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Readings e

m Read Chapter 2, section 2.1 (pages 23-33) of SCHEDULING
Cottet et al. (2002). Scheduling in Real-Time IN REAL-TIME
Systems. Skip other sections! SYSTEMS

m Topics

Francis Cottet | Joélle Delacroix | Claude Kaiser | Zoubir Mammeri

m rate monotonic
inverse deadline
earliest deadline first
least laxity first
On-line scheduling

"Readings are based on Cottet, F., Delacroix, J., Mammeri, Z., & Kaiser, C. (2002). Scheduling in
Real-Time Systems. Wiley.
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Recurrent Task Models
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Real-time task model

| r,', taSk release t|me, |e the ro: release time of thelst request of task
. . C: worst-case computation time
eXGCUtIOI"I requeSt tl me. D: relative deadlin[e)

T: period

ry: release time of k+1th request of task
re=ry+kT is represented by

dy: absolute deadline of k+1th request of task
dy = r+ D is represented by

w0, C, D, T)
with0<C<D<T

Note: for periodic task with D = T (deadline equal to period)
deadline at next release time is represented by

7o dy i d

FIG 1. Task model
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Relative Deadline vs Period
When we have a task set, we say that the task set is with

m implicity deadline when the relative deadline D; is equal to the period T;, i.e.,
D; = T, for every task t; constrained deadline when the relative deadline D; is
no more than the period T; , i.e., D; < T; , for every task t;
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m implicity deadline when the relative deadline D; is equal to the period T;, i.e.,
D; = T, for every task t; constrained deadline when the relative deadline D; is
no more than the period T; , i.e., D; < T; , for every task t;

m arbitrary deadline when the relative deadline D; could be larger than the period
T; for some task T;
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Sporadic and Periodic Tasks

m For periodic taks
m Syncronous system—each task 7; has a phase of 0, i.e., ¢; =0

m Hyperperiod: Least common multiple (LCM) of T;
m Task utilization of task

m Total system utilization
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Scheduling of independent tasks



On-line algorithms for periodic tasks
simple rule—that assigns priorities according to temporal parameters of tasks.

m static—the priority is fixed. the priorities are assigned to tasks before execution
and do not change over time. For example:
m rate monotonic (Liu and Layland, 1973)"

'Liu, C. L., & Layland, J. W. (1973). Scheduling algorithms for multiprogramming in a hard-real-time
environment. Journal of the ACM (JACM), 20(1), 46-61.

2Leung, J. Y. T., & Merrill, A. M. (1980). A note on preemptive scheduling of periodic, real-time tasks.
Information processing letters, 11(3), 115-118

SLiu, C. L., & Layland, J. W. (1973). Scheduling algorithms for multiprogramming in a hard-real-time
environment. Journal of the ACM (JACM), 20(1), 46-61.

“Dhall, S. K. (1977). Scheduling periodic-time-critical jobs on single processor and multiprocessor

computing systems. University of Illinois at Urbana-Champaign.
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Rate monotonic scheduling

summary—uwith the rate monotonic (RM) algorithm, tasks with shorter periods
(higher request rates) get higher priorities. Task with smallest time period have
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Rate monotonic scheduling

m For two tasks (i.e., n = 2), the upper bounds on utilization is (Equation (4))

n(2%—1>:2(\/§—1>:o.828 (4)
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m For two tasks (i.e., n = 2), the upper bounds on utilization is (Equation (4))

n(2%—1>:2(\/§—1>:o.828 (4)
m For a large number of tasks (i.e., n — o0), the upper bound is
. 1
U< limn (2n - 1) = In(2) = 0.693 (5)

m As a general rule, when n > 10, the RMS can meet its deadlines if U < 70%
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Rate monotonic scheduling—Example 1

m According to RM scheduling iy n
algorithm task with shorter period 0 e %
has higher priority so 7> has the %) y y b L
highest priority, T3 an intermediate — — — — o
priority and 7y the lowest priority .

I) '2—!1 IIO 1'2—1|4 12() -

FIG 2. Example of a rate monotonic schedule
with three periodic tasks: 74 (0, 3, 20, 20),
172(0,2,5,5) and 13(0,2, 10, 10)
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Rate monotonic scheduling

m After 7. completes, the lowest priority i

task, 71, executes until t = 5 q e %
[ S S S O
0 2 5 7 10 12 15 17 20
5
T — I — 1 !
0 2 4 10 12 14 20

FIG 3. Example of a rate monotonic schedule
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Rate monotonic scheduling

m After 7o completes, the lowest priority i n
task, 71, executes until t = 5 q e %
m Att =5, 1o is released, and since it =} } ! P |
has higher priority that 4, it 2 s 012 15 17 20
preempts 71 and starts its execution K | |
until completion at t = 7 Ty 01 %
m etc... FIG 3. Example of a rate monotonic schedule

with three periodic tasks: 74 (0, 3, 20, 20),
7,(0,2,5,5) and 75(0, 2,10, 10)

The three tasks meet their deadline since the utilization factors

3 2 2 1
= — — ——— < 3 — —
U= 35+ 5 +15=075<3(25 —1)=0779 (6)

Kizito NKURIKIYEYEZU, Ph.D. Scheduling of independent tasks November 16, 2022 10/17



Rate monotonic scheduling —Example 2

m |n this example, we have a set of
three periodic tasks for which the
relative deadline is equal to the
period

Kizito NKURIKIYEYEZU, Ph.D.

Scheduling of independent tasks
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TwT L Y//L D;;‘]I P 2 1 IR 111 !
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Preemption of task 3

FIG 4. Example of a rate monotonic schedule
with three periodic tasks: 77 (0, 20, 100, 100),
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Rate monotonic scheduling —Example 2

m |n this example, we have a set of
three periodic tasks for which the
relative deadline is equal to the
period

m Task 7y has the highest priority and
task 73 has the lowest priority.
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Rate monotonic scheduling —Example 2

m In this example, we have a set of T I T
three periodic tasks for which the 100 20 30
relative deadline is equal to the g BN ER——— K
perIOd TwT I 1 Y//L 777 , 4 A I 1 I ! 111 !

100 200 300

m Task 7y has the highest priority and

task 7 has the lowest priority. _ FIG 4. Example of a rate monotonic schedule
m The major cycle of the task set is with three periodic tasks: 7; (0, 20, 100, 100),

LCM(100, 150, 350) = 2100. 72(0, 40, 150, 150) and 73(0, 100, 350, 350)

Preemption of task 3
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Rate monotonic scheduling —Example 2

m In this example, we have a set of N I T - T = B
three periodic tasks for which the . " N
relative deadline is equal to the ol m— T ‘hzzm' — '331 _—
perIOd TwT L f'/(/L A7, R A . . 111 !

100 " 200 300

m Task 7y has the highest priority and

task 7 has the lowest priority. _ FIG 4. Example of a rate monotonic schedule
m The major cycle of the task set is with three periodic tasks: 7; (0, 20, 100, 100),

LCM(100, 150, 350) = 2100. 75(0, 40, 150, 150) and 73(0, 100, 350, 350)
The processor utilization factor is:

_ 20 40 100
~ 100 ' 150 ' 350

Preemption of task 3

U —0.75<3-(V2-1)=0.779 (7)

So this task set is schedulable. All the three tasks meet their deadlines.
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Rate monotonic scheduling

m Due to priority assignment based on the periods of tasks, the RM algorithm
should be used to schedule tasks with relative deadlines equal to periods.
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should be used to schedule tasks with relative deadlines equal to periods.

m This is the case where the sufficient condition (Equation (3)) can be used.
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Rate monotonic scheduling

m Due to priority assignment based on the periods of tasks, the RM algorithm
should be used to schedule tasks with relative deadlines equal to periods.

m This is the case where the sufficient condition (Equation (3)) can be used.

m For tasks with relative deadlines not equal to periods, the inverse deadline
algorithm should be used.
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Rate monotonic scheduling
m Due to priority assignment based on the periods of tasks, the RM algorithm
should be used to schedule tasks with relative deadlines equal to periods.
m This is the case where the sufficient condition (Equation (3)) can be used.
m For tasks with relative deadlines not equal to periods, the inverse deadline
algorithm should be used.

m The RMS can meet all of the deadlines if total CPU utilization, U < 70%. The
other 30% of the CPU can be dedicated to lower-priority, non-real-time tasks.
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Rate monotonic scheduling
m Due to priority assignment based on the periods of tasks, the RM algorithm
should be used to schedule tasks with relative deadlines equal to periods.
m This is the case where the sufficient condition (Equation (3)) can be used.

m For tasks with relative deadlines not equal to periods, the inverse deadline
algorithm should be used.

m The RMS can meet all of the deadlines if total CPU utilization, U < 70%. The
other 30% of the CPU can be dedicated to lower-priority, non-real-time tasks.

m For smaller values of n or in cases where U is close to this estimate, the
calculated utilization bound should be used.
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Inverse (monotonic) deadline
algorithm



Deadline-monotonic scheduling

summary—Deadline-monotonic priority assignment is a priority assignment policy
used with fixed-priority pre-emptive scheduling®

m Allows a weakening of the condition which requires equality between periods
and deadlines in static-priority schemes.

Shttps:/en.wikipedia.org/wiki/Fixed-priority_pre-emptive_scheduling

6Audsley, N. C., Burns, A., & Wellings, A. J. (1993). Deadline monotonic scheduling theory and
application. Control Engineering Practice, 1(1), 71-78.
https://doi.org/10.1016/0967-0661(93)92105-D
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Deadline-monotonic scheduling

summary—Deadline-monotonic priority assignment is a priority assignment policy
used with fixed-priority pre-emptive scheduling®

m Allows a weakening of the condition which requires equality between periods
and deadlines in static-priority schemes.

m The task with the shortest relative deadline is assigned the highest priority®

Shttps:/en.wikipedia.org/wiki/Fixed-priority_pre-emptive_scheduling

6Audsley, N. C., Burns, A., & Wellings, A. J. (1993). Deadline monotonic scheduling theory and
application. Control Engineering Practice, 1(1), 71-78.
https://doi.org/10.1016/0967-0661(93)92105-D
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Deadline-monotonic scheduling

summary—Deadline-monotonic priority assignment is a priority assignment policy
used with fixed-priority pre-emptive scheduling®

m Allows a weakening of the condition which requires equality between periods
and deadlines in static-priority schemes.

m The task with the shortest relative deadline is assigned the highest priority®

m For an arbitrary set of n tasks with deadlines shorter than periods, a sufficient
condition is given in Equation (8)

u=y % <n n-(2n—1) (8)

i=1 =1

Shttps:/en.wikipedia.org/wiki/Fixed-priority_pre-emptive_scheduling

6Audsley, N. C., Burns, A., & Wellings, A. J. (1993). Deadline monotonic scheduling theory and
application. Control Engineering Practice, 1(1), 71-78.
https://doi.org/10.1016/0967-0661(93)92105-D
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Deadline-monotonic scheduling—Example

m Task T has the highest priority and  «¢=0.c=3.0=7.7=20)

task 75 the lowest. | T

0 2 5 7 20
Ty(rp=0,C=2,D=4,T=5)

N B N T B

0 45 7 9 10 12 1415 17 19 20
T4(rg=0,C=2.D=9, T=10)

r—lT — lT’

0 4 5 7 9 10 12 14 19 20

FIG 5. Inverse deadline schedule for a set of three
periodictasks 71 (p =0,C=3,D=7,T = 20),
T(ih=0,C=2,D=4,T =5)and
7(h=0C=2D=9T=10)

\}

7

N

u=342 221.15>3(€/§—1):o.779 9)
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Deadline-monotonic scheduling—Example

m Task T has the highest priority and  «¢=0.c=3.0=7.7=20)

task 3 the lowest. — l T ‘
m The sufficient condition in Equation  ° _° . ° 7 »
(8) is not satisfied because the ¢ l ! l ! l ! l T .
processor load factor is AN N TR PR R T T
1.15 > 0.779 (Equation (9)) T(=0,C=2,D=9,7=10)
r—l T —] l T !
0 4 5 7 9 10 12 14 19 20

FIG 5. Inverse deadline schedule for a set of three
periodictasks 71 (p =0,C=3,D=7,T = 20),
T(ih=0,C=2,D=4,T =5)and
7(h=0C=2D=9T=10)

\}

7

N
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Deadline-monotonic scheduling—Example

m Task T has the highest priority and  «¢=0.c=3.0=7.7=20)

task 13 the lowest. — l T ‘
m The sufficient condition in Equation ~ ° " . ° . [ ”
(8) is not satisfied because the ¢ l ! l ! l t l T ,
processor load factor is AN N TR PR R T T
1.15 > 0.779 (Equation (9)) Hy-0.C-2.0-9.7-10)
m However, the task set is schedulable = L

0 4 5 7 9 10 12 14 19 20

because the schedule is given within

the major cycle of the task set. FIG 5. Inverse deadline schedule for a set of three

periodictasks 71 (p =0,C=3,D=7,T = 20),
T(p=0,C=2D=4,T=5)and
7(p=0C=2,D0=9T=10)

\}

7

N

u=342 221.15>3(€/§—1):o.779 9)
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Earliest deadline first algorithm



Earliest deadline first algorithm
summary—the earliest deadline first (EDF) algorithm assigns priority to tasks
according to their absolute deadline: the task with the earliest deadline will be

executed as the highest priority.
m The EDF algorithm does not make any assumption about the periodicity of the

tasks; hence it can be used for scheduling periodic as well as aperiodic tasks.
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Earliest deadline first algorithm

summary—the earliest deadline first (EDF) algorithm assigns priority to tasks
according to their absolute deadline: the task with the earliest deadline will be
executed as the highest priority.
m The EDF algorithm does not make any assumption about the periodicity of the
tasks; hence it can be used for scheduling periodic as well as aperiodic tasks.
m A necessary and sufficient schedulability condition exists for periodic tasks with
deadlines equal to periods.
m A set of periodic tasks with deadlines equal to periods is schedulable with the
EDF algorithm if and only if the processor utilization factor is less than or equal
to 1 (Equation (10))
n
U= Z (10)

i=1

:||9
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Earliest deadline first algorithm

summary—the earliest deadline first (EDF) algorithm assigns priority to tasks
according to their absolute deadline: the task with the earliest deadline will be
executed as the highest priority.
m The EDF algorithm does not make any assumption about the periodicity of the
tasks; hence it can be used for scheduling periodic as well as aperiodic tasks.
m A necessary and sufficient schedulability condition exists for periodic tasks with
deadlines equal to periods.
m A set of periodic tasks with deadlines equal to periods is schedulable with the
EDF algorithm if and only if the processor utilization factor is less than or equal
to 1 (Equation (10))

j <1 (10)

js1 (11)
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Earliest deadline first algorithm—Example

m Attime t = 0, the three tasks are (=0, C=3,D=7,T=20)
ready to execute and the task with T — T ‘
the smallest absolute deadline is o. ° ° > 20

T,(rp=0,C=2,D=4,T=5)

== = = N

0 45 6 8 9 10 12 1415 17 1920
T3(rg=0,C=1,D=8,T=10)

- l — l T !
0 5 6 8 10 12 13 18 20
FIG 6. EDF EDF schedule for a set of three
periodic tasks 71(rg =0,C=3,D=7,20 =
T),Tz(fo = 0, C= 2, D= 4, T = 5),
T3(f0:0,C:1,D:8,T:10)
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Earliest deadline first algorithm—Example

m Attime t = 0, the three tasks are (=0, C=3,D=7,T=20)
ready to execute and the task with T — T ‘
the smallest absolute deadline is 7. ° ° > 20
T,(rp=0,C=2,D=4,T=5)
m T is executed. o= = It

0 45 6 8 9 10 12 1415 17 1920
T3(rg=0,C=1,D=8,T=10)

- l — l T !
0 5 6 8 10 12 13 18 20
FIG 6. EDF EDF schedule for a set of three
periodic tasks 71(rg =0,C=3,D=7,20 =
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T3(f0:0,C:1,D:8,T:10)
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Earliest deadline first algorithm—Example

m Attime t = 0, the three tasks are (=0, C=3,D=7,T=20)
ready to execute and the task with T — T ‘
the smallest absolute deadline is 1. 10( :OZC:2 Di T:; 20

m 7 is executed. 1—\ l T — l 1 | l |1 | l T !
m Attime t = 2,task 7, completes. 0 oo B Rk

13(ry=0,C=1,D=8, T=10)

- l — l T !
0 5 6 8 10 12 13 18 20
FIG 6. EDF EDF schedule for a set of three
periodic tasks 71(rg =0,C=3,D=7,20 =
T),Tz(fo = 0, C= 2, D= 4, T = 5),
T3(f0:0,C:1,D:8,T:10)
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Earliest deadline first algorithm—Example

m Attime t = 0, the three tasks are (=0, C=3,D=7,T=20)
ready to execute and the task with T — T ‘
the smallest absolute deadline is 1. 10( :OZCZQ Di T:; 20

m 7 is executed. 1—\ l T — l 1 | l |1 | l T !
m Attime t = 2,task 7, completes. 0 oo B Rk

13(ry=0,C=1,D=8, T=10)

m The task with the smallest absolute = 1 4 R
deadline is now 14, which executes © 56 8 10 1213 1820
until completionatt =5 FIG 6. EDF EDF schedule for a set of three

periodic tasks 71(rg =0,C=3,D=7,20 =
T),Tz(fo = O,C: 2,D:4, T = 5),
T3(f0:0,C:1,D:8,T:10)
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Earliest deadline first algorithm—Example

m Attime t = 0, the three tasks are (=0, C=3,D=7,T=20)
ready to execute and the task with T — T ‘
the smallest absolute deadline is 1. 10( :OZCZQ Di T:; 20

m 7 is executed. 1—\ l T — l 1 | l |1 | l T !
m Attime t = 2,task 7, completes. 0 oo B Rk

) 13(ry=0,C=1,D=8, T=10)
m The task with the smallest absolute = 1 4 R
deadline is now 14, which executes © 56 8 10 1213 1820
until completionatt =5 FIG 6. EDF EDF schedule for a set of three

; ; ; ; periodic tasks 71(rg =0,C=3,D=7,20 =
m At this point, task 1 is again ready. Tita(l = 0.C = 2.D— 4, T — 5),

However, the tgsk yvith the smal!est (o= 0,C=1,0 =8 T = 10)
absolute deadline is now 13, which
begins to execute.
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Least laxity first algorithm



Least laxity first algorithm

summary—the least laxity first (LLF) algorithm assigns priority to tasks according to
their relative laxity: the task with the smallest laxity will be executed at the highest
priority

m When a task is executed, its relative laxity is constant.
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summary—the least laxity first (LLF) algorithm assigns priority to tasks according to
their relative laxity: the task with the smallest laxity will be executed at the highest
priority

m When a task is executed, its relative laxity is constant.

m However, the relative laxity of ready tasks decreases.
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Least laxity first algorithm

summary—the least laxity first (LLF) algorithm assigns priority to tasks according to
their relative laxity: the task with the smallest laxity will be executed at the highest
priority

m When a task is executed, its relative laxity is constant.

m However, the relative laxity of ready tasks decreases.

m Thus, when the laxity of the tasks is computed only at arrival times, the LLF
schedule is equivalent to the EDF schedule.
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Least laxity first algorithm
summary—the least laxity first (LLF) algorithm assigns priority to tasks according to
their relative laxity: the task with the smallest laxity will be executed at the highest
priority

m When a task is executed, its relative laxity is constant.

m However, the relative laxity of ready tasks decreases.

m Thus, when the laxity of the tasks is computed only at arrival times, the LLF
schedule is equivalent to the EDF schedule.

m However if the laxity is computed at every time t , more context-switching will
be necessary.
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Least laxity first algorithm

summary—the least laxity first (LLF) algorithm assigns priority to tasks according to
their relative laxity: the task with the smallest laxity will be executed at the highest
priority

m When a task is executed, its relative laxity is constant.

m However, the relative laxity of ready tasks decreases.

m Thus, when the laxity of the tasks is computed only at arrival times, the LLF
schedule is equivalent to the EDF schedule.

m However if the laxity is computed at every time t , more context-switching will
be necessary.

m Please take a closer look at example Figure 2.9 on page 32 of the textbook
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The end
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