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Task model: one function = one ta

Implementation

(

task beody P1 is

Intarval : constant Duration = 5.0;
Naxt Tima : Tima;
bagin
Naxt Tima := Clock + Interval:
loop
Aotion;

delay until Next Time;

Next Time := NexT Time + Interval;

end loop:
and Fl;

tazk body P2 is

Intarval : constant Duration := 7.0;
Meaxt Tima : Timea;

bagin
Naxt Tima := Clock + Interwval;

loop
action;

dalay until Next Time;

Maxt Tima := Next Time + Interval:

end loop:
and FZ:

L J

(

Abstract model
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— Assumptions about task timing, interaction, . . o
o« 1451 #:Scheduling Algorithm

— Scheduling mode and selection function

 Timeliness: deadline, worst response time, . . -
« Efficiency: average response time, makespan

— Prioritized goals
« Temporal predictability first, performance second

o T[H & 4> #rSchedulability Test
— Prediction of worst-case behavior
— 3T CPUR| H # (workload analysis)

« for preemptive and strictly periodic tasks?
— WCRT(Response time analysis)

 for preemptively feasible task sets with D < T
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e Peter Marwedel (TU DortmundZi$%)

« (AR ARGBRIH-IRANXCPS RS » F2K,
2011, FHZ®

« Giorgio C Buttazzo, RETIS Lab, TeCIP Insitute
— Hard Real-Time Computing Systems: Predictable

Scheduling Algorithms and Applications, % =}, el
2011 stms
— Multiprocessor Scheduling for Real-Time
Systems, 2015
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» BRARAY] G847 RS

activatio // IIIIIIIII

READY RUNNING

» active = arrive = release” —
—active : 1ES5HHEGE (B1ED

« “make ready a new task, either immediately or
at some future point in time” (Kopetz P220)

— Arrive: TTHM LS 2L, BETH)SHH3)A

* = release=start Arrival Release ~ Completion
(invocation)
A A |

, '

L0 Vo 10 Release Time Jitter Execution



f£-4: Tasks, jobs, =&
« Atask T={J1,J2,...,dn} is a set of related jobs that together
perform some operation

« A Job is a unit of work scheduled and executed by the
system (the unit of concurrency)
— If jobs occur on a regular cycle, the task is periodic

— A sporadic task is an aperiodic task where the jobs have deadlines
once released
o fEAE “H/NBIATEIRE T !
— If jobs have unpredictable release times, a task is termed aperiodic
» Appear once only? Have average deadlines (soft-RT) ?

— AR P RS . BIAREL, PSR (DL

/" Deadline

d

Computation time LA 0 110

Period
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~ Constraints on Tasks (RTOS view \=

. . > . Arrival Release Completion
« Timing(x€F}) constraints mocator) ‘
— Release time |
* Relative to arriving time — A/ Time
— Deadline e
« Absolute deadline Response Time

 Precedence(fL5%) constraints, /7

— Temporal order: Temporal dependence
- temporal distance: “SERES(A]” 2 %

— Causal order: Causal dependence
» Happen-before(Lamport): #£Fmsg

* Resource constraints @)
— Data dependence? ‘
— Mutual exclusion constraints Y

« Resource access protocols
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a: LS Zlarrival/request
7 D3R [H]
s HEHEE Zstart
e i/ 45 N %l /release
C: capacity/#47 5} [8]/Workload
£ SERINZ
R: i W Fisf [R])

#i 1 #deadline _ relative deadline D; slack, = d -f,
st (7)) T—
XD (KD T = m ._1f e,
FastisTa]slack, #4FElaxity 3 S ; d.

- - absolute deadline
iLikLateness: d—f response time R, (d;=a,+R)

IF4a 1T IR
Delay ?
Frajjitter 10/41

T

d,

F]

M T=0 H. Jitter=0 I} : Arrival = Start = Release
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Static task parameters: € - (undisturbed) WCET

I :penod

@ r.=1C.L.D. O } D, - (relative) deadline

@ :(absolute) time offset

I
L Jr 3 Jr + 4
? E-: ::ri E T
| i ¢ i O(phase): the interval between a periodic
PR »  thread creation and its first release time.
#) T ] H T8 @SB ATINT
VEE . KL TR ! LIS (8] DRJ DLE F- BUANSE T S A T
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55 PAT I [H]

AET
" (Actual Execution Time)

]
i
1
\"'\-\_
5 |ﬂ C k | S Computation time
i

(2) (1)

_ o
»

iDeadﬁne=Peﬁnd

BCET

(Best Case Execution Tlme)WCET_
(Worst Case Execution Time)

« BCET
- WCET

Measurements
might miss the
longest time!

probabaility
-

Static analysis
gives safe
timing values!




Types of Jitter: Ji[A] ?

Finishing-time litter

R — . - ‘

T; I N .
fi1 5 fis
Start-time Jitter
T — i ‘
1 | 1 B B
Sil 5i7 513

gate ungate gate  ungate gate ungate gale ungale



- precedence graph, task grag

Independent Periodic jobs

Feasible

mtervals

(0,7] (2.9] (4,11] (6,13] (8,15] p=2, D=7
O o) O Q o)
(2.5] (5.8] (8,11] (11,14] (14,17] Periodic jobs, dependent
0O O O O onimmediate predecessor
g=2, p=3, D=3
(0.5] (4.8] (5,20] Conditional block
o _ O ----0—®
branch joir
(0.6] LHD Tobs with
‘s 0O complex
dependencies
(2,10
: e
/3 OR 1/2 Producer-Consumer

—28: chains. intree(AND/OR). outtree(branch)
WP AR () BRI . I TR 4



maintained by RTOS

Task Contrel Block

task identifier

task address

task type

criticalness

prionty

state

computation time

relative deadline D,

period

relative deadline

absolute deadline

utihizatron factor

context pointer

precedence pointer

resource pﬂ'! nter

pointer to the next TCB

activation
\ READY

I i I s W | R
f
3 5 L d,
= . = absolute deadline
response time R; (d,=a;+R)
7\ Deadline
-+ d -
| — | — |
|f- | p - C {-.E_.I
S ~ Computation time
Period
BLOCKED
wait

signal

dispatching

E termination
RUNN@—

preemption

ACTIVE



- Task scheduling

» BRI RATLS AT, R LR KA
— Dige: P BN, 0BC (CBRALERER. ZALFRGE. 2RO

- e

activation terminati
. ' ermination
dispatching ,
e e e = Execution
scheduling
preemption
Thread 1D
Starting Address Task Parameters I
: ; rejection .
Thread Context Task Type ) Priority queues
. > Phase A
- Sporadic cceplance
Scheduling Period P Jnhq4’| TE\'.I —
Information Relative Deadline ’
Synchronization Number of Instances Vg >
[nformation Periodic
5 Event List > ——| Processor [—*
Time Usage Jobs
Information
Timer Information TC B Aperiodic
.-
Other Information Jobs




Uniprocessor scheduling algorithms

Scheduling Policies

¢

Static Scheduling |

U

0

Dynamic Scheduling

L

With Priorities

2l

Static Priorities

>

Dynamic Priorities

2|2

Without Priorities

Non-

Preemptive| |preemptive

L) N

RR FCFS

Real-Time Scheduling
FPS: Fixed-Priority

First Come First served RMS: Rate Monotonic

T L = R
preemptive || Preemptive Preemptive |[Non-preemptive
e T 1 I
SJE Ji| FPS | |mit Deadline|(mit Deadline|; | SRT HRRN
) ST e RS

E epr—— E RR:  Round Robin
; _____ j Real-Time Schedul ing . FC-EDF - SJF:  Shortest Job First
' ’ SRT:

DMS: Deadline Monot. Scheduling
EDF: Earliest Deadline
LLF: Least Laxity First

Shortest Remaining Time  MUF: Maximum Urgency
HRRN: Highest Response Ratio Next FC-EDF: Feedback EDF



M N e e AN o AN
SRR SRR TP R
fﬁfﬁ A= RT3
A offline, Static Table-Driven Scheduling, B Fill #4: 47
« Time-driven scheduling, fEZ50] A3, [H @& &AMES LG (7]
— FAEE: on-line
« 4. Priority-driven scheduling, A= SAT55-B\51, FHAT
PR T RS WA AT AR 5547 ?
— TR AR HEE (Time-driven scheduling) : B2
— BETRALLMIAEEYE (Priority-driven scheduling) : Zh#&STELL
o FEARFENLE]: bR ARSI T 3
— I [A]fd /% . Clock driven/tick scheduling All cheduing it

o [ E IS [] 7/ m] AR 8]y ~
_ I:f}/f/:l: ﬁﬁk . ,ﬁE%ﬁQE Z\jj / EI:’ Lﬁ EE{ Zj] static scheé ::l*i,n\:mﬁc scheduling
. Hyb ri d . (or offline, or clock driven) (or online, or prionty driven)
— A AT
e UC / O S ? static-priority dynamic-priority

scheduling scheduling
18/41



 User-oriented Criteria

— Response time
— Turnaround time

- Scheduling Objective

« System-oriented Criteria
— Throughput
— CPU utilization

— Deadline — Fairness
Algorithm || Decision Mode | Priority Function | Arbitration Rule

FCES non-preemptive Pl I Random

Sl non-preemptive i) f FIFO /Random

- preempilive - o

SR o o Pla,f) = a1 FIFO /Random
(at job arrival) “ '
preempiive . L

RR _ , P() =k Cyelie
(at quantim |

1 preempitive R o

MLE ._ . Fla), n-levels FIFO /Cyelie

(Al quantumn ) '

a: attained time; w: waiting time;

r: realtime,r=a+ w; t: total time required




- Round-Robin ey e

LS 4 S i1 s B UK IuN ¢
6 i3 2N TR] Fe f I
— BRI AN R A 52, OSKECPUME R AL T — "ReadyfT:4%
B4 TS CInterrupted)
— T CPUM AR =LA (Share-driven scheduling)
. SR = I R
— TG e S A] SR AN 4“;1 g,

II

o A -
— JARERTIET, . AR5 MIRAZOSH 2 5E IR 8] (f - a)
« Fiturn around time (il SEIFAT SRR A iy g B2 ] )
— i AUE RS W, . —AMESS B R RS I 18] T.5 OS SE b za & 19 Al 55 i
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SEIS AT 5514

» FIKEFR GRS (B Rt

— (L5550 [hlE /AT A2
T it
— IFR: R, 4R (B
— JEE
— PRARLIHR: AL

A5 JFIE or R 2

— BIAIFZ: [FNRA 8 214

— KA
o PUTHERIBINL: ET/TT
* f%’ili‘fi ﬁl%

S ) VA 1 ST 107 O =

UG

— TJ4TifE (feasible schedule)
— &MLAE (optimal schedule)
o HAREETAT, mIMELE—ETIT

Arrival Release Completion
(invocation)
A A |

W Time

Release Time Jitter Execution

23/41



A :  table-driven & cyclic sche

S

start Time
- table-driven () : FUEALSS HIPTA AT IS 2 | Tosk | in mili Seconds
. —— » \ \ . 1
» Cyclic: EHTUE R, RA7fmajor cycle | 5
— major cycle: P AL BIAN &/ N AZEELCM T, 12
o HIFHLE K framelislack times 15 17
— major cyclef %4y iiframe (=minor cycle?), 7% )E:
o FF RN FESREE— Mrameh A
° H%/J\’HZU%E%’ i}%ﬁﬂ&@é\%iﬁﬁ\frame Task Number Frame Number
- J#itdeadline: DZ/DNA—AN5EHE K] frame T3 o
— Periodic timer: F T % frame ) 7145 - .
o WEL: framef AR GEFALS, KT
« Periodic task: frame T4 A AT & F3
- sporadic/aperiodic: #|MHframeffslack time T4 F2
A Major Cycle Major Cycle
) Minor ) Pa—— I ]
cyele -
f1 2 3 4 fin fin+1 fAn+2 faAn+3

Figure 6: Major and Minor Cycles in a Cyclic Scheduler



- A Cyclic Scheduler

cyclic-scheduler() {
current-task T = Schedule-Tablel[k];
k =k + 1;

k = k mod N;

Task Number

Frame Number

iz

F1

T1

F2

T3

F3

T4

F2

//in the schedule table

dispatch-current-Task(T) ;

// N is the total number of tasks

schedule-sporadic-tasks(); //Current task T completed early,
//sporadic tasks can be taken up.

schedule-aperiodic-tasks(); //At the end of the frame, the running
//task is preempted, if not complete.

idle(), // No task to run, idle.
TBEx=p
: rejection
M : M
Sporadic Acceptance : : 5
2 Jobs | Test '—"]:D:D_ Ti(1) Ti(2) Ti(k-1) Ti(k) Ti(k+1) Ti(2k-1)
Periodic - - @ x| © x
ke > Processor —> i
. Mg ——
Aperiodic ._m_ Figure 4: Major Cycle When A Task T; Has Non-Zero Phasing
Jobs

lIxx@ustc.edu.cn
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5} 18] PR 72 (deadline ) i & H.v%

. ﬁ%u LRV BN jobHAIAAR
R EF A (RM, Rate Monotonic Scheduiing)
o LS (Multi-rate), o6 AR5 B e, MES
o UERASE TS B s e S e e b B 2 Yk
— bR YE (DM, Deadline Monotonic)
o JFAIMTES, B s iske, MLk
o BUEFAASE AT S B HHR ) s A s S o0 2 b B 88 vk
. jJuﬂ'fﬁflﬁ@i%/%. N job Tl A JF]
— HEBEILSE (EDF, earliest deadline first)
o AT AMES R E, Btk
o BB A b B 25 1 vk
— F/MBEHEE (LLF, least laxity first)
o /ML
o HAAE
o JEEALH 2RonlineF 1L
— TS : RM. DM. EDF
— TS : EDF. LLF CRAEEHI? O

26/41



S E HHAT- %5, RM/EDF R 1%

« Homogeneous task sets

— AR5k e A TR
o« AHDLEE ?

— IR GRS 455 A

o FHXF or 45Xt ?

« Simultanoeus activations

Arrival Release Completion
(invocation)
A A |
=SS vy

W Time

Release Time Jitter Execution

_ S TR G @
o RMTEENRENESS 8 7 [l 2 B Sa g /\
« Fully preemptive tasks woaion. /\(\73
— AR ZIER AT 38 5, B 5 T v 2 0

o« HESSHOL

— No precedence constraints, No resource constraints

e >
i D, i
g ¥ M ¥ ¥
[ ] | I
R T — i
i G |
i“i > )i
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RMEE: 8 et S 20 ik
o 11551 E BH=80 1 1A
— AR5 S g e AH/IMESS RS
o BN = PR
— T2 RN FRATE O ?

o« KU GRS R T, [EE e

—TT. ET? —5& Etick? T1=5, C1=2
— TCB. uC/OS? 'T2=7, C2=3
| | | | \ | | | | Il | |

L — #l ] : I

T2 ——T1— i B e —

« DMEIE: AHXTES FR/NEIAE S5 S

— AR PR 5 B BRI EG S : DM=RM

— AHAT I BRAEREE . FTREDMAJAT T RMAN T4

lIxx@ustc.edu.cn
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EDD for uniprocessor

o [E5hST, with equal arrival times
— Preemption is useless!
— EDFSCH 2k i) Al A [F] (4R 55 4
« Execute task with earliest due date (deadline) first

— sorted by their deadlines: complexity is O(n log(n))
o lIxx: FZLEXT I PRAE & AR I PR ?
— WERP ARSI BRARTR] AR I PP AT

o Ml FE “ER/AMEIRKIER” 7

.



EDF&EE: BN Se B

. . ' Arriva{ Release Completion
- Tasks may arrive at any time (nvocaion)
— JEBZ): depends on arrival? = :
— ~ W ime
L4 Z\jJ,j\S/ij%é&ﬁj\@a Release Time Jitter Execution

— e aa it AdIHEE, BEEE, i
o MR

— P S #BIEIRAES, RIS 2 B g
o A ReiE R M SR i dl (domino effect)

¢ 5’?}%:

— uc/OS[H B ? arrival  |duration | deadline
- ET/TT? Task arrivals ;!,‘ 2 130 22
coupnl 1 (- -0 -
e ‘ ’

: 3

[y :
Ty — _I,—ﬁ o '
? | I."I L= W~ I 7 E ) ey, B e S S JERD e e e m—
0 2/ 4 E\“&H 10 12 14 16 18 20 22 ¢
I . N

“Earlier deadline ] “Later deadline
Ly preemptian_ﬁ _“ no preemption




B /M Laxity 5% aweaseistne &

o MBE: ESPATHIE GRS E]d,

» WWENRGAFIISE, ENESEFEHATHIE, p s
C AT IR, doyginaiiligl. Nid,:

d =d—(t+E-p)>0
o MY #EENTY, RSeds, b
— IEEBIT TS, HAmEAAR,

— SR \H LTS, HAR R S B 18] B HERZ 1T
g, MIMAEAS S AT TR Je i B A b e A AR Ak

o SZHL: IER TR TR I N —

— i1 R THESS B CIRAT I [H] — S
—ﬁﬁ%MﬂLmEﬂm%fﬁﬁgﬂﬁﬁ
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Least Laxity First/x 3]

* detects missed deadlines early

arrival | duration | deadline
Ty 0 10 33 Laxity-tie
| 4 3 28 [ (T4)=33-1 5—6@
T (T2)=29-15-2
T, 5 10 29 HiA Ty
.l r.l

Iy | | || l
+ i

T ]
'

T3 [ 1]

0 2 4 .6 8 10 12/ 14 16 18 20 22 s

7 (14)=33-16-6=11
I (T)=29-16-1=12

[ (T4)=33-4-6=23 1(T+)
[ (Ty)=28-4-3=21 1(T,)
1(T3)=

1 (14)=33-13-6=
(T,)=28-13-2
1(T5)=29-13-2




- RM5EDF (Buttazzo2003)

o RMAIEDF 52 P4 Ff s B ) Sy

— HHRTOSZ :HRM, EDFZEAH &, ZIRTHFFiH 2
- WEMR? FEHPEHR?

— JE S PR R AT 45 2

FP/RIVI EDF
Applications critical, static | dynamic, less critical
RTOS casy more difficult
implementation
Tasks Feriodic only | Aperiodic and periodic
Efficiency upto 69 % upto 100 ¢
Predictability high less than FPIRM iT U > 1

« critical = periodic, non critical = aperiodic



~ RM. EDF. LSF

o RMEZIL ., &84T HEH1K
— TR RAEMRIERAENR, SECFA R,
— IR IEEHATRMESAT AN Y, v geidE B H AR AT 1L
— Tai{LsEE: Bitmap Scheduler& ik
« EDF/LSFsLIE %, HATHEE K.
— W B E I 2 SR AR B (R =)
o FAHEERENjob L S 2t 75 Eisystick
o T monitorks AT S AT IS E]
— EDFLUELSFH8 5 # A& (R U)H#b)
« EDF&RjobRIIAR T e, FeT 400 i FRHER
— AR TN B DG BF PR AT 24 HiT B TR) T B Zjob B 28 X B FR
— VEE: BMMEERRARZIE 2, FEB TS A E

» LSFH: systick T 22T H T HE55 (slack, SLHUA LLEDF &
— HAETELaxity-tief @: £AMES R AN 2 AT U] #e.




- LRF (& [REDF) :

R H b E g, o R
FZA—EH @

o —Mlﬂ

. [X

R
— 4 N 1 ARUESS SERY

« 2[n]EDF

— ML IR T

j<

IR F

!
b

-5 AT

AT 55 B ] . A [

AR 5

o KPR TRVE v B, A SRR Dy R U ]
— BETRURT [A)ERIR , DL 5E 2k vmy



Starting Deadlne
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Execution Tmme
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i precedence ) K 55 4
Task set with precedence
constraints and deadline

— Task sequence:

N N L execution times,

- response time

Can we guarantee that: response time < deadline?

T 1 56 P




=l AT XX 1 EF : +
it 7 L2V RAL S S AEE T,
I SN2 YN AT T RS o
- LDF(Latest Deadline First,1973) @<: 2 & oS
— EHENZE ) = B EESHE L) d=2 {@xi
« WER: HiMET=>115%K, DAG i=4 " (®)
— G AT RS, TR GRS =6
— JFR 4RI R 1 5 (LDF)
o PAT: BB AR oF [1 TsT2TaTsTce
LDF 1 2 4 3 5 6

EDF*: 1990

— [E&FBRE, Ty
— RS L AU 5 I 4R a 2 3 e
o fUACHE: BECRER TR) Andl

— ATMORE ] R 4T 55 b R Ra e R PRSI, Rb*=max(Rb, max(Ra*+Ca))
— APMRAERT ] RTEAT 55U E JS SEbFFAART SR Da*=min(Da, min(Db*-Cb))

o LS ZHUAG AR BEEATIN T 3R 13
« TENZNCR ARG AT AES M ARKR, FHTHKR

EDF* 1 2 4 3 5 6




» Peter M. [FJLS (List) FIFDS (force-
directed scheduling) H.y%



/_\B /f:

=55 AR R AR 55 1)

palsy

—-

iz

47 (background)i%

— 7*&tﬂ£ &2 R IS TRl iz A7 AR S AE 55

—rT+

5 Ju 17??

— VSN AT TR ORPAAT R A AL 55 (1 A BT 55
o HOR: SR B R AT S5 A SR AE E /N 1] 1]

H (bandwidth-preserving)i:

— WSS TAR S BRG], iR RAE R R

b

HRET

)

S

20mz
{minor cycla)

[majer cycla)

— Iz AT AT AR R M ST, I3 R A B IRAT IS

[Eling

GNART Ab PRI L] A IS ] 2

o« LSS #PE(priority exchange)
o W IEHR 55 28DS(deferable server)
o« & AR%S28SS(sporadic server)

if (] 408 FH (stealing time)y:  HJF B #A4F 5518 2 It
— FEORUET A O i SC B AR 55 IR I PR ZE SR B, R

R I TR ST AR A IR 55 CRAIFCRS S )

EDF?

lIxx@ustc.edu.cn
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- Mode Changes

-

Init mode

¥ Taski |

Sensor

O_.
Mode: a set of tasks active at the same time

Sampla

Module

300Hz

I Task2 .
100Hz

‘ [Mnde Switch —0)

Operation mode

¥ Tackd |
Taski

Actuator

— Different functionalities
» changing operational modes

200Hz

I Task3 I
600Hz

— Different timing constraints
« changing some parameters of tasks (eg. period)

mode switch at run-time
— Delete tasks: no longer released

— Add tasks

— not allowed to occur during a transition stage
Transition stage

— HMCR (mode-change request events) fiili

— might execute tasks from both the old and new mode
- T HEOverload

. Old-mode task

s

mode tasks D Inchanged ta

- fiiit: delaying the release(offset) of the first instance of a new-mode task

. fifEmode-transition latency (D)
Mode-change protocols

— When: changing the schedule at an appropriate time instant

— Rules: for adding or deleting a task



Mode change: transition phdse

MCR

3 B & E:

S B A oI5 B
n T

be 4

u ] 1‘
' || B i

l Old-mode tasks v
End of the

D New-mode tasks I:I Unchanged tasks transition




mode-change protocols crite @)

. ?ftMCBHT?IJ, IAAE S5 LRG3 AT, b2 1R
HHATH E2MCR5EH?
iﬂ%iﬁﬁ%ﬁﬂlm ANARAT 5% IR A AT, I A A
o FrAESSTIARHL
— [F2 R MRS TR A I AT ESS
o« HrIAAESS A FH LR
— A R R H S HATH A5
* The schedulability can be tested by using the

processor utilization equation or the
response-time analysis




A\““l
& »

- Complexities Arising in Real Syst

 Tick Scheduling|r] @i
— In many systems, the scheduler is activated only at
clock interrupts.

« also called time-based scheduling, or quantum-based
scheduling.

— must regard the scheduler itself as a high-priority
periodic task.

— may have additional blocking times due to the possibility
that a job can be released between clock interrupts.

- Task modella]@: i AEH, U
— all tasks A AT I 18] 50
— there is no penalty for preemption

— preemptions may occur at any time (AZE1# 5)
« Assumed that the scheduler is activated whenever a job is released.

— an unlimited number of priority levels exists.



- L 21 H
/’_\‘/Tijx IIII‘ I—\Eiﬁ)
« “fault tolerant” or “graceful degradation” solution

— all deadlines are met: Each task has two
Implementations

— Imprecise computation model: /b1t H I [E]
« T E 31T Sensitivity analysis, +£ 33 & 1T 8 B VE ) TSR ]
— Importance Based Scheduling

« ZPUZUFEER/Z . Multi-Machine Scheduling

— MMS: AMEZfFER T PRAT, 10 ELk ZEg o (] AT
o A KRS B S REE, W3R ML E AR B . Y
LABESFEVE 2 R, KORIEIN 7 fn] 830 fr X 5
— C2UEM ISR E 2 JINP-52 4 7] il
« EZALHAR ARG, LR WRISRA B e 2RI AL T A% 2
FAETHFCFSHLE 1 T .




* The Real-time Scheduling Probl&m)

In a valid schedule for a set of jobs
— Processors are assigned at most one job at once
— jobs are assigned at most one processor at once
— No job is scheduled before its release
— Frocessor time assigned to each job equals its maximum execution
ime
— All the precedence and resource usage constraints are satisfied
— No timing constraints !
A feasible schedule is valid
— and jobs meet timing constraints (deadline)
— not all valid schedules are feasible
An optimal scheduling algorithm will always find a feasible
schedule if it exists
RT Scheduling: Given a set of tasks (ready queue)

— Check if all deadlines can be met with a given schedule
(schedulability check)

— Construct a "feasible” schedule to meet all deadlines
— Construct an optimal schedule e.g. minimizing response times



Optimality criteria l —
. Feasibility L Ti
« Optimality f £ q

— Find a feasible schedule if there exists one

— Minimize the maximum lateness Lmax

* if (Lmax < 0) then no task misses its deadline
« RM. DM. EDD. EDF. LLF. LDF. EDF*

— Minimize the number of deadline miss

* Assign a value to each task, then maximize the
value of the feasible tasks

o« M # SEEUUFAE /N




WAl B SRR ) R 1R B 1 A RE Tl

o AN[EJIEREBEIEXT A — AT 55 S5 1) m] YA B AN (]
- A IS TIRIT 2[RI B H 2G4 T, FHLPATHES[R]CL. C2A0
R HAP1. P2435K: C1=C2=30ms, P1=50ms, P2=80ms.

. ﬁﬂ@ﬁﬁ%mmm—hﬁﬂg? Timelinejx:

o

-—I—- - -l-lT — H ——— —_— — - ———

T, ! - j - : —" |

|IIIl'IlillIlIJ_l.llllllllilllllllillIllllI

B 3.6 XHABIEBNASEZEN T,. T, EERITHR




AR TR 0 b A e

o AR AERIELE, R R AT Y
IR0 B or IR T 2 75 A

o« RE s

TH I T &R Gt B A 2 Be s O

« critical instants: ZAMESS[EIFRIL, HATE S PATE S HIT6

HESRAE T .
« KA. Timelinel®:, itHHEE
o WHTAES A B IR
if the sufficient schedulability if the necessary schedulability
test 1s positive, these tasks are test 1s negative, these tasks are
definitely schedulable definitely not schedulable
- —
sufficient exact necessary

schedulability test schedulability test schedulability test

—

Increasing task set complexity



T P
CPUF|H . J&Hi=DL?

— MRS ELERTE AT R
— RM&E
o EH “RMACIEZAE AN« FEEuiE it RMAE FH 2R AT 55 982 AT AT 1Y
« EH2 “F—deadlinefN]” . RMEIEH)5E N H]
— EDF&EE: /N1
— DME.
o e NI TE] ATy JEHA# DL
— Timelinek: SAFESEHRATHIRTIIAE L LS BR, A 47
— 115E7E: RTA/DMA
« % JEfixed-periodFESSAHE 5, SREMMESFIWCRT
o RET LA R, (E R REAUSL.
o AEIIMESS | | . | N
if the sufficient schedulability if the necessary schedulability
— Queuing theory test is positive, these tasks are test is negative, these tasks are
_ EDFEE . d;f:m-nelty schedulable . definitely not scheo‘dulable R}
“ e ] BRAT 55 s PR 3k A2 43 #f schefltllllallili;[:y test scheduel:;(i:lity test scheﬁfffﬁi?%ii test
o JEIE 52 srEreasing tadk sct complixity



PRty

JEE P R

« U = (time executing / total time) * 100%

Al

« CPURIHERIRE: “AbFH 386 FHH”
— 15 MA™ JE S ) B S B 55 FIEHTIETUJC,, J 34
HNT(or P), WHER=FH1, NAALFEN]L (2%
- T[AE CERORE) Wi 2 21
o FANNHNLRA:

> (CIT) <1 l
o ZUNTHHL R G — = B
S (CIT) <N K

lIxx@ustc.edu.cn 51/41



Utilization for multiple tasks

» U = (time executing / total time) * 100%

° /EA%/—'; V2 *H I_J BL :D :D
_ TL (500, 90) 0 100 200 300 400 500 600 mf:)

—U=(30ms +90 ms)/ 500 ms =24%
e 1155 AN Hyperperiod U

— LCM of periods o i - .
— BL: (300, 30) m j r:l | E | k:
— TL: (200, 90) 0 100 200 300 400 500 sbo Time

— U =(2*30 + 3790)/600 = 30/300+90/200=55%



- Overrun: %

o Utilization > 100%

— (200 + 350 ) / 500 = 110%
. BL(500, 200) .

BL

» TL(500, 350)

i l 1 | I 1
I 1 1 ] =

]
i , .
0 100 200 300 400 500 600 Time

 Utilization < 100%, may still occur e 52
» BL(100, 30) b x
» TL(200, 90)
+ U=75%

—
Time

I
|
1 |
100 200
(ms)



»

 Overload: HikMIEHME (robud

 (Causes of Overload

— Device faults delaying receipt of release time

— Variable computation time of tasks which take longer than expected
» Unanticipated resource contention or unavailability
 switching to battery backup causes CPU to slow clock speed

 RM and EDF

— exhibit poor performance when overloaded
« domino effect: one timing fault can cascade into causing subsequent task(s) to

miss their deadline(s)

o EACHEE: BRI E

— “PRPATIS R, s RIAT IR [H]
o SFIIFENHE ERM, 5 1A R 2
— KBTS, AFSEEVE(ESS

« ZGiQoSkF: fE AT

55 HAN TR F A

lIxx@ustc.edu.cn 54/41



FIFZRE RS, EUELE ax

. CPURIAZME: »=%% <

g

el
—

— RM: necessary condition (valid? )
— EDF: necessary and sufficient condition ( feasible? )

o . EHAPL. P2RIFATHFIE]C1. C243%~: P1=50ms, P2=80ms,
C1=C2=30ms.

- Mp = 0.975, EDFELLFA]IHE, TmMRMA AT !

- IGAE: A AENAMESSAEPT X P2+ X P[] L. GEAHA? ) HIHATIEI
. B NI R, R SRy s Seo—
Ty = — | : E ?

illllltlI:lll_Lll[l:llllltl;[llllll:llllllli

B 3.6 KHSIEBAMNASTER T, T EEFRITER

g W e S,
I | 1 1 ] 'i l 1 l_i | | 1 | }
P 7 -HEEN B SR T I, A~ T P 55/100



- RMEEMM R IRE 2 Gem,

o TEBHUESAERIN G . nANJRAL BT 55 oo 78 Ji] 31485 R 22 i 56 B

24T, HEH KM (sufficient condition):

C CIJ - f I
= 22 a2V — 1) = Un)
11 lrl

« HAHE: BESHEEBT I, Un)i EIREE R T69%.
— HESENAE N TUME, RMA17;
— HEZERTUM, FEAREHERM HIRH Al 171,

FEZHBn EAZHRMRU(0)
1 1. 000

2 0. 828 : Ci n

: ). 77 p = 2— =n( \/_2- -1

3 0. 779 P

4 0. 756 i !

5} 0. 743

6 0. 734

. 0. 728 lim n(V2—1) =In2 =~ 0.693147. ..
8 0. 724 e

9 0. 720

JC5% K 0. 690 56/100




 RMELI () 58 i i) 2 G 32 0

o EHARIME: AW AU, HYTSET ]
— TR AENMESETI XT2...... X TnistTa] B8 B HAT 1B
o FH2. SERREEHE (WIS —deadlineF ")

— B —deadline: FHA&m KHMESHIZE — SR A
o —IHMSIHIE TS, FrEA LRSS A H S Carrive? ) o

o WRAGAME SR AT LATEILES — AN I 18] 3 52 AT, B4 8 S AT
ZH A5 ] DUSTIX BT 25 76 & B R P 58 BT
% t1:C,=20; T1=100; Uy =0.2
F4% t2.C2=30; T2=150; Us=0.2  U(N)=85%, #iL T777.9%
F4 t3:.C3=90; T3=200; U3=0. 45

20) 20

51 R NN E%¥n ERZERR Un)
30 3 1 1. 000
f£% 12 S Rt i ﬁ j?f
: 50 30 4 0. 756
£% 3 _O,OO,O,OES ,_,T,,rtk 5 0. 743
6 0. 734
| | I’ | | ) | | | | 1 | | 1 | | 1 1 | 1 | 1 ; 8 zi?
0 20 40 60 80 100 120 140 160 180 200 g wehew
EE-I:E% + + f 5 K 0. 690

T1 T2 T3=2T1



- Schedulability region for RM

o OJiHEX|E]: Consider two tasks

— Sufficient but not necessary condition: U < n(21mn — 1)
o XA AHHMESS S, AT I8 AR AR 2 0.88.
— Necessary but not sufficient condition: U < 1

Sufficient Mecessary

U 1 schedulability test for RM schedulability test
1 b,
N 299
\ n(2Y"-1) <X U <=1 i s
83| \.
b e ?
Schedulable * ; N 2Ny, ;
EFE#Hn BEHERR U(n)
_ 1 1 1. 000
2. U <=n(2"/-1) 2 0. 828
. __—Schedulable . s
S . . 756
- 5 0.743
RMS N 6 0. 734
N U, 7 0.728
\_L S 8 0. 724
9 0. 720
83 1 TH K 0. 690




' DM schedulability analysis(DMAf-

. sufficient condition: A~ FFHZ! | |

< WCET = |
Z — <n| 2" =1 |with Deadline < Period
1 Deadline |
— Schedulability region for DM?
s S EHIEN?

* RTA: Response Time Analysis
— WCRTH A : ST AESS [ R ATHT
U0 FRAFANAE S5 7 s A i) o, s 1) 25 A2 2% T ) ek
1R, DUl SRR T AT




critical instant

o —AMESS B T 200 BE XA S5 5
2% v B AT B A 55 (RNt SR IS 1),
« WCRT#

Task T,
Task 1,
Task Period Execution Ultilization
U Hime: G 4 Task t,
T 10 3 0.3
T, 19 11 0.58

5, 56 5 0.09




RTA: Response Time Analysfs:

o SRMFZTi HJIWCRT R (Bik /528 2HAT 52 1K)
— W E L e FAE Sy, WCRT=$H4THTA] .
~T; FIWCRTiTH: R =e; + I
o WAFSSIRE ipi, B KFATHT ] €;
o HATHE S PUT S TP i s i i RIEIR I,
— BEAEMRARGATS T EmR () 0 EmR = | Ri/pj]e;
- Fﬁﬁ%/ﬁt%ﬁ’f{%%ﬁiﬁgﬂﬁﬂ‘ )7‘; — Z [‘R-’/Pj] {f’j

* Jl|Recursive equation: jehp(i)
R; = &;+ Z [R,-/pj] €;
Jjehp(i)
» S VAN
J/YIE 0 Ti R. f
o / FEAHUT T B T T

T; w4 T Ri/pj| &



_;J%@zg Ri=eci+ » [Ri/pj]e

jehp(i)
o /’;_‘/V‘ (n 0 1 2 ) {j\j%’ftRHH _€f+ Z |7R.,-”/pj—‘€j
. \—i/l Rm—{—l — Rm Hj‘ Rm,_ ; jehp(i)
e . RMIFE, =1F5%% =
— F RIS 1>2>3 u j .j*_)
— R ER SRR TS IR 18] Ro=3 o T2 1 s
—£%%2=7, K AN: R =14
L =4+[4/9|3=7
R =4+|7/9]3=7
fe4 Bl R;{ =2412/9134+1[2/1214=9

~ | TloT2 |T3|T1| ™ | |T1| T2
== T | 1 | t

1
0 3 6 9 12 15 1a

=, R =247T79/913+1[9/1214=9



#l: HrWCRT?

o HWANRBHMESTIAT2E N FFEHAT, HEIATHEC,
C2FN B HAP1. P24r5IKN: C1=C2=30ms, P1=50ms,
P2=80ms,

g5

The interference is:

G G G
. . . I,=C,+C,




- blocking factor

o JUEETHUR A R AE S5 46 v A

— % T-semaphore, PIP/PCP
* blocking factor: {5 5 =0 1w KR

i -Hl "
RH; =8;+C;+ Z [_] t i Semap hore

) Locked by [ Time locked
Yichpli] J o9 o T
o RN Bitt) K1 > C ;

= C

-FFEHE PLkgD 2 : E
* LTI A = = -
— WCET of critical section 51 B |
BRI ] [ G i

— g A Lse
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(by courtesy of Damir Isovic)

> &£ >

Collision

4 Too early ! ' Too late
- | . | >time
“event” best-case  “required “‘worst-case

deadline” response” deadline”

« Schedulability condition:

— all jobs of all tasks must meet their deadline
constraints



BCRT: Optimal instant

» Job 7/ ends simultaneously with the release
of all tasks with a higher priority, and Ti’s
release time is equal to its start time.

— FEPTA BILE RAR SR, Tidh

* The lowest amount of preemption of a task is
found before a simultaneous release of
higher priority tasks.

— TEPTA RIS AR SR, E55HE 5 IRBam />

« Specific for each task?

o R HT o0 A 5 A 8] 5




Example of optimal instant

4“%&5)?? A AT 55 i VG =R B B Z1] [5] B
AT TR, HE e g5 1de & x4 m b

Task Period Execution Utilization Task t, h i t
5 time C, U
T, 10 3 0.3 Taskt,
T, 19 11 0.58
T3 56 5 009 l lllllllll } lllllllll I \\\\\\\\\ I IIIIIIIII :I\I\ilill IIIIIIIII gHIHIJ=
B € ti

Task
? : ask 1, i
Task 1, § _ ﬁ ‘
( 10 20 30 40 50 60 tl"l"l Task Tq t.
WR 3 t!lli\ll\l}llll\llll} IIIIIIIII I\II\IHEI}\III\\III}IIII\!\II IIIIIIII >
; . ; »€3i tim
WR, = 17 ; T3

WR, = 56 | BR, = 22



- BCRT Calculation

* Recursive equation

'BR,
BRJ.=Cj+Z( = —1]@

1<j

* |terative procedure

(0) _
BR" =WR,
| ' BR™ |
BR"V =C, +Z{ f —1}(:1.
1<J Z
— Stopped when:

 the same value is found for two successive
iterations.



-

J—

tiprecedence ) i AT 25 4

« WCRT/#7i4:
............. Task set with precedence
constraints and deadline

e Task sequence:

N | N L execution times,

response time

Can we guarantee that: response time < deadline?



~ sporadicAlaperiodicH] i M. [H]
MR = SR RS

* Queuing theory

— M/M/1 queue: ERIANFCFS |
o FUTX 8] 8] /AR S5 i 1) /AR 55 2 2 e
o M: FRMIEH A (UiPoisson/)Afi ) S

Consumers P ﬂ““"\\ Served

o SPRBIAI ] 5 S R 12 —{TTTHT T
f_} — }LX‘['{ Queue =

-‘0 E,—}L/\F.:

— BFIHFFIE S N = PX=k==5

= g

— PIES IR LD 7 = L

L—=§

— IA\F R 2 DB MESHIMEZR P[> k in system] = pF

o MW PNFAEFEIN 2IE PR 2 KT = AN BL_E [R]) i 2152 1 1
R (~LHHBRE) |



PRy

S 5 4B

%ﬂAER.?%££%£M9%24%$%%E
%o Hop—E g BT S tard P T IR B SS, A0
Em%ﬁﬁMng@ZW%ﬁ,mW%A%%ﬁ
Wi o AR E BT S5 R s NS DL [T RG] TA] 9 T,
ﬁﬁﬁmgﬁﬁﬁﬁﬁﬁﬁﬂmﬂ%
-EAEﬂmﬁ%%ﬁWF,%ﬁmﬁﬁﬁu%@ﬁ
b7, 1 2 Ui=CilT;
— TS t1: C1=20: T+=100; U:=0.2
— @SS t2: C2=15; T2=150; U2=0.1
— FUFIREN AR E TS ta: Ca=4; T=200; U.=0.02
— EHES ts: Cs=30; T3=300; Us=0.1
« F4h, fﬂn to. 3 Uy i) #H [ ) B PR A A, IX N
JEAT71i SRS,

-44E%%E%EWF%@?

lIxx@ustc.edu.cn 72/100




e T N N e v o N1 V-
SR mT R PE RGNS - Sz i) 396
Ul
JE AT 55 K
- U < 1 ﬂ‘/ﬁk/fq: .83 EU,_.{L
. EDFi7 B A1t >
— RMA: D=P CLEDF 3 U <=n(2¥n-1)
« RMEHT: U<U(n), 787t : --
— FEAESSEE UN) < U < 15 rTiRE RMS < %
— WHZXLF: Lehoczky89 (i1 H & #/Z/E) - >
« RMEH2: Frf{L45 1% —deadline#fif & =
- BN MESAEPL X P2-ee+e- X Pn IR D B [a] A 3T 1 Ol
— DMA: D<P

« U sU(n)Rsr:1F. Schedulability region HHRTAZ; T
— TyprecedenceZ) K HIMESSEE: timelineVEEiRTA T 515
3|ET 1]
K EETE T — I BP9 ) T S Ta) D 25N T 0 R ) s ]
. Queumg theory
« EDF: Processor Demand Criterion ;2




- Scheduling Analysis Tools

| ] [ ]
 TimeWiz
0 ' Cheddar: a free real time scheduling simulator
Y ‘ h e d d a r File Edit Tools Help

= A L
BEEd &

(- | = 1 - 1 TR | | —

| S T T R . T SO, TR B TR O PR CO TR T [

0 5 10 15 20

Task name=T1 Period= B; Capacity= 2: Deadline= B: Start time= 0: Priority= 3: Cpu=cpu

I — ——— {

Task name=T2 Period= B2 Capacity= 2; Deadlire= 8: Start time= 0: Priority= 2: Cpu=cpu

S ; —— —

Task name=T3 Period= 12; Capacity= §; Deadline= 12; Start time= 0: Priority= 1: Cpu=cpu

- - S -

Core Unit / Processor namesc/cpu Protocol = POSIX_1003_HICHEST_PRIORITY_FIRST_PROTOCOL : PREEMPTIVE

b oo W g v g g I e e ow rge B e e g (01§

-t

0 5 10 15 20

Resource name=s Protocol = NO_PROTOCOL: Cpu=cpu |

=]

| | |

Scheduling simulation, Processor cpu:
-Number of context switches: 12
-Number of preemptions: 5

-Task response time computed from simulation:
T1=>7/worst, missed its deadline (absolute deadline = 12 ; completion time = 13)
T2 => 4/worst
T3 =>12/worst =
-Some task deadlines will be missed : the task set is not schedulable. Il

[T [
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/NG )

b -
B agan

FISAEERAS, #5ERES, HEAMIEER (BSEIS) , BRMEL

On-line scheduling policies
(priority-driven scheduling)
Knowledge of the active
jobs only NS

. Fixed priority
RM,DM,Audsley...

Non conservative schedules

Off-line scheduling
(time-driven scheduling)
Knowledge of the past and future

scheduling al thms
ordered b eduling power




NG SERAE S 5 EE SR Y

Soft and hard deadlines

Scheduling for periodic and aperodic tasks

— sporadic tasks

 Preememptive vs non-preemptive

— Suspend tasks. Can result in upredictable delays
Static and dynamic scheduling

— Static. Uses a priori knowledge about deadlines and
arrival times
« Timer triggers dispatch based on table. Predictable

— Dynamic useful in reacting to sporadic events
« Based on only what know so far

Dependent vs independent tasks

Works with OS with fixed priorities
— uc/OS>#fRM? EDF?

1U.+
\




Deadline

NG —

o P €N

° 4{%%@ beriod Computation time

— JE#: deadline = or # period
 periodic “world”: all real tasks of real applications are periodic!
— dEA ). aperiodic, sporadic
o [N [R)AEAY
— arriving time/release time, deadline, response time
o RESRNS S SZHLLA] R EERAIL?
— Offlineifi & 2 valid i
o [ TSI, 3ER] L REI AR AT B R 24 R
* need to know everything: zero flexibility
« deterministic, i.e., know exact what is going on when

— (55 L S R i MY

~ *RM: %%@1 EﬁéﬁﬁPCPﬁﬁ, P BB AN I — I
o SLHT ZAGEHT [E] 56 IE

— AR EMES T, WCRT ot




Most Common Mistakes with ¢ »
Real-Time Software Development “~

v N

First, design your system so that the code is measurable!

Measure execution time as part of your standard testing.
Do not only test the functionality of the code!

Learn both coarse-grain and fine-grain techniques
to measure execution time.

Use coarse-grain measurements for analyzing real-time properties

Use fine-grain measurements for optimizing and fine-tuning

No measurements of
execution time!




- Rk (GE4)

Al 75 EE R ek ?

EDF & 15 5 FF A I AE55 2

EDF i P i Bz B 18] 73+ A7 2

Al FE M4 T E TimeWiz. Cheddartt %
Dependent Tasks i /& [n] i ?
uC/OS IRl 3 FF i BAAE552
uC/OSUMAT S FFAEFE 52
uC/OSufr S £FEDF?

Liu (52 R48) 1Ek4.1
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