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Agenda

1. On some problems of mixed-integer optimisation

2. Safe Reinforcement Learning
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Example: Economic optimisation of BOF gas supply
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Cost function
minimize J

= ෍

k=0

N

γk(lholder(k) + lNG k + lzone k + lflare k

+ lBOF to BF k )
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Mixing station

› ሶ𝑉𝐵𝑂𝐹 𝑘 = 1 − 𝑥𝐿𝐶𝑉 𝑘 ሶ𝑉𝑀𝐼𝑋 𝑘

› ሶ𝑉𝑁𝐺 𝑘 = 𝑥𝐿𝐶𝑉(𝑘) ሶ𝑉𝑀𝐼𝑋 𝑘

› 𝑥𝐿𝐶𝑉 𝑘 =
𝐿𝐶𝑉𝑚𝑖𝑥 𝑘 −𝐿𝐶𝑉𝐵𝑂𝐹(𝑘)

𝐿𝐶𝑉𝑁𝐺 𝑘 −𝐿𝐶𝑉𝐵𝑂𝐹(𝑘)

HSM Control Model

› ሶ𝑉𝑚𝑖𝑥(𝑘) = σ𝑖=1
𝑁𝑍𝑜𝑛𝑒 𝛿𝑧𝑜𝑛𝑒,𝑖 𝑘 ሶ𝑉𝑀𝐼𝑋,𝑧𝑜𝑛𝑒,𝑖(𝑘)

› ሶ𝑉𝑁𝐺(𝑘) = σ𝑖=1
𝑁𝑍𝑜𝑛𝑒 𝛿𝑁𝐺,𝑖 𝑘 ሶ𝑉𝑁𝐺,𝑧𝑜𝑛𝑒,𝑖(𝑘)

› 𝛿𝑧𝑜𝑛𝑒,𝑖 𝑘 + 𝛿𝑁𝐺,𝑖 𝑘 = 1

› ሶ𝑉𝑀𝐼𝑋,𝑧𝑜𝑛𝑒,𝑖(𝑘) = 
1

𝐿𝐶𝑉𝑀𝐼𝑥 𝑘
𝐸𝑧𝑜𝑛𝑒,𝑖 𝑘,… . .

› ሶ𝑉𝑁𝐺,𝑧𝑜𝑛𝑒,𝑖 k =
1

𝐿𝐶𝑉𝑁𝐺 𝑘
𝐸𝑧𝑜𝑛𝑒,𝑖(𝑘, …… )

Bilienar Systems

› 𝒙𝑘+1 = 𝑨𝒙𝑘 + 𝑩𝒖𝑘 + σ𝑖=1
𝑚 𝐶𝑖𝑢𝑖.𝑘

Discretisation of the input variables

› 𝒙𝑘+1 = 𝑨𝒙𝑘 + 𝑩𝑫𝜹𝑘 + 𝜹𝑘
′ 𝑫′𝑪𝒙𝑘

› with

› 𝒖𝑘 = 𝑫𝜹𝑘, 𝑫 ≜ 𝑢0 20 … 2𝑟−1

Big-M Approach

› 𝑦𝑘 = 𝛿𝑘f 𝑥𝑘

› 𝑦𝑘 ≤ 𝑀𝛿𝑘

› 𝑦𝑘 ≥ 𝑚𝛿𝑘
› 𝑦𝑘 ≤ 𝑓 𝑥𝑘 −𝑚(1 − 𝛿𝑘)

› 𝑦𝑘 ≥ 𝑓 𝑥𝑘 −𝑀(1 − 𝛿𝑘)

Example: Economic optimisation of BOF gas supply



› The transformation into a linear 

mixed-integer system using the Big 

M approach leads to a high number 

of logical decision variables 

› In this case

Horizon = 2 h

Logical Variables: 7920

Continuous Variables: 360

Constraints: 23208

› Can it be simplified and 

accelerated
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Example of an Multi Linear System: Heating system
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Kai Kruppa: Phd-Theses:Multilinear Design of Decentralized Controller Networks for Building Automation Systems



Observation
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• Approximation of bilinear systems by discretisation and 

Big-M approach leads to very many decision variables.

• Mixed integer for a non-linear process requires a lot of

computing time. 

Is there another approach ?

• Many procedural processes can be described as multi-

linear systems and can be sufficiently approximated in 

the same way.



Boolesche Algebra
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Zhegalikin Polynome

Boolean state space models

Zhegalikin polynomials are multilinear

Saadia Faisal; Gerwald Lichtenberg; Herbert Werner (2008). Polynomial models of gene dynamics. , 71(13-15), 2711–2719. doi:10.1016/j.neucom.2007.09.024



Struktur of multi-linear hybrid model
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Relaxing mixed integer economic optimisation
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Reinforcement learning
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Action 𝑢𝑘
State  𝑥𝑘

Reward 𝑟𝑘

Is it safe in industriell environment?

Successful in the field of computer games

Alpha GO

Connection to adaptive control



Reinforcement Learning beyond the simulated environment
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≠



Reinforcement learning beyond the simulated environment
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› How can a learning system 

explore efficiently while 

ensuring safety?



Safe optimisation
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𝑢𝑘

𝑓 𝑢𝑘 + 𝜖𝑘
𝑓

Reward noisy

𝑔 𝑢𝑟 + 𝜖𝑘
𝑔

Constraint noisy u
n
k
n
o
w

n

Goal:      min
𝑢𝑘

𝑓 𝑢𝑘 𝑠. 𝑡. 𝑔(𝑢𝑘) ≥ 0

Safety:     𝑔 𝑢𝑘 ≥ 0 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑘

see: Andreas Krause ETH Zürich : Safe and Efficient Exploration in Reinforcement Learning

Monday, January 24th, 2022 Machine Learning Advances and Applications Seminar
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Monday, January 24th, 2022 Machine Learning Advances and Applications Seminar

Bayesian Optimization



Gaussian regression models
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see: Andreas Krause ETH Zürich : Safe and Efficient Exploration in Reinforcement Learning

Monday, January 24th, 2022 Machine Learning Advances and Applications Seminar

𝑓
(𝑢

𝑘
)

𝑢𝑘
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Bayesian Optimization

𝑓(𝑢𝑘)

𝑢𝑘
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see: Andreas Krause ETH Zürich : Safe and Efficient Exploration in Reinforcement Learning

Monday, January 24th, 2022 Machine Learning Advances and Applications Seminar

Bayesian Optimization

𝑔(𝑢𝑘)

𝑢𝑘



Thank you for your attention!

Dr.-Ing. Andreas Wolff 

Senior Expert Automation

Downstream Automation

Andreas.Wolff@bfi.de

+49 175 5268085


