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Abstract—Graphical dataflow models are widely used for in-
dustrial control system implementation and are accepted by users
with different backgrounds due to their intuitive visualization
of the dataflow. As real-world applications have evolved, the
complexity of these diagrams has increased, posing a challenge in
the verification and maintenance of software models. In this paper,
we argue that the perceived complexity of real-world applications
can be simplified and transformed into formal models for reuse
in software engineering or formal verification. To overcome the
limitations of previous research on optimizing graphical dataflow
models in an industrial context, we identify potentially optimiz-
able submodels and optimize them, leaving the non-modifiable
components unchanged. The optimized software model is then
reconstructed and optionally translated into formal models for
reuse or verification purposes. The paper describes the identifica-
tion of submodels in real-world applications and demonstrates the
need for configurability of the optimization. We present an open-
source-based implementation using graphical dataflow models of
programmable logic controllers and demonstrate the impact of
our optimization approach using real-world applications from
the literature and vendor-provided examples. The results help to
reduce the complexity of existing dataflow models and to reuse
existing real-world applications as formal software models.

Index Terms—model-driven development, programmable logic
devices, software reusability, synchronous languages, system anal-
ysis and design

I. INTRODUCTION

Dataflow-based diagrams are widely used in practice as soft-
ware models for the graphical implementation of industrial
real-time systems such as Programmable Logic Controllers
(PLCs). The intuitive connection of inputs on the left hand side
with function block ports and outputs on the right hand side
using graphical connection lines results in an easily traceable
dataflow from left to right, making it accessible not only
to computer scientists but also to users with a background
in other engineering areas. Despite the continuous evolution
of PLCs and their design capabilities, real-world applications
continue to grow or require modifications while meeting today’s
requirements such as verification.

A common challenge with these graphical diagrams is their
increasing complexity, as measured by the number of function
blocks, variable accesses, and edges, which negatively affects
their readability. Real-world applications often include not only
variables and common basic operators as function blocks, but
also predefined function blocks or instances of other software

models that are black-boxed, i.e., their internal behavior is
not visible. We hypothesize that the complexity of real-world
applications appears higher due to the intuitive programming
of such systems, raising the question of whether these models
can be simplified. At the same time, we explore the possibility
of translating them into formal models for formal verification
and reuse in software engineering as model-based design.

The translation of real-world applications into formal models
is currently an active area of research. However, often only
domain-specific models are generated for verification purposes.
The reuse of existing real-world models as model-based design
is also considered in some publications [1], [2]. The optimiza-
tion of graphical dataflow diagrams is a broad field [3], and
several ways to improve their performance, readability, and
maintainability already exist. However, not all of them are
applicable to real dataflow diagrams. For example, a function
block cannot be inlined without knowing its internal behavior.
While some research projects support various layout algorithms
(such as KIELER1), we see little to no opportunity to optimize
real-world applications at the abstraction level of graphical
dataflow diagrams.

Our optimization approach addresses the gap in constraints
on function blocks whose internal behavior must be known.
To this end, we analyze real dataflow diagrams and identify
submodels with optimizable internal behavior and immutable
components of the original software model as an interface.
After configurable optimization, the original software model is
reconstructed and simultaneously translated into formal models
for reuse or formal verification.

This paper discusses the identification of submodels in real-
world applications and the need for user configurability with
respect to complexity. It presents an applicable implementation
using several open source tools together with Function Block
Diagrams (FBDs) for PLCs [4], a popular real-world graph-
ical dataflow language. Using real-world applications from
the literature and from vendors limited to implicit loops, we
demonstrate the benefits of our optimization approach.

The outline of the paper is as follows: Section II intro-
duces graphical dataflow models and formal methods. Then,
Section III describes the optimization and translation approach
based on formal methods. Section IV shows experimental

1https://rtsys.informatik.uni-kiel.de/confluence/display/KIELER/Overview979-8-3503-0737-5/23/$31.00 ©2023 IEEE
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results and a possible implementation using various open source
frameworks and tools. Related work is discussed in Section V.

II. BACKGROUND

In this section, two basic approaches to implementing graphical
dataflow models are explained and formal methods associated
with these approaches are introduced. These formal methods
will play an important role in the optimization process de-
scribed in the following sections.

A. Graphical Dataflow Models

In line with industrial software models, a graphical dataflow
model can generally be defined as a tuple M = ⟨F ,FB,V, E⟩
shown in Fig. 1 [2]. In this context, the set F contains blocks
for simple operators such as Boolean functions, which are
typically stateless, i.e., they do not store or retain internal state
information between calls. In contrast, the set FB contains all
instantiated blocks, such as external dataflow models or external
algorithms, which can retain internal state information between
calls. The set V contains all variables, including inputs I and
outputs O, with I,O ⊆ V . Finally, the set E contains all the
edges needed to connect the components F , FB, and V .

Fig. 1. An example of a graphical dataflow model illustrating various compo-
nents, including input and output variables, and instantiated and noninstantiated
blocks connected by edges

In general, the implementation of graphical dataflow models
can be divided into graphical implementation and textual im-
plementation.

1) Graphical Implementation: Real-world dataflow models
such as FBDs or engineering tools such as Simulink2 typically
follow a manual graphical implementation approach, where the
user drags and drops components into place and connects them
manually. Depending on the design environment or additional
tools, these models can then be translated into equivalent textual
models such as Structured Text (ST) for PLCs [4] using open
source tools such as PLCreX3 which provides the Listing 1 for
Fig. 1.

Listing 1. Structured Text example (excerpt)
1 T1(IN2, PT1);
2 OUT1 := AND(IN1, T1.Q);
3 OUT2 := T1.ET;

2https://de.mathworks.com/products/simulink.html
3https://github.com/marwern/PLCreX

2) Textual Implementation: On the other hand, it is possible
to focus on the textual implementation and have the graph-
ical dataflow model visualized later. This approach is used,
for example, for synchronous Sequentially Constructive Chart
(SCChart) models [5] of the open source framework KIELER,
as well as for synchronous imperative Quartz models [6] used
in the framework Averest4. For the given dataflow model in
Fig. 1, Listing 2 shows an excerpt of an equivalent textual SC-
Chart model and Listing 3 shows an equivalent Quartz model.
Unlike real dataflow models such as FBDs, the synchronous
models in these frameworks can be used for formal verification
or model-based design in software engineering, among other
things. Thus, there is a need to translate existing real-world
dataflow models into equivalent synchronous models. The
benefits of formal verification come with challenges due to the
synchronous behavior. Synchronous models are generally based
on the principle of perfect synchronicity, i.e. instructions only
consume a logical unit of time if this has been implemented
accordingly, such as pause in Quartz. Although SCChart
models have a more relaxed definition of execution order,
seq enforces a sequential execution order, which is necessary
in some situations and therefore expected by default in this
approach. This preserves the semantics of sequential execution
known from real dataflow models such as FBDs for PLCs.
Since variables in graphical dataflow models, which in this
approach are restricted to implicit loops [4], are written only
once, this restriction is sufficient to avoid causality conflicts [6]
in synchronous models.

Listing 2. SCChart example (excerpt)
1 T1 = {IN2, PT1}
2 seq
3 OUT1 = IN1 & T1.Q
4 seq
5 OUT2 = T1.ET
6 seq

Listing 3. Quartz Example (excerpt)
1 T1:TON(IN2, PT1, T1_Q, T1_ET);
2 OUT1 = IN1 & T1_Q;
3 OUT2 = T1_ET;
4 pause;

B. Formal Methods

Formal methods are mathematically based techniques used in
various disciplines within software and hardware systems. In
addition to ensuring the correctness of systems, these tech-
niques also aim to improve the reliability and robustness of
a system [7]. Model checking such as Symbolic Model Verifier
(SMV) [8] and theorem proving such as Satisfiability Modulo
Theories (SMT) represent important variants of formal methods
[9]. The optimization and translation approach explained in the
next section is based on both methods.

4http://www.averest.org/
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III. FORMAL METHODS BASED OPTIMIZATION AND
TRANSLATION PROCESS

This section describes the optimization of existing real-world
dataflow models based on formal methods, whose high-level
design flow is illustrated in Fig. 2. In principle, this approach
is based on the idea of expressing graphical dataflow models as
textual models and dividing them into potentially optimizable
submodels and non-modifiable components. The submodels are
then simplified using formal methods and, depending on the
configuration of the optimization, translated into a simplified
textual model that can be reused in the original paradigm
and also as a synchronous model for formal verification and
software engineering. A subsequent visualization of the textual
dataflow model as a graphical dataflow model is optionally
possible.

Fig. 2. High level design flow of formal methods based optimization process
of real-world graphical dataflow models

Following the high-level design flow, Fig. 3 shows the detailed
design flow, where we choose FBDs as real-world graphical
dataflow models and ST, SCChart, and Quartz as textual
models. We focus on the optimization and translation of FBDs,
although as indicated in the second step ∆2, the approaches
can be applied directly to SCChart and Quartz models. To
generate a simplified canonical representation of the submodels,
we choose the model checker NuSMV [10], and for algebraic
simplification the SMT solver Z3Py5. The overall approach
includes multiple model-to-model translations ∆, equivalence
checking E, and a configurable optimization O implemented
in PLCreX.

Since the optimization and translation process requires sev-
eral model-to-model translations between the different software
models, Table I gives an overview of the operators supported
in this approach for the ST, NuSMV, SMT Z3Py, SCChart, and
Quartz models. This is used for several translations explained
in the following subsections.

A. From Graphical Dataflow Models to Textual Models

The first step of the optimization (∆1) requires the graphical
dataflow model to be represented as an equivalent textual
model. Depending on the programming paradigm, there are
already tools provided by the development environment or
vendor for this purpose. In the context of FBDs for PLCs
we follow the approach of a representation as textual ST
model generated with the strategy of a backward translation

5https://microsoft.github.io/z3guide/

Fig. 3. Detailed design flow of optimization and translation process including
equivalence checks

[2]. This step is not needed if the graphical visualization is
created afterwards based on the textual models as in the case
of SCChart or Quartz models.

B. Identification of Submodels Σ

The second optimization step (∆2) splits the textual dataflow
model into potentially optimizable submodels Σ and non-
modifiable components FB and V . Arithmetic operators are
treated as submodels, but are not optimized in this approach.
The idea is illustrated in Figure 4 and Listing 4. The two
sets F and FB are implicitly given by the dataflow model.
This information is needed to restrict the optimization to the
connected components of the set of variables V and FB. Now,
to identify the submodels, for each input ib ∈ Ib of an element
b ∈ FB or output variable o ∈ O, the set Fb ⊆ F up to
the input variable I or output variable Oc of another element
c ∈ FB is identified. This results in a set of potentially
optimizable submodels Σ.

Listing 4. Visualization of the submodels within the ST model
1 T1(AND(A,AND(OR(B,AND(C,D)),NOT(E))), ADD(F,

G));
2 //1.: AND(A,AND(OR(B,AND(C,D)),NOT(E)))
3 //2.: ADD(F,G)
4 I := AND(T1.Q, H);
5 //3.: AND(T1.Q, H)

Authorized licensed use limited to: Technische Universitat Kaiserslautern. Downloaded on September 20,2024 at 10:16:48 UTC from IEEE Xplore.  Restrictions apply. 



TABLE I
OVERVIEW OF SUPPORTED OPERATORS ACROSS THE ST, NUSMV, SMT Z3PY, SCCHART, AND QUARTZ MODELS

Category ST NuSMV SMT Z3Py SCChart Quartz Description

logical

NOT(x0) !x0 Not(x0, x1) !x0 !x0 logical or bitwise NOT operator
AND(x0, x1) x0 & x1 And(x0, x1) x0 & x1 x0 & x1 logical or bitwise AND operator
OR(x0, x1) x0 | x1 Or(x0, x1) x0 | x1 x0 | x1 logical or bitwise or operator
XOR(x0, x1) x0 xor x1 Xor(x0, x1) x0 ˆ x1 x0 xor x1 logical or bitwise exclusive or operator

equality EQ(x0, x1) x0 = x1 x0 == x1 x0 == x1 x0 == x1 equality operator
NE(x0, x1) x0 != x1 x0 != x1 x0 != x1 x0 != x1 inequality operator

selection SEL(x0, x1, x2) x0 ? x1 : x2 If(x0, x1, x2) x0 ? x1 : x2 x0 ? x1 : x2 if-then-else expression

Fig. 4. Visualization of the identification of submodels in the graphical dataflow
model

C. From Submodels Σ to SMV Formulas Σsmv

Subsequently (∆3), the set Σ is translated into equivalent
NuSMV models Σsmv . Independent of the underlying software
model ST, SCChart, or Quartz, the model-to-model translation
is straightforward considering the operators in Table I.

D. f1-Simplification of SMV Formulas Σsmv

Once the NuSMV models Σsmv are available, they can be
expressed as an equivalent simplified formula f1(Σsmv)

′ in the
next step (∆4) using a built-in command of NuSMV. This may
lead to an initial simplification of the submodel, depending on
the underlying complexity of the logic. In this context, it may
happen that additional temporary variables and case expressions
[10] appear besides the operators listed in Table I.

E. From f1(Σsmv)
′ Models to SMV Formulas f1(Σsmv)

Due to the possibility of additional case expressions and
additional temporary variables in f1(Σsmv)

′, in a subsequent
step (∆5) a back-translation into the expressions mentioned
in Table I and reduction to the set of original variables in this
submodel f1(Σsmv) is needed. Hence, this step is only optional
and depends on the simplified representation by NuSMV.

F. Equivalence Check of Σsmv and f1(Σsmv)

In order to guarantee a correct reuse of the back-translated
model f1(Σsmv)

′ to f1(Σsmv) in the following steps, an
equivalence check is performed during this step (ε1). For this,
NuSMV is used to check whether for all elements σ ∈ Σ the
following assertion holds: σsmv = f1(σsmv).

G. From Submodels Σ to SMT Formulas Σsmt

Similar to the translation of the models from Σ to Σsmv , in
this step (∆6) the models Σ are translated into equivalent
SMT Z3Py models Σsmt. Again, due to the very similar
representation of the operators in the different software models
ST, SCChart, and Quartz, the model-to-model translation is
straightforward considering the operators in Table I.

H. f2-Simplification of SMT Formulas Σsmt

After the models are available as SMT models Σsmt, in this step
(∆7) they can be simplified algebraically to f2(Σsmt) using the
built-in features of SMT Z3Py, such as eliminating unneces-
sary terms, using associative and commutative properties, and
solving equations. Although there are no Z3-based methods to
ensure that expressions are simplified to a unique canonical
form6, simplification by SMT Z3Py is also considered as sub-
sequent simplification of models already simplified by NuSMV
f1(Σsmv).

I. From f1(Σsmv) Models to SMT Formulas (f1(Σsmv))smt

In a next step (∆8), taking into account the operators listed
in Table I, the models f1(Σsmv) are translated into equivalent
SMT Z3Py models (f1(Σsmv))smt for subsequent simplifica-
tion and optionally as models depending on the optimization
configuration and the effect of the simplification. This transla-
tion is straightforward given the operators listed.

J. f2-Simplification of SMT Formulas (f1(Σsmv))smt

After the simplified NuSMV models f1(Σsmv) have been trans-
lated to SMT Z3Py (f1(Σsmv))smt, a further simplification is
performed using SMT Z3Py’s built-in functions (∆9), resulting
in models f2((f1(Σsmv))smt). There are now four possible
SMT Z3py models, from which one element must be selected
in the next step, depending on the optimization configuration.

K. Selection of Optimized SMT Formulas Ωsmt

Comparing each element σ ∈ Σ with the corresponding
elements of the models Σsmt, f2(Σsmt), (f1(Σsmv))smt, and
f2((f1(Σsmv))smt), we see that, depending on the complexity
of the original submodel, different submodel simplifications
can result, which would have different effects on the resulting
software model. With the goal of optimizing the original soft-
ware model, the question arises which corresponding element

6https://microsoft.github.io/z3guide/
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of the four sets of translations should be selected to create
the set Ωsmt. The resulting submodels can be evaluated using
Halstead’s metrics [11]. Due to the submodel structure and the
restriction to functions that basically have only one output, the
metric program length N can be interpreted as the number
of edges, total number of occurrences of operators N1 as
the number of operators, and total number of occurrences of
operands N2 as variable accesses. For evaluating the size of
submodel implementations, the Program Volume PV and for
evaluating complexity the Intelligent Content IC, which is used
to express the information content of a program, are suitable.
Let n1 be the number of distinct operators and n2 the number
of distinct variable accesses, PV is computed using equation
(1) and IC is computed using equation (2) [11].

PV = N ∗ log2(n1 + n2) (1)

IC =
2

n1
∗ n2

N2
∗ PV (2)

While this may provide a measure of the complexity of
the submodels, the bottom line is that the complexity rating
depends on the preferences of the individual user. Considering
the definition of a dataflow model M = ⟨F ,FB,V, E⟩, and
the fact that instantiated elements b ∈ FB are not inlined due
to the restriction to real-world applications, there is a risk that
with a fixed default optimization, the optimization needs with
respect to N1, N2, and N will not fully satisfy the user’s
preferences. Moreover, the respective other metrics may even
be degraded. The problem is illustrated by two simplification
scenarios in Fig. 5 related to σ1 of Fig. 4. Although scenario 1
in Fig. 5(a) uses the same number of operators N1 and less
frequent variable accesses N2, resulting in fewer edges N , it
also results in lower program volume PV than Scenario 2 in
Fig. 5(b), but also in higher complexity expressed by IC. It
can be concluded that not all three metrics N1, N2 and N can
be optimized equally, which is why this optimization approach
allows the user to choose. This gives the user the flexibility to
manually select the optimization based on personal preferences.
Depending on this, the set Ωsmt will be created.

L. Equivalence Check of Σsmt and Ωsmt

Before the optimized submodels are translated back into the
original software model or optionally into synchronous soft-
ware models, after the configurable optimization in this step
(ε2), it is checked whether the submodels Ωsmt are equivalent
to Σsmt. For this, SMT Z3Py is used to check whether
for all elements σ ∈ Σsmt the following assertion holds:
σsmt = ωsmt, with ω ∈ Ω.

M. From Ωsmt to Initial Submodels Σ’

After successful equivalence checking, the next step (∆10)
translates the set Ωsmt back to the original software model. This
means that we obtain a mapping of the original submodels to
optimized submodels, Σ 7→ Σ′. Since the set Ωsmt is available
as SMT Z3Py models, this basically only requires a back
translation to Σ. With the help of the operators compared in
Table I this step is straightforward in all three software models
ST, SCChart and Quartz and needs no further explanation. As

(a) Simplification Scenario 1: N1=4, N2=5, N=9,
n1=3, n2=5, Intelligent Content=9, Program Volume=27

(b) Simplification Scenario 2: N1=4, N2=6, N=10,
n1=4, n2=5, Intelligent Content=6,6, Program Vol-
ume=31,6

Fig. 5. Comparison of Halstead’s metrics in two different simplification
scenarios related to σ1 of Fig. 4

a result, after optimization, submodels based on ST software
models can be translated into submodels of the synchronous
SCChart or Quartz models with the same effort of back-
translation to ST.

N. Generation of the Final Software Model

Finally, the back translation into the final software model
in the last step (∆11) is similar to replacing the individual
submodels from the set Σ with the submodels from the set Σ′

in the original software model. Because the approach involves
not only optimization in the original software model, but
also a possible translation of real-world dataflow models into
synchronous SCChart or Quartz models, Table II compares
the syntax of the different software models that must be
additionally considered in a paradigm shift. Note that it is
assumed that the instantiated function blocks from real-world
dataflow models must be available as importable models in the
synchronous languages SCChart and Quartz, respectively, and
declared as listed in Table II or shown in Section II for example
T1, if the resulting software model is to be reused for formal
verification or software engineering. The remaining model-to-
model translation is straightforward considering the restriction
to dataflow-based models, but becomes more complicated as
soon as further language constructs have to be translated.
Together with the implementation of statements in the different
software models presented in Section II, this basically allows
model-to-model translation from real-world dataflow models to
synchronous SCChart and Quartz models.
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TABLE II
COMPARISON BETWEEN THE SYNTAX OF THE SOFTWARE MODELS ST,

SCCHART, AND QUARTZ USING EXTENDED BACKUS–NAUR FORM-LIKE
NOTATION

Rule ST SCChart Quartz

model

”PROGRAM” name
idcl?
vdcl?
statlist?
”END PROGRAM”

libs?
”scchart”
name ”{”
idcl?
vdcl?
statlist? ”}”

libs?
”module” name
”(”
idcl? ”){”
vdcl?
statlist? ”}”

libs - (”import”
NAME”.sctx”)*

(”import”
FILE”.*” ”;”)*

statlist statement*

”dataflow”
”{”
statement*
”}”

”loop” ”{”
statement*
”pause;” ”}”

idcl
var input?
var output?
...

var input?
var output?
...

var input?
var output?
...

var input
”VAR INPUT”
dcllist
”END VAR”

(”input”
dcllist)*

(”mem”
datatype
” ?” dcllist ”,”)*

var output
”VAR OUTPUT”
dcllist
”END VAR”

(”output”
dcllist)*

(”mem”
datatype
” !” dcllist
”,”)*

vdcl var local var local var local

var local
”VAR”
dcllist
”END VAR”

((”ref”)?
dcllist)*

(”mem”
datatype
dcllist ”;”)*

dcllist declaration* declaration declaration

declaration variable ”:” datatype ”;” datatype
variable variable

IV. EXPERIMENTAL RESULTS

Having presented a formal method-based configurable opti-
mization with possible translation to synchronous models in
the previous section, in this section we use real examples from
PLC vendors and the literature to investigate the impact of
the different optimization options on real dataflow models. In
addition to the introduced built-in equivalence checks during
optimization, we explain how we check the correctness of
the translation into synchronous models. Fig. 6 shows the
implemented system architecture for the design flow described
in the previous section using open source frameworks and tools
such as Beremiz7, PLCreX, NuSMV, SMT Z3Py, KIELER,
and Averest. Transfer to other real-world dataflow models is
possible due to the chosen standardized interface using the
PLCopen8 XML format.

A. Choice of Real-world Dataflow Models

For a fair evaluation of the optimization possibilities, Table III
contains a selection of representative dataflow models. These
models have been implemented in Beremiz as graphical FBDs
and then exported as PLCopen XML files. The selected models

7https://beremiz.org/doc
8https://plcopen.org/technical-activities/xml-exchange

Fig. 6. System architecture: from implementation of real-world dataflow
models to optimization, and translation

are based on real-world examples from PLC vendors as well
as from the literature, which ensures both practical relevance
and objectivity when evaluating the optimization potential. The
models also include a graph that has already been optimized
with standard Boolean logic optimization using Karnaugh maps
[12] to evaluate the potential of the presented optimization
approach. In total, 96 submodels are available as input models
and 288 optimized submodels are available as output models
after optimization and translation for each model ST, SCChart
and Quartz.

TABLE III
DATAFLOW MODEL OVERVIEW INCLUDING NUMBER OF SUBMODELS AND

AVERAGE OPERATORS PER SUBMODEL

Dataflow model Number of
submodels

ø-Number of
operators per

submodel

Reference

Air Condition Control 4 2,25 [13]
Antivalence 3x 1 10,00 [14]

Bending Machine Control 15 1,40 [15]
Cylinder Control System 6 5,00 [16]
Dice Numbers Indicator 9 7,44 [14]

KV Diagram optimized Chart 2 6,50 [14]
Pollutant Indicator 3 6,00 [17]

Reservoirs Control System 1 4 8,75 [18]
Reservoirs Control System 2 4 8,75 [14]

Roll Down Shutters 2 12,00 [15]
Cable winch 4 7,00 [13]

Seven Segment Display 7 11,57 [18]
Shop Window Lighting 8 1,88 [15]

Silo Valve Control System 1 11,00 [18]
Smoke Detection System 3 9,33 [13]

Sports Hall Lighting 12 1,42 [15]
Thermometer Code System 3 3,33 [17]

Toggle Switch 4x 1 27,00 [17]
Ventilation Control System 3 8,33 [14]

Wind Direction Indicator 4 8,50 [17]

B. Evaluation of the Optimization Results

The dataflow models listed in the previous subsection lead to
the results summarized in Fig. 7, which shows a heat map of
all the different optimization options, N1, N2, and N .

It is expected that the metric N1, N2, or N whose opti-
mization strategy is chosen will be optimized best. However,
the other metrics may be degraded. For example, this case
is observed for the dataflow model Cylinder Control System,
where the N1 optimization strategy reduces the number of
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operators N1 by 10%, but in this context the number of variable
read accesses N2 is degraded by more than 10%. In contrast,
less highly optimized, 6.7%, the number of operators N1 is
reduced in the N optimization strategy. However, the number
of variable read accesses N2 remains the same compared to
the original software model.

With this exception, no degradation of any of the other met-
rics is observed in the other real-world applications compared
to the original software model.

Comparing the metrics for the number of operators N1,
operands N2, and variable read accesses N with the metrics
IC and PV , it is noticeable that IC and PV on average show a
positive impact due to the optimization, but in some cases, such
as Thermometer Code System and Wind Direction Indicator,
they show a slight degradation even though the metrics N1, N2
or N have improved significantly. We conclude that the metrics
IC or PV should not be used alone to evaluate complexity or
optimization success, but only in combination with N1, N2,
or N .

The experimental results show that the N optimization
strategy is the best choice with respect to N1, N2, and N ,
unless minimization of operators is intended. On average, there
is an overall positive impact of optimization on all metrics for
all optimization choices. In the case of the visible metrics N1,
N2, or N , the optimization potential ranges from 24% to 33%,
as shown in the last column.

C. Correctness of the Translation

While the optimization approach includes an equivalence check
in two places and uses NuSMV and SMT Z3Py to guarantee
the correctness of the optimized submodels within PLCreX,
there is no formal proof that the resulting software models are
syntactically and semantically correct. However, based on the
operator mapping listed in Table I, it is assumed that the tested
SMT Z3Py models are correctly translated into equivalent
SCChart, Quartz, and ST models. As a check, we disabled all
optimizations and compared the models translated into SMT
Z3Py and back-translated into ST, SCChart, and Quartz with
the original real-world dataflow models in peer review.

In all cases, the original dataflow model was reconstructed
as an equivalent textual ST model, so we assume a high
probability of semantic correctness. In addition to the listed
operators, we have manually implemented and verified the real-
world function blocks CTD, CTU, CTUD, F_TRIG, R_TRIG,
RS, SR, TOF, TON, and TP can be instantiated as SCChart
and Quartz models based on the specifications in the PLC
standard [4]. In addition, as part of the optimization and
translation of the resulting ST, SCChart, and Quartz models
across the different frameworks, we generated C code to check
the syntactic correctness of the resulting software models.
All real-world examples were compiled without errors in the
different optimization configurations.

V. RELATED WORK

The graphical implementation of dataflow models is a widely
used and accepted paradigm in practice and can be found in

many engineering tools such as PLCs, Simulink, LabVIEW9,
and others.

In recent years, isolated approaches related to synchronous
languages have addressed the translation of textual models such
as Lustre [19] or ST and Quartz into graphical synchronous
SCChart models, and have explained the advantages of using
graphical models [1], [2]. Synchronous languages, on the other
hand, are becoming increasingly important for the design and
verification of reactive real-time systems, and are well suited
for formal verification due to their paradigm [6], [20]. Formal
verification in the context of graphical, real-world dataflow
models is an active area of research, especially for PLCs
[21], [22]. However, translation into a format suitable for
formal verification often results in domain-specific models that
are exclusively for verification with no benefit for reuse in
software engineering, such as the replacement of complete
or partial applications by other technological solutions. This
is an ongoing challenge that needs to be addressed in order
to bridge the gap between formal verification and practical
software engineering.

Optimization of dataflow graphs, especially in terms of
minimizing hardware implementation, is a broad and well-
researched area [3]. On the other hand, code optimization is
a crucial part of software development, and various techniques
are used to improve the performance, resources, and readability
of code, such as simplifying Boolean logic using Karnaugh
maps [12]. However, one of the challenges in optimizing code
for graphical dataflow models, for example, is the application
of method inlining to instantiated function blocks. One reason
for this is the lack of internal behavior information.

In our research, we have not come across any code beautifiers
or optimizers that refactor the code of real-world dataflow
models, instead they change the position of blocks based on
different layout algorithms and merge separated assignments
(such as KIELER). In the context of industrial real-world
dataflow models, such as FBDs for PLCs, the positions are
usually fixed after they are placed.

As far as we know, our approach is one of the few that not
only tries to translate existing real-world dataflow models into
synchronous software models for formal verification, but also
tries to reduce the complexity that the user has to deal with.
This optimization approach can be applied to both models, real-
world dataflow applications and synchronous software models.

VI. CONCLUSIONS AND FUTURE WORK

In this approach, we have introduced a method for identifying
and optimizing potentially optimizable submodels of real-world
dataflow models, where the behavior of the instantiated func-
tional blocks is unknown and can be treated as a black box.
The optimization approach involves configuration with respect
to Halstead’s metrics N (number of edges), N1 (number of
operators), and N2 (variable accesses). Experimental results
on real dataflow models show an optimization potential with
respect to N , N1, and N2 of about 24-33% on average.
Moreover, the approach includes a translation capability from

9https://www.ni.com/de-de/shop/labview.html
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real-world dataflow models to synchronous software SCChart
and Quartz models, which can be used for further purposes in
software engineering or formal verification processes.

Looking to the future, there are several possibilities for
further improvements. First, the approach could be extended
to include additional operators, such as simplifying arithmetic
functions. This would allow even more extensive optimization
of real-world dataflow models and lead to further improvements
in software models. Second, we plan to perform more extensive
testing with real-world applications to evaluate the effective-
ness and scalability of our approach in a variety of complex
scenarios. By continuing to build on this work, we hope to
contribute to the ongoing development of reuse, improvement,
and reliability of existing real-world dataflow models.
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