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End-to-End Process Models
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End-to-End Process Models
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Step 2b
2.3.2.3 Overall Control Strategy Representation

The OCS i1s a holistic and integrated approach encompassing considerations from the CQAs to
the end-to-end controls, describing how the individual control strategies interact to ensure
product quality (ICH QO6A/Q6B, Q8, Q9, Q10, and Q11). A representation, such as a table,
diagram, or flowchart of the proposed OCS should be included. This representation may cross-
reference other sections of Module 2.3 (e.g., 2.3.3 CQI).




Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Qualitv
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5. Summary of the discussions

The discussions led to an important reflection around model uncertainty quantification, or
sensitivity analysis. It was acknowledged that uncertainty quantification is essential to validate
whether the model is suitable for a defined context of use. The concept of total uncertainty
through error propagation, was emphasized as a powerful tool to determine the risk associated with
the use of a model.

e Whetherrequested or not in the regulatory submission, depending on the use of the model,
uncertainty quantification is part of model validation good practice.

e Forlow-risk models higher levels of total uncertainty could be accepted compared to high-risk
models where lower levels of total uncertainty would be expected.

L
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Known Bottlenecks of Conventional Mechanistic and Hybrid Models

Osberghaus et al. example on CEX column with SMA isotherm

Joural of Chromatography A, 1233 (2012) 54-65

Contents lists availabla at SciVerse ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

Determination of parameters for the steric mass action model—A comparison
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Physics-Informed Artificial
Intelligence
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Physics-Informed Artificial Intelligence: A Disruptive Breakthrough Technology

Teaching Neural Networks To Learn Physics

* Immensely speed
up computation
time comp. to
ODE/PDE solvers

« Ensure
extrapolation by
physical knowledge

~ 1
L = Lggtq + Lphysics = (¢ — Cl)z + (a - RHS)Z
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A Physics-Informed Al Toy Example in Bioprocess: Monod Kinetics

Naive ANN vs Physics-informed ANN (PINN)

« Assume cells grow according to Monod kin

[
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Proof of Concept: Speed Comparison of Conventional Solvers to Physics
Informed Al

Gold Standard: CADET simulator Novel Physics Informed Al
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Test Run Predictions PI-Al Model vs Ground Truth CADET Model

Ground Truth vs PI-Al Predictions for Test Run 004
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Data Connectivity Challenges — from Process Models to Digital Twins
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PAS-X Savvy
igital Twin @
akeda

KORBER Kérber Pharma Software GmbH - P6 - PAS-X Savvy - Copyright © 2025 Korber AG or its affiliates. All rights reserved.
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Takeda Question of Interest:

How to increase yield and meeting quality criteria at the same time?

How to set
hold durations
etc. to
increase yield
/ lower OOS?

How to run
filtration to
increase yield
/ lower OOS?

. Copyright © 2025 Korber AG and Takeda Pharmaceutical International AG. All rights reserved. Content developed in collaboration with Takeda Pharmaceutical
KORBER International AG and used with permission.

LSL

29 April 2026

i 15 2 25 3

Product

Concentration

Product Amount

USL

16



Process Model Offline Optimization Potential
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Takeda Use Case Description of the Digital Twin

KORBER

Measurable process
parameters are sent
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End-to-End Digital Twins as Recommender Systems

in Manufacturing
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Real Time Digital Twin Optimization: Further Improve the Process
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Conclusions — Physics Informed Al Enables UQ and End-to-End Digital Twins

\-
End-to-End Digital Twins!

_ Regulatory-Complian
Physics Informed Al overcomes two

major limitations of mechanistic models

due to massive speed up:

* Uncertainty Quantification: can be
used for MCMC simulations during Path A: Static
solving the inverse problem (model
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(tolerance intervals)

* Real time application within end-to-
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Thank You!

thomas.zahel@koerber.com
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Legal Disclaimer

Copyright © 2026 Korber AG or its affiliates. All rights reserved.

This document and all information therein are provided in confidence and may not be
disclosed to any third party without the express written permission of the disclosing party.
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