
From Off-Line Validation 
towards Continual Validation



How many contextual constraints can 
you guess? Under which circumstances 

can I use this model?
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M&S Workflow

Adapted from: Balci, Osman. "Validation, verification, and testing
techniques throughout the life cycle of a simulation study."

Annals of operations research 53.1 (1994): 121-173.

From: Zeigler, Theory of Modelling and Simulation



What is Validity?

“A computerized model within its domain of applicability possesses a
satisfactory range of accuracy consistent with the intended application of
the model” Schlesinger et al. 1979 (SCS Working group)



Substitutability

Denil, Klikovits, Mosterman, Vallecillo, and Vangheluwe

material realisation is defined as the experimental actions that are carried out by the experimenter as per in-
structions of the initial experiment definition. The language used to communicate between the reproducing
experimenter and the initial experimenter has to be a common language (Radder 1996).

This reproducibility of the experiment and its results must occur both in the physical as well as in the com-
putational world. Figure 3 shows a commuting diagram about experimentation in both the real-world as in
the computational world. The results obtained by doing the experiment in the real-world have to commute
with results obtained from doing a completely virtual experiment. These commuting diagrams can further be
extended with intermediate experiments. For example, a hardware-in-the-loop-like setup can use the model
of the system in the real context of the world. The results between the complete physical experiment and the
hardware-in-the-loop experiment should also commute.
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Figure 3: commuting diagram of validity of ex-
periments and virtual experiments

The commuting diagram shows two paths (a and
b) that have to produce similar results. Therefore,
the results of both the real-world experiment and
the virtual experiment have to be compared to each
other. Quantitative comparison requires a distance
metric and a tolerance for measuring the goodness-
of-fit (Zeigler et al. 2000). In the real world, a set
of abstractions have been chosen to conduct the ex-
periment. For example, in the case of our spring, we
measure the displacement of the spring. However,
we do not measure the increase or decrease of the
spring temperature due to our actions in the spring
environment or the temperature of the environment
when conducting the physical experiment. The ex-

perimental context models this both in the real-world as in the virtual-world. Other experiments could
include measures of this temperature fluctuations. Multiple contexts can thus exist and a context can be
applied to many models (n-to-m relation) as already pointed out by Zeigler (Zeigler et al. 2000).

5.2 Experiment Model

An experiment model is the model of the material realisation of the experiment. It is thus the process that
an experimenter has to follow. Note that these experiment models can become very complex. For example,
to set an initial condition of our model, we first need to run several other experiments to obtain steady state
values for the initial position of our spring.

To model this process of setting up the experiment correctly we use UML 2 activity diagrams (Object
Management Group 2015). Examples of activities that relate to experiment model are the setting of the
initial conditions of our spring model and defining the spring’s k-value.

5.3 The Experimental Setup

The experimental setup (ES) provides the theoretical description of an experiment. Our ES extends the
experimental frame defined by Zeigler, and Traoré and Muzy. The concepts of an EF are incorporated into
our ES and extended where needed.

Figure 4 displays a diagram showing the individual parts of the ES. The ES describes the context of the
system and the conditions of the experiment. Moreover, in case of simulations it interacts with a (set of)
solver(s) that provide the execution platform for the simulations. There might be more than one solver



The same applies for Models of Models
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Valid where?

From: Oberkampf and Roy, Verification and Validation in 
Scientific Computing, Cambridge, 20 



Threats To Validity

Denil, Klikovits, Mosterman, Vallecillo, and Vangheluwe

material realisation is defined as the experimental actions that are carried out by the experimenter as per in-
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the computational world. The results obtained by doing the experiment in the real-world have to commute
with results obtained from doing a completely virtual experiment. These commuting diagrams can further be
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measure the displacement of the spring. However,
we do not measure the increase or decrease of the
spring temperature due to our actions in the spring
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include measures of this temperature fluctuations. Multiple contexts can thus exist and a context can be
applied to many models (n-to-m relation) as already pointed out by Zeigler (Zeigler et al. 2000).

5.2 Experiment Model

An experiment model is the model of the material realisation of the experiment. It is thus the process that
an experimenter has to follow. Note that these experiment models can become very complex. For example,
to set an initial condition of our model, we first need to run several other experiments to obtain steady state
values for the initial position of our spring.

To model this process of setting up the experiment correctly we use UML 2 activity diagrams (Object
Management Group 2015). Examples of activities that relate to experiment model are the setting of the
initial conditions of our spring model and defining the spring’s k-value.

5.3 The Experimental Setup

The experimental setup (ES) provides the theoretical description of an experiment. Our ES extends the
experimental frame defined by Zeigler, and Traoré and Muzy. The concepts of an EF are incorporated into
our ES and extended where needed.

Figure 4 displays a diagram showing the individual parts of the ES. The ES describes the context of the
system and the conditions of the experiment. Moreover, in case of simulations it interacts with a (set of)
solver(s) that provide the execution platform for the simulations. There might be more than one solver
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Small Example: Notch Filter

From: Mertens, Joost, and Joachim Denil. "ESS: EMF-Based Simulation Specification, A Domain-
Specific Language For Model Validation Experiments." 2022 Annual Modeling and Simulation 
Conference (ANNSIM). IEEE, 2022.



Face Validity: Distance to the Mental Model of Experts
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How to perform this validation?

12



How to perform this validation?

13



Structural Validity: Distance between Structure of Model and Reality

I am I generating the correct behaviour because of the right reasons?



Other Filters Generate the Same Behaviour…

Butterworth filter (active)
Butterworth filter 2nd order (passive)

Generated on: Falstad.com



System’s Dynamics 

• Structure Verification Test
• Parameter Verification Test
• Extreme Condition Test
• Structure Boundary 

Adequacy
• Dimensional Consistency 



Statistical Validity: 
Statistical Distance between Model and Real-world Results

Techniques:
• Bayesian
• Hypothesis testing
• Area metrics

From: Oberkampf and Roy, Verification and 
Validation in Scientific Computing, Cambridge



Example: CDF Area Metric

18

§ Cumulative Distribution Function (CDF)
of Property of Interest

§ Defined as area enclosed by CDF’s
§ Of virtual and real experiment
§ Of two virtual or two real experiments

§ Handles any type of uncertainty!
§ Unit of area = unit of x-axis

§ Interpretation needs domain knowledge 

From: Mertens, Denil, 



Bridging the Design-Operation Continuum: 
Twinning Paradigm







Actual Twins Evolve…

• Wear and tear
• Replacements of components (e.g., motor replacement)



How to Online Validate?

alternatives

Validation 
OK

Validation  
NOK

Digital Twin provides 
system control

Physical System 
executes control

Conduct 
validation

Physical System 
operates

Infer and execute 
digital experiment

Calibration 
experiment

Instance
Validity OK

Instance Validity 
NOK Alternative 

model search

Real-world data
OutputInput

State ...   Legend

Process Document Fork/ 
JoinStart End Decision

Simulated data
OutputInput

State ...
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Delimiting Experiments
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Results



Continual Validation: When? What? Which?

• When to do the validation run?
• Every day? hour? minute? => Very case dependant

• What data do I use? 
• Wear and tear vs. changing of a component? 

• Which validation metric?



Some remarks

• (Off-line) validation
• manual validation
• manual experiments
• experimental design

• On-line validation
• manual validation
• real-world data 
• experiment delimitation

• Continual validation
• automated validation
• real-world data
• experiment delimitation



Application: Virtual commissioning and Fleet 
management 

Over the Air-updates:
• Systems in the fleet might have evolved
• Unknown environments

Testing should include these “undocumented variants”

Continual Validation discovers these variants!



Continual Experimentation

• We might not always have the correct data to validate all behaviours
• E.g., Crane is always doing a similar move
• What if we could generate experiments at run-time that result in the same 

end-point, but provide much more information for validation?



Conclusion 

• Digital twins require continual validation
• How to validate online?
• Experiments are still the basis
• But, experiments are not controlled
• Need to be inferred (delimited/…)

• Continual validation 
• When to trigger?
• What data to use?
• Which metric to use?

• Not enough data?
• Continual experimentation?


