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ARDUINO

1 Introduction

This document describes how to apply the event-driven programming paradigm with modern state
machines to develop software for Arduino™. Specifically, you will learn how to build responsive, robust,
and power-efficient Arduino programs with the open source QP ™/C++ state machine framework, which is
like a modern real-time operating system (RTOS) specifically designed for executing event-driven state
machines. You will also see how to take Arduino programming to the next level by using the the free
QM™ modeling tool to generate Arduino code automatically from state diagrams.

1.1 About Arduino™

Arduino™ (see www.arduino.cc) is an open-source . . .
electronics prototyping platform, designed to make Figure 1: A stack of Arduino™ shields
digital electronics more accessible to non-specialists
in multidisciplinary projects. The hardware consists of
a simple Arduino printed circuit board with an Atmel
AVR microcontroller and standardized pin-headers
for extensibility. The Arduino microcontroller is
programmed using the C++ language (with some
simplifications, modifications, and Arduino-specific
libraries), and a Java-based integrated development
environment (called Processing) that runs on a
desktop computer (Windows, Linux, or Mac).

Arduino boards can be purchased pre-assembled at
relatively low cost ($20-$50). Alternatively, hardware
design information is freely available for those who
would like to assemble an Arduino board by
themselves.

Arduino microcontroller boards are extensible by
means of Arduino “shields”, which are printed circuit
boards that sit on top of an Arduino microcontroller
board, and plug into the standardized pin-headers
(see Figure 1). Many such Arduino shields are
available for connectivity (USB, CAN, Ethernet,
wireless, etc.), GPS, motor control, robotics, and
many other functions. A steadily growing list of
Arduino shields is maintained at shieldlist.org.

NOTE: This document assumes that you have a basic familiarity with the Arduino environment and
you know how to write and run simple programs for Arduino.
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1.2

Event-driven programming with Arduino™

Traditionally, Arduino programs are written in a sequential manner. Whenever an Arduino program
needs to synchronize with some external event, such as a button press, arrival of a character through the
serial port, or a time delay, it explicitly waits in-line for the occurrence of the event. Waiting “in-line” means
that the Arduino processor spends all of its cycles constantly checking for some condition in a tight loop
(called the polling loop). For example, in almost every Arduino program you see many polling loops like
the code snippet below, or function calls, like delay () that contain implicit polling loops inside:

Listing 1: Sequential programming example

void loop() {
while (digitalRead (buttonPin) != HIGH) ; // wait for the button press
. // process the button press

while (Serial.available() == 0) ; // wait for a character from the serial port
char ch = Serial.read(); // obtain the character
. // process the character

delay (1000); // implicit polling loop (wait for 1000ms)
. // process the timeout, e.g., switch an LED on

}

Although this approach is functional in many situations, it doesn't work very well when there are multiple
possible sources of events whose arrival times and order you cannot predict and where it is important to
handle the events in a timely manner. The fundamental problem is that while a sequential program is
waiting for one kind of event (e.g., a button press), it is not doing any other work and is not responsive to
other events (e.g., characters from the serial port).

Another big problem with the sequential program structure is wastefulness in terms of power dissipation.
Regardless of how much or how little actual work is being done, the Arduino processor is always running
at top speed, which drains the battery quickly and prevents you from making truly long-lasting battery-
powered devices.

NOTE: If you intend to use Arduino in a battery operated device, you should seriously consider the
event-driven programming option. Please also see the upcoming Section 2.5.

For these and other reasons experienced programmers turn to the long-know design strategy called
event-driven programming, which requires a distinctly different way of thinking than conventional
sequential programs. All event-driven programs are naturally divided into the application, which actually
handles the events, and the supervisory event-driven infrastructure (framework), which waits for events
and dispatches them to the application. The control resides in the event-driven framework, so from the
application standpoint, the control is inverted compared to a traditional sequential program.

An event-driven framework can be very simple. In fact, many projects in the Arduino Playground /

Tutorials and Resources / Protothreading, Timing & Millis section provide examples of rudimentary event-
driven frameworks. The general structure of all these rudimentary frameworks is shown in Listing 2.

Listing 2: The simplest event-driven program structure.
The highlighted code conceptually belongs to the event-driven framework.

void loop () {
if (eventl()) // eventl occurred?
eventlHandler(); // process eventl
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if (event2()) // event2 occurred?
event2Handler (); // process event2

// handle other events

}

The framework in this case consists of the main Arduino loop and the if statements that check for
events. Events are effectively polled during each pass through the main loop, but the main loop does not
get into tight polling sub-loops. Calls to functions that poll internally (like delay () ) are not allowed,
because they would slow down the main loop and defeat the main purpose of event-driven programming
(responsiveness). The application in this case consists of all the event handler functions
(eventlHandler (), event2Handler (), etc.). Again, the critical difference from sequential programming
here is that the event handler functions are not allowed to poll for events, but must consist essentially of
linear code that quickly returns control to the framework after handling each event.

This arrangement allows the event-driven program to remain responsive to all events all the time, but it is
also the biggest challenge of the event-driven programming style, because the application (the event
handler functions) must be designed such that for each new event the corresponding event handler can
pick up where it left off for the last event. (A sequential program has much less of this problem, because it
can hang on in tight polling loops around certain places in the code and process the events in the
contexts just following the polling loops. This arrangement allows a sequential program to move naturally
from one event to the next.)

Unfortunately, the just described main challenge of event-driven programming often leads to “spaghetti”
code. The event handler functions start off pretty simple, but then if-s and else-s must be added inside
the handler functions to handle the context properly. For example, if you design a vending machine, you
cannot process the “dispense product” button-press event until the full payment has been collected. This
means that somewhere inside the dispenseProductButtonPressHandler () function you need an if-
statement that tests the payment status based on some global variable, which is set in the event handler
function for payment events. Conversely, the payment status variable must be changed after dispensing
the product or you will allow dispensing products without collecting subsequent payments. Hopefully you
see how this design quickly leads to dozens of global variables and hundreds of tests (1f-s and else-s)
spread across the event handler functions, until no human being has an idea what exactly happens for
any given event, because the event-handler code resembles a bowl of tangled spaghetti. An example of
spaghetti code just starting to develop is the Stopwatch project available from the Arduino Playground.

Luckily, generations of programmers before you have discovered an effective way of solving the
“spaghetti” code problem. The solution is based on the concept of a state machine, or actually a set of
collaborating state machines that preserve the context from one event to the next using the concept of
state. This document describes this most advanced and powerful way of combining the event-driven
programming paradigm with modern state machines.

The structure of the QP/C++ event-driven framework for Arduino™

The rudimentary examples of event-driven programs currently available from the Arduino Playground are
very simple, but they don't provide a true event-driven programming environment for a number of
reasons. First, the simple frameworks don't perform queuing of events, so events can get lost if an event
happens more than once before the main loop comes around to check for this event or when an event is
generated in the loop. Second, the primitive event-driven frameworks have no safeguards against
corruption of the global data shared among the event-handlers by the interrupt service routines (ISRs),
which can preempt the main loop at any time. And finally, the simple frameworks are not suitable for
executing state machines due to the early filtering by event-type, which does not leave room for state
machine(s) to make decisions based on the internal state.

Figure 2 shows the structure of the QP framework for Arduino, which does provide all the essential
elements for safe and efficient event-driven programming. As usual, the software is structured in an
endless event loop. The most important element of the design is the presence of multiple event queues
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with a unique priority and a state machine assigned to each queue. The queues are constantly
monitored by the “vanilla” scheduler, which by every pass through the loop picks up the highest-priority
not-empty queue. After finding the queue, the scheduler extracts the event from the queue and sends it to
the state machine associated with this queue, which is called dispatching of an event to the state
machine.

NOTE: The event queue, state machine, and a unique priority is collectively called an active object.

The design guarantees that the dispatch () operation for each state machine always runs to completion
and returns to the main Arduino loop before any other event can be processed. The scheduler applies all
necessary safeguards to protect the integrity of the events, the queues, and the scheduler itself from

corruption by asynchronous interrupts that can preempt the main loop and post events to the queues at
any time.

Figure 2: Event-driven QP/C++ framework with multiple event queues and state machines

all queues empty
find highest-priority AN (idle condition)
nor-empty queue “vanilla” scheduler i
T . .
priority=n ¢ priority = n-1 priority= 1¢ priority = 0
.- idle
N processing
| e = queue.get(); | | e = queue.get(); | s | e = queue.get(); |
| dispatch(e); | | dispatch(e);, | ... dispatch (e);

NOTE: The “vanilla” scheduler shown in Figure 2 is an example of a cooperative scheduler,
because state machines naturally cooperate to implicitly yield to each other at the end of each run-to-
completion step. The QP/C++ framework contains also a more advanced, fully preemptive real-time
kernel called QK. The QK kernel can be also used with Arduino when you define the macro

OK PREEMPTIVE in the gp_port.h header file. See Section 6 for more information.

The framework shown in Figure 2 also very easily detects the condition when all event queues are empty.
This situation is called the idle condition of the system. In this case, the scheduler calls idle processing
(specifically, the function QF: :onIdle () ), which puts the processor to a low-power sleep mode and can
be customized to turn off the peripherals inside the microcontroller or on the Arduino shields. After the
processor is put to sleep, the code stops executing, so the main Arduino loop stops completely. Only an
external interrupt can wake up the processor, but this is exactly what you want because at this point only
an interrupt can provide a new event to the system.

Finally, please also note that the framework shown in Figure 2 can achieve good real-time performance,
because the individual run-to-completion (RTC) steps of each state machine are typically short (execution
time counted in microseconds).
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2  Getting Started

To focus the discussion, this Application Note uses the Arduino UNO board based on the Atmel
Atmega328P microcontroller (see Figure 3). The example code has been compiled with the Arduino 1.0
IDE (the latest as of this writing), which is available for a free download from the Arduino website. The
following discussion assumes that you have downloaded and installed the Arduino IDE on your computer.

2.1 Software Installation

Figure 3: Arduino UNO board

Standard Arduino
pin-header

Reset button

Atmega328P

User LED

microcontroller

USB Connector
to the host PC

Standard Arduino
pin-header

The example code is distributed in a single ZIP archive qp_arduino.zip. The contents of this archive is
shown in Listing 3.

Listing 3: Contents of the qp_arduino.zip archive

gp_arduino.zip

+-doc/

|
|
|
+
|
|
|
|
|
|
|
|
|
|

the code accompanying this application note
documentation

+-AN Event-Driven Arduino.pdf - this document
+-AN DPP.pdf
+-AN PELICAN.pdf

+
|
|
|
|
|
|
|
|
|

-examples/

-ap/
+-gp_dpp/

\

\

\

\

\

\

\
+ _

+-bsp.cpp
+-bsp.h
+-dpp.h
+-philo.cpp
+-table.cpp
+-gp_dpp.ino

ap_dpp_gk/

Dining Philosopher Problem example application
PEdestrian LIght CONtrolled (PELICAN) crossing example

=> goes to the <Arduino>/examples/ folder

QP examples

Dining Philosopher Problem (DPP) example
Board Support Package implementation for DPP
Board Support Package interface for DPP

DPP interface (signals, events, globals)
Philosopher active object

Table Active object

QP/DPP Arduino sketch

DPP example with the preemptive QK kernel (Section 6)
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-bsp.cpp

-pelican.cpp

- Board Support Package implementation for PELICAN
- Board Support Package interface for PELICAN
- PELICAN active object

-pelican.h

d
+
+-bsp.h
+
+
+-gp_pelican.ino

| +-agm pelican/

- PELICAN interface

(signals,

- QP/PELCIAN Arduino sketch

events,

globals)

| | +-bsp.cpp - Board Support Package implementation for DPP
| | +-bsp.h - Board Support Package interface for DPP

| | +-dpp.h - DPP interface (signals, events, globals)

| | +-philo.cpp - Philosopher active object

| | +-table.cpp - Table Active object

| | +-gp dpp.ino - QP/DPP Arduino sketch

[

| +-gp pelican/ - PEdestrian LIght CONtrolled (PELICAN) crossing example
[

[

[

[

[

+-pelican.qgm

1
+
|
|
|
|
|

ibraries/

-gp/
+-copying.txt
+-GPL2.TXT
+-gp.cpp
+-gp_port.cpp
+-gp_port.h

— PELICAN crossing example for the graphical QM tool
- The QM model of the PELCIAN crossing application
(generates all the code automatically)

==> goes to the <Arduino>/libraries/ folder
- QP library

- terms of copying this code

- GPL version 2 open source license

- QP/C++ platform-independent implementation
- QP/C++ port for Arduino implementation

- QP/C++ port for Arduino interface

The complete QP/C++ library code consists of just three source files: gp_port.h, gp_port.cpp, and
gp.cpp. The QP library is accompanied with four examples: gp dpp, qp_pelican, qm pelican, and
gp_dpp_gk. The Arduino sketch gqp dpp demonstrates the classic Dining Philosopher Problem (DPP)
with multiple state machines. The sketch gp pelican demonstrates a PEdestrian Light CONtrolled
(PELICAN) crossing. The example qm_pelican contains the QM model of the PELICAN crossing and

generates complete code automatically.

Figure 4: Unzipping gp_arduino. zip into the Arduino directory. You need to confirm that
you want to merge the folders examples and libraries.

o= || = ER
@-v-vl v Computer » PROGRAMS(C) » tocls » arduino-1.0 » - | +3 | | Search ard... 0O [
Organize - Incluplein library + Share with = Burn Ney
' =N o |~
tools m Name @ - | . — - '
= | 1, « software b arduino » qgp_arduino.zip » - &?| Search gp_... 0
2xExplorer B U |
) _MACOSX
?—Z|rj| ' ) drivers Organize = Extract all files i or O @
e — A m,, RCS .
@ + Copy to arduino-1. ‘
T ATTIIG |:| =
examples ) doc examples libraries
ik doc
hardware i i
. libraries examples
java S
reference libraries
lik .
tools 1) gp_arduino.zip
libraries ;
€9 arduino.exe blinky -
reference Z . .
%| cvaiconv-2.dll 2 items selected Type: File folder
tools - 4
15 items
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You need to unzip the gp_arduino. zip archive into the Arduino directory (e.g., arduino-1.0\). As
shown in Figure 4, on Windows you can simply open the ZIP file with the Windows Explorer, select the
two directories (Libraries/ and examples/) and drag (or copy-and-paste) them to the Arduino directory.
Since Arduino already has the 1ibraries/ and examples/ folders, you need to confirm that you want to
merge them.

2.2 Running the Dining Philosophers Problem (DPP) Example

Running the QP examples on the Arduino board is very easy. As shown in Figure 5, the QP examples are
integrated with the other Arduino examples in the Arduino IDE, so you just choose the qp _dpp example.

Figure 5: Opening (left) and verifying (right) the DPP example in the Arduino IDE.

sketch_decl6a | Arduino 1.0 = =]
Edit Sketch Tools Help @ ap._dpp | Arduino 1.0 = EcE
New Crl+N File Edit Sketch Tools Help
Open... Ctrl+0
Sketchbook
1.Basics » i bsp.cpp philoccpp | tablecpp
Close Ctrl+W 2.Digital b f4 Contact information: -
Save Ctrl+5 3.Analog » Ff Quantum Leaps Web site: http: //wg. quantun—leaps . com
S A Chrle Shift+S e o 5 4 oe-mail: infolquantum-leaps. com
E A trl+ Shift- “Cemmunication FETISSEESTTEAFFTFFEAFTSFETEF TS ET ST FEEI S FESTIEAFFTFEIEFTi
Upload Ctrl+U 5.Control 4 clude "ogp_port_h"
Upload Using Programmer  Ctrl+Shift+U 6.5ensors 3 include "dpp.h"
a finclude "b=sp_h"
i 7.Display 4
Page Setup Ctrl+Shift+P
pe T 8.5trings 4 £ Local-scope ohjects ———————-————----—o oo
ot ik ArduinolSP static QEvent const *1 tableluesueSto [N PHILO] :
Pref CtrlC static QEvent const *1_philoQueueSto [N _PFHILO] [N_PHILO] ; =
fElerences a Umma r M_PENCAN | _iovic Qfubsecrlist  1_subserSto [MAX_PUB_SIG] ;
- dpp >
t Ctrl ap-
R i) EEPROM b static union BmallBwents |
Ethernet 4 - __ wvoid *al; £F mindimuam
Fiintata » qp_pelican uint®_t ellsizecf(TableEvt)];
L £ ... other event bypes to go into this pool
LiquidCrystal r } 1_sulPoolSto[2*N_PHILO]; /f storage for the small
SD ] -
4 Servo » 2 D e e e a e

SoftwareSerial
SP1

Stepper

Wire

Arduine Uno on COMS

wvoid setup () {

4 1L} 2

Arduine Uno on COMS

At this point you must connect the Arduino board to your computer via a USB cable. The Arduino board is
powered from the USB connector (see Figure 3), so you don't need to attach external power. You upload
the code to the Arduino microcontroller by pressing the Upload button. Please note that the upload can

take several seconds to complete.

After the upload completes, your Arduino starts executing the example. You should see the User LED
(see Figure 3) start to glow with low intensity (not full on). The User LED is rapidly turned on and off in the
Arduino idle loop, which appears as a constant glow to a human eye. To see the actual output from the

DPP example, you need to open the the Arduino Serial Monitor by pressing the Serial Monitor button or
by selecting the menu Tools | Serial Monitor in the Arduino IDE. After the Serial Monitor opens up, please
make sure that it is configured for 115200 baud rate.
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NOTE: The design and implementation of the Dining Philosopher Problem application, including state
machines, is described in the Application Note “Dining Philosopher Problem” (see Related
Documents and References).

Figure 6: DPP example output to the Arduino Serial Monitor.
Make sure that the Serial Monitor is set up for 115200 baud rate.

&8 qp_dpp | Arduino 1.0 = |[= | ==
File Edit Sketch Tools Help .
Serial
Monitor
Button |
_ bsp.cpp : —ilo. €5 COMS =nECRE
S/ Contact information: w
A Duantum Leaps Web site:  http: o, quantumn—1es|
Sf e-mail: info@cquantun-leaps . con|Philoscpher 0 hungry -
FEE R PR FF P i i f i i frir s i s i i fyisy/||Philosopher 4 thinking
finclude "gqp_port.h' Philosopher 0 eating
#include "dpp.h" Philosopher 3 hungry
#include "bsp.h" Philosopher 2 thinking
Philoscopher 2 eating
S Local-scope objects ———-———————————————————— Philosopher 1 hungry
static QEvent const *1_tablefueuefto [N _PHILO]; Philoscpher 0 thinking
static QEvent const *1_philoQueueSto[N_PHILO] [N_PH| Fhilosopher 1 eating
static Q3ubscrlist 1 _subscrito[MAX PUE_SIG]: Philoscopher 4 hungry
Philosopher 3 thinking
static union SmallEwents | Philosopher 4 eating
woid *al; Philosopher Z hungry
uints_t el[sizecf(TableBwt)]; Philosopher 1 thinking
fF ... other event types to go into this pool ||[Philosopher Z2 eating
} 1_swmlPoolSto[2*N_PHILO]; S 4 =tor||Philosopher 4 thinking
Philosopher 0 hungry
o e e e e e e e e e e e e e Philosopher 0 eating
wolid setup () { Philosopher 3 hungry
e e = Philosopher Z thinking
Philosopher 3 eating
Philosopher 1 hungry
Philoscpher 0 thinking
Binary sketch size: wtes (o Y | Philosopher 1 eating
o -
| Autoscroll Mo line ending v( 115200 baud ;)
Arduino Una b |

To understand what the messages in the Serial

Monitor window mean, you need to know what's Figure 7: Dining Philosopher Problem with five
going in the Dining Philosopher Problem (DPP). It is philosophers numbered 0..4.

specified as follows: Five philosophers are gathered
around a table with a big plate of spaghetti in the
middle (see Figure 7). Between each two
philosophers is a fork. The spaghetti is so slippery
that a philosopher needs two forks to eat it. The life
of a philosopher consists of alternate periods of
thinking and eating. When a philosopher wants to
eat, he tries to acquire forks. If successful in
acquiring forks, he eats for a while, then puts down
the forks and continues to think. The key issue is
that a finite set of tasks (philosophers) is sharing a
finite set of resources (forks), and each resource can
be used by only one task at a time.
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2.3 Running the PELICAN Crossing Example

The PEdestrian Light CONtrolled (PELICAN) crossing example is stared in the similar way as the DPP
example, except you select the gp _pelican example from the Arduino examples in the Arduino IDE, as
shown in Figure 8.

Figure 8: Opening (left) and verifying (right) the PELICAN crossing example in the Arduino IDE.

sketch_decl6a | Arduino 1.0 = =
File| Edit Sketch Tools Hel ; .
1 © ap_pelcon | Arino 10 Fo o )
New Ctrl«N File Edit Sketch Tools Help
Open... Ctrl+0Q
Sketchbook 3
» 1.Basics » & gqp_pelican bsp.cpp . pelican.cpp pelican.h
Close Ctrl+W 2.Digita| ¥ £ Contact information: -
A4 Quantum Leaps ek site:  http:fwom. quantun-leaps . com
Save Ctrl+5 3.Ar‘|alog 4 fF e-mail: info@quantun—leaps. com
Save As.., Ctrl+Shift+5 4. Communication ¥ S i i i i d i i i i d i iidi i iridididis
#include "ogp_port. k"
Upload Ctrl+U 5.Control 3 finclude "pelican b
Upload Using Programmer  Ctrl+Shift+U 6.5ensors 3 #include "bsp.h"
1.Displa 4 .
Page Setup Ctrl+Shift+P play 4 Loeal-scope objects ——--—-—--------oooooooooooooooo oo oo
Print Ctrlep 8.5trings 3 static QEvent const *1_pelicanQueus3tol[Z];
rin rl+ : * .
ArduinolSP ! st,at,:f.c QEwent cr?mst, 1_pedQueueStol3];
static Q8ubscrlist 1_subscrito[MAX PUE_SIG]; =
Preferences CtrI+C0mm 3 qrm can
qp static union SmallEvents |
Quit Ctrl+Q EEPROM 3 void  *el; Jf mindimum
Bl N Sl " gk uint® t ellsizeof(QEvent)]; . .
) qp_pellcan £ ... other event types to go into this pool
Firmata 4 } 1_swmlPooldco[lO]; £f storage for the small
LiguidCrystal
4 24 L
sp 4 - woid setup(J { =
‘ Servo 3 (> [ |P— — oy
SoftwareSerial
SPI
Stepper
Wire
Arduine | 1 Arduino U

Before you can test the example, you
need to understand the how it is
supposed to work. So, the PELICAN
crossing operates as follows: The
crossing (see Figure 9) starts with cars
enabled (green light for cars) and
pedestrians disabled (“Don't Walk”
signal for pedestrians). To activate the
traffic light change a pedestrian must
push the button at the crossing, which
generates the PEDS_WAITING event.
In response, oncoming cars get the
yellow light, which after a few seconds
changes to red light. Next, pedestrians
get the “Walk” signal, which shortly
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thereafter changes to the flashing “Don't Walk” signal. After the “Dont' Walk” signal stops flashing, cars
get the green light again. After this cycle, the traffic lights don't respond to the PEDS_WAITING button
press immediately, although the button “remembers” that it has been pressed. The traffic light controller
always gives the cars a minimum of several seconds of green light before repeating the traffic light
change cycle. One additional feature is that at any time an operator can take the PELICAN crossing
offline (by providing the OFF event). In the “offline” mode the cars get the flashing red light and the
pedestrians get the flashing “Don't Walk” signal. At any time the operator can turn the crossing back
online (by providing the ON event).

Figure 10: PELICAN crossing example output to the Arduino Serial Monitor.
You inject events to the application by sending key strokes :
'p' for PEDS_WAITING, 'f’' for OFF and ‘o’ for ON.

(@ qp_pelican | Arduino 10 = |[@ |[ = || &2 coms =N ==

File Edit Sketch Tools Help O

...... Serial Manitor o Type 'p'
- . - Cazs: RED and press
gp_pelican hsp.cpp pelican.cpp — Deds: DON'T WALE Send
Serial Cars: GREEN

A4 Contact informatiomnm:
4 Duantum Leaps eb site:  http: /. quant M0n|t0r State-rcarsGreenlNoled

State-r»caraGreenlnt

£ e-mail: infolquantum—leay Button - B
FELLTEEEES TS E i T i i E i i i LER R rr tate-rcarsYellow
f#include "gp_port. h" Cars: YELLOW
#include "pelican.h" Cars: RED
#include "bsp k" State-rpedsialk
Deds: WALE
F/ Local-scope objeobs ——————— - mm o State->pedsialk
static QEwent comst *1_pelican(ueusStalZ]; Peds: BLANK
static QEvent const *1_pedQueusScol3]; Peds: DON'T WALE

Peds: BLANEK
Peds: DON'T WALK

static QSubscrList 1_subscrito[Mi¥ MUE_SIG]:

m

static union SmallEwents { Peds: BLANK
void  *el; F¢ mindimum Peds: DON'T WALE

uint&_t ellsizeocf{QEvent)]; Peds: BLANE
/f ... other event types to go into this pool Peds: DON'T WALE

} 1 _smlPool3to[l0]; ff storage for the small Beds: BLANK
Peds: DON'T WALE

27 Deds: BLANE
woid zetup i) | Peds: DON'T WALE

e s . Deds: BLANE

1 e 4 Deds: DON'T WALE
Peds: BLANEK
Peds: DON'T WALE
Binary sketch : byte maximam) Peds: BLANK
Peds: DON'T WALE
Deds: BLANE
Peds: DON'T WALE
Peds: BLANK
Deds: DON'T WALE
Cars: GREEN
State-rcarsGreenlNoled

[¥] Autoscrall Noline ending (115200 baud « )

Arduino U

NOTE: The design and implementation of the PELICAN crossing application, including the PELICAN
state machine, is described in the Application Note “PELICAN Crossing Application” (see Related
Documents and References).

Copyright © Quantum Leaps, LLC. All Rights Reserved. 10 of 28


http://www.state-machine.com/arduino

Quantum®|€qPs

ur

innovating embedded systems

Application Note:

Event-Driven Arduino™ Programming with QP ™

state-machine.com/arduino

2.4

Generating the PELICAN Sketch with the QM™ Modeling Tool

The PELICAN crossing example for QM™ (located in <gp_arduino.zip>/examples/qgp/
am pelican/, see Listing 3) takes Arduino programming to the next level. Instead of coding the state
machines by hand, you draw them with the free QM™ modeling tool, attach simple action code to states

and transitions, and you generate the complete Arduino sketch automatically—literally by a press of a
button (see Figure 11).

Figure 11: PELICAN crossing model opened in the QM graphical modeling tool.

giil] Di\software\arduino\gm_pelican\pelican.qpm

a 0

@@ x s ¥ 67

=1 Bom =)
File Edit View Window Help Press to generate
Xy faEB
PELICAN sketch
Explorer o [x] Property Editor: State a x i
* e X automatically nane: pedsriash
_ 4 R o o
- - superstate: |pedsenabled
.d’s“‘a" = operational .
& X
SE apepp entry / CARS_RED; PEDS_DONT_WALK B
EUmDD_HEmE | BSP_showstate( "pedswalk’™); 1
= [ Ppelican . me->m_timeout. sttEvery('ne PEDS._| FLASH LTOuT) ; 'S
B¢ m_timeout : QTimeEvt oFF me->m_f1ashCtr = PEDS_FLASH_NUM®Z ki
B m_flashCtr : uints_t
£ Pelican : QActive((QStateHan... carsEnabled
= 3 statechart et/ exit]
@ _:operational - -
= [ operational
®1 ->carsEnabled carsGreen pedsiWak
1 oFF eniry / CARS_GREEN entry / PEDS_WALK
= O carsEnabled exit/ exit!
@1 ->carsGreen TMEOUT
=+ O garsGreen carsGreenlioPed
@7 ->carsGreenNoPed ety 7
O carstreenhoped PEDS_WAITING pedsFiash
1 PEDS_WAITING
3 TIMEOUT TEOUT ==
= O carsGreenlnt E
1 PEDS_WAITING W -
= O carsGreenPedWait entry / 3?[mg,>mﬂasm — 0]/ exit:
—1 TIMEOUT PEDS. WAITNG = —me->m_flashCtr; me-»m_timeout. disarm(;
=+ O carsYellow
3 TIMEOUT -] carsGreenPedWait
= O pedsEnabled entry /
1 -zpedsiak [TMEQUT
—_ 7 N
- O pedswiak [else]/
Y @ pedsFlash BEP_signalPeds(PEDS_BLRNK);
# 3 TIMEOUT
carsvellow
= O offine : A [(me->m_flasnClr & 1) == 0]
e MIE e";’?”mﬂs—\’ﬂm” BSP_signalPeds(PEDS_DONT_WALK)
: exi
BlrdsEye View g x|
TmEQUT
offiine.
entry /
o exits
- [on < |l Log & x
* [omEouT £ :
= = — 0 INFO> Code generation started (03 09:29.258 pm): entire model D:\soft
IEOLIEErST [(me->m_flashCtr & 1) = 0}/ ware\arduino\qm_pelican,pelican. q
CARS_RED; PEDS_DONT_WALK; INFO> Code generation ended: 0 f11e(s) generated, 4 file(s) processed
= a , 0 error(s), and 0 warning(s)
o [else]/ CARS_BLANK; PEDS_BLANK,

NOTE: To start working with the QM™ modeling tool, you need to download the tool from state-
machine.com. QM™ is currently supported on Windows and Linux hosts. QM™ is free to download

and free to use (see also Related Documents and References).

After you download and install QM, you open the provided model (located in
<gp arduino.zip>/examples/gp/qm pelican/pelican.qm)and press the “Generate Code”

button, as shown in Figure 11. QM will then generate the complete Arduino sketch that you open in the
Arduino IDE as any other sketch.
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2.5

Modifying the Examples to Reduce Power Consumption

As mentioned in Section 1.2, the QP/C++ framework allows you to take advantage of the Arduino
processor's low-power sleep mode, which is the only way to achieve really low-power design. Both
provided examples can be very easily modified to switch to the sleep mode when no events are available.
In fact, the code is already provided for you, so all you need to do is just to enable this code. As shown in
Figure 12, you select the file bsp. cpp (Board Support Package) and uncomment the definition of the
SAVE_POWER macro.

Figure 12: Modifying QP examples to run in low-power mode

qp_pelican | Arduino 1.0 EI@

File Edit Sketch Tools Help

p_pelica ‘ hsp.cpp .‘ ah pelican.cpp pelican.h

AE R R F RS F S F A F i F s i,y sy -
finclude "gp_porc.h Select bsp.cp and

i luds " 13 k"
e uncomment the definition
includs Sp.

ginclude "Arduino_ h" Of SAVE_POWER =
1_DEFINE_THIZ FILE

Aifdefine SAVE POWER

fdefine USER_LED_ON©) (DORTE = {1 == (&)1}

fidefine U3ER_LED OFF(} (PORTE a= ~{1 == (E)}}

f#define USER_LED_TOGGLE () (DORTE "= {1 == (L)1)

gdefine TICK_DIVIDER (¢F_CPU ¢ BEP_TICES_PER_SEC ¢ loz4) - 1)

#if TICE DIVIDER = 255

# error ESP_TICKE_PER_SEC too small
#elif TICK DIVIDEER =< 2

# error BSP_TICKS_PER_SEC too large
fendif

4 I 3

Binary sketch size & bytes (of € byte maximuam)

Arduino Uno on CORMS

After you recompile the code and download to Arduino, you will see that the User LED is no longer
glowing. Actually, it is glowing, but only for a few microseconds out of every 10 milliseconds, so you
cannot see it. This very low brightness of the User LED means that the Arduino Background loop uses
very little power, yet the application performs exactly as before! The upcoming Section 4.1 explains what
exactly happens when you define the macro SAVE POWER in bsp. cpp.
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The Structure of an Arduino™ Sketch for QP ™

Every event-driven Arduino sketch for QP consists of four rough groups: setup, events, active objects,
and board support package (BSP). Typically, the main sketch file (the .pde file) contains the Aruino
setup () function. Since the events are shared, they are defined in a header file (the . file). Active
objects are defined in source files (the . cpp files), one active object per file. The following sections
describe these elements in more detail.

The setup () function

Listing 4 shows an example Arduino sketch for QP. This sketch defines only the setup () function. The
explanation section immediately following the listing highlights the main points.

Listing 4: Typical Arduino sketch for QP (file qp_dpp . pde)

(1) #include <gp port.h>
(2) #include "dpp.h"
(3) #include "bsp.h"

// Local-scope objects ——--———=——————— - -

(4) static QEvent const *1 tableQueueSto[N PHILO];

(5) static QEvent const *1 philoQueueSto[N PHILO] [N PHILO];

(6) static QSubscrList 1 subscrSto[MAX PUB SIG];

(7) static TableEvt 1 smlPoolSto[2*N PHILO]; // storage for the small event pool

A

(8) void setup() {

(9) BSP init(); // initialize the BSP
(10) QF::init () ; // initialize the framework and the underlying RT kernel

// initialize event pools...

(11) QF::poolInit (1l _smlPoolSto, sizeof(l smlPoolSto), sizeof(l smlPoolSto[0]));
(12) QF::psInit (1 subscrSto, Q DIM(l subscrSto)); // init publish-subscribe

// start the active objects...

uint8 t n;

for (n = 0; n < N_PHILO; ++n) {
(13) AO Philo[n]->start((uint8 t) (n + 1),

1 philoQueueSto[n], Q DIM(1l philoQueueStol[n]));

}

(14) AO Table->start((uint8 t) (N PHILO + 1),
1 tableQueueSto, Q DIM(l tableQueueSto));

(1) Each sketch for QP imports the QP library port to Arduino (the <gp_port.h> header file).

(2) The application header file (dpp . h in this case) contains the definition of signals and events for the
application. This file is shared among most files in the sketch.

(3) The header file bsp . h contains the facilities provided by the Board Support Package. This file is also
shared among most files in the sketch.
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(4-5) The application must provide storage for event queues of all active objects used in the application.
Here the storage is provided at compile time through the statically allocated arrays of immutable
(const) pointers to events.

(6) If the application uses the publish-subscribe event delivery mechanism supported by QP, the
application must provide the storage for the subscriber lists. The subscriber lists remember which
active objects have subscribed to which events. The size of the subscriber database depends on the
number of published events MAX PUB SIG found in the application header file.

(7) The application must also provide storage for the event pools that the QP framework uses for fast
and deterministic dynamic allocation of events. Each event pool can provide only fixed-size memory
blocks. To avoid wasting the precious memory (RAM) by using massively oversized pools, the QP
framework can manage up to three event pools of different sizes. The DPP application uses only
one pool, which can hold TableEvt events and events without parameters (QEvent).

(8) You provide only the definition of the Arduino setup () function. You don't define the 1oop ()
function, because it is provided in the framework (see Section 5.2).

(9) The function BSP_init () initializes the Arduino board for this application and is defined in the
bsp.cpp file.

(10) The function QF: :init () initializes the QF framework and you need to call it before any other QF
services.

(11) The function QF: :poolInit () initializes the event pool. The parameters of this function are: the
pointer to eh event pool storage, the size of this storage, and the block-size of the this pool. You can
call this function up to three times to initialize up to three event pools. The subsequent calls to
QF::poolInit () mustbe made in the increasing order of block-size. For instance, the small block-
size pool must be initialized before the medium block-size pool

(12) The function QF: :psInit () initializes the publish-subscribe event delivery mechanism of QP. The
parameters of this function are: the pointer to the subscriber-list array and the dimension of this
array.

NOTE: The utility macro @ _DIM () provides the dimension of a one-dimensional array a [ ] computed
as sizeof (a) /sizeof (a[0]), which is a compile-time constant.

(13-14) The function start () is defined in the framework class QActive and tells the framework to start
managing an active object as part of the application. The function takes the following parameters:
the pointer to the active object, the priority of the active object, the pointer to its event queue, the
dimension (length) of that queue. The active object priorities in QP are numbered from 1 to
QF MAX ACTIVE, inclusive, where a higher priority number denotes higher urgency of the active
object. The constant QF MAX ACTIVE is defined in the QP port header file gf port.h (see
Section 5.1).

NOTE: At this point you have provided the QP framework with all the storage and active object
information it needs to manage your application. The next step of execution of the Arduino sketch is
the call to the 1oop () function, which is defined in the QP port to Arduino (so you do not define this
function). As described in the upcoming Section 5.2, the 1oop () function executes the main event-
loop shown in Figure 2.
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3.2

The Application Interface (Events and Signals)

An event represents occurrence that is interesting to the system. An event consists of two parts. The part
of the event called the signal conveys the type of the occurrence (what happened). For example, in the
DPP application the EAT SIG signal represents the permission to eat to a Philosopher active object,
whereas HUNGRY SIG conveys to the Table active object that a Philosopher wants to eat. An event can
also contain additional quantitative information about the occurrence in the form of event parameters.
For example, the HUNGRY SIG signal is accompanied by the number of the Philosopher. In QP events
are represented as instances of the QEvent class provided by the framework. Specifically, the QEvent
class contains the member sig, to represent the signal of that event. Event parameters are added in the
subclasses of QEvent, that is classes that inherit from QEvent.

Because events are shared among most of the application components, it is convenient to declare them
in a separate header file (e.g., dpp . h for the DPP application). Listing 5 shows the interface for the DPP
application. The explanation section immediately following the listing highlights the main points.

Listing 5: Typical Arduino sketch for QP (file qp_dpp . pde)

(1) enum DPPSignals {

(2) EAT SIG = Q USER SIG, // published by Table to let a philosopher eat
DONE_SIG, // published by Philosopher when done eating
TERMINATE SIG, // published by BSP to terminate the application

(3) MAX PUB_SIG, // the last published signal
HUNGRY SIG, // posted from hungry Philosopher to Table

(4) MAX SIG // the last signal

};

(5) struct TableEvt : public QEvent {
uint8 t philoNum; // philosopher number

bi

enum { N PHILO = 5 }; // number of philosophers
(6) extern QActive * const AO Philo[N PHILO]; // "opaque" pointers to Philo AO
(7) extern QActive * const AO Table; // "opaque" pointer to Table AO

(1) In QP, event signals are enumerated constants. Placing all signals in a single enumeration is
particularly convenient to avoid inadvertent overlap in the numerical values of the different signals.

(2) The application-level signals do not start form zero but rather must be offset by the constant
Q USER_SIG. Also note that by convention the suffix SIG is attached to the signals, so you can
easily distinguish signals from other constants in your code. Typically the suffix SIG is dropped in
the state diagrams to reduce the clutter.

(3) The constant MAX PUB_SIG delimits the published signals from the rest. You can save some RAM
by providing a lower limit of published signals to QP (MAX PUB_SIG) rather than the maximum of all
signals used in the application.

(4) The last enumeration MAX SIG indicates the maximum of all signals used in the application.

(5) The structure TableEvt represents a class of events to convey the Philosopher number in the
event parameter. TableEvt inherits QEvent and adds the philoNum parameter to it.

(6-7) These global pointers represent active objects in the application and are used for posting events
directly to active objects. Because the pointers can be initialized at compile time, they are declared
const. The active object pointers are “opaque” because they cannot access the whole active
object, only the part inherited from Qactive.
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3.3 The State Machines

The QP framework allows you to work with the modern hierarchical state machines (a.k.a., UML
statecharts). For example, Figure 13 shows the HSM for the PELICAN crossing.

Figure 13: The hierarchical state machine of the PELICAN crossing
/

i me->subscribe(PEDS_WAITING_SIG);
4 operational N\
entry / CARS_RED; PEDS_DONT_WALK
[
OFF
4 carsEnabled N\ 4 pedsEnabled N\
exit / exit /
[ [
4 carsGreen N\ 4 pedsWalk N\
entry / CARS_GREEN entry / PEDS_WALK
exit / exit /
® TIMEOUT
( carsGreenNoPed - /
entry /
PEDS_WAITING 4 pedsFlash )
TIVEOUT entry /
S 7 exit /
( carsGreenint \ TIMEOUT
entry / [me->m flashCttt 1= 0] /
PEDS_WAITING --me->m _flash(lr;
X = 7 [else]
(" carsGreenPedWait "\
entry /
TIMEOUT
[else] /
- / BSP_signalPeds(PEDS_BLIANK);
4 carsYellow N\ (e flashGir 1) =01/ |
me->m flashCtr 1) ==
iy A VIERAD b BSP_signalPeds(PEDS_DONT WALK)
exit / J
TIMEOUT
N 4
o % o %
o %
4 offline N\
entry /
exit /
ON
TIMEOUT / O
me->m_flashCir A= 1; [(me->m flashCtr 1) ==0]/
CARS_RED; PEDS_DONT_WALK;
[else] / CARS_BLANK; PEDS_BLANK; =
o %
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The biggest advantage of hierarchical state machines (HSMs) compared to the traditional finite state
machines (FSMs) is that HSMs remove the need for repetitions of actions and transitions that occur in the
non-hierarchial state machines. Without this ability, the complexity of non-hierarchical state machines
“explodes” exponentially with the complexity of the modeled system, which renders the formalism
impractical for real-life problems.

NOTE: The state machine concepts, state machine design, and hierarchical state machine
implementation in C++ are not specific to Arduino and are out of scope of this document. The design
and implementation of the DPP example is described in the separate Application Note “Dining
Philosophers Problem” (see Related Documents and References). The PELICAN crossing example
is described in the Application Note “PELICAN Crossing”. Both these application notes are included
in the ZIP file that contains the QP library and examples for Arduino (see Listing 3).

Once you design your state machine(s), you can code it by hand, which the QP framewrok makes

particularly straightforward, or you can use the QM tool to generate code automatically, as described in
Section 11.
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4.2

Board Support Package (BSP) for Arduino™

The QP example sketches (DPP and PELICAN) contain the file bsp. cpp, which stands for Board
Support Package (BSP). This BSP contains all board-related code, which consists of the board
initialization, interrupt service routines (ISRs), idle processing, and assertion handler. The following
sections explain these elements.

BSP Initialization

The BSP initialization is done in the function BSP_init (). It is minimal, but generic for most Arduino
boards. The most important step is initialization of the User LED (connected to PORTB) and the serial
port, which is used to output the data in the example applications. If you use other peripherals as well,
you BSP init () is the best for such additional initialization code.

Listing 6: BSP_init() function for the DPP example (file bsp . cpp)

void BSP init(void) {
DDRB = OxFF; // All PORTB pins are outputs (user LED)
PORTB = 0x00; // drive all pins low
Serial.begin(115200) ;
Serial.println("Start");

Interrupts

An interrupt is an asynchronous signal that causes the Arduino processor to save its current state of
execution and begin executing an Interrupt Service Routine (ISR). All this happens in hardware (without
any extra code) and is very fast. After the ISR returns, the processor restores the saved state of execution
and continues from the point of interruption.

You need to use interrupts to work with QP. At the minimum, you must provide the system clock tick
interrupt, which allows the QP framework to handle the timeout request that active objects make. You
might also want to implement other interrupts as well.

When working with interrupts you need to be careful when you enable them to make sure that the system
is ready to receive and process interrupts. QP provides a special callback function QF: : onStartup (),
which is specifically designed for configuring and enabling interrupts. QF : :onStartup () is called after
all initialization completes, but before the framework enters the endless event loop. Listing 7 shows the
implementation of QF : :onStartup () for QP, which configures and starts the system clock tick interrupt.
If you use other interrupts, you need to add them to this function as well.

Listing 7: Configuring and starting interrupts in QF : : onStartup ()

void QF::onStartup (void) {

(1) // set Timer2 in CTC mode, 1/1024 prescaler, start the timer ticking
TCCR2A = (1 << WGM21) | (0 << WGM20):;
TCCR2B = (1 << CS22 ) | (1 << CS21) | (1 << CS20); // 1/2710
ASSR &= ~ (1 << AS2);
TIMSK2 = (1 << OCIE23); // Enable TIMER2 compare Interrupt
TCNT2 = 0;

(2) OCR2A = TICK DIVIDER; // must be loaded last for Atmegal68 and friends
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(1) This BSP uses Timer2 as the source of the periodic clock tick interrupt (Timer1 is already used to
provide the Arduinomilli () service).

(8) The output compare register (OCR2A) is loaded with the value that determines the length of the
clock tick interrupt. This value, in turn, is determined by the BSP_ CLICKS_PER_SEC constant, which
currently is set to 100 times per second.

For each enabled interrupt you need to provide an Interrupt Service Routine (ISR). ISRs are not the
regular C++ functions, because they need a special code to enter and exit. Nonetheless, the Arduino
compiler (WinAVR) supports writing ISRs in C++, but you must inform the compiler to generate the
special ISR code by using the macro ISR (). Listing 8 Shown the system clock tick ISR for Arduino.

Listing 8: System clock tick ISR for Arduino (file bsp. cpp)

(1) ISR(TIMERZ2 COMPA vect) {
// No need to clear the interrupt source since the Timer2 compare
// interrupt is automatically cleard in hardware when the ISR runs.

(2) QF::tick(); // process all armed time events

}

(1) The definition of every ISR must begin with the ISR () macro.

(2) The system clock tick must invoke QF: : tick () and can also perform other actions, if necessary.

Idle Processing

The following Listing 9 shows the QF: :onIdle () “callback” function, which is invoked repetitively from
the Arduino loop () function whenever there are no events to process (see Figure 2). This callback
function is located in the bsp. cpp file in each QP sketch.

Listing 9: Activating low-power sleep mode for Arduino (file bsp. cpp)

(1) void QF::onIdle() {

(2) USER_LED ON({(); // toggle the User LED on Arduino on and off, see NOTEL
(3) USER_LED OFF () ;

(4) #ifdef SAVE POWER
(5) SMCR = (0 << SMO) | (1 << SE); // idle sleep mode, adjust to your project

// never separate the following two assembly instructions, see NOTE2

(6) __asm___ volatile  ("sei" "\n\t" :: );

(7) __asm___ volatile  ("sleep" "\n\t" :: );

(8) SMCR = 0; // clear the SE bit
#else

(9) QF INT ENABLE();
#endif

}
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(1) The callback function QF: :onIdle () is called from the Arduino loop whenever the event queues
have no more events to process (see also Section 3), in which case only an external interrupt can
provide new events. The QF: :onIdle () callback is called with interrupts disabled, because the
determination of the idle condition might change by any interrupt posting an event.

NOTE: The article “Using Low-Power Modes in Foreground / Background Systems”
(http://www.embedded.com/design/202103425) explains the race condition associated with going to
power saving mode and how to avoid this race condition safely in the simple foreground/background
type schedulers.

(2-3) The Arduino's User LED is turned on and off to visualize the idle loop activity. Because the idle
callback is called very often the human eye perceives the LED as glowing at a low intensity. The
brightness of the LED is proportional to the frequency of invocations of the idle callback. Please note
that the LED is toggled with interrupts locked, so no interrupt execution time contributes to the
brightness of the User LED.

(4) When the macro SAVE_POWER is defined, the following code becomes active.

(5) The SMCR register is loaded with the desired sleep mode (idle mode in this case) and the Sleep
Enable (SE) bit is set. Please note that the sleep mode is not active until the SLEEP command.

(6) The interrupts are unlocked with the SET instruction.

(7) The sleep mode is activated with the SLEEP instruction.

NOTE: The AVR datasheet is very specific about the behavior of the SEI-SLEEP instruction pair. Due
to pipelining of the AVR core, the SLEEP instruction is guaranteed to execute before entering any
potentially pending interrupt. This means that enabling interrupts and activating the sleep mode is
atomic, as it should be to avoid non-deterministic sleep.

(8) Asrecommended in the AVR datasheet, the SMCR register should be explicitly cleared upon the exit
from the sleep mode.

(9) If the macro SAVE POWER is not defined the low-power mode is not activated so the processor
never goes to sleep. However, even in this case you must enable interrupts, or else they will stay
disabled forever and your Arduino will freeze.

Assertion Handler Q_onAssert()

As described in Chapter 6 of the book “Practical UML Statecharts in C/C++, Second Edition” [PSiCC2]
(see Section Related Documents and References), all QP components use internally assertions to detect
errors in the way application is using the QP services. You need to define how the application reacts in
case of assertion failure by providing the callback function 0 onassert (). Typically, you would put the
system in fail-safe state and try to reset. It is also a good idea to log some information as to where the
assertion failed.

The following code fragment shows the 0 onAssert () callback for AVR. The function disables all
interrupts to prevent any further damage, turns on the User LED to alert the user, and then performs the
software reset of the Arduino processor.

void Q onAssert (char const Q ROM * const Q ROM VAR file, int line) {

QF INT DISABLE(); // disable all interrupts
USER _LED ON() ; // User LED permanently ON
asm volatile ("jmp 0x0000"); // perform a software reset of the Arduino

}
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5.1

QP/C++ Library for Arduino™

The QP framework is deployed as an Arduino library, which you import into your sketch. As shown in
Listing 3, the whole library consists just of three files. The following sections describe these files.

The gp_port.h Header File

When you import the library (Arduiono IDE, menu Sketch | Import Library | qp), the Arduino IDE will insert
the line “#include <gp port.h>”into your currently open sketch file. The gp port.h file (shown in
Listing 10) contains the adaptations (port) of QP to the AVR processor followed by the platform-
independent code for QP. Typically, you should not need to edit this file, except perhaps when you want
to increase the maximum number of state machines you can use in your applications. This number is
configured by the macro QF MAX ACTIVE and currently is set to 8. You can increase it to 63, inclusive,
but this costs additional memory (RAM), so you should not go too high unnecessarily.

Listing 10: The qp_port.h header file for the QP library

#ifndef gp port h
#define gp port h

#include <stdint.h> // C99-standard exact-width integers
#include <avr/pgmspace.h> // accessing data in the program memory (PROGMEM)
#include <avr/io.h> // SREG definition
#include <avr/interrupt.h> // cli()/sei()

// the macro QK PREEMPTIVE selects the preemptive QK kernel
// (default is the cooperative "Vanilla" kernel)
//#define QK PREEMPTIVE 1
// allow using the QK priority ceiling mutex
//#define QK MUTEX 1

// various QF object sizes configuration for this port
#define QF MAX ACTIVE 8
#define QF EVENT SIZ SIZE 1
#define QF EQUEUE CTR SIZE 1
#define QF MPOOL SIZ SIZE 1
#define QF MPOOL CTR SIZE 1
#define QF TIMEEVT CTR SIZE 2

// the macro 'PROGMEM' allocates const objects to ROM
#define Q ROM PROGMEM

// the macro 'Q ROM BYTE' reads a byte from ROM
#define Q ROM BYTE (rom var ) pgm_read byte near (&(rom var ))

// QF interrupt disable/enable

#define QF INT DISABLE () cli()
#define QF INT ENABLE () sei ()
// QF critical section entry/exit
#define QF CRIT STAT TYPE uint8 t
#define QF CRIT ENTRY (stat ) do { \
(stat_) = SREG; \
cli(); \
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} while (0)
#define QF CRIT EXIT (stat ) (SREG = (stat ))

#ifdef QK PREEMPTIVE
// QK interrupt entry and exit

#define QK ISR ENTRY () (++QK_intNest )
#define QK ISR EXIT() do { \
--QK intNest ; \
if (QK intNest == (uint8 t)0) { \
uint8 t p = QK schedPrio (); \
if (p != (uint8 t)0) { \
QK _sched_(p); \
A
FA
} while (0)

// allow using the QK priority ceiling mutex
#define QK MUTEX 1

#endif // QK _PREEMPTIVE

L1707 7000777077007 77 77777777777 777777777777777777
// DO NOT CHANGE ANYTHING BELOW THIS LINE

#endif // gp_port h

The qp_port.cpp File

The gp_port.cpp source file (shown in Listing 11) contains the Arduino-specific adaptation of QP. This
file defines the Arduino loop () function, which calls the QP framework to run the application. The
function QF: : run () implements the event loop shown in Figure 2.

Listing 11: The gp_port. cpp source file for the QP library

#include "gp port.h" // QP port

Q DEFINE THIS MODULE (gp port)

/22
extern "C" void loop() {

QF::run(); // run the application, NOTE: QF::run() does not return
}
L e e e e e e e e e e e e e e et e e e e e e

// This QP framework does NOT use new or delete, but the WinAVR/avr-g++
// compiler generates somehow a reference to the operator delete for every
// class with a virtual destructor. QP declares virtual destructors, so to
// satisfy the linker the following dummy definition of the operator
// delete is provided. This operator should never be actually called.
//
void operator delete(void *) {
Q ERROR() ; // this operator should never be actually called
}
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NOTE: The QP framework provides the generic definition of the Arduino 1oop () function, so that
you do not need to provide it in your applications. In fact, your Arduino sketch will not build correctly if
you define the 1oop () function yourself. All you need to provide is the Arduino setup () function.

Additionally, the gp_port. cpp source file provides the definition of the C++ operator delete(),
which somehow the Arduino compiler (WinAVR) uses when virtual functions are present. You should not
edit the gp_port. cpp source file.

5.3 The gp.cpp File

The gp. cpp source file contains the platform-independent code of the QP library, which contains the
facilities for executing state machines, queuing events, handling time, etc. You should not edit the gp. cpp
source file.
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Using Preemptive QK Kernel

The structure of the QP/C++ framework for Arduino discussed in Section 1.3 corresponds to the simple
cooperative scheduler called “Vanilla”. However, the QP framework can also execute Arduino applications
using the preemptive QK kernel. The difference between non-preemptive kernel (like “Vanilla”) and
preemptive kernel (like QK) is shown in Figure 14.

NOTE: A kernel is the part of the system that manages computer time by assigning the processor to
various tasks.

Figure 14: Execution profiles of a non-preemptive kernel (a) and a preemptive kernel (b).
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I
interrupt (42) interrupt !
entry - J return : ) high-priority task |
(23) | & _ | blocking call
— A — or explicit yield
(1a) low-priority task low-priority task (5a)m(6a)

time—=>

ISR produces 3b) (4b (b)

event for high- |— — - — — — — — —

riority task
P y (5b) —| interrupt returnlﬁ. I

interrupt _ : —
entry [ high-priority task (6b)
(2b) (7b) — | context switch l 5‘

(1b) low-priority task preempted low-priority task |
time—=>

priority—>

A non-preemptive kernel (panel (a) in Figure 14) gets control only after completion of the processing of
each event. In particular, Interrupt Service Routines (ISRs) always return to the same task that they
preempted. If an ISR posts an event to a higher-priority task than currently executing, the higher-priority
task needs to wait until the original task completes. The task-level response of a non-preemptive kernel is
not deterministic, because it depends when other tasks complete event processing. The upside is a much
easier sharing of resources (such as global variables) among the tasks.

A preemptive kernel (panel (b) in Figure 14) gets control at the end of every ISR, which allows a
preemptive kernel to return to a different task than the originally preempted one. If an ISR posts an event
to a higher-priority task than currently executing, the preemptive kernel can return to the higher-priority
task, which will service the event without waiting for any lower-priority processing.

A preemptive kernel can guarantee deterministic event responses posted to high-priority tasks, because
the lower-priority tasks can be preempted. But this determinism comes a price of increased complexity
and possibility of corrupting any shared resources among tasks. A preemptive kernel can perform a
context switch at any point where interrupts are not disabled (so essentially between most machine
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6.2

instructions). Any such context switch might lead to corruption of shared memory or other shared
resources, and a preemptive kernel usually provides special mechanisms (such as a mutex) to guarantee
a mutually exclusive access to any shared resources.

Re-configuring the QP/C++ Library to Use Preemptive QK Kernel

Re-configuring the QP to use the preemptive QK kernel, instead of the simple “Vanilla” kernel, is very
easy. You need to remove a comment in front of the line starting with #define QK PREEMPTIVE in the
gp_port.h header file located in the Arduino library directory (see Listing 1). Additionally, if you want to
use the QK mutex, you need to uncomment the line starting with #define QK MUTEX. The following
Listing 12 highlights the changes.

Listing 12: The qp_port.h header file for the QP library

#ifndef gp port h
#define gp port h

#include <stdint.h> // C99-standard exact-width integers
#include <avr/pgmspace.h> // accessing data in the program memory (PROGMEM)
#include <avr/io.h> // SREG definition
#include <avr/interrupt.h> // cli()/sei()

// the macro QK PREEMPTIVE selects the preemptive QK kernel
// (default is the cooperative "Vanilla" kernel)
#define QK PREEMPTIVE 1
// allow using the QK priority ceiling mutex
#define QK MUTEX 1

NOTE: Compared to the simple non-preemptive “Vanilla” kernel, the preemptive QK kernel requires
more stack space. Fortunately, unlike most preemptive kernels, the run-to-completion QK kernel
requires a single stack for nesting all the stack context. For more information about the QK kernel,
please refer to Chapter 10 in the “Practical UML Statecharts” book and to the ESD article “Build the
Super-Simple Tasker” (see Section Related Documents and References)

The gqp_dpp_qgk Example

The example qp _dpp gk located in the Arduino examples directory (see Listing 1) demonstrates the DPP
same application described in Section 2.2, but running under the preemptive QK kernel. The changes to
the application are all confided to the bsp . cpp file located in the application folder. The following Listing
13 highlights the changes.

Listing 13: The bsp.cpp file for the qp_dpp_qgk example

/] TSRS —mm oo o
ISR(TIMER2 COMPA vect) {
// No need to clear the interrupt source since the Timer2 compare
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// interrupt is automatically cleard in hardware when the ISR runs.

OK ISR ENTRY(); // inform QK kernel about entering an ISR
QF::TICK (&1 TIMER2 COMPA) ; // process all armed time events
QK ISR EXIT(); // inform QK kernel about exiting an ISR

void QK::onIdle() {

QF INT DISABLE();

USER_LED ON () ; // toggle the User LED on Arduino on and off, see NOTE1l
USER_LED OFF();

QF INT ENABLE () ;

#ifdef SAVE POWER

SMCR = (0 << SMO) | (1 << SE); // idle sleep mode, adjust to your project

__asm___ volatile  ("sleep" "\n\t" :: );

SMCR = 0; // clear the SE bit
#endif

}

As shown in Listing 13, every ISR for the preemptive QK kernel must invoke the macro QK_ISR ENTRY ()
at the beginning (and before calling any QP function) and must invoke the macro QK_ISR ENTRY () right
before the end. These macros give control to the QK kernel, so that it can perform preemptions.

Additionally, the QK kernel handles the idle condition differently (actually simpler) than the non-
preemptive “Vanilla” kernel. The idle callback for the QK kernel is called QK: :onIdle () and the
difference is that it is called with interrupts enabled, in contrast to the QF: :onIdle () callback discussed
before.

Running the qp_dpp_gk Example

The example gp_dpp gk runs exactly the same as the non-preemptive version gp_dpp.
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http://www.embedded.com/design/202103425

http://www.state-machine.com/avr

http://www.state-
machine.com/doxygen/gpcpp/

http://www.state-machine.com/gm
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8 Contact Information

Quantum Leaps, LLC Arduino Project
103 Cobble Ridge Drive homebage:
Chapel Hill, NC 27516 epage:
USA http://arduino.cc

+1 866 450 LEAP (toll free, USA only)
+1 919 869-2998 (FAX)

e-mail: info@quantum-leaps.com
WEB : http://www.quantum-leaps.com
http://www.state-machine.com
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