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Abstract. This paper summarises recent developments in the appli-
cation of modular formalisms to model-based verification of industrial
automation systems. The paper is a tribute to the legacy of Profes-
sor Hans-Michael Hanisch who invented Net Condition/Event Systems
(NCES) and passionately promoted the closed-loop modelling approach
to modelling and analysis of automation systems. The paper surveys the
related works and highlights the impact NCES has made on the current
progress of modular automation systems verification.

1 Introduction

Modularity is a fundamental feature of technical systems, in particular in indus-
trial automation and cyber-physical systems. On the other hand, modular sys-
tems is a good example of distributed systems. Petri nets (PN) have been known
as a formal language specifically focused on modelling of distributed state sys-
tems. That suggests a clear overlap and the need to address modularity in formal
modelling. Petri nets inspired an uncountable number of derivatives.

Modularity in the context of PN has been discussed for a long time. According
to [6], the concept of Modular Petri Nets has been through four generations of
development.

On the other hand, the concept of Condition/Event Systems (C/ES) [31] was
invented to model modular systems composed of communicating modules and
study their generic properties.

Net Condition/Event Systems (NCES) [29] is a particular case of C/ES where
modules are defined as (extended) Petri nets. It was proposed to model more
efficiently distributed systems that are modular.
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One should note that computational analysis of NCES is in general undecid-
able as shown by Starke and Hanisch [32]. Nevertheless, the formalism fits very
well with the emerging engineering concepts for CPS such as service-oriented
architecture (SOA) and IEC 61499 function blocks due to the properly addressed
event-driven semantics. The initial effort of NCES application to IEC 61499 mod-
elling is summarised in [14].

In this paper, we attempt to observe the developments related to the mod-
elling and analysis of distributed modular industrial automation systems from
the particular perspective of how the modular derivatives of Petri nets influence
them.

The rest of the paper is structured as follows. In Sect. 2 the necessary def-
initions of NCES are provided. It is followed by a brief illustration of some
features NCES provide for modelling distributed modular systems in Sect. 3.
Section 4 contains some observations of similarities between IEC 61499 and
NCES. Section 5 attempts to overview the related research works on the mod-
elling of modular systems. The recently developed modelling framework for mod-
ular systems based on IEC 61499 and influenced by the Condition/Event Systems
paradigm is described in Sect. 6. The paper is concluded with a short summary
and outlook in Sect. 7 and acknowledgements.

2 Some Definitions

Net Condition/Event Systems (NCES) is a finite state formalism that preserves
the graphical notation and the non-interleaving semantics of Petri nets [27],
and extends them with a clear and concise notion of signal inputs and outputs.
The formalism was introduced in [28] in 1995 and has been used in dozens of
applications, especially in embedded industrial automation systems.

Fig. 1. Graphical notation of an NCES module.

Given a place/transition net N = (P, T, F,m0), the Net Condition/Event
System (NCES) is defined as a tuple N = (N, θN , ΨN , Gr), where θN is an
internal structure of signal arcs, ΨN is an input/output structure, and Gr ⊆ T
is a set of so-called “obliged” transitions that fires as soon as it is enabled.
Figure 1 illustrates an example of an NCES module. The structure ΨN consists of
condition and event inputs and outputs (ci, ei, eo, co). The structure θN is formed
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from two types of signal arcs. Condition arcs lead from places and condition
inputs to transitions and condition outputs. They provide additional enableness
conditions of the recipient transitions. Event arcs from transitions and event
inputs to transitions and event outputs provide one-sided synchronization of the
recipient transitions: firing of the source transition forces firing of the recipient
if the latter is enabled by the marking and conditions.

The NCES modules can be interconnected by the condition and event arcs,
forming thus distributed and hierarchical models as illustrated in Fig. 2. NCES
having no inputs can be analyzed without any additional information about its
external environment.

Fig. 2. Composition of NCES modules.

The semantics of NCES cover both asynchronous and synchronous behaviour
(required to model plants and controllers respectively). NCES are supported by
a family of model-developing and model-checking tools, such as a graphic editor,
SESA and ViVe [2].

The state of an NCES module is completely determined by the current mark-
ing m : P → N0 of places and values of inputs. A state transition is determined
by the subset τ ⊆ T of simultaneously fired transitions, called step. The transi-
tions having no incoming event arcs are called spontaneous, otherwise forced. The
step fully determines the values of event outputs of the module. In the original
NCES version the step is formed by choosing some1 of the enabled spontaneous
transitions, and all the enabled transitions forced by the transitions already
included in the step.

A state of NCES is fully described by the marking of all its places (in the
timed version also by clocks). A transition step specifies a state transition. When
used for system analysis, a set of all reachable states (complete or partial) of
NCES model is generated and then analyzed.
1 This means the step in NCES is non-deterministic.
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For describing the execution model of function blocks we use a deterministic
dialect of NCES and the modeling approach that guarantee certain properties
of the models as follows:

1. In the chosen dialect a step is formed from all enabled spontaneous transitions
and all forced transitions;

2. The models are designed so that there is no conflicts (i.e., deficient marking
in some places) leading to non-deterministic choice of some of the enabled
transitions;

3. The models also guarantee bounded marking in all places.

3 Modelling Distributed Systems with NCES

To illustrate the key features of NCES modelling for distributed systems, let us
consider an example of a simple distributed control system. In the system of two
cylinders in Fig. 3 each cylinder pushes a workpiece to the destination hole. The
process starts when the workpiece appears in front of the corresponding cylinder
as indicated by sensors P1 and P2 respectively. As it is clear from the Figure,
cylinders can collide in the middle point, therefore the goal of controller design
is to avoid such a situation.

Fig. 3. Two cylinders example of a distributed system.

There are many possible ways to achieve the desired behaviour, which can be
done by designing a “central” controller of both cylinders, or a protocol ensuring
that distributed controllers collaborate correctly. Distributed control is of inter-
est for many practical reasons, for example, for the case when control logic is
“embedded” in each cylinder, so they can start working as soon as powered on.

NCES model of the two cylinders system with distributed control is presented
in Fig. 5.

An abstract model of two processes interacting with each other with the help
of buffer is presented in Fig. 4. Here Process 1 adds a token to the Buffer, and
Process 2 sees it and removes it from the buffer.
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Fig. 4. NCES model of the two cylinders system.

A more sophisticated synchronous communication mechanism between clock-
driven processes through a rendezvous channel is modelled by means of NCES
formalism in Fig. 6. The example represents a part of the previously considered
system (Fig. 4), where the Position_Control is a component inside the Robot,
and the input channel Position connects it to the Coordinator block.

To verify the correctness of the channel’s operation the model-checking tool
ViVe can be applied. The reachability graph of the model is presented in Fig. 4.

Fig. 5. NCES model of interprocess communication.

4 IEC 61499 Based Modular Engineering of Automation
Systems

The IEC 61499 architecture [1] is getting increasingly recognised as a power-
ful mechanism for engineering cyber-physical systems. In IEC 61499, the basic
design construct is called function block (FB). Each FB consists of a graphi-
cal event-data interface and a set of executable functional specifications (algo-
rithms), represented as a state machine (in basic FB), as a network of other FB
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Fig. 6. NCES model of the process synchronisation.

Fig. 7. Reachability graph of the model (left) and the behaviour along the S1→S2→S4
trace (right), where the rendezvous occurs at the state transition S2→S4.
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instances (composite FB), or as a set of services (service interface FB). FBs can
be interconnected into a network using event and data connections to specify
the entire control application. The execution of an individual FB in the network
is triggered by the events it receives. This well-defined event-data interface and
the encapsulation of local data and control algorithms make each FB a reusable
functional unit of software (Fig. 7).

A basic Function Block (FB) consists of a signal interface (left-hand side)
and an Execution Control Chart (ECC) state machine (right-hand side). The
algorithms executed in the ECC states determine the behavior of the FB in
response to changes in its inputs and its internal state.

A function block application is a network of FBs connected by event and
data links as illustrated in the upper part of Fig. 8, which illustrates models
of the same one pneumatic cylinder system with IEC 61499 (top) and NCES
(bottom). The structural similarity is supported by the semantic similarity since
both modelling languages are event-based. Connections between modules in both
modelling languages are passing events and data. This simplifies the modelling of
IEC 61499 with NCES and several modelling and analysis tools were developed
to explore it.

Fig. 8. Similarity of IEC 61499 and NCES models.

In 1998, way before the IEC 61499 was formally accepted as a standard by
IEC, using an early draft, Hans-Michael Hanisch observed this stunning sim-
ilarity and wrote a research proposal together with Peter Starke, supported
by the German Research Council (DFG), on formal verification of IEC 61499
applications by means of NCES. That gave rise to a number of developments
summarised in [14].
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In particular, in 2001, Vyatkin and Hanisch developed a software pack-
age called “Verification Environment for Distributed Applications” (VEDA) for
model-based simulation and verification [33]. NCES is used for modelling and
IEC 61499 function blocks are automatically converted with the help of VEDA
for efficient simulation and verification.

But, surprisingly, the NCES-IEC 61499 similarity helped develop a modelling
approach in which IEC 61499 itself was directly used as a modelling language
as it will be illustrated in Sect. 6.

5 Survey of Works on Modular Engineering
and Modelling

To put the above-referenced developments on NCES and IEC 61499 to the
broader context, in this section we present a brief survey of other related works
on formal modelling and analysis of modular automation systems.

5.1 Modelling of Flexible Reconfigurable Systems

Reconfigurable Manufacturing Systems (RMS) are flexible and adaptable to
manufacture various products to meet changing market demands. Meng et al.
explain how complex RMS can be hierarchically modularized for modelling
reconfigurability using coloured Object Oriented Petri nets [16]. The RMS model
is developed with the help of the macro-level Petri net and the changes in RMS
drive the change in Petri net.

Later, Wu et al. introduced Intelligent Token Petri Net (ITPN) for modelling
reconfigurable Automated Manufacturing Systems (AMS) [35]. The ITPN model
captures dynamic changes in the system and the deadlock-free policy makes the
model always deadlock-free and reversible. The change in configuration modifies
only changed part of the current model and the deadlock-free policy remains the
same.

In real-time systems temporal constants are inevitable and these systems
need to be modelled to ensure that it satisfies functional and non-functional
requirements. Recently, Kaid et al. developed Intelligent Colored Token Petri Net
(ICTPN) and it models dynamic changes in a modular manner and produces a
compact model which ensures PN behavioural properties like boundness, liveness
and reversibility but the ITCPN model lacks a conversion method to industrial
control languages.

Reconfigurable Discrete Event System (RDES) such as reconfigurable manu-
facturing systems (RMS) has the ability to change the configuration of the sys-
tem to adapt to changes in conditions and requirements. Reconfigurable discrete
event control systems (RDECS) are an important part of RDESs. Reconfigura-
tion done at the run time is called Dynamic reconfiguration and it should occur
without influencing the working environment and with no deadlock. Zhang et al.
introduced the reconfiguration based on the Timed Net Condition/Event system
(R-TNCES) and it is a formalism for the modelling and verification of RDECSs.
SESA model checker does the layer-by-layer verification of R-TNCES [43].
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Modern manufacturing systems switch energy-intensive machines between
working and idle mode with the help of dynamic reconfiguration to save energy.
The later works of Zhang et al. developed how formal modelling and verification
of reconfigurable and energy-efficient manufacturing systems can be done using
R-TNCES formalism and SESA tool is applied to check functional, temporal
and energy efficient properties [42,45].

System reconfiguration in run-time is inevitable and a discrete event system
with dynamic reconfigurability is called (DRDES). NCES is widely applied in
DRDESs in the past decade. NCES are a modular extension of PN and it is used
for modelling, analysis and control of DRDES. Many researchers worked on the
modelling, analysis and verification of reconfigurable RMS.

The system reconfiguration should be completed before the permissible recon-
figuration delay. Whenever a reconfiguration event is triggered then DRDES
should be able to go to the target state within the permissible reconfiguration
delay otherwise it should reject the reconfiguration requirement. Zhang et al.
developed to compute a shortest legal firing sequence (SLFS) of an NCES using
Integer Linear Programming (ILP) under a given maximum permissible recon-
figuration delay [44].

Interpreted time Petri net (ITPN) is used to model real-time systems, which
helps to increase the modelling power and expressiveness compared to (Timed
Petri net) TPN’s. Hadjidj et al. proposed RT-studio (Real-time studio) for mod-
elling, simulation and automatic verification. [13]. RT-studio tries to tighten the
gap with the UPPAAL model checker by modularizing the ITPN model.

Dehnert et al. introduced a new probabilistic model checker [7,15] called
Storm that can analyze both discrete- and continuous-time variants of Markov
chains and Markov decision processes (MDPs), using the Prism and JANI mod-
elling languages, probabilistic programs, dynamic fault trees and generalized
stochastic Petri nets. It has a flexible design that allows for easy exchange of
solvers and symbolic engines, and it offers a Python API for rapid prototyping.
Benchmark experiments have shown that Storm has competitive performance.

5.2 Modelling of IEC 61499

Another approach to verify the application of IEC 61499 was presented by
Schnakenhourg et al. , who explained the method to verify IEC 61499 function
blocks by converting to the SIGNAL model [30]. The specification also converts
to a SIGNAL model and verifies using SILDEX from the TNI society.

In order to formally model function blocks in IEC 61499, it is necessary to
first define their complete execution semantics. The semantic ambiguities in IEC
61499, can lead to different interpretations of function blocks. To address this,
the Sequential Hypothesis can be used, which defines a more intuitive and clear
sequential execution model of function blocks. Pang et al. [21], developed IEC
61499 basic function blocks using the sequential hypothesis, which assumes that
blocks within a network are activated sequentially. They used NCES and ver-
ified the behaviour of the model using model-checking tools such as iMATCH
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and SESA. They later proposed a model generator [22] that automatically trans-
lates IEC 61499 function blocks into the NCES formal model for the purpose
of verification. The function blocks developed using the FBDK (Function Block
Development Kit) are translated into functionally and semantically equivalent
NCES models following the sequential execution model. This NCES model can
be opened in ViEd and properties are verified using the ViVe tool.

Cengic et al. [5] introduced a new runtime environment called Fuber, which
uses a formal execution model to make the behaviour of IEC 61499 applications
deterministic and predictable. They developed a tool to translate IEC 61499
function blocks into a set of finite-state automata and used the Supremica tool for
supervisor verification and synthesis. After that, they introduced a software tool
to automatically generate formal closed-loop system models between control code
and process models expressed as IEC 61499 function blocks, using extended finite
automata (EFA) and Supremica for formal verification [3]. They further extended
this by defining the buffered sequential execution model (BSEM) and its formal
verification using Supremica by analyzing the EFA model [4]. In another study,
Yoong et al. developed a tool to translate IEC 61499 function blocks to Esterel
for verification [41]. Existing verification tools for Esterel help to analyze the
safety properties of IEC 61499 function block programs.

Formal verification of embedded control systems using closed-loop plant-
controller models is becoming more popular. However, the use of non-
determinism in the model of the plant can lead to the complexity explosion
in the model-checking process and make it difficult to verify the correctness of
the plant model itself before it can be used in the closed-loop verification pro-
cess. The paper [23] describes the integration of modelling principles into the
Veridemo toolchain, and it also explains the implementation of controlled non-
determinism in NCES systems. The controlled non-determinism limits the state
space and eventually results in better verification times. This approach provides
better model-checking performance with ViVe and SESA compared to NuSMV
and UPPAAL model checkers with fully deterministic state machines. Later they
introduced [26] a framework for model checking and counter-example playback
in simulation models used to verify the system. The control logic and dynamics
of the plant are modelled using Net Condition/Event Systems formalism and
ViVe/SESA toolchain is used for model checking. The counter examples for fail-
ures during model checking are played back in simulation models for a better
understanding of the failures.

The IEC 61499 standard is used for the development of distributed control
systems, but it has limited support for reconfigurable architectures. To address
this limitation, Guellouz et al. proposed a new model called reconfigurable func-
tion blocks (RFBs) in their study [11]. They use GR-TNCES, a derivative of
NCES, to model the system and applied the proposed approach to a medical
platform called BROS. Further studies [10,12] proposed translating RFBs to
GR-TNCES in order to verify their correctness and alleviate state space explo-
sion in model checking. Additionally, the latter paper aimed to analyze proba-
bilistic properties and used a smart-grid system as a case study to demonstrate
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the approach. The study also developed a visual environment called ZiZo v3 for
modelling reconfigurable distributed systems.

The formal verification technique is a reliable approach to ensure the cor-
rectness of instrumentation and control (I&C) systems. It mentions that model-
checking is widely used in avionics, the automotive industry, and nuclear power
plants but has some difficulties in locating errors in the model. The Oeritte tool,
presented in the first study of Ovsiannikova et al. [19], is a solution for assist-
ing analysts in the debugging process of formal models of instrumentation and
control systems. It uses a method for automatic visual counterexample explana-
tion and includes reasoning for both the falsified LTL formula and the NuSMV
function block diagram of the formal model of the system. The tool addresses
the challenges of counterexample visualization, LTL formulae, and counterex-
ample explanation by providing methods, visual elements, and user interface.
The second study, [20], presents the development of a model-checking plugin
for IEC 61499 systems in the FBME graphical development environment. The
plugin automates the process of converting the system to a formal model, model-
checking, and providing a visual explanation of counterexamples.

The next step to verification is the formal synthesis of correct-by-design sys-
tems with ensured safe operation. Missal and Hanisch [17,18] present a modular
synthesis approach. It is based on the modular backward search in order to
avoid the complexity of generating all states and state transitions of the plant
model. It uses modular backward steps that describe the trajectories leading to
forbidden states. The generation of these trajectories is stopped as soon as a
preventable step is found. From this information, the models of the controllers
are generated. Each controller has decision functions and communications func-
tions. Together they establish a network of local, interacting controllers with
communication. It is assumed that the plant is completely observable, i.e. the
local controllers have complete information about the local states of the par-
tial plants they are supposed to control. The paper also contributes with the
definition of the behaviour of the plant without its complete composition. This
means that the behaviour can be studied by means of modular steps within the
modules and their interaction across module boundaries.

Dubinin et al. in [9] demonstrate safety controller synthesis using the descrip-
tion of the plant and forbidden behaviour, proposing a method of synthesis of
adaptive safety controller models for distributed control systems based on reverse
safe Net Condition/Event Systems (RsNCES). The method allows for the gen-
eration of prohibiting rules to prevent the movement of closed-loop systems to
forbidden states. The method is based on a backward search in the state space
of the model.

6 Use IEC 61499 for Condition/Event Modelling: A
Comprehensive Tool Chain

The works on formal modelling and verification of IEC 61499 systems by means
of NCES and its analysis tools have confirmed the benefits of exploring their
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structural and semantic similarities. On the other hand, applying the verification
to systems of industrial scale has raised several questions:

– Model-checking tools for NCES require constant support and improvement,
which was lacking. A bridge to industrially supported powerful tools was
desirable.

– Verification should be a part of the regular engineering and testing process
that includes testing by simulation, and analysis of results.

Towards the first goal, Patil et al. [25] introduce a method for formally mod-
elling and verifying IEC 61499 function blocks, a component model used in
distributed embedded control system design, using the Abstract State Machines
(ASM) as an intermediate model and the SMV model checker. The ASM model
is translated into the input format of the SMV model checker, which is used to
formally verify the properties. The proposed verification framework enables the
formal verification of the IEC 61499 control systems, and also highlights other
uses of verification such as the portability of IEC 61499-based control applica-
tions across different implementation platforms compliant with the IEC 61499
standard. Their other work [24] proposes a general approach for neutralizing
semantic ambiguities in the IEC 61499 standard by the formal description of the
standard in ASM.

Another study [25], highlights the importance of formally verifying function
block applications in different execution semantics and the benefits of verifying
the portability of component-based control applications across different plat-
forms compliant with the IEC 61499 standard. The paper applies the formal
model to an example IEC 61499 application and compares the verification results
of the two-stage synchronous execution model with the earlier cyclic execution
model, to verify the portability of the IEC 61499 applications across different
platforms.

After that, they addressed the SMV modelling of the IEC 61499 specific
timer function block types, particularly in hierarchical function block systems
with timers located at different levels of hierarchy [8]. The paper also introduces
plant abstraction techniques to reduce the complexity of cyber-physical systems
models using discrete-timed state machine models implemented in UPPAAL.
The approach is demonstrated with an example of formal verification of a mod-
ular mechatronic automated system and is shown to extend the abilities in the
validation of real cyber-physical automation systems. A toolchain was developed
to support the described modelling method, including an automatic FB-to-SMV
converter for the transformation of IEC 61499 FB applications to the control
part of SMV models. This approach can be used for the verification of newly
developing industrial safety-critical systems such as smart grids.

Addressing the second goal, the road map on the creation of a tool-chain
connecting engineering with verification seamlessly was outlined in [34]. A
problem-oriented notation within the IEC 61499 syntax for creating formal
closed-loop models of cyber-physical automation systems [40] is proposed. The
notation enables the creation of a comprehensive toolchain for the design, simu-
lation, formal verification, and distributed deployment of automation software.
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The toolchain includes an IEC 61499-compliant engineering environment, a con-
verter for functions blocks to SMV code, the NuSMV model-checker and utilities
for interpreting counterexamples. The proposed method aims to overcome the
hurdle of verifying and analyzing function blocks implemented in IEC 61499
standard by providing a toolchain for continuous development and testing of
distributed control systems.

Fig. 9. Visualisation of the Two Cylinder system produced by the model of the plant
implemented in IEC 61499.

The two-cylinder system consists of two orthogonal pneumatic cylinders con-
trolled by a switch button shown in Fig. 9. It is built using five basic function
blocks, including a controller function block (Button FB) that triggers the move-
ment of the cylinders when pressed, plant function blocks (HorCyl and VerCyl
FBs) that model the physical device of each cylinder, and controller function
blocks (HorCTL FB and VerCTL FB) that control the plant by analyzing sen-
sor signals and triggering actuator signals. These blocks receive information from
the switch FB and send orders to the plant FB.

Fig. 10. a) Deterministic discrete state linear motion process model without NDT, b)
Discrete state linear motion process model with NDT.

To implement the closed-loop approach to system modelling, the model of
the plant needs also to be modelled using function blocks. A discrete state linear
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motion of a cylinder for a linear motion, for example, a linear axis, can be
represented by a LinearDDtrA function block with two states (sHOME and
sEND) that transition between them based on input signals (BACK or FWD)
Fig. 10, a. However, this minimal approach may not capture all possible errors
that can occur during transitions between states.

By using NDT (Non-deterministic transition), a more comprehensive model
can be created by adding two dynamic states (ddMOVETO and ddRETURN)
to capture potential errors during transitions Fig. 10,b.

The axis moves from the stHOME state to the stEND state via the motion
state ddMOVETO when the FWD signal is TRUE. The use of NDT (Non-
Deterministic Transition) in the transition from the ddMOVETO state to the
stEND state models the unknown duration of the motion from one state to
another. The NDT event input of the LinearDA function block, which was unas-
signed in the application, is reserved for non-deterministic transitions in the
proposed modelling notation. This approach can provide a more detailed and
accurate representation of the system, allowing for more thorough formal verifi-
cation.

The (multi-) closed-loop model of the two cylinders system using this exten-
sion of the IEC 61499 language is shown in Fig. 11. This is nothing else, but a
Condition/Event discrete-state model represented by means of IEC 61499.

Fig. 11. Complete two cylinders model in the modified FB language.

The fb2smv tool is a model generator that is used to generate SMV (Symbolic
Model Verifier) models of function block systems in IEC 61499. It is part of a
formal verification tool-chain that includes the model checker NuSMV and a
tool for analyzing counterexamples in terms of the original FB system. The tool
uses the Abstract State Machine (ASM) as an intermediate model to convert
IEC 61499 function blocks expressed in XML format into a formal model. The
generated SMV code has a structure that consists of a declaration part and



30 M. Xavier et al.

an ASM rules part. The tool can convert both basic and composite function
blocks, and also includes additional features such as limiting variable boundaries
to reduce the state space, changing the execution order of FBs, and deciding
the input event priority by changing its order. Additionally, the tool has been
updated to include a proposed non-deterministic transitions notation.

Closed-loop modelling is a powerful approach for the verification of dis-
tributed industrial automation systems, as it allows for a comprehensive evalua-
tion of the system’s behaviour. However, it requires the creation of a model of the
plant, which can be a complex and resource-intensive task, typically done man-
ually. In these papers [36–39], authors show how to generate the plant and con-
troller models automatically using a data-driven approach. The above-mentioned
toolchain has been effectively used in these experiments to verify, simulate and
analyse counterexamples.

7 Summary and Open Problems

Systems with dynamically created and terminated modules or dynamic connec-
tions between modules cannot be efficiently and naturally modelled within the
C/ES paradigm and require complicated workarounds.

The idea of modular analysis of NCES has not been developed although the
absence of token flow between the NCES modules could potentially facilitate it
(Fig. 12).

Fig. 12. Hans-Michael Hanisch (1957–2022).
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