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Methodologies for the implementation of
embedded real -time applications

* Methodology: tool-supported, logical, compositional
* |Implementation: compositional, scalable, dependable



Embedded Programming

...requires the integration of:

Real-time scheduling/communication concepts
_ogical RTOS: The embedded machine
Programming language design

Compiler design

Classical software engineering techniques
Formal methods

o 0k whE



Concurrency

In addition:
e Other resource constraints
 Time constraints




The Task Model

|nput ports [ f 1 Output ports

 atask Is asubroutine * not* a coroutine [Wirth9o]
e runs to completion, possibly preempted

* N0 Synchronization points

» known worst case execution time



RTOS Model
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Rate Monotonic Analysis
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Elaine: RapidRMA

Software Inc. 1999

File “ieww Help

Analysis Type Algorithm Priority Priority Mapping
ISingIe Node v IRM + PCP {Rate Monotonic + Priority Celling) x| [oetaut =l IDefault =l
RapidRMA Analyzer =]
Mode Node 1 Schedulability Resulis | Non-Scheduahle Single Node Analysis
Resource Name CPU Periodic Utilization | 075304 I Fericdic Utilization
Processing Rate 1 Aperiodic Utilization | 0.00% Bl :periodic Utilization
Context Switch Rate 1 Glohal Res Utilization | 0.00% Global Res Wilization .
o i ilizati o d
Commenis This is the active resource ... | 10tal Utilization | 97,5304 Licies
# | Ing Task | Sched. Task Mame Global Priority Local Priority | Completion Time | Relative Deadline | Drop Deadline Period Friority Amount Of Work Comment
1 2 17 Tracking 84 84 a4 a0 85 | Determini=tic: 83, -1 |Deterministic: 10,|This is the hi
2 cd ¥  |Upd=ting 125 125 73 125 130 | Deterministic: 125 -1|Deterministic: 15 |This is = nor
3 ﬂ ﬂ [ | 116 | Diter minis ! -1 | Dieter minis
4 cd [V  |Displaying 230 230 21474583647 330 Dieterministic: 330 -1 |Deterministic: 90, This is = low
g 4 I_ Contralling 350 350 2147483647 3450 350 | Deterrmini=tic: 350 -1 |Deterministic: 40, This is = nor
3 cd [T |Di=gnesing 525 525 2147483647 525 550 | Deterministic: 525 10| Deterministic: 804 This is the Ic
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Ben: Deferrable, Sporadic Servers

No dides avallable



Jeff: Wet Scheduling

No dides avallable



Alvin: Research Operating
Systems

Objective: The ability to treat tasks with
explicit timing constraints, such as periods and
deadlines

Characteristics:

- Scheduling guarantee mechanisms

- Characterize tasks with additional parameters
- Avoidance of nondeterministic blocking time

Real-Time OS Design - 11



Shawn: WCET Analysis
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Real-Time Communication




The Communication Modéd

|nput ports [ i 1 Output ports

e a connection is afunction from input to output ports
e amessage Is avaluation of the input ports

 No predefined protocol, preemption possible

« known worst case latency



Explicit Flow Control

« Send time not known a priori
» Sender can detect errors




Control Area Network

................................................
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Paul: Strengths and Weaknesses
of CAN

* Widely accepted standard

e Robust
— Handles extreme conditions (does not exhibit thrashing)
— Simpleto configure
— Good error detection
— Two wire fault detection

« Lotsof hardware and software that support CAN
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Carlo: Ethernet & Fieldbus War

e \What causes the variable latency?

U(t) y(t) l T (Sampling Jitter Ignored)
Actuator -  Process | Sensor
Node Node
——— 7?7 Network 20—
Controller |
Node

?. Computational Delay



lmplicit Flow Control

« Send time is known a priori
» Receiver can detect errors




Time-Triggered Protocol

Network
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Embedded Programming

...requires the integration of:

Real-time scheduling/communication concepts
_ogical RTOS: The embedded machine
Programming language design

Compiler design

Classical software engineering techniques
Formal methods

o 0k WP



The Embedded M achine

Functionality & Timing <«

Scheduling & Communication «—

Abstract RT Program

Compilation 1

>

E Code

Embedded M achine

RTOS

Distributed Platform




The E Machine

 The embedded machine or E machineisavirtual
scheduling machine

 The E machine has:
— Internal memory, external interface
— an instruction set similar to machine code
— astack used for arguments and return addresses

e The E machine provides a platform for generating
distributed real-time schedules



V alue Ports

Address

Example: Sensor Vaue



Signal Ports

Address

@&

Example: Absolute Time



Memory and Interfaces

e Sensors e Task Communication e Actuators
e Clocks e Networks



The Task Model

|nput ports [ f 1 Output ports

 atask Is asubroutine * not* a coroutine [Wirth9o]
e runs to completion, possibly preempted

* N0 Synchronization points

» known worst case execution time



The Task Model

» Task Communication



The Communication Modéd

|nput ports [ i 1 Output ports

e a connection is afunction from input to output ports
e amessage Is avaluation of the input ports

 No predefined protocol, preemption possible

« known worst case latency



The Communication Modé

* Sensors e Actuators
e Clocks e Networks



E Machine Scheduling

e Tasks
e Connections




A Time-Triggered Task

clk

 RT Clock



A Trigger

clk \ @ 10ms

« an E machine schedule is a set of triggers



An Event-Triggered Task

gps

» GPS Recelver



The E Machine Schedul er

* E Machine Scheduler  Digpatcher



Scheduling Algorithm

aps \ @ next SChG(EIUleS ::

 The scheduling algorithm, e.g, EDF is a parameter of E code



A Trigger

clk
\ @ 10ms

« How can we generalize triggers?



A Revised Trigger

clk

\ @ 10ms
a. pshz 10)
cal (cl k) (f)

enp(cl k) (a)
Pop
ret

e E code for the E machine



E Code

clk\

schedules
| nterrupt!

3

a. psh(10)
cal (cl k) (f)
enp( cl k) (a)
pop
ret

ecal (cl k) (f) assignspriority to f
eenp(cl k) (a) jumpstoa: 10msin the future



Timing

Task

10ms

psh( 10)

cal (cl k) (f)

enp(cl k) (a)

Pop

ret
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Synchronous vs. Scheduled Computation
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Synchronous
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Scheduled Computation
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Synchronous vs. Scheduled Computation

(e
b €

« Synchronous computation  Scheduled computation
» Kernel context « User context
* Trigger related interrupts disabled

schedules




More E Code

clk\

schedules
| nterrupt!

3

a. psh(10)
cal (cl k) (f)
emp(cl k) (a)
pop
ret




More E Code

clk\

synchronously runs
| nterrupt!

3

a. psh(10)
con f)
emp(cl k) (a)
pop
ret




Giotto Example

Task

o

t+bms t+bms

>

t+10ms t+10ms



Update f' s Output Port

Task

ML:

o

CO IT( foutput)

t t+bms t+bms

>

t+10ms t+10ms



Update g’ s Output Port

Task

] ML:  com( fo,pum)
f CO IT( goutput)
’ g
B | I
t t t+bms t+bms t+10ms t+10ms



Load g's Input Ports

Task |

ML:  conm{ foutput)
f CO IT( goutput)
CO IT( gi nput)
g
A A
t+bms t+bms t+10ms t+10ms



f's Deadline

Task

] ML:  com( fo,pum)
f CO IT( goutput)
CO IT( gi nput)
i psh( 10)
g
i |
t t+bms t+bms t+10ms t+10ms



Schedulef

Task

o

ML:

comn foutput)
CO IT( goutput)
CO IT( gi nput)
psh(10)

cal (cl k) (f)

t+bms

t+bms

>

t+10ms t+10ms



g’ s Deadline

Task

o

ML:

comn foutput)
COIT( goutput)
COIT( ginput)
psh( 10)

cal (cl k) (f)
add( - 5)

t+bms

t+bms

>

t+10ms t+10ms



Schedule g

Task

o

ML:

Corr(foutput)
COIT( goutput)
COIT( ginput)
psh(10)

cal (cl k) (f)
add( - 5)

cal (cl k) (9g)

t+bms

t+bms

>

t+10ms t+10ms



Schedule Mysdlf

Task

o

ML:

CO'T(foutput)

COIT( goutput)
COIT( ginput)

psh( 10)

cal (cl k) (f)
add( -5)

cal (cl k) (g)
enp(cl k) (M2:)

t+bms

t+bms

>

t+10ms t+10ms



Task

o

con( foupu)

CO IT( goutput)

CO IT( 9 nput)
psh(10)

cal (cl k) (f)
add( - 5)

cal (cl k) (g)
enp(cl k) (M2:)
POpP

r et

t+bms

t+bms

>

t+10ms t+10ms



Update g’ s Output Port

M2:

con( Joyiput)

t+bms t+bms

>

t+10ms t+10ms



Load g's Input Ports

M2:

CO IT( goutput)
CO IT( gi nput)

t+bms

t+bms

>

t+10ms t+10ms



g’ s Deadline

M2:

CO IT( goutput)

COIT( ginput)
psh(5)

t+bms

t+bms

>

t+10ms t+10ms



Schedule g

CO[T( goutput) —
CO”( ginput)
psh(5)
cal (clk)(g) —— i
> g >
S 1

>

t t+bms t+bms t+10ms t+10ms



Schedule Myself

CO[T( goutput) —
CO”( ginput)
psh( 5)
cal (clk)(g) —— i
enp(cl k) (ML:)
4 g >
S 1

>

t t+bms t+bms t+10ms t+10ms



Exit

CO[T( goutput) —
CO”( ginput)
psh( 5)

cal (clk)(g) —— i
enp(cl k) (ML:)
POp _

r et —» R

>

t t+bms t+bms t+10ms t+10ms



Embedded Programming

...requires the integration of:

Real-time scheduling/communication concepts
_ogical RTOS: The embedded machine
Programming language design

Compiler design

Classical software engineering techniques
Formal methods

o 0k WP



Concurrency

Parallel Composition |/O Decomposition

Task1 “ Task? Task]l «—> Task?

Control Data



Control Operators

Sequential Parallel Choice Loop

— { 4 O



Real-Time

Change of state State

Function

— FEvent «— Frequency



Event-Triggered (ET) System

Change of state

X

Data ,

Time



Time-Triggered (TT) System

Clock tick

vaaa




Esteral - Giotto

o Esterd:
— Synchronous reactive language
— Event-triggered semantics

e Glotto:

— Time-triggered semantics
— Distributed platforms



Sensor - Control Law - Actuator
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Giotto: Time




Giotto: Operators




Giotto: Helicopter Control

mode () period

{
taskfreq 1 do = ( ) ;

taskfreq 4 do = ( ’ )
}



Event - Reaction

- »‘ o



Esterel: Event

Event:

e ems

>
Time

L oop:

~
@ loop P each S

</




Esterel: Operators

\present S then P else Q/




Esteral: Controller

module normal:
input A, B, R;
output O;
loop
[ await A || await B ];

emit O

each R B?.~R?.0!
end module



Embedded Programming

...requires the integration of:

Real-time scheduling/communication concepts
_ogical RTOS: The embedded machine
Programming language design

Compiler design

Classical software engineering techniques
Formal methods
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Concurrency

Parallel Composition

|/O Decomposition

Task1 “ Task?
Taskl @ Task2

Task2 ; Tasl

Taskl «——» Task?

i

Taskl —» Task?2
Task?2 —» Task1l




Real-Time

Taskl ; Task2 —» Task3;  Taskl; Task2 — Taskl

N

—> Event — Frequency

Time

— TIme —> Deadline



Helicopter Control

Task 4

Control @ 50Hz

Navigation @ 200Hz

15

20

IMSeC



Code

Task 4




Embedded Programming

...requires the integration of:

Real-time scheduling/communication concepts
_ogical RTOS: The embedded machine
Programming language design

Compiler design

Classical software engineering techniques
Formal methods
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Abstract Data Type

|nterface: Set of methods



Abstract Interface

|nterface: Set of methods



Object-Based vs. Object-Oriented

|nterface: Ports + Control Methods



Steve: Real-Time Java

Scheduler

+addToFeasibility(s : Schedulable)
+isFeasible() : boolean

+removeFromFeasability(s : Schedulable)

schegdules

N
A

L\

PriorityScheduler

«interface»
Schedulable

F~
L—

«standard»
Thread

NoHeapRealtimeThread

RealtimeThread

AsyncEventHandler




Embedded Programming

...requires the integration of:

Real-time scheduling/communication concepts
_ogical RTOS: The embedded machine
Programming language design

Compiler design

Classical software engineering techniques
Formal methods

o0k whE



Formal Verification

Property Space

Data .
Time

Control

Safety Liveness

« Safety: Wrong things never happen!
e Liveness. Something useful will happen eventually!



L anguage Hierarchy

Universal Design Macros
expand l
Non-Deterministic Model Automata
synthesize anayze
Deterministic Program Code
compile l
Sequential Executable Machine




Non-Determinism

Sequential Parallel Choice Non-Determinism
" "
\4 =
S—_ !
T~

Programming Operators Modeling Operator



Helicopter...




Helicopter...




The Mindstorm Machine




