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A

Helicopter Flight Control(z .

Do the following in each 1/180-second cycle:

» Validate sensor data and select data source; on failure reconfigure the
system.
Do the following 30Hz avionics tasks, each once every 6 cycles:
— Keyboard input and mode selection
— Data normalization and coordinate transformation
— Tracking reference update
« Do the following 30Hz computations, each once every 6 cycles s
— Control laws of the outer pitch-control loop ‘
— Control laws of the outer roll-control loop
— Control laws of the outer yaw- and collective-control loop
» Do the following 90Hz computations, each once every 2 cycles, using outputs
produced by the 30Hz computations
— Control laws of the inner pitch-control loop
— Control laws of the inner roll- and collective-control loop
« Compute the control laws of the inner yaw-control loop, using outputs from the

90Hz computations e A
P N‘\/

* Output commands to control surfaces
-

Carry out built-in-test
ek SEARIREE )
s 1 i s 1

‘_—’
——o

— | ©



- Multi-rate Control Systems

* More complicated control systems have multiple
sensors and actuators

— must support control loops of different rates.
» Having only harmonic rates simplifies the system.

— EX. Helicopter flight controller
* The sampling rates of A, B, and C are 180Hz, 90Hz, 30Hz resp.

Do the following in each 1/ 180 second cycle: ‘

* DoA
® DO B once every 2 CYCleS 5 @ SELELLE @ &
MEEEETEE B ' ................ s ®

« Output commands | ?
« Wait until the beginning of the next cycle ‘




From CE to CE: A two-steps de

Application

Control Problem

rhl'lndeling Tools

Mathematical Model
{Simulink)

Program Generation

RTW Embedded Coder

implementation Tools

Combined Timing + Functionality

Program
(C)

Compilation/Linking

C Compiler

Embedded System

Real-Time Code

Simulationalidation

Optimization/Debugging

(

\.\

unctional Model

Cultural WaIIIGap

Task gen.

=% | E—

2| TAEI: Sync approach:[ Task: mappng

TFHENLTRENN: Async apprem,..

/Archltecture Model f f R
h
CPU1 CPU2 - CPU k
| | |
% w0
i1 - -EE
i2 "en 0 o ERE
o mmm @ o EEE
N
i — =it} -
o0 ol

(logical time)

(physical time)



- Gap between two domain
+ B ARGE b G i

— Stimulus-Response: FSM = "

— logical concurrency

* sync: temporally deterministic
« flow-analysis: response-time, e2e delay

o SRS
— multitask models: concurrent tasks
* Event-driven
* priority, deadline
« schedulability analysis
— physical concurrency

e async: nondeterminism
« arrival order/computation time

Application

—o

interface
Interface

Q

5
>
w
;-
o
£

Output Event




73 B g
N B P 5
EH| R B i
AW MR (AHRAEFZ) , AT5M%,
— Event-actiont® %Y
o RABIEMERBIE, T5=Shftori M3 4
— DARTS5#%:: Design Approach for Real-Time Systems

o BT ARG HIDFGIHATALS K14y
o SRR PR T 1EDARTS: Hassan Gomaaii

S g 72 75 3 (programming paradigms)/4 FE A A

Real-Time Software

— ZmfEVEzl: way of thinking about programming -
— [FBIEIRE T FBIRPIES
.

— Real-Time Software Design for Embedded Systems, 2016/18i% ¥
- RAISysML. UMLFIMARTE, MG 5E 85001k %4544, COMET o
IRTEW 7%,
-  SEI@QCMUMEFF Zikt
— A Practitioner’s Handbook for Real-Time Analysis: Guide to
Rate Monotonic Analysis for Real-Time Systems, 1993



~control systemsi% 117 fE

« The capture/convert design process: two steps

» the control engineer: &7 A5 2 A Hie p 4 i 152 24
— modeling of the plant behavior and disturbances
— deriving and optimizing control laws

— validating functionality and performance of the model through
analysis and simulation

 the software engineer

— decomposing the necessary computational activities into periodic
tasks

— assigning tasks to CPUs and setting task priorities to meet the
desired hard real-time constraints under the given scheduling
mechanism and hardware performance

— achieving the desired degree of fault tolerance through
replication and error correction

— code integration, testing, and optimization




~ Controller: Control System

« Control a device using actuator, based on sampled sensor
data

— Control loop compares measured value y(f) and reference r(t)

» Depends on correct control law computation, reference input, accuracy
of measurements

— Time between measurements of y(t), r(t) is the sampling period, T

« Small T better approximates analogue control but large T needs less
processor time;

 if Tis too large, oscillation will result as the system fails to keep up with
changes in the input !

| 5 Control-law .
- Vertical axis Left Aileron ___.LM:-E AD (e saticon Jm—b DA
y IEI]-'! ; ""!3"-‘1: "'IrU' urIll i
L0 ! {
Elevator T
+ | AD :
Right Aileror : e .
Longitudinal axis
¥y +
Lateral axis sm - Actiabin




- Control Law computation

« sampling period, T il ) T
— reads its inputs u S| se+D = FeGD.W0D) ¢
— computes its outputs y, W
— up dates its state x “-'l'if-ﬂ;l-ff[”} wrie y(1) w‘litrc:‘.r;l'i’J

e control equations g [ Tl
— output equation l s o

* y(KT), z(KT) ‘

. read u(0) read u(1) read w(2)
— State equation
. X((k"‘ 1) T) , W((k"‘ 1) T) set timer to interrupt periodically with period T

_ HTJ‘}J%"‘,{E/%—& ( W;:I‘%[P Iﬁjb{:iﬁj{ ) . at each timer interrupt do

do analog-to-digital conversion to get y;

=l 1=
. one-Sftep deﬁyﬁw : Moore compute control output u;
» zero time EJ& : I\/Iealy output u and do digital-to-analog conversion;

» control systems composition °¢

Z(KT) = Gulw(kT), u(kT)) z y(kT) = Golx(kT))
w((k+1)T) = Fi{w(kT).u(kT)) r((k+1)T) = F(x(kT), z(KT))

s




RT Control Systems Implementatiorf-

* The controller algorithm is executed once in
every sampling period h.

— The sampling period is a compromise between
Nyquist-Shannon Law ( fs>2B), the
computation time delay rwith it's possible jitter
and the limits of the hardware.

__‘&’ /gﬁﬁfﬁ"lzﬁ<1%
* When in a system we have 0<r<h we're

facing a delay, as for when z=h we have a
loss.



ALK S 25

—

* monolithic approach
— Implementation with a single periodic task.

— simple, but tends to lead to a larger feedback-delay.

* In order to diminish this delay a predictive controller (? )
may be implemented.

* multiple task approach
— dividing the process in more than one real-time task.
— The main task calculates the new control signal.
— Followed by Task 2 where the new state variable are

calculated.
set timer to interrupt periodically with period T;,
w ™ — 1 at each timer interrupt do
g — Y(kT) = G(z(kT)) " do analog-to-digital conversion to get y;
: '- 2((k +1)T) = F(z(kT), u(kT)) : ; compute control output u;
Um — W output u and do digital-to-analog conversion;

od



Single task or Two )

Task 1 (with maximum priority) DT““d'i’:"
dSK =
1 Scheduler 4 I'l' Sampling time T Fl
v Scheduler — >
et_Event_Variable() Set Event Variable(1) _ Deadline Task 1
(wait function) (wait fanction) ] Task 1 i >
; L]
@et highest priority; \ l' e .
y = read_ADC(Ch#1); (1= signal generator{ Parameters);
ys = signal conditioning scaling(y): — Kr* = Kx * x: Task 2
r=signal generator(Parameters); " “_ v . i ¥
e = [(w-ys) e(2:length(e)]: write DAC(Ch#x, u); Set Event Variable(2)
u=u+q’ *e e esel Event Vanable(2): (wait function)
\write. DAC(Ch#1, u); A =
I L

Shared Memory

u,r,x,y,Ab, Bb, Kr, Kx
etc.

y = read ADC(Ch#x);
ys = signal conditioning scaling(y);
x=Ab*x+Bb*[u'y'];

gy — —=
g y(kT) = G(z(kT)) o ﬁt%é&\ E %\ Iﬁ,lﬁ?
; : zi(k+1)T) = Flz(kT'), u(kT)) .

Uy —— "y,




~ Event-action model (paradigm) &)

KA SRS IS, AT T e s 1E
— FSMbased: “IRE” HIRESDL &R E RN
A TR ERT 2R e) KA, IERZRTATN

— Mode: FH/HIESE

SIE: RANFAFE RN

— ZEAiE G o VR E AR b e A SRR R ST N

— BIMERAT R A AN AT DA S AR, SRR AL XORT B R A R A

il

— HNEFEA: AR A R A
event
Real-Time
— TEEIME: T ERAE

— WHEEAF: RGN E B ) FHF
— TGRS IE ST ARRSIEIT IR 45 RS0
_ SR A EER ) anEvent [guardCondition)/ anAction

o SR MR HEE. AT [::} ’[Ezj
— AP s ) SRR 0 AR

— primitive events, composite events
%M (condition) : & X A EFHIBHIE
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FI L 5 0 it CPU's perspectivez,
+ FDEMF RENFRHM, BIHE5ARDIES

— Synchronous events are those that occur at predictable times in the flow-
of-control.

— fn:. WERFMT (internal trap interrupt)
o FIbEM: MHLKERNEMS, WP EZ RIS

— Asynchronous events occur at unpredictable points in the flow-of-control
and are usually caused by external sources.

— G AMEH T

» A clock that pulses “regularly” at 5 milliseconds is not a synchronous
event. (1717 1Eclock drift! )

— | T =

L1 ,—D— HIES

[
il #32

lIxx@ustc.edu.cn 16/94
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AR ET. TT

=3 A i = O @@/ "l utlrj1
LR RGET ’ )
— RWTIRED: R T R e D D—Cana D

AR A2
— ARG (SR m R
« FfEXE (eventshower) : KEFHMFINFIK, HRG0H b

— Y#Zarrival patterniig N F4F, &5 KA RE

I} [8] fisk &% £ 4t Time-triggered
— FHMEFIEW, W RN (8] A2 PG g B (B 18] Ta] g AN — 2 [ )
o GEMGAE, I pitick s RIS EEHEAT 4 A AL R
— #%response time requirementsii N 4, & & KA S HE
5 & RE—1~100/)Z FAF R 92 il g5 it
— ?%Eﬁﬁﬁm% A NE—Z145, 100ms)a 8 AFE90)E
g4
o F{Hk RS 12BN, 1001282217 -

o WfEfA R H500ms—Mtick, filh & SREE,
_ RN A, WEHAT . AT R e B,

Jml




Execution Schemes for RT Task.

Initiating event
N
Event-Driven

Task Exanutlnn

Slack Time

Minimum
interarrival time

Actual Interarrival time

Scheduled start Sd"lidhildm

m/: “x

Task

Slack Time

Period




- ET/TT%

 Event-driven
— Interrupt-driven
— ET schemes

* Clock-driven
— TT schemes

FEAELE

‘ Event in @ Interface Node of
the P System the C-System

< Imtialize Memory >
foreach input_event do
< Compute Outputs =

< Update Memory =
end

a. “Event driven”

< Initialize Memory >
toreach period do

< Read Inputs =

< Compute Outputs =

< Update Memory =
end

b, “Sampling”




FA-ER: R e
« TEZR. Y (4D | K
— R T mR->LIR->FERE->5 1

« offer a set of implementations for each situation
o BOURE RIS fixed priority, preemptive scheduling
« VPR TR Gl T2 )




SIS R GE 70 M Tk

o TRDHT: RIETHER, WIE RS B AR LIHLZR
— X B B Ay i
o MillerkN: —ARGENAZDFERT 20T 25t
o RGN XNOEA REWAT NS MEREHAT ik
— B (B R
o NSERT ARG, FRAN TR a5 R R TR R/
« 1Thomas McCabef& 1! 52 /5 1%
— Y M BE S N SR R G AR A AN AR A L A

— FBERR RN ER], RAMZ . fBGE . B, Markov £ 15
RUSEAS Y R GU e A B I R0

— @M R (EE RGN 5178)
o HENLASFIE A B AR AR

o AMUATLA T RGTERE, IEREESL— AT AT R IR A, T TR R
S BNEAT A

lIxx@ustc.edu.cn 21/100



S RS T

o BRPERETHITBL: (RIS A R R G B AT
— B SENBAAR T, IR R ST N,

. Btk
— BTG T E R AN B AR T, sk R )
— 3 TFSM. Petril¥. JHEALEHLA] . FrIREI LIS 18 S 55

structure-oriented heterogeneous data-oriented
I )
block diagram; control/ || program aniity
schematic dataflow | | state relationship
graphs || machine
state-oriented activity-oriented
|
| I |
finite hierarchical Petri
state concurrent finite | | nets
machines state machines
| I | dataflow flow
— graphs charts
transition state
(Mealy) (Moore)

lIxx@ustc.edu.cn 22/100
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C GINTITE, SIERRAHTH B
¢ BT, RIERGRHE
XTI RYE, HHEATH— 59

— R B TT
+ DARTS

TR RO SEILE,
« UML
TR TR SRR
o« K
LS KA. S SRS
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LRI T e 7

JSD(Jackscn System Development)
SCR(Software Cost Reduction)
RTSAD(Real-Time Structured Analysis and
Design)

— SASD+RT : FSM+DFG
DARTS(DeS|gn A proach for Real-Time
Systems): SZIN RGL LT Tk

- “FEHIERE #L Hti‘%?ﬁ% H— AN ¥ 7
GomaaXfDARTSHEATH 78

— ADARTS: S{HFAdafyucit

— CODARTS(Concurrent DARTS)

— COMET/RTE

lIxx@ustc.edu.cn 24/100
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BAEE W] LB R 7 F T S FR IR 7
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T Re B (8] S8 4

o MG E e (deadline) HITZLEES BS H Sk,
H ST IB AT S

o AR T SAT S AN LS, BAIw A2 i [A) 75 2

event
Real-Time
System action

Task 1

Ui

event 1
deadline 1

event 2

~_ Task 2
Task 3

deadline 2

Task 3
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event 1

event 2 Task?
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event
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1

Clock Tick

lIxx@ustc.edu.cn 35/100



JH BAIRAT

o —T5E

S AT

£

1U.+

fﬁ

HAAT B A2 e n] LIAE N — IR
TE 1T 18] 18] BF 45 w0

— WELEAH [F] B B N AT S D e 2 Al — M 5%
— R B PSR T & e

15SHZ

F1

10HZ

10HZ
15HZ

F2

F2

F1

lIxx@ustc.edu.cn 36/100



R
NEBE S

_______________________________

E 2-7 flegfiEhEaR{ES Rl



 DARTS# ik ( ,.,75/

) EI:}L?EDFG v3 v4
_ DFGUEINURE S, AR 2 /
R TR IR, (AT RS :

— J78: RoEFESRY, RACIRSHK
* B AR

— fE5RIBERERTCM (Iask Communication Module)
°%%ﬁ%ﬁﬁ:ﬂ%ﬁ HAE T ﬂﬁgMﬂAW*W
- EHE 1* RIETT RIETE B G S R SR ] 25
—Mﬁ & @ﬁﬁgMﬂ%@ﬁg

- B E @mmm SN £ ﬁﬁw@ﬁ% - ‘
RGNS (EEH ) %M SRS (BN R D R

— £ R EETSM (Task Synchronization Module)
o K H RS FIE 54T 38 U ) 77 NS Bl
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Temporal ConstraintsZm s

« Types of Temporal Constraints
— Logical time: impl-independent logical sync & qualitative
timing
— Physical time: impl-dependent physical time consumption
* Absolute temporal constraints
— Measured with respect to a global clock: 2018.9.18, 8:00

» Relative temporal constraints
— Measured with respect to a local clock: 1ms (real time)

« Type of Specification Temporal constraints

— Program-based temporal constraints
 Programmed in the target language(Implementation language)

— Specification-based temporal constraints
« Specified in a separate language(Coordination language)

« Granularity of Temporal constraints
— Statement level _ relative deadline D; slack; =d, - f;
— Task level T, l s B = W = f

t

4 1 f1 d1
- - absolute deadline
response time R (d,=a,+R)



Programming style used in practice

T Eontrolier

« Synchronous approach: &l TFEIxXH e [ e o]
— Berry’s synchrony hypothesis T * |
- Activities take no time, or atomic, orinstantaneous Efn]'“

— Concurrency: logic

» (asynchronous implementation models also have)
— Determinism (not all)
« outputs happen simultaneously and synchronously with inputs

— Temporal primitive executed accurately(?) “ “ “
« Real-Time (3}£4%) is not Logical Time (&%) A | |
— Easy to do verification test

 suitable for RT—AnaIysis (e.g., rms or time-driven)

— Distribution: 1, BEPXET AP : ;WM_’W%MP‘_W_

« Asynchronous approach: 5 #1% 5 KH
— Ao RN RAZATRR” 27
— BT 5 &M Hoare-styleili 5 /7% 2 O o @(\3
— Reaction compete with each other T A
— Temporal primitives executed inaccurately s~ 51

(physical time) (logical time)




programming language

* RT Concurrent programming language
— Ada [1983]

« Based on CFSM(sync message passing) and processes
 Nondeterministic: A48 /& FERE AT I+

* Time-handling primitive is somewhat vague

« Execution time is unpredictable

— PEARL[1978]: —#h TMVidFEIEHIES
« Synchronous programming language
— Esterel [1988]

« Control-oriented language: A imperative language
« SyncCharts [1996], a graphical version of Esterel

— Signal [1991] and Lustre [1991]

« Signal-processing language: Data-flow + time



=11k F == . ()
5] 22 15 5 Synchronous reactive formall

° %ﬁ:*ﬁ?ﬂﬂ%ﬁ@ <:‘&?FE:E/‘J) HﬂLl‘Eﬂ*Eﬂi@ Environme m"ﬁj
— R HISAAT IR AR o BTG PR AR IR B V25 ) 2 e B 25 ’
— FIRPE A R CE A . ; p ;
- M, RITEABIRA, . o
o ZPRUIRRN “RRIE7

— ﬁ%ﬁﬁﬁﬁ’ﬁm&f A o AR [R]85 1) 56 s
— EEFRITE X Fﬁﬁ%ﬁﬁ?ﬁ#ﬁﬁ}if/ﬂ/

» a single global clock
* requires a fast broadcast mechanism ‘ —F\FW—WM—W—
o Kk, BHLRFED A G R E R

— FFMealyfl ‘\\ 1\\1 ) \\

— FF RGN RAEAMRED A . T
o Rt TRTERSW =2/
— modeling & programming lang

— R MBD BT AURE AR R 7 2K o




ESTEREL

It was originally designed as a language for programming
robot car controllers in the 80’s.

— Itis one of the first language based on the synchrony hypothesis.
(Statecharts is another.)
» An Esterel program specifies the control flow of a reactive system.
It is event-driven based on discrete signals.

— An Esterel program is typically compiled (flattened) into a
(Mealy) FSM.

Reactions take no time.
— That is, the reactive machine is infinitely fast.

— Responses are synchronous (instantaneous) with stimuli.

* Inputs are signals, which could be generated by interrupts or sampling,
and outputs are produced instantaneously w.r.t. to inputs.

Communication is by broadcast.
Synchronous languages are deterministic.
There is no built-in notion of time; a tick is just a type of signal.



ESTEREL: A Simple Example)

* “Emit O whenever A and B, reset upon an
input R.”
input A, B, R;
output O;
loop
[ await A || await B |;
emit O;
each R;

* An Equivalent FSM




: 7%' jl_gﬁj‘ll:l =

s TR —ANTERD N —RIUES (LI
* HEAEgm AT 115 AR SS HIWCET
— T3 R ek HE ES 8 HforfEd, AR H A E
FIwhile g A Al ) .

— /K&, Cache missHszm, #ol, DMAJH S LSS
R AT B E G A WCET .

o THI, DUMEE MAEIR. [P TE] . I S5
o SCFFE AR ST A

— JAda: every (25ms) {...}

— ] GG PRI T R R G ) AT R




PEARL: —#p Tl fasaia =G

o Bk Wrready kAW, {E55suppliest Bk
_ WHEN ready ACTIVTE supplies:
o 1] DUXHEAME S B HATIHAT T2
— AT 12:0:0 ALL 1 SEC UNTIL 712:15:0 ACTIVATE
measuring;

— AFTER 5 SEC RESUME;
o [F]2D
— REQUEST conveyor-belt;
— RELEASE communication-buffer;




Edward Lee: szof &4+
The Real-Time Problem

o Programming languages have no time in
their core semantics

o Temporal properties are viewed as
‘non-functional”

o Precise timing is poorly supported by
hardware architectures

o Operating systems provide timed
behavior on a best-effort basis (e.g.

using priorities).
o Priorities are widely misused in practice




e Krishna (2 % 459)

C WP CWHMEEMET!
— WA G H QRIS MBI IE FI5OE, AN T AUE R
e/ ME
— P B AT 5 B B R PATIS TH]
o WRE, PAERE, SEUTCAE T AR RIRCR S .

— Overrun Handling
— FFEAR IS IT AR AT F 40T I ]
— FRE TS5 5E N J5 THUE AT E A5 .
— K —MHE G2 KN R REZ 2.
— F—NH B S 2 KN TR A0 H RS AE 55 b B
— FRE — M5 I JE BAVERS P22 7
— ACFRBREANEIA BT SOV A I I TR
— AR B A EAE S5 KN IR
o PRUELE 1 7RI R 2 B A% 38 B AT T B0 TS PN A7 P s 1 AR
— Timing requirements can be related to relative or absolute time




Insup Lee2010: Take Away Messag '_".?{-fﬁ;:}-

Timing constraints in programming languages are
a topic since at least 1968.

What are the right abstractions”?

— (modules, tasks, statements)

What is the right notion of time?

— (zero, continuous, discrete time)

Who checks timing constraints?

— (offline, online)

How do you specify timing?

— (specification-based vs. programming)

How to ensure timing constraints?

— (verification, runtime checking, offline, online)
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fENl (i%2)

Y
— ] 4 Helicopter Flight Controlz 1] 455

X

— X FEABDARTS J5¥2: 5 X Helicopter Flight Control /1 ¥]
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— RHADARTS T 1A i 2B AT 121 R4t
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