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Objectives

» In this chapter, you are supposed to learn:
The basic principle behind priority-based scheduling

What is Rate Monotonic (RM) scheduling, how it works, and its
characteristics

Deadline Monotonic (DM) scheduling as an extension to RM

What is Earliest Deadline First (EDF) scheduling, how it works,
and its characteristics
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The Scheduling Problem

» Deciding the order and/or the execution time of a set of
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Motivation for Scheduling

» In the old days, each control task runs on a dedicated CPU
No RTOS, bare metal
No need for scheduling

Just make sure that task execution time < deadline

» Now, multiple control tasks share one CPU
Multitasking RTOS
Need scheduling to make sure all tasks meet deadlines

» So resource sharing is the root for scheduling, both in
GPOS and in RTOS
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What Does Scheduling Mean to GPOS?

» In GPOS, the system is scheduled with the objective to ...

User-Oriented objectives
Low Response Time
Low Turnaround Time
High Stability
System-Oriented
High Throughput
High Processor Utilization
Fairness

Balancing Resources
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Do GPOS Scheduling suffice in RTS?
» GPOS Scheduling certainly does not fit to RTS, because

None of the takes deadlines into consideration

Scheduling objectives may be contradictory to real-time timing
constraints

Preemptivity
Predictability
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What Does Real-Time Scheduling Require?

» Satisfying deadline requirements of tasks, especially hard
real-time tasks

» Average response time

» Total completion time

» Maximum lateness

» Predictability of an algorithm under transient overload

» Minimizing miss ratio
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Schedule and Schedulability Test
» Feasible Schedule and Optimal Schedule

A schedule is a feasible schedule if all the jobs complete before

their deadlines, with their execution sequence dictated by the
schedule

A set of jobs is schedulable according to a scheduling algorithm

if the scheduler that implements the algorithm always produce
a feasible schedule

For any given set of tasks that is schedulable in reality, if a

scheduling algorithm can always find a feasible schedule for the
task set, then we say this algorithm is optimal

» Schedulability Test

An algorithm or a process that can validate whether a given
task set is schedulable or not
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Optimality of the Scheduling Algorithm

- | >
Schedulable Systems : Unschedulable Systems

Domain of Process Systems

- | : | >

Systems Found By Sufficient and : Systems Found By Sufficient and
Not Necessary Schedulability Test | Not Necessary Unschedulability Test

- | >
Exact Division Given By Sufficient and Necessary
Schedulability or Unschedulability Test
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Taxonomy of RT Scheduling Algorithms

» Centralized V.S. Distributed

This dimension specifies whether the hardware architecture on
which tasks are executed is a centralized one or a distributed
one

Problems of distributed scheduling: task division, distribution
schemes, thread migration, inter-sub-task synchronization,
communication among tasks, resource allocation and access
control

In later chapters, we assume that all algorithms are centralized,
if no special remarks are made
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Taxonomy of RT Scheduling Algorithms

» Preemptive V.S. Non-Preemptive

Preemptability describes whether a task with lower priority
can be preempted by a task with higher priority, assuming that
there is no resource contending between the two tasks

Real-time scheduling often require preemptive schemes

» Deterministic V.S. Best-Effort
Some tasks require a 100% guarantee of their deadline, and
some may have soft deadlines
The intrinsic characteristics of tasks lead to different
scheduling algorithms
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Taxonomy of RT Scheduling Algorithms

» On-lineV.S. Off-line
Off-line Algorithms

The schedule is pre-calculated before any task starts execution

The scheduler must have a complete knowledge of the system and all
the metrics of tasks

High predictability, but less flexibility, large maintenance overhead
On-line Algorithms

Scheduling can occur both prior to task execution and in the process
of system running

Even if there are scheduled tasks running, the scheduler may also
calculate or revise the schedule since new tasks may arrive

Flexible

But Large runtime overhead, generally
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Taxonomy of RT Scheduling Algorithms

» Fixed-Priority V.S. Dynamic-Priority

Tasks are assigned priority according to their periods.The
priority of each task is fixed during execution

In dynamic priority scheduling, the priorities of the tasks may
change during execution

Overhead in calculating new priorities for each task
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The Case for Priority-Based Scheduling

» In the last lecture, we introduced

Static scheduling, tick-driven scheduling, ...

» Why priority-based scheduling?

In real-time systems, not all tasks are created equal!

Serve the tasks according to their urgency, and their criticality
to the system, urgent or critical tasks must be satisfied first,
even if this may sacrifice less urgent tasks

How do you assign priorities! VWhat does an assighment imply?
—> different scheduling policies
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Rate Monotonic Scheduling (RM)

» A fixed priority scheduling algorithm for periodic task
sets

» Assumptions
Al: All tasks with hard deadlines are periodic
A2: The relative deadline of task equals to its period
A3: Tasks are independent of each other
A4: WCET of the tasks is known in advance
A5: All aperiodic tasks are not hard real-time ones
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Basic Principles of RM

» Basic ldea
The more frequent a task is , the higher its priority!
The task with a shorter period is assigned a higher priority

This implies a more frequent task is more critical in the system,
this is what the algorithm assumes, but not the real thing in
real systems

» Properties of the Algorithm
Priority-driven
Preemptive
Static fixed priority
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An Example of RM Scheduling

Task | Execution Time | Release Time Period Priority
Tl 1 0 6 1
T2 2 0 9 2
T3 6 0 18 3

T1

T1

T1

>
0 5 10 15 20 25
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Schedulability Analysis (Test)

» A scheduling algorithm only specifies how to assign priorities
among tasks, and in what order the tasks are scheduled

» But the algorithm itself cannot tell you whether a set of tasks
is schedulable or not, so schedulability analysis (Test)

» Utilization Bound Test
Calculate total CPU utilization and compare it to a known bound
Simple, but pessimistic

» Exact Schedulability Analysis

Calculate Ri for each task i and compare it to its deadline Di

Accurate, with polynomial time complexity
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Utilization-Based Schedulability Test

» A set of periodic tasks is schedulable with RM if

21

i? < nf2!7 1)

ifn=1,then U= 1;ifn=2,then U =0.828;....
If n > o, then U —0.69

Guaranteed to be schedulable if test succeeds
May still be schedulable even if test fails
So the test is sufficient but not necessary
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Pessimism of Utilization-Based Test

» Utilization = 12/52 + 10/40 + 10/30 = 81%
» Utilization bound (N = 3) = 78%

» Utilization bound test fails, but task set is actually schedulable!

Task T D C Prio
1 30 30 10 H
2 40 40 10 M
3 52 52 12 L

—
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Optimality of RM

» Optimality: RM is optimal among all fixed-priority
assighments in the sense that no other fixed-priority

algorithm can schedule a task set that cannot be
scheduled by RM

» Proof: the proof is done by considering several cases that
may occur, the main idea is

23

A critical instant for any task occurs whenever the task is
released simultaneously with all higher priority tasks. If all tasks
are feasible at their critical instants, then the task set is
schedulable in any other condition

Proof the above is true for a task set with two tasks
The extend the result to n tasks
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Response Time Based Analysis
R, =C;+ Z {%“ Cj

» For each task from the one with highest priority to the one
with lowest priority, calculate the above formula recursively,
until it converges, then check if the response time of task i is
smaller than Di

» Here hp(i) is the set of tasks with priority higher than task i

» We will show this in an example
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An Example

» Highest priority task, no interference from other tasks
» RI=CI+0=10
» Rl <DI,soTl is schedulable
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An Example

» Medium priority task T2

» R2 = C2 + ceil(RUT1)*Cl = 10 + ceil(R2/30)*10

» Solve for R2 recursively, starting with R2 = C2 = |0:
R2 = 10 + ceil(10/30)*10 = 20
R2 = 10 + ceil(20/30)*20 = 20
We have converged, R2 =20 < D2 = 40,so T2 is schedulable
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An Example

v

Low priority task
R3 = C3 + ceil(R3/T1)*CIl + ceil(R3/T2)*C2
= 12 + ceil(R3/30)*10 + ceil(R3/40)*10
Solve for R3 recursively, starting with R3 = C3 = [2:
R3 =12 + ceil(12/30)*10 + ceil(12/40)*10 = 32
R3 = 12 + ceil(32/30)*10 + ceil(32/40)*10 = 42
R3 = 12 + ceil(42/30)*10 + ceil(42/40)*10 = 52
R3 = 12 + ceil(52/30)*10 + ceil(52/40)*10 = 52
We have converged,R3 =52 = D3 = 52,50 T3 is schedulable

v v Vv

| >
3! 4i 50 Time
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Some Intuition about the Recursive Analysis
» Initially R3 = 12

» We have not taken into account any preemption yet from T |
and T2 yet

:
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Some Intuition about the Recursive Analysis

» R3 =12 + ceil(12/30)*10 + ceil(12/40)*10 = 32
» T| preempts T3 once,and T2 preempts T3 once
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Some Intuition about the Recursive Analysis

» R3 =12 + ceil(32/30)*10 + ceil(32/40)*10 = 42
» T| preempts T3 twice,and T2 preempts T3 once

B T S
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Some Intuition about the Recursive Analysis

» R3 =12 + ceil(42/30)*10 + ceil(42/40)*10 = 52
» T| preempts T3 twice,and T2 preempts T3 twice
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Some Intuition about the Recursive Analysis

» R3 =12 + ceil(52/30)*10 + ceil(52/40)*10 = 52
» T| preempts T3 twice,and T2 preempts T3 twice
» Recursive equation has converged!

» This is the worst-case response time of T3

52

] 73]
T m T m
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A Better Schedulability Test Condition

» A Sufficient and Necessary Test Condition for RM

Given periodic tasks 1,7y, ..., T,

() T, can be scheduled for all task phasing using the RM algorithm iff
Li — min {teSi}Wi (t)/t < 1

(2) The entire task set can be scheduled for all task phasing using the
rate monotonic algorithm iff

L:rnaX{

1<i<n

L <1

Where Si is the set of scheduling points, and
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Deadline Monotonic (DM) Scheduling

» Rate Monotonic Assumptions
Al: All tasks with hard deadlines are periodic
A2: The relative deadline of task equals to its period
A3: Tasks are independent of each other
A4: WCET of each task is known a prior
A5: All aperiodic tasks are not hard real-time ones

» Rate Monotonic Incapability
Cannot handle sporadic tasks
Cannot handle tasks of which D <>T
Inter-dependent tasks
Resource contention
System overhead
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Basic Principles of DM

» Basic Idea
The task with shortest deadline is assigned highest priority

An optimal static priority assignment for one processor

» Some Remarks

Similar in concept with Rate Monotonic Scheduling

Deadline Monotonic can be viewed as a generalization of Rate
Monotonic

Deadline Monotonic Algorithm can deal with a wider range of
task sets since it relaxes the first two assumptions made by
Rate Monotonic
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Schedulability Test for DM — I

» A sufficient but not necessary test with O(n) complexity

C. L

Viil<i<n:—t+-1<1

D. D

» An example

Task C D T
T, 2 3 3)
T, 2 6 15
T, 4 10 20
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Schedulability Test for DM — I

t=0 t=10 =20 t=30
3 A A Al A A
7 = A

11 1S schedulable since 2/3<1
T, 1S schedulable since 2/6 +4/6 =1 with |, =4
13 1S schedulable since 4/10+6/10=1 with ;=6
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Schedulability Test for DM — II

» A sufficient but not necessary test with O(n?) complexity

Vi:lgign:&+l—i£1
D, D

oo B e 2]

» Is This Schedulability Test Optimal?
Not optimal!

The calculation of incomplete execution is not exact in general
situations
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Schedulability Test for DM — III

» A sufficient and necessary test condition for DM

Assume that T, completes execution at t’, it'’s apparent that all
tasks with higher priorities have completed

So the schedulable condition for T, is:

I_t C i—1 t
dt, <t<D,:—+—1=1 Ii=>|—|C.
0 i t t ;‘71-—‘ J

J

We need not consider the whole time period of [0, D].

We only consider the time spot at which T, is possibly
completed
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Schedulability Test for DM — III

Joreach T, do
= E C;
j=1
continwe = TRUE

while [coi?#mfg] do

. G
1f{ +—£1]

continue = FALSE /* 1, is schedulable */

""-l--l“:"

else
t =11+ C
endif
if [ t = D, ]
axit /* 1, is unschedulable */
endif

endwhile

endfor
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complexity!
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Schedulability Test for DM — III

» An Example

Task C T

T, 4 10

T, 3 11

T, 5 13 20
fh= YC =443+5=12

=
I - B2~ _ |12 1215 _ + 2
I3 _E 7 C, = 1}H 1}3_14 >t T

Since we now have r, = D; we terminate with 75 unschedulable.
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Schedulability Test for DM — III

Task C T
T, 4 10
T, 3 11
T, 3 13 20
t=0 t=10
T1 :__; - y .
T xi
13 x;-:' X; :
43

3

g = .Z

Ijl=

|

t=30
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C, =4+3+3 =10
1

_}H

11

ﬁkz?
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A Review of Fixed-Priority Scheduling

» In fixed-priority scheduling, each task is assigned a fixed
priority for all its invocations

» Pros
Predictability

Low runtime overhead

Temporal isolation during overload

» Cons

Cannot achieve 100% utilization in general, except when task
periods are harmonic

» Widely used in most commercial RTOSes and CAN bus
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Basic Principles of EDF

» Basic Idea
The priorities of tasks are assigned according to the absolute
deadline of each task, the task with the deadline nearest to the
current scheduling point is assigned highest priority

» Properties
For a specific task, the priority may change during runtime
The system can be either preemptive or non-preemptive
In preemptive systems, the EDF scheduling algorithm is optimal
The EDF algorithm can achieve full utilization of the processor

But, high runtime overhead, and poor temporal isolation during
overload
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A Simplest EDF Example

» Say you have two tasks to run:
T takes 5 ms, with a deadline of 20 ms

T2 takes 10 ms, with a deadline of |2 ms

» Tl beforeT2:

[ I—

Deadline T2

0 5

» T2 beforeTI:

A

|5

n I

0 5 | 15
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20
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*Using EDF algorithm to schedule 3 periodic tasks
*Unlike RM algorithm, priorities of tasks may change in different
activations (jobs)
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RM vs EDF — Extended Discussion

» If EDF is more efficient than RM, why commercial RT
systems are still based on RM?

RM is simpler to implement on top of commercial (fixed
priority) kernels.

EDF requires explicit kernel support for deadline scheduling,
but gives other advantages, e.g., less overhead due to less
preemptions

» Two different types of overhead are considered
(1) Overhead for job release
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An Example

7 ‘\N 14 21 28 35

I I I
7 14 21 28 35112

L 2
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The Overhead of Preemptions

51

80

10

60

Avg. no. of preemptions

T € [10, 100]

t (1000 sims of 1000 units) p=0.9
_— "'FF_F_FJ_ T T— RM
o
- | EDF
4 6 8 10 12 14 16 18 20

Nﬁmber of tasks
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The Overhead of Preemptions

6 *1
| Ll -
—— . ‘ . Under RM,
0 2 4 6 8 10 12 14 16 18 preemtions
may increase as
computation
h h h time increase
I I I I I I I I I
6 12 18
__ T T N h—- T T T T /
‘ ‘ll‘u ‘ 20
0 2 4 6 § 10 12 14 16 18 20
Chapter 4: Priority-Based Real-Time Scheduling 2009/3/30



The Overhead of Preemptions
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18
T T T I
20
| | | | Under EDF
416 18 \ 0 preemtions
may decrease
as computation
| | L —_time increase
18
T T T 1 1 T T :;0 Il/
| ! T 1 T 1
14 16 18 20
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Robustness under Overload

» There are two main kinds of overloads

Permanent overload

= This occurs when U > |

Trnscient overload

= This occurs when some job executes more than expected
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RM under Permanent Overload
4 6 5

U= —4+—+—=1.25
8 12 20

A 1T1T 1Ty

0 8 16 24 32 40 48 56 64 2 20
N N =N N =N W=l

0 12 24 36 49 60 iy 84
T3 lllllllli]l]llllll|||||lllll[l!lll[tiil‘llll

0 20 40 60 30

¢ High priority tasks execute at the proper rate
e Low priority tasks are completely blocked
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EDF under Permanent Overload

o mlml e L .| m

0 8 16 24 32 40 48 64

% .ml...-ﬁwﬁwhfwﬁﬁn\f

0 12 60 72 &4

0 "0 40 60 80

e All tasks execute at a slower rate
e No task is blocked

56 Chapter 4: Priority-Based Real-Time Scheduling 2009/3/30



EDF under Permanent Overload

57

Theorem (Cervin ‘03)

average period T, =T, U.

If U > 1, EDF executes tasks with an

. U=1.25
r, |
8 10 e T
TE IIIIIIIIIII |||! TE
1215 -
T; | 13
20 25
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Misconceptions about Predictability

ED¥s not predictable during overloads because
we don’t kow which tasks are going £6 miss their
deadlines

RM is predictable during overload3~Ngcause the
tasksAhat miss deadlines are low prioritytasks

We now show that this is not true
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RM During Transient Overrun

Upg=0817 €y =2, Cypp =4

9 . .. .|
T, (3/9) - ﬁ — h m h

’ 9\\\ deadline 8 2
T3(1/20) miss [ ‘ ]

I ] I I I ] ] I I I I L] I I I i
0 20

I I I I I ] ] I I I I L] I I I LI I I I L] I L] I L I I I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Who is missing its deadline is not the lowest priority task
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Misconceptions about Jitters

RM reduces jitt execution more
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Task Jitter under RM

T-l (2;’6} h h h h _ RTJ] =)
0 6 12 18 M

00 | - — - RIJ,=2
0 2 18

T3(2/12) [] i ] RTJ; =8
0 12 24

H T4 experiences a very high jitter |
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Task Jitter under EDF

neomm . e | Rw
0 6

T, (3/8)

T5(2/12)
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12 18 24
— l — h RTJ, =2
0 3 18 I N
m__ | m RTJ, =3
0 1 LI | L LI lIzl- LI LI 24
For a little increase of RTJ,,
RTJ, decreases a lot
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Jitter Experiments

Normalized Avg. RTJ et _
s g U=08 N=10
0.6
/)

/

0.4 %
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i
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1 2 3 4 5 6 7 8 g 10
Task number 128
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Jitter |
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Visit Our Website

» The Website of Real-Time Embedded Systems Laboratory,
Northeastern University

» You can find

General information on the projects conducted in our lab
Research and publications
Research information and contacts of the members

Some useful research links

» Write me emails if you have questions in RTS
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