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Abstract: The introduction of Self-X capabilities into industrial control offers a tremendous potential
in the development of resilient, adaptive production systems that enable circular economy. The
Self-X capabilities, powered by Artificial Intelligence (Al), can monitor the production performance
and enable timely reactions to problems or suboptimal operation. This paper presents a concept
and prototype for Self-X Al in the process industry, particularly electric steelmaking with the EAF
(Electric Arc Furnace). Due to complexity, EAF operation should be optimized with computational
models, but these suffer from the fluctuating composition of the input materials, i.e., steel scrap. The
fluctuation can be encountered with the Self-X method that monitors the performance, detecting
anomalies and suggesting the re-training and re-initialization of models. These suggestions support
the Human-in-the-Loop (HITL) in managing the Al models and in operating the production processes.
The included Self-X capabilities are self-detection, self-evaluation, and self-repair. The prototype
proves the concept, showing how the optimizing Al pipeline receives alarms from the external Al
services if the performance degrades. The results of this work are encouraging and can be generalized,
especially to processes that encounter drift related to the conditions, such as input materials for
circular economy.

Keywords: cognitive manufacturing system; Artificial Intelligence (AI); Human-in-the-Loop (HITL);
autonomic computing; Electric Arc Furnace (EAF); process industry; data-driven systems; circular
economy; green transformation

1. Introduction
1.1. Aims and Scope

Sustainability is a core development in industrial production, and this progress can
be boosted with resilient Self-X systems powered by Artificial Intelligence (AI). Recently,
the development of industrial systems has followed the concept of Cyber-Physical Systems
(CPS), which aim to improve characteristics, such as integration, intelligence, reconfigurabil-
ity, collaboration, and predictability [1]. The concept can be structured with the layered “5C”
architecture, where the topmost layer, configuration, complements the whole with resilient
Self-X functionality [2]. CPSs help in developing the industrial transformations in both
Industry 4.0 and the subsequent Industry 5.0. The former focuses on the digitalization of
production and builds primarily upon technology, whereas the latter considers the values
of human-centeredness, resilience, and sustainability [3]. The concepts CPS, Industry 4.0,
and Industry 5.0, each drive the technology and values of production systems towards
more effortless management and control, which contribute to sustainability goals, powered
by capabilities that take advantage of features that resemble human intelligence.

In addition to appropriate control, sustainability requires suitable production technolo-
gies, such as the Electric Arc Furnace (EAF) for circular economy in steelmaking. The EAF
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takes scrap as the input, which saves resources and, thus, protects the environment com-
pared to virgin raw materials [4]. EAF, like other primary steelmaking processes, produces
liquid steel that will be cast into the final product in the subsequent secondary metallurgy
and casting processes [5] (pp. 61-62). EAF melts the scrap with the help of electrical energy
and removes slag, aiming to control the concentration of unwanted substances. The scrap
types vary in their chemical composition, which introduces a control element regarding the
process. The scrap mix fed into the process affects the quality of the product, influencing
the performance in downstream processes. Because there can be a variety of steel grades
produced in a steel mill, each with different quality requirements, the operators should
consider the target composition along with the composition of the scrap types, as well as
their availability and price [6]. This control problem has a green aspect too, in addition
to circular economy, because better quality control results in less rejection and, therefore,
better efficiency. Even more, scrap will be a critical factor for steel decarbonization, and it is
expected to suffer strong market pressure, so this approach is expected to help even more
in those demanding conditions.

To enable resilient, Al-powered steelmaking with the EAF, this paper introduces a
software system that integrates various decision support tools, such as optimization models,
with a Self-X Al Pipeline, involving Human-in-the-Loop (HITL) and being supported by
external Self-X Al services. Although the decision support tools have been tuned for the
best performance, the outcome fluctuates. This can result from changes in the environment,
such as different operating practices or the use of new scrap types. On the other hand,
as more data are collected, they will cover more less-typical situations not included in the
earlier data. Thus, for resilience, the system should self-detect, self-evaluate, and self-repair,
recognizing when to re-train or regenerate the models for decision support. This objective
is reached with a software system architecture to enable the performance monitoring of the
models, supported with external Al services that notify about fluctuations. The external
Al services include an Autonomic Manager, a connectivity method to the outside world
familiar from Autonomic Computing [7]. Although the present work emphasizes Al, we
argue that HITL provides essential human judgment for decision making. In the context
of production planning, an earlier study suggests that such a judgment is important to
guarantee the performance despite Al assistance [8].

The research question is,

What kind of software system design can realize a Self-X-capable Al Pipeline to
offer optimization and resilience for industrial control, involving an HITL and
external supporting Self-X Al services, considering the special requirements of
electric steelmaking?

1.2. Related Work

In industrial production, the concept “Self-X”, building upon “cognitive” capabilities,
aims for abilities where a system reflects its state and acts upon it with functionality, such
as self-optimization, self-healing, and self-awareness [9]. Even though the Self-X concept
was introduced decades ago, these “self” features are still being developed for industrial
CPSs [10]. Along with CPSs, another key development is Digital Twins (DTs), which aim
to capture the features and functionality of real-life components or systems and similarly
receive advantages from cognitive features [11].

Earlier works have taken steps towards cognitive systems in the process industry. The
Cognitive Automation Platform (CAP) enables cognitive sensing and control for a better
perception of the situation, as exemplified for asphalt production [12]. Furthermore, CAP
has been applied for DTs based on physical models in steelmaking and the related Internet
of Things (IoT) [13]. Eventually, the core idea of CAP has been modeled into a reference
architecture with data-driven aspects in the center of process control [14]. CAP has focused
on the cognitive aspect, which is, according to [2], the fourth layer in the 5C architecture for
CPS. From the viewpoint of this work, the cognitive aspect improves the perception about
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the process states and, thus, provides a tool for monitoring and control. However, there is
no focus on resilience similar to the Self-X approach.

Additionally, a few other projects have delivered results towards cognition. COG-
NITWIN suggests a pipeline for DTs, adding a cognitive layer to help in interpreting
process behavior [15]. Among the use cases, the approach has been applied to predictive
maintenance in steel production [16]. The results of COGNITWIN cited above include a
data-driven system for analytics and insights but not for resilience with Self-X. Addition-
ally, some projects have researched cognitive aspects, but the related publications focus
on methodology and prototypes, seemingly excluding architectural concepts related to
cognition. These include at least COGNIPLANT [17] and HyperCOG, which suggests
an architecture for communication but seems to exclude the connection with the related
knowledge management based on the publications [18]. The non-existence of architectural
aspects means that the works are related but lack the contribution that this work is seeking.

Subsequently, advances have arisen towards the fifth layer, “configuration”. This can
occur with Self-X capabilities that involve an external, generic Al service, as proposed
in a reference architecture [19]. This far, the reference architecture has been applied in
aluminum production to receive external support for local Al services [20].

To conclude the related research and formulate the research gap, the existing works
lack the combination of the following:

* A Self-X optimization scheme for resilience;

*  Supportive external Al-based web services to maintain the performance of optimiza-
tion models;

¢  Steelmaking as the domain, even in the process industry; and

*  Software system architecture considerations.

The only exception to this research gap is [20], which, however, focuses on aluminum
production instead of steelmaking. On the other hand, the article lacks a structured
presentation with the reference architecture (presented in [19]).

1.3. Outline

Next, Section 2 elaborates the research method. Then, Section 3 describes the results:
the requirements (Section 3.1), the optimization scheme (Section 3.2), the architecture to
implement the scheme (Section 3.3), and a prototype system (Section 3.4). Finally, Section 4
discusses the results, followed by a conclusion in Section 5.

2. Research Method

The research method follows Design Science Research (DSR), where the approach is to
design artifacts, such as software, to solve real-world problems. This can be seen to include
three cycles: the relevance cycle associates the research to a real-life problem, the rigor cycle
both applies existing scientific knowledge and contributes to this, and the design cycle
forms the actual design work with the help of the two other cycles [21]. These are applied
as follows (see Figure 1):

. Relevance cycle includes, on a general level, all process industries with fluctuations in
the production environment or raw materials. More specifically, the relevance includes
the steel industry, focusing on the EAF. This is described in Section 1 and is further
discussed in Section 4;

* Rigor cycle has two viewpoints: the application of knowledge realizes from the de-
velopment of Al-based methods to improve the resilience of the steelmaking process,
whereas the contribution comes from the novelty of the approaches within this par-
ticular scope, including the novelty of the concept in general. These applications of
knowledge for novel contributions occur in Section 3; however, the contributions are
elaborated more thoroughly in Section 4;

*  Design cycle includes the development of the results, that is, the design of the Self-X
Al Pipeline. It receives both support and restrictions from the other two cycles, as no
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research is valuable without relevance and rigor. The workflow from requirements to
design and prototype is described in Section 3.

Instantiation and

Process luati Applying existing
industry L technology and methods
Steel Design
industry Contributing with
EAF Requirements novel results
Relevance Design Rigor

Figure 1. The cycles of the research methodology illustrated.

The development of the decision support models occurs in two stages. First, the mod-
els are created with offline data. Second, they are commissioned to the online system and
then adapted and tuned as necessary.

3. Self-X AI Data Pipeline

This section describes the results for the design and rigor cycle of the research method.
For rigor, technologies and methods are applied for novel results. For design, this section
describes the essential artefacts, i.e., the design concept and the prototypes.

The design cycle includes the following components. Although these are numbered,
any iterations occur as appropriate.

1.  Recognize the detailed requirements (see Section 3.1);

2. Deliver a software system design (i.e., artefact) to conform to the requirements (see
Section 3.2 for the concept and Section 3.3 for the component-level design);

3. Instantiate the design with prototypes and evaluate (or prove) the designed concept
with experiments (see Section 3.4).

3.1. Requirements: Difficulty in Scrap Mixing

Scrap characterization aims to detect the chemical composition of the scrap types,
enabling efficient scrap usage while ensuring the quality of the end products. This method
is favored over laboratory measurements for a chemical analysis due to the high costs
and small samples. The advantages are obvious considering the variety of scrap types
and suppliers as well as the related fluctuation. Depending on the scrap origin, such as
buildings and infrastructure or vehicles, or even the supplier, the chemical composition
varies. Each scrap supplier can specialize in certain scrap types. Moreover, local conditions
affect the task. Not only does the availability vary, but also the external conditions, such as
the weather affecting the amount of water (e.g., rain or even snow).

In the use case plant, the scrap is sourced from three primary origins. Post-consumer
scrap includes old materials recovered from the demolition of industrial buildings, machin-
ery, and used cars. Pre-consumer scrap is generated as a by-product in industries that use
steel as a raw material for their manufacturing processes. Additionally, internal recoveries
consist of scrap produced within the steelmaking process itself, including operations in
melt shops, rolling mills, and other processes within the premises [6].

The sorting and identification of incoming scrap are critical for maintaining process
efficiency and ensuring product quality. Manual sorting and visual inspection are common
methods where operators examine the scrap for contaminants such as rust, paint, or other
undesirable materials. Different types of scrap, such as shredded, bundled, or heavy
melting scrap, are identified based on their visual appearance. Magnetic sorting is another
essential method, where magnets are used to separate ferrous (iron-based) materials from
non-ferrous metals.
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In the use case plant, each type of scrap is stored in designated, clearly labeled areas,
such as “Scrap A” or “Scrap B”, to facilitate identification and retrieval. This organizational
system ensures that the operators can quickly locate the required scrap type. However,
challenges arise from the variability in the quality of incoming scrap, even from the same
supplier. Additionally, the accidental mixing of scrap types in the yard can further com-
plicate the sorting process. The final chemical composition of the scrap is determined
during the scrap characterization phase with the dedicated mathematical model presented
in this work. This critical step accounts for variations in scrap quality and ensures that the
composition meets the specific requirements for steel production.

Further problems occur from the limitations in applying the results. Because the
scrap composition can vary over time, even within one supplier, repeated re-generation is
necessary. On the other hand, due to the variety and fluctuation, the results have practically
no reusability between steel plants.

Scrap mix optimization is a subsequent step from scrap characterization. Once scrap
characterization has resolved the chemical composition of the scrap types, scrap mix
optimization is necessary to optimize scrap usage during operation. The availability and
price of each scrap type varies. Typically, the cleaner the scrap type, the more expensive
it is, but a cheap, non-clean scrap type can require more extensive processing to remove
impurities. On the other hand, the energy required for melting is another characteristic.
Furthermore, from the circular economy viewpoint, all available scrap types should be
re-used. The combination of the dynamic scrap characterization and scrap mix optimization
is especially relevant, as the historical weakness of scrap mix optimization has been the
uncertainty in the input data.

3.2. Self-X Optimization Scheme

For resilient, efficient scrap mixing for the EAF, this work introduces a Self-X Data
Al Pipeline concept (see Figure 2). The two main tools for optimization include scrap
characterization and scrap mix optimization. The entire production chain should be
supported by external Al services for external knowledge, including alarms to help the
HITL recognize potential problems early, related to either the processes or the optimization
models. An HITL is necessary to make the final decisions because the production system
includes too much complexity and variability for full automation. The external services
operate with production- and model-related metadata. These data come from a Metadata
Generator that aggregates performance information. On the other hand, the logic to reason
for alarms is based on rules and conditions determined by the production plant.

To enable adaptation and resilience, the Self-X abilities include self-detection, self-
evaluation, and self-repair. Self-detection refers to the identification of deviations (or
anomalies) in measurements, such as the chemical composition, temperature, and oxygen
levels of the steel. Self-evaluation occurs after a deviation has been detected by involving
the HITL to decide whether the deviation is actually an anomaly. Self-repair, finally, occurs
if the HITL has acknowledged the anomaly. This will result in the retraining of the decision
support and optimization models.

For external support in resilience, the scheme includes an Autonomic Manager to
recognize unusual situations with the help of a rule engine. One of the critical alarms in
a steel plant comes from non-conformities in the scrap types. The rule works as follows:
if the deviation between the predicted and measured chemical analysis of the steel in the
furnace exceeds a certain threshold and this deviation occurs over several consecutive
heats, an alarm is triggered. While the Autonomic Manager is a core part of the concept,
the component itself is out of scope in this work. Regarding terminology, the name
“Autonomic Manager” comes from autonomic computing [7].
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Figure 2. The Self-X optimization scheme, including HITL and the external, supportive Al services.

The Autonomic Manager needs performance-related metadata to operate, which is the
reason for the Metadata Generator to exist. The Metadata Generator calculates various key
figures, aggregating the data about production and performance. These key figures reveal
how the production processes and optimization models perform, enabling the detection of
deviations and, thus, potential issues. A degraded performance can hint that the models
should be retrained or the operation should otherwise be revised.

The optimization models for scrap characterization and scrap mix optimization could
potentially be developed with multiple methods. In this work, scrap characterization builds
upon statistical multi-linear regression, whereas scrap mix optimization is modelled as a
linear optimization problem. The internals of these models are out of scope in this work,
which focuses on the Al pipeline concept.

3.3. Al Pipeline Architecture
3.3.1. Reference Architecture

For a structured approach, this work builds upon the reference architecture for Self-X
Al systems introduced in [19]. This architecture is based on the state-of-the-art evolution of
industrial system architectures: “the automation pyramid” from ANSI/ISA-95 [22] as well
as the newer Reference Architecture Model Industrie 4.0 (RAMI 4.0 [23]), which includes
the levels of the pyramid.

Furthermore, the reference architecture aims to fulfil the vision of autonomic comput-
ing with the MAPE-K loop. The MAPE-K includes four stages: monitor (M), analyze (A),
plan (P), and execute (E), and all these are associated with related knowledge (K) [7]. In the
vision, each autonomic component executes the MAPE-K on a “managed element” and com-
municates with other components and humans via their dedicated Autonomic Managers.

This work considers a high-level subset of the reference architecture, including the
following main layers from bottom to top:

¢  Data ingestion and transformation are the tasks necessary to retrieve and refine data
for exploitation in other components, such as optimization and metadata generation;

¢ Data brokering and persistence includes the components to either deliver or store
the data;

*  Data processing comprises the activities where added value is generated from the data;

*  Meta layer includes the metadata to be communicated between the plant and the
Autonomic Manager;



Processes 2024, 12, 2877 7 of 21

*  Autonomic Manager offers external Al services to the plant to support the Self-X
scheme and connect to the external world;

¢ Applications include any applications or Graphical User Interfaces (GUIs) for the
end users.

3.3.2. Components

To design a self-X system following the requirements, appropriate components were
designed and positioned into the reference architecture; see Figure 3. The following
paragraphs explain the tasks of each component.

. .
I-[E Al Data Pipeline 1 External Al services and related
1
1

communication
e )
i 1 3
EAppIications () L p
i 1 1
: P HITL GUIs ! :
\\ __________________________________________________________ T ’l

1
D e e EEEEECE L LR T R e .,
i ! 3
‘Autonomic 1 Al || Autonomic :
'Manager 1 methods Manager ]
; ! i
N e L P S N (E (N

1
e e T i A >
‘ - APl in APl out '
E : Share ! 1 Subscribe for E
! Motz ayer I metadata! ' results ]
; 1 ' ' ;
: 1 Client for external ]
1 Al services
\ 1 ’

e B
O U] SR U ESR
- 1 N
! I .
' @Scrap Characterization | 1 !
; Scrap Mix Optimization | ! !
iData processing : :
Metadata : ]
Generator | :
\N—----------------------- D _____________l --------------------------------------------- —/

1

e e .
; 1 3
' Workflow 1 ,
management tools '
EData brokering 1 '
\and persistence R 1 ;
i ! 3
i m Data storage | .
i 1 3
R 1 y

R A NS " ______________________________________________ ’

1
Y A N [ TTTTTTTTTTTTTmmmmommmmomsoossmnnn oo |
1 1 :
:Data ingestion Raw data .Data 1 p
' ) refinement ]
‘and transformation sources ! !
: tools 1 :
\\___________________________________________________________' _______________________________________________ /‘

1

Figure 3. The architecture of the Self-X AI Pipeline; each component is positioned within the
reference architecture.
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Raw data sources refer to the sources of production-related data. These can be,
for instance, databases, other data servers, IoT sensors, or any other data sources.

Data refinements tools ensure that the production-related data has a sufficient qual-
ity for the components to exploit. The refinement can include methods, such as outlier
detection and interpolation in the case of missing values.

Data storage is within the center of the plant-wide data-driven scheme. It enables
data sharing between the various components. These data include not only data refined
from production-related systems but also the results calculated by the components, such as
optimization models.

Workflow management tools ensure functional interoperability between the various
components. Even if the semantics of data contents were commonly supported in all
components, the functional aspect is necessary to ensure that the workflows and activities
are completed fully in the correct sequence and that no important events are missed. For
example, a detected anomaly will trigger corrective actions, and the finishing of a process
heat can start a data analysis based on measured data. In distributed industrial systems,
such service orchestration and choreographing is among the main problems [24].

Data processing layer includes any models and algorithms for decision support or
process optimization for HITL. Conceptually, these models can include any functionality
for any process or production-related aspect, not limited to EAF in steelmaking. The name
data processing layer highlights that the models have a data-driven nature.

Metadata Generator calculates various key figures, aggregating the production data.
These key figures reveal how the production process performs generally, enabling the detec-
tion of deviations and, thus, potential issues in the performance of the optimization models.

Client for external Al services integrates the plant infrastructure with the external
Al service. It will share the results from the Metadata Generator and, in return, receive
information about deviations.

External Al services refer especially to the Autonomic Manager that provides a service
to notify about deviations in the performance of production and the related optimization.
The Al service can execute a range of Al methods to reveal deviations in the metadata.
In MAPE-K, the Autonomic Manager is the interface of the autonomic component (i.e.,
the production plant in this context) with the outside world [7]. The Application Program-
ming Interfaces (APIs) provide a means to both feed the data into the Autonomic Manager
and receive results (that is, detected deviations) generated from the data.

HITL GUISs enable the operators and data scientists to interact with the system locally
within the plant. Because the processes within the plant are too complex and stochastic
for a full automation, the HITL enables a human element in decision-making, and the
optimization models and anomaly detection are merely supportive tools that help in
maintaining and sharing production-related knowledge.

3.3.3. Interaction with External Al Services

Figure 4 illustrates the workflow with external Al services. The Al Data Pipeline
(orchestrated by workflow management tools) shares its metadata for the external Al
services to observe. These generate one or more alarms, and the Al Data Pipeline delivers
these to the GUI of the data scientist (i.e., HITL). Based on the results and performance
data, the data scientist decides to either confirm or reject the alarm. This decision is saved
and made available to the Al Data Pipeline. Then, the pipeline will refresh the related
optimization model.

The workflow is general within the system and even across use cases and domains.
That is, the related external Al service can be either an Autonomic Manager or the associ-
ated Al methods, and the model can be a Metadata Generator or scrap characterization.
However, depending on the involvement of HITL, the degree of automation can vary. For
example, although Al Data Pipeline refreshes the models, the data scientist can make the
decision as well, depending on how the system has been designed. Finally, the whole
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can be tailored based on the case-specific needs, but the main steps of generating alarms
externally, based on metadata, and then reacting to the alarms will remain the same.

Reacting to external alarms

Web application Al Data Pipeline External Al services

Data scientist
par

Metadata

A4

Alarm

0

Alarm

AN

Alarm

&
"\

Observe alarm, model results and performance data

o

Confirm or reject alarm

N,
7]

Get decision of data scientist

A

Decision

alt [Alarm
confirmed]

Refresh models

o

Figure 4. An alarm is delivered from External Al services to the data scientist. If the data scientist
confirms the alarm, Al Data Pipeline will refresh the optimization models.

It is notable that, although the external Al services provide support to the HITL, Al
Data Pipeline can still operate independently. From the viewpoint of maintaining the local
models, this means that the HITL can decide to refresh the models, regardless of if there
are related alarms or not.

3.4. Prototype and Experiments
3.4.1. Architecture Implemented

Table 1 shows the implementation technology of each component of the prototype,
and Figure 5 shows the relationship and connection of the components. Each technology
is referred to in the following paragraphs. The whole is orchestrated with two main
technologies: Node-RED to connect the components and ensure the workflows required for
functional interoperability (as referred to in data brokering and persistence layer) and Docker
for the platform, providing Infrastructure-as-Code to manage the components and services
more easily.

Applications. This layer contains the HITL GUIs. These all have been installed
into a web application platform. For scrap characterization and scrap mix optimization,
both their GUIs are pure Hypertext Markup Language (HTML) and JavaScript, and any
diagrams are constructed with Chart]S (“JS” referring to JavaScript). For the display of
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measurement value trends (process data view) and alarms (alarms view), the GUIs build
upon Grafana and Angular.

Table 1. The technologies that implement the AI Data Pipeline presented in Figure 3.

Layer Component Technology
HTML, JavaScript and related
Applications HITL GUIs tools, e.g., Grafana [25],

Angular [26], and Chart]S [27]

Autonomic Manager

Autonomic Manager

Apache Airflow [28]
Data Diagnostic Laboratory

Al methods (D2Lab) [29]
. FIWARE Orion context
APTin broker [30]
Meta API out Apache Kafka [31]

Client for external services

FIWARE and Kafka clients in
Node-RED environment [32]

Data processing

Scrap characterization
Scrap mix optimization
Metadata Generator

Python [33] and Flask [34]
Python [33] and Flask [34]
Python [33]

Data brokering and
persistence

Workflow management

Data storage

Node-RED [32]

MySQL relational
database [35], InFluxDB
timeseries database [36]

Data ingestion and
transformation

Data refinement

Raw data sources

Node-RED [32]
MySQL relational
database [35]

@  Scrap Characterization and @ Alarms view @ Process data
4B Scrap Mix Optimization GUI a8 a8 view
Angular Angular
ChartJS Grafana Grafana

Scrap Characterization and

Process data

{O} Scrap Mix Optimization backend

{O} Alarms backend {O}

backend
A
R C{— —\) InFluxDB
MySQL
o WsQ
/ Share f
O Autonomic
I%I Node-RED metadat_a_ PR ’API in Manager
Metadata /,—"' Apache
Generator FIWARE | . ) O Airflow
client .-~ APl out ,
Raw data / Kafka | .-~ f”bscr H/)te Al methods
. r for results
8 (MySQL) D2Lab

Figure 5. The components of the prototype.

Autonomic Manager. The internals of this layer are out of scope now that this work
focuses on the Al Data Pipeline within the context of one process plant. From this viewpoint,
the Autonomic Manager and Al methods are “black boxes”. However, the Autonomic
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Manager has been implemented as a rule engine based on Apache Airflow and Al methods
on D2Lab. The analysis behind modeling the rules has been described in [37] (p. 17).

Meta. This layer includes the client that is necessary to communicate with the APIs
of the Autonomic Manager. For the API in, the client communicates by sending FIWARE
content with a connector within the Node-RED environment. For the API out, which
supplies messages via Apache Kafka, another Node-RED connector is applied.

Data processing. In this layer, scrap characterization and scrap mix optimization
have been developed in Python. These provide an API implemented in Flask, based on
Hypertext Transfer Protocol (HTTP) and JavaScript Object Notation (JSON). The Metadata
Generator has been implemented as a pure Python application that connects with the rest
of the system via a MySQL database (“SQL" referring to Structured Query Language).

Data brokering and persistence. In this layer, the data brokering occurs via Node-
RED, which orchestrates the interaction of the various components within the Al Data
Pipeline. On the other hand, any data, either generated or consumed by the components, is
stored in either a MySQL database or InfluxDB timeseries database.

Data ingestion and transformation. In this work, data ingestion involves the retrieval
of process data from a database operated within the process plant, which is MySQL in this
case. On the other hand, the raw data are unusable as such due to outliers that must be
filtered. Without filtering, the models would be corrupted by clear numeric errors that
sometimes appear in any sensor-collected data. Any preprocessing occurs in Node-RED.

Hardware, infrastructure, and networking. While not a part of the architecture design,
software requires hardware and computational capacity to operate. This work focuses on
the actual optimization with models and algorithms instead of Internet of Things (IoT)
or similar hardware-related constraints. Thus, the software operates in a conventional
server system, and the components are deployed as containers. Although the models
and algorithms necessitate non-trivial computational operations and data processing, this
happens in the background, and the dynamics of the productions batches is slow. Process
operation does not require sub-second or normally even second-scale response times. On
the other hand, no restrictions have been encountered in network capacity due to the slow
pace of operation, which means that the message traffic is far from exceeding the capacity
of the state-of-the-art wired internet.

Technology choices. The technologies have been chosen based on earlier experiences.
This means that, for instance, as there are many relational databases but MySQL works
and the developers know it, there is no reason to change. MongoDB [38] is considered a
non-suitable alternative due to its license, which adds difficulty in applications with closed-
source components (such as proprietary optimization algorithms). On the other hand,
Node-RED provides a large ecosystem of tools to orchestrate the components. FIWARE
was chosen by the project consortium, which exceeds this steelmaking use case. The other
tools, such as Flask and Chart]S, had been applied earlier, and there was no reason to
re-implement the software with another tool.

3.4.2. Experimental Evaluation

To validate the operation of the Al Pipeline and the related interplay with the external
services, experiments have been committed. This section summarizes how the external Al
services, i.e., Al methods and Autonomic Manager, generate alarms for Al Data Pipeline
based on performance-related metadata. Then, the data scientist (HITL) will react to these
alarms. If an alarm is confirmed, the related optimization-related model will be retrained,
which closes the Self-X sequence illustrated in Figure 4. That is, the following workflow
occurs (each figure explained more thoroughly afterwards):

e The data scientist can view the alarms of the external Al service, either originating from
the Al methods behind the Autonomic Manager (Figures 6 and 7) or from Autonomic
Manager itself (Figures 8 and 9);

* Asan alarm occurs, the data scientist runs scrap characterization to check if the new
characterization results seem to provide a better performance in the future (Figure 10);
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* Based on scrap characterization results, the data scientist runs another scrap mix
optimization to assist in operating the EAF (Figure 11).

Alarms from AI methods. The external Al methods apply Al-driven monitoring
methods to track certain parameter values and generate alarms to notify about deviations.
The values are related to the liquid steel composition in the furnace. Once the threshold for
a deviation is exceeded, the AI method generates an alarm to signal potential problems.

The alarms cover two aspects: the pipeline stages and alarm categories (Figure 6). First,
the stage-based separation is possible thanks to the metadata that cover the various stages
of the AI Data Pipeline, from data input and transformation to exploration and model
training. Second, considering categories, the Al methods generate two distinct types of
alarms: the Peak Alarm and the Stability Alarm. Figure 7 illustrates these alarms within the
transformation stage, specifically in relation to the cumulative amount of secondary oxygen
blown into the furnace. The Peak Alarm is triggered by a sudden, significant spike in the
data. That is, the data surpass a predefined threshold, indicating an unusual fluctuation
that may require attention. However, not all peaks in the graph trigger a Peak Alarm. This
is because the alarm rules are specifically designed to avoid false positives by applying only
to peaks that exceed both a magnitude threshold and a duration threshold. Additionally,
time periods with no production will not generate an alarm either. In contrast, the Stability
Alarm is activated when there are shifts in the data trend, signaling changes in overall data
stability. Upon examining the raw data, these alarms are validated as accurate indicators of
these fluctuations.

Alarms from Autonomic Manager. To detect deviations in the metadata, the Auto-
nomic Manager generates alarms based on predefined rules that are applied to metadata
at the various stages of the Al Data Pipeline. For instance, a rule can generate an alarm
when a commonly used scrap type is not used at all or if the data include unexpected
missing values (concretely, “not a number”). The alarms are further categorized into types,
illustrated in Figure 8. Additionally, the GUI shows the alarms in a tabular view for more
details for the HITL (see Figure 9). Together, the high-level categorization and the details
provide the HITL with solid tools for decision support.

As an example for the rules inside the Autonomic Manager, if an alarm is triggered by
model accuracy degradation, this indicates a systematic anomaly rather than a punctual
one. For such cases, there is a rule for the threshold of the Mean Absolute Error (MAE)
between the predicted and measured chemical analysis of the liquid steel in the furnace
over multiple heats. Such cases suggest a potential issue related to scrap-type properties,
prompting further investigation via scrap characterization; see Figure 10.

= Al Methods -
Alarms

stabilityAlarm
23%

Figure 6. The alarms generated by the Al methods for the different stages of the Al pipeline are
displayed in the dashboard (left). These alerts are categorized into different types (right).
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- = Al Methods - Alarms

Al Methods - Last Alerts

time 7 measurement groupname field » ¥ type 7
2024-10-01 02:00:00 transformation eaf sum_oxisec peakAlarm
2024-10-06 03:00:00 transformation eaf sum_oxisec stabilityAlarm

Process Data from EAF

! Outlier

s:“’” d”""f"’“ . No production |

I 1 r 1 I 1
09/30 00:00 09/3012:00 10/0100:00 10/0112:00 10/02 00:00 10/0212:00 10/0300:00 10/03 12:00 10/04 00:00 10/0412:00 10/0500:00 10/0512:00 10/06 00:00

== kwhorno == oxipri == _oxisec

No production

Figure 7. The alarms generated by the Al methods for the cumulative amount of secondary oxygen
in the transformation stage are shown in the upper plot. The raw data for the cumulative amount
of secondary oxygen are shown in the lower graph, with the alarm-triggering periods indicated by

red rectangles.

= Autonomic Manager -
Alarms

Material Content Change
56%

Figure 8. Autonomic Manager generates alarms based on predefined rules applied to metadata at the
various stages of the Al pipeline, categorizing the alarms into different types.
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In these situations, HITL feedback enables a comparison between the old and new
chemical compositions of the scrap types. If the HITL accepts the new results (by pressing
the “Save results” button in Figure 10), the alarm is validated and the results are saved.
Consequently, the Al models within the pipeline are retrained to maintain an alignment
between the models and the updated scrap characterization.

= General Data B lest7days @ § -

GENERAL A

Autonomous Manager - Latest Alerts

Time ¥ measurement 7 groupname + 7 field ¥ type ¥ alarm_cause ¥
2024-10-24 18:23:03 modeling randomforestregressor all_kwhorno_mae Model Accuracy Degradation Improving_Change
2024-10-24 18:23:03 modeling randomforestregressor all_p_mae Model Accuracy Degradation Improving_Change
A 2024-10-24 18:23:03 modeling randomforestregressor all_cu_mae Model Accuracy Degradation Improving_Change
2024-10-24 18:23:03 transformation melting CAL_ALTO_S Material Content Changed Material Removal Detection
@ 2024-10-24 18:23:03 transformation melting coke02 Material Content Changed Material Removal Detection
2024-10-24 18:23:03 transformation melting COKE_A_GRANEL_HORNO Material Content Changed Material Removal Detection
@
<« @z > 1-6 0f 1252 rows

Figure 9. Alarms generated by the Autonomic Manager for model degradation.
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Figure 10. Scrap characterization calculates a chemical analysis for different scrap types.
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Following this step, the scrap mix optimizer updates the scrap information with the
latest results and recommends the optimal steel recipe (see Figure 11). This recommen-
dation considers the target steel grade, scrap availability, and cost, aiming to provide the
most efficient scrap mix to load into the furnace. Although an up-to-date scrap optimiza-
tion model should outperform human capabilities in most cases, the HITL will use their
judgment to decide to which degree they follow the recommendation.

| Target tap weight | Production schedule
Enter target tap weight in [t]: 130 Heat number: 2 ©  Quality: |E
Heat number Quality
1 ) I )
2 "
| Summary
Heat number: |__2 ] Quallw:m Info . Values
| thima| scrap mix Selected scrap consumption 141.0
Total costs 319.59
Scra e Scrap weight [t
P typ P weight [t Total scrap consumption 378.8
33.15
71.34
6.51
30.00
| Predicted composition
| Scrap distribution Cloment - Predicted element Maximumlelsment
concentration [%] concentration [%]
oy R cr 0.095 025
Cu 0.160 0.16
Mn 0.086 1.50
Mo 0.030 0.03
Ni 0.113 0.20
P 0.011 0.02
S 0.027 0.03
Sn 0.008 0.04

Figure 11. Scrap mix optimization recommends the optimal scrap mix for the furnace, taking into
account the target steel grade, scrap availability, and cost.

As shown in this subsection, the Self-X Al Data Pipeline concept is operational. It
orchestrates the various components, sharing production-related metadata with the external
supporting Al services. Then, the external services generate alarms to support the HITL in
maintaining the models and making decisions.

Outlook: HITL Significance. HITL's intervention helps reducing the number of false
alarms and unnecessary interruptions, ensuring that only valid alarms lead to corrective
actions. For example, if an alarm is triggered due to elevated copper levels in a heat
intended for stainless steel—a grade that can tolerate a higher copper content—the operator
can recognize this alarm as false and decline it. If certain scrap materials are used exclusively
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for certain heats, the operator can use their knowledge of the context to avoid unnecessary
alarms. In addition, the scrap mix recommendations generated by the system must be
validated by HITL operators to match scrap availability in real time. Inconsistencies
between the system data and the actual state of the scrap yard could lead to suggestions for
unavailable materials, resulting in inefficient scrap management and potential production
issues. Without human oversight, the system could trigger unwarranted alarms, wasting
resources and production time investigating non-critical issues.

Thus, HITL is clearly needed in the operation, regardless of the supportive Al tools.
The Al and HITL support each other, which aligns well with the human-centric aspect of
Industry 5.0.

4. Discussion

This section considers the rigor part of Design Science Research. That is, the text elabo-
rates what the results mean and how they contribute to the state of art. Additionally, this
section further elaborates the relevance aspect from the viewpoint of the application domain.

4.1. Assessment of Results

Novelty. This study brings novelty regarding the application of Al technologies in
industrial production and, especially, the process industry through Autonomic Comput-
ing [7]. As far as is known, the earlier studies lack a respective design and prototype
with both plant-wide and cross-value-chain Al solutions with external Al services. In
steelmaking, no such advances are have been seen before.

Originality. Originality comes in the form of new understanding for the design of Al
systems. This applies to the process industry in general but, especially, to steel industry.
On the other hand, the viewpoint of this study is green transformation, a conventionally
developing area in heavy industries [39].

Significance. The significance of the work stems from the Self-X Al Pipeline that
applies novel methods to exploit knowledge for green industrial production. The methods
include Al methods not only executed within a single plant but also in a cross-value-chain
scope within the Autonomic Manager, the external Al service. The results contribute to the
goals of both Industry 4.0 with Al (novel information technology and digitalization [40])
as well as Industry 5.0 (sustainability from circular economy and reduced resource con-
sumption, human factors with HITL, and resilience [41]). On the other hand, the developed
system is an advance towards the highest level of cyber-physical developments in 5C
architecture, that is, from cognition to configuration through the Self-X capabilities [2]. In
the global scope, the work contributes to advances towards green steelmaking by reusing
existing scrap and supporting the operators towards decisions with a lower environmen-
tal load. This is important, especially considering the heavy, energy-intensive nature of
steel industry. Furthermore, it can be argued that the proposed system helps the HITL in
learning new tools and methods (which are inevitable in the ongoing digitalization of the
steel industry [42]) by providing vital decision support. The advantages of the suggested
approach apply most likely to steel-related production processes and problems in general,
such as model-based EAF state monitoring or the optimization of Continuous Casting.

4.2. Limitations

A clear limitation is that the research method is inductive, generalizing results related
to a single steel plant. Therefore, it can be argued that the differences between plants could
limit applicability. Still, all EAFs in the world follow the same operational principles. There-
fore, plants can be expected to face fluctuation in the input materials, and the performance
of each furnace likely changes, even between maintenance breaks.

Another inductive assumption is that the Self-X method can be generalized within the
process industry. The same methods might not work in all industries. In general, however,
many process industries face fluctuation in raw materials and, therefore, necessitate adapta-
tion to maintain performance. This should include not only metallurgy but any production
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process with natural or organic ingredients, such as food, pulp and paper, or minerals. On
the other hand, the overall Self-X Al concept has been developed in a collaborative research
project between aluminum [20], pharmaceutical, and asphalt industries, which hints that
the approach is generic.

4.3. Implications of Open Source

This work builds upon multiple open-source products that can either help in forming a
software ecosystem or readily offer such, helping in the ongoing digitalization of production
systems. The exploited open-source products include, for example, Python [33], Node-
RED [32], Grafana [25], Apache Kafka [31], and Apache Airflow [28]. The categories of open-
source products for IoT systems are numerous, including, but not limited to, databases,
communication frameworks, system integration and orchestration tools, IoT platforms,
and visualization tools [43]. Open-source tools can be the basis for a full smart factory
architecture [44]. Still, open IoT tools are not replacing conventional software systems but
rather complementing these, facilitating the transition towards Industry 4.0 [45].

Regarding licensing, the open-source approach can affect how the system can deliver
commercial benefits. The so-called copyleft licenses, such as GNU’s Not Unix General
Public License 3 (GNU GPL 3 [46]) and its variants, require that any derivatives are open
source too if distributed. In some commercial schemes, this is not desired. However, some
open-source licenses, such as MIT (Massachusetts Institute of Technology [47]) and Berkeley
Software Distribution 3 (BSD-3 [48]) and its variants, permit closed-source distributions.
One must consider for each product whether open source is desired. On the one hand,
the development of the software can benefit from the open community, and openness can
increase the trust of the users. On the other hand, companies often seek exclusive benefit
from their proprietary special expertise, such as optimization algorithms.

This work does not consider long-term aspects regarding the operation of the software
system, especially as the system includes open-source components. The future topics
could include this now that software maintenance is, inevitably, an essential factor in
lifecycle costs.

4.4. Further Research

Various items remain for future research within the steel domain. The Self-X AI Data
Pipeline design could be applied for more use cases in steelmaking, such as models that
estimate the EAF state [6]. On the other hand, the approach is undoubtedly applicable for
more processes, including, but not limited to, the Blast Furnace, the methods for secondary
metallurgy, and Continuous Casting.

Considering steel industry, it can be argued that the results help to face current
challenges and needs. These include, at least, increasing circularity, decarbonization,
the support for improving employee skills, and adaptation to the continuously changing
business environment [49].

From the organizational viewpoint, the optimization scheme of this work is a cross-
organizational distributed system, which stresses the need for interoperability in its various
levels and aspects. Each of these aspects could be studied further to ensure the connectivity
of the tools. There are many eveled interoperability models, for instance, the domain-
agnostic European Interoperability Framework (EIF) [50]. Earlier, EIF has already been
mapped with the process industry, indicating development needs, especially in semantic
and organizational interoperability [51]. Semantic interoperability is often reached with
common information models; however, this reduces the room for flexibility. In addition
to common information models, semantic interoperability can be contributed to with
ontologies that facilitate the mapping of heterogeneous models [52]. The next level is
functional interoperability, a subset of organizational interoperability. This is concerned
with sequences and workflows and can be facilitated with choreography modeling to
enable common agreements [53]. Choreographing is especially important in microservice
environments, which often lack a centralized orchestrator [54]. To ensure interoperability in
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organizational aspects, it is possible to use independent mediators within the ecosystem [55].
Finally, despite our focus on process industry, the interoperability efforts could emphasize
cross-domain schemes. Such schemes facilitate innovation by crossing the conventional
borders [56]. This would facilitate undertaking the goals of Industry 5.0, which aim at
societal and social values rather than mere technology.

Regarding technology, multiple potential research topics exist. In the prototype imple-
mentation, the plant-wide part could build upon a standard API (such as Open Platform
Communications Unified Architecture or OPC UA [57] and Next-Generation Service In-
terfaces Linked Data or NGSI-LD [58]) for an easier integration to external systems. On
the other hand, the system could build upon event-driven, message-broker-based inte-
gration for more flexibility and scalability over the levels of the automation pyramid
(similar to [59]). Finally, the concept of International Dataspaces (IDSs [60]) and Gaia-X [61]
could be applied to ensure that the data owner preserves the rights for its data, i.e., to
preserve data autonomy and sovereignty, as the data are shared from the production plant
to external services.

5. Conclusions

This article introduces a software system architecture to include a Self-X-capable
Al Pipeline into industrial processes and, especially, electric steelmaking with the EAF.
Following the Design Science Research method, the work begins with an explanation of
the context, both generally and within the application domain (Section 1), elaborating case-
specific requirements (Section 3.1), creating an architecture concept (Sections 3.2 and 3.3),
instantiating the architecture with a prototype (Section 3.4), and, finally, discussing the
results to indicate the rigor and relevance of the results (Section 4).

The Al Pipeline enables resilience and self-adaptation (self-detect, self-evaluate, and self-
repair) and connects with external Al services that support the maintenance of these Self-X
capabilities and the related models. To prove the concept, optimization models were
connected with the Al Pipeline along with online data from an EAF. The results suggest
that the concept can help in maintaining optimization models, providing decision support
to human employees. This was indicated with the system of local and external software
components. The local system generates performance-related metadata, which are then
shared with the supportive external Al services. These services will, then, notify the local
system about deviations, suggesting model re-generation as relevant. However, the HITL
always makes the final decision.

The concept contributes to the goals of Industry 5.0: resilience through improved
feedback for maintenance, environmental values by reducing resource consumption and
applying circularity, and human factors by supporting the expertise and operation of the
HITL with an Al-based support system. On the other hand, the pipeline is an advance
from cognitive systems to self-configuration, which is the topmost level and, thus, the most
intelligent aspect of CPSs.
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