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Abstract. Background: Programmable Logic Controllers (PLCs) are widely used to implement automation systems
based on sequential control. For such systems, Ladder and Grafcet diagrams are standardized, respectively used as pro-
gramming and specification formalisms. Additionally, a neutralization system is responsible for mixing a solution with a
neutralizer so that the resulting liquid has a neutral pH. Purpose: This study proposes an interactive approach for convert-
ing Ladder Diagrams into Grafcet diagrams, and a robotic neutralization system is considered as a realistic case study.
Methods: An algorithm is designed and programmed for converting Ladder diagrams into Grafcet diagrams using Binary
Decision Diagrams (BDDs), and its time complexity is mathematically determined. For validating the effectiveness of
the proposed algorithm, the Ladder diagram is simulated and compared side by side with the resulting Grafcet diagram
for the same expected initial state and input sequences. Results: The resulting Grafcet diagram is considered equivalent
to the original Ladder diagram, and the proposed algorithm is classified according to its time complexity. Conclusions:
The proposed strategy helps the expert to identify the plant’s process control flow in a realistic case study where either
transitions AND or OR are addressed. Besides, the exponential growth in running time is softened by the use of BDDs
and the resulting Grafcet diagram’s flexibility is improved without compromising its equivalence to the Ladder diagram.
Moreover, compared to preexisting neutralization systems, the proposed one preserves the solution acidity once its desired

preset value is achieved.
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1 Introduction

Nowadays, PLCs are widely used in the automation of sev-
eral industrial plants. In the past, PLCs were programmed
almost exclusively by using Ladder diagrams. However, af-
terwards, the standard IEC 61131-3 emerged, along with new
PLC programming languages, such as the SFC, whose spec-
ification comes from the Grafcet diagram, which is currently
regulated by the standard IEC 60848. If compared to the
Ladder diagram, the Grafcet has a different paradigm, which
is often advantageous since it can explicitly represent the
plant’s sequential control flow [Falcione and Krogh, 1993;
Galeano Gonzélez and Botero Castro, 2007; Burgos et al.,
2020]'. However, since the Ladder diagram predates the
standard IEC 61131-3, most systems were written using Lad-
der diagrams. The industry chose to use the Ladder diagram
because it is like the old relay diagrams, for which the work-
force was trained and available. However, for several cases,
the Ladder diagram is not the best language for programming
PLCs, and diverse studies point out its deficiencies, such as
[Venkatesh et al., 1994] and [Zanma et al., 1999].

For instance, the Ladder diagram is not easy to read, and
it is difficult to extend and maintain. These drawbacks stem
from the fact that the Ladder diagram does not explicitly rep-
resent the plant’s process control flow [Falcione and Krogh,
1993]. Since the Grafcet diagram has a different paradigm
and does not suffer from the same drawback, it is well-known

IThe study of Galeano Gonzélez and Botero Castro [2007] is translated
as ’Grafcet representation of the actuation of synchronous generators in a
modernized hydroelectric power plant’

that it can be used as an auxiliary tool for documenting Lad-
der diagrams. However, few studies describe how to recover
the plant’s sequential control flow from the Ladder diagram.
According to Pressman [2019], the design recovery is inter-
esting because it captures part of the confidence already im-
plemented in older systems, which are validated under real
operating conditions.

This study aims at designing and programming an al-
gorithm able to convert Ladder diagrams into Grafcet dia-
grams, and the two diagrams must be equivalent, i.e., they
must produce the same output command sequences for the
same expected input event sequences and initial conditions.
A robotic neutralization system is considered as a realistic
case study. Here, the bibliography review is divided into two
parts, where the first one contextualizes the proposed study
within the general area of automation based on PLCs, and the
second one concentrates specifically on studies about con-
verting Ladder diagrams into Grafcet diagrams.

From a broader perspective, common subjects involv-
ing PLC programming are design, language interpretation,
simulation, programming language extension, formal veri-
fication, performance evaluation, teaching, and conversion
between programming languages. Regarding studies on de-
sign, an instance is given by Dhanabalan and Selvi [2023],
where the Laboratory Virtual Instrument Engineering Work-
bench (LABVIEW) is used to design a hardware based on
Field-Programmable Gate Array (FPGA), from the Ladder
diagram, but the Grafcet diagram is not considered. An-
other example is given by Palaniappan er al. [2023], where
the Grafcet is employed to design the Ladder diagram, and a
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processing station is considered as a case study. In contrast,
here the conversion is made in the opposite direction, i.e.,
from the Ladder diagram to the Grafcet diagram, which has
a didactic purpose.

With respect to studies about the way a programming
language is interpreted, an example is given by Mrof} et al.
[2023], where an algorithm is proposed for interpreting the
Grafcet language without ambiguities. Another study is
given by Schnakenbeck et al. [2023], where an abstract inter-
pretation is performed, avoiding concurrent behaviour, and
an automatic testing machine for quality control of compo-
nents is considered as a case study. Although a precise in-
terpretation mechanism can make the Grafcet more reliable,
more research is necessary to evaluate its relation with the
other languages of the standard IEC 61131-3. By contrast,
here one studies the relation between the Ladder and Grafcet
diagrams.

With respect to studies on simulations, an example is
given by Alsamhan et al. [2023], where Grafcet is used to
simulate a yogurt filling machine. An additional example is
given by Hrbcek et al. [2026], where a digital twin is con-
trolled by a PLC. Although the simulation can be used to
reduce risks, it is a prediction. However, reverse engineering
can be valuable after the system is in operation, since it can
recover part of the confidence already tested by the system’s
operation [Pressman, 2019].

With regard to studies proposing programming lan-
guage extensions, an example is given by Abrishambaf et al.
[2023], where the function block formalism is extended to
more effectively manage the transducer level. Another exam-
ple is given by Roisin ef al. [2025], in which an extended SFC
is used to control a mixing system for two liquids. Although
extensions can make a programming language more versa-
tile, the integration between different technologies is a char-
acteristic of the standard IEC 61131-3, and consequently,
more research is necessary to evaluate its impact on the other
programming languages of the standard IEC 61131-3. On the
other hand, in this work the relation between the Ladder and
Grafcet diagrams is examined in detail.

Considering studies about formal verification, an exam-
ple is given by Hu ez al. [2024], where a program written us-
ing structured text is simulated and validated by using a Petri
net. Another example is given by Chen et al. [2026], where
the function block is converted into its equivalent finite au-
tomata model to formally verify its correctness, and Chen
et al. [2026] show that formal verifications may require con-
versions between two formalisms. However, unlike the stud-
ies of Hu et al. [2024] and Chen et al. [2026], the proposed
one focuses on Grafcet, which complies with the standards
IEC 61131-3 and IEC 60848.

Considering studies that evaluate the performance of
PLC systems, an example is given by Bojnurdi ez al. [2024],
where the distribution of function blocks is optimized by us-
ing a greedy algorithm. An additional example is the study
of Liu et al. [2025], where an approach based on graph neu-
ral networks is employed to evaluate the performance of the
PLC. Although improving the performance can make the in-
dustry more competitive, Ladder and Grafcet diagrams are
not considered in [Bojnurdi et al., 2024] and [Liu et al.,
2025]. However, the Ladder diagram is the most used PLC
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programming language [Godase, 2025], and the Grafcet di-
agram is a versatile control tool and is becoming more and
more popular [Roisin et al., 2025]. Hence, these two dia-
grams are considered in the proposed study.

From a more specific perspective, studies about convert-
ing Ladder diagrams into Grafcet diagrams are scarce. An
example is proposed by Falcione and Krogh [1993]: to ac-
complish the objective, the authors employ different kinds
of graphs, such as the simultaneity graph, the dependency
graph, the condensed simultaneity graph, and the decompo-
sition operations, such as the connected component decom-
position and the full connectivity decomposition. Besides,
theu authors consider as a case study a neutralization system
with a piping and instrumentation diagram. Although the
Falcione and Krogh [1993]’s study points out important is-
sues to be investigated, such as the computational complexity
of the conversion algorithm, strategies for enhancing the effi-
ciency, and rigorous equivalence criteria, their neutralization
system alters the solution acidity while the resulting solution
is provided to the system output. In contrast, though here the
same neutralization system is considered, the control logic
preserves the solution acidity while it is provided to the sys-
tem output. Besides, though the Boolean function manipula-
tion may have exponential time complexity in the worst case
scenario, BDDs are employed here, which mitigate the ex-
ponential growth in running time [Bryant, 1986]. Although
Bryant [1986] describes the time complexity for the BDD
handling operations, a formal proof is not presented. In con-
trast, it is provided here.

Another study is proposed by Zanma et al. [1999],
where additional information is included in the conversion
process in the form of temporal logic, and a handling-robot
is given as an example. Although the Zanma et al. [1999]’s
approach points out the importance of extracting the plant’s
process control flow, and though simultaneous tasks are also
considered, the Zanma et al. [1999]’s case study does not
take into account the existence of alternative sequential con-
trol flows known as transitions OR. In contrast, this case is
covered here.

A third study is proposed by Lopes and Sousa [2017],
where an extended state-space approach is employed for the
same case study of Falcione and Krogh [1993]. Although
the Lopes and Sousa [2017]’s state-machine’s flexibility is
slightly improved, the number of states may grow expo-
nentially because the state-machine does not have a special
formalism for representing concurrent tasks. In contrast,
Grafcet diagrams do not suffer from the same drawback. Be-
sides, though it is not always possible to perform the conver-
sion without including extra information in the conversion
process [Lopes and Sousa, 2017], the studies [Falcione and
Krogh, 1993], [Zanma et al., 1999] and [Lopes and Sousa,
2017] include this information in design time, i.e., the ad-
ditional information must be provided before the conversion
process. However, this information may not be available. On
the other hand, part of this information is present in the Lad-
der diagram. In this case, the conversion algorithm helps the
expert to identify the possible plant’s process control flow,
i.e., part of the identification of the plant’s process control
flow is performed by the conversion algorithm, rather than
by the expert.
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Regarding the author’s previous study, an interactive al-
gorithm was proposed in [Giacomin and Schneebeli, 2010] 2,
where a case study was performed on a carrier system based
on conveyor belts and pistons, and though the Ladder and
Grafcet diagrams are considered equivalent, the plant is sim-
pler than the one considered here, and it was necessary to
improve the algorithm for a realistic case study. Moreover,
though other robust formalisms exist, such as Petri nets, this
paper prioritizes compliance with the current industrial stan-
dard IEC 60848. Hence, since Petri nets are significantly dif-
ferent from Grafcet and not a standard for PLC programming,
they are not compared here. In the proposed study, the bibli-
ography review covers papers published from 1970 onwards,
and though the design of algorithms has been of particular
interest in other areas [Barbosa et al., 2016; Tavares et al.,
2017; Villela et al., 2023], after an exhaustive search by using
indexed databases, such as the Google Scholar, the Scientific
Electronic Library Online (SciELO), Scopus, ACM Digital
Library, IEEE Xplore, and the SBC Open Library (SOL),
other studies focusing on converting Ladder diagrams into
Grafcet diagrams were not found in the literature.

The main contribution of this paper is an interactive al-
gorithm based on BDDs for converting Ladder diagrams into
Grafcet diagrams. The proposed approach helps the expert
to identify part of the plant’s process control flow. Addition-
ally, a robotic neutralization system is considered as a real-
istic case study, where either transitions AND or OR are ad-
dressed. For implementing the main conversion algorithm,
other sub-procedures are also programmed.

This paper is organized as follows: Section 2 describes
the problem, where the robotic neutralization system is
adopted as a case study, as well as its Ladder diagram, Sec-
tion 3 describes the methodology, where a conversion algo-
rithm is proposed, Section 4 determines the time complexity
of the proposed algorithm, Section 5 shows the results, and
the conclusions are presented in Section 6.

2 The Problem

This paper aims at converting a Ladder diagram into the
equivalent Grafcet diagram, where a robotic neutralization
system is used as a case study. Hence, the robotic neutral-
ization system is firstly described in Subsection 2.1, and its
Ladder diagram is subsequently presented in Subsection 2.2.

2.1 The Robotic Neutralization System

The robotic neutralization system shown in Figure 1 is con-
sidered as a case study, which aims at chemically treating the
solution coming from the reservoir and sending it to the next
tank. The sensors ¢/ and as are activated when the tempera-
ture and acidity are respectively considered suitable. When-
ever the values of ¢/ and as are simultaneously considered
appropriate, the neutralization ends. Additionally, the sen-
sors [s1, [so and [s3 indicate that the level is at or above the
respective level.

’Translated as: An interactive approach for converting Ladder
diagrams into Grafcet diagrams.  Published in the XVIII Brazil-
ian Congress on Automation, an event promoted by the Brazilian
Society of Automation.  The paper is available in Portuguese at
http://www.sba.org.br/Proceedings/CBA/CBA2010.zip. Accessed on 24
April, 2026.

Giacomin, 2026

| From reservoir

Neutralizer

Is3 —q&/

Is) ———o©

Is, — @7

tl

To reservoir To next tank

Figure 1. The robotic neutralization system.

The neutralization process proceeds as follows:

¢ Initially, the tank is empty, the mixer m and the heater
h are off and all the valves are closed;

* When the start button s is pressed (not shown), the valve
vy is opened until the level s is achieved; this fills the
tank with the solution not neutralized;

¢ The mixer m is turned on if the solution level rises above
ls9, andit is turned off when the level drops below ls;;

o If the temperature is below a preset point, the heater i
is energized;

« If the acidity is not suitable and /s is on, then the valve
vg is opened, and the neutralizer is added to the tank;

* When the level [s3 is achieved, and the solution prepara-
tion is not finished, the valve v5 is closed, and the valve
vy is opened; the valve vs is reopened if the level drops
below [s3;

¢ Whenever both ¢t/ and as are on, valves v1, v and vy
are closed, the heater h is turned off, and the valve vs is
opened, thereby sending the neutralized solution to the
next tank.

Although the neutralization system shown in Figure 1
is inspired by the study of Falcione and Krogh [1993], here
all valves v1, vo, and v, are kept closed when the valve vg is
opened, thereby keeping the acidity level constant during the
delivery of the neutralized solution to the next tank.

2.2 The Ladder Diagram

Before describing the Ladder diagram of the robotic neu-
tralization system, a short review of the basic concepts of
the Ladder diagram is necessary. As shown in Figure 2, the
symbols like a circle represent coils (or relays), and since the
Ladder diagram is inspired by the old relay contact circuit,
it has two lines on its sides, where the first one represents
the virtual phase wire, and the later one the virtual ground
wire. The symbols in the first rung, having addresses %I0
and %]I2, represent the normally open contact (NO) and the
normally closed one (NC), respectively. When the address of
a normally open contact is on, the contact closes, and when
the address of a normally closed contact is on, the contact
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Figure 2. The Ladder diagram for the neutralization system presented in
Figure 1.

opens. If a current from the virtual phase wire achieves the
coil (relay), and the coil is connected to the virtual ground
wire, the coil’s address is turned on, and its contacts are up-
dated accordingly. Besides, when the system is in operation
and an output coil is on, a physical output acts on the plant,
but when an auxiliary coil is on, only an internal address is
updated. In contrast, if only a simulation is performed, the
output coil can be activated without causing any impact on
the plant.

During each cycle, the diagram is processed from the
first rung to the last one, which means the first rung is updated
first, afterwards the second rung, and so on. As observed in
Figure 2, the normally open contact %QO is included in the
activation logic of the coil having the same address. Here,
when this happens, the rung is called persistent, and persis-
tent rungs are usually necessary for making the output com-
mand durable until some terminal condition is satisfied. Ta-
ble 1 shows a description of each input and output address of
the proposed Ladder diagram.

3 The Methodology

Before describing how a Ladder diagram can be converted
into a Grafcet diagram, a short review of the basic concepts
of the Grafcet diagram is necessary.

3.1 The Grafcet Diagram

In the standardized representation, a Grafcet is a graph with
two types of nodes, i.e., steps and transitions (a Grafcet has at
least one step and one transition). A directed arc can connect
a step to a transition or a transition to a step, but never two
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Address | Description

%I0 Start button

%ol 1 Level at [s;

%oI2 Level at [ s

%I3 Level at [s3

%ol4 Ideal temperature achieved.
%oI5 Ideal pH reached.
%Q0 Open valve v;.
%Q1 Open valve vs.
%Q2 Open valve v3.
%Q3 Open valve v.
%Q4 Turn on the heater.
%Q5 Turn on the mixer.
%Q6 Turn on the light tl.
%Q7 Turn on the light as.

Table 1. Input and output addresses of the proposed Ladder dia-
gram.

1 2 3 414 Q

Initial Active Inactive With action

Figure 3. Types of steps. If a step is active, the variable () is turned on, see
[David, 1995] for details.

steps or two transitions [David, 1995].

As shown in Figure 3, a step, represented by a square,
can be in one of two states, i.e., active or inactive, and a token
in the step indicates that it is active. Besides, the initial step,
which is activated when the system is started, is represented
by a double square.

As shown in Figure 4, transitions can be classified in
terms of their kind of connections or by the logic it repre-
sents. With regard to the kind of connections, a transition
can be simple, a conjunction or a disjunction. According to
the logic it represents, the transition can be of type AND or
OR. Normally, transitions going from top to bottom are rep-
resented by continuous lines, while transitions going from
bottom to top have an additional arrow. Hence, there are six
possible combinations between these two classifications.

A transition AND is preceded or followed by double
bars; in the first case, it must wait until all of its input steps
are active before firing the transition. In the second case, all
output steps are activated when the transition is fired. Each
receptivity R; is a function of Grafcet variables and it is as-
sociated with each transition ¢. One says that a transition is
fireable if, firstly, all steps preceding the transition are ac-
tive, and secondly, the transition’s receptivity is active. In a
disjunction OR, at least one transition is fired if the transi-
tion conditions are active, as well as the preceding step, see
[David, 1995] for details. Hence, a junction OR activates the
output step if at least one of the transitions is fired.

Transition conditions can also be a function of auxil-
iary and output variables, and actions can activate auxiliary
variables, since these rules are allowed in the standard IEC
60848 [IEC, 2013], and they are adopted here for simplifying
the conversion process and for making the Grafcet diagram
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Figure 4. Six kinds of transitions in a Grafcet diagram. One says that the
transition fires if its receptivity R; is enabled and all previous steps are ac-
tive, see [David, 1995] for details.

equivalent to the Ladder diagram.

3.2 The Data Structures

It is well-known that a sequential control system, which is
composed of two main parts, i.e., the controller and the plant,
typically has several states. Here, rungs having normally
open feedback contacts always represent a state and these
rungs are considered here persistent rungs because they are
kept active for some time even when some of their activation
conditions cease. In the proposed study, non-persistent rungs
represent conditional actions or activation conditions of per-
sistent rungs and a state is always represented in the Grafcet
diagram by a step, which also has an activation condition,
a deactivation condition and optionally an action. However,
not every state is related to a persistent rung in the Ladder
diagram since the Grafcet diagram may require additional
steps. Besides, two steps are different if they are placed at
distinct places of the Grafcet diagram, even if they have the
same name.

Before discovering the sequence among the states, a
syntactic tree is built for each rung in the Ladder diagram.
Figure 5a shows the syntactic tree of the rung having out-
put coil %@1. As shown in Figure 5a, the syntactic tree has
different nodes, i.e., the root, which represents the rung, and
the serial and parallel nodes, which represent the serial and
parallel connections, respectively, and the leaf nodes, which
represent NO and NC contacts (the NC contacts are in gray).
Besides, each root node always has at least one child node
representing the respective coil and each parallel node has at
least two serial nodes.

Afterwards, BDDs are built from the syntactic trees, be-
cause they smooth the exponential growth in running time re-
lated to the logic function manipulation, see [Bryant, 1986]
for details. Basically, the BDD representing the NC contacts
are produced by applying the not operation (the logic-not
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(a) The syntactic tree. The dotted line points out that the node is temporally
deactivated.

(b) The activation BDD.

Figure 5. a) The syntactic tree representing the activation logic of the out-
put coil %Q1. The nodes P and S represent parallel and serial connections,
respectively, and the darkened nodes represent NC contacts. b) The acti-
vation BDD obtained from the syntactic tree, where dotted and continuous
lines respectively represent that the logical values O(false) and 1 (true) are
attributed to their respective variables.

Figure 6. The deactivation BDD of the output coil %QO.
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® <0\ {P} fro_m P; to the
confirmed step P;

Was P; visited?
s
No

Detect possible
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Figure 7. The general overview of the conversion algorithm. The rectan-
gles, rounded rectangles, diamonds, and trapezoids respectively represent
processes, start or end, decisions, and data input from the expert.

Steps P; confirmed
and selected

or complement) to its respective NO representation and new
BDDs are recursively built by applying valid logical opera-
tions to the previous BDD, where A (the logical and) and V
(the logical or) logic operations are applied when the serial
and parallel nodes appear in the syntactic tree, respectively,
until all syntactic tree’s nodes are processed. As aresult, each
persistent rung has an equivalent activation BDD produced
from its syntactic tree. Figure 5b represents the activation
BDD produced from the syntactic tree shown in Figure 5a.

Differently from the activation BDD, the BDD repre-
senting the deactivation logic of a given rung is not obtained
directly from the syntactic tree. Instead, it is obtained by han-
dling the respective activation BDD, where the NO feedback
contact is made equal to 1 (true in a Boolean representation),
thereby producing a temporary BDD. Additionally, though
interlocking contacts are indispensable for preventing two
output coils from being simultaneously activated when they
represent conflicting commands, if the two rungs in the se-
quence are not conflicting, then the interlocking contacts also
are temporarily removed from the temporary BDD, which is
later complemented by using a — operation (the logical not),
thereby resulting in the deactivation BDD. For instance, Fig-
ure 6 shows the deactivation BDD of the rung having output
coil %QO, resulting from the respective syntactic tree and ac-
tivation BDD. One observes that the path from %I2 to 1 in
Figure 6 is also a subpath in a path from %Q1 to 1 in Fig-
ure 5b. Hence, %I2 may deactivate %QO0 and activate 9Q1,
and Algorithm 1 described in Subsection 3.3 is based on this
principle.

3.3 The Conversion Algorithm

The proposed algorithm’s general overview is shown in Fig-
ure 7, and its running is illustrated in Figure 8. Firstly, the

D Step not expanded

I:‘ Candidate step in sequel

|:] Confirmed step

Get initial
steps ®
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First cycle Detect possible

steps from P;
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Figure 8. The first stage-by-stage iteractions of the conversion algorithm.

conversion algorithm selects the initial step v;, which is by
default considered not expanded. Secondly, the candidate
steps following v; are identified by using BDDs. Thirdly,
some candidate steps are confirmed by the expert. Fourthly,
the transitions are created from v; to each confirmed step.
Finally, the second cycle starts by considering vs as the next
not expanded step, since it has not been expanded or visited
yet. The algorithm continues until all steps have been ex-
panded. For simplicity reasons, the addresses of the coils are
omitted.

The conversion algorithm’s flowchart, shown in Figure
7, is presented in detail in Algorithm 1. Algorithm 1 receives
as input the set A of steps, where each step is associated
with each persistent rung in the Ladder diagram. As a con-
sequence, each step in A has its activation and deactivation
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conditions computed by using its activation and deactivation
BDDs. Afterwards, Algorithm 1 requests that the expert in-
form the steps in A following the initial step, as well as the
kind of transition. Afterwards, while the set ® is not empty,
Algorithm 1 runs the external loop.

Within the external loop, the first two actions consist of
getting the first step from the set & and removing it from the
same set. Afterwards, the firstif checks if step P; was not ex-
panded, i.e., if P; is not in the set A. If this condition is sat-
isfied, the step is considered expanded, i.e., it is included in
A. Afterwards, the steps in the set © possibly following step
P; are computed according the rule: a step P; is possibly fol-
lowed by a step P; if the same subgraph I'; (possibly discon-
nected) activating the P;’s deactivation BDD also activates
the P;’s activation BDD (a vertex is also a subgraph). Al-
though the subgraph I'; can be disconnected, the equivalent
connected one I's, which is a BDD, can be produced by using
the same variables and BDD operations. However, since this
rule is a heuristic, the possible sequence must be confirmed
by the expert, who interacts with the algorithm. This con-
firmation results in the confirmed steps { P4, ..., P, }, which
may also contain auxiliary steps and the expert must also in-
form the kind of transition o employed for the confirmed se-
quence.

Algorithm 1 ends by iterating through the set
{Py,...,Pn}. For each step P;, the kind of transition
« is requested for creating the sequence P; — D; — P;3,
and if step P; has not been expanded, it is included in the set
®, which is the set of unexpanded steps. Each step D; is an
auxiliary step and it is necessary because the deactivation
condition of step P; generally is not exactly equal to the
activation condition of step F;. Besides, the transition
condition from P; to D; is represented by subgraph I's’s
BDD and the one from D; to P; is represented by F;’s
activation BDD.

Since all Algorithm 1’s instructions are defined, its time
complexity is determined in Section 4.

4 The Time Complexity

Algorithm 1’s time complexity depends on Algorithms 2-5.
Hence, the last ones are determined first, in a bottom-up fash-
ion. In the following lines, if A is some set, then | A| repre-
sents its size, and as it is usually done the symbol [J indicates
the end of each demonstration.

The running time of Algorithm 5 is determined by the
summation of the running time of its lines. Additionally,
each line’s running time depends on some constant ¢; and
the number of times the line is run. Since the summation’s
highest order term is the most important for large input sizes,
all costs ¢; can be rounded to 1 without compromising the
analysis [Cormen et al., 2009]. Thus, let the input size n be
the number of variables of f. Then, the Algorithm 5’s time
complexity can be determined by the recurrence T (n) ac-
cording to (1)-(2) as follows

Tc(1) =1 1
Te(n)=2-T(n—1)+1 (2)

3 P; — Dj — P; means that the step P; is followed by the step D,
which is followed by the step P;.
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Algorithm 1 The Conversion Algorithm.

1: procedure L2G(A) > A is the set of steps.
2 O « initial_steps(A) >ep - |A]
3 while |®| # 0 do > Co
4 P; + ®[1] >3- | D
5: @(—‘I’\{P]} DC4-|(I)‘
6 1fP]§§Athen [>C5|'1)||A‘
7 A%AU{P]} DCG'|¢‘
8 O+ o >cr - | D
9: for i < 1to |A| do >cg - | D] - |A]
10: lf‘fD(Pj, Pz)| ;éOthen

11 >eg- |- |Al-Tp
12: 0+ 0OU{P} >cig - | @] - |A]
13: end if >ci - |<D‘ . |A‘
14: end for >cyg - | @] - A
15: {P1,..., Pn},a] < conf(O)

16: D013"@"|¢)‘
17: for i < 1tomdo >cig - | -m
18: Make P; — D; — P; by using a 2

19: >015-\<I>|-m
20: if P, ¢ ® then > 16 - m - |
21: O+ dU{P} >cir - | @] - m
22: end if >cig - | @] - m
23: end for >cig - |- m
24: end if > cop * |<b‘
25: end while > cop - | D
26: end procedure > Co9

Algorithm 2 The Discover Function.

1: procedure fp(Py, P») > P and P, are steps.
2: f1 « Py.get_desativation() > C30
3 fa < Ps.get_ativation() > C31
4: Vi « get_vars(b, f1,V1) >cga - Ty
5: Va < get_vars(b, fa, Va) >ca3 - Ty
6 V—VinV, l>034'|V1"|‘/2‘
7 if V # o then > C35
8 Cy + get_cubes(b, f1) >csg - I
9: Cy + get_cubes(b, f2) >c3r-To
10: Vo > €38
11: VRN > c39
12: return fco(V,Cq, Co, ¥, 0,Q) > cao - Too
13: end if > C41

14: end procedure

Lemma 1. The solution of Tc(n) is O(2™), which is also the
time complexity of Algorithm 5.

Proof. If the recurrence definition is applied several times,
the next expansions are determined as follows

Te(n) =2-To(n—1) + 1
Tc(n—l):2~Tc(n—2)+1
Tec(n—2)=2-Tc(n—3)+1

Tc(2)
Tc(1)

2-Te(1) +1
1

If the recurrence expansions are substituted in the pre-
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Algorithm 3 The Common Function. Algorithm 5 Get cubes.

1: procedure foo(V,Cy,Cs, U, i, Q) 1: procedure get_cubes(b, f)

2 if |Q| # 0 then > C50 2 P o > cg1

3 return () > cs1 3 N+~ > Cgo

4 else if i < |V| then > C59 4 return get_cubes_(b, f, ®,Q) > Cs3

5: vr + {V1i], T} > C53 5: end procedure

6 U+ VU {vr} > Cs4 6: procedure get_cubes_(b, f, ®, Q)

7 Q< Feo(V,C1,Co,0,i+1,Q) pess-Teo 7 if f #£bone()Af# b.zero() then > Cg4

8 U+ U\ {ur} > C56 8 x < b.getVar(f) > Cs5

9: vp « {V][i],F} > c57 9: v [z,T)] > Cg6
10: U« \I/U{UF} > C58 10: (I)<—‘I)U{U} > cg7
11: Q< Feo(V,C1,Co,0,i+1,Q) >eso-Too 11 Q « get_cubes_(b,b.high(f),®,Q) > cgs - To
12: U« \If\{l}p} > cgo 12: @%@\{U} > cgg
13: else > cg1 13: V4 [1’, F] > coq
14: ¢ + Cube() > o2 14: D+ dU{v} > Cg1
15: ifce Cy A ce C;then > Ce3 15: Q + get_cubes_(b,b.low(f), ®,Q) >cogs-To
16: Q<+ QU {c} > Cea 16: O+ D\ {v} > Co3
17: end if > cgs5 17: elseif f = b.getOne() then > Coq
18: end if > Cg6 18: ¢ < Cube(P) > Cos
19: return () > cg7 19: Q+ QU{c} > Cog
20: end procedure 20: end if > Cg7

21: return ¢ > Cgg

Algorithm 4 Get variables. 22: end procedure

1: procedure get_vars(b, f, V) Lemma 2. The solution of Ty (n,1) is O(n - 2™), which is

2 if f = b.one() V f = b.zero() then P €70 also the time complexity of Algorithm 4.

3 return V' > Cry

4 else > Cc7o Proof. If the recurrence definition is recursively applied sev-

5: v < b.getvar(f) > cr3 eral times, the next expansions are determined as follows

6 if v ¢ V then > C74

7 V + Vu{v} > crs Tv(n,1) =2-Ty(n—1,2) +1

8 end if > Cr6 Ty(n—1,2)=2-Ty(n—2,3) + 2

o Ve geuans(bbion(f) V) - von-Ty Ty(n—2.3) =2 Ty(n—3.4) + 3

10: . > .

1?: endif% get_vars(b,b.high(f), V) . o Ty(n—3,4)=2-Ty(n—4,5) +4

12: return V' > cgo

13: end procedure Ty(l,n)=1

vious ones, one obtains
Te(n)=2-(2-2-Tc(n—3)+1)+1)+1
Te(n) =2 Te(n—3)+2° +2+1
The last equation above is generalized according to the

pattern it obeys, and afterwards, one considers that the ex-
pansion ends when n — k = 1. Then, one obtains

To(n) =28 To(n—k)+2F 14282+ 41241
To(n) =2""1-To(1) +2" 2 +2" 2 4. 4241
Te(n) =2"" Lion=2 4 9n=3 . .. 1941
Te(n)=2" -1
Te(n) € O(27)

O

In a pessimistic scenario, the Algorithm 4’s time com-
plexity is determined by the solution of Ty (n, 1) similarly as
follows

Ty(l,n)=n
Ty(n,n)=2-Ty(n—1,n+1)+n

If the expanded recurrences are substituted in the previ-
ous ones, one obtains

Ty(n,1)=2-12-[2-[2-Tv(n—4,5) + 4] + 3]+ 2] + 1
Ty(n,1) =2 -Ty(n—4,5)+2° - 4+2°.34+2-2+1
Ty(n, 1) =2 Ty(n—kk+1)+2 " k+...+2". 241

The recurrence above ends when n —
making £ = n — 1 one obtains

Tv(’I’L, 1)

It will be shown by induction that Ty (n,1) =
2™ . (n — 1) + 1 for all n greater than or equal to 1.

k = 1. Hence, by

="t 2" 1)+ +1

Base: suppose thatn = 1. Then 2" - (n — 1)+ 1 =
2. (1-1)+1=1,and2" ! -n=2°-1= 1. Hence, the
hypothesis is true when n = 1.

Induction: suppose that 2" - (n — 1) + 1 is equal to
2n=1.p 4+ 272.(p — 1)+ --- + 1. Hence,

2" (n+1)+2"tn+-+ 1=

=2"-(n+1)+2"-(n—-1)+1=

=2"n4 27+ 2" n -2+ 1=
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=2"tln41
Conclusion: Ty (n,1) = 2"-(n—1)+1 for all n greater
than or equal to 1. Therefore, Ty (n,1) € O(n - 2™). O

The Algorithm 3’s time complexity can be determined
by the recurrence Teoo(n) as follows

Teo(1) =1
Tco(n) =2-Tco(n—1)+1

which has the same structure as T¢(n). Hence, Algorithm
3’s time complexity is O(2").

Similarly, Algorithm 2’s time complexity can be deter-
mined by Tp(n) as follows

Tp(n) =2-Ty(n,1) +2-Tc(n) + Teo(n) + 1
Tp(n) €2-0(n-2") +2-0(2") + O(2") + 1
Tp(n) € O(n-2")

Since the time complexities of all Algorithm 1’s sub-
routines were found, the next theorem can be postulated as
follows

Theorem 1. The solution of T(|A|,n) is O(|A] - (|G| -
loga|G| + |A|)), which is also the time complexity of Algo-
rithm 1.

Proof. Since Tp(n) is determined, the time complexity of
Algorithm 1 can be calculated as follows

T(|Aln) =c1-[A[+ -
~+(cst+catcgtertcaotcar) [P+
oo+ P |A] - (es +cs +cr0 + e +er2) o0
o+ (c2+ o) + @] [A]-Tp(n) +c13- O] - [@] + -
4 |®[-m - (c1a+ c15 + c17 + c1g + c19) + c16 - - [P

Since the highest order term of T'(JA[,n) is the most
important for large input sizes, all summations of all con-
stants ¢; can be rounded to 1 without compromising the
analysis, as follows

T(|Al,n) = [A|+[@[+]®[-[Al+1+|@|-|A[- Tp(n)+ -
c O] | P+ | @] m+m - | P2

In a pessimistic scenario, |®|, |©| and m can be
rounded to |A|. Besides, since Tp(n) € O(n - 2™), one
obtains

T(IAl,n) = |A| + |A| + AP+ 1+ A2 n-2" 4 -
oA AP AP+ AP

Since Algorithm 1 interacts with the expert |®| times,
all non-constant terms are reduced by a factor of |®|. Since
|®| is rounded to |A[, one has

T(IAl,n) = 1414 [A[+1+]A]-n-2"+ A+ A+ |A]?

Since the highest order terms of T'(|A|, n) are |A|-n-2"
and |A|?, it follows that

T(|Al,n) € O(JA] - (n - 2" + [A])) 3)
O
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In contrast, let |G| be the number of nodes the BDD
would have if it were not reduced, i.e., if it were a complete
binary tree. Then, |G| would be equal to 2"*! — 1. Hence,
since 2" < 2"*1 — 1, (3) can be rewritten as

T(|Al,n) € O(IA]- (IG] - loga| G| + [A])) (4

However, the reduce operation optimizes the BDD so
that |G| is minimized, which softens the exponential growth,
since |G| is significantly lower than 2"+ — 1 [Bryant, 1986]
and each node can be visited only once for determining the
number of variables. Furthermore, n is the number of vari-
ables of f, which is frequently much smaller than the num-
ber of variables of the whole Ladder diagram. Usually, n is
lower than 20, while BDDs can efficiently handle functions
having up to one hundred variables [Bryant, 1986]. Hence,
Algorithm 1 can be considered efficient in practice.

5 The Results

The Ladder diagram shown in Section 2 was provided
as input to Algorithm 1, which converted it into the
equivalent Grafcet diagram shown in Figure 9. The
videos showing the tests performed are available at
https://github.com/pagiacomin/ladder-grafcet, and during
the interactions, the slowest response was given in less than
3 s. Furthermore, several scenarios were taken into account,
either for the control software or the conversion algorithms,
and the tests were considered satisfactory for a proof-of-
concept version. Since the resulting original Grafcet diagram
was considered graphically too large, it was translated to the
equivalent one (preserving its logic, but it was just redrawn
for a better layout) by using the updated version of the soft-
ware Inkscape [Harrington et al., 2003].

As shown in Figure 9, all steps beginning with the letter
A represent auxiliary steps, i.e., they are not directly related
to persistent rungs in the Ladder diagram. As observed in
Figure 9, steps v2, m, and h can be active simultaneously.
This is compatible with the neutralization system’s specifi-
cation since the heater, the mixer and the neutralization valve
can be turned on concurrently. The diagram shown in Figure
2 was simulated stage by stage and side by side with the di-
agram shown in Figure 9 after submitting them to the same
initial state, when all input and coils are off, and to the in-
put events shown in Tables 2-4, and they produced the same
output actions shown in Tables 2-4, where on{e} and off{e}
means that the coils or inputs in {e} are on and off, respec-
tively. Hence, they can be considered equivalent.

As observed in Figure 9, different steps can have the
same name because they are directly related to the same per-
sistent rung in the Ladder diagram, though they are activated
at different moments. This behaviour is also observed in the
Ladder diagram, and this was possible in practice because
each step identifier has two parts: firstly, the number of the
related rung, and secondly, an identifier within the set of
steps related to the same rung. Hence, in Line 18 of Algo-
rithm 1, two steps with the same name are considered differ-
ent if they have a different instance number. Additionally, as
shown in Figure 9, if each rung were related to only one step
in the Grafcet diagram, the diagram would be smaller. How-
ever, breaking this rule was necessary to improve the Grafcet
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—— notls;

(asandtl) orlsy

Figure 9. The resulting Grafcet diagram.

Input Output | Effect
1 | on{s} on{v;} | on{ls;}
2 | on{lss} on{m} | off{v;}
3 | on{lso},off{tl} | on{h}
4 | on{ls2},off{as} | on{vy}
5 | on{iss} on{vy} | off{lss,,vs}
6 | off{iss} on{ve} | on{as}
7 on{as,thlsl} 01’1{’03} Oﬂ'{183,l82,l51,’04,’02}
8 | off{ls} oft{m, h, vs, as, tl}

Table 2. The expected sequence when solution is mixed and re-
turned to the reservoir; this happens when more neutralizer is re-
quired than expected and the flow in v4 is approximately equal to
the flow in vo.

diagram’s flexibility, which was able to process the greatest
number of the plant’s process control flows, without com-
promising the equivalence relation to the Ladder diagram.
This advantage is not observed in the study of Zanma et al.
[1999] and Falcione and Krogh [1993], where each rung is
associated with at most only one step in the Grafcet diagram.
As observed in Figure 9, vs remains active until the tank
is empty, while the other valves remain closed. Hence, the
proposed neutralization system keeps the solution’s acidity
constant during its delivery to the next tank, differently from
what happens in the studies of Falcione and Krogh [1993]
and Lopes and Sousa [2017], thereby improving the quality
of the neutralized solution.

As shown in Table 6, a quantitative comparison is per-

formed among the approaches based on graphs [Falcione and
Krogh, 1993], state-space [Lopes and Sousa, 2017], and the

Input Output | Effect
1 | on{s} on{vi} | on{ls;}
2 | on{ls2} on{m} | off{v,}
3 | on{lsa},off{tl} | on{h}
4 | on{lsy},off{as} | on{uvy}
5 on{as,tl,lsl} On{'l}g} 0&{[53,182,[81,1)2,1)1}
6 | off{ls;} oft{m, h,vs, v4,as, ti}

Table 3. The expected sequence when the solution is mixed with-
out returning to the reservoir; this happens when little neutralizer is
required.

Input Output | Effect
1 | on{s} on{vy} | on{ls;}
2 | on{lsy} on{m} | off{v;}
3 | on{iss},off{tl} | on{h}
4 | on{isy},off{as} | on{va}
5 | on{ls3} on{vy} | off{vs}
6 | off{lss} on{v,}
7 | on{lsz} on{vy} | off{vy}
8 | off{iss} on{vy}
9 on{as,tl,ls1} on{vs} | off{lss,ls2,vs,v2,v1}
10 | off{ls1} oft{m, h, vs, as, tl}

Table 4. The expected sequence when the flow in vy is lower than
the flow in v2; in this case, v4 is on while vo toggles between on
and off until the ideal acidity is reached.

proposed one (interactive), by taking into account the number
of vertices, transitions, and combinations between the activa-
tions and deactivations of the valves, where actions are not
considered vertices. As observed in Table 6, the state-space
approach presented the greatest number of vertices and tran-
sitions. This stems from the fact that the state-space approach
does not provide a specific formalism for representing paral-
lel tasks, which may lead to the well-known state-space ex-
plosion.

With respect to the number of combinations between
the activations and deactivations of the valves, the state-
space approach provided only one valid combination, i.e.,
V1 — v — U3, because there is no transition from v4 to
the initial state, see [Lopes and Sousa, 2017] for details. Ad-
ditionally, the approach based on graphs suffered from the
same problem, since the only possible combination was v
followed by the parallel activation of ve, v3, and vy. Al-
though the approach based on graphs exhibited the smallest
number of vertices and transitions, the number of combina-
tions between the activations and deactivations of the valves
was also considered small (only one). In contrast, the interac-
tive approach yielded three possible combinations, as shown
in Tables 2-4, thereby improving the system’s flexibility.

A video was recorded showing the algorithm interac-
tively converting the Ladder diagram shown in Figure 2 into
the Grafcet diagram shown in Figure 9, and it is also available
at https://github.com/pagiacomin/ladder-grafcet. As shown
in Figure 10, of the 13 real sequences (5+8), 8 were detected
and confirmed by the expert and 5 were not detected, i.e.,
they were directly informed by the expert. Besides, of the
22 sequences (14+8) the system detected and suggested to
the expert, 8 were confirmed. Hence, the proposed strategy
helped the expert to confirm most of the real sequences (more
than 60%). If the interactive approach were not used, these



Interactively Converting Ladder Diagrams into Grafcet Diagrams on a Robotic Neutralization System Case Study

Giacomin, 2026

Name | Condition

ao (v A=lsa) V (0 A s A —lsg)

ay (vg A =lss AtL A —as) V (ve A —lsg A —itl)...
.V (mwg Alsy A —lsz A —as)

a (1)3/\181) \/("’Ug /\151 /\tl/\CLS)

as (mwg Avg Alsg AtLA —as) V (—ws A vg...
e Nlsg A =itl) V (—w3 A —ug Alsg Alss A ...
e AtLA mas) V (—wg A =g Alsy Alsg A —itl)

a4 (h /\l81 A _‘tl) \Y (—\h A 131 A ZSQ N —|tl)

as (m Alsy)V (=m Alsy Alsz)

dy Is3 V (—lsg AL A as)

Table 5. The activation and deactivation conditions extracted from
the Ladder diagram shown in Figure 2 considering the symbols
shown in Tables 1.

sequences must have been detected by the expert alone, and
the expert should have analysed 64 possible sequences (the
number of rungs raised to the power of two), instead of 22
(a reduction of almost 3 to 1). Therefore, the interactive ap-
proach substantially reduced the expert’s workload.

Some resulting transition conditions are too large to be
shown in Figure 9, and they are presented in more detail in
Table 5. As shown in Table 5, the transition conditions were
correctly recovered from the activation and deactivation con-
ditions of the rungs of the Ladder diagram shown in Figure 2.
Additionally, with the help of the BDD, the system was able
to convert —(—tl V —as) into (¢l A as), which was necessary
to detect the transition from v to v3; the symbols —, A and V
respectively represent the logical operators not, and and or
and the logical not has the highest precedence compared to
the other operators; for a conversion between more complex
logic expressions, see [Giacomin and Schneebeli, 2010].

As can be observed in Figures 2 and 9, the Ladder and
Grafcet diagrams produced the same output command se-
quences for the same input events and initial conditions. Be-
sides, some videos were also recorded showing the Ladder
diagram simulation for the sequences shown in Tables 2-4,
see https://github.com/pagiacomin/ladder-grafcet for details.

Although the Ladder and Grafcet diagrams shown in
Figures 2 and 9 are equivalent, they have different advan-
tages. On one hand, though the Ladder diagram shown in
Figure 2 can be considered more flexible, since it can handle
some input sequences not handled by the Grafcet diagram,
these sequences may sometimes be considered undesirable.
This is what happens when the flow in v, is greater than the
flow in v and the Ladder diagram turns on the valves v; and
v9 concurrently, which make the solution achieve the acidity
more slowly. On the other hand, the Grafcet diagram shown
in Figure 9 explicitly represents the plant’s process control
flow, which is not directly presented in the Ladder diagram,
thereby making the plant’s process control flow easier to un-
derstand. Hence, the Ladder and Grafcet diagrams shown in
Figures 2 and 9 can be considered complementary.

6 Conclusions

An interactive algorithm for translating Ladder diagrams into
Grafcet diagrams was proposed, and a robotic neutralization
system was considered as arealistic case study. Basically, the
Ladder diagram was programmed for controlling the robotic
neutralization system, and Algorithm 1 converted it into the

B Confirmed ™ Should be

M Confirmed Detected

Figure 10. On the left, the circle represents the total number of desirable
sequences. On the right, the circle represents the total number of sequences
detected, from which a small part was confirmed.

Approach | Transitions | Vertices | Combinations
Graphs 9 9 1
State-space | 41 24 1
Interactive | 12 15 3

Table 6. The number of transitions, vertices, and combinations be-
tween the activations and deactivations of the valves, resulted from
the approaches based on graphs, state-space, and interactive.

equivalent Grafcet diagram. For accomplishing this purpose,
several subroutines were also implemented.

Some conclusions were reached from this study. Firstly,
the interactive approach is capable of helping the expert to
detect and confirm a significant number of condition actions
or sequences without including any additional information
before the conversion process. This didactic purpose can be
valuable when only the Ladder diagram is available.

Secondly, though in [Falcione and Krogh, 1993] and
[Zanma et al., 1999] a Ladder diagram’s rung is related to at
most one step in the equivalent Grafcet diagram (in the study
of Zanma et al. [1999] steps with the same name do not rep-
resent the same rung because the activation conditions are
different), one concludes that if this rule is broken, a more
flexible Grafcet diagram can be obtained without compro-
mising its equivalence to the original Ladder diagram.

Thirdly, though Bryant [1986] describes the time com-
plexities for the BDD operations, a formal proof is not given.
In the proposed study, the Algorithm 1’s time complexity
was mathematically determined, and its analysis showed that
the use of BDD can soften the exponential growth in running
time, which helps to extend the scope to where the proposed
approach can be applied.

Fourthly, in contrast to the state-space approach, the
number of vertices and transitions grows more slowly when
the proposed approach is considered, and though they are
slightly greater than those obtained when the approach based
on graphs is employed, this fact contributes to a more flexible
Grafcet diagram.

Fifthly, on one hand, though the Ladder diagram can
sometimes be considered more flexible, since it was able to
handle some sequences not handled by the Grafcet diagram,
these sequences may eventually be considered undesirable.
On the other hand, the Grafcet diagram was capable of rep-
resenting the plant’s process control flow, which was not ex-
plicitly shown in the Ladder diagram. Since this information
can help the expert to understand the control logic, here the
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two diagrams can be considered complementary. These facts
are in accordance with the standard IEC 61131-3, where in-
tegration among programming languages is an objective, and
they have a didactic purpose, which helps to consolidate the
value of the reverse engineering tool. This advantage was not
provided by the approaches based on graphs or state-space.

Sixthly, though Falcione and Krogh [1993] have pre-
sented the same robotic neutralization system, the solution
acidity is not preserved while the solution is delivered to the
next tank, unlike what happens here, which is usually desir-
able for the sake of quality.

6.1 Difficulties

The first version of the conversion algorithm was pro-
grammed using JDK 6, which has some libraries that are
not compatible with several Java IDEs nowadays. In order
to program the current version, it was necessary to test sev-
eral library versions until some of them made the compi-
lation possible. Fortunately, the software Maven was used
(https://maven.apache.org/), which is free, easy to configure
and able to compile the source code by using several JDK
versions, including JDK 6.

6.2 Future Works

The proposed problem is challenging, and some points still
deserve more research. Firstly, it would be interesting to im-
plement the persistence during the interactive conversion. In
this way, the expert would not have to restart the process from
the beginning, which could help to save work. Secondly,
though the proposed case study is realistic, more research
is necessary, considering new case studies, to investigate the
algorithm’s capability of converting larger Ladder diagrams
into Grafcet diagrams, possibly by using a new graphical in-
terface. Thirdly, though the diagram’s symbols considered
here are quite common in practice, other symbols could be
considered.
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include references from a range of researchers with different back-
grounds, institutions, and geographic locations, reflecting contribu-
tions from diverse perspectives in the field. By including this state-
ment, one aims at raising awareness of citation bias and encouraging
equitable referencing practices in future research on computing.
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