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Introduction

•
T

his chapter covers

−
I/O

 from
 program

m
ers perspective

−
softw

are needed to control device

−
application softw

are

−
device driver

−
how

 driver
im

plem
ents read and w

rite
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D
evice D

river

•
Softw

are that provides an interface betw
een an application

program
 and an external hardw

are device.

−
device driver

understands details of hardw
are, hence

called low
lev elcode

−
all applications accessing a given

device us the sam
e

driver
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D
evice D

river
P

roperties

•
D

evice independence

−
device driver

rem
oves

all hardw
are details from

application program
s and relegates them

 to the driver

•
E

ncapsulation

−
driver

hides (encapsulates) device details

A
device driver consists of softw

are
that understands and

handles all the low
-level details of com

m
unication w

ith a
particular device.B

ecause the driver provides a high-
level interface to applications, an application program
does not need to change

ifa
device changes.
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C
onceptual P

arts of a
D

evice D
river

•
D

evice driver
contains m

ultiple functions that w
ork together

−
code to com

m
unicate over

a
bus

−
code to handle device details

−
code to interact w

ith an application

•
O

rg anization

−
L

ow
er half: handler that is invoked

w
hen an interrupt

occurs

−
U

pper half: functions that are invoked
by

applications to
request I/O

 operations

−
Shared variables: to hold state inform

ation needed to
coordinate the tw

o
halves
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C
onceptual P

arts of a
D

evice D
river

sh
ared

variab
les

u
p

p
er h

alf
invo

ked
 by

ap
p

licatio
n

s

ap
p

licatio
n

s p
ro

g
ram

s

lo
w

er h
alf

invo
ked

 by
in

terru
p

ts

d
evice h

ard
w

are

T
he conceptual organization of device driver

softw
are into three

parts. A
 driver

provides the interface betw
een applications that

operate at a high leveland the underlying device hardw
are.
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T
ypes of D

evices

•
B

ased on the interface type, devices can be divided into tw
o

categories

−
C

haracter based devices: transfers single byte of data at a
tim

e

−
B

lock-oriented devices: transfers a block of data at a tim
e
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E
xam

ple F
low

T
hrough a D

evice D
river

co
m

p
u

ter

ap
p

licatio
n

u
p

p
er h

alf

variab
les

lo
w

er h
alf

d
evice

o
p

eratin
g

system

extern
al

h
ard

w
are

S
tep

s Taken

1. T
h

e ap
p

licatio
n

 w
rites d

ata

2. T
h

e O
S

 p
asses co

n
tro

l to
 th

e d
river

3. T
h

e d
river reco

rd
s in

fo
rm

atio
n

4. T
h

e d
river w

aits fo
r th

e d
evice

5. T
h

e d
river starts th

e tran
sfer

6. T
h

e d
river retu

rn
s to

 th
e ap

p
licatio

n

7. T
h

e d
evice in

terru
p

ts

123

4

5

6

7

Sim
plified exam

ple of the steps that occur w
hen an application

requests an output operation.
A

device driver
located in the

operating system
 handles all com

m
unication w

ith the device.
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Q
ueued O

utput O
perations

•
D

river
can w

aste tim
e w

ith polling, instead a queue is used

u
p

p
er h

alf

lo
w

er h
alf

request
queue

Illustration of a device driver
that uses a request queue.

O
n

output, the upper half deposits item
s in a queue w

ithout
w

aiting for the device, and the low
er half controls the device
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Q
ueued O

utput O
perations

scale= 5/7.25

In
itializatio

n
 (co

m
p

u
ter system

 starts)
1. Initialize input queue to em

pty

U
p

p
er h

alf (ap
p

licatio
n

 p
erfo

rm
s w

rite)
1. D

eposit data item
 in queue

2. U
se the C

SR
 to request an interrupt

3. R
eturn to application

L
o

w
er h

alf (in
terru

p
t o

ccu
rs)

1. If the queue is em
pty,stop the device from

 interrupting
2. If the queue is nonem

pty,extract an item
 and

start output
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3. R
eturn from

 interrupt

T
he steps that the upper and low

er half of a driver
take

for an
output operation w

hen queuing is used. T
he upper half forces an

interrupt, but does not start output on the device.
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F
orcing an Interrupt

•
D

evice includes a C
SR

 bit that a processor can set to force
the device to interrupt

•
If

interrupt destined to occur,device finishes current
operation and then generates and interrupt, if device is idle,
setting the bit causes device to generate an interrupt
im

m
ediately
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Q
ueued Input O

perations

•
D

evice driver
can use queuing for input

A
production device driver uses an input or output queue to

store
item

s. T
he upper half places a request in the queue,and

the low
er half handles the details of com

m
unication w

ith the
device
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Q
ueued Input O

perations

In
itializatio

n
 (co

m
p

u
ter system

 starts)
1. Initialize input queue to em

pty

2. Force the device to interrupt

U
p

p
er h

alf (ap
p

licatio
n

 p
erfo

rm
s read

)
1. If input queue is em

pty,tem
porarily stop the application

2. E
xtract the next item

 from
 the input queue

3. R
eturn the item

 to the application

L
o

w
er h

alf (in
terru

p
t o

ccu
rs)

1. If the queue is not full, start another input operation

2. If an application is stopped, allow
the application to run

3. R
eturn from

 interrupt
C
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T
he steps that the upper and low

er half of a driver
take

for an
input operation w

hen queuing is used. T
he upper half

tem
porarily stops an application until data becom

es available.
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B
i-directional D

ata T
ransfer

•
B

idirectional device

−
supports data transfer in tw

o
directions, processor to

device and vice versa

•
U

nidirectional device

−
supports data transfer in one direction

−
m

ay still provide feedback in the other direction

•
A

pproaches to bi-directional transfer

−
T

reat the device in tw
o

separate devices, one used for
input and one used for output

−
T

reat the device as a single device that handles tw
o

types
of com

m
ands, one for input and one for output
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A
synchronous vs Synchronous program

m
ing paradigm

•
Synchronous

−
polling is a a synchronous activity,control passes through
the code from

 beginning to end

•
A

synchronous

−
interrupt is an asynchronous activity,the user w

rites
separate pieces of code that responds to events

−
m

ore challenging, events occur in any
order,even

sim
ultaneously

−
program

m
er uses shared variables to encode current state

of com
putation
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P
roblem

s w
ith A

synchronous P
rogram

m
ing

•
Processor creates a linked list of operations in m

em
ory,sm

art
device follow

s the list and perform
s operations autom

atically
(com

m
and chaining)

•
W

hat happens if device tries to read list just before processor
adds

•
W

hat happens if both try to m
anipulate pointers

sim
ultaneously

•
Solution: m

utual exclusion

−
use special C

SR
 values that processor can tem

porarily set
to prevent device from

 accessing com
m

and list

−
processor tem

porarily restricts use of bus

−
test-and-set instructions
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I/O
 as V

iew
ed by an A

pplication

In m
any program

m
ing system

s, I/O
 is hidden from

 the
program

m
er - instead of m

anipulating hardw
are

devices such
as

disks and display screens, a program
m

er only uses abstractions
such

as
files or w

indow
s.
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R
un tim

e I/O
 libraries

•
W

here application program
m

ers aren’tallow
ed to directly

control I/O
 device, the com

piler m
aps each high levelI/O

operation to sequence of low
lev elsteps.

•
C

om
piler translation done indirectly,com

piler generates code
that invokes

library functions to perform
 I/O

 operations

•
L

ibrary functions are called run-tim
e library
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R
un tim

e I/O
 libraries

Instead of encoding I/O
 details into a program

, a com
piler relies

on a run-tim
e library to act as an interm

ediary.W
hen the

application perform
s an I/O

 operation, the generated code
invokes a library function, w

hich
then perform

s the actual I/O
operations

•
A

dvantage of using run-tim
e library

−
flexibility and ease of change

−
in

case of changes, only run rim
e library needs to be

updated, com
piler rem

ains unchanged

−
only library function understands how

to
use the

underlying I/O
 m

echanism
s
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L
ibrary/O

S D
ichotom

y

•
D

evice driver
resides in the O

S, and run-tim
e library

functions reside outside the O
S

•
W

hat softw
are does each layer provide?

•
W

hat is the interface betw
een an application and the run-tim

e
library or the interface betw

een the run-tim
e library and the

operating system
.

•
W

hat are the relative costs of using the tw
o

interfaces?
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L
ibrary/O

S D
ichotom

y

ap
p

licatio
n

ru
n

-tim
e lib

rary

d
evice d

river

d
evice h

ard
w

are

interface 1

interface 2

C
onceptual arrangem

ent of application code, run-tim
e library

code, and a device driver. T
he run-tim

e library acts as an
interm

ediary.
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I/O
 O

perations and O
S Supports

•
Interface betw

een run-tim
e library and the O

S

−
in

C
,O

S
interface is directly available to applications

−
program

m
er can choose an I/O

 library or m
ake

O
S

calls
directly

•
E

xam
ple to read/w

rite a C
D

−
open to start the drive m

otor and ensure disk has been
inserted

−
read to read data from

 disk; w
rite

to w
rite data to disk

−
close to pow

er dow
n the disk
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I/O
 O

perations and O
S Supports

•
E

xam
ple to read/w

rite a C
D

 (contd ..)

−
seek to m

ove to
new

 position

−
ioctl for all other functions (e.g. eject)

•
N

ote each operation takes argum
ents that specify details

−
exam

ple w
rite argum

ents could specify device to use,
location of data, and am

ount of data
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I/O
 O

perations and O
S Supports

O
p

eratio
n

 
M

ean
in

g
o

p
en

 
P

rep
are

a
d

evice fo
r u

se (e.g
., p

o
w

er u
p

)
read

 
Tran

sfer d
ata fro

m
 th

e d
evice to

 th
e ap

p
licatio

n
w

rite 
Tran

sfer d
ata fro

m
 th

e ap
p

licatio
n

 to
 th

e d
evice

clo
se 

Term
in

ate u
se o

f th
e d

evice
seek 

M
ove to

 a n
ew

lo
catio

n
 o

f d
ata o

n
 th

e d
evice

io
ctl 

M
iscellan

eo
u

s
co

n
tro

l fu
n

ctio
n

s (e.g
., ch

an
g

 e
vo

lu
m

e)

Six basic I/O
 functions that com

prise the open/read/w
rite/close

paradigm
. T

he
nam

es are takes form
 the U

nix O
S.
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C
ost of I/O

 operations

•
C

ost of invoking a library function is low

−
calling a function in run tim

e, the cost is sam
e as calling a

procedure

−
reason, copy

of
code of library function incorporated into

application

•
C

all for an I/O
 operation such as read w

rite is extrem
ely high

−
control m

ust pass through a system
 call to appropriate

device driver
in

O
S
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C
ost of I/O

 operations

•
W

hy is
a

system
 call cost high

−
processor m

ust change privilege m
ode, changing from

application to O
S m

ode

−
processor m

ust change address space from
 application

virtual address space to O
S address space

−
processor m

ust copy
data betw

een the application address
space and the O

S address space

•
System

 call overhead is associated w
ith the call rather than

the w
ork perform

ed by the driver.

•
To

optim
ize perform

ance, m
inim

ize the num
ber of system

calls
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R
educing the System

 C
all O

verhead

T
he overhead involved in using a system

 call to com
m

unicate
w

ith a device driver is extrem
ely high; a system

 call is m
uch

m
ore

expensive than a conventional procedure
call such

as
the

calls used to invoke
a

library function.

To reduce overhead and optim
ize I/O

 perform
ance,a

program
m

er m
ust reduce the num

ber of system
 calls that an

application invokes. T
he key to

reducing system
 calls involves

transferring m
ore

data per system
 call.
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T
he B

uffering C
oncept

T
he buffering principle: to reduce the num

ber of system
 calls on

output, accum
ulate data in a buffer,and transfer m

ode data each
tim

e a system
 call is m

ade.

•
To

autom
ate buffering, w

e need a schem
e that w

orks for any
application. U

se
fixed size buffer and a set of library

functions.
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T
he B

uffering C
oncept

F
u

n
ctio

n
 

M
ean

in
g

fo
p

en
 

S
et

u
p

 a bu
ffer

fg
 etc

B
u

ffered
 in

p
u

t o
f o

n
e byte

fread
 

B
u

ffered
 in

p
u

t o
f m

u
ltip

le bytes
fw

rite 
B

u
ffered

 o
u

tp
u

t o
f m

u
ltip

le bytes
fp

rin
tf 

B
u

ffered
 o

u
tp

u
t o

f fo
rm

atted
 d

ata
ffl

u
sh

 
F

lu
sh

o
p

eratio
n

 fo
r bu

ffered
 o

u
tp

u
t

fclo
se 

Term
in

ate u
se o

f a bu
ffer

E
xam

ples of functions included in the standard I/O
 library used

w
ith the U

nix operating system
. T

he library includes additional
functions .
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Sum
m

ary

•
Tw

o aspects of I/O
 pertinent to program

m
ers

−
system

 program
m

ers w
riting device driver

code m
ust

understand low
-leveldetails of device

−
application program

m
er m

ust understand relative costs

•
D

evice driver
is

divided into three parts

−
upper half that interacts w

ith application program

−
low

er half that interacts w
ith the device itself

−
set of shared variables

•
B

uffering is used to optim
ize I/O

 perform
ance

−
can be used at input and output

−
reduces system

 call overheads substantially
C
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