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1 10OPT Tools

The IOPT Tools integrated development environment offers a complete tool-chain to support the
development and testing of embedded system controllers, industrial automation applications and
other digital systems, available online under a Web-based graphical user interface.

Systems are specified using IOPT-Nets, a class of Petri nets extended with input and output
capabilities necessary to communicate with the external world, to allow reading sensors, manipulate
actuators, communicate with other systems and implement user interfaces.

The framework consists of an editor to design IOPT models, a simulator to test system behavior, a
state-space generator and a query system to automate model-checking and property verification, and
finally, several automatic code generation tools (C, VHDL, JavaScript), used to generate code to
deploy on physical embedded devices and implement the real controllers.

The simulator and model-checking tools enable early detection of design errors, allowing the
correction of most errors before reaching the prototype implementation phase, leading to faster
development cycles. The automatic code generation tools eliminate the need to manually write low
level code, except for some device specific operations, as micro-controller or FPGA pin assignment,
minimizing errors during the target implementation phase due to low level coding.

Finally, the tools have been tested with recent versions of popular Web browsers, including Mozilla
Firefox, Chrome, Opera and Safari, both using personal computers and tablets. All computational
intensive operations, like state-space generation, are executed on the server and are not affected by
client computer performance, but editor responsiveness may vary depending the Web browser, due
to different JavaScript execution engines. Google Chrome's just-in-time JavaScript compiler has
been tested to provide the best editor performance. On the opposite, although current versions of
Internet Explorer can execute the other tools, it fails to run the editor due to XSLT engine
incompatibilities.

The tools can be used for free and are available online at http://gres.uninova.pt. Users can log-in
anonymously using a “guest” account or can create personalized accounts to store private models. A
“models” account is also available providing access to examples used in several publications.
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2 Introduction to IOPT Petri Nets

The IOPT class [1], derived from the Place-Transition low level Petri net class [2], employs the
standard Petri net Places, Transitions and Arcs. In addition, IOPT nets also allow the definition of
input Signals, output Signals, input Events, output Events and Arrays containing tables of data.

Input signals are used to obtain information from the external world, for instance to read the state of
sensors, read user interface buttons, or read signals from other systems. Output signals may be used
to manipulate mechanical actuators, illuminate LEDs to create user interfaces or send information to
other systems. A digital signal is represented by a Boolean value and an analog signal is represented
by an Integer range value.

Events are usually associated with changes in signal values. Input Events are triggered by changes
in input Signals and output Events will cause changes in output Signals. An IOPT controller might
wait for specific input Events and react accordingly, by changing the value of output Signals.
Complex systems can be implemented using several IOPT sub-systems communicating with each
other by the means of Signals and Events. A sub-type of input Events, called autonomous Events,
not associated with any input Signal, are used exclusively for inter-subsystem communication.

Figure 2 presents an example model used to implement a quadrature decoder hardware component.
This model interprets a sequence of digital electrical pulses on two input signals, channel A and
channel B, used to encode the position of a moving mechanical part, as the rotor of an electrical
motor, a rotary button or even the ball of a computer mouse. Pulse frequency is proportional to the
movement speed and the signal precedence, i.e. changes in channel A happen before B, or B before
A, define the movement direction. By counting all pulses and the respective direction, the model
can track the movement of the physical device connected to a quadrature encoder.

Net: quad_encoder
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Fig. 2: IOPT Model - Quadrature decoder

IOPT Tools user manual 3



This model contains 5 places shown as yellow circles, 12 transitions drawn as cyan rectangles, 2
input signals depicted as cyan circles, one output signal represented as a green circle, 4 input events
drawn as cyan triangles and 2 output events presented as green triangles. The arrow lines
connecting Places and Transitions are Arcs.

Places are used to hold tokens, also called marks. A place with one or more tokens is considered
«markedy. In the example, Place /nit has a number 1 drawn inside the yellow circle, indicating that
this place holds one token. A sequence of numbers specifying the number of marks on each Place is
called the net «marking» and generally define the state of a Petri net model. The initial marking of
the example would be (1, 0, 0, 0, 0), representing 1 token in place /nit and none in the other Places.

As IOPT nets extend P/T nets with input and output signals, the entire system state vector may also
include the value of certain output signals, as described at the end of this section. In the model
presented above, the system state vector contains the net marking and also the value of the Counter
output signal, corresponding to the instantaneous position of the sensed mechanical part.

The evolution of a Petri net model is defined by the behavior of the Transitions: When certain
conditions happen, a Transition may fire, removing tokens from certain Places and adding new
tokens to other Places, according to the Arcs connected to that Transition.

An Arc is represented by a line with an arrow defining the Arc direction. An Arc starting in a Place
and ending in a Transition is called an Input Arc. An Arc starting in a Transition and ending in a
Place is called an Output Arc. Each Arc may have an inscription number representing a number of
tokens. If the inscription is omitted, a default value of 1 is assumed.

A Transition can only fire when all Places connected to input Arcs have a number of tokens greater
or equal the corresponding Arc inscriptions. When this condition is satisfied, the Transition is said
to be “enabled”. In addition, Transitions can also be associated with input Events and guard
conditions. When all the guard conditions are true and input Events happen, the Transition is
“ready”. A transition will only fire when it is simultaneously both enabled and ready.

In the previous example all the 4 transitions connected to place Init are enabled because place Init
holds one token. However, each of these Transitions also contains a different guard condition,
placing different restrictions on the value of the input signals CH_A and CH_B. This way, only one
of the 4 enabled transitions will fire. For example, Transition TIA1BO has the guard condition
«CH_A =1 AND CH_B = 0», indicating that this Transition will only fire if the initial values of
both signals satisfy this condition.

When a Transition fires, it will remove tokens from the Places connected to input Arcs and add new
tokens to the Places connected through output Arcs, resulting in a new net marking. If the transition
is associated with output events, these events will be triggered, resulting in changes in the value of
output signals. In the example, all transitions in the outer ring of the drawing are associated with
both input and output Events. These transitions may only fire when one of the A UP, A DOWN,
B UP or B DOWN input Events happen, corresponding to changes in the input signals CH_A or
CH_B. These events detect a change in the position of the sensed object, whose position must be
immediately updated by a triggering CNT_UP or CNT _DOWN output event, that will respectively
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increment or decrement the Counter output Signal. Observing the example, the drawing presents
two circular rings of Transitions and Arcs, where the Arc directions intuitively correspond to the
two directions or rotation on the physical device. The ring formed by curved Arcs rotate in the
clockwise direction and all Transition fire CNT_UP events, as opposed to the ring formed by
straight lines, rotating in the opposite direction and producing CNT _DOWN events.

In addition to output Events, Transitions may also be associated with output Actions, that is,
mathematical expressions used to assign new values to output signals. In a similar way, Places may
also be associated with output Actions that are executed when the Place is marked. However, while
a Transition output action is only executed once whenever a Transition is fired, a Place output
action is repeatedly executed on every execution step while the Place is marked. This way, IOPT
output signals are divided into two categories: combinatorial output Signals associated with Place
output Action expressions, and the remaining output signals, associated with output Events or
Transitions output actions, that exhibit a memory behavior and are a part of the IOPT system state
vector along with the net marking.

Contrary to other Petri net classes, IOPT nets were specifically designed with the goal of automatic
code generation for the implementation of embedded system controllers and other digital systems.
As a consequence, an IOPT model is executed in steps, as in cycle accurate systems (clock cycle for
hardware implementations) where all Transitions and output Actions are evaluated, using a maximal
step execution semantics: on every execution step, all transitions that are enabled and ready will be
immediately fired. A single server semantics is used when firing transitions, in the sense that if one
transition can be fired several times according with the marking of input places, it will be fired only
one time per step. In the situations where multiple transition might conflict with each other, that is,
when more than one transition is enabled, but the firing of some of them would remove tokens
necessary to the firing of others, priorities must be assigned to each Transition, resulting in a
deterministic and predictable execution behavior.

A special type of Arc, called test Arc, may also be used to manage conflict situations and other
modeling situations: if a test Arc is used, the tokens of input places will not be consumed and these
tokens can be used by other transitions connected through regular arcs. A test Arc is drawn with an
arrow in the middle of the Arc, instead of at the end.

Besides input and output Signals, IOPT nets also include the concept of Arrays. Arrays are uni-
dimensional or bi-dimensional tables of data, indexed by signals associated with Place output
actions, they may contain variable of constant data. In the most simple form, with constant data,
arrays may be used as a very easy way to implement complex mathematical functions by storing
tables of values. When using variable data, an IOPT model might dynamically change the table
contents leading to the implementation of complex solutions with large data sets.

Figure 3 presents other example, including test Arcs, Place output Actions and different signal
types. The external interface of this model is composed by three input Signals named Period,
DutyCycle, and OutEnable, and five output Signals: POS PWM OUT, NEG PWM OUT,
UpdCLK, BlankSwNoise and Counter. The Period, DutyCycle and Counter signals hold Integer
values in the range 0 to 1023, while all other signals hold Boolean values. This model is composed
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Net: pwm_gen
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Fig. 3: A PWM Generator IOPT Model

by two sections: an up-down counter on the right and the output generation on the left, that can be
viewed as two separate sub-systems because there are no Arcs connecting them.

The up-down counter section has two Places corresponding to two different states of this sub-
system: P CNT UP and P CNT DOWN where the counter runs in the corresponding direction.
Transitions T CNT UP and T CNT _DOWN are connected to P CNT UP and P CNT DOWN
using test Arcs, meaning that these Transitions will continuously fire while the respective input
Places are marked, without never removing tokens from these Places. Each of these Transitions is
associated with an output Event, /ncCounter and DecCounter, that will update the Counter value.
Transitions T MIN and T MAX are associated with guard conditions, «Counter = 0» and «Counter
>= Period», reversing states whenever the lower and upper counting limits are reached.

The output generation section on the left also has two Places, corresponding to two different sub-
states: PDisabled and PEnabled. The Transitions TEnb and Tdis are used to control whether PWM
output signal generation is enabled or disabled, using guard conditions. Transition Tdis fires
immediately in the next execution step after input Signal OutEnable changes value from true to
false. However, transition TEnb has slightly more complex guard condition «OutEnable=1 and
Counter=Period», meaning that the PWM signal generation can only start at the begin of every
counting cycle after the value of Counter reaches the maximum.

Place PEnabled contains 3 output Action expressions to define the values of the POS PWM_OUT,
NEG PWM OUT and BlankSWNoise:

POS PWM_OUT = 1 when ( Counter < DutyCycle )
NEG PWM OUT = 1 when ( Counter > DutyCycle + 30 )
BlankSWNoise = 1 when ( Counter > DutyCycle — 40 )

The values of these signals will be equal to 1 when Place PEnabled is marked and the conditions of
each expression are true. Otherwise the value of each Signal will revert to the Signal's default value,
which in this example was defined as 0. With these expressions, the values of the positive and
negative PWM signals are complementary with the insertions of a small dead-time interval (30
steps) where both signals are 0. The BlankSWNoise signal turns true, 40 steps before the positive
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PWM signal switches, to inform other sub-systems that possible EMI (electromagnetic interference)
peaks are about to happen.

The UpdCLK output signal has a wrap-around option enabled, meaning that any increment or
decrement operation on this signal that would pass above the maximum or below the minimum
values, will revert to the opposite end of the valid range. As this is a Boolean Signal, the output
Event with the same name will produce the effect of effectively toggling the Signal value. This way,
whenever one of the Transitions T MIN and T MAX fires, the value of UpdCLK will be toggled.

When «Counter=0» both transitions T MIN and T CNT DOWN are enabled and ready to fire. If
T MIN fires before T CNT _DOWN then T CNT DOWN will not be able to fire because the
token on Place P. CNT _DOWN is removed. However, if T CNT _DOWN is fired before T MIN,
then both Transitions would be able to successfully fire, and the DecCounter output Event would
produce an undesirable Counter value of -1. To prevent this error, transition T _MIN was assigned a
higher priority than T CNT DOWN, 1 versus 2. The same consideration applies to T MAX and
T CNT _UP.

NOTE: It is important to notice that although these two example models are very simple, the
models implement real world hardware components that were designed with IOPT tools, simulated
and checked for errors, and the resulting VHDL components produced by the automatic code
generation tools were used in a real FPGA. By connecting multiple simple components, it is
possible to create complex systems. In this case, the components have been used to implement a
complete Brushless-DC motor controller, using only IOPT models [3].

2.1 GALS Extension

IOPT nets have been extended with the concepts of Time Domains (TDs) and Asynchronous
Channels (ACs) to create Globally-Asynchronous Locally-Synchronous (GALS) systems. GALS
systems are implemented as a distributed set of synchronous components, that communicate with
each other asynchronously. TDs are node annotations that associate each node to a specific
synchronous component. ACs specify components interaction and are represented by special type of
places, drawn as clouds, that are connected to transitions through special type of arcs, drawn as
dashed arcs. Three types of ACs are available: «Simple AC», «Acknowledged AC” and «Not-
enabled AC».

The IOPT Tools were extended with the mentioned concepts to support the development of GALS
systems. The model edition tool enables the creation of models with TDs and ACs (GALS models).
The simulation and the model-checking tools enable the verification of GALS models. Finally, a
decomposition tool automatically decomposes GALS models into several component sub-models,
to be used as inputs in other tools that automatically generate code to implement each synchronous
component. For more information about IOPT GALS extension please refer to [4].
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3 Log-in

As previously stated, the IOPT Tools development environment offers a Web based user interface
available online at http:/gres.uninova.pt. To try the tools, users can log-in anonymously under a
“guest” account with the same password “guest”. The guest account has no functionality restrictions
but offers no privacy, as all model files created are available to other users and may be modified by
other persons using the system. This way, it is highly recommended to create a personal user
account, using the «New User» button. Personal accounts are free, and just require an email address
necessary for future data recovery in case of forgotten passwords. Figure 4 presents the Log-in page
and figure 5 presents the user account creation page.

/ 10PT Tools X | 4

€ @ gres.uninova.pt/|OPT-Tools/login.php ~ ¢ | [BAv Google Q ¥ 8 & & =

IOPT Tools

User Login:

Passwors: T
[ Login [ new user | cancel |
NOTES: Example models available under username "models" and password "models".
Anonymous users can login into the system with username "guest” and password "guest”, to create new IOPT models and test all system functionalities.
However, these models will be openly accessible to d may be modified by other users or deleted at any time.
Therefore, creating a personal user account [free] is highly recomended.

have been developed by several members of the R&D Group on Reconfigurable and Embedded Systems ( )
At current development phase, some changes and improvements will occur in the near future. Comments or requests can be directed to gres@

uninova.pt
Important note: IOPT-Tools require the latest Browser versions: Firefox >= 10, Chrome >= 12, Safari, Opera

Copyright (C) 2013 GRES Research Group

Fig. 4: Log-in start page

/| 10PT Tools x| 4

4 | @ gres.uninova.pt/IOPT-Tools/login.php ~ & | |B~ Google Qv a ¥+ #

IOPT Tools

User Login:

(UESGENES new_user

Password: |

Confirm Password: |

EMail: new_user@planet_earth.universe.mm
[ew vser

NOTES: Example models available under username "models"” and password "models”.

Anonymous users can login into the system with username "guest" and password "guest", to create new IOPT models and test all system functionalities.
However, these models will be openly accessible to all users and may be modified by other users or deleted at any time.
Therefore, creating a personal user account [free] is highly recomended.

have been developed by several members of the R&D Group on Reconfigurable and Embedded Systems ( )
At current development phase, some changes and improvements will occur in the near future. Comments or requests can be directed to gres@uninova.pt

Important note: IOPT-Tools require the latest Browser versions: Firefox >= 10, Chrome >= 12, Safari, Opera

Copyright (C) 2013 GRES Research Group

Fig. 5: Creating a new user account
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/ I0PT Tools

x| 4

€ | @ gres.uninova.ptIOPT-Tools/manage-files.php

Available files:

Important note: IOPT-Tools require the latest Browser versions: Fir

IOPT Tools (guest)

manuf_Cell7.pnml
maximalStep.pnml
music_player2.pnml
netaux.pnml
newnet.pnml
nn.pnml
noise.pnml
nome.pnml
not_perfect.pnml
on_off.pnml
on_off_1.pnml

on o

10, Chrome >= 12, Safari, Opera

Example models are available under another account,
model files are read-only and cannot be modified by the user, it is recommended to use the
download and upload functionality to copy the files to another user account. The copy&paste

Fig. 6: Available Models List

“models” (password “models”). As the

mechanism of the editor may also be used to copy models to personal user accounts.

Before start using IOPT Tools it is necessary to use a supported browser. The tools have been tested
with the current versions of Chrome, Firefox, Opera and Safari, covering must platforms and
operating systems, including mobile systems. Different browser versions may not work correctly.
After successfully log-in, a mode list page is presented with a list of all model files in this user
account, as displayed on figure 6. This page offers other options to manage existing model files,

including file rename and deletion.

After creating a new user account, the model list is empty as there are no files to open. In this case,
another page is presented with options to start new models or upload an existing IOPT PNML file,

as displayed in figure 7.

/ IOPT Tools
5

€ | @ gres.uninova.pt/IOPT-Tools/index.php

v | |~ Google

IOPT Tools (new_user)

Important note: IOPT-Tools require the latest Browser versions: Firefox >= 10, Chrome >= 12, Safari, Opera

Model actions:
Upload model file: Nenhum ficheiro sel

[ piood |

Fig. 7: New user - empty user account
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4 Main Page

After successfully opening a model file, the system presents the IOPT Tools main page, displayed in

figure 8, with an image of the selected model and a list of available tools. The tools include:

Tool Description
Edit Model The IOPT Petri net graphical editor
Simulator An IOPT Petri net simulator and debugger too

Generate State-Space

State-space generator for model-checking

Generate C Code

Automatic code generation tool. Create a C program implementing the model's

behavior to run on a micro-controller or PC.

Synthesize VHDL Code | Automatic code generation tool. Create a VHDL hardware component implementing
the model's behavior to run on a FPGA or ASIC.
Query Editor Model-checking tool — Define a list of queries to automatically validate properties
during state-space computation.
Query Results Inspect the query results calculated during the last state-space computation
Download Model Download selected model file to the user's personal computer.
Export Snoopy C/VHDL | Covert the selected model to a PNML syntax compatible with the Snoopy Petri net
editor.
Mathematical expressions may be converted to C or VHDL syntax.
Decompose GALS Decompose a GALS (Globally-Asynchronous Locally-Synchronous ) model into
several components according to the respective time domains.
HIPPO Export the model to the HIPPO tool-chain and calculate the incidence matrix.
Model list Manage files and select another model.

/ 10PT Tools N

€ | @& gres.uninova.pt/IOPT-Tools/index.php ~ @ | |Bv Google

IOPT Tools (guest)

Netfile: quad_encoderpnmi

TIADB1
il

S: COUNTER E; CNT UP - COUNTER

E: CNT_DOWN - COUNTER

GCH A= QANDCH B =1

Upload model

Nenhum ficheiro selec

Model actions:

Start new model:

IOPT Tools user manual

Fig. 8: IOPT-Tools main page

10



5 1OPT Model Editor

The model editor user interface, displayed in figure 9, with a toolbox on the left, a drawing area in
the center and a property editor on the right. When the mouse passes over the toolbox icons, a small
caption text is displayed with a small information and keyboard accelerators.

IC 10PT Tools - PNML Editor

&o (€] [ [ gres.uninova.pt/|0PT-Tools/pnml_editor.php

Net: quad_encoder

Transition Properties:
ID:
Name:
Priority: _
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Select transition 33 }«Z:_ Y:m Grid: Snap:
Fig. 9: The IOPT Editor

5.1 Editor Tools:

The editor toolbox contains the following tools:

Tool Description Shortcut
@ Select mode - Select single objects with a click or multiple objects with a rectangular selection. E
Shift adds new objects / Ctrl — Toggle selected objects scape
Qy Edit Annotations mode — Select and move Place/Transition annotations Ctrl-N
@ Drag / Pan mode — Useful to scroll the drawing area on touchscreen devices
== Select all objects Ctrl-A
i E{ Invert Selection Ctrl-I
@ Undo the last operation Ctrl-z
| E Redo the last operation undone Ctrl-Y
@ Erase mode: point on one object to delete it Ctrl-E
Use the shift key to continue erasing objects
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Delete the selected objects

e
%) Back Space
i»7) | Cut selection to the clipboard
ao Ctrl-X
Copy the selection to the clipboard Ctrl-C
Paste the clipboard contents to the current drawing
- The contents of the clipboard are displayed on a separate window and may be used to copy data
. between different models. The clipboard window has buttons to download and upload data to the Ctrl-V
server. The server copy may be uploaded and downloaded by different users, to share data and
perform collaborative work.
Rotate selection 90° clockwise
@ Rotate selection 90° counter-clockwise
j Duplicate selection (without changing the cut&paste clipboard contents) Ctrl-D
@ Mirror selection horizontally
@ Mirror selection vertically
B Node fusion: Join two Places or two Transitions in a single node, maintaining all arcs
0 Place: Draw one Place or multiple Places by holding the Shift key Cirl-P
I Transition: Draw one Transition or multiple Transitions by holding the Shift key Cirl-T
Arcs: Draw arcs by picking consecutive Place and Transition pairs Ctrl-R
O Asynchronous-channel — Draw asynchronous channels for GALS systems Ctrl-H
[Used only on GALS systems]
® Assign a GALS time-domain for the selected nodes
[Used only on GALS systems]
. | Complementary Place: Create a new Place complementary of the selected Place
w All Arcs connected to the original Place are replicated in the opposite direction
@ Semaphore: Create new Place and a set of Arcs, forming as a semaphore for a critical section
The critical section is defined by the set of Places currently selected
{ _'_:1.I Marking-Invariant Lock: Create new Place and a set of Arcs to lock a marking-invariant section
|_i_ij The section is defined by the set of Places currently selected
_,ﬂ Input Signal: Insert a new Input Signal Ctrl-B
B Output Signal: Insert a new Output Signal Ctrl-L
Array: Create a new uni-dimensional or bi-dimensional array / table
-1 Input Event: Create a new Input Event Ctrl-M
1- Output Event: Create a new Output Event
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H Save model to server Ctrl-S

Exit editor
Option to save changes. Crl-Q

Finally, in the bottom left corner, bellow the toolbox, a list of available plug-ins is presented. Plug-

ins are custom functions, developed by third parties that operate transformations on the edited
nodes, according to the selected nodes and custom user-interface form dialog windows.

5.2 Node properties

Place Properties:

Immediately after creating a new node, or when a single node is R |
selected, a properties form is presented in the right side of the editor Name:

Initial Marking: [ G
Bound: [

Figures 10 to 13 display the Place, Transition, Arc and Channel [BMACRERENE |
LB Detect infial conditions |

Output Action 1: =

window. Each type of node employs a different set of properties.

property forms. In all cases the first property, ID, is an unique

identifier number automatically assigned by the editor when a new When: eprerer P
node is created. This value is used internally by the tools and cannot [SUCEECENES & |

When:
[ save |

Fig. 10: Place properties

be changed by the user. As identifier numbers are difficult to

remember, Place and Transition nodes have a «namey field that can

be filled with a short text, describing the node's purpose or ————

behavior. When a more detailed description is necessary, a ID: N

«comment» field is also available. Name:
Priority: CI

Both the «name» and «comment» properties are presented in the net BRENEEHCH A = 0 AND CH B = 1

drawing as annotations. By default these annotations are

automatically placed near the respective node. However, if the e AUP E

default placing collides with other nodes, an «Edit annotations» tool ngn

is available to select an manually move the annotations.

- [«]
NCNT_UP
: I
Place nodes have two important attributes: initial-marking and -

.. . L. . Acticn1::
bound. Initial marking is initial number of tokens in the Place when [SSSeS -

a net starts execution. Bound is the maximum number of tokens a Time-
place can hold during the net execution. This value is just an hint [N

for the automatic code generators, to allocate the memory elements

calculations tools. The time-domain field is used by the GALS extension tools.

Finally, a list of output actions can be used the define the state of output Signals. Whenever the user
defines one action, the form will automatically grow with fields to define another action. An action
is defined by three items: a Signal name, value expression and a condition.

For example: «OutSigl = Not IntSig3 when InSigl > InSig2» or: «OutSig2 = OutSig2 + 1 when
OutSig2 < 100». The second example would create a counter up to 100, incrementing after each
execution step.
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The output expression is only evaluated when the Place is marked and the condition is true. If either
the condition holds false or the Place has no tokens, then the output Signal reverts to a default value.
It is possible to define more than one output action affecting the same output Signal. If more than
one actions is simultaneously applied, then the result most far away for the default value is chosen.

Transition firing can be inhibited with guard conditions and input events. A guard condition is a
logic expression, that can use input and output signals, place marking (equivalent to test or inhibit
Arcs), and literal values. By default, an undefined guard condition is true. A list of all input events is
presented: selections can be none, a single event or multiple events (using the shift key). If more
than one event is selected, the transition can only fire if all events occur in the same execution step.

Output events and output actions can be associated with transitions. When a transition fires, the
associated output events are fired. If more than one event affects the same output signal, the effects
are accumulated. Output actions associated with transitions are executed when the Transition fires.
As with the Place output actions, when multiple actions simultaneously affect the same Signal, the
value more distant from the default is selected.

Contrary from Place output actions, when the Transitions are not fired, the output Signals hold the
last value calculated by any Transition action and do not revert to a default value. As a consequence
of this behavioral difference, it is not possible to affect the same signal from Place output actions,
Transition output actions or output Events: each signal can only be affected by one of them. This
way, as soon as a Signal is affected by one type of action, it will automatically disappear from the
list of available Signals in the other types of actions.

Transition nodes have a priority, used to solve conflict situations where several enabled transitions
compete for the same tokens. Smaller number correspond to higher priority. Time-domain values
are used by GALS tools.

The Arc properties form presents only two options: an arc type Arc Properties:
(normal, test or channel) and an inscription value. Test arcs can only ID: &

. . . . 1 d d di . Type: IR
be used as input Arcs, i.e. starting in a Place node and ending in a inscription: (TN
Transition node, indicating that when the transition fires tokens are
not consumed from the input Place. Inscriptions indicate a number Fig. 12: Arc properties

of tokens: in the case of input Arcs, the number of tokens necessary

to fire a Transition. In the case of output Arcs, the number of tokens
Asynchronous-Channel Properties:

added to the output Place. Type “channel” will be automatically i0:
selected when connecting to Asynchronous channel nodes. Name:

U1 Simple Async Channel |
Figure 13 presents the Asynchronous channel properties, including fesiieyd |
name and comment fields, plus a channel type: Simple async. [ Save |
1. Fig. 13: Channel properties

channel, Acknowledge async. channel and Not-enable async channe
Detailed information about the GALS extension can be found in [4].

Input and output Signal property forms are presented in figures 14 and 15. Signal properties include
a Signal name, an input or output mode a type, a default value and a min/max range. The Signal
name functions as an identifier used internally inside IOPT models to define mathematical
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expressions, but is also used by the automatic code generator tools Signal Properties:

i ; ; gcHA |
producing code using these names. As a consequence, the Signal Narr:s;z
e . inpu
names should be chosen to be valid identifiers in the target Type: EETEd
language (C, VHDL, JavaScript, etc.) and should not conflict with Value:_
any reserved words in that language. Signal mode, input or output, vin: CHN

. . . Max: (I
is defined when a signal is created and cannot be changed by the mf

user. Used in place-5:A0B1, place-30:Init, transition-
31:TIADBO, transition-32:TIA1BO, transition-
Signal type can be Boolean or an Integer range. Boolean signals EES-EREINIETE PNEIRISSTIETS
. : rent:A_UP, i -event:A_DOWN;
have a fixed range from 0 to 1. Range Signals can hold integer il .
. . Fig. 14: Input Signal prop.
values in the range defined by the Min and Max fields. The default g P gna: prop
. . . . Signal Properties:
value applies only to output signals and has different semantics [EESFRSEIR=SEIERS

according to signal usage: for signals defined by Place output oot |

actions, the default value is applied when the corresponding Places Type:
- - . Vaive: IR
are not marked or the associated conditions hold false; for signals al\:l:: O

defined by output Events or Transition output actions, the default R
value is just the initial value. Output signals associated with output RIEERELIEE

[Savo [ Ganco ll Crango b |

Used by output-event:CNT_UP, output-
property that defines the signal behavior when an decrement or FEEEeNMaelTE

increment operation produces a result beyond the defined limits. Fig. 15: Output signal prop.

Events and Transition output actions also have a Wrap limits

When this option is applied to Boolean signals, increment and Event Properties:
decrement operations produce a toggle effect. -

Mode: [ S
The name field is read-only and cannot be directly changed in the A“““”“’E;;Z;
Signal propertied form. To rename an existing Signal, a «Change Leve!: XN

Id» button must be used. As Signal names are used as identifiers, Signal: [SIIEKd
this function will search the entire model for any Signal references [ save

Used by transitions tr-8:TBup1, tr-13:TBup2;
Fig. 16: Input Event prop.

. Event Properties:
at the bottom of the properties form. [BHCNT UP

Mode: TS

Figures 16 and 17 present the input and output Event property [N

and replace the old name by new name everywhere. For
information purposes, a list of all signal references is also presented

forms. In the same way as Signals, the name and mode fields are Edge: [T7YIKA

Level: IR

, Signal:
«Change ID» button can also be used to rename Events. Both input ["Save |

read-only and cannot be changed after an Event is created. A

and output Events can be autonomous or associated with a Signal. [EEEEEIEEREA PRS- R ETRIE
10:TAdn1, tr-12:TBdn1;

Fig. 17: Output event prop.

Autonomous events are mainly used for implementations composed
by multiple models, where an output event from a component is
directly associated to other components as input events, ensuring event propagation in the same
execution step (clock cycle in hardware solutions).

A non-autonomous event is always associated with a Signal. Two properties, Edge and Level define
the Event semantics. In the case of input Events, an event is triggered when the associated Signal
crosses the predefined Level in the direction defined by Edge: Up or Down. In the case of output
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Events a different semantics is applied: when a Event is triggered, the Array Properties:

associated Signal is incremented or decremented by the amount defined Ll e e

o [ ]
Mode: Constant

by Level according to the Edge: Up increments and Down decrements the Variable
Signal. The result will be confined to the defined limits or wrapped [EuEIEELS :ggﬂ?ﬁﬂgﬁgf I
around limits according to the Signal properties. fange |

"0 to 359
Finally, figure 18 presents the Array property form. Arrays can store uni- [WeSIR" Range - |
dimensional vector data or bi-.dimensional matrix data. The contents of win:

- ax:

an Array may be constant or variable. Constant arrays usually store tabled -

data an can be used to implement general purpose functions with integer

arguments. Uni-dimensional arra an to implement singl
guesU‘d ensio ‘ysc‘beusedo ‘pee‘sge

argument functions and matrices to implement functions with two

arguments. Variable content arrays can be used as general purpose N AR e

variables and the value of the selected item is read or written by Place
output actions.

Array indexing is performed using one or two range Signals, according to
the array dimensions. When the index signals are selected, the array

dimensions are automatically defined from the index Min and Max range

Fig. 18: Array prop.

properties. Array indexing is always performed using this index signals:
to access a specific array element, it is necessary to first change the value of the index signals. The
index Signals must be created as output Signals, even if the signal value is ignored by external
components, and the value of the index signals can only be defined by Place output actions. If a
signal is affected by output Events or Transition output actions, then it cannot be used as an index.
In the same way as input and output Signals, the contents of the arrays elements can also hold
Boolean values or integer ranges.

At the bottom of figure 18, below the Array properties form, a table with the array contents can be
seen and it is possible to change individual values by clicking on it. These contents are the final
values for constant tables and the initial values of variable arrays. A button «F(x,y)» can be used to
automatically fill the table data using a mathematical formula. These formulas employ JavaScript
syntax, where the first index is called «x» and for bi-dimensional arrays, the second index is «y».

In the example from figure 18, a sine table was filled using the formula «Math.sin( x / 180 *
Math.PI) * 1023», where «Math.sin()» and «Math.PI» are trigonometric functions defined in the
JavaScript Math package. It is important to notice that index angle as a range from 0 to 359, storing
a complete sine range with 360 degrees. The integer results, scaled from 0 to 1023 can be seen as 10
bit fixed point fraction number from 0 to 1.

Finally, two buttons, «Import CSV» and «Export CSV» can be used to read or export data from
spreadsheet applications, in the form of comma separated text files. Any spreadsheet program as
Open-office or Excel, or application specific software can easily generate data in this format.

Figure 19 presents the clipboard window used to store the contents from the cut, copy and paste
editor tools. It is a persistent window, that is not closed when the editor exits. This way, the contents
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of the clipboard are saved and can be pasted again, after
opening another model or log-in as a different user,
enabling the transference of information between
different models.

This dialog can also be used as a collaboration tool,
letting multiple users share information. At the bottom of
the dialog, two buttons, «Save» and «Open Saved» can
be used to store the contents of the clipboard at a central
server. Other persons logged-in using the same user-
name can open the saved contents, inspect it and paste
into different models, to easily discuss details and share
common components.

Figure 20 presents the Expression Editor dialog. This
dialog is used to create and edit mathematical
expressions and is automatically called when the user

=0 ANDCH_B=0

TIAOB1

©

G:CH A=0ANDCH B=1

TIAIBI

G:CH_A4=1ANDCH_B-1

K — S _
Fig. 19: Clipboard window

clicks over an expression on any property form. This dialog was designed to be touch-device

friendly, being easily used from tablet or mobile devices, and has several lists containing all

available operators and operands.

Operand: Values Example
Places Place marking value. If used in Transition guards, can be | PEnabled = 0
used as a test Arc (Place>N) or Inhibit arc (Place=0)
Inputs Input Signal value In3>2
Outputs ' Output Signal value Outl +2
Arrays ' Value of the selected Array element sine_table[angle] / 1024

Arithmetic ¥
| Erase || Cancel || Save

Piaces + [l inputs + [l Ouiputs [l ArraysiTabies 7|
p—"1
Compare v I Logic I Subxpr

Fig. 20: Expression Editor

1 The output Signal list and Array list will only show valid names according to the expression being edited.

For instance, output Signals affected by Place output action cannot be used inside Transition action expressions.

IOPT Tools user manual
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Number Literal integer values 17

Lists containing the available operators are also present:

Operator: Values Example
Arithmetic +-*/% Inl +5*1In2
Addition, Subtraction, Multiplication, Division and
Remainder (Module)
Compare <<=>2>+# X>2
Logic AND OR XOR X>2AND X <5
Sub Expression | () NOT() and -() NOT(X>2 AND X <5)
Logic negation and unary - apply to sub-expressions -(5)

During edition, a red ¢ cursor symbol indicated the current insertion position. At any moment, only
the valid tokens are enabled. For example, after entering a number, the editor expects an operator
and all operands are automatically disabled. The user can delete the last inserted token, or edit
previously entered tokens by selecting them with a mouse/touch click. To return to the insertion
point and continue adding text, just select the ¢ cursor.

After edition is finished is important to use the Save button. The same applies to any changes made
in the node properties forms: after finishing edition the Save button must always be used. If the
selected nodes are unselected or the selection in the drawing area is changed by any way, all
unsaved property changes will be lost. Do not forget to use the save button.

5.3 Plug-ins

Plug-ins are third party tools used inside the IOPT editor, to perform specific functions. For
instance, a project to design a VHDL hardware component might use a VHDL validation plug-in to
check if all Signal and Event names are valid VHDL identifier or collide with any VHDL reserved
words, correcting any invalid identifiers and their references in the entire model.

The list of installed plug-in is available below the toolbar, at the bottom left corner and, depending
on the display size, might require scrolling the toolbar frame down. The item presented in this list
are the list of plug-ins installed in the tools server being used.

Each plug-in will present a dedicated user interface dialog, with fields according to the plug-in
parameters. A list of selected nodes is also automatically passed to the plug-ins that may use this
information or not.

Contrary to the other Editor tools that work inside the user browser, plug-ins are executed in the
IOPT tools servers and require a network connection to operate. Plug-ins work as filters, receiving
as input the entire IOPT model plus a list of parameters, transform the received model and upload it
back to the editor. This operation might take just fractions of a second, or many seconds according
to the algorithms being used and the network latency. When a plug-in is executed and the results
produced were not the intended, the user can undo the operation and revert to the previous version.
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6 IOPT Simulator

After designing a model it is important to test if it behaves correctly. To reduce development time,
the debug phase should occur as soon as possible, before reaching the prototype phase. Design
errors detected during the prototype test phase are usually very costly due to the manpower wasted
to implement incorrect solutions, difficulty to check if the errors are caused by design flaws or
hardware faults and may lead to the conclusion that the selected hardware platform is not adequate.

Figure 21 displays the IOPT Simulator application, used to execute and debug IOPT models directly
in the Web browser. The simulator offers the capability to execute models step by step or run
continuously. All executed steps are recorded in a execution history, saving the state of all input
Signals, output Signals, Place marking, Events and fired Transitions. The user can later replay and
navigate through the recorded history to better inspect the system state on each execution step.

The user interface is divided into three parts: a toolbox on the left, a status form in the right and a
synoptic with a model drawing in the center. The synoptic displays the system state in real time,
dynamically displaying the current marking and changing node colors.

The user can interact with the model and change the system state both in the status form or directly
in the synoptic. The value of an Boolean input Signals can be toggled by clicking in the synoptic
signal drawing or by changing the corresponding toggle button in the status form. Range input
Signals can also be changed on the synoptic, using respectively the left or the right mouse buttons to
increment or decrement the signal value. Autonomous input Events can also be triggered on the
Synoptic, just by clicking on it. Autonomous events are automatically reset after every execution
step, as opposed to input Signals that always maintain the previous value.

|C 10PT Tools - Simulator [© »

&e \j [ [ gres.uninova.pt/|0PT-Tools/simulator.php

Net: quad_encoder

Marking:
A080: [
A180: [
7 sown -TIMEM AdB1: _
A\ UP-CH A G l DANDCH_B=0 B A0B1: _
VA pows-cii_a J Init: _

TLAGBI TIAIBD
FACRURIE . . CHA ®m
g AN cH B b
v;; DOWN -CH_B / CH B: ®
Output:

i .
Aup2 TIAIBI COUNTER: _
O(UI\HRAL\[[[‘-UJ[.\HR oo
d
W ent nown - counter

Fig. 21: IOPT Simulator / Debugger
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Node type: Color scheme:

0 tokens: Yellow
Place 1 token: Red
> 1 token: Violet

1/0 Ready: Yellow
Enabled: Orange
Ready&Enabled: Green (about to fire in the next step)

Transition Otherwise: Cyan
Red border: Transition has a breakpoint set.
Red fill: Transition triggered a breakpoint in the last executed step.
Tnput Signal Cyan: Boolean false or range zero

Green: Boolean true or range > 0

Cyan: false

Tnput Event Green: true (triggered)

Pale green: Boolean false or range zero

Output Signal Red: Boolean true or range > 0

Pale green: false

Output Event Red: true (triggered)

The toolbox contains a set of icons for step by step execution, continuous running and history
replay and navigation.

Continuous execution can be integrated using breakpoints associated with transitions. When a
breakpoint transition fires, execution is immediately stopped. After stopping, the system state will
reflect the step immediately after the breakpoint Transition fired, but the system state immediately
before the breakpoint can be obtained by undoing the last executed step or simply by navigating one
step back through the recorded history. A breakpoint can be set or reset just by clicking on any
transition. Transitions with breakpoints enabled are displayed with a red border and the Transition
that caused the last breakpoint is filled with the color red.

Each time a step is executed, the entire simulator status is recorded into a history, including the net
marking, input Signal values, input Events triggered, output Signal values and output Events. A
history section in the toolbox has several icons for history navigation, replay and information
displaying the current history position and history size. It is possible to jump directly to any history
position just by entering a step number in the history position entry and pressing enter.

History replay starts from the current position with a speed defined in the replay speed toolbox
selector, and it is possible to replay at different speeds than the original execution speed. Each
execution step is displayed in two phases: first the inputs are updated and transition enable/ready
evaluated, followed by the step execution results.

For better analysis of execution results it is possible to view the recorded history in a spreadsheet
format. Figure 22 presents the history window. To reduce the table size and increase readability, the
data is presented in a compressed form, where repeated duplicate lines were replaced by a single
line, with a step count «Rep» column indicating the number of repeated steps. The first column,
containing step numbers can also be used for history navigation: clicking on a step number on this
column will automatically perform a history jump in the simulator window, changing the current
history step number and displaying the corresponding state. Finally, the history data can also be

IOPT Tools user manual 20



exported to other software. An export tool saves the contents of the recorded history as a text CSV
file, ready to be opened by spreadsheet applications or dedicated software, to draw wave-forms or
apply personalized analysis algorithms.

Tool Description

< Undo one execution step.
System state reverts to the previous execution step and the undone step is removed from history.

Execute a single step.
System state is added to the simulation history.

Execute N execution steps. N is defined in the entry bellow.
Every step is stored in the history. Breakpoints are not checked.

Execution may be interrupted when a breakpoint transition fires. Steps are recorded to history.

>
"
w Start running continuously. Speed / step rate selectable f the list above: 10ms, 100ms, 500ms, 1, 2, 5 and 10s.
N Stop continuous run execution.

== | | Reset simulator state and revert to initial state.
A Previous history is not erased.
v

Force a new system state: the new marking must be previously manually changed in the state form.
Execution history is erased and reset with the new state.

|« History navigation: Rewind to first recorded step.

< History navigation: Move back one step.

> History navigation: Move forward one step.

> History navigation: Forward to last recorded step.

Reset history: clear all recorded steps.

Replay history starting from current position.
Replay speed defined in the list above.

T Pause / stop replay

Open history window, presenting the recorded history as a spreadsheet.

Drag / Pan mode — Useful to scroll the drawing area on touchscreen devices

This file can later be opened using a spreadsheet application to draw wave-forms, etc.

Exit the simulator.

B Save/export history to a CSV text file.
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IOPT Tools - Simulator

% | IOPT Simulator History

Marking

AOBO=1
Init=1

AOBO=1
AOBO=1
A1B0=1
A1B0O=1
A1B1=1
A1B1=1
AOB1=1
AOB1=1
A1B1=1
A1B1=1
A1B0=1
A1B0O=1
AOBO=1
AOBO=1
AOB1=1
AOB1=1
A1B1=1
A1B1=1
A1BO=1

A4ABR="

gres.uninova.pt/iopt-tools/sim-history.htm

v | |[Bv Google

IOPT Simulator History

Model: quad_encoder

[ Close | refresn |

Tran F&Tons Input_signals Output_signals
fired CH_A CH_B COUNTER

TIACBO 0
TIACBO
TIACBO
TAup1
TBup1
TAdn1
TAup2
TBdn2
TAdn2
TBup2
TAup2

TBdn2

O =2 =2 NN WWNN -2 =

0

1023
1023
1022
1022
1021

Input_events Qutput_events

CNT_UP
CNT_UP
CNT_UP
CNT_DOWN
CNT_DOWN
CNT_DOWN
CNT_DOWN
CNT_DOWN

CNT_DOWN
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7 State-space generation

The Simulator described in the previous sections is very useful to verify if the designed IOPT
models behave as expected with typical use cases: with the expected input sequences the system
should behave correctly. However, there are many situations where unexpected sequences on input
Signals or unexpected user interaction can lead to undesired results, including dead-lock and live-
lock situations or reaching states that could cause physical device malfunctions or violate safety
regulations imposing safety risks to the users. To help detect such situations, a model-checking tool
composed by an automatic state-space generation tool and a query system, described in the next
section, provide the capability to detect such errors and check important system properties.

Figure 23 presents the state space graph of the quadrature encoder model described in the
introductory section. This graph, also called a reachability tree, contains an hierarchic set of all
reachable states, starting from an initial state. New states are presented as yellow circles, with
information about the respective net marking and output signal status. Duplicate states, equal to
other previously found states, are presented as cyan rectangles with the number of the original state
inscribed, linking to the original state. The graph lines connecting parent states to child states
contain information about the fired Transitions that causes the state changes. States containing dead-
locks are presented as red and states where conflicts between Transitions were detected, are
presented as magenta. In the example presented there are conflicts in all states. States that can only
be reached by the firing of multiple Transitions with incompatible I/O guard functions or Events,
are marked as invalid and drawn with color gray, because these states can never be reached.

Inspecting the state-space graph it is possible to search for deadlocks, conflicts between transitions

and search for unexpected states. However, state space graphs typically contain millions of states

@ Mozilla Firefox BEE
10PT Tools x | http://gres...=View+Graph x | &

€ | @ gres.uninova.pyIOPT-Tools/ss_operatic View=View+Grapl ~ | |8~ Google Q &8 ¥ @

Net quad_encoder H
4097 (from 4097) Nodes, 4100 Loops, 0 Deadlocks, 4097 Conflicts, Max. Depth = 515, 0 Invalid

Min Bound = [A0B0=0 AOB1=0 A1B0=0 A1B1=0 Init=0]

Max Bound = [A0B0=1 A0B1=1 A1B0=1 A1B1=1 Init=1]

38

I

5

TAd2
M
TBap2

i

Y Y Y Y S
[N (VSRS SN WHNSS ¥ WSNSS— v VUNS—— |OUN (FPH-— V_—
Fig. 23: State Space graph
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I0PT Tools x

€ | & gres.uninova.pt/IOPT-Tools/ss_init_marking.php ~ ¢ | |H~ Google Q%8 ¥ & =

State-space Generator
Initial Marking Editor

Model quad_encoder.pnml

[ Generate stae space

Place: Marking:
~os0 [21: (X
10 21 N
151 1 O
2081 51 O
init (30]; (E S

Fig. 24: State space initial marking
and in practice, cannot be visually inspected by the user. Because of this problem, the state-space
generation tool stores the results internally and only presents a report containing some statistics.
However, the user has options to download the results file or when the number of states is small
enough, view the output graph. Finally, the query system described in the next section automates
state-space inspection.

Before calculating the state-space graph, the user can select the initial marking of the net. By default
the system uses the initial marking defined with the Editor. Figure 24 shows the initial state
selection form. It may be useful to select other initial states, for instance to expand the view of
certain branches of the graph, or when a problem was detected after reaching a known state.

After initiating the state space generation, the report window presented in figure 25, displays
information about the calculation evolution in real time. A Stop button, only visible during
calculation, is not shown in this image and may be used to interrupt the generation of very large

I0PT Tools x | State Space Generation... x \

€ | @ gres.uninova.ptIOPT-Tools/ss_progress.php v & ||Bv Google

User: guest Model: quad_encoder

| Close | EEXETLTY File size: 0.056 Mb

Cycle 511: 4077 states + 4064 links
Cycle 512: 4085 states + 4072 links
Cycle 513: 4093 states + 4080 links
Cycle 514: 4007 states + 4092 links

MIN Bounds: ADBO=0 ABB1=0 A1BO=0 A1B1=8 Init=0
MAX Bounds: ADBO=1 ABBI=1 A1BO=1 AlB1=1 Init=1

AR
Total States: 4097
Total Links: 4100
Deadlock count: O
Conflict count: ©
Invalid count: ©
A

Executing queries...
Done: found O query matching states.

Generation time (sec): 0.80 (when ©.80 it is smaller than 0.01sec)

Generating output file.
Done.

Fig. 25: State space generation report
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state-spaces, that could take many minutes or hours to calculate. After state-space computation is
finished, several statistics are presented and two new buttons appear, to view the state-space graph
or download the results file.

The statistics include the number of states reached, the number of loops to repeated states, the
number of deadlocks, conflicts, invalid states and the depth of the reachability tree. Minimal and
maximal bound for each Place are calculated, indicating the minimum and maximum number of
Place tokens calculated over the entire state-space. Bounds are very important because these values
can be used to calculate the optimal number of memory elements to store Place marking in
hardware implementations.

State space computation is performed on a IOPT Tools server and does not consume resources on
the user's terminal compute. Because of this effect, the tools can be used in low end computing
devices including tables and smart phones. However, even if the state-space generation software is
very efficient, sometimes calculating many thousand states per second, computation can consume
many time and occupy many server resources. For this reason, state-space generation can be
interrupted by the used or due to resource exhaustion on the server.

Statistics are displayed even in the case of interrupted calculations, but in this case a warning about
partial results is presented. The same applies to query results that are always calculated after the
state-space computation finishes, even in the case of an interruption.

Finally, the resulting state-space graph can be downloaded to the user's PC. Results are stored in a
XML file, that can be easily converter to other formats using standard XML tools and processing
languages, in order to be manually inspected or analyzed by foreign tools. File transfer is performed
using double ZIP compression, to minimize bandwidth and avoid automatic decompressing
attempts by the browser. Figure 26 presents part of a state-space XML file.

% 'ss_xml'(/tmpj-fr-093D8t) - GVIM o[=) =)
File Edit Tools Syntax Buffers Window Help

- 5 )] (-_:: - ¢ : & :: B & @

258 > B )¢ BmEB %E L 88

H?xml version="1.0" 7>

<?xml-stylesheet href="ss2svg.xsl" type="text/xsl"?=

<!-- Generated by iopt state space generator --=

<statespace net="quad encoder" n_states="4097" n_links="4100" n_levels="515">

<state id="0" ABBO="0" ABBl="0" AlBE="0" AlB1="0" Init="1" COUNTER="8" conflict="1">

<state id="4" tr_id="34 " tr_name="TIA1Bl " AGB8="8" ABBl="0" AlBO="0" AlBl="1" Init="8" COUNTER="0" conflict="1">

<state i1d="12" tr_id="1@ " tr_name="TAdnl " AGBe="8" ABBl="1" ALlBO="0" AlBl="0" Init="0" COUNTER="1" conflict="1">

<state id="28" tr_id="12 " tr_name="TBdnl " AGBO="1" ABBl="0" AlBO="0" AlBl="0" Init="0" COUNTER="2" conflict="1">

<link id="44" state="12" tr_id="13 " tr_name="TBup2 " />

<state 1d="43" tr_id="6 " tr_name="TAupl " ABBO="0" conflict="1">

<state 1d="60" tr_id="8 " tr_name="TBupl " A6Be= conflict=

<state 1d="76" tr_id="1@ " tr_name="TAdnl " AGBe="8" ABBl="1" = g i " ' conflict="1">

<state 1d="92" tr_id="12 " tr_name="TBdnl " AGBe="1" ABBl="0" AlBO="0" AlBl="0" Init="0" COUNTER="6" conflict="1">

<link id="108" state="76" tr_id="13 " tr_name="TBup2 " />

<state 1d="107" tr_id="6 " tr_name="TAupl " AGBO="0" ABBl="0" AlBO="1" AlBl="0" Init="0" COUNTER="7" conflict="1">

<state id="124" tr_id="8 " tr_name="TBupl " AGBO="0" A®Bl="0" AlBO="0" AlBl="1" Init="0" COUNTER="8" conflict="1">

<state 1d="140" tr_id="10 " tr_name="TAdnl " AGBO="0" AGBl="1" AlB6="6" AlB1="0" Init="6" COUNTER="9" conflict="1">

<state 1d="156" tr_id="12 " tr_name="TBdnl " ABBG="1" AGBl="8" AlBe="6" AlB1="0" Init="0" COUNTER="18" conflict="1">

<link id="172" state="146" tr_id="13 " tr_name="TBup2 " />

<state i1d="171" tr_id="6 " tr_name="TAupl " AGBe="8" ABBl="0" ALlBe="1" AlBl="0" Init="0" COUNTER="11" conflict="1">

<state id="188" tr_id="8 " tr_name="TBupl " AGBe="0" ABBl="0" AlBO="0" AlBl="1" Init="0" COUNTER="12" conflict="1">

<state 1d="204" tr_id="10 " tr_name="TAdnl " AGBO="0" AGBl="1" AlBo="0" Alm;=“0“ Init="60" COUNTER="13" conflict="1">

<state 1d="220" tr_id="12 " tr_name="TBdnl " A@BO="1" AGBl="08" AlBO="06" AlBl="0" Init="0" COUNTER="14" conflict="1">

<link id="236" state="204" tr_id="13 " tr_name="TBup2 " /=

<state 1d="235" tr_id="6 " tr_name="TAupl " AGBE= ABB1="0" AlBB8= Al1B1="0" Init="0" COUNTER="15" conflict="1">

<state 1d="252" tr_id="8 " tr_name="TBupl " AGBe="8" ABBl="0" ALlBO="0" AlBl="1" Init="0" COUNTER="16" conflict="1">

<state id="268" tr_id="10 " tr_name="TAdnl " A@BO="0" AGBl="1" AlBO="6" AlBl="0" Init="0" COUNTER="17" conflict="1">

<state 1d="284" tr_id="12 " tr_name="TBdnl " AGBO="1" ABBl="0" AlBO="0" AlBl="0" Init="0" COUNTER="18" conflict="1">

<link id="300" state="268" tr_id="13 " tr_name="TBup2 " />

<state 1d="299" tr_id="6 " tr_name="TAupl " AGBE="0" AGBl="0" ALlBA="1" AlBl="0" Init="06" COUNTER="13%" conflict="1">
1,1 Top

Fig. 26: XML State space file
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8 Queries

Real world applications typically have very large state-space graphs, with many million states and it
is not feasible to visually inspect them. Furthermore, during development the models frequently
suffer modifications and the state-space must be rechecked many times to ensure that previously
solved mistakes do not appear again. To automate this process, the state-space generator was
augmented with a query system, working together as a model-checking subsystem.

The query system is composed by a query editor and a query results filter page, displayed in figures
27 and 28 respectively. Queries are a set of user-defined conditions applied to each state of state-
space graph, based on the net marking, the state of output Signals and Transitions fired. In addition,
it is possible to specify reachability questions to detect live-lock conditions, for example to verify if
certain final states are always reachable from any node in the graph or if the system is reversible,
that is, the system can return to the initial state from any node in the entire state-space graph.

A table of queries is stored for each model, being automatically checked each time the state-space
generator is executed, after all stated have been calculated. In case the state-space calculation is
interrupted, queries continue to be executed, but some results might not be accurate. For instance,
the results of reachability questions over incomplete graphs will often produce wrong answers.

The Query editor user interface is similar to the expression editor of the IOPT model editor. A list of
available queries is available at the bottom of the editor. The current version of the Tool supports up
to 30 queries per model, but this number might be increased in future versions.

To define a new query or change an existing one, first select the desired query from the query list.
The selected query text expression should appear immediately at the query filed. This field is read-
only and cannot be changed directly, as the queries can only be edited through the available buttons,
operator lists and operand lists. In the example in figure 27, query 6 is selected and the expression
«REACH(0)» appears on the query field. This query searches for states that can reach the initial

EEE

J IOPT State Space Query ... x -\http:,'ﬂocal...?Close:CIose ® | %
€ ) httpy//gres.uninova.pt/|OPT-Tools/query.php v c||Bv Google Q 8 ¥ & =
State-space Query Editor

Model quad encoder.pnml

Places: Transiti Event Output Signal
Values: BB eensitions: B}  Event Ouiput Signals: [ E
Lrera: (D

comparation: [l  Aritmetic: [l Lovic: (B}
Sub-expression: \!

Reachability: State \_] is reachable
o EED ST NN

REACH(@)
Query:

E3 3

Query list: Selected query: [[§]

Operators:

[+

Fig. 27: The query editor

IOPT Tools user manual 26



state number 0. At the end of state-space generation, the query engine will traverse the entire graph
to verify which states satisfy this condition.

In the same way as the Editor's expression editor, there are lists of operators and operands. The user
can build query expressions by selecting the next operand or operator to add at the end of the
selected query. The lists of operands or operators are only enabled when they can fit syntactically at
the end of the expression. Available operands are literal numbers, Place marking, Transitions fired
and output Signals affected by output Events or Transitions output actions:

Operand: Values Example
Place Marking | Place marking value PAIB0O=0
Output Output Signal value Counter > 1023

Only Signals affected by events or transition actions

Transition fired to generate the present state from the | TAUpl OR TBDnl

Transition
parent state

Number Literal integer values 17

The following operators are available:

Operator: Values Example
+-*/% P_AIB1<2*P_A0BO
Arithmetic Addition, Subtraction, Multiplication, Division and
Remainder (Module)
Compare <<=>>+# X>2
Logic NOT AND OR X>2ANDX<50RX=0
Sub Expression | () 3*%(2+4)
REACH(N) Reach-ability function REACH(0)

Find states that can reach state number N

In order to use the reachability function, it is necessary to know the number corresponding to the
desired state in the state-space graph. The initial state is always assigned the number 0. However, to
know the number of other states, it may be necessary to run the state-space generator twice: the first
with a query to identify the desired state number N and a second time with a query “REACH(N)” or
“NOT REACH(N)”.

In the example on figure, the following queries were defined:

1: AOBO >0 AND A1B1 >0

2: A1B0 > 0 AND A0B1 >0

3: Init>0

4: COUNTER > 4095 OR COUNTER <0

5: AOB0O = A1B0 AND A1B0 = A1B1 AND A1B1 = A0B1
6: REACH(0)

The first two queries correspond to impossible situations, because under correct working conditions
only one of those Places should be marked at any time. The same happens to query number 4, as the
value of the Counter output should never fall outside of the 0..4095 range. This way, if any of these
queries, 1, 2 and 4 produces any result, it means the model has errors. Observing figure 28,
containing the results of the previous queries, it is possible to see that none of these queries
produced any results.
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IOPT State Space Query ... x "'-,_\State Space Generation ... x | 4

€ http://gres.uninova.pt:/IOPT-Tools/query_res.php v & | |@v Google Q B ¥ & =

Found 3 matching query results for model quad_encoder

& Query 3 (Init>0) 1 matching states

& Query 5 (AOBO = A1B0 AND A1B0 = A1B1 AND A1B1 = A0B1) 1 matching states
& Query 6 (REACH(0)) 1 matching states
® Sort by Query © Sort by State | |

State/Link ID Query Nr.

Fig. 28: Query results filter

Queries number 3, 5 and 6 produced one result each, meaning that only one state verified each of
these conditions. In all of these cases, it was only the initial state that verified those conditions.
Observing the model on figure 2, the only situation where Place init is marked is in the initial state
(Query 3) and the only state where the Places AOBO, A1B0, A1B1 and AOB1 have the same
marking (Query 5) is also the initial state where all of these Places have zero tokens. Finally, as
there are any transitions that add tokens to Place Init, it is impossible to return to the original state
after any Transition has fired. This way, query 6 also shows only one result, as no other state can
reach the original state.

The query results page, presented in figure 28, has options to filter results according to specific
queries, hiding or showing the results of desired queries and also sort by query or by state number.
After identifying states that indicate potential design mistakes, it is usually necessary to inspect the
entire state-space graph or results file, to detect the exact sequence of events that triggered the error
situation. This sequence of events can later be replicated in the simulator, to better understand the
error and make the necessary changes to the model.
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9 Automatic code generation

IOPT Tools contains three automatic code generation tools that produce C, VHDL or JavaScript
code to implement controllers implementing the behavior of an IOPT model. The IOPT tools main
page, presented in fig. 8, has two buttons to call the C and VHDL code generators. Both automatic
code generator produce a compressed ZIP on the fly, containing the source code files.

The JavaScript automatic code generator is used internally by the Simulator tool, but the generated
code can be easily read and saved using the browser source code navigation tools inside the
Simulator window («js_gen.php» script in the main document).

9.1 The C Code generator

The automatic C code generator tool produces a compressed archive file containing the following
source code files:

File: Description:
net types.h Data-type definition and function declarations
It includes data-types for Place marking, input and output Signals and Events.
net_main.c Main execution loop (main function).
net_io.c Input and output code used do read the values of input signals from physical hardware

inputs and write output Signals to hardware.

net functions.c Functions implementing all IOPT semantics and rules: transition firing, guards,
events, output actions, etc.

net_exec_step.c Function that executes one entire IOPT execution step, using the various functions
defined in net functions.c

Makefile Optional: Gnu Make / Unix project makefile with instructions to build the project.

For compatibility reasons, the output code uses ANSI C syntax rules, but may be inserted in C++
projects, as for example, when building Arduino projects. All code produced should compile
directly on most systems and should not need any changes, except the «net io.c» file that must be
adapted to each target architecture.

The «net 10.c» file, presented in figure 29, contains 4 functions: InitialzelO(), GetlnputSignals(),
PutOutputSignals(), LoopDelay() and finishExecution() that must be manually filled by the
developer using target architecture specific code.

— The InitializelO function is executed only once when the program is initialized and can be
used to configure I/O pins, for instance to configure certain pins as Input or Output.

— GetlnputSignals() is executed in the begin of every execution step, to read the current value
of input signals and autonomous Events, from physical I/O pins or other device or read data
from other software.

— PutOutputSignals() is called twice on every execution step: at the begin and at the end. It is

called immediately after reading inputs and recalculating the combinatorial Place output
actions. It is called again after finishing the execution step to update all output Signals.
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— LoopDelay() is used define a fixed execution speed, inserting a delay or waiting for a
execution step timer, in order to reduce the CPU load and minimize energy consumption.
For maximal performance, leave this function empty.

— FinishExecution() is used to terminate the model execution. For instance, when a certain

ending state is reached, this function will return 1, indicating that the program must finish.

The default files are automatically filled with [ netlio.c (/tmp/.fr-WuxkWX/quad encoder) - GVIM HEE
. . f h File Edit Tools Syntax Buffers wind&w Help
comments containing references to the names | I OE oo B Qe a@® %@

of all available input and output Signals. For |/ wet aua_encoder - 10p7 =/ 8

/* Automatic code generated by IOPT2C XSLT transformation. */
/* Please fill the necessary code to perform hardware I0. */

example, in figure 29, there are references to
«inputs->CH_A» and «inputs-=>CH_B». This |#inclue sstatio.i

#include "net types.h"

minimizes coding errors while implementing
/* Executed just once, before net execution starts: =/

thlS funCtIOHS. ?id quad_encoder_InitializeIO()
}

For example, lf the target platform was an |/* Read all hardware input signals and fill data-structure =/

void quad encoder GetInputSignals(

. . . . . d d i ‘L * ,
Arduino board, the InitializelO function could st oncodor Inpusignaleventor svents )
{
use the «pinMode(pin, mode)» Arduino | /] imeus—>ciA

/* inputs->CH B */
}

function to define which pins are used as input

/* VWirite all output values to physical hardware outputs */

or output. The GetlnputSignals function could | e P e tautsignals+ place out,
. . . . quad_encoder_EventOutputSignals* event_out,
use «digitalRead(pin)» to read inputs and the | quad_encoder_OutputSignalEvents* events )

/* event_out->COUNTER */

PutOutputSignals function could wuse the |;
<<d1g1talerte(p1n Value)» to Write Outputs /* Delay between loop iterations to save CPU and power consumption */
, .

void quad_encoder_LoopDelay()

}

The GetlnputSignals and PutOutputSignals &

9,0-1 Top

functions receive pointers to several data Fig. 29: The net_io.c file.

structures containing input and output Signals

and Events. The Event data structures are used to manage autonomous Events. However, when
there is no need to use events, the functions may be called with null Event pointers and these
functions must verify if the pointer is not null before using events.

Usually the «net_main.c» file does not need to be changed, but in case more than one IOPT model
is going to run simultaneously on the same device, or is going to run along with foreign code, then
the main loop functions may need to be rewritten. For this purpose, the execution of an entire IOPT
execution step is realized on a single function and exists immediately, without locking the processor
in time consuming operations.

Both the «net io.c» and the «net main.c» files do not usually change after model modifications,
except in the case of more input or output Signals have been added. As a result, the models may be
changed without concerns of loosing hand written code: just call the code generator again and
replace all files except «net i0.c» and «net_main.c».
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9.2 The VHDL code generator

The VHDL generator produces 2 files, one containing a VHDL component architecture
implementation and other file (name ending with “defs”) containing sample component declaration
code to insert in the final projects.

The generated component has an external interface containing all input and output Signals declared
in the IOPT model, plus any autonomous events. Furthermore, three additional signals are added to
the external interface: Reset, Enable and Clk. Boolean Signals are assigned the VHDL
«STD _LOGIC» type and range Signals are assigned the corresponding VHDL «INTEGER
RANGE».

It is important to notice that the output code is just a component and should not be directly used as
a main project. The code assumes that all Input signals are synchronized with the component clock
and do not change in the middle of a clock cycle. This way, Input signals should not be directly
connected to external FPGA/ASIC pins. In case an external pin, or any signal not synchronized with
Clk, needs to be connected to a component's input signal, it must be explicitly synchronized.

For example, if an external signal /n4 must to be connected to a IOPT component, it can be
synchronized with Clk using:

SyncInA <= InA when rising_edge(Clk);

and then connect SynclnA into the component's port map.
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10 Work-flow

Figure 30 presents the typical development work-flow of an application using IOPT-Tools.

The first design step consists in the system specification, with the identification of the typical use
cases, often involving the help from expert users. After the desired system behavior has been
specified, a first IOPT model can be designed. The typical use-case scenarios identified before must
be replicated using the Simulator tool to test if the designed model behaves correctly. Any design
mistakes detected must be corrected using the editor.

After all the first stage design mistakes have been corrected, the mode-checking phase starts by
calculating the state-space graph. Observing the state-space statistics it is immediately possible to
detect many errors, including deadlocks, unexpected transition conflicts and unexpected place
bounds. For example, if the maximal bound of a specific Place is 2 but the Place was not expected
to hold more than one token, an error was found. Observing the state-space graph (or file) it is
usually easy to find sequences of input values leading to the error condition. As the state-space
graph is usually too large for visual inspection, a set of Queries might be defined to search for
additional mistakes. For example, if the system was designed to be reversible, it is possible to
define a query «NOT REACH(0)» to find live locks containing states that can never revert to the
initial state. If certain net markings or sets of output values are considered invalid, may cause
mechanical malfunctions or can pose safety risks to users, those situations must be searched using
queries.

When all properties have been verified, the prototype testing phase can begin, generating code for

the target device: C code for software e Design
) . e Correct model errors e
implementations or VHDL for re-configurable (D‘Z?t'gf;
edaitor
. . : N
hardware devices. This phase generally requires a * -
. . . . . * Problems
certain degree of wuser interaction, assigning Yos detected 2
. . . .. Simulate
physical I/O pins to IOPT Signals and additional typical +
i i i i use-cases Best Test
resource allc?catlon, including clock signals and (Simulator) e ey
memory devices. Several errors may be detected, -
including invalid signal names or insufficient N
. Expected [e] Correct
hardware resources on the target device. Behavior No g
. . Yes‘ *
After that prototype is successfully working, the
original use cases must be checked again. If e e ProTtggpe
everything is correct, the prototype is ready for = StateSpace (farget devico)
beta testing. In this phase, it is not uncommon to ‘ fNO
finally realize that the original specifications were S TS Gompilatioin
. . . : " &
incorrectly defined due to communication ~— oreenficts? s .
. N
problems between users and the system designers, . * i f
forcing a complete redesign. To avoid this = Verify desired Generate
properties ~—=< Verify OK ? —— code for target

problem, it is a good idea to get feedback from the
users during the simulation phase.
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Fig. 30: Typical IOPT-Tools work-flow
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11 Other tools

The tools presented in the previous sections constitute the core of IOPT-Tools, with a development
work-flow presented in the previous section. In addition, other tools that manipulate [OPT models

are also available online,

although not integrated in the Web interface:

Snoopy IOPT 5]

Alternative IOPT Petri net editor application for Windows

Split [6]

Tool to decompose one IOPT model into several sub-models using
synchronous communication channels, according to a valid cutting set and
a set of rules

Animator [7]

Application to build animated synoptic and graphical user interfaces for
IOPT models, according to a set of rules combining the net marking and
the current value of I/O Signals

GUI Generator
for FPGA [8]

Automatic code generator to create GUI code from Animator to run on
FPGA devices

Configurator [9]

Tools to automatically assign I/O pins and hardware resources to IOPT
models. Available only for certain hardware platforms.

HIPPO [10]

Petri net analysis tool that calculates the incidence matrix of an IOPT

model.

NOTE: Future versions

of IOPT-tools might include updated versions of the tools listed above,

under the same Web user-interface. Work is in progress.

IOPT Tools user manual
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12 Example Application

Figure 31 presents the diagram of a concrete mixing plant, where a bucket cart travels over a
circular rail, transporting cement, sand and gravel, that are subsequently dumped into a mixer
deposit. In parallel, a water pipe directly discharges water into the mixer.

The cart is powered by an electrical motor and each station is equipped with a sensor, indicating
that the cart has arrived to the respective loading position. The cement, sand and gravel deposits are
equipped with conveyor belts that load materials into the cart and weight sensors to detect when the
desired material amount has been loaded. In the same way, the water pipe can be opened or closed
and a sensor detects when the correct amount of water has been discharged. As the concrete mixer
volume is much larger than the cart's bucket, the cart must complete N travels in order to fill the
mixer deposit. Plant operation can be described by the following steps:

1 — The bucket cart is parked near to the concrete mixer, waiting until a start button is pressed

2 — The water pipe is opened

3 — The cart starts moving until the cement loading position is reached

4 — The cement conveyor belt is enabled until the desired amount has been loaded

5 — The cart moves until the sand loading position is reached

6 — The sand conveyor belt is activated until the correct amount has been loaded

7 — The cart moves until arriving to the gravel loading position

8 — The gravel conveyor belt is enabled until the cart bucket if full

9 — The cart moves to the mixer unloading position

10 — The cart unloads it's contents to the mixer deposit

11 — In parallel with the previous steps, the water will be closed when the correct volume is reached
12 — Operation finishes when the cart is empty and the water level is reached, returning to step 1

Except for the water level management, a controller to implement the steps listed above can be
designed using a very simple state machine. The water level management can be controlled using a
separate state machine running in parallel. The controller will require several input and output
signals connected to sensors and actuators:

. § Sand
e

Sensors:
StartBtn Start Button — Start operation [T 1111 ]

CementArrive | Cart arrived at cement position

CementLevel Cement load finished Cement Gravel

SandArrive Cart arrived at sand position

SandLevel Sand load finished

GavelArrive Cart arrived at sand position

GravelLevel Gravel load finished

MixerArrive Cart arrived at mixer position Eucket Can
BucketEmpty | Bucket unload finished

WaterLevel Water level reached

Water

Mixer
® sStart

Fig. 31: Concrete Mixer Plant Diagram
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Actuators:

CartMotor Move cart forward

CementOpen | Cement conveyor belt enabled

SandOpen Sand conveyor belt enabled

GravelOpen | Gravel conveyor belt enabled

BucketUnload | Turn bucket upside-down (unload)

WaterOpen Open the water pipe valve

/ I0PT Tools - PNML Editor x|

& | @ gres.uninova.pt/IOPT-Tools/pnml_editor.php ~ & ||Bv Google a8 ¥+ #

- | [Net: concrete_mixer
n - TSandArrive PLoadSand  Tsandrull Signal Properties:
(2] (Oostartdn A\stariEvt - StartBin INEEY(IoH StartBtn
OCEmenMn‘ive Mode: input
@ @ OCE]HE]]U_EVE] PGotoSand . Al Type:
m r OSandAn‘ive Value: U
= TCementFull Min: ‘
v E OSandLeVa] - nRak a1 ‘
™ E Max:
a" @ = OGraVeLl‘uﬂva : J= —
VAl A
m m OGr‘i“E”—EVEI PLnadGrav | | Change ID
== ‘H = OMIterAn'lVe Grasfiopen = 1 Used by input-event:StartEvt;
BucketE ;
m l:' O R TCEmEntAI’I‘iVe TGravelFull .
. ® — OWaterLeVe] =i Arrive = | el ¥
Q n ' .CanMDtur ] HCatoMixer
. 15 .CementOpen PWaterRuncannotor Mw, TStart PUnloadMixer SRR
g F ' .SandOpen g —g?fimve
—-
m m .Grave]Open
S .BucketL’n]Dad
; K
- A .\-\'aterOpan i
- . -
b ~
E > I [ DG >
| Select signal StartBtn B 660 | v{ | Grid: & snap: @

Fig. 32: Concrete mixer controller - version 1

12.1Model edition

A first attempt to solve the problem presented in the previous page can be viewed in fig. 32.
To create this model, please use the following steps:

1 — Log-in into IOPT Tools (http:/gres.uninova.pt). If necessary create a new account, as described in section 3.
2 — Select an existing model

3 — At the bottom of the main page, create a new model named «concrete_mixer», as displayed in figure 33.

‘ Edit Model | Simulator | Generate State Space | Generate C Code | Synthesize VHDL Code ‘ Query Editor | Query Results

Fig. 33: Create a new model
Enter the model name and press the «create» button. After a new model has been created the image on the main
page should be empty.
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4 — Enter the IOPT Editor using the «Edit Model» button.

5 — Using the toolbox button, create 10 input signals, named according to the table in the previous page.
The input signals can be seen in fig. 32, starting at the top left corner.

The StartBtn, BucketEmpty and Arrive signals must be defined as Boolean signals.

The Level inputs can be defined as Boolean or Range signals, according to the type of sensors employed: digital
or analog sensors. This choice will later have influence in the definition of guard functions: digital sensors will
simply produce a true value when the desired level is reached, while the value of the analog sensors must be
explicitly compared with predefined threshold values (literal integer values).

6 — Using the @ toolbox button, create 6 Boolean output signals with default value 0, according to the
actuator table presented in the previous page. The output signals can be views in fig. 32, near the bottom left
corner.

—

m |

7 — Using the toolbox button, create one input event named StartEvt, associated with the signal InputBin.

This event is used to detect when the user presses the Start button, detecting transitions from 0 to 1,
corresponding to an Up edge and level 0.

8 — Select the «Place» toolbox button. Holding the Shift key, draw 10 Places, positioned according to
figure 32.

9 — Select each of the drawn Places and define the respective names in the Place properties form, located at the
right side of the editor. After typing each name, do not forget the use the Save button at the bottom of the
properties form, before selecting another Place.

10 - Select place «PReady» and change the Initial marking to 1. Save properties.

11 — Select the @ «Transition» toolbox button. Holding the Shift key, draw 10 Transitions, positioned
according to figure 32

12 — Select each Transition and define the respective names in the Transition properties form, located at the right
side of the editor. After entering each name, do not forget the use the Save properties button.

13 — Transition «TStart» should only fire whenever a StartEvt is triggered. To associate this transition to the
event, select the «TStart» transition, find the Input events list in the Transition properties form and check the
StartEvt input event. Save properties again.

—
14 — Select the «Arcs» toolbox button. Arcs are drawn by consecutively clicking in two nodes. For
example, clicking in the «PReady» place and the «TStart» transition, will create a new Arc from «PReady» to

GotoCement

«TStart». Repeat the same procedure for all arcs presented in figure 32.

15 — By default, the arc from «TStart» to «PWaterRuny is drawn as a straight line, PWaterRugermior S TStart  F
covering the text StartEvt on transition «TStart». To change the arc shape, select the arc dm

and move the control points (drawn as circles).

Moving the control points away from the respective nodes, the Arc shape becomes a curve. Moving both points
back to the respective nodes the shape returns to a straight line.

16 — Places «PGotoCementy, «PGotoSand», «PGotoGravel» and «PGotoMixer», Output \ CartMotor
. . . .- Action 1:
correspond to states where the Cart is moving over the rail from one position to the next. RGN

When these places are marked, the Cart motor must be enabled.

Select place «PGotoCement» and find the first output action on the properties form: Choose CartMotor on the
output signals list and click on the value box to enter in the expression editor and define an output value of 1.
After saving properties, the text «CartMotor = 1» should appear immediately below place «PGotoCementy.
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Repeat the same procedure for places «PGotoSand», «PGotoGravel» and «PGotoMixer».

17 — When place «PWaterRun» is marked, the output signal WaterOpen must be enabled. Repeat the previous
procedure, selecting place «PWaterRun» and define an output action « WaterOpen = 1».

18 — In the same way, places «PLoadCement», «PLoadSand» and «PLoadGravel» must activate outputs to
enable the respective conveyor belts. Repeat the same procedure to assign the output action «OpenCement = 1»
to place «PLoadCement», «OpenSand = 1» to «PLoadSand» and «OpenGravel = 1» to «POpenGravel».

19 — Finally, assign an output action «BucketUnload = 1» to place «PUnloadMixer».

20 — When place «PGotoCement» is marked, the cart is moving to towards the Cement deposit and transition
«TCementArrive» should only fire when the Cart reaches a sensor located under the cement conveyor belt.

Select transition «TCementArrive» and find the guard expression on the properties form. [ENEEH cenentarrive - 1
Click on the guard, enter into the expression editor and define an expression

«CementArrive = 1». Save properties and repeat the same procedure for transitions
«TSandArrive», «TGravelArrive» and « TMixerArrive»: «SandArrive = 1», «GravelArrive = 1» and
«MixerArrive = 1» respectively.

21 — Transitions «TCementFull», «TSandFull» and «TGravelFull» should only fire when the respective sensors
detect that the predefined material amount has been successfully loaded into the cart. This is achieved by
assigning guard expressions to these transitions: «CementLevel = 1», «SandLevel = 1» and «GravelLevel = »
respectively.

NOTE: In case the level inputs were associated to analog sensor instead of digital sensors, these guards would
need to compare sensed values with predefined thresholds. For example «CementLevel >= 200».

22 — Transition «TDone» can only fire when the cart bucket is empty: this effect is obtained by assigning the
guard expression «BucketUnload = 1» to transition «TDone.

23 — Finally, assign a guard « WaterLevel <> O», or «WaterLevel = 1», to Transition «TCloseWater» to close the
water valve when the desired amount of water has been dumped in the mixer.

24 — Save the model and exit the editor.

NOTE: All models discussed in this example are available under the «models» user account.
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12.2 Debug and simulation

After the model has been successfully designed, it can be executed in the simulator to verify if it
behaves correctly under an expected use case.

Open the simulator tool, displayed in figure 34, starting with a initial state where only place
«PReady» is marked.

Enable the continuous run mode ato start executing the new model.

Clicking on the StartBtn input, located at the top left corner, immediately triggering a StartEvt event
and firing transition «TStart». Places «PGotoCement» and «PWaterRun» will be marked, and
output signals CartMotor and WaterOpen will be enabled. Transition «TCementArrive» is enabled
and waiting for the guard «CementArrive = 1».

Clicking on the CementArrive signal, the guard is satisfied and place «PLoadCement» is marked.
Sequentially clicking on all other input signals, from top to bottom, the system will execute a
complete cycle, returning to the initial state. In fact, if all input signals are left in the on state, each
time a start event is triggered by changing the state of the StartBtn input from 0 to 1, the system will
execute a full cycle. Figure 35 presents the entire execution sequence.

As a conclusion, the system behaved correctly under the expected sequence of input signals.
However, the behavior must also be verified under different conditions to detect possible design
errors, using the state-space generation tool.

/ IOPT Tools - Simulator[... x | 4=

€ @ gres.uninova.pt/I0

PT-Tools/simulator.php v & | [Bv Google QB ¥ & =

Net: concrete_mixer

@startBn A\ StartEvt - StartBn g Marking:
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@sandarrive PunioadMixer: (G
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Fig. 34: Test the model using the simulator tool
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Fig. 35: Execution Sequence (left to right, top to bottom)
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12.3 State-space generation

To generate the model's state-space graph, it is necessary to exit the simulator window and execute
the state-space generation tool, as displayed in figure 36. In the initial marking editor, the default
values should be maintained. As the resulting graph is not very big, a «View Graph» button is
presented in the log page. The graph window is presented in figure 37.

IOPT Tools ®x | State Space Generation... x | 4

‘(-:@gnesuninova.pt:‘t]j‘—‘cm s/ss_progress.php v & | |Bv Google a ¥ B8 & & =

User: tutorial Model: concrete_mixer

EZITELTY File size: 0.041 Mb

[yc'le 2295: 2303 states + 4586 links
Cycle 2296: 2304 states + 4588 links

MIN Bounds: PGotoCement=0 PGotoGravel=8 PGotoMixer=8 PGotoSand=0 PLoadCement=0 PLoadGravel=0 PLoadSand=0 PReady=08
PunloadMixer=0 PwaterRun=0

MAX Bounds: PGotoCement=1 PGotoGravel=1 PGotoMixer=1 PGotoSand=1 PLoadCement=1 PLoadGravel=1 PLoadSand=1 PReady=1
PUnloadMixer=1 PWaterRun=255

SRR
Total States: 2304
Total Links: 4591
FRR

Executing queries...
Done: found @ query matching states.

Generation time (sec): 0.00 (when 0.80 it is smaller than 0.01sec)

Generating output file.
Done.

SRR
Total States: 2304
Total Links: 4591
Deadlock count: ©
Conflict count: @
Invalid count: ©
A

Fig. 36: State space generation log

10PT Tools ® | hitp:/fgres...=View+Graph x | 4
(- @ gres.uninova.pt/IOPT-Tools/ss_operation.php?View=View+Graph ~ | B~ Google a8 3§ & =
Net concrete_mixer q

2304 (from 2304) Nodes, 4591 Loops, 0 Deadlocks, 0 Conflicts, Max. Depth = 2297, 0 Invalid
Min Bound = [PGotoCement=0 PGotoGravel=0 PGotoMixer=0 PGotoSand=0 PLoadCement=0 PLoadGravel=0 PLoadSand=0 PReady=0 PUnloadMixer=0 PWaterRun=0]
Max Bound = [PGotoCement=1 PGotoGravel=1 PGotoMixer=1 PGotoSand=1 PLoadCement=1 PLoadGravel=1 PLoadSand=1 PReady=1 PUnloadMixer=1 PWaterRun=255]

0
O PReady=1
TStart k

Fig. 37: State space graph
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Observing either the log window or the graph window, we can immediately notice several facts.
First, there were no deadlocks and no conflicts found. However, the total number of calculated
states is 2304, much larger than expected, as the simulation use-case only produced a dozen states
(fig. 35), indicating a possible modeling mistake.

Observing the minimal and maximal bound for each place, the error becomes obvious: place
«PWaterRun» has a maximal bound of 255, the maximal number produced by the state-space
generation tool, indicating that the marking on this place can grow to infinite. All other bounds
seem correct: all places exhibit a minimal bound of zero and maximal bound of just one token, as
seen during simulation.

To locate the error situation, we must find the first state 11
the state-space graph where the marking of plac
«PWaterRuny is larger than 1.

Observing figure 38, we can see that state 35 has a markin;
of 2 in «PWaterRun» while the parent state 32, had :
marking of just 1. This means that transition «TStart» fire
before «TCloseWater», indicating that the user pressed th
Start button again, after the Cart has completed the entir
cycle but the water level had not reached the desired value
Such a situation could happen for instance, when there is «
lack of water: the valve can be open but as the water does
not flow through the pipe, the desired level is never reached.

Fig. 38: Error situatio

To solve this mistake, the model must be changed: transition «TStart» can only fire when the water
level has been reached and place «PWaterRun» has no marks. To implement this test, we will create
a complementary place to «PWaterRun», named «PWaterRun_comp». When «PWaterRun» has no
tokens the complementary place will have one token and vice-versa. If we add a new arc from the
complementary place to transition «TStarty, then this transition will only be able to file when
«PWaterRun» has no marks. The corrected model can be viewed in figure 39.

/ 10PT Tools - PNML Editor % | 4
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Net: concrete mixer

|
9
4]

TSandArrive PLoadSand  TSandFull Place Properties:
Startftn FEVt - StartBir . ID: |
Q A\stertEvt - StarBin B — |
OCementArrive B = 1 NEWEH PwaterRun_comp
OCementLe\:e. PGotoSand Injlial
Marking:
OSantlArrl\-‘e
TGravelArriveg

OSantlLeveL wh il gum“ =1
OG_YEVE_A_Y_“_W Domain:
@craveiiovel - Comment: |

outp.t EY
O,\[I‘{ETAY'Z',VE - - cragiopen

Action 1: g
When:

O
R

OBucfetEmptv

O’Wate:’].eve'.
.Ca,“t,\lntnr

.Cemejto_nen
Y Mi T
.Sa.'ldo_oen . !T. fixerArrive

rarrive = 1
.G:’a\-‘e‘.Open

.El.tc‘:cetl.'n‘.uatl

.Watero_:xe:l

2 N o

W)

—

x1a
v E
28
eln
O
o e
Siis
) (w)

WaterLevel <= 0

.‘. | =
Select place 45 X ] Grid: @ snap: @

Fig. 39: Error corrected
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The editor has a tool to automatically create complementary places. In this example, place
«PWaterRun» was selected and the tool U was executed.

After creating the complementary place, it was only necessary to remove any output actions from
the new place and adjust the arc curves and annotations to un-clutter the drawing.

Running the new model though the simulator, we can see that the Start button is only active after
the water stops running and the cart has completed an entire cycle. The state-space graph of the
corrected model has only 18 states and the maximal bound off all Places is just 1, indicating that the
problem was successfully corrected. Figure 40 presents the new graph.

12.4 Counting the number of cart cycles

The state-space graph is small enough for visual inspection, and the designed controller seems to
perform according to the intended design. However, there is still one problem: as previously stated,
the cart size isn't large enough to fill the concrete mixer in a single travel. To completely fill the
mixer, the cart must perform 6 cycles and the user must press the Start button six times to fill the
mixer tank.

Net cement_mixer_ok

18 (from 18) Nodes, 17 Loops, 0 Deadlocks, 0 Conflicts, Max. Depth = 11, 0 Invalid

Min Bound = [PGotoCement=0 P =0 PG 0 PG d=0 PLoadCement=0 PLoadGravel=0 PLoadSand=0 PReady=0 PUnloadMixer=0 PWaterRun=0 PWaterRun_comp=0]
Max Bound = [PGotoCement=1 PGotoGravel=1 PGotoMixer=1 PGotoSand=1 PLoadCement=1 PLoadGravel=1 PLoadSand=1 PReady=1 PUnloadMixer=1 PWaterRun=1 PWaterRun_comp=1]

PReady=1
PWaterRun_comp=1

TStart

PGotoCement=1
rRun=1

lTCementArrlve
3

entArrive TCloseWater

mwm’n-z
Y!‘CloseWaber

El34

Fig. 40: Corrected model's state-space graph
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To solve this problem, a new controller with the capability to count the number cart travel cycles
must be created. IOPT nets offer two different solutions to implement counters: the first solution
relies on the number of tokens on specific counter Places to perform the counting. The second
solution is based on output events associated with an output signal that is used as a counter. Token
based counting is the solution traditionally used with other Petri net classes that lack input and
output capabilities and is generally only used for small counter values. When the counters reach
larger values, the output events solution is preferable. Figure 41 presents a revised IOPT model with
the capability to counter the number or cart cycles, based on token counters.

This model has two counter places: «PCountDone» initialized with 6 tokens and «PCountToGo»
initialized without any tokens. When the Start button is pressed and the transition «TStart» is fired,
the 6 tokens available in «PCountDone» are removed and added to «PCountToGo». This way,
immediately after starting, the counter of done cycles is reset to zero and the missing cycles counter
is initialized to 6. At the begin of each cycle, transition «TStartMove» removes one token from
place «PCountToGo» until there are no more tokens available. At the end of each cycle, transition
«TUnloadDone» adds one token to place «PCountDone». As the arc from place «PCountDone» to
transition «TStart» has an inscription with the number 6, the Start button will be ignored until the
total number of cycles has been completed.

To create this model, it is a good idea to make a copy of the previous model under a different name
using the copy and paste mechanism of the editor. This way, open the previous model in the editor,

use the select-all tool H and copy everything to the clipboard window with the copy tool i .

Next, exit the editor without saving and create a new model named «concrete-mixer-6x».

Open the editor again, and paste the contents of the clipboard into the new model with the paste tool
-. The new model should be an exact clone of the previous one. Save the model B and start

adding the new nodes.

/ IOPT Tools - PNML Editor % | &
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Fig. 41: Revised model with multiple cart cycles
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Using the same tools used to design the original model, add 3 new places «PWait», «PCountDone»
and «PCountToGo» and one Transition «TStartMove». Rename transition «TDone» to
«TUnloadDone» and rearrange all arcs, removing and adding new ones when necessary.

After all arcs have been drawn and the nodes have been graphically rearranged, it is very important
to define the inscriptions on the Arcs from «PCountDone» to «TStarty and from «TStart» to
«PCountToGoy». The inscription value in these Arcs must be the same as the initial marking of
«PCountDone», corresponding to the desired number of cart cycles.

When edition is done, save the model and exit the editor.

The best way to verify if the new model works as intended, is to execute the model with the
simulation tool, as presented on figure 42.

To verify if the model correctly counts the number of cycles, first toggle all input signals to true
except StartBtn, as presented in the figure. Next, put the simulator in continuous run mode and click
on the StartBtn signal to start running. If the model was correctly designed, an animated sequence
should start, with a token running in circles over the main cycle for 6 times. During this time, the
value of the counters on «PCountDone» and «PCountToGo» must respectively increment and
decrement each time the «token» finished an entire cycle.

Generating the state-space graph (figure 43), the total number of states is 110, and the minimal and
maximal bounds are the expected: all places have a maximal bound of 1 except the two counters
that can reach 6 tokens. As there are no deadlocks and no conflicts, no mistakes were detected.

Figure 44 presents an alternative solution for the previous model, using an output signal to
implement the counter and an output event to increment the counter. The number of cycles is
defined by the maximum range value of the counter output signal. Relative to the previous example,
this solutions as a big advantage: to change the number of cycles we just need to modify a single
value, whereas in the previous example required modifications in 3 values: two arc inscriptions and
the initial marking of one place.

/ IOPT Tools - Simulator [... = | 4

€ | & gres.uninova.pt/IOPT-Tools/simulator.php ~ & | |B~ Google
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Fig. 42: Multiple cycle model simulation
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10PT Tools % | State Space Generation... x |

& | @ gres.uninova.pt/IOPT-Tools/ss_progress.php v | [Bv Google

User: tutorial Model: cement_mixer_3x_ok

| Close W[ view Graph W Download File [NEEEEENGAT

Cycle 55: 1089 states + 105 links
Cycle 56: 110 states + 108 links

MIN Bounds: PCountDone=0 PCountToGo=8 PGotoCement=0 PGotoGravel=0 PGotoMixer=8 PGotoSand=0 PLoadCement=8 PLoadGravel=0
PLoadSand=8 PUnloadMixer=0 PWait=0 PWaterRun=0 PWaterRun comp=0

MAX Bounds: PCountDone=6 PCountToGo=6 PGotoCement=1 PGotoGravel=1 PGotoMixer=1 PGotoSand=1 PLoadCement=1 PLoadGravel=1
PLoadSand=1 PUnloadMixer=1 PWait=1 PWaterRun=1 PWaterRun_comp=1

HR
Total States: 118
Total Links: 109
R

Executing queries...
Done: found O query matching states.

Generation time (sec): 8.00 (when 8.0 it is smaller than @.@1sec)

Generating output file. k
Done. N

F
Total States: 118
Total Links: 109
Deadlock count: ©
Conflict count: @
Invalid count: ©

Fig. 43: Multiple cycle model state-space log

Relative to the previous example, this model has one extra output signal, Counter, defined with the
properties visible on the right side of figure 44. The signal can hold an integer range from 1 to 6 and
the wrap limits options was activated. This way, when the signal reaches the value 6 and is
incremented again, the counter will revert to the initial value 1, ready to start again. The CntEvt
event was defined with an Up edge and level 0, meaning that the Counter signal will be incremented
by one unit each time the event is triggered, reverting to 1 when the limits wrap.
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Fig. 44: Multiple cycle model using an output events based counter
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The CntEvt event was associated with transition «TUnloadDone», incrementing the counter each
time a cycle is finished. When a cycle terminates and place «PDone» is marked, one of two
situations might happen: if the Counter value is higher than 1, then transition «TNextCycle» will
immediately fire to start executing a new cycle. On the opposite, if the Counter value is equal to 1,
it means that the previous counting has finished and the system stops until the user presses the start
button again. Although both transitions «TStart» and «TNextCycle» compete for the same token in
«PDone» there is no conflict between the two transitions as the two guard functions are
incompatible, «Counter = 1» vs «Counter > 1» and cannot be simultaneously enabled .

Performing the same tests using the Simulator and the State-space generator should produce results
equivalent to the previous solution and if the model was correctly inserted, no mistakes should be
detected.

Finally, the new solution has another advantage: the value of the output signal Counter is accessible
on the external interface of the automatically generated hardware modules or software solutions and
can eventually be used to display the number of cart cycles on the user interface.

12.5 Concurrent controller for two carts

A more complex problem arises when there are more than one cart operating on the same rail, as
shown in figure 45. From on side, a system with two carts offers much better performance as the
two carts can load different material during the same time period. From another side, controller
complexity grows and concurrency problems must be solved: it is necessary to avoid physical
collisions between the two carts and it is not possible to have both cards on the same material
loading station. Fortunately the IOPT tools editor has a semaphore tool that automatically creates
semaphores to protect the critical sections.

Figure 46 presents a controller model to control the two carts. The outer ring controls the first cart
and the inner ring controls the second cart. Comparing to the previous models, additional input and
output signals have been added: a new output to control the second cart motor and other to unload
the second cart's bucket. An extra input was added to check if the second cart's bucket is empty at
the end of each cycle.

Between both rings, three semaphore places can be seen. These semaphores are used to prevent
more than one cart on each material loading station. For example, semaphore 0 protects a critical
section containing places «PGotoCement», «PLoadCement», «PGotoCement2» and
«PLoadCement2». To create these semaphores, simply select the places contained in each critical
section and execute the editor's semaphore tool The unload station, near the cement mixer was

not protected by any semaphore because this station has enough
space to physically store the two carts.

In the same way as previously, this model should be simulated
using the simulator to check if it behaves correctly under a
standard use case and checked with the model-checking tools.

This model continues to produce a very small state-space graph,
with only 676 states, presents no dead-locks and produces the
expected minimal and maximal bound: all places exhibit a
maximal bound of 1 except the counters with 6.

However, the state space statistics list 12 conflicts between ®i®;
transitions. Inspecting the state space graph, we can find that Water

these conflicts happen when both carts are at the begin of every (((((((. Goncrete
cycle, near the mixer station and both transitions «TStartMove» © start
and «TStartMove2» are simultaneously enabled, but

Mixer
Fig. 45: Two bucket carts plant
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Fig. 46: Controller model for two carts.

semaphore( only lets one of the transitions fire. To solve this conflict, both transitions should be
assigned with different priorities. For example, if «TStartMove» has priority 1 and «TStartMove2»
has priority 2, then cart 1 will always start moving before cart 2 and the opposite if the priorities are
inverted.

Finally, it is very important to check if the semaphores are imposing the correct behavior. Although
the semaphores automatically created by the editor usually function correctly, the user can still
design models with errors, by selecting the wrong set of places to define the critical section, or by
manually making changes to the model after the semaphore is created, for example, changing the
arcs connecting the critical section to the rest of the net. To detect possible concurrency problems
between the two carts, several queries can be defined in the model-checking system, as presented in
figure 47. The following queries were defined:

PGotoCement + PLoadCement + PGotoCement 2 + PLoadCement 2 > 1

PGotoGravel + PLoadGravel + PGotoGravel 2 + PLoadGravel 2 + PGotoMixer + PGotoMixer 2 > 1
PGotoSand + PLoadSand + PGotoSand 2 + PLoadSand 2 > 1

4 NOT REACH(0)

The first three queries simply check if the total number of tokes in each critical section is higher
than one, meaning that more than one cart in the the same section. The final query «NOT
REACH(0)» verify if the system is reversible and does not containing any live locks composed by
sequences of states from which the system cannot escape nor return to the original state. If during
state space computation any of these queries holds true, then the model has errors. In this case, node
of the queries produced any results, indicating that none of the searched errors was detected.

W N =

IOPT Tools user manual 47



[ IOPT State Space Query ... x 4

€ @ gres.uninova.pt/IOPT-Tools/query. php v ¢ | |Bv Google aQwBe & & =

Plac
Values: )
Literal:

Comparation: |
Sub-expr [ 2]
Reachability: State || | NI

Edit:

Operators:

Query:

Fig. 47: Model-checking queries
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