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h
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IN

T
R

O
D

U
C

T
IO

N

B
-trees

[B
ayer

an
d

M
cC

reigh
t

1972]are
prim

ary
data

stru
ctu

res
n

ot
on

ly
in

databases
bu

t
also

in
in

form
ation

retrieval,fi
le

system
s,key-valu

e
stores,an

d
m

an
y

application
-

specifi
c

in
dexes.

C
om

pared
to

th
e

sim
pler

bin
ary

trees,
B

-trees
are

m
ore

su
itable

to
paged

en
viron

m
en

ts
su

ch
as

virtu
al

m
em

ory,
tradition

al
disk

storage,
fl

ash
devices,

an
d

perh
aps

even
C

P
U

cach
es.

In
addition

to
equ

ality
predicates

(“=
”

an
d

“in
”

pred-
icates)

su
pported

by
all

in
dexes,

th
e

order
im

plicit
in

B
-trees

en
ables

effi
cien

t
ran

ge
qu

eries
(“≤

”
an

d
“betw

een
”

predicates)
as

w
ell

as
effi

cien
t

in
dex

creation
by

sortin
g

all
fu

tu
re

in
dex

en
tries.

B
-trees

perm
it

h
igh

-perform
an

ce
retrievals

an
d

u
pdates,

in
particu

lar
if

th
e

im
plem

en
tation

in
clu

des
tech

n
iqu

es
su

ch
as

n
orm

alized
keys

(bin
ary

com
parison

s
on

ly),
prefi

x
an

d
su

ffi
x

com
pression

(tru
n

cation
)

[B
ayer

an
d

U
n

terau
er

1977],
pin

n
in

g
root

n
ode

an
d

perh
aps

addition
al

B
-tree

levels
in

th
e

bu
ffer

pool,
an

d
even

poin
ter

sw
izzlin

g
[M

oss
1992],th

at
is,direct

m
em

ory-to-m
em

ory
poin

ters
rath

er
th

an
repetitiou

s
look-u

ps
in

th
e

bu
ffer

poolin
dex.

W
h

ile
basic

operation
s

an
d

algorith
m

s
for

B
-tree

data
stru

ctu
res

are
w

ell
kn

ow
n

,
often

tau
gh

tan
d

even
prototyped

du
rin

g
u

n
dergradu

ate
edu

cation
,stren

gth
en

in
g

th
eir

im
plem

en
tation

w
ith

tran
saction

sem
an

tics
seem

s
rath

er
diffi

cu
lt.T

h
e

presen
t

su
rvey

covers
recovery

tech
n

iqu
es

for
B

-tree
in

dexes,
w

ith
a

focu
s

on
tech

n
iqu

es
based
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m
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profi
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an
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w
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th
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en
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repu

blish
,

to
post

on
servers,to

redistribu
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u
se

an
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pon

en
t

of
th

is
w
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oth
er

w
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c
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an
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/or

a
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1:2
G

.G
raefe

w
rite-ah

ead
loggin

g.
In

addition
to

th
e

basic
tech

n
iqu

es
for

w
rite-ah

ead
loggin

g
an

d
log-based

recovery,
m

an
y

tech
n

iqu
es

are
specifi

c
to

B
-tree

in
dexes,

th
eir

sem
an

tics,
th

eir
data

stru
ctu

res,an
d

th
eir

m
ain

ten
an

ce
algorith

m
s.M

oreover,m
an

y
tech

n
iqu

es
an

d
m

an
y

optim
ization

s
n

ot
w

idely
kn

ow
n

are
requ

ired
in

order
to

ach
ieve

com
petitive

perform
an

ce
an

d
resou

rce-effi
cien

t
operation

ofrelation
aldatabases,key-valu

e
stores,

“N
o

S
Q

L”
an

d
“N

ew
S

Q
L”

databases,in
dexes

for
W

eb
search

an
d

in
form

ation
retrieval,

fi
le

system
s,

an
d

m
an

y
oth

er
form

s
of

storage
w

ith
su

pport
for

ordered
search

an
d

in
crem

en
talu

pdates.
A

recen
t

su
rvey

focu
ses

on
separation

of
logical

in
dex

con
ten

ts
an

d
th

eir
ph

ysical
represen

tation
in

con
cu

rren
cy

con
trol

[G
raefe

2010].F
or

exam
ple,tw

o
B

-tree
in

dexes
m

igh
tbe

logically
equ

ivalen
teven

ifth
ey

differ
in

th
e

n
u

m
ber

ofn
odes,in

th
e

free
space

w
ith

in
n

odes,etc.T
h

erefore,splittin
g

a
B

-tree
n

ode
m

odifi
es

th
e

in
dex

represen
tation

bu
t

n
ot

its
con

ten
ts,

an
d

postin
g

a
separator

key
in

a
paren

t
n

ode
is

qu
ite

differen
t

from
in

sertion
of

a
n

ew
en

try
in

to
an

in
dex

leaf.
T

h
is

separation
of

logical
con

ten
ts

an
d

ph
ysicalrepresen

tation
is

sim
ilarly

im
portan

t
for

loggin
g

an
d

recovery.It
defi

n
es

th
e

distin
ction

s
betw

een
u

ser
tran

saction
s

an
d

system
tran

saction
s

(S
ection

3)
an

d
betw

een
logical,ph

ysical,an
d

ph
ysiologicalloggin

g
(S

ection
4).M

an
y

optim
ization

s
in

loggin
g

an
d

recovery
can

be
explain

ed,u
n

derstood,design
ed,im

plem
en

ted,an
d

tested
based

on
th

ese
con

cepts.

1.1.
A

V
ery

B
rief

P
rim

er

C
en

tralin
an

y
discu

ssion
of

con
cu

rren
cy

con
trol,loggin

g,an
d

recovery
is

th
e

tran
sac-

tion
con

cept
an

d
th

e
A

C
ID

properties
th

at
defi

n
e

tran
saction

s:“allor
n

oth
in

g”
failu

re
atom

icity,database
con

sisten
cy

before
an

d
after

each
tran

saction
,m

u
tu

alisolation
of

con
cu

rren
t

operation
s

or
syn

ch
ron

ization
atom

icity,an
d

du
rability

even
in

cases
ofan

y
failu

res
in

clu
din

g
“fi

re,fl
ood,or

in
su

rrection
.”

W
rite-ah

ead
loggin

g
is

th
e

prim
ary

m
ean

s
for

providin
g

failu
re

atom
icity

an
d

du
ra-

bility.Its
essen

ce
is

th
at

th
e

recovery
log

describes
ch

an
ges

before
an

y
in

-place
u

pdates
of

th
e

database.
E

ach
type

of
u

pdate
requ

ires
a

“do”
m

eth
od

in
voked

du
rin

g
in

itial
processin

g,
a

“redo”
m

eth
od

to
en

su
re

th
e

database
refl

ects
an

u
pdate

even
after

a
failu

re
or

crash
,

an
d

an
“u

n
do”

m
eth

od
to

brin
g

th
e

database
back

to
its

prior
state.

T
h

e
“do”

m
eth

od
creates

log
records

w
ith

su
ffi

cien
t

in
form

ation
for

“redo”
an

d
“u

n
do”

in
vocation

s
an

d
in

stru
cts

th
e

bu
ffer

pool
to

retain
dirty

data
pages

u
n

til
th

ose
log

records
h

ave
arrived

safely
on

“stable
storage.”

R
ecovery

is
reliable

in
asm

u
ch

as
th

e
stable

storage
w

ith
th

e
recovery

log
is.M

irrorin
g

th
e

log
device

is
a

com
m

on
tech

n
iqu

e.
L

og
pages,on

ce
w

ritten
,m

u
st

n
ever

be
m

odifi
ed

or
overw

ritten
.

D
atabase

loggin
g

an
d

recovery
en

su
re

correct
operation

in
th

ree
classes

of
failu

res,
w

ith
th

e
in

ten
tion

to
cover

all
specifi

c
in

stan
ces

of
failu

res
as

special
cases

of
th

e
follow

in
g

classes.

—
A

tran
saction

failu
re

is
th

e
database-in

tern
al

reaction
to

a
u

ser
or

an
application

explicitly
requ

estin
g

to
abort

a
tran

saction
.O

th
er

possible
cau

ses
in

clu
de

deadlock
resolu

tion
or

a
space

allocation
failu

re.O
n

ly
a

sin
gle

tran
saction

m
u

strollback
w

h
ile

oth
er

tran
saction

s
an

d
th

e
system

as
a

w
h

ole
rem

ain
operation

al.
—

A
m

ed
ia

failu
re

m
ay

be
du

e
to

m
ech

an
icalh

ard
disk

failu
re,rem

ovalfrom
th

e
system

,
or

n
etw

ork
partition

in
g

in
case

ofrem
ote

storage.T
h

e
recovery

process
m

u
st

restore
th

e
disk

con
ten

ts
by

restorin
g

a
backu

p
copy

an
d

th
en

scan
n

in
g

an
d

applyin
g

th
e

tran
saction

log
to

repeat
th

e
recen

t
h

istory
of

u
pdates.

—
A

system
failu

re
m

ay
resu

ltfrom
a

su
dden

pow
er

or
h

ardw
are

failu
re,a

program
m

in
g

error,a
crash

ofth
e

operatin
g

system
,or

som
e

oth
er

reason
.B

ased
on

an
an

alysis
of

th
e

recovery
log

an
d

of
recen

tly
u

pdated
database

pages,th
e

recovery
process

m
u

st

A
C

M
T

ran
saction

s
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D
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S
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s,V
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u

blication
date:F
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en
su

re
du

rability
of

all
tran

saction
s

com
m

itted
before

th
e

failu
re

an
d

roll
back

all
oth

er
tran

saction
s.

S
om

e
m

odern
h

ardw
are,in

particu
lar

sem
icon

du
ctor

storage,m
ay

su
ffer

an
oth

er
class

of
failu

re,
n

am
ely

a
h

ardw
are

failu
re

lim
ited

to
in

dividu
al

data
pages.

T
h

is
case

can
be

treated
as

a
very

sm
all

m
edia

failu
re

or
it

can
h

ave
its

ow
n

specialized
recovery

m
eth

ods.
F

or
exam

ple,
if

all
log

records
pertain

in
g

to
th

e
sam

e
data

page
form

a
lin

ked
list,recovery

can
apply

th
em

qu
ite

effi
cien

tly
to

a
backu

p
copy

ofth
e

page.T
h

is
approach

requ
ires

appropriate
backu

p
(or

sn
apsh

ot)copies,a
search

or
an

in
dex

to
fi

n
d

th
e

n
ew

est
log

record
pertain

in
g

to
a

failed
data

page,
an

d
reversal

of
th

e
lin

ked
list

su
ch

th
at

log
records

are
applied

in
th

e
correct

order.
F

in
ally,

ch
eckpoin

ts
are

a
cru

cial
tech

n
iqu

e
for

effi
cien

t
recovery

from
system

fail-
u

res.
A

ch
eckpoin

t
forces

pen
din

g
log

records
to

stable
storage

an
d

dirty
data

pages
lin

gerin
g

in
th

e
bu

ffer
pool

to
th

e
database.T

h
e

log
record

describin
g

th
e

ch
eckpoin

t
in

clu
des

poin
ters

to
th

e
m

ost
recen

t
log

record
for

each
active

tran
saction

.
W

h
en

th
e

ch
eckpoin

t
is

com
plete,a

poin
ter

to
th

e
m

ost
recen

t
ch

eckpoin
t

is
in

stalled
in

a
location

ou
tside

th
e

log
(e.g.,

in
th

e
fi

le
system

)
w

h
ere

crash
recovery

w
ill

fi
n

d
it

if
n

ecessary.
T

akin
g

a
ch

eckpoin
t

every
few

m
in

u
tes

en
su

res
th

at
recovery

from
a

system
failu

re
also

takes
on

ly
a

few
m

in
u

tes.T
h

e
specifi

c
relation

sh
ip

depen
ds

on
th

e
levelofu

pdate
activity

prior
to

th
e

crash
,th

e
len

gth
oftran

saction
s

active
du

rin
g

th
e

last
ch

eckpoin
t,

th
e

tim
e

requ
ired

to
load

requ
ired

data
pages

in
to

th
e

bu
ffer

pool,an
d

m
ore.

1.2.
H

isto
ricalB

ackg
ro

u
n

d

W
h

en
com

m
ercial

data
processin

g
con

sisted
prim

arily
of

prin
tin

g
bills

an
d

m
ergin

g
m

aster
tapes

w
ith

tapes
w

ith
records

of
recen

t
bu

sin
ess

even
ts,th

ere
w

as
n

o
n

eed
for

explicitloggin
g

an
d

recovery.T
h

e
tape

h
oldin

g
recen

teven
ts

w
as

th
e

log,th
e

old
m

aster
tape

th
e

backu
p,an

d
th

e
recovery

process
w

as
th

e
sam

e
as

th
e

origin
alprocess.D

irect
access

storage
(disks)

perm
itted

u
pdates

in
place,in

clu
din

g
im

m
ediate

u
pdates

w
h

en
bu

sin
ess

even
ts

h
appen

ed.T
h

is
created

th
e

n
eed

for
loggin

g
an

d
recovery

in
cases

of
failu

res.
S

peakin
g

broadly,th
ere

are
fi

ve
approach

es
to

providin
g

failu
re

atom
icity

an
d

du
ra-

bility.
T

h
eir

recovery
tech

n
iqu

es
for

system
failu

res
differen

tiate
th

em
qu

ite
clearly.

T
h

ey
m

ay
be

associated
vagu

ely
w

ith
su

ccessive
decades

startin
g

w
ith

th
e

1970s.

(1)
G

ray
[1978]describes

h
ow

system
recovery

applies
“redo”

action
s

to
pages

u
pdated

by
com

m
itted

tran
saction

s
an

d
“u

n
do”action

s
oth

erw
ise.“R

edo”an
d

“u
n

do”action
s

m
u

st
be

id
em

poten
t,th

at
is,repeated

application
of

th
e

sam
e

action
resu

lts
in

th
e

sam
e

state
as

a
sin

gle
application

.A
n

u
n

derlyin
g

assu
m

ption
is

th
at

th
e

recovery
process

keeps
th

e
recovery

log
in

read-on
ly

m
ode,th

atis,n
o

loggin
g

du
rin

g
recovery

from
a

failu
re.A

n
oth

er
u

n
derlyin

g
assu

m
ption

is
th

at
u

pdated
pages

overw
rite

th
e

prior
page

con
ten

ts.
(2)

G
ray

et
al.

[1981]
describe

sh
adow

pages
in

S
ystem

R
,

th
at

is,
all

u
pdated

pages
requ

ire
n

ew
disk

location
s.

R
ollback

sim
ply

goes
back

to
th

e
prior

pages.
A

gran
-

u
larity

of
lockin

g
fi

n
er

th
an

pages
is

n
ot

possible
becau

se
sh

adow
pages

can
n

ot
refl

ect
th

e
state

of
on

e
tran

saction
com

m
itted

an
d

an
oth

er
aborted.

H
ärder

an
d

R
eu

ter
[1983]form

alize
th

e
role

ofth
e

bu
ffer

poolin
correct

tran
saction

im
plem

en
-

tation
s.T

h
ey

defi
n

e
“force”

an
d

“n
o

force”
policies

th
at

do
or

do
n

ot
w

rite
dirty

data
pages

back
to

th
e

database
prior

to
tran

saction
com

m
it

as
w

ell
as

“steal”
an

d
“n

o
steal”

policies
th

at
do

or
do

n
ot

perm
it

m
u

ltiple
tran

saction
s

to
sh

are
dirty

pages
in

th
e

bu
ffer

pool.
(3)

A
R

IE
S

[M
oh

an
et

al.
1992]

logs
recovery

action
s,

th
at

is,
th

e
recovery

log
is

in
read-w

rite
m

ode
du

rin
g

recovery.U
sin

g
th

e
log,A

R
IE

S
reliably

applies
“redo”

an
d

“u
n

do”
action

s
exactly

on
ce

by
recordin

g
in

each
data

page
th

e
m

ost
recen

t
log
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saction
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G

.G
raefe

record
already

applied.
M

oreover,
it

“com
pen

sates”
u

pdates
logically

rath
er

th
an

ph
ysically.F

or
exam

ple,a
deletion

com
pen

sates
an

in
sertion

,yetafter
a

leafsplitin
a

B
-tree

in
dex,th

e
deletion

m
igh

t
occu

r
in

a
differen

t
leafpage

th
an

th
e

in
sertion

.
A

bortin
g

a
tran

saction
applies

com
pen

satin
g

u
pdates

an
d

th
en

com
m

its
n

orm
ally,

except
th

at
th

ere
is

n
o

n
eed

to
im

m
ediately

force
th

e
com

m
it

record
to

stable
storage.

A
cru

cial
advan

tage
of

th
e

A
R

IE
S

design
is

its
su

pport
for

record-level
lockin

g
an

d,in
B

-tree
in

dexes,of
key

ran
ge

lockin
g

[M
oh

an
1990].W

eiku
m

[1992]
provides

a
th

orou
gh

an
d

m
ore

gen
eral

treatm
en

t
of

th
e

topic
based

on
m

u
ltilevel

tran
saction

s.S
im

ilarly,M
oss’open

n
ested

tran
saction

s
[2006]seem

m
ore

prin
cipled

th
an

A
R

IE
S

top-levelaction
s

an
d

closely
related

to
system

tran
saction

s,discu
ssed

sh
ortly

(S
ection

3.2).
(4)

A
recovery

log
on

stable
storage

is
n

ot
requ

ired
ifa

su
ffi

cien
t

n
u

m
ber

ofcopies
ofall

data
pages

can
provide

du
rability.A

n
“u

n
do”-on

ly
recovery

log
is

still
requ

ired
for

tran
saction

rollback.It
can

be
private

to
th

e
tran

saction
,it

can
sh

rin
k

back
w

h
ile

th
e

tran
saction

rolls
back,

an
d

it
can

be
deleted

w
h

en
th

e
tran

saction
com

m
its.

“L
og

sh
ippin

g”
forw

ards
a

“redo”-on
ly

log
describin

g
u

pdates
at

th
e

prim
ary

site
to

on
e

or
m

ore
“h

ot
stan

d-by”
secon

dary
sites,

w
h

ere
it

drives
con

tin
u

ou
s

“redo”
recovery

to
keep

alldatabase
copies

precisely
syn

ch
ron

ized.W
h

en
th

e
prim

ary
site

fails,
th

e
secon

dary
sites

can
provide

data
for

its
recovery.

B
etter

yet,
th

e
role

of
th

e
prim

ary
site

can
in

stan
tly

“failover”
to

on
e

of
th

e
secon

dary
sites.C

on
cu

rren
t

u
pdates

at
m

u
ltiple

sites
are

com
plex

an
d

even
read-on

ly
qu

ery
processin

g
at

all
sites

requ
ires

som
e

advan
ced

tech
n

iqu
es

as
discu

ssed
later

(S
ection

5.7).
(5)

In
-m

em
ory

databases
in

volatile
m

em
ory

an
d

soon
in

n
on

volatile
m

em
ory

dispen
se

w
ith

th
e

bu
ffer

pool,
even

if
it

h
as

been
a

fou
n

dation
of

w
rite-ah

ead
loggin

g.
In

en
viron

m
en

ts
w

ith
ou

t
a

bu
ffer

pool
to

h
old

dirty
pages,

th
e

“do”
action

m
u

st
n

ot
m

odify
th

e
persisten

t
data.In

stead,it
m

u
st

m
erely

create
a

log
record,preferably

in
byte-addressable

n
on

volatile
m

em
ory.A

“redo”
action

even
tu

ally
applies

th
e

log
record.

W
ith

th
e

recovery
log

also
in

n
on

volatile
m

em
ory,

appen
din

g
a

log
record

im
poses

h
ardly

an
y

delay.
S

in
ce

each
tran

saction
n

eeds
to

“see”
its

ow
n

u
pdates,

th
e

th
read

th
at

gen
erates

a
log

record
in

a
“do”

action
sh

ou
ld

apply
it

to
th

e
data

pages,for
exam

ple,u
sin

g
th

e
“redo”

recovery
m

eth
od.T

h
u

s,a
possible

descriptive
n

am
e

for
th

is
design

of
w

rite-ah
ead

loggin
g

is
“log

sh
ippin

g
to

self.”
A

side
ben

efi
t

of
th

is
design

is
th

at
“redo”

code
ru

n
s

frequ
en

tly,
w

h
ich

im
proves

th
e

probability
for

good
m

ain
ten

an
ce,testin

g,an
d

tu
n

in
g.

M
u

ltiple
books

cover
con

cu
rren

cy
con

trolan
d

recovery
in

database
system

s
in

clu
din

g
B

-tree
in

dexes.B
ern

stein
etal.[1987],G

ray
an

d
R

eu
ter

[1992],K
u

m
ar

an
d

H
su

[1998],
an

d
W

eiku
m

an
d

V
ossen

[2002]
refl

ect
th

e
state-of-th

e-art
at

th
eir

tim
e.L

om
et

[1998]
an

d
M

oh
an

[1999]
describe

th
e

in
du

strialstate-of-th
e-art

of
th

e
late

1990s.T
h

ey
both

refl
ect

th
e

tran
sition

from
strictly

ph
ysical,idem

poten
t,n

on
-logged

“redo”
an

d
“u

n
do”

recovery
action

s
to

exactly-on
ce

application
ofrecovery

action
s

based
on

ph
ysical“redo”

an
d

logged,logicalcom
pen

satin
g

u
pdates

rath
er

th
an

ph
ysical“u

n
do”

action
s.

1.3.
O

verview

T
h

e
follow

in
g

section
review

s
prelim

in
aries

an
d

ou
r

assu
m

ption
s

abou
t

databases,
B

-tree
in

dexes,
tran

saction
s,

an
d

tran
saction

im
plem

en
tation

tech
n

iqu
es.

S
ection

3
distin

gu
ish

es
betw

een
tradition

al
“u

ser
tran

saction
s”

an
d

im
plem

en
tation

-specifi
c

“system
tran

saction
s.”

S
ection

s
4

an
d

5
describe

tech
n

iqu
es

an
d

optim
ization

s
for

loggin
g

an
d

for
recovery,

respectively,
in

th
e

con
text

of
B

-tree
in

dexes.
F

in
ally,

S
ection

6
ou

tlin
es

som
e

possible
fu

tu
re

direction
s,

w
h

ereu
pon

S
ection

7
su

m
m

arizes
an

d
con

clu
des

th
e

su
rvey.
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2.
P

R
E

L
IM

IN
A

R
IE

S
A

N
D

A
S

S
U

M
P

T
IO

N
S

O
u

r
assu

m
ption

s
h

ere
abou

t
databases,

B
-trees,

tran
saction

s,
failu

res,
an

d
recovery

are
m

ean
t

to
be

sim
ple

an
d

gen
eral.

T
h

e
discu

ssion
h

ere
often

u
ses

term
in

ology
of

databases,bu
t

th
e

tech
n

iqu
es

also
apply

to
oth

er
con

texts
u

sin
g

tran
saction

al
B

-tree
in

dexes.
S

om
e

fam
iliarity

w
ith

B
-trees

is
assu

m
ed

an
d

basic
B

-tree
con

cepts
are

n
ot

explicitly
repeated.

N
on

e
of

th
e

follow
in

g
m

aterial
sh

ou
ld

be
su

rprisin
g

for
readers

fam
iliar

w
ith

database
tran

saction
s

an
d

database
in

dexes.
S

u
ch

readers
m

ay
elect

m
erely

to
skim

or
even

to
skip

th
is

section
.

2.1.
D

atab
ases

D
atabases

con
tain

tables,each
of

w
h

ich
is

in
dexed

by
on

e
or

m
ore

B
-tree

in
dexes.T

h
e

set
of

in
dexes

for
a

table
m

igh
t

ch
an

ge
over

tim
e.T

h
is

separation
of

logical
database

design
(tables,row

s,colu
m

n
s,prim

ary
keys,foreign

keys,etc.)
an

d
ph

ysical
database

design
(in

dexes,
records,

fi
elds,

sort
order,

partition
s,

etc.)
is

called
ph

ysical
data

in
-

depen
den

ce.In
addition

,data
stru

ctu
res

su
ch

as
B

-trees
perm

it
som

e
freedom

in
th

e
represen

tation
of

th
eir

con
ten

ts,
th

at
is,

som
e

in
depen

den
ce

betw
een

con
ten

ts
an

d
stru

ctu
re.T

h
is

addition
alfreedom

or
separation

is
cru

cialfor
effi

cien
t

lockin
g,loggin

g,
an

d
recovery

of
tran

saction
alB

-trees.
U

sers
an

d
application

s
access

an
d

u
pdate

databases
th

rou
gh

server
softw

are,
th

e
database

m
an

agem
en

t
system

.Itis
im

m
aterialh

ere
w

h
eth

er
th

is
softw

are
ru

n
s

w
ith

in
th

e
application

process
or

in
a

separate
process

or
even

in
a

separate
com

pu
ter.

T
h

e
server

h
as

its
ow

n
state,

for
exam

ple,
th

e
cu

rren
t

con
ten

ts
of

th
e

bu
ffer

pool
or

th
e

set
of

locks
h

eld
by

active
tran

saction
s.

T
h

is
state

is
n

ot
part

of
th

e
database

an
d

van
ish

es
w

h
en

th
e

server
sh

u
ts

dow
n

or
fails

(crash
es).

R
ecovery

activities
after

a
server

failu
re

in
clu

de
bu

ildin
g

n
ew

server
state,

for
exam

ple,
loadin

g
pages

in
to

th
e

bu
ffer

pool.In
today’s

softw
are

arch
itectu

res,th
is

server
state

is
bu

ilt
com

pletely
from

scratch
du

rin
g

database
recovery,

th
at

is,
as

requ
ired

by
th

e
recovery

process
gu

ided
by

th
e

log
describin

g
ch

an
ges

in
th

e
database.

R
ecovery

of
server

state
as

it
existed

prior
to

a
crash

is
in

ciden
talto

recovery
of

th
e

database
an

d
of

th
e

tran
saction

s
active

at
th

e
tim

e
of

th
e

crash
.

D
istribu

ted
system

s
u

su
ally

m
an

age
con

cu
rren

cy
con

trol,
loggin

g,
an

d
recovery

lo-
cally

in
each

participatin
g

n
ode.T

h
e

exception
is

tran
saction

com
pletion

u
sin

g
a

dis-
tribu

ted
protocolsu

ch
as

tw
o-ph

ase
com

m
it

[G
ray

1978],w
h

ich
m

akes
“precom

m
itted”

or
“u

n
decided”

local
com

pon
en

ts
of

distribu
ted

tran
saction

s
su

bject
to

th
e

decision
by

a
cen

traltran
saction

coordin
ator.T

h
e

discu
ssion

th
at

follow
s

focu
ses

on
a

sin
gle

n
ode

bu
t

th
e

tech
n

iqu
es

obviou
sly

apply
to

distribu
ted

system
s

as
w

ell.In
fact,som

e
of

th
e

tech
n

iqu
es

discu
ssed

sh
ortly

m
igh

t
be

particu
larly

valu
able

in
distribu

ted
system

s,for
exam

ple,early
tran

saction
processin

g
(S

ection
5.5)an

d
forw

ard
recovery

(S
ection

5.6).

2.2.
B

-Tree
In

d
exes

W
h

ile
th

ere
are

m
an

y
form

s
of

in
dexes,th

e
focu

s
h

ere
is

en
tirely

on
B

-trees.T
h

e
term

“B
-tree”

m
ore

specifi
cally

m
ean

s
B

+-trees,th
at

is,all
data

item
s

are
in

th
e

leaf
n

odes
an

d
key

valu
es

in
paren

t
n

odes
an

d
oth

er
an

cestor
n

odes
serve

on
ly

as
separator

keys
gu

idin
g

search
es,w

ith
ou

t
carryin

g
addition

alin
form

ation
abou

t
database

con
ten

ts.
F

igu
re

1
illu

strates
a

very
sim

ple
B

-tree
w

ith
on

ly
2

levels
an

d
on

ly
3

leaf
n

odes.
E

ach
n

ode
is

typically
a

page,
for

exam
ple,

a
disk

page,
su

ch
th

at
th

e
term

s
are

often
u

sed
syn

on
ym

ou
sly.T

h
e

leaf
n

odes
in

F
igu

re
1

con
tain

2–3
leaf

en
tries,th

at
is,

key
valu

es
plu

s
associated

u
ser-defi

n
ed

fu
n

ction
in

form
ation

.
B

-trees
en

able
search

w
ith

in
large

collection
s

by
m

u
ltiple

levels
of

bran
ch

n
odes,

n
ot

ju
st

th
e

root
n

ode.
E

ffi
cien

t
search

for
th

e
in

form
ation

associated
w

ith
a

key
valu

e
exploits

bin
ary

search
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F
ig.1.

A
2-levelB

-tree
w

ith
root

an
d

3
leaf

n
odes.

am
on

g
separator

keys
an

d
direct

page
access

in
th

e
n

ext
B

-tree
level

u
sin

g
th

e
ch

ild
poin

ters.
B

-tree
leaves

con
tain

10s,100s,or
1000s

of
data

records
an

d
n

on
-leaf

B
-tree

n
odes

con
tain

100s
or

1000s
ofch

ild
poin

ters
an

d
appropriate

separator
keys.A

n
in

direction
vector

n
ear

each
page

h
eader

variable-size
records

an
d

separator
keys;each

slot
in

th
e

in
direction

vector
con

tain
s

a
byte

offsetw
ith

in
th

e
page.S

lotarray
an

d
data

space
grow

tow
ards

each
oth

er.R
ecords

are
assign

ed
to

slots
based

on
th

e
sort

order
ofth

e
B

-tree.
W

h
ile

th
e

location
of

record
con

ten
ts

w
ith

in
th

e
page

m
ay

h
ave

n
o

correlation
to

th
e

sort
order

ofth
e

B
-tree,th

e
slots

in
th

e
in

direction
vector

are
sorted

by
key

valu
es

an
d

th
u

s
en

able
effi

cien
t

bin
ary

search
w

ith
in

each
B

-tree
n

ode.
S

lots
com

m
on

ly
con

tain
th

e
record

len
gth

or,
for

effi
cien

t
search

,
m

ay
con

tain
som

e
leadin

g
bytes

of
th

e
key

valu
e

(also
kn

ow
n

as
poor

m
an

’s
n

orm
alized

key)
[G

raefe
an

d
L

arson
2001;

L
om

et
2001].

L
eaf

n
odes

an
d

n
on

-leaf
n

odes
are

stored
as

pages
on

som
e

persisten
t

block-access
device

su
ch

as
a

tradition
al

disk
or

fl
ash

storage.
T

h
is

storage
is

fairly
reliable

bu
t

m
ay

fail(“m
edia

failu
re”).In

addition
,th

ere
is

som
e

device
(or

com
bin

ation
ofdevices)

th
at

is
con

sidered
reliable.

T
h

is
“stable

storage”
is

requ
ired

for
th

e
recovery

log.
A

correct
im

plem
en

tation
of

loggin
g

an
d

recovery
can

cope
w

ith
tran

saction
failu

res,
m

edia
failu

res,an
d

system
failu

res
in

asm
u

ch
as

it
can

rely
on

th
e

stable
storage.

A
n

in
-m

em
ory

bu
ffer

poolen
ables

im
m

ediate
access

to
pages.P

age
replacem

en
t

(vic-
tim

selection
)

in
th

e
bu

ffer
poolm

igh
t

con
sider

tran
saction

bou
n

daries
bu

t
it

typically
does

n
ot.T

h
u

s,w
h

en
a

tran
saction

com
m

its,its
m

odifi
ed

(“dirty”)
pages

m
ay

lin
ger

in
th

e
bu

ffer
pool

an
d

are
n

ot
“forced”

to
storage

w
h

en
a

tran
saction

com
m

its.M
oreover,

on
e

tran
saction

m
igh

t
“steal”

a
fram

e
in

th
e

bu
ffer

poolfrom
an

oth
er

tran
saction

,even
if

th
e

cu
rren

t
con

ten
ts

are
dirty

an
d

m
u

st
be

w
ritten

back
to

disk.H
ärder

an
d

R
eu

ter
[1983]

callth
is

bu
ffer

poolpolicy
“steal—

n
o

force.”
M

odifi
cation

s
ofB

-trees
fallin

to
tw

o
disjoin

t
sets:con

ten
ts

ch
an

ges
in

sert
an

d
delete

data
en

tries
in

leaf
n

odes,
w

h
ereas

stru
ctu

ral
ch

an
ges

m
odify

th
e

set
of

n
odes

in
a

B
-tree,

for
exam

ple,
by

splittin
g

or
m

ergin
g

n
odes.

C
on

ten
ts

ch
an

ges
m

ay
in

trodu
ce

th
e

n
eed

for
stru

ctu
ral

ch
an

ges;n
on

eth
eless,th

e
stru

ctu
ral

ch
an

ge
can

h
appen

as
an

in
depen

den
tpreparatory

action
for

th
e

con
ten

ts
ch

an
ge.In

fact,each
stru

ctu
ralch

an
ge

m
ay

itselfproceed
in

m
u

ltiple
steps.F

or
exam

ple,B
lin

k-trees
separate

splittin
g

a
n

ode
in

to
creation

of
a

n
eigh

bor
an

d
postin

g
of

a
separator

key
in

th
e

paren
t

n
ode

[L
eh

m
an

an
d

Yao
1981],

an
d

L
om

et
an

d
S

alzberg
[1992,

1997]
gen

eralize
B

lin
k-trees

to
perm

it
“decom

posin
g

stru
ctu

re
ch

an
ges

in
an

in
dex

tree
in

to
a

sequ
en

ce
of

atom
ic

action
s,

each
on

e
leavin

g
th

e
tree

w
ellform

ed.”
T

h
is

distin
ction

betw
een

con
ten

ts
ch

an
ges

an
d

stru
ctu

ralch
an

ges
also

determ
in

es
th

e
types

of
tran

saction
s

th
at

im
plem

en
t

th
em

.
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2.3.
D

atab
ase

U
sers

In
th

e
presen

t
con

text,u
sers

m
ay

be
h

u
m

an
s

en
gaged

in
an

in
teraction

w
ith

th
e

data
store

or
application

s
th

at
in

voke
database

fu
n

ction
ality.

S
om

etim
es

th
e

w
ord

“u
ser”

m
ay

also
refer

to
th

e
softw

are
developer

of
su

ch
application

s.
U

sers
in

itiate
tran

sac-
tion

s,requ
est

tran
saction

com
m

it
or

abort,an
d

ru
n

qu
eries

an
d

u
pdates

w
ith

in
th

ose
tran

saction
s.A

llu
ser

requ
ests

execu
te

in
th

e
con

text
oftran

saction
s;ifn

o
tran

saction
is

explicitly
in

itiated,on
e

is
created

au
tom

atically
for

each
statem

en
t

or
requ

est.Ifit
is

possible
th

at
a

sin
gle

u
ser

ru
n

s
m

u
ltiple

tran
saction

s
con

cu
rren

tly,th
ey

do
n

ot
sh

are
data

an
y

m
ore

th
an

an
y

oth
er

pair
of

tran
saction

s.
F

or
exam

ple,
su

ch
tran

saction
s

com
pete

for
locks

like
oth

er
tran

saction
s,w

ith
n

o
privileged

data
sh

arin
g

becau
se

th
e

tran
saction

s
pertain

to
th

e
sam

e
u

ser.

2.4.
Tran

sactio
n

s

T
ran

saction
s

are
u

n
its

of
w

ork
th

at
are

atom
ic

(“allor
n

oth
in

g”),preserve
con

sisten
cy

(of
database

states),
en

su
re

isolation
(from

con
cu

rren
t

tran
saction

s),
an

d
gu

aran
tee

du
rability

even
in

cases
of

system
failu

res
im

m
ediately

follow
in

g
tran

saction
com

m
it.

M
u

ltiple
tran

saction
isolation

levels
h

ave
been

defi
n

ed;in
th

e
presen

t
con

text,serial-
izability

is
assu

m
ed

w
ith

ou
t

th
e

aid
of

version
s

or
sn

apsh
ots.T

h
u

s,locks
are

retain
ed

u
n

til
th

e
relevan

t
tran

saction
com

m
its.M

oreover,
w

rite-ah
ead

loggin
g

is
assu

m
ed

as
th

e
ch

osen
tech

n
iqu

e
for

failu
re

atom
icity

an
d

du
rability.U

pdate-in
-place

is
assu

m
ed

u
n

less
oth

erw
ise

n
oted.

T
h

e
m

appin
g

betw
een

tran
saction

s
an

d
softw

are
th

reads
can

be
com

plex.In
parallel

qu
ery

processin
g

an
d

in
parallelu

tilities,for
exam

ple,m
an

y
th

reads
m

ay
serve

a
sin

gle
tran

saction
.

O
n

th
e

oth
er

h
an

d,
a

sin
gle

th
read

m
ay

serve
m

u
ltiple

tran
saction

s,
for

exam
ple,

sw
itch

to
an

oth
er

tran
saction

w
h

en
on

e
tran

saction
stalls

du
e

to
an

I/O
operation

or
even

an
in

teraction
w

ith
a

u
ser

or
application

.F
in

ally,m
u

ltiple
softw

are
th

reads
m

ay
take

tu
rn

s
servin

g
a

sin
gle-th

readed
tran

saction
du

rin
g

its
lifetim

e.
T

radition
alth

in
kin

g
applies

tran
saction

sem
an

tics
on

ly
to

database
state,th

atis,th
e

logicalcon
ten

ts
ofth

e
database

an
d

th
eir

ph
ysicalrepresen

tation
on

persisten
tstorage,

for
exam

ple,disks.T
ran

saction
sem

an
tics

cou
ld

also
be

u
sed

to
im

plem
en

t
an

d
recover

server
state,

th
at

is,
th

e
statu

s
of

processes,
th

reads,
u

ser
tran

saction
s,

con
n

ection
s,

bu
ffer

pool,lock
m

an
ager,etc.D

u
rability

in
th

is
case

is
lim

ited
to

th
e

du
ration

of
th

e
server

process.
In

oth
er

w
ords,

w
h

en
th

e
server

process
sh

u
ts

dow
n

or
restarts,

th
e

database
state

is
retain

ed
across

sh
u

t-dow
n

an
d

restart,
w

h
ereas

all
server

state
is

rein
itialized

from
scratch

.
T

h
is

is
n

ot
en

tirely
tru

e,
h

ow
ever,

in
particu

lar
w

h
en

on
e

con
siders

th
at

th
e

pu
rpose

ofrecovery
u

sin
g

a
tran

saction
log

is
precisely

to
reestablish

th
e

state
of

active
tran

saction
s

su
ch

th
at

th
ey

can
be

clean
ly

rolled
back.A

th
eory

for
applyin

g
tran

saction
sem

an
tics

to
server

state
is

an
open

research
opportu

n
ity,

in
particu

lar
w

ith
respect

to
recovery

after
system

failu
res.

2.5.
Failu

re
C

lasses

T
h

e
tradition

al
th

eory
of

failu
res

an
d

recovery
con

siders
th

ree
classes

of
failu

res
th

at
requ

ire
log-based

recovery.
T

h
ese

are
tran

saction
failu

re,
m

edia
failu

re,
an

d
system

failu
re.

A
tran

saction
failu

re
pertain

s
to

a
sin

gle
tran

saction
on

ly
w

ith
in

a
w

orkin
g

system
.A

typicalexam
ple

is
a

deadlock
or

oth
er

failu
re

du
rin

g
space

or
lock

acqu
isition

.R
ecovery

requ
ires

u
n

doin
g

or
com

pen
satin

g
all

ch
an

ges
in

logical
database

con
ten

ts
an

d
th

en
com

m
ittin

g
th

e
tran

saction
.

F
or

th
is

case,
it

is
com

m
on

th
at

th
e

log
records

of
each

tran
saction

form
a

lin
ked

list.In
th

is
list,each

log
record

poin
ts

to
th

e
precedin

g
on

e,
becau

se
a

list
in

th
is

direction
is

easy
to

create
an

d
it

is
th

e
direction

requ
ired

in
tran

saction
rollback.
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G

.G
raefe

A
m

edia
failu

re
pertain

s
to

storage
su

ch
th

at
th

e
system

(or
server

process)rem
ain

s
active

an
d

viable.S
everaltran

saction
s

m
igh

tn
eed

to
rollback,bu

tign
ore

alllog
records

pertain
in

g
to

th
e

failed
storage

m
edia.

R
ecovery

requ
ires

a
backu

p
plu

s
reapplyin

g
relevan

t
recovery

logs.T
ran

saction
s

w
ith

ou
t

effects,th
at

is,aborted
tran

saction
s,can

be
skipped

in
th

is
process.

T
h

e
u

su
al

assu
m

ption
is

th
at

su
ch

a
failu

re
is

large,
for

exam
ple,an

en
tire

disk
drive.E

ffi
cien

trecovery
from

sm
allm

edia
failu

res,for
exam

ple,
in

dividu
alblocks

on
a

fl
ash

device,rem
ain

s
an

opportu
n

ity
for

research
an

d
design

.
A

system
failu

re
is

an
abru

pt
an

d
u

n
plan

n
ed

term
in

ation
of

th
e

server
process.R

e-
covery

from
a

system
failu

re
rein

itializes
allserver

state
an

d
th

en
in

terprets
as

m
u

ch
of

th
e

recovery
log

as
is

available
on

stable
storage.

T
ran

saction
s

w
ith

ou
t

a
com

m
it

record
on

stable
storage

are
aborted,th

at
is,th

eir
effects

u
n

don
e

or
com

pen
sated.C

om
-

pen
sation

s
action

s
requ

ire
“redo”

loggin
g

ofth
e

com
pen

sation
action

.T
h

ese
log

records
preven

t
th

at
th

e
sam

e
com

pen
sation

action
is

applied
tw

ice,for
exam

ple,in
case

of
a

secon
d

system
failu

re
du

rin
g

recovery
from

an
earlier

system
failu

re.
C

om
pen

sation
action

s
n

ever
requ

ire
“u

n
do”

loggin
g.O

n
ce

tran
saction

rollback
starts,th

e
tran

saction
is

doom
ed

an
d

com
pen

sation
w

illru
n

to
com

pletion
,if

n
ecessary

du
rin

g
system

recov-
ery.

E
ven

partial
rollback

to
a

tran
saction

savepoin
t

n
ever

reverses
a

com
pen

sation
action

.
A

n
y

database
access

sh
ou

ld
begin

w
ith

recovery.
A

fter
an

orderly
sh

u
tdow

n
,

th
e

last
en

try
in

th
e

recovery
log

is
a

ch
eckpoin

t
record

in
dicatin

g
n

o
active

tran
saction

s.
In

th
at

case,recovery
is

in
stan

tan
eou

s.O
th

erw
ise,th

e
m

ost
recen

t
ch

eckpoin
t

record
gu

ides
an

d
speeds

u
p

recovery
after

a
system

failu
re.

2.6.
W

rite-A
h

ead
L

o
g

g
in

g

A
sh

ip’s
logbook

records
allsign

ifi
can

t
m

ovem
en

ts
ofth

e
sh

ip
an

d
even

ts
on

board.T
h

e
recovery

log
ofa

database
or

a
fi

le
system

records
allsign

ifi
can

tu
pdates

[G
ray

1978].In
th

e
case

ofa
fi

le
system

,th
e

log
m

igh
t

cover
on

ly
th

e
m

etadata,for
exam

ple,allocation
an

d
directory

in
form

ation
,

bu
t

u
su

ally
n

ot
th

e
con

ten
ts

of
in

dividu
al

docu
m

en
ts

or
data

fi
les.

In
th

e
case

of
a

database,
th

e
recovery

log
describes

all
ch

an
ges

su
ch

th
at

th
e

en
tire

con
ten

ts
ofth

e
database

can
be

recovered
at

an
y

tim
e

an
d

after
an

y
failu

re.
A

recovery
log

con
tain

s
at

least
th

ree
kin

ds
of

in
form

ation
or

types
of

log
records:

“redo”
in

form
ation

n
eeded

to
provide

du
rability,“u

n
do”

in
form

ation
in

case
a

tran
sac-

tion
can

n
ot

com
plete,

an
d

com
m

it
records

to
in

dicate
th

at
a

tran
saction

in
deed

com
-

pleted.T
h

ere
m

igh
t

be
addition

altypes
oflog

records,for
exam

ple,in
form

ation
logged

w
h

en
a

n
ew

tran
saction

starts
or

w
h

en
a

tran
saction

sw
itch

es
from

forw
ard

processin
g

to
rollback

an
d

com
pen

sation
ofits

earlier
action

s.S
om

e
addition

altypes
oflog

records
are

discu
ssed

sh
ortly

in
th

e
con

text
of

specifi
c

tech
n

iqu
es

an
d

optim
ization

s.
U

su
ally

“redo”
an

d
“u

n
do”

in
form

ation
is

logged
togeth

er
an

d
prior

to
m

odifyin
g

a
database

page
in

th
e

bu
ffer

pool.N
on

eth
eless,th

e
“redo”

part
cou

ld
be

delayed
as

lon
g

as
it

is
logged

prior
to

tran
saction

com
m

it.
T

h
e

“u
n

do”
part

cou
ld

be
also

delayed.
It

m
u

st
be

w
ritten

to
stable

storage
before

th
e

dirty
page

in
th

e
bu

ffer
pool

overw
rites

th
e

prior
page

con
ten

ts
in

th
e

database.
T

h
is

requ
irem

en
t—

loggin
g

before
u

pdatin
g

in
place—

h
as

given
rise

to
th

e
n

am
e

“W
rite-A

h
ead

L
oggin

g”
(W

A
L

).
W

ith
th

e
large

m
em

ory
fou

n
d

in
m

odern
system

s,
th

e
“u

n
do”

log
record

m
ay

be
kept

separate
from

“redo”log
records

an
d

n
ever

be
w

ritten
to

stable
storage.T

h
is

design
requ

ires
retain

in
g

alldirty
pages

in
m

em
ory

u
n

tilallappropriate
tran

saction
s

com
m

it.N
ote

th
atm

u
ltiple

tran
saction

s
m

ay
m

odify
th

e
sam

e
page.N

ote
also

th
atlarge

operation
s

su
ch

as
creation

of
a

B
-tree

in
dex

m
igh

t
n

eed
special-case

solu
tion

s.
L

og
records

describin
g

database
ch

an
ges

are
sim

ply
added

to
th

e
cu

rren
t

ou
tpu

t
bu

ffer
ofth

e
recovery

log,to
be

w
ritten

to
stable

storage
w

h
en

th
e

bu
ffer

is
fu

ll.C
om

m
it

records
m

u
st

be
w

ritten
to

stable
storage

before
du

rability
of

th
e

tran
saction

can
be

gu
aran

teed
an

d
th

e
u

ser’s
com

m
it

requ
est

can
be

ackn
ow

ledged.
In

oth
er

w
ords,

th
e
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ou
tpu

t
bu

ffer
m

u
st

be
fl

u
sh

ed
to

th
e

log
before

a
tran

saction
can

be
reported

com
m

itted
to

th
e

u
ser

or
application

.
Ifban

dw
idth

ofth
e

log
device

is
preciou

s,w
ritin

g
h

alf-fu
lllog

pages
is

w
astefu

l.T
h

u
s,

m
an

y
system

s
em

ploy
a

tech
n

iqu
e

com
m

on
ly

called
grou

p
com

m
it.

It
w

as
pion

eered
in

IM
S

/FastP
ath

[O
berm

arck
1998].R

ath
er

th
an

forcin
g

a
log

page
im

m
ediately

after
appen

din
g

a
com

m
it

record,a
sm

all
delay

in
th

e
com

m
ittin

g
tran

saction
m

igh
t

allow
oth

er
tran

saction
s

to
fi

llth
e

log
page.

In
order

to
en

able
fast

recovery
after

a
failu

re,an
oth

er
im

portan
t

type
of

log
record

is
u

sed.
A

ch
eckpoin

t
record

saves
th

e
cu

rren
t

state
of

tran
saction

m
an

agem
en

t,
in

-
clu

din
g

u
n

decided
tran

saction
s,dirty

pages
in

th
e

bu
ffer

pool,etc.,in
order

to
provide

a
recen

t
startin

g
poin

t
for

fu
tu

re
crash

recovery.F
or

each
u

n
decided

tran
saction

,th
e

ch
eckpoin

t
record

poin
ts

to
th

e
m

ost
recen

t
log

record.T
h

is
in

form
ation

is
com

m
on

ly
called

a
L

og
S

equ
en

ce
N

u
m

ber
(L

S
N

)alth
ou

gh
it

often
is

a
record

iden
tifi

er
com

bin
in

g
a

page
iden

tifi
er

an
d

a
slot

n
u

m
ber

w
ith

in
th

e
page.E

arly
tech

n
iqu

es
for

ch
eckpoin

ts
requ

ired
qu

iescen
ce

of
tran

saction
processin

g
w

h
ile

all
dirty

pages
in

th
e

bu
ffer

pool
w

ere
w

ritten
to

disk,forcin
g

a
trade-offdecision

betw
een

fast
recovery

in
case

ofa
fail-

u
re

versu
s

overh
ead

du
rin

g
n

orm
altran

saction
processin

g.M
odern

tech
n

iqu
es

perm
it

active
tran

saction
processin

g
even

w
h

ile
th

e
ch

eckpoin
t

logic
execu

tes.
S

in
ce

every
ch

an
ge

in
a

database
is

logged,log
fi

les
can

be
qu

ite
large.C

orrespon
d-

in
gly,

th
e

requ
ired

ban
dw

idth
for

w
ritin

g
th

e
recovery

log
to

stable
storage

m
u

st
be

qu
ite

large.
T

h
e

problem
is

exacerbated
by

th
e

size
of

log
records

an
d

in
particu

lar
th

eir
h

eaders,w
h

ich
in

clu
de

tran
saction

iden
tifi

er,a
referen

ce
to

th
e

previou
s

log
re-

covery
by

th
e

sam
e

tran
saction

(prior
L

S
N

by
tran

saction
),an

d
perh

aps
a

referen
ce

to
th

e
n

ext
log

record
to

process
du

rin
g

“u
n

do”
or

tran
saction

com
pen

sation
(n

ext
u

n
do

L
S

N
).L

og
records

describin
g

a
ch

an
ge

of
a

data
page

often
in

clu
de

a
referen

ce
to

th
e

previou
s

log
record

pertain
in

g
to

th
e

sam
e

data
page

(prior
L

S
N

by
page).

T
h

u
s,

in
addition

to
redu

cin
g

th
e

am
ou

n
t

ofdetailth
at

m
u

st
be

logged,it
can

also
be

ben
efi

cial
to

redu
ce

th
e

n
u

m
ber

of
log

records.
U

n
fortu

n
ately,

th
ere

are
variou

s
lim

its
to

su
ch

optim
ization

s.F
or

exam
ple,som

e
optim

ization
s

for
recovery

perform
an

ce
requ

ire
th

at
a

sin
gle

log
record

m
u

st
pertain

to
a

sin
gle

data
page

on
ly.

2.7.
L

o
g

-B
ased

R
ecovery

D
atabase

recovery
for

alltradition
alfailu

re
classes

requ
ires

a
log

of
tran

saction
alu

p-
dates.M

odern
tech

n
iqu

es
perm

it
som

e
carefu

lly
design

ed
im

precision
n

ot
perm

issible
in

earlier,strictly
ph

ysicalrecovery.F
or

exam
ple,log

records
m

ay
leave

th
e

placem
en

t
of

records
w

ith
in

pages
u

n
specifi

ed.
R

ecovery
from

tran
saction

failu
re

n
ow

adays
es-

ch
ew

s
idem

poten
t

recovery
action

s
an

d
in

stead
em

ploys
com

pen
sation

[M
oh

an
et

al.
1992;

W
eiku

m
an

d
S

ch
ek

1992].
R

ath
er

th
an

reversin
g

a
tran

saction
’s

effects
bit

by
bit,th

e
database

can
be

“u
pdated

back”
to

th
e

origin
allogicalcon

ten
ts.C

om
pen

sation
action

s
are

logged
sim

ilar
to

th
e

origin
al

u
pdate

action
s

bu
t

th
ere

is
n

o
n

eed
to

log
“u

n
do”

in
form

ation
.T

h
e

fi
n

al
“abort”

record
can

be
seen

as
com

m
ittin

g
a

tran
saction

w
ith

n
o

logicalch
an

ge
in

th
e

database.
L

oggin
g

com
pen

sation
action

s
perm

its
gu

aran
teed

“exactly
on

ce”
application

of
re-

covery
action

s,in
con

trast
to

th
e

tradition
al“idem

poten
t”

recovery
action

s
th

at
w

ou
ld

be
applied

du
rin

g
recovery

w
h

eth
er

or
n

ot
a

prior
recovery

attem
pt

h
ad

already
com

-
pleted

th
em

.
C

ru
cial

for
th

e
im

plem
en

tation
of

“exactly
on

ce”
application

of
recovery

action
s

is
th

e
L

S
N

(L
og

S
equ

en
ce

N
u

m
ber)

of
th

e
origin

al
log

record
an

d
th

e
page

L
S

N
.T

h
e

page
L

S
N

is
recorded

in
each

page
h

eader
an

d
in

dicates
th

e
m

ost
recen

t
log

record
applied

to
th

e
page,w

h
eth

er
th

e
page

is
cu

rren
tly

on
disk

or
in

th
e

bu
ffer

pool
in

m
em

ory.
F

or
recovery

from
m

edia
or

system
failu

re,
a

forw
ard

“redo”
pass

over
th

e
log

starts
from

a
recen

t
ch

eckpoin
t

an
d

en
su

res
th

at
all

u
pdates

h
ave

been
applied

to

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.

1:10
G

.G
raefe

th
e

database.
It

also
collects

in
form

ation
abou

t
in

com
plete

tran
saction

s.
O

n
ly

th
ose

th
at

requ
ire

“u
n

do”
or

com
pen

sation
w

ork
are

th
en

reversed
by

follow
in

g
th

e
backw

ard
ch

ain
oflog

records
per

tran
saction

.T
h

e
process

m
ay

process
on

e
tran

saction
at

a
tim

e
or

alltran
saction

s
an

d
th

eir
log

records
m

ay
be

m
erged

u
sin

g
a

sim
ple

priority
qu

eu
e.

T
h

ese
tw

o
m

ain
ph

ases
m

ay
be

bracketed
by

an
in

itiallog
an

alysis
an

d
a

ch
eckpoin

t
after

recovery
is

com
plete.

C
h

eckpoin
ts

im
m

ediately
after

an
d

perh
aps

even
du

rin
g

recovery
are

pragm
atic

in
case

ofan
addition

alfailu
re;th

e
cau

se
for

th
e

in
itialfailu

re
m

ay
reoccu

r.B
en

efi
ts

of
an

in
itial

log
an

alysis
w

ith
ou

t
an

y
“redo”

or
“u

n
do”

(com
pen

-
sation

)
action

s
m

ay
in

clu
de

sim
plifi

ed
developm

en
t

or
testin

g
of

allrequ
ired

softw
are,

ch
eckpoin

tin
g

th
e

resu
lts

ofth
e

an
alysis

in
order

to
speed

recovery
from

a
system

fail-
u

re
du

rin
g

recovery,an
d

an
estim

ate
ofrecovery

effort
an

d
tim

e
(en

ablin
g

an
accu

rate
progress

in
dicator

if
desired).

3.
T

Y
P

E
S

O
F

T
R

A
N

S
A

C
T

IO
N

S

T
h

e
follow

in
g

discu
ssion

relies
on

a
distin

ction
betw

een
logicaldatabase

con
ten

ts
an

d
ph

ysical
represen

tation
.

F
or

exam
ple,

a
specifi

c
key

ran
ge

can
be

represen
ted

in
a

B
-tree

in
dex

by
a

sin
gle

fu
ll

n
ode

or
by

tw
o

n
odes,

each
abou

t
h

alf
fu

ll.
T

ran
saction

s
th

at
m

odify
on

ly
th

e
represen

tation
h

ave
n

o
effect

on
qu

ery
resu

lts;
th

eir
effects

are
in

tern
al

to
th

e
database

system
an

d
th

ey
m

ay
be

called
“system

tran
saction

s.”
B

-tree
in

dexes
an

d
th

eir
im

plem
en

tation
s

are
prototypical

for
th

e
u

se
an

d
valu

e
of

system
tran

saction
s,becau

se
B

-trees
can

captu
re

th
e

sam
e

logical
in

form
ation

w
ith

m
u

ltiple
ph

ysicalrepresen
tation

s.
T

h
is

separation
oflogicalin

dex
con

ten
ts

an
d

ph
ysicaldata

stru
ctu

re
is

exploited
for

con
cu

rren
cy

con
trol

an
d

for
loggin

g
an

d
recovery.

In
con

cu
rren

cy
con

trol,
locks

pro-
tect

logical
in

dex
con

ten
ts

an
d

are
h

eld
u

n
til

tran
saction

com
pletion

(in
serializable

tran
saction

s),w
h

ereas
latch

es
are

ligh
tw

eigh
t

sem
aph

ores
protectin

g
in

-m
em

ory
data

stru
ctu

res
an

d
are

h
eld

on
ly

briefl
y

du
rin

g
criticalsection

s
[G

raefe
2010].F

or
effi

cien
t

loggin
g,

system
tran

saction
s

ch
an

gin
g

th
e

represen
tation

of
a

B
-tree

perm
it

several
optim

ization
s

in
log

volu
m

e
an

d
com

m
it

overh
ead.

D
u

rin
g

recovery,
system

tran
sac-

tion
s

ch
an

gin
g

th
e

represen
tation

of
a

B
-tree

m
ay

be
treated

differen
tly

th
an

u
ser

tran
saction

s
ch

an
gin

g
B

-tree
con

ten
ts.

T
h

e
presen

t
section

explores
th

e
differen

ces
betw

een
u

ser
tran

saction
s

an
d

system
tran

saction
s

in
m

ore
depth

.
T

h
e

su
bsequ

en
t

tw
o

section
s

cover
loggin

g
an

d
recovery

in
detail.

3.1.
U

ser
Tran

sactio
n

s

W
ith

in
th

is
su

rvey,tradition
altran

saction
s

are
called

u
ser

tran
saction

s.U
sers

requ
est

th
em

directly
or

th
rou

gh
application

s,
expect

correct
resu

lts,
an

d
care

abou
t

tran
s-

action
al

properties
su

ch
as

isolation
from

oth
er

tran
saction

s
an

d
du

rability
in

case
of

a
su

bsequ
en

t
failu

re.
W

ith
respect

to
loggin

g
an

d
recovery,

tran
saction

al
reversal

(“u
n

do”)
m

u
st

be
possible

u
n

til
th

e
u

ser
or

application
requ

est
th

at
th

e
tran

saction
be

com
m

itted;after
tran

saction
com

m
it,alleffects

of
th

e
tran

saction
m

u
st

be
en

su
red

even
if

prim
ary

storage
is

lost
du

e
to

a
failu

re
(“redo”).

T
h

e
details

of
tran

saction
“u

n
do”

are
im

m
aterial

to
a

u
ser.F

or
exam

ple,a
tran

sac-
tion

alin
sertion

m
ay

be
reversed

by
erasin

g
th

e
n

ew
ly

in
serted

record
or

by
leavin

g
itin

place
bu

t
m

arkin
g

it
as

logically
in

valid
(also

kn
ow

n
as

“pseu
do-deleted”).S

im
ilarly,if

an
in

sertion
forced

splittin
g

a
B

-tree
n

ode,tran
saction

“u
n

do”
m

ay
or

m
ay

n
ot

reverse
th

e
split

operation
.

F
or

sim
plicity

an
d

perform
an

ce,
it

m
ay

be
advan

tageou
s

to
om

it
som

e
operation

s
du

rin
g

tran
saction

“u
n

do.”
T

h
e

A
R

IE
S

design
[M

oh
an

et
al.1992]

for
loggin

g
an

d
recovery

en
ables

tran
saction

reversalon
a

m
ore

logicallevelth
an

prior
sch

em
es.In

stead
ofreversin

g
each

ph
ysical

page
to

its
state

prior,
th

e
“com

pen
sation

”
action

s
cen

tral
to

A
R

IE
S

recovery
can

be

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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described
as

“u
pdatin

g
back”

an
d

“com
m

ittin
g

n
oth

in
g.”

F
or

exam
ple,

a
deletion

re-
verses

an
in

sertion
,an

d
a

deletion
m

igh
t

erase
a

record
or

leave
it

in
place

m
arked

log-
ically

in
valid.T

h
is

sequ
en

ce
ofin

sertion
an

d
deletion

can
be

com
m

itted
as

it
leaves

th
e

database
logically

u
n

ch
an

ged,even
ifith

as
been

ch
an

ged
in

its
ph

ysicalrepresen
tation

.
M

u
ltilevel

tran
saction

s
[W

eiku
m

1991;
W

eiku
m

an
d

S
ch

ek
1992]

gen
eralize

th
ese

ideas
fu

rth
er.

E
ach

tran
saction

execu
tes

at
on

e
of

several
levels

of
abstraction

.
E

ach
tran

saction
is

com
plete

w
ith

all-or-n
oth

in
g

sem
an

tics,
com

m
it,

etc.,
in

clu
din

g
both

con
cu

rren
cy

con
trol

an
d

recovery.
E

ach
h

igh
er-level

tran
saction

m
ay

in
voke

as
m

an
y

low
er-level

tran
saction

s
as

requ
ired.

W
h

en
a

h
igh

er-level
tran

saction
n

eeds
to

roll
back,

it
in

vokes
n

ew
low

er-level
tran

saction
s

to
revert

its
effects.

W
h

ile
gen

eral
an

d
applicable

to
m

u
ltiple

levels,tw
o

levels
su

ffi
ce

in
m

ostim
plem

en
tation

s;th
e

low
er

level
is

discu
ssed

as
system

tran
saction

s
h

ere
follow

in
g

som
e

earlier
w

ork
[G

raefe
2004;S

u
n

et
al.2005].

3.2.
S

ystem
Tran

sactio
n

s

S
ystem

tran
saction

s
m

odify
th

e
ph

ysicalrepresen
tation

ofa
database

bu
tth

ey
m

u
stn

ot
affect

th
e

logicaldatabase
con

ten
ts.In

oth
er

w
ords,u

sers
an

d
application

s
do

n
ot

care
abou

tsystem
tran

saction
s,w

h
eth

er
th

ey
are

com
m

itted
or

aborted,w
h

en
an

d
h

ow
th

ey
are

in
voked,etc.U

sers
care

on
ly

in
asm

u
ch

as
system

tran
saction

s
en

able
effi

cien
t

an
d

su
ccessfu

lcom
pletion

ofu
ser

tran
saction

s.F
or

exam
ple,ifa

u
ser

tran
saction

requ
ests

an
in

sertion
bu

t
th

e
appropriate

ph
ysicallocation

su
ch

as
a

B
-tree

leaflacks
su

ffi
cien

t
free

space,
th

en
th

e
u

ser
tran

saction
m

ay
in

voke
a

system
tran

saction
to

create
free

space
by

splittin
g

th
e

leaf.A
fter

th
e

system
tran

saction
logs

its
ch

an
ges

an
d

com
m

its,
th

e
u

ser
tran

saction
can

resu
m

e
an

d
su

cceed.
W

h
en

a
u

ser
tran

saction
in

vokes
a

system
tran

saction
,it

w
aits

for
th

e
system

tran
s-

action
to

com
plete.

T
h

u
s,

th
e

system
tran

saction
can

ru
n

w
ith

in
th

e
sam

e
softw

are
th

read.T
h

e
in

vocation
overh

ead
is

th
erefore

n
egligible.M

oreover,if
con

cu
rren

cy
con

-
trol

for
data

stru
ctu

res
(also

kn
ow

n
as

latch
in

g)
depen

ds
on

th
reads,a

system
tran

s-
action

can
im

m
ediately

u
se

latch
ed

data
stru

ctu
res

ju
st

like
th

e
u

ser
tran

saction
.F

or
exam

ple,ifa
u

ser
tran

saction
h

as
latch

ed
a

B
-tree

leafpage
w

ith
in

su
ffi

cien
tfree

space
an

d
in

voked
a

system
tran

saction
to

rem
edy

th
e

situ
ation

,th
ere

is
n

o
n

eed
to

acqu
ire

th
e

sam
e

latch
again

.
W

ith
respect

to
lockin

g,
system

tran
saction

s
do

n
ot

m
odify

th
e

logical
database

con
ten

ts
an

d
th

erefore
h

ave
n

o
n

eed
to

protect
th

em
by

m
ean

s
of

locks
[G

raefe
2010].

T
h

u
s,

a
system

tran
saction

can
m

odify
a

B
-tree

leaf
even

w
h

ile
th

e
in

vokin
g

u
ser

tran
saction

or
even

an
oth

er
u

ser
tran

saction
h

old
locks

on
som

e
ofth

e
keys

w
ith

in
th

e
leaf

page.A
system

tran
saction

m
ay

n
eed

to
in

spect
th

e
lock

m
an

ager’s
h

ash
table

for
con

fl
ictin

g
locks,

h
ow

ever.
F

or
exam

ple,
if

a
system

tran
saction

is
in

voked
to

reclaim
th

e
space

occu
pied

by
a

record
left

logically
in

valid
by

a
prior

u
ser

tran
saction

,
th

e
system

tran
saction

m
u

st
en

su
re

th
at

n
o

oth
er

u
ser

tran
saction

h
olds

a
lock

on
th

at
record

or
its

key
valu

e
(m

ore
details

in
S

ection
4.2).

A
system

tran
saction

m
u

st
log

its
database

ch
an

ges,
reverse

th
em

u
pon

failu
re,

an
d

in
sert

a
com

m
it

record
in

to
th

e
recovery

log
u

pon
com

pletion
.

T
h

ere
is

n
o

n
eed,

h
ow

ever,
to

force
th

e
com

m
it

record
to

stable
storage

u
pon

com
m

it.
T

h
is

is
becau

se
system

tran
saction

s
are

lim
ited

to
represen

tation
ch

an
ges,

w
ith

n
o

ch
an

ge
in

logical
database

con
ten

ts.
T

h
u

s,
u

sers
an

d
application

s
n

ever
rely

on
com

pletion
an

d
du

ra-
bility

of
system

tran
saction

s
for

correct
qu

ery
resu

lts
or

logical
database

con
ten

ts.
F

orcin
g

th
eir

com
m

it
records

to
stable

storage
w

ou
ld

ren
der

sm
allsystem

tran
saction

s
u

n
acceptably

expen
sive

an
d

practically
u

seless;avoidin
g

th
is

expen
se

perm
its

effi
cien

t
database

im
plem

en
tation

s
w

ith
liberalu

se
ofsm

allsystem
tran

saction
s.In

fact,th
ere

are
cases

(som
e

discu
ssed

sh
ortly)

w
h

ere
a

system
tran

saction
m

ay
in

voke
an

oth
er

system
tran

saction
,th

at
is,system

tran
saction

s
m

ay
be

n
ested.
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U

ser transactions 
S

ystem
 transactions 

Invocation source 
U

ser requests 
S

ystem
-internal logic 

D
atabase effects 

L
ogical database contents 

P
hysical data structure 

D
ata location 

D
atabase or buffer pool 

In-m
em

ory page im
ages 

P
arallelism

 
M

ultiple threads possible 
Single thread

Invocation overhead 
N

ew
 thread 

S
am

e thread 
L

ocks 
A

cquire and retain 
T

est for conflicting locks
C

om
m

it overhead 
Force log to stable storage 

N
o forcing 

L
ogging 

F
ull “redo” and “undo” 

O
m

it “undo” in m
any cases 

R
ecovery 

B
ackw

ard 
F

orw
ard or backw

ard 

F
ig.2.

U
ser

tran
saction

s
an

d
system

tran
saction

s.

N
on

eth
eless,

a
su

bsequ
en

t
u

ser
tran

saction
m

ay
rely

on
a

ch
an

ge
affected

by
a

system
tran

saction
.F

or
exam

ple,after
a

system
tran

saction
h

as
split

a
B

-tree
leafan

d
th

u
s

h
as

affected
page

iden
tifi

ers
an

d
slot

n
u

m
bers,

a
u

ser
tran

saction
’s

log
record

m
ay

refer
to

page
iden

tifi
ers

an
d

slots
n

u
m

bers
w

ith
in

a
page.In

th
is

case,th
e

com
m

it
record

of
th

e
system

tran
saction

w
ill

be
w

ritten
to

stable
storage

prior
to

or
togeth

er
w

ith
th

e
com

m
it

record
of

th
e

u
ser

tran
saction

.
S

h
ou

ld
a

failu
re

occu
r

su
ch

th
at

th
e

u
ser

tran
saction

requ
ires

“redo”
based

on
th

e
recovery

log,th
en

both
tran

saction
s

are
fu

lly
logged

an
d

com
m

itted.
T

h
e

com
m

it
record

of
a

system
tran

saction
m

igh
t

seem
like

overh
ead

com
pared

to
oth

er
design

s
th

at
m

ain
tain

th
e

database
represen

tation
as

part
of

u
ser

tran
saction

s.
If,h

ow
ever,th

ose
oth

er
design

s
perm

it
su

bsequ
en

t
u

ser
tran

saction
s

to
rely

on
th

ose
represen

tation
ch

an
ges

an
d

perh
aps

even
ch

an
ge

th
em

fu
rth

er,th
e

fi
rstrepresen

tation
ch

an
ge

requ
ires

protection
from

“u
n

do”
if

th
e

origin
al

u
ser

tran
saction

fails.
A

R
IE

S
em

ploys
n

ested
top-level

action
s,

du
m

m
y

log
records,

an
d

special
backw

ard
poin

ters
in

th
e

recovery
log

(“n
ext

u
n

do
L

S
N

”).
T

h
e

du
m

m
y

log
record

at
th

e
en

d
of

a
n

ested
top-levelaction

is
qu

ite
sim

ilar
in

fu
n

ction
an

d
overh

ead
to

a
com

m
itrecord

ofa
system

tran
saction

.A
rgu

ably,th
e

con
cept

ofa
separate

tran
saction

seem
s

sim
pler

an
d

a
m

ore
prin

cipled
design

th
an

a
specialbackw

ard
poin

ter
w

ith
in

th
e

recovery
log.

W
h

en
a

u
ser

tran
saction

aborts,it
applies

“u
n

do”
(com

pen
sation

)
action

s
for

all
its

logicaldatabase
ch

an
ges

an
d

th
en

com
m

its.W
ith

respect
to

logicaldatabase
ch

an
ges,

an
aborted

u
ser

tran
saction

“com
m

its
n

oth
in

g.”
It

can
do

so
w

ith
ou

t
forcin

g
its

com
m

it
record

to
stable

storage.T
h

e
tran

saction
h

as
n

ot
m

odifi
ed

th
e

logicaldatabase
con

ten
ts

alth
ou

gh
itm

ay
h

ave
ch

an
ged

th
e

ph
ysicalrepresen

tation
ofth

e
database.F

or
exam

ple,
it

m
ay

h
ave

in
serted

a
record

an
d

th
en

m
erely

m
arked

it
logically

in
valid.A

n
aborted

u
ser

tran
saction

is
akin

to
a

system
tran

saction
th

at
also

h
as

n
o

n
eed

to
force

its
com

m
it

record
to

stable
storage.

In
som

e
cases,

a
system

tran
saction

m
ay

in
voke

an
oth

er
system

tran
saction

.
F

or
exam

ple,a
system

tran
saction

m
ay

split
a

leafn
ode

in
a

B
-tree,w

h
ich

requ
ires

postin
g

a
separator

key
in

th
e

paren
t

n
ode.Ifth

e
paren

t
n

ode
n

eeds
splittin

g,too,th
is

m
ay

be
execu

ted
as

an
oth

er,separate
system

tran
saction

.Itcan
be

argu
ed

th
ata

sin
gle

system
tran

saction
w

ou
ld

su
ffi

ce.T
h

is
is

tru
e,bu

t
som

e
optim

ization
s

for
system

tran
saction

s
w

ou
ld

be
h

arder
to

realize,
for

exam
ple,

fu
sin

g
log

records
(S

ection
4.3)

or
forw

ard
recovery

(S
ection

5.6).
F

igu
re

2
su

m
m

arizes
th

e
differen

ces
betw

een
u

ser
tran

saction
s

an
d

system
tran

s-
action

s.
M

ost
of

th
e

differen
ces

h
ave

been
discu

ssed
earlier.

T
h

e
differen

ce
in

th
e

ac-
qu

isition
an

d
reten

tion
of

locks
is

covered
elsew

h
ere

[G
raefe

2010].S
ection

4.3
covers

om
ission

of
“u

n
do”

in
form

ation
an

d
S

ection
5.6

in
trodu

ces
forw

ard
recovery

of
system

tran
saction

s.
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A
S

urvey
ofB

-Tree
Logging

and
R

ecovery
Techniques

1:13

M
an

y
description

s
of

tech
n

iqu
es

for
con

cu
rren

cy
con

trol
an

d
recovery

focu
s

on
u

p-
dates

an
d

om
it

issu
es

of
creation

an
d

rem
oval

of
logical

or
ph

ysical
data

item
s.

F
or

exam
ple,

th
e

tradition
al

lock
m

atrix
com

prises
read

an
d

w
rite

locks
(or

sh
ared

an
d

exclu
sive

locks),bu
t

it
u

su
ally

is
n

ot
clear

or
obviou

s
w

h
ich

object
to

lock
w

h
en

a
n

ew
object

is
created.

S
im

ilarly,
serializability

th
eory

u
su

ally
explain

s
reads

an
d

w
rites,

om
ittin

g
object

creation
an

d
rem

oval.T
h

is
om

ission
seem

s
to

be
th

e
reason

for
diffi

cu
l-

ties
in

explain
in

g
an

d
u

n
derstan

din
g

key
ran

ge
lockin

g
in

B
-trees,becau

se
th

e
cru

cial
aspect

is
lockin

g
gaps

betw
een

existin
g

key
valu

es
in

order
to

en
su

re
serializability

w
h

en
key

valu
es

are
in

serted
or

deleted.
T

h
e

distin
ction

betw
een

u
ser

tran
saction

s
an

d
system

tran
saction

s
en

ables
sim

ple
an

d
con

cise
explan

ation
s.

U
ser

tran
saction

s
u

pdate
objects,

w
h

ich
in

clu
des

m
arkin

g
a

record
as

logically
deleted

(S
ection

4.2),
w

h
ereas

system
tran

saction
s

create
an

d
rem

ove
objects,for

exam
ple,a

B
-tree

n
ode

or
a

logically
deleted

record.
C

on
trastin

g
system

tran
saction

s
as

described
before

from
“top-level

action
s”

in
A

R
IE

S
yields

th
e

follow
in

g
sim

ilarities
an

d
differen

ces.
B

oth
focu

s
on

database
rep-

resen
tation

rath
er

th
an

u
ser-visible

con
ten

ts
ch

an
ges.

S
ystem

tran
saction

s
requ

ire
th

eir
data

in
m

em
ory,

in
clu

din
g

in
-m

em
ory

im
ages

of
disk

pages,
w

h
ereas

“top-level
action

s”
h

ave
n

o
su

ch
requ

irem
en

t,perh
aps

becau
se

it
w

ou
ld

n
ot

h
ave

been
acceptable

20
years

ago
w

h
en

A
R

IE
S

w
as

design
ed.

A
R

IE
S

in
trodu

ces
“in

stan
t

locks”
w

h
ereas

system
tran

saction
s

verify
an

appropriate
server

state,
w

h
ich

m
ay

in
clu

de
absen

ce
of

con
fl

ictin
g

locks.
In

oth
er

w
ords,

system
tran

saction
s

retain
latch

es
to

th
e

en
d

of
a

critical
section

an
d

perm
it

retain
in

g
all

locks
to

th
e

en
d

of
a

tran
saction

.
F

in
ally,

A
R

IE
S

top-level
action

s
requ

ire
du

m
m

y
log

records
an

d
“n

ext
u

n
do

L
S

N
”

backw
ard

poin
ters

to
skip

log
records

correctly
w

h
en

“u
n

do”in
g

(com
pen

satin
g)

a
u

ser
tran

sac-
tion

w
h

ereas
system

tran
saction

s,
by

virtu
e

of
bein

g
separate

tran
saction

s,
requ

ire
n

eith
er

du
m

m
y

log
records

n
or

backw
ard

poin
ters.

In
su

m
m

ary,
system

tran
saction

s
an

d
A

R
IE

S
top-levelaction

s
are

sim
ilar

in
in

ten
t

an
d

scope
bu

t
qu

ite
differen

t
in

th
eir

details,w
ith

system
tran

saction
s

derivin
g

m
ost

ofth
eir

properties
an

d
im

plem
en

tation
requ

irem
en

ts
from

th
e

fact
th

at
th

ey
are

in
depen

den
t

tran
saction

s.

3.3.
U

tility
Tran

sactio
n

s

M
ost

database
system

s
in

clu
de

a
n

u
m

ber
ofu

tility
operation

s
th

at
m

ay
be

in
voked

ex-
plicitly

by
u

ser
requ

est,im
plicitly

as
side-effect

ofoth
er

u
tilities

or
ofqu

ery
processin

g,
an

d
au

tom
atically

by
extern

altools
su

ch
as

an
in

dex
tu

n
in

g
application

.T
h

ese
u

tilities
m

ay
im

plem
en

t
in

dex
creation

an
d

rem
oval,backu

p
an

d
recovery

operation
s,com

pres-
sion

an
d

defragm
en

tation
,in

crem
en

tal
m

ain
ten

an
ce

of
m

aterialized
view

s,etc.S
om

e
ofth

ese
u

tilities
are

com
plex

an
d

som
e

can
ru

n
for

lon
g

tim
es.F

or
exam

ple,creation
of

a
n

ew
clu

stered
in

dex
for

a
table

m
igh

t
requ

ire
replacin

g
existin

g
n

on
clu

stered
in

dexes
w

ith
n

ew
on

es
th

at
refer

to
n

ew
record

location
s

in
th

e
n

ew
clu

stered
in

dex,follow
ed

by
rem

ovalofth
e

old
clu

stered
an

d
n

on
clu

stered
in

dexes.O
n

lin
e

in
dex

operation
s

per-
m

it
con

cu
rren

t
qu

ery
an

d
u

pdates;
on

lin
e

creation
of

a
n

ew
clu

stered
in

dex
requ

ires
variou

s
tech

n
iqu

es
for

con
cu

rren
cy

con
trolan

d
recovery

in
B

-tree
in

dexes.
T

ran
saction

s
u

sed
in

u
tilities

are
n

ot
really

a
n

ew
or

addition
alkin

d
oftran

saction
s.

In
stead,u

tilities
u

su
ally

ru
n

as
a

u
ser

tran
saction

in
vokin

g
system

tran
saction

s
th

at
th

em
selves

m
ay

in
voke

fu
rth

er
system

tran
saction

s.T
ran

saction
s

in
u

tility
operation

s
can

n
icely

illu
strate

h
ow

tran
saction

s
in

teract.F
or

exam
ple,a

u
ser

tran
saction

m
igh

t
requ

est
rem

ovalofa
n

on
clu

stered
in

dex.T
h

e
tradition

alexecu
tion

ofth
is

requ
est

m
ay

com
plete

th
e

requ
est

in
a

sin
gle

u
ser

tran
saction

.
F

reein
g

m
illion

s
of

pages
im

plies
m

illion
s

of
u

pdates
in

th
e

allocation
in

form
ation

as
w

ell
as

w
ritin

g
appropriate

log
records.In

th
e

best
case,th

is
m

erely
takes

a
fairly

lon
g

tim
e;in

th
e

w
orst

case,in
dex

rem
ovalm

ay
faildu

e
to

lack
of

log
space.
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A
n

altern
ative

tech
n

iqu
e

for
in

dex
rem

oval
lets

th
e

u
ser

tran
saction

m
erely

add
an

appropriate
tag

to
th

e
catalog

en
try

for
th

e
in

dex.
S

u
bsequ

en
t

system
tran

saction
s

free
th

e
storage

space
an

d
even

tu
ally

erase
th

e
catalog

en
try.

In
oth

er
w

ords,
in

dex
rem

oval
is

split
in

to
a

sem
an

tic
ch

an
ge

im
plem

en
ted

by
th

e
u

ser
tran

saction
an

d
th

e
appropriate

represen
tation

ch
an

ges
im

plem
en

ted
by

system
tran

saction
s.

T
h

ese
sys-

tem
tran

saction
s

m
ay

ru
n

syn
ch

ron
ou

sly
an

d
asyn

ch
ron

ou
sly

to
th

e
u

ser
tran

saction
.

In
oth

er
w

ords,con
trol

m
igh

t
retu

rn
to

th
e

u
ser

in
stan

tly.If
th

e
in

dex
is

large,in
cre-

m
en

tal
space

deallocation
m

igh
t

em
ploy

m
an

y
sm

all
system

tran
saction

s.In
th

e
case

of
a

B
-tree

in
dex,th

ese
sm

all
operation

s
m

igh
t

be
organ

ized
u

sin
g

th
e

tree
stru

ctu
re

of
th

e
in

dex.
S

in
ce

m
an

y
u

tilities
m

ove
a

large
am

ou
n

t
of

database
data,several

im
portan

t
opti-

m
ization

s
of

loggin
g

an
d

recovery
are

specifi
c

to
u

tilities
su

ch
as

in
dex

creation
.

F
or

exam
ple,

creation
of

a
n

ew
n

on
clu

stered
in

dex
m

ay
log

every
record

in
th

e
in

dex.
In

order
to

save
on

th
e

n
u

m
ber

of
log

record
h

eaders,
th

e
operation

m
ay

log
en

tire
n

ew
pages.

T
h

e
m

ost
optim

ized
tech

n
iqu

e,
h

ow
ever,

does
n

ot
log

th
e

n
ew

in
dex

en
tries

at
all,logs

basically
on

ly
space

allocation
for

th
e

n
ew

in
dex,an

d
relies

on
oth

er
tech

n
iqu

es
for

recovery
in

case
of

a
m

edia
or

system
failu

re.
T

h
ese

tech
n

iqu
es

are
discu

ssed
in

S
ection

4.5.
S

om
e

u
tility

operation
s,h

ow
ever,requ

ire
u

ser
tran

saction
s

rath
er

th
an

system
tran

s-
action

s.T
h

is
is

th
e

case
ifm

u
ltiple

recovery
logs

are
in

volved,for
exam

ple,w
h

en
m

ov-
in

g
records

betw
een

m
u

ltiple
n

odes
in

a
sh

ared-n
oth

in
g

database
m

an
agem

en
tsystem

.
L

ogic
very

sim
ilar

to
tw

o-ph
ase

com
m

it
is

requ
ired,

in
clu

din
g

forcin
g

precom
m

it
log

records
an

d
th

e
fi

n
al

log
record

to
stable

storage.W
ith

respect
to

con
cu

rren
cy

con
trol

(lockin
g

like
u

ser
tran

saction
s

versu
s

latch
in

g
like

system
tran

saction
s),th

e
decidin

g
qu

estion
is

w
h

eth
er

m
u

ltiple
th

reads
participate

in
execu

tin
g

an
operation

;
w

ith
re-

spect
to

loggin
g

(forced
log

w
rite

u
pon

com
m

it
like

u
ser

tran
saction

s
versu

s
com

m
it

w
ith

ou
t

forcin
g

th
e

log
like

system
tran

saction
s),

th
e

decidin
g

qu
estion

is
w

h
eth

er
m

u
ltiple

recovery
logs

participate
in

th
e

com
m

it
protocol.

3.4.
P

arallelism

M
u

ltith
readed

execu
tion

of
qu

eries,u
pdates,an

d
u

tilities
also

illu
strates

som
e

u
sefu

l
con

cepts
in

con
cu

rren
cy

con
trol

an
d

recovery
for

B
-trees.W

ith
respect

to
con

cu
rren

cy
con

trol,data
stru

ctu
res

requ
ire

con
cu

rren
cy

con
trol

am
on

g
con

cu
rren

t
th

reads
of

th
e

sam
e

u
ser

tran
saction

(latch
in

g),bu
t

database
con

ten
ts

requ
ires

con
cu

rren
cy

con
trol

on
ly

am
on

g
distin

ct
u

ser
tran

saction
(lockin

g).
In

fact,
m

u
ltiple

th
reads

of
th

e
sam

e
parallel

qu
ery

execu
tion

plan
m

u
st

m
u

tu
ally

“see”
th

eir
u

pdates.W
ith

respect
to

log-
gin

g
an

d
recovery,

m
u

ltiple
th

reads
do

n
ot

requ
ire

separate
tran

saction
s

or
separate

stream
s

oflog
records.T

h
ey

do,h
ow

ever,requ
ire

con
cu

rren
cy

con
trol(latch

in
g)for

th
e

log
m

an
ager

ju
st

as
for

lock
m

an
ager,bu

ffer
pool,an

d
alloth

er
sh

ared
in

-m
em

ory
data

stru
ctu

res.
E

ach
execu

tion
th

read
m

igh
t

in
voke

its
ow

n
system

tran
saction

s,
for

exam
ple,

in
order

to
reclaim

fragm
en

ted
space

w
ith

in
pages

w
ith

variable-size
records

or
to

split
B

-tree
pages.E

ach
ofth

ese
system

tran
saction

s
m

ay
com

m
it

on
its

ow
n

,w
h

eth
er

or
n

ot
th

e
variou

s
th

reads
access

th
e

sam
e

or
differen

tB
-trees.T

h
u

s,a
sin

gle
u

ser
tran

saction
m

igh
t

perform
m

u
ltiple

system
tran

saction
s

con
cu

rren
tly.T

h
ese

system
tran

saction
s

m
ay

rely
on

each
oth

er’s
effects,w

ith
ou

t
dan

ger
of

cascadin
g

aborts.F
or

exam
ple,on

e
th

read
m

igh
t

split
a

B
-tree

n
ode

an
d

an
oth

er
th

read
of

th
e

sam
e

tran
saction

m
igh

t
split

th
e

sam
e

n
ode

again
.

P
arallelism

w
ith

in
a

system
tran

saction
is

con
ceivable

bu
t

rarely
em

ployed.S
ystem

tran
saction

s
u

su
ally

m
odify

in
-m

em
ory

copies
ofdatabase

con
ten

ts,for
exam

ple,B
-tree

n
odes,

an
d

th
ey

are
m

ore
com

parable
to

sh
ort

critical
section

s
th

an
to

lon
g-ru

n
n

in
g

database
tran

saction
s.

It
u

su
ally

is
possible

to
break

ch
an

ges
of

data
stru

ctu
res

in
to

A
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m
u

ltiple
steps

su
ch

th
at

each
step

tran
sform

s
on

e
con

sisten
t

an
d

accu
rate

represen
-

tation
of

database
con

ten
ts

in
to

an
oth

er.T
h

u
s,th

e
ten

den
cy

is
to

em
ploy

m
an

y
sm

all
system

tran
saction

s
rath

er
th

an
large

system
tran

saction
s.T

h
e

low
overh

ead
ofsystem

tran
saction

s
(execu

tion
in

th
e

sam
e

th
read

as
th

e
u

ser
th

read
an

d
n

o
n

eed
to

force
th

e
com

m
it

record
to

stable
storage)

also
en

cou
rages

u
se

of
m

an
y

sm
allrath

er
th

an
few

er
large

system
tran

saction
s.

3.5.
C

h
eckp

o
in

ts

C
h

eckpoin
ts

are
a

lon
g-kn

ow
n

tech
n

iqu
e

th
at

sh
orten

s
recovery

tim
e

after
a

system
failu

re.
T

h
e

distin
ction

betw
een

u
ser

tran
saction

s
an

d
system

tran
saction

s
does

n
ot

affect
ch

eckpoin
ts.B

oth
types

of
tran

saction
s

m
ay

be
active

du
rin

g
a

ch
eckpoin

t,both
types

of
tran

saction
s

m
ay

start
or

fi
n

ish
du

rin
g

a
ch

eckpoin
t

in
terval,

etc.
T

h
e

on
ly

differen
ce

betw
een

th
e

tran
saction

types
is

th
at

u
ser

tran
saction

s
force

th
eir

com
m

it
records

to
stable

storage
w

h
ereas

system
tran

saction
s

h
ave

th
eir

com
m

it
record

forced
to

stable
storage

by
a

ch
eckpoin

t
or

a
com

m
ittin

g
u

ser
tran

saction
,

w
h

ich
ever

com
es

fi
rst.
S

in
ce

system
tran

saction
s

are
u

su
ally

very
sh

ort,
th

ey
w

ill
often

com
m

it
rath

er
th

an
rem

ain
active

du
rin

g
a

ch
eckpoin

t
in

terval.M
oreover,ch

eckpoin
ts

m
u

st
acqu

ire
latch

es
on

th
e

appropriate
in

-m
em

ory
data

stru
ctu

res
in

order
to

w
rite

con
sisten

t
data

to
th

e
recovery

log
as

part
of

th
e

ch
eckpoin

t
in

form
ation

.
S

in
ce

system
tran

saction
s

acqu
ire

latch
es

on
th

e
data

stru
ctu

res
th

ey
m

odify,
ch

eckpoin
ts

u
su

ally
in

clu
de

very
few

u
n

com
m

itted
system

tran
saction

s.

3.6.
R

ecovery

R
ecovery

of
system

tran
saction

s
is

sim
ilar

to
recovery

of
u

ser
tran

saction
s.T

h
e

basic
ru

les
rem

ain
th

at
if

a
tran

saction
is

com
m

itted,its
effects

are
redon

e;an
d

if
it

is
n

ot
com

m
itted,its

effects
are

u
n

don
e

or
com

pen
sated.W

ith
system

tran
saction

s,h
ow

ever,
th

ere
is

addition
alfl

exibility
th

at
ju

stifi
es

w
h

y
th

ere
is

n
o

n
eed

to
force

com
m

it
records

of
system

tran
saction

s
to

stable
storage.

R
edoin

g
a

com
m

itted
system

tran
saction

is
requ

ired
on

ly
ifsu

bsequ
en

t
tran

saction
s

depen
d

on
it.

F
or

exam
ple,

if
a

system
tran

saction
h

as
split

a
B

-tree
n

ode
bu

t
n

o
su

bsequ
en

t
tran

saction
h

as
perform

ed
fu

rth
er

u
pdates

to
th

e
tw

o
resu

ltin
g

n
odes

or
th

eir
paren

t
n

ode,th
en

it
is

n
ot

requ
ired

to
redo

th
e

n
ode

split.In
stead,th

e
tran

saction
cou

ld
also

be
u

n
don

e
or

com
pen

sated.
O

f
cou

rse,
all-or-n

oth
in

g
failu

re
atom

icity
is

requ
ired,so

each
system

tran
saction

m
u

st
be

recovered
on

e
w

ay
or

th
e

oth
er.

3.7.
S

u
m

m
ary

In
su

m
m

ary,
B

-trees
en

able
a

low
-level

form
of

ph
ysical

data
in

depen
den

ce,
th

at
is,

separation
betw

een
th

e
logical

con
ten

ts
of

a
B

-tree
an

d
th

e
precise

ph
ysical

represen
-

tation
of

database
con

ten
ts.

T
w

o
logically

equ
ivalen

t
B

-tree
in

dexes
m

igh
t

differ
in

th
e

n
u

m
ber

of
n

odes,in
th

e
free

space
w

ith
in

n
odes,etc.T

h
is

separation
en

ables
tw

o
types

of
tran

saction
s:th

ose
th

at
m

odify
in

dex
con

ten
ts

an
d

th
ose

th
at

m
erely

m
odify

th
e

represen
tation

of
con

ten
ts.

T
h

e
latter

kin
d

is
called

system
tran

saction
s

h
ere.

T
h

ey
m

ay
ru

n
w

ith
in

th
e

sam
e

th
read

as
th

e
in

vokin
g

u
ser

tran
saction

,
th

ey
m

ay
access

th
e

sam
e

in
-m

em
ory

data
stru

ctu
res

as
th

e
in

vokin
g

tran
saction

(w
ith

respect
to

latch
in

g),
th

ey
record

th
eir

database
ch

an
ges

in
th

e
recovery

log
ju

st
like

u
ser

tran
saction

s,yet
th

ey
can

com
m

it
w

ith
ou

t
forcin

g
th

e
com

m
it

record
to

stable
storage.

In
vocation

w
ith

in
th

e
sam

e
th

read
an

d
com

m
ittin

g
w

ith
ou

t
forcin

g
a

w
rite

operation
to

stable
storage

en
su

re
th

at
system

tran
saction

s
are

in
expen

sive
an

d
th

u
s

m
ay

be
u

sed
liberally

in
th

e
im

plem
en

tation
ofdatabase

m
an

agem
en

t
system

s
in

gen
eralan

d
of

B
-tree

in
dexes

specifi
cally.
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G

.G
raefe

D
atabase 

L
og 

M
em

ory 

D
atabase buffer 

L
og buffer 

F
ig.3.

S
ystem

elem
en

ts.

4.
L

O
G

G
IN

G
T

E
C

H
N

IQ
U

E
S

S
ystem

tran
saction

s
en

able
ch

an
ges

in
database

represen
tation

,
in

particu
lar

B
-tree

stru
ctu

res,
w

ith
ou

t
th

e
overh

eads
of

startin
g

a
n

ew
th

read
or

forcin
g

a
log

bu
ffer

to
stable

storage.T
h

e
rem

ain
in

g
optim

ization
opportu

n
ities

for
loggin

g
B

-tree
operation

s
focu

s
on

redu
cin

g
th

e
n

u
m

ber
of

log
records

an
d

avoidin
g

u
n

n
ecessary

detail
in

th
e

log
records.T

h
e

presen
t

section
su

rveys
a

n
u

m
ber

of
tech

n
iqu

es
th

at
are

particu
larly

w
ell

su
ited

for
B

-trees,
m

ost
of

th
em

already
proven

in
m

u
ltiple

im
plem

en
tation

s.
A

t
th

e
en

d
of

th
e

presen
t

section
,

an
exam

ple
application

(loggin
g

du
rin

g
creation

an
d

optim
ization

of
partition

ed
B

-trees)
illu

strates
h

ow
th

ese
loggin

g
tech

n
iqu

es
an

d
optim

ization
s

com
plem

en
t

each
oth

er.G
en

eral
optim

ization
s

for
loggin

g,for
exam

ple,
grou

p
com

m
it

[H
ellan

d
et

al.1987;O
berm

arck
1998],are

om
itted

du
e

to
th

e
focu

s
h

ere
on

tech
n

iqu
es

particu
larly

u
sefu

l
for

B
-tree

in
dexes,alth

ou
gh

m
ost

of
th

e
tech

n
iqu

es
described

n
extare

applicable
or

can
be

adapted
to

storage
stru

ctu
res

oth
er

th
an

B
-trees.

F
igu

re
3

illu
strates

th
e

basic
elem

en
ts

of
a

prototypical
database

system
.

T
h

e
database

is
stored

on
direct-access

storage
su

ch
as

a
tradition

al
disk

drive.
A

bu
ffer

poolin
m

em
ory

h
olds

im
ages

ofdatabase
pages

w
h

ile
th

ey
are

in
active

u
se

plu
s

a
lim

-
ited

tim
e

th
ereafter.T

h
e

recovery
log

is
saved

on
stable

storage,sh
ow

n
as

a
m

irrored
disk

drive.
P

ages
of

th
e

recovery
log

are
fi

lled
in

th
e

log
bu

ffer
an

d
m

ay
be

retain
ed

th
ere

for
a

lim
ited

tim
e

even
after

th
ey

h
ave

been
saved.

4.1.
P

hysio
lo

g
icalL

o
g

g
in

g

L
oggin

g
an

d
recovery

can
focu

s
on

tw
o

levels
of

abstraction
,th

e
logical

database
con

-
ten

ts
or

its
ph

ysical
represen

tation
.

L
ogical

loggin
g

an
d

recovery
focu

ses
on

logical
database

con
ten

ts
an

d
operation

s
th

at
m

odify
it.P

h
ysicalloggin

g
an

d
recovery

strictly
focu

ses
on

th
e

storage
represen

tation
.

A
s

both
approach

es
prom

ise
advan

tages
over

th
e

oth
er,a

com
prom

ise
approach

attem
pts

to
realize

th
e

advan
tages

of
both

.
In

ph
ysicalloggin

g,ch
an

ges
to

data
pages

an
d

th
eir

data
record

are
logged

by
th

eir
byte

offsets
an

d
byte-for-byte

copies
of

th
e

data.A
log

record
for

a
data

ch
an

ge
m

igh
t

even
con

tain
tw

o
com

plete
page

im
ages,

th
at

is,
copies

of
th

e
data

page
before

an
d

after
th

e
m

odifi
cation

s.A
n

obviou
s

optim
ization

is
to

in
clu

de
copies

ofon
ly

th
e

affected
byte

ran
ge.C

om
pression

u
sin

g
differen

ces
or

ru
n

-len
gth

en
codin

g
is

also
possible.F

or
exam

ple,
in

sertion
or

deletion
of

a
sin

gle
record

m
igh

t
log

th
e

record
con

ten
ts

plu
s

ch
an

ges
in

th
e

page
h

eader
an

d
th

e
slot

array.
F

or
free

space
reclam

ation
w

ith
in

a
data

page
(also

kn
ow

n
as

page
com

paction
),

th
e

com
plete

page
m

u
st

be
logged,

w
ith

th
e

free
space

possibly
zeroed

an
d

th
en

com
pressed

by
ru

n
-len

gth
en

codin
g.N

ote
th

at
a

record
in

sertion
or

u
pdate

to
a

variable-size
fi

eld
m

igh
t

requ
ire

a
page

com
paction

.
E

arly
tran

saction
aldatabases

relied
on

ph
ysicalloggin

g.
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In
logicalloggin

g,page
an

d
byte

location
s

do
n

ot
m

atter;on
ly

th
e

logicaloperation
s

are
recorded

in
th

e
recovery

log.F
or

exam
ple,in

sertion
an

d
deletion

are
logged

bu
t

n
ot

th
eir

precise
location

s.In
B

-tree
in

dexes,m
erely

th
e

u
n

iqu
e

key
valu

e
an

d
th

e
record

con
ten

ts
m

ay
be

logged.T
h

e
u

n
iqu

e
key

valu
e

im
plies

th
e

B
-tree

leaf
an

d
th

e
position

w
ith

in
th

e
page.

N
eith

er
th

e
page

iden
tifi

er
of

th
e

affected
B

-tree
leaf

n
or

th
e

byte
offset

w
ith

in
th

at
page

are
recorded.P

age
com

paction
h

as
n

o
logicalm

ean
in

g
an

d
th

u
s

n
o

log
record

is
requ

ired.T
h

u
s,log

volu
m

e
m

ay
be

redu
ced

su
bstan

tially
com

pared
to

ph
ysical

loggin
g.R

ecovery
from

a
logical

log,h
ow

ever,is
rath

er
com

plex
an

d
possibly

in
effi

cien
t.C

om
m

ercialprodu
ction

database
system

s
h

ave
n

ot
u

sed
logicalloggin

g.
P

h
ysiological

loggin
g

strikes
a

balan
ce

betw
een

logical
an

d
ph

ysical
loggin

g.
It

is
th

e
m

eth
od

of
ch

oice
in

m
odern

database
system

s.
G

ray
an

d
R

eu
ter

[1992]
describe

ph
ysiological

loggin
g

as
“ph

ysical
to

a
page,

logical
w

ith
in

a
page.”

L
og

records
refer

to
a

data
record

by
its

page
iden

tifi
er

an
d

its
slot

n
u

m
ber.

T
h

u
s,

data
referen

ces
in

log
records

are
ph

ysicalw
ith

respect
to

pages
bu

t
logicalw

ith
respect

to
records.B

yte
offsets

are
n

ot
in

clu
ded

in
th

e
recovery

log.T
h

u
s,w

h
en

a
data

record
m

oves
w

ith
in

its
data

page,for
exam

ple,du
rin

g
page

com
paction

,th
ere

is
n

o
effect

on
log

records.E
ven

if
page

com
paction

is
n

ot
logged

at
all,effi

cien
t

an
d

correct
recovery

is
possible

if
th

e
recovery

code
in

vokes
com

paction
w

h
en

requ
ired.T

h
u

s,th
e

log
record

for
an

in
sertion

con
tain

s
on

ly
th

e
n

ew
record,even

if
th

e
in

sertion
requ

ires
a

page
com

paction
.

In
B

-tree
pages,

th
e

u
n

iqu
e

key
valu

e
su

bstitu
tes

for
th

e
slot

n
u

m
ber,

becau
se

it
im

plies
th

e
slot

n
u

m
ber

in
a

sorted
B

-tree
page.

T
h

u
s,

in
sertion

an
d

deletion
n

eed
to

log
on

ly
th

e
page

iden
tifi

er
plu

s
th

e
B

-tree
record

in
clu

din
g

its
u

n
iqu

e
key

valu
e.

T
h

ere
is

n
o

n
eed

to
log

th
e

slot
n

u
m

ber,th
e

sh
iftin

g
ofslot

n
u

m
bers

w
h

en
in

sertin
g

or
deletin

g
w

ith
in

a
sorted

slot
array,or

page
com

paction
.T

h
u

s,ph
ysiologicalloggin

g
for

B
-tree

in
dexes

produ
ces

a
log

volu
m

e
very

sim
ilar

to
loggin

g
for

u
n

sorted
h

eap
fi

les.
A

s
ph

ysiologicalloggin
g

refers
to

pages
directly

by
th

e
page

iden
tifi

er
bu

t
to

records
on

ly
in

directly
by

th
eir

slot
n

u
m

ber
or

on
ly

by
th

eir
u

n
iqu

e
key

valu
e,

an
d

recovery
from

a
system

or
m

edia
failu

re
reapplies

u
pdates

to
th

e
sam

e
pages

as
du

rin
g

origin
al

tran
saction

processin
g.T

h
e

logical
con

ten
ts

of
each

page
after

“redo”
recovery

are
th

e
sam

e
as

at
th

e
poin

t
of

failu
re;

th
e

ph
ysical

organ
ization

of
th

at
con

ten
ts

m
igh

t
be

differen
t,

h
ow

ever.
D

u
e

to
th

e
specifi

c
page

referen
ces,

“redo”
an

d
“u

n
do”

(com
pen

sa-
tion

)
action

s
can

be
very

effi
cien

t
w

ith
direct

I/O
operation

s,yet
th

e
recovery

log
n

eed
n

ot
record

details
of

data
m

ovem
en

t
w

ith
in

a
page,for

exam
ple,page

com
paction

in
a

B
-tree

n
ode.

4.2.
G

h
o

st
R

eco
rd

s

F
or

m
ore

reliable
an

d
effi

cien
t

u
ser

tran
saction

s,a
com

m
on

ly
u

sed
tech

n
iqu

e
em

ploys
gh

ost
records,

also
kn

ow
n

as
pseu

do-deleted
records

or
sim

ply
in

valid
records.

E
ach

record
in

clu
des

a
bitfor

th
is

pu
rpose,often

called
th

e
“valid

bit”or
th

e
“gh

ostbit.”Q
u

ery
processin

g
ign

ores
records

m
arked

in
valid.U

ser
tran

saction
s

delete
a

record
logically

by
m

arkin
g

it
in

valid,
leavin

g
it

to
asyn

ch
ron

ou
s

system
tran

saction
s

to
reclaim

th
e

space.
T

h
ere

are
th

ree
prin

cipal
advan

tages
of

gh
ost

records
in

B
-tree

in
dexes.F

irst,th
ey

sim
plify

con
cu

rren
cy

con
trol.F

or
exam

ple,in
B

-trees,gh
ost

records
participate

in
key

ran
ge

lockin
g

ju
st

like
valid

records
[G

raefe
2010].A

u
ser

tran
saction

can
tu

rn
a

valid
record

in
to

a
gh

ost
record

by
m

erely
lockin

g
th

e
key

valu
e,

leavin
g

th
e

in
tervals

be-
tw

een
n

eigh
borin

g
key

valu
es

en
tirely

u
n

locked.S
econ

d,gh
ost

records
en

su
re

reliable
rollback

of
u

ser
tran

saction
s.S

pecifi
cally,a

record’s
data

space
is

retain
ed

an
d

locked
u

n
til

th
e

u
ser

tran
saction

com
m

its.T
ran

saction
rollback

can
be

fast
an

d
sim

ple,w
ith

n
o

n
eed

for
space

allocation
,possible

n
ode

splits,etc.T
h

ird,gh
ost

records
redu

ce
th

e
log

volu
m

e
in

u
ser

tran
saction

s.
A

u
ser

tran
saction

m
erely

logs
togglin

g
a

bit
rath

er
th

an
th

e
“before”

im
age

ofan
en

tire
data

record.A
sm

alldisadvan
tage

is
th

at
an

oth
er

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.

1:18
G

.G
raefe

tran
saction

an
d

its
log

records
are

requ
ired

for
space

reclam
ation

,u
n

less
a

su
bsequ

en
t

in
sertion

reu
ses

th
e

record
an

d
its

key
valu

e.
O

n
ce

a
gh

ost
record

is
com

m
itted

an
d

u
n

locked,on
ly

its
key

valu
e

rem
ain

s
m

ean
in

g-
fu

l,
w

h
ereas

all
oth

er
fi

elds
are

logically
N

U
L

L
.

T
h

u
s,

space
reclam

ation
by

rem
oval

of
a

gh
ost

record
from

a
B

-tree
page

n
eeds

to
log

at
m

ost
its

key
valu

e,
or

typically
on

ly
th

e
slot

n
u

m
ber

in
th

e
page.In

a
clu

stered
in

dex,th
e

size
ofth

e
key

valu
e

is
often

a
sm

all
fraction

of
th

e
record

size.
T

h
u

s,
even

if
an

addition
al

tran
saction

is
n

eeded,
overalllog

volu
m

e
m

igh
t

be
redu

ced
du

e
to

gh
ost

records
an

d
system

tran
saction

s.
In

order
to

preven
t

du
plicate

key
valu

es
in

a
B

-tree
leaf,

a
logical

in
sertion

m
u

st
reu

se
a

gh
ost

record
w

ith
th

e
sam

e
key

if
su

ch
a

gh
ost

record
exists.

In
fact,

a
u

ser
tran

saction
can

sim
plify

its
lockin

g
requ

irem
en

ts
by

in
vokin

g
a

system
tran

saction
to

create
an

appropriate
gh

ost
record

ifn
on

e
exists

[G
raefe

2010].In
sertion

by
m

arkin
g

a
gh

ost
record

valid
does

n
ot

n
eed

to
log

th
e

old
record

con
ten

ts,on
ly

th
e

n
ew

valu
es.T

h
e

n
ew

key
valu

e
is

equ
alto

th
e

old
key

valu
e

an
d

does
n

ot
n

eed
to

be
logged

ifrecords
are

iden
tifi

ed
by

th
eir

slotn
u

m
bers

in
th

e
recovery

log.T
h

u
s,th

e
log

volu
m

e
for

in
sertion

by
tu

rn
in

g
a

gh
ost

record
valid

is
n

o
larger

th
an

for
in

sertion
by

creation
ofa

n
ew

record.
P

age
com

paction
,by

defau
lt,rem

oves
allgh

ost
records,except

th
ose

cu
rren

tly
locked

by
active

u
ser

tran
saction

s.A
sin

gle
log

record
m

ay
captu

re
a

list
or

ran
ge

of
rem

oved
gh

ost
records.

G
h

ost
records

cu
rren

tly
locked

by
active

tran
saction

s
are

protected
from

rem
oval

becau
se

doin
g

so
m

odifi
es

or
even

an
n

u
ls

th
e

sem
an

tics
of

th
ose

locks.
T

h
erefore,it

is
n

ot
su

ffi
cien

t
to

log
m

erely
th

e
fact

th
at

a
page

com
paction

h
as

m
odi-

fi
ed

th
e

page.
A

n
explicit

list
of

rem
oved

gh
ost

records
is

also
n

eeded
u

n
less,

in
deed,

all
gh

ost
records

cou
ld

be
rem

oved.
O

th
erw

ise,
if

th
e

set
of

gh
ost

records
rem

oved
is

in
dou

bt
du

rin
g

recovery
from

a
m

edia
or

system
failu

re,
a

page
com

paction
du

r-
in

g
recovery

m
igh

t
erase

a
differen

t
set

of
gh

ost
records

from
th

e
origin

al
page

com
-

paction
,in

validatin
g

su
bsequ

en
tlog

records
an

d
th

eir
referen

ces
to

data
records

by
slot

n
u

m
ber.

In
addition

to
th

e
ben

efi
ts

w
ith

respect
to

con
cu

rren
cy

con
trol,loggin

g,an
d

recovery,
gh

ost
records

are
also

u
sefu

l
in

n
on

tran
saction

al
B

-trees.S
in

ce
th

e
in

direction
vector

is
sorted

on
key

valu
es,

in
sertion

of
a

n
ew

record
requ

ires
th

at,
on

average,
h

alf
th

e
in

direction
vector

m
u

st
be

sh
ifted

by
on

e
position

.R
em

ovalof
a

record
carries

sim
ilar

overh
ead.L

ogicaldeletion
by

tu
rn

in
g

a
valid

record
in

to
a

gh
ostavoids

th
is

overh
ead.If

a
page

com
paction

rem
oves

m
u

ltiple
gh

ostrecords
in

a
sin

gle
step,th

e
overalloverh

ead
is

low
er.Ju

st
as

im
portan

tly,h
ow

ever,an
in

sertion
m

igh
t

redu
ce

th
e

requ
ired

am
ou

n
t

of
sh

iftin
g

by
erasin

g
a

gh
ost

record.In
fact,deliberate

in
sertion

of
gh

ost
records

can
redu

ce
th

e
overh

ead
ofrecord

in
sertion

s,very
sim

ilar
to

th
e

effectofgaps
in

library
sort

[B
en

der
et

al.
2006;

B
en

der
an

d
H

u
2007].

F
in

ally,
carefu

l
in

sertion
of

gh
ost

records
can

en
able

effi
cien

t
in

terpolation
search

even
in

B
-tree

pages
in

w
h

ich
in

terpolation
search

w
ou

ld
be

in
effi

cien
t

w
ith

ou
t

th
em

[G
raefe

2006].
A

sin
gle

log
record

sh
ou

ld
su

ffi
ce

to
describe

w
h

ich
gh

ost
records

h
ave

been
in

serted
in

to
a

B
-tree

page.
T

h
u

s,
th

e
log

volu
m

e
du

e
to

in
sertion

of
gh

ost
records

sh
ou

ld
be

relatively
sm

all.
T

h
e

sam
e

is
tru

e
w

h
en

m
u

ltiple
gh

ost
records

are
appen

ded
to

a
B

-
tree

page
in

an
ticipation

of
fu

tu
re

in
sertion

s.F
or

exam
ple,con

sider
a

B
-tree

in
dex

on
in

voice
n

u
m

bers
w

ith
very

predictable
fu

tu
re

valu
es.R

ath
er

th
an

creatin
g

on
e

record
at

a
tim

e,
prepopu

latin
g

a
page

w
ith

an
appropriate

gh
ost

record
an

d
key

valu
es

is
ben

efi
cial

for
both

con
cu

rren
cy

con
trol

(elim
in

atin
g

a
h

ot
spot)

an
d

loggin
g

(a
sin

gle
log

record
describin

g
m

an
y

in
sertion

s).

4.3.
F

u
sin

g
L

o
g

R
eco

rd
s

G
h

ost
records

an
d

th
e

system
tran

saction
s

to
rem

ove
th

em
perm

it
a

fu
rth

er
optim

iza-
tion

.In
th

e
w

orstcase,su
ch

a
system

tran
saction

requ
ires

th
ree

log
records:tran

saction
start,

rem
oval

of
th

e
gh

ost
record,

an
d

tran
saction

com
m

it.
S

in
ce

th
is

pattern
of

log

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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records
is

frequ
en

t
in

database
system

s
w

ith
gh

ost
records

in
B

-trees,th
ese

log
records

can
be

fu
sed

in
to

a
sin

gle
on

e.In
th

e
least,th

is
redu

ces
th

e
n

u
m

ber
of

log
records

an
d

th
u

s
saves

on
log

record
h

eaders.
In

addition
,

becau
se

th
e

log
records

for
th

e
database

m
odifi

cation
an

d
tran

saction
com

m
it

are
actu

ally
th

e
sam

e,
th

ere
is

n
o

possibility
for

a
failu

re
betw

een
database

m
odifi

cation
an

d
tran

saction
com

m
it.

T
h

u
s,

th
ere

is
n

o
possibility

th
at

th
e

database
m

odifi
cation

m
igh

t
requ

ire
“u

n
do”

or
com

pen
sation

action
s,

an
d

th
u

s
n

o
n

eed
to

log
“u

n
do”

in
form

ation
in

th
e

recovery
log.W

h
ile

tradition
al

record
deletion

requ
ires

log-
gin

g
th

e
“before”

im
age

of
th

e
old

record,
n

eith
er

tu
rn

in
g

a
valid

record
in

to
a

gh
ost

record
n

or
rem

ovin
g

th
e

gh
ost

record
requ

ires
th

e
“before”

im
age.

F
or

large
B

-tree
records,for

exam
ple,in

a
clu

stered
in

dex
of

a
database

table,th
is

cu
ts

th
e

log
volu

m
e

for
record

deletion
to

a
fraction

com
pared

to
th

e
tradition

altech
n

iqu
e.

T
h

e
basic

idea
(fu

sin
g

log
records

for
database

m
odifi

cation
s

w
ith

th
e

correspon
d-

in
g

com
m

it
record)

m
ay

also
apply

to
operation

s
oth

er
th

an
gh

ost
rem

oval.S
in

ce
u

ser
tran

saction
s

com
m

iton
ly

u
pon

explicitrequ
estby

th
e

u
ser

or
application

,th
e

tech
n

iqu
e

seem
s

lim
ited

to
system

tran
saction

s.S
in

ce
th

e
savin

gs
pertain

to
“u

n
do”

in
form

ation
,

th
e

tech
n

iqu
e

seem
s

m
ore

valu
able

for
deletion

s
th

an
for

in
sertion

s.
T

h
u

s,
gh

ost
re-

m
oval

in
B

-trees
seem

s
to

be
th

e
prim

ary
application

.
If,

h
ow

ever,
a

log
record

m
ay

refer
to

m
u

ltiple
data

pages
(in

spite
ofth

e
possible

com
plexity

du
rin

g
recovery),fu

sin
g

m
u

ltiple
log

records
w

ith
th

e
correspon

din
g

com
m

it
record

is
u

sefu
lm

ore
broadly.F

or
exam

ple,
load

balan
cin

g
betw

een
tw

o
B

-tree
n

odes
affects

th
ree

pages,
becau

se
th

e
separator

key
in

th
e

paren
t

n
ode

m
u

st
be

u
pdated.

N
on

eth
eless,

a
sin

gle
log

record
can

describe
th

e
operation

very
com

pactly.
In

th
e

ideal
case,

th
is

log
record

does
n

ot
in

clu
de

an
y

record
con

ten
ts.In

order
to

preven
t

an
y

dan
ger

of
data

loss,h
ow

ever,th
e

follow
in

g
addition

altech
n

iqu
e

is
requ

ired.

4.4.
C

arefu
lW

rite
O

rd
erin

g

W
h

ile
fu

sin
g

log
records

redu
ces

th
e

n
eed

for
detailed

“u
n

do”
loggin

g,oth
er

tech
n

iqu
es

redu
ce

th
e

n
eed

for
detailed

“redo”loggin
g.O

n
e

su
ch

tech
n

iqu
e

is
carefu

lw
rite

orderin
g

L
om

etan
d

T
u

ttle
[1995,2003].Itis

particu
larly

u
sefu

lw
h

ile
restru

ctu
rin

g
B

-tree
n

odes
an

d
th

eir
con

ten
ts.

Its
goal

is
to

avoid
loggin

g
in

dividu
al

records
an

d
th

eir
con

ten
ts,

in
stead

on
ly

loggin
g

th
e

operation
an

d
its

param
eters.S

u
ch

log
records

con
tain

on
ly

a
few

bytes
(in

addition
to

th
e

log
record

h
eader)

rath
er

th
an

h
alf

or
fu

llpages.
W

h
en

data
records

m
ove

from
on

e
page

to
an

oth
er,for

exam
ple,w

h
en

a
B

-tree
n

ode
splits,th

e
sou

rce
page

(specifi
cally,its

old
im

age
stillon

disk)can
serve

as
backu

p
for

th
e

destin
ation

page
u

n
til

th
e

sou
rce

page
is

overw
ritten

.T
h

is
backu

p
m

u
st

be
preserved

u
n

til
n

o
lon

ger
requ

ired.
T

h
u

s,
th

e
destin

ation
page

m
u

st
be

w
ritten

su
ccessfu

lly
to

th
e

database
before

th
e

sou
rce

page
m

ay
be

w
ritten

.In
addition

to
n

ode
splits,oth

er
B

-
tree

operation
s

th
at

m
ove

records
from

on
e

page
to

an
oth

er
an

d
th

u
s

m
ay

ben
efi

t
from

carefu
lorderin

g
ofw

rite
action

s
in

clu
de

load
balan

cin
g

betw
een

n
odes,n

ode
m

igration
,

an
d

defragm
en

tation
of

in
dexes.

T
h

is
orderin

g
depen

den
cy

betw
een

dirty
data

pages
in

th
e

bu
ffer

pool
is

differen
t

from
th

e
orderin

g
depen

den
cy

at
th

e
fou

n
dation

of
w

rite-ah
ead

loggin
g.

In
th

e
case

of
loggin

g,
th

e
w

rite
order

of
log

pages
is

strictly
sequ

en
tial.

T
h

u
s,

progress
can

be
expressed

by
a

sin
gle

page
iden

tifi
er

(w
ith

in
th

e
recovery

log),also
kn

ow
n

as
th

e
“h

igh
w

ater
m

ark”
in

w
rite-ah

ead
loggin

g
[G

ray
1978].D

irty
data

pages
w

ith
an

L
S

N
(page

L
S

N
)

h
igh

er
th

an
th

e
h

igh
w

ater
m

ark
m

u
st

overw
rite

pages
in

th
e

database.
A

depen
den

cy
betw

een
a

pair
of

dirty
data

pages
in

th
e

bu
ffer

pool
requ

ires
a

dif-
feren

t
im

plem
en

tation
m

eth
od,as

a
sin

gle
h

igh
w

ater
m

ark
w

ill
n

ot
su

ffi
ce.A

u
sefu

l
restriction

lets
each

page
depen

d
on

on
ly

on
e

oth
er

page.
F

or
exam

ple,
load

balan
c-

in
g

betw
een

tw
o

siblin
g

n
odes

in
a

B
-tree

m
oves

som
e

en
tries

from
a

sou
rce

(th
e

old,
overfl

ow
in

g
page)

to
a

destin
ation

(th
e

n
ew

ly
allocated

page)
an

d
th

u
s

ren
ders

both
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G
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raefe

pages
dirty

in
th

e
bu

ffer
pool.U

n
less

th
ese

m
oves

are
logged

in
detail,th

e
destin

ation
page

n
ow

depen
ds

on
th

e
sou

rce
page

an
d

th
e

sou
rce

page
(w

ith
few

er
en

tries)
m

u
st

n
ot

overw
rite

its
prior

version
in

th
e

database
(w

ith
all

en
tries).

In
order

to
captu

re
th

is
restriction

,th
e

bu
ffer

pooldescriptor
ofth

e
destin

ation
page

m
ay

refer
th

e
sou

rce
page

an
d

th
e

sou
rce

page
m

ay
em

ploy
referen

ce
cou

n
tin

g.
A

fter
th

e
destin

ation
page

h
as

been
w

ritten
su

ccessfu
lly,its

depen
den

cy
on

th
e

sou
rce

page
en

ds
an

d
th

e
cou

n
ter

for
th

e
sou

rce
page

is
decrem

en
ted.P

age
replacem

en
t

in
th

e
bu

ffer
poolm

u
st

skip
over

pages
w

ith
n

on
zero

cou
n

ters.
A

ltern
atively,th

e
bu

ffer
pool

descriptor
of

th
e

sou
rce

page
m

ay
referen

ce
th

e
desti-

n
ation

page.W
h

en
th

e
sou

rce
page

is
ch

osen
as

replacem
en

t
victim

in
th

e
bu

ffer
pool,

th
e

destin
ation

page
is

forced
to

th
e

database
fi

rst.
Ifth

e
“righ

tedge”(h
igh

estkey
valu

es)ofa
B

-tree
is

a
h

otspotfor
in

sertion
s,th

atis,if
rapid

in
sertion

s
appen

d
ever-in

creasin
g

key
valu

es,th
e

cu
rren

t
righ

t-m
ost

leafis
split

repeatedly.T
h

is
situ

ation
perm

its
redu

cin
g

th
e

log
volu

m
e

w
ith

carefu
lw

rite
orderin

g
m

ost
ofth

e
tim

e
bu

t
probably

n
ot

allth
e

tim
e.O

th
erw

ise,th
e

recen
tly

added
leafpages

form
a

ch
ain

ofdepen
den

cies;th
e

last
leafn

ode
is

n
ot

yet
du

e
for

replacem
en

t,th
e

prior
leafn

ode
m

u
stn

otbe
w

ritten
u

n
tilth

e
lastleafn

ode
h

as,etc.In
th

e
extrem

e
case,su

ch
a

ch
ain

can
create

perform
an

ce
problem

s
in

ch
eckpoin

ts.L
oad

operation
s

can
avoid

th
ose

problem
s

by
fu

lly
loggin

g
som

e
of

th
e

leaf
splits

or
by

avoidin
g

leaf
splits

altogeth
er.

In
stead

offi
llin

g
th

e
righ

t-m
ost

leafn
ode

en
tirely

an
d

th
en

splittin
g

it,load
operation

s
fi

llth
e

righ
t-m

ost
leaf

in
a

B
-tree

on
ly

to
th

e
desired

degree
(e.g.,90%

)
an

d
th

en
start

a
n

ew
leaf

w
ith

ou
t

m
ovin

g
an

y
records

from
th

e
prior

to
th

e
n

ew
righ

t-m
ost

leaf.
A

s
an

aside,IM
S

FastP
ath

in
clu

des
th

e
m

essage
bu

ffer
in

th
is

sch
em

e.Iten
su

res
th

at
th

e
m

essage
ackn

ow
ledgin

g
a

tran
saction

com
m

it
is

retain
ed

in
th

e
com

m
u

n
ication

bu
ffer

an
d

can
n

ot
be

sen
t

from
th

e
server

to
th

e
u

ser
u

n
til

th
e

com
m

it
record

h
as

been
w

ritten
to

th
e

recovery
log

on
stable

storage.T
h

u
s,th

e
u

ser
or

application
can

n
ot

receive
a

m
essage

ackn
ow

ledgin
g

su
ccessfu

l
tran

saction
com

m
it

u
n

til
th

e
tran

saction
is

tru
ly

du
rable

[O
berm

arck
1998].

A
tim

er
en

su
res

th
at

n
o

tran
saction

su
ffers

an
u

n
du

e
delay;th

is
seem

s
to

be
th

e
earliest

form
of

grou
p

com
m

it.

4.5.
M

in
im

alL
o

g
g

in
g

W
ith

ou
t

specialtreatm
en

t,each
creation

an
d

rem
ovalofan

in
dex

resu
lts

in
a

su
bstan

-
tial

grow
th

of
th

e
tran

saction
log.T

h
u

s,m
an

y
ven

dors
h

ave
im

plem
en

ted
n

on
-logged

in
dex

operation
s.

T
h

e
term

“n
on

-logged”
is

n
ot

really
accu

rate
sin

ce
both

catalog
u

p-
dates

an
d

space
allocation

are
logged.

T
h

e
in

dex
con

ten
ts,

h
ow

ever,
are

n
ot

logged.
A

ltern
ative

n
am

es
are

“m
in

im
al

loggin
g”

an
d

“allocation
-on

ly
loggin

g.”
In

“bu
lk

log-
gin

g,”
record

con
ten

ts
is

logged
bu

t
in

en
tire

pages,w
h

ich
saves

log
volu

m
e

by
redu

cin
g

th
e

n
u

m
ber

of
log

record
h

eaders.
W

h
en

droppin
g

an
in

dex,m
in

im
alloggin

g
requ

ires
th

atth
e

in
dex

rem
ain

u
n

ch
an

ged
u

n
til

th
e

in
dex

rem
oval

is
com

m
itted.

T
h

e
in

dex
is

m
erely

m
arked

as
obsolete

in
th

e
catalogs,

th
e

requ
irem

en
t

for
an

appropriate
task

is
logged,

an
d

th
e

actu
al

task
of

m
ergin

g
th

e
allocation

in
form

ation
of

th
e

in
dex

in
to

th
e

global
free

space
m

ap
is

execu
ted

asyn
ch

ron
ou

sly.
T

h
is

task
m

ay
ru

n
im

m
ediately

after
th

e
in

dex
rem

oval
is

com
m

itted,
du

rin
g

tim
es

of
low

system
load,

w
h

en
free

space
is

ru
n

n
in

g
low

in
th

e
globalfree

space
m

ap,or
som

e
oth

er
h

eu
ristic.

F
or

in
dex

creation
,m

in
im

ally
logged

operation
s

rely
on

th
e

“force”
bu

ffer
poolm

an
-

agem
en

t
[H

ärder
an

d
R

eu
ter

1983]
du

rin
g

com
m

it
processin

g,
th

at
is,

on
forcin

g
a

tran
saction

’s
dirty

data
pages

from
th

e
bu

ffer
pool

to
storage

before
com

m
ittin

g
th

e
tran

saction
.If

a
system

failu
re

occu
rs

before
in

dex
creation

is
com

pleted
an

d
com

m
it-

ted,recovery
can

be
accom

plish
ed

by
reversin

g
all

space
allocation

an
d

rem
ovin

g
th

e
catalog

en
try.Ifin

dex
creation

com
pletes

prior
to

a
system

failu
re,allin

dex
pages

h
ave

been
forced

to
storage.T

h
u

s,redo
after

a
system

failu
re

is
n

ot
requ

ired.
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A
fter

a
m

edia
failu

re,redo
du

rin
g

m
edia

recovery
m

u
st

em
ploy

th
e

sequ
en

ce
ofpage

allocation
action

s
described

in
th

e
recovery

log
to

recreate
precisely

th
e

sam
e

in
dex,

w
ith

th
e

sam
e

separator
keys

in
th

e
sam

e
paren

t
pages,etc.T

h
is

precision
is

requ
ired

ifsu
bsequ

en
t

u
ser

tran
saction

s
m

odify
th

e
in

dex
an

d
th

eir
log

records
referen

ce
in

dex
en

tries
by

page
iden

tifi
er

an
d

slot
n

u
m

ber.
C

reation
of

a
B

-tree
in

dex
u

su
ally

requ
ires

a
sort

operation
.L

arge
in

dexes
requ

ire
an

extern
alm

erge
sort

w
ith

ru
n

fi
les

on
disk.D

atabase
in

dexes
can

be
larger

th
an

th
e

disk
space

for
reserved

tem
porary

data;in
th

at
case,th

e
sort

can
u

se
th

e
“target

space”
of

th
e

fu
tu

re
in

dex.M
in

im
al

loggin
g,sortin

g
in

th
e

target
space,an

d
m

edia
recovery

in
teract.In

particu
lar,th

e
sortoperation

du
rin

g
recovery

ofth
e

in
dex

m
u

stru
n

w
ith

th
e

sam
e

param
eters

an
d

en
su

re
th

e
sam

e
sequ

en
ce

ofallocation
an

d
deallocation

action
s

as
th

e
sort

operation
du

rin
g

th
e

origin
alin

dex
creation

.Ifth
e

sort
algorith

m
su

pports
grow

in
g

an
d

sh
rin

kin
g

its
m

em
ory

allocation
dyn

am
ically

based
on

m
em

ory
con

ten
tion

,
th

is
fu

n
ction

ality
m

igh
t

be
disabled

du
rin

g
m

in
im

ally
logged

in
dex

creation
.

4.6.
P

u
llin

g
th

e
C

o
n

cep
ts

To
g

eth
er:

L
o

g
g

in
g

in
P

artitio
n

ed
B

-Trees

A
n

exam
ple

m
igh

t
illu

strate
h

ow
th

ese
loggin

g
tech

n
iqu

es
an

d
optim

ization
s

com
bin

e
to

perm
it

effi
cien

t
B

-tree
operation

s.
T

h
is

exam
ple

focu
ses

on
partition

ed
B

-trees
in

-
clu

din
g

th
eir

creation
an

d
th

eir
in

crem
en

tal
optim

ization
.

A
partition

ed
B

-tree
is

a
stan

dard
B

-tree
stru

ctu
re

w
ith

ligh
tw

eigh
t

partition
in

g
w

ith
in

th
e

B
-tree.P

artition
ed

B
-trees

can
serve

as
a

good
exam

ple
for

loggin
g

tech
n

iqu
es

an
d

loggin
g

optim
ization

s
becau

se
atfi

rstsigh
tth

e
costofloggin

g
creation

an
d

optim
ization

ofpartition
ed

B
-trees

m
igh

t
seem

proh
ibitive.

T
h

e
essen

ce
of

partition
ed

B
-trees

[G
raefe

2003] 1
is

an
artifi

cial
leadin

g
key

fi
eld

to
a

B
-tree

in
dex.

If
all

records
con

tain
th

e
sam

e
sin

gle
valu

e
in

th
is

leadin
g

B
-tree

fi
eld,

w
h

ich
is

th
e

m
ost

com
m

on
an

d
m

ost
desirable

state,
th

e
B

-tree
in

dex
is

rath
er

like
a

tradition
al

B
-tree

in
dex.

If
m

u
ltiple

valu
es

are
presen

t
at

an
y

poin
t

in
tim

e,
w

h
ich

is
on

ly
a

tran
sien

t
state

in
allbu

t
a

few
tech

n
iqu

es,th
ey

effectively
partition

th
e

set
of

in
dex

en
tries.C

reation
an

d
rem

oval
of

partition
s

requ
ires

m
erely

in
sertion

an
d

rem
oval

of
B

-tree
en

tries,
w

ith
n

o
ch

an
ges

in
th

e
database

m
etadata

(catalogs).
T

h
is

form
of

partition
in

g
is

orth
ogon

al
to

partition
in

g
across

m
u

ltiple
n

odes
in

a
com

pu
ter

n
etw

ork
or

across
m

u
ltiple

storage
devices

w
ith

in
su

ch
a

n
ode.

It
is

rath
er

su
rprisin

g
h

ow
m

an
y

problem
s

th
is

sim
ple

tech
n

iqu
e

can
h

elp
address

in
a

database
m

an
agem

en
t

produ
ct

an
d

its
real-w

orld
u

sage,in
clu

din
g

th
e

follow
in

g.
F

irst,partition
ed

B
-trees

perm
itpu

ttin
g

allru
n

s
in

an
extern

alm
erge

sortin
to

a
sin

gle
B

-tree
(w

ith
th

e
ru

n
n

u
m

ber
as

artifi
cial

leadin
g

key
fi

eld),
w

h
ich

in
tu

rn
perm

its
im

provem
en

ts
to

asyn
ch

ron
ou

s
read-ah

ead
an

d
to

adaptive
m

em
ory

u
sage.

S
econ

d,
partition

ed
B

-trees
su

bstan
tially

redu
ce,

by
at

least
a

factor
of

tw
o,

th
e

w
ait

tim
e

u
n

til
a

n
ew

ly
created

in
dex

is
available

for
qu

ery
an

sw
erin

g.U
n

til
th

e
B

-tree
is

fu
lly

optim
ized

by
m

ergin
g

th
e

in
itial

partition
s,qu

eries
m

u
st

search
all

partition
s,w

h
ich

is
slow

er
th

an
qu

ery
processin

g
w

ith
a

fu
lly

optim
ized

B
-tree

bu
t

u
su

ally
faster

th
an

scan
n

in
g

alldata
w

ith
ou

t
an

y
in

dexin
g.T

h
ird,w

h
en

addin
g

a
large

am
ou

n
t

ofdata
to

a
large,fu

lly
in

dexed
table,partition

ed
B

-trees
resolve

th
e

dilem
m

a
betw

een
droppin

g
all

in
dexes

an
d

u
pdatin

g
allin

dexes
on

e
record

at
a

tim
e.T

h
e

form
er

requ
ires

rebu
ildin

g
all

in
dexes

prior
to

su
bsequ

en
t

qu
ery

processin
g;

th
e

latter
im

plies
m

an
y

ran
dom

in
sertion

s,
poor

perform
an

ce,
a

large
log

volu
m

e,
an

d
a

large
in

crem
en

tal
backu

p.
In

th
is

u
sage,

a
partition

ed
B

-tree
is

rem
in

iscen
t

of
a

log-stru
ctu

red
m

erge-tree
[O

’N
eil

et
al.1996]

bu
t

u
ses

on
ly

stan
dard

im
plem

en
tation

tech
n

iqu
es,th

at
is,a

B
-tree

an
d

a
bu

ffer
poolrath

er
th

an
m

u
ltiple

storage
stru

ctu
res

an
d

specialrecovery
logic.

1T
h

is
description

of
partition

ed
B

-trees
an

d
th

eir
ben

efi
ts

is
from

G
raefe

[2003].
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A
 …

 Z
A

 …
 Z

A
 …

 Z
A

 …
 Z

P
artition #1

#2
#3

#4

F
ig.4.

A
partition

ed
B

-tree.

F
igu

re
4

illu
strates

a
partition

ed
B

-tree
(th

e
root

n
ode

at
th

e
top

an
d

leaves
alon

g
th

e
bottom

)
w

ith
partition

s
(each

a
box

in
dicatin

g
key

ran
ge

A
...Z

)
iden

tifi
ed

by
an

artifi
cialleadin

g
key

fi
eld

in
each

record
(sh

ow
n

as
P

artition
#).A

qu
ery

(e.g.,.“betw
een

‘R
’an

d
‘T

”’)en
u

m
erates

th
e

partition
s

(h
ere,1

...4)an
d

search
es

each
on

e.In
th

e
m

ost
n

aı̈ve
im

plem
en

tation
,a

root-to-leaf
probe

is
requ

ired
to

fi
n

d
th

e
n

ext
actu

al
valu

e
in

th
e

artifi
cialleadin

g
key

fi
eld

an
d

an
oth

er
probe

is
requ

ired
to

apply
th

e
qu

ery
predicate

w
ith

in
th

e
partition

[L
eslie

etal.1995].T
h

e
n

u
m

ber
ofprobes

can
be

redu
ced

to
on

e
per

partition
,an

d
th

e
cost

per
probe

can
be

optim
ized

to
less

th
an

a
fu

llroot-to-leafsearch
.

In
itial

in
dex

creation
requ

ires
on

ly
ru

n
gen

eration
,

w
h

ereas
tradition

al
in

dex
creation

requ
ires

ru
n

gen
eration

follow
ed

by
m

ergin
g.

E
ach

ru
n

is
a

partition
w

ith
in

th
e

partition
ed

B
-tree,

w
ith

th
e

ru
n

iden
tifi

er
as

artifi
cial

leadin
g

key
fi

eld.
O

ptim
ization

of
a

B
-tree

w
ith

m
an

y
partition

s
requ

ires
reorgan

ization
by

m
ergin

g
m

u
ltiple

partition
s

in
to

on
e.M

ergin
g

can
be

eager
or

lazy.E
ager

or
im

m
ediate

m
ergin

g
attem

pts
to

com
plete

in
dex

optim
ization

as
qu

ickly
as

possible,sim
ilar

to
tradition

al
in

dex
creation

.L
azy

or
on

-dem
an

d
m

ergin
g

focu
ses

on
on

ly
th

ose
key

ran
ges

requ
ired

for
an

actu
alqu

ery.
W

ith
respect

to
loggin

g,ru
n

gen
eration

can
exploit

m
in

im
al

loggin
g

ju
st

like
tradi-

tion
alin

dex
creation

.T
h

u
s,in

itialcreation
ofa

partition
ed

B
-tree

in
dex

can
be

as
fast

as
extractin

g
fu

tu
re

in
dex

en
tries,sortin

g
th

em
in

m
em

ory
in

to
ru

n
s,an

d
savin

g
th

em
in

perm
an

en
t

storage
ju

st
on

ce.S
avin

g
th

e
n

ew
in

dex
en

tries
a

secon
d

tim
e,n

am
ely

in
th

e
recovery

log,is
n

ot
requ

ired.
A

fter
ru

n
gen

eration
,

m
ergin

g
com

bin
es

all
in

dex
en

tries
in

to
a

sin
gle

partition
,

if
n

ecessary
in

m
u

ltiple
m

erge
steps.M

ovin
g

records
from

on
e

partition
to

an
oth

er
does

n
ot

m
odify

th
e

logicalcon
ten

ts
ofth

e
B

-tree.T
h

u
s,u

ser
tran

saction
s

are
n

ot
requ

ired.
In

stead,a
large

m
erge

step
m

ay
in

voke
m

an
y

sm
allsystem

tran
saction

s,in
clu

din
g

all
th

eir
optim

ization
s

for
th

readin
g,con

cu
rren

cy
con

trol,an
d

com
m

it
processin

g.
M

in
im

izin
g

th
e

log
volu

m
e

du
rin

g
m

ergin
g

is
an

im
portan

toptim
ization

an
d

requ
ire-

m
en

t
for

th
e

practicalu
se

ofpartition
ed

B
-trees.A

s
th

e
m

erge
logic

m
oves

records
from

th
e

m
erge

in
pu

t
ru

n
s

to
th

e
m

erge
ou

tpu
t

ru
n

,both
deletion

an
d

in
sertion

requ
ire

log-
gin

g
optim

ization
s.

In
sertion

s
in

to
th

e
m

erge
destin

ation
is

like
ru

n
gen

eration
in

m
an

y
respects.T

h
u

s,
th

e
loggin

g
requ

irem
en

ts
are

sim
ilar:

page
allocation

s
m

u
st

be
logged

bu
t

th
e

in
dex

con
ten

ts
n

eed
n

ot
be

logged
if

th
e

pages
are

w
ritten

to
perm

an
en

t
storage

prior
to

tran
saction

com
m

it.C
arefu

l
w

rite
orderin

g
perm

its
savin

g
th

e
m

erge
ou

tpu
t

w
ith

ou
t

loggin
g

record
con

ten
ts.

D
eletion

s
m

ay
apply

to
en

tire
leaf

pages
an

d
to

key
ran

ges
at

th
e

en
ds

of
a

m
erge

ran
ge.

R
em

oval
of

an
en

tire
leaf

page
can

fu
se

all
its

action
s

in
to

a
sin

gle
log

record,
om

ittin
g

all“u
n

do”in
form

ation
.In

a
specialcase

ofcarefu
lw

rite
orderin

g,com
m

itm
en

t
of

th
e

page
rem

ovalm
u

st
w

ait
u

n
tilth

e
appropriate

pages
in

th
e

m
erge

ou
tpu

t
are

on
perm

an
en

t
storage.
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D
eletin

g
all

records
in

a
key

ran
ge

w
ith

in
a

leaf
page

m
ay

tu
rn

th
ese

records
in

to
gh

ost
records.In

ph
ysiologicalloggin

g,a
sin

gle
log

record
su

ffi
ces

for
each

affected
leaf

page.T
h

is
log

record
m

u
st

in
dicate

th
e

key
ran

ge
or

th
e

ran
ge

of
slot

n
u

m
bers

w
ith

in
th

e
page.

W
h

en
space

reclam
ation

even
tu

ally
rem

oves
th

ese
gh

ost
records,

again
a

sin
gle

log
record

su
ffi

ces
for

each
B

-tree
leaf,again

om
ittin

g
allrecord

con
ten

ts.T
h

u
s,

allocation
-on

ly
loggin

g
applies

to
both

ru
n

gen
eration

an
d

m
ergin

g,w
ith

in
m

erge
steps

to
both

in
sertion

s
an

d
deletion

s,an
d

for
deletion

s
to

both
rem

ovalof
en

tire
pages

an
d

deletion
of

key
ran

ges.

4.7.
S

u
m

m
ary

In
su

m
m

ary,n
u

m
erou

s
tech

n
iqu

es
can

redu
ce

space
an

d
ban

dw
idth

n
eeds

for
th

e
log

device
w

h
ile

loggin
g

tran
saction

al
ch

an
ges

in
B

-tree
in

dexes.
M

an
y

of
th

em
depen

d
on

th
e

separation
of

th
e

logical
database

con
ten

ts
an

d
th

eir
ph

ysical
represen

tation
,

w
h

ich
en

ables
th

e
distin

ction
ofu

ser
tran

saction
s

an
d

system
tran

saction
s.Itis

n
otsu

f-
fi

cien
t

to
optim

ize
loggin

g
in

on
ly

on
e

type
of

operation
.C

on
sequ

en
tly,th

e
tech

n
iqu

es
described

earlier
pertain

to
in

dividu
alB

-tree
en

tries
(e.g.,gh

ost
records),B

-tree
stru

c-
tu

re
(e.g.,

carefu
l

w
rite

orderin
g),

an
d

B
-tree

u
tilities

(e.g.,
m

in
im

al
loggin

g
du

rin
g

in
dex

creation
).

C
om

bin
in

g
m

ost
of

th
e

tech
n

iqu
es

discu
ssed

before,
m

ergin
g

parti-
tion

s
in

a
partition

ed
B

-tree
can

be
tran

saction
al

w
ith

ou
t

ever
loggin

g
th

e
con

ten
ts

of
th

e
m

erged
records.

5.
R

E
C

O
V

E
R

Y
T

E
C

H
N

IQ
U

E
S

W
h

ile
th

e
precedin

g
section

focu
ses

on
w

ritin
g

th
e

recovery
log

in
preparation

of
a

possible
n

eed
for

recovery,
th

e
presen

t
section

focu
ses

on
readin

g
th

e
recovery

log
in

order
to

recover
after

a
failu

re.T
h

ese
recovery

tech
n

iqu
es

cover
allth

ree
failu

re
classes

com
m

on
ly

con
sidered

in
database

recovery.
R

ecovery
from

a
m

edia
failu

re
starts

w
ith

a
backu

p
copy

an
d

th
en

applies
th

e
m

ost
recen

t
database

ch
an

ges
w

h
ile

scan
n

in
g

th
e

tran
saction

log
in

forw
ard

direction
,th

at
is,from

oldest
to

n
ew

est
en

try.R
ecovery

from
a

tran
saction

failu
re

reads
th

e
pertin

en
t

log
records

backw
ard

(from
n

ew
est

to
oldest

en
try;recallth

at
each

log
record

con
tain

s
th

e
prior

L
S

N
of

th
e

sam
e

tran
saction

)
an

d
all

ch
an

ges
of

th
e

tran
saction

are
u

n
don

e
or

com
pen

sated.R
ecovery

from
a

system
failu

re
scan

s
th

e
tran

saction
log

fi
rst

in
th

e
forw

ard
direction

in
order

to
reapply

logged
u

pdates
an

d
th

en
reads

in
th

e
backw

ard
direction

in
order

to
rollback

th
ose

tran
saction

s
th

at
rem

ain
ed

u
n

decided
at

th
e

tim
e

of
th

e
system

failu
re.

M
ost

of
th

e
follow

in
g

recovery
tech

n
iqu

es
apply

to
data

stru
ctu

res
oth

er
th

an
B

-
trees

bu
t

also
aspects

an
d

optim
ization

s
particu

larly
su

ited
to

B
-tree

in
dexes

an
d

to
system

tran
saction

s.
A

t
th

e
en

d
of

th
e

presen
t

section
,

an
exam

ple
application

(log
sh

ippin
g

in
replicated

key-valu
e

stores)illu
strates

h
ow

th
ese

recovery
tech

n
iqu

es
an

d
optim

ization
s

en
able

effi
cien

cy
in

n
ew

u
sage

scen
arios

for
B

-tree
in

dexes.
F

igu
re

5,adapted
from

G
ray

[1978],sh
ow

s
th

e
du

ration
offi

ve
tran

saction
s

(T
1 −

T
5 ),

tw
o

ch
eckpoin

ts
(S

0 ,
S

1 ),
a

system
failu

re
(S

2 ),
an

d
a

ch
eckpoin

t
after

recovery
(S

n ).
T

h
e

crash
at

tim
e

S
2

does
n

ot
affect

T
1

becau
se

ch
eckpoin

t
S

1
h

as
saved

all
dirty

data
pages

of
th

at
tran

saction
.

T
ran

saction
T

2
h

as
com

m
itted

prior
to

th
e

crash
an

d
th

erefore
its

effects
m

u
st

be
gu

aran
teed

by
appropriate

“redo”
recovery

for
allu

pdates
after

ch
eckpoin

t
S

1 .T
ran

saction
T

3
n

ever
reach

ed
its

com
m

it
poin

t.T
h

erefore,“u
n

do”
recovery

(com
pen

sation
)m

u
st

erase
alltraces

ofth
e

tran
saction

,in
clu

din
g

th
ose

saved
in

th
e

database
by

th
e

ch
eckpoin

t
S

1 .
T

ran
saction

T
4

requ
ires

“redo”
recovery

for
all

its
u

pdates,w
h

ereas
tran

saction
T

5
requ

ires
“u

n
do”

recovery
(com

pen
sation

).
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saction
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G

.G
raefe

S
0

S
2

S
1

S
n

T
1T

2T
3

T
4

T
5

F
ig.5.

T
ran

saction
s,ch

eckpoin
ts,an

d
recovery.

5.1.
A

syn
ch

ro
n

o
u

s
P

refetch

D
atabase

recovery
exploits

allavailable
h

ardw
are

on
ly

ifth
ere

is
an

active
I/O

operation
for

each
device

at
m

ost
tim

es.
If

a
sin

gle
recovery

log
describes

ch
an

ges
to

data
on

m
u

ltiple
storage

devices,it
is

clear
th

at
con

cu
rren

t
an

d
asyn

ch
ron

ou
s

I/O
is

requ
ired

in
order

to
m

ake
th

e
best

u
se

of
all

available
h

ardw
are.

A
syn

ch
ron

ou
s

w
rite-beh

in
d

m
erely

requ
ires

th
at

th
e

recovery
logic

em
ploys

th
e

bu
ffer

pool,m
arks

pages
dirty

after
reapplyin

g
u

pdates,an
d

leaves
it

to
th

e
n

orm
albu

ffer
poollogic

to
w

rite
pages

back
to

th
e

database.In
addition

,asyn
ch

ron
ou

s
read-ah

ead
or

prefetch
m

ay
also

be
requ

ired
for

better
recovery

perform
an

ce.
D

u
rin

g
th

e
“redo”

pass
over

th
e

recovery
log,

sim
ply

readin
g

ah
ead

in
th

e
log

can
drive

asyn
ch

ron
ou

s
page

prefetch
.

In
m

ost
cases,

it
is

n
ot

requ
ired

to
read

log
pages

asyn
ch

ron
ou

sly,sin
ce

each
page

in
th

e
recovery

log
u

su
ally

con
tain

s
referen

ces
to

m
an

y
data

pages.
A

syn
ch

ron
ou

s
prefetch

of
th

e
data

pages
referen

ced
in

a
sin

gle
log

page
is

often
su

ffi
cien

t
to

ach
ieve

m
ost

of
th

e
possible

speed-u
p

for
th

e
“redo”

pass
over

th
e

recovery
log.

D
u

rin
g

th
e

“u
n

do”
(com

pen
sation

)pass
over

th
e

recovery
log,in

dividu
altran

saction
s

an
d

th
eir

ch
ain

s
of

log
records

m
u

st
be

traced
back

to
tran

saction
starts.M

an
y

of
th

e
requ

ired
log

pages
m

igh
t

rem
ain

in
th

e
bu

ffer
pool

from
th

e
“redo”

pass.S
om

e
tran

s-
action

s,h
ow

ever,m
igh

t
h

ave
started

prior
to

th
e

m
ost

recen
t

ch
eckpoin

t,th
e

startin
g

poin
t

of
th

e
“redo”

pass.
T

h
u

s,
th

e
“u

n
do”

pass
u

su
ally

requ
ires

readin
g

addition
al,

older
log

pages.
N

on
eth

eless,
m

ost
I/O

pertain
s

to
data

pages,
w

h
ere

asyn
ch

ron
ou

s
prefetch

is
m

ore
effective

th
an

for
log

pages.
D

ata
pages

requ
ired

for
“u

n
do”

operation
s

m
ay

be
fetch

ed
in

to
th

e
bu

ffer
pool

in
an

y
order.T

ran
saction

com
pen

sation
m

ay
proceed

on
e

tran
saction

at-a-tim
e

or
strictly

in
reverse

ch
ron

ological
order

(L
S

N
order).

C
orrectn

ess
requ

ires
m

erely
th

at
com

-
pen

sation
action

s
follow

th
e

ch
ain

of
log

records
w

ith
in

each
in

dividu
al

tran
saction

.
L

ocks
acqu

ired
du

rin
g

tran
saction

processin
g

before
th

e
system

failu
re

preven
t

ill
ef-

fects
betw

een
tran

saction
s.L

ock
acqu

isition
du

rin
g

recovery
is

n
ot

requ
ired

to
en

su
re

correct
coordin

ation
ofrecoverin

g
tran

saction
s.(N

ote
th

at
m

u
ltiple

th
reads

participat-
in

g
in

th
e

recovery
logic

still
requ

ire
latch

es
to

coordin
ate

access
to

in
-m

em
ory

data
stru

ctu
res).

R
ecovery

ofB
-tree

operation
s

an
d

B
-tree

u
pdates

can
exploit

asyn
ch

ron
ou

s
prefetch

in
som

e
special

w
ays.F

or
exam

ple,system
tran

saction
s

requ
ire

th
at

all
affected

data
pages

be
residen

t
in

m
em

ory.C
arefu

lorch
estration

ofprefetch
can

en
su

re
th

at
system

tran
saction

can
be

redon
e

as
qu

ickly
as

possible
or

th
at

n
ew

system
tran

saction
s

requ
ired

for
logicaltran

saction
com

pen
sation

can
proceed

as
soon

as
possible.

M
oreover,in

asm
u

ch
as

B
-tree

operation
s

log
ch

an
ges

of
m

u
ltiple

data
pages

w
ith

in
a

sin
gle

log
record,

for
exam

ple,
splittin

g
an

d
m

ergin
g

B
-tree

n
odes,

asyn
ch

ron
ou

s
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prefetch
ofallaffected

pages
seem

s
an

obviou
s

approach
an

d
a

particu
larly

good
fi

t
for

B
-tree

in
dexes.

5.2.
P

arallelR
ecovery

In
addition

to
exploitin

g
m

u
ltiple

I/O
devices

con
cu

rren
tly,

recovery
from

a
system

failu
re

can
also

exploit
m

u
ltiple

C
P

U
s,processin

g
cores,an

d
th

reads.
D

u
rin

g
th

e
“redo”

pass,th
e

fou
n

dation
for

parallelism
is

partition
in

g
of

data
pages

(e.g.,by
h

ash
in

g
th

e
page

iden
tifi

er).A
ll

log
records

pertain
in

g
to

th
e

sam
e

data
page

are
processed

by
th

e
sam

e
recovery

th
read,

an
d

th
ey

are
applied

in
accordan

ce
w

ith
th

e
order

du
rin

g
tran

saction
processin

g
before

th
e

failu
re.

P
artition

in
g

of
tran

saction
s

(e.g.,
by

tran
saction

iden
tifi

er)
m

igh
t

lead
to

recovery
action

s
bein

g
applied

in
an

order
differen

t
from

th
e

processin
g

sequ
en

ce
before

th
e

failu
re.In

an
u

n
fortu

n
ate

case,a
deletion

(or
gh

ost
rem

oval)m
igh

t
be

requ
ired

prior
to

an
in

sertion
,w

ith
th

e
correct

sequ
en

ce
before

th
e

failu
re

bu
t

an
im

possible
sequ

en
ce

du
rin

g
recovery

du
e

to
partition

in
g

tran
saction

s
to

m
u

ltiple
th

reads.P
artition

in
g

log
records

(e.g.,by
L

S
N

)
su

ffers
from

th
e

sam
e

dan
ger.

D
u

rin
g

th
e

“u
n

do”(com
pen

sation
)pass,th

e
fou

n
dation

for
parallelism

is
partition

in
g

of
tran

saction
s.

P
artition

in
g

of
data

pages
is

n
ot

possible
sin

ce
som

e
com

pen
sation

action
s

apply
to

pages
n

ever
m

en
tion

ed
in

th
e

recovery
log.F

or
exam

ple,an
in

sertion
in

to
on

e
page

m
ay

requ
ire

deletion
in

an
oth

er
page

ifth
e

record
h

as
been

m
oved

in
th

e
m

ean
tim

e,for
exam

ple,w
h

en
a

B
-tree

n
ode

w
as

split
or

m
erged.

S
om

e
addition

al
con

sideration
s

apply
to

parallel
recovery.

F
irst,

m
u

ltiple
th

read
issu

in
g

I/O
requ

ests
m

ay
lead

to
th

rash
in

g
I/O

devices.T
h

u
s,it

m
igh

t
be

appropriate
to

assign
alldata

pages
on

a
device

to
th

e
sam

e
recovery

th
read.

S
econ

d,
as

discu
ssed

earlier
as

an
optim

ization
for

loggin
g

system
tran

saction
s,

m
u

ltiple
log

records
m

igh
t

be
fu

sed
togeth

er
an

d
w

ith
th

e
com

m
it

record.F
or

exam
ple,

th
e

log
records

for
splittin

g
a

B
-tree

n
ode

m
igh

t
be

fu
sed

in
to

on
e,even

th
ou

gh
a

split
affects

th
ree

data
pages

an
d

on
e

page
in

th
e

free
space

in
form

ation
.

F
or

parallelism
du

rin
g

recovery,specifi
cally

th
e

“redo”
pass,it

m
igh

t
be

n
ecessary

to
split

su
ch

a
fu

sed
log

record,w
ith

on
e

copy
or

com
pon

en
t

per
recovery

th
read

or
even

per
affected

data
page.

T
h

e
design

ofA
R

IE
S

[M
oh

an
etal.1992]in

clu
des

parallel“redo”an
d

“u
n

do”(com
pen

-
sation

).T
h

e
“redo”

is
design

ed
as

described
before,w

h
ereas

parallel“u
n

do”
for

a
sin

gle
tran

saction
splits

creation
ofcom

pen
sation

log
records,w

h
ich

is
don

e
sequ

en
tially,an

d
applyin

g
th

em
,w

h
ich

is
don

e
in

parallel.

5.3.
L

o
g

A
n

alysis

R
ecovery

after
a

system
failu

re
(crash

)
requ

ires
tw

o
passes

over
th

e
recovery

log,fi
rst

forw
ard

from
th

e
m

ost
recen

t
ch

eckpoin
t

to
th

e
en

d
of

th
e

log
an

d
th

en
backw

ard
for

th
ose

tran
saction

s
th

at
requ

ire
rollback.C

u
riou

sly,recovery
perform

an
ce

can
im

prove
w

ith
th

e
in

trodu
ction

of
an

addition
alpass

prior
to

th
e

“redo”
an

d
“u

n
do”

passes.
L

og
an

alysis
scan

s
th

e
log

forw
ard

from
th

e
m

ost
recen

t
ch

eckpoin
t

w
ith

ou
t

tou
ch

in
g

an
y

data
pages.

It
requ

ires
I/O

on
ly

for
th

e
recovery

log
an

d
th

u
s

very
little

tim
e.

It
execu

tes
som

e
of

th
e

logic
th

at
oth

erw
ise

is
part

of
th

e
fi

rst
pass

in
tw

o-pass
recovery.

In
addition

,it
perm

its
severaloth

er
optim

ization
s

an
d

perform
an

ce
im

provem
en

ts
for

recovery
from

a
system

failu
re

or
a

m
edia

failu
re.

D
u

rin
g

tw
o-pass

recovery
w

ith
ou

t
prior

log
an

alysis,
ran

dom
I/O

for
data

pages
im

poses
m

ost
of

th
e

delay.F
or

each
logged

page
m

odifi
cation

,recovery
reads

th
e

data
page

in
order

to
verify

th
at

th
e

page
m

odifi
cation

is
in

deed
refl

ected
in

th
e

database.
T

h
e

test
is

very
sim

ple;it
focu

ses
on

th
e

L
S

N
in

clu
ded

in
th

e
page

h
eader.If

th
e

L
S

N
on

th
e

page
is

low
er

th
an

th
e

L
S

N
ofth

e
log

record
bein

g
verifi

ed,recovery
m

u
st

reap-
ply

th
e

logged
ch

an
ge,w

rite
th

e
cu

rren
t

L
S

N
in

to
th

e
page

h
eader,an

d
m

ark
th

e
data

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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G

.G
raefe

page
dirty

in
th

e
bu

ffer
pool.

A
syn

ch
ron

ou
s

w
rite-beh

in
d,

replacem
en

t
in

th
e

bu
ffer

pool,or
a

ch
eckpoin

t
at

th
e

en
d

of
recovery

w
illw

rite
th

e
page

back
to

th
e

database.
In

m
ost

cases,h
ow

ever,th
e

data
page

read
du

rin
g

recovery
satisfi

es
th

e
com

parison
of

L
S

N
s,

becau
se

th
e

data
page

h
as

been
w

ritten
du

e
to

replacem
en

t
in

th
e

bu
ffer

pool
an

d
con

tin
u

ou
s

fl
u

sh
in

g
of

dirty
pages

from
th

e
bu

ffer
pool.

T
h

u
s,

th
e

ran
dom

read
operation

du
rin

g
recovery

h
as

taken
m

u
ch

tim
e

bu
t

n
ot

resu
lted

in
an

y
recovery

applied
to

th
e

database.
R

ecovery
perform

an
ce

im
proves

if
all

or
m

ost
u

seless
read

operation
s

can
be

elim
in

ated,for
exam

ple,by
n

otin
g

in
th

e
recovery

log
w

h
en

a
dirty

data
page

in
th

e
bu

ffer
poolh

as
been

w
ritten

su
ccessfu

lly
to

th
e

database.
If

each
com

pleted
w

rite
operation

is
logged,

a
log

an
alysis

pass
can

ach
ieve

th
is

pu
rpose,except

perh
aps

for
a

few
data

pages
referen

ced
at

th
e

very
en

d
ofth

e
recovery

log.
If

th
e

an
alysis

pass
m

atch
es

a
log

record
describin

g
a

page
m

odifi
cation

to
a

su
bsequ

en
t

log
record

describin
g

th
e

com
pleted

w
rite

operation
,

th
e

“redo”
pass

can
avoid

a
u

seless
ran

dom
read

operation
.In

system
s

th
at

perm
it

addition
alch

an
ges

to
a

dirty
page

in
th

e
bu

ffer
pool

w
h

ile
a

w
rite

action
is

pen
din

g,th
e

log
record

describin
g

a
com

plete
w

rite
operation

m
u

st
in

clu
de

th
e

page
L

S
N

w
ritten

.
M

oh
an

et
al.

[1992]
con

sidered
loggin

g
com

pleted
w

rite
action

s
an

d
exploitin

g
th

em
du

rin
g

recovery
bu

t
did

n
ot

in
clu

de
it

in
th

e
design

.
B

oth
B

-tree
creation

algorith
m

s
(“allocation

-on
ly

loggin
g”)an

d
som

e
stru

ctu
ralm

od-
ifi

cation
s

of
B

-trees
(e.g.,

n
ode

split
an

d
m

erge
operation

s)
w

rite
th

eir
data

pages
in

a
carefu

l
sequ

en
ce.

L
oggin

g
th

e
com

pletion
of

su
ch

w
rite

sequ
en

ces,
togeth

er
w

ith
log

an
alysis

ah
ead

of
“redo”

recovery,elim
in

ates
possible

bottlen
ecks

in
recovery

an
d

failover
of

data
stores-based

B
-trees,becau

se
it

elim
in

ates
stru

ctu
ralB

-tree
m

odifi
ca-

tion
s

an
d

th
e

affected
pages

from
th

e
recovery

process.
A

system
failu

re
in

dicates
som

e
root

cau
se

th
at

is
probably

n
ot

resolved
by

system
restart

an
d

recovery.T
h

u
s,an

oth
er

system
failu

re
m

igh
t

occu
r

soon
.Ifan

oth
er

system
failu

re
occu

rs
du

rin
g

recovery,th
e

sam
e

logic
an

d
I/O

costapply
again

.T
h

u
s,com

pleted
w

rite
action

s
sh

ou
ld

be
logged

both
du

rin
g

n
orm

al
tran

saction
processin

g
an

d
du

rin
g

recovery.
M

oreover,
ch

eckpoin
ts

sh
ou

ld
be

taken
du

rin
g

an
d

after
recovery

from
a

system
or

m
edia

failu
re.A

ch
eckpoin

t
im

m
ediately

follow
in

g
th

e
log

an
alysis

can
save

th
e

resu
lts

of
th

e
log

an
alysis

an
d

th
u

s
speed

a
su

bsequ
en

t
system

recovery
sh

ou
ld

it
becom

e
n

ecessary.
L

og
an

alysis
prior

to
an

y
recovery

action
m

ay
save

n
ot

on
ly

I/O
du

rin
g

recovery
bu

t
it

m
ay

also
elim

in
ate

som
e

recovery
action

s
altogeth

er.
F

or
exam

ple,
is

it
tru

ly
requ

ired
to

“redo”
action

s
of

aborted
tran

saction
s?

M
oh

an
an

d
P

irah
esh

[1991]
proposed

restricted
repeatin

g
of

h
istory

in
A

R
IE

S
-R

R
H

.
O

n
ly

th
ose

operation
s

w
ith

later
depen

den
cies

are
repeated

du
rin

g
recovery,w

ith
a

tran
saction

com
m

it
bein

g
on

e
form

of
depen

den
cy.O

th
er

depen
den

cies
can

be
oth

er
u

pdates
to

th
e

sam
e

pages.F
or

exam
ple,if

on
e

tran
saction

in
serts

a
n

ew
record

in
to

a
B

-tree
n

ode
an

d
th

u
s

m
odifi

es
th

e
slot

n
u

m
ber

ofoth
er

records,an
d

th
en

an
oth

er
tran

saction
an

d
its

log
records

refer
to

a
record

w
ith

in
th

at
page

by
slot

n
u

m
ber,th

en
th

e
h

istory
of

th
ese

tran
saction

s
is

repeated
du

rin
g

“redo”
recovery

even
if

th
e

fi
rst

tran
saction

even
tu

ally
is

aborted
an

d
its

u
pdates

com
pen

sated
w

ith
“u

n
do”

recovery.

5.4.
S

o
rtin

g
L

o
g

R
eco

rd
s

A
log

an
alysis

pass
also

perm
its

preprocessin
g

log
records.

In
th

e
sim

plest
form

of
preprocessin

g,
log

records
m

igh
t

be
sorted

by
th

e
data

page
to

w
h

ich
th

ey
pertain

.
T

h
e

sort
algorith

m
m

u
st

en
su

re
th

at,
for

each
data

page,
th

e
sequ

en
ce

of
log

records
after

sortin
g

(an
d

th
u

s
du

rin
g

recovery)
is

th
e

sam
e

as
in

th
e

log
(an

d
th

u
s

du
rin

g
tran

saction
processin

g
before

th
e

failu
re).T

h
is

type
ofsort

is
kn

ow
n

as
stable

sort;an
y

sort
algorith

m
can

be
m

ade
a

stable
sort

by
appen

din
g

an
appropriate

m
in

or
sort

key
to

th
e

m
ajor

sort,for
exam

ple,th
e

L
S

N
in

th
is

case.

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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S
3

S
2

S
4

S
n

S
5

L
og 

analysis 
P

hysical 
“redo” 

L
ogical “undo” 

F
ig.6.

R
ecovery

ph
ases.

T
h

e
m

ost
im

portan
t

ben
efi

t
of

sortin
g

log
records

du
rin

g
recovery

is
th

at
each

data
page

is
recovered

on
ly

on
ce.In

particu
lar,each

data
page

is
read

an
d

w
ritten

on
ly

on
ce

du
rin

g
recovery

from
a

m
edia

or
system

failu
re.A

fter
a

data
page

refl
ects

allpertin
en

t
log

records,th
e

bu
ffer

poolm
ay

evict
an

d
replace

it
im

m
ediately.A

n
addition

alben
efi

t
is

th
at

ch
eckpoin

ts
taken

du
rin

g
or

after
recovery

can
be

very
fast,becau

se
h

ardly
an

y
dirty

data
pages

are
lin

gerin
g

in
th

e
bu

ffer
pool.

In
stead

ofsortin
g

on
page

iden
tifi

er
alon

e,th
e

sort
order

m
ay

con
sider

device
iden

ti-
fi

ers
(an

d
th

u
s

recover
devices

in
priority

sequ
en

ce
or

alldevices
con

cu
rren

tly),tables
(an

d
th

u
s

recover
tables

in
priority

sequ
en

ce),or
tran

saction
types

(an
d

th
u

s
recover

all
in

com
plete

system
tran

saction
s

fi
rst

su
ch

th
at

th
e

database
reach

es
a

con
sisten

t
ph

ysical
state

qu
ickly).T

h
e

sort
order

m
ay

also
in

clu
de

in
dex

iden
tifi

er;for
exam

ple,
in

dexes
bein

g
bu

ilt
at

th
e

tim
e

of
th

e
system

or
m

edia
failu

re
m

igh
t

be
recovered

last.
W

ith
in

ordered
in

dexes
su

ch
as

B
-trees,

th
e

sort
order

m
ay

in
clu

de
key

valu
es

su
ch

th
at

an
in

dex
becom

es
available

to
n

ew
u

ser
tran

saction
s

in
a

con
trolled,in

crem
en

tal
w

ay.
T

h
e

latter
tech

n
iqu

e
m

igh
t

prove
particu

larly
valu

able
for

partition
ed

B
-trees,

w
ith

key
ran

ges
defi

n
ed

by
th

e
artifi

cial
leadin

g
key

fi
eld

or
partition

iden
tifi

er.
F

or
exam

ple,ifon
e

sm
all,in

-m
em

ory
partition

is
dedicated

to
absorbin

g
alln

ew
in

sertion
s

an
d

deletion
s

(by
in

sertion
ofdeletion

m
arkers),th

en
im

m
ediate

recovery
ofth

at
parti-

tion
m

ay
en

able
qu

ick
resu

m
ption

ofdatabase
activities,for

exam
ple,captu

re
ofsen

sor
data

or
of

bu
sin

ess
processes.

T
h

e
sort

operation
m

ay
in

clu
de

both
“redo”

action
s

an
d

“u
n

do”
(com

pen
sation

)
ac-

tion
s.

If
“u

n
do”

action
s

are
in

clu
ded,

m
ore

th
an

th
e

log
an

alysis
pass

is
requ

ired
to

produ
ce

th
e

in
pu

t
for

th
e

sort.
S

pecifi
cally,

for
tran

saction
s

th
at

rem
ain

ed
u

n
decided

at
th

e
tim

e
of

th
e

system
or

m
edia

failu
re,

log
records

requ
irin

g
com

pen
sation

ac-
tion

s
are

in
clu

ded
in

th
e

sort.
O

f
cou

rse,
log

records
for

“u
n

do”
action

s
m

u
st

follow
all

log
records

for
“redo”

action
s.N

ote
th

at,in
som

e
cases,th

e
sam

e
log

record
m

igh
t

requ
ire

in
itial

“redo”
an

d
su

bsequ
en

t
“u

n
do.”

M
oreover,

log
records

for
“redo”

action
s

m
u

st
be

sorted
by

in
creasin

g
L

S
N

an
d

log
records

for
“u

n
do”

(com
pen

sation
)

action
s

by
decreasin

g
L

S
N

of
th

e
origin

allog
record.

5.5.
E

arly
N

ew
Tran

sactio
n

s

P
erh

aps
th

e
m

ost
sign

ifi
can

t
opportu

n
ity

en
abled

by
a

log
an

alysis
pass

is
tran

saction
processin

g
du

rin
g

recovery
from

a
system

failu
re.T

h
e

tradition
al

design
for

recovery
perm

its
n

ew
tran

saction
s

on
ly

after
all

recovery
is

com
plete.

A
R

IE
S

[M
oh

an
1992]

in
clu

des
an

option
th

at
perm

its
n

ew
tran

saction
s

du
rin

g
th

e
“u

n
do”

(com
pen

sation
)

ph
ase.

U
sin

g
a

log
an

alysis
pass,

h
ow

ever,
can

en
able

n
ew

tran
saction

s
du

rin
g

th
e

“redo”
recovery

ph
ase

already.
F

igu
re

6
illu

strates
th

e
th

ree
recovery

ph
ases.L

og
an

alysis
is

very
sh

ort
as

it
reads

on
ly

log
records

bu
t

n
o

database
pages.

T
h

e
database

adm
in

istrator
can

lim
it

th
e

du
ration

of
th

e
ph

ysical
“redo”

ph
ase

at
th

e
expen

se
of

frequ
en

t
ch

eckpoin
ts

du
rin

g
tran

saction
processin

g.T
h

e
du

ration
ofth

e
logicalu

n
do

ph
ase

is
u

n
predictable,becau

se
it

depen
ds

on
th

e
du

ration
an

d
activity

of
th

e
oldest

tran
saction

s
active

du
rin

g
th

e
system

failu
re,for

exam
ple,tran

saction
T

3
in

F
igu

re
5.C

h
eckpoin

ts
du

rin
g

recovery,

A
C

M
T

ran
saction

s
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D
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S
ystem

s,V
ol.37,N
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u
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date:F

ebru
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2012.
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G

.G
raefe

in
particu

lar
after

each
recovery

ph
ase

su
ch

as
S

3 ,S
4 ,an

d
S

n
bu

t
also

du
rin

g
a

lon
g-

ru
n

n
in

g
recovery

ph
ases

su
ch

S
5 ,are

a
precau

tion
th

at
speeds

u
p

recovery
in

case
of

an
oth

er
failu

re
du

rin
g

th
e

in
itialrecovery.

If
th

e
log

an
alysis

pass
acqu

ires
locks,

all
parts

of
th

e
database

requ
irin

g
recovery

can
be

locked
at

th
e

en
d

ofth
e

log
an

alysis
pass.T

h
is

requ
ires

th
at

ch
eckpoin

ts
record

th
e

set
of

locks
h

eld
by

u
n

decided
tran

saction
s.S

tartin
g

from
th

e
m

ost
recen

t
ch

eck-
poin

t,log
an

alysis
can

acqu
ire

an
d

release
locks

very
m

u
ch

like
stan

dard
tran

saction
processin

g.A
fter

log
an

alysis
is

com
plete,tran

saction
processin

g
m

ay
resu

m
e,in

clu
d-

in
g

both
retrievals

an
d

u
pdates.

T
h

e
retain

ed
locks

preven
t

n
ew

tran
saction

s
from

in
terferin

g
w

ith
action

s
requ

ired
in

th
e

“redo”
an

d
“u

n
do”

passes
of

th
e

recovery.
W

h
ile

lock
acqu

isition
an

d
release

du
rin

g
recovery

im
poses

an
addition

aleffort,som
e

optim
ization

s
apply.

F
irst,

log
an

alysis
du

rin
g

recovery
m

ay
acqu

ire
locks

w
ith

ou
t

ch
eckin

g
for

con
fl

icts.
T

ran
saction

processin
g

prior
to

th
e

system
failu

re
h

as
already

detected
allcon

cu
rren

cy
con

trolcon
fl

icts
am

on
g

allrecoverin
g

tran
saction

s,in
clu

din
g

both
th

ose
th

at
com

m
itted

prior
to

th
e

failu
re

an
d

th
ose

th
at

n
eed

to
rollback.Q

u
eu

es
of

w
aitin

g
locks

are
also

n
ot

requ
ired.

S
econ

d,
th

e
gran

u
larity

of
lockin

g
can

differ
du

rin
g

tran
saction

processin
g

an
d

re-
covery.F

or
exam

ple,recovery
m

igh
t

lock
an

en
tire

B
-tree

w
h

en
tran

saction
processin

g
before

th
e

failu
re

u
sed

key
ran

ge
lockin

g.M
u

ltiple
tran

saction
s

in
recovery

m
ay

h
old

th
e

sam
e

exclu
sive

in
dex

lock
sin

ce
locks

acqu
ired

du
rin

g
recovery

do
n

ot
con

fl
ict.O

f
cou

rse,large
locks

m
igh

t
in

terfere
w

ith
tran

saction
processin

g
du

rin
g

th
e

“redo”
an

d
“u

n
do”

passes
ofth

e
recovery.F

ortu
n

ately,th
e

stan
dard

ru
les

for
lock

escalation
(from

a
sm

all
gran

u
larity

of
lockin

g
to

a
large

on
e)

an
d

deescalation
apply.

F
or

exam
ple,

log
an

alysis
m

ay
lock

an
en

tire
B

-tree
bu

t
con

fl
icts

w
ith

n
ew

tran
saction

s
m

ay
force

deescalation
to

key
ran

ge
lockin

g.
T

h
is

requ
ires

th
at

log
records

con
tain

key
valu

es.
R

ecovery
w

illcom
plete

w
ith

key
ran

ge
lockin

g
or,after

allcon
fl

ictin
g

n
ew

tran
saction

s
com

m
it,m

ay
requ

estlock
escalation

back
to

an
in

dex
lock.H

ow
ever,sin

ce
recovery

does
n

ot
acqu

ire
an

y
addition

allocks
after

log
an

alysis,th
ere

does
n

ot
seem

an
y

advan
tage

in
lock

escalation
in

su
ch

a
situ

ation
.

T
h

e
design

ofA
R

IE
S

[M
oh

an
et

al.1992]in
clu

des
lock

acqu
isition

du
rin

g
th

e
“redo”

pass
an

d
perm

its
early

tran
saction

s
du

rin
g

th
e

“u
n

do”
(com

pen
sation

)
pass.

A
t

least
on

e
com

m
ercialsystem

h
as

copied
th

is
design

.S
in

ce
lock

acqu
isition

is
delayed

to
th

e
“redo”

pass,
h

ow
ever,

it
is

n
ot

com
plete

u
n

til
th

e
“redo”

pass
w

ith
all

its
I/O

an
d

log
application

action
s

is
com

plete.T
h

u
s,lock

acqu
isition

du
rin

g
a

dedicated
log

an
alysis

pass
en

ables
m

u
ch

earlier
tran

saction
processin

g
du

rin
g

a
restart

recovery
from

a
system

failu
re.

A
n

altern
ative

perspective
on

th
e

sam
e

tech
n

iqu
es

m
erges

allprecrash
tran

saction
s

in
to

a
sin

gle
on

e,
exten

din
g

in
com

plete
tran

saction
s

w
ith

appropriate
com

pen
sation

action
s

an
d

th
en

com
m

ittin
g

th
e

resu
ltin

g
tran

saction
.

O
bviou

sly,
th

e
action

s
w

ith
in

th
at

sin
gle

tran
saction

do
n

ot
con

fl
ict;

th
erefore,

lock
acqu

isition
du

rin
g

log
an

alysis
does

n
ot

requ
ire

con
fl

ict
ch

eckin
g.

M
oreover,

w
h

ile
th

is
sin

gle
tran

saction
(i.e.,

fail-
u

re
recovery)

is
proceedin

g,
it

can
em

ploy
lock

escalation
an

d
deescalation

ju
st

like
oth

er
tran

saction
s.

T
h

is
sin

gle
tran

saction
m

ay
in

voke
n

ew
system

tran
saction

s
as

appropriate,for
exam

ple,in
order

to
execu

te
com

pen
satin

g
action

s.

5.6.
F

o
rw

ard
R

ecovery

A
fter

a
m

edia
or

system
failu

re,
stan

dard
database

recovery
erases

or
com

pen
sates

th
e

database
ch

an
ges

of
all

tran
saction

s
u

n
fi

n
ish

ed
at

th
e

tim
e

of
th

e
failu

re.T
akin

g
database

ch
an

ges
back

in
th

is
w

ay
gives

rise
to

th
e

term
s

“rollback”
an

d
“backw

ard
recovery.”

F
or

m
ost

tran
saction

s,
th

is
is

appropriate,
bu

t
perh

aps
n

ot
for

all.
F

or
a

lon
g-ru

n
n

in
g

database
u

tility
su

ch
as

in
dex

creation
,

a
lot

of
w

ork
m

ay
be

lost
du

e
to

backw
ard

recovery.
M

oreover,
it

is
qu

ite
likely

th
at

th
e

database
adm

in
istrator

A
C

M
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w
ill

restart
th

e
in

dex
operation

as
soon

as
recovery

is
com

plete
an

d
th

e
database

is
back

to
a

stable
state.

T
h

u
s,

“forw
ard

recovery”
w

ou
ld

be
very

desirable,
th

at
is,

th
e

recovery
process

sh
ou

ld,in
appropriate

cases,attem
pt

to
fi

n
ish

som
e

ofth
e

in
com

plete
tran

saction
s

rath
er

th
an

rollth
em

back.
T

h
e

term
“forw

ard
recovery”

can
h

ave
m

u
ltiple

m
ean

in
gs.

F
or

exam
ple,

recovery
from

m
edia

failu
re

by
restorin

g
an

old
database

backu
p

an
d

th
en

rollin
g

it
forw

ard
by

replayin
g

a
series

of
log

backu
ps

h
as

been
called

forw
ard

recovery
[C

abrera
et

al.
1995].D

o
et

al.[1998]describe
it

as:“alllon
g-lived

tasks
...sh

ou
ld

in
crem

en
tally

w
rite

ch
eckpoin

ts
to

a
persisten

t
storage.

In
case

of
failu

re,
th

e
system

on
ly

n
eeds

to
h

ave
partialroll-back

to
previou

s
ch

eckpoin
t

an
d

restart.”
T

h
e

defi
n

ition
by

Z
ou

an
d

S
alzberg

[1996]
of

th
e

term
“forw

ard
recovery”

in
in

dex
reorgan

ization
is

th
e

on
e

em
ployed

h
ere.

In
th

eir
design

for
B

-tree
reorgan

ization
,

in
com

plete
load

balan
cin

g
am

on
g

siblin
g

n
odes

can
be

recovered
n

ot
by

u
n

doin
g

w
ork

already
don

e
bu

t
by

fi
n

ish
in

g
it.

T
h

eir
w

ork
con

sidered
a

specifi
c

operation
,

in
dex

reorgan
ization

,forw
ard

recovery
applies

m
ore

broadly
an

d
m

ore
gen

erally.
F

orw
ard

recovery
is

liable
to

fail
in

som
e

cases,
for

exam
ple,

if
th

e
system

is
sh

ort
ofdata

space.E
ven

ifreservation
s

du
rin

g
in

itialforw
ard

processin
g

can
preven

t
m

an
y

su
ch

con
tin

gen
cies,th

ey
m

igh
t

n
ot

cover
all

possibilities,for
exam

ple,if
a

database
is

m
igrated

to
a

n
ew

server
after

a
severe

h
ardw

are
m

alfu
n

ction
.

T
h

u
s,

a
u

ser
can

n
ot

reliably
predict

w
h

eth
er

a
tran

saction
w

ill,
du

rin
g

recovery
from

a
system

or
m

edia
failu

re,com
plete

or
rollback.

G
iven

th
is

lack
of

gu
aran

tees,it
seem

s
m

ost
appropriate

to
focu

s
on

cases
in

w
h

ich
u

sers
sh

ou
ld

n
ot

even
care

abou
t

com
pletion

or
rollback.

F
ortu

n
ately,

ph
ysical

data
in

depen
den

ce
creates

a
su

bstan
tial

class
of

su
ch

cases,
n

am
ely

m
odifi

cation
s

in
th

e
ph

ysical
database

represen
tation

th
at

do
n

ot
affect

th
e

logical
database

con
ten

ts.
In

oth
er

w
ords,system

tran
saction

s
are

perfect
can

didates
for

forw
ard

recovery.
S

ystem
tran

saction
s

are
u

su
ally

very
focu

sed
on

a
sin

gle
task

or
ch

an
ge,for

exam
ple,

splittin
g

a
B

-tree
n

ode,m
ergin

g
a

pair
ofn

odes,or
creatin

g
or

rem
ovin

g
a

sin
gle

gh
ost

record.E
ven

large
system

tran
saction

s
h

ave
on

ly
a

sin
gle

pu
rpose,for

exam
ple,m

erg-
in

g
space

allocation
in

form
ation

of
a

dropped
in

dex
in

to
th

e
appropriate

global
space

allocation
in

form
ation

(“free
space

m
ap”).S

u
ch

large
system

tran
saction

s
often

in
voke

m
u

ltiple
sm

allsystem
tran

saction
s

to
ach

ieve
th

eir
overallpu

rpose
in

crem
en

tally.
T

h
is

restriction
to

a
sin

gle
task

perm
its

loggin
g

th
e

in
ten

t
of

a
system

tran
saction

very
con

cisely,
su

ch
th

at
forw

ard
recovery

can
determ

in
e

an
d

follow
th

rou
gh

on
th

e
in

ten
t.F

or
exam

ple,addin
g

th
e

pu
rpose

an
d

requ
ired

param
eters

(su
ch

as
“split

th
e

B
-

tree
n

ode
in

disk
page

4711”)is
very

little
in

form
ation

to
add

to
th

e
system

tran
saction

’s
fi

rst
log

record.
In

oth
er

w
ords,

w
ith

little
addition

al
in

form
ation

in
th

e
recovery

log,
system

tran
saction

s
m

ay
su

cceed
in

th
eir

fi
rst

execu
tion

,
even

if
a

system
failu

re
in

terru
pts

th
at

execu
tion

an
d

recovery
resu

m
es

it.
L

on
g-ru

n
n

in
g

system
an

d
u

tility
tran

saction
s

can
u

su
ally

be
broken

in
to

a
lon

g
sequ

en
ce

of
m

an
y

sm
all

system
tran

saction
s.

A
s

each
system

tran
saction

leaves
a

con
sisten

t
database

state,it
is

n
ot

tru
ly

requ
ired

th
at

th
e

en
tire

sequ
en

ce
be

execu
ted

before
an

oth
er

tran
saction

accesses
or

even
m

odifi
es

th
e

affected
data.

E
qu

ivalen
tly,

a
lon

g-ru
n

n
in

g
tran

saction
can

often
term

in
ate

an
d

com
m

it
th

e
ch

an
ges

ach
ieved

u
n

til
th

at
tim

e.
F

or
exam

ple,
if

a
defragm

en
tation

u
tility

en
cou

n
ters

con
ten

tion
in

term
s

of
processin

g
load

or
con

cu
rren

cy
con

trol,
defragm

en
tation

can
term

in
ate.

R
ollback

is
n

ot
requ

ired.
It

m
igh

t
be

desirable
to

resu
m

e
th

e
operation

in
a

separate
tran

saction
.

S
om

e
ofth

is
logic

also
applies

to
th

e
recovery

oflarge
system

tran
saction

s.In
stead

of
com

plete
rollback

or
com

plete
forw

ard
recovery,recovery

ofa
database

u
tility

active
at

th
e

tim
e

of
a

system
failu

re
m

ay
leave

th
e

database
in

an
y

con
sisten

t
state,in

clu
din

g
th

e
on

e
th

at
is

attain
ed

m
ost

effi
cien

tly
from

th
e

database
state

fou
n

d
du

rin
g

recovery.
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L
og records 

F
ig.7.

L
og

sh
ippin

g
betw

een
prim

ary
an

d
secon

dary
sites.

5.7.
P

u
llin

g
th

e
C

o
n

cep
ts

To
g

eth
er:

L
o

g
S

h
ip

p
in

g
in

R
ep

licated
K

ey-V
alu

e
S

to
res

A
n

exam
ple

m
igh

t
illu

strate
h

ow
th

ese
recovery

tech
n

iqu
es

an
d

optim
ization

s
com

bin
e

to
perm

iteffi
cien

tB
-tree

operation
s.T

h
is

exam
ple

focu
ses

on
key-valu

e
stores

for
clou

d
com

pu
tin

g,
w

h
ere

m
u

ltiple
copies

of
all

data
en

able
h

igh
availability

an
d

scalability.
N

ote
th

at
copies

can
n

ot
su

bstitu
te

for
loggin

g
an

d
recovery,

for
exam

ple,
in

case
of

tran
saction

failu
re

an
d

rollback
(com

pen
sation

),bu
t

th
ey

m
ay

elim
in

ate
th

e
n

eed
for

stable
storage

for
th

e
recovery

log.
In

a
clou

d
server,th

ere
is

little
differen

ce
betw

een
failover,load

balan
cin

g,w
orkload

m
an

agem
en

t
after

server
con

solidation
,etc.In

oth
er

w
ords,log

sh
ippin

g
an

d
failover

tech
n

iqu
es

apply
directly

to
all

kin
ds

of
data

m
an

agem
en

t
an

d
in

dexin
g

services
de-

ployed
in

th
e

clou
d.

L
og

sh
ippin

g
m

ean
s

th
at

log
records

drive
m

ain
ten

an
ce

of
on

e
or

m
u

ltiple
copies

of
th

e
data;

failover
m

ean
s

th
at

a
secon

dary
copy

can
becom

e
th

e
prim

ary
copy

w
h

en
appropriate.

F
igu

re
7

illu
strates

log
sh

ippin
g

from
a

prim
ary

site
to

a
secon

dary
site.T

h
e

prim
ary

site
in

clu
des

a
database

an
d

a
recovery

log
(sh

ow
n

as
m

irrored
disks

as
in

F
igu

re
3).

T
h

e
secon

dary
site

h
olds

an
d

m
ain

tain
s

a
copy

of
th

e
database

an
d

of
th

e
recovery

log.It
does

n
ot

gen
erate

th
is

recovery
log;it

m
erely

receives
it

from
th

e
prim

ary
site,

applies
it

to
its

copy
of

th
e

database,an
d

saves
it.

A
s

n
on

-logged
page

an
d

in
dex

operation
s

avoid
detailed

log
records,th

e
in

form
ation

con
tain

ed
in

a
log

stream
m

ay
n

ot
captu

re
all

database
u

pdates
in

all
detail.

T
h

u
s,

log
sh

ippin
g

requ
ires

th
e

n
on

-logged
page

an
d

in
dex

operation
s

be
avoided

on
th

e
prim

ary
site.

A
ltern

atively,
th

e
stream

of
log

records
can

be
au

gm
en

ted
by

copies
of

th
e

affected
database

pages.T
h

is
h

appen
s

at
th

e
sam

e
tim

e
as

th
ese

pages
are

forced
to

th
e

prim
ary

database
in

order
to

en
su

re
th

at
su

bsequ
en

t
log

records
describin

g
u

pdates
at

th
e

prim
ary

site
can

be
applied

correctly
at

th
e

secon
dary

site.
In

th
e

design
described

h
ere,

an
y

copy
can

an
sw

er
an

y
qu

ery,
w

h
ereas

u
pdates

in
u

ser
tran

saction
s

m
odify

on
ly

th
e

prim
ary

copy.
T

h
e

resu
ltin

g
recovery

log
drives

m
ain

ten
an

ce
of

th
e

secon
dary

copies.
In

th
is

design
,

com
m

on
ly

called
log

sh
ippin

g,
m

ain
ten

an
ce

operation
s

of
th

e
secon

dary
copies

save
th

e
effort

for
B

-tree
search

es,for
m

an
agin

g
disk

space,for
m

on
itorin

g
an

d
au

tom
atic

tu
n

in
g

su
ch

as
defragm

en
tation

,
etc.In

oth
er

w
ords,th

is
design

m
in

im
izes

th
e

m
ain

ten
an

ce
effort

for
secon

dary
copies

an
d

th
u

s
optim

izes
scalability

for
read-in

ten
sive

w
orkloads.M

oreover,sin
ce

allcopies
are

tru
ly

copies
ofeach

oth
er,a

secon
dary

copy
can

in
stan

tly
becom

e
th

e
prim

ary
copy

in
th

e
case

of
a

failu
re,an

d
th

e
form

er
prim

ary
copy

can
catch

u
p

even
tu

ally
based

on
th

e
recovery

log
gen

erated
at

th
e

form
er

secon
dary

copy.
T

h
e

focu
s

of
th

e
discu

ssion
h

ere
is

m
ain

ten
an

ce
of

a
secon

dary
copy

by
application

of
th

e
recovery

log
from

th
e

cu
rren

t
prim

ary
copy.

In
a

sen
se,

each
secon

dary
copy

is
perpetu

ally
in

recovery
m

ode,
at

least
u

n
til

it
is

called
u

pon
to

take
over

for
a

failed
prim

ary
copy.E

ffi
cien

t
application

of
th

e
recovery

log
con

tribu
tes

to
perform

an
ce

an
d

scalability
of

th
e

overallkey-valu
e

store
an

d
its

viability
as

a
clou

d
service.

T
h

e
design

described
h

ere
applies

ph
ysical“redo”

to
each

secon
dary

copy.O
n

e
advan

-
tage

ofu
sin

g
ph

ysical“redo”is
its

u
se

ofstan
dard

recovery
code.F

requ
en

tor
con

tin
u

ou
s

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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u
sage

of
th

is
code

raises
th

e
probability

of
rigorou

s
testin

g
an

d
carefu

ltu
n

in
g.T

h
e

al-
tern

ative
is

logical
“redo,”

in
w

h
ich

th
e

sam
e

logical
operation

s
m

odify
differen

t
data

stru
ctu

res.
F

or
exam

ple,
S

ears
et

al.
[2008]

u
se

a
log-stru

ctu
red

m
erge-tree

[O
’N

eil
et

al.1996]
for

th
e

secon
dary

copy,w
h

ich
sequ

en
tially

w
rites

pages
fu

llof
com

pressed
data

an
d

th
erefore

en
ables

very
effi

cien
t

absorption
of

replicated
operation

s.It
seem

s,
h

ow
ever,

th
at

ph
ysical

“redo”
an

d
log-stru

ctu
red

m
erge-trees

or
partition

ed
B

-trees
[G

raefe
2003]

in
a

prim
ary

copy
w

ill
ach

ieve
th

e
best

perform
an

ce,becau
se

th
is

com
-

bin
ation

w
rites

com
plete

pages
in

both
copies

an
d

it
avoids

som
e

efforts
in

h
eren

t
in

logical
recovery,

for
exam

ple,in
-m

em
ory

sortin
g

or
root-to-leaf

B
-tree

traversals.T
h

e
exception

s
to

ph
ysical“redo”

are
m

in
im

ally
logged

operation
s

su
ch

as
B

-tree
creation

,
specifi

cally
if

repeatin
g

th
e

in
dex

creation
is

m
ore

effi
cien

t
th

an
sh

ippin
g

all
pages

of
th

e
n

ew
in

dex.
M

ost
data

stores
em

ploy
asyn

ch
ron

ou
s

prefetch
an

d
w

rite-beh
in

d
du

rin
g

requ
est

processin
g

as
a

m
atter

of
cou

rse.
T

h
erefore,

th
e

secon
dary

copies
m

u
st

do
th

e
sam

e
du

rin
g

recovery,
th

at
is,

application
of

th
e

log.
O

th
erw

ise,
th

ey
m

igh
t

n
ot

be
able

to
keep

u
p

w
ith

th
e

prim
ary

copy.T
h

u
s,th

e
secon

dary
copies

m
u

st
em

ploy
asyn

ch
ron

ou
s

prefetch
driven

by
th

e
recovery

log,in
addition

to
th

e
asyn

ch
ron

ou
s

w
rite-beh

in
d

th
at

is
part

of
m

ost
design

s
for

bu
ffer

pools
an

d
th

eir
page

replacem
en

t
m

ech
an

ism
s.

M
ost

data
stores

also
em

ploy
m

u
ltiple

con
cu

rren
t

read
operation

s
ifm

u
ltiple

storage
devices

are
u

sed.
T

h
erefore,

th
e

secon
dary

copies
m

u
st

gain
fu

rth
er

recovery
perfor-

m
an

ce
by

applyin
g

recovery
action

s
to

m
u

ltiple
database

partition
s

in
parallel,

for
exam

ple,partition
ed

by
storage

devices.S
ortin

g
log

records
m

igh
t

im
prove

th
e

access
pattern

s
on

th
ose

devices
an

d
th

u
s

con
tribu

te
to

m
ain

ten
an

ce
an

d
recovery

perfor-
m

an
ce.

O
f

cou
rse,

tradition
al

stop-an
d-go

sortin
g

con
su

m
in

g
th

e
en

tire
in

pu
t

before
produ

cin
g

th
e

fi
rst

ou
tpu

t
is

n
ot

appropriate.
In

stead,
th

is
sort

m
igh

t
be

lim
ited

to
ru

n
gen

eration
,

for
exam

ple,
by

replacem
en

t
selection

qu
ite

sim
ilar

to
th

e
“elevator”

algorith
m

for
sch

edu
lin

g
storage

accesses.
M

u
ltiple

passes
over

th
e

recovery
log,

in
particu

lar
a

prelim
in

ary
an

alysis
pass,

w
ou

ld
n

ot
be

appropriate
in

th
e

con
text

oflog
sh

ippin
g.It

is
appropriate,h

ow
ever,th

at
log

an
alysis

precede
“redo”

recovery
by

a
su

ffi
cien

t
am

ou
n

t
to

en
able

asyn
ch

ron
ou

s
prefetch

of
data

pages
requ

irin
g

m
ain

ten
an

ce.
F

in
ally,th

e
design

cru
cially

depen
ds

on
a

tech
n

iqu
e

equ
ivalen

t
of

early
n

ew
tran

s-
action

s,
in

particu
lar

lock
acqu

isition
an

d
release

du
rin

g
recovery

processin
g.

S
pecif-

ically,
w

h
ile

con
tin

u
ou

s
recovery

applies
u

pdates
based

on
th

e
in

com
in

g
stream

of
log

records,locks
m

u
st

en
su

re
proper

isolation
of

th
ese

u
pdates

w
ith

con
cu

rren
t

local
B

-tree
search

es.
F

or
exam

ple,
u

pdate
tran

saction
s

m
ay

em
ploy

key
ran

ge
lockin

g
to

preven
t

con
cu

rren
t

qu
eries

from
readin

g
in

con
sisten

t
resu

lt
sets.

N
ote

th
at

u
pdate

tran
saction

s
can

n
ot

con
fl

ict
w

ith
on

e
an

oth
er

in
a

secon
dary

copy
du

e
to

con
cu

rren
cy

con
trolat

th
e

prim
ary

copy,th
at

is,du
rin

g
creation

ofth
e

stream
of

log
records.T

h
u

s,it
m

igh
t

be
possible

to
em

ploy
a

lock
com

patibility
m

atrix
in

w
h

ich
u

pdates
do

n
ot

con
fl

ict.T
h

is
m

ay
perm

it
a

large
gran

u
larity

oflockin
g

for
u

pdates
an

d
th

u
s

low
er

effort
for

lock
acqu

isition
an

d
release

du
rin

g
con

tin
u

ou
s

recovery
of

th
e

secon
dary

B
-tree

copies.
U

pdate
tran

saction
s

m
ay

con
fl

ict
w

ith
local

qu
eries,

h
ow

ever.
R

esolu
tion

of
su

ch
lock

con
fl

icts
m

u
st

abort
th

e
local

qu
ery

tran
saction

su
ch

th
at

th
e

u
pdate

tran
saction

can
proceed.

O
th

erw
ise,

an
u

pdate
tran

saction
w

ou
ld

fail
at

a
secon

dary
copy

an
d

a
secon

dary
copy

of
th

e
key-valu

e
store

w
ou

ld
differ

from
th

e
prim

ary
copy.

Ifth
e

prim
ary

copy
fails

(e.g.,du
e

to
h

ardw
are

failu
re)an

d
a

secon
dary

copy
is

ch
osen

to
failover,th

e
secon

dary
copy

m
ay

em
ploy

forw
ard

recovery.T
h

is
en

su
res

th
at

it
can

process
th

e
database

u
pdates

as
soon

as
th

ey
are

redirected
to

th
e

secon
dary

copy
an

d
restarted

th
ere.If,h

ow
ever,th

e
failu

re
is

n
ot

a
n

ode
failu

re
bu

t
a

n
etw

ork
disru

ption
,

in
depen

den
t

decision
s

by
th

e
n

odes
abou

t
forw

ard
recovery

w
ill

lead
to

differen
ces

in

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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G

.G
raefe

th
e

data
represen

tation
s

an
d

th
u

s
to

very
diffi

cu
lt

rein
tegration

after
n

etw
ork

repair.
M

oreover,ifth
ere

are
m

u
ltiple

secon
dary

copies,allofth
em

m
u

sttake
th

e
sam

e
action

s
w

ith
respect

to
forw

ard
an

d
backw

ard
recovery.If

th
at

can
n

ot
be

en
su

red,tradition
al

backw
ard

recovery
is

requ
ired.

5.8.
S

u
m

m
ary

In
su

m
m

ary,
recovery

after
a

failu
re

can
be

im
plem

en
ted

in
m

an
y

w
ays.

W
h

ile
th

e
basics

of
forw

ard
an

d
backw

ard
in

terpretation
of

th
e

recovery
log

rem
ain

th
e

sam
e

in
all

tech
n

iqu
es,recovery

perform
an

ce
can

be
im

proved
by

avoidin
g

w
ork

(e.g.,exploit-
in

g
logged

w
rites),

by
speedin

g
u

p
th

e
requ

ired
recovery

action
s

(e.g.,
asyn

ch
ron

ou
s

prefetch
an

d
parallel

recovery),
by

sh
orten

in
g

th
e

u
n

produ
ctive

delay
im

posed
by

re-
covery

(e.g.,
early

tran
saction

processin
g),

an
d

by
m

akin
g

recovery
itself

produ
ctive

(e.g.,
forw

ard
recovery

of
in

dex
operation

s).
S

om
e

of
th

ese
optim

ization
s

tran
scen

d
B

-trees
even

if
in

ven
ted

an
d

im
plem

en
ted

fi
rst

or
prim

arily
in

th
e

con
text

of
B

-trees.
K

ey-valu
e

stores
for

clou
d

application
s

are
an

excellen
t

u
se

case
for

B
-tree

in
dexes,

becau
se

B
-trees

offer
m

an
y

operation
aladvan

tages
su

ch
as

effi
cien

t
retrieval,effi

cien
t

m
ain

ten
an

ce,
bu

ilt-in
space

m
an

agem
en

t
for

sm
all

an
d

large
in

dex
en

tries,
effi

cien
t

creation
an

d
defragm

en
tation

,proven
tech

n
iqu

es
for

con
cu

rren
cy

con
trolan

d
recovery,

etc.
L

og
sh

ippin
g

in
replicated

key-valu
e

stores
applies

alm
ost

all
of

th
e

recovery
tech

n
iqu

es
discu

ssed
in

th
is

section
to

B
-tree

in
dexes

in
a

con
tem

porary
en

viron
m

en
t.

6.
F

U
T

U
R

E
D

IR
E

C
T

IO
N

S

B
-tree

in
dexes

w
illrem

ain
cen

tralin
in

form
ation

storage
an

d
m

an
agem

en
t.T

h
erefore,

th
eir

reliability
an

d
perform

an
ce

w
ill

rem
ain

an
active

area
of

research
an

d
develop-

m
en

t,in
clu

din
g

w
rite-ah

ead
loggin

g
an

d
log-based

recovery
from

tran
saction

,m
edia,

an
d

system
failu

re.W
ith

m
an

y
ofth

e
basics

w
ellu

n
derstood,it

w
illbe

m
ostly

extern
al

forces
th

at
trigger

n
ew

im
provem

en
ts,

in
particu

lar
n

ew
h

ardw
are

tech
n

ologies,
u

n
-

preceden
ted

data
volu

m
es,sh

iftin
g

econ
om

ics
ofh

ardw
are

an
d

data
cen

ter
operation

s,
an

d
th

e
resu

ltin
g

n
ew

system
arch

itectu
res.

T
h

e
adven

t
ofpersisten

t
(n

on
volatile)sem

icon
du

ctor
storage

(su
ch

as
fl

ash
m

em
ory)

is
on

e
su

ch
ch

an
ge.F

or
th

e
tim

e
bein

g,tradition
al

disks
w

ill
rem

ain
cost

effective
for

cold
data,alth

ou
gh

th
e

break-even
poin

t
gu

idin
g

provision
in

g
w

illgrow
from

m
in

u
tes

[G
raefe

2009]
to

h
ou

rs
an

d
perh

aps
even

tu
ally

days.
S

em
icon

du
ctor

storage
devices

w
illrem

ain
m

u
ch

faster
(in

laten
cy)bu

t
sm

aller
(in

capacity)th
an

disks.W
ith

a
low

er
price

per
access

(calcu
lated

via
accesses

per
secon

d)th
an

disks,sem
icon

du
ctor

storage
w

illcon
tin

u
e

to
com

m
an

d
a

h
igh

er
price

per
capacity

(m
easu

red
in

G
B

or
soon

T
B

).In
oth

er
w

ords,disks
w

illrem
ain

cost
effective

for
h

istoricaldata.
T

h
e

ch
allen

ge
for

B
-tree

im
plem

en
tation

s
is

th
reefold.F

irst,B
-tree

softw
are

in
clu

d-
in

g
loggin

g
an

d
recovery

m
u

st
be

adapted
to

m
ore

th
an

tw
o

layers
in

th
e

m
em

ory
h

ierarch
y,

th
at

is,
beyon

d
th

e
tradition

al
m

odel
based

on
volatile

m
em

ory
an

d
n

on
-

volatile
disk.F

or
exam

ple,w
h

at
precisely

does
“w

rite-ah
ead”

loggin
g

m
ean

if
an

item
is

w
ritten

tw
ice,fi

rst
to

sem
icon

du
ctor

storage
an

d
even

tu
ally

to
disk?

S
econ

d,B
-tree

softw
are

m
u

st
avoid

local
failu

res
th

at
are

possible
du

e
to

th
e

du
rability

issu
es

th
at

still
plagu

e
n

ew
sem

icon
du

ctor
storage

devices.
F

or
exam

ple,
can

w
ear

levelin
g

be
bu

ilt
in

to
data

stru
ctu

res
su

ch
as

B
-trees

in
order

to
avoid

an
oth

er
levelof

in
direction

im
plicit

in
today’s

fl
ash

tran
slation

layers?
T

h
ird,

B
-tree

softw
are

m
u

st
detect

an
d

rem
edy

localfailu
res

on
lin

e.T
h

is
likely

im
plies

th
at

in
crem

en
talcon

sisten
cy

ch
eckin

g
an

d
au

tom
atic

repair
of

B
-tree

pages
w

ill
gain

im
portan

ce.F
or

exam
ple,is

fu
ll

m
edia

recovery
requ

ired
w

h
en

a
sin

gle
page

fails
in

a
fl

ash
device?

In
addition

to
tran

saction
,m

edia,an
d

server
failu

re
an

d
recovery,sin

gle-page
failu

re
cou

ld
be

a
fou

rth
failu

re
class

w
ith

its
ow

n
recovery

tech
n

iqu
es.

S
in

gle-page
failu

res
can

occu
r

in
tradition

aldisk
drives,alth

ou
gh

th
ose

devices
often

can
m

ask
th

em
w

ith

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,V
ol.37,N

o.1,A
rticle

1,P
u

blication
date:F

ebru
ary

2012.
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“bad
block

m
appin

g.”
S

em
icon

du
ctor

storage
or

“storage-class
m

em
ory”

is
kn

ow
n

to
h

ave
lim

ited
w

rite
en

du
ran

ce,
w

ith
in

dividu
al

pages
failin

g
lon

g
before

oth
ers.

W
ear

levelin
g

w
ith

tech
n

iqu
es

sim
ilar

to
log-stru

ctu
red

fi
le

system
s

m
ay

ease
or

delay
th

e
issu

e.
N

on
eth

eless,
failu

re
detection

an
d

recovery
in

h
igh

er-level
softw

are
su

ch
as

database
storage

softw
are

m
igh

t
fu

rth
er

im
prove

th
e

reliability
an

d
practicalvalu

e
of

su
ch

sem
icon

du
ctor

m
em

ory.Failu
re

detection
m

eth
ods

m
ay

in
clu

de
parity

calcu
lation

s
w

ith
in

pages
as

w
ellas

con
sisten

cy
ch

ecks
specifi

c
to

th
e

data
stru

ctu
res

su
ch

B
-trees.

R
ecovery

m
eth

od
m

ay
in

clu
de

restorin
g

a
sin

gle
page

from
a

backu
p

or
sn

apsh
ot

an
d

carryin
g

it
forw

ard
based

on
th

e
recovery

log.
A

s
sem

icon
du

ctor
storage

en
ables

low
-laten

cy
I/O

an
d

a
low

er
m

u
lti-program

m
in

g
level

su
ffi

ces
to

h
ide

all
I/O

laten
cies.

O
n

th
e

oth
er

h
an

d,
m

an
y-core
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d
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m
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econ
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con
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recovery

process,it
m

ay
becom

e
m

ore
effi

cien
t

to
recover

th
ose

data
stru

ctu
res

qu
ite

sim
ilarly

to
an

in
-m

em
ory

database.It
is

an
open

qu
estion

w
h

eth
er

th
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con
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represen
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tran
saction

s.
S

ystem
tran

saction
s

are
sim

ilar
to
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w
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con
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u
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