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Abstract

In the field of Programmable Logic Controllers (PLCs), Structured Text (ST) is one of the languages described in
IEC 61131 for implementing PLC applications organized into Program Organization Units (POUs). So far, research
has focused on formal verification of existing POUs, and PLC vendors and engineering tools are increasingly supporting
the integration of model-based design features for new projects. These needs are already being met by frameworks for
developing reactive real-time systems using synchronous languages. However, existing methods for formalizing ST-based
POUs using synchronous languages often change the structure of the original ST model. Therefore, this paper presents
a straightforward formalization approach for existing ST-based POUs in order to reuse them in model-based design and
formal verification. In particular, we investigate the translation of ST models into synchronous QUARTZ and sequential
constructive models. In this context, we define a structural operational semantics to evaluate our transformations.
Furthermore, we demonstrate the applicability of our transformations using simple POUs.

1 Introduction derived from ESTEREL [6], which can be used together
with a publicly available framework called AVEREST!
The imperative sequential programming language to perform verification, simulation, and synthesis. In
Structured Text (ST) [1] is a language informally described  addition, we choose Sequentially Constructive Language
in a standard known as International Electrotechnical ~(SCL) [7], an imperative language of the KIELER?
Commission (IEC) 61131-3. ST is used to implement framework which can be used for verification, simulation,
applications of real-time systems such as Programmable and synthesis purposes, as well as for the subsequent
Logic Controllers (PLCs) and was originally derived transformation of SCL models into graphical Sequentially
from PASCAL [2]. ST provides typical statements such  Constructive Statecharts (SCCharts) [7].
as conditional statements, bounded loops, arithmetic and  This paper presents a set of transformations to translate
logical operators, and is often used to specify sequential existing ST models into QUARTZ and SCL models also
algorithms. represented using SCCharts. Using an open source
Depending on their architecture and intended use, PLCs  tool called PLCREX?, a source-to-source compiler is
can be used for safety-critical applications that also require  developed to apply the transformations to the ST models.
formal verification. This often requires the translation = We also define a structural operational semantics for ST,
of ST models into formal models, which has been QUARTZ, and SCL to reason about our transformations.
demonstrated in many research papers and is still an  The outline of the paper is as follows: In Section 2,
ongoing area of research. Many of these approaches have  both software models and paradigms are introduced and
the disadvantage that their representation is different from  the challenge in the paradigm shift is explained. The
the original ST structure and requires detailed domain- translation from ST into QUARTZ/SCL is presented in
specific knowledge of tools or frameworks. Thus, in  Section 3. Section 4 defines the formal semantics used to
addition to the need for verification, we see a need reason about the correctness in Section 5. Related work is
for a formal model that can be intuitively reused as discussed in Section 6.
a technology-independent design.  Since synchronous
languages [3, 4, 5] are becoming more and more attractive
for the design and verification of reactive real-time 2 Background
systems, we follow the idea of translating ST models
into synchronous models, where imperative synchronous  This section briefly introduces the languages ST, QUARTZ,
languages are preferred because they are close to ST. and SCL. Listings 1-3 show example modules of these
In addition, we follow the idea of visualizing the resulting ~ languages for a rising edge detector [1]. Furthermore, this
textual models as statecharts. In this way, we expect to  section outlines a challenge in the intended paradigm shift.
preserve the original ST structure and allow an intuitive
transition to the synchronous programming paradigm and 'http://waw.averest.org/
related model-based design approaches. As an imperative *https://rtsys.informatik.uni-kiel.de/confluence/

display/KIELER/Overview
synchronous language, we choose QUARTZ [3], alanguage 3https://github.com/marwern/PLCreX
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Listing 1 ST model of rising edge detector
FUNCTION_BLOCK R_TRIG

VAR_INPUT CLK: BOOL; END_VAR
VAR_OUTPUT Q: BOOL; END_VAR
4+ VAR_IN_OUT M: BOOL; END_VAR

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

Listing 2 Quartz model of rising edge detector

module R_TRIG(bool ?7CLK,
bool !Q,
bool M){

Q
M

CLK and !M;
CLK;

Listing 3 SCL model of rising edge detector

module R_TRIG{
input bool CLK;
output bool Q;
input output bool M;

; Q = CLK && !M;

7 M = CLK;

8}

2.1 The Structured Text Software Model

The IEC 61131-3 software model [1] generally consists
of various language and configuration elements. The
language elements are organized in so-called Program
Organization Units (POUs) [1] of which we consider
PROGRAM, FUNCTION and FUNCTION_BLOCK elements.
Most IEC 61131-3 systems continuously perform a cyclic
scan, specified by the configuration element 7ask [1] for a
set of associated POUs. The cycle begins by collecting the
values of all input signals and storing them in fixed areas
of memory. During the program scan, new values of the
physical outputs resulting from the logic of the program
are first written to an output memory area. Then, all output
values held in memory are written by the system to the
physical outputs [8].

The IEC 61131-3 standard describes two textual and three
graphical programming languages used to implement
POUs [1]. The different languages with their individual
strengths and weaknesses for different application
purposes allow intuitive programming by users from
different domains. The imperative sequential language ST
is one of the textual IEC 61131-3 languages and contains
arithmetic and logical operators typical for implementing
sequential algorithms, as well as selection statements,
bounded loops, and assignments. Recursion is not allowed
for POUs covered by this approach [8]. Elementary data
types are also supported. The information flow of variables
within a POU is defined in so-called sections [1]. In this
approach we consider typical interfaces such as input,
output, and input/output.
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2.2 The Synchronous Software Model

In general, synchronous languages follow a classical
synchronous Model of Computation (MoC), which means
that most statements are executed in zero time and
are synchronized in each so-called macro step or
reaction step [3].  Synchronous languages typically
have deterministic semantics which is useful for formal
verification. Concurrent threads can read and write shared
variables, but must not have write conflicts, because each
variable must be assigned a unique value in each macro
step [3] (if it is assigned at all).

In contrast, there are also synchronous languages that
follow a sequentially constructive (SC) MoC [7]. The SC
MoC allows shared variables to have multiple values per
macro step as long as those values are explicitly ordered by
sequential statements [9] which means that these languages
take into account sequential scheduling information and
give programs a deterministic semantics that would be
rejected under the classical synchronous MoC [10].

2.2.1 AVEREST-Framework and QUARTZ

AVEREST is an open-source framework for the
specification, verification, and development of embedded
systems that includes a symbolic model checker and a
tool for hardware and software synthesis. The framework
can be used for modeling and verifying both finite and
infinite state transition systems, making AVEREST suitable
for both hardware and software design. It also includes
a compiler for translating the imperative synchronous
QUARTZ language into a symbolically represented
transition system in AVEREST’S interchange format. This
allows QUARTZ modules to be reused in a model-based
design approach.

QUARTZ programs are organized in modules and can
include user-defined functions via preprocessor directives
and instantiate other QUARTZ modules. As systems
following the classical synchronous MoC, QUARTZ
programs work in macro steps, where in each step first all
inputs are read and then all current outputs as well as the
updates of the internal states for the next step are computed
[3]. Switching between two steps can be implemented with
a pause statement. QUARTZ comes with typical arithmetic
and logical operators, as well as conditional statements,
bounded loops, and assignments. Common elementary
data types and memorized [3] variables, among others, are
supported. In this approach, we consider typical interfaces
input, output, and input/output.

2.2.2 KIELER-Framework, Sequentially
Constructive Language, and Statecharts

Kiel Integrated Environment for Layout Eclipse Rich
Client* (KIELER) is a research project to improve the
graphical model-based design of complex systems and
follows the idea to consistently use automatic layout
in all graphical components of the diagrams within the
modeling environment. Such a system can be modeled
in KIELER using different programming languages, of

“https://rtsys.informatik.uni-kiel.de/confluence/
display/KIELER/Overview
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which we focus on the textual concurrent imperative
language Sequentially Constructive Language, which was
introduced as a basis for the concept of sequential
constructiveness [9]. Furthermore, KIELER allows the
compilation of SCL models in SCCharts.

Like QUARTZ programs, SCL programs are organized
in modules, but unlike QUARTZ programs, they are not
intended to import external functions or instances of
other SCL models. As synchronous systems that follow
the SC MoC, SCL programs also work in macro steps,
where in each step first all inputs are read, and then all
active (currently instantiated) threads are executed until
they either terminate or reach a pause statement, and
at the end write output variables to the environment [9].
Similar to QUARTZ, SCL comes with typical arithmetic
and logical operators, as well as conditional statements,
bounded loops, and assignments. Common elementary
data types and memorized variables are also supported.
In this approach, we consider typical interfaces such as
input, output, and input/output [9].

2.3 Challenge of the Paradigm Shift

The fundamental paradigm in both of these MoCs is
the distinction between micro steps and macro steps.
In contrast to the traditional sequential programming
paradigm, micro steps do not consume time from the
programmer’s point of view. The consumption of time
must be explicitly programmed with special statements
such as the pause statement. When the synchronous
program is executed, the control flow stops at the pause
statement and continues at that point in the next macro
step, unless the control flow is suspended or aborted. In
general, the control flow of QUARTZ and SCL programs
can be viewed as a finite state machine, where the subsets
of pause statements determine the set of states. Since ST
is based on the traditional imperative sequential paradigm,
and we assume periodic execution, we can describe the
execution of an ST program as a state machine with a
single state, in which the program is executed sequentially
and the outputs are updated at the end.

A challenge derived from this approach is illustrated in
Fig. 1 which shows two automatically generated SCCharts
for the SCL sequence {o=1; [pause;]o=2;}. In Fig. 1(a),
the sequential control flow will lead to write conflicts in
the classical synchronous MoC used by QUARTZ, because
each variable must have a unique value in each macro
step. In contrast to Fig. 1(b), where a pause statement is
added between the assignments o=1 and 0=2 (visualized as
a solid transition from statel to finalState3). Fig. 1(a)
illustrates that o would be immediately set to 1 and 2
in the same macro step, leading to write conflicts in the
classical synchronous MoC. In contrast, neither Fig. 1(a)
nor Fig. 1(b) would lead to write conflicts in SCL models,
since sequential control flow is considered in SC MoC.
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region0

lo=1;,0=2

->{( finalState3

(a) assignments without pause-statement

region0
lo=2

finalState4

(b) assignments with pause-statement

Figure 1 Comparison in sequential control flow
considering pause-statement and different models of
computation

3  ST-to-QUARTZ/SCL Translation

To translate ST models into QUARTZ and SCL models,
we define a set of transformations in this section. We
define <vdcl> as a set of variable declarations, <idcl>
as a set of interface declarations, <stats> as a set for
discrete statements, o for Boolean expressions, 7 for
general expressions, and c, i, n, w, x, and y for left-hand
side expressions, variables, and compile-time constant
expressions. Furthermore, we define « for elementary data
types. The translation from ST models to QUARTZ and
SCL models is divided into different categories and will be
explained in the following subsections.

3.1 Declarations

This approach considers POUs of type FUNCTION_BLOCK
and PROGRAM and is translated into QUARTZ and SCL
modules according to Table 1, requiring additional
transformations for <idcl>, <vdcl>, and <stats>.

The interface variables considered in this approach are
declared in the <idcl> section of a POU and are grouped
into subsections that describe the type of interface using the
ST identifiers VAR_IN_QUT, VAR_INPUT, or VAR_QUTPUT.
Unlike variables of type VAR_IN_QOUT, input and output
variables, VAR_INPUT, or VAR_OUTPUT, can optionally
have an initial value [1]. This is also the case for SCL
and QUARTZ models, with the limitation that inputs in
QUARTZ are not writable. In addition, the MoC must be
taken into account. As explained in the previous section,
note that a multiple assignment of x; without an additional
pause statement in QUARTZ is not allowed.

The declaration of local variables is identified in ST by
the keyword VAR and is structured in the <vdcl> section
of a POU. This type of variable can also optionally have
an initial value. If no initial value is specified, the default
initial values of the elementary data types are used, i.e., O,
0.0, and FALSE [1]. Since the default initial values match
those of QUARTZ and SCL, no further transformations are
required.
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POU Interface Variables
VAR_[INPUT|OUTPUT|IN_OUT VAR
[PROGRAM | FUNCTION_BLOCK] <name> -[I ! TN ] ,
X0: Q0 X0:Qp;
& <idcl> <vdcl> <stats> XO ao[ ol XO ;0 .
prag[i=wl; g =g
END PROGRAM | FUNCTION_BLOCK
-t ! - ] END_VAR END_VAR
[import <module>] (g [?1'1]%0,
N . @y X0;
2 module <name>(<idcl>){ ap [?71']11x){ o
X15
=) <vdcl> <stats> X|=W; L=l
o X|=W;
} } 1 H
g | medule <name>{ [input | output | input outputl] ap xo; ) X0;
2 <idcl> <vdcl> <stats> Lop putinp P 0 F03 0 =05
} [input | output | input outputl] a; x;=w; @] X|=W;
input int x0, x1
§ region0
= region0 Ix1=w
| e e

Table 1 Overview of transformation from ST models to QUARTZ and SCL models as well as graphical representations

as SCL-equivalent SCCharts

3.2 Data Types

The translation of the elementary ST data types to those
available in QUARTZ and SCL follows the transformations
in Table 2. Integer is bounded in QUARTZ to 32768 to map
the precision of 16 Bit for integer data types as described
in IEC 61131-3 [1]. The precision for the considered real
data type is specified as 32 Bit in ST, but not bounded after
translation to QUARTZ and by default the same as in SCL.
In addition, the precision of the representation of the TIME
data type is vendor-specific and not specified for ST. For
this reason, we assume that time is given in seconds and
represented as an unbounded nat number in QUARTZ and
a bounded integer in SCL.

Table 2 Transformation overview from ST to QUARTZ
and SCL data types

ST QUARTZ SCL

x: BOOL bool x bool x

x: INT int {32768} x int x

x: REAL real x float x

x: TIME nat x int x

: ARRAY [O..

* L nl [n+1]la x a x[n+1]
OF «

3.3 Atomic Statements (Expressions)

Most ST expressions can be mapped one-to-one or with
minor changes following the transformations in Table 3,
where ®; = {<, <=,>,>=} collects relational operators and
®, = {*,/,+,—} collects basic arithmetic operators. The
transformations cover Booleans FALSE and TRUE, equality
expressions, numerical relations, Boolean operators, and
simple arithmetic operators.
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Table 3 Transformation overview from ST to QUARTZ
and SCL expressions

ST QUARTZ SCL

Constants and Variables

TRUE true true constant

FALSE false false constant

T T T expression

Equality and Inequality

T =T T == T 7 == 7 | equality

T <> 1 T 1= 1 T 1= 17 inequality

Arithmetic Relations

T ® T2 T ® T2 T ® T relations

Arithmetic Operators

T ® T T & T T & T arithm. op.
T

EXPT (71,72) | exp(7,7p) | €Xtern 7’

T T T unary minus

71 MOD 7 T h T2 T h T modulo

Boolean operators

0| AND o, o1 and o, | oy && o, | conjunction

o; OR oo op or oo op || o, | disjunction

o; XO0R oy o] xor oy | o ~ o2 exclusive or

NOT o o 'o negation

3.4 Conditional Statements

Let us consider the IF-Else conditional statements that
are transformed from ST models to QUARTZ and SCL
models according to Table 4. The behavior of the shown
IF-Else condition in the ST model can also be realized
with the function call SEL(<c>, <t>, <f>), where
the arguments represent the condition, the assignment
if the condition is true, and the assignment if the
condition is false. A shorter notation of the If-Else
condition can be realized in the QUARTZ and SCL
model with the ternary operator known from procedural
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languages, <c>7<t>:<f>. The graphical representation
using SCCharts divides the control flow into two different
paths according to the condition.

Condition Condition (short)

IF ¢ THEN
Yy:i=%0;
ELSE
yi=x1s
END_IF;
if (e){
Y=%0;
}else{
Yy=x15
}
if (c)A{
Y=%05
Yelseq{
Yy=x1;5
}

ST

y:=SEL(c,x0,x1);

y=c?xp:X];

QUARTZ

SCL

y=c?x0:X1;

region0

1:c/y=x0
Gtatea) =222 (inaistates
2:/y=x1

SCCharts

Table 4 Transformation overview from ST conditional
statements and bounded loops to QUARTZ and SCL
models

3.5 Bounded Loops

In this paper, we consider both head-controlled and
foot-controlled loops, where we use WHILE-loops for
head-controlled loops and REPEAT-UNTIL-loops as foot-
controlled loops of the ST language. The transformation is
shown in Table 5, where the first column shows the head-
controlled loops and the second column the foot-controlled
loops.

Let’s look at the WHILE loop first: The transformation
from ST to the synchronous models QUARTZ and SCL
is straightforward, although in the synchronous models
it is necessary that a logical unit of time elapses in
each iteration of the loop. The transformation of foot-
controlled loops is slightly different: a foot-controlled
loop is realized in the ST model with the REPEAT-UNTIL,
which means that the loop is executed only until the
condition is true [1]. Therefore, when transforming ST
models into the synchronous models, it is important to
consider the inverted logic of the condition in addition to
the logical time unit. In addition, SCL does not support
a foot-controlled loop, so it is implemented with a goto
combined with a with a condition.

3.6 Sequential ST Statements

This section introduces further transformations related to
sequential expressions using specific scenarios shown in
Table 6. Scenario (1) shows an immediate assignment
and transformation from ST to QUARTZ and SCL models.
Beyond this trivial scenario, there are additional challenges
in the synchronous paradigm when using the same

Head-controlled-loop Foot-controlled-loop
. . i:=ig;
1:=10;
REPEAT
WHILE i<=i; DO
yi=x0; Yi=X05
; - ,0’ i:=i+1;
1:=1+1; UNTIL i>i
END_WHILE; !
END_REPEAT;
yi=X|; .
Y:i=X15
i=ip; i=ig;
~ | while(i<=iy){ do{
B
i Y=ZX05 Y=X05
8 next (i)=i+1; next (i)=i+1;
pause; pause;
} Ywhile (1 (i>iy));
Y=X15 Y=X15
i=ig;
A do:
L=tos = ause
=%q: .
while (i<=1;){ yTros P ’
— =X0 ause; 1=1+1;
2 yTX0; pauses iE(1(1>1))1
£ i=i+1;
} goto do;
y=x }elseq{
=X15
y=x1;
}
region0
region0 :
Ji11=10;i0=0; x1=...
state8 #
1 state6
Vi1=10; |li=i+1 S—
1io=0; e Y
1 x1=1 1y =x0 :
. x0=0 v :
E L'j'o state7 E
= S=a
U 1
9 statle10 h.: i1 /E1: 1> i1)
i -
i2:/y =x1 state10
|
:2:Iy=x1
1
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Table 5 Transformation overview from ST conditional
statements and bounded loops to QUARTZ and SCL
models

variables and assignments within a single macro step.
While scenario (2) assumes two independent variables,
scenarios (3) and (4) illustrate that there can be a
dependency between multiple assignments within a macro
step. In both scenarios, the value of y or yg is updated
multiple times within a sequence, which is a typical
scenario in imperative sequential programs. Without a
pause statement in QUARTZ, write conflicts would occur,
which is why such a statement is placed before the second
dependent assignment. In this context, it does not matter
whether the pause statement is inserted immediately
before the second or after the first statement [3]. In
contrast, because of the sequential control flow in SCL, no
additional pause statement is needed.

Scenario (5) provides a way to transform assignments that
update a variable that depends on itself in QUARTZ and
SCL. The next(<arg>) statement represents a delayed
statement of QUARTZ [3] and has the effect that the update
of the variable does not take place until the next macro step
which is why a pause statement is added right after it.
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ST QUARTZ SCL
yi=x; | y=x; y=x; (D)
Yo:=%05 Yo=%05 Y0o=X05 (2)
V1:=X1; Y1=X1; V1=X13;

e . YOo=X05 e
Yo:=%05 Vi=%1; J0=X05
yi:i=x1; é yi=%1; 3)

1=X23 panse: Yo=x2;
yo Jo=x2;

R y=Xo05 —xn .

Y:zzof pause; Y=§0j (4)
y: 15 y=x1; y 15

t=yV+X0; neXt(y)=y+X0; =y+X0; (5)

y:i=yt+xo; pause; Y=y+x0;

Table 6 Transformation overview from ST to QUARTZ
and SCL data types

4 Formal Semantics

In this section, we define the formal semantics of the
operators and control structures for the three languages ST,
QUARTZ, and SCL in order to reason about the correctness
of our transformations.

4.1 Formal Semantics of Data Types

This subsection defines the semantics of data types.
& denotes the environment of a current PLC cycle
or macro step in synchronous models, and the tuple
(KMIN>,...,<MAX>,<DEF>) represents the range and
default values for each data type. [r]g represents the
evaluation of an expression 7 in the environment &.

Definition 4.1 (Elementary ST Data Types) Derived
from IEC 61131-3 [1], the semantics for ST data types are
as follows, noting that TIME is defined by the vendor:

» [BOOL] g := ({true, false},false)

o« [INT]g :=({-2,...,215 - 1},0)

« [REAL],
(32 Bits), 0.0)

* [TIME] g := (vendor-specific, T#0s)

* [ARRAY[0..n] OF a] is the set of functions from
{0,...,n} to [a] ¢

Definition 4.2 (Elementary QUARTZ Data Types) The
semantics for QUARTZ data types are as follows. In this
context, int is restricted to the integer range of ST, and
the TIME data type of ST is represented as an unbounded
number N [3]:

(Single  precision floating-point

* [bool] s := ({true, false}, false)
o [int{32768}] 5 := ({-215,...,25 = 1},0)

¢ [real] ¢
(32 Bits), 0.0)

* [nat]g := (N, 0)

(Single  precision  floating-point
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e [[n+1]lax]g 1is the set of functions from

{0,...,n} to [a] ¢

Definition 4.3 (Elementary SCL Data Types) The
semantics for SCL data types, based on the latest
KIELER implementation®, are as follows, considering
that int represents the TIME data type of ST:

¢ [bool] 5 := ({true, false}, false)
¢ [int]g = {-2*,...,2 -1},0)

* [float] g
(32 Bits),0.0)

o [int]g := ({-2%,...,231 - 1},0)

* [ x[n+1]]gis  the of
{0,...,n} to [a] ¢

(Single  precision  floating-point

set functions from

4.2 Semantics of Expressions

In this subsection we define the semantics of expressions
according to Plotkin’s structural operational semantics
(SOS) [11], derived from QUARTZ. [3]. More specifically,
this section includes the expressions of the languages ST,
QUARTZ, and SCL using the following notation in addition
to those introduced in the previous subsection:

* Q1...¢,: assumptions
« S: statement to execute

e 8’: residual statement for the next micro step or
macro step (depending on ¢)

* P: actions that are executed in the current step or
PLC cycle

* t: instantaneous flag; micro step or current PLC cycle
if true, macro step otherwise, but still the same PLC
cycle

Equation (1) contains assumptions and (2) represents an
evaluation that is always true, i.e. ¢ ...¢, 1= true.

P1..-Pn
(E,8) » (S",D,1) M
(E,8) » (S, D,1) 2)

Definition 4.4 (ST Expressions) The SOS rules for ST
expressions are divided into different categories, where
constants and variables are defined as follows, assuming
X#FT:

* (E,{x :=TRUE}) - (0,{[x] g = true},true)
* (&,{x :=FALSE}) - (0,{[x] s = false},true)
* (& Ax=1}) > (0. {[x]g =[r] g} true)
SOS rules for equality and inequality operators:
* (& An =1} » (0. A{[ri]g = [n2] g} 1rue)
* (& {1 <> n}) » (0, {[t1]g # [r2] g}, true)

SOS rules for arithmetic relations:

Shttps://rtsys.informatik.uni-kiel.de/~kieler/files/
nightly/sccharts/


https://rtsys.informatik.uni-kiel.de/~kieler/files/nightly/sccharts/
https://rtsys.informatik.uni-kiel.de/~kieler/files/nightly/sccharts/

MBMYV 2024 - 14. — 15.02.2024 - Kaiserslautern

* (&A1 <)) » (0 A{[n]g < [rlg} true)
* (&A1 <=12}) » (0. {[r1]g <= [r2] g}, true)
s (&A1 > }) » (0. {[1] g > [m2] g}, true)
* (&A1 >=1}) » (0, {[11]g >=[r2] g}, true)

SOS rules for arithmetic operators:

o (&, {-1}) » (0,{-[7] g} . true)

s (E AT xn}) » (0. {[n1]g - [r2] g} true)

* (& A1i/1}) » (0, {[t1] g div [12] g}, true)

s (EAni+n}) » (0. {[n1]g + [r2] g}, true)

s (EAni—n}) » (0.{[n1] g — [2] g}, true)

o (EAEXPT(11,72)}) - (0. {[11] 521}, true)

* (&,{T1 MOD 1}) » (0,{[11]g mod [12] 5}, true)

SOS rules for Boolean operators:

* (&,{NOT 71}) » (0, {-[7] ¢} true)

* (&A1 AND 7}) » (0, {[r1]g A [r2] g}, true)
* (&A1 OR 12}) » (0. {[n]g VIrls} true)
* (&A1 XOR 12}) » (0. {[r1] g @[] g}, true)

SOS rules for sequential expressions:
(E,{81:82}) » (0, D1 U Dy, true)

Definition 4.5 (QUARTZ Expressions) The SOS rules for
constants and variables are defined as follows, assuming
X#FT:

* (&, {x=true}) » (0,{[x] g =true},true)

* (8, {x=false}) » (0,{[x]s = false},true)

* (& {x=1}) »(0.{[x]g = [r]g}.true)

SOS rules for equality and inequality operators:

* (& Ar ==1}) » (0. {[r1]g =[] g }. true)
* (& Ani I=1}) » (0. {[t1]g # [r2] g}, true)

SOS rules for arithmetic relations:

* (& Am <m}) » (0, {[11]g <[]}, true)
* (&A1 <=12}) » (0.{[11] g <= [l g}, true)
* (& An1 > 1)) » (0. {[ni]g > [r] g} true)
s (EAn >=1}) » (0, {[r1]g >=[r2] g}, true)

SOS rules for arithmetic operators:

* (&, {-1}) » (0, {-[r]c}.true)

s (EAnixn}) » (0. {[n]g - [l g} true)

* (& An/m}) » (0. {[ni]g div [2] g} true)

s (EATi+12}) » (0. {[11] g + [l g}, true)

s (&A1 —n}) » (0. {[n1]g — [r2]g}.true)

* (& {exp(r1,m)}) » O {[n] 57}, true)

* (&, {11 Yo 12}) » (0,{[11] g mod [12] g}, true)

SOS rules for Boolean operators:
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« (& {t}) » (0. {=[r]g}. true)
* (&.4{m and 1}) » (0.{[r]g A [r2] g} true)
s (&A1 or n}) »(0.{[n1]g V]t true)
* (&{n xor 1}) » (0. {[n]g @[]} true)
SOS rules for sequential expressions:
(E,81) » (S[, Dy, false)
(E,{81:82}) » ({S8]: 82}, Dy false)
(E,81) » (S, Dy, true)A
(6,82) » (8], D, 12)
(E.{81:82}) » (S5, D1V Dy, 12)

* (&,{pause}) » (0,0, false)
* (&1, {next (x) =7}) » ({x = [7]g, }. [7]g,  true)

Definition 4.6 (SCL Expressions) The SOS rules for
constants and variables are defined as follows, assuming
X #F7T

* (&, {x=true}) » (0,{[x]g =true},true)
* (&, {x=false}) » (0,{[x]s = false},true)
s (& A{x=1}) » (0. {[x]g = [7] g} true)

SOS rules for equality and inequality operators:

* (&A1 == 1}) » (0. {[11]g = [2] g}, true)
s (EAn1 /=1}) » (0, {[n1]g # [r2] g}, true)

SOS rules for arithmetic relations:

* (&A1 <m}) » (0.{[t1] g <[]}, true)
s (&A1 <=12}) » (0. {[r1]g <= [r2] g}, true)
s (&A1 > 1)) » (0. {[r1]g > [r2] g}, 1rue)
s (&A1 >=12}) » (0. {[r1]g >=[r2] g}, true)

SOS rules for arithmetic operators:

o (&, {-1}) » (0, {-[r] g} true)

s (EAnxn}) » (0. {[t1]g - [m2] g}, true)

* (&A1 /1)) » (0, {[11]g div [n2] g}, true)

s (EATi+1}) » (0. {[ti]g + [ g} true)

* (&A1 -1} > (0. A{[n]g - [l g} true)

o (&A1 Yo}y » (0,{[11] g mod [12] g}, true)
SOS rules for Boolean operators of SCL:

* (&.{1n}) » (0. {=[r] g} true)
* (&A1 && }) » (0, {[ri] g Al2] g}, true)
& An |l ) »0.A[n]g VIr]e}.true)
* (& An1 T ) » (0 {[tu]g®[nls} true)
SOS rules for sequential expressions:
(E,81) » (8], Dy false)
(E,{81:82}) » ({S[: 82}, Dy, false)

(E,81) » (S, Dy, true)A
(E,82) » (8], D, 12)
(E.{81:8:2}) » (55, D1 U Dy, 12)

e (E,{pause}) » (0,0, false)
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4.3 Semantics of Conditional Statements

Definition 4.7 (ST if-else conditions) The SOS rules of
ST if-else conditions are defined as follows:

[o]g =true A(E,Si) » (0,Dy,true)

IF o THEN S; |

<8’{> ELSE S, END_IF <}> > (0.Dy,1rue)
[o]g =false A(E,Sr) » (0, Dy, true)
IF o THEN S,
<6’{_ ELSE S, END_IF |

1 > (0,D,, true)

(E,81)AS; :={y :=SEL(0,7,72) }
> {0, Dy, true)

. (E,81) »

IF [o]g THEN {[y]g:=[nlg}

<®’{[ ELSE {[y]g :=[r2] 5} END_IF botrue)

Definition 4.8 (QUARTZ and SCL if-else conditions)
The SOS rules of if-else conditions in QUARTZ and SCL
are defined as follows:

[o]g =true A(E,81) » (S],D1,t1)

if(o) 8§ ,
<8»{[ else SZ :|}>_»<SI,D15tl>

o] s =false A(E,52) » (S), Do, 12)

<8,{[ Hoo ]}>»»<S',z>2,r2>

(E,SHAS) ={y=0711:12} » (0, D), true)
(&,81) »

if(fole) {Iyle=I[nle}

else {EYHSZ[[?%HS} ° }},true}

<®,{[

4.4 Semantics of Loops

Definition 4.9 (Bounded ST loops) The SOS rules of
foot-controlled loops in ST models are defined as follows:

(E,8) » (0, D,true)
REPEAT S
. <8’{[ UNTIL o ]”"’
, [ WHILE -0 DO
0.0 [ D END_WHILE

},true)

The SOS rules of head-controlled loops in ST models are
defined as follows:

[o]g =true A(E,S) » (0, D, true)
WHILE o DO
. @A s enp_wnrLe }D_”
, | WHILE o DO
0D p Enp_wkILE ]}’true>

[o]g =false
WHILE o DO
<8’{[ S END_WHILE

1 > (0,0, true)

Definition 4.10 (Bounded QUARTZ loops) The SOS of
Head-controlled-loop and relationship to foot-controlled
loop of QUARTZ models is defined as follows:
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(E,8) » (8, D, false)

do S
) <8’{[ while (o) ]}>_»

({8’; while(o) S},D,false)

The SOS for Head-controlled-loop is defined as follows:

[o]g =true A(E,8) » (S, D, false)
. (&,{while(o) S})—»
({8’; while(o) S},D,false)

[o]g =false
(E,{while(o) S})» (0,0,true)

Definition 4.11 (Semantics of SCL loops) The SOS of
Head-controlled-loop and relationship to foot-controlled
loop of SCL models is defined as follows:

(E,8) » (S, D, false)
- g S 1) -

if (o) goto do
{8’; while(o) S},D,false)

The SOS for Head-controlled-loop is defined as follows:

[o]g =true A(E,S) » (S, D, false)
. (E,{while(o) S})—»
({8’; while(o) S},D,false)

[o]g =false
(E,{while(o) S})» (0,0,true)

5 Correctness and Evaluation

Based on the transformations and the formal semantics
of the languages ST, QUARTZ and SCL presented in the
previous sections, this section evaluates the correctness
of the transformations. For this purpose, we follow
two strategies: First (1), we compare the semantics of
the different languages and analyze possible differences.
Second (2), we introduce a system architecture that allows
us to apply the transformations to real ST models and
obtain the results in the different target languages. The
resulting models are checked for syntactic correctness
using the compilers of AVEREST and KIELER to ensure
possible reuse in model-based designs. Overall, this results
in an evaluation of the semantic and syntactic correctness
of our transformations.

5.1 Semantic Correctness

Let’s first check the formal semantics of the data types
and evaluate the range and the default values. The default
values of QUARTZ and SCL match those of ST, so no
further comments are needed. Comparing the elementary
data types, there are differences in the time data types,
because this is not supported by QUARTZ and SCL by
default. Theoretically, all times of ST can be expressed
with the given unbound nat data type of Quartz, but
limited to 23's in SCL.

In a second step, we evaluate the operational semantics
of the expressions. For all different categories, equality



MBMYV 2024 - 14. — 15.02.2024 - Kaiserslautern

and inequality, arithmetic relations, arithmetic operators,
and Boolean operators, the semantics of QUARTZ and
SCL match those of ST, except for the case where the
exponential function is not supported by SCL by default
and has to be called via an external function. However, we
see a difference in the semantics of sequential expressions
for given statements S| and S, when they do not terminate
immediately. ST comes with sequential execution of
expressions that are still executed within the same PLC
cycle. In contrast, the synchronous models QUARTZ and
SCL follow the macro steps approach, and this can lead
to multiple steps within a PLC cycle if S; or S, does not
terminate immediately. This is the case, for example, when
variables are assigned multiple times in QUARTZ, where
a pause statement is needed. Another example is a self
dependent assignment, for which we need a next operator

in QUARTZ.
Now let’s compare the semantics of conditional
statements. For each Boolean condition o and given

statements Sy and S,, if [o] g = true, then the execution
of S; follows in all three languages. Similarly, if
[olg = false, then S, will be executed in all three
languages. This is also true for the short representation
using the ternary operator in QUARTZ and SCL and the
function call in ST. The difference is that statements in
synchronous models can terminate in other macro steps,
but statements in ST will terminate within the same PLC
cycle.

Finally, we check the semantics of bounded head-
controlled loops. For each Boolean condition o and given
statement S, if [o]g = true, then S is executed in all
three languages. On the other hand, if [o]g = false,
then the loop terminates. Furthermore, for limited foot-
controlled loops, S is executed at least once and then, if
[o]g = true, it is executed again in QUARTZ and SCL,
but not in ST. On the other hand, if [o] g = false, S will
be executed again in ST, but not in QUARTZ and SCL.
This means that all three languages behave the same if and
only if the logic of the Boolean condition o is inverted
during the transformation from ST to synchronous models.
Furthermore, each iteration is expected to be executed
within different macro steps in QUARTZ and SCL, but
within the same PLC cycle in ST.

Overall, we can prove the correctness of the
transformations introduced in the previous sections,
considering the macro steps in synchronous models. This
means that a PLC cycle can have more than one macro
step, especially when algorithms contain loops.

5.2 Syntactic Correctness

Finally, we check the syntactic correctness of the resulting
models. For this, we choose a set of simple ST
models listed in Table 7 together with their Source Lines
of Code (SLOC) metric [12]. These simple models
are intended to show the correctness of the introduced
transformations. To evaluate syntactic correctness, we
manually implemented these models in ST, QUARTZ, and
SCL, using the open source tools BEREMIZ®, AVEREST,

Shttps://beremiz.org/doc
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and KIELER. The introduced model transformations have
been implemented in PLCREX and are based on the
intermediate representation of models as abstract syntax
trees.

Table 7 Set of ST models to demonstrate correctness of
transformations

ST Model SLOC Comments
Program 6 Declaration
Function Block 6 Declaration
user-defined ST models,
Import 6 .
external functions
with and without
Inputs 10 C
initialization
Outpus o Vithand without
initialization
In-/Outputs 7 without initialization
LocalVariables 7 Wlth a.nd \.Nlthom
initialization
DataTypes 24 bool, int, real, time, array
Constants 9 False, True
Boolean 14 Negation, Conjunction,
Operators Disjunction, Exclusive or
In-/Equality 11 equality, inequality
) less than, less than
Numeric
. 15 or equal to, greater than,
Relations
greater than or equal to
Unary minus, Addition,
Arithmetic 20 Subtraction, Division
Operators Multiplication, Modulo,
Exponential function
Conditional 12 If-Else, If-Else (short)
Bounded Loop 1 16 Head-controlled-loop
Bounded Loop 2 17 Foot-controlled-loop
Single 7 within one macro step,
assignment 1 scenario 1
Single 10 within one macro step,
assignment 2 scenario 2
Mu.ltlple 11 within one macro step
assignment
Delayed 7 assignment dependent
assignment on itself

The test strategy is shown in Fig. 2. Using the built-
in compiler of BEREMIZ, we can ensure the syntactic
correctness of the implemented ST models. Based on
implemented grammars for all three models, we are
able to apply our transformations and translate given ST
models into synchronous QUARTZ and SCL models. The
syntactic correctness of the resulting models is checked
in two ways: (1) through reviews, we identify changes
between manually implemented models and automatically
generated models, and (2) using built-in compilers of
the AVEREST and KIELER frameworks, we can ensure
the syntactic correctness of the resulting models. Both
tests passed for all examples, ignoring minor formatting
differences between manually implemented models and
automatically generated ones. Overall, we conclude that


https://beremiz.org/doc
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applying our transformation results in syntactically correct
synchronous models that can be reused in model-based
design.

Beremiz PLCreX

ST Models
(implemented manually)

KIELE

y

SCL Models
(generated
automatically)

Lcompile}

SCL Models : Tevien:

11 (implemented manually) |
% !

Averest

5
B
'

Quartz Models
(generated
automatically)

111 Quartz Models Tevien:

111 (implemented manually) |
b i

L(:ompile}

Figure 2 Test strategy overview

6 Related Work

Research over the past decades confirms that most
translations of existing IEC 61131-3 software units into
formal models have been studied for verification, i.e,
model checking, theorem proving, and static code analysis
[13,14,15,16,17,18,19,20, 21,22, 23, 24, 25]. A lack of
semantics in the IEC 61131-3 standard led to the definition
of an operational semantics [26]. Furthermore, one
approach presents results in the definition of a synchronous
model of the ST language [27]. The smaller part of the
research in the context of IEC 61131-3 systems follows
the goal of possible re-engineering. Increasingly, reuse
is being investigated in the IEC 61131-based IEC 61499
standard for distributed systems [28, 29].

However, it has been shown that the newer IEC 61499
standard does not provide valuable benefits in improving
the IEC 61131 development process [30]. In addition,
isolated optimizations are being investigated [31]. In
recent approaches related to graphical IEC 61131-3 POUs,
the authors pursue the goal of optimization and reuse as a
formal model by translating existing POUs into imperative
synchronous models [32, 33, 34]. These approaches
assume that the instantiated POUs already exist as formal
models in the target language. However, the instantiated
POUs do not necessarily have to be implemented in the
same IEC 61131 graphical language. ST-based POUs are
not considered.

Our translation is one of the few approaches that
investigates the formalization of existing ST models
using imperative synchronous models not primarily for
verification, but for reuse in model-based design.
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7  Conclusions and Future Work

This paper has introduced a translation from sequential
ST models to synchronous QUARTZ and SCL models,
and graphical representations of the latter as equivalent
SCCharts. The results are intended for reuse in
model-based design and formal verification. For this
purpose, we defined structural operational semantics for
all three languages and investigated that transformations
are straightforward in most cases, but have to respect the
different MoCs. This is due to the fact that all expressions
in ST models are executed within one PLC cycle, but after
translation into synchronous models, one cycle can contain
a number of macro steps, depending on the termination of
synchronous statements. Our transformations represent an
intuitive paradigm shift for users who are already familiar
with the imperative sequential paradigm. In future work,
we plan to add more constructs of the ST language.
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