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Abstract

Petri nets (PNs) are typically used for design and verification rather than direct control implementation. In this pa-
per, aligning with the Industry 4.0 paradigm’s focus on flexible and reconfigurable control systems, we propose a
modelling tool for rapidly prototyping feedback-based discrete-event control algorithms on programmable controllers
such as PLCs or microcontroller boards. This modelling tool, named Signal Interpreted Coloured Petri Nets (SICPNs),
aims to combine the formal modelling expressiveness of Coloured PNs with the capabilities of Signal Interpreted PNs,
which are specialised in processing plant measurements and determining actuator commands.
This contribution involves: a) the formal definition of SICPN; b) the presentation in the IEC61131-3 compliant SCL
language of the so-called Token Player, a software entity designed to support feedback-based decision-making within
the SICPN; c) the validation of the effectiveness of the proposed formalism in controlling an extended configura-
tion of the FESTO Modular Processing Station (MPS) using an Arduino microcontroller via two-way UART serial
communications; d) the modelling of a Digital Twin of the FESTO MPS testbed. The tests demonstrate that, during
transitions, the colour and signal interpretation conditions enable the microcontroller to accurately schedule and dy-
namically reconfigure control actions while keeping the size of the PN-based controller small relative to the control
problem’s complexity.

Keywords: Discrete-event system control, Petri Nets, Manufacturing system control, Programmable Logic
Controllers, IEC61131-3, Structured Control Language, Siemens TIA Portal

List of symbols:1

N : set of natural numbers;2

Z : set of integer numbers;3

N0 : set of non-negative integer numbers;4

Z(A) : set of all multisets over A;5

N(A) : set of all non-negative multisets over A;6

ε : empty multiset;7

Co : colour function;8

Cℓ : set of possible colours;9

P : set of places;10

T : set of transitions;11

I : set of logical inputs;12

O : set of logical outputs;13

mi : marking of place pi;14

M : net marking vector;15

φ : logical firing conditions;16

ω : candidate output function;17

Ω : output function.18

1. Introduction19

Petri nets (PNs) are extensively used across various20

domains as a formalism for modelling discrete event21

systems, since their introduction by Petri (1962).22

A limitation of PNs is the explosion in size when23

used to model complex systems such as multi-product24

manufacturing systems and reconfigurable production25

lines. To tackle this challenge, high-level Petri net mod-26

els have been derived. In some cases, they allow a more27

compact representation than a standard PN model. In28

other cases, the modelling power is increased. However,29

this typically leads to a loss in terms of capability anal-30

ysis. In this regard, Long et al. (2015) recognise that31

High-Level Petri Nets (HLPNs), including Coloured32

Petri Nets (CPNs), revealed superior in modelling In-33

dustry 4.0 compliant applications than alternative for-34

malisms. Also, the EU Commission’s report on Digital35

Twins (DTs) (Flamigni et al., 2020) mentions HLPNs36
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as a candidate formalism for the DT implementation,37

emphasising the need for advanced PN models. As a38

result, HLPNs have recently gained standardisation as39

a software engineering tool for a wide range of concur-40

rent Discrete Event Systems (DES) and, in particular,41

distributed systems, see ISO/IEC 15909-1 (IEC, 2019)42

for details in this regard.43

1.1. Literature Review44

A typical way to represent the structure of a PN is45

through the use of graphical elements such as places,46

transitions, arcs and tokens. The dynamics of the net47

involve the movement of tokens through the net when a48

sequence of enabled transitions fire, causing an update49

in the net marking (Murata, 1989).50

The PN formalism is generally used to solve su-51

pervisory control problems (Lima II and Dórea, 2004;52

Awad, 2018; Singh and Singh, 2019; Flochová and Lo-53

jan, 2019; Chen and Hu, 2020; Bashir et al., 2021;54

Basile et al., 2021; Hu et al., 2021; Wang et al., 2021;55

You et al., 2021), and to model complex and flexible56

systems such as manufacturing systems (Simon et al.,57

2018; Zhang et al., 2018; Nabi and Aized, 2019; Gaona58

et al., 2021; Fernández et al., 2021; Azkarate et al.,59

2021; Grobelna and Karatkevich, 2021), embedded sys-60

tems (Xia, 2016; Comlan et al., 2017; Gomes and Bar-61

ros, 2018; Berger et al., 2019) and communication net-62

works (Machado et al., 2018; Juranić et al., 2019; Farah63

et al., 2019; Cao et al., 2020; Wu et al., 2021).64

To enhance the expressiveness of PNs, various types65

of HLPNs have been developed, including continuous66

(Vázquez et al., 2014; Desirena-López et al., 2019; Liu67

et al., 2021), hybrid (Outafraout et al., 2020; Hüls et al.,68

2021; Li et al., 2022; Liu et al., 2022), and coloured PNs69

(Jensen, 1981, 1987; Long et al., 2015; Gehlot, 2019;70

Sheng and Prescott, 2019), to name a few.71

CPNs were first introduced by Jensen (1981) and72

further developed into a more detailed methodology73

(Jensen, 1987). Unlike classical PNs, CPNs use to-74

kens of different colours, thus enabling the represen-75

tation of specific system features or characteristics.76

This makes CPNs particularly well-suited for mod-77

elling multi-product manufacturing systems and priority78

queue data structures.79

Notable recent applications of CPNs include their use80

to model the process of sending different printing jobs81

to different printers (Gehlot, 2019), and applications to82

model all the factors and activities related to aircraft83

fleet maintenance (Sheng and Prescott, 2019). For ad-84

ditional examples of applications, refer to Jensen and85

Kristensen (2009, Chapter 14). Finally, it is worth men-86

tioning Farah et al. (2019), where the CPN framework87

is used for modelling and analysing networked systems88

in which competition, synchronisation, resource sharing89

and parallelism are present, as for the Ethernet commu-90

nication system.91

Considering that the input-output response of a dy-92

namical system is often referred to as low-level be-93

haviour, some authors (Frey, 2000, 2002; Minas and94

Frey, 2002; Ramı́rez-Treviño et al., 2003) use the term95

low-level PNs to characterise the use of PNs for fine-96

grained modelling of interacting systems by acquir-97

ing and interpreting low-level signals from the field.98

Consequently, to employ them for feedback control99

purposes, definitions for Signal Interpreted Petri Nets100

(SIPN) were introduced in the early 2000s (Ramı́rez-101

Treviño et al., 2003; Frey, 2000, 2002). Further note102

the IEC61131-3 Sequential Function Chart (SFC) vi-103

sual programming language for PLCs is also a primi-104

tive version of binary SIPN (Lewis, 1998). In essence,105

a SIPN can be regarded as a specialised type of PN de-106

signed to incorporate input signals into their firing con-107

ditions and generate outputs in each place. This feature108

makes them well-suited for formally representing se-109

quential algorithms, which can then be implemented on110

Programmable Logic Controllers (PLCs) (Frey, 2000;111

Klein et al., 2003) or translated into structured text for112

microcontroller code (Borges and Lima II, 2018).113

As an illustration of SIPN applications, Lima II and114

Dórea (2004) utilised them to control a manufacturing115

cell system where identical workpieces underwent se-116

quential drilling, testing, and unloading, all managed by117

a PLC. There it is shown also how translating a SIPN118

into a controller using the IEC61131-3 compliant Struc-119

tured Test (ST) language. Among others, notable due120

to the growing demand in the field is Grobelna et al.121

(2016), where a SIPN is used to automate a smart home122

system; Grobelna and Szcześniak (2022), focusing on123

SIPN applications in battery management system con-124

trol; Basile et al. (2021), who propose a novel frame-125

work based on Timed Petri Nets (TPNs) for supervisory126

control purposes; and Basile and Ferrara (2022), who127

utilise TPNs to develop a fault detection algorithm for128

discrete event systems within a PLC.129

1.2. Paper contributions130

PNs and CPNs are typically used for hierarchical131

design and control verification at a high level, rather132

than for control implementation, due to the lack of133

low-level signal-interpretation characteristics (Grobelna134

et al., 2016; Farah et al., 2019). In contrast, when com-135

pared to CPNs, SIPNs lack high-level expressivity fea-136

tures, resulting in high-dimensional models. Therefore,137

the primary contribution of this work is to introduce a138
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new PN formalism named Signal Interpreted Coloured139

Petri Net (SICPN). This model combines the advantages140

of CPNs by providing them with low-level signal in-141

terpretation functionalities, which are useful for control142

purposes.143

In line with this perspective, the paper’s second con-144

tribution is to introduce what we call a Token player,145

a software entity aimed at supporting input-output146

feedback-based decision-making within the SICPN147

controller. Then, we illustrate how to deploy a SICPN-148

based controller into a PLC. Specifically, among the five149

IEC 61131-3 PLC languages, we utilise the Structured150

Control Language (SCL), namely the Siemens’ compli-151

ant version of the ST language.152

It is important to note that, compared to CPN super-153

visory control solutions and low-level SIPN controllers,154

in a SICPN, there is no hierarchy. Thus, both the in-155

terpretation of low-level signals and the verification of156

colour transitions operate at the same decision level157

(Frey, 2002; Grobelna et al., 2016; Farah et al., 2019;158

Basile et al., 2021).159

As third contribution, we demonstrate the effective-160

ness of the proposed formalism for prototyping com-161

plex feedback controllers, such as control an extended162

configuration of the FESTO Modular Processing Sta-163

tion (MPS) (Ebel and Pany, 2015). More precisely, as164

proof-of-concept, we utilised an inexpensive Arduino165

MEGA board to run an ad-hoc designed SICPN-based166

controller for controlling operations and the control re-167

configuration.168

Translating a PN into C-code or running it on Ar-169

duino is not new. For example, Comlan and Delfieu170

(2019) introduced a tool named Petri Nets to Arduino171

(PN2A), which facilitates the modelling of systems172

with embedded Time Petri Nets (TPNs). Additionally,173

Borges and Lima II (2018) discuss conversion method-174

ologies from SIPN to either Ladder diagram (LD) or175

C-code. On the other hand, Gomes and Barros (2018)176

provide a tool to translate Input-Output Place Transition177

(IOPT), which is a class of PNs supported by the IOPT178

Tools. However, unlike these works, our formalism en-179

compasses both coloured firing transitions and tokens180

and includes I/O decision-making. Moreover, it is also181

noteworthy that while previous works simply show how182

to implement a single transition into a control language,183

here our approach showcases the implementation of the184

overall Token-Player.185

Finally, as the fourth and last contribution, and in186

light of the absence of a real FESTO MPS system, we187

provide details for the modelling and implementation of188

a Digital Twin (DT) of the FESTO MPS testbed. Exper-189

imental tests demonstrating the interaction between the190

Figure 1: Standard Configuration of the FESTO S-BE-M Processing
Station (Ebel and Pany, 2015). Note the extended configuration we
are going to consider encompasses supplementary testing and drilling
modules, situated at position indexes 2 and 3, respectively.

controller running on the Arduino and the Digital Twin,191

which operates on MATLAB through two-way UART192

serial communications, are also discussed. As a result,193

the microcontroller operates seamlessly, whether con-194

trolling a real plant or a simulated one. Additional stud-195

ies involving the use of Digital Twins for the FESTO196

MPS system include Mykoniatis and Harris (2021) and197

Abdelsattar et al. (2022), which focus on the standard198

configuration depicted in Figure 1, as well as Batchkova199

et al. (2013), which explore an extended configura-200

tion closely resembling the one under consideration, but201

simpler.202

1.3. Paper organisation203

In Section 2, we introduce the SICPN model, with204

particular emphasis on its formal definition and an in-205

depth exploration of its sequential behaviour, including206

dynamic and I/O aspects. Subsequently, we present a207

compiler designed to translate a SICPN into IEC61131-208

3 SCL code to support the prototyping of feedback-209

based controllers within a PLC architecture.210

In Section 3, we illustrate our manufacturing do-211

main case study. Section 4 details the modelling of the212

FESTO MPS controller using the proposed formalism.213

Then, details regarding the implementation of the plant214

Digital Twin, and how the experimental tests are con-215

ducted, are explained in Section 5. Finally, Section 6216

offers a summary of our findings and outlines future di-217

rections.218

2. Signal Interpreted Coloured Petri Nets219

2.1. Preliminary notions on multisets220

Let A be a set, its cardinality is |A|. A multiset (resp.221

non-negative multiset) α =
∑

a∈A α(a) ⊗ a is defined by222
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a mapping α : A → Z (resp. α : A → N0), where ⊗223

denotes the multiset constructor operator.224

Then, Z(A) (resp. N(A)) denotes the set of all mul-225

tisets (resp. all non-negative multisets) over A, whereas226

ε =
∑

a∈A ε(a) ⊗ a is the so-called empty multiset where227

∀ a ∈ A it results that ε(a) = 0. Finally, ∧, ∨ and ¬228

denote, resp., the and, or, and not logical operators.229

2.2. SICPN Definition230

A SICPN N is defined by the following 11-tuple

N = (P, T, Co, Pre, Post,M0, I, O, φ, ω, Ω), (1)

where P = {p1, p2, . . . , pm}, with cardinality |P| = m,231

and T = {t1, t2, . . . , tn}, with cardinality |T | = n, are232

the finite sets of places and transitions, respectively, and233

Co : P ∪ T → Cℓ is a colour function that associates to234

each element in P∪T a non-empty ordered set of colours235

in the set of possible colours Cℓ. Therefore, ∀ pi ∈ P,236

Co(pi) = {ai,1, ai,2, . . . , ai,ui } ⊆ Cℓ is the ordered set of237

possible colours of tokens in pi, and ui = |Co(pi)| is238

the number of possible colours of tokens in pi. Anal-239

ogously, ∀ t j ∈ T , Co(t j) = {b j,1, b j,2, . . . , b j,v j } ⊆ Cℓ240

is the ordered set of possible occurrence colours of t j,241

and v j = |Co(t j)| is the number of possible occurrence242

colours in t j.243

Then, with Pre and Post we represent the pre- and244

post-incidence matrices with dimensions m × n. Here,245

each element (i, j) of either Pre or Post is denoted by246

Pre(pi, t j) : Co(t j) → N(Co(pi)), or Post(pi, t j) :247

Co(t j) → N(Co(pi)), which is a mapping from the set248

of occurrence colours of t j (with cardinality v j) to a non-249

negative multiset over the set of colours of place pi (with250

cardinality ui), ∀ i = 1, 2, . . . ,m, and j = 1, 2, . . . , n.251

In simple words, Pre(pi, t j) (Post(pi, t j)) specifies252

how many tokens of each colour in pi should be re-253

moved from pi (put in pi, respectively) when t j fires254

with respect to any possible colour associated with it. To255

maintain a concise notation, as depicted in Figure 2, we256

compactly represent each entry of Pre and Post, resp.257

Pre(pi, t j) and Post(pi, t j), as |Co(pi)| × |Co(t j)| matri-258

ces. Thus, the generic entry Pre(pi, t j)(h, k) is equal259

to the number of tokens of colour ai,h removed from260

pi when transition t j fires w.r.t. colour b j,k. Similarly,261

Post(pi, t j)(h, k) is equal to the number of tokens of262

colour ai,h put in pi when transition t j fires w.r.t. colour263

b j,k. This holds for h = 1, 2, . . . , ui, and k = 1, 2, . . . , v j.264

Let mi : Co(pi) → N0 be the mapping associating
with each possible token colour ai,h ∈ Co(pi) a non-
negative integer representing the number of tokens of
that colour in the given place. Then the marking of place

p1

{c1, c2}

t1

φ(t1, c4)
φ(t1, c5)
φ(t1, c6)
{c4, c5, c6}

p2

{c1, c2, c3, c4}

t2

φ(t2, c3)
φ(t2, c5)
{c3, c5}

p3

{c1, c2, c3, c4}

[
1 0 2
0 2 1

]

0 1 0
2 0 1
0 0 1
0 0 1



[
2 0
0 1

]


0 0
0 0
0 1
1 1

 
0 0
0 0
0 1
1 1



Figure 2: A SICPN ⟨N,M0⟩ with M0 = [2 ⊗ c1 + 1 ⊗ c2, ε, ε].

pi is
mi =

∑
ai,h∈Co(pi)

mi(ai,h) ⊗ ai,h. (2)

The net’s marking is an m-dimensional column vector
of non-negative multisets

M =
[
m1, m2, · · · , mm

]
, (3)

and M0 denotes the net’s initial marking. Thus, ⟨N,M0⟩265

indicates that N in (1) is initialised at M0.266

Taking inspiration from Frey (2000), and to equip a267

generic CPN N′ = (P,T,Co, Pre, Post,M0) with input268

signal interpretation and output decision-making, we in-269

troduce the following additional fields in (1).270

Set I = {i1, i2, . . . , id} denotes the set of logical signals271

received as input to the net from the environment. Set272

O = {o1, o2, . . . , oz} indicates the set of logical outputs273

(or action to be done or not). It is I ∩ O = ∅, and274

d = |I|, z = |O|. Notice that I can be seen as a set of275

measurements from a plant to be controlled, while O276

can be seen as the set of commands issued to the plant’s277

actuators.278

Then, with φ(t j, b j,k) : t j × Co(t j) → f j,k(i1, i2 . . . , id)279

is denoted a mapping that associates with each transition280

t j ∈ T , and each occurrence colour b j,k, a logical firing281

condition w.r.t. I, namely f j,k : {i1, i2, . . . , id} → {0, 1}.282

Here, f j,k = 1 means that t j is enabled to fire w.r.t. b j,k283

provided that it is marking enabled, i.e., a sufficiently284

large number of tokens of appropriate colours are con-285

tained in it. On the contrary, f j,k = 0 means that t j is not286

enabled to fire w.r.t. b j,k even if it is marking enabled.287

Furthermore, with ω(pi, ai,h) : pi × Co(pi) →288

{0, 1,−}|O| is denoted a candidate output configuration289
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for each pi ∈ P marked with a token of colour ai,h.290

Here, ω(pi, ai,h)(r) = 0 indicates the candidate sta-291

tus for the action associated with or is not requested292

when place pi is marked w.r.t. colour ai,h; conversely293

ω(pi, ai,h)(r) = 1 signifies that such an action is re-294

quested. Finally, ω(pi, ai,h)(r) = − implies that perform-295

ing or not such an action is irrelevant, with ‘−’ signify-296

ing ‘don’t care’.297

We define the output function

Ω : M →
{

0, 1,−, q, r0, r1, q0, q1, q01
}|O| (4)

that computes the output configuration at marking M,
for each output or, by verifying the congruence of all
the candidate output configurations. To formalise this,
we preliminarily introduce the set

Γ =
{

(pi, ai,h) ∈ P ×Cℓ : mi , ε, mi(ai,h) , 0
}

(5)

associated with marking M = [ m1, · · · , mm ]. The298

generic r-th component of Ω is equal to:299

• zero (0) (resp. one (1)) if and only if there is only300

one pair (pi, ai,h) ∈ Γ such that ω(pi, ai,h)(r) = 0301

(resp. 1), while for all the other pairs in Γ, namely302

for all (p, a) ∈ Γ \ {(pi, ai,h)}, it is ω(p, a)(r) = −;303

• don’t care (−), if ω(p, a)(r) = − for all (p, a) ∈ Γ;304

• contradictory (q) when there are 2 pairs305

(pi, ai,h), (p j, a j,k) ∈ Γ, (with pi not necessar-306

ily different from p j) such that ω(pi, ai,h)(r) = 0307

and ω(p j, a j,k)(r) = 1, while for all the other pairs308

in Γ, it is ω(p, a)(r) = −;309

• redundant zero (r0) (resp. redundant one (r1) if310

there are at least 2 pairs (pi, ai,h), (p j, a j,k) ∈ Γ311

(with pi not necessarily different from p j) such that312

ω(pi, ai,h)(r) = ω(p j, a j,k)(r) = 0 (resp. 1), while313

for all the other pairs in Γ, it is ω(p, a)(r) = −;314

• contradiction and redundant zero {q0} means there315

are at least 2 pairs (pi, ai,h), (p j, a j,k) ∈ Γ (with316

pi not necessarily different from p j) such that317

ω(pi, ai,h)(r) = ω(p j, a j,k)(r) = 0 and exactly one318

pair is ω(px, ax,x)(r) = 1, while for all the other319

pairs in Γ, it is ω(·, ·)(r) = −;320

• contradiction and redundant one {q1} means there321

are at least 2 pairs (pi, ai,h), (p j, a j,k) (with322

pi not necessarily different from p j) such that323

ω(pi, ai,h)(r) = ω(p j, a j,k)(r) = 1 and exactly one324

pair is ω(px, ax,h)(r) = 0, while for the other pairs325

in Γ, it is ω(·, ·)(r) = −;326

• contradiction and redundant zero and redundant327

one {q01}, means that there are at least 2 pairs328

(pi, ai,h), (p j, a j,k) ∈ Γ such that ω(pi, ai,h)(r) =329

ω(p j, a j,k)(r) = 0 and at least 2 more different330

pairs (px, ax,h), (py, ay,k) such that ω(px, ax,h)(r) =331

ω(py, ay,k)(r) = 1, while for all the other pairs in Γ,332

it is ω(·, ·)(r) = −.333

2.3. Net dynamics334

Consider a SICPN ⟨N,M0⟩. A transition t j ∈ T is said
to be enabled w.r.t. colour b j,k at a marking M if and
only if for each pi ∈ P and for all h = 1, 2, . . . , ui, it is
mi(ai,h) ≥ Pre(pi, t j)(h, k) and simultaneously the firing
condition φ(t j, b j,k) = f j,k holds true. If an enabled tran-
sition t j fires at M w.r.t. b j,k, then we get a new marking
M′ where, for all pi ∈ P and for all h = 1, 2, . . . , ui,
m′i(ai,h) = mi(ai,h) + Post(pi, t j)(h, k) − Pre(pi, t j)(h, k).
In the following, M[t j(k)⟩M′ denotes that t j fires at M
w.r.t. colour b j,k yielding M′. A firing sequence from
M0 is a (possibly empty) sequence of transitions

σ = t j1 (k j1 ) t j2 (k j2 ) · · · t jτ (k jτ ), (6)

each one firing w.r.t. a given colour, such that335

M0[t j1 (k j1 )⟩M1[t j2 (k j2 )⟩ · · ·Mτ−1[t jτ (k jτ )M. Finally, M336

is said to be reachable from M0 if and only if there ex-337

ists a sequence σ such that M0[σ⟩M.338

Remark 1. A SICPN model assumes the presence of a339

controller who reads from the environment sensors the340

input signals, processes them along with the current net341

marking, and generates the outputs. Then, the outputs342

will set the plant actuator’s commands, thus closing a343

feedback control loop. However, it is important to re-344

mark that the outputs do not directly affect the SICPN’s345

dynamics. ■346

Remark 2. Unlike standard PNs and CPNs, in SICPNs,347

as well as in SIPNs, the input signals I affect the net348

dynamics. As a consequence, well-known properties of349

PNs should be completely revisited in their definition350

and even more, in their analysis. Examples in this re-351

spect are: (a) liveness, indicating whether or not the352

model gets stuck in a deadlock state; (b) reachability,353

which refers to the ability to reach a particular marking354

or state; (c) reversibility, assessing whether it is possi-355

ble to return to the initial state; (d) safety, determining356

whether all places contain at most one token. In addi-357

tion, when SICPNs are used to derive a feedback con-358

troller as in this paper, what would be most interesting359

and challenging is the definition of the above properties360

w.r.t. the closed-loop system. Formalising such proper-361

ties, establishing if they are decidable, and eventually362
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proving an analysis approach, clearly goes beyond the363

scope of this paper and is left as a future work as men-364

tioned in Section 6. ■365

2.3.1. Example of SICPN dynamics366

Consider the SICPN in Figure 2 with P = {p1, p2, p3},
T = {t1, t2} and Cℓ = {c1, c2, c3, c4, c5, c6}. The set of
logical inputs and outputs are equal to I = {i1, i2, i3, i4}
and O = {o1, o2, o3, o4, o5}, respectively. In this exam-
ple, each input and output is assumed to be boolean.
Furthermore, inputs are initialised at

i1 = 1, i2 = 1, i3 = 0, i4 = 0 (7)

Place p1 (resp. p2, p3) may only contain tokens of367

colours Co(p1) = {c1, c2} (resp. Co(p2) = {c1, c2, c3, c4},368

Co(p3) = {c1, c2, c3, c4}) and Co(t1) = {c4, c5, c6} (resp.369

Co(t2) = {c3, c5}) means that t1 (resp. t2) may fire only370

w.r.t. to either c4, or c5, or c6 (resp. c3 or c5) provided371

that corresponding firing conditions, which are defined372

as follows, hold true:373

φ(t1, c4) = f1,4(i1, i2, i3, i4) = i1 ∧ i2, (8)
φ(t1, c5) = f1,5(i1, i2, i3, i4) = i1 ∧ ¬i3, (9)
φ(t1, c6) = f1,6(i1, i2, i3, i4) = i2 ∧ ¬i4, (10)
φ(t2, c3) = f2,3(i1, i2, i3, i4) = i1 ∧ ¬i3, (11)
φ(t2, c5) = f2,5(i1, i2, i3, i4) = i1 ∧ i2. (12)

Given the net’s topology, each entry (i, j) of matrices374

Pre (resp. Post), namely Pre(pi, t j) (resp. Post(pi, t j))375

is a non-empty non-negative multiset if and only if376

the pre-arc (resp. post-arc) (pi, t j) exists, otherwise377

Pre(i, j) = ε. In this example, the only non-empty Pre378

and Post entries are379

Pre(p1, t1)(c4) = 1 ⊗ c1, (13)
Pre(p1, t1)(c5) = 2 ⊗ c2, (14)
Pre(p1, t1)(c6) = 2 ⊗ c1 + 1 ⊗ c2, (15)
Pre(p1, t2)(c3) = 2 ⊗ c1, (16)
Pre(p1, t2)(c5) = 1 ⊗ c2, (17)

Post(p2, t1)(c4) = 2 ⊗ c2, (18)
Post(p2, t1)(c5) = 1 ⊗ c1, (19)
Post(p2, t1)(c6) = 1 ⊗ c2 + 1 ⊗ c3 + 1 ⊗ c4,(20)
Post(p2, t2)(c3) = 1 ⊗ c4, (21)
Post(p2, t2)(c5) = 1 ⊗ c3 + 1 ⊗ c4, (22)
Post(p3, t2)(c3) = 1 ⊗ c4, (23)
Post(p3, t2)(c5) = 1 ⊗ c3 + 1 ⊗ c4. (24)

A simpler and smart way to define the Pre (resp. Post)
matrix is depicted in Figure 2. Here, each non-empty

multiset Pre(pi, t j) (resp. Post(pi, t j)) is a |Co(pi)| ×
|Co(t j)| matrix of non-negative integers. Let the net’s
initial marking be

M0 =
[

2 ⊗ c1 + 1 ⊗ c2, ε, ε
]
, (25)

upon verification of (8)-(12), it is observed that both t1
and t2 may fire. Specifically, t1 could fire w.r.t. either c4
or c6, while t2 could fire w.r.t. either c3 or c5. Notice that
we assume a policy that first gives priority to transitions
with lower index and then gives priority to colours with
lower index. Therefore, in this case, transition t1 fires
w.r.t. c4. After that, the net’s marking becomes

M1 =
[

1 ⊗ c1 + 1 ⊗ c2, 2 ⊗ c2, ε
]
. (26)

Note that since in a SICPN several signals can change
simultaneously, it is fundamental to update the net’s
marking as soon as a transition fires. Following this pol-
icy, from ⟨N,M1⟩ and recalling (7), then only t2 w.r.t. c5
can fire, thus yielding the next marking

M2 = [1 ⊗ c1, 2 ⊗ c2 + 1 ⊗ c3 + 1 ⊗ c4, 1 ⊗ c3 + 1 ⊗ c4] .

Now, assume the candidate output functions ω are de-380

fined as follows:381

ω(p1, c1) =
[
1, −, −, −, −

]
, (27)

ω(p1, c2) =
[
−, −, −, −, −

]
, (28)

ω(p2, c1) =
[
1, −, 1, −, −

]
, (29)

ω(p2, c2) =
[
−, 1, 0, −, 0

]
, (30)

ω(p2, c3) =
[
−, 0, 0, 1, −

]
, (31)

ω(p2, c4) =
[
1, −, 0, 0, 1

]
, (32)

ω(p3, c1) =
[
1, −, −, −, −

]
, (33)

ω(p3, c2) =
[
−, 1, 0, −, −

]
, (34)

ω(p3, c3) =
[
−, −, 0, 1, 0

]
, (35)

ω(p3, c4) =
[
0, −, 0, −, 1

]
. (36)

We will now explain how the output functionΩ in (4) re-382

lates to the current marking. Let us focus on M0. Since383

only p1 is marked (with colours c1 and c2), based on eq.384

(27)-(28), it is Ω(M0) = [ 1, −, −, −, − ].385

If instead we consider M1, where p1 is marked with386

colours c1 and c2, while p2 is marked with colour c2.387

Thus, based on eq. (27), (28) and (30), it is Ω(M1) =388

[ 1, 1, 0, −, 0 ]. Finally, if we consider M2, from389

(30)-(32), it is Ω(M1) = [ r1, q, r0, q1, q01 ]. The first390

entry follows from eq. (27) and (32); the second entry391

follows from eq. (30) and (31); the third entry follows392
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from (30)-(32), (35) and (36); while the fourth entry is393

because there is simultaneously a contradiction and a394

redundancy 1 due to (31), (32) and (35); finally, the fifth395

entry follows from eq. (30), (35) that propose 0 while396

(32), (36) that propose 1.397

Remark 3. In real discrete-event control systems, out-398

puts are typically Booleans. Moreover, at each time cy-399

cle, they must be uniquely assigned to avoid unexpected400

behaviours. In SICPNs the output function Ω generates401

more than simply “1” or “0” symbols. This allows Ω402

to function as an “Always On WatchDog”, aimed at de-403

tecting bugs in the code during the controller commis-404

sioning or generating alarms whenever a contradiction405

is detected due to faults or other issues. Also having406

undefined outputs “−” should also be avoided by de-407

sign, while any redundant zeros or redundant ones will408

be translated to 0 or 1, respectively. ■409

2.4. IEC61131-3 compliant SICPN compiler410

A SICPN can be viewed as an input-output function411

that determines the configuration for O based on an in-412

put configuration I and the current net marking M. This413

makes it suitable for designing feedback controllers for414

discrete-event systems. Moreover, compared with SIPN415

(Frey, 2002; Borges and Lima II, 2018) or more prim-416

itive formalisms such as the SFC (Sequential Function417

Chart) (which is based on binary PNs (Lewis, 1998)),418

the presence of coloured tokens/transitions may lead to419

lower-dimensional models.420

To run a SICPN within a PLC or any other control421

board, two key aspects are crucial:422

a) properly defining the net’s primitives within the423

controller’s memory. This involves aligning them with424

available data-type structures;425

b) developing a software entity, referred to as the426

Token-Player, tasked to correctly implement the SICPN427

dynamics, see e.g. Subsection 2.3.1.428

Here we will focus on explaining how to imple-429

ment it within a PLC. Specifically, among the five IEC430

61131-3 languages (LD, ST, SFC, FBD, IL), we utilise431

the Siemens’ compliant version of ST, known as SCL432

(Structured Control Language). Note that since the SCL433

is based on Pascal, the migration to other textual lan-434

guages, e.g. C or C++, becomes quite straightforward.435

2.4.1. Memory allocations and primitive definitions436

To formalise this task, we initially worked in MAT-
LAB and then transitioned to SCL. In this regard, and
following point a), the major difficulty we encoun-
tered was the lack of advanced data-type structures such
as cell-arrays (Mathworks, 2024), which would have

Figure 3: Screenshot of the Siemens TIA Portal V16 IDE, displaying
the GLOBAL DB used to store the primitives of the SICPN as shown in
Figure 2, and (37)-(39).

been ideal for defining each multiset entry (i, j) of Pre
and Post as a |Co(pi)| × |Co(t j)| indexed matrix if the
arc (pi, t j) exists, otherwise, such (i, j) entry would be
an empty cell. Unfortunately, PLCs do not support
such advanced containers but only traditional multi-
dimensional arrays, see Figure 3. To overcome this is-
sue, we thus introduced some additional support vari-
ables in the IEC61131-3 compliant GLOBAL DB used to
store the Net’s primitives, the current marking (2) and
values of the transition functions f j,k, see Figure 3 for
details. More precisely, concerning the example in Fig-
ure 2, and let Cℓ = {c1, c2, · · · , c6} for simplicity be rep-
resented by the ordered set of natural numbers from 1 to
6, these additional support variables are

CoP =
[

1 2 1 2 3 4 1 2 3 4
]⊺

(37)

CoT =
[

4 5 6 3 5
]⊺

(38)

aimed to stack each Co(pi) (resp. Co(t j) ), and

dCoP =
[

2 4 4
]⊺

, dCoT =
[

3 2
]⊺

(39)
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aimed at storing the cardinality of each Co(pi) (resp.
Co(t j)); see lines 7-10 of Figure 3. Moreover, for mem-
ory optimisation, only the non-empty entries of Pre
(resp. Post) are stored, as shown in lines 13-17 of Fig-
ure 3. Then, we introduced in lines 11-12 of Figure 3
the following support matrices

mPRE =

 1 1
0 0
0 0

 , mPOST =

 0 0
1 1
0 1

 , (40)

to keep track to which pairs (pi, t j) there exists (i.e. 1) or437

not (i.e. 0) a non-empty Pre(pi, t j) (resp. Post(pi, t j))438

matrix, cf. Figure 2 with (40) and with line 3 of Fig-439

ure 4. The meaning of all the other variables in Figure 3440

can instead be easily inferred from the comments pro-441

vided on the right of the GLOBAL DB interface.442

2.4.2. Token-Player implementation443

In Figure 4 is provided a screenshot of the Siemens444

TIA Portal V16 IDE displaying the list of the SCL in-445

structions we included in the IEC61131-3 compliant446

FC (function) tasked to implement the dynamics of the447

SICPN displayed in Figure 2, and with primitives in the448

GLOBAL DB depicted as in Figure 3.449

Further note that the definition of the support vari-450

ables in (37)-(39) was a strategy to allow the verification451

of the firing condition with respect to:452

a) all transitions t j (see index #j in line 1);453

b) all places pi (see index #i in line 2);454

c) all colours transitions b j,k ∈ Co(t j) (see #b jk in455

line 6, or k=DB.CoT[#b jk] in line 25);456

d) all colours places ai,h ∈ Co(pi) (see line 8 where457

#h=1, 2,. . . , DB.CoP[#i]);458

while giving priority to lower indices. Further note that459

since the Token-Player in Figure 4 is thoroughly com-460

mented within the same figure, we will not delve deeply461

into its details hereafter.462

However, it is essential to highlight that the red-463

highlighted blocks of code, i.e., lines 9-20, 28-39, and464

45-59, are specialised for the SICPN shown in Figure 2.465

In general, those code portions should be replaced466

with function calls specifically designed for the given467

SICPN (see the green comment in lines 9-11). How-468

ever, we chose to make these instructions explicit here469

for clarity. With that said, please note that lines 12-20470

are dedicated to checking whether the generic transition471

t j is enabled to fire w.r.t. a pair of colours b j,k, given the472

actual marking mi and the Pre(pi, t j)(·, k) conditions.473

Figure 4: Screenshot of the Siemens TIA Portal V16 IDE display-
ing the list of SCL instructions included in the FC implementing the
dynamics of the SICPN displayed in Figure 2, and with primitives
defined as in Figure 3.

On the other hand, lines 31-39 deal with the net474

marking update based on the transition costs associated475

with the Pre(pi, t j)(·, k) arc-weights, where there φ j,k(I)476

holds true (as indicated by #f jk=true in line 27).477
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Table 1: Logical Statements of Sensors for the PI-1 Identification Task

Logical statement Conclusion
IND metal (M)

¬IND ∧ OPT red plastic (RP)
¬IND ∧ ¬OPT ∧ CAP black plastic (BP)

otherwise no workpiece

Finally, lines 47-59 deal with the net marking update478

based on the Post(·, t j)(·, k) arc-weights.479

Notice that the given Token-Player FC in Figure 4 is480

expected to be executed within the main cyclic OB1 or-481

ganization block of the PLC. This ensures that during482

each scan cycle, the entire SICPN marking is continu-483

ously updated based on the current values of the input484

set I and marking M. Further note immediately after485

the net marking is updated, a second FC aimed at im-486

plementing the output function Ω should be executed.487

This FC should implement the output function Ω, but it488

is omitted here due to space limitations. However, it can489

be easily derived based on equations (27)-(36).490

3. Case study description491

To validate the effectiveness of our formalism for di-492

rectly implementing control algorithms, we will model493

and test a SICPN-based feedback control on an Arduino494

microcontroller equipped with a 16 MHz ATmega2560495

CPU, 4kB of SRAM, and 256kB of Flash memory.496

The control is devised to coordinate actions on a Dig-497

ital Twin representing an extended configuration of the498

FESTO MPS (Ebel and Pany, 2015). The control loop499

between the Arduino and the DT, which runs in MAT-500

LAB, is facilitated through two-way UART serial com-501

munications. Consequently, we will show that the pro-502

posed controller effectively and seamlessly coordinates503

the plant’s module operations.504

The FESTO MPS has long served as a benchmark505

in the field of manufacturing automation (Lima II and506

Dórea, 2004). Recently, it has also emerged as a507

common reference for DT applications and PLC vir-508

tual commissioning (Batchkova et al., 2013; Fernández509

et al., 2021; Mykoniatis and Harris, 2021; Abdelsattar510

et al., 2022). In contrast to previous studies, which511

typically focus on the standard FESTO MPS config-512

uration as depicted in Figure 1, our research, akin to513

Batchkova et al. (2013), delves into an extended config-514

uration. This expanded setup includes additional and515

different testing and drilling modules. Moreover, we516

consider workpieces of various materials, and requiring517

different operations.518

3.1. Control problem formulation519

The process to be automated is the FESTO MPS of520

Festo Didactic, global leader in technical training solu-521

tions for industrial and process automation. The testbed522

core is a DC-motor driven rotating table as shown in523

Figure 1. As the table rotates clockwise, the workpieces524

(which are cylindrical blocks of different materials) un-525

dergo different stations identified by a position-index526

(PI) until they are withdrawn, see Figure 1. Each PI527

identifies a specific station and a function, resp.:528

PI-1 Identification (ID) → A workpiece is here loaded529

from a buffer, and its material is identified;530

PI-2 Testing A (TA) → A testing module checks for a531

hole with a diameter dA > 0 or larger in the piece;532

PI-3 Processing A (PA)→A drilling module pierces the533

workpiece using a tip with a diameter dA > 0;534

PI-4 Testing B (TB) → A testing module checks for a535

hole with a diameter dB > dA or larger in the piece;536

PI-5 Processing B (PB)→A drilling module pierces the537

workpiece using a tip with a diameter dB > dA;538

PI-6 Ejection (EJ) → The worked piece is pushed out539

using an ejector module.540

Three types of block materials are considered: metal541

(M), black plastic (BP), and red plastic (RP). Addition-542

ally, we assume that metal blocks require two drilling543

operations, one at PA and another at PB, where the tip544

diameters satisfy dB > dA > 0. In contrast, plastic545

blocks require a single drilling operation at PB.546

Remark 4. Unlike the previously mentioned literature,547

the control will be formulated to handle six pieces being548

worked on simultaneously instead of just one.549

Additionally, in the workpiece arrival process, we as-550

sume that some blocks may not require any operations,551

while the control system must be capable of identifying552

and dealing with them. We emphasise this to underscore553

our problem’s complexity and the fundamental role of554

using SICPN to keep the controller dimension small. ■555

To identify the materials, PI-1 is equipped with dig-556

ital sensors. Specifically, a capacitive sensor (CAP) to557

detect the presence of a block, an optical sensor (OPT)558

identifying the material’s reflectiveness, and an induc-559

tive sensor (IND) sensitive to metallic objects. Table 1560

summarise the material identification logic.561

Additional digital measurements from the table can562

serve purposes beyond the PI-1 task. When the table563

is aligned correctly with a PI (and consequently with564

others, given their equispaced), the signal IDX is high.565

Sensors TA0, PA0, and TA1, PA1 (and their counter-566

parts TB0, PB0, and TB1, PB1) correspond to the lower567
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Table 2: Meaning of the SICPN places in the case study.

Modules Place Meaning

Table
p1 Number of Idle stations
p2 DC-Motor starts
p3 DC-Motor rotating

Resources p4 Table rotation request
p5 1 piece limiter on PI-1

PI-1
(Identification)

p6 Workpiece arrived
p7 Waiting synchronisation

Rotation p8 Table is turning

PI-2
(Testing A)

p9 Block on PI-2
p10 Testing block
p11 Testing block
p12 Block on PI-2
p13 Waiting synchronisation

Rotation p14 Table is turning

PI-3
(Processing A)

p15 Block on PI-3
p16 Processing block
p17 Processing block
p18 Block on PI-3
p19 Waiting synchronisation

Rotation p20 Table is turning

PI-4
(Testing B)

p21 Block on PI-4
p22 Testing block
p23 Testing block
p24 Block on PI-4
p25 Waiting synchronisation

Rotation p26 Table is turning

PI-5
(Processing B)

p27 Block on PI-5
p28 Processing block
p29 Processing block
p30 Block on PI-5
p31 Waiting synchronisation

Rotation p32 Table is turning
PI-6

(Ejection) p33 Block on PI-6

and upper limit switches associated with the testing pis-568

ton and processing tip at stations A and B, respectively.569

These signals indicate whether the actuator is retracted570

or extended. Finally, TAOK represents the output of the571

test at TA. Here, we assumed that this test is only re-572

quired for “M” parts while “RP” or “BP” blocks can573

skip the test at PI-2. In contrast, all parts must undergo574

TB in PI-3, and TBOK denotes the test’s output. Finally,575

CAPF is the capacitive sensor that identifies whether576

there is a block at the final PI-6 station, indicating that577

the block is ready to be removed from the table.578

4. Feedback controller modelling via SICPN579

Here is presented the modelling of the proposed580

SICPN feedback controller for the given case study, and581

each entry of 11-tuple in (1) will now be characterised.582

Table 3: Token colours list and corresponding 4-bit lookup table.

Colour Material drilledA drilledBindex
c0 00 Generic - -
c1

01 Metal block
0 0

c2 1 0
c3 1 1
c4 10 Red plastic block 0 0
c5 1 1
c6 11 Black plastic block 0 0
c7 1 1

4.1. Modelling structure583

Figure 5 illustrates the bipartite graph associated584

with the proposed SICPN controller. This is custom-585

designed to address the specifications outlined in Sub-586

section 3.1. The meanings of each of the 33 places can587

be found in Table 2.588

Remark 5. The proposed 33 places SICPN can be con-589

sidered compact, considering the control problem com-590

plexity and specifications. This involves managing 3591

types of workpieces, coordinating up to 6 different op-592

erations simultaneously (one for each PI), addressing593

scenarios where no operation is necessary (e.g., when594

TA or TB tests fail or when there is no block in PI-1),595

and controlling the table rotation’s DC motor. ■596

In Figure 5, the dashed boxes labelled PI-X with597

X = 1, 2, . . . , 6, highlight the portion of our SICPN re-598

sponsible for coordinating each PI task, while those la-599

belled Table and Rotation-Request manage the rotation600

table’s operations. Notably, places p21 to p32, respon-601

sible for controlling operations in PI-4 and PI-5, have602

been omitted from Figure 5. This is because TB and PB603

operate on all the material types, while TA and PA oper-604

ate only on metal parts, resulting in similar but simpler605

functionalities to implement.606

In Figure 5, places p4 and p5 denote two resources:607

• p4 controls the connection and synchronisation of pro-608

cesses and table rotation by functioning as a rotation re-609

quest, indicating that there must be at least one block on610

the table to request its rotation;611

• p5 limits the sum of tokens in p6, p7, and p8 to one.612

The initial marking of the net M0 comprises 6 generic613

c0 tokens in p1, indicating that all table stations are idle614

or have finished processing a block, if present. More-615

over, there is 1 generic c0 token in p5, indicating that616

PI-1 is available to receive a block from the buffer queue617

(waiting area). It is also important to note that having618

m1 = 6 ⊗ c0 is a requirement for t1 to fire.619
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t17
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p16
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t21 p18
t22 p19

t23 p20
t24
. . .

t38 p33
t39
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p5

p1
t1 p2

t2 p3
t3

6

6

Table
Rotation
request

PI-1 (ID)

Rotation

PI-2 (TA)

Rotation

PI-3 (PA)

Rotation PI-6 (EJ)

Figure 5: Proposed SICPN-based FESTO MPS control algorithm. Refer to Section 4, Table 2 and Figure 6 for details on the controller primitives.

p6

{c0}

t6

φ(t6, c4)
{c4}

t5

φ(t5, c1)
{c1}

t7

φ(t7, c6)
{c6}

p7

{c1, c4, c6}

t8

{c1, c4, c6}

p8

{c1, c4, c6}

[
1
]

100


[
1
]

010


[
1
] 001
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Figure 6: Zoom of a portion of the SICPN controller of Figure 5.

4.2. Colouring and Signal Interpretation620

The list of token colours used to describe the system
status is given in Table 3 along with the corresponding
4-bit lookup table. The set of input is as next

I =
{

IDX, IND,OPT,CAP,TA0,TA1,TAOK, (41)

PA0,PA1,TB0,TB1,TBOK,PB0,PB1,CAPF
}

Please refer to Section 3 for details on their meaning.
Finally, the net’s controller output, namely the set of
commands to be delivered to the plant’s actuators, is

O =
{

MT, T Aadv, T Aret, PAadv, PAret,

T Badv, T Bret, PBadv, PBret

}
, (42)

where MT is an output enabling the motor to rotate the621

table, while T Aadv, T Aret, PAadv, PAret, T Badv, T Bret,622

PBadv, and PBret are outputs that provide advance and623

retract commands for the pneumatic actuators associ-624

ated with the station TA, PA, and TB, PB, respectively.625

4.3. A detailed description of PI-1626

To provide an understanding of how the controller in627

Figure 5 operates, we delve into more detail regarding628

the functions associated with the portions of the net la-629

belled PI-1 and Rotation in Figure 5. A zoomed-in view630

of this sub-net is provided in Figure 6, where the re-631

maining net’s primitives such as Pre(pi, t j), Post(pi, t j),632

Co(pi), Co(t j), and φ(t j, b j,k) are explicitly shown.633

Here, when an unidentified (generic) workpiece ar-634

rives at PI-1, it triggers the firing of transition t4 in Fig-635

ure 5. Subsequently, a token c0 enters place p6 in Fig-636

ure 6. Then, sensors IND, OPT, and CAP located in PI-637

1 perform the identification. More precisely, following638

Figure 6 and Table 3, the following transition rules are639

devised to enable the workpiece material identification:640

φ(t5, c1) = IND (43)
φ(t6, c4) = ¬IND ∧ OPT (44)
φ(t7, c6) = ¬IND ∧ ¬OPT ∧ CAP (45)

Then, Pre(pi, t j) and Post(pi, t j) in Figure 6 define
which tokens are consumed from each pre-place and
which tokens enter a post-place. Notice that the firing
of either t5, or t6, or t7 models the material identification
task. Following Table 3, the corresponding post-place
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will be marked by either a c1, or c4, or c6 token, while
c0 in p6 is consumed, namely

Pre(p6, t5)(c1) = 1 ⊗ c0 (46)
Pre(p6, t6)(c4) = 1 ⊗ c0 (47)
Pre(p6, t7)(c6) = 1 ⊗ c0 (48)
Post(p7, t5)(c1) = 1 ⊗ c1 (49)
Post(p7, t6)(c4) = 1 ⊗ c4 (50)
Post(p7, t7)(c6) = 1 ⊗ c6 (51)

Moreover, as soon as t5, or t6, or t7 fires, in accordance
with Figure 5, we also have

Post(p4, t5)(c1) = 1 ⊗ c0 (52)
Post(p4, t6)(c4) = 1 ⊗ c0 (53)
Post(p4, t7)(c6) = 1 ⊗ c0 (54)
Post(p1, t5)(c1) = 1 ⊗ c0 (55)
Post(p1, t6)(c4) = 1 ⊗ c0 (56)
Post(p1, t7)(c6) = 1 ⊗ c0 (57)

which means that in p4 and p1 a c0 token will enter,641

meaning that the identification has ended, and the table642

can rotate from the PI-1 station’s perspective.643

However, notice that two conditions must hold to start644

the table rotation:645

(i) there is at least 1 rotation request, namely p4 con-646

tains at least 1 generic c0 token (see Figure 5). To647

ensure this condition, a c0 token is added to place648

p4 when any process is finished, namely once one649

among t5, t6, t7, t15, or t22 is fired, cf. e.g. (52)-(54)650

w.r.t. PI-1;651

(ii) all the workpieces on the table have finished pro-652

cessing if necessary, which is satisfied when p1653

contains 6 generic tokens (see Figure 5). To ensure654

this condition, a token is removed from p1 when-655

ever a block is being processed, and it is added to656

p1 again when the process is finished, as indicated657

by (55)-(57).658

If (i) and (ii) hold, then t1 in Figure 5 fires, resulting659

with the following output function configurations660

ω(p1, c0) =
[
0, −, −, −, · · ·

]
(58)

ω(p2, c0) =
[
1, −, −, −, · · ·

]
(59)

ω(p3, c0) =
[
1, −, −, −, · · ·

]
(60)

Here, the electric motor will be turned on (i.e. MT = 1)661

when either p2 or p3 is marked by a generic c0 token.662

Conversely, if p1 is marked MT = 0.663

MATLAB
Plant simulation Data acquisition
e.g. state machine Reading PN marking

Arduino
Plant controller
Running SICPN

Commands
to actuators

Sensors
reading

String with
token properties

Figure 7: Close-loop interaction between the SICPN controller run-
ning on Arduino and the plant DT running in MATLAB.

Finally, with reference to Figure 6, the transition
functions of t8 are as follows:

φ(t8, c1) = φ(t8, c4) = φ(t8, c6) = ¬IDX (61)

indicating that the table is rotating independently of the664

block type until IDX = 1. Nevertheless, it results665

Pre(p7, t8)(c1) = 1 ⊗ c1 (62)
Pre(p7, t8)(c4) = 1 ⊗ c4 (63)
Pre(p7, t8)(c6) = 1 ⊗ c6 (64)

Post(p8, t8)(c1) = 1 ⊗ c1 (65)
Post(p8, t8)(c4) = 1 ⊗ c4 (66)
Post(p8, t8)(c6) = 1 ⊗ c6 (67)

which means that we are keeping track of the block ma-666

terial currently on PI-1 and the material approaching the667

PI-2 station in the controller. This will occur when p9668

will be marked, cf. with Table 2.669

Finally, note that places p8, p14, p20, p26, and p32670

are not responsible for defining the output signal MT ,671

namely ω(p8, ·)(1) = {−}, but instead they represent672

movement of the workpiece from one station to the next.673

On the other hand, since all blocks will rotate simulta-674

neously, MT is set high only by places p2 and p3.675

5. Closed-loop test design and Results676

In the absence of the real FESTO MPS testbed, the677

proposed SICPN controller underwent testing using a678

Digital Twin of the plant. We employed MATLAB to679

simulate the plant dynamics, while implementing the680

controller depicted in Figure 5 with an Arduino. The681

control loop was closed using two-way UART serial682

communications between the Arduino and MATLAB,683

as illustrated in Figure 7.684

To facilitate real-time communication between Ar-685

duino and MATLAB, both the input and output of the686

controller and of the plant DT were encoded as string,687
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as this is the only data type supported by the serial pro-688

tocol. Synchronisation between Arduino and MATLAB689

was achieved by adjusting the scan cycle in both codes.690

Specifically, we set the Arduino scan cycle to 1 second,691

enabling safe bidirectional serial communication.692

5.1. Modelling the FESTO MPS Testbed Using SFC693

To test our controller, it was necessary to have a694

model of the FESTO MPS system capable of emulating695

the input-output behaviour of the plant, thereby gener-696

ating the correct input signals to the controller (denoted697

as I) based on the provided commands by the controller698

(denoted as O).699

To tackle this task, we utilised the Sequential Func-700

tion Chart (SFC) language to model the plant dynamics,701

which were subsequently translated into a timed MAT-702

LAB script. The plant’s dynamics were represented by703

five SFCs running in parallel, one for each module of704

the FESTO MPS system:705

• Figure 8 represents the input-output response of the706

rotating table. Here, the table is modelled as a circular707

buffer with 6 positions (cf. with Figure 1) and the table708

rotates clockwise until the SICPN generated command709

MT is high. More precisely, suppose the table is ini-710

tially correctly aligned and at rest (Step {1} in Figure 8).711

Here, the optical sensor IDX is high, indicating that the712

table positions are correctly aligned with the processing713

stations. Then, once a workpiece arrives, and after the714

identification process described in subsection 4.3 is fin-715

ished, a rotation request is called, thus p2 is marked, and716

MT is set to high. The SFC then moves to Step {2}, in-717

dicating that the motor begins rotating. During the first718

second, IDX stays high due to some motor and sensor719

inertia. Then, in Step {3}, IDX becomes low, and 4 sec-720

onds later, in Step {4}, IDX returns to high, indicating721

that the table has finished the rotation and reached the722

correct alignment again.723

Simultaneously, the workpieces are shifted by one posi-724

tion, i.e., “partpos(2:6)← partpos(1:5)”, so that they are725

ready for the new type of service, depending on their lo-726

cation and the current marking of the SICPN-based con-727

troller. For example, if place p33 in Figure 5 is marked,728

it means there is a block in position PI-6 which will be729

ejected by the ejection module.730

• Figure 9 illustrates the input-output response of the731

Testing A station (resp. Testing B station). When a ma-732

terial is already identified, the sequence of operations733

unfolds as follows: upon receiving a metal workpiece734

(resp. any workpiece), the testing piston is triggered735

by the controller to advance, using the command T Aadv736

(resp. T Badv), and the SFC progresses to Step {2} to ini-737

tiate the test. The test lasts 3 seconds, leading to Step738

1 IDXS

2 IDXS

3 IDXR

4 IDXS

partpos(2:6)←partpos(1:5)

MT

1s

4s

1s

Figure 8: SFC modelisation of the plant’s rotating table.

{3}. Depending on the test output, the SFC moves to739

either Step {4} if the workpiece is drilled or to Step {5}740

if it is not drilled. Subsequently, the testing piston re-741

ceives the command T Aret (resp. T Bret) from the SICPN742

controller to retract, and the SFC proceeds to Step {6},743

where it waits for 2 seconds before returning to {1}. If744

instead the material is not metallic, both the commands745

T Aadv and T Aret will remain low.746

• Figure 10 illustrates the input-output response of747

the Processing A station (resp. Processing B station).748

Specifically: When a workpiece arrives at the PA (resp.749

PB) station, it encounters two possible outcomes based750

on the results from Testing A (resp. Testing B). If the751

workpiece is already drilled, it will wait until the next752

table rotation, thus both PAadv and PAret remain low.753

However, if the workpiece is not drilled, it requires pro-754

cessing. In the latter case, the SFC is at Step {1}, and755

the drilling piston will be commanded through PAadv756

(resp. PBadv) by the SICPN controller to advance. Sub-757

sequently, the SFC progresses to Step {2} to initiate758

drilling, which lasts 3 seconds, culminating in Step {3}.759

Following drilling, the piston will receive the command760

PAret (resp. PBret) to retract, while the SFC advances to761

Step {4}. After a 2-second wait, the SFC returns to {1}.762

5.2. Closed-loop tests763

As the plant controller, Arduino manages the Digital764

Twin (DT) dynamics by executing the Token-Player as-765

sociated with the SICPN depicted in Figure 5. For this766

purpose, the compiler discussed in subsection 2.4 has767

been translated into C.768

Based on the input signals I (i.e., the plant measure-769

ments) received through MATLAB in each scan cycle,770
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TAadv

3s

TAret

2s
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Figure 9: SFC modelisation of the Testing A station (resp. Testing B
station).

the SICPN controller drives the plant by sending back771

to MATLAB its output signals O as commands. The772

main steps of the closed-loop implementation are listed773

in Algorithm 1.774

Two types of closed-loop tests were conducted to ver-775

ify the correctness of the proposed SICPN controller:776

• Test 1: This test aims to track the operations of777

a not-drilled metal part among all stations, while778

verifying the correctness of the operations it un-779

dergoes.780

• Test 2: This test aims to track the operations of781

four a-priory known blocks with exponentially dis-782

tributed arrival times among all the service sta-783

tions, while verifying the correctness of the oper-784

ations they undergo. Clearly, Test 2 takes into ac-785

count parallel simultaneous operations.786

1 PA0S

PA1R

2

3 PA0R

PA1S

4

PAadv

3s

PAret

2s

Figure 10: SFC modelisation of the Processing A station (resp. Pro-
cessing B station).

Algorithm 1 Closed-loop tests’ main steps.

1: System configuration ▷ Arduino’s setup

2: Define I and O signals
3: Begin serial port connection
4: Define the initial net’s marking M0
5: while true do ▷ Arduino’s loop

6: SICPN Token Player (net dynamics)
7: Arduino write outputs O
8: Communication (serial port)
9: MATLAB reads O from the Arduino

10: MATLAB calculates I
11: MATLAB sends back I to Arduino
12: Arduino reads inputs I
13: end while

Table 4 shows the properties of the workpieces and787

the order of entrance of the blocks at the rotating table788

in the second test. Remember that the materials of the789

blocks are initially unknown to the controller, as they790

have not been identified yet.791

Table 4: Ordered list of workpieces and corresponding expected op-
erations in the second test.

Arrivals Initial status Requests operations
Q1 M, ¬dA, ¬dB 1, 2, 3, 4, 5 (ID, TA, PA, TB, PB)
Q2 RP, dA, ¬dB 1, 4, 5 (ID, TB, PB)
Q3 BP, dA, dB 1, 4 (ID, TB)
Q4 M, dA, dB 1, 2, 4 (ID, TA, TB)

Table 5 further illustrates the list of work processes792
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each workpiece is expected to be subjected to at a time,793

along with the number of simultaneous operations the794

modular processing station is performing at a time.

Table 5: Dynamic processes for the controlled queue with four blocks.
Note that the bold numbers represents in which station the given
block will be processed at the table.

Expected processes Temporal process execution
Q1 (1, 2, 3, 4, 5) 1 2 3 4 5 6

Q2 (1, 4, 5) 1 2 3 4 5 6
Q3 (1, 4) 1 2 3 4 5 6

Q4 (1, 2, 4) 1 2 3 4 5 6
# Processes 1 2 2 2 3 2 1 0 0

795

As an example, at the time Q3 enters PI-1, simulta-796

neously the FESTO MPS is performing two operations:797

Q3 is under identification (ID), while Q1 is being drilled798

at PI-3 station (PA). Meanwhile, Q2 is not undergoing799

any operation because red plastic blocks (RP) do not re-800

quire TA processing at the PI-2 station.801

5.2.1. Acquiring and plotting data802

Among the many verification tests we conducted to803

ensure the correct design and implementation of the pro-804

posed SICPN controller, two plots are of particular in-805

terest for this analysis.806

The first plot shows the marking of places p1 and p4807

at each scan cycle. This plot relates to the condition808

of a processing operation being completed for a given809

block, represented as m1 = 6 ⊗ c0, and the condition of810

a rotation request, corresponding to m4 ≥ 1 ⊗ c0.811

The second plot tracks the markings of places p6, p9,812

p15, p21, p27, and p33, indicating when each block enters813

a new process station.814

5.2.2. Test 1: One metal block on the table815

One can observe the results of Test 1 in Figure 11.816

More precisely, in Figure 11a, it shows that the ro-817

tation request is synchronised with the table rotation.818

Furthermore, when the metal part leaves the table, it819

stands still waiting for the next workpiece to arrive, i.e.,820

m1(t) = 6 ⊗ c0 for all t > 220 time units. Figure 11b821

shows that the metal block passes through all positions,822

as expected.823

5.2.3. Test 2: Four different blocks on the table824

One can observe the results of Test 2 in Figure 12.825

More precisely, Figure 12a shows that place p4 is826

marked at each time by a number of tokens equal to the827

number of blocks on the table that generate a rotation828

request. Moreover, m4 is also always upper-bounded829

by the total number of blocks on the table, namely830

(a) Table and request rotation

(b) Positions of the block

Figure 11: Results of Test 1: One metal block on the table.

m4 ≤ 4 ⊗ c0. Furthermore, Figure 12b shows which831

blocks, according to their properties (see Table 4), are832

processed in each position as time increases. By inspec-833

tion of the expected results illustrated in Table 5, it is834

verified that the plant is behaving correctly under the835

proposed SICPN-based feedback controller.836
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(a) Table and request rotation

(b) Positions of the blocks

Figure 12: Results of Test 2: Four heterogeneous blocks on the table.

6. Conclusions837

This study presents the formal definition of SICPN,838

accompanied by an algorithm tailored for implement-839

ing a SICPN controller using an IEC61131-3 compli-840

ant SCL language, thereby facilitating feedback-based841

decision-making prototyping in discrete event systems.842

The efficacy of this formalism is showcased in its appli-843

cation to control an extended configuration of a FESTO844

Modular Processing Station, where the SICPN con-845

troller is implemented on an Arduino board.846

Building on these findings, several avenues for future847

research emerge. Exploring the versatility of SICPNs848

across diverse domains beyond manufacturing, such as849

transportation, healthcare, or smart cities, offers the po-850

tential for addressing intricate control challenges and851

driving innovation across industries. This endeavour852

could entail the development of standardised SICPN-853

based modules aimed at working towards standardisa-854

tion and interoperability of SICPN-based control sys-855

tems, facilitating seamless integration with existing in-856

dustrial automation platforms and devices. By pursu-857

ing these lines of inquiry, we can advance the capabil-858

ities and applicability of SICPN-based control systems859

across various domains, thereby propelling the evolu-860

tion of automation and decision-making processes.861

Moreover, regarding more theoretical aspects, ef-862

forts to formalise well-known concepts in PNs such as863

reachability, liveness, and determinism for either SIPNs864

(which have not been studied yet), or SICPNs would865

also need to be undertaken. This task presents signifi-866

cant challenges since, in either SIPNs or SICPNs, tran-867

sitions depend on exogenous inputs which can change868

simultaneously, rendering the standard definitions less869

applicable. It would be also of interest to explore the870

extension of these concepts from a closed-loop perspec-871

tive. This involves modeling both the controller and the872

plant as coupled SICPNs, where the inputs of one are873

the outputs of the other and vice versa. In this sense, and874

by developing tailored composition rules between the875

two models, we could strive to formalise some closed-876

loop counterparts of these properties.877
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Práce Materiálovotechnologickej Fakulty Slovenskej Technickej963

Univerzity v Bratislave so Sı́dlom v Trnave 27, 33–41. doi:10.964

2478/rput-2019-0023.965

Frey, G., 2000. Automatic implementation of Petri net based con-966

trol algorithms on PLC. Proceedings of the IEEE American Con-967

trol Conference (ACC) 4, 2819–2823. doi:10.1109/ACC.2000.968

878725.969

Frey, G., 2002. Design and formal Analysis of Petri Net based Logic970

Controllers. Ph.D. thesis. Dissertation, Shaker Verlag, Aachen,971

Germany.972
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