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• Reduction of OOS results

• Increased space-time yield

• Increased reproducability

• Sustainability

• Decrease cost of goods
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End-to-End Process Models as a Framework
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End-to-End Process Models as a Framework
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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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arbitrary 

PAR

End-to-end process model identifies impact on final product quality 

0.1% OOS rate0.2% OOS rate



End-to-End Process Models as a Framework
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CQA

Acceptance Limit

PP 1

Data

PAR

Only holistic control strategy allow to ensure quality of the product



Structure of Dynamic Models in DSP

Boundary conditions:
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Osberghaus et al. example on CEX column with SMA isotherm

Known Bottlenecks of Conventional Mechanistic and Hybrid Models
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Lack of 

uncertainty 

quantification 

→ lack of 

validation

Impossible to 

run within 

monte carlo 

simulation, 

i.e. E2E PM

Lack of 

comp. speed 

for real time 

application

1 simulation 

takes ~2 sec



Physics Informed AI: A Disruptive Breakthrough Technology 
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• Immensely speed up 

computation time comp. to 

ODE/PDE solvers

• Ensure extrapolation by physical 

knowledge 

U
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Process 

Optimization
Process 

Characterization

Real Time 

Control

Save runs due to 

physics knowledge

Enable model 

validation via 

uncertainty 

quantification

Enable real time 

control due to fast 

computation

Lower costs of good and increase sustainability



Proof of Concept: Speed Comparison of Conventional Solvers to Physics 
Informed AI
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1 iteration: 

~1.8 sec

1000 

iterations: 

~1.8 sec

Lack of 

uncertainty

Gold Standard: CADET simulator Novel Physics Informed AI

1000 times 

faster on 

CPU!!!Unvertainty

intervals for 

dynamic 

models!



Capabilities of End-to-End Models, Digital Shadows and Digital Twins

Digital Shadow Digital Twin
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Real-time 

optimization

Yield+Quality Yield+Quality Yield+Quality

https://virtual.ispe.org/p/s/end-to-end-digital-

twins-as-life-cycle-companions-11293

Establish holistic control 

strategy and Save 70 % 

experiments in PD
1

Real-time monitoring 

and impact of 

deviations
2 Increase yield and quality 

by 5-10%3
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Digital Twin @ 
Takeda
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Takeda Question of Interest: 
How to increase yield and meeting quality criteria at the same time?
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UO 1 UO 2 UO 3 UO 4 UO 5 UO 6 UO 7

14 PPs 7 PPs 4 PPs18 PPs18 PPs 18 PPs 8 PPs

CQA 1

Product Amount

Product 

Concentration

How to run 

filtration to 

increase yield 

/ lower OOS?

How to set  

hold durations 

etc. to 

increase yield 

/ lower OOS?
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Lower

OOS rate 

by 64%OOS: 7.2%

OOS: 2.5%

Process Model Offline Optimization Potential
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Tunable 

PPs*
Hold Duration TMP Flow rate end Flow rate start Hold Duration Process Duration

Unit 

Operation
UO 3 UO 4 UO 4 UO 4 UO 7 UO 6

Current 

State
5.7 0.5 318.9 345.6 8.1 23.4

Optimized 9.0 0.7 215.6 411.7 3.1 20.6

Increase

Yield by 

35%

CQA 1Product Amount
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Takeda Use Case Description of the Digital Twin
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UO 1 UO 2 UO 3 UO 5 UO 6 UO 7

14 PPs 7 PPs 4 PPs18 PPs18 PPs 18 PPs 8 PPs

UO 4

End-to-end process model 

predicting final CQA & product 

amount as a function of PP of 

all steps

MES

Measurable process 

parameters are sent 

to the process model 

via established 

interfaces (mature 

and used also for 

other tools)

Middleware

Recommendations

how to change the 

setpoint of tunable 

process parameters 

are sent to the MES 

system for human 

approval

Other IT system



Real Time Digital Twin Optimization: Further Improve the Process
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CQA 1

Product Amount

CQA 2

Product Concentration

Increase

Yield by  

4%

Lower

OOS rate 

by 2%

Lower

OOS rate 

by 10%

Lower

product 

conc.
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Survey: Perceptions and Barriers Regarding Advanced Modelling and Adaptive 
Control Strategies – 34 participants

22



Model Lifecycle & Validation
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ASME V&V 40 risk-informed credibility assessment framework

Verification, Validation and Uncertainty Quantification
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Applicability: 
Check if the 
model works as 
required for the 
context of use 

Which model? 
How will the model 
be used?

• Accuracy 

• Generalizability

• Numerical stability

• Assumptions: General 

model assumptions 

based on model type

• ….

• E.g. RMSE, Leverage of 

individual runs, R²-Q², 

externally studentized 

residuals

What is the risk to 

product quality?



Regulatory Landscape Dealing with Process Model Validation
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Current EMA/FDA guidance defines elements and expectations of model validation, but does not define a structured, end-to-end 

validation workflow comparable to V&V frameworks

• Focus of on “5. Role of Models in QbD”

• Categorization of models 

(low/medium/high) commensurate with 

model’s contribution in assuring the 

quality of the product

• Development workflow for models

• What to be reported in submissions

• Credibility goals for 

DOE type of models 

mentioned (ANOVA; p-

values, 

• Submission of design 

space models

• Categorization of 

model risk 

(low/medium/high)

• What to report in a 

dossier



Survey: Perceptions and Barriers Regarding Advanced Modelling and Adaptive 
Control Strategies – 34 participants
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ICH Q2(R2) is explicit on Validation Workflow and Performance Characteristics

• ICH Q2 describes a clear validation 
workflow and states performance 
characteristics to be demonstrated

• Accuracy

• Precision

• Specificity

• Repeatability

• …

• A true workflow and  acceptance 
criteria / credibility goals per model 
type are missing for process models
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Credibility Goals for Process Models
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Verification & Validation activates are specific to (1) context of use 
and (2) model type. General considerations should include: 

❑ Check choice model form 

❑ Check if input data for modelling is representative for final 
process

❑ Check model assumptions

❑ Check uniqueness of model (numerical stability)

❑ Check model accuracy vs. required accuracy

❑ Check for generalization on (challenging) unseen test data

Model types are limited (data driven, mechanistic, hybrid) and general and specific credibility goals would be possible 

to harmonize/agree on
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Maybe the fear of being the “first mover”?



How Can We Generate Experience i.r.t Model Validation?

Medium risk models would be a good place to gain experience and have a common learning curve on model validation

Clear definition on what is medium risk is required!
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Abundancy of models

Documentation effort of validation activities in submissions

Low Medium High



Conclusions

• End-to-end process models enable to model what really matters → final product quality. It has been shown and published 
that those model should be applied as:

• Offline process models: holistic control strategy ensuring meeting final product quality (low OOS)

• Digital Shadows (monitoring of manufacturing)

• Digital Twins (manufacturing Control) with increased yield and quality

• Physics informed AI models can help to speed up solution and application of mechanistic models in End-to-End Process 
Models (within Monte Carlo Simulation)

• Regulatory expectations may be clarified to reduce uncertainty and increase efficiency during model validation:

• Workflow that includes general principles of credibility/acceptance criteria and validation protocol and execution (similar to 
ICH Q2 / Q14 for analytical method development)

• Clear definition and looking into medium critical models to gain experience for all stakeholders, even if this is supporting 
information

31



Thank you!
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Legal disclaimer

Copyright © 2025 Körber 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.

25 June 2026Körber Pharma Austria GmbH – Presentation Title – Copyright © 2025 Körber AG or its affiliates. All rights reserved. 33


	Slide 1: AI Powered End-to-End Process Digital Twins: Applications, Benefits and Challenges
	Slide 2
	Slide 3
	Slide 4: End-to-End Process Models as a Framework
	Slide 5: End-to-End Process Models as a Framework
	Slide 6: Local Control Strategies Do Not Ensure Final Product Quality
	Slide 7: Local Control Strategies Do Not Ensure Final Product Quality
	Slide 8: Local Control Strategies Do Not Ensure Final Product Quality
	Slide 9: Local Control Strategies Do Not Ensure Final Product Quality
	Slide 10: End-to-End Process Models as a Framework
	Slide 11: Structure of Dynamic Models in DSP
	Slide 12: Known Bottlenecks of Conventional Mechanistic and Hybrid Models
	Slide 13: Physics Informed AI: A Disruptive Breakthrough Technology  
	Slide 14: Proof of Concept: Speed Comparison of Conventional Solvers to Physics Informed AI
	Slide 15: Capabilities of End-to-End Models, Digital Shadows and Digital Twins
	Slide 16: Digital Twin @ Takeda
	Slide 17: Takeda Question of Interest:  How to increase yield and meeting quality criteria at the same time?
	Slide 18: Process Model Offline Optimization Potential
	Slide 19: Takeda Use Case Description of the Digital Twin
	Slide 20: Real Time Digital Twin Optimization: Further Improve the Process
	Slide 22: Survey: Perceptions and Barriers Regarding Advanced Modelling and Adaptive Control Strategies – 34 participants
	Slide 23: Model Lifecycle & Validation 
	Slide 24: Verification, Validation and Uncertainty Quantification
	Slide 25: Regulatory Landscape Dealing with Process Model Validation
	Slide 26: Survey: Perceptions and Barriers Regarding Advanced Modelling and Adaptive Control Strategies – 34 participants
	Slide 27: ICH Q2(R2) is explicit on Validation Workflow and Performance Characteristics
	Slide 28: Credibility Goals for Process Models 
	Slide 29
	Slide 30: How Can We Generate Experience i.r.t Model Validation?
	Slide 31: Conclusions
	Slide 32: Thank you!
	Slide 33: Legal disclaimer

