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Tackling complexity: Multi-paradigm modeling
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at the most appropriate level(s) of abstraction
using the most appropriate formalism(s),
with processes modelled explicitly.
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Tackle complexity by

• architectural decomposition
• ...and designing individual components

• view decomposition
• ...and work in individual views

• abstraction/refinement

Parallel branches give rise to inconsistencies!



(In?)consistency

An inconsistency is present if two or more statements are made
that are not jointly satisfiable [such as a] failure of an equivalence
test, non-conformance to a standard or constraint and the
violation of physical or mathematical principles.

S. Herzig, C. Paredis: „A conceptual basis for inconsistency management in 
model-based systems engineering.” Procedia CIRP 21 (2014): 52-57.
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Problem: (un)satisfiability often remains 
hidden in the semantic domain.
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Property: „The system is safe”.

∄[ _, 1, _, 1, _ ]
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The two processes are never
simultaneously situated in their 
respective critical sections.
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Managing inconsistencies
Rather than thinking about removing inconsistency, we need to think about managing
consistency. – Finkelstein, 2000

35
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Which one to employ?
When to initiate?

What scope?
….

?



VANHERPEN, 2018

DAVID, 2019

Characteri-
zation

Detection Tolerance Resolution Analysis

Managing inconsistencies
Rather than thinking about removing inconsistency, we need to think about managing
consistency. – Finkelstein, 2000 inconsistency. (Vangheluwe, Denil, Vanherpen, David,
et.al., 2013-2019)

• Prevention (e.g. contract-based design)

• Detect-and-Resolve

41

EFFICIENCY!
…of the overall engineering endeavor.
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Partially ordered set of activities,

manipulating artifacts (models)

Activity: manual vs automated



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

45

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

46

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 47

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

MODEL (IN)CONSISTENCY
Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 48

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

MODEL (IN)CONSISTENCY
Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 49

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

MODEL (IN)CONSISTENCY
Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 50

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

MODEL (IN)CONSISTENCY
Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 51

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

MODEL (IN)CONSISTENCY
Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 52

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



CORRECTNESS EFFICIENCY

The product satisfies 
the required properties

Minimize the cost of 
the engineering

PROCESS

MODEL (IN)CONSISTENCY
Heuristic (Romanycia and Pelletier). Any device, be it a program, rule, piece of knowledge, etc., which
one is not entirely confident will be useful in providing a practical solution, but which one has reason
to believe will be useful, and which is added to a problem-solving system in expectation that on
average the performance will improve. 53

Optimize so that (i) a correct product is 
delivered; and (ii) the process is as efficient 

as possible.



Approach

54



Process modeling

Process model enactment

Approach

55



Approach

56

Process model enactment

Process optimization to achieve zero inconsistencies 
and an efficient process (Off-line management)

Process monitoring for inconsistencies + fix (On-line 
management)

Process modeling



Process modeling

Approach

57

Process model enactment

Process optimization to achieve zero inconsistencies 
and an efficient process (Off-line management)

Process monitoring for inconsistencies + fix (On-line 
management)



Process modeling

• Built on the Formalism Transformation Graph + Process Model
(FTG+PM) framework

• Modified to be able to capture relevant system information for 
inconsistency management purposes
• Still conform to the original FTG+PM specification

• Constructed an advanced modeling tool
• Eclipse-based

• Various modeling interfaces (graphical and table-based)

58

Lúcio, Levi, Sadaf Mustafiz, Joachim Denil, Hans Vangheluwe, and Maris Jukss: „FTG+ PM: an integrated framework for investigating model transformation 
chains”. In International SDL Forum, pp. 182-202. Springer, Berlin, Heidelberg, 2013.



Process modeling

59

FTG PM



System
characteristics

Process modeling

60

FTG PM

L1: influence graph
L2: sensitivity
L3: mathematical relationship



System
characteristics

Process modeling

61

FTG PM

System attribute (conceptually: 
an extra artifact in the FTG+PM)

Relationship/constraint

L1: influence graph
L2: sensitivity
L3: mathematical relationship

Intent



System
characteristics

Process modeling

62

FTG PM

System attribute (conceptually: 
an extra artifact in the FTG+PM)

Relationship/constraint

L1: influence graph
L2: sensitivity
L3: mathematical relationship

Intent



System
characteristics

Process modeling

63

FTG PM

System attribute (conceptually: 
an extra artifact in the FTG+PM)

Relationship/constraint

L1: influence graph
L2: sensitivity
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Property expressed as a performance 
metric and its computation

Intent
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Elements of the formalism
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Enactment of the FTG+PM

• Execution semantics (based on enactment of model transformations) 
published by J. Denil

• Eclipse-based engine
• Explicitly modeled internals

• External service interoperability

68J. Denil: „Design, Verification and Deployment of Software Intensive Systems – A Multi-Paradigm Modelling Approach”. PhD Thesis, 2013.

Lúcio, Levi, Sadaf Mustafiz, Joachim Denil, Hans Vangheluwe, and Maris Jukss: „FTG+ PM: an integrated framework for investigating model transformation 
chains”. In International SDL Forum, pp. 182-202. Springer, Berlin, Heidelberg, 2013.



Enactment of the FTG+PM

• Execution semantics published by J. Denil

• Eclipse-based engine
• Explicitly modeled internals

• External service interoperability

69



Enactment of the FTG+PM

• Execution semantics published by J. Denil

• Eclipse-based engine
• Explicitly modeled internals

• External service interoperability

70



Process model enactment

Process optimization to achieve zero inconsistencies 
and an efficient process (Off-line management)

Process monitoring for inconsistencies + fix (On-line 
management)

Process modeling

Approach

71



Process model enactment

Process optimization to achieve zero inconsistencies 
and an efficient process (Off-line management)

Process monitoring for inconsistencies + fix (On-line 
management)

Process modeling

Approach

72



Evaluating processes

• Quantitative (performance)
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Stochastic simulations of transit time

76I. Dávid, Y. Van Tendeloo, H. Vangheluwe: „Translating Engineering Workflow Models to DEVS for Performance 
Evaluation”. In Proceedings of the 2018 Winter Simulation Conference, pp. 616-627. IEEE Press, 2018.



Calibration

• Activity execution time
• Rule

• Gaussian distribution

• 80% of the estimations within the
20% error range: t(a)=N(𝜇, 0.15625𝜇)

• Execution time evolution
• Rule

• 𝑒−1/0.7𝑖 (i: iteration)

• Resulting values
• 1.0, 0.2397, 0.05743, 0.01376, 0.00329...

• Decision function
• Manually set

• 0.99, 0.9, 0.8, 0.5, 0.2, 0.1 77



A catalogue of workflow patterns

• Wil van der Aalst (RWTH Aachen University)

• http://www.workflowpatterns.com/

• Patterns
• Control (2003, rev. 2006)

• Resource (2004)

• Data (2004)

• Exception handling (2006)

• Presentation (2011)

• Log imperfection (added in 2017)

78
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Performance evaluation metrics

cost

resource 
utilization

…

#inconsistencies

transit time

Objective function

Process rewrite rules

Inconsistency 
management rules

Performance 
improvement rules

Rp

Inconsistencies Management
techniques

Graph queries

Rewrite rules

LHS

RHS

Applying an inconsistency management rule
==

executing a model transformation



Process space exploration
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Performance evaluation metrics

cost

resource 
utilization

…

#inconsistencies

transit time

Objective function

Process rewrite rules

Inconsistency 
management rules

Performance 
improvement rules

Rp

…
r2∈Rp …

…

P(2) = U∀r∈Rp, p∈P(1)r(p)

P(1) = U∀r∈Rp
r(P0)
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On-line management

• Continuous maintenance of constraints
• Symbolic mathematical computation

• Forward/backward propagation of solution sets

87

Evaluation of capability constraints
Any constraint applied on a capability imposes a 
constraint on every attribute typed by that capability.

mass > 0 [kg]

«typedBy»



Process monitoring for inconsistencies + fix (On-
line management)

Process model enactment

Process modeling

Process optimization to achieve zero inconsistencies 
and an efficient process (Off-line management)

Approach
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Contributions
• Contribution 1: A mapping study of the state of the art, in order to identify the shortcomings of the currently

available inconsistency management techniques.

• Contribution 2: A revised definition of model (in)consistency, in order to support the management of semantic

inconsistencies.

• Contribution 3: A process modeling formalism, serving as the foundation for the rest of the contributions.

• Contribution 4: Off-line management of inconsistencies by the means of rule-based multi-objective process-

space exploration.

• Contribution 5: Enactment of the optimized process by the means of explicit model transformations.

• Contribution 6: On-line management of inconsistencies by monitoring the process under enactment.

• Contribution 7: DEVS-based simulation of process models for evaluating the performance of the process

candidates in the off-line management phase.

• Contribution 8: External service integration in processes under enactment, by explicit transformations over

SCCD models.
89
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Potential future directions

• Extending the scope to Tolerance and Analysis

• Explicit reasoning about the trade-off between Prevention and Detect-and-Resolve

• Extending the scope of the technique over the entire engineering process

• Enactment by DEVS

• Partial process inference

91
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Conclusions



Thank you!


