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anMal T — TR SR BRI S5 7

o &Hlt= (throughput): BT BT ITEY HTZE Batch
o [EEERT(E] (turnaround time): MIHFZBIZERISE A RIATE] System
B)P®@ (burst time + waiting time)
o [[WQET(E] (response time): MIHFZBIEERIFE —IR RS | eractive
iv
i vz A9 B8] 8] & System
o ZH1FHT|8) (waiting time): HIZHTEZF1T CPU _EBIAT|E]
o AIFINE (predictability): Z/REERITHRINER
Real-Time

&y LEAST[B] (deadlines): & BEfE &Y LE AT [BIBUFAI TSE A I’ System



GRS
o FIXJHEAME ZRZT (batch system) AYIfH,

* First-Come First-Served (FCFS)
e Shortest Job First (SJF)

i,
\alx
JALEY
o

e Shortest Time-to-Completion First (STCF)



First-Come First-Served (FCFS)

FoRFTHRSS: IR ARRE R R SRS RN F #1TARIE STV

i

Jobs Burst Time
P1 3
P3 24 0 3 6 30
Average turnaround time = (3+6+30)/3 = 13

Average response time = (0+3+6)/3 = 3



First-Come First-Served (FCFS)

FoRFTHRSS: IR ARRE R R SRS RN F #1TARIE STV

i

Jobs Burst Time
P1 3
P3 24 0 24 27 30
Average turnaround time = (30+27+24)/3 = 27

Average response time = (27+24+0)/3 = 17



First-Come First-Served (FCFS)

FRARS: IRBHARIARANTEBINZEHTARIE S0,
o FCFS X#HIZEIARZTRVIIN 7 BT

o IFHLZIN (convoy effect): IRFEM =HEIRF AR EI AIHNIT

o WIREKEMEWIESA, REHITIEEERTEFIN N AT B E 1 hn

o FCFS BEEFHHIE (starvation), BIRBEEFE—EEARAE
EHITEHTE?

)
.

i




Shortest Job First (SJF)

A ES N NI TH Bl 2RV AT
Jobs Burst Time
P1 3
P3 24 0 1 4 10 34
P4 1
Average turnaround time = (4+10+34+1)/4 = 12.25

Average response time = (1+4+10+0)/4 = 3.75



Shortest Job First (SJF)

AES T TR EITHE)ERHETE
» WIRFIBHIE R4, SJF BT RIAVTFIYESEH(E]
o RIZFEE—TARE SF, (BREFYERENE _ LHMUNEERE

o ENZREEAZ SJF, FINERTHEREREE—THIESRE]
G1THY B SR AR R A E AT

o UERT, WIRBATEIZFMNTEE IR THERENHE, MR
WD RGHITF Y E 3R (8]

o AUt, 2 SF NENRBIAEEZMER
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Shortest Job First (SJF)

IS NAEEITHIEERNHE
o SJF RS EIFANANL (convoy effect) HISZM?

o (EA]EI18 50 (non-preemptive) RERIEE =
o SF RS ESEHIE (starvation)?

o (HO]EERIT (favour) EMSERIERVIEE

)
CPU h o
.

EREl =

\alx
AX

11



Shortest Time-to-Completion First

B AR R AT IEI55: In 2R FE SRIRIRATH B RAERYHIZ
o SJF BYRTIE B AR

Jobs Burst Time Arrive Time
P1 3 10

P2 6 1

P3 24 0

P4 16 18

IHE!"IIH%III"IHHII IIIIIIIIIIEEIIIIIIIIIIIIIIIHHIII
0 1 ] 10 13 18 33
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SJF & STCF

o MAAARLRVESRITIE] (turnaround time)
L BE=FHEHIE: MRAREEL > KA geEERIEIAT

| ERERE, SHIZFTER “HATRY )"
o AP HIZIN S IRIRIERL?

BT EMHEZREGE?

13



T{ED%K

s RIFHELEATNGR, FIKE DN CPU HEEKIH I/

e CPU-bound: TEBHITMRET CPU RUITEES (BIUIEFsE), 1%
HRBEFFINIRE

e |/O-bound: KEF 72 AT B]ERTEZFTT /0 BIEERIE EE/HEES)
o W EEENINEIIMNERT

long CPU burst /
waiting for 1/0

Il _ l\ — B

short CPU burst

O
E}
A
t

14



118 = o

o FIXIRGILZAST (interactive system) BV,

i)
\alx
JALL)
o

Round Robin (RR)
Multi-Level Feedback Queue (MLFQ)

Proportional Fair Sharing (Lottery and Stride Scheduling)
Completely Fair Scheduler (CFS)

15



Round Robin (RR)

B 1B A 5e%%: &

l—

TEEDE—T

B1T, HTIEI?)#%FEF’E)H?& J'F—

Time Slice = 20

Jobs

Pl
P2
P3
P4

=]

Burst Time

53
8

63
24

ERTB] /7 (time slice / quantum)

TEIE (F

I EPRYIE STVIEE

=5

=4

)



Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
p1 53 —> 33 The job is preempted if it
has not completed
P2 8
P3 68
P4 24

0 20

17



Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
Pl 33
P2 3 —> 0 D:r.ectly switch if the job
finishes early
P3 08
P4 24

0 20 28



Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
P1 33

P2 0

P3 68 —-> 48
P4 24

0 20 28 48
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Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
P1 33

P2 0

P3 48

P4 24 -> 4

0 20 28 48 63

20



Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
P1 33 => 13
P2 0
P3 48

P4

20 28 48



Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
P1 13

P2 0

P3 48 -> 28

P4

20 28 48




Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)
1217, WERESEREUIREIT—1#EE (ETH#HE9E 50EE)

Time Slice = 20

Jobs Burst Time
P1 13
P2 0
P3 2.8
4 -> 0

20 28 48 108 112
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Round Robin (RR)

B8l RiesE: B diEn B — 1B ER 8] A (time slice / quantum)

N/

@17, WIEARGREYIHRE F—1#EE (BRSO VEE)

IIIIII IIIIIIIIIIIIIIIIIIIIHHIIIHHIIHHIIIIIIIIIIII'

20 28 48 108 112 125 145 153
Average turnaround time = (125+28+153+112)/4 = 104.25
Average waiting time = (72+20+85+88)/4 = 66.25

e P1 = 04+(68-20)4+(112-88) = 72

e P2 = (20-0) = 20
e P3 = (28-0)+(88-48)+(125-108)+0 = 85
e P4 = (468-0)+(108-68)= 88

24



Round Robin (RR)
IIB R 81T HEDSE— 1T EEN (8 (time slice / quantum)
1517, WERSREUHRE F—1#E (B TITHESVEE)
 RR EESZIPALRAN (convoy effect) RYZ0?

o« BMHREBRARZIEZT—THERK
 RR ZE=SFHHIE (starvation)?

o XWT NIDHE, BTHERSZSFEN- 1 THIER

i




Round Robin (RR)

| {B RR RIREAR ZAIBHEIZBIYIHRFEE (switching is not free)
o RRIZITHI—1OET BB FEYIKE (length of time slice)

e YR XIS, K= CPU HJ[8)JF 1€ Z&TEHFE context switch, A=
HIZITEESIHAT

o WRXKIE, RRFLZTRL T FCFS
o EEIINBFKERHZIME Bz (Bl )20 RS

e YNER time slice = 10 ms, switch cost = | ms JI|F 10% B CPU HJ|g]
3T switch THRZE T

e YNER time slice = 100 ms NI’ 1% BYBS 8] FHF switch




Round Robin (RR)

L HEZ 1 HTEE]AB R AN FFZERIEY2RLAR, RR SR IKAIFLY
B350 18] (FF E IR B R ERY switch FHiH)

Pl

P2 .
P3 B B B B
P4 B B B

Round Robin

Pl

o2 I
>3 I
y E

FIFO / SJF




Round Robin (RR)

L YRS E I 1ZEE CPU-bound 1 1/0-bound #FERT, RR thAJEES
S EE < AV N fz A (8]

o BME I/O 1RIR5EAL (BIAN7EZREEZsHHTF), /O-bound HIZHHE
F1TEE CPU-bound Az IE] /a7 =#RIERERAT

issue /O /O issue /O /O
request  finishes request  finishes
v ooV v ooV

P1 (I/0O-bound)

P2 (CPU-bound) D -
P3 (CPU-bound) I -

28



EE
o AL FHIZRVEELAT(E]?
o EMITATB)ZZIEM S (SJF/STCF)
» {B OS RIEFEHHANIE AN EHFZRIINITHIE]
o L HFZRINONAET(E] (responsive to interactive users)?
XA BEE N EIHEE4ER (RR)
o {BR]EESEIKAVEIFRAT(E)

L -

o OS AR EEETEIH A AMEEE CPU-bound &

FEAREF SR TEREFNEZETH

|/O-bound,

29



mFEREE

NAE#EHIZD B A BRI TR (BN ANEIHY priority queue), %7
M EAE M AR E SHEHE (E—FA5FEYHFTZRI A RR IFE)

» RR RIS RFHFRIPAEAZEBHERINTTE (EF
« BZ, W{alfREMITHK?

AN

Hmli
[TLLITY
——

Queue Runnable processes
headers ) A

Priority 4 (Highest priority)

Priority 3

Priority 2

Priority 1 (Lowest priority)

30



Multi-Level Feedback Queue (MLFQ)

SRR InAT

AN

o AR FRIITHRIASIE RIIEIIE] A

o RIFBHIZERIAVITHREARBIAIAZE]
125 *E (Feedback)

FE, BN EERS

o HEHEAR
T ATRENT

o WIRHEIE

High Priority

BEZ ML MNEANT (Multi-Level Queue)

Queuel

quantum = 8
>

Queue 2 J

|
> quantum = |6

Queue 3 AJ

Low Priority

56 1 1ZRAFIXI AR (8] A

BER, RS
. BTSN E B E R EHNE

CPU, 1HE

BRTE S BILTTk

quantum = 32

31



Multi-Level Feedback Queue (MLFQ)

BIEHAFZR D 217 0FIENEZ CPU-bound 12 1/0O-bound

« XJ-

- CPU-bound, WERAITAIEIFEN{ERIRIRTTA (5 SJF 89T

L), BNHNTE=IET R (a long running job)

* XJ-

~ 1/O-bound, HRIRESBEERE T ITH AR RIR IR My

@
@

32



Multi-Level Feedback Queue (MLFQ)

. MLFQ 12 #5E (starvation) BY[o) &R

o MIRARFAHBEFESNIIERE (KEREIVES), MRMTH
HIE (ZITEESS) BRASHRIARERT

o NR—PIHIEFHHLE CPU-bound, RGN 1/0-bound?
o FEHRIRS/EEHTENMALN (priority boosting) iR

@
@

33



Multi-Level Feedback Queue (MLFQ)

I MLFQ BF __I-ﬁlé/ﬁ\?‘}gz/u =

. QD%

FINTF
. &
o EF

L -

AAZE

Q*Lftm

STRIT DAL

O E

=7 (gamed)

— 201 OS M EAEE SREE, NRIBARRLIRE AR {E

FEAYJE

ié’ai‘f%ﬁﬁ

AFERI R ITHITEIIE] (better accounting) RE T,

-

1IEB S ERTB R4 KA yield #BFF{ETR

Before the time slice is over, give up the
CPU (e.g., sleep for a few milliseconds)

34



Multi-Level Feedback Queue (MLFQ)

MLFQ 3§ I/O-bound X5 I\, ;AT EEIR B EFAYIRRNUN,, [EIAYHEE
Y487 CPU-bound HIZH0E1T

* MLFQ FIABRZAFERIZI AN
o ITRENT IR
o HFEE/RHENRGIAIFIGEAT

o FPTRNIINBIRKE. MAKABREEEE
(B1an, SM5BATIEA RR, EILTTRBEATISKA FCFS)

o BREMMELR. URIESMARIRES
(a0, RERERAERERZEE—MTR)

« HEI1EZ OS #XAH MLFQ RETMRHITIREE




Fair Share Scheduling

bR T it — A B RIS AU B ERET B/ BT (E], »—ME SRR

AZNTFNPFIEHIZEUEMH N AT ZE CPU FHIR

o N E (fair share)
o TEY1Y (abit like RR):N T 2, 19 H //N BJ CPU BY|g]
o 1%L D (proportional): 28 FLL 1 HFE B Z A{D &N

e FTIRER, MR—MEEZES(ERAN CPU KEARE (B8 HipEn,
NMEfFZeFHEZ (88 /D) By CPU B8]

o X[ERNtIfAGRT P HZEEEIERIIER (no starvation)

36



Lottery Scheduling

PERE: AREEENEE (ticket) BIEFRARE CPU {FHI 81 ER

B ITHIEDE—ENENIRE

e HEEZSEEN#HIE: EANFEIE = EZHI CPU g
NTWRINE, BRETHEZMNFEKEE

63 85 70 39 76 17 29 41 36 39 10 99 68 83 63 62 43 0 49 12

A A A A A A A A A A A A A A A A

Suppose that A has 75 tickets while B has only 25

37



Lottery Scheduling

R

RIS B E (ticket) 2N =R R E CPU (RN (8] {77 &0

o LMK THIZFENEENE, ArFEERIIMEE

o HE(8)F] PAEIE R % ERICHIME (e.g., 1EE

12, MERBERRAITREEES)

. i

E, FE SRR = RENE,
HRE Y =S SJF) .
. (B2, EEMHIEASH LT oo
. BONTRBERTHROES 400
. HENEE OB R AT £
.

o

—h

10 100 1000
Job Length 38



Stride Scheduling

TIgIEE: — MR ERY fair-share 18ERH

o BT HEAEFE— pass {EM— stride {B

AT

FRAENIT— 1B A: proc->pass += proc->stride
HIZR stride {E/)y, HIESHBRI CPU BT EMD L
LIFIREE pass (Hix/\EVHIERAIT

] E/\JéE\)_J ’Iklu\ |:|II_:\

o
ne> (3

—>H

HO

\_J(]

B
i
1

Ej]
i

i
&
HO

1B

i
X
(o



Stride Scheduling

alx
AX
0

SIFREE: —MIRE LAY fair-share BE

PASS
Pl
PASS
P2
D3 PASS PASS PASS PASS PASS
= 40 = 30 = 120 = 100 | = 200

{ER1% P1 stride = 100, P2 stride = 200, P3 stride = 40
(P1,P2 f1 P3 A 2:1:5 AN D= CPU HIR)

PASS
= 200




B 5{RIRAE

Linux Scheduler

o EHAAY Linux {£/H RR

e M Linux 2.2 FR, IG1ESS (task) 0N =2

e SCHED FIFO (real-time)

e SCHED RR (real-time)

e SCHED NORMAL (non real-time)

o HEBRZREFHELTINEIRNSH real-time £55, NI non real-time
EZMASHBAERIT

o XEH real-time HFAZENIN ARG FIIES
o NEMWMFEZESMFTRN—FTFAHI




B RAERE

Linux Scheduler

o IFEIBEIES (non real-time tasks) HYJIfF,

* O(n) scheduler: Linux 2.4 to Linux 2.6
e O(I) scheduler: Linux 2.6 to 2.6.22
 CFS scheduler: Linux 2.6.23 onwards

o)

VAL

\alx

42



O(n) Scheduler

EAXREFT — T FEPR B AT SSHIIAG (queue),

¢ §D7%_/\EE7:/R '

HWITE A (8]

FIRIEEMISIR (soodness value) 1EF F—THITIES
55 H time slice MiGER, NIF—

=

» BIXEEAFRENATIFHITIASE
o EFHEDNSIREF

s BEFERYE

|4 [a) &2

2R EBMIZBAT

IRTCVFZIESS

FEZZNDRE—1T=,

=IPAS

43



O(l) Scheduler

BN O(l) a8 &EEEFE T —11A
o ZEIP—] bitmap array Fl—1" priority array (B MZ 43

o SHMARSBINES — T bitmap array F

o FEERMHAMENAYIFES (20 x86 F

O bsfl)

EHITIVES

5___ /N

NS

=F=1:019%21)

1

137 138 139

bitmap array 0 1 0 0 0 1

1

0

0

priority array

;
¢
?
@



O(l) Scheduler
BN O() NEER&ERIFE N —TTHENITHEIS

o EIFFR priority arrays (active & expired)
o H—PESHSE timeslice, BEFMTEM AR, FHi3%! expired array
X350 active ] expired array Y5 T

e 3 active array NZAT,

biltmap bilitmap
prio[0] prio[0] —*‘
B active
prio[1l]

— priol[1l]
explired —
ot 1@ @

— prio[2]

45




O(l) Scheduler

N

18

d nice 18 [-20, 19] SRR TCH (ERIAMERN 0)

IECRBARRIM TR

(you would nice up your job)

I RIS TTH
(not nice)

QB RAEER TG
nice & NN

b i tion Static Nice Base time
escriptio priOrity value quantum

Highest static

priority 100 20 So0ms
High static

priority 110 10 Pop ms
Default static 120 0 100 ms

priority
Low static

priority 130 +10 20 ms
Lowest static 139 +19 5 ms

priority

46



O(l) Scheduler

KNS 22 B 2 USSR R ES I TR (BN SSHIAFIE)
o —H MLFQ ZREgEHYSE]
o RIFFAR AT (interactive) {£55

bonus = min(10, average sleep time / 100 ms)

Bonus increases as the process sleeps more

priority = max(100, min(static priority - bonus + 5, 139))

/ [

minimum value bonus is subtracted maximum value
is still 100 to increase priority is still 139

47



Completely Fair Scheduler (CFS)

Linux CFS ARSI ERATE IS 2B Ao e CPU

o SLII—HF counting-based fair-share fFE

o SMESE(TH, JBERE CPU (R

o HELE,

CPU
Time

EHY, CFS1&FEZHREI CPU {&F

i [B] B/ NIV 1ESS SRIB 1T

N processes “simultaneously” execute on [/N of CPU

48



Completely Fair Scheduler (CFS)

TR FELFIE (switch too often) 5THEEE (switch less often)

\n,—\—| /\\

e IXTE—"TE

FEERA sched latency, A,
#HSHIEE —IR (over this period of time, CFS will

e time slice = sched latency/ # tasks
o SIS AIVRE time slice BYAKR/)\

e {RRi% sched_latency = 20 ms

o YNERHF 4 MNEFE, NI time slice =5 ms

be complete

o YNERAF 200 T HEHF*=E, M time slice=0.1 ms ?

Nt — A =

°* IXAE | "Bx

I\ 18] 7 L

=< min granularity

SEIENMEES

y fair)

49



Completely Fair Scheduler (CFS)

£ equal share BYE

L :
L 4

time_slicer =

TNE (LEREFR) KITE

ht £, CFS TR BE G FREMES
AN USRI EZ(ESS3R 1S CPU RY higher share

n—1
1=0

ESTR

B MESSHY time slice

- sched_latency

50



Completely Fair Scheduler (CFS)

£ equal share Y& £, CFS RTFRAFPFBI A TEEESZESM AL
AN USRI EZ(ESS3R 1S CPU RY higher share

o JFHZERY nice (ERREIEIENAIINE

2]

// weight = 1024 / 1.25nice

static const 1nt prio_to_weight [40]

/x =20 =/ 88761, 71755, 56483,
/= =15 =/ 29154, 23254, 18705,
6100,
1991,

/= =10 =/ 9548, 7620,
/~ =5 x/ 3121, 2501,
/ * 0 =/ 1024, 820,
/ * 5 %/ 335, 272,
/* 10 %/ 110, 87,
/* 15 %/ 36, 29,

}s

655,
215,
70,
23,

=
462773,
14949,
4904,
15860,
526,
172,
56,
18,

36291,
119160,
3906,
1277,
423,
137,
45,
15,

51



Completely Fair Scheduler (CFS)

Target latency = 20 ms
Minimum granularity = 1 ms
A weight = 1, slice = 4 ms

B weight = 4, slice = 16 ms

A-

B-

52



Completely Fair Scheduler (CFS)

Target latency = 20 ms
Minimum granularity = 1 ms
A weight = 1, slice = 4 ms

B weight = 4, slice = 16 ms
A
IIE!IIIIIIIII’IIIIIII

B

53



Completely Fair Scheduler (CFS)

Target latency = 20 ms

Minimum granularity = 1 ms
A weight = 1, slice = 4 ms
B weight = 4, slice = 16 ms

54



Completely Fair Scheduler (CFS)

Target latency = 20 ms

Minimum granularity = 1 ms
A weight = 1, slice = 4 ms
B weight = 4, slice = 16 ms

A B
| ]

55



Completely Fair Scheduler (CFS)

Target latency = 20 ms

Minimum granularity = 1 ms
A weight = 1, slice = 4 ms
B weight = 4, slice = 16 ms

A B
B N RN

A and B got 50% of the CPU !

56



Completely Fair Scheduler (CFS)

£ equal share RYEAL £, CFS MITHFPF B S FREEESESMTLK
AN USRI EZ(ESS3R 1S CPU RY higher share

» BIRESSHIREM CPU fE

0 18] vruntime MARESL CPU {&

s EFARNESEEA
o {ESSHIMNE

(I

B HIHATERER

s, Hvruntime RN REL|S

Welghto

vruntime; = vruntime; - runtime;

JHT |B]

57



Completely Fair Scheduler (CFS)

Target latency = 20 ms
Minimum granularity = 1 ms

A weight = 1, slice = 4 ms

B weight = 4, slice = 16 ms

vruntime A
IIE!II

B-

virtual runtime = physical runtime * 1 / weight = 4

58



Completely Fair Scheduler (CFS)

Target latency = 20 ms
Minimum granularity = 1 ms
A weight = 1, slice = 4 ms

B weight = 4, slice = 16 ms

vruntime A
IIE!IIIIIIIII’IIIIIII

virtual runtime = physical runtime * 1 / weight =16 *1/4=4

B

59



Completely Fair Scheduler (CFS)

Target latency = 20 ms

Minimum granularity = 1 ms
A weight = 1, slice = 4 ms
B weight = 4, slice = 16 ms

——

CFS shares virtual runtime equally

60



Completely Fair Scheduler (CFS)

o {FRESIFRZFGEE
o CFS {EFF

) vruntime

FREENFEZEKR SR vruntine H&RDHE

HIRENE T BIABISBENHE

2] BWRFME S B rE1THIESS
o BRIARRAVDNFER: O(1)

o LFXUIHRES, EF=HBIESS

1: O(log n)

e

go¥

Q00 Q9

©

52

73

E
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Completely Fair Scheduler (CFS)

SNEMTT /O SLHEARAYIESS P BETCIRIR1S 10U CPU 1p %
o FIRHIEA —HizTITEES, #HiE B BEMR 10 7
o L BEERRZSRAY, H vruntime JGEEA G 107D
o IILAT B JEIh 5 (monopolise) CPU, H BTSN A RIHIE

o APATEHIEMREERN{ZNE vruntime Fe1EEFH 1 X—|a]# ({50 E
N SBIFFE #IEN&/VE)

3
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Z4% CPU RYAE

. I~ CPU (E£AR5528) AT,

i

e BER, BR [ HFERXZENETHFNX
o BERRSSER= B ERIIERERRIN

, HE CPU (X#1T1HS

o XFXIFRZALE Symmetric Multiprocessing (SMP),
SHITEE

o SRR HZE—TMZENSI?

« FEAHEES B4 — DRI

SHNISEE

63



Z4% CPU RYAE

o SMP NRZEIRIFTAIAE CPU M E1YE (load balancing) AR SRR

o HE1XTHZ (push migration): BlEAMENES IRz, R &I
TE, NPEESMITER CPU HIERIEAM CPU

o FITF (pull migration): A CPU MELIT CPU FR#ENESS
o IFIIESIRIR CPU BIEY (Affinity)
o H—MERBE— CPU LIB1THY, EIFHREFM T1ZESHEE
 NTIRIFAGHNRITFEEE, FEE—TREFNENBAERE
o fEEEREBHEBEESZRNED CPU
o tHARBEM CPU ER T MERIEREEME TS HNE LEIEBTT

AT

64



118 = o
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* Rate Monotonic (RM)

e FEarliest Deadline First (EDF)
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Real-Time System

A system in which time plays an essential ro

* Having the right answer but having it too

having it at all

e

ate is often just as bad as not

e Usually associate a deadline with each task (either a start time or a
completion time)

Perceived Value

A

General Purpose System

Response Time

Perceived Value

%
.
07/,,@

)
Response Time

Real-Time System
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Real-Time System

A system in which time plays an essential role

e Real-time tasks can be classified as

e Hard real-time: there are absolute deadlines that must be met

e Soft real-time: missing an occasional deadline is undesirable, but
nevertheless tolerable

e Real-time tasks can also be classified as periodic or aperiodic

* Periodic tasks require CPU at regular intervals
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Real-Time System Scheduling

Scheduling of periodic tasks with completion deadlines

* Each task has a processing time C and a period T (must have C < T)

e Typically, the end of a task’s period is also the task’s hard deadline (the
task must complete within its period)

e The task needs same amount of CPU time on each burst

Cycle 1

Processing

Idle

Processing

Cycle 2

~€

>

Task P execution time C

€

Task P period T

Time
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Real-Time System Scheduling

Scheduling of periodic tasks with completion deadlines
* Each task has a processing time C and a period T (must have C < T)

* Given 7 tasks, each with a fixed period and execution time. Then for it to
be possible to meet all deadlines (schedulable), the following inequality
must hold
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Rate Monotonic (RM)

Assign priority based on the inverse of tasks’ periods: Execute a task with
shortest period

* Assign a higher priority to tasks that require the CPU more often

e Shorter periods have higher priority

High |

A Highest rate and

highest-priority task \A@/ .
7
7
&
&
= e
7
S &
o 7
P
7
_ /@\ Lowest rate and
lowest-priority task

: =

Low Rate (Hz)
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Rate Monotonic (RM)

Pl period = 50, processing time = 20
P2 period = 100, processing time = 35
Because (20/50 + 35/100) = 0.75 < 1, so schedulable

P, deadline

IIIIIHHIIIIIIIIEHIIII

0 35 50 55

If schedule P, first



Rate Monotonic (RM)

Pl period = 50, processing time = 20
P2 period = 100, processing time = 35
Because (20/50 + 35/100) = 0.75 < 1,

P, deadline
IIIEHIIIIIIIH%IIIIIIIIHIIIIIHHI
0 20 50 70 75

Apply RM: schedule P first

so schedulable

P, P> deadline

l

100
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Rate Monotonic (RM)

Assign priority based on the inverse of tasks’ periods: Execute a task with
shortest period (static priority)

e Rate monotonic scheduling is considered optimal in that if a set of tasks
cannot be scheduled by this algorithm, it cannot be scheduled by any
other algorithm that assigns static priorities

Liu C L, Layland | W. Scheduling algorithms for multiprogramming in a hard-real-time
environment. Journal of the ACM (JACM), 1973,20(1): 46-61
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Rate Monotonic (RM)

Pl period = 50, processing time = 25, rate = 1/50
P2 period = 80, processing time = 35, rate = 1/80
Because (25/50 + 35/80) = 0.9375 < 1, so schedulable

P deadline ) deadline

75 80 85

Satisfy admission control does not indicate schedulable
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Rate Monotonic (RM)

Assign priority based on the inverse of tasks’ periods: Execute a task with
shortest period (static priority)

e CPU utilization is bounded, and it is not always possible to completely
maximize CPU resources

* For a set of n real-time tasks with fixed priority, the deadlines can be
satisfied by RM if (the least upper bound):

G, G Cr |

—+ =4+ ... +—=n/" -1
T r, ="
When n = 2, about 83%

When n approaches infinity, about 69%

Liu C L, Layland | W. Scheduling algorithms for multiprogramming in a hard-real-time
environment. Journal of the ACM (JACM), 1973,20(1): 46-61
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Earliest Deadline First (EDF)

Assign priority based on deadlines: Execute a task with the earliest
deadline

* When a process needs CPU time, it announces its deadline
* The earlier the deadline, the higher the priority

* Unlike rate monotonic scheduling
e Tasks are no need to be periodic

* Nor a constant amount of CPU time per burst

76



Earliest Deadline First (EDF)

Pl period = 50, processing time = 25
P2 period = 80, processing time = 35

Because (25/50 + 35/80) = 0.9375 < 1, so schedulable

0 25

P, deadline = 50
P> deadline = 80



0

Earliest Deadline First (EDF)

Pl period

P2 period
(25/50 + 35/80)

Because

25

50, processing time = 25

80, processing time = 35

P\ deadline

l

50

P, deadline = 100
P> deadline = 80

0.9375 < 1,

so schedulable
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0

Earliest Deadline First (EDF)

Pl period

P2 period
(25/50 + 35/80)

Because

25

50, processing time = 25

80, processing time = 35

P\ deadline

l

50

60

0.9375 < 1,

P> deadline

l

80

P, deadline = 100
P> deadline = 160

so schedulable
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Earliest Deadline First (EDF)

Pl period = 50, processing time = 25

P2 period = 80, processing time = 35

Because (25/50 + 35/80) = 0.9375 < 1, so schedulable
P deadline P> deadline P deadline

80 85

100

P, deadline = |50
P> deadline = 160
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Earliest Deadline First (EDF)

Pl period = 50, processing time = 25
P2 period = 80, processing time = 35
Because (25/50 + 35/80) = 0.9375 < 1, so schedulable

P deadline ) deadline P deadline

80 85
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Earliest Deadline First (EDF)

Pl period = 50, processing time = 25
P2 period = 80, processing time = 35

Because (25/50 + 35/80) = 0.9375 < 1, so schedulable

P> deadline

P deadline ) deadline P deadIine P deadline

80 85
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Earliest Deadline First (EDF)

Assign priority based on deadlines: Execute a task with the earliest
deadline (dynamic priority)

e Real-time tasks are schedulable under EDF if and only if:

=1

Liu C L, Layland | W. Scheduling algorithms for multiprogramming in a hard-real-time
environment. Journal of the ACM (JACM), 1973,20(1): 46-61
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Real-Time System Scheduling

How about a mix of CPU-bound and |/O-bound tasks?

P, with a deadline at 12 ms, needing | ms of computation followed by
|0 ms of I/O

P, with a deadline at 10 ms, needing 5 ms of computation

In this case, EDF will run P; first, causing the [/O-bound task to miss its
deadline (run P, first will meet both deadlines)

Can be addressed by breaking tasks into shorter units

* The true deadline for the compute portion of P, is at 2 ms
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