
F
ile

S
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m
s
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F
iles

and
F

ile
S

ystem
s

•
files:

persistent,nam
ed

data
objects

–
data

consists
ofa

sequence
ofnum

bered
bytes

–
alternatively,a

file
m

ay
have

som
e

internalstructure,e.g.
,a

file
m

ay

consistofsequence
ofnum

bered
records

–
file

m
ay

change
size

over
tim

e

–
file

has
associated

m
eta-data

(attributes),in
addition

to
t

he
file

nam
e

∗
exam

ples:
ow

ner,access
controls,file

type,creation
and

ac
cess

tim
estam

ps

•
file

system
:

a
collection

offiles
w

hich
share

a
com

m
on

nam
e

spa
ce

–
allow

s
files

to
be

created,destroyed,renam
ed,

.
.
.
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F
ile

Interface

•
open,close

–
open

returns
a

file
identifier

(or
handle

or
descriptor),w

hic
h

is
used

in

subsequentoperations
to

identify
the

file.
(W

hy
is

this
done
?)

•
read,w

rite

–
m

ustspecify
w

hich
file

to
read,w

hich
partofthe

file
to

read,a
nd

w
here

to

putthe
data

thathas
been

read
(sim

ilar
for

w
rite).

–
often,file

position
is

im
plicit(w

hy?)

•
seek

•
get/setfile

attributes,e.g.,U
nixfs

t
a
t
,

c
h
m
o
d
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F
ile

R
ead

�
�
�
�
�
�

�
�
�
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

virtual address
   space

length

vaddr

length

file

fileoffset (im
plicit)

r
e
a
d
(
f
i
l
e
I
D
,

v
a
d
d
r
,

l
e
n
g
t
h
)
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F
ile

P
osition

•
m

ay
be

associated
w

ith
the

file,w
ith

a
process,or

w
ith

a
file

de
scriptor

(U
nix

style)

•
read

and
w

rite
operations

–
startfrom

the
currentfile

position

–
update

the
currentfile

position

•
this

m
akes

sequentialfile
I/O

easy
for

an
application

to
requ
est

•
for

non-sequential(random
)

file
I/O

,use:

–
s
e
e
k

,to
adjustfile

position
before

reading
or

w
riting

–
a

positioned
read

or
w

rite
operation,e.g.,U

nix
p
r
e
a
d
,

p
w
r
i
t
e

:

p
r
e
a
d
(
f
i
l
e
I
d
,
v
a
d
d
r
,
l
e
n
g
t
h
,
f
i
l
e
P
o
s
i
t
i
o
n
)
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S
equentialF

ile
R

eading
E

xam
ple

(U
nix)

c
h
a
r

b
u
f
[
5
1
2
]
;

i
n
t

i
;

i
n
t

f
=

o
p
e
n
(
"
m
y
f
i
l
e
"
,
O
_
R
D
O
N
L
Y
)
;

f
o
r
(
i
=
0
;

i
<
1
0
0
;

i
+
+
)
{

r
e
a
d
(
f
,
(
v
o
i
d

*
)
b
u
f
,
5
1
2
)
;

}c
l
o
s
e
(
f
)
;

R
ead

the
first1

0
0
∗

5
1
2

bytes
ofa

file,5
1
2

bytes
ata

tim
e.
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F
ile

R
eading

E
xam

ple
U

sing
S

eek
(U

nix)

c
h
a
r

b
u
f
[
5
1
2
]
;

i
n
t

i
;

i
n
t

f
=

o
p
e
n
(
"
m
y
f
i
l
e
"
,
O
_
R
D
O
N
L
Y
)
;

f
o
r
(
i
=
1
;

i
<
=
1
0
0
;

i
+
+
)
{

l
s
e
e
k
(
f
,
(
1
0
0
-
i
)
*
5
1
2
,
S
E
E
K
_
S
E
T
)
;

r
e
a
d
(
f
,
(
v
o
i
d

*
)
b
u
f
,
5
1
2
)
;

}c
l
o
s
e
(
f
)
;

R
ead

the
first1

0
0
∗

5
1
2

bytes
of

a
file,5

1
2

bytes
at

a
tim

e,
in

reverse
order.
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F
ile

R
eading

E
xam

ple
U

sing
P

ositioned
R

ead

c
h
a
r

b
u
f
[
5
1
2
]
;

i
n
t

i
;

i
n
t

f
=

o
p
e
n
(
"
m
y
f
i
l
e
"
,
O
_
R
D
O
N
L
Y
)
;

f
o
r
(
i
=
0
;

i
<
1
0
0
;

i
+
=
2
)
{

p
r
e
a
d
(
f
,
(
v
o
i
d

*
)
b
u
f
,
5
1
2
,
i
*
5
1
2
)
;

}c
l
o
s
e
(
f
)
;

R
ead

every
second5

1
2

byte
chunk

of
a

file,
until5

0
have

been

read.
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M
em

ory-M
apped

F
iles

•
generic

interface:

v
a
d
d
r
←

m
m
a
p
(
f
i
l
e

d
e
s
c
r
i
p
t
o
r
,
f
i
l
e
o
f
f
s
e
t
,
l
e
n
g
t
h
)

m
u
n
m
a
p
(
v
a
d
d
r
,
l
e
n
g
t
h
)

•
m
m
a
p

callreturns
the

virtualaddress
to

w
hich

the
file

is
m

apped

•
m
u
n
m
a
p

callunm
aps

m
apped

files
w

ithin
the

specified
virtualaddress

range

M
em

ory-m
apping

is
an

alternative
to

the
read/w

rite
file

inte
rface.
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M
em

ory
M

apping
Illustration

virtual address
   space

length

vaddr

length

fileoffset

file

C
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M
em

ory
M

apping
U

pdate
S

em
antics

•
w

hatshould
happen

ifthe
virtualm

em
ory

to
w

hich
a

file
has

bee
n

m
apped

is

updated?

•
som

e
options:

–
prohibitupdates

(read-only
m

apping)

–
eager

propagation
ofthe

update
to

the
file

(too
slow

!)

–
lazy

propagation
ofthe

update
to

the
file

∗
user

m
ay

be
able

to
requestpropagation

(e.g.,P
osix
m
s
y
n
c
(
)

∗
propagation

m
ay

be
guaranteed

by
m
u
n
m
a
p
(
)

–
allow

updates,butdo
notpropagate

them
to

the
file
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M
em

ory
M

apping
C

oncurrency
S

em
antics

•
w

hatshould
happen

ifa
m

em
ory

m
apped

file
is

updated?

–
by

a
process

thathas
m

m
apped

the
sam

e
file

–
by

a
process

thatis
updating

the
file

using
a

w
r
i
t
e
(
)

system
call

•
options

are
sim

ilar
to

those
on

the
previous

slide.
Typicall

y:

–
propagate

lazily:
processes

thathave
m

apped
the

file
m

a
yeventually

see

the
changes

–
propagate

eagerly:
other

processes
w

illsee
the

changes

∗
typically

im
plem

ented
by

invalidating
other

process’s
pag
e

table
entries
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F
ile

N
am

es

•
application-visible

objects
(e.g.,files,directories)

ar
e

given
nam

es

•
the

file
system

is
responsible

for
associating

nam
es

w
ith

obj
ects

•
the

nam
espace

is
typically

structured,often
as

a
tree

or
a

D
A

G

•
nam

espace
structure

provides
a

w
ay

for
users

and
applicatio

ns
to

organize
and

m
anage

inform
ation

•
in

a
structured

nam
espace,objects

m
ay

be
identified

by
p
a
th

n
a
m

e
s,w

hich

describe
a

path
from

a
rootobjectto

the
objectbeing

identifi
ed,e.g.:

/
h
o
m
e
/
k
m
s
a
l
e
m
/
c
o
u
r
s
e
s
/
c
s
3
5
0
/
n
o
t
e
s
/
f
i
l
e
s
y
s
.
p
s

C
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H
ierarchicalN

am
espace

E
xam

ple

=
 directory

=
 file

K
ey

x
y

z

a

b
c

k
l

f
g

a
b

C
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H
ard

Links

•
a

h
a
rd

lin
k

is
an

association
betw

een
a

nam
e

and
an

underlying
file

(or

directory)

•
typically,w

hen
a

file
is

created,a
single

link
is

created
to

t
he

file
as

w
ell(else

the
file

w
ould

be
difficultto

use!)

–
P

O
S

IX
exam

ple:c
r
e
a
t
(
p
a
t
h
n
a
m
e
,
m
o
d
e
)

creates
both

a
new

em
pty

file
objectand

a
link

to
thatobject(usingpa

t
h
n
a
m
e

)

•
som

e
file

system
s

allow
additionalhard

links
to

be
m

ade
to

exi
sting

files.
T

his

allow
s

m
ore

than
one

nam
e

from
the

file
system

’s
nam

espace
to

r
efer

the
sa

m
e

u
n
d
e
rlyin

g
o
b
je

ct
.

–
P

O
S

IX
exam

ple:l
i
n
k
(
o
l
d
p
a
t
h
,
n
e
w
p
a
t
h
)

creates
a

new
hard

link,

using
n
e
w
p
a
t
h

,to
the

underlying
objectidentified

byol
d
p
a
t
h

F
ile

system
s

ensurere
fe

re
n
tia

lin
teg

rityfor
hard

links.
A

hard
link

refers
to

the
object

it
w

as
created

for
until

the
link

is
expli
citly

destroyed.
(W

hatare
the

im
plications

ofthis?)
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H
ard

Link
Illustration

mlink(/y/k/g, /z/m
)

x
y

z

a

b
c

k
l

f
g

a
b

H
ard

links
are

a
w

ay
to

createno
n
-h

ie
ra

rch
ica

l
stru

ctu
rein

the

nam
espace.

H
ard

link
creation

m
ay

be
restricted

to
restrict

the

kinds
of

structure
that

applications
can

create.
E

xam
ple:

n
o

hard

links
to

directories.

C
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U
nlink

E
xam

plemlink(/y/k/g, /z/m
)

unlink(/y/k/g)

x
y

z

a

b
c

k
l

f

a
b

R
em

oving
thela

stlink
to

a
file

causes
the

file
itself

to
be

deleted.

D
eleting

a
file

thathas
a

link
w

ould
destroy

the
referentiali

ntegrity

ofthe
link.
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S
ym

bolic
Links

•
a

S
ym

b
o
lic

lin
k,orso

ftlin
k,is

an
association

betw
een

tw
o

nam
es

in
the

file

nam
espace.

T
hink

ofitis
a

w
ay

ofdefining
a

synonym
for

a
filena
m

e.

–
s
y
m
l
i
n
k
(
o
l
d
p
a
t
h
,
n
e
w
p
a
t
h
)

creates
a

sym
bolic

link
from

n
e
w
p
a
t
h

to
o
l
d
p
a
t
h

,i.e.,n
e
w
p
a
t
h

becom
es

a
synonym

for

o
l
d
p
a
t
h

.

•
sym

bolic
links

relate
filenam

es
to

filenam
es,w

hile
hard

link
s

relate
filenam

es

to
underlying

file
objects!

•
referentialintegrity

isn
o
tpreserved

for
sym

bolic
links,e.g.,the

system
call

above
can

succeed
even

ifthere
is

no
objectnam

ed
o
l
d
p
a
t
h

C
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S
oftLink

E
xam

ple

/y/k/g

sym
link(/y/k/g, /z/m

)

x
y

z

a

b
c

k
l

f
g

a
b

m

/
y
/
k
/
g

still
has

only
one

hard
link

after
thes

y
m
l
i
n
k

call.

A
new

sym
link

object
records

the
association

betw
een
/
z
/
m

and
/
y
/
k
/
g

.
o
p
e
n
(
/
z
/
m
)

w
ill

now
have

the
sam

e
effect

as

o
p
e
n
(
/
y
/
k
/
g
)

.

C
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S
oftLink

E
xam

ple
w

ith
U

nlink

/y/k/g

sym
link(/y/k/g, /z/m

)

unlink(/y/k/g)

"dangling" soft link

x
y

z

a

b
c

k
l

f

a
b

m

A
file

is
deleted

by
this

u
n
l
i
n
k

call.
A

n
attem

pt
to

o
p
e
n
(
/
z
/
m
)

after
theu

n
l
i
n
k

w
illresult

in
an

error.
If

an
ew

file
called

/
y
/
k
/
g

is
created,

a
subsequent

o
p
e
n
(
/
z
/
m
)

w
ill

open
the

new
file.
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Linux
Link

E
xam

ple
(1

of2)

%
c
a
t

>
f
i
l
e
1

T
h
i
s

i
s

f
i
l
e
1
.

%
l
s

-
l
i

6
8
5
8
4
4

-
r
w
-
-
-
-
-
-
-

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

1
5

2
0
0
8
-
0
8
-
2
0

f
i
l
e
1

%
l
n

f
i
l
e
1

l
i
n
k
1

%
l
n

-
s

f
i
l
e
1

s
y
m
1

%
l
s

-
l
i

6
8
5
8
4
4

-
r
w
-
-
-
-
-
-
-

2
k
m
s
a
l
e
m
k
m
s
a
l
e
m

1
5

2
0
0
8
-
0
8
-
2
0

f
i
l
e
1

6
8
5
8
4
4

-
r
w
-
-
-
-
-
-
-

2
k
m
s
a
l
e
m
k
m
s
a
l
e
m

1
5

2
0
0
8
-
0
8
-
2
0

l
i
n
k
1

6
8
5
8
4
5

l
r
w
x
r
w
x
r
w
x

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

5
2
0
0
8
-
0
8
-
2
0

s
y
m
1

-
>

f
i
l
e
1

%
c
a
t

f
i
l
e
1

T
h
i
s

i
s

f
i
l
e
1
.

%
c
a
t

l
i
n
k
1

T
h
i
s

i
s

f
i
l
e
1
.

%
c
a
t

s
y
m
1

T
h
i
s

i
s

f
i
l
e
1
.

A
file,a

hard
link,a

softlink.
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Linux
Link

E
xam

ple
(2

of2)

%
/
b
i
n
/
r
m

f
i
l
e
1

%
l
s

-
l
i

6
8
5
8
4
4

-
r
w
-
-
-
-
-
-
-

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

1
5

2
0
0
8
-
0
8
-
2
0

l
i
n
k
1

6
8
5
8
4
5

l
r
w
x
r
w
x
r
w
x

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

5
2
0
0
8
-
0
8
-
2
0

s
y
m
1

-
>

f
i
l
e
1

%
c
a
t

l
i
n
k
1

T
h
i
s

i
s

f
i
l
e
1
.

%
c
a
t

s
y
m
1

c
a
t
:

s
y
m
1
:

N
o

s
u
c
h

f
i
l
e

o
r
d
i
r
e
c
t
o
r
y

%
c
a
t

>
f
i
l
e
1

T
h
i
s

i
s

a
b
r
a
n
d

n
e
w

f
i
l
e
1
.

%
l
s

-
l
i

6
8
5
8
4
6

-
r
w
-
-
-
-
-
-
-

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

2
7

2
0
0
8
-
0
8
-
2
0

f
i
l
e
1

6
8
5
8
4
4

-
r
w
-
-
-
-
-
-
-

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

1
5

2
0
0
8
-
0
8
-
2
0

l
i
n
k
1

6
8
5
8
4
5

l
r
w
x
r
w
x
r
w
x

1
k
m
s
a
l
e
m
k
m
s
a
l
e
m

5
2
0
0
8
-
0
8
-
2
0

s
y
m
1

-
>

f
i
l
e
1

%
c
a
t

l
i
n
k
1

T
h
i
s

i
s

f
i
l
e
1
.

%
c
a
t

s
y
m
1

T
h
i
s

i
s

a
b
r
a
n
d

n
e
w

f
i
l
e
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D
ifferentbehaviour

for
hard

links
and

softlinks.
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M
ultiple

F
ile

S
ystem

s

•
itis

notuncom
m

on
for

a
system

to
have

m
ultiple

file
system

s

•
som

e
kind

ofglobalfile
nam

espace
is

required

•
tw

o
exam

ples:

D
O

S
/W

indow
s:

use
tw

o-partfile
nam

es:
file

system
nam

e,pathnam
e

–
exam

ple:
C
:
\
k
m
s
a
l
e
m
\
c
s
3
5
0
\
s
c
h
e
d
u
l
e
.
t
x
t

U
nix:

m
erge

file
graphs

into
a

single
graph

–
U

nix
m
o
u
n
t

system
calldoes

this
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U
nix

m
o
u
n
t

E
xam

ple

a

q

r
x

g

a

q

r
x

g

"root" file system
file system

 X

result of m
ount( file system

 X
, /x/a )

x
y

z

a

b
c

k
l

a
b

x
y

z

a

b
c

k
l

a
b
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Links
and

M
ultiple

F
ile

S
ystem

s

•
a

hard
link

associates
a

nam
e

in
the

file
system

nam
espace

w
ith

a
file

in
that

file
system

•
typically,hard

links
cannotcross

file
system

boundaries

•
for

exam
ple,even

after
the

m
ountoperation

illustrated
on

t
he

previous
slide,

l
i
n
k
(
/
x
/
a
/
x
/
g
,
/
z
/
d
)

w
ould

resultin
an

error,because
the

new
link,

w
hich

is
in

the
rootfile

system
refers

to
an

objectin
file

syste
m

X

•
softlinks

do
nothave

this
lim

itation

•
for

exam
ple,after

the
m

ountoperation
illustrated

on
the

pr
evious

slide:

–
s
y
m
l
i
n
k
(
/
x
/
a
/
x
/
g
,
/
z
/
d
)

w
ould

succeed

–
o
p
e
n
(
/
z
/
d
)

w
ould

succeed,w
ith

the
effectofopening

/
z
/
a
/
x
/
g

.

•
even

ifthes
y
m
l
i
n
k

operation
w

ere
to

occurbe
fo

rethe
m
o
u
n
t

com
m

and,it

w
ould

succeed
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F
ile

S
ystem

Im
plem

entation

•
space

m
anagem

ent

•
file

indexing
(how

to
locate

file
data

and
m

eta-data)

•
directories

•
links

•
buffering,in-m

em
ory

data
structures

•
persistence
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S
pace

A
llocation

and
Layout

•
space

m
ay

be
allocated

in
fixed-size

chunks,or
in

chunks
ofva
rying

size

•
fixed-size

chunks:
sim

ple
space

m
anagem

ent,butinternalfr
agm

entation

•
variable-size

chunks:
externalfragm

entation

fixed−
size allocation

variable−
size allocation

•
la

yo
u
tm

atters!
T

ry
to

lay
a

file
outsequentially,or

in
large

sequen
tialextents

thatcan
be

read
and

w
ritten

efficiently.
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F
ile

Indexing

•
in

general,a
file

w
illrequire

m
ore

than
one

chunk
ofallocate

d
space

•
this

is
especially

true
because

files
can

grow

•
how

to
find

allofa
file’s

data?

chaining:

–
each

chunk
includes

a
pointer

to
the

nextchunk

–
O

K
for

sequentialaccess,poor
for

random
access

externalchaining:
D

O
S

file
allocation

table
(FAT

),for
exam

ple

–
like

chaining,butthe
chain

is
keptin

an
externalstructure

per-file
index:

U
nix

i-node,for
exam

ple

–
for

each
file,m

aintain
a

table
ofpointers

to
the

file’s
blocks

or
extents
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C
haining

C
S

350
O

pe
ra

ting
S

yste
m

s
F

a
ll2010



F
ile

S
yste

m
s

29

E
xternalC

haining
(F

ile
A

ccess
Table)

external chain
(file access table)
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P
er-F

ile
Indexing
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InternalF
ile

Identifiers

•
typically,a

file
system

w
illassign

a
unique

internalidenti
fier

to
each

file,

directory
or

other
object

•
given

an
identifer,the

file
system

candire
ctly

locate
a

record
containing

key

inform
ation

aboutthe
file,such

as:

–
the

per-file
index

to
the

file
data

(ifper-file
indexing

is
used
),or

the

location
ofthe

file’s
firstdata

block
(ifchaining

is
used)

–
file

m
eta-data

(or
a

reference
to

the
m

eta-data),such
as

∗
file

ow
ner

∗
file

access
perm

issions

∗
file

acesss
tim

estam
ps

∗
file

type

•
for

exam
ple,a

file
identifier

m
ightbe

a
num

ber
w

hich
indexes

a
n

on-disk

array
offile

records
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E
xam

ple:
U

nix
i-nodes

•
an

i-node
is

a
record

describing
a

file

•
each

i-node
is

uniquely
identified

by
an

i-num
ber,w

hich
dete
rm

ines
its

physicallocation
on

the
disk

•
an

i-node
is

afixe
d

sizerecord
containing:

file
attribute

values

–
file

type

–
file

ow
ner

and
group

–
access

controls

–
creation,reference

and
update

tim
estam

ps

–
file

size

directblock
pointers:

approxim
ately

10
ofthese

single
indirectblock

pointer

double
indirectblock

pointer

triple
indirectblock

pointer
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i-node
D

iagram

single indirect

double indirect

triple indirect

direct

direct

direct

attribute values

i−
node (not to scale!)

data blocks

indirect blocks
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D
irectories

•
A

directory
consists

ofa
setofentries,w

here
each

entry
is

a
record

that

includes:

–
a

file
nam

e
(com

ponentofa
path

nam
e)

–
the

internalfile
identifier

(e.g.,i-num
ber)

ofthe
file

•
A

directory
can

be
im

plem
ented

as
a

specialtype
offile.

T
he

di
rectory

entries

are
the

contents
ofthe

file.

•
T

he
file

system
should

notallow
directory

files
to

be
directly

w
ritten

by

application
program

s.
Instead,the

directory
is

updated
by

the
file

system
as

files
are

created
and

destroyed
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Im
plem

enting
H

ard
Links

•
hard

links
are

sim
ply

directory
entries

•
for

exam
ple,consider:

l
i
n
k
(
/
y
/
k
/
g
,
/
z
/
m
)

•
to

im
plem

entthis:

1.
find

outthe
internalfile

identifier
for/y

/
k
/
g

2.
create

a
new

entry
in

directory/z

–
file

nam
e

in
new

entry
ism

–
file

identifier
(i-num

ber)
in

the
new

entry
is

the
one

discover
ed

in
step

1
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Im
plem

enting
S

oftLinks

•
softlinks

can
be

im
plem

ented
as

a
specialtype

offile

•
for

exam
ple,consider:

s
y
m
l
i
n
k
(
/
y
/
k
/
g
,
/
z
/
m
)

•
to

im
plem

entthis:

–
create

a
newsym

lin
kfile

–
add

a
new

entry
in

directory/z

∗
file

nam
e

in
new

entry
ism

∗
i-num

ber
in

the
new

entry
is

the
i-num

ber
ofthe

new
sym

link
fil

e

–
store

the
pathnam

e
string

“/y/k/g”
as

the
contents

ofthe
new
sym

link
file

•
change

the
behaviour

oftheop
e
n

system
callso

thatw
hen

the
sym

link
file

is

encountered
duringo

p
e
n
(
/
z
/
m
)

,the
file

/
y
/
k
/
g

w
illbe

opened
instead.
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M
ain

M
em

ory
D

ata
S

tructures

00

open file tables
per process

system
 open file table

block buffer cache

S
econdary M

em
ory (persistent)

P
rim

ary M
em

ory (volatile)

cached i−
nodes

(cached copies of blocks)

data blocks, index blocks, i−
nodes, etc.

1233 2 1
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P
roblem

s
C

aused
by

F
ailures

•
a

single
logicalfile

system
operation

m
ay

require
severaldi

sk
I/O

operations

•
exam

ple:
deleting

a
file

–
rem

ove
entry

from
directory

–
rem

ove
file

index
(i-node)

from
i-node

table

–
m

ark
file’s

data
blocks

free
in

free
space

index

•
w

hatif,because
a

failure,som
e

butnotallofthese
changes

a
re

reflected
on

the
disk?
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F
aultTolerance

•
special-purpose

consistency
checkers

(e.g.,U
nix
f
s
c
k

in
B

erkeley
F

F
S

,

Linux
ext2)

–
runs

after
a

crash,before
norm

aloperations
resum

e

–
find

and
attem

ptto
repair

inconsistentfile
system

data
struc
tures,e.g.:

∗
file

w
ith

no
directory

entry

∗
free

space
thatis

notm
arked

as
free

•
journaling

(e.g.,Veritas,N
T

F
S

,Linux
ext3)

–
record

file
system

m
eta-data

changes
in

a
journal(log),so

th
atsequences

ofchanges
can

be
w

ritten
to

disk
in

a
single

operation

–
a
fte

rchanges
have

been
journaled,update

the
disk

data
structure

s

(w
rite

-a
h
e
a
d

logg
in

g)

–
after

a
failure,redo

journaled
updates

in
case

they
w

ere
not

done
before

the
failure
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