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Presentation Outline

* A quick introduction to RTOS ™\
and the perils of blocking

* Active objects _
—~40 min

e State machines

* Active object frameworks for
deeply embedded systems /

y )

e Demonstrations |— ~10 min / &

. Q&A — ~10 min
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In the beginning was the “Superloop”

// adapted from the Arduino Blink Tutorial (*)
void main() {
pinMode(LED_PIN, OUTPUT); // setup: set the LED pin as output
while (1) { // endless loop
digitalWrite(LED_PIN, HIGH); // turn LED on
delay(1000); // wait for 1000ms
digitalWrite(LED_PIN, LOW); // turn LED off
delay(1000); // wait for 1000ms

}

(*) Arduino Blink Tutorial: http://www.arduino.cc/en/Tutorial/Blink

www.arduino.cc
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http://www.arduino.cc/en/Tutorial/Blink

RTOS Multithreading: Multiple “Superloops”

void thread_alarm() { // RTOS thread routine
pinMode(SW_PIN, INPUT); // setup: set the Switch pin as input
while (1) { // endless loop

if (digitalRead(SW_PIN) == HIGH) { // is the switch depressed?
digitalWrite(ALARM_PIN, HIGH); // start the alarm

}
else {
digitalWrite(ALARM_PIN, LOW); // stop the alarm
} void thread blink() { // RTOS thread routine
Ak GIELERTILE ) pinMode(LED_PIN, OUTPUT); // setup: set pin as output
} while (1) { // endless loop
} digitalWrite(LED_PIN, HIGH); // turn the LED on
5 RTOS_delay(1000); // wait for 1000ms
} digitalWrite(LED_PIN, LOW); // turn the LED off
RTOS_delay(1000); // wait for 1000ms
}
}
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Thread Context & Context Switch

TSCB ol = ———- Thread Control ——— TSB 5
2 Blocks (TCBs) P
void thread_blink() { stack N thread stack _ stack &
pinMode (LED_PIN, OUTP I per-thread stacks
While (1) { // endles
digitalWrite(LED_ Memory
—peP> RTOS_delay(1000);0 @ = oo o |
digitalWrite(LED_ CPU registers
—jpo - KR R sr o— J —{ status register Ié
} Sp o— + —| stack pointer
} context save— e <« context restor
- program counter
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Thread Blocking

A Thread makes a -
> _ Clock tick L N
= blocking call, e.g, interrupt — —| RTOS kernel
g RTOS_delay() -
o X — context switch

Thread-Aruns B Thread-AbIocked L ------------- Thread-A runs

N N——
RTOS kerneﬁlI —| context switch
""" Thread-B blocked Thread-B runs "~ Thread-Bblocked |
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RTOS Benefits

1) Divide and conquer strategy
— Multiple threads are easier to develop than one “kitchen sink™ superloop

2) More efficient CPU use
— Threads that are efficiently blocked don't consume CPU cycles

3) Threads can be decoupled in the time domain

— Under a preemptive, priority-based scheduler, changes in low-priority
threads have no impact on the timing of high-priority threads (Rate
Monotonic Analysis (RMA))
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Perils of Blocking

@ Failure

Shared-state Race
concurrency conditions

Deadlock
. Missed
Blocking “ deadlines
Priority
/ inversion
Synchronization

by blocking

Unresponsive

Architectural
threads

More decay
threads

. ® . o
ofi il Quantur?®[SaPs state-machlne.com%{.)

Modern Embedded Software




Best Practices of Concurrent Programming(*)

* Don't block inside your code

— Communicate and synchronize threads asynchronously
via event objects

* Don't share data or resources among threads
— Keep data isolated and bound to threads (strict encapsulation)

e Structure your threads as “message pumps”

(*) Herb Sutter “Prefer Using Active Objects Instead of Naked Threads”
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Best Practices: RTOS Implementation

Event object

Process
event

quantum®|_eq Ps
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BLOCKINﬂ

A
\

BLOCKI J N

Event object

X/ setup‘

}

}

void thread handler(AO Type *ao) { // AO thread routine

owhlle\(l) { //‘ event loop
,’ // pend on ‘the event queue (BLOCKING!)
Evenct e = RTOS_queuePend(ao->queue);
ao0- >hand1e(e), // handle event (NON-BLOCKING!)
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Active Object (Actor) Design Pattern

 Active Objects (Actors) are event-driven, strictly encapsulated

software objects running in their own threads and communicating
asynchronously by means of events.

* Not a novelty. Carl Hewitt's actors 1970s. ROOM actors 1990s.
* Adapted from ROOM into UML as active objects

— ROOM actors and UML active objects use hierarchical state machines
(UML statecharts) to specify the behavior of event-driven active objects.
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Active Object Framework

* Implement the Active Object pattern as a framework

void thread_handler (A0 _Type *ao) { // AO thread routine

... // setup

while (1) { // event loop
// pend on the event queue (BLOCKING!)
Event e = RTOS_queuePend(ao->queue);
ao->handle(e); // handle event (NON-BLOCKING!)

}

* Inversion of control (main difference from RTOS)
— automates and enforces the best practices (safer design)
— brings conceptual integrity and consistency to the applications

CIuanfurn [5aPs state-machine.com
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Paradigm Shift: Sequential - Event-Driven

Sequential Event-driven
programming /Y\ active object
with RTOS Paradigm Shift framework
* No blocking Events
Semaphores .
Threads Active
— No use for most RTOS Objects
h ; ' Mutexes
mecnanisms! Event
Event Message Posting
Flags Queues*
void thread_blink() { SPl;:Dlis_hb/
pinMode (LED_PIN, OUTPUT); delay () Memory ubscribe
while (1) { Pools .
d1g1ta1Wr1te(LED PIN, HIG callback Time
7YY, AN \la \ . Events
0S—detay 066 O 0 Timers
State
} Machines
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Reduce “Spaghetti Code” with State Machines

* Finite State Machines—the best known “spaghetti reducers”
— “State” captures only the relevant aspects of the system's history

— Natural fit for event-driven programming, where the code cannot block and
must return to the event-loop after each event

— Minimal context (a single state-variable) instead of the whole call stack

4 default 2\ < o
QNY_KEY / send_lower_case_scan_code(); )
ol I cAPS.LOCK CAPST LOCK
transitions ; N
N caps_locked N\
ANY _KEY / send_upper_case _scan_code();
(TR i omor.cas s ooy |

I I
trigger 5 list of actions I%
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State Machines are not Flowcharts

Statechart (event-driven) Flowchart (sequential)

— represents all states of a system — represents stages of processing in a system
— driven by explicit events — gets from node to node upon completion

— processing happens on arcs (transitions) — processing happens in nodes

— no notion of “progression” — progresses from start to finish

(a) : N
s1

s S

------------- E2 / action2();
( s3 |
------------- . E3 /action3();—P»--------rmmeiee e
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Hierarchical State Machines

Traditional FSMs “explode” State hierarchy eliminates repetitions
due to repetitions — programming-by-difference
(a) (b) on N\

r—( operand1 h
DIGIT_0 9 POINT

OPER OPER )
( L( result

(opEntered) EQUALS '\

operand1

L DIGIT_0 9,
OPER | POINT
OPER result

A

i EQUALS

( opEntered ) operand2

OFF DIGIT_0 9, POINT:

ot I Quantunt’|aPs state-machine.com%{.)

Modern Embedded Software

( operand2 )
\_ DIGIT 0.9, POINT___4 ) 5




AO Frameworks for Deeply Embedded Systems

Active Active Active Active ]— f\YI:)F::-C: ;Ic;)el;
Object Object Object Object
QEP hierarchical event processor
QS )
SOLEE QF active object framework
BSP tracing J

QV cooperative kernel, or
QK preemptive non-blocking kernel, or
QXK preemptive blocking RTOS kernel

Target hardware
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AO Frameworks vs. RTOS kernels

data)>

AO Frameworks can be 2
smaller than RTOS
kernels, because they TMB
don't need blocking

~

100KB
A typical
small preemptive RTOS
—— 10KB <
™ QP/C,
=N QP/C++
1KB <

QP-nano

& 1008 =

10B : ROM
\ 1KB 2KB 10KB 100KB 1MB 10MB  (code)
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AO Framework — “Software Bus”

|
direct
event posting

Active Active Active
Object 1 Object 2 e Object N

multicasting a
published event
I
i
1

?
|
|

publish-subscribe
“software bus”

ISR_1() ISR_2()
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Coding Hierarchical State Machines

Quantum’|®aPs

Modern Embedded Software

QState Calc_on(Calc * const me, QEvt const *e) {
QState status;
switch (e->sig) {
case Q_ENTRY_SIG: /* entry action */

status = Q_HANDLED();
break;
case Q_EXIT_SIG: /* exit action */

status = Q HANDLED();

break;

case Q_INIT_SIG: /* initial transition */
status = Q_TRAN(&Calc_ready);
break;

case C_SIG: /* state transition */
BSP_clear(); /* clear the display */
status = Q_TRAN(&Calc_on);
break;

case OFF_SIG: /* state transition */
status = Q_TRAN(&Calc_final);
break;

default:
status = Q_SUPER(&QHsm_top); /* superstate */
break;

}
return status;
}
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Cooperative Kernel (QV)

find highest-priority
non-empty queue

“vanilla” scheduler

priority = n ¢

-~

all queues empty
(idle condition)

priority = n-1§ priority = 1 g priority = 0

idle
processing

e = queue.get();

e = queue.get();

Quantum’|®aPs

Modern Embedded Software

dispatch(e);

dispatch(e);

e = queue.get();

dispatch(e);
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Preemptive, Non-Blocking Kernel (QK)

/N priority Synchronous Preemption
function
* call
(3) .
interrupt
-~ I:l entry/exit

.
————————————————————————— scheduler

low priority task | high priority task

1) task preempted (€)) |
t t t t t N t t >
(o) 5 10 15 20 25 time
/\ priority Asynchronous Preemption

interrupt

call

(@& @ [®&

interrupt
return

call

interrupt
(10) entry/exit
RTC
scheduler

%

e

* function
[ ]

1) task preempted I 11)

low priority task | high priority task |  interrupt

t ~ y
5

® 5:3 1:0 1:5 = 2:0 2
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Graphical Modeling and Code Generation

* Active Objects enable you to effectively apply UML modeling

* A modeling tool needs an AO framework as a target for automatic
code generation
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Summary

Experts use the Active Object design pattern instead of naked RTOS
AO framework is an ideal fit for deeply embedded real-time systems

AO framework requires a paradigm shift (sequential—event-driven)

Compared to RTOS, AO framework opens new possibilities:
— Safer architecture and state-machine design method (functional safety)
— Simpler, more efficient kernels (lower-power applications)
— Easier unit testing and software tracing (V&V)
— Higher level of abstraction suitable for modeling and code generation

Welcome to the 21st century!
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Demo: Blinky on Arduino

w M 3.3.0 - C\Presentations'\Beyond_the_RTOS\blinky_arduinchblinky.gm - [SM of Blinky] — O x
(* File Edit View Search Tools Window Help - & %
@B CH 9 LR L 2R A FEHAGEG RS A O R
Model Explorer 8 X @ binkyino [[] £ sMofBinky [ Property Editor & X %
+ § X @ Initial Transition -
~ @ biinky target:  -=off .
> gpn [locked] action: | o
A % AQs Qactive_armi((Qactive *)ms, 68U, +
w H Blinky : QActive BSP_TICKS_PER_SEC, BSP_TICKS_PER_SEC/4) .1
v [ sm @,
&) >off
v O off
1 Q_TIMEOUT
v O on
1 Q_TIMEOUT
v .
@ blinky.ino
Model Search & X Log Console & X
|=|,|| v| O | INFO> Entire model: C:\Presentations‘\Beyond_the_RTOS\blinky_ardu:
o INFO> Code generation ended (time elapsed 9.881s)
ﬁ:a | V| Ba |1nFo> e file(s) generated, 1 file(s) processed, @ error(s), and ¢
v ‘ "EARDUING_SKETCHBOOKE \toolsiutils\tclsh.exe” "HARDUINC_SKETCHEOOH
> QL& gpn flocked] - =
> B aos ====> 0K (up to date)
> :
__J }}} External tool finished normally with status @
v
£ > < >
= a 1 aq| o
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Demo: PELICAN on Arduino
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Demo: Dining Philosophers with Q-SPY

QF Philo[n] Philo[m] Table " : TEE

éggg%a?ﬁﬁ3 ==>Tran: Obj=20008D7C Siy-BOOBEAOE.0bhj=20008D7C Source=0B00BC4S New=0 |

|
. 1778116885 Disp==>: Ohj=2AAPBE?A Sig-BABBEAAS.0bhj=200PBEIR Active=-0ABA1145 [
serving 1778116739 User?B: 1 thinking L
1778118513 User?

ENTRY: Ohj=288088D2C State-80008DA1 ~|

1778119181 Inter 74

L778128855 Disp=

|
(_thinking )
L@

aa
18186217892 Disp==>: O0hj=28HBBE14 Sig-BA0B8004.0hj-20000E14 Active-BABBACT?
==>UnHd: 0bj=280BBE14 Sig=-00008004.0bj=2000BE14 Active=B000GCI7?
1810622913 Ignored: Ohj=200RBE14 Sig-00000AA4.0h)j=-20000E14 Active-BABAACT T
1818623795 Disp==>: O0hj=-2006BDDE Sig-BAABEAA4.0hj=-2000BDDE Active-BABBEAC4S
1818624517 Intern : Ohj=20088DDE Sig=-B0000004.0bj=20008DDE Source=BABOOCAS
1818625393 Disp==>: 0hj=2000AD?C Sig-0AABEAA4.0hj=-20000D9C Active-BAAAADAL
1818626115 Intern : Ohj=288BBD?C Sig-B00B8004.0hj=20008D7C Source-BABBEADAL
1818627805 Disp==>: O0hj=2008BD60 Sig=-B00BB004.0hj=20008D60 Active=-BBBBECT?
ENTRY: Ohj=20800D60 State-8000BC45
Fg:éggigtlZS ==>Tran: Obj=20008D60 Siy-B000B004.0bj=-20008D60 Source=-BBBBBCI?? New=8

| —

| | |
| | |
| |

(2) I 1778128777 1.-_“;31_.. File View Filters Commands Events Custem Help |
L TIMEOUT: ' | 1598122395 Dnten| 642616081 Philo 3 is hungey A
| | | e Rl eractcast it 2 1 thaq

71616 ilo 2 is thif
| | (4) 778124671 ==>T» (1671615615 Phile 5 is eacd /4 Canvas T = x
HUNGRY(m ?233?%685 Disp|FE79615991 Phila 4 is hun
| | | EAT(m H 798126407 I:gf; 1694116821 Philo 0 is thif
I I I H778127297 Disp= 1655118655 Ph*jln : :.Ls eatcd
(5) ==3llp|1705116009 Philc Z is hung
| | | L778128501 Ignow|1735616815 Phile 3 is thir
1783612651 gﬁ%ﬁ 1735618589 Philo 4 is eatd
1764616025 Philc 0 is hur
I_T|MEOUT | (6) I I pemdn el s 1':?511533; pth.: 1 i: ohil
I I I = =|1778118513 Philc Z is eatd
1783615233 Disp = =
hungry (7) H783615967 lsewr?|1783615967 FPhile 3 is hung
| \ | I 1783616577 Inter| 1210816735 Philo 4 is thip
| I—HUNGRY(n, | t] 1818612665 E§?¥= 1810618569 Philc 0 is eatd
ENTRY e
I I I I é813615359 ==3Tm € >
PeEDA1 y - =
I I I [ 1818616861 Disp= Taget 160418 100544 ARSI 50T ol E
 TMEOUT— > (8) RO ety ey
ntern = 3= ig
1818628111 Disp==>: 0bj=206BBESH Sig=-B000EV0I UL J=ZVUPBESH YL,
: DONE(m 1810628833 I::grn : Obj=2000BES5A S;g=ﬂﬂﬂ ~0bj=2000BESA Bi
[
I
I
I
|
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Demo: “Fly 'n' Shoot” game on Windows

Fly 'n' Shoot game
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