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From controlling single processes to the complex automation of
process chains by artificially intelligent control systems
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CONTROL STEELINAbout the project

§ ControlInSteel is a dissemination activity focusing
advanced automation and control running till 2022-11

§ We selected around 45(+5) former RFCS research
projects for a scientific analysis

§ Mission goals were
§ 1. Analyze and understand dynamics of the problem-, solution-

and impact space which also includes barriers and issues, as
well as physical interaction channels

§ 2. Perform dissemination events, e.g. conference sessions and
workshops to effectively distribute knowledge from and about
these former projects

§ 3. Provide a roadmap for future research
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CONTROL STEELINConceptual approach towards project evaluation



CONTROL STEELINTaxonomy for problem space

T1) Aggregate Type Product Interaction 

Casting Continuous casting Slab physics:thermodynamic
Furnace Slab reheating Slab physics:thermodynamic

Walking bean reheating Slab physics:thermodynamic
Billet furnace Billet physics:thermodynamic

Logistics Transport Slab logistics:displacement
Annealing Continuous annealing Strip physics:thermodynamic

Bright annealing physics:thermodynamic
Batch annealing physics:thermodynamic

Rolling Roughing mill Slab pyhsics:forming; 
physics:thermodynamic

Finishing mill Strip pyhsics:forming; 
physics:thermodynamic

Cold rolling Strip pyhsics:forming; 
physics:thermodynamic

Temper rolling Strip pyhsics:forming; 
physics:thermodynamic

Plate mill
Cooling Cooling Slab, Strip physics:thermodynamic

Refinement Hot dip galvanization Strip chemical:galvanisation, 
physics:thermodynamic

Electro galvanisation Strip chemical:galvanisation, 
physics:thermodynamic

Pickling mill Strip chemical:etching;

Coating Strip  chemical: bond; 
physics:adhesion

Foiling Strip  chemical: bond; 
physics:adhesion

Skin pass Strip  physics:cutting;
Scarfing
Levelling Strip  physics:forming;

Thru-process
Topical Descaling Slab, Strip  physics:evaporation

Flatness Strip physics:forming
Quality
Long
Flat



CONTROL STEELINTaxonomy on automation solution techniques

§ Source 1: Solution Taxonomy of ControlInSteel

§ Source 2: Gartner Hype Cycle

§ Source 3: Research on automation methodology for non-steel process industries

Solution T2

SISO

MIMO

Open-loop

Internal model control

Model-predictive control
Model-based

Canonical

Machine learning

Iterative learning control

Machine learning control

Koopman space

Neural networks

Decision trees

Classical statistics

Bayesian statistics

Performance 
monitoring

Visioli

Harris

Optimization

Heuristic

Linear programming

Quadratic programming

Mixed-integer programming

Rule-based

Agent-based

Transformative

Fourier

Galerkin

Wavelet

Taylor

Laurent

Autoregressive

§ Key technology for ecologic
optimization

§ Uncertainty, dramatically underrepresented in current
(steel) research projects

§ Koopman space: high potential for substantial breakthrough for single
aggregate control, not considered yet



CONTROL STEELINTaxonomy for impact dimensions

Quality
Yield
Costs

Root cause
Customer satisfaction

Emerging technologies
Waste reduction
Novel approach

Throughput

Emission
Power

Worker performance
Worker safety



CONTROL STEELINGraph theory for connecting the projects
������� �������Semantic Approach

§ Taxonomies
§ T1 – problem space
§ T2 – solution space
§ T3 – impact space

fλ(i) = [(fλ0(i), fλ1(i), ...] = Tλ(i),

fλj(i) = Tλ(i, j).

§ Algorithm for retrieving
conditional probabilities out of
taxonomy entry combinations

§ Semantic graphc constructor, 
formal edge definition

„just counting, 
because we have the
data“

Project number

Property vector

Taxonomy number

Internal edges per taxonomy

Top level taxonomy connectors
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CONTROL STEELINGraph connecting the taxonomies per project

Internal edges
per taxonomy

Top level taxonomy connectors



CONTROL STEELINImpact distribution per project ������� �������Radar chart overview of individual projects



CONTROL STEELINIdentification of missing activities

0 200 400 600 800 1000 1200

SISO (PID)
MIMO

Open-loop
Setup

Internal model control
Model-predictive control

Iterative learning
Machine learning control

Adaptive control
Koopman

Neural network
Decision trees

Classical statistics
Bayesian statistics

Visioli
Harris

Heuristic
Semi-definite solver
Linear programming

Quadratic programming
Mixed-integer solver

Rule-based
Agent-based

Laplace / Z-Transform
Galerkin

Fourier
Wavelet

Taylor
Laurent

Autoencoder
§ Low number occurences

§ EITHER Technique is not helping many problems and
was not considered out of good reasons

§ OR Technique was simply not covered by research

§ Example: Laurent expansion never actually mentioned, 
perhaps not of relevance

§ Example: Bayesian statistiscs has not been „embraced“ in 
steel production research yet, despite massive successes in 
other branches!



CONTROL STEELINImpact distribution per method
������� �������Impact as Function of Solution Method

§ Internal Model Control § Machine Learning Control § Wavelet Transform



CONTROL STEELINImpact evolution as function of time ������� �������Impact Development as Function of Time

2023

Expected Impact of Green 
Deal & CSP, 

Extrapolated from RFCS 
Abstracts

2024 2025



CONTROL STEELINGo further than the books...
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2.2. Stochastic Processes and their Features 23

Figure �.�: Illustration of the variance.

Cov(x,y) = �(x − �x�)(y − �y�)� (2.14)

For a matrix X we can define a covariance matrix as follows,

Cov(X) =
�����

Var(x0) Cov(x0,x1) ... Cov(x0,xN−1)
Cov(x1,x0) Var(x1) ... Cov(x1,xN−1)

... ... ... ...
Cov(xN−1,x0) Cov(xN−1,x1) ... Var(xN−1)

�����
,

where the variances represent the main diagonal.
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28 Lecture 2. Data Preprocessing

Median Filter

Listing �.�: Modi�cation to include median �lter

1 %pylab
2 import matplotlib
3 import numpy as np
4

5 x = 3+0.2*np.random.randn(500)
6 x[100]=6
7 x[200]=5
8 x[300]=1
9 x[400]=4

10 filtered_x = []
11 for i in range(0,len(x)-5):
12 filtered_x.append(np.median(x[i:i+5]))
13

14 plt.plot(x, ’k’, linewidth=2.0)
15 plt.plot(filtered_x,’-’,color=[0.1,0.65,0.6],linewidth=3.0,

alpha=0.9)
16

17 plt.xticks(fontsize=18)
18 plt.yticks(fontsize=18)
19 plt.xlabel(’Time / h’, fontsize=20)
20 plt.ylabel(’T / C’, fontsize=20)

Figure �.�: Effect of median �l-
tering, spikes are effectively re-
moved.

Fourier Transform

Listing �.��: Fourier Transform in Python using Numpy

1 final_t = 20*np.pi
2 dt = final_t/2**14
3 t = np.array(np.arange(0,final_t,dt))
4 x = np.exp(1j*2*np.pi*1*t)+0.2*np.exp(1j*2*np.pi*10*t)
5 fft = np.fft.fft(x)
6 freq = np.fft.fftfreq(x.size, d=dt)
7

8 #plt.stem(t, np.real(x))
9 plt.stem(freq, abs(np.real(fft))/np.max(abs(np.real(fft))))

10

11 plt.xlim([0, 20])
12 plt.xticks(fontsize=18)
13 plt.yticks(fontsize=18)
14 plt.xlabel(’Frequency / a.u.’, fontsize=20)
15 plt.ylabel(’Amplitude’, fontsize=20)

Wavelet Transform

CWT[x(t)](a, b) = 1

�a� 12 �
∞
−∞ x(t) �t − b

a
�dt (2.23)
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2.5. Transformations and Filters 27

2.5 Transformations and Filters
Convolution

Convolution is a very important operation, because it helps us to per-
form quickly different process stages of our data. Formally, convolution
is defined for continuous functions by

(f ○ g)(x) = � f(t)g(x − t)dt (2.21)

and in the discrete case

(f ○ g)x =�
k

fkgx−k. (2.22)

We can write several transformations as convolution. Just to mention
some famous examples:

MA(x) = f ○ [1,1,1, ...,1]�N, (2.23)

Filter(x) = f ○ [−1,−1,−1,−1,1,1,1,1], (2.24)

First Differentiation:
df

dx
= f ○ [−1,1], (2.25)

Second Differentiation:
df

dx
= f ○ [1,−2,1]. (2.26)

⇤ = STCS (2.27)

Moving Average Filter

Listing �.�: Moving window with averaging

1 %pylab
2 import matplotlib
3 import numpy as np
4

5 x = 3+0.5*np.random.randn(500)
6 filtered_x = []
7 for i in range(0,len(x)-15):
8 filtered_x.append(np.mean(x[i:i+15]))
9

10 plt.plot(x, ’k’, linewidth=2.0)
11 plt.plot(filtered_x,’-’,color=[0.1,0.65,0.6],linewidth=3.0,

alpha=0.9)
12

13 plt.xticks(fontsize=18)
14 plt.yticks(fontsize=18)
15 plt.xlabel(’t’, fontsize=20)
16 plt.ylabel(’x’, fontsize=20)

Figure �.�: Averaging effect on
noisy curve, smoothing over a
window of �� bins.

§ Application case in steel: Anomaly detection at the
continuous caster



CONTROL STEELINMixture-Density Network with Uncertainty Prediction

Suboptimal model answer, but perfect assumption of uncertainty

Good Approximation

Scale predictor
Camera measurement

§ Physics-informed approach with NN-
crossreference

§ Control application case: Prediction of
scale for iterative learning control for
water flow



CONTROL STEELINCounterfactual ML and MDNN-based reasoning

Perturbation theory & sensitivity
analysis

§ Test vectors

§ Stochastic perturbation

§ Counterfactual: Let ML ask the
„What-if?“ Question

Variable Number

Pe
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u
rb

at
io

n
 S

tr
en

g
th

§ Control application case: automatic feedforward
setup of water pressure for descaling helps as
optimizer for MPC
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Semantics

The object oriented input data point can also be marked
by a semantic description operator:

Today this appears like wasting storage. 

With increasing plug´n-play demand of new sensors and 
actuators as well, as data provenance, this solution will 
become more and more status-quo. Artificial

Intelligence
Knowledge 

Graphs /
Ontologies
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AI Process Chain

Input data

Example: Mixture Density Network

Labels, Output data
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Koopman Space

§ If the Koopman operator can be found, the dynamics in 
latent space is fully linear

§ The control solution then reduces to linear systems

Autoencoder Network



CONTROL STEELINSummary

§ ControlInSteel is a systematic, semantic analysis of 45(+5) former RFCS research projects

§ It shows the progress achieved by modern control solutions

§ It also allows to scientifically investigate the path to impact per method

§ Assorted successful methods have been shown

§ Promising and recent techniques are yet missing and potential chances for future projects

§ Inclusion of uncertainty

§ Physics-informed approaches especially building upon expert knowledge

§ Koopman approach
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Dr. Marcus J. Neuer
Marcus.Neuer@bfi.de

+49 175 2064672

Thank you for
your interest!

mailto:Marcus.Neuer@bfi.de
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Physics-information

Artificial
Intelligence

Knowledge 
Graphs /

Ontologies

Decision Tree Regressor

Time, Parameters

Cooling Curve

Machine
Learning

Machine
Learning

Knowledge 
Graphs /

Ontologies



CONTROL STEELINImpact vectors of research projects

§ Example: RFCS SOPROD, 
because coordinator was the
same

§ Allows to define project by
one or multiple points (!)

§ Automatic Python code that
runs on top of our assessment


