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Before going into the topic…

A few words about IEEE Industrial Electronics Society

and from where I come from

Luis Gomes, 21 Nov 2019

IEEE (“Eye Triple E”)
Institute of Electrical and Electronic Engineers
World Largest Professional Organization

Advancing technological innovation and excellence for the benefit of humanity

More than 400,000 members in more than 160 countries

More than 107,000 student members

39 Technical Societies that provide benefits to members within specialized fields of interest.

7 Technical Councils are groups of Societies working together in broad areas of technology.

Future Directions Initiatives

10 worldwide geographic regions. 

Within the regions, there are local sections, chapters, Student Branches, and affinity groups
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Industrial Electronics Society (IES) 
Constitution
• The IES strives for the advancement of the theory and 

practice of electrical engineering and of the allied arts and 
sciences, and the maintenance of a high professional 
standing among its members

• The Field of Interest confined to the theory and 
applications of electronics, controls, communications, 
instrumentation and computational intelligence to 
industrial and manufacturing systems and processes
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Typical IEEE Society Organization
Conferences

Publications

Technical Committees

Membership

Chapters

Education

New Initiatives, Planning and Development
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Membership Activities
• The Industrial Electronics Society (IES) was established in February 1951.

• As one of the oldest IEEE societies it has been the engine propelling numerous technological 
advances and innovations. 

• IES is very attractive to professionals; its membership has constantly increased since 2013 at an annual 
rate of 3%-5%.

• Very versatile technological society, now with more than 7,000 members in 
over 100 countries worldwide.

• Truly international, with ¾ of its members outside USA, IES keeps 
abreast of innovations and opportunities in the ever-expanding 
field of Industrial Electronics. 
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IES Publications
◦ IEEE Industrial Electronics Magazine (IF 13.241)

◦ IEEE Transactions on Industrial Electronics (IF 7.503)

◦ IEEE Transactions on Industrial Informatics (IF 7.377)

◦ IEEE/ASME Transactions on Mechatronics (IF 4.943)

◦ Several other journals on micromechanical systems, sensors, nanotechnology, 
image processing, sustainable energy and smart grid technologies

◦ New IES Journals starting in 2020!
◦ IEEE Open Journal of the Industrial Electronics Society 

◦ IEEE Journal of Emerging and Selected Topics in Industrial Electronics 
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Impact Factors – 2018 JCR Report
◦ Electrical and Electronic Engineering (260 in total)
◦ #13 IEEE Transactions on Industrial Electronics
◦ #2 IEEE Industrial Electronics Magazine
◦ #38 IEEE/ASME Transactions on Mechatronics
◦ Automation and Control (60 in total)
◦ #2 IEEE Transactions on Industrial Electronics
◦ #4 IEEE Transactions on Industrial Informatics
◦ #10 IEEE/ASME Transactions on Mechatronics
◦ Instruments and Instrumentation (60 in total)
◦ #1 IEEE Transactions on Industrial Electronics
◦ Computer Science (205 in total)
◦ #5 IEEE Transactions on Industrial Informatics
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IES Conferences
• Fully peer-reviewed content, indexed in IEEE Xplore, Conference Proceedings Citation Index –

Science (CPCI-S) and EI Compendex

• sponsored conferences cover the full spectrum of Society interests: IECON, ISIE, ICIT, INDIN, ETFA, 
ICPS, and more…

• 5 sponsored focused workshops

• 4 co-sponsored conferences in robotics and energy conversion fields

• 20+ technically co-sponsored events

• Industry Forum

• Student & Young Professional Forum

• Women in IES Forum

• Event calendar at: http://ieee-ies.org/conferences/
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Awards and grants for students and 
young professionals

IES provides:

- Travel grants for young professionals and student members to attend selected
Society Conferences

- Recognition of accomplishments

Offering Society Best Journal Paper Award

Offering Society Best Conference Paper Award
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From where I come
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R&D Group on Reconfigurable and 
Embedded Systems (GRES) Objectives
The main goal of the research group addresses the design of 
embedded and cyber-physical systems, emphasizing the use of 
reconfigurable computing platforms, namely FPGAs, and application 
on Internet of Things (IoT).

Different aspects of embedded and cyber-physical systems design 
are addressed, ranging from analysis and specification to verification 
and implementation.

Graphical formalisms supporting concurrency modeling, like Petri 
nets and statecharts just to mention the main emphasis, have been 
successfully used.
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Overview

- Motivation to move towards model-based development

- Petri nets – a brief overview

- Distributed controllers development methodology

- IOPT-Tools framework and rapid prototyping

- Conclusions
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Exercise 1:
◦Think about the car that your parents’ generation was
able to drive when they were your age.

◦Compare with the car that we are able to drive today.

Exercise 2:

• Think about the phone that your parents’ generation
was able to use when they were your age.

• Compare with the phone that we are able to use today
(from land lines phones to cell phones).
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Phones…

Graham Bell

In the old times, to establish
connections, a large group of
operators was necessary

A kind of
dream
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More phones…
Rotary dialing mechanism

Electronic dialing subsystem

Celular phones

First Nokia phone
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And derivatives
“Phones” with “everything included”, from

wireless voice communication, personal
agenda, MP3/MP4, entertainment, 

internet, apps, and so on…

Telephones evolved a lot from their creation…

Different types of technologies have been used…

…from electrical, mechanical, electronics, 

telecommunications, computers, internet, …

How to handle design complexity?

These examples are from our daily life.

What about changes on the methods used in 
their design?

What about changes on the methods used in 
today’s system design?
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How to handle design complexity?

For how long Moore’s law will stand?
… forever?

◦ Gordon Moore, "Cramming more components onto 
integrated circuits", Electronics Magazine 19 April 1965

Sustained increase in the transistors/chip area 
doubling every ~1 ½ years since 1959
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Design complexity 
versus designer productivity
Modularity and Reusability

Top-down versus bottom-up approaches
◦ To handle complexity, it is normally assumed that analysis needs to be 

hierarchical and top-down.
◦ However, reuse of modules is fundamental.

Pragmatic approach (mostly followed):
◦ Primarily follow top-down approach (system-level) 
◦ Complemented with bottom-up attitude (to support reusability)
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The productivity gap

Design Complexity

Designer Productivity

Reducing the 
productivity gap:

One major challenge 
in current design of 
embedded systems
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The verification gap

Designer Productivity

Verification Capability

Another major 
concern in current 

design of embedded 
systems

Luis Gomes, 21 Nov 2019

The performance gap 

• More performance always needed! (at least wanted)
• Increasing clock frequency is not enough!

• Exploiting concurrency and distributed computing and control is
one major option to support improvements.

• Although, we need mechanisms to allow robust synchronization, 
sharing of resources, mutual exclusion, and so on…

Luis Gomes, 21 Nov 2019

Needs to improve the design on several
aspects …

• Looking into ways for:
– improving performance, 
– reducing power consumption, 
– reducing costs, 
– reducing time-to-market,
– improving robustness,
– reducing…
– improving…

Luis Gomes, 21 Nov 2019

Open issues and challenges
• How to reduce the productivity gap?
• How to reduce the verification gap?
• How to support reliable distributed execution?
• How to support rapid prototyping?
• Contribution to the answers:

– Relying more and more on Model-based Development
– Increasing usage of design automation tools (including

specification, simulation/validation, verification, code
generation, and test)
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Moving to model-based development

Models are used not only for describing specifications of the system at 
earlier phases of development, but also intended to be used along the 
whole development process, including automatic code generation 
(verification and implementation).

Start with platform independent specification, “easily” supporting 
porting/implementation into specific platforms.

For that end, an operational model having a precise execution semantics 
needs to be selected, allowing usage of the model at the different stages of 
the development process (as well as at the whole life cycle of the system).

Luis Gomes, 21 Nov 2019

Selection of modeling formalism
Among those eligible most common formalisms, it is 
worth to mention state diagrams, hierarchical and 
concurrent state diagrams, statecharts, and Petri nets.

All of them can have:
◦ Rigorous computational model
◦ Precise execution semantics
◦ Graphical representation
◦ Formal representation

Luis Gomes, 21 Nov 2019

Petri nets: what ? (I)

- Petri nets allow the modelling of system’s behaviour, starting from the
concept of event and condition (close to the state concept).

- A first characterization can seen Petri nets as a generalization of state
diagrams.

- Graphical formalism, allowing an easy understanding of system’s
behaviour (strong point for designers), with formal representation
capabilities (strong point for tool developers).

Luis Gomes, 21 Nov 2019

Petri nets: what ? (II)

- Bipartite graph, composed of two types of nodes:

- conditions or places, represented as circles or ellipses;

- events or transitions, represented by bars, squares or rectangles;

- Directed arcs that can interconnect nodes of different types;

- Model dynamics is associated with transitions, while the places
represents the static component.

Luis Gomes, 21 Nov 2019

Example: 
Producer-consumer system model

Typical modeling situations:

- Concurrency

- Local evaluation

- Synchronization

- Conflict
Producer Consumer 1

Storage

prodcons2_bo.pnml

Consumer 2

Luis Gomes, 21 Nov 2019

Petri nets classes
- Low-level Petri nets versus High-level Petri nets
◦ (place-transition nets) vs (coloured Petri nets)
◦ (safe, bound vs unbound nets)

- Autonomous Petri nets versus Non-autonomous Petri nets

Operational semantics/Implementation issues:
◦ synchronous execution
◦ asynchronous execution
◦ globally asynchronous locally synchronous
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Petri nets for controller modeling

Starting with autonomous classes of Petri nets…

Extremely important to have the possibility to add dependencies to the 
environment under control, namely input and output signals and events. 

In those cases, Petri nets classes become non-autonomous.

Several classes of non-autonomous Petri nets have been referred in the 
literature (some having strong links with automation systems).

Luis Gomes, 21 Nov 2019

Petri nets for controller modeling
Deterministic execution is mandatory for 
embedded controllers!

Maximal step execution semantics
Single server semantics
Cycle accurate execution
A-priori conflict resolution 
(includes transition priorities and test arcs)

Input-Output Place-Transition nets (IOPT nets) will be considered.
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The Input-Output Place-Transition Petri 
net class (IOPT nets)

Extended from the Place/Transition net class with non-autonomous dependencies:

 Input and output signals Input and output events
 Transition firing conditioned by input events and guard functions constrained by input signals
 Transition firing can generate output events and/or update output signals
 Output signals can also be associated with places
 Introduction of time domains and communication channels

Supporting Deterministic execution: 

Maximal step execution semantics Considers single server semantics

 Cycle accurate execution Includes Transition priorities and Test arcs

Luis Gomes, 21 Nov 2019

Application example
(from automation area)

Controller for a transportation 
system composed of three cars
Cars move asynchronously but 
start synchronize at both ends.

From: M. Silva, Las Redes de Petri: en la Automática y 
la Informática. Madrid: Editorial AC, 1985

Three cars
controller

M2

DIR1
A3

B3

GO
BACK

A2

B2

M1

M3

DIR3

DIR2

A1

B1
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Application example

Goal 1: to obtain a controller for one car

Goal 2: to obtain a controller for the whole system
composed of three cars

Goal 3: to obtain a distributed controller composed of 3 
controllers, one per car

Luis Gomes, 21 Nov 2019

Goal 1: to obtain a controller for one car

A1 B1

GO BACK
M1
DIR1

One car
controller

GO

BACK

A1

B1
M1

DIR1



28/11/2019

8

Luis Gomes, 21 Nov 2019

Goal 2: to obtain a controller for the whole
system composed of three cars

Three cars
controller

M2

DIR1
A3

B3

GO
BACK

A2

B2

M1

M3

DIR3

DIR2

A1

B1

Approach: Replication of individual models (supporting reusability)
Problem: synchronizaton at both ends is not satisfied
Solution: we need to adequately compose the models

car1 car2 car3

Luis Gomes, 21 Nov 2019

Composability of net models
Several solutions have been proposed

Fusion of places (asynchronous composition)
Fusion of transitions (synchronous composition)
Fusion of places and transitions
Major three steps
◦ Identification of the models to compose
◦ Definition of the interfaces of the models and nodes to be merged
◦ Merging models

Luis Gomes, 21 Nov 2019

The net addition operation

carcent = car1 + car2 + car3
(car1.go/car2.go/car3.go  go,
car1.back/car2.back/car3.back  back)

car1 car2 car3 carcent

Luis Gomes, 21 Nov 2019

Application example

Goal 1: to obtain a controller for one car

Goal 2: to obtain a controller for the whole system
composed of three cars

Goal 3: to obtain a distributed controller composed of 3 
controllers, one per car

Luis Gomes, 21 Nov 2019

Goal 3: to obtain a distributed controller
composed of 3 controllers, one per car

M2

DIR1
GO

BACK

A2

B2

M1

M3

DIR3

DIR2A1

B1

Three cars distributed 
controller

Car 1
controller

Car 2
controller

Car 3
controller

A3

B3

Approach: Decompose the 
model into concurrent models 

Problem: 
we need to introduce 
communication between 
sub-models

Constraint: we want to assure 
property preservation (or at least 
predictability)

Luis Gomes, 21 Nov 2019

The net split operation
Three rules to be applied to the node of the cutting set

Rule #3 for Splitting through a Transition.Rule #2 for Splitting through a TransitionRule #1 for Splitting through a Place
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Splitting our model

Cutting set

Luis Gomes, 21 Nov 2019

Concurrent sub-models

Luis Gomes, 21 Nov 2019

Concurrent sub-models (synchronous 
execution)

Luis Gomes, 21 Nov 2019

Concurrent sub-models implementation
view (synchronous execution)

Luis Gomes, 21 Nov 2019

Facing distributed implementations - I

When global execution of the model is not viable anymore, and the
system needs to be seen as a collection of parallel components.

We need to move away from the synchronous paradigm (where one
global tick / execution step is considered) and need to face globally
asynchronous locally synchronous (GALS) execution semantics.

Maximal step execution semantics needs to be kept in each
component.

Luis Gomes, 21 Nov 2019

Facing distributed implementations - II
Approach:
◦ Definition of time domains (each time domain has its own tick / 

execution step) 
◦ Each component will be associated with one different time domain
◦ Communication channels have a place semantics (holding non-

instantaneous pending communication)
◦ Each directed synchronous channel will be replaced by a directed

asynchronous channel, where master transition, slave transitions, 
and the channel itself are associated with different time domains.
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Concurrent sub-models

Luis Gomes, 21 Nov 2019

Distributed sub-models (I)

Luis Gomes, 21 Nov 2019

Distributed sub-models (II)

Luis Gomes, 21 Nov 2019

Distributed sub-models (III)

From ISIE2014 paper: DOI: 10.1109/ISIE.2014.6864769

Luis Gomes, 21 Nov 2019

Early implementation using FPGA and C
Using double ring serial communication

From REC2010 paper Luis Gomes, 21 Nov 2019

Distributed execution

From ISIE2014 paper: DOI: 10.1109/ISIE.2014.6864769
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Distributed execution

From ISIE2014 paper: DOI: 10.1109/ISIE.2014.6864769 Luis Gomes, 21 Nov 2019

Distributed execution

From ISIE2014 paper: DOI: 10.1109/ISIE.2014.6864769

Luis Gomes, 21 Nov 2019

Distributed execution

From ISIE2014 paper: DOI: 10.1109/ISIE.2014.6864769 Luis Gomes, 21 Nov 2019

Distributed execution

From ISIE2014 paper: DOI: 10.1109/ISIE.2014.6864769

Luis Gomes, 21 Nov 2019

What about property verification?

Having non-autonomous Petri nets, we need to face state-space
based verification techniques. 
Property verification still possible based on state space
construction.

Luis Gomes, 21 Nov 2019

Coming back to property verification

Behavioral model for the asynchronous channels needs to be used, 
complemented by interleaving execution between all time domains
(each of them having a maximal execution step), assuring GALS 
evolution
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System model

Composition
(through 
addition)

Distribution

Mapping

Construction of 
partial sub-models

Decomposition
(through 
splitting)

Concurrent 
components

Distributed
components

Platform
components Automatic 

code
generation

Prototype

Distributed 
Embedded 
Controllers 

Development 
Flow

Synchronous
execution

Globally
Asynchronous

Locally
Synchronous
execution

Platform
Independent

Model
(PIM)

Platform
Specific
Model
(PSM)
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New tools are coming: IOPT-Tools
Petri nets already have a set of supporting tools mostly covering specification and 
verification.

However, Petri nets need additional tools, mostly covering automatic code generation, 
to be fully integrated in engineering development flows.

A contribution using IOPT nets is available at http://gres.uninova.pt/IOPT-Tools/

IOPT-Tools is an integrated development tool framework covering the whole phases of 
embedded controllers development (including automatic code generation), testing 
(including simulation and verification) and maintenance.

IOPT-Tools have been extensively validate within engineering courses at University NOVA 
Lisbon (and used by some others).

Luis Gomes, 21 Nov 2019

IOPT-Tools cloud-based 
framework

Tools are offered under a cloud-based user 
interface

 Web User Interface  (http://gres.uninova.pt/IOPT-
Tools/)

 AJAX Based IOPT Petri Net Editor
 Simulation
 Remote Debugger
 State Space Generation Tool
 Model-checking using a Query System
 Automatic controller C code generator
 Automatic controller VHDL hardware synthesis
 Automatic IL code generator for PLCs

Development flow:

Design effort
Automatic 

code generation

Model-based design of embedded controllers using IOPT Petri-nets

Implementation
platforms

Demo vídeo available at https://goo.gl/MxFHti

FPGAs

SoCs

CPLDs

ASICs

. . .

PLCs

. . .
Compiler

Synthesizer

(FPGA vendor tools)

IL

code

VHDL 
code

Petri net

model

Automatic 
code 

generation

Editor

Simulation 
and state-

space 
verification

tools

Supporting

simulation,

verification and

implementation

Intuitive,

platform- and

network-

independent

PCs

Arduino

Raspberry

Other 
microcontrollers

. . .

CompilerC code

Luis Gomes, 21 Nov 2019

IOPT-Tools
entry page

Luis Gomes, 21 Nov 2019

IOPT-Tools –
Overview
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IOPT-Tools – Model Editor

Luis Gomes, 21 Nov 2019

Luis Gomes, 21 Nov 2019

IOPT-Tools – State-space generator

Luis Gomes, 21 Nov 2019

Model Checking
Very complex state-space graphs (common to have millions of states) 

cannot be visually inspected:

 Query Editor
Graphical user interface to define queries and automatically check properties on the resulting 
state-space graph

 Query results filters
Inspect and filter query results 

 Compilation strategy
Queries are compiled into C code and inserted into the state-space generator program

Luis Gomes, 21 Nov 2019

IOPT-Tools –Simulation capabilities
- The token-player: 
◦ Direct interaction with the Petri net model, changing inputs and observing the 

evolution of the Petri net model
◦ Step-by-step execution
◦ Continuous execution
◦ Replay functionality

- Timing diagram:
◦ Editing/importing of input signals and events waveforms
◦ Visualization of waveforms for inputs, outputs, place marking and transition 

firing

Luis Gomes, 21 Nov 2019

IOPT-Tools – Simulator

Timing diagram

Token player
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IOPT-Tools –Remote Debugger
Communication architecture to enable the remote control, monitoring and 
debug of embedded system controllers designed using IOPT Petri nets.

The architecture adds Internet connectivity capabilities to the controllers 
produced by the automatic code generators, enabling online remote debugging 
and monitoring using the IOPT simulator tool. 

Furthermore, it enables the creation of web based graphical user interfaces for 
remote operation and the development of distributed systems where a Petri net 
model running on a central system supervises the actions of multiple remote 
subsystems.

Luis Gomes, 21 Nov 2019

IOPT-Tools –
Remote Debugger

Usage of a minimalist HTTP server, 

implemented directly on the 

controller code.
Supporting:

- status monitoring functions, 

- a tracing mechanism with step-by-step execution and breakpoint definition, 

- the capability to remotely force the value of input and output signals, used to implement 

hardware-in-the-loop solutions where the simulator takes full control of the physical 

embedded devices.

Luis Gomes, 21 Nov 2019

Application example
An IOPT-based controller receiving signals from 
an EEG signals acquisition system and actuating 
movements of a quadcopter.

EPOC (by Emotiv) AR.Drone 2.0 (by Parrot)

Controller

Bluetooth Wi-Fi

Luis Gomes, 21 Nov 2019

Application example

EPOC (by Emotiv) AR.Drone 2.0 (by Parrot)

Controller

Bluetooth Wi-Fi

dedicated http server

web browser client

Remote debugger

internet

Adding remote 
monitoring and control.

Luis Gomes, 21 Nov 2019

On-line control with remote monitoring

Luis Gomes, 21 Nov 2019

Other application
example

Autonomous navigation of a sailboat

Compass

GPS

Windvane

Sail’s 
Servomotor

Rudder’s 
Servomotor

Controller

I2C

Serial

PWM

PWM

PWM
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Model-based 
development :

from partial 
models to 
deployment into 
implementation 
platforms

Luis Gomes, 21 Nov 2019

Underlying approach

Luis Gomes, 21 Nov 2019

Conclusions
In the years ahead it is expected the appearance of millions of new Internet aware embedded 
devices, both for existing applications and for applications yet to be discovered. 

This way, the development tools for embedded and cyber-physical systems will need to offer 
rapid prototyping as well as the support for remote operation, monitoring, debug, 
troubleshoot and diagnose problems on malfunctioning devices.

Model-based development and Petri nets have an important role to play.

The presented IOPT-Tools have been successful used to develop embedded controllers, 
targeting both software and hardware platforms, and extensively validated in engineering
courses at University NOVA Lisbon.

Luis Gomes, 21 Nov 2019

Further information

Feel free to contact me:
◦Luis Gomes, 
◦ lugo@fct.unl.pt, lugo@ieee.org
◦ http://www.uninova.pt/lugo
◦ http://gres.uninova.pt
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Paulo Barros; IECON’2018 – 44th Annual Conference of the IEEE Industrial Electronics Society; 
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Some references about IOPT web tools
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