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CPU-bound and I/O-bound

A processis CPU-bound if it generates|/O
requests infrequently, using more of itstime
doing computation.

A processis|/O-bound if it spends more of its
timetodo |/O than it spends doing
computation.

JA CPU-bound process might have a few very
long CPU bursts.

AN I/O-bound process typically has many short
CPU bursts.



What does a CPU scheduler do?

dWhen the CPU isidle, the OS must select
another processtorun.

dThisselection processiscarried out by the
short-term scheduler (or CPU scheduler).

dThe CPU scheduler selects a processfrom the
ready queue, and allocatesthe CPU to it.

dTheready queue doesnot haveto bea FIFO
one. Therearemany waysto organizethe
ready queue.



Circumstances that scheduling
may take place

A process switchesfrom therunning stateto
the wait state (e.g., doing for 1/O)

A process switchesfrom therunning stateto
theready state (e.g., an interrupt occurs)

A process switches from the wait stateto the
ready state (e.g., I/O completion)

A processterminates



CPU Scheduling Occurs
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Preemptive vs. Non-preemptive

d Non-preemptive scheduling: scheduling occurs
when a processvoluntarily entersthe wait state
(casel) or terminates (case 4).

“*»3Smple, but very inefficient
d Preemptive scheduling: scheduling occursin all
possible cases.

*What if thekernel isin itscritical section
modifying some important data? Mutual
exclusion may be violated.

“* The kernel must pay special attention to this
situation and, hence, is more complex.
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dThedispatcher isthelast step

Scheduling Flow and Dispatcher
In scheduling. It
“» Switches context

scheduling occurs

“*Switchesto user mode
select a process **Brachesto thestored
from theready Q program counter to

resumethe program’s

execution.

It hastobevery fast asit is
used in every context switch.

d Dispatcher latency: thetime
to switch two processes. s

dispatcher



Scheduling Criteria: 1/6

dTherearemany criteriafor comparing
different scheduling algorithms. Herearefive
common Ones:

“*CPU Utilization
“»Throughput
*Turnaround Time
*Waiting Time
“*Response Time



Criterion 1: CPU Utilization 2/6

dWewant to keep the CPU as busy as possible.
J CPU utilization ranges from 0 to 100 per cent.

dNormally 40% islightly loaded and 90% or
higher i1sheavily loaded.

dYou can bring up a CPU usage meter to see

CPU utilization on your system. Or, you can
usethet op command.
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Criterion 2: Throughput 3/6

dThenumber of processes completed per time
unit is called throughput.

dHigher throughput means more jobs get done.

JHowever, for long processes, thisrate may be
onejob per hour, and, for short (student) jobs,
thisrate may be 10 per minute.
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Criterion 3: Turnaround Time 4/6

dThetime period between job submission to
completion isthe turnaround time.

dFrom auser’spoint of view, turnaround timeis
mor e important than CPU utilization and
throughput.

dTurnaround timeisthe sum of
“*waiting time before entering the system
“*waiting timein theready queue
*waiting timein all other events(e.g., 1/0)
“*timethe process actually running on the CPU
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Criterion 4. Waiting Time 5/6

dWaiting timeisthe sum of the periodsthat a
process spendswaiting in the ready queue.

dWhy only ready queue?

“+*CPU scheduling algorithms do not affect the
amount of time during which a processis
waiting for 1/O and other events.

*However, CPU scheduling algorithmsdo
affect thetimethat a process staysin the
ready queue.
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Criterion 5: Response Time 6/6

dThetimefrom the submiss
an interactive system) to th

on of areguest (in
efirst responseis

called response time. It doesnot includethe

timethat it takesto output

theresponse.

JdFor example, in front of your workstation, you
perhaps care mor e about the time between

hitting the Return key anc

getting your first

output than thetime from

nitting the Return

key to the completion of your program (e.g.,

turnaround time).
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What are the goals?

dIn general, themain goal isto maximize CPU
utilization and throughput and minimize
turnaround time, waiting time and response time.

d1n some systems (e.g., batch systems), maximizing
CPU utilization and throughput is more important,
whilein other systems (e.g., interactive) minimizing
response timeis paramount.

J Sometimes we want to make sure some jobs must
have guaranteed completion before certain time.

dOther systems may want to minimize the variance
of the responsetime.
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Scheduling Algorithms

dWewill discuss a number of scheduling
algorithms:

*First-Come, First-Served (FCFS)
“»Shortest-Job-First (SJF)
*Priority

“*Round-Robin

*Multilevel Queue

*Multilevel Feedback Queue
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First-Come, First-Served: 1/3

dThe processthat requeststhe CPU first is
allocated the CPU fir4t.

dThiscan easily be implemented using a queue.

JFCFSisnot preemptive. Once a process has
the CPU, it will occupy the CPU until the
process completes or voluntarily entersthe wait
state.
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FCFS: Example 2/3

AlB D | WFour jobsA, B, C and D comeinto
the system in thisorder at about
101 5 6 the sametime.
: Average Waiting Time
Process| Start |Running| End | _ (0+ 10 + 15 + 22)/4
A 0 10 10| =47/4=11.8
B 10 S 15 Aver age turnaround
=(10+ 15+ 22 + 28)/4
¢ 1 ! 22 =75/4=18.8
D 22 6 28
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FCFS: Problems 3/3

It iseasy to have the convoy effect: all the
processes wait for the one big processto get off
the CPU. CPU utilization may be low.
Consider a CPU-bound process running with
many |/O-bound process.

It isin favor of long processes and may not be
fair tothose short ones. What if your 1-minute
job isbehind a 10-hour job?

It istroublesome for time-sharing systems,
wher e each user needsto get a share of the
CPU at regular intervals.
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Shortest-Job First: 1/8

J Each processin theready queue is associated
with the length of its next CPU burst.

dWhen a process must be selected from the
ready queue, the process with the smallest next
CPU burst Is selected.

dThus, the processesin theready queue are
sorted in CPU burst length.

1 SJF can be non-preemptive or preemptive.
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Non-preemptive SJF: Example 2/8

dFour jobs A, B, C and D comeinto
the system in thisorder at about

A|lB D

1015 6 the sametime.

Process| Start | Running| End
B 0 5 5
D 6 11
C 11 7 18
A 18 10 28

Average waiting time
=(0+5+11+18)/4
=34/4=85

Average turnaround
=(5+11+18+28)/4
=62/4=155
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Preemptive SJF. Example 3/8

Avg wait =
(9+0+15+2)/4

=26/4=6.5
Arr | Burst| Wait
\ A O 8| 9
B=2: A=7 [A=T B 1] 4] O

CZo C=9 C=8

55| [Pk C| 2| 9] 15
D| 3 5, 2




Non-preemptive SJF:. 4/8

average wait = (0+7+15+9)/4=7.75

O

Job | Arr |Burst| Wait
A O, 8 O
B 1\ 4| 7
C 2| 9] 15
D 3] 5 9
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SJF is provably optimal! 5/8

A waits 0 B waits a Q Every time we
make a short job
a b beforealong job,
A average=a/2 wereduce average
waiting time.
d We may switch out
b a of order jobs until
A Iaverage: b/2 aIIjobsarein
order.
4 If thejobsare
waits0 A waitsb sorted, job
switching is

Impossible.
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How do we know the next CPU burst? 6/8

dWithout a good answer to this question, SJF
cannot be used for CPU scheduling.

dWetry to predict the next CPU bur st!
dLett, bethelength of the nth CPU burst and
P+, bethe prediction of the next CPU burst
Pr+1 = atn + (1—8.) Pn
wherea isaweight valuein [0O,1].

dIf a =0, then p,,,; = p, and recent history hasno
effect. If a=1, only thelast burst matters. If a
IS5, the actual burst and predict valuesare
equally important.
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Estimating the next burst: Example: 7/8

dlinitially, we have to guess the value of p,
because we have no history value.

dThefollowing isan examplewith a = %.

CPU 6 4 6 | 4 | 13 | 13 | 13

bur st /14 /1t /6 6 /s /)6 /]

/ / / / / / /
Gues | 10| 87| &/ 8| 5| | 17| 12

P1 Po | P3 | Ps | Ps | Pes P7 | Ps
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SJF Problems: 8/8

1t isdifficult to estimate the next burst time
value accur ately.

SJF isin favor of short jobs. Asaresult, some
long jobs may not have a chancetorun at all.
Thisisstarvation.

dThe preemptiveversion isusually referred to as
shortest-remaining-time-first scheduling,
because scheduling is based on the " remaining
time’ of a process.
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Priority Scheduling 1/4

JEach process hasa priority.
dPriority may be determined internally or externally:
“*Internal priority: determined by time limits,
memory requirement, # of files, and so on.

‘»external priority: not controlled by the OS (e.q.,
Importance of the process)

1 Thescheduler always picksthe process (in ready
gueue) with the highest priority to run.

JFCFSand SJF are special cases of priority
scheduling. (Why?)
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Priority Scheduling: Example 2/4

dFour jobs A, B, C and D comeinto

Ay B, | Cy| Dg the system in thisorder at about
10/ 5|7 |6 thesametime. Subscriptsare
priority. Smaller means higher.
Process| Start | Running| End |averagewait time
= (0+7+17+23)/4
C O / / =47/4=11.75
A 10 17
average turnaround time
D 17 6 23| = (7+17+23+28)/4
B 23 5 28 = 75/4=18.75
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Priority Scheduling: Starvation 3/4

dPriority scheduling can be non-preemptive or
preemptive.

dWith preemptive priority scheduling, if the
newly arrived process has a higher priority than
therunning one, thelatter is preempted.

dIndefinite block (or starvation) may occur: a
low priority process may never have a chanceto
run.
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Priority Scheduling: Aging 4/4

JAging isatechniqueto overcomethe starvtion
problem.

dAging: gradually increasesthe priority of
processes that wait in the system for along time.

dExample:

*1f O1sthehighest (resp., lowest) priority, then
we could decrease (resp., Increase) the priority
of awaiting process by 1 every fixed period
(e.g., every minute).
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Round-Robin (RR) Scheduling: 1/4

dRR issmilar to FCFS, except that each process
ISassigned a time quantum.

JAIl processesin theready queueisa FIFO list.

dWhen the CPU isfree, the scheduler picksthe
first and letsit run for one time quantum.

If that process uses CPU for lessthan onetime
guantum, it ismoved to thetail of thelist.

1 Otherwise, when one time quantum is up, that
process is preempted by the scheduler and
moved to thetail of thelist.
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Round-Robin: Example 1 2/4

0 2 4 6 38 10 12 14 16 18 20

timequantum =1

‘B B B C | proc | ar | CPU | tun | wait
toicC: iD: B | oA 0 3 4 1
=
C turnaround = 17-4=13" |_° ° ° 16 10
C wait = 13-4=9 C 4 A 13 9
Avqg turnaround=10.8 D 6 5 14 9
Avg wait = 4.25 E 3 2 7 5




Round-Robin: Example 2 3/4

0 2 4 6 38 10 12 14 16 18 20

Ot

B C C DID B E D
D B|B E D
- time quantum = 4
B C C D proc arr CPU turn wait

D B A 0 3 3 0
E

B 2 6 15 9
D turnaround = 20-6=14

D wait = 14-5=9 C 4 4 7 3

Avqg turnaround=10 D 6 5 14 9




RR Scheduling: Some Issues 4/4

J
J

f time quantum istoo large, RR reducesto FCFS
f time quantum istoo small, RR becomes

Orocessor sharing

 Context switching may affect RR’s performance

“*Shorter time guantum means mor e context
switches

dTurnaround time also depends on the size of time

quantum.

dIn general, 80% of the CPU bursts should be

shorter than the time quantum
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Multilevel Queue Scheduling

A multilevel gueue scheduling algorithm partitions
theready queue into a number of separate queues
(e.qg., foreground and background).

J Each processisassigned per manently to one
gueue based on some properties of the process
(e.g., memory usage, priority, processtype)

 Each queue has its own scheduling algorithm
(e.q., RR for foreground and FCFSfor
background)

A priority iIsassigned to each queue. A higher
priority process may preempt alower priority
Pr OCESS.
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Multilevel Queue

Ready Queue
highest
priority
JA process P can run
System processes Only |f al I queues
above the queue that
Interactive running Contai NS P are empty
JdWhen aprocessis
Interactive editing runni ng and a

processin a higher
priority queue comes
In, therunning
Process is preempted.

batch processes

BB E
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lowest 37
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Multilevel Queue with Feedback

dMultilevel queue with feedback scheduling is
similar to multilevel queue; however, it allows
processes to move between queues.

If aprocessuses more (resp., less) CPU time, it
ISmoved to a queue of lower (resp., higher)
priority.

JAsaresult, I/O-bound (resp., CPU-bound)
processes will bein higher (resp., lower)
priority queues.
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Multilevel Queue with Feedback
Ready Queue

" OProcessesin queuei have
time quantum 2

LRQI 1 i JWhen a process behavior

changes, it may be placed
> (1.e., promoted or demoted)
Lqumm=f=4 --------- .1 Intoadifference queue.

...................... . Thus, when an |/0-bound
................. (resp., CPU-bound) process
: | startsto use more CPU
o S .| (resp., morel/O), it may be
"1 demoted (resp., promoted)
toalower (resp., higher)
queue.
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Real-Time Scheduling: 1/2

dTherearetwo types of real-time systems, hard
and soft:

*Hard Real-Time: critical tasks must be
completed within a guaranteed amount of time
»The scheduler either admits a process and

guar anteesthat the process will complete on-time,
or regect therequest (resource reservation)

»Thisisalmost impossible if the system has
secondary storage and virtual memory because
these subsystems can cause unavoidable delay.

»Hard real-time systems usually have special
softwar e running on special hardware.
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Real-Time Scheduling: 2/2

dTherearetwo types of real-time systems, hard
and soft:

“»Soft Real-Time: Critical tasksreceive higher
priority over other processes
»It iseasly doable within a general system

»~ It could cause long delay (starvation) for non-
critical tasks.

»The CPU scheduler must prevent aging to occur.
Otherwise, critical tasks may have lower priority.

»Aging can be applied to non-critical tasks.
» Thedispatch latency must be small.
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How do we reduce dispatch latency?

dMany systems wait when serving a system call or
waiting for the completion of an 1/O before a
context switch to occur. Thiscould cause along
delay.

1 One way to overcomethis problem isto add
oreemption pointsin long-duration calls. At these
oreemption points, the system checksto seeif a
nigh-priority processiswaiting torun.

dIf thereare, the system ispreempted by a high-
priority process.

 Digpatch latency could still be high because only a
few preemption points can be added. A better
solution isto make the whole system preemptible.




Priority Inversion

dWhat if a high-priority process needsto access
thedatathat iscurrently being accessed by a
low-priority process? Thehigh-priority process
IS blocked by the low-priority process. Thisis
priority inversion.

dThiscan be solved with priority-inheritance
protocol.

“*All processes, including theonethat is
accessing thedata, inherit the high priority
until they are done with the resour ce.

“*When they finish, their priority valuesrevert
back to theoriginal values.
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