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ABSTRACT
Programmable logic controllers operating in a sequential execu-
tion scheme are widely used for various applications in industrial
environments with real-time requirements. The graphical program-
ming languages described in the third part of IEC 61131 are often
intended to perform open and closed loop control tasks. Continuous
Function Charts (CFCs) represent an additional language accepted
in practice which can be interpreted as an extension of IEC 61131-3
Function Block Diagrams. Those charts allow more flexible posi-
tioning and interconnection of function blocks, but can quickly
become difficult to manage. Furthermore, the sequential execution
order forces a sequential processing of possible independent and
thus possibly parallel program paths. The question arises whether
a translation of existing CFCs to synchronous programs consider-
ing independent actions can lead to a more manageable software
model. While current formalization approaches for CFCs primarily
focus on verification, the focus of this approach is on restructuring
and possible reuse in engineering. This paper introduces a pos-
sible automated translation of CFCs to imperative synchronous
Quartz programs and outlines the potential for reducing the states
of equivalent extended finite state machines through restructuring.

CCS CONCEPTS
• Computer systems organization → Embedded software; •
Software and its engineering→ Systemmodeling languages;
Design languages; Flowcharts.
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1 INTRODUCTION AND BACKGROUND
Programmable Logic Controllers (PLCs) are embedded systems
widely used in industry for monitoring, open and closed loop con-
trol of systems with real-time requirements. The third part of the
IEC 61131 standard describes three textual and two graphical pro-
gramming languages. The graphical programming language Func-
tion Block Diagram (FBD) described in the standard is popular,
inter alia, because of its graphical data flow notations [7, 12]. In
addition to the programming languages described in IEC 61131-3,
a large number of PLC manufacturers allow programming PLCs in
Continuous Function Charts (CFCs) which can be interpreted as
an extension of FBDs [2]. CFCs use the same constructs as FBDs,
but allow a more flexible positioning and interconnection of the
Function Blocks (FBs) inside the chart. The freedom in flexibility
is specified by the individual development environment. In FBDs,
the program is separated into different networks executed from
left-to-right [8]. The advantage of the more flexible implementation
with CFCs in comparison to FBDs comes with the disadvantage
that the structure of such programs can quickly become chaotic
and difficult to manage. This leads to challenges in ensuring soft-
ware quality, maintainability, and software verification. Current
approaches based on formal methods primarily focus on formal
verification of programs implemented in one of the five languages
described in IEC 61131-3.

The question arises whether a formalization of existing CFCs
can be used to solve software engineering issues besides software
verification in order to meet challenges like reducing the structural
complexity of existing CFCs. For this purpose, we follow the idea
of translating existing CFCs to imperative synchronous Quartz
programs. In this context, we consider Quartz’s core statements
for concurrency and perform a restructuring that allows a possible
reuse in engineering. This paper introduces a translation process of
existing CFCs to Quartz programs. Furthermore, it outlines the po-
tential for reducing the structural complexity through restructuring
the resulting Quartz programs.

1.1 Continuous Function Charts
The CFC language is a graphical data flow language for implement-
ing IEC 61131-3 algorithms which will be called program in the
following. Some PLC development frameworks imply the flexibility
of CFCs when choosing the IEC 61131-3 FBD programming lan-
guage [1, 4] while others are more strict and are oriented towards
the strict breakdown into small networks executed from left-to-
right [6, 9, 13]. In this paper, CFCs are therefore to be interpreted as
extended IEC 61131-3 FBDs which allow a more flexible execution
order, positioning and interconnection of the FBs. Just as IEC 61131-
3 FBDs [10], a CFC can be defined by a tuple, 𝛾 = ⟨B,V, E⟩. In
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this context, B is called set of blocks which contains instances of
functions 𝐹 and FBs 𝐹𝐵. Programs implemented in one of the five
IEC 61131-3 languages as well as CFC can be instantiated within
other programs analogously to predefined IEC 61131-3 blocks.V
represents the set of variables including input ports I and output
ports O of a CFC 𝛾 with I,O ⊆ V . E represents the set of edges
inside a CFC connecting B andV . Assuming 𝑏 ∈ B, Fig. 1 shows a
block 𝑏 with 𝑗 inputs and 𝑘 outputs with ports 𝑏I , and 𝑏O . Block 𝑏
is connected to edges 𝑒𝑏𝑂𝑈𝑇𝑝

= 𝑏𝑂𝑈𝑇𝑖 (𝑒𝑏𝐼𝑁 1 , 𝑒𝑏𝐼𝑁 2 , . . . , 𝑒𝑏𝐼𝑁 𝑗
) with

1 ≤ 𝑝 ≤ 𝑘 .

Figure 1: Formal representation of a connected block 𝑏 [10]

1.2 PLCopen XML Exchange Format
Since the release of the third part of IEC 61131 there was a grow-
ing demand in industry to exchange information like IEC 61131
programs or libraries between different software tools [19]. As a
result, a working group called Technical Committee 6 (TC6) of the
independent organization PLCopen [20] defined the open XML
based exchange format. Before the XML format was updated and
integrated into IEC 61131 as part 10 in 2019, version 2.01 of the XML
format, published in 2009, represented the state of the art for 10
years. For a wide use of deployed PLC development environments,
this paper focuses on version 2.01.

1.3 Related Work
Formalizing existing IEC 61131-3 FBDs has been a research area for
more than 15 years. There are modeling approaches for IEC 61131-
3 FBDs using the declarative synchronous equational language
SIGNAL [11] and model-checker languages like UPPAAL [24] or
NuSMV [18]. Furthermore, there are approaches based on theo-
rem proving techniques [3, 15, 26] and tool-specific intermediate
languages like PLCVerif [5]. In contrast, there are only isolated
modeling approaches for CFCs like the transformation of CFCs to
UPPAAL [27]. Our research confirms the trend shown in previous
work [2, 14, 16, 21] that most transformations of FBDs into formal
models focus on verification.

In addition to that, existing transformation approaches also in-
vestigate software engineering issues related to IEC 61131-3 FBDs.
For instance, there are several approaches for converting existing
IEC 61131-3 FBDs to the newer IEC 61499 standard for distributed
systems [25, 28, 29], a standard which itself allows further sub-
sequent transformations into formal models. In both use cases,
verification and software engineering, there is a growing interest
for research using imperative synchronous programming languages
to formalize existing IEC 61131-3 FBDs. For this reason, we select
the Quartz language to investigate a possible translation and re-
structuring of existing IEC 61131-3 FBDs represented as Quartz
programs.

1.4 The Quartz Programming Language
Quartz is an imperative synchronous programming language that
was developed more than 10 years ago to meet the challenges of
abstraction from specific data types, non-deterministic systems, and
asynchronous concurrency in modeling reactive systems [22]. It is
derived from classic Esterel and is part of the Averest framework
[17]. Some ideas of programming PLCs using CFCs are included
in the concept of Quartz. For instance, assuming 𝑆 represents a set
of statements, the concept of causality in Quartz allows backward
flow of information from 𝑆2 to 𝑆1 even though the algorithm was
implemented as a sequence in the order 𝑆1; 𝑆2. Because of the more
flexible positioning of blocks within a CFC, this makes it possible
to provide assignments of values within a cycle to a block that is
called earlier in the same cycle. Feedback paths of a block allowed
by the IEC 61131-3 standard [8] must be handled within Quartz
using the delay statement in order to keep the causality concept.
In addition to that, the implementation of synchronous and asyn-
chronous concurrency in Quartz allows more flexibility in terms of
possible code optimizations and to eliminate the strict execution
order of blocks in CFCs. In total, core statements of Quartz allow
the representation of algorithms at a more abstract level.

Similar to CFCs, Quartz programs are structured in different
modules where each module contains inputs I and outputs O
[22]. Thus, a module can be interpreted as a class of an object
oriented language. Quartz is strongly typed and contains neither
polymorphic nor dynamic data types. Themodules operate in cycles
called macro steps, in which first all inputs I are read, then all
outputs O are computed with respect to internal state S. At the end
of each macro step, S will be updated following S × I → S × O.
Each macro step contains a finite set of arbitrarily ordered actions,
called micro steps which are executed in zero time. Assuming, that
a Quartz statement represents an action started in a macro step
𝑡 ∈ N, this statement can terminate in another macro step 𝑡 + 𝛿

with 𝛿 ∈ N : 0 ≤ 𝛿 .

2 TRANSLATION TO QUARTZ
This section introduces a generic process to translate existing CFCs
to Quartz using the simple case study shown in Fig. 2 for illustrating
the steps. It is assumed that the block instances are available as
modules in Quartz. Thus, this translation approach focuses on the
CFC algorithm itself and not on the blocks executed sequentially de-
pending on their execution order which is indicated by the number
below the blocks.

The standardized PLCopen XML format and existing Quartz
modules of blocks represent the input data. The XML elements
and attributes for the code components blocks B and variables
V relevant for this translation are listed and defined in Table 1.
The additional columns show examples for given CFC. In addition
to the code components, the interface of a CFC is extracted from
the PLCopen XML file. This is necessary to translate not only the
structural relationships and the algorithm of the CFC to Quartz,
but also the underlying data structure. In the context of this paper,
the translation rules for the data types and information flows are
defined in Table 2.

Quartz allows the declaration of variables with different memory
behaviors. Because the instantiated blocks may contain different
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Table 1: Code component XML elements and attributes

FBD Definition Examples

block ∀𝑏 ∈ B T2 AND10
localId 𝑏𝑙𝑜𝑐𝐼𝑑 2 10
typeName 𝑏𝑡𝑦𝑝𝑁 TON AND
instanceName 𝑏𝑖𝑛𝑠𝑡𝑁 T2 -
executionOrderId 𝑏𝑒𝑥𝑒𝑂𝑟 3 4
inputVariables BI {IN, PT} {IN1, IN2}
variable ∀𝑏𝑖 ∈ BI
formalParameter 𝑖 𝑓 𝑜𝑟𝑃𝑎 e.g. IN e.g. IN2
connectionPointIn
connection
refLocalId 𝑖𝑐𝑅𝑒𝑓 𝐼𝑑 6 2
formalParameter 𝑖𝑐𝐹𝑜𝑟𝑃𝑎 - Q

outputVariables BO {Q, ET} {OUT}
variable ∀𝑏𝑜 ∈ BO
formalParameter 𝑜 𝑓 𝑜𝑟𝑃𝑎 e.g. Q OUT

inVariable ∀𝑣𝑖 ∈ V IN3 PT2
localId 𝑖𝑙𝑜𝑐𝐼𝑑 6 5
expression 𝑖𝑒𝑥𝑝𝑟 IN3 PT2

outVariable ∀𝑣𝑜 ∈ V OUT1 OUT3
localId 𝑜𝑙𝑜𝑐𝐼𝑑 13 11
connectionPointIn
connection
refLocalId 𝑜𝑐𝑅𝑒𝑓 𝐼𝑑 1 12
formalParameter 𝑜𝑐𝐹𝑜𝑟𝑃𝑎 Q OUT

expression 𝑜𝑒𝑥𝑝𝑟 OUT1 OUT3

Table 2: CFC data types and translation rules

Interface Definition Quartz Comments

localVars L ⊆ V 𝑣 read, write, e.g. INTv
inputVars I ⊆ V ?𝑣 read only, e.g. IN1
outputVars O ⊆ V !𝑣 write only, e.g. OUT5
globalVars G ⊆ V 𝑣 read, write
. . .

variable ∀𝑣 ∈ V
name 𝑣 𝑣 e.g. IN1, IN2, IN3
type 𝑑 ∈ D
BOOL 𝑑 ↦→ 𝑑 bool e.g. OUT1, OUT3
UINT 𝑑 ↦→ 𝑑 nat
INT 𝑑 ↦→ 𝑑 int e.g. INTv
REAL 𝑑 ↦→ 𝑑 real
WORD 𝑑 ↦→ 𝑑 nat
TIME 𝑑 ↦→ 𝑑 nat e.g. PT1
initialValue
simpleValue
value 𝛼𝑑 𝑣 = 𝛼 e.g. INTv = 512

Figure 2: CFC containing two functions and two FBs

numbers of macro steps, we define memorized variables as default
memory behavior. This storage behavior causes the variables to
store their last assignment like registers in hardware circuits [22].

Basically, the following translation approach for a given CFC
𝛾 can be divided into four steps which will be explained in more
detail in the following subsections.

(1) identify set B
(2) translate set V and add additional variables
(3) define set E and map equations
(4) finalize Quartz module

2.1 Identification of blocks
The process for identifying instantiated blocks and their initial
call is outlined by Algorithm 1. As first step, the block instances

Algorithm 1 Identify set B and import Quartz modules
Input: PLCopen XML File, 𝑏𝑡𝑦𝑝𝑁 Quartz modules
Output: B
1: for all XML code components do
2: identify 𝑏 ⊲ e.g. < 𝑏𝑙𝑜𝑐𝑘 >

3: end for
4: for all 𝑏𝑡𝑦𝑝𝑁 ∈ B do
5: import corresponding module ⊲ e.g. 𝑖𝑚𝑝𝑜𝑟𝑡 𝑇𝑂𝑁 .∗
6: end for
7: for all 𝑏 ∈ B do
8: add thread ⊲ e.g. 𝑇 1 : 𝑇𝑂𝑁 (. . .) ∥
9: end for

will be extracted. For this purpose, as illustrated in Table 1 for
function block TON and function AND, the XML file is scanned
for instantiated blocks. We define that FBs will be named with
respective XML attribute 𝑏𝑖𝑛𝑠𝑡𝑁 and functions are named with the
concatenation of their respective attributes 𝑏𝑡𝑦𝑝𝑁 and 𝑏𝑙𝑜𝑐𝐼𝑑 , as in
(1) for given CFC example.

B = {𝑇 1,𝑇 2, 𝐴𝐷𝐷12, 𝐴𝑁𝐷10} (1)
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With knowledge of 𝑏𝑡𝑦𝑝𝑁 , the corresponding block module can be
imported in Quartz in order to reduce the imports to the necessary
ones. The instantiation is performed during module call within the
Quartz module which is why each type only needs to be imported
once. While the execution of the blocks within a CFC is sequential
and implicitly given by the XML attribute 𝑏𝑒𝑥𝑒𝑂𝑟 , Quartz allows in
addition to the sequential execution of statements also the parallel
execution in synchronous threads. In this context, we assume two
block instances 𝑏1, 𝑏2 ∈ B executed as synchronous threads 𝑏1 ∥ 𝑏2.
Both blocks are started in amacro step 𝑡 ∈ N and execute algorithms
that may differ in the number of internal macro steps 𝑡 + 𝛿𝑏1 and
𝑡 + 𝛿𝑏2 with 𝛿𝑏1 , 𝛿𝑏2 ∈ N : 0 ≤ 𝛿 . With synchronous concurrency,
𝑏1 and 𝑏2 terminate at time 𝑡 +𝑚𝑎𝑥 ({𝛿𝑏1 , 𝛿𝑏2 }). The execution of
the internal macro steps of both blocks is executed synchronously
in lockstep and both blocks can interact with each other during
their execution [22]. This can cause delays in the algorithms of the
instantiated blocks, which is why we define that each instantiated
IEC 61131-3 block 𝑏 ∈ B is executed in loops in the background.
Thus, a dependency of the sequential execution order of the blocks
as in the CFC is not necessary.

2.2 Translation of variables
In a next step, the variables of the CFC are identified and declared in
Quartz. The necessary steps are outlined by Algorithm 2. First, the

Algorithm 2 Define and declare set V and BO𝑄𝑡𝑧

Input: PLCopen XML File, 𝑏𝑡𝑦𝑝𝑁 Quartz modules
Output: V,BO𝑄𝑡𝑧

1: for all XML code components do
2: identify 𝑣 ⊲ e.g. < 𝑖𝑛𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 >

3: end for
4: for all 𝑣 ∈ V do
5: if 𝑣 ∈ I then
6: add CFC input port ⊲ e.g.𝑚𝑒𝑚 𝑏𝑜𝑜𝑙 ?𝐼𝑁 1
7: else if 𝑣 ∈ O then
8: add CFC output port ⊲ e.g.𝑚𝑒𝑚 𝑏𝑜𝑜𝑙 !𝑂𝑈𝑇 1
9: else
10: declare global variable 𝑣 ⊲ e.g.𝑚𝑒𝑚 𝑏𝑜𝑜𝑙 𝑃𝑇 1
11: initialize 𝑣 ⊲ e.g. 𝑃𝑇 1 = 5
12: end if
13: end for
14: for all 𝑏 ∈ B do
15: define BO𝑄𝑡𝑧

16: end for
17: for all 𝑏𝑜𝑄 ∈ BO𝑄𝑡𝑧

: ∀𝑏 ∈ B do
18: declare local variable 𝑏𝑜𝑄 ⊲ e.g.𝑚𝑒𝑚 𝑏𝑜𝑜𝑙 𝑇 1_𝑄
19: end for

PLCopen file is scanned for variables and then mapped to Quartz
together with their information flows shown in Table 2. Interfaces
of the CFC are interpreted as arguments of the resulting Quartz
module and the remaining local variables L and global variables
G are mapped with the characteristic L,G ⊆ V \ (I ∪ O) and
declared globally for the use within the Quartz module. They will
be initialized with respective values 𝛼𝑑 , 𝑑 ∈ D. In addition, there
is a need for declarations of output variables for the ports of the

instantiated blocks that can be read by other code components.
These ports are declared via the XML attribute 𝑜𝑏𝐹𝑜𝑟𝑃𝑎 ∈ BO
which is why we define that a port 𝑜𝑏𝑄 ∈ BO𝑄𝑡𝑧

⊆ B with the
concatenation of the attributes 𝑏 ∈ B and 𝑜𝑏𝐹𝑜𝑟𝑃𝑎 ∈ BO . This leads
to the fact that this port can be uniquely referenced. The data type
is implicitly known by the respective imported module. Overall,
this results in (2), (3), (4), and (5) for the given CFC.

I = {𝐼𝑁 1, 𝐼𝑁 2, 𝐼𝑁 3, 𝐼𝑁 4} (2)
O = {𝑂𝑈𝑇 1,𝑂𝑈𝑇 2,𝑂𝑈𝑇 3,𝑂𝑈𝑇 4,𝑂𝑈𝑇 5} (3)
L = {𝑃𝑇 1, 𝑃𝑇 2, 𝐼𝑁𝑇𝑣} (4)

BO𝑄𝑡𝑧
= {𝑇 1_𝑄,𝑇 1_𝐸𝑇, . . . , 𝐴𝐷𝐷12_𝑂𝑈𝑇 } (5)

2.3 Definition of edges and equations
In this step of translation, the edges E will be specified and the
connections between B andV be assigned. The general procedure
is described by Algorithm 3. First, the set E will be defined. Table 1

Algorithm 3 Define set E and map equations
Input: B,BO𝑄𝑡𝑧

,V
Output: E including equations
1: define E
2: for all 𝑒𝜆 ∈ E : 𝜆 ∈ B ⊕ 𝜆 ∈ V do
3: if ∃!𝑏 ∈ B : 𝑏 = 𝜆 then
4: 𝑓 : 𝑏𝑖𝑓 𝑜𝑟𝑃𝑎 ↦→ 𝑏𝑖𝑐𝑅𝑒𝑓 𝐼𝑑 ∈ BI ⊲ e.g. 𝐼𝑁 2 ↦→ 2
5: if ∃!𝑏𝑙𝑜𝑐𝐼𝑑 ∈ B : 𝑏𝑙𝑜𝑐𝐼𝑑 = 𝑏𝑖𝑐𝑅𝑒𝑓 𝐼𝑑 then
6: 𝑓 : 𝑏𝑖𝑐𝐹𝑜𝑟𝑃𝑎 ↦→ 𝑏𝑜 𝑓 𝑜𝑟𝑃𝑎 ∈ BO ⊲ e.g. 𝑄 ↦→ 𝑄

7: find 𝑏𝑜𝑄 ∈ BO𝑄𝑡𝑧
⊲ e.g. 𝑇 2_𝑄

8: 𝑒𝜆 = 𝑏𝑜𝑄 ⊲ e.g. 𝑒𝐴𝑁𝐷10𝐼𝑁 2 = 𝑇 2_𝑄
9: else if ∃!𝑣𝑖𝑙𝑜𝑐𝐼𝑑 ∈ V : 𝑣𝑖𝑙𝑜𝑐𝐼𝑑 = 𝑏𝑖𝑐𝑅𝑒𝑓 𝐼𝑑 then
10: 𝑒𝜆 = 𝑣𝑖𝑒𝑥𝑝𝑟 ⊲ e.g. 𝑒𝑇 2𝐼𝑁 = 𝐼𝑁 1
11: else
12: input port is not connected
13: end if
14: else if ∃!𝑣 ∈ V : 𝑣 = 𝜆 then
15: if ∃!𝑏𝑙𝑜𝑐𝐼𝑑 ∈ B : 𝑏𝑙𝑜𝑐𝐼𝑑 = 𝑣𝑜𝑐𝑅𝑒𝑓 𝐼𝑑 then
16: 𝑓 : 𝑣𝑜𝑐𝐹𝑜𝑟𝑃𝑎 ↦→ 𝑏𝑜 𝑓 𝑜𝑟𝑃𝑎 ∈ BO ⊲ e.g. 𝑄 ↦→ 𝑄

17: find 𝑏𝑜𝑄 ∈ BO𝑄𝑡𝑧
⊲ e.g. 𝑇 1_𝑄

18: 𝑒𝜆 = 𝑏𝑜𝑄 ⊲ e.g. 𝑒𝑂𝑈𝑇 1 = 𝑇 1_𝑄
19: else if ∃!𝑣𝑖𝑙𝑜𝑐𝐼𝑑 ∈ V : 𝑣𝑖𝑙𝑜𝑐𝐼𝑑 = 𝑣𝑜𝑐𝑅𝑒𝑓 𝐼𝑑 then
20: 𝑒𝜆 = 𝑣𝑖𝑒𝑥𝑝𝑟 ⊲ e.g. 𝑘, 𝑙 ∈ V : 𝑒𝑘 = 𝑙

21: else
22: input port is not connected
23: end if
24: end if
25: end for

illustrates that an input port 𝑏𝑖 ∈ BI of a code component 𝑏 ∈
B is specified by the attribute 𝑏𝑖𝑓 𝑜𝑟𝑃𝑎 ∈ BI and connected to a
port specified by the attributes 𝑏𝑖𝑐𝑅𝑒𝑓 𝐼𝑑 , 𝑏𝑖𝑐𝐹𝑜𝑟𝑃𝑎 ∈ BI . The 𝑏𝑖𝑐𝐹𝑜𝑟𝑃𝑎
attribute is used for unique referencing of a connected block output
port. Similarly, the input port of a code component 𝑣𝑜 ∈ V is
connected to an output port that is referenced by the attributes
𝑣𝑜𝑐𝑅𝑒𝑓 𝐼𝑑 , 𝑣𝑜𝑐𝐹𝑜𝑟𝑃𝑎 ∈ V . The 𝑣𝑜𝑐𝐹𝑜𝑟𝑃𝑎 attribute is used for unique
referencing of a connected block output port. The 𝑏𝑖𝑐𝑅𝑒𝑓 𝐼𝑑 and
𝑣𝑜𝑐𝑅𝑒𝑓 𝐼𝑑 attributes uniquely reference 𝑏𝑙𝑜𝑐𝐼𝑑 of a block 𝑏 ∈ B and
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𝑣𝑖𝑙𝑜𝑐𝐼𝑑 of a variable 𝑣 ∈ V , respectively. Due to unique backward
referencing, we demand that each input port of a code component
𝑏 ∈ B and 𝑣 ∈ V in the CFC identifies the associated edge. For
blocks, we define the composition of the attributes 𝑏 and 𝑏𝑖𝑓 𝑜𝑟𝑃𝑎 ,
and for variables, we use the labeling with the attribute 𝑣𝑜𝑒𝑥𝑝𝑟 given
in (6).

∀𝑒𝜆 ∈ E : (𝜆 = 𝑏 ◦ 𝑏𝑖𝑓 𝑜𝑟𝑃𝑎 ) ⊕ (𝜆 = 𝑣𝑜𝑒𝑥𝑝𝑟 ) (6)
Applied to the exemplary CFC, this leads to the elements outlined
in (7).

E = {𝑒𝑂𝑈𝑇 1, 𝑒𝑂𝑈𝑇 2, . . . , 𝑒𝑇 2𝐼𝑁 , 𝑒𝑇 2𝑃𝑇 } (7)
After the set E has been identified, the corresponding equations
will be identified and subsequently mapped to declared variables
in Quartz. The steps for the given CFC are shown in Table 3.

Table 3: Define and translate equations of set E

𝑒 ∈ E Equation Quartz

𝑒𝑂𝑈𝑇 1 𝑇 1𝑄 (. . .) 𝑂𝑈𝑇 1 = 𝑇 1_𝑄
𝑒𝑂𝑈𝑇 2 𝑇 1𝐸𝑇 (. . .) 𝑂𝑈𝑇 2 = 𝑇 1_𝐸𝑇
𝑒𝑂𝑈𝑇 3 𝐴𝑁𝐷10𝑂𝑈𝑇 (. . .) 𝑂𝑈𝑇 3 = 𝐴𝑁𝐷10_𝑂𝑈𝑇
𝑒𝑂𝑈𝑇 4 𝑇 2𝐸𝑇 (. . .) 𝑂𝑈𝑇 4 = 𝑇 2_𝐸𝑇
𝑒𝑂𝑈𝑇 5 𝐴𝐷𝐷12𝑂𝑈𝑇 (. . .) 𝑂𝑈𝑇 5 = 𝐴𝐷𝐷12_𝑂𝑈𝑇

𝑒𝐴𝐷𝐷12𝐼𝑁 1 𝐼𝑁 4 𝐴𝐷𝐷12𝐼𝑁 1 = 𝐼𝑁 4
𝑒𝐴𝐷𝐷12𝐼𝑁 2 𝐼𝑁𝑇𝑣 𝐴𝐷𝐷12𝐼𝑁 2 = 𝐼𝑁𝑇𝑣

𝑒𝐴𝑁𝐷10𝐼𝑁 1 𝐼𝑁 2 𝐴𝑁𝐷10𝐼𝑁 1 = 𝐼𝑁 2
𝑒𝐴𝑁𝐷10𝐼𝑁 2 𝑇 2𝑄 (. . .) 𝐴𝑁𝐷10𝐼𝑁 2 = 𝑇 2_𝑄

𝑒𝑇 1𝐼𝑁 𝐼𝑁 1 𝑇 1𝐼𝑁 = 𝐼𝑁 1
𝑒𝑇 1𝑃𝑇 𝑃𝑇 1 𝑇 1𝑃𝑇 = 𝑃𝑇 1
𝑒𝑇 2𝐼𝑁 𝐼𝑁 3 𝑇 2𝐼𝑁 = 𝐼𝑁 3
𝑒𝑇 2𝑃𝑇 𝑃𝑇 2 𝑇 2𝑃𝑇 = 𝑃𝑇 2

2.4 Finalization of the Quartz module
With the previous steps, the Quartz module can now be finalized.
For this purpose, the previously derived equations will be trans-
lated into Quartz code and the original CFC be reconstructed. The
process is described by Algorithm 4. The instantiated blocks in the
CFC are concurrently executed as explained before. Knowing the
equations for the connected edges, they are now called with the
declared variables as arguments. Due to Quartz’s causality, BO𝑄𝑡𝑧

is synchronized at the end of each macro step throughout the mod-
ule. Therefore, we demand that direct statement assignments of
variables are made in an additional thread if an edge exists that
maps a variable to another variable. With this final definition, the
algorithm of the CFC is completely translated to Quartz.

2.5 Quartz module vs. original CFC
For a comparison of both SW models, we interpret the algorithm of
the resulting Quartz model like the underlying CFC as a graphical
data flow graph without knowledge of the internal block states.
A Quartz program for the given CFC case study and its graphical
interpretation are shown in Fig. 3. The changes compared to the
original CFC are formatted in bold. Obviously, additional local
variables are needed for the block outputs and function declarations

Algorithm 4 Finalize Quartz module
Input: B,BO𝑄𝑡𝑧

,V, E
Output: finalized Quartz module
1: for all 𝑏 ∈ B do
2: 𝑏 : 𝑏𝑡𝑦𝑝𝑁 (∀𝑏𝑖 ∈ BI ,∀𝑏𝑜𝑄 ∈ BO𝑄𝑡𝑧

) | |
3: ⊲ e.g. 𝑇 1 : 𝑇𝑂𝑁 (𝐼𝑁 1, 𝑃𝑇 1,𝑇 1_𝑄,𝑇 1_𝐸𝑇 ) | |
4: end for
5: add thread for direct assignment statements ⊲ 𝑎𝑙𝑤𝑎𝑦𝑠{. . .}
6: for all 𝑣𝑎 ∈ V do
7: for all 𝑣𝑏 ∈ V ∪ BO𝑄𝑡𝑧

do
8: if ∃!𝑒𝑣𝑎 ∈ E : 𝑒𝑣𝑎 : 𝑣𝑏 ↦→ 𝑣𝑎 then
9: 𝑣𝑎 = 𝑣𝑏 ⊲ e.g. 𝑂𝑈𝑇 1 = 𝑇 1_𝑄 ;
10: end if
11: end for
12: end for

Quartz

Figure 3: Quartz program extract and its graphical interpre-
tation for translated CFC case study

in the resulting Quartz model. The number of variables grows
linearly with the number of instantiated blocks. In contrast to this,
each block is executed as a synchronous thread. This leads to a
reduction in the number of statements |𝑆 | per cycle from ∑ |𝑆𝑏 | to
𝑚𝑎𝑥 ({|𝑆𝑏 |}), ∀𝑏 ∈ B. Thus, by Quartz synchronizing the outputs O
at the end of each macro step, the outputs are updated immediately
after the statements 𝑆𝑏 of the connected block have been executed.
In addition to the reduced statements, Quartz’s causality allows
a flexible ordering of blocks due to the synchronous paradigm.
This means that updated variables are not only available to other
blocks at the end of a cycle, but immediately at the end of the
corresponding macro step.

3 QUARTZ MODULE RESTRUCTURING
The question arises about a potential reuse of the Quartz module
in future engineering. For this, we assume that the instantiated
blocks in the CFC are available within Quartz whose details are not
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discussed in this paper. We have explained that the blocks can con-
tain a different number of macro steps. For a deeper look into the
relationships of statements between blocks, we translate the Quartz
program to synchronous guarded actions. To this end, we use the
Averest framework, for which the translation of most Quartz in-
structions into guarded actions has been formally verified [17]. In
the context of this paper, we focus on the translation of guarded ac-
tions to equivalent Extended Finite State Machines (EFSMs) where
the guards are translated to transition conditions of the EFSM’s
state transitions [23]. The resulting Quartz module defined in this
paper does not require additional control flow and macro steps. Due
to the synchronous concurrency of the instantiated blocks in the
CFC, the state explosion of the resulting EFSM can be calculated.
In general, the number of states in the resulting EFSM is given in
(8) where 𝑆𝑏0 and 𝐶𝐹𝐶0 represent the respective initial state and
not the algorithm itself, where we focus on in this paper.

𝐶𝐹𝐶0 +
∏
∀𝑏∈B

|𝑆𝑏 − 𝑆𝑏0 | (8)

One of the advantages of exploding the states is that it allows us
to identify the states with the maximum and minimum number
of micro steps within a macro step. This is not only interesting
for possible synthesis or estimation of worst case execution time,
but also to support semi-automated test procedures. In general,
however, the equivalent EFSM has the disadvantage that the repre-
sentation suggests a dependency between all instantiated blocks
which is why a Quartz code restructuring is investigated in the next
subsection.

3.1 Code component splitting
With a view towards a necessary state explosion for subsequent
analyses, the question arises whether the translated Quartz pro-
gram can be restructured in order to obtain a less complex EFSM,
but retain the abstraction level of the Quartz code. In this paper,
we follow the idea of splitting the underlying CFC program into its
linearly dependent paths. This means, the translated code compo-
nents 𝑣 ∈ V and 𝑏 ∈ B become independent Quartz modules with
B𝛾 ⊆ B, V𝛾 ⊆ V , and E𝛾 ⊆ E instantiated by a parent Quartz
module. Equations (9), (10), and (11) show tuples B1, V1, and E1
of the first Quartz module representing 𝐶𝐹𝐶1 = ⟨B1,V1, E1⟩ for
given case study.

B1 = {𝑇 1}, (9)
V1 = {𝐼𝑁 1, 𝑃𝑇 1,𝑂𝑈𝑇 1,𝑂𝑈𝑇 2}, (10)
E1 = {𝑒𝑂𝑈𝑇 1, 𝑒𝑂𝑈𝑇 2, 𝑒𝑇 1𝐼𝑁 , 𝑒𝑇 1𝑃𝑇 } (11)

Independent of the given CFC, the upper limit of Quartz modules
split through code restructuring can be specified to the number of
direct assignments. Splitting on different Quartz modules does not
change the abstraction level of the block calls. Overall, this results
in a Quartz module structure for the linearly independent paths,
which is outlined by Algorithm 5. In this context, as with the block
calls, each CFC call requires an instance. Furthermore, the outputs
are only written in the instantiated CFCs which is why they are
declared as read and write variables.

Algorithm 5 Restructured Quartz program
1: import 𝛾 ⇐ ∀𝛾 ∈ 𝐶𝐹𝐶

2:
3: module 𝛾0 (
4: mem [𝑑𝑎𝑡𝑎𝑡𝑦𝑝𝑒] ?𝑣 ⇐ ∀𝑣 ∈ I
5: mem [𝑑𝑎𝑡𝑎𝑡𝑦𝑝𝑒] 𝑣 ⇐ ∀𝑣 ∈ O
6: ){
7: 𝛾𝑖𝑛𝑠𝑡𝑎𝑛𝑐𝑒 : 𝛾 (∀𝑣 ∈ I𝛾 ,∀𝑣 ∈ O𝛾 ) | | ⇐ ∀𝛾 ∈ 𝐶𝐹𝐶

8: }

3.2 Expected impact on EFSM complexity
A subsequent translation of the restructured code into synchronous
guarded actions and equivalent EFSMs shows that the number of
states given in (12) can be reduced to the sum of the combinations
of linearly dependent ones.

𝐶𝐹𝐶0 +
∏
∀𝑏∈B

|𝑆𝑏 − 𝑆𝑏0 | ⇒ 𝐶𝐹𝐶0 +
∑
∀𝛾

∏
∀𝑏∈B𝛾

|𝑆𝑏 − 𝑆𝑏0 | (12)

The advantage is not only due to fewer states in total, but in par-
ticular to the representation by restricting the dependencies to the
relevant software components. This leads to a reduced complexity
of the representation of the actual logic of the algorithm, while still
having a necessary maximum number of states for each linearly in-
dependent path, allowing a detailed consideration of the maximum
and minimum micro steps fur further analyses.

4 CONCLUSIONS AND FUTUREWORK
In this paper, a translation for existing CFCs into imperative syn-
chronous Quartz programs has been presented. The translation
is based on the standardized XML format PLCopen TC6 and rep-
resents a generic process for the structure of existing graphical
IEC 61131-3 FBDs or CFCs. A comparison of the resulting Quartz
model with the underlying CFC shows that additional variables are
needed in Quartz for instantiating IEC 61131-3 functions and block
output ports whose number increases linearly with the number
of instantiated blocks. In contrast, the advantage of the synchro-
nous concurrency of the blocks is that the number of statements
per cycle can be reduced and an update of the outputs can occur
immediately after the connected code component detects a change.
The EFSMs show that the possible combinations of the micro steps
of the different linearly independent program paths lead to a state
explosion. In subsequent sections of this paper, we investigated the
impact of splitting the underlying graph into its linearly dependent
paths. This can lead to a reduction of states while the abstraction
level of the Quartz model is maintained.

A future case study is planned to implement this translation
process for real industrial applications and to evaluate the correct-
ness of the translation. Criteria for the correct translation are the
correct connections of the elements given in the XML format and
the correct use of Quartz statements considering their causality.
This translation process assumes that the instantiated blocks are
available as Quartz modules. That means that this approach focuses
on the structure of given CFC and not on the behavior of the appli-
cation. For this reason, the import of existing libraries or algorithms
to Quartz must be investigated in general.
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