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Most computer systems are event-driven
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Event-Driven System Example: Vending Machir-
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Traditional Sequential Program Flow -

Program flow determined by sequence of instructions

C

START )

Function1 o¢ ;

Function 2

Function 3 o+ |

— Function 4

Y

sil
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/* wait for Button 1 press */
while (Button l_GPIO '= DEPRESSED ) {

}

/* wait for Button 2 press */
OSSemPend (&Button 2 Semaphore , ...);

© Quantum Leaps, LLC |
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Program flow determined by order of events

event loop BI-

- -
-

ISR1() }---

ISR2() }

Event-Driven Program Flow

v !

=3
—_——
-

(FIFO)

event dispatcher _

-

Ny

event dispatching
based on event type

event queue % °

S

application
code

eventN _

. ¥
7N
v

event2_handler();

event1

_handler();

idle_handler();

-
-
i -

-
-
—————
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Event-driven program flow (cont'd)

* Events are first-class objects

* Events are processed asynchronously

* Events are processed in Run-to-Completion (RTC) fashion

* Events are queued

sil
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Event

signal : uint16_t

/\

ADCEvent

EthEvent

data : uint16_t payload[1024] : uint8 t

length : uint16_t
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Challenges of event-driven programming -

innovating embedded systems
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(a) O ___|____
I
AN | |
.| waitdeventA(); = |- [oeeee elses. - | - .
: event A arrived |
/* process A */ proc:ss A
while (...) { else—
| |l |
| I
waitdeventB();  |........].. [oeees elsed. .} -
: event B arrived |
/* process B */ —=Y-=--
process B
} I
| Jee
| |
.| waitdeventC(); = |[........... [oeen elsed. .| ..
: event C arrived |
/* process C */ o _pr;cl_ss—C— o
\
®
Quantum®L€aPs

(c)

. process_A()

process_B()

process_C()

. Where is the structure?

 Hidden in static variables
~ “spaghetti” code inside
event handlers




Event-action paradigm—spaghetti code

IBim Opl, Op2 ' Previously input operand.

Dim DecimalFlag As Integer ' Decimal point present yet?
Bunch of Dim NumOps As Integer ' Number of operands.
flagsand == Dim LastInput ' Indicate type of last keypress event.
variables Dim OpFlag ' Indicate pending operation.

\Dim TempReadout

Private Sub Operator Click(Index As Integer)
TempReadout = Readout
/7 If LastInput = "NUMS" Then

EAEAANRS - -

NumOps = NumOps + 1 T §\  Runtimeerror 'Ly
End If P P J J I x| & Type msmatch
Select Case NumOps ————J—J —
Case O
Complex . C_ alw S
18 perator (Index) .Caption = And LastInput <> "NEG" Then
conditional Readout = "-" & Readout
code based LastInput = "NEG"
on the flags == End If
and variables Case 1
Opl = Readout
If Operator (Index) .Caption ="-" And LastInput <> "NUMS"“
And OpFlag <> "=" Then
Readout = "-"
LastInput = "NEG"
End If
] qu anium®Led Ps © Quantum Leaps, LLC o
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Outline

* Event-driven programming

Hierarchical state machines
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UML state machines (statecharts) -

State machine

* Event-action paradigm applied locally within each state

sil
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L triggering state state
B inftial event : transition

transition —| action(s) |

L i :

o S
4 off ) ON / powerOn(); ! >/ on )
\ /4 OFF/ powerOff();—\ )
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Recovering the structure with a state machine -

(a)
--| wait4eventA ();
/* process A */
while (...){
wait4eventB (); N . t ) .
I eventBarrived | ‘
* s sm—_———
[* process B */
) — P
[ I [
J l i wait4C N
--| wait4eventC(); (- - i JI ..... <>-els . : .............. t J e
I event ‘C arrived | ‘
I process C */ process C C/process C
v v
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Statecharts vs. Flowcharts

Completely distinct: different use of CPU!

o Statechart: on the arrows * Flowchart: in the boxes
 Otherwise CPU idle ~ CPU never idle

(a) (b) *
s1
............. CE']/acuon']()’ do X
( s2 )
............. E2/act|on2()’j
( s3 )
............. CE3/act|on3()__>

w Quantum®|€qPs © Quantum Leaps, LLC

www.state-machine.com

slide 14

innovating embedded systems



State-transition explosion

By ¢

operand1

OPER &
DIGIT 0 9,
POINT

OPER result
A
v
opEntered) EQUALS

DIGIT_ O 9, POINT,-

OFF > operand2
OFF
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Reuse of behavior through state nesting -

( ®

/—C operand1 ﬁ

DIGIT_0 9, POINT C

p
( result )
A

OPER

OPER

v

CopEntered) OFF

* Programming by difference

|
DIGIT_0 9, POINT N Behavioral inheritance

\ >< operand2 )

® ,
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State entry and exit actions

* Guaranteed initialization and cleanup

» Superstates are entered before substates
 Jike class constructors in OOP

* Superstates are exited after substates
Y like class destructors in OOP

4 carsEnabled
exit/ BSP_signalCarsCARS_RED);

pedsEnabled

N\ TIMEOUT.

TIMEOUT-
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UML state machine semantlcs—QHsm Tst exampl.

EHsstt example, built on Sep 25 20807 at @7:11:31.

EP-C: 3.4.81.
ressz ESC to guit...

(1) £op—INIT;s—ENTRY ;s2-ENTRY ;52— INIT;521-ENTRY;s211—-ENTRY;
(2) »G: s21—Gs;s211-EXIT;s21-EXIT:s2-EXIT;:;s1-ENTRY;s1-INIT;=s11-ENTRY;
(3) »I:= =s1-1I;
(4) >A: =1-A;s11-EXIT:s1-EXIT:s1-ENTRY;s1-INIT;s11-ENTRY;
(5) [PD: =1-D;3;s11-EXRIT;s1-EXIT;=s—INIT;s1-ENTRY;=s11-ENTRY;
6) [#D: 211-D;5s311-ERIT;31-INIT:211-ENTRY;
27% *G: 21-GCiz11-EXIT:;=21-EXIT:;=2-EMTRY ;32—-INIT:z21—-ENTRY;=2211—-ENTRY;
8) *E: s-E;s211-EXIT:521-EXIT;s52-EXIT;s1-ENTRY;s11-ENTRY;
(9) [*E: s-E;s11-ERIT;s1-EXIT;s1-ENTRY:;s11-ENTRY;
10) >G: s11-G5;s11-ERIT;s1-ERIT;s2-ENTRY:s21-ENTRY;s211-ENTRY;
11) [»I: s2-1; ® TERMINATE_p@
(1%) »I: s-1; / me->foo = 0; /
: H
(13) }F Bye,. Bye - S ~
entry /
exit /
| [me->foo] / me->foo = 0; / K - s2 \
entry /
exit /
( s1 ) | ['me->foo] / me->foo = 1;
4 entry / ] _——o
D ['me->foo ]/ exﬁ/ [ s21 [ )
me->foo = 1; o entry /
4_/ exit / ]
ntry/ < _G— A
exit / s211
E entry / <_)
(— L F—] exit / B—
A D [me->foo]/ lH F D,
\ me->foo = 0; |
\_¥Y J
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on

Coding a HSM in QP/C++

QState Calc::on(Calc *me, QEvent const *e) {
switch (e->sig) {
case Q ENTRY SIG: ({ // entry action
BSP_message ("on-ENTRY") ;
return Q HANDLED () ;
}

entry /
exit /

case Q EXIT SIG: { // exit action
BSP_message ("on-EXIT") ;
return Q_HANDLED();

}

case Q INIT SIG: ({ // initial transition
BSP message ("on-INIT");
return Q TRAN (&Calc: :ready) ;

}

case C_SIG: ({ // state transition
BSP clear(); // clear the display
return Q TRAN(&Calc::on);

o 73

n

}

case OFF SIG: { // state transition
return Q TRAN (&Calc::final);

}

}
return Q SUPER(&QHsm: :top); // superstate

il Quantum®L 1
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Outline

* Event-driven programming

* Hierarchical state machines

Real-time frameworks

‘Q&A
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Problems with the simple event-loop

* Single event queue prevents prioritization of work

* Event dispatcher is incompatible with state machines

event loop BI-

event dispatching
based on event type

ISR1() p----"""
U R L event dispatcher _
,/" ' | ---------- — /
sr20) F--_.}- |
A event queue ¥ application
7 (FIFO) Iﬁ Yt _ .\ code
}? / \ \ |
/ 3 é)
event |é \l/
Sl eventN_handler() event2_handler(); | | event1_handler(); | | idle_handler();

-
-
e

>
-
-
o ——

Quantum®|€qPs
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Vertical vs. Horizontal Slicing .

Slicing by event-signal destroys the notion of state

ar

Event-handlers Events —>
ON_SIG OFF_SIG
o
% “off” { powerOn (), “on”}
(7]
¢ “on { pONNE]:Off () , \\off// }
State-handlers Events —>
ON_SIG OFF_SIG
(D (13 »
= off { powerOn (), “on
7]
¢ “on,, { PﬂﬁﬂerOff () , \\offll }

Quantum®|€qPs
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State machine framework based on cooperative kern.

* Use multiple priority queues bound to state machines

* Don’t sort events based on the signal (vertical slicing)

all queues empty AN
find highest-priority AN (idle condition)
non-empty queue |_cooperative scheduler i

~—

priority = n o priority = n-1 § priority = 14 priority = 0

e = Queue_gef(a); e = Queue_gef(a); O e = Queue_get(a); idle
| | | processing

FSM_dispatch(a, e); FSM_dispatch(a, €); |...| FSM dispatch(a, e);

slide 23
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State machine framework based on preemptive ker.

* RTC does not mean that state machines cannot preempt each other

* Each state machine executes in its own thread of control
 (State Machine + Event Queue + Thread) = Active Object

ti t ti bject’
active (a) SR SR even (b) active object’s
object queue event loop
[] \ ) I

/ \ \
-a-’ ! .\ | i
: e b A, | | internal : bIOCkTg %
I -~ events % —d == S || state | opera |0In
] % : J %\ | | machine | — |
R A \ s \/ ',’ yy! 7 || init(); |
1 ! / | |
' ! / |
[} [l / (L
.i>/ \\ ,: ,, —4‘/’4@\\ Q t( )
. | ) e = Queue_get(me);
e N f -’ /* /,‘ Ve h) N *
‘\77//}/ n | | | | P N TV ( o 4
e T e {
= o FSM_dispatch(me, e);
— O | =
AT quqnium L pS © Quantum Leaps, LLC .
: slige
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Minimal active object framework (QP)

«abstract » QEP event processor
QHsm
— [~ state : QHsmState QEvent
init() Configurable to derive sig :QSignal  —I—
dispatch () from other classes with dynamic_: uint8 t
— — —| thecompatible interface
«abstract » QF real -time framework QTimeEvt
QActive
thread thread ctr
prio 0o ppstEvery()
start() <@ — — Queue disarm()
postFIFO () rearm()
postLIFO ()
| _\. | | “Star Wars” application
Ship Missile Tunnel @— —
" ¢
Mine1 |
n ObjectPosEvt ObjectimageEvt
Mine2
\ Quantum®|€qPs © Quantum Leaps, LLC .
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Summary -

State machines complement imperative languages
(C, C++, Java, C#, etc.)

State machines “explode” without state hierarchy

State machines are impractical without a framework

Once you try an event-driven, state machine framework you will
not want to go back to “spaghetti” and raw RTOS/0S

Welcome to the 21 century!

© Quantum Leaps, LL
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