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— Assumptions about task timing, interaction, . . -
T 551/ & 5% Scheduling Algorithm

— Scheduling mode and selection function

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

— Prioritized goals
» Temporal predictability first, performance second

A] i & 43 ¥ Schedulability Test
— Prediction of worst-case behavior
— 2T CPUR|H] % (workload analysis)

» for preemptive and strictly periodic tasks?

— WCRT(Response time analysis)

» for preemptively feasible task sets with D < T

DRGSR K TT L HEE, Plairii
Timing Analysis(WCET 73 #7T)
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Multiprocessor/distributed

* Multiprocessors systems

— is a set of autonomous processors which have
software to coordinate them self and share
resources

— Share the same clock
— Share the same main memory

* Distributed systems

— is a set of autonomous processors that are
connected by a network and which have software
to coordinate themself or share resources

— No shared memory. Message passing
communication.

— A clock for each processor.



Multiprocessors/MultiCore Arch. (-

° homogeneous Processors

— processors have the same computing
capability and run task at the same rate

° heterogeneous Processors

* Cluster Heterogeneous MPSoCs m_ ‘ w

BBBBB

— ARMf¥]big.LITTLEZ 4
* Cortex-A15 MPCore+Cortex-A7 —
o HR B n] DA F vt 48 FH G 1E K =R 7 0%
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multiprocessor scheduling

« Where and When

* Global scheduling
— on-line: RS rEL/AE S — TN R AL EEES . AT
 the level of migration: Task/Job level migration Global scheduling
— AR i BT R )
- BT ZAMBRL: RELSOWE, PRilE e | o
— expect optimal processor usage
* busy processors, less preemptions ... l
« Partitioning scheduling
— off-line: BANEHIBR—AMMESNFI. JEITHE
— “bin-packing” problem: NP-hard
— ET MRS (ARINC 653)

— expect minimize the number of processors, the number of
communications, latencies, ...

Partitioning
 hierarchical scheduling I ——i
* heuristic | —
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I18'3 __—— Release time
¥
o/ I /2 .
5 0/1 Iié- Iqé x_ -~ Execufion time
\ | "m____h_H
J: 4/2

. activation ) )
L < dispatching

HH_ xecution
> scheduling

« P1. P2FANAb3E 43
— fRSETHENAEE (B, 1@8E T4 ] 208
e Priority-Driven Scheduling: 1T55=i/), WAL m
— The schedulers keep one common priority queue of ready jobs
— b REMEGEBRTEN. RS,
o FTEARS ARG ET?
— WENZ|: AR5 (ready) EiSERL
o FE: FAFERERLNH, ready#release
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Priority-Driven Scheduling Li
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- Theorem (Richard Graham, 1976)

* Brittleness

— In general, all thread scheduling algorithms are
brittle: Small changes can have big, unexpected
consequences.

 Richard’s Anomalies

— If a task set with fixed priorities, execution times,
and precedence constraints is scheduled according
to priorities on a fixed number of processors, then
increasing the number of processors, reducing
execution times, or weakening precedence
constraints can increase the schedule length.




A Priority-based 3 processor schedu

¢, =3(D)——9)c,=9
¢,=22) (8)Cy=4
c,=23) (@) C,=4
c,=X4) (6)C,=4

(5)C, =4

9 tasks with precedences and the shown execution
times, where lower numbered tasks have higher

priority than higher numbered tasks. Priority-based 3
processor schedule:

procl L =
oroc2 |2 4 5 7
oroc3 |3 6 8
| | | | | |
| | | | | — >
time
0 2 4 6 8 0 12 14 1

*Priority-based scheduling is “greedy”

\WWhat happens if you increase the number of
processors to four?



Richard’'s Anomalies:
~ Increasing the number of processors

¢, =3(D——9c,=9

¢, =22 (8)Cs=4
c,=23) D) c,=4
c,=X4) (6)C,=4

(5)c,=4

*The priority-based
schedule with four
processors has a
longer execution
time.

9 tasks with precedences and the shown execution

times, where lower numbered tasks have higher

priority than higher numbered tasks. Priority-based 3

processor schedule:

procl
proc2 2 4 5 7
proc3 3 6 8

|
| | | | | —
time
0 2 4 6 10 12 14
procl 1 8
proc2 :
proc3 : :
procd 4 7
| | | | |
| | | | | —
time



Richard’s Anomalies:
~ Reducing computation times by 1

¢, =2D)——)c, -3 9 tasks with precedences and the shown execution
times, where lower numbered tasks have higher
C,= 12) Cy=3 priority than higher numbered tasks. Priority-based 3

processor schedule:

c,=1(3) (@), =3 1

procl
C,= 1 6 Ce=3 proc2 |2 . > !
proc3 3 6 8

(5)c.=3

| | | | |
! ! ! ! ! >
time
0 2 4 6 8 10 12 14 1
-Reducmg thg ot [ : B
computation times oroc2 | 2[4 6 9
by 1 alsoresultsin o 2l 7
a longer execution T
time. o 2 4 6 8 10 12 14 1™



Richard’'s Anomalies:
- Weakening the precedence constraints

¢, =3(D——(9)c,=9
C2:2@ .C8:4
Cs:@ @C7:4

C4C64
(5)c.=4

‘Remove the
precedence
constraints (4,8)
and (4,7)

9 tasks with precedences and the shown execution

times, where lower numbered tasks have higher

priority than higher numbered tasks. Priority-based 3

processor schedule:

procl
proc2
proc3

procl
proc?
proc3

o un




- non-greedy, non-priority

¢, =3(D)——9)c,=9
c,=22) (8) Cy=4
c,=23) D) c,=4
c,=X4) (6)C,=4

(5)c,=4

*A smarter scheduler
for this example could
hold off scheduling 5,
6, or 7, leaving a
processor idle for one
time unit.

9 tasks with precedences and the shown execution
times, where lower numbered tasks have higher
priority than higher numbered tasks. Priority-based 3
processor schedule:

procl : =
proc2 2 4 5 7
proc3 3 6 8
| | | | | |
I ! >
time
0 2 4 6 8 10 12 14
procl ! E
proc2 2 :
proc3 : g
procd 5 -
| | | | | | | | |
| | | | | | | | >
time
0 2 4 6 8 10 12 14
procl 1 9
2 5
proc2
proc3 3 g
procd 4 7 8
1




Greedy scheduling may be the only
~ practical option.

¢, =3()—(9) Cy=9 9 tasks with precedences and the shown execution
times, where lower numbered tasks have higher
c,=2(2) (8)Cy=4 priority than higher numbered tasks. Priority-based 3

processor schedule:

Csz@ @C7:4 1 9

procl

C4: C6:4 proc2 i .

proc3

(5)c.=4 I — |

v bn
0o | =4

I | I I —>
time
o 2 4 6 8 10 12 14 1
N RAT 55 A HEAE LI
%Eﬁ)ﬁﬁarrive(become procl 21 - 8
known to the scheduler) , proc2 | — 2
WRE L REEA RS Prod
bRAIAT . proct
| | | | | | | >
| | ! ! ! | I
time



Richard’s Anomalies with Mutexés: |
- Reducing Execution Time

*Assume tasks 2 and 4 share the same resource in exclusive mode,
and tasks are statically allocated to processors. Then if the
execution time of task 1 is reduced, the schedule length increases.

procl 1 . 2
oroc2 L3 | 4 5
| | |
| | — >
time
o 2 4 6 8 10
procl ! 2
oroc2 |3 4 5
| | | | | |
| | | | | >
time



Pfair scheduling, Baruaht 9:_- -

» Proportionate Fair: A2 25 1A FH ZA4H [F

— “EMMEFHIPATIER SES A E

— Given n processors and a periodic task set with
utilization n

— split task capacity in sub-tasks with a capacity of
one unit of time

— During each time slot a given processor runs only
one task

* Task level migrations.

« Optimal scheduler with identical processors
and synchronous periodic tasks with deadline
on request.

* Lead to many context switches.




- Scheduling in Multi-core SyStem

« Multi-core chips: P2, PartitionedltGlobalfl

— Partitioned approaches (7453l ] GE &3]
« Where: 8k 71 (FifElist-scheduling®ik, #EH )
+ When: RM, EDF

— Global approaches

Local Queue

1 . (LQ)
Schedule Dispatch O p
Queue (5Q) Queue (DQ) !
Parallel real-time =~ ——— Global N O i
Jobs - —*| Scheduler[—* P>
] |

P

m

« Heterogeneous Multi-core Systems

— kB asymmetricitl 4 BE A BEFELL T-symmetric
o WM—NRE+ZA/MME: WCETAH]
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* Execution Time of a Program

-

for I:=1 to N logp

begin
if A > K
then A:=K-1
alge Li=K=-_
if A= K
then A:=K;
elase A:=K-1
end

—)
—

— sz AL B0 B B R B\

declare
0ld Time, New Time : Time;
Interval : Duration;
begin
0ld Time := Clock;

-— other computations

H@mL:Fime
Interval
end;

Clock;

New

Time — Old Time;

42
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A simple (yet challenging) m

* |ssues to consider

— Input data is unknown

* |teration bounds must be known to
facilitate analysis

— Path explosion
* 4”N paths in this example

— Exclusion of non-executable
(false) paths

« T1+ E2is a false path in the example
o HURTEFFHI4EM. HirkbH Tk
fr PATI
— AR ERERIS L BT
fifs o7 &
— ILP. Cache. Hr




Processor with pipeline

» Sources of time variations:
— structural conflicts
— data conflicts
— branch conflicts

ICACHE DCACHE
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moNnm>

LD rd, 0(r3)
ADD 5,4, 4
ADD rll,rl0,rl10
MUL ri12,ril,rill
MUL rl3,rl2,rl2

B s T

B aLssirae




- RTOSHIFH

* The operating system is the part most
responsible for a predictable behavior.

« Concurrency control must be enforced by:

— appropriate scheduling algorithms

— appropriate syncronization protocols
— efficient communication mechanisms
— predictable interrupt handling

3

I I | | | |

I I I I | I

I I constani I I canstant | I
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25% 30% 35% 4% 45% 50% 55% 0% 65% T0% 7T5% B0% 85% 0% 95%
LLC (small) JNEEEE - 1965 109% 102% 100% | 96%  96% @ 104% | 99%  100% 101% 100% 104% 103% | 99%
LLC (med) 99%  09% 116% 109% 108% 107% 110%
LLC (big) >300% >300% >30 0
DRAM >300%
HyperThread
CPU power
Network
brain

ml_cluster

LLC (small}
LLC (med)
LLC (hig)
DRAM
HyperThread
CPU power
Network
brain

memkeyval

LLC (small}
LLC (med)
LLC (big)

DRAM
HyperThread |
CPU power
Network
brain

Each entry is color-coded as follows: is >120%, is between 100% and 120%. and ' 65% |is <100%.

Heracles: Improving Resource Efficiency at Scale, ISCA2015



WCET & BCET

distribution of times

worsl-case performance

_ worst-cese guarantee

'.'I i "I "-l I:llllllllﬁil"rllnl'n i

— measured execution times ——

Tha actual WCET
e Minimal | must t'tf'r fﬂutrllelfldﬂr Maximal
observed R [UPpRT Houn observed
Q?&:g BCE T vecution _"%.ﬁ“_mﬁ__x execution
time L " T time
ﬂxh“hkah

e

e
\_‘

- possible execulion times

- timing predictanility

 Underestimating: catastrophic disasters

Upper
timing
bound

« Qverestimating: oversizing of the running hardware

e TR B 30% A

time



WCET & BCET

Motorola PowerPC 755

Execution Time (Clock Cycles) ——

350

300

250

200

LOAD r2, a
X=a+b; LOAD r1, b
ADD  r3,r2,r1

150

100

a0

Best Case Worst Case



¥t & #JInfluence on WCETSs

* |less predictable (highly variable)

— WCETs may increase up to 35% in the
presence of preemptions

"

WCET P non-preemptive

distribution f’

preemptwe




Timing Analysis (WCET/7#7)
TR P AR st AT B 1] Y1 R

¢ SE s HHAER
- e BERE, 7

-5 (OS+HW)

— k. fES5HIWCET

« H#E? No, HITAnIiifk

o ZERER: e t(safety, 'ZEUH(tightness), FiMfitE(precision)

. I

— ZHAHS R AT ARMECRUE AT 245 R < a1

o HHT DAL FR A R T

V%

o FENLTVE. TR B VR /75 ( EvolutionMethod). AEFULE ‘K 774

MG Tk

—%&%T:%ﬁ%m%%%ﬁéﬁ
2,

Static analysis

probabaili

Measurements
might miss the

.' \ | longest time!

possible program execution times

gives safe
timing values!

oS




- Simple-Task model

* have a plain input — processing — output structure
— Inputs available at start
— Outputs ready at the end
— No blocking inside
— No synchronization or communication inside

« Execution time variations only due to differences in
— Inputs
— task state at start time (no external disturbances)

while(1) { This code typically has:
read;ensm;ﬁli}l o loops with finite bounds
| compute(); | o no recursion

write_to_actuators(); | Aqditional assumptions:

! o runs uninterrupted
o single-threaded
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- HRSWCET ot iik: & =74

« TN B2 H (CFG, call flow graph)
— K BrE BRI, TERIAE (bound)
o 3~ JEIUL LR EOA
o WEEIAT NN HHRlow level 73 BT

— ST RAT I R Y
o XHAEILPALPRES: BELTRLPATIN TA1 1 200
« % &cache. Vii/K&stall. 43 2 Tl <%
« WCETHH
— BT %1% ( Path-based): AREACFE = A BITEIA 451
— ﬁé?m( Tree-based, R%J\Tlmmg Schema) : HJ& W i
PiibiEmditr, Ao 7350
— [ EMEEBR (IPET-based) : K FE 7 B A2 AN 85 T A
B $AT B 1) ﬁiﬁﬁﬂ@i)iﬁiﬁ )RR ] 25 AR
o IR B RAR PR HIALE B A IR A R
o HEMPRS 7 ALFEERAT 953 M B BE R A I ER

Task
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(a) Control-flow
graph with timing

ETIEﬂ?’JﬁiE"JCFGﬁj\

Longest path
marked

x’x’ Ll'mf timing

thauder =3

# WCET Calc
WCET =

tham:l'er+ t-p-ilﬂ'l T
(maxiter-1) =
3+31"99 =
3072

(b)) Path-based calculation
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Tseq(S1, s.?.}}= T{snm;sg}
TORExp) SlelseS2)=

2T ( Tree-based, M #FRTiming Sche

RITEVER ST AT 3
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7
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T(Exp}max{ﬁs11T(ﬂ})
T{Iﬂﬂp{Exp dey}}m o
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- WCET/##r L E

« Flk: aiT, RapiTime,
e 22[%. SWEET(Malardalen Univ), Chronos(National Univ
of Singapore), OTAWA(Toulouse) ...

— is an open-source static WCET analysis tool.

— The input to Chronos is a task written in C and the
configuration of the target processor.

Analysis input Tool construction input : ,
Executable ~ User Instruction Abstract pro- §=ﬂ“‘“’r‘:’f niormatan
program annotations| | semantics cessor model = tool input
[ ] ]
T\ {} < L local global

Frontend % C‘:ﬁmml' ._|_II>Ft;m€essor bﬂounda Bound b:r‘\you i Visual-
ronten ow ehavior : by
analysis -‘ analysis calculation Ization
CFE

G + flow information (}

Analysis steps




Safety standards

« WCET and response time must be checked
and verified!
— aerospace systems: DO178C, WG 48-1999
— electrical, electronic systems: |[EC-61508
— automotive systems: 1S0-26262
— railway systems: CENELEC EN-50128
— medical app: EN-60601 and IEC-62304
— nuclear plants: |[EC-60880



~ ARINC Standard WG 48-1999 .

— The Avionics Computing Resource (ACR)
shall include internal hardware and software
management methods as necessary to
ensure that time, space and I/O allocations
are deterministic and static.

o “Deterministic and static” means in this context,
that time, space and I/O allocations are
determined at compilation, assembly or link time,
remain identical at each and every initialization of a
program or process, and are not dynamically
altered during runtime.
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