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Abstract

Programmable Logic Controllers (PLCs) are typically applied in industrial en-
vironments with real-time requirements. In many cases, PLC development is
based on standards defined by the International Electrotechnical Commission
(IEC), in particular IEC 61131-3. This standard describes various languages
for developing Program Organization Units (POUs), including the textual lan-
guage Structured Text (ST) and graphical Function Block Diagrams (FBDs),
two languages that have become widely accepted and often used in real-world
applications. POUs are typically used over a long period of time and extended
incrementally. As a result, their structural complexity and the associated chal-
lenges such as maintainability and readability tend to increase. In addition,
safety-critical applications require formal verification, which can be achieved
by translating IEC 61131-3 POUs into formal models. This often results in
domain-specific models for verification purposes only. Furthermore, the transi-
tion to other development approaches, such as model-based design or changes
to hardware that is not IEC 61131-3 compliant, often requires that existing
IEC 61131-3 POUs be partially or completely designed from scratch.

In contrast, synchronous languages have proven to be efficient for the mod-
eling and formal verification of reactive real-time systems in both research
and industrial applications. Therefore, this thesis introduces several detailed
transformations to translate existing ST- and FBD-based POUs into seman-
tically equivalent synchronous models. These transformations allow POUs to
be reused in a model-based design approach that supports formal verifica-
tion. Furthermore, a formal methods-based optimization approach is intro-
duced, which significantly reduces (on average) the structural complexity of
real-world data-flow models such as FBDs. It is also shown how hierarchical
statecharts can be derived from ST- and FBD-based models to provide an al-
ternative graphical representation of the control flow. The correctness of these
approaches is analyzed both theoretically, based on the syntax and formal se-
mantics of the languages, and practically, based on appropriate IEC 61131-3
POUs, by integrating the transformation and optimization approaches into
PLCreX, an application developed as part of this research.
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Chapter

Introduction

International standards, such as those set by the International Electrotechnical
Commission (IEC), in particular IEC 61131-3 [GDV14], describe the develop-
ment of software applications for industrial control systems with real-time
requirements, such as Programmable Logic Controllers (PLCs). IEC 61131-3
describes a set of languages for the development of PLC software applica-
tions, which are organized in so-called Program Organization Units (POUS).
In addition to common bitwise and arithmetic operators, in many cases POUs
contain prede ned functions and function blocks from external libraries whose
internal behavior is unknown. In real-world applications, graphical Function
Block Diagrams (FBDs) and textual Structured Text (ST) models are widely
accepted and used languages for developing POUs. FBDs are characterized
by a graphical data ow notation, typically executed from left to right. They
often allow manual positioning and graphical linking of components such as
blocks and variables on a POU worksheet using visual edges. In contrast,
ST models allow the development of POUs in a textual, imperative language
derived from Pascal [Wir71]. Over the past two decades, in addition to these
traditional approaches, further methods have been explored with the goal of
streamlining the development of POUs through the use of modeling techniques
such as the Uni ed Modeling Languagé (UML) [WV04]. This extended mod-
eling approach is re ected in modern PLC development environments, such as
provided by CODESYS [WV09]. Another trend in modern engineering tools
is code generation for POUs as part of a model-based design approach, such
as provided by Simulink [BAVO08].

The use of UML and integration with model-based design approaches pro-
vide advanced methods for simplifying the development process for new POUSs.
However, rather than developing POUs from scratch, it is more common in
real-world applications to extend existing POUs with additional functionality
or logic during their lifecycle. These incremental extensions typically tend to
increase the structural complexity of the POUs. While text-based ST models
result in more lines of source code, graphical FBDs result in a greater number

hitps:/iww.uml.org/



Chapter 1: Introduction

of graphical components. The readability of FBDs can be aected by this
increased complexity, as the number of components and connecting edges can
be perceived as chaotic, making it more di cult to understand. Another chal-
lenge is that formal veri cation techniques for POUs are essential, especially
in safety-critical applications. This requires the translation of existing POUs
into formal models, which is the bulk of research in the area of IEC 61131-3
applications. Since the goal is veri cation rather than functional reuse, in
most approaches the translations of existing POUs into formal models result
in domain-speci ¢ models. Overall, changes to industrial POUs can be very
time consuming and costly. These changes also require that the IEC 61131-3
engineering approach be maintained. In real-world applications, this means
that a change in hardware that is not IEC 61131-3 compliant, or a change
in engineering approach, often results in scenarios where existing engineering
e orts cannot be reused (or only partially reused) and software applications
have to be developed from scratch.

In contrast, synchronous languages [BB91; Ben+03] have proven e ective
for the design and formal veri cation of reactive real-time systems in research
and in isolated commercial model-based development environments, such as
SCADE [Le +11]. Two publicly available frameworks, which have estab-
lished a reputation in academia for model-based design and formal veri ca-
tion are Averest? [SS06] and theKIELER 2 [Kas+24] project. Averest uses as
an input model the imperative synchronous languageQuartz [SB16], which
is derived from Esterel [BG92]. KIELER uses several input models, includ-
ing the Sequentially Constructive Language (SCL) and the Sequentially Con-
structive Statecharts (SCCharts) [Han+14], where sequentially constructive
concurrency is a conservative extension of the classical Synchronous Model of
Computation (SMoC) [Han+13].

1.1. Contributions

Based on the challenges in real-world applications and the established reputa-
tion of synchronous languages, the following hypotheseldl1, H2, and H3 are
formulated:

H1l: ST-based and FBD-based POUs can be translated into synchronous
models without losing the original runtime behavior or level of abstrac-
tion (in terms of variables and structure). This translation enables reuse
in model-based design, supports formal veri cation, and allows intuitive
post-translation modi cation.

H2: The structural complexity of data- ow models in real-world applications
is often greater than the logic requires (in terms of variable accesses,
operators, and edges). This complexity can be reduced while preserving
the original functionality.

Zhttp:/iwww.averest.org/
3https:/irtsys.informatik.uni-kiel.de/confluence/display/KIELER/Overview
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H3: ST-based and FBD-basedQuartz models can be synthesized into graph-
ical, control- ow oriented SCCharts. Speci cally, applying a pattern-
based transformation process to FBD-basedQuartz models yields hier-
archical, control- ow oriented SCCharts (if matching patterns are avail-
able), providing an alternative control- ow view for system analysis.

To answer these hypotheses, this thesis contributes to the eld of reuse of ex-
isting IEC 61131-3 POUs in model-based design using synchronous languages
and their optimization within the synchronous paradigm. The contributions
can be divided into the following three categories derived from the hypotheses:

1. H1: Model-Based Design of Program Organization Units

The rst contribution of this thesis focuses on a possible reuse of tex-
tual ST models 'St in model-based design using synchronous models by
introducing a detailed model transformation from !, > , to a cor-
responding Quartz model ! r; > ¢, and SCL model! s > o, as
shown in Figure 1.1. The correctness of the transformations is proved
by theoretical reasoning, and the theoretical results are evaluated with

real-world and self-de ned ST models.

Figure 1.1.. Contribution: ST-to- Quartz/SCL transformation

The second contribution focuses on a possible reuse of graphical FBDs
;bd in model-based design using synchronous models by introducing a

detailed model transformation from ! ;bd > 'fbd to a corresponding data-
ow oriented Quartz model! 4, > ¢, and data- ow oriented SCChart

' scd > scds @S shown in Figure 1.2. The correctness of the transforma-

tions is proved by theoretical reasoning, and the theoretical results are

evaluated with real-world and self-de ned FBDs.

Figure 1.2.: Contribution: FBD-to- Quartz/SCChart transformation

2. H2: Formal Methods-Based Optimization of Data-Flow Models

The third contribution focuses on a formal methods-based optimization
of data- ow models by introducing a con gurable optimization process
of I 4> 4, as shown in Figure 1.3. The correctness of the optimization
process is proved by theoretical reasoning and ensured by integrated
equivalence checking. The optimization potential in real-world applica-
tions is evaluated by experimental results.
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Figure 1.3.: Contribution: Data-Flow Optimization

3. H3: Control-Flow Oriented SCCharts of Quartz Models

The fourth contribution focuses on the synthesis ofQuartz models g,
into control- ow oriented SCCharts ¢ by introducing a pattern-based
Quartz code refactoring intended for data- ow oriented Quartz models,
and a subsequent model transformation from! qr; > grz t0 ! scc > sco,
as shown in Figure 1.4. The correctness of the transformation is proved
by theoretical reasoning, and the theoretical results are evaluated with
real-world and self-de ned Quartz models.

Figure 1.4.: Contribution: Quartz-to-SCChart Transformation

These approaches have motivated the development d?LCreX 4, a project for
simpli cation, transformation, analysis and validation of PLCs, which repre-
sents a further contribution of this thesis.

1.2. Related Work

There are various approaches to integrate model-based design concepts into
the IEC 61131 development process. For example, Thramboulidis and Frey
[TF11] explored the use of IEC 61499, UML, and SysML® to increase the
e ectiveness of the IEC 61131 development processes. This extended mod-
eling approach is re ected in modern PLC development environments, such
as provided by CODESYS [WV09]. Furthermore, automatic translation of
UML models into IEC 61131-3 models has been proposed in [WV04] and the
translation of Matlab/ Simulink/ State ow models into IEC 61131-3 models in
[BAVOS].

In the context of model-based testing, an application of model-based design
[ZSM11], Resch et al. [Res+15] stated that most of the transformations of ST-
based and FBD-based POUs to formal models are performed for veri cation

“https://github.com/marwern/PLCreX
®https://www.uml.org/
®https://sysml.org/
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purposes. This focus of research continues to this day. Various methods have
been developed to enable the application of formal veri cation techniques such
as model checking[CGPO01] and theorem proving [Har08]. For example, the
translation of FBDs into the Prototype Veri cation System [ORS92] has been
addressed in [New+16] and [New+18]. Transformation rules for converting
IEC 61131-3 FBDs to UPPAAL models [BDLO4] were introduced in [STF12].
The application of UPPAL for the veri cation of Continuous Function Charts
(CFCs), which can be interpreted as extended FBDs [Bial6], was introduced
in [WFV09]. A mutation-based test generation using UPPAAL was explored
in [Eno+16]. Furthermore, Pavlovic et al. [PE10] outlined a process for ver-
ifying FBDs using the NuSMV model checker [Cim+00]. The translation of
POUs to an intermediate model compatible with the nuXmv model checker
[Cav+14] was introduced in [Fer+15]. A regression veri cation technique by
translating POUs into the SMV language was proposed in [Bec+15]. Barbosa
and Deharbe [BD12] have focused on theB Method [CMO03] and presented an
approach to automatically translate IEC 61131-3 POUs into B machines Ad-
ditionally, a theorem-prover supported veri cation was suggested in [VKO02].
The formalization of POUs has also been addressed using proof assistants.
For example, Blech and Biha [BB13] have formalized the semantics of the
IEC 61131-3 languages in the formal proof management systeiGoq [Berl6].
Yanhong et al. [Hua+19] have de ned the operational semantics of ST models
within the K framework’. Apart from this, Darvas et al. [DMB16] stated that
the ST language can e ciently and conveniently represent all PLC languages
for formal veri cation purposes. In summary, these approaches highlight the
importance of translating IEC 61131-3 POUs into formal models to apply
advanced veri cation techniques.

There are further approaches that have been developed to enhance the test-
ing and veri cation of IEC 61131-3 POUs. For example, Jee et al. [Jee+09]
have introduced a data- ow-based structural testing technique for FBDs.
Xiong et al. [Xio+20] have presented a speci cation-mining-based veri cation
method tailored for IEC 61131-3 POUs. Apart from this, several frameworks
and tools have been developed to enhance the automation, veri cation, and
analysis processes. For exampld?LCAutoTester [Shi+24] represents an unit
test case generation framework for ST models utilizing dynamic symbolic
execution. Furthermore, PyLC [Ebr+23; Sal+23] represents aPython&-based
framework that transforms ST-based and FBD-based POUs intoPython. It
simpli es test creation through integration with the Pynguin [LF22] test gen-
erator. PLCverif [DBF15] represents a user-friendly tool for model checking
of ST models, andArcade.PLC [BBK12] o ering a comprehensive veri cation
platform that supports static analysis and various model checking techniques
across multiple industrial programming languages. Research initiatives
like PLCreX [WS24b] further contribute to the ecosystem by enabling the
simpli cation, transformation, analysis, and validation of IEC 61131-3 POUS,
promoting reuse in model-based design and formal veri cation. A further

"https://kframework.org/
8https:/Avww.python.org/
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tool for static code analysis was introduced in [Pra+17]. Furthermore, the
integration of modern concepts that utilize Large Language Models (LLMs)
for automated test case generation was investigated in [Koz+24] and has been
integrated, among others, into the Agents4PLC [Liu+24] framework. It com-
bines LLM-based agents with retrieval-augmented generation and advanced
prompt engineering to automate PLC code generation and veri cation.

In contrast to the veri cation within IEC 61131-3, the functional reuse
of IEC 61131-3 projects within IEC 61499 projects has been explored by
various transformation approaches [Sun+08; Wen+09b; Wen+09a; DV12].
Among others, speci ¢ methods for encapsulating IEC 61131-3 ST models into
IEC 61499 function blocks have been developed in [WZ12]. Semantic correct-
ness is addressed by implementing auxiliary transformations that resolve dif-
ferences between the two standards in [Wen+09a]. Furthermore, synchronous
semantics for IEC 61499 function blocks have been proposed by Yoong et
al. [Yoo+07] that allows the application of veri cation techniques developed
for synchronous models. Overall, these e orts demonstrate a number of ap-
proaches for reusing and transforming IEC 61131-3 models into IEC 61499
models. However, Thramboulidis and Frey [TF11] stated that "IEC 61499
does not provide any valuable bene t in enhancing the IEC 61131 development
process.. Furthermore, according to Thramboulidis [Thr13], " [...] 61499 can-
not be considered as the e ective successor of 61131 not even provide, at least
with the current version, a reliable alternative for the development of indus-
trial automation systems. ". Cruz Salazar and Rojas Alvarado [CR14] rec-
ommended in 2014 that IEC 61499 should be applied in practice to existing
processes to get accepted by the industry. In 2020, a literature review by Lyu
and Brennan in the context towards IEC 61499-based distributed intelligent
automation [LB21] concluded: "[...] the rst and foremost challenge for IEC
61499 industrial adoption is the widely adopted IEC 61131-3 systems, wide
ranges of IEC 61131-3 software/hardware products, and proven IEC 61131-3
practices and guidelines. Research on system transformation or coexistence in
the future is suggested to focus not only on the system redesign methodologies
but also on the approaches to reuse or integrate existing proven practices and
guidelines!”. According to the research published so far with reference to in-
dustrial applications, projects based on IEC 61131-3 still dominate industrial
automation systems and will probably continue to motivate further research,
especially in the context of reusability.

In addition to that, formal veri cation of real-time and reactive systems has
signi cantly bene ted from the adoption of synchronous programming lan-
guages [BB91]. Over the past decades, synchronous languages have evolved
into a preferred technology for modeling, specifying, validating, and imple-
menting real-time embedded applications [Ben+03]. Notable languages in
this domain include the imperative synchronous languageesterel [BG92] and
Quartz [SB16] that is derived from Esterel. SIGNAL, another synchronous
language, emphasizes real-time system programming through a mathemati-
cal model of multiple-clocked data and event ows using an equational ap-
proach [Le +91]. Lustre [Hal+91] represents a data- ow oriented synchronous
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language. In contrast, graphical representations such astatecharts extend
traditional state machines with hierarchical, concurrent, and communicative
elements, o ering a description language that supports modularity and com-
prehensibility for complex systems [Har87].SyncCharts [And95] based on the
synchronous paradigm and are syntactically close td&tatecharts have further
enhanced the usability and expressiveness of synchronous paradigms. Further-
more, SCCharts [Han+14] were designed for reactive systems and are based
on a Sequentially Constructive Model of Computation (SCMoC) [Han+13]. In
summary, synchronous languages are proven models for the formal veri cation
and of real-time and reactive systems. Most of these languages are integrated
into model-based design frameworks or engineering tools, such &uartz in
Averest, Esterel and Lustre in SCADE, and SCCharts in KIELER .

As a consequence, few works have investigated the translation of IEC 61131-
3 POUs into synchronous languages. For example, Jimenez-Fraustro and Rut-
ten [JRO1] have introduced a synchronous model for ST models and FBDs
based onSIGNAL . Werner and Schneider [WS20] have outlined the suitabil-
ity of synchronous languages likeQuartz for modeling existing POUs com-
pared to traditional FBDs. A translation process of CFCs to Quartz modules
for reuse purposes was introduced in [WS21]. Additionally, a translation from
FBDs to SCCharts was introduced in [WS22], which enhances functional reuse
and provides an alternative model view through code refactoring within the
synchronous paradigm. Furthermore, the translation of ST models into syn-
chronous Quartz models and models that follow the SCMoC was introduced
in [WS24a].

Optimization of data- ow models, especially in terms of minimizing hard-
ware implementation, is a broad and well researched area [Gom+09]. Further-
more, code optimization is a crucial part of software development, and various
techniques have been introduced to improve the performance, resources, and
readability of source code, such as simplifying Boolean logic usingarnaugh
maps [Kar53]. One of the challenges in optimizing code for industrial data-
ow models such as IEC 61131-3 FBDs is the lack of information of blocks
provided by external libraries. For this reason, Werner and Schneider [WS23]
have introduced an optimization process considering potentially optimizable
submodels and non-modi able components of a data- ow graph.

1.3. Outline

The thesis starts with an introduction to IEC 61131-3 POUs and model-based
design using theAverest and KIELER frameworks in Chapter 2.

The formal syntax and semantics of the relevant software models are de ned
in Chapter 3. For this purpose, the de nitions from existing descriptions and
speci cations of the di erent software models are summarized and extended by
further aspects. The goal is to provide a formal speci cation of the individual
language constructs, which will be referenced in the following chapters.

HypothesisH1 will be a direct result of Chapter 4, 5, 6, and 7. Speci cally,

Chapter 4 de nes a detailed model transformation from!  to ! 4, and Chap-
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ter 5 de nes a detailed model transformation from ! ;t to ! 5. Both model

transformations are evaluated with appropriate ST model examples. Simi-
larly, Chapter 6 de nes a detailed model transformation from ! ;bd to ! 4, and

Chapter 7 de nes a detailed model transformation from! ;bd to ! scq. These
model transformations are also evaluated with appropriate examples.

The outcome of Chapter 8 will con rm hypothesis H2 . This chapter intro-
duces a con gurable formal methods-based optimization approach of data- ow
models usingNuSMV, SMT Z3Py, and PLCreX , and analyzes the average
optimization potential of real-world applications.

Finally, Chapter 9 will cover hypothesis H3 . With the goal of synthesizing
Quartz models! 4 into control- ow oriented SCCharts ! s.c, Chapter 9 intro-
duces a pattern-basedQuartz code refactoring intended for data- ow oriented
Quartz models, followed by a detailed model transformation from! g, t0 ! scc.

In addition to the summaries in the di erent chapters, a short summary of
the main results is given in Chapter 10.
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This chapter introduces the main software models and frameworks used in
the following chapters. The rst section provides an overview of IEC 61131-3
POUs, including both textual ST models and graphical FBDs. The second sec-
tion presents a model-based design approach using theverest framework and
the Quartz language. Then, a text- rst design approach using theKIELER
framework together with SCL, data- ow oriented and control- ow oriented
SCCharts is presented. Finally, the chapter introduces thePLCreX project,
which is used to evaluate the theoretical concepts in the following chapters.

2.1. IEC 61131-3 Program Organization Units

This thesis focuses on time-triggered applications, which are widely used in
IEC 61131-based PLCs [Thrl3] and described as reactive systems with cyclic
data processing behavior [Bec+15]. In this model of computation, in each
cycle a process image of the input variables is rst created. Then, during the
POU scan, the new values for the output variables (as determined by the POU
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logic) are written to a dedicated bu er. Finally, the output values stored in this

bu er are transferred by the system to the output variables [Lew98; VKO02].
This work focuses on the modeling of POUSs, thus neglecting the process images
of the physical IEC 61131-3 system, but taking into account how instances
process interfaces. POUs are organized in POUs and implemented in one
of the two textual or one of the three graphical languages described in the
IEC 61131-3 standard [GDV14], where this thesis focuses on textual ST models
and graphical FBDs.

2.1.1. Textual Structured Text Models

The imperative sequential language ST is derived fronPascal and comes with
constructs typical for the implementation of sequential algorithms [GDV14].
Unlike in Pascal, recursion is not allowed in traditional ST-based POU vari-
ants Program, Function, and Function Block [Lew98; JT10]. A simple ST
example is shown in Listing 2.1 using a rising edge detector [GDV14]. Basi-

FUNCTION_BLOCK R_TRIG
VAR_INPUT CLK: BOOL; END_VAR
VAR _OUTPUT Q: BOOL:; END_VAR
VAR M: BOOL; END_VAR

Q CLK AND NOT M;
M := CLK;
END_FUNCTION_BLOCK

Listing 2.1: ST model of a rising edge detector

cally, statements in ST models are executed sequentially, depending on their
order within the POU. In contrast to the SMoC and SCMoC, every statement
basically consumes time greater than zero, which is a crucial aspect of the
transition from ST to synchronous models and will be addressed in more de-
tail in the following chapters. The formal syntax and semantics of the relevant
ST constructs in this thesis are speci ed in Section 3.2.

2.1.2. Graphical Function Block Diagrams

Graphical FBDs are implemented by dragging and dropping prede ned
or user-de ned functions, function blocks, constants, or variables onto a
workspace. The visual connection of these elements represents the ow of
data from left to right [Lew98; GDV14], where functions and function blocks
are executed according to their individual execution order identi ers. CFCs
provide a less structured approach with more exible placement and connec-
tion of blocks and variables [Lew98], and are thus interpreted in research as
extended FBDs [Bial6]. Some PLC development environments imply the
exibility of CFCs in IEC 61131-3 FBDs, such as Beremiz? and SafetyProg’.

'Recursion is possible in the context of object-oriented IEC 61131-3 features [GDV14].
Zhttps://beremiz.org/
®https://www.phoenixcontact.com/de-de/produkte/software/sps-programmierung
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2.2. The Averest-Framework

For this reason, FBDs will be treated with the exibility of CFCs in the
further course of this thesis, and CFCs will simply be referred to as FBDs.
A simple FBD example is shown in Figure 2.1 using the rising edge detector
[GDV14]. Similar to statements in ST models, functions, function blocks, and

Figure 2.1.: FBD of a rising edge detector

assignments in FBDs are executed sequentially according to their individual
execution order identi ers (such as the order labeled with red numbers in
the example). Consequently, the consumption of time greater than zero is
again a crucial aspect of the transition from FBDs to synchronous models
and will therefore be addressed in more detail in the following chapters. The
formal syntax and semantics of the relevant FBD constructs in this thesis are
speci ed in Section 3.2.

2.2. The Averest -Framework

Averest is a framework for model-based design of embedded systems that
includes a set of tools for simulation, synthesis, veri cation, synthesis, and
other purposes [SS06]. In particular, it includes a compiler that translates
models implemented in the imperative synchronousQuartz language into a
symbolically represented transition system in Averest's interchange format.
This enables the use ofQuartz models in a model-based design approach and
formal veri cation. Therefore, the transformation of IEC 61131-3 POUs to
Quartz is a key objective of this thesis.

2.2.1. Synchronous Quartz Models

Quartz models are organized in modules and can include user-de ned functions
via preprocessor directives and instantiate otherQuartz modules [Sch09]. A
simple example is shown in Listing 2.2 using the rising edge detector [GDV14].

module R_TRIG(bool ?CLK, bool !Q){
bool M;

Q = CLK & 'M;

next(M) = CLK;
pause;

Listing 2.2: Quartz model of a rising edge detector

11
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Chapter 2: Background

Quartz follows the classical SMoC [Hal98; Ben+03; Sch09], i.e., a model is
partitioned into macro steps which correspond to interactions between the
reactive system and its environment, andmicro steps, which are executed
in zero time. The macro stepscan be separated inQuartz with the special
statement pause [Sch09], which stops the control ow at this statement. The
control ow will resume at this point in the next macro step, assuming there
is no surrounding suspension or abortion. In eachmacro step rst all input
variables are read, then all output variables are computed with respect to
the internal state. At the end of each macro step, the internal state will be
updated. This is a crucial aspect of the transformations and will be addressed
in more detail in the following chapters. The formal syntax and semantics of
the relevant Quartz constructs in this thesis are speci ed in Section 3.3.

2.3. The KIELER -Framework

The KIELER framework is a text- rst approach for the automatic diagram-
ming of complex systems. It is designed to combine textual and diagrammatic
representations by automatically synthesizing text-based models into visual
diagrams [Kas+24]. KIELER supports multiple languages in model design
and can synthesize models written in di erent domain-speci c languages. For
example, it includes SCCharts [Han+14] and the imperative SCL language
[Han+13]. In the further course of this thesis, SCCharts will be distinguished
between control- ow oriented and data- ow oriented [Gri+20]. As a result,
another key objective of this thesis is to transform IEC 61131-3 POUs into
SCL models and SCCharts.

2.3.1. Sequentially Constructive Language Models

The SCL language was introduced to illustrate the SCMoC [Han+13] and
similar to Quartz, they are organized in modules. A simple example is shown
in Listing 2.3 using the rising edge detector [GDV14]. Unlike the traditional

module R_TRIG{
input bool CLK;
output bool Q;

bool M;
Q = CLK & !M;
M = CLK;

Listing 2.3: SCL model of a rising edge detector

SMoC, the SCMoC allows variables to be read and written in the samenacro
step, as long as program sequentiality provides su cient scheduling informa-
tion to prevent race conditions [Han+13]. As a result, this language style is
close to the style of traditional imperative languages such as ST, which is de-
rived from Pascal SCL programs also work inmacro steps where in each step
rst all inputs are read, and then all active (currently instantiated) threads are

12
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executed until they either terminate or reach a pause statement, and at the
end output variables are written to the environment [Han+13]. The formal
syntax and semantics of the relevant SCL constructs in this thesis are speci ed
in Section 3.4.

2.3.2. Control-Flow Oriented Sequentially Constructive State-
charts

SCCharts were introduced in the context of safety-critical reactive systems
[Han+14] and are described in this thesis as control- ow oriented SCCharts
to distinguish them from data- ow oriented SCCharts [Gri+20]. A simple
example is shown in Figure 2.2 using the rising edge detector [GDV14] and
both representations, the textual SCChart on the left and the resulting graph
on the right. SCCharts are based on the SCMoC, which ensures deterministic

scchart R_TRIG {
input bool CLK
output bool Q
bool M

region:
initial state SO
immediate do Q = CLK & !
M; M = CLK go to S1
9 final state S1

Figure 2.2.. Control- ow oriented SCChart of a rising edge detector

concurrency and that accesses to shared variables are sequenced to avoid con-
icts despite concurrency [Han+14]. The formal syntax and semantics of the
relevant control- ow oriented SCChart constructs in this thesis are specied

in Section 3.5.

2.3.3. Data-Flow Oriented Sequentially Constructive State-
charts

Data- ow oriented SCCharts are an extension of the traditional control- ow
oriented SCCharts and were introduced as part of a transformation approach
from Lustre to SCCharts [Gri+20]. A simple example is shown in Figure 2.3
using the rising edge detector [GDV14], forced sequential scheduling, and both
representations, the textual SCChart on the left and the resulting graph on
the right. The data- ow extension is based on the SCMoC, which supports
deterministic programming with sequential scheduling information [Gri+20].
Although this adaptation provides a framework where data- ow models can be
seamlessly combined with control ow structures, this thesis distinguishes be-
tween control- ow oriented SCCharts and data- ow oriented SCCharts. The
formal syntax and semantics of the relevant data- ow oriented SCChart con-
structs in this thesis are speci ed in Section 3.5.

13
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scchart R_TRIG{
input bool CLK
output bool Q
bool M

dataflow:
Q = CLK & IM;
M = CLK;

© 0o N O U R ®WN R

Figure 2.3.: Data- ow oriented SCChart of a rising edge detector

2.4. The PLCreX Project

PLCreX [WS24b]is a modular command line interface application tailored for
IEC 61131-3 ST models, FBDs, and beyond. The project was initially moti-
vated by research related to this thesis and is designed with a focus on issues
such as veri cation, reuse, and reliability, among others. The high-level archi-
tecture, design principles, and interfaces to external frameworks are shown in
Figure 2.4. PLCreX is being developed inPython and is intended to be used

Figure 2.4.. High-level architecture and design principles of PLCreX [WS24b]

as an interface between traditional IEC 61131-3 POUs and theAverest and
KIELER frameworks, or as a stand-alone analysis tool for real-world POUs

14



2.4. The PLCreX Project

and their challenges. Although the detailed design ow depends on the indi-
vidual feature, the basic concept ofPLCreX is to process the models internally
as an abstract syntax tree-like model, which is calledPLCreX Intermediate

Model (PIM) [WS24b]. The core features can be divided into four categories.

1. Simpli cation: This feature simpli es data- ow models following the
optimization process introduced in Chapter 8.

2. Transformation: This category combines various model-to-model
transformations that can be linked together.

3. Analysis: This category combines solutions for real-world challenges.
As an example, it includes test case generation considering statement
coverage, decision coverage, modi ed condition/decision coverage, and
multiple condition coverage [Kel+01].

4. Validation:  This feature is intended to validate POUs that are pro-
cessed a$LCopen xml format [PLCO09].
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This chapter introduces the syntax and formal semantics of the considered
software models. For this purpose, the de nitions from existing descriptions
and speci cations of the various software models are summarized and extended
with additional aspects. The goal is to provide a formal speci cation of the
individual language constructs that will be referenced in the following chapters.
The methodology is demonstrated in detail using IEC 61131-3 ST models and
FBDs as examples (with isolated list items moved to the appendix). For the
sake of readability, the other software models are summarized with references
to the de nitions in the appendix.

To this end, the rst section provides an overview of the notations and state-
ments. The second section de nes the syntax and semantics of IEC 61131-3
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ST models and FBDs. Then the syntax and semantics ofQuartz are summa-
rized. The last two sections summarize the syntax and semantics of SCL and
SCCharts.

3.1. Preliminary De nitions

This section introduces the symbols and notations that will be used through-

out the following chapters. These notations are essential for a complete un-
derstanding of the content of the subsequent chapters. As a rst notation, the

structural operational semantics (SOS) transition rules [Plo04] are de ned as

follows:

" f. denotes an instantaneous ag, which represents anicro step or cur-
rent PLC cycle if true, macro step otherwise, but still the same PLC
cycle [WS24a]

: denotes the environment of a current PLC cycle ormacro step in
synchronous models
: denotes a set of statements to be executed
“ "1, , 'n:denotes assumptions
JvK: denotes the evaluation ofv in environment

% denotes the residual set of statements for the neximicro step or
macro step (depending onf)

" D: denotes the set of actions that are executed in the current step

Equation 3.1 represents SOS transition rules with assumptions and Equa-

tion 3.2 SOS transition rules that are always true, i.e.," 1, , ' true.
1 1T l n (31)
oo eb T %®D;fe
*. eD  ®D:fe (3.2)

Furthermore, the type system of expressions is de ned using the following
notation:

101 n n. denotes the set of arguments

: denotes an expression instance

~

. denotes the resulting data type

Equation 3.3 represents the full notation for type system de nitions.

1 1 n n (3.3)

The PLCopen related symbols [PLC09] are de ned as follows and will be used
frequently in the following chapters:

18
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an: denotes the name attribute (hamé
ajy . denotes the instance name attribute {nstanceName)
ay\ . denotes the type name attribute (typeNamé
aeo| . denotes the execution order identi er attribute ( executionOrderld )
ar | . denotes the reference local identi er attribute (refLocalld )
a . denotes the local identi er attribute ( localld )
asp . denotes the formal parameter attribute (formalParameter )
€.. denotes an expression elementefpression )
eynst - denotes a block instance identi er (block )
€yun < denotes a user-de ned function block identi er (block )
eyu : denotes a function identi er (block )
eq. denotes a derived identi er element (derived )
g denotes an interface elementi(terface )
e7 . denotes a return type element (eturnType )
gvs. denotes a local variable elementlpcalVars )
evs. denotes an input variable element {nputVars )
v s denotes an output variable element futputVars )
€ovs. denotes an inout variable element {nOutVariables )
ey : denotes an block input variable element {nVariable )
&y . denotes an block output variable element futVariable )
eov . denotes an block inout variable element {nOutVariable )
There are also generic notations used in the speci cations and algorithms,
which are de ned as follows:
v : denotes an optional elementv
" rhs( v) denotes the right-hand side ofv

Ihs( v) denotes the left-hand side ofv

I: denotes an integer expression

": denotes a oating-point expression

: denotes a bit vector expression

b denotes a boolean expression

;K;X;y;w : denotes a variable or compile-time constant expression
" | : denotes the set of input variables

O: denotes the set of output variables
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Overall, Table 3.1 provides a comprehensive overview of the considered lan-
guage constructs and de nitions of the various software models, where control-
ow oriented SCCharts denoted as SCChart and data- ow oriented SCCharts
denoted as SCCharg. It is worth noting that the overview does not show all
supported instruction sets of the languages, but only those (and specic in-
struction set combinations) that are relevant for the approaches in this thesis.

Table 3.1.: Overview of software model syntax and semantics de nitions

(8] ©
N E -
Construct ) < | O O Description
= om S O (&) (&)
w oL oln | ln|wn
- ' 1 1 - - - - POU variant
# | 1 1 1 1 1 1 declaration
imports - - 1 - - 1 imports
in 1 1 1 1 1 1 input variables
idcl out 1 1 1 1 1 1 output vars.
inout 1 1 1 1 1 1 inout variables
local 1 1 1 1 1 1 local variables
vdel inst 1| 1] - - | 1| 1 | instance vars.
Apy 1 1 1 1 1 1 bit vector vars.
A Adur 1 1 1 1 1 1 duration vars.
Aj 1 1 1 1 1 1 integer vars.
A 1 1 1 1 1 1 oat variables
A 1 1 1 1 1 1 || datatype elds
Tarith 1-3| 1-3| 1-3| 1-3] 1-3 1-3| arithmetic expr.
Tov 1-3| 1-3| 1-3| 1-3| 1-3 1-3| bitwise expr.
T Teomp 1-3| 1-3| 1-3] 1-3] 1-3 1-3] comparison expr.
Teond 1-3| 1-3| 1-3| 1-3| 1-3 1-3| conditional expr.
Tmisc 1-3| 1-3| 1-3] 1-3] 1-3 1-3] misc. expr.
abort - - 2 - 2 - abortions
ass 2 2 2 2 2 2 || assignments
await - - 2 - 2 - wait stats.
conc - - 2 - 2 2 parallel stats.
cond 2 - 2 2 2 - conditions
halt - - 2 - 2 - halt stats.
inv 2 2 2 - - 2 invocations
loop 2 - 2 2 2 - || loops
nothing - - 2 - 2 - || nothing stats.
pause - - 2 2 2 - pause stats.
seq 2 2 2 2 2 2 seguences

Notes: syntax and semantics de ned (1), syntax and SOS transition rules
de ned (2), type system de ned (3), no de nitions (-)
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3.2. IEC 61131-3 FBDs and ST Models

3.2. IEC 61131-3 FBDs and ST Models

This section provides an overview of the syntax and semantics of an FBD
g > g @nd an ST model! i, > , where ! pou >71 . ;! . The def-
initions of syntax and semantics are based on IEC 61131-3 [GDV14] and a
transformation from ST to synchronous models [WS24a]. It is worth not-
ing that the de nitions are limited to the constructs that are relevant in the
following chapters.

3.2.1. POU Variants and Declaration

There are di erent POU variants ' , where this thesis considers the variants
program (*  prg), function block (*  fb), and function (* fun), which are
de ned as follows:

De nition 3.1 (Syntax of POU elements). ‘ The syntax of! ;)ou is‘declared
as follows, assuming xed order of igei ™! pou®, vdel"! pout, and ! poue (see
Appendix A.1.1 for the full list):

¢ FUNCTION_BLOGK! B,e £
~  ~pfb , def, oo~ ~yfbog ~fb. 8
° ' pou b idel * pou vdcl * pou *pou”
o END_FUNCTION_BLOCK ¥
De nition 3.2 (Semantics of POU elements). The semantics of! 'pou

are de ned as follows (see Appendix A.1.1 for the full list):

~J, 7! L%U-K OIEff de nes a POU element! {)%u with ~! {,%u started at

time t with initial conditions set by g4 ! {,‘gu- and ygq'! {,%u- when
invoked, terminating at time t and preserving internal state across
invocations by another POU element, i.e.,! {)t(’,u has memoryg

3.2.2. POU Interfaces

POUs may be equipped with interfaces jgq ™! ;muo, where this thesis considers
input variables in ! pou*, output variables out"! pou*, and inout variables
inout ! pou®, Which are de ned as follows:

De nitiqn 3.3 (Syntax of 'POU interfaces). The syntax of ;7! 'pou-,
out ! pou®s @nd  inout ! pou® is de ned as follows (see Appendix A.1.2 for
the full list):

¢ VAR_OUTPUT £
A . def:l: X1 o 4 [=wi]
out - pou® 5 -§
Xn o n [Ewg]; i
4 END_VAR v
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De nition 3.4 (Semantlcs of POU interfaces). The semantics of
in 'pou , out !pout, and inout pou- are de ned as follows, noting that
eld elements can only be used as input variables, output variables, and
inout variables of function elements, and as inout variables of function block

elements (see Appendix A.1.2 for the full list):

J out’! pou-K f de nes a set of variablesxy;:::;x, with correspond-

ing data typesJ ; K;:::;J n K. These variables are assigned to op-
tional prede ned default vaIuestlK """ S dwp K at time t when'! oo, is
|nvoked and passed to invoking eIement with nal computed values when

! pou terminates at timet , i.e., all instructions of ! ,o, have been pro-
cessed in the current PLC cycle g

3.2.3. Local Variables in POUs

POUs may contain local variables yqc™! pou*, Where variables are dis-
tinguished between standard variables |oca”! pou® and instance variables
inst ! pou®, Which are de ned as follows:

De nition 3.5 (Syntax of local variables in POUs). The syntax of
local ! pou® @nd inst ! pous is dened as follows (see Appendix A.1.3 for
the full list):

¢ VAR £
~ ~1 def :|: e L= wak
local * pou® : §
£ Xnion [:= wn];
o END_VAR ¥
De nition 3.6 (Semantlcs of local variables in POUS). The semantics

of  ocal”! pou' and inst ! pou® are de ned as follows (see Appendix A.1.3 for
the full list):

"~ J ocal ! 'pou-K f de nes a set of variablesxy;:::;x, with correspond-

ing data typesJ ; K;:::;J , K. Depending on the POU variant, the
variables keep their values from previous invocation or are assigned to
optional prede ned default valuesdw;K;:::;Jw,K at time t when! pou is
invoked. These variables can be maodi ed and processed locally untibo,
terminates at time t , i.e., all instructions of ! ,o, have been processed
in the current PLC cycIe g

3.2.4. Elementary IEC 61131-3 Data Types and Fields

|IEC 61131-3 POUs are capable of processing a variety of elementary data types
A"l pou- and elds A "1 poue, where this thesis considersit vector data types
Apy! pout, integer data types Ai"! poue, Oating-point data types A;"! pou®,
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3.2. IEC 61131-3 FBDs and ST Models

numeric data typesA;"! pou* Ar"! pou*, and duration data types A gy ! pouo.
Furthermore, it |s assumed, that array indices start at index O by default.
A"l pou- and A ~ pou- are de ned as follows, where the semantics are de ned
as a tuple "<MIN><MAX<DEFAUL®&>

De nition 3.7 (Syntax of eIementary IEC 61131- 3 data types and
elds). The syntax of “! ,ou¢ >A"! oy and  ~ pou- >A "1 oyt is de ned
as follows (see Appendix A.1.4 for the full list):

Syntax of bit vector data types p,"! |‘oou' >Ap! ;)ou-:

" ay def ~
330' ! pou® BOOL denotes boolean values

~ byteA ' def ~

b ! pou® BYTE denotes single byte bit masks
~ wordsywe 0 “WORDdenotes two byte bit masks

De nition 3.8 (Semantics of elementary IEC 61131-3 data types and

elds). In accordance with IEC 61131-3 and assuming the limitation of the
duration data type g[‘;re ! pou® to 32 Bit, the semantics of ~ pou- >A"! poue
and  "!'poye >A ! poue are de ned as follows (see Appendix A.1.4 for the

full list):

Semantics of bit vector data types ! ;)ou- >Apy ! ;Jou-:

~ J booky pou-K ‘”false;true .;falsee
~ byte~ ~ . .
\] bz I pOu. K Oohex ) ff hex ° ] OOheX e

~ 3 \l/)vord |pou.K ™ 0000hey; ffff  hex®; 0000hex€

\

3.2.5. Expressions in POUs

IEC 61131-3 POUs are capable of processing a wide range of expres-
sions T"! ;)ou-, where this thesis considersconstants and general expres-
sions  Thisc ! 'pou-, comparison operators Teomp ! ,'Dou-, arithmetic opera-
tors Tamh” 'pou-, bitwise operators T,"! ;)ou-, and conditional operators
Teond”! pou®, Which are de ned as follows':

De nition 3.9 (Syntax of expressmns in POUs). The syntax of

Trmisc ! pou®s Tcomp™! pou®s Tarith ~! pou®s Tbv' ! pou®, @nd Teond™! pou® is de ned
as follows (see Appendix A.1.5 for the full list):

Syntax of comparison operators comp” ! pou® >Tcomp ! pou®:
¢~ - H 1
~ eq Ay _def, 1= 2%, if st

- _ denotes equalit
comp - pou ;”EQ( 1, 2)e; if ' >7st;fbde " 4

1For ST models, it is possible to use the operators as equivalent function calls [GDV14].
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¢~ . M |
A ne Ay _def, 1 <> go; if' st

I hou® : denotes inequalit
comp TR ENE( 4, g)e; if ' >7st;fbde anety

De nition 3.10 (Type system of expressions in POUs). The type
system of “! ,oy¢ is de ned as follows (see Appendix A.1.5 for the full list):

Type system of comparison operators comp ! pou® >Tcomp™ ! pou®, Where >"eq;
ne; gt; ge;lt;les:

'
~1

~l

~ 1 * pou® 2 * pou®
compA! pou® BsolA! pou®
De nition 3.11 (Semantics of expressions in POUS). The semantics of

"l 'pou- >T7I {Oou- are de ned as follows (see Appendix A.1.5 for the full list):

Semantics of comparison operators comp”! pou® > Tcomp ! pou®:
~ e Ayt def
\] Cqup I pou.K J ]_K J 2K
~ Ayt def
J Qfmp PooueK 7 J 1K xJ 2K

De nition 3.12 (SOS transition rules of expressions in POUs). The
SOS transition rules of "! pou® >T ™! pou* are de ned as follows:

A N

N U A
; 'poute®  "nothing; "J 7! poueKe;truee

3.2.6. POU Invocations in POUs

It is possible for POUs to invoke user-de nedfunctions ifn(:A! pou* and func-
tion blocks 2 "1 soue. During the execution of these invoked models, the
execution of the invoking POU is paused and resumed when the instance ter-
minates. As mentioned in Section 3.2.1, onlyfunction blocks have memory.
However, both functions and function blocks terminate within the same PLC

cycle.

De nition 3.13 (Syntax of POU invocations in POUS). The syntax

of f&~ e> %~ eand 1> 710 eis dened as follows
inv * pou inv * pou inv * pou inv * pou '

where elements of graphical FBDs can be derived frorRLCopen export:

f®a A e ~ f®L

def . . Y

inv !pou° Sk(l inv 'pOU“’O inv !pou") ’ Y
A oAy _defg i fb oAy
"pous  SK(I 'pous) 3 Y

inv inv

De nition 3.14 (SOS transition rules of POU invocations in
POUs). The SOS transition rules of f “loous > {nVA!pou- and

inv
ifr?vA! pou® > ifr?v”! pou® are de ned as follows:

Yy im,e’c')T “nothing; “JkKe;truee
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3.2.7. Assignments in POUs

POUs can be classi ed into two categories with regard to their assignments.

In this thesis, they are called (1) immediate assignments M "1 ! pou®, Where
the evaluation of the expressions is independent of the variable which shall be
assigned, and (2)delayed assignments 4&."1 pou® if not. For this reason, a
sequential dependency between evaluation of the expressions and assignment

must be considered.

De nition 3.15 (Syntax of assignments in POUs). The syntax of
mm el eue > MM oue and 9801 e > 98101 e is de ned as follows,
where assignments in graphical FBDs can be derived frorRLCopen export:

~ Ayt def L
ass lpout ™MX 5 Z
- def ~ -
el pous ™ Xe; 7
De nition 3.16 (SOS transition rules of aSS|gnments in POUs). The

SOS transition rules of MM 1 o> MM~1 e and 81 o0 > 9801 e
are de ned as follows:
A N imm DT ~ th . \J K.t
; Imm g nothing; ~x ;truee

~ . delep’ “nothing; “x J “xeKe;truee

3.2.8. Conditions in ST Models

ST models are capable of processing di erent variants of condition statements,

where this thesis considersf-then conditions I "1 -« and if-then-else con-
o N

ditions g5 47! &0

De nition 3.17 (Syntax of conditions in ST models). The syntax of
g et > B Tgeand M "1 e> 1@ "1 _«is dened as follows (see

Appendix A.1.6 for the full list):

IE b~ ite ~1 "', ~ ite A

A ite ~p .def cond - st** THEN 17 cong ! st* i
cond "st*  PEIgE ,o e 1w END_IF
De nition 3.18 (SOS transition rules of conditons in ST
models). The SOS transition rules of M "t e > 1 "1« and
gt > 1y are dened as follows (see Appendix A.1.6 for
the full list):
SOS transition rules of & "1 (e > fe 1 o
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J K true, 1eE)T “nothing; Dj;truee
) ~ IF PTHEN ; T « ...
’OEELSE , ENDF ie B "nothing; Dy;truee
JPK false, zeDT “nothing; Dy;truee
) IF P THEN ,

: N N . _
’(EELSE , ENDF ieb nothing; Dy;truee

3.2.9. Loops in ST Models

ST models are capable of processing dierent variants of loop statements,

where this thesis considersbounded foot-controlled loops fgg;” <* and
head~| '
bounded head-controlledoops 5! .
Dfe nition 3.1f9 (Syntax of loops in ST models). The syntax of
oot~ oot~ ' head~| ' head~| ' . ;
joop ' st* > 1oop | st* and _IO%% Pst® > loop | st* IS dened as follows (see
Appendix A.1.7 for the full list):
- peasry det o WHILE O oAl e DO
: ~ head~
oop ° s oop | st** ENDWHILE
De nition 3.20 (SOS transition rules of loops in ST models). The
SOS transition rules of fgg;” a° > e lge and feadhy o> headsy

are de ned as follows (see Appendix A.1.7 for the full list):

i head~| head~| ' -
SOS transition rules of 50" o > o557 ! g

J %K true, e’ “nothing; D;truee
WHILE °* DO 1

- » % EnDWHILE'® P
e~ _WHILE P DO
nothing; D,oeD ENDWHILE ‘truee

J PK false

- WHILE P DO

DR ENDWHILEie b "nothing; " ;truee

3.2.10. Sequences in POUs

A set of the aforementioned statements is called a sequenceseq”! pou*- BY
default, the statements are executed sequentially, and the sequence terminates
when the last statement is terminated. This is true for both ST models and
FBDs.

De nition 3.21 (Syntax of sequences in POUs). The syntax of a sequence
seq ! pou* IS de ned as follows, where sequences in graphical FBDs can be
derived from PLCopen export:
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3.3. Quartz Models

¢ 1! ;)ou'; £
- - def” 27! pou®; &
seq ! pou® ) ; 2 e §
T n! |‘oou‘; ¥
De nition 3.22 (SOS transition rules of sequences in POUs). The

SOS transition rules of a sequence seq”! pou* are de ned as follows, where ®
represents the updated environment:

1eDT ‘nothing; Dq;truee, = % zeDT “nothing; Dy;truee

~

T 2;-eE)T “nothing; “D1;Dye;truee

3.3. Quartz Models

The following summary of syntax and semantics of eQuartz model! g, > qr2
is based on [Sch09; SB16; WS24a] and it is worth noting that the de nitions
are limited to the constructs that are relevant in the following chapters.

There is one variant of Quartz model elements calledmodule (see Ap-
pendix A.2.1), which can be imported and instantiated by other Quartz mod-
ules. The imported Quartz models are grouped as a set imports ! qrz* (see
Appendix A.2.2).

Furthermore, Quartz models may be equipped with interfaces iq¢ ™! grz°.
More specically, these are input variables i,"! 4, output variables

out ! grz*, and inout variables nout "! qrz¢. There are two categories of
storage classes: (l)event variables are reset to their default values when
they are not assigned in the currentmacro step, and (2) memorized variables
retain the values of the previousmacro step unless assigned to new values
in the current macro step (see Appendix A.2.3) [Sch09].Quartz models may
also contain local variables yqc™! qrz* (S€€ Appendix A.2.4).

Quartz models are capable of processing a variety of elementary data types
A"l grze and elds A “! 4+, where this thesis considers the variants intro-
duced in Section 3.2.4 (see Appendix A.2.5).

In addition, Quartz models are capable of processing a wide range of ex-
pressionsT "! 4+, where this thesis considers the variants introduced in Sec-
tion 3.2.5 (see Appendix A.2.6).

Quartz comes with di erent variants of abort statements aport” ! qrz*, Where
this thesis considergegular abort statements 59 "1 qrz* and immediate abort

g
h abort
statements 17”1 20 (See Appendix A.2.7). In general, these statements are

abort
used to evaluate a condition in each step, which controls the execution of inner
statements.

Moreover, Quartz models can be classi ed into two principal categories with
regard to their assignments ass”! qrz*, Where this thesis considers the vari-
ants introduced in Section 3.2.7. Consequently, it is necessary to consider
the sequential dependency between evaluation and assignment. Due to the
SMoC, an assignment to the left-hand side usinglelayed assignmentss only

permitted in the subsequentmacro step (see Appendix A.2.8).
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There are statements inQuartz models where sequential execution stops un-
til a Boolean condition becomes true. These statements arawait statements

await ! qrz*, Where this thesis considersegular await statements 50 *! qrz°
and immediate await statements T ! gz (see Appendix A.2.9).

In addition to Quartz sequences, there are statements for parallel execu-
tion, where this thesis considerssynchronous concurrency conc ! qrz* (S€€
Appendix A.2.10). It is worth noting that as long as the statements do not
terminate, they execute their macro stepssynchronously in lockstep, i.e., state-
ments may interact during concurrent execution.

Quartz models are capable of processing dierent variants of conditions

cond ! grz*, Where this thesis considers the variants introduced in Section 3.2.8
(see Appendix A.2.11).

There are a statements inQuartz models to stop the sequential execution,
which are calledhalt statements pat ! qrz* (S€€ Appendix A.2.12).

It is possible in Quartz models to invoke other Quartz models through the
use of statements i, ! grz* (S€e Appendix A.2.13). It is worth noting that
there is a signi cant dependency on whether the invoked instances are executed
sequentially or in parallel, because due to the SMoC, statements may interact
during concurrent execution.

Quartz models are capable of processing dierent variants of loops

loop ! St where this thesis considers the variants introduced in Section 3.2.9
(see Appendix A.2.14). It is worth noting that body statement must not be
instantaneous.

There are nothing statements in Quartz models nothing ! grz* (see Ap-
pendix A.2.15) that are introduced at this point for isolated transformations
in the following chapters.

The consumption of time within Quartz models can be explicitly pro-
grammed with statements calledpause pause”! qrz* (see Appendix A.2.16).
In general, the execution of apause statement consumes one logical unit of
time and separates twomacro steps

Finally, a set of Quartz statements is called a sequence seq ! qrz* (S€€
Appendix A.2.17). It is worth noting that the statements are executed in a
sequential manner considering the SMoC, where the sequence terminates upon
the termination of the nal statement, i.e., the sequence is instantaneous if all
statements are instantaneous.

3.4. SCL Models

The following summary of syntax and semantics of an SCL model g > 4
is based on [Han+13; Han+14; WS24a] and manual studies of the latest stan-
dalone version of theKIELER project. It is worth noting that the de nitions
are limited to the constructs that are relevant in the following chapters.

Like in Quartz models, there is one variant of SCL model elements called
module (see Appendix A.3.1). These models are not intended to be imported
and instantiated by other SCL models due to their minimal instruction set,
but can be synthesized into SCCharts byKIELER and then reused [WS24a].
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3.5. SCCharts

SCL models can also be equipped with interfaces jq ~! sqi*- Possible inter-
faces ard@nput variables i, "! s¢¢, output variables out"! sci*, and inout vari-
ables inout "! sci®- There are also di erent kinds of storage classes [Han+13;
Sch+18], where this thesis focuses on variables that retain the values of the
previous macro step unless they are assigned new values in the curremhacro
step (as memorized variables in Quartz) to ensure consistency between the dif-
ferent models, although this requires an additional reset if they are intended to
behave like event variables in Quartz (see Appendix A.3.2). However, Chap-
ter 9 considerssignals [Sch+18] to mimic event-driven execution without the
need to reset interfaces, as this approach is restricted to control- ow oriented
SCCharts (see Appendix A.3.2).

Additionally, SCL models may contain local variables q¢"! sci® (see Ap-
pendix A.3.3).

Furthermore, SCL models are also capable of processing a variety of ele-
mentary data types A"l ¢ and elds A “! ¢, where this thesis considers
the variants introduced in Section 3.2.4 (see Appendix A.3.4).

Moreover, SCL models are capable of processing a wide range of expressions
T s, Where this thesis considers the variants introduced in Section 3.2.5
(see Appendix A.3.5).

Like Quartz models, SCL models can be classi ed into two principal cate-
gories with regard to their assignments s5™! s¢i®, Where this thesis considers
the variants introduced in Section 3.2.7. Due to the SCMoC, in both variants
left-hand side is updated instantaneous, because sequential order is considered
by default (see Appendix A.3.6).

SCL models are capable of processing dierent variants of conditions

cond ! sci®, Where this thesis considers the variants introduced in Sec-
tion 3.2.8 (see Appendix A.3.7).

Additionally, SCL models are capable of processing dierent variants of
loops  j00p ! sci*, Where this thesis considers the variants introduced in Sec-
tion 3.2.9. Due to the limited instruction set of SCL models, loop constructs
are de ned using a combination of agoto statement and a condition (see Ap-
pendix A.3.8) [WS24a]. It is worth noting that body statements of loops in
SCL models are assumed not to be instantaneous by default.

A set of SCL statements is called a sequence geq ! sc® (see Ap-
pendix A.3.10). It is worth noting that the statements in the SCMoC are
executed in a sequential manner.

3.5. SCChatrts

The following summary of syntax and semantics of a control- ow oriented
SCCharts! gcc > scc and a data- ow oriented SCCharts ! g4 >  scq iS based on
[Han+14; Gri+20; WS23], syntax speci cations on the KIELER homepagé,
and manual studies of the latest standalone version of the&KIELER project.
It is worth noting that the de nitions are limited to the constructs that are

Zhttps:/irtsys.informatik.uni-kiel.de/confluence/display/KIELER/Syntax
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Chapter 3: Syntax and Formal Semantics

relevant in the following chapters.

This thesis distinguishes between both variants ¢ (see Appendix A.5.1)
and scq (see Appendix A.4.1) and considers that data- ow oriented SCCha-
rts are able to import data- ow and control- ow oriented SCCharts. The
SCCharts imported by a data- ow oriented SCChart are grouped as a set

imports | scd® (S€e Appendix A.2.2).

Local variables of both control- ow oriented and data- ow oriented SC-
Charts are de ned equivalent to those of SCL models (see Section 3.4), with
those of data- ow oriented SCCharts are extended by instances of imported
SCCharts (see Appendix A.4.2).

De ned interfaces, elementary data types and elds, and assignments al-
most equivalent to those of SCL models (see Section 3.4). The dierence is
that how these constructs are placed within the models. In particular, unlike
in SCL models, declarations in SCCharts don't end with a semicolon. Fur-
thermore, synthesizing data- ow oriented SCCharts to control- ow oriented
SCCharts usingKIELER shows that placing a semicolon at the end of assign-
ments enforces sequential execution of synchronous concurrent threads, which
is assumed in the further course of this thesis. This replaces theeq state-
ment introduced in related work using data- ow oriented SCCharts [WS23].
Additionally, assignments in control- ow oriented SCCharts are indicated by
the pre x do.

Similar to await statements in Quartz, there are await transitions in
control- ow oriented SCCharts await ! scc®s considering regular await
transitions :A?aitA' scc® and immediate await transitions ‘g}{gif! scc® (See
Appendix A.2.9).

Each assignment of a data- ow oriented SCCharts is basically executed in
a separate thread concurrently to the others [Gri+20; WS22]. Although se-
guential dependency is enforced as mentioned earlier, this will be interpreted
as synchronous concurrency conc ! scg® (See Appendix A.4.4) in the further
course of this thesis. In contrast,regions in control- ow oriented SCCharts
are also being executed concurrently and are interpreted asynchronous con-
currency  conc ! scc® (see Appendix A.5.4). As in Quartz, it is worth noting
that they execute their macro stepssynchronously in lockstep, i.e., statements
can interact during concurrent execution.

Moreover, states in control- ow oriented SCCharts can be aborted and
called in this context abort transitions  gport ! sce®, Where this thesis consid-
ers regular abortions ;%%rtA! scc® and immediate abortions ggg};! scc® (see
Appendix A.5.2).

Control- ow oriented SCCharts are able to express di erent variants of con-
ditions  cond”! scc* (see Appendix A.5.5) and loop variants joop”! scc® (SE€
Appendix A.5.7) by reconstructing the control ow using states and transi-
tions [SLH16], where this thesis considers the condition variants introduced in
Section 3.2.8 and loop variants introduced in Section 3.2.9.

Furthermore, there are nal states in control- ow oriented models that stop
the sequential execution, which are callechalt statements " ! scc® in this
thesis (see Appendix A.5.6).
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This thesis focuses on data- ow oriented SCCharts that are able to invoke
data- ow and control- ow oriented SCCharts. This is possible through the
use of jny ! scg® Statements (see Appendix A.4.5).

Additionally, in control- ow oriented SCCharts, there are transitions that
don't perform any action and consume no time when switching between states.
These transitions are calledimmediate transitions nothing ! scc® in this the-
sis (see Appendix A.5.8) to simplify readability and comparability with the
constructs in the other models.

The consumption of time, as in SCL andQuartz models, can be explicitly
programmed in control- ow oriented SCCharts by a transition between two
states that consumes one unit of time. These constructs are callegause
transitions  pause”! scc* in this thesis (see Appendix A.5.9).

Finally, a set of data- ow oriented SCChart statements is called a sequence

seq ! scd®, Where each statement ends with a semicolon as explained in the
context of assignments (see Appendix A.3.10). In contrast, in control- ow
oriented SCCharts, a set of states represents a sequencCeseq ! scc® (See
Appendix A.3.10). By enforcing a sequential execution of synchronous
threads in data- ow oriented SCCharts and a sequential order of states in
control- ow oriented SCCharts, both sequences are executed in a sequential
manner.

The syntax and semantics de ned (or referenced) in this chapter are used
in the following chapters to present various approaches to transforming and
optimizing the software models under consideration. In particular, they are
often used to prove correctness.
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As a rst approach to reusing existing POUs in model-based design is the
transformation of ST models into Quartz models, where the goal is to create
a robust set of translation functions that ensure semantic preservation during
the transition. In addition to the approaches presented in [WS21; WS22;
WS24a; WS24b], it considers the following additional issues:

" Model Declaration : Mimicking the termination behavior of the initial
model, i.e., distinguishing between models with and without memory

" Interfaces and Variables : Additional interfaces for event-driven ex-
ecution control and an external controlled time (provided as an un-
bounded integer)
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" Data Types and Fields : Additional IEC 61131-3 data types

POU invocations : Instantiation and invocation of user-de ned models,
taking into account their individual termination behavior

The correctness of the translation functions is proved by theoretical reason-
ing, which includes a detailed analysis of the resulting syntax and semantics
compared to the syntax rules and semantics speci ed in Chapter 3. In addi-
tion, the theoretical results are evaluated with real-world and self-de ned ST
models.

This chapter is structured as follows: Section 4.1 introduces the high-level
design ow and translation strategy. Section 4.2 de nes the translation func-
tions and theoretical analysis. Section 4.3 presents an evaluation of the theo-
retical results, and Section 4.4 summarizes the transformation.

4.1. High-Level Design Flow { ST-to-Quartz

The high-level design ow for transforming an ST model ! ;, > , of the
variant function block (* fb), function (* fun), or program (* prg) to a
Quartz model! qr; > qrz is shown in Figure 4.1.

Figure 4.1.. High-level design ow of the ST-to-Quartz transformation

The ST-to-Quartz transformation Tsy( qrz ! ;t- includes the following transfor-
mation steps:

1otgoqe ! 'St--: Model declaration (see Section 4.2.1)
2.ty "t oo Interfaces (see Section 4.2.2)

3.ty "l oo Variables (see Section 4.2.3)

4ty q” "l gee: Datatypes and elds (see Section 4.2.4)
5. tsti(m‘a‘);? "l ;.t-: POU imports (see Section 4.2.5)

6. tsi(qrz ! st*: EXpressions (see Section 4.2.6)
7.t 1 g1 POU invocations (see Section 4.2.7)
8.tz B! 'St--: Assignments (see Section 4.2.8)
9.tz o ! ;t--: Conditions (see Section 4.2.9)
10. t®h," fop”! **: LooOps (see Section 4.2.10)
11. t"qrz seq ! qrze#* Sequences (see Section 4.2.11)
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Translation Strategy:

This chapter introduces two translation strategies illustrated in Figure 4.2:
The ST model is either transformed into a Quartz model that (1) terminates
after a nite number of macro stepsn C0 to mimic a POU without mem-
ory, or (2) runs in an in nite loop to mimic a POU with memory, where an
iteration contains a nite number of macro stepsn C1'. Figure 4.2a shows
the high-level runtime behavior of the resulting Quartz model that follows
the rst translation strategy, where the set of input variables IN is read when
the Quartz model is invoked in macro step S;. In the following macro steps
during execution, the interfaces are synchronized, where onlZLKmay be up-
dated externally and is read. Neither input variables IN are allowed to be
updated nor output variables OUTare allowed to be processed externally until
the Quartz model is terminated. In the nal macro step S;,, OUTis returned
to the invoking model for external processing. In contrast, Figure 4.2b shows
the high-level runtime behavior of the resulting Quartz model that follows the
second translation strategy, where the model is initialized in the rst macro
step Sp and then waits until an iteration is triggered externally via the event
input variable El. When an iteration is triggered in macro step S;, the set
of input variables IN and an external clock variable CLKare read and can
be processed. In the followingmacro stepsduring execution, the interfaces
are synchronized, where onlyCLKmay be updated externally. Neither input
variables IN are allowed to be updated nor output variablesOUTare allowed
to be processed externally until the iteration reaches themacro step Sy,. In
this macro step, OUTand EOare returned to the invoking model for external
processing. The subsequent nalmacro step is used to switch to the next
iteration (triggered in the next PLC cycle).

Challenges:

From this, the following challenges for translating ST models toQuartz models
can be derived:

Cyclic execution of Quartz models (with and without memory)
Event-driven execution of synchronous parallel threads
Sequential execution of synchronous parallel threads

Dynamic system time

a r w NP

Translation of ST language constructs

4.2. From ST Models to Quartz Models

This section de nes the individual translation functions for translating an ST
model ! ;; >  to a Quartz model ! g,=> 4, and analyzes the theoretical
correctness.

1n C1, because thepause statement between two iterations is considered in this context
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(a) Model of a POU without memory

(b) Model of a POU with memory

Figure 4.2.. ST-to-Quartz translation strategies: high-level runtime behavior of
the resulting Quartz models

4.2.1. Model Declaration

This step covers the translation function for translating an ST model dec-
laration | ! 'st- to a Quartz model declaration | "! ¢;,. According to the
introduced translation strategies, the resulting Quartz model of an ST model,
variant ' >"fb;prge, is executed in an in nite loop, re ecting the memory
behavior of the original ST model. For this, in each PLC cycle, the Quartz
model waits until a loop iteration is triggered by an event-driven input, where
the termination of the iteration is returned by an event-driven output. In con-
trast, the resulting Quartz model of an ST model, variant'  fun, is invoked
and executed sequentially without a surrounding loop, mimicking an ST-based
POU without memory.

De nition 4.1 (Model Declaration { ST-to-Quartz). Let

« 1S > “fb;fun;prg e be the set of possible ST model ele-
ments. ! ;t- is translated to ! g, using the translation function
Lot qrz ! ! «**, Which is described by Algorithm 1.

Correctness

To check the correctness of De nition 4.1, the following lemma is used.
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Algorithm 1 Translate model declaration { ST-to-Quartz

Input: 71 e
Output: | ! grzo® '
Translation Function si( gz ! st
switch ' do
case fun do
_¢ t imports ~1 ' . £
§otst(grz C st ' .
i . module an”! g+ (te(gr, ' at®) T
1! qrzee : tst\(’dalrz Dgr®
tst( qrz ! st® H
a g ¥
end
case fb - prg do
¢ t imports  ~p ' £
st( qrz * st » i
module an"! st* (tse(qrz P se®) f
tst\('dcclgrzA! st® :
A loop f :
gz immediate await(El); §
: tst( qrzA! st® 3
emit(EO); pause;
9 :
o g ¥
end
end
Lemma 4.1. Let ! ;t be translated to! gz and ' > "fb;fun;prg -.
Then, tg o, 17! g° translates " o to 7! gz as speci ed in Def-
inition 4.1. | "! gz conforms to the syntax rules of ; °! 4,¢ and pre-
serves the semantics of, "! .+ regarding its termination behavior.

Proof The validity of Lemma 4.1 is proved as follows: First, the syntactic

correctness is checked by comparing the resulting syntax ofi ! gz with the
syntax rules of | ! g, as specied in Section 3.3. While the equivalence

for ' fun is given by the specication, the correctness for' >"fb;prge

follows from the syntactical correct sequence of ;Qgp”! qrze®, MM e,
Imm ~| grze®, and  pause”! grze#.  Second, there are two cases to distinguish

in order to check semantic correctness:

" Case 1 (' fun): 7! g, does not have a surrounding sequence

of an additional loop with event-driven constructs. Thus, J ! grz¢K
preserves ; "! 'St-K regarding its termination behavior (see Section 3.2

and 3.3).
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Chapter 4: Model Transformation of ST Models to Quartz Models

" Case 2 (' >"fb;prge): Given the SOS transition rules of Iiggp‘! qrz*

;”\)V’Qit “larze, and  pause”! qrz®, 1 7! grz* results in an in nite loop whose
iteration is executed immediately when the eventEl becomes true and
triggers EOat the end of an iteration. lterations are separated by

pause | grz®. Consequently, J | "! ¢r,*K preserves]  "! ,*K regarding

its termination behavior (see Section 3.2 and 3.3).

lllustrative Example for Lemma 4.1

Usage examples are shown below using shippets of the resultifguartz mod-
el$ in combination with a visualization of the high-level runtime behav-
ior. The resulting Quartz model of example STALARMn Figure 4.3 repre-
sents a model without memory, and the resultingQuartz model of example
STASSDELIn Figure 4.4 represents a model that preserves the state of the
last macro step of the current PLC cycle for the next iteration (i.e., for the
next PLC cycle).

module ST_ALARM(
bool ?XSENSOR_L,:::){

ST_ALARM =:: ;

Figure 4.3.: Resulting Quartz model of exampleST ALARMwithout memory)

module ST_ASS_DEL(
event bool ?ElI,
event bool !'EO){

int x0;
pause;

loop{
immediate await(El);
next(y0) = y0 + xO;
pause;
emit(EO); pause;
}
}

Figure 4.4.: Resulting Quartz model of exampleST ASSDEL(with memory)

2Both Quartz models are included in Appendix C.2 and C.11.
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4.2.2. Interfaces

This step covers the translation function for translating ST model in-
terfaces idel ! s* to Quartz model Iinterfaces idel ! qrze#,  Where

idcl !st° in !st°8 out !st'8 inout !st°'

De nition 4.2 (Interfaces { ST-to-Quartz). let , "'y S >fb;
fun;prg = be the set of possible ST model elements. i4c "! grze¢ is derived
from ! 'St and extended by event-driven variables and by an optional system
time, using the translation function t_ ~! St which is described by Algo-

st( qrz
rithm 2.

Correctness

To check the correctness of De nition 4.2, the following lemmas are used.

Lemma 4.2. Let ! be translated to! g4, ' > "fb;fun;prg ¢, and
I grz always be invoked with connected in "! qrz*. Then, for each interface
& >E7! g, tsti(ddqrzA! «* extends in"! gz, out” ! qrze®, O inout ! grze®,
and adds possible assignments to defaults t0seq ! qrz* as specied in
De nition 4.2. in ! qrze®,  out ! grze, @nd  inout ! grzee conform to
the syntax rules of in"! grz®, out’ ! qrz®, @nd  inout ! qrz* regarding the
storage class, data type, and name. seq ! grz¢ conforms to the syntax
rules of seq ! grz®. With and without assignments to defaults, in"! grze,

out ! grze, @nd inout ! grze iN combination with  seq’! qrze® preserves
the semantics of in"!g°, out ! g® and inout ! i * regarding informa-
tion ow, modi ability, and initialization.

Proof The validity of Lemma 4.2 is proved as follows: First, the syntac-
tic correctness is checked by comparing the resulting syntax of 5 ™! grzee,
out ! qrze®,  inout ! qrzee, @nd  seq’! grze# With the syntax rules of iz 7! gz,
out ! qrz®, inout ! qrz®, @and seq ! qrz* as specied in Section 3.3 using in-
duction on the number of added interfaceskg ™! 'St-:

1. Base Case: WhenE"! 'St- g, there are no input variables, output vari-
ables with possible initialization, and inout variables, and thus no state-
ments to add, which trivially conforms to the syntax rules of iz ! gr2°,

out P grz®y inout "!arz®,  hee ! qgrz®, @and  pause’! grz®, Since these sets
remain unchanged and are optional.

2. Induction Hypothesis: The lemma holds for any set of input vari-
ables, output variables with possible initialization, and inout variables.

3. Inductive Step: Adding an element to input variables, output

variables with initialization, and inout variables results in an additional

m ~

element in i, " grzee,  out”! gz, inout ! grze®, LU qrze*, and
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Algorithm 2 Translate interfaces { ST-to-Quartz

Input: !

~

Output: in !qgrze®,  out’ ! qrz®,  inout ! qrz®, seq ! qrze®
Translation Function e oc 7l

st( qrz st*:
if ' >"fb;prge then
in ! qrz¢  add event bool ?EI ;
P add Boolean event input variable

out ! qrze¢  add event bool !'EO;

P add Boolean event output variable
end
if 1 contains time-based logicthen
in ! qrzee  add nat ?CLK

P add memorized input variable

end
if * fun, et xg, whereer >E1"! o B ¢ B! 4 then
out ! qrze¢  add tst( qrzA “eree lapT! e
P add memorized output variable
end

forall g >F"! 'st- do . . ‘
if & @vs, whereeys>Eys™! g Bys™! ¢ B! g then
in ! qrzee  add tsi(qrz  ©°° ?an"g;

P add memorized input variable
end
if & eovs Whereeoys>Eovs™! g% Bovs! ¢ B! e then
out ! qrz®® add tst( qrz SR ! an €°;

P add memorized output variable
squ! qrz® add ap"ee° = tsrtn(isarzA ;

P add assignment to default value (if speci ed)

if & eovs, Whereeovs >Eovs ! g*;Bovs™! ¢ E"! g then
inout ! qrzee  add tst( qrz €i** an €,
P add memorized inout variable

end
end
it seq ! qrzee X g then
seq | qrze*  add pause;
P add pauseif at least one variable is initialized

end

pause ! grze#.  Their syntax still conforms to the syntax rules of
out ! qrz®s inout ! qrz®s |ans13 Parze, and  pause”! grz°-

Second, the semantic correctness is checked by comparinh i, ! qr2*K,

J out”! qrz*K, and J inout "! qrz*K in combination with the SOS transition
rU|eS Of' g’gran qrz. and 'pause’\! qrz. (See SECtIOﬂ 33) WlthJ |nAI SI.K’
J out ! g*K,and J inout ! i *K (see Section 3.2).
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4.2. From ST Models to Quartz Models

lllustrative Example for Lemma 4.2
As an example, below are some derived interfaces of th8 TSIMPLEPRG1

modep:

real ?PRG_C /I added to in ! arz @@
real 'PRG_OUT2 /I added to out ! qrz @@

Lemma 4.3. Let ! be translated to! g;eand ' >"fb;prge. Then,

tet(qrz ! ,;.t- adds the additional event inputEl to iz"! gz and the

additional event output EOto oyt ! grz¢ as specied in De nition 4.2.
in ! grze* @and  out”! grzee conform to the syntax rules of iy "! g and

out ! qrz®-

Proof The validity of Lemma 4.3 is proved by comparing the resulting syn-
tax of 7! grzee @nd  out”! grzee With the syntax rules of i, "! gr2¢ and
out ! grz* as speci ed in Section 3.3.

lllustrative Example for Lemma 4.3
As an example, below are the derived interfaces of th8 T SIMPLEPRG Inodef*:

event bool ?ElI /I added to in ! arz @@
event bool 'EO /I added to out ! grz @

Lemma 4.4. Let !'st be translated to! g1, ' > "fb;fun;prg «, and

I contains time-based logic, where time is a readable variable and is

synchronized externally. Then,tg,,"! &+ adds an additional memorized

input to i "! grze* as speci ed in De nition 4.2. in ! grze¢ conforms to
ol

the syntax rules of ™! grz°.

Proof The validity of Lemma 4.4 is proved by comparing the resulting syntax
of in"! grzee With the syntax rules of 5 "! g1z as speci ed in Section 3.3.

lllustrative Example for Lemma 4.4
As an example, below is the derived input of theST.SIMPLEPRGInodeP:

nat ?CLK /I added to in ! grz o

3Both models, ST and Quartz, are included in Appendix B.27 and C.27.
“Both models, ST and Quartz, are included in Appendix B.27 and C.27.
®Both models, ST and Quartz, are included in Appendix B.27 and C.27.
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Lemma 4.5. Let ! " be translated to! q,=and ! " “has a speci ed

return type, which is processed by " . Then, tst(qrz | st® @dds an ad-

ditional memorized output for the specied return type to oyt ! grzee as
speci ed in De nition 4.2. out ! grze¢ conforms to the syntax rules of

out ! qrz®-

Proof The validity of Lemma 4.5 is proved by comparing the resulting syntax

of out"! gqrzee With the syntax rules of o4t"! qrz* @s speci ed in Section 3.3.

lllustrative Example for Lemma 4.5

As an example, below is the derived output of theST.SIMPLEFUNfunction in
ST.SIMPLEPRGInodeF:

real !ST_SIMPLE_FUN /I added to out ! qrz @

4.2.3. Variables

This step covers the translation function for translating local ST model

variablels vdel ! o° 10 local Quartz model variables y4q™! grze#, Where

local ! st
De nition 4.3 (Variables { ST-to-Quartz). Let o “!g S >"fb;fun;
prges be the set of possible ST model elements. yqe ™! qrze* is derived from
I ¢« and extended by event-driven interfaces of instances as well as additional

instance output variables using the translation functiont g, ™! «*,» Which is
described by Algorithm 3.

(] L] .

vdcl ! st

Correctness
To check the correctness of De nition 4.3, the following lemmas are used.

Lemma 4.6. Let! be translated to! 4,=and' >"fb;fun;prg «. Then,

for each local variableey, s >5"! 'St- that is not derived from standard func-
tion blockses"eyvs® g), tst(dg,{! 'st- adds a local variable to |ocai”! grze®
and a possible initialization t0  seq'! grze# as specied in De nition 4.3.
local ! gqrze¢ conforms to the syntax rules of |oca”! grz* regarding the
storage class, data type, and name, andseq ! qrze* conforms to the syntax
rules of seq' ! grz*. With and without initialization,  jocal”! grze in com-
bination with  gseq™! grze preserves the semantics of jocq ! 'st- regarding

modi ability and initialization.

®Both models, ST and Quartz, are included in Appendix B.27 and C.27.
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Algorithm 3  Translate variables { ST-to-Quartz

Input: !
Output: local ! qrz®®; seq ! qrze®
Translation Function tyac 1 o

rst( gqrz - st :
forall eynst >Egnst 7! ¢ dO
local ! qrze¢ add event bool an"ajy “eynst ** _El;
P add Boolean event input variable
local ! qrze¢  add event bool an"ajy “eynst ** _EQ
P add Boolean event output variable
forall ey s>Eovs Eynst ¢ dO
local ! qrze®  @dd tg qr;” "€ovs*® @ AN " Eynst ** _8n" Eovs®;
P add memorized variable for output variable

end
end
forall ey «=(derived from ! ) do
|OCaIA! qu‘L. add tst( qrerrTAebfun are an’\ebfun ‘L'—I iceebfun o
P add memorized variable for return type ofe .. s wherei®
represents the index of occurrence
forall egys>Eovs €yun = dO
local ! qrz®® add
tst( qrzA AeOV s** anAebfun Oéfan’\eOVS.fI iceebfun o,
P add memorized variable for output variable

end
end
forall eys>E"! i * do
if eg"evs® g then
local ! qrzee  add tst( qrzA “evs*t an eyvs*;
P add memorized variable

seq ! gz add ay"eyse = S{n(iscqrzA °;
P add assignment to default value (if speci ed)
end
end

it seq ! qrzee X g then
seq ! qrze¢  add pause (and remove pause added for initialized in-
terfaces);

P add pauseif at least one variable is initialized
end

Proof The validity of Lemma 4.6 is proved as follows: First, the syntactic
correctness is checked by comparing the resulting syntax of oca ™! grz¢ and

seq ! grze* With the syntax rules of |ocai™! grz® @nd  seq’ ! qrz® @s §peci ed
in Section 3.3 using induction on the number of added variabled ™! :

1. Base Case: When E"! » g, there are no local variables and thus
no statements to add, which trivially conforms to the syntax rules of
local ! qrz®s  ass’ ! qrz®, and  pause”! qrz*, since these sets remain un-
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changed and are optional.

2. Induction Hypothesis: The lemma holds for any set of local variables
with possible initialization.

3. Inductive Step: Adding an element to local variables with initial-
ization results in an additional element in  joca ™! grze®, :,;g's“ "l grzee,
and pause ! qrzee. Their syntax still conforms to the syntax rules of

local ! qrz*, aeg ! grz®, @nd  pause”! qrz®-

Second, the semantic correctness is checked by comparidg jocal”! grz*K (in

combination with the SOS transition rules of ggg“ “Varze and  pause ! grz®)
with J ocal”! 'St-K (see Section 3.2 and 3.3).

lllustrative Example for Lemma 4.6

As an example, below is the derived local variable of theST.SIMPLEPRG1
model’:

int PRG_COUNT; /I added to local ! qrz @
PRG_COUNT = 4; /I added to seq ! arz @
pause; /I added to seq ! qrz @

Lemma 4.7. Let ! be translated to! q,=and ' >"fb;prge. Then,

for each instanceeyns: >Eynst " oi°, tg(%Gr, ! o* @dds the additional event
variables for event-driven execution control to ocai”! gqrz¢ @s specied in
De nition 4.3. local ! grze# conforms to the syntax rules of |oca™! grz®
regarding the storage class, data type, and name that is consistently derived

from the instance name.

Proof The validity of Lemma 4.7 is checked by comparing the resulting syntax
of jocal”! grze* With the syntax rules of ocq ! qrz® as speci ed in Section 3.3
using induction on the number of instancesEjns: ! o:

1. Base Case: When Eynst “! 'St- g, there are no local variables to add,
which trivially conforms to the syntax rules of  |oca™! grz*, since this
set remains unchanged and is optional.

2. Induction Hypothesis: The lemma holds for any set of instances

Eb'nst 1 st®-
3. Inductive Step:  Adding an instance to Ejnst ! 'St- results in an addi-
tional element in  oca”! grzee. Its syntax still conforms to the syntax

rU|eS Of |Oca|A! qrz..

"Both models, ST and Quartz, are included in Appendix B.27 and C.27.
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lllustrative Example for Lemma 4.7

As an example, below are the derived local variables of th&T.SIMPLEPRG1
modef:

event bool DEBOUNCE_01_El; /I added to local ! arz @
event bool DEBOUNCE_01_EO; /I added to local ! qrz @

Lemma 4.8. Let !, be translated to! g, and ' > ~fb;fun;prg ».
Then, fpr each output eoy s egnst * > Eovs egnst © Of each instanceeynst >

A~

Bynst ! oy tei(“grz ! st® @dds a local variable to jocal ™! gz as speci ed in
De nition 4.3. local ! grze# conforms to the syntax rules of |oca™! grz®
regarding the storage class, data type, and name that is consistently derived

from the instance name.

Proof The validity of Lemma 4.8 is checked by comparing the resulting syntax
of jocal”! grze* With the syntax rules of  |oca™! grz® as speci ed in Section 3.3
using induction on the number of instancesEjnst ! ;¢ with output variables

EoVSAeb'nst ..
1. Base Case: When Ejnst ! 'St- g and Egvs €t © @, there are no
local variables to add, which trivially conforms to the syntax rules of
local ! grz*, Since this set remains unchanged and is optional.
2. Induction Hypothesis: The lemma holds for any set of instances with
any set of output variables.
3. Inductive Step:  Adding an instance to Egust *! i+ With an output vari-

able to Eyv s eynst © results in an additional element in - joca ™! grze*. Its
syntax still conforms to the syntax rules of |oca™! grz®.

lllustrative Example for Lemma 4.8

As an example, below are the derived local variables of th&T_SIMPLEPRG1
modeP:

bool DEBOUNCE_01_OUT; /I added t0  joca ! qrz @
nat DEBOUNCE_O01_ET_OFF; // added t0  joca ! qrze®

Lemma 4.9. Let! 'st be translated to! q,=and' >"fb;fun;prg +. Then,
for the return type et "€ un = and each outputesy s €yun = >Eovs Gyun o
of each user-de ned functiongyun «>Eyun &! o*, tg{%4r, ! &* @dds an addi-
tional variable to  |ocal”! qrze* as speci ed in De nition 4.3.  |gcal”! grze®

conforms to the syntax rules of |ocai”! qrz* regarding the storage class,

8Both models, ST and Quartz, are included in Appendix B.27 and C.27.
°Both models, ST and Quartz, are included in Appendix B.27 and C.27.
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data type, and name that is consistently derived from the instance name
and index of occurrence.

Proof The validity of Lemma 4.9 is checked by comparing the resulting syntax
of jocal”! grze* With the syntax rules of |ocai”! grz* @s speci ed in Section 3.3
using induction on the number of user-de ned functionsEu, ! 'St- with return
type and output variables Epy s €yun =

1. Base Case: When Ejun <! ¢ ¢ and Eovs €5m ¢ @, there are no
local variables to add, which trivially conforms to the syntax rules of
local ! grz*, Since this set remains unchanged and is optional.

2. Induction Hypothesis: The lemma holds for any set of user-de ned
functions with any set of output variables.

3. Inductive Step:  Adding a user-de ned function with return type to
Ejun ! 'St- and an output variable to Eyys € un o results in two addi-
tional elements in  oca”! grze¢ (ONne for the return type and one for the
output). Its syntax still conforms to the syntax rules of  |ocal™! grz*.

lllustrative Example for Lemma 4.9

As an example, below are the derived local variables of theSTASSIMM3
modef°:

int{32768} ST_ASS_IMM_OUT_y I1; /I added t0  igcal ! grz @
bool ST_ASS IMM_OUT_I1; /I added to  jocal ! qrz

4.2.4. Data Types and Fields

This step covers the translation function for translating ST data types and

elds A 7! 'St- to Quartz data types and elds A "! g0,

De nition 4.4 (Data types and elds { ST-to-Quartz). Let 7! 'St- be
a considered ST data type and "! i be an ST data type eld. ST data types
and elds A "! 4 are translated to Quartz data types and eldsA ! grzc

using the translation function tg( ¢, I s**, which is described by Algo-

rithm 37 in Appendix 1.0.111.

Correctness

To check the correctness of De nition 4.4, the following lemma is used.

19Both models, ST and Quartz, are included in Appendix B.18 and C.18.
" This algorithm describes an intuitive mapping, which is moved to the appendix for the
sake of readability, but is not necessary for understanding the following lemma.
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Lemma 4.10. Let !;t be translated to! g, ' > “fb;fun;prg e,

and bit vector, integer, oating point, and duration be the consid-

ered data type categoriesA “! e+ as specied in Section 3.2. Then,
te qrz” g translates "l geto "l guee as specied in Def-
inition 4.4. "1 grzee conforms to the syntax rules of "1 grze and
preserves the semantics of ! 'st- regarding boundaries, precision, res-

olution, and defaults (if applicable).

Proof The validity of Lemma 4.10 is checked as follows: First, the syn-
tactic correctness is proved by comparing all resulting data types and elds

"1 grze* With syntax rules "1 grz* as speci ed in Section 3.3. Second, the
semantic correctness is checked by comparing ! qr;*K with J "1 K
(see Section 3.2 and 3.3), taking into account that the resolution of the dura-
tion data type is restricted to milliseconds.

lllustrative Example for Lemma 4.10

Usage examples are given by illustrative examples of previous lemmas, such
as Lemma 4.9.

4.2.5. POU Imports

This step covers the translation function for translating instantiated and in-
voked POU imports in ST models to Quartz model imports  imports ! grze*.

De nition 4.5 (POU imports { ST-to-Quartz). Let 'St "l ;t S >7fb;
fun; prg = be the set of possible ST model elements. Instantiated and invoked
POUs in ST models are derived from external blocksy s >E"! 'st-; e evs® X g
and user-de ned blockseu, «>F ®! «*- These blocks are translated toQuartz
model imports  imports ~! qrze# using the translation function tst‘(m‘(’q";;s 1 st
which is described by Algorithm 4.

Algorithm 4 Translate POU imports { ST-to-Quartz
Input: !

Output:  imports ! grze®

Translation Function  tg "y " g

forall gys >AE st €d 8vs® X g dg i

| imports ! qrze¢ @dd import “eg ey s X ;
end ‘ '

forall ey «>F*! g« (derived from ! ;) do
imports A! qr209 add ImpOft a.nAebfun e .* ;

end
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Correctness
To check the correctness of De nition 4.5, the following lemma is used.

Lemma 4.11. Let the IEC 61131-3 standard function blocks RS SR
TOFE TON [GDV14] be available as semantically and syntactically correct
Quartz models. Then, for each instancegys >E™! 'St-;edAaVs- x g and
user-de ned function ey «>F®! g, ty™* "I ;» adds the correspond-
ing import to  imports ! qrze* (if Not already imported) as speci ed in De -
nition 4.5.  imports ! qrze# conforms to the syntax rules of imports ~! grz®-

Proof The validity of Lemma 4.11 is checked by comparing the resulting
syntax of  imports ! grze¢ With the syntax rules of  imports ~! qrz* as spec-
ied in Section 3.3 using induction on the number of instancesE™! o
“avs Seq evs® X ge and user-de ned functions F <! 'st-:

1. Base Case: When E"! 'st. g and F®! i« g, there are no modules to
import, which trivially conforms to the syntax rules of  imports ! grz*,

since this set is optional.

2. Induction Hypothesis: The lemma holds for any set of instances and
any set of user-de ned functions.

3. Inductive Step:  Adding an instance and user-de ned function to
E™l i » and F®! .« results in two additional elements in  imports ~! grze®
(one for the instance and one for the user-de ned function). Its syntax
still conforms to the syntax rules of imports ! grz*®-

lllustrative Example for Lemma 4.11

As an example, below are the derived imports of theST.SIMPLEPRG Inodef'?:

import ST_DEBOUNCE.*; /I added to imports ! arz @
import ST_SIMPLE_FUN.* /I added t0  imports ! qrz

4.2.6. Expressions

This step covers the translation function for translating expressions in ST

modelsT ! » to expressions inQuartz modelsT ™! qzoe.

De nition 4.6 (Expressions { ST-to-Quartz). Let 'St "l 'st S >7fb;
fun; prg = be the set of possible ST model elements. An expression in ST mod-
els 7! 'St- >T7! 'St- is translated to an expression inQuartz models ! gy >
T7! grze using the translation function tg( o~ ™! 'st--, which is described by
Algorithm 38 in Appendix 1.0.213,

12Both models, ST and Quartz, are included in Appendix B.27 and C.27.

3This algorithm describes an intuitive mapping, which is moved to the appendix for the
sake of readability, but is not necessary for understanding the following lemma.
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Correctness
To check the correctness of De nition 4.6, the following lemma is used.

Lemma 4.12.  Let ! 'St be translated to! g1, ' >"fb;fun;prg ¢, and
miscellaneous compare operators arithmetic operators, conditional oper-
ator, and boolean operatorsbe the considered expression categorids’!
as speci ed in Section 3.2. Then, for each " o >T ! gio, g g !
translates ! ;» to "! g, as specied in De nition 4.6. ! gr;0¢ cON-
forms to the syntax rules of ! 4+ and preserves the semantics of"! 'St-
regarding the type system and SOS transition rules.

Proof The validity of Lemma 4.12 is proved as follows: First, the syntactic
correctness is checked by comparing all resulting expressionS! g, with syn-
tax rules "! 4, as speci ed in Section 3.3. Second, the semantic correctness
is checked by comparingl ! grzK with J ™! 'st-K, their type system, and SOS
transition rules as speci ed in Section 3.2 and 3.3. As a result, each considered
ST expression can be mapped to a correspondinQuartz expression.

lllustrative Example for Lemma 4.12
As an example, below are two derived expressions of th&T.SIMPLEFUN
modelt4:

(COUNT+1) /I result of t
((A1*B1)/C1) /I result of t

“COUNT+1
“(A1*B1)/C1 »

st( arz
st( qrz

4.2.7. POU Invocations

This step covers the translation function for translating POU invocations in ST
models # "1 'St- to Quartz model invocations in Quartz models #, ! grzce.
The high-level runtime behavior of an ST model with memory translated to
a Quartz model mimicking memory behavior is illustrated in Figure 4.5. Fig-
ure 4.5a shows the runtime behavior of an example ST model that is triggered
in each PLC cycle (red) and invokes a POU with memory and a POU without
memory depending on their execution order (blue). In contrast, Figure 4.5b
shows the runtime behavior of the resultingQuartz model, whose model with
memory is triggered by an additional event-driven variable (red) and the model
without memory without an additional event-driven variable, depending on its
execution order (blue).

De nition 4.7 (POU Invocations { ST-to-Quartz). let  “!4S >
“fb;fun;prg = be the set of possible ST model elements and POU invocations
in ST models iy "! * are given ascomplete formal function call [GDV14]. A

14Both models, ST and Quartz, are included in Appendix B.26 and C.26.
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(&) Initial ST model (b) Resulting Quartz model

Figure 4.5.: High-level runtime behavior of a model with memory that invokes two
models (Approach: ST-to-Quartz)

POU invocation "1 > # 71 e is translated to a Quartz model invoca-

inv st
tion i, ! qrzee > 1§, ! qrze# USiNg the translation function tgfo, " iy ! gt
which is described by Algorithm 5.

Correctness
To check the correctness of De nition 4.7, the following lemmas are used.

Lemma 4.13. Let ! . be translated to! g,eand ' >"fb;prge. Then,

for an invoked instance ifr?VA! 'st-, el qrz ifr?VA! 'St-- adds an event-driven
control sequence t0 seq ! grz* as speci ed in De nition 4.7. Furthermore,
st(qrz Ifr?v "l ,'St +» adds a synchronous concurrent thread to invoke instance
with related arguments including event-driven interfaces and synchronized
clock (if specied) as specied in De nition 4.7. seq ! grze# conforms

to the syntax rules of gseq ! grz¢ and ifr?v‘! grze* to the syntax rules of
fb ~ P A fb ~
iv | qrz*. The combination of geq™! grz* and ., ! qrz* preserves the

SOS transition rules of frf’vA! «* regarding termination behavior.

Proof The validity of Lemma 4.13 is proved by comparing the resulting syn-

tax of  seq ! qrze¢ With the syntax rules of  seq™! grz®, and " grze* With
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Algorithm 5 Invoke POU { ST-to-Quartz
# 7 '

Input: i, 7! e
0 . ~ fb | fen
utput: seq * qrz®s  jpy - qrz®s  jpy - qrz®®
H i inv A~ # o~ .
Translation Function stCarz inv | st®®!
switch # do
case fb do
foa A fboAp !
- emit( "a Tl eee E)
seq ! grzee add ce. ( ON i S )fb ap! i
immediate await( "ain " ,, ! s*** -EO)
P add event-driven control sequence
fb ~1 o ” “an T fb “1 eee:
inv - qr]{b . iN invfb' st - fb '
an oy st (Can T oy e -EL Tan T g, 7! gt -EO,
[CLK.] I, O);
P add thread with event-driven interfaces and system time (if
speci ed)
end
case f ®do
fon N N .
inv | arz® aN "y st ([C'LK'] I ) O_)v ' .
P add invocation with clock (if speci ed)
end
forall i>1;1 Evs an” BV oo 8Eovsan” #,71 e do
i ( st qrz 1
P add translated input or inout argument
end
forall 0>0;0 Eovsain " B,V geee do
0 Cdan” B, )
P add translated output argument
end
end

the syntax rules of ifr?v“! grz® as speci ed in Section 3.3 using induction on
the number of inp'ut variables including inout variables E.VsAaiN - ﬁ,vA! s*** 8

Eovs an~ #, 7! *** and output variables By s an~ #,7! o= of an in-

inv - st
. fb A~y " . . .
voked instance ;! i with system time:
. fb o~y ~ ~ # oAy
1. Base Case# When ., T X G, EVs#aiN A L g,
EOVS aiN inv I st... g and EOVS aiN inv I st". g! there

are no existing interfaces to add, but added sequence MM "I . e,

imm_ -~ qrze#, and fb ~ qrze#, Which conforms to the syntax rules of

await inv tb
imm ~ imm -~ ~
ass ! arz®s  await ! arz*®s and inv ! arz®-

2. Induction Hypothesis: The lemma holds for any set of input variables
including inout variables and any set of output variables of an invoked

instance.
3. Inductive Step: Adding an input, inout variable, and out-
put variable to Eys'an” #,7! g, Bovs'an~ g, and
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Eovs an ™ [, 7! e results in three additional interfaces and sequence

ifr?vA! qrze#, Which still conforms to the
m ~ fb ~
await | arz® and o " grze.

imm ~ imm ~
ass !qrz@, await !CIFZOQ’ and

syntax rules of MM =1 e,

Second, the semantic correctness is checked by comparing the SOS transition
rules of the sequence 13g" *! qrz®, wait ! qrz*, and irf’VA! qrz* With the SOS
transition rules of ifr?vA! 'st-. Triggering El and waiting for EOmimics a block

invocation in ST models.

lllustrative Example for Lemma 4.13

As an example, below is a derived event-driven sequence and model invocation
including arguments in the ST.SIMPLEPRG Imodel*®:

loop{
emit(DEBOUNCE_01_El); /I event input
immediate await(DEBOUNCE_01_EO);// event output
i}

|| DEBOUNCE_O01:DEBOUNCE( /I add. thread
DEBOUNCE_O01_El, /I event input
DEBOUNCE_01_EO, /I event output
CLK, /I clock
PRG_IN, 2000, /I in(out) arg.
DEBOUNCE_01_OUT, /I output arg.
DEBOUNCE_O01_ET_OFF); /I output arg.

Lemma 4.14. Let! 'St be translated to! g, ' >"fb;fun;prg +, and
user-de ned function calls are designed as complete formal function call.

A~ A~

X ®, .

Then, ty™y," inv ! s translates a user-de ned function call " g
. . foe . . . .

to a Quartz model invocation ;,,"! qrze* With related argumentsfglcludlng

synchronized clock (if speci ed) as speci ed in De nition 4.7. ;" grzc®
conforms to the syntax rules of fnoj“! qrz* and preserves the SOS transition
rules of

inv | st® regarding termination behavior.

Proof The galidity of Lemma 4.14 is checked mby comparing the resulting
syntax of ; "! gz with the syntax rules of ;  "!q* as specied in Sec-
tion 3.3 using induction on the number of input variables including inout

variables By s an ™ #,7! ¢*** 8 Bovs an " £, ¢** and output variables
Eovsan~ , 7! e of an invoked user-de ned function ifnv‘! «* With sys-
tem time:
(EA ' ~ ~ ~ '
1. Base Case: When ifnv L X 0, Bustan™ #, 71 geee g,
-~ -~ # -~ -~ -~ # -~
Bovs ain ™~ v ! t*°° g and BEsan~ jhy ! g, there

are no existing interfaces to add, which conforms to the syntax rules of
f

. [ ]
inv *Qrz--

15Both models, ST and Quartz, are included in Appendix B.27 and C.27.
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2. Induction Hypothesis: The lemma holds for any set of input variables
including inout variables and any set of output variables of an invoked
user-de ned function.

3. Inductive Step: Adding an input, inout variable, and out-
put variable to Eys an " Bl g, Bovs an™ B, 7!, and
Eovsain ™ £, 7! e results in three additional interfaces, which still

f e
conforms to the syntax rules ;! grz*.

Second, the semantic correctness is checked by comparing the SOS transi-
tion rules of ifn(:A! grz* With the SOS transition rules of {ntA! «* An inline
invocation mimics a block invocation in ST models, which can contain multiple
macro steps

lllustrative Example for Lemma 4.14

As an example, below is a derived model invocation including arguments in
the ST.SIMPLEPRGImodef®:

loop{

ST_SIMPLE_FUN( /I invocation

(PRG_A + 2.0), Il

PRG_B, PRG_C, PRG_COUNT,
ST_SIMPLE_FUN_I1);

in(out) arg.
in(out) arg.
output arg.

vee }

4.2.8. Assignments

This step covers the translation function for translating assignments in ST
models %! i* to assignments inQuartz models %" grzee.

De nition 4.8 (Translation of assignments { ST-to-Quartz).

let o ! S > 7fb;fun;prg = be the set of possible ST model el-

ements and %!+ be the set of assigned variables. An immediate

assignment 071 ge > R0 e (e, rhs” gggryst-- doedsI not depend
~ imm ~ : el ~ el ~ .

on Ihs”™ z55' ! e and a delayed assignment ac Lo > ass e (e,

rhs™ g8~ (e does depend onlhs™ &°1 (ee in ST models is translated

to a sequence seq ! grze* in Quartz models using the translation function

tst?ssqrz‘ ijss‘! «t**, Which is described by Algorithm 6.

Correctness
To check the correctness of De nition 4.8, the following lemmas are used.

Lemma 4.15. Let ! be translated to! g, ' >"fb;fun;prg ¢, and
# imm. Then, ty@,," 071 oo translates 100" g« to a sequence

seq ! qrze# Of pause”! qrze# @and ggg* "I grze* as speci ed in De nition 4.8,

16Both models, ST and Quartz, are included in Appendix B.27 and C.27.
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Algorithm 6  Translate assignment { ST-to-Quartz

; # o~
Input: ass | st®
Output: seq ! qrze®

. . ~ # A '
Translation Function stCarz ass | st*®
switch # do
case imm do
¢ pause; (if lhs™ M™ "1 _ e was updated £
seq ! qrze® add' or read earlier in the current macro step) §
~ imm o~y — ~ imm~p "' .
o lhs™ 23 Psiee = tst( qrz “rhs” ges Tl et ¥
end
case del do
¢ next( Ihs™ gel1 o) = £
seq ! qrzee add 1| tst( qrz “rhs” ggls Psteees §
a pause; ¥
end
end

considering the last update and read ofhs™ MM " st* - seq ! grze# CON-

forms to the syntax rules of <eq ! grz*, preserves the SOS transition rules

of 'a{;‘;“ ! 'St , and respects the single assignment panacro stepconstraint

in Quartz.

Proof The validity of Lemma 4.15 is proved as follows: First, the syntactic
correctness is checked by comparing the resulting syntax of seq”! grz0e With

the syntax rules of seq™! qrz* @s speci ed in Section 3.3, where there are two
cases to distinguish:

" Case 1 (lhs™ MM~y e Was updated or read earlier in the cur-
rent macro step ). seq ! qrz® "~ pause ! qrze*; aea' "1 grzees , which

conforms to the syntax rules of pause™! qrz® @and 20" ™! qrz®.

" Case 2 (Ihs” MM~1 e was neither updated nor read earlier
in the current  macro step )):  seq’! gz " Ace' ! qrzee*, Which

conforms to the syntax rules of MM "1, ..

Second, the semantic correctness is checked by comparing the SOS transition
rules of pause™! qrz* in combination with 10 " qrz (or mm-~p e only,
respectively) with the SOS transition rules of MM "I _+. The semantics are
preserved, considering that a PLC cycle can contain severahacro steps(see
Section 3.2 and 3.3). The single assignment pemacro step is respected by

considering the last update and read ofhs™ MM ~1 _ee.

54



© 0N U WN R

NNNBE B R B R EB BPB PR
NPk O ®O®w~NO®Oh~ wWNPRO

4.2. From ST Models to Quartz Models

lllustrative Example for Lemma 4.15

As an example, the immediately assigned variables of th& TASSIMM1model
and STASSIMM2model are translated as follows’:

yi=X; )
y=X; [l B 71 e added to seq”! grz e
y0:=x0; yl:=x1; )
y0=x0; Il 02 "lgzee added t0  seq”! grz
yl=x1; /[ MM C g, added t0 seq”! gz

y0:=x0; yl:=x1; y0:=x2;

y0=x0; g oz added 10 seq™! gz
yl=x1; /[ MM C G, added to seq”! grz e
pause; /I pause ! qrz @ added to  geq”! grz
y0=x2; /[ TG, added to seq ! grze®

y2:=x0; y2:=x1;

y2=x0; Il JB0 "lgpoe added t0  seq”! gz
pause; /I pause ! qrzee added t0  seq ! grzc®
y2=x1; [l M7l e added to seq ! grz e

y0:=x0; x0:=y0+x1;

y0=x0; [/ mm o~y oo e added to seq”! grp @
pause; 1l pause ! qrzoe added to  seq”! gz o®
x0=y0+x1; I 38 Vgzee added to  seq ! gz

Lemma 4.16. Let ! be translated to! 4,5 ' >~fb;fun;prg «, and

~ del~p ' del~p '
#  del. Then, t4¥%;  ass ! &* translates ;57! ¢ to a sequence

seq ! gqrzee Of 3871 0o and  pause”™! qrzee @s speci ed in De nition 4.8.

seq ! grze* conforms to the syntax rules of seq! qrz®, preserves the SOS
transition rules of 98" 'St-, and respects the single assignment panacro
step constraint in Quartz.

Proof The validity of Lemma 4.16 is proved as follows: First, the syntactic
correctness is checked by comparing the resulting syntax of seq™! grzee With
the syntax rules of seq! qrz® as speci ed in Section 3.3, where seq! grzo®

~ 281 grze® pause”! qrzee* , Which conforms to the syntax rules of 981 e
and pause” ! qrz*. Second, the semantic correctness is checked by comparing
the SOS transition rules of gg;w grz® in combination with  pause™! grz* With
the SOS transition rules of J¢."1 'St- (see Section 3.2 and 3.3). The semantics
are preserved, considering that a PLC cycle can contain severahacro steps
The single assignment permacro step is implicitly respected by using the

delayed assignment operator ofQuartz followed by a pause statement.

lllustrative Example for Lemma 4.16

As an example, the delayed assigned variable of th8 TASSDELmodel is trans-
lated as follows'®:

17Both models, ST and Quartz, are included in Appendix B.15, B.16, C.15, and C.16.
18Both models, ST and Quartz, are included in Appendix B.11 and C.11.
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y0 := y0 + xO;
next(y0) = y0 + xO; o e !mg@ added to  seq !mue
pause; 11 pause ! gz added to  seq”! gz

4.2.9. Conditions

This step covers the translation function for translating conditions in ST mod-

els # °! e to conditions in Quartz models ¥ ! grzoe.
De n|t|on 4.9 (Translation of conditions { ST-to-Quartz). Let

ot ¢ S >"fb;fun;prg «= be the set of possible ST model elements. A
cond|t|on in ST models cond™! &* > cond ! St' is translated to a condition
in Quartz models cond ! grz®® > cond ! grz® Using the translation function
t god ~ # 2 , which is described by Algorithm 7.

st( grz cond ! st®

Algorithm 7 Translate condition { ST-to-Quartz

. # o~
Input: cond !Pt.
Output: 74! qrzee , .
. ) R N )
Translation Function stCqrz  cond | st**"
switch # do
case it do
if( tor( qr” ™ Bond ! soe)f B
it~ o ] t A~ 1 e §
cond * Qrz % sttarz 1 cond ° st ¥
o0 ¥
end
case # ite do
b~ ite ~p'
|f( tst( qrz ~cond !,st"')f £
~ite A e g
e ~ St( gz 1 cond - st i
Icond !qrzcE tI: gelsef §
H A~ jte Ay i
i Ust(arz 2 cond ' st*** i
o0 ¥
end
end
Correctness

To check the correctness of De nition 4.9, the following lemma is used.

Lemma 4.17. Let ! . be translated to| grze@nd ' >"fb;fun;prg -.
d ~# o~ # # i

Then, t52" cond ' st translates cond Vst 10 Zond ! grze* @s speC| ed

. . #

in De nition 4.9. ) 4" qrzee conforms to the syntax rules of Zona™! arz®

and preserves the SOS transition rules of 7 "1 «°.
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4.2. From ST Models to Quartz Models

Proof The validity of Lemma 4.17 is proved as follows: First, the syntactic

correctness is checked by comparing the resulting syntax offondA! qrze® With

the syntax rules of ¥ "1, as speci ed in Section 3.3. Second, the seman-
tic correctness is checked by comparing the SOS transition rules ofg ™! grz*

in Section 3.3 with the SOS transition rules of 7 ;! «* in Section 3.2, con-

sidering that statements are assumed to terminate within the same PLC cycle.

lllustrative Example for Lemma 4.17

As an example, the conditions of theST.CONhodel are translated as follows®:

IF x1 THEN /I initial condition
x2 := TRUE;

END IF;

if(x1){ /I resulting condition

X2 = true;

IF x1 THEN /l initial condition
x0 := TRUE;

ELSE
x0 := FALSE;

END IF; 7
if(x1){ /I resulting condition

x0 = true;
telse{
x0 false;

}

4.2.10. Loops

This step covers the translation function for translating loops in ST models
loop ! st* to loops in Quartz models ,"! grzee.

De nition 4.10 (Translation of loops { ST-to-Quartz). Let 'st

"¢ S >7fb;fun;prg e be the set of possible ST model elements. A loop

. # A N . .
in ST models {5,,"! si* > 100p ! &* IS translated to a loop in Quartz models
loop ~ # ~

fop L az® > loop”! grze# Using the translation function 8%~ # "1 o,
which is described by Algorithm 8.

Correctness
To check the correctness of De nition 4.10, the following lemmas are used.

Lemma 4.18. Let ! ., be translated to! q,and ' > "fb;fun;prg -.
loop  ~ head~| ' 4, head~| " head~ ;
Then, t "oz 1oop | st translates 50071 e to 5557 ! grzee @s specied

in De nition 4.10. 231 .« conforms to the syntax rules of et g,

and preserves the SOS transition rules of peat™! ..

19Both models, ST and Quartz, are included in Appendix B.8 and C.8.

57



N o g A~ W N P

Chapter 4: Model Transformation of ST Models to Quartz Models

Algorithm 8  Translate loop { ST-to-Quartz

. #
Input:  joop ! st®

Output: {5, qrzer

tloop ~# ~

Translation Function st( qrz  loop | st**

switch # do
case head do
; ~ b~ head~) '
¢ while( te o, nead™y Leme ) £
ead~ .|. tst( rzA ) E,%adA! st** <
loop !quc” L [pauqse.] P §
L o ¥ |
P pauseis the last statement of an iteration that can be contained
in t ~ ~ head~| ' 46
st( qrz loop - st
end
case foot do
¢ dof £
i t ~ ~ foot~| " .o i
footAl - | st( qrz loop - st §
loop * A% & [pause] ;
i . A ~ b~ footap ' S
a gwhile( ! tst( qrz loop Fgiooee ) ¥
P pauseis the last statement of an iteration that can be contained
: ~ ~ foot~
n tst( qrz loop * st
end
end

Proof The validity of Lemma 4.18 is proved as follows: First, the syntac-

tic correctness is checked by comparing the resulting syntax of f(‘)%%d“! qrze®

(including optional  pause”! qrze#) With the syntax rules of ﬂ)%%d“! qrz® and

pause ! qrz® @s specied in Section 3.3. Second, the semantic correctness is
checked by comparing the SOS transition rules of f})%"’,‘)dA! qrz* and optional

pause ! qrz* in Section 3.3 with the SOS transition rules of [229°1 (.« in Sec-
tion 3.2, noting that pause™! grz* is not always necessary (like for delayed

assignments).

lllustrative Example for Lemma 4.18

As an example, the head-controlled loop of theSTLOORHEADNodel is trans-
lated as follows©:

i = 1i0; /I initial loop
WHILE i <= i1 DO
y =0
=0+ x2;
END_WHILE;
y = x1;
i = i0; /I resulting loop

2Both models, ST and Quartz, are included in Appendix B.14 and C.14.
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while(i <= i1){
y = i
next(i) = i + x2;
pause;

}
y = x1;

Lemma 4.19. Let ! 'St be translated to! g, and ' >"fb;fun;prg -.

loop ~ foota~ "' foot ~, * foot ~ :
Then, tg°arz” 1oop ! st** translates oo "1 e 055" qrze# @s speci ed
. " foot ~ foot ~
in De nition 4.10. loop I grze# conforms to the syntax rules of loop Parz®
and preserves the SOS transition rules of fggg” o

Proof The validity of Lemma 4.19 is proved as follows: First, the syntac-

: : : : foot ~
tic correctness is proved by comparing the resulting syntax of loop I qrzee

(including optional  pause™! qrze#) With the syntax rules of fg(‘)’;“' grz® and

pause | qrz® @s specied in Section 3.3. Second, the semantic correctness is

checked by comparing the SOS transition rules of Ifg;’;“! grz* and optional
pause ! qrz* in Section 3.3 with the SOS transition rules of rggg“' «* in Sec-

tion 3.2, noting that pause”! qrz* iS NOt always necessary, such as for delayed
assignments.

lllustrative Example for Lemma 4.19

As an example, the foot-controlled loop of theST.LOOHROOTmodel is trans-
lated as follows:

11

12

13

14

i = i0; [l initial loop
REPEAT
y = Xx0;
i =0 + x2;
UNTIL i>il
END_REPEAT;
y = x1;
i = i0; /I resulting loop
do{
y = x0;
next(i) = i + x2;
pause;
Ywhile (1(i > i1));
y = x1;

21Both models, ST and Quartz, are included in Appendix B.13 and C.13.
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4.2.11. Sequences

This step covers the translation function for translating sequences in ST mod-
els seq ! i;* to sequences iMQuartz models seq ! grzee.

De nition 4.11 (Translation of sequences { ST-to-Quartz). Let
1y S >7fb;fun;prg «» be the set of possible ST model elements. There are
the following variants of ST statements:
POU invocations: iny ! ¢* > inv ! &*
~ Assignments: MM~ e > immey o delny o5 delny

st ass - st ass * st ass * st
" . head~; ' head~| ' foot ~) foot ~
Conditions: 15747 st* > cond | st® cond | st® > cond | st
. head~| ' head~| ' foot~y ' foot ~
Loops. loop ! st® ” loop ! st® loop ! st* loop ! st

According to the De nition 4.7, 4.8, 4.9, and 4.10, these ST statements are
translated to the following variants of Quartz statements:

Pause: pause ! qrz#®* > pause ! qrz®®
Model invocations: iny "! grze® > inv ! grze®

; . imm ~ imm ~ del~ del ~
Assignments: 55" ! qrz® > ass ! qrz®,  ass | qrz® > ass | qrz®

i . head~ head~ foot ~ foot ~
Conditions: cond !qrzd > cond !q,-zoe, cond !qu‘f > cond !qu‘”

. head~ head~ foot ~ foot ~
Loops: loop L grzee > loop I grzee, loop grze® > loop | arze®

Sequences: seq ! grze*

A set of the resulting Quartz statements represents a sequence, de-
noted as seq ! qrze*, Which was introduced and appended in isolated
transformation steps, such as for delayed assignments geq! grzc®

" 85! qrz®s pause”! grzee in Denition 4.8.  The translation function

A~

tsts(eqqrz seq’\! qrzil'. InsertS |AI quUL. > Squ! qrzw to !ql’Z(ﬁ fO”OWIng the
process described by Algorithm 9.

Algorithm 9  Add sequence { ST-to-Quartz

Input: seq ! qrze®
Output: ! grze

seq ~ A~

Translation Function tsiCqrz  seq I grzoee

forall ;> goq'! grzee dO
'qrze add ; to the position w.r.t. its execution order and dependent
constructs;
end
Correctness

To check the correctness of De nition 4.11, the following lemma is used.
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Lemma 4.20. Let ! .

st

seq ! grze® X @, and seq ! grzee be syntactically correct. Then,
tsts(e“qr; seq ! grze** inserts each translated statement | > ;! qrze* 1O

! grz= The resulting Quartz model ! gz conforms to the syntax rules of
I grz, preserves the SOS transition rules of ; (in particular with regard to
the execution order of the statements), and respects the single assignment

per macro stepconstraint in Quartz.

be translated to ! gz

> “fb;fun;prg -,

Proof The validity of Lemma 4.20 is proved as follows: First, the syntactic
correctness is checked by comparing the resulting syntax of seq™! grz0e With
the syntax rules of seq™! qrz* as specied in Section 3.3 using induction on

the number of statements to be added seq ! grzoe:

1. Base Case: When seq'! gqrz¢ @, there are no statements to be added,
which conforms to the syntax rules of | °! grz°.

2. Induction Hypothesis: The lemma holds for any set of statements to

be added seq'! grzce.

3. Inductive Step:  Adding a statement results in a statement to be added
that conforms to the syntax rules seq ! grz®, because the syntactic cor-
rectness of this statement to be added has been proved in the corre-

sponding section.

Second, the SOS transition rules and the single assignment penacro step
constraint in Quartz are respected by the individual statements themselves.
The order is respected by the order within the resulting Quartz model.

lllustrative Example for Lemma 4.20

As an example, below are the inserted statements in the resultingQuartz

model of the ST.SIMPLEPRGImodel:

loop{
immediate await(El);

emit(DEBOUNCE_01_EI);

immediate await(DEBOUNCE_01_EO);
PRG_OUT1 = DEBOUNCE_01_OUT,;

11
/1
/1

PRG_ET_OFF = DEBOUNCE_O1_ET_OFF/

ST_SIMPLE_FUN(: );

PRG_OUT2 = ST_SIMPLE_FUN_I1;

emit(EO)
pause;

}
|| DEBOUNCE_01:DEBOUNCE( );

11
11

arz @
arz @
arz @
arz @
arz @
ass - arz @

inv

>

inv
ass
ass

>

inv

inv ! qrz e
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4.3. Experimental Results

The applicability of the introduced translation functions is evaluated with the
ST models listed in Table 4.1. The examples are listed with theSource Lines
of Code (SLOC) metric [BM14] of the ST model and the experimental results.
For evaluation purposes, the listed ST models and the expecteQuartz models
are manually implemented to verify the applicability of the isolated translation
functions. To ensure the correctness of both models, ST anQuartz, they are
compiled with the built-in compilers of CODESYS and Averest The transla-
tion functions have been implemented as a prototype inPLCreX , resulting in
the overall test strategy shown in Figure 4.6. The correctness of the resulting
Quartz models is veri ed in two ways: (1) through manual reviews, di erences
between the expectedQuartz models and the automatically generated models
are identi ed, and (2) using the built-in compilers of Averest, the syntactic
correctness of the automatically generatedQuartz models is ensured. Both

Figure 4.6.: Test strategy to evaluate the ST-to-Quartz transformation

tests passed for all examples (ignoring minor formatting di erences between
manually implemented and automatically generatedQuartz models), with the
following warnings:

" Initializing input variables : According to Lemma 4.2, input variables
of Quartz models are always invoked with connected values, because
input variables have only read access as speci ed in Section 3.3. Thus,
input variables cannot be set to speci ¢ values, which is why the example
simple calculation throws a warning for the initialized input variable,
since the initialization is skipped during translation.

Based on the experimental results in Table 4.1, it can be concluded that the
introduced translation functions are applicable and lead to correct Quartz
models. They can be reused in model-based design, if a few conditions are
considered. These are summarized in the following section.
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Table 4.1.: Set of ST models and test results to evaluate the applicability of the
introduced ST-to-Quartz transformation

Model Source | !y |!que| Result

st

2-0f-3 logic function [Sch19] B.1| C.1 passed
Alarm function [Sch19] B2 | C.2 passed

Analog value processing 1] 8 [Sch19] B3 C.3 passed
Analog value processing 2/ 7| [Sch19] B4 C.4 passed
Arithmetic operators | 20 self B5 | C5 passed

® = SLOC

Boolean operators| 14 self B.6/ C.6 passed
Compensation system| 28/ [Schl19] B.7 C.77 passed
Condition statements | 15 self B8| C.8 passed

Data types and elds | 28 self B9 | C.9 passed
Debounce| 20| [GDV14]| B.10] C.10, passed

Delayed assignments| 7 self B.11 C.1] passed
Equality, inequality | 9 self B.12 | C.12 passed
Foot-controlled loop | 20 self B.13| C.13 passed
Head-controlled loop | 18 self B.14 C.14 passed

Immediate assignments 1| 13 self B.15 C.1§ passed
Immediate assignments 2| 19 self B.16 C.1¢ passed
Immediate assignments 3| 10 self B.17 C.1] passed

Invoke function 1 | 7 self B.18| C.18 passed
Left detection | 7 | [Sch19] | B.19| C.19 passed
Numeric relations | 11 self B.20| C.20 passed
O delay timer |39 [[GDV14] |B.21 |C.21 passed
On delay timer | 39 | [GDV14] | B.22 | C.22 passed
RS-Flip-Flop | 14 | [GDV14] | B.23 | C.23 passed
Right detection | 7 | [Sch19] | B.24| C.24| passed
SR-Flip-Flop | 14 | [GDV14] | B.25 | C.25 passed
Simple calculation | 16| [GDV14]| B.26| C.26| P2SSed With
warnings
Simple program | 19| [GDV14]| B.27| C.27 passed
Tank control | 19 | [Sch19] | B.28| C.28 passed
Track correction | 23 | [Sch19] | B.29] C.29] passed
Two-Point controller |21 | [Sch19] | B.30| C.30 passed

4.4, Summary

This chapter introduced the transformation of ST models to Quartz models.
For this purpose, individual translation functions were de ned that take into
account the sequential execution order of ST statements. The applicability
of these translation functions was demonstrated using a set of ST examples.
Based on the presented lemmas and experimental results, the following theo-
rem encapsulates the entire transformation:
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Theorem 4.1 (ST-to-Quartz Translation). Let ! o >  bean ST
model of variant ' '>”fb;fun;prg , and let Ts( qrz ! * be the model
transformation of ! ;; to ! 4,=using the translation functions de ned in

this chapter. Then, the resulting Quartz model! g, «

1. Conforms to the syntax rules of! ¢,
2. Preserves the semantics of 'St

3. Contains constructs corresponding to the constructs of 'St and pre-
serves the intended functionality of ! i, under the following condi-
tions:

© ' >7fb;fun;prg
T ide ! gt in ! s*8 out !*8 inout !, Where models are
always invoked with de ned input values, so no initializations
are required for n 7! o

vdel ! t® local ! st*» Where variables are represented as
memorized variables

Imported models are available asQuartz models

Functions are called formally complete in ST models

~ 1 e < ~ bool. byte. word. int. dint. uint. udint .
1 * st bv * bv ' bv L L L ' .I 1
dur; *, Where g, can be treated as an unbounded integer

and is speci ed in milliseconds
~ao~ s~ cst . id . i . br . tue. false. ar . inv .

1 st® mMisSC’ misC’ misc ' MiSC’ misc’ misc ’* misc’ misc’
e . ne . 9Ot . ge . It . le . mul . div . add . sub .
comp: comp: COMp: COMp» comp: comp: arith * arith * arith * arith *
expt. mod. um . sel ,
arith * arith * arith * cond
~ o~ ~ # oL # . # L #
! !St. > inv: ass' cond’ Ioop.

Proof The validity of Theorem 4.1 is proved as follows:

1. Syntax Conformance : Lemma 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8,
4.9, 4.10, 4.11, 4.12, 413, 4.14 4.15, 4.16, 4.17, 4.18, 4.19, and 4.20
demonstrate that each translated construct conforms to the syntax rules
of ! 4r; as speci ed in Section 3.3.

2. Semantic Preservation : The following lemmas address the preserva-
tion of semantics for their respective constructs.

Model declaration: Lemma 4.1

Interfaces: Lemma 4.2
~ Variables: Lemma 4.6

~

Data types and elds: Lemma 4.10
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4.4, Summary

3.

POU imports: Lemma 4.11
Expressions: Lemma 4.12

POU invocations: Lemma 4.13 and 4.14
Assignments: Lemma 4.15 and 4.16
Conditions: Lemma 4.17

Loops: Lemma 4.18 and 4.19

Sequences: Lemma 4.20

Construct Correspondence : Given the conditions of the theorem,
the provided de nitions, proofs, and experimental results, it can be con-
cluded that the translation functions produce corresponding constructs
in! 4r, for the considered constructs in! ' preserving the original func-
tionality.

st

Overall, this results in the following solutions to the challenges summarized in
Section 4.1.

1.

Cyclic execution of Quartz models (with and without memory)

The execution of Quartz models mimicking both POU variants, with
and without memory, depends on the invocation by the externalQuartz
model, i.e., the external model is responsible for the cyclic execution.

. Event-driven execution of synchronous parallel threads © An it-

eration of Quartz models mimicking POUs with memory is triggered via
event input El and returned via event output EOafter a nite number
of macro stepsn CO, thus realizing an external event-driven execution
control of the resulting Quartz model.

. Sequential execution of synchronous parallel threads : Due to the

event-driven execution control realized with the event interfaceskEl and
EQ the invoking Quartz model can invoke instances depending on their
feedback viaEQ thus allowing the sequential execution of synchronous
parallel threads taking into account an individual number of macro steps
of the instances.

Dynamic system time : The global clock synchronization is realized by
an additional memorized input CLK.e., the clock is controlled externally
and processed within theQuartz model with read access.

. Translation of ST language constructs . The solution follows from

Theorem 4.1.
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The second approach to reusing existing POUs in model-based design is the
transformation of ST models into SCL models, where the goal is to create a
robust set of translation functions that ensure semantic preservation during
the transition. In addition to the approaches presented in [WS24a; WS24b],
it considers the following additional issues:

" Model Declaration : Mimicking the termination behavior of the initial
model, i.e., distinguishing between models with and without memory

" Interfaces and Variables : Additional interfaces for event-driven exe-
cution control and an external controlled time (provided as a bounded
integer)

Data Types and Fields : Additional IEC 61131-3 data types

~
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Chapter 5: Model Transformation of ST Models to SCL Models

The correctness of the translation functions is proved by theoretical reason-
ing, which includes a detailed analysis of the resulting syntax and semantics
compared to the syntax rules and semantics speci ed in Chapter 3. In addi-
tion, the theoretical results are evaluated with real-world and self-de ned ST
models.

This chapter is structured as follows: Section 5.1 introduces the high-level
design ow and translation strategy. Section 5.2 de nes the translation func-
tions and theoretical analysis. Section 5.3 presents an evaluation of the theo-
retical results, and Section 5.4 summarizes the transformation.

5.1. High-Level Design Flow { ST-to-SCL

The high-level design ow for transforming an ST model ! 'st > 'St of the
variant function block (*  fb), function (* fun), or program (* prg) to
an SCL model! ¢ > 4 is shown in Figure 5.1.

Figure 5.1.. High-level design ow of the ST-to-SCL transformation

«* includes the following transforma-

The ST-to-SCL transformation Tsy( sci™! ¢

tion steps':
Lotgsa ! 'st--: Model declaration (see Section 5.2.1)
2.ty (sl ! «*: Interfaces (see Section 5.2.2)
3.t ! *: Variables (see Section 5.2.3)
4ty s ! «*+: Data types and elds (see Section 5.2.4)
5 tet(sal ! ;t--: Expressions (see Section 5.2.5)
6.t el B! 'St»: Assignments (see Section 5.2.6)
7ty sl # ! v Conditions (see Section 5.2.7)

8. tsi( " ioop <**: Loops (see Section 5.2.8)

©

. tsts(eqscl‘ seq ! sci#*: Sequences (see Section 5.2.9)

11t should be noted that based on experimental results in the latest version of KIELER , SCL
models are not intended to import external SCL models (due to the minimal instruction
set), and thus transformations of model imports and invocations are not considered in
this chapter.
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5.2. From ST Models to SCL Models

Translation Strategy:

This chapter introduces two translation strategies illustrated in Figure 5.2. In
contrast to the strategies introduced in Chapter 4, in this approach both POU
variants (with and without memory) run in an in nite loop. The di erence is
that the ST model is either transformed into an SCL model that (1) contains
variables that are reset to their defaults at the beginning of each iteration
(to mimic a POU without memory), or (2) runs in an in nite loop without
resetting the variables (to mimic a POU with memory). Figure 5.2a shows
the high-level runtime behavior of the resulting SCL model that follows the
rst translation strategy, where the set of input variables IN is read when an
iteration of the SCL model is triggered via the input variable El in macro step
S;. In the following macro stepsduring execution, the interfaces are synchro-
nized, where only CLKmay be updated externally and is read. Neither input
variables IN are allowed to be updated nor output variablesOUTare allowed
to be processed externally until the current iteration is terminated. In macro
step S;,, OUTis returned to the invoking model for external processing. The
subsequent nal macro stepis used to switch to the next iteration (triggered
in the next PLC cycle) and to reset EO In contrast, Figure 5.2b shows the
high-level runtime behavior of the resulting SCL model that follows the sec-
ond translation strategy, where the model i