
I/O
1

D
evices

and
D

evice
C

ontrollers

•
netw

ork
interface

•
graphics

adapter

•
secondary

storage
(disks,tape)

and
storage

controllers

•
serial(e.g.,m

ouse,keyboard)

•
sound

•
co-processors

•
.
.
.
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I/O
2

B
us

A
rchitecture

E
xam

ple

keyboard
m

ouse

C
P

U

M
em

ory
B

ridge

B
ridge

M
odem

S
ound

G
raphics

C
ache

P
C

I bus

IS
A

 bus

U
S

B
controller

S
C

S
I

controller
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I/O
3

S
im

plified
B

us
A

rchitecture

M
: m

em
ory

K
: device controller

K
ey

C
P

U
M

K
K

 
K

other controllers
disk controller

C
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s
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I/O
4

S
ys/161

LA
M

E
bus

D
evices

•
LA

M
E

bus
controller

•
tim

er/clock
-

currenttim
e,tim

er,beep

•
disk

drive
-

persistentstorage

•
serialconsole

-
character

input/output

•
textscreen

-
character-oriented

graphics

•
netw

ork
interface

-
packetinput/output

•
em

ulator
file

system
-

sim
ulation-specific

•
hardw

are
trace

control-
sim

ulation-specific

•
random

num
ber

generator
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I/O
5

D
evice

Interactions

•
device

registers

–
com

m
and,status,and

data
registers

–
C

P
U

accesses
register

access
via:

∗
specialI/O

instructions

∗
m

e
m

o
ry

m
a
p
p
in

g

•
interrupts

–
used

by
device

for
asynchronous

notification
(e.g.,ofreque

stcom
pletion)

–
handled

by
interrupthandlers

in
the

operating
system

C
S

350
O

pe
ra

ting
S

yste
m

s
F
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I/O
6

E
xam

ple:
LA

M
E

bus
tim

er
device

registers

O
ffset

S
ize

Type
D

escription

0
4

status
currenttim

e
(seconds)

4
4

status
currenttim

e
(nanoseconds)

8
4

com
m

and
restart-on-expiry

(auto-restartcountdow
n?)

12
4

status
and

com
m

and
interrupt(reading

clears)

16
4

status
and

com
m

and
countdow

n
tim

e
(m

icroseconds)

20
4

com
m

and
speaker

(causes
beeps)

S
ys/161

uses
m

em
ory-m

apping.
E

ach
device’s

registers
are

m
apped

into
thep

h
ysica

la
d
d
re

ss
sp

a
ceofthe

M
IP

S
processor.
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I/O
7

E
xam

ple:
LA

M
E

bus
disk

controller

O
ffset

S
ize

Type
D

escription

0
4

status
num

ber
ofsectors

4
4

status
and

com
m

and
status

8
4

com
m

and
sector

num
ber

12
4

status
rotationalspeed

(R
P

M
)

32768
512

data
transfer

buffer

C
S

350
O

pe
ra

ting
S

yste
m

s
F
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I/O
8

M
IP

S
/O

S
161

P
hysicalA

ddress
S

pace

R
A

Mdevices: 0x1fe00000 −
 0x1fffffff

R
O

M
: 0x1fc00000 −

 0x1fdfffff

0x00000000
0xffffffff

0x1fe00000
0x1fffffff

64 K
B

 device "slot"

E
ach

device
is

assigned
to

one
of

32
64K

B
device

“slots”.
A

de-

vice’s
registers

and
data

buffers
are

m
em

ory-m
apped

into
it

s
as-

signed
slot.

C
S
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O
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S
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m
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I/O
9

D
evice

C
ontrolE

xam
ple:

C
ontrolling

the
T

im
er

/
*

R
e
g
i
s
t
e
r
s

(
o
f
f
s
e
t
s

w
i
t
h
i
n
t
h
e

d
e
v
i
c
e

s
l
o
t
)

*
/

#
d
e
f
i
n
e

L
T
_
R
E
G
_
S
E
C

0
/
*
t
i
m
e

o
f

d
a
y
:

s
e
c
o
n
d
s

*
/

#
d
e
f
i
n
e

L
T
_
R
E
G
_
N
S
E
C

4
/
*
t
i
m
e

o
f

d
a
y
:

n
a
n
o
s
e
c
o
n
d
s

*
/

#
d
e
f
i
n
e

L
T
_
R
E
G
_
R
O
E

8
/
*
R
e
s
t
a
r
t

O
n

c
o
u
n
t
d
o
w
n
-
t
i
m
e
r

E
x
p
i
r
y

f
l
a
g

*
#
d
e
f
i
n
e

L
T
_
R
E
G
_
I
R
Q

1
2

/
*
I
n
t
e
r
r
u
p
t

s
t
a
t
u
s

r
e
g
i
s
t
e
r

*
/

#
d
e
f
i
n
e

L
T
_
R
E
G
_
C
O
U
N
T

1
6

/
*
T
i
m
e

f
o
r

c
o
u
n
t
d
o
w
n

t
i
m
e
r

(
u
s
e
c
)

*
/

#
d
e
f
i
n
e

L
T
_
R
E
G
_
S
P
K
R

2
0

/
*
B
e
e
p

c
o
n
t
r
o
l

*
/

/
*

G
e
t

t
h
e

n
u
m
b
e
r

o
f

s
e
c
o
n
d
s
f
r
o
m

t
h
e

l
a
m
e
b
u
s

t
i
m
e
r

*
/

/
*

l
t
-
>
l
t
_
b
u
s
p
o
s

i
s

t
h
e

s
l
o
t
n
u
m
b
e
r

o
f

t
h
e

t
a
r
g
e
t

d
e
v
i
c
e

*
/

s
e
c
s

=
b
u
s
_
r
e
a
d
_
r
e
g
i
s
t
e
r
(
l
t
-
>
l
t
_
b
u
s
,
l
t
-
>
l
t
_
b
u
s
p
o
s
,

L
T
_
R
E
G
_
S
E
C
)
;

/
*

G
e
t

t
h
e

t
i
m
e
r

t
o

b
e
e
p
.

D
o
e
s
n
’
t
m
a
t
t
e
r

w
h
a
t

v
a
l
u
e

i
s

s
e
n
t

*
/

b
u
s
_
w
r
i
t
e
_
r
e
g
i
s
t
e
r
(
l
t
-
>
l
t
_
b
u
s
,
l
t
-
>
l
t
_
b
u
s
p
o
s
,

L
T
_
R
E
G
_
S
P
K
R
,

4
4
0
)
;

C
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I/O
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D
evice

C
ontrolE

xam
ple:

A
ddress

C
alculations

/
*

L
A
M
E
b
u
s

m
a
p
p
i
n
g

s
i
z
e

p
e
r

s
l
o
t

*
/

#
d
e
f
i
n
e

L
B
_
S
L
O
T
_
S
I
Z
E

6
5
5
3
6

#
d
e
f
i
n
e

M
I
P
S
_
K
S
E
G
1

0
x
a
0
0
0
0
0
0
0

#
d
e
f
i
n
e

L
B
_
B
A
S
E
A
D
D
R

(
M
I
P
S
_
K
S
E
G
1

+
0
x
1
f
e
0
0
0
0
0
)

/
*

C
o
m
p
u
t
e

t
h
e

v
i
r
t
u
a
l

a
d
d
r
e
s
s

o
f

t
h
e

s
p
e
c
i
f
i
e
d

o
f
f
s
e
t

*
/

/
*

i
n
t
o

t
h
e

s
p
e
c
i
f
i
e
d

d
e
v
i
c
e

s
l
o
t

*
/

v
o
i
d

*
l
a
m
e
b
u
s
_
m
a
p
_
a
r
e
a
(
s
t
r
u
c
t

l
a
m
e
b
u
s
_
s
o
f
t
c

*
b
u
s
,

i
n
t

s
l
o
t
,

u
_
i
n
t
3
2
_
t

o
f
f
s
e
t
)

{
u
_
i
n
t
3
2
_
t

a
d
d
r
e
s
s
;

(
v
o
i
d
)
b
u
s
;

/
/

n
o
t

n
e
e
d
e
d

a
s
s
e
r
t
(
s
l
o
t
>
=
0

&
&

s
l
o
t
<
L
B
_
N
S
L
O
T
S
)
;

a
d
d
r
e
s
s

=
L
B
_
B
A
S
E
A
D
D
R

+
s
l
o
t
*
L
B
_
S
L
O
T
_
S
I
Z
E

+
o
f
f
s
e
t
;

r
e
t
u
r
n

(
v
o
i
d

*
)
a
d
d
r
e
s
s
;
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D
evice

C
ontrolE

xam
ple:

C
om

m
anding

the
D

evice

/
*

F
R
O
M
:

k
e
r
n
/
a
r
c
h
/
m
i
p
s
/
m
i
p
s
/
l
a
m
e
b
u
s
_
m
i
p
s
.
c

*
/

/
*

R
e
a
d

3
2
-
b
i
t

r
e
g
i
s
t
e
r

f
r
o
m

a
L
A
M
E
b
u
s

d
e
v
i
c
e
.

*
/

u
_
i
n
t
3
2
_
t

l
a
m
e
b
u
s
_
r
e
a
d
_
r
e
g
i
s
t
e
r
(
s
t
r
u
c
t

l
a
m
e
b
u
s
_
s
o
f
t
c

*
b
u
s
,

i
n
t

s
l
o
t
,

u
_
i
n
t
3
2
_
t

o
f
f
s
e
t
)

{
u
_
i
n
t
3
2
_
t

*
p
t
r

=
l
a
m
e
b
u
s
_
m
a
p
_
a
r
e
a
(
b
u
s
,

s
l
o
t
,

o
f
f
s
e
t
)
;

r
e
t
u
r
n

*
p
t
r
;

}/
*

W
r
i
t
e

a
3
2
-
b
i
t

r
e
g
i
s
t
e
r

o
f

a
L
A
M
E
b
u
s

d
e
v
i
c
e
.

*
/

v
o
i
d

l
a
m
e
b
u
s
_
w
r
i
t
e
_
r
e
g
i
s
t
e
r
(
s
t
r
u
c
t

l
a
m
e
b
u
s
_
s
o
f
t
c

*
b
u
s
,

i
n
t

s
l
o
t
,

u
_
i
n
t
3
2
_
t

o
f
f
s
e
t
,

u
_
i
n
t
3
2
_
t

v
a
l
)

{
u
_
i
n
t
3
2
_
t

*
p
t
r

=
l
a
m
e
b
u
s
_
m
a
p
_
a
r
e
a
(
b
u
s
,

s
l
o
t
,

o
f
f
s
e
t
)
;

*
p
t
r

=
v
a
l
;
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I/O
12

D
evice

D
ata

Transfer

•
S

om
etim

es,a
device

operation
w

illinvolve
a

large
chunk

ofd
ata

-
m

uch

larger
than

can
be

m
oved

w
ith

a
single

instruction.
E

xam
ple:
reading

a
block

ofdata
from

a
disk.

•
D

evices
m

ay
have

data
buffers

for
such

data
-

buthow
to

getthe
data

betw
een

the
device

and
m

em
ory?

•
Ifthe

data
buffer

is
m

em
ory-m

apped,the
kernelcan

m
ove

the
d

ata
iteratively,

one
w

ord
ata

tim
e.

T
his

is
calledprog

ra
m

-co
n
tro

lle
d

I/O.

•
P

rogram
controlled

I/O
is

sim
ple,butitm

eans
thatthe

C
P

U
is

bu
sy

exe
cu

tin
g

ke
rn

e
lco

d
ew

hile
the

data
is

being
transferred.

•
T

he
alternative

is
called

D
irectM

em
ory

A
ccess

(D
M

A
).D

urin
g

a
D

M
A

data

transfer,the
C

P
U

isn
o
tbu

syand
is

free
to

do
som

ething
else,e.g.,run

an

application.

S
ys/161

LA
M

E
bus

devices
do

program
-controlled

I/O
.

C
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I/O
13

D
irectM

em
ory

A
ccess

(D
M

A
)

•
D

M
A

is
used

for
block

data
transfers

betw
een

devices
(e.g.,a

disk
controller)

and
m

em
ory

•
U

nder
D

M
A

,the
C

P
U

initiates
the

data
transfer

and
is

notified
w

hen
the

the

transfer
is

finished.
H

ow
ever,the

device
(notthe

C
P

U
)

contr
ols

the
transfer

itself.C
P

U
M

K
 

K
K

(disk)

1
2

3

1.
C

P
U

issues
D

M
A

requestto
controller

2.
controller

directs
data

transfer

3.
controller

interrupts
C

P
U

C
S

350
O

pe
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S
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m

s
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I/O
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A
pplications

and
D

evices

•
interaction

w
ith

devices
is

norm
ally

accom
plished

by
devic
e

drivers
in

the
O

S
,

so
thatthe

O
S

can
controlhow

the
devices

are
used

•
applications

see
a

sim
plified

view
ofdevices

through
a

syste
m

callinterface

(e.g.,block
vs.

character
devices

in
U

nix)

–
the

O
S

m
ay

provide
a

system
callinterface

thatperm
its

low
le

vel

interaction
betw

een
application

program
s

and
a

device

•
operating

system
oftenbu

ffe
rsdata

thatis
m

oving
betw

een
devices

and

application
program

s’address
spaces

–
benefits:

solve
tim

ing,size
m

ism
atch

problem
s

–
draw

back:
perform

ance

C
S
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S

yste
m

s
F

a
ll2009



I/O
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LogicalV
iew

ofa
D

isk
D

rive

•
disk

is
an

array
ofnum

bered
blocks

(or
sectors)

•
each

block
is

the
sam

e
size

(e.g.,512
bytes)

•
blocks

are
the

unitoftransfer
betw

een
the

disk
and

m
em

ory

–
typically,one

or
m

ore
contiguous

blocks
can

be
transferred

in
a

single

operation

•
storage

isn
o
n
-vo

la
tile,i.e.,data

persists
even

w
hen

the
device

is
w

ithout

pow
er

C
S

350
O

pe
ra

ting
S

yste
m

s
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I/O
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A
D

isk
P

latter’s
S

urface

T
rack


S
ector


C
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m
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P
hysicalS

tructure
ofa

D
isk

D
riveC

ylinder


S
haft


T
rack


S
ector


C
S
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I/O
18

S
im

plified
C

ostM
odelfor

D
isk

B
lock

Transfer

•
m

oving
data

to/from
a

disk
involves:

seek
tim

e:m
ove

the
read/w

rite
heads

to
the

appropriate
cylinder

rotationallatency:
w

aituntilthe
desired

sectors
spin

to
the

read/w
rite

heads

transfer
tim

e:
w

aitw
hile

the
desired

sectors
spin

pastthe
read/w

rite
head
s

•
requestservice

tim
e

is
the

sum
ofseek

tim
e,rotationallate

ncy,and
transfer

tim
e

t
s
e
r
v
ic

e
=

t
s
e
e
k

+
t
r
o
t
+

t
tr

a
n

s
f

e
r

•
note

thatthere
are

other
overheads

butthey
are

typically
sm

allrelative
to

these

three
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I/O
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R
otationalLatency

and
Transfer

T
im

e

•
rotationallatency

depends
on

the
rotationalspeed

ofthe
di

sk

•
ifthe

disk
spins

atω
rotations

per
second:

0
≤

t
r
o
t
≤

1ω

•
expected

rotationallatency:

t̄
r
o
t
=

12
ω

•
transfer

tim
e

depends
on

the
rotationalspeed

and
on

the
am

ou
ntofdata

transferred

•
if

k
sectors

are
to

be
transferred

and
there

are
T

sectors
per

track:

t
tr

a
n

s
f

e
r

=
k

T
ω

C
S

350
O

pe
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ting
S

yste
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I/O
20

S
eek

T
im

e

•
seek

tim
e

depends
on

the
speed

ofthe
arm

on
w

hich
the

read/w
ri

te
heads

are

m
ounted.

•
a

sim
ple

linear
seek

tim
e

m
odel:

–
t
m

a
x
s
e
e
k

is
the

tim
e

required
to

m
ove

the
read/w

rite
heads

from
the

innerm
ostcylinder

to
the

outerm
ostcylinder

–
C

is
the

totalnum
ber

ofcylinders

•
if

k
is

the
requiredse

e
k

d
ista

n
ce(k

>
0):

t
s
e
e
k (

k
)

=
kC

t
m

a
x
s
e
e
k

C
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I/O
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P
erform

ance
Im

plications
ofD

isk
C

haracteristics

•
larger

transfers
to/from

a
disk

device
are
m

o
re

e
fficie

n
tthan

sm
aller

ones.

T
hatis,the

cost(tim
e)

per
byte

is
sm

aller
for

larger
transf

ers.
(W

hy?)

•
sequentialI/O

is
faster

than
non-sequentialI/O

–
sequentialI/O

operations
elim

inate
the

need
for

(m
ost)

see
ks

–
disks

use
other

techniques,liketra
ck

bu
ffe

rin
g,to

reduce
the

costof

sequentialI/O
even

m
ore

C
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I/O
22

D
isk

H
ead

S
cheduling

•
goal:

reduce
seek

tim
es

by
controlling

the
order

in
w

hich
req

uests
are

serviced

•
disk

head
scheduling

m
ay

be
perform

ed
by

the
controller,by

t
he

operating

system
,or

both

•
for

disk
head

scheduling
to

be
effective,there

m
ustbe

a
queu
e

ofoutstanding

disk
requests

(otherw
ise

there
is

nothing
to

reorder)

•
an

on-line
approach

is
required:

the
disk

requestqueue
is

no
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