

Data Type

Energy Consumption Data
(whole System / each
process / each equipment)

List of Electrical Equipment

40

Description

Records of electricity, gas,
fuel oil, or other energy
sources used over time for
whole system/ process/
equipment

Device name, model, and
usage
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Format and Frequency
List
List

List

List

List

Time Series, depending on
machine and/or process

Time Series, depending on
machine

Expert knowledge
statements

Format and Frequency

Time Series,
available

as data is
List
List, updated with

timestamps and product ID

Expert knowledge statements

Format and Frequency
Energy usage per task

List
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DMEPST

Renewable Energy
Production Data

Renewable Energy
Consumption Data
Energy Tarifs

Grid Connection
Information

Energy Storage Systems

Emission Data

Expert Knowledge
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Energy generated by
renewable sources (solar
panels, wind turbines, etc.)
Renewable energy used/Total
energy used for the whole
system, process, and single
equipment

Information about energy
pricing structures, peak and
off-peak rates, and demand
charges + changes during
time

Information about the
existing power grid and its
capacity to integrate
renewable energy. Voltage
levels and connection points
for feeding renewable energy
into the grid

Information about energy
storage systems (batteries,
capacitors, etc.) if applicable
C0O2, CH4, N20 Emissions
(Greenhouse)

Experts giving input about the
system of interest

Time Series, value each
minute

Time Series, value each
minute

List

List

List

Time Series, value each
minute

Expert knowledge
statements

Focus: Production Environment Setup (Focus on Energy)

Data Type

Building Information

BIM - Space Use

BIM - Materials and Thermal
Properties

41

Description

Building structure, insulation,
and HVAC systems data
Information about the
building's layout, including
walls, windows, doors, and
spatial divisions. This
geometry data is used to
calculate the building's
surface area, volume, and
distribution of spaces, which
are key factors in energy
analysis. And insulation
levels, window types, and
shading devices

Materials used in
construction and thermal
properties: about the
materials used in
construction, including their
thermal properties such as
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List, updates with timestamp

List, updates with timestamp
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insulation values, heat
capacity, and conductivity

BIM - HVAC Systems: Heating, ventilation, and air List, updates with timestamp
conditioning (HVAC)
systems. This includes the
location of HVAC equipment,
ductwork, air terminals, and
specifications about system
performance, which impact
energy consumption for
climate control

Temperature Thermostat at workstations Time Series, value each
minute

Humidity Hygrometer Time Series, value each
minute

Noise Level Decibel Meter Time Series, value each
second

Expert Knowledge Experts giving input about the | Expert knowledge

system of interest statements

3.4.2. Value Chain: Input / Output Data

The data requirements for the value chain are crucial to ensure efficient modelling of
each stage to achieve determined KPIs and optimization goals under various what-if
scenarios. Based on the value chain workflows established for both KAM and JPB, the
input and output data for each stage are outlined below. Depending on the availability of
these value chain data and required data in manufacturing services, the KPIs and
objectives will be met.

Input Output
e supplier_info (supplier_id, name, |® unit price of each product
. contact_info, location, etc.) e orderfill rate
Suppliers ) . . . .
e supplier_order (product, list of e delivery time,defective
products, quantity, delivery time) product rate
e departure location e transportid
e destination location e status
— e route e expected time of deliver
Logistics p . y
e transporttype o deliverytime
e departure time e products
e transport duration e defective product rate
o orderfill rate
e customer_order o defected product rate
QA .
e products e |osses (time, speed,
equipment, operation)
e customer_order e products, production_id
) list of products, quantity, delivery e status
Production . P a y y
time e startdate
e BOM (raw materials) e enddate
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e labour
e machinery
e energy

e list of products
e quantity of each product
e unit price of each product
e delivery time of each product
Warehouse | e supplier_info
e transport_id
e warehouse_info (id,
location,
condition, capacity)
e customer_info ( customer_id,
name, location)
e customer_order
e order_date
Customers | e listof products
e quantity of products
e delivery date
e shipping_info (shipping_address,
shipping_date)

name,

3.4.3. Value Chain: Costs and Resources Involved

delivery time

waste

energy consumption
environmental impact

stock_id
product_id
quantity

category

unit price

supplier

weight, dimension
expiration date

status

delivery time
shipping_info
(shipping_address,
shipping_date,
tracking_number)
revenue

customer satisfaction

We identified possible costs and resources involved in each stage of the value chain,
outlined below, which should be considered to calculate the relevant KPIs and achieve

optimization goals.

e Procurement costs (unit price per product).
e Supplier relationship management (contract negotiation,

Suppliers communication, etc.).

e Delivery and shipping costs from supplier to your facility.
e Defective product costs (returns, replacements, and rework).

e Transportation fees (fuel, vehicle depreciation, labour for

drivers, etc.).

e Packaging and handling costs.

External logistics

e Insurance for goods in transit.

e Delivery delays and defective product handling (costs
incurred for late or damaged deliveries).

e Internal transportation costs (within the facility or between

warehouses).

Internal logistics e Labor costs for handling goods and equipment used in

logistics.

e Packaging materials and warehousing charges.

Warehouse e Storage costs (rent, utilities, maintenance).
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e Labor costs (warehouse staff for handling inventory).
e Energy
e Insurance costs
e Security costs
e Shrinkage (losses due to damage, theft, or misplacement).
e Raw material costs (based on BOM).
e Labor (wages, overtime, benefits for employees).
Production e Energy consumption (electricity, gas, water).
e Machinery and equipment maintenance costs.
e \Waste management costs
Quality e Inspection costs
assurance e Rework or repair costs for defective products.
(To be addressed = e Losttime due to malfunctions or quality issues.
in other stages) e Wastage from defective products.
e Customer service and support costs.
Customers e Returns processing (restocking, refunds).
e Shipping costs (especially if offering free shipping)

4. MO-DDSS Layer

In this chapter the core of the third layer of the SMAP is described. The chapteris divided
into the following sections:

1. Scope of the MO-DDSS, introduction of key concepts to ease the understanding
of the chapter.

2. Literature review (State of the art) of the main components of the MO-DDSS, the
Distributed Optimization and Learning Algorithms (DOLA) and multi-objective
(MO) algorithms.

3. MO-DDSS framework. Application of the main components within the project
scope.

4. Validation methods.

4.1. Scope
The multi-objective distributed decision support system (MO-DDSS) compose the third
layer of the SMAP. Its main goalis to transform all the information gathered and extracted
from the previous layers and transversal modules (e.g. LCSA) into practical and valuable
actions as well as, converting the DTs into actionable ones.

The MO-DDSS must be designed to address complex decision-making scenarios
involving multiple and usually conflicting objectives that require a balance of trade-offs.
Therefore, the MO-DDSS will incorporate and combine Distributed Optimization and
Learning Algorithms (DOLA) and multi-objective optimization algorithms. In the following
sections a literature review of both subjects is presented.
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In terms of technical requirements, the MO-DDSS needs to:

Integrate multiple and distributed data sources and from different production
levels (e.g. manufacturing services and manufacturing value-chains).

Safeguard data privacy and security.

Evaluate multiple objectives and constraints, including sustainability and
circularity opportunities found in WP1.

Ensure the transfer learning capabilities in order to ease reconfigurability and
adaptability to changes in the problem environment or objectives.

Automate the learning/training process of the algorithms implementing MLOps.
Human-in-the-loop for constant validation and improvement, plus easing end-
users’ customization of the objectives.

Enable the integration of external models of the environment such as the CDT, or
data models such as the DKG.

Provide clear and interpretable visualization of solutions and their trade-offs in
relation to the use cases KPls.

Enable the offline evaluation of disruption scenario — Risk assessment.

Enable the online (real-time) assessment and optimisation of the manufacturing
value-chain.

Ensure useful and reliable outputs (i.e. strategies) even under non-optimal
conditions (e.g. outliers, lack of data or poor quality). Actionable and valuable
solutions.

In the context of the manufacturing industry, the manufacturing value-chains are highly
interconnected, encompassing a high variety of manufacturing process and more.
Nowadays, ensuring the resiliency of the manufacturing value is critical. Therefore, the
MO-DDSS plays a pivotal role by addressing multifaceted challenges and enabling end-
users to make informed, adaptive, and robust decisions.

4.1.1. Terminology and base concepts

A series of key concepts are essential for understanding the various states of the art of
this section’s technologies:

>

>
>

Pareto Optimality: A solution is considered "Pareto optimal" when no objective
can be improved without compromising at least one other objective.

Pareto Front: The set of all Pareto optimal solutions for a given problem.

Pareto Approach: This approach focuses on multi-objective optimization by
identifying the solutions comprising the Pareto front. This contrasts the
"Scalarization Approach", which combines multiple objectives into a single
mathematical expression using weights.

Objective Function: Mathematical expressions that quantify the goals to be
optimized.

Constraints: Limitations or requirements that must be satisfied by the solutions.
Adaptive optimization: The continuous adjustment of parameters in real time
based on collected feedback.

4.1.2. Challenges
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The development and implementation of the MO-DDSS presents several challenges.
Addressingthese challenges is essentialto achieving the overarching goals of the project.
Therefore, during the development a close and constant monitoring of potential risks and
challenges will be executed. So far, these are some of the challenges already identified,
with some proposed solutions to address them:

» Multi-Objective Problems complexity: MO decision-making often involves
conflicting criteria, interdependent objectives, and non-linear relationships,
making it difficult to identify optimal and practical solutions.

v' Combination of MO optimization techniques.
v' CDT and human-in-the-loop will provide valuable insight knowledge to find
the best balance.

» Data Availability and Quality: Reliable and comprehensive data are essential for
robust decision-making. Inadequate or inaccurate data can compromise the
validity of the results and limit the system's effectiveness.

v" DKG support.

» Computational Complexity: The execution of the MO-DDSS can be
computationally intensive, particularly for large-scale problems.
v' Offline pre-generation of most usual disruption scenarios.
v Parallelisation of the execution.
v' Cloud integration.

4.2. Multi-objective optimisation algorithms

Multi-objective optimization has become increasingly important in improving
manufacturing line operations, as it allows for the simultaneous optimization of multiple
conflicting objectives such as cost reduction, productivity enhancement, and quality
improvement. This field has seen significant advancements in recent years, with various
state-of-the-art algorithms being developed to address complex industrial challenges.
The following State of the Art will provide definitions of different types of algorithms that
can be used or adapted for solving multi-objective optimization problems, each with its
own strengths in handling specific types of problems. Furthermore, strategies for
combining different algorithms in a hybrid approach, leveraging their respective
strengths and overcoming their limitations.

4.2.1. Types of algorithms

This document focuses on the most effective and versatile types: Swarm Intelligence (Sl)
algorithms and Evolutionary Algorithms (EAs). Both categories are inspired by natural
phenomena and leverage principles observed in biological and social systems.

4.2.2. Swarm Intelligence algorithms

These algorithms originated from the natural behaviour of organisms. They simulate how
swarms (e.g., birds, fish, and insects) behave in their group life in a colony. Swarm entities
can collaboratively perform many complex tasks required for their survival. Self-
organisation and decentralized control are two main features of swarm-based systems
that lead to emergent behaviour due to the localinteractions between swarm agents [15].
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This section introduces several Swarm Intelligence-based algorithms, highlighting their
variations, advantages and disadvantages, and principal multi-objective optimisation
applications. These algorithms include Artificial Bee Colony (ABC), Ant Colony
Optimization (ACO), Particle Swarm Optimization (PSO), Differential Evolution (DE) and
Glowworm Swarm Optimization (GSO).

4.2.2.1. Artificial Bee Colony (ABC) algorithm

The ABC algorithm is an optimization model that replicates the behaviour of honeybees,
assigning roles to each bee, each contributing in different manners to the search for
optimal solutions. A full colony consists of employed bees (actively exploring the search
space in look for “food sources”), onlooker bees (staying inside the hive, they help
employed bees find better solutions based on probability) and scout bees (from the hive,
they relocate employed bees that have exhausted their “food source” to other random
positions). Thanks to the contribution of each bee, it is ensured that new food sources
(solutions) are being constantly discovered and computational resources are being
relocated if unused, avoiding wasting.

While this model is good for finding solutions in a wide search space, it must be slightly
modified to perform multi-objective optimization (MOO). By implementing a “Pareto
archive” containing all non-dominated solutions (Pareto Front) and changing the bees’
roles to handle the trade-offs between objectives, this algorithm could achieve a “multi-
objective” approach.

4.2.2.2. Particle Swarm Optimization

Particle Swarm Optimization (PSO) is an optimization technique inspired by the collective
behaviour seen in natural swarms, such as flocks of birds or schools of fish. PSO employs
a simple mechanism that guides individual particles in a group of entities (also called
population or swarm) to explore a solution space collaboratively. Each particle in the
swarm represents a potential solution. Each of the particles works together to move
toward the best solutions by sharing information with one another [16]. These behaviours
combine to help the swarm dynamically balance exploration (searching widely across
the solution space) with exploitation (refining promising solutions), thus improving the
efficiency of finding a global optimum. PSO has been demonstrated to be a highly
efficient optimization algorithm capable of searching vast, high-dimensional problem
spaces comprehensively.

In MOO, where multiple conflicting objectives must be optimized simultaneously, PSO
offers distinct advantages. For example, Han et al. [17] developed a feature selection
algorithm using multi-objective PSO with adaptive strategies to improve the population's
selection pressure. In most general algorithms in PSO-based MOO, particles are guided
not only by individual and global optima but also by diverse non-dominated solutions,
which allows the algorithm to maintain a well-distributed solution front across different
objectives. PSQO’s effectiveness in multi-objective optimization can be shaped by tuning
specific variables and parameters, such as the number of particles in the swarm, the
position of each particle within the solution space, and the velocity. These approaches
have been explored in several algorithms; for instance, Amoozegar et al. [18] have
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implemented the RSPSOFS method, which introduces a multi-objective PSO-based
approach for feature selection incorporating several innovative mechanisms to enhance
optimization performance. Key advancements in RSPSOFS include archive refinement
and purposeful particle movement, improving the precision and adaptability of the
solution search, making it a powerful tool for feature selection in complex, multi-
objective scenarios.

4.2.2.3. Ant Colony Optimization

This model, like the Artificial Bee Colony (ABC) algorithm, is a nature-inspired
optimization technique. It is based on ants' foraging behaviour, specifically using
pheromone trails to identify and reinforce the shortest and most efficient paths between
their nest and a food source [19], [20]. In nature, ants deposit pheromones along their
paths, and over time, shorter paths accumulate higher pheromone concentrations as
ants prefer them.

In the algorithm, ants explore the solution space, moving probabilistically based on
pheromone levels and other heuristic factors. The quantity of pheromones deposited at
a given location correlates with the quality of the solution it represents. Consequently,
higher-quality solutions naturally attract more exploration and reinforcement.

To adapt this algorithm for handling multiple conflicting objectives, similar to the
adaptation of the ABC algorithm, it would require the incorporation of an archive of non-
dominated solutions. This archive would be periodically updated to maintain a diverse
set of optimal trade-offs among the objectives. In the multi-objective context, the
pheromone levels would depend on multiple criteria, with ants depositing pheromones
based on a composite evaluation of these objectives. This approach ensures that the
algorithm accounts for the trade-offs among objectives while directing the search
towards Pareto-optimal solutions

4.2.2.4. Glowworm Swarm Optimization

The Glowworm Swarm Optimization (GSO) has been recognized as a novel swarm
intelligence-based method for optimizing multimodal functions [21]. The concept of
emergent group intelligence inspired its development. The algorithm is known for its
strong capability in searching for global optima in multimodal optimization problems,
exhibiting significant effectiveness in navigating complex problem landscapes. The
unique characteristics of GSO enable it to perform well in identifying global extremes,
making it a valuable toolfor addressing various optimization challenges. For example, the
algorithm has been applied to objective optimization problems, particularly in the
context of collective robotic tasks demonstrating its effectiveness in optimizing the
coordinated actions of multiple robots working together to achieve shared goals [22]. The
inspiration behind the GSO algorithm comes from the natural behaviour of glowworms,
which are insects capable of adjusting their bioluminescent glow (light emission) for
different purposes. In the context of the algorithm, the glow indicates that the intensity is
to find solutions with better objective values. The algorithm mimics the brighter light with
positions representing better solutions in a search space [23], [24].
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Recently, the GSO algorithm has been specifically applied to the simultaneous search
for multiple optima in multimodal functions, each with distinct objective function values.
Omaru [25] implemented an algorithm that uses an ensemble of agents, which scan the
search space and exchange information concerning the fitness of their current position.
He defined fitness as the level of a luminescent quantity called luciferin. In this algorithm,
an agent moves toward a randomly chosen neighbour, broadcasting a higher luciferin
value. Additionally, the agents (glowworms that carry luminescence) must be able to split
into subgroups. Otherwise, only one optimum will be found, whether it is local or global.
Practically, the agents will swap their information locally with the non-deterministic
movements.

4.2.3. Evolutionary algorithms (EAs)

Evolutionary algorithms (EAs) are a class of optimization algorithms that mimic the
genetic improvements of the process of natural selection in biology [26]. These
algorithms are a subset of metaheuristic algorithms, which are used to find optimal (as
well as near-optimal solutions) to complex problems, especially in high complexity
problems, where traditional optimization tend to fall in local optima, due to the large and
challenging to explore solution space. EAs are a family of biologically inspired algorithms
that leverage synthetic methods such as population management, replication, variability,
and selection, all rooted in Darwinian evolutionary theory [27]. Generally, these
algorithms are straightforward at a high level but become progressively complex as more
domain-specific knowledge is incorporated. This document provides an up-to-date
review of the various EAs, their respective options and how they may be applied to
different problem domains focusing on a multi-objective approach.

4.2.3.1. Genetic Algorithms (GA)

This is one of the most popular types of evolutionary algorithms that focuses on binary or
real-valued encodings of solutions and operations like crossover and mutation. GA offers
the best mapping of the bio-inspired evolution process, and hence, it has become a
prevalent type of EA. The theorem was proposed by John Holland in the 1970s [28],
primarily for adaptive search and adaptive system design. The recombination and
mutation operators are used to identify solutions to existing problems. Variables are
converted to fixed-length strings (the string of numbers is the representation of genes),
which are entities in the population and evolved using crossover windows and mutation.
In these strings, each locus (specific position on the string) has two possible alleles
(variant form of genes) — 0 and 1. This is considered as points in the solution space. The
algorithm is evolved and used to assign a value for all the genes in the population [29]. As
commented before, the biological-inspired operators are selection, mutation and
crossover. In selection, each individual gene is selected (there are multiple methods for
selecting the genes, such as randomly and the number of selected positions in the string)
for further processing. In mutation, some bits of the string will be randomly flipped. Most
of the decision is probability [30]. Finally, in the crossover operator, a random locus is
chosen, changing the subsequence between strings to create off-springs. Compared to
other evolution algorithms, GAs tend to be more generic.
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4.2.3.2. Differential Evolution (DE)

Differential evolution algorithms have a different approach to GA, and it is an extension
where programs or symbolic expressions evolve rather than parameterized solutions. DE
is one of the most effective stochastic optimization algorithms for real-parameter
problems which was introduced by Storn in 1997 [31]. It is a population-based method
that is widely used to solve multiple types of optimisation problems [32], [33]. This
algorithm works through a simple cycle of stages like other EAs (initialization, mutation,
crossover and selection). As in previous algorithms, initialisation is the first process that
occurs in DE to search for a global optimum solution located in an N-dimensional of real
parameter space. It consists of a vector that represents the population size of DE. The
next phase is the mutation, which is a random permutation process performed on
selected decision variables. The third phase is the crossover, where both the mutant and
target optimization problems are developed to produce offspring. This crossover process
allows the target solution to inherit the donor solution's or mutant's attributes. The last
phase is the selection. This process enables DE to determine the survival of a parent
(target) or an offspring (trial) solution in the next iteration of the search process while
retaining the population size of DE in every generation. Once the new population is
formed in the next generation, the iterative processes of mutation, crossover and
selection are performed continuously until termination criteria are satisfied. In the
literature, they define two strategies of selection, local and global [34].

Although DE is primarily designed to solve a single optimisation problem from scratch at
one time, researchers have investigated different scenarios of real-world optimisation
problems, which require several jobs to be handled at the same time, using MOO [35].
For example, Onan et al. have developed a novel multi-objective differential evolution
algorithm-based classifier ensemble for text sentiment classification, showing a high
classification accuracy [36].

4.2.3.3. Genetic Programming (GP)

Genetic Programming [37], [38], in contrast to GAs, manipulates structures, particularly
executable programs or mathematical equations. Smith and Cramer are the principal
contributions in 1980s [39], [40]. In 1989, John Koza introduced the approach that would
become recognized as standard GP [41]. During the past two decades, there has been a
significant range and volume of development in the theory and application of GP, and in
recent years, the field has become increasingly utilized [42], as recently reviewed in this
article [37]. The behaviour and evolution of software or algorithmic entities are the focus
of GP [43], including, in some cases, the physical embodiment of these entities, as seen
in applications like robots or electronic circuits. Thus, GP is concerned with active
entities that generate results rather than passive entities that are merely optimized. As a
model induction method, GP enables the discovery of both the structure and content of
a model, optimizing both aspects simultaneously. For instance, some research focuses
on using recombination for global search, while mutation is employed for local search.
Although mutation is often applied to only 5-10% of the population, higher mutation rates
(15-20%) are also being investigated. Exceptions to these standard rates occur,
especially when mutation and recombination rates are dynamically adjusted across
generations.
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4.2.4. Evolutionary Strategies (ES)

Evolutionary Strategy (ES) is considered one of the oldest EAs. The first algorithm and
definition were developed in the 1960s at the Technical University of Berlin [44]. This
approach's characteristic is that it usually only involves mutation and selection. Entities
are selected using truncation selection. After the entities are evaluated, the algorithm
usually uses the Tweak operator, meaning that the entries below the truncation point are
systematically removed from the population. The remaining parents are mutated to build
up a new population. Evolutionary strategy algorithms have experienced a notable
resurgence in popularity in recent years [45], driven by advancements in computational
power, increased interest in solving complex optimization problems [46], [47], and their
applicability across diverse fields. These algorithms, inspired by principles of natural
selection and evolution, are increasingly leveraged to tackle challenges in the search
distribution using, for example, surrogate gradients [48].

4.2.5. QOverview of algorithms advantages and disadvantages

Table 1:Overview of swarm intelligence algorithms strengths and weaknesses

Algorithm(s) Pros Cons
e Simple and easy to|e May suffer from
implement. premature convergence.
e [Efficient in solving | @ Less efficient in fine-
Artificial Bee Colony optimization problems tuning solutions

with multiple peaks.

e Good exploration
capability.

e [Effective for discrete | e
optimization problems,
like TSP.

e Can adapt dynamically | e
to changes in the
environment.

e Provides a distributed
search mechanism.

(exploitation).

Computationally
expensive due to
pheromone updates.
Slower convergence on

Ant Col Optimizati
ntLotony Uptimization large-scale problems.

e Simple to implement | e Prone to premature
with fewer parameters. convergence on

Particle Swarm e Fast convergence in multimodal problems.
Optimization many cases. e May struggle with
e [Effective for continuous balancing  exploration

optimization problems.

and exploitation.

Differential Evolution

Robust and efficient for
continuous
optimization.

Requires fewer control
parameters.

Sensitive to parameter
settings.

Slower convergence on
problems requiring fine-
tuning.
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e Performs well on
complex, high-
dimensional problems.

Glowworm Swarm
Optimization

e Effective in multimodal
function optimization.

e (Capable of dynamic
subpopulation

Computationally

expensive due to
luciferin updates.
May struggle with

formation for diverse scalability in large
solutions. search spaces.
Table 2. Overview of Evolutionary algorithms summarizing the pros and cons.
Algorithm(s) Pros Cons
e |t is simple, fast to converge May converge
and flexible. prematurely to local
e It has been applied to many optima
Genetic optimization problems. Complex of identify
Algorithms e |t is very effective in exploring optimal parameters.

large search spaces.
Based in its nature, itis easy to
parallelize.

Evaluate the
optimization can be
computational
expensive.

Differential

Easy and simple to initialise
parameters

It converges fast in multiple
numerical problems

It struggles with problem
targeting discrete and
combinatorial variables.
In some scenarios, it

programming

It adept at discovering novel
functions (relationships is also
mentioned in the literature)
where the solution is unknown
in advance.

Evolution may stop improving or
evolving effectively over
iterations in the
population

e |t can learn, improve and also It may request a high
produce results in a computational cost
transparent and easy to (based on the tree
comprehend (e.g., three manipulations).

) structures, formulas, etc.). Complex of identify

Genetic

optimal parameters.
It can be hard to find and
generalize results.

Evolutionary
Strategies

Hight performance in noisy
environments.

It can adapt its strategy (e.g.,
step size) dynamically.

For large dimensions, it
may require high
computational cost.
It struggles
problems

with
targeting
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e High performance for discrete and categorical
continuous and real-valued variables.
optimization.

4.2.6. Combination of algorithms

The main objective of this section is to provide the current state-of-the-art hybrid
approaches that combine different types of MO algorithms to merge the strengths of
both, thus solving optimization problems in a more effective way.

4.2.6.1. Hybrid algorithms using Swarm Intelligence algorithms (SWARMING
GENETIC ALGORITHM)

Hybrid swarm intelligence algorithms combine the strengths of multiple optimization
techniques, such as Genetic Algorithms (GA) and Particle Swarm Optimization (PSO), to
achieve enhanced performance in terms of convergence speed, solution accuracy, and
robustness. By integrating complementary features of different algorithms, hybrid
approaches aim to strike a balance between exploration (diversifying the search to avoid
local optima) and exploitation (refining solutions to achieve global optima). This balance
is critical in tackling real-world engineering, scheduling, and design problems where
traditional methods often fall short due to computational complexity or non-linearity. In
the following sections diverse algorithms’ combinations are described.

4.2.6.1.1. Fusion Particle Swarm Optimization

The combination of Particle Swarm Optimization (PSO) and Genetic Algorithms (GA) is a
widely utilised class of heuristic algorithms commonly employed to address and solve
complex multidimensional mathematical problems. In this category, they are used for
optimisation problems where it should minimise a cost function with multiple outputs
that information may or may not be known. In the literature, researchers have proposed
several ‘hybrid’ algorithms, combining the GA and PSO to achieve an improved balance
between exploration and exploitation [49], [50]. While GA typically facilitates exploration
in most of these approaches, PSO enhances convergence speed. Differences among
these hybrid algorithms lie in the manner of combining GA and PSO, such as one method
can decide whether one method is nested within the other (and deciding in which order),
and another method can decide that both algorithms are executed in parallel. Finally, it
can coordinate how interactions occur (i.e., how the output of one method influences the
computations of the other). For example, Shi et al. [51] proposed a hybrid PSO that
introduced a new method into GA’s mutation mechanism, namely ‘dying probability’ (for
individuals) and ‘war process’ (for the population) to enable an exit from local optima.
Two alternative adaptations were implemented using a parallel coupling of GA and PSO
[52]. The core concept was to combine two methods integrating PSO and GA in parallel
and sequential configurations, respectively. They evaluate both approaches for a series
of benchmark test functions, and it shows that both two proposed methods possess a
better ability to find the global optimum than that of the standard PSO algorithm. A similar
parallel combination was applied by Jeong et al. [53] to multi-objective optimization. In
this work, a new hybrid approach is proposed, where GA and PSO are combined. The
novelty of the approach lies in the nesting of PSO within GA, applied to only a subset of
the GA population to achieve a better balance between exploration and exploitation
compared to existing hybrid methods. The performance of the proposed approach is
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evaluated and compared againstits parent algorithms and two existing hybrid algorithms
using two sets of continuous benchmark problems and a set of discrete (travelling
salesman) problems. The new hybrid algorithm demonstrates robust search capabilities
independent of initial population selection, a critical advantage for computationally
expensive real-world engineering design problems that limit multiple optimization runs.

4.2.6.1.2. Artificial Bee Colony + Evolutionary Strategies

As with many other heuristic optimization algorithms, the standard Artificial Bee Colony
(ABC) proposed by Karaboga [54] has some disadvantages. For example, this algorithm
easily prematurely falls into local optima and has a slow convergence rate in a later stage.
Researchers have investigated new methods of improvement in multiple published
algorithms. Singh [55] has proposed an improvement for leaf-constrained minimum
spanning tree to seek a better performance and they compared it with some approaches
like Ant Colony Optimization for Leaf-Constrained Minimum Spanning Tree (ACO-LCMST)
and Tabu Search for Leaf-Constrained Minimum Spanning Tree (TS-LCMST). Inspired by
PSO, Zhu et al. [56], implemented a novel ABC algorithm to improve and accelerate the
local convergence rate of the standard algorithm by incorporating the information of the
global best (GBest) solution into the resolution search equation to improve the
exploitation. Other researchers have focused on problems with multiple criteria, like job-
shop scheduling problems. Gong et al. [57], developed a hybrid multi-objective discrete
artificial bee colony (HDABC) algorithm for these scheduling problems with conflicting
objectives: makespan and earliness time. Prior knowledge is employed for initialization
to generate promising solutions, and crossover operators are designed using non-
dominated solutions. The algorithm was evaluated against four advanced multi-
objective evolutionary algorithms demonstrating good performance in terms of standard
performance metrics. Zhang et al. presented a novel multi-objective ABC algorithm
based on multiple populations for multiple objectives and internal credibility. The
proposed algorithm has M single-objective optimization subpopulations updated by the
ABC algorithm, meaning it uses evolutionary resources more efficiently. The results of
this proposed algorithm are evaluated with various benchmark problem sets with
different characteristics, showing its superior performance compared to some state-of-
the-art algorithms.

4.2.6.2. Hybrid algorithm using Glowworm Swarm Optimization

The Glowworm Swarm Optimization algorithm (GSO) has also been successfully applied
to solve complex problems, such as the travelling salesman problem showing strong
vitality. However, there is a big gap in enhancing GSO’s performance with respect to
search capability, the quality of solutions, and elapsed time. In response to the problems
of the GSO algorithm, researchers proposed modifications to GSO. Zhou et al. al. [58],
proposed a novel GSO algorithm that combines the artificial fish swarm algorithm and
the DE. The AFSAis introduced to solve the problem of the search space, which could be
very large or irregular. The neighbour sets of some glowworms may be empty, leading
these glowworms to keep still in an iterative process and stop; however, in this case, the
predatory behaviour of AFSA will ensure that each glowworm keeps moving. In the
problem of the population dimension that needs to be explored, the algorithm splits the
populationinto two equal sets: one group evolves according to IGSO, and the other group
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evolves according to DE. This approach shows good results, having faster convergence
speed and higher computational precision, and is more effective for solving constrained
engineering design problems. Senthilnath et al. [113] proposed a hierarchical clustering
algorithm that uses GSO. This algorithm divides large clusters into smaller ones by finding
the nearest centroid. It employs three methods for dataset splitting: GSO, PSO, and Mean
Shift Clustering (MSC). The resulting clusters are evaluated based on the Bayesian
Information Criteria (BIC), which is often used for model selection. The experimental
results demonstrate that this hierarchical clustering method based on GSO outperforms
traditional methods in terms of accuracy and robustness when handling complex
datasets. Dongetal. [114], propose a modified GSO based on time windows division. The
algorithm is developed for solving multi-objective vehicle problems. Its approach divides
customers into different classes according to their time windows. This method will
reduce the population generation time and neighbourhood search time; a novel Pareto
front technique has been designed to screen out the bestindividuals. The results showed
that the proposed algorithm is efficient regarding the quality of solutions and, more
importantly, the computing time.

4.3. SoA review - Distributed Optimization and Learning Algorithms

Optimization methods lie at the heart of learning and decision-making systems to provide
a systematic mathematical framework that relies on conditions of optimality.
Optimization-based decision makers are used primarily in control systems where the
task could be guiding a dynamical system to accomplish a task. The definition of the
dynamical system here can be quite broad as it can be a physical, digital, or complex
entity (e.g., social systems, supply chains, transportation networks, and manufacturing
systems).

As the complexity of the underlying system increases, so does the complexity of models
and interactions one needs to model for defining an optimization method. The field of
distributed optimization and learning methods has seen a great interest in the recent
years due to their ability to tackle such large-scale problems efficiently. In this section an
overview of such distributed optimization and learning methods are provided. It is
important to note that this is a large field of research with ever-evolving state-of-the-art
results. This review summarized some key concepts and algorithms especially related to
the MO-DDSS layer.

4.3.1. Types of algorithms

Distributed optimization methods can be analyzed in several distinct methodological
approaches, based on their historical development. Each different method class is
derived based on certain shortcomings on a given problem class, therefore each offering
unique advantages for specific problem classes.

One of the earliest works on distributed optimization algorithm analysis is [59]. The
survey work in [60] use the alternating direction method of multipliers (ADMM) to solve
general distributed problems by employing consensus constraints between the
distributed subproblems, which became a canonical reference in the field, providing
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theoretical foundation for many modern distributed algorithms. Distributed ADMM
methods, much like many other first-order methods, operate through information sharing
between neighboring nodes (sub-problems or agents) to achieve global agreement on
optimal solutions. Significant extensions, such as [61], enable these approaches to
handle time-varying communication topologies and constrained optimization problems,
which is particularly important in real-world problems with limited resources, or
resources that need to be distributed among agents. The literature review in [61] provides
further references and historical developments from the early days of the field for the
interested reader.

First-order optimization methods have been extensively used in distributed
optimization applications. First-order optimization methods are those that rely on the
first-order information of the optimization problem (i.e., gradient information) and often
pose a fixed point iteration with convergence guarantees that satisfy first order necessary
conditions for optimality (or weaker conditions in non-convex setting, such as local
optimality, or mere criticality of the fixed point). A ubiquitous first-order method is the
gradient descent method, where the algorithm takes steps in the direction of cost
function decrease to finally converge on a point with minimum cost [62].

The work presented in [63] introduces adaptive gradient methods for distributed
optimization problems that achieve superior convergence rates when compared to
standard gradient methods, while ensuring robustness to communication delays. These
approaches have been particularly utilized in applications requiring the decision-maker
to solve real-time optimization problems, commonly found in applications such as
distributed model predictive control and resource allocation [64]. Similarly, ADMM has
been used in distributed model predictive control methods for ensuring consensus
between agents [65].

Distributed learning-methods have received great attention in recent years due to
increasing complexity of learning tasks and data privacy concerns. Federated learning,
introduced by [66], has revolutionized distributed machine learning by enabling model
training across decentralized devices while preserving data privacy. This framework has
been extended to handle non-convex optimization problems [67], making it particularly
suitable for deep learning applications in privacy-sensitive domains.

Multi-agent reinforcement learning algorithms constitute another significant field in
research [68]. These methods have shown to work well in distributed decision-making
problems, particularly in applications with multiple autonomous agents. The integration
of these approaches with resource-constrained edge computing is studied in [69], where
adaptive learning techniques dynamically adapt to changes in communication and
computation capabilities. Therefore, distributed learning algorithms can be modified to
maintain performance while satisfying system constraints, particularly in complex
network environments such as manufacturing systems and supply chains.

4.3.2. Overview of algorithms advantages and disadvantages
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Consensus-based optimization methods excel in scenarios with dynamic network
topologies and limited communication bandwidth, as demonstrated by [70]. Their
primary advantage lies in their robustness to network changes and simple
implementation requirements. However, the convergence rate of distributed methods is
often slowed when compared to centralized methods.

Distributed gradient-based methods, including those developed in [71], offer faster
convergence rates and better scalability to large-scale problems. Their effectiveness in
handling non-smooth optimization problems has been particularly noteworthy.
Nevertheless, these methods can be sensitive to communication delays and require
careful tuning of algorithm parameters to ensure stability.

Federated learning approaches, such as those in [72], provide strong privacy guarantees
and efficient communication protocols, making them the go-to methods for such
applications. Recent advances in adaptive federated learning [69] have addressed key
challenges in resource-constrained environments, demonstrating dynamical
adjustments to varying computational capabilities and network conditions. However,
these methods still face challenges related to statistical heterogeneity across nodes and
vulnerability to adversarial attacks, as documented in [73].

Learning-based optimization methods, including those based on reinforcement learning,
offer unique advantages in handling complex, dynamic environments. Recent work [74]
has demonstrated their ability to adapt to changing system conditions and learn optimal
policies from experience. However, these methods often require significant amounts of
training data and can struggle with stability issues in safety-critical applications.

4.3.3. Challenges and innovations points

Communication efficiency remains a primary concern, particularly in large-scale
distributed systems. Recent work by [75] has proposed novel compression techniques
and communication protocols to reduce bandwidth requirements while maintaining
convergence guarantees. These innovations are crucial for practical implementations in
resource-constrained environments.

Privacy preservation remains another critical challenge, especially in applications
involving sensitive data. Recent work in [76] develops new approaches combining
differential privacy with distributed optimization, enabling privacy-preserving
collaboration across multiple parties. Similarly, recent work in [77] presents robust
distributed optimization and control methods requiring only local information under mild
conditions to show how privacy-preserving methods can be implemented in complex
networks.

System heterogeneity poses another significant challenge. Recent work [78] addresses
variations in computational capabilities across nodes and differences in local problem
structures. These advances have led to more robust algorithms capable of handling
diverse system conditions.
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The integration of safety constraints and convergence guarantees represents an
emerging research direction, particularly relevant for learning-based optimization
methods. Work by [79] has introduced novel frameworks for ensuring safe explorationin
distributed reinforcement learning, while [80] has developed methods for guaranteeing
constraint satisfaction during the learning process.

4.4. MO-DDSS Framework

This section outlines the fundamental framework underpinning the MO-DDSS. Based on
the literature reviews and the scope of the MO-DDSS there have been evaluated different
designs. In Figure 24 is illustrated a simplified diagram of the MO-DDSS elements
(internal and external) and its output. The aim of this simplified diagram is to understand
where and how the MO-DDSS lays within the whole scheme. During this first stage of the
project, within T4.1, the main objective has been to define the structure of the Al-Agents,
MO Optimisation and especially their interrelation.

DKG

UD

MO-DDSS - -
[— service
> Al Agents  |=—
A DT Value-chain |4 Service DTs
service
] 2
| T4.4
| Mo |, |
| optimisation | |
| |
| Weights |
| Calcualtion |
: Strategy A :
I ¢ |
| ... |
I Optimisation KPls I
| result |
- J

Figure 24: MO-DDSS simple conceptual diagram

In the following sub-sections, it is detailed the functioning of each module of the MO-
DDSS separately. Even though the modules will be developed in parallel, within their
corresponding tasks, it is essential to have a clear understanding of how they will be
coupled to construct the MO-DDSS. Therefore, in Figure 25 it is detailed how is
envisioned their conjoined operation constructing the MO-DDSS, as well as the inputs
and outputs of the module. It is important to remark that the designh presented is
preliminary and subject to adjustments during the development phase.
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Figure 25: MO-DDSS Core - first design

4.4.1. Learning algorithms into Al-agents

The Al agent would make use of a hybrid approach for implementing learning-based
methods and model-based methods as outlined above. The architecture would allow for
implementation of model-based optimization and control techniques which can be used
based on the available model of the underlying system, the manufacturing system in this
case. The DT information about the run-time state of the system can be understood by
the Al agent via a complex system model or a suitable surrogate model. Since the Al agent
will be at the core of the decision-making system (see Figure 24), it is important for the
architecture to be modular and compatible with heterogeneous data streams.

Based on the model-driven optimization techniques, the Al agent will employ distributed
learning methods to adapt to run-time changes and uncertainties. The learning-based
policy will be implemented on top of the model-based information for the Al agent’s
reasoning. Since the outputs of the Al agent’s predictions will be used for a higher-level
optimization algorithm, e.g., the MO optimization module, the agent must adapt to real-
world conditions.

The learning-based policies will be trained using the above-outlined methods (Section
4.3) and will be compatible with the DT data streams and other data streams available
through the rest of the value chain. The DTs of the physical components in the
manufacturing system will serve as a virtual training and testing environment where the
Al algorithms implemented in the agents will be trained. Using federated learning
methods, the privacy of data and information between Al agents will ensure two critical
aspects of the framework.

e The information between different Al agents will not be directly shared, meaning
that multiple entities in the framework can co-exist while ensuring privacy.
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e Thetraining of multiple agents and the increased amount of data will still be useful
in improving the training accuracy, which, in turn, willimprove the performance of
the multiple Al agents in the framework.

Additional considerations about the training of the actual Al algorithms and the
implementation modules will be devised in the next stage of the project based on the
preliminary work currently under development. The algorithms (optimization and
learning) will be tested based on the benchmarks and methods outlined in this report.
Based on the comparative results and the project KPls, large-scale implementations of
the algorithms using distributed approaches will be performed using the DT
implementations in the project at a later stage.

4.4.2. Multi-objective optimisation application

The MO optimisation algorithms will enable the evaluation of the action strategies
considering their impact in multiple KPls and multidisciplinary criteria, such as the
sustainability and circularity of the strategy. Additionally, more details in regard to the use
cases objectives and assessment aim can be found in section 3.3.

Based on the MO optimisation algorithms reviewed in Section 4.2, generally, the all the
algorithms focus on balancing trade-offs among conflicting objectives by identifying and
reaching the pareto front solutions which represents the best possible compromises.
These solutions are generated by evaluating decision variables against multiple
objectives and constraints. Therefore, the application of the algorithms involves properly
formulate the problem and the environment, work already advanced with the use cases
characterisation (section 3.3). In terms of the MO algorithms, all the information must be
translated into:

e Objective Functions: Clearly defining measurable objectives that reflect the KPls
under consideration, such as minimizing environmental impact, risks and
bottlenecks while maximizing the throughput or efficiency.

e Constraints: Including hard constraints (e.g., resource limitations) and soft
constraints (e.g., end users’ preferences) to ensure solutions are both feasible and
practical.

e Decision Variables: Mapping all adjustable parameters that influence the
objectives, such as resource allocation, production schedules, or design
parameters.

The Al agents previously described will aim to learn how the environment works by
interacting with it. All the information extracted will be further passed to the MO
optimisation algorithms. Furthermore, the CDTs and DKG will also be very helpful
speeding up the process and increasing the accuracy by deepening on the dependencies
between the objectives and their variables.
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As already reflected in the literature review presented in section 4.2.6, the final goal is to
combine different multi-objective optimisation algorithms into the final tool. The
algorithms identified in the literature review will serve as baseline to start working with
and test which fits best given the goals and the problem requirements. By enabling cross-
validation among algorithms and dynamically selecting or combining their outputs, the
system aims to ensure comprehensive coverage of the solution space, minimize
computational overhead, and deliver actionable insights tailored to complex, real-world
decision-making contexts. In conclusion, it is expected that the couple of MO
optimisation algorithms will enhance the accuracy of the results especially when the
objectives priorities is changed.

The outputis a ranked list of action strategies tailored to the specific problem. While the
actions may vary depending on the context, the primary goal is to provide end-users with
a clear and practical decision-making pathway. Each strategy will also include its
expected impact on the selected KPIs used during the optimization process, taking into
account the assigned priorities.

Given the novelty of these kind of algorithms, the first step is to code and validate them
with validation environments and methods (e.g. benchmarks). In Section 4.5 several
validation methods are presented. The literature review done for this deliverable will
serve as a foundation during the development so as to speed up the iterative process of
finding the most suitable algorithms for the problem. In the early stages of the
development, the MO optimisation algorithms will be tested individually and afterwards
their combination. Once validated, the following step will be to combine them with the Al
agents, test and apply them to real problems, the use cases.

4.5. Validation methods

Within this section an overview of usual methods and criteria for evaluation of the
algorithms constructing the MO-DDSS and the MO-DDSS is presented. Itis first provided
a definition of performance metrics and criteria for evaluation of optimization and
learning algorithms, based on an established methodology for computational methods
benchmarking. Followed by a list with the available benchmarks that could be used to
validate the algorithms’ performance. It is noted, that in optimization, benchmark can
refer to datasets, but also to solvers, and even to whole frameworks or environments [81]
The table below summarizes the main criteria (non-exhaustive list) for evaluating the
performance of optimization and learning-based algorithms in computational science.

Table 3: Performance evaluation criteria
Category Performance Criterion | Measurement method (metric)
Convergence Convergence Rate Time or iteration count to reach a
specified proximity to optimal solution
Convergence Precision Distance or percentage difference from
known optimal solution
Convergence Standard deviation of results across
Consistency independent runs
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Solution Quality | Objective Function Numerical value representing the
Value optimization goal
Optimality Gap Percentage or absolute value of the
performance difference
Feasibility Percentage of solutions meeting all
constraint requirements
Computational | Computational Time Total time required to find a solution
Efficiency
Computational Resource scaling with problem size
Complexity
Diversity and Solution Diversity Entropy or distribution measures of
Exploration solution set
Pareto Front Coverage Percentage of Pareto-optimal solutions
identified
Exploration Capability Volume or coverage of explored
solution space
Stability Result Reproducibility Variance and standard deviation of
outcomes
Sensitivity to Initial Variation in results with different initial
Conditions configurations
Noise Robustness Solution quality under varying levels of
data uncertainty
Domain- Reinforcement Learning | - Cumulative reward
Specific Metrics | Metrics Number of samples to learn
Consistency of learned policy
Machine Learning - Accuracy
Metrics Precision and Recall
Model Complexity

Another, more general metric of importance in multi-objective optimization is scalability,
or suitability to extension in the number of optimization variables, which can be
evaluated by comparing the standard performance metrics for systematic increase in the
number of optimization variables.

Benchmark datasets and environments. In the literature, various benchmark
environments and datasets are used and are defined with respect to the corresponding
algorithms and application domains. In Table 4 are presented several benchmarks with
their domain application, main characteristics and use cases.

Table 4: Benchmarks - validation environments for Al algorithms

Benchmark | Domain Characteristics | Use Cases
Gymnasiu Reinforcement | Standardized RL algorithm development, Policy
m [82] Learning environment learning, Agent performance
comparison
DTLZ Test | Multi- Diverse Pareto- | Convergence testing, Solution
Suite [83] Objective front shapes diversity evaluation, Algorithm
Optimization robustness
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ZDT Multi- Different Pareto- | Algorithm  complexity testing,

Problems Objective front geometries | Optimization strategy validation

[84] Optimization

Atari [85] Reinforcement | Visual-based RL policy learning, Generalization
Learning learning testing

MulJoCo Continuous Physics-based Control algorithm development,

Environmen | Control simulations, Continuous action space learning

ts [86] Robotic tasks

CEC Evolutionary Math. functions | Evolutionary algorithm testing,

Benchmark | Computation Optimization Convergence speed analysis

Suites [87] landscapes

BBOB Optimization Math. functions | Algorithm performance

(Black-Box | Algorithms comparison, Opt. strategy

Optimizatio evaluation

n) [88]

ImageNet Machine Images dataset | Transfer learning, Computer vision

[89] Learning algorithms

5. SMAP Framework

5.1. Overall description

As part of task 4.1 activities and with the collaboration of all the partners, during this first
stage of the project, several conceptual diagrams have been constructed to describe the
layers of the SMAP and all their modules. One of the goal of these diagrams are to ease
the understanding of each module between partners. Therefore, facilitating their further
interdisciplinary and conjoined development and especially interconnection to bring to
life the SMAP. The diagrams will act as live-documents and will be updated as the
developments advance. Furthermore, they will also act as a conceptual map of the
technologies and speed-up the introduction to the project for new collaborators (i.e.
changes or hiring of new workers by the partners).

In Figure 26 a simplified version of the SMAP functioning loop is presented. While in Figure
27 is presented an extended version. Furthermore, each module has its own conceptual
description, such as the one presented for the MO-DDSS in Figure 25.

[ Very simple version of the loop }

—Implementation valigation [«
° (human) |g—o
L Y
—FReal-time datz—m -] .
Use case MO-DDSS »| Optimisation
Objectives——»] (0ptimisation) strategies

A

k4

Simulated Scenarios

Use case DT

Evaluate strategy

E3

Strategies rank

Figure 26: SMAP core modules interconnection - Simplified version
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Figure 27: Extended version of SMAP's modules
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CONCLUSION

D4.1 constitutes a report that, first and foremost, serves to identify and describe the use
cases to be addressed in the DMaaST project. An overview of these use cases is included
at the beginning of the document to provide context for the developments. At the same
time, this deliverable represents a collective and comprehensive vision of the
technologies to be developed within the project. It serves as an in-depth analysis of each
of these technologies, providing a detailed explanation of the layers that make up the
SMAP, which will serve as the overarching outcome of the project.

The report elaborates on the following three key SMAP layers:
e The data management layer, which revolves around the DKGs
e The double-level ecosystem DT, detailing its structure and purpose.
e The MO-DDSS, considering potential algorithms that could be used to develop the
DSS required by the project.

Over the first eight months of the project, the entire consortium has worked
collaboratively to define the critical aspects of these technologies. This process included
defining detailed schemas for each module within the SMAP, enabling a more precise
description of the aspects that remained to be defined in each case. It also involved
specifying the necessary details from the use cases, addressing the research underlying
the selection of technologies to be used, and establishing data-level requirements,
among other aspects.

The details of these diagrams will be included as part of the D7.5, the Technical Report.
The remaining areas that complement the SMAP other than these layers, such as
circularity and human approaches, which are not detailed in this deliverable, are covered
in their respective reports (e.g., D1.1, D1.2).

This structured approach ensures that each component of the SMAP is developed with
clarity and precision, aligning with the broader project goals and facilitating seamless
integration and implementation of the technologies. By providing detailed and
complementary documentation, the consortium has established a solid foundation for
collaboration across all partners and for achieving the project's overall objectives.
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