
M
o

d
el

and
V

erificatio
n

o
f

a
D

ata
M

anag
er

B
ased

o
n

A
R

IE
S

D
E

A
N

K
U

O
C

S
IR

O
,

D
ivisio

n
o

f
Info

rm
atio

n
T

echno
lo

g
y

In
th

is
article,

w
e

m
odel

an
d

verify
a

data
m

an
ager

w
h

ose
algorith

m
is

based
on

A
R

IE
S

.
T

h
e

w
ork

u
ses

th
e

I/O
au

tom
ata

m
eth

od
as

th
e

form
al

m
odel

an
d

th
e

defin
ition

of
correctn

ess
is

defin
ed

on
th

e
in

terface
betw

een
th

e
sch

edu
ler

an
d

th
e

data
m

an
ager.

C
ategories

an
d

S
u

bject
D

escriptors:
F

.3.1
[L

o
g

ics
a

n
d

M
ea

n
in

g
s

o
f

P
ro

g
ra

m
s]:

S
pecifyin

g
an

d
R

eason
in

g
abou

t
P

rogram
s—

assertion
s,

in
varian

ts,
pre-

an
d

postcon
d

ition
s;

H
.2.2

[D
a

ta
M

a
n

a
g

em
en

t]:
P

h
ysical

D
esign

—
restart

recovery;
H

.2.4
[D

a
ta

M
a

n
a

g
em

en
t]:

S
ystem

s—
tran

saction
processin

g

G
en

eral
T

erm
s:

R
eliability,

T
h

eory,
V

erification

A
ddition

al
K

ey
W

ords
an

d
P

h
rases:

A
R

IE
S

,
I/O

au
tom

ata,
system

failu
res

1.
IN

T
R

O
D

U
C

T
IO

N

F
or

m
an

y
application

s,
it

is
essen

tial
th

at
a

database
m

an
agem

en
t

system
(D

B
M

S
)

m
ain

tain
s

th
e

data
correctly,

so
th

at
it

reflects
th

e
effects

of
exactly

th
e

precedin
g

com
m

itted
tran

saction
s.

O
n

e
grou

p
of

problem
s

is
cau

sed
by

con
cu

rren
t

activities,
an

d
th

ey
are

u
su

ally
solved

by
th

e
sch

ed-
u

ler
u

sin
g

a
con

cu
rren

cy
con

trol
algorith

m
.

T
h

e
oth

er
m

ajor
sou

rce
of

problem
s

is
cau

sed
by

th
e

fact
th

at
th

e
system

m
ain

tain
s

a
bu

ffer
in

m
em

ory
(for

efficien
t

access),in
w

h
ich

som
e

of
th

e
data

is
cach

ed.A
system

crash
destroys

th
e

bu
ffer,

an
d

so
th

e
database

m
u

st
be

recon
stru

cted
du

rin
g

restart
from

valu
es

on
disk

(stable
storage).

R
ecovery

algorith
m

s
u

su
ally

rely
on

th
e

log
of

system
activities

an
d

are
com

plex,th
erefore

error
pron

e,as
th

e
D

B
M

S
h

as
n

o
con

trol
as

to
w

h
en

failu
res,su

ch
as

crash
es

an
d

T
h

is
w

ork
w

as
don

e
w

h
ile

th
e

au
th

or
w

as
at

th
e

B
asser

D
epartm

en
t

of
C

om
pu

ter
S

cien
ce,

U
n

iversity
of

S
ydn

ey,
S

ydn
ey,

A
u

stralia
an

d
at

th
e

D
istribu

ted
S

ystem
s

T
ech

n
ology

C
en

ter,
U

n
iversity

of
Q

u
een

slan
d,

B
risban

e.
T

h
e

w
ork

reported
in

th
is

paper
h

as
been

fu
n

ded
in

part
by

th
e

C
ooperative

R
esearch

C
en

ters
P

rogram
th

rou
gh

th
e

D
epartm

en
t

of
th

e
P

rim
e

M
in

ister
an

d
C

abin
et

of
th

e
C

om
m

on
w

ealth
G

overn
m

en
t

of
A

u
stralia.

A
u

th
ors’

address:
C

S
IR

O
D

ivision
of

In
form

ation
T

ech
n

ology,
G

P
O

B
ox

664,
C

an
berra

A
C

T
2601

A
u

stralia.
P

erm
ission

to
m

ak
e

digital/h
ard

copy
of

part
or

all
of

th
is

w
ork

for
person

al
or

classroom
u

se
is

gran
ted

w
ith

ou
t

fee
provided

th
at

th
e

copies
are

n
ot

m
ade

or
distribu

ted
for

profit
or

com
m

ercial
advan

tage,
th

e
copyrigh

t
n

otice,
th

e
title

of
th

e
pu

blication
,

an
d

its
date

appear,
an

d
n

otice
is

given
th

at
copyin

g
is

by
perm

ission
of

th
e

A
C

M
,

In
c.

T
o

copy
oth

erw
ise,

to
repu

blish
,

to
post

on
servers,

or
to

redistribu
te

to
lists,

requ
ires

prior
specific

perm
ission

an
d

/or
a

fee.
©

1996
A

C
M

0362-5915/96/0900
–0427

$03.50

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,
V

ol.
21,

N
o.

4,
D

ecem
ber

1996,
P

ages
427–479

.

tran
saction

rollback
s, 1

occu
r.

T
h

e
algorith

m
m

u
st

en
su

re
th

at
it

can
recover

from
a

failu
re

at
an

y
tim

e
(even

w
h

en
it

is
recoverin

g
from

a
previou

s
failu

re).T
o

m
ak

e
recovery

even
m

ore
com

plex,th
e

algorith
m

m
u

st
also

be
efficien

t
su

ch
th

at
recovery

tim
e

is
k

ept
to

a
m

in
im

u
m

.
A

R
IE

S
[M

oh
an

et
al.

1992]
is

a
relatively

n
ew

an
d

im
portan

t
recovery

algorith
m

th
at

h
as

been
im

plem
en

ted
in

varyin
g

degrees
in

su
ch

system
s

as
O

S
/2,

D
B

2, �
S

tarbu
rst,

an
d

Q
u

ick
silver.

T
h

e
k

ey
ideas

of
A

R
IE

S
are

th
at

recovery
repeats

h
istory

(in
clu

din
g

action
s

from
tran

saction
s

th
at

did
n

ot
com

m
it)

an
d

th
en

u
n

does
th

e
action

s
of

tran
saction

s
th

at
did

n
ot

com
m

it
before

th
e

crash
(th

ese
are

called
“loser

tran
saction

s”).
F

orm
al

m
eth

ods
h

ave
been

advocated
as

a
w

ay
to

u
n

derstan
d

com
plex

system
s,as

w
ell

as
offerin

g
a

fram
ew

ork
in

w
h

ich
to

prove
th

at
th

e
system

,
or

som
e

k
ey

algorith
m

,
is

correct.
T

h
is

h
as

been
don

e
exten

sively
for

con
cu

rren
cy

con
trol

algorith
m

s
[B

ern
stein

et
al.

1987;
F

ek
ete

et
al.

1990;
L

yn
ch

et
al.

1993],
bu

t
little

w
ork

h
as

yet
been

don
e

for
recovery

algo-
rith

m
s.

P
erh

aps
th

is
is

becau
se

recovery
algorith

m
s

are
so

com
plex,

bu
t

th
is

m
ak

es
th

em
error

pron
e

an
d

so
m

ak
es

carefu
l

an
alysis

even
m

ore
valu

able.
O

u
r

m
otivation

is
reflected

in
S

elin
ger

[1987]
w

h
ere

sh
e

states,

“on
e

of
th

e
con

tribu
tion

s
th

at
th

eory
can

m
ak

e
to

system
s

is
th

e
con

firm
ation

th
at

an
algorith

m
is

correct
...R

ecovery—
an

exam
ple

...of
w

h
ere

m
ore

w
ork

is
n

eeded.”

V
erification

of
an

algorith
m

requ
ires

a
precise

m
ath

em
atical

description
of

th
e

algorith
m

so
th

at
w

e
can

state
an

d
prove

its
properties.

T
h

erefore
on

e
of

th
e

first
steps

in
verification

is
to

describe
th

e
algorith

m
in

a
precise

lan
gu

age;
th

at
is,

to
m

odel
th

e
algorith

m
in

som
e

form
al

m
eth

od.
T

h
is

is
u

sefu
l

in
itself,

even
if

verification
is

n
ot

don
e,

becau
se

oth
er

papers
th

at
describe

recovery
algorith

m
s

u
se

an
im

precise
com

bin
ation

of
E

n
glish

an
d

pseu
docode.A

s
a

resu
lt,am

bigu
ities

m
ay

be
revealed

w
h

en
a

m
ath

em
atical

description
is

attem
pted.

T
h

is
article

presen
ts

a
m

odel
an

d
verification

of
a

data
m

an
ager

w
h

ose
algorith

m
is

based
on

A
R

IE
S

.
T

h
e

form
al

m
eth

od
u

sed
in

I/O
au

tom
ata

w
h

ich
is

presen
ted

in
L

yn
ch

et
al.

[1993],
an

d
L

yn
ch

an
d

T
u

ttle
[1987].

W
e

h
ave

m
odeled

A
R

IE
S

very
closely.

In
particu

lar
w

e
in

clu
de

in
ou

r
m

odel:
bu

ffer
m

an
agem

en
t,

w
rite-ah

ead
loggin

g,
asyn

ch
ron

ou
s

ch
eck

poin
tin

g,
m

u
ltiple

data
item

s
per

page,
an

d
th

e
possibility

of
crash

es
occu

rrin
g

du
rin

g
restart

processin
g.

H
ow

ever,
to

k
eep

th
e

proof
tractable,

ou
r

m
odel

does
n

ot
in

clu
de

featu
res

su
ch

as
partial

rollback
or

logical
loggin

g.
W

e
assu

m
e

th
at

th
ere

is
a

fin
ite

n
u

m
ber

of
data

item
s,

each
of

w
h

ich
is

stored
in

som
e

page
an

d
n

ever
m

oves.
W

e
h

ave
follow

ed
th

e
pu

blish
ed

accou
n

t
of

A
R

IE
S

[M
oh

an
et

al.
1992];

h
ow

ever,
th

at
paper

is
am

bigu
ou

s
w

ith
its

description
of

ch
eck

poin
tin

g
of

th
e

tran
saction

table.
T

h
u

s
w

e
h

ad
to

m
ak

e
som

e
ch

oices
th

at
are

discu
ssed

in
m

ore
detail

in
S

ection
4.

1In
B

ern
stein

et
al.

[1987]
an

d
oth

er
literatu

re,
th

e
term

abort
is

u
sed

in
stead

of
rollback;

w
e

u
se

th
e

latter
to

k
eep

ou
r

term
in

ology
con

sisten
t

w
ith

A
R

IE
S

[M
oh

an
et

al.
1992].

�
D

B
2,

O
S

/2
are

tradem
ark

s
of

th
e

In
tern

ation
al

B
u

sin
ess

M
ach

in
e

C
orp.

428
•

D
ean

K
uo

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,
V

ol.
21,

N
o.

4,
D

ecem
ber

1996.



T
h

ere
h

as
been

som
e

related
w

ork
in

u
n

derstan
din

g
recovery

algorith
m

s.
In

B
ern

stein
et

al.
[1987],

G
ray

an
d

R
eu

ter
[1993],

an
d

H
arder

an
d

R
eu

ter
[1983],algorith

m
s

are
presen

ted
an

d
classified

bu
t

n
ot

verified.In
H

adzila-
cos

[1988],
gen

eral
con

dition
s

are
proved

on
log

m
ain

ten
an

ce,
w

ith
ou

t
w

h
ich

th
e

in
form

ation
n

eeded
for

recovery
m

igh
t

n
ot

be
available

after
a

crash
.

H
ow

ever,
th

at
w

ork
does

n
ot

sh
ow

th
at

specific
recovery

m
ech

a-
n

ism
s

u
se

th
e

in
form

ation
correctly.

W
e

h
ave

also
stu

died
oth

er
recovery

algorith
m

s
w

ith
th

e
approach

tak
en

h
ere.

In
ou

r
first

attem
pt

[K
u

o
an

d
F

ek
ete

1992]
a

sim
ple

u
n

realistic
data

m
an

ager
w

as
m

odeled
an

d
verified.

C
h

eck
poin

ts
w

ere
n

ot
m

odeled,
th

u
s

recovery
h

ad
to

scan
th

e
w

h
ole

log.
In

K
u

o
an

d
F

ek
ete

[1994],
th

e
partial

d
ata

item
loggin

g
algorith

m
from

B
ern

stein
et

al.[1987]
w

as
m

odeled
an

d
verified.In

th
at

algorith
m

,restart
requ

ires
tw

o
passes

of
th

e
log.T

h
e

first
pass

u
n

does
th

e
u

pdates
from

loser
tran

saction
s

an
d

th
e

secon
d

pass
is

th
e

redo
pass

w
h

ere
u

pdates
from

com
m

itted
tran

saction
s

are
redon

e.
T

h
is

is
qu

ite
differen

t
from

th
e

m
eth

od
stu

died
h

ere.
A

prelim
in

ary
version

of
th

is
w

ork
appeared

in
K

u
o

[1992a].
T

h
e

th
ree

m
ain

con
tribu

tion
s

of
th

is
paper

occu
py

S
ection

s
3–5.

In
S

ection
3,w

e
presen

t
a

specification
of

th
e

data
m

an
ager

by
first

describin
g

th
e

in
terface

betw
een

th
e

data
m

an
ager

an
d

th
e

sch
edu

ler
(th

e
com

pon
en

t
in

th
e

D
B

M
S

th
at

im
plem

en
ts

th
e

con
cu

rren
cy

con
trol

algorith
m

an
d

th
en

w
e

defin
e

th
e

correctn
ess

of
th

e
data

m
an

ager
in

term
s

of
th

e
perm

itted
sequ

en
ces

of
in

teraction
s

across
th

is
in

terface.
T

h
is

defin
ition

applies
to

a
ran

ge
of

recovery
algorith

m
s,

n
ot

on
ly

to
A

R
IE

S
.

In
S

ection
4,

w
e

presen
t

th
e

precise
m

odel
of

th
e

data
m

an
ager

w
h

ose
recovery

algorith
m

is
based

on
A

R
IE

S
;

th
ere

is
also

an
explan

ation
of

th
e

m
eth

odology
by

w
h

ich
an

in
form

al
accou

n
t

of
an

algorith
m

is
con

verted
in

to
a

tractable
m

ath
em

ati-
cal

description
.

T
h

en
,

in
S

ection
5,

w
e

presen
t

th
e

verification
th

at
sh

ow
s

th
at

th
e

data
m

an
ager

is
correct.

T
h

e
verification

proceeds
th

rou
gh

several
in

term
ediate

resu
lts

w
h

ich
m

ak
e

precise
in

varian
t

relation
sh

ips
am

on
g

th
e

data
stru

ctu
res

u
sed

by
th

e
system

as
it

execu
tes.

T
h

ese
relation

sh
ips

aid
ou

r
u

n
derstan

din
g

of
th

e
algorith

m
.

T
h

e
details

of
th

e
proofs

m
ay

be
fou

n
d

in
K

u
o

[1992b].

2.
B

A
C

K
G

R
O

U
N

D

T
h

is
section

su
m

m
arizes

th
e

n
ecessary

back
grou

n
d

k
n

ow
ledge;

th
is

covers
th

e
A

R
IE

S
recovery

algorith
m

an
d

th
e

I/O
au

tom
aton

form
al

m
eth

od.
R

eaders
fam

iliar
w

ith
th

ese
topics

m
ay

sk
ip

th
is

section
.

T
h

e
m

ain
com

pon
en

ts
for

tran
saction

processin
g

in
a

D
B

M
S

are
th

e
tran

saction
m

an
ager,

th
e

sch
edu

ler,
an

d
th

e
data

m
an

ager.
T

h
is

article
focu

ses
on

th
e

data
m

an
ager

an
d

th
e

in
terface

betw
een

th
e

data
m

an
ager

an
d

th
e

sch
edu

ler.
W

e
u

se
th

is
in

terface
to

defin
e

th
e

correctn
ess

of
th

e
data

m
an

ager
an

d
th

en
prove

th
at

a
particu

lar
algorith

m
(on

e
th

at
is

based
on

a
sligh

tly
sim

plified
version

of
A

R
IE

S
)

is
correct.

In
th

is
section

w
e

give
a

brief
description

of
th

e
A

R
IE

S
algorith

m
.

In
S

ection
4

of
th

is
article,

w
e

form
ally

m
odel

th
e

algorith
m

,
givin

g
a

m
ore

detailed
accou

n
t.

A
com

pre-
h

en
sive

description
can

be
fou

n
d

in
M

oh
an

et
al.

[1992].

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•

429

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,
V

ol.
21,

N
o.

4,
D

ecem
ber

1996.

W
e

u
se

th
e

I/O
au

tom
ata

form
al

m
eth

od
an

d
an

overview
of

it
is

presen
ted

in
S

ection
2.2.A

m
ore

exten
sive

accou
n

t
is

presen
ted

in
L

yn
ch

et
al.

[1993]
an

d
L

yn
ch

an
d

T
u

ttle
[1987].

T
h

ere
are

several
reason

s
w

h
y

w
e

ch
oose

to
u

se
th

e
I/O

au
tom

ata
form

al
m

eth
od;

th
e

m
ain

on
e

is
its

su
pport

for
abstraction

—
a

cen
tral

con
cern

is
to

defin
e

correctn
ess

in
term

s
of

th
e

in
teraction

betw
een

a
com

pon
en

t
an

d
its

en
viron

m
en

t.
T

h
at

is,
th

e
defin

i-
tion

is
in

depen
den

t
of

th
e

data
stru

ctu
res

in
tern

al
to

th
e

data
m

an
ager

an
d

th
e

in
tern

al
processes.A

lso,th
ere

h
as

been
m

u
ch

w
ork

in
specification

an
d

verification
of

con
cu

rren
cy

con
trol

algorith
m

s
[L

yn
ch

et
al.1993]

u
sin

g
th

is
m

eth
od.

W
e

h
ope

in
fu

tu
re

to
com

bin
e

ou
r

cu
rren

t
w

ork
w

ith
oth

er
resu

lts
to

sh
ow

th
e

correctn
ess

of
th

e
en

tire
tran

saction
processin

g
su

bsystem
in

a
D

B
M

S
.

2.1
A

R
IE

S

A
recen

t
recovery

algorith
m

th
at

en
forces

w
rite-ah

ead
loggin

g
(W

A
L

)
protocol

is
A

R
IE

S
[M

oh
an

et
al.

1992].
It

assu
m

es
th

at
th

e
sch

edu
ler

provides
strict

execu
tion

s
[B

ern
stein

et
al.

1987];
th

at
is,

each
read

an
d

w
rite

to
a

data
item

by
a

tran
saction

is
block

ed
u

n
til

th
e

last
tran

saction
th

at
w

rote
to

it
h

as
term

in
ated.C

h
eck

poin
ts

are
tak

en
asyn

ch
ron

ou
sly

an
d

are
u

sed
to

im
prove

th
e

perform
an

ce
of

recovery.
D

u
rin

g
n

orm
al

processin
g,

th
e

data
m

an
ager

processes
tran

saction
reads,

w
rites,

com
m

its,
an

d
rollback

s.
F

or
reads

an
d

w
rites,

th
e

data
m

an
ager

fetch
es

th
e

data
in

to
th

e
volatile

cach
e

if
it

is
n

ot
already

th
ere.

T
h

e
operation

(read
or

w
rite)

is
th

en
perform

ed
an

d
recorded

in
th

e
log

if
th

e
operation

is
a

w
rite.B

efore
th

e
data

can
be

flu
sh

ed
to

th
e

stable
storage

on
disk

,
all

th
e

log
records

th
at

recorded
u

pdates
to

th
e

page
m

u
st

first
be

flu
sh

ed
to

th
e

stable
log. 2

T
h

is
restriction

on
w

h
en

data
item

s
are

flu
sh

ed
is

called
W

A
L

.
A

R
IE

S
k

eeps
track

of
th

e
statu

s
of

active
tran

saction
s

an
d

dirty
pages

in
th

e
system

u
sin

g
th

e
tran

saction
table

an
d

dirty
pages

table,
respectively.

C
h

eck
poin

ts
are

tak
en

periodically;
each

tak
es

a
copy

of
th

ese
tables

an
d

w
rites

th
em

in
to

an
en

d
ch

eckpoin
t

log
record.

A
begin

ch
eck-

poin
t

log
record

is
w

ritten
to

th
e

log
at

th
e

start
of

th
e

ch
eck

poin
t

procedu
re.

A
fter

a
crash

,
th

e
effects

of
som

e
u

pdates
from

com
m

itted
tran

saction
s

m
ay

be
m

issin
g

from
th

e
stable

database
as

th
e

ch
an

ged
data

valu
es

m
ay

n
ot

h
ave

been
flu

sh
ed

to
th

e
disk

;
also

th
e

effects
of

oth
er

u
pdates

m
ay

be
in

th
e

stable
database

even
th

ou
gh

th
e

tran
saction

h
ad

n
ot

com
m

itted
before

th
e

crash
.T

h
u

s
som

e
u

pdates
n

eed
to

be
redon

e
w

h
ile

oth
ers

requ
ire

u
n

do.A
R

IE
S

’recovery
algorith

m
requ

ires
th

ree
passes

of
th

e
log

to
ach

ieve
recovery.

T
h

e
an

alysis
pass

recon
stru

cts
th

e
tran

saction
table

an
d

dirty
pages

table
to

reflect
th

e
state

of
th

e
database.T

h
e

redo
pass

re-in
stalls

all
th

e
m

issin
g

u
pdates

by
u

sin
g

th
e

recon
stru

cted
dirty

pages
table

to
determ

in
e

w
h

ich
u

pdates
requ

ire
redo.

A
n

operation
is

redon
e

by
copyin

g
th

e
after

im
age

of
th

e
operation

back
to

th
e

data
item

.
T

h
en

th
e

u
n

do
pass

2T
h

e
term

stable
log

is
u

sed
to

describe
th

e
part

of
th

e
log

th
at

is
stored

in
th

e
stable

storage.
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restores
old

valu
es

for
all

th
e

u
pdates

from
tran

saction
s

th
at

did
n

ot
com

m
it

before
th

e
crash

by
copyin

g
th

e
before

im
age

of
th

e
operation

to
th

e
data

item
.

It
u

ses
th

e
recon

stru
cted

tran
saction

table
to

determ
in

e
w

h
ich

u
pdates

requ
ire

u
n

do.
W

e
h

ave
deliberately

given
a

very
brief

an
d

h
igh

-level
description

of
A

R
IE

S
as

ou
r

m
odel

in
S

ection
4

provides
a

com
preh

en
sive,

form
al

an
d

in
form

al,
description

.

2.2
T

he
I/O

A
uto

m
ata

F
o

rm
al

M
etho

d

T
h

e
I/O

au
tom

ata
m

eth
od

presen
ted

in
L

yn
ch

et
al.

[1993]
an

d
L

yn
ch

an
d

T
u

ttle
[1987]

is
design

ed
to

m
odel

discrete
even

t
system

s
w

h
ich

con
tain

com
pon

en
ts

th
at

operate
con

cu
rren

tly.
It

h
as

been
exten

sively
u

sed
to

m
odel

an
d

verify
con

cu
rren

cy
con

trol
algorith

m
s

[F
ek

ete
et

al.
1990;

L
yn

ch
et

al.
1993],

distribu
ted

algorith
m

s
[L

yn
ch

an
d

T
u

ttle
1987],

an
d

n
etw

ork
protocols

[F
ek

ete
1993].

T
h

e
m

eth
od

is
sim

ple
to

u
se,

readable,
an

d
it

m
odels

abstraction
clean

ly—
th

at
is,

w
e

can
defin

e
correctn

ess
in

depen
den

t
of

th
e

im
plem

en
tation

.
T

h
is

is
essen

tial
if

w
e

are
to

u
n

derstan
d

th
e

altern
ative

algorith
m

s
th

at
can

be
u

sed
for

a
com

pon
en

t
of

a
com

plex
system

.
In

th
e

I/O
au

tom
ata

m
eth

od,
ch

an
ges

in
th

e
system

bein
g

m
odeled

are
represen

ted
as

action
s.

T
h

ese
are

classified
in

to
th

ree
types:

in
pu

t,
in

ter-
n

al,an
d

ou
tpu

t
action

s.In
pu

t
action

s
are

gen
erated

by
th

e
en

viron
m

en
t.In

ou
r

m
odel

of
th

e
data

m
an

ager,
th

e
in

pu
t

action
s

are
u

sed
to

m
odel

th
e

requ
ests

from
th

e
sch

edu
ler

to
th

e
data

m
an

ager.
In

tern
al

an
d

ou
tpu

t
action

s
are

gen
erated

au
ton

om
ou

sly
an

d
ou

tpu
t

action
s

h
ave

th
e

added
property

th
at

th
ey

gen
erate

ou
tpu

t
to

th
e

en
viron

m
en

t.W
e

u
se

th
e

in
tern

al
action

s
to

m
odel

th
e

in
tern

al
steps

of
th

e
data

m
an

ager
an

d
w

e
u

se
th

e
ou

tpu
t

action
s

to
m

odel
th

e
ack

n
ow

ledgm
en

ts
of

th
e

com
pletion

of
a

requ
est

from
th

e
data

m
an

ager
to

th
e

sch
edu

ler.T
h

e
set

of
all

action
s

is
referred

to
as

acts(A
)

an
d

th
e

extern
al

action
s,w

h
ich

are
referred

to
as

ext(A
),are

th
e

u
n

ion
of

th
e

in
pu

t
action

s
an

d
th

e
ou

tpu
t

action
s.

T
h

e
in

tern
al

an
d

ou
tpu

t
action

s
are

expressed
by

precon
d

ition
s

an
d

effects.
T

h
e

precon
d

ition
s

de-
scribe

th
e

state
th

e
m

odel
m

u
st

be
in

for
th

e
action

to
be

en
abled,

an
d

th
e

effects
sh

ow
th

e
tran

sition
from

th
e

old
state

to
th

e
n

ew
state.In

pu
t

action
s

are
alw

ays
en

abled
so

on
ly

th
e

effects
are

given
.N

ote
th

at
th

e
action

s
of

th
e

I/O
au

tom
aton

are
atom

ic—
th

at
is,

th
ere

are
n

o
in

term
ediate

states
sh

ow
-

in
g

on
ly

part
of

th
e

effects
of

an
action

.
E

ach
I/O

au
tom

aton
m

odel
h

as
a

set
of

states
states(A

),
an

d
w

e
u

su
ally

describe
th

e
cu

rren
t

state
of

th
e

m
odel

by
assign

in
g

a
valu

e
to

each
of

th
e

variables
in

th
e

m
odel.

W
e

u
se

th
e

n
otation

S
.V

ariable
to

refer
to

th
e

state
of

th
e

variable
V

ariable
in

state
S

.
T

h
ere

is
a

n
on

em
pty

su
bset,

referred
to

as
start(A

),
of

states(A
)

w
h

ich
are

th
e

start
states

of
th

e
m

odel.
E

ach
elem

en
t

in
start(A

)
represen

ts
a

possible
in

itial
state

for
th

e
m

odel
an

d
m

odels
th

e
in

itial
state

of
th

e
system

(w
h

en
th

e
system

is
first

in
stalled).

T
h

e
tran

sition
relation

sh
ip

in
th

e
I/O

au
tom

aton
is

den
oted

as

steps�A
�

�
�states�A

�
�

acts�A
�

�
states�A

��.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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E
ach

elem
en

t
of

th
is

set
is

called
a

step
of

th
e

au
tom

aton
.

A
n

elem
en

t
(s�,

�
,

s)
�

step
s(A

)
represen

ts
th

e
m

odel
ch

an
gin

g
from

th
e

cu
rren

t
state

s�
to

th
e

n
ew

state
s

via
th

e
action

�
.

W
e

say
th

at
th

e
action

�
is

en
abled

in
state

s�
if

(s�,
�

,
s)

�
steps(A

).In
pu

t
action

s
are

alw
ays

en
abled,th

erefore
if

�
is

an
in

pu
t

action
an

d
s�

is
a

state,
th

en
th

ere
m

u
st

exist
s

so
th

at
(s�,

�
,

s)
�

step
s(A

).
A

n
execu

tion
�

of
th

e
au

tom
aton

A
is

an
altern

atin
g

sequ
en

ce
of

states
an

d
action

s;
for

exam
ple,

�
�

S
0 �

1 S
1 �

2 S
2 ,

...
,

S
n

�
1 �

n S
n ,

...
,

w
h

ere
S

0
is

a
start

state
[i.e.,

S
0

�
start(A

)],
an

d
for

each
i

w
h

ere
i

�
0

,
(S

i�
1 ,

�
i ,

S
i )

is
a

step
of

A
.F

rom
an

execu
tion

,w
e

can
extract

th
e

sch
ed

u
le

of
th

e
execu

tion
w

h
ich

is
th

e
su

bsequ
en

ce
of

th
e

execu
tion

th
at

con
sists

of
action

s
on

ly.
F

or
exam

ple,
th

e
sch

edu
le

of
th

e
execu

tion
�

is
sch

(�
)

�
�

1 �
2 �

3 ,...,
�

n ,....
T

h
e

beh
avior

of
a

sch
edu

le
is

th
e

su
bsequ

en
ce

con
tain

in
g

on
ly

th
e

extern
al

(in
pu

t
an

d
ou

tpu
t)

action
s

of
th

e
sch

edu
le.T

h
at

is,th
e

beh
avior

is
in

depen
den

t
of

state
an

d
of

in
tern

al
action

s.
C

orrectn
ess

is
defin

ed
by

statin
g

th
e

acceptable
beh

aviors
of

th
e

au
tom

aton
m

odel
A

an
d

th
is

is
th

e
approach

th
at

w
e

h
ave

tak
en

in
ou

r
defin

ition
of

correctn
ess.

D
u

rin
g

recovery,
th

e
u

sers
are

block
ed

from
accessin

g
th

e
database.

H
ow

ever,
th

e
I/O

au
tom

ata
m

odel
is

alw
ays

in
pu

t
action

en
abled;

th
at

is,
th

e
I/O

au
tom

ata
m

odel
can

n
ot

block
in

pu
t

action
s

from
occu

rrin
g.

T
h

erefore,in
th

e
m

odel
it

is
possible

for
th

e
data

m
an

ager
to

receive
a

read
requ

est
from

th
e

sch
edu

ler
du

rin
g

recovery.
In

stead
of

preven
tin

g
th

e
illegal

in
pu

ts,th
e

I/O
au

tom
ata

m
eth

od
tak

es
th

e
approach

th
at

in
pu

ts
are

alw
ays

en
abled

bu
t

th
e

system
m

ay
exh

ibit
arbitrary

beh
avior

w
h

en
u

n
w

an
ted

in
pu

ts
do

occu
r.

T
h

u
s

ou
r

correctn
ess

defin
ition

w
ill

explicitly
apply

on
ly

to
th

ose
beh

aviors
w

h
ere

read
an

d
w

rite
requ

ests
do

n
ot

occu
r

at
in

appropriate
tim

es—
th

at
is,

ou
r

correctn
ess

con
dition

is
of

th
e

form
if

th
e

in
pu

t
is

correct,
th

en
th

e
ou

tpu
t

is
correct.

In
su

m
m

ary,
th

e
I/O

au
tom

ata
m

eth
od

provides
a

w
ay

to
precisely

(m
ath

em
atically)

describe
algorith

m
s

as
w

ell
as

statem
en

ts
of

properties
of

th
e

algorith
m

.
C

orrectn
ess

is
defin

ed
on

th
e

extern
al

beh
avior

of
th

e
m

odel
an

d
is

in
depen

den
t

of
th

e
state

of
th

e
m

odel
or

th
e

in
tern

al
action

s.
T

h
is

provides
a

clean
an

d
abstract

statem
en

t
abou

t
th

e
correctn

ess
of

th
e

m
odel.

It
is

th
en

possible
to

u
se

th
e

m
odel

to
verify

th
at

th
e

algorith
m

th
at

h
as

been
m

odeled
is

correct.
W

e
carry

ou
t

th
is

project
for

th
e

A
R

IE
S

algorith
m

in
th

e
rest

of
th

is
article.

3.
S

P
E

C
IF

IC
A

T
IO

N
O

F
T

H
E

D
A

T
A

M
A

N
A

G
E

R

T
h

e
con

tribu
tion

of
th

is
section

is
a

form
al

defin
ition

of
th

e
correctn

ess
of

th
e

data
m

an
ager

in
a

fash
ion

in
depen

den
t

of
th

e
in

tern
al

data
stru

ctu
res

an
d

in
tern

al
processin

g.
W

e
can

th
erefore

apply
th

is
correctn

ess
defin

ition
to

oth
er

protocols
su

ch
as

th
ose

described
in

B
ern

stein
et

al.
[1987].

W
e

h
ave

don
e

th
is

in
recen

t
w

ork
[K

u
o

an
d

F
ek

ete
1994].

H
ow

ever,
ou

rs
is

n
ot

th
e

m
ost

gen
eral

defin
ition

as
it

assu
m

es
th

at
th

e
sch

edu
ler

provides
strict

sch
edu

les.
O

u
r

correctn
ess

defin
ition

can
n

ot
be

u
sed

for
data

m
an

agers
in
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a
D

B
M

S
th

at
u

ses
a

n
on

strict
tech

n
iqu

e
su

ch
as

optim
istic

con
cu

rren
cy

con
trol.

In
S

ection
3.1,

w
e

presen
t

th
e

extern
al

(in
pu

t
an

d
ou

tpu
t)

action
s

of
th

e
data

m
an

ager
an

d
th

en
in

S
ection

3.2
w

e
form

ally
defin

e
correctn

ess
in

term
s

of
th

e
sequ

en
ce

of
th

ese
action

s
produ

ced
by

th
e

data
m

an
ager.

3.1
E

xternal
A

ctio
ns

o
f

the
D

ata
M

anag
er

T
h

e
legal

operation
s,

du
rin

g
n

orm
al

processin
g,

th
at

th
e

sch
edu

ler
can

requ
est

to
th

e
data

m
an

ager
are

read,
w

rite,
com

m
it,

an
d

rollback
.

T
h

u
s

th
e

in
pu

t
an

d
ou

tpu
t

action
s

of
th

e
data

m
an

ager
du

rin
g

n
orm

al
processin

g
are

th
e

requ
ests

an
d

ack
n

ow
ledgm

en
ts

of
th

ese
operation

s.
F

or
exam

ple,
w

e
h

ave
th

e
in

pu
t

action
R

eqR
ead

(T
,

x)
to

m
odel

th
e

requ
est

of
a

read
by

th
e

tran
saction

T
to

th
e

data
item

x
an

d
th

e
ou

tpu
t

action
A

ckR
ead

(T
,

x,
v)

to
m

odel
th

e
com

pletion
of

th
e

read
w

ith
v

as
th

e
valu

e
read. 3

If
th

e
data

m
an

ager
fails

to
com

m
it

a
tran

saction
,

it
rolls

back
th

e
tran

saction
as

if
th

e
sch

edu
ler

requ
ested

a
rollback

.
In

ou
r

m
odel,

if
th

e
data

m
an

ager
su

ccessfu
lly

com
m

its
a

tran
saction

T
,

th
en

th
e

action
A

ck-
C

om
m

it(T
)

occu
rs

in
th

e
beh

avior;
oth

erw
ise

th
e

action
A

ckR
ollbk(T

)
occu

rs.
A

system
failu

re
m

ay
occu

r
at

an
y

tim
e

an
d

is
m

odeled
by

th
e

in
pu

t
action

C
rash

.
O

n
ce

a
failu

re
h

as
occu

rred,
recovery

is
en

abled.
T

h
e

ou
tpu

t
action

A
ckR

estart
sign

als
th

e
su

ccessfu
l

com
pletion

of
recovery.

T
h

e
in

pu
t

an
d

ou
tpu

t
action

s
of

th
e

m
odel

are
sh

ow
n

in
T

able
I.

It
is

fu
n

dam
en

tal
to

th
e

form
al

m
eth

od
th

at
correctn

ess
m

u
st

be
defin

ed
in

term
s

of
sequ

en
ces

of
th

ese
extern

al
action

s.T
h

u
s

in
stead

of
m

en
tion

in
g

in
tern

al
state

an
d

sayin
g

th
at

a
system

is
correct

if
th

e
data

valu
es

are
appropriate,

w
e

in
stead

say
th

at
it

is
correct

if
every

read
requ

est
receives

th
e

appropriate
retu

rn
valu

e,
reflectin

g
th

e
com

m
itted

u
pdates

to
th

at
item

.
O

n
e

su
btle

poin
t

sh
ou

ld
be

m
en

tion
ed.

T
h

e
ack

n
ow

ledgm
en

t
of

a
requ

est
m

odels
th

e
com

pletion
of

a
requ

est.
W

h
ile

th
e

ack
n

ow
ledgm

en
t

is
ou

tstan
din

g,
th

e
sch

edu
ler

does
n

ot
k

n
ow

th
e

statu
s

of
th

e
operation

.
F

or
exam

ple,
if

th
e

sch
edu

ler
su

bm
itted

a
com

m
it

requ
est

bu
t

h
as

n
ot

received
th

e
ack

n
ow

ledgm
en

t,
th

en
it

does
n

ot
k

n
ow

if
th

e
tran

saction
h

as
com

m
it-

ted
as

th
e

data
m

an
ager

m
ay

n
ot

h
ave

started
processin

g
th

e
com

m
it,

or
it

m
ay

h
ave

processed
th

e
com

m
it

bu
t

h
as

n
ot

sen
t

th
e

ack
n

ow
ledgm

en
t.

In

3In
ou

r
m

odel,
in

pu
t

an
d

ou
tpu

t
action

s
are

respectively
prefixed

by
R

eq
an

d
A

ck
except

for
th

e
action

C
rash

.

D
ata
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recovery
algorith

m
s

th
ere

is
an

atom
ic

action
th

at
com

m
its

a
tran

saction
. 4

H
ow

ever,
in

ou
r

m
odel,

th
is

step
is

n
ot

m
odeled

as
an

extern
al

action
,

h
en

ce
w

h
en

a
crash

occu
rs

du
rin

g
a

com
m

it,
th

e
beh

avior
con

tain
s

in
su

ffi-
cien

t
in

form
ation

to
determ

in
e

th
e

statu
s

of
th

e
tran

saction
.

T
h

is,
th

ere-
fore,

com
plicates

ou
r

correctn
ess

defin
ition

.
O

u
r

approach
is

to
say

th
at

a
sequ

en
ce

of
extern

al
action

s
is

correct
if

th
ere

exists
a

set
of

tran
saction

s
th

at
can

be
regarded

as
com

m
itted.

T
h

is
set

m
u

st
h

ave
certain

properties
su

ch
as

bein
g

a
su

bset
of

all
th

e
tran

saction
s

th
at

h
ave

requ
ested

a
com

m
it

an
d

th
eir

com
m

it
did

n
ot

fail.A
lso,it

m
u

st
be

a
su

perset
of

all
tran

saction
s

th
at

su
ccessfu

lly
com

m
itted.

T
h

is
gives

a
defin

ition
th

at
deals

on
ly

w
ith

extern
ally

visible
activities,

an
d

h
en

ce
applies

to
m

an
y

differen
t

algo-
rith

m
s.

In
verifyin

g
a

particu
lar

algorith
m

,
th

ere
is

n
o

difficu
lty

becau
se

w
e

h
ave

access
to

th
e

w
h

ole
execu

tion
w

h
ich

in
clu

des
th

e
in

tern
al

action
s,

an
d

can
th

u
s

pick
th

e
set

of
com

m
itted

tran
saction

s
exactly.

3.2
C

o
rrectness

In
th

is
section

,w
e

form
ally

defin
e

correctn
ess

of
a

data
m

an
ager.H

ow
ever,

w
e

first
in

form
ally

describe
it.

A
s

n
oted,

w
e

requ
ire

th
at

each
read

by
an

y
tran

saction
T

retu
rn

th
e

appropriate
valu

e.
T

h
e

appropriate
valu

e
is

in
form

ally
defin

ed
as

follow
s:

C
ase

1.
If

n
eith

er
th

e
tran

saction
T

n
or

an
y

com
m

itted
tran

saction
h

ave
w

ritten
to

th
e

data
item

th
en

th
e

appropriate
valu

e
is

th
e

in
itial

valu
e,

w
h

ich
w

e
defin

e
as

0.
C

ase
2.

If
T

itself
w

rote
to

th
e

data
item

before
th

e
read,

th
en

th
e

appropriate
valu

e
is

th
e

valu
e

th
at

T
w

rote.
C

ase
3.

In
th

e
fin

al
case,

som
e

com
m

itted
tran

saction
s

h
ave

w
ritten

to
th

e
data

item
bu

t
T

h
as

n
ot.

T
h

e
appropriate

valu
e

is
th

en
th

e
valu

e
w

ritten
by

th
e

last
tran

saction
th

at
com

m
itted

an
d

w
rote

to
th

e
data

item
.

T
o

sh
ed

ligh
t

on
w

h
y

th
is

is
th

e
in

tu
itively

correct
defin

ition
,

let
u

s
exam

in
e

th
e

beh
avior

of
th

e
data

m
an

ager.
If

n
eith

er
system

failu
res

n
or

tran
saction

rollback
s

ever
occu

r,
th

en
each

read
sh

ou
ld

retu
rn

th
e

valu
e

w
ritten

by
th

e
tran

saction
th

at
last

w
rote

to
it,if

su
ch

a
tran

saction
exists.

If
n

o
tran

saction
h

as
ever

w
ritten

to
it,

th
en

th
e

read
sh

ou
ld

retu
rn

th
e

in
itial

valu
e.

N
ow

su
ppose

th
at

failu
res

do
occu

r.
T

ran
saction

s
are

atom
ic;

th
at

is,if
th

e
tran

saction
com

m
its,th

en
all

its
effects

are
visible,w

h
ereas

if
it

aborts
th

en
n

on
e

are.
A

lso,
to

avoid
su

ch
ph

en
om

en
a

as
cascadin

g
rollback

s
[B

ern
stein

et
al.1987],th

e
sch

edu
ler

in
th

e
D

B
M

S
gen

erates
on

ly
strict

sch
edu

les—
each

access
(read

or
w

rite)
to

a
data

item
by

a
tran

saction
T

is
delayed

u
n

til
after

th
e

m
ost

recen
t

differen
t

tran
saction

th
at

w
rote

to
th

e
item

h
as

term
in

ated
(i.e.,

eith
er

com
m

itted
or

rolled
back

).
T

h
u

s
if

a
tran

saction
h

as
n

ot
w

ritten
to

th
e

data
item

,
th

en
a

read
w

ill
retu

rn
th

e
in

itial
valu

e
if

n
o

com
m

itted
tran

saction
h

as
w

ritten
to

it;
oth

erw
ise

it
w

ill

4In
A

R
IE

S
an

d
oth

er
W

A
L

protocols,
th

is
atom

ic
action

is
th

e
flu

sh
in

g
of

th
e

tran
saction

’s
com

m
it

log
record.
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retu
rn

th
e

valu
e

w
ritten

by
th

e
last

tran
saction

th
at

w
rote

to
th

e
item

an
d

com
m

itted.
F

in
ally,

if
system

failu
res

occu
r

du
rin

g
recovery,

all
tran

sac-
tion

s
th

at
w

ere
active

(n
ot

com
m

itted
or

rolled
back

)
at

th
e

tim
e

of
th

e
failu

re
are

rolled
back

an
d

m
issin

g
u

pdates
from

com
m

itted
tran

saction
s

are
redon

e.
T

h
u

s
tak

in
g

system
failu

res
in

to
accou

n
t

does
n

ot
ch

an
ge

th
e

appropriate
valu

e.
In

m
ak

in
g

th
is

n
atu

ral
defin

ition
in

to
a

precise
m

ath
em

atical
form

,th
ere

are
som

e
areas

th
at

requ
ire

care.
F

irst,
in

ou
r

description
of

appropriate
valu

es
w

e
refer

to
com

m
itted

tran
saction

s.
A

s
stated

earlier,
ou

r
specifica-

tion
is

in
depen

den
t

of
th

e
in

tern
al

states
(th

e
log,

stable
database,

an
d

cach
e)

of
th

e
data

m
an

ager.T
h

is
cau

ses
a

com
plication

to
ou

r
defin

ition
s

as
th

e
extern

al
action

s
alon

e
d

o
n

ot
con

tain
en

ou
gh

in
form

ation
to

determ
in

e
exactly

w
h

ich
tran

saction
s

h
ave

com
m

itted.
L

et
�

�
S

0 �
1 S

1 �
2 S

2 ,
...

,
�

n S
n

be
an

y
execu

tion
.

F
or

each
tran

saction
T

,
th

ere
are

n
ow

th
ree

cases
to

con
sider.

C
ase

1.
If

R
eqC

om
m

it(T
)

�
�

or
A

ckR
ollbk(T

)
�

�
,

th
en

T
is

n
ot

com
m

itted
in

state
S

n .
C

ase
2.

If
A

ckC
om

m
it(T

)
�

�
,

th
en

th
e

tran
saction

T
is

com
m

itted.
C

ase
3.

If
R

eqC
om

m
it(T

)
�

�
,A

ckR
ollbk(T

)
�

�
,an

d
A

ckC
om

m
it(T

)
�

�
,

th
en

w
e

d
o

n
ot

k
n

ow
th

e
statu

s
of

tran
saction

T
as

it
all

depen
ds

on
w

h
ich

in
tern

al
action

s,
if

an
y,

h
ave

been
execu

ted. 5

O
u

r
approach

is
to

allow
th

e
protocol

som
e

freedom
.

O
u

r
correctn

ess
defin

ition
is

stated
u

sin
g

a
loosely

con
strain

ed
set

of
tran

saction
s

C
om

m
it-

T
ran

s(�
)

th
at

can
be

regarded
as

com
m

itted
su

ch
th

at
th

e
set

is
a

su
bset

of
all

tran
saction

s
th

at
h

ave
requ

ested
to

com
m

it
bu

t
th

eir
requ

ests
did

n
ot

fail,
an

d
a

su
perset

of
all

tran
saction

s
th

at
h

ave
su

ccessfu
lly

com
m

itted.
M

ath
em

atically,
w

e
requ

ire
th

at

D
efin

itelyC
om

m
itted

��
�

�
C

om
m

itT
ran

s��
�

�
P

ossiblyC
om

m
itted

��
�,

w
h

ere
D

efin
itelyC

om
m

itted
(�

)
�

{T
:
?

i,
�

i
�

A
ckC

om
m

it(T
)}

an
d

P
ossi-

blyC
om

m
itted

(�
)

�
{T

:
?

i,
�

i
�

R
eqC

om
m

it(T
)}

�
{T

:
?

j,
�

j
�

A
ckR

ollbk(T
)}.

A
lso,

if
th

e
data

m
an

ager
h

as
decided

a
tran

saction
h

as
com

m
itted

in
state

S
i ,

th
en

it
can

n
ot

ch
an

ge
its

m
in

d;
th

at
is,
@

j,
i

�
j

�
n

,
th

e
data

m
an

ager
m

u
st

con
sider

th
e

tran
saction

as
com

m
itted

in
state

S
j .T

h
e

secon
d

poin
t

requ
irin

g
care

is
th

at
in

th
e

I/O
au

tom
aton

m
odel,in

pu
t

action
s

are
n

ever
block

ed,
th

u
s

th
ey

m
ay

occu
r

at
an

y
tim

e.
H

ow
ever,

in
a

real
system

,
n

orm
al

processin
g

operation
s

su
ch

as
reads

an
d

w
rites

do
n

ot
occu

r
du

rin
g

recovery, 6
or

after
th

e
requ

estin
g

tran
saction

h
as

term
in

ated.
W

e
in

trodu
ced

a
n

otion
of

tran
saction

w
ell-form

ed
n

ess
to

captu
re

th
e

5In
A

R
IE

S
an

d
oth

er
W

A
L

protocols,
if

th
e

in
tern

al
action

of
flu

sh
in

g
th

e
com

m
it

log
record

h
as

occu
rred

th
en

w
e

say
T

is
com

m
itted,

oth
erw

ise
it

h
as

n
ot

com
m

itted.
6In

a
real

system
,

u
sers

can
n

ot
access

th
e

database
du

rin
g

recovery.
H

en
ce

reads
an

d
w

rites
do

n
ot

occu
r

du
rin

g
th

is
period.

D
ata

M
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B
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A

R
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con
strain

ts
on

w
h

en
requ

ests
can

be
su

bm
itted

by
th

e
sch

edu
ler.

W
e

th
en

say
th

at
th

e
data

m
an

ager
is

correct
if

reads
see

appropriate
valu

es
in

th
e

w
ell-form

ed
beh

aviors;
arbitrary

respon
ses

are
allow

ed
w

h
en

requ
ests

occu
r

at
u

n
reason

able
tim

es.
W

e
n

ow
give

m
ath

em
atical

defin
ition

s
to

th
ese

con
cepts.

W
e

first
defin

e
th

e
th

ree
possible

altern
atives

for
th

e
statu

s
of

a
tran

saction
.

W
e

express
th

is
th

rou
gh

defin
in

g
th

e
set

of
tran

saction
s

w
ith

each
statu

s;
th

is
set

is
w

ritten
as

th
ou

gh
it

w
ere

a
“h

istory
variable”

in
th

e
system

state.

D
efin

ition
3.2.1.

F
or

an
y

execu
tion

�
�

S
0 �

1 S
1 �

2 S
2 ,

...
,

�
n S

n ,

(1)
S

k .A
ctiveT

ran
s

den
otes

th
e

set
of

T
for

w
h

ich
?

a
su

ch
th

at
a

�
k

an
d

�
a

�
{R

eqR
ead

(T
,

x),
R

eqW
rite(T

,
x,

v)}
for

an
y

data
item

x
an

d
valu

e
v,

an
d

?�
e,

a
�

e
�

k
,

�
e

�
{R

eqC
om

m
it(T

),
R

eqR
ollbk(T

),
C

rash
}.

(2)
S

k .R
eqT

erm
T

ran
s

den
otes

th
e

set
of

T
su

ch
th

at
?

t
su

ch
th

at
t

�
k

an
d

�
t

�
{R

eqC
om

m
it(T

),
R

eqR
ollbk(T

)}
or

�
t

�
C

rash
an

d
T

�
S

t�
1 .A

ctiveT
ran

s.
(3)

S
k .T

erm
T

ran
s

den
otes

th
e

set
of

T
su

ch
th

at
?

t
su

ch
th

at
t

�
k

an
d

�
t

�
{A

ckC
om

m
it(T

),
A

ckR
ollbk(T

)}
or

�
t

�
A

ckR
estart

an
d

T
�

S
t�

1 .R
eqT

erm
T

ran
s.

R
ecovery

follow
s

an
y

crash
an

d
it

rolls
back

all
active

tran
saction

s.
T

h
u

s
on

e
can

view
a

crash
as

a
rollback

requ
est

for
all

active
tran

saction
s.

W
e

h
ave,

in
th

e
defin

ition
s,

defin
ed

th
e

set
of

active
tran

saction
s

(S
k .A

c-
tiveT

ran
s)

as
th

ose
th

at
h

ave
requ

ested
an

access
(read

or
w

rite)
bu

t
h

ave
n

ot
requ

ested
com

m
it

or
rollback

,
n

or
h

ave
th

ey
been

affected
by

a
crash

.
T

h
e

tran
saction

s
th

at
h

ave
requ

ested
to

term
in

ate
(S

k .R
eqT

erm
T

ran
s)

are
th

ose
w

h
ich

th
e

data
m

an
ager

is
rollin

g
back

(eith
er

du
e

to
a

rollback
requ

est
or

a
crash

)
or

com
m

ittin
g.

F
in

ally,
w

h
en

th
e

data
m

an
ager

h
as

com
pleted

th
e

rollback
(eith

er
du

e
to

a
rollback

requ
est

or
a

crash
)

or
com

m
it

of
a

tran
saction

,
th

e
tran

saction
is

th
en

defin
ed

as
term

in
ated

(S
k .T

erm
T

ran
s).

W
e

n
ow

form
alize

th
e

requ
irem

en
ts

on
w

h
en

a
tran

saction
m

ay
m

ak
e

requ
ests.

D
efin

ition
3.2.2.

T
h

e
execu

tion
�

�
S

0 �
1 S

1 �
2 S

2 ,
...

,
�

n S
n ,

...
,

is
w

ell-form
ed

provided
th

e
follow

in
g

h
old

for
every

k
.

—
If

T
�

S
k .R

eqT
erm

T
ran

s
th

en
@

x,
v,

k
�

:
(k

�
k

�)
f

��
k� �

	
R

eqR
ead

�T
,x�,R

eqW
rite�T

,x,
v�,

R
eqC

om
m

it�T
�,R

eqR
ollbk

�T
�
�.

—
If

�
i

�
R

eqR
ead

(T
,

x)
an

d
�

j
�

R
eqW

rite(T
,

x,
v),

th
en

�i
�

j�
f

�
�

i�
:

i
�

i�
�

j,
�

i�
	

A
ckR

ead
�T

,x��

� j
�

i�
f

�
�

j�
:

j
�

j�
�

i,
�

j�
	

A
ckW

rite �T
,x,

v��.
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—
If

�
k

�
{R

eqC
om

m
it(T

),
R

eqR
ollbk(T

)},
th

en

�	i
:i

�
k

�
i 	

R
eqR

ead
�T

,x�
�	
�	j

:j
�

k
?

v,
�

j 	
A

ckR
ead

�T
,x,

v�
�

� 	i
:i

�
k

�
i 	

R
eqW

rite�T
,x,

v�
�	
	j

:j
�

k
�

j 	
A

ckW
rite�T

,x,
v�
�.

—
If

�
k

�
R

eqW
rite(T

,
x,

v)
th

en
@

k
�,

v�
:

(k
�

k
�)
f

(�
k�

�
R

eqW
rite(T

,
x,

v�)).
—

If
�

c
�

C
rash

,
an

d
@

c�,
((c

�
c�

�
k

)
f

(�
c�

�
A

ckR
estart))

th
en

�
k

is
eith

er
C

rash
or

else
an

ou
tpu

t
or

in
tern

al
action

.

T
he

preceding
definition

form
ally

states
the

obvious
properties

of
transactions.

T
hey

are:once
a

transaction
has

requested
to

com
m

it
or

rollback,or
a

crash
has

occurred,
it

can
no

longer
m

ake
any

further
requests

(this
also

im
plicitly

states
that

transaction
identifiers

are
unique);reads

and
w

rites
to

the
sam

e
data

item
are

ordered
(one

can
not

issue
a

read
ifa

previous
w

rite
to

the
sam

e
data

item
has

not
com

pleted
and

vice
versa);

all
access

operations
(read

and
w

rites)
m

ust
be

com
pleted

before
a

transaction
can

request
to

com
m

it
or

rollback;
each

transac-
tion

can
w

rite
to

a
data

item
at

m
ost

once; 7
finally,

there
are

no
requests

from
transactions

after
a

crash
and

before
recovery

is
com

plete.
S

trictn
ess

[B
ern

stein
et

al.
1987]

states
th

at
before

a
tran

saction
can

read
or

w
rite

to
a

data
item

,
th

e
previou

s
tran

saction
th

at
w

rote
to

it
m

u
st

h
ave

term
in

ated.
T

h
e

form
al

defin
ition

is
sh

ow
n

in
D

efin
ition

3.

D
efin

ition
3.2.3

T
h

e
execu

tion
�

�
S

0 �
1 S

1 �
2 S

2 ...
�

n S
n

is
strict

provided
th

at
for

an
y

valu
es

v
1 ,

v
2

an
d

data
item

x,
if

k
1

�
k

2 ,
T

1
�

T
2 ,

an
d

�
k

1 	
R

eqW
rite�T

1 ,x,v
1 �

and
�

k
2

�
	R

eqW
rite�T

2 ,x,v
2 �,R

eqR
ead

�T
2 ,x�
,

then
?

k,
k

1
�

k
�

k
2

and
�

k
�

{A
ckC

om
m

it(T
1 ),

A
ckR

ollbk(T
1 ),

A
ckR

estart}.

C
orrectn

ess
states

th
at

each
read

to
an

y
data

item
x

retu
rn

s
th

e
appropriate

valu
e.

If
n

o
tran

saction
h

as
w

ritten
to

x
an

d
com

m
itted,

th
en

w
e

say
th

at
th

e
appropriate

valu
e

is
th

e
in

itial
valu

e,an
d

if
th

e
tran

saction
cu

rren
tly

readin
g

x
also

w
rote

to
x

before
th

e
read,

th
en

th
e

appropriate
valu

e
is

th
e

valu
e

it
w

rote.
In

th
e

fin
al

case,
th

e
appropriate

valu
e

is
defin

ed
as

th
e

valu
e

w
ritten

by
th

e
last

tran
saction

th
at

com
m

itted
an

d
w

rote
to

x.
D

efin
ition

4
first

defin
es

th
e

set
of

action
s,

in
state

S
k

of
th

e
execu

tion
�

,
th

at
w

rote
to

data
item

x
by

a
set

of
tran

saction
s

T
ran

s(�
);

th
en

in
D

efin
ition

5,w
e

defin
e

th
e

valu
e

th
at

w
as

w
ritten

by
th

e
last

action
in

th
is

set.
W

h
en

w
e

u
se

th
ese

defin
ition

s
in

ou
r

correctn
ess

defin
ition

,
w

e
tak

e
T

ran
s(�

)
to

be
th

e
set

of
com

m
itted

tran
saction

s.
T

h
u

s
w

e
k

n
ow

w
h

at
is

th
e

last
com

m
itted

valu
e

w
ith

respect
to

th
e

extern
al

action
s.

D
efin

ition
3.2.4.

L
et

�
�

S
0 �

1 S
1 �

2 S
2 ,

...
,

�
n S

n
be

an
execu

tion
,

1
�

k
�

n
,

an
d

T
ran

s( �
)

is
a

set
of

tran
saction

s,
th

en
w

e
defin

e

7T
h

is
sim

plifies
m

an
y

defin
ition

s
an

d
does

n
ot

redu
ce

th
e

expressiven
ess

of
th

e
m

odel.
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U
pd

ates��
,T

ran
s��

�,x,k
�

	
	i

:i
�

k
�

i

	
A

ckW
rite�T

,x,
v�

an
d

T
�

T
ran

s��
�
.

D
efin

ition
3.2.5.

L
et

�
�

S
0 �

1 S
1 �

2 S
2 ,

...
,

�
n S

n
be

an
execu

tion
,th

en
w

e
defin

e

L
astU

pd
ate��

,T
ran

s��
�,x,k

�
	� v

U
pd

ates
��

,T
ran

s(�
),

x,k



0,

0
oth

erw
ise

w
h

ere
1

�
k

�
n

,
�

i
�

A
ckW

rite(T
,

x,
v)

an
d

i
�

m
ax(U

pd
ates

( �
,

T
ran

s(�
),

x,
k

)).
N

otice
in

D
efin

ition
3.2.5

th
at

if
n

o
tran

saction
in

T
ran

s(�
)

h
as

w
ritten

to
x,

th
en

th
e

valu
e

is
defin

ed
as

0.
T

h
e

fin
al

defin
ition

n
ow

defin
es

correctn
ess

of
th

e
data

m
an

ager.

D
efin

ition
3.2.6.

G
iven

an
y

allow
able

execu
tion

,
�

�
S

0 �
1 S

1 �
2 S

2 �
3

...
�

n S
n

th
at

is
w

ell-form
ed

an
d

strict
to

th
e

data
m

an
ager,

w
e

say
th

at
�

is
correct

provided
th

ere
exists

a
set

C
om

m
itT

ran
s( �

)
su

ch
th

at

	T
:

�
i,1

�
i

�
n

,
�

i 	
A

ckC
om

m
it�T

�

�

C
om

m
itT

ran
s��

�

�
	T

:
�

i,1
�

i
�

n
,

�
i 	

R
eqC

om
m

it�T
�


�
	T

:
�

j,

1
�

j
�

n
,

�
j 	

A
ck

R
ollb

k
�T

�}

an
d
@

r,
if

�
r

�
A

ckR
ead

(T
,

x,
v),

th
en

v
	� v�

if
�

j,j
�

r,
�

j 	
R

eqW
rite�T

,x,
v��

L
astU

pd
ate�C

om
m

itT
ran

s��
�,x,r�

oth
erw

ise.

W
e

say
th

at
th

e
data

m
an

ager
is

correct
provided

th
at

every
beh

avior
th

at
is

w
ell-form

ed
an

d
strict

is
correct.

4.
M

O
D

E
L

O
F

T
H

E
A

LG
O

R
IT

H
M

In
th

is
section

,w
e

presen
t

th
e

m
odel

of
a

data
m

an
ager

w
h

ose
algorith

m
is

based
on

A
R

IE
S

[M
oh

an
et

al.
1992].

B
efore

w
e

presen
t

th
e

m
odel,

w
e

first
describe

th
e

m
odelin

g
m

eth
odology;

th
at

is,
w

e
explain

h
ow

w
e

con
vert

th
e

in
form

al
description

in
M

oh
an

et
al.

[1992]
in

to
m

ath
em

atics.
N

ext
w

e
presen

t
th

e
m

odel’s
data

stru
ctu

re,
w

h
ich

is
th

e
form

al
represen

tation
of

th
e

state
of

th
e

data
m

an
ager

at
an

y
tim

e.
F

in
ally

w
e

give
th

e
tran

sition
s,

sh
ow

in
g

h
ow

th
e

state
evolves

as
th

e
data

m
an

ager
ru

n
s.

T
h

is
m

ath
em

ati-
cal

description
sh

ou
ld

be
u

sefu
l

to
im

plem
en

tors,
even

if
th

ey
are

n
ot

in
terested

in
th

e
verification

,
becau

se
it

can
clarify

su
btle

altern
atives

in
th

e
algorith

m
.
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W
h

ile
presen

tin
g

th
e

m
odel,

w
e

also
give

a
com

preh
en

sive
description

of
th

e
A

R
IE

S
algorith

m
as

w
ell

as
th

e
m

in
or

sim
plification

s
an

d
m

odification
s

w
e

m
ak

e.
T

h
e

m
odel

an
d

verification
in

clu
de

m
ost

of
th

e
featu

res
provided

by
A

R
IE

S
;in

particu
lar

w
e

m
odel

bu
ffer

m
an

agem
en

t,w
rite-ah

ead
loggin

g,
asyn

ch
ron

ou
s

ch
eck

poin
tin

g,
m

u
ltiple

data
item

s
per

page,
an

d
th

e
possi-

bility
of

crash
es

du
rin

g
restart

processin
g. 8

O
u

r
m

odel,
h

ow
ever,

on
ly

m
odels

ph
ysical

loggin
g—

th
at

is,
each

log
record

in
clu

des
th

e
before

an
d

after
im

ages
of

th
e

operation
,

an
d

th
e

on
ly

operation
s

on
th

e
data

item
s

are
reads

an
d

w
rites.

O
u

r
m

odel
does

n
ot

m
odel

th
e

m
ore

gen
eral

type
of

data
m

an
agers

th
at

provide
logical

loggin
g

w
h

ich
logs

th
e

n
am

e
an

d
argu

m
en

ts
of

th
e

operation
itself.

B
ecau

se
w

e
are

on
ly

con
cern

ed
w

ith
ph

ysical
loggin

g,
w

e
assu

m
e

th
at

th
e

execu
tion

s
from

th
e

sch
edu

ler
to

th
e

data
m

an
ager

are
strict

[B
ern

stein
et

al.1987]
on

data
item

s.
T

h
e

m
odel

also
m

ak
es

th
e

assu
m

ption
s

th
at

th
e

database
con

sists
of

a
fin

ite
n

u
m

ber
of

data
item

s,each
on

a
fixed

page,an
d

th
at

each
tran

saction
can

u
pdate

a
data

item
at

m
ost

on
ce.

In
addition

,
on

ce
a

tran
saction

starts
rollin

g
back

,
it

can
n

ever
com

m
it;

th
at

is,
ou

r
m

odel
does

n
ot

in
clu

de
partial

rollback
s.

4.1
M

etho
d

o
lo

g
y

O
u

r
m

odel
u

ses
all

th
ree

types
of

action
s

from
th

e
I/O

au
tom

aton
m

odel.
In

pu
t

action
s

are
u

sed
to

m
odel

th
e

requ
ests

from
th

e
sch

edu
ler

to
th

e
data

m
an

ager.
F

or
exam

ple,
w

e
u

se
th

e
action

R
eqR

ead
(T

,
x)

to
m

odel
th

e
requ

est
from

th
e

sch
edu

ler
to

th
e

data
m

an
ager

on
beh

alf
of

th
e

tran
sac-

tion
T

to
read

th
e

valu
e

stored
in

th
e

data
item

x.In
tern

al
action

s
are

u
sed

to
m

odel
th

e
in

tern
al

steps
of

th
e

data
m

an
ager,an

d
th

e
ou

tpu
t

action
s

are
u

sed
to

m
odel

th
e

ack
n

ow
ledgm

en
ts,

from
th

e
data

m
an

ager
to

th
e

sch
ed-

u
ler,

of
th

e
com

pletion
of

a
requ

est.
T

h
ere

are
th

ree
m

ajor
problem

s
in

m
odelin

g
an

d
verifyin

g
a

data
m

an
-

ager
u

sin
g

th
e

I/O
au

tom
aton

m
odel:

crash
es

can
occu

r
at

an
y

tim
e

(even
du

rin
g

recovery);th
ere

are
m

an
y

con
cu

rren
t

activities
occu

rrin
g

in
th

e
data

m
an

ager;
an

d
fin

ally,
th

e
action

s
of

th
e

I/O
au

tom
aton

m
odel

are
atom

ic.
T

h
u

s
each

action
sh

ou
ld

con
tain

on
ly

on
e

step
of

th
e

real
system

.
T

h
is

w
ou

ld
lead

to
a

m
assive

m
odel.

T
o

m
ak

e
ou

r
w

ork
tractable,

ou
r

m
odel

allow
s

each
action

to
con

tain
m

ore
th

an
on

e
step

of
th

e
data

m
an

ager
if

th
e

follow
in

g
con

strain
ts

are
satisfied.

—
T

h
ere

is
at

m
ost

on
e

w
rite

to
stable

storage
bu

t
an

y
n

u
m

ber
of

reads.
—

T
h

ere
is

on
ly

on
e

w
rite

to
each

sh
ared

data
stru

ctu
re.

—
T

h
e

sequ
en

ce
of

steps
is

properly
latch

ed.

8T
h

u
s

ou
r

verification
proves

th
at

th
e

recovery
algorith

m
is

idem
poten

t
[B

ern
stein

et
al.

1987]—
th

at
is,

an
y

n
u

m
ber

of
in

com
plete

execu
tion

s
of

th
e

recovery
algorith

m
follow

ed
by

a
com

plete
on

e
w

ill
restore

th
e

database
to

th
e

sam
e

state
as

a
sin

gle
com

plete
execu

tion
.
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W
e

claim
th

at
ou

r
m

odel
does

n
ot

m
iss

an
yth

in
g

sign
ifican

t
for

th
e

follow
in

g
reason

s.

—
A

crash
h

as
th

e
property

th
at

it
corru

pts
th

e
con

ten
ts

of
volatile

m
ain

m
em

ory
bu

t
h

as
n

o
effect

on
stable

disk
storage.

T
h

erefore
if

a
crash

in
terru

pts
a

sequ
en

ce
of

steps
(from

on
e

action
in

th
e

form
al

m
odel)

th
at

on
ly

access
volatile

storage
or

read
from

stable
storage,

th
en

th
e

effect
is

th
e

sam
e

as
if

all
th

e
steps

n
ever

occu
rred,

becau
se

all
th

e
alteration

s
to

th
e

state
are

lost
an

yw
ay.

W
e

assu
m

e
th

at
w

rites
to

stable
storage

are
atom

ic.
If

a
sequ

en
ce

of
steps

con
tain

in
g

on
ly

on
e

w
rite

to
stable

storage
is

in
terru

pted
by

a
crash

,
th

en
its

effect
is

equ
ivalen

t
to

eith
er

th
e

steps
n

ot
occu

rrin
g

at
all

(w
h

en
th

e
crash

occu
rred

before
th

e
w

rite)
or

th
e

steps
all

com
pleted

follow
ed

by
a

crash
(w

h
en

th
e

crash
occu

rred
after

th
e

w
rite).

T
h

is
is

w
h

y
w

e
allow

on
ly

on
e

w
rite

to
stable

storage
bu

t
an

y
n

u
m

ber
of

reads
in

on
e

action
of

th
e

m
odel.

—
If

an
action

con
tain

ed
m

ore
th

an
on

e
w

rite
to

th
e

sam
e

data
stru

ctu
re

(e.g.,
data

item
or

an
en

try
in

th
e

tran
saction

table)
in

volatile
storage,

th
en

ou
r

m
odel

w
ou

ld
be

in
com

plete
as

on
ly

th
e

valu
e

w
ritten

by
th

e
last

w
riter

in
th

e
sequ

en
ce

can
be

flu
sh

ed
to

stable
storage,

w
h

ereas
in

reality
stable

storage
m

igh
t

con
tain

an
in

term
ediate

valu
e.

T
h

erefore
w

e
on

ly
allow

on
e

w
rite

to
each

data
stru

ctu
re

w
ith

in
an

action
of

th
e

m
odel.

—
T

h
ere

are
con

cu
rren

t
activities

w
ith

in
th

e
data

m
an

ager.
O

n
e

tran
sac-

tion
m

ay
be

rollin
g

back
w

h
ile

an
oth

er
is

m
ak

in
g

forw
ard

progress
(doin

g
reads

an
d

u
pdates),

for
exam

ple.
T

h
ese

steps
m

ay
in

terfere
w

ith
each

oth
er

w
h

en
th

ey
access

sh
ared

m
em

ory
(e.g.,

tran
saction

table,
log,

an
d

data
item

s)
an

d
cau

se
ph

ysical
in

con
sisten

cies
[G

ray
an

d
R

eu
ter

1993].
In

real
system

s,
latch

es
are

u
sed

to
preven

t
th

ese
in

con
sisten

cies
by

m
ak

in
g

a
sequ

en
ce

of
steps

look
atom

ic.
U

sin
g

th
e

I/O
au

tom
ata

m
odel,

w
e

do
n

ot
n

eed
to

m
odel

latch
es

as
th

e
action

s
are

already
atom

ic
bu

t
n

eed
to

m
odel

all
th

e
allow

able
con

cu
rren

cy.
T

h
erefore

w
e

requ
ire

th
at

each
action

con
tain

on
ly

steps
of

th
e

real
system

th
at

are
properly

latch
ed.

4.2
D

ata
S

tructures

T
h

is
section

describes
an

d
lists

th
e

data
stru

ctu
res

u
sed

in
ou

r
m

odel.
T

h
e

m
ain

data
stru

ctu
res

in
A

R
IE

S
are

th
e

log,
tran

saction
table,

dirty
pages

table,
an

d
th

e
pages

th
at

con
tain

th
e

data
item

s.

4.2.1
L

og.
T

h
e

log
is

m
odeled

as
an

array
of

log
records

in
dexed

by
log

sequ
en

ce
n

u
m

bers
(L

S
N

).
In

th
e

follow
in

g
w

e
describe

th
e

fields
in

th
e

log.

L
S

N
:

T
h

e
log

sequ
en

ce
n

u
m

ber
of

th
e

log
record.

T
ype:

In
dicates

th
e

type
of

th
e

log
record.

T
h

ere
are

six
types:

u
pd

ate,
com

pen
sate,

en
d

,
begin

ch
eckpoin

t,
en

d
ch

eckpoin
t,

an
d

operatin
g

sys-
tem

file
retu

rn
(O

sF
ileR

etu
rn

).

T
ran

sID
:

R
ecords

th
e

iden
tifier

of
th

e
tran

saction
if

th
e

log
record

is
a

tran
saction

related
log

record
(log

record
of

type
u

pd
ate,com

pen
sate,or

en
d

).

440
•

D
ean

K
uo

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,
V

ol.
21,

N
o.

4,
D

ecem
ber

1996.



P
revL

S
N

:
T

h
is

field
is

on
ly

u
sed

for
tran

saction
related

log
records

an
d

poin
ts

to
th

e
previou

s
log

record
w

ritten
by

th
e

sam
e

tran
saction

.
T

h
u

s
th

e
log

records
w

ritten
by

a
tran

saction
are

back
w

ardly
lin

k
ed

via
th

is
poin

ter.
If

it
is

th
e

first
log

record
from

a
tran

saction
,

th
en

it
poin

ts
to

th
e

start
of

th
e

log
(P

revL
S

N
�

0).

P
ageID

:
T

h
is

field
is

on
ly

u
sed

for
log

records
of

type
u

pd
ate,

com
pen

-
sate,

an
d

O
sF

ileR
etu

rn
.

It
records

th
e

page
iden

tifier
of

th
e

page
th

at
th

e
recorded

operation
affected.

U
n

d
oN

xtL
S

N
:T

h
is

field
is

on
ly

u
sed

in
com

pen
sation

log
records

an
d

it
poin

ts
to

th
e

n
ext

log
record

to
be

rolled
back

for
th

e
tran

saction
;

th
at

is,
it

poin
ts

to
th

e
previou

s
u

pdate,
by

th
e

sam
e

tran
saction

,
to

th
e

u
pdate

th
at

w
as

u
n

don
e

by
th

e
com

pen
sation

action
th

at
is

recorded
in

th
is

log
record.If

all
u

pdates
by

th
e

tran
saction

h
ave

been
u

n
don

e,th
en

th
is

poin
ts

to
th

e
begin

n
in

g
of

th
e

log.

D
ata:

T
h

is
is

a
varian

t
record.

F
or

u
pd

ate
an

d
com

pen
sation

log
records,

it
records

th
e

u
n

do/redo
in

form
ation

th
at

is
th

e
before

an
d

after
im

ages
of

th
e

operation
. 9

F
or

en
d

log
records,

it
records

th
e

term
in

ation
of

a
tran

saction
.

In
th

is
field,

w
e

record
th

e
fin

al
statu

s
of

th
e

tran
saction

—
com

m
itted

or
rolled

back
.

F
or

en
d

ch
eckpoin

t
log

records,
it

records
ch

eck
poin

t
related

in
form

ation
(ch

eck
poin

t’s
copy

of
th

e
tran

saction
table

an
d

dirty
pages

table).
F

or
all

oth
er

types
of

log
records,

th
is

field
is

left
em

pty.

In
th

e
real

system
,

th
ere

are
tw

o
logs.

O
lder

log
records

are
stored

in
a

log
on

disk
,

an
d

th
e

m
ost

recen
t

records
are

k
ept

in
a

bu
ffer

(volatile
storage);

from
tim

e
to

tim
e,

en
tries

are
m

oved
from

th
e

bu
ffer

an
d

ap-
pen

ded
to

th
e

log
on

disk
.In

ou
r

m
odel

w
e

h
ave

a
sin

gle
array

th
at

con
tain

s
all

log
records,

an
d

represen
ts

th
e

con
caten

ation
of

th
ese

tw
o

real
stru

c-
tu

res.W
e

u
se

th
e

variable
L

S
N

to
poin

t
to

th
e

n
ext

free
log

location
for

th
e

volatile
fron

t
of

th
e

log,
an

d
w

e
u

se
S

tableL
S

N
to

poin
t

to
th

e
first

en
try

th
at

is
in

th
e

volatile
bu

ffer.
T

h
u

s
all

log
records

w
h

ose
log

sequ
en

ce
n

u
m

ber
is

strictly
less

th
an

S
tableL

S
N

are
in

stable
storage.

A
fter

a
crash

,
th

e
an

alysis
pass

starts
scan

n
in

g
th

e
log

from
th

e
log

record
poin

ted
to

by
th

e
m

aster
record

w
h

ich
is

stored
in

som
e

w
ell

k
n

ow
n

location
in

stable
store.

W
e

u
se

th
e

variable
M

asterR
ec

to
m

odel
th

e
m

aster
record.

A
ll

th
e

data
stru

ctu
res

related
to

th
e

log
are

sh
ow

n
in

F
igu

re
1.

4.2.2
T

ran
saction

T
able.

T
h

e
tran

saction
table

k
eeps

track
of

th
e

statu
s

of
tran

saction
s

an
d

is
represen

ted
as

an
array

of
tran

saction
table

en
tries

in
dexed

by
tran

saction
iden

tifiers.
E

ach
active

tran
saction

h
as

an
en

try
in

th
e

tran
saction

table
an

d
each

en
try

con
tain

s
tw

o
poin

ters:
on

e
poin

ts
to

th
e

last
record

w
ritten

by
th

e
tran

saction
(L

astL
S

N
)

an
d

th
e

oth
er

is
to

th
e

n
ext

log
record

to
be

u
n

don
e

in
case

of
a

rollback
(U

n
d

oN
xtL

S
N

).
T

h
e

data
stru

ctu
res

are
sh

ow
n

in
F

igu
re

2.

9A
s

a
com

pen
sation

log
record

is
n

ever
u

n
don

e,
in

fact
on

ly
th

e
after

im
age

is
n

eeded.
W

e
in

clu
de

both
im

ages
for

u
n

iform
ity.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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4.2.3
D

irty
P

ages
T

able.
T

h
e

dirty
pages

table
is

u
sed

to
k

eep
track

of
th

e
dirty

pages
in

th
e

D
B

M
S

.
T

h
e

table
is

represen
ted

as
an

array
of

dirty
page

en
tries

in
dexed

by
page

iden
tifiers.

E
ach

en
try

con
tain

s
a

sin
gle

poin
ter

th
at

poin
ts

to
th

e
log

record
th

at
describes

th
e

first
operation

th
at

ch
an

ged
th

e
page

sin
ce

it
w

as
last

brou
gh

t
in

to
cach

e.
T

h
e

data
stru

ctu
res

are
sh

ow
n

in
F

igu
re

3.

4.2.4
P

age.
E

ach
page

con
tain

s
a

set
of

data
item

s
an

d
each

data
item

h
as

an
associated

valu
e

(th
e

valu
e

stored
in

th
e

data
item

).A
lso,each

page
records

in
th

e
field

P
ageL

S
N

th
e

log
sequ

en
ce

n
u

m
ber

of
th

e
last

log
record

correspon
din

g
to

an
action

w
h

ose
effects

are
reflected

in
th

e
page.A

copy
of

each
page

is
m

ain
tain

ed
in

stable
storage

an
d

a
su

bset
of

th
em

are
also

in
volatile

cach
e.B

oth
th

e
stable

an
d

cach
e

pages
are

represen
ted

by
arrays

of
pages

in
dexed

by
page

iden
tifiers.

W
e

represen
t

a
page

w
h

ich
is

n
ot

in
cach

e
by

assign
in

g
0�

to
th

e
page’s

cach
e

en
try.

T
h

e
data

stru
ctu

res
are

sh
ow

n
in

F
igu

re
4.

T
h

u
s

th
e

valu
e

stored,
in

state
S

n ,
in

data
item

x
is

represen
ted

as
S

n .S
table[P

].x
w

h
ere

P
is

th
e

page
iden

tifier
of

th
e

page
w

h
ere

x
resides

F
ig.

1.
L

og.

F
ig.

2.
T

ran
saction

table.

442
•

D
ean

K
uo

A
C

M
T

ran
saction

s
on

D
atabase

S
ystem

s,
V

ol.
21,

N
o.

4,
D

ecem
ber

1996.



an
d

sim
ilarly

for
th

e
cach

e.
A

lso,
w

e
represen

t
a

page
P

as
n

ot
in

cach
e

by
S

n .C
ach

e[P
]

�
0�.In

th
e

m
odel,w

e
u

se
th

e
n

otation
P

age(x)
to

be
th

e
page

iden
tifier

of
th

e
page

w
h

ere
x

resides.

4.2.5
C

h
eckpoin

ts.
C

h
eck

poin
ts

are
tak

en
asyn

ch
ron

ou
sly

an
d

th
ey

tak
e

a
copy

of
both

th
e

tran
saction

table
an

d
th

e
dirty

pages
table.

T
h

e
data

stru
ctu

res
u

sed
by

ch
eck

poin
tin

g
are,

th
erefore,

a
tran

saction
table

an
d

a
dirty

pages
table.

T
h

ese
data

stru
ctu

res
are

sh
ow

n
in

F
igu

re
5.

4.2.6
R

ecovery.
D

u
rin

g
recovery,

w
e

u
se

a
n

u
m

ber
of

variables
to

k
eep

track
of

th
e

process.
W

e
u

se
th

e
variables

A
n

alysisL
S

N
,

R
ed

oL
S

N
,

an
d

U
n

d
oL

S
N

to
respectively

poin
t

to
th

e
n

ext
log

record
th

e
an

alysis
pass,

redo
pass,

an
d

u
n

do
pass

h
ave

to
process.

R
ecovery

n
eeds

to
k

eep
track

of
w

h
ich

tran
saction

s
h

ave
term

in
ated

an
d

w
h

ich
pages

h
ave

been
flu

sh
ed.

T
h

ese
are

recorded
in

T
erm

in
ated

T
ran

s
an

d
F

lu
sh

ed
P

ages.
F

in
ally,

w
e

u
se

a
B

oolean
variable

to
record

if
w

e
h

ave
already

processed
th

e
last

su
ccess-

fu
l

ch
eck

poin
t’s

en
d

ch
eckpoin

t
log

record.T
h

e
data

stru
ctu

res
are

sh
ow

n
in

F
igu

re
6.

4.2.7
S

ystem
S

tate
an

d
C

on
trol

F
low

.
T

h
e

fin
al

set
of

data
stru

ctu
res

in
ou

r
m

odel
is

u
sed

to
sh

ow
th

e
cu

rren
t

state
of

th
e

D
B

M
S

an
d

for
th

e
con

trol
flow

of
th

e
m

odel.
T

h
e

variable
S

ystem
S

tate
in

dicates
w

h
eth

er
th

e
system

is
d

ow
n

,
u

p,
or

recoverin
g,

an
d

th
e

set
A

ctiveS
et

con
tain

s
a

set
of

in
tern

al
action

n
am

es.
In

gen
eral,

an
in

tern
al

action
is

en
abled

if
it

is
an

elem
en

t
in

th
e

set. 1
0

A
n

action
m

ay
en

able
an

oth
er

action
by

in
sertin

g
th

e
action

n
am

e
in

to
th

e
set

an
d

an
action

can
disable

itself
by

rem
ovin

g
its

ow
n

n
am

e
from

th
e

set.
T

h
u

s
an

action
m

ay
be

en
abled

in
state

S
i

bu
t

disabled
in

th
e

follow
in

g
state.

T
h

e
data

stru
ctu

res
are

sh
ow

n
in

F
igu

re
7.

1
0In

pu
t

action
s

are
alw

ays
en

abled
so

are
n

ever
in

th
is

set.

F
ig.

3.
D

irty
pages

table.

F
ig.

4.
P

age.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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4.3
T

he
A

ctio
ns

In
th

is
section

w
e

describe
th

e
in

pu
t,

in
tern

al,
an

d
ou

tpu
t

action
s

(precon
-

dition
s

an
d

effects)
th

at
m

odel
th

e
w

ay
th

e
data

m
an

ager
ch

an
ges

state
as

it
execu

tes.
A

crash
term

in
ates

all
activities

an
d

from
D

efin
ition

3.2.2
on

w
ell-form

ed
tran

saction
s,

it
follow

s
th

at
th

e
action

s
for

R
ead

,
W

rite,
C

om
-

m
it,

an
d

R
ollback

are
n

ever
en

abled
du

rin
g

recovery.
A

s
a

resu
lt,

th
ere

is
n

o
n

eed
to

explicitly
in

clu
de

th
e

con
dition

th
at

th
e

system
m

u
st

be
in

n
orm

al
processin

g
for

th
ese

action
s

to
be

en
abled.

4.3.1
R

ead
.

T
h

e
action

s
associated

w
ith

read
are

m
odeled

by
an

in
pu

t
action

R
eqR

ead
(T

,
x),

an
in

tern
al

action
R

ead
(T

,
x),

an
d

an
ou

tpu
t

action
A

ckR
ead

(T
,

x,
v).

T
h

e
in

pu
t

action
en

ables
th

e
in

tern
al

action
th

at
reads

th
e

valu
e

an
d

en
ables

th
e

ou
tpu

t
action

.
T

h
e

ou
tpu

t
action

is
th

e
ack

n
ow

l-
edgm

en
t

of
th

e
com

pletion
of

th
e

read.
O

n
e

of
th

e
precon

dition
s

to
th

e
in

tern
al

action
is

th
at

th
e

appropriate
page

is
in

th
e

cach
e.

O
u

r
m

odel
does

n
ot

tak
e

specific
action

to
brin

g
it

in
,

bu
t

th
e

F
etch

(P
)

action
can

occu
r

at
an

y
tim

e
an

d
it

w
ill

cau
se

a
copy

of
th

e
page

from
stable

storage
to

be
in

th
e

cach
e.

T
h

at
is,

ou
r

m
odel

u
ses

n
on

determ
in

ism
to

be
very

gen
eral.

T
h

is
cou

ld
affect

th
e

liven
ess,

bu
t

w
e

do
n

ot
m

in
d,

in
asm

u
ch

as
ou

r
proof

on
ly

deals
w

ith
safety

(i.e.,
it

sh
ow

s
th

at
an

y
valu

e
retu

rn
ed

is
correct).

T
h

e
action

s
are

sh
ow

n
in

F
igu

re
8.

4.3.2
W

rite.
A

gain
,

th
ree

action
s

are
u

sed
to

m
odel

a
w

rite.
T

h
e

in
tern

al
action

W
rite(T

,
x,

v)
m

odels
all

of
th

e
follow

in
g:alterin

g
th

e
cach

e,
addin

g
a

record
to

volatile
log,an

d
u

pdatin
g

th
e

tran
saction

table
an

d
dirty

pages
table.

In
a

real
system

,
a

latch
on

th
e

page
w

h
ere

x
resides

is
h

eld
du

rin
g

th
ese

steps,
an

oth
er

latch
on

th
e

tran
saction

table
is

h
eld

du
rin

g
th

e
log

w
rite

an
d

th
e

su
bsequ

en
t

m
odification

of
T

’s
en

try
in

th
e

tran
sac-

tion
table,

an
d

a
latch

on
th

e
log

is
h

eld
du

rin
g

th
e

log
w

rite.
T

h
u

s
th

is
sequ

en
ce

of
steps

is
properly

latch
ed

an
d

th
ere

are
n

o
accesses

to
stable

storage.A
lso,each

data
stru

ctu
re

(each
en

try
in

th
e

tran
saction

table,dirty
pages

table,
an

d
volatile

log)
is

on
ly

w
ritten

to
on

ce.
H

en
ce

w
e

can
m

odel
th

ese
steps

in
a

sin
gle

action
.

T
h

e
action

s
are

sh
ow

n
in

F
igu

re
9.

In
th

e
action

W
rite(T

,
x,

v),
if

th
e

page
is

n
ot

dirty,
th

en
an

en
try

in
th

e
dirty

F
ig.

5.
C

h
eck

poin
ts.

F
ig.

6.
R

ecovery.

F
ig.

7.
S

ystem
an

d
con

trol
flow

.
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pages
table

is
in

serted
as

th
e

w
rite

h
as

n
ow

cau
sed

th
e

page
to

becom
e

dirty.
A

n
u

pd
ate

log
record

is
w

ritten
to

record
th

e
w

rite
to

th
e

database
an

d
th

e
tran

saction
table

is
u

pdated
to

record
th

at
th

is
is

n
ow

th
e

last
log

record
w

ritten
by

T
an

d
th

e
first

to
be

u
n

don
e

in
case

of
a

rollback
.

W
e

leave
th

e
U

n
d

oN
xtL

S
N

field
of

th
e

log
em

pty
as

on
ly

com
pen

sation
log

records
u

se
th

is
field.F

in
ally,th

e
valu

e
is

w
ritten

to
th

e
cach

e’s
copy

of
th

e
data

item
an

d
th

e
page’s

P
ageL

S
N

is
u

pdated
so

th
at

it
records

th
at

th
is

w
rite

is
n

ow
th

e
last

action
th

at
affected

th
e

page.

4.3.3
C

om
m

it.
W

h
en

th
e

data
m

an
ager

receives
a

com
m

it
requ

est,
it

tries
to

com
m

it
th

e
tran

saction
by

en
su

rin
g

th
at

th
e

u
pdates,

m
ade

by
th

e
tran

saction
,

are
du

rable.
In

A
R

IE
S

,
th

is
is

ach
ieved

by
en

forcin
g

th
e

redo
ru

le
[B

ern
stein

et
al.

1987];
th

at
is,

w
rite

a
com

m
it

log
record

for
th

e
tran

saction
an

d
flu

sh
all

log
records

w
ritten

by
th

e
tran

saction
to

th
e

stable
log.

L
og

flu
sh

es
are

sequ
en

tial;
th

erefore
w

h
en

th
e

tran
saction

’s
com

m
it

log
record

is
in

stable
storage

w
e

k
n

ow
th

at
th

e
redo

ru
le

is
satisfied.

H
en

ce
th

e
atom

ic
action

th
at

com
m

its
a

tran
saction

is
th

e
log

flu
sh

of
th

e
tran

saction
’s

com
m

it
log

record.
W

e
m

odel
th

e
com

m
it

procedu
re

u
sin

g
th

e
action

s
th

at
are

sh
ow

n
in

F
igu

re
10.

T
h

e
action

C
om

m
it(T

)
m

odels
th

e
data

m
an

ager
w

ritin
g

an
en

d
com

m
it

log
record

an
d

th
e

action
F

ailC
om

m
it(T

)
m

odels
th

e
data

m
an

ager
rejectin

g
a

com
m

it
requ

est.
N

ote
th

at
th

e
ack

n
ow

ledgm
en

t
to

a
com

m
it

is
on

ly
en

abled
after

th
e

tran
saction

’s
com

m
it

log
record

is
in

th
e

stable
log.

T
h

u
s

flu
sh

in
g

is
n

ot
explicitly

don
e

by
th

ese
action

s,
bu

t
rath

er
it

is
don

e
n

on
determ

in
istically

by
th

e
action

th
at

flu
sh

es
th

e
log

record
(see

later).
A

lso,n
otice

th
at

C
om

L
S

N
(in

th
e

code
for

A
ckC

om
m

it(T
)

an
d

oth
er

com
m

it
related

action
s)

is
a

free
variable

n
ot

a
state

com
pon

en
t;

th
e

m
ean

in
g

of
su

ch
code

is
th

at
th

ere
sh

ou
ld

exist
som

e
valu

e
for

C
om

L
S

N
to

satisfy
th

e
precon

dition
s,

an
d

th
is

valu
e

is
n

ot
u

sed
in

th
e

effects
activity.

4.3.4
R

ollback.
W

h
en

a
tran

saction
T

rolls
back

,
th

e
system

n
eeds

to
u

n
do

all
its

u
pdates

in
reverse

ch
ron

ological
order.A

R
IE

S
w

rites
a

com
pen

-
sation

log
record

to
record

each
u

n
do.

A
ll

log
records

w
ritten

by
a

tran
sac-

F
ig.

8.
R

ead
action

s.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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tion
are

back
w

ardly
lin

k
ed

by
th

e
P

revL
S

N
poin

ter
in

each
log

record.
T

h
e

rollback
procedu

re
repeatedly

u
n

does
th

e
u

pdate
described

in
th

e
log

record
poin

ted
to

by
T

ran
sT

able[T
].U

n
d

oN
xtL

S
N

,
u

n
til

T
ran

sT
able[T

].U
n

d
oN

x-
tL

S
N

�
0

.
In

itially
(before

th
e

start
of

th
e

rollback
procedu

re)

T
ran

sT
able�T

.U
n

d
oN

xtL
S

N
	

T
ran

sT
able�T

.L
astL

S
N

,

an
d

each
tim

e
an

u
pdate

is
u

n
don

e,
th

e
U

n
d

oN
xtL

S
N

is
set

to
poin

t
to

th
e

log
record

th
at

recorded
th

e
previou

s
u

pdate
to

th
e

u
pdate

th
at

h
as

ju
st

been
u

n
don

e
by

T
.

T
h

u
s

w
h

en
th

e
rollback

procedu
re

term
in

ates,
all

u
pdates

by
th

e
tran

saction
w

ill
h

ave
been

u
n

don
e.

A
n

u
pd

ate
is

u
n

don
e

by
th

e
data

m
an

ager
by

restorin
g

th
e

before
im

age
of

th
e

u
pd

ate.A
com

pen
sa-

tion
log

record
is

w
ritten

to
record

th
e

u
n

do
an

d
th

e
tran

saction
table

is
u

pdated
to

reflect
th

e
n

ew
state

of
th

e
tran

saction
;

th
at

is,
th

e
n

ext
u

pd
ate

to
be

u
n

don
e

is
th

e
u

pd
ate

recorded
in

th
e

log
record

poin
ted

to
by

th
e

P
revL

S
N

field
of

th
e

u
pd

ate
log

record
ju

st
u

n
don

e
an

d
T

’s
L

astL
S

N
en

try
in

th
e

tran
saction

table
n

ow
poin

ts
to

th
e

com
pen

sation
log

record
th

at
w

as
ju

st
w

ritten
.

T
h

e
procedu

re
to

roll
back

a
tran

saction
is

com
plex

to
m

odel
du

e
to

th
e

loop
th

at
u

n
does

all
th

e
u

pdates
in

reverse
ch

ron
ological

order.
W

e
u

se
th

e
action

R
ollback(T

)
to

sim
u

late
th

e
u

n
do

of
a

sin
gle

log
record’s

u
pdate;

th
e

F
ig.

9.
W

rite
action

s.
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action
R

ollbackT
erm

(T
)

th
en

term
in

ates
th

e
rollback

procedu
re

w
h

en
all

th
e

u
pdates

by
th

e
tran

saction
T

h
ave

been
u

n
don

e.T
h

e
action

R
ollback(T

)
occu

rs
a

n
u

m
ber

of
tim

es
in

th
e

execu
tion

w
h

en
a

tran
saction

rolls
back

.T
o

be
m

ore
precise,th

e
n

u
m

ber
is

exactly
th

e
n

u
m

ber
of

u
pd

ate
log

records
th

e
tran

saction
h

as
w

ritten
to

th
e

log.
N

otice
th

at,
u

n
lik

e
th

e
com

m
it

procedu
re,

th
e

rollback
can

ack
n

ow
ledge

th
e

com
pletion

of
th

e
rollback

as
soon

as
th

e
en

d
rollback

log
record

is
w

ritten
to

volatile
log.

T
h

e
action

s
are

sh
ow

n
in

F
igu

re
11.

In
th

e
action

R
ollbk(T

),
w

e
u

se
th

e
sym

bols
U

nd
o

ing
LS

N
,

P
an

d
x

as
a

sh
orth

an
d

for
th

e
valu

es
expressed

in
th

e
precon

dition
.

4.3.5
C

h
eckpoin

ts.
In

A
R

IE
S

,
ch

eck
poin

ts
are

tak
en

periodically.
T

h
ey

can
be

tak
en

asyn
ch

ron
ou

sly
du

rin
g

n
orm

al
processin

g:
th

e
redo

pass
an

d
th

e
u

n
do

pass.
H

ow
ever,

th
ey

can
n

ot
be

tak
en

du
rin

g
th

e
an

alysis
pass

becau
se

both
th

e
tran

saction
table

an
d

dirty
pages

table
are

n
ot

u
p

to
date

(correct).
C

h
eck

poin
ts

tak
e

a
copy

of
th

e
tran

saction
table

an
d

dirty
pages

table,an
d

record
th

em
in

a
log

record.R
ecovery,w

h
ich

n
eeds

to
recon

stru
ct

th
ese

tables,
u

ses
th

is
in

form
ation

to
redu

ce
th

e
n

u
m

ber
of

log
records

it
n

eeds
to

process
th

u
s

redu
cin

g
recovery

tim
e.

A
ch

eck
poin

t
first

w
rites

a
begin

ch
eckpoin

t
log

record
to

th
e

log,
th

en
tak

es
a

copy
of

th
e

dirty
pages

table
an

d
tran

saction
table.

It
th

en
w

rites
an

en
d

ch
eckpoin

t
log

record,
w

h
ich

con
tain

s
a

copy
of

th
e

ch
eck

poin
t’s

copy
of

th
e

dirty
pages

table
an

d
tran

saction
table,to

th
e

log.F
in

ally,after
th

e
en

d
ch

eckpoin
t

log
record

h
as

been
flu

sh
ed,th

e
m

aster
record

is
u

pdated
su

ch
th

at
th

e
L

S
N

in
th

e
m

aster
record

poin
ts

to
th

e
ch

eck
poin

t’s
begin

log
record.

T
h

e
paper

[M
oh

an
et

al.
1992]

describes
h

ow
th

e
ch

eck
poin

t
tak

es
a

copy
of

th
e

dirty
pages

table—
th

at
is,th

e
system

repeatedly
latch

es
a

n
u

m
ber

of

F
ig.

10.
C

om
m

it
action

s.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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row
s

1
1

of
th

e
table,

tak
es

a
copy

of
th

em
,

an
d

th
en

u
n

latch
es

th
em

u
n

til
a

copy
of

every
en

try
in

th
e

table
h

as
been

tak
en

.
N

ote
th

at
after

th
e

ch
eck

poin
t

u
n

latch
es

th
e

row
s,

th
e

en
tries

in
th

e
dirty

pages
table

m
ay

ch
an

ge
or

even
be

deleted
(perh

aps
th

e
page

w
as

flu
sh

ed
so

it
w

as
n

o
lon

ger
dirty).

T
h

u
s

th
e

ch
eck

poin
t’s

copy
of

th
e

dirty
pages

table
m

ay
be

ou
t

of
date

w
h

en
th

e
en

d
ch

eckpoin
t

log
record

is
w

ritten
.

T
h

e
recovery

algorith
m

tak
es

th
is

in
to

accou
n

t
w

h
en

it
recon

stru
cts

th
e

table.
H

ow
ever,

M
oh

an
et

al.
[1992]

do
n

ot
describe

h
ow

th
e

ch
eck

poin
t

tak
es

a
copy

of
th

e
tran

sac-
tion

table.
W

e
h

ave
n

atu
rally

assu
m

ed
th

at
th

e
procedu

re
for

th
e

tran
sac-

tion
table

is
th

e
sam

e
as

th
e

on
e

for
th

e
dirty

pages
table.

A
s

a
resu

lt,
w

e
h

ad
to

m
odify

th
e

algorith
m

for
th

e
an

alysis
pass

of
recovery.W

e
discu

ss
in

detail
in

S
ection

4.3.8
th

ese
m

odification
an

d
w

h
y

th
ey

w
ere

requ
ired.

T
h

e
action

s
th

at
m

odel
th

e
ch

eck
poin

t
procedu

re
are

sh
ow

n
in

F
igu

re
12.

N
otice

w
e

on
ly

allow
on

e
ch

eck
poin

t
to

be
active

at
an

y
tim

e.
A

lso,
th

e
action

E
n

d
C

h
eckpt(B

L
S

N
),

w
h

ich
m

odels
th

e
ch

eck
poin

t
procedu

re
w

ritin
g

th
e

en
d

ch
eckpoin

t
log

record,
is

en
abled

if

	T
:C

h
eckptT

ran
sT

able�T




0�



�

	T
:T

ran
sT

able�T




0�



an

d

	P
:C

h
eckptD

irtyP
ages�P





0�



�
	P

:D
irtyP

ages�P




0�


.

T
h

at
is,

at
th

e
en

d
of

th
e

ch
eck

poin
t,

each
n

on
em

pty
en

try
in

th
e

tran
sac-

tion
table

h
as

an
en

try
in

th
e

ch
eck

poin
t’s

copy
of

th
e

table.
B

ecau
se

ch
eck

poin
ts

are
tak

en
asyn

ch
ron

ou
sly,

it
is

possible
for

a
tran

saction
to

term
in

ate
after

th
e

ch
eck

poin
t

h
as

tak
en

a
copy

of
th

e
tran

saction
’s

en
try

in
th

e
tran

saction
table.

T
h

u
s

th
e

tran
saction

w
ill

n
ot

h
ave

an
en

try
in

th
e

tran
saction

table
w

h
ile

h
avin

g
an

en
try

in
th

e
ch

eck
poin

t’s
copy

of
th

e
tran

saction
table;

sim
ilarly

for
th

e
dirty

pages
table.

T
h

ere
are

five
action

s
th

at
represen

t
variou

s
activities

w
ith

ch
eck

poin
t-

in
g:th

e
action

B
gn

C
h

eckpt
w

rites
a

begin
ch

eck
poin

t
log

record;th
e

action
s

C
h

eckptT
ran

sT
able(T

),
C

h
eckptD

irtyP
ages(P

)
m

odel
th

e
ch

eck
poin

t
tak

in
g

a
copy

of
a

row
of

th
e

tran
saction

table
an

d
dirty

pages
table,

respectively.
W

h
en

copies
of

all
row

s
of

both
tables

h
ave

been
tak

en
,

an
en

d
ch

eckpoin
t

log
record,

w
ith

th
e

tables,
is

w
ritten

to
th

e
log

by
th

e
action

E
n

d
C

h
eckpt-

(B
L

S
N

).
T

h
e

action
W

riteM
aster(B

L
S

N
)

th
en

w
rites

th
e

L
S

N
of

th
e

ch
eck

-
poin

t’s
begin

log
record

to
th

e
m

aster
record.A

precon
dition

is
th

at
th

e
en

d
ch

eckpoin
t

log
record,

w
ritten

by
th

e
action

E
n

d
C

h
eckpt(B

L
S

N
),

is
in

th
e

stable
log.

T
h

e
action

s
are

sh
ow

n
in

F
igu

re
12

an
d

w
e

defin
e

th
e

set
C

h
eckptA

ction
s

to
be

th
e

set
of

action
s

th
at

m
odel

asyn
ch

ron
ou

s
ch

eck
poin

tin
g.

4.3.6
F

lu
sh

an
d

F
etch

.
P

ages
are

con
tin

u
ou

sly
fetch

ed
an

d
flu

sh
ed

by
th

e
D

B
M

S
an

d
log

records
are

also
con

tin
u

ou
sly

flu
sh

ed
to

th
e

stable
log.

T
h

e
action

s
th

at
m

odel
th

e
fetch

an
d

flu
sh

action
s

are
sh

ow
n

in
F

igu
re

13.
N

ote
th

at
w

h
en

a
page

is
flu

sh
ed

du
rin

g
n

orm
al

processin
g

an
d

th
e

u
n

do

1
1A

row
con

tain
s

a
sin

gle
page’s

en
try

in
th

e
table.
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pass
of

recovery,
it

is
recorded

in
th

e
log

an
d

th
e

page’s
en

try
in

th
e

dirty
pages

table
is

rem
oved

as
th

e
page

is
n

o
lon

ger
dirty.H

ow
ever,th

e
en

try
is

n
ot

rem
oved

w
h

en
th

e
flu

sh
occu

rs
du

rin
g

th
e

redo
pass

becau
se

th
e

effects
of

som
e

operation
s

th
at

are
recorded

in
th

e
later

part
of

th
e

log
m

ay
still

requ
ire

redo
(th

ey
are

still
m

issin
g

from
th

e
D

B
M

S
).If

th
e

page’s
en

try
w

as
rem

oved,
th

en
th

e
redo

pass
w

ou
ld

n
ot

redo
th

ese
u

pdates.
T

h
erefore

recovery
w

ou
ld

be
in

correct.
W

h
en

a
flu

sh
occu

rs
du

rin
g

th
e

redo
pass,

all
w

e
k

n
ow

is
th

at
all

operation
s

w
h

ose
correspon

din
g

log
record’s

L
S

N
is

less
th

an
R

ed
oL

S
N

are
n

ot
m

issin
g

from
th

e
D

B
M

S
an

d
w

e
u

pdate
th

e
dirty

pages
to

reflect
th

is.
T

h
e

action
F

lu
sh

(P
)

m
odels

th
e

flu
sh

of
a

page
from

volatile
storage

to
stable

storage
by

copyin
g

th
e

con
ten

ts
of

C
ach

e[P
]

to
S

table[P
].

O
n

e
of

its
precon

dition
s

is
C

ach
e[P

].P
ageL

S
N

�
S

tableL
S

N
.

T
h

is
con

dition
en

forces

F
ig.

11.
A

bort
action

s.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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w
rite-ah

ead
loggin

g.
T

h
e

action
F

etch
(P

)
m

odels
th

e
cach

e
m

an
ager

fetch
-

in
g

th
e

page.It
copies

th
e

con
ten

ts
of

S
table[P

]
to

C
ach

e[P
].N

otice
th

at
in

ou
r

m
odel,

th
e

L
ogF

lu
sh

(S
tableL

S
N

)
action

,
w

h
ich

represen
ts

flu
sh

in
g

th
e

log
record,

sim
ply

in
volves

in
crem

en
tin

g
S

tableL
S

N
rath

er
th

an
actu

ally
copyin

g
log

records.
A

lso,
page

fetch
es

an
d

flu
sh

es
are

n
ot

en
abled

du
rin

g
th

e
an

alysis
pass

becau
se

th
e

pass
does

n
ot

access
an

y
pages.

4.3.7
C

rash
.

W
h

en
a

crash
occu

rs
in

a
real

system
,

th
e

con
ten

ts
of

volatile
storage

are
lost.

T
h

at
is,

th
e

tran
saction

table,
th

e
dirty

pages
table,

all
th

e
pages

in
cach

e,
an

d
th

e
volatile

log
are

lost.
T

o
m

odel
th

is,
all

pages
in

cach
e

an
d

all
en

tries
in

both
tables

are
set

to
0�,

all
log

records
w

h
ose

log
sequ

en
ce

n
u

m
ber

is
greater

th
an

or
equ

al
to

S
tableL

S
N

are
set

to
0�, 1

2
an

d
L

S
N

�
S

tableL
S

N
.

F
in

ally,
th

e
A

ctiveS
et

con
tain

s
th

e
on

e
elem

en
t

R
estart

w
h

ich
en

ables
th

e
restart

procedu
re.

T
h

e
action

is
sh

ow
n

in
F

igu
re

14.

1
2W

e
set

th
ese

log
en

tries
to

0�
to

sim
plify

som
e

of
th

e
argu

m
en

ts
in

ou
r

verification
.

T
h

is
is

a
reason

able
reflection

of
th

e
fact

th
at

in
a

real
system

,
th

ese
records

are
lost

after
a

crash
.

F
ig.

12.
C

h
eck

poin
t

action
s.
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4.3.8
R

estart.
T

h
e

restart
procedu

re
recovers

th
e

D
B

M
S

from
a

crash
.

A
R

IE
S

ach
ieves

recovery
u

sin
g

th
ree

passes
of

th
e

log:
th

e
an

alysis
pass,

th
e

redo
pass,

an
d

th
e

u
n

do
pass.

A
n

alysis
pass.

T
h

e
an

alysis
pass

recon
stru

cts
th

e
tran

saction
table

an
d

th
e

dirty
pages

table
th

at
w

ere
lost

in
th

e
crash

.
T

h
e

dirty
pages

table
(respectively,

th
e

tran
saction

table)
w

ill
th

en
en

able
th

e
redo

(respectively,
th

e
u

n
do)

pass
to

determ
in

e
w

h
ich

logged
operation

s
requ

ire
redo

(respec-
tively,

u
n

do).
T

h
e

an
alysis

pass
scan

s
th

e
log

forw
ard

from
th

e
log

record
poin

ted
to

by
th

e
L

S
N

stored
in

th
e

m
aster

record
to

th
e

en
d

of
th

e
log.

W
h

en
th

e
pass

processes
an

u
pd

ate,com
pen

sation
,en

d
,or

O
sF

ileR
etu

rn
log

record,
th

e
effects

on
th

e
tran

saction
table

an
d

th
e

dirty
pages

table
are

sim
ilar

to
w

h
en

th
e

log
record

w
as

in
itially

w
ritten

.
In

addition
,

w
h

en
th

e
pass

processes
an

en
d

tran
saction

log
record,

it
records

th
e

term
in

ation
of

th
e

tran
saction

in
th

e
set

T
erm

in
ated

T
ran

s;
sim

ilarly
for

flu
sh

ed
pages.

A
t

th
e

en
d

of
th

e
an

alysis
pass,

an
en

d
rollback

log
record

is
w

ritten
for

each
tran

saction
th

at
h

as
an

en
try

in
th

e
tran

saction
table

an
d

its
U

n
d

oN
xtL

S
N

poin
ts

to
th

e
begin

n
in

g
of

th
e

log
(T

ran
sT

able[T
].U

n
d

oN
xtL

S
N

�
0).

E
ach

of
th

ese
tran

saction
s

h
as

already
been

com
pletely

rolled
back

bu
t

its
en

d
rollback

log
record

w
as

lost
du

e
to

th
e

crash
,

so
w

e
ju

st
rew

rite
th

ese
records.

T
h

e
action

R
estart

in
itializes

som
e

recovery
variables

an
d

en
-

ables
th

e
an

alysis
pass.

T
h

e
in

tern
al

action
A

n
alysis

is
repeated

on
ce

for
each

record
bein

g
processed.

F
in

ally
th

e
A

n
alysisT

erm
action

en
ables

th
e

redo
pass

an
d

in
itializes

R
ed

oL
S

N
so

th
e

redo
pass

k
n

ow
s

w
h

ere
to

start
processin

g
th

e
log.

W
e

h
ave

altered
th

e
algorith

m
for

th
e

an
alysis

pass
from

th
at

described
in

M
oh

an
et

al.
[1992]

so
th

at
w

h
en

it
processes

an
en

d
ch

eckpoin
t

log
record,

it
recon

stru
cts

th
e

tran
saction

table
u

sin
g

th
e

pseu
docode

sh
ow

n
in

F
igu

re
15.

In
th

is,
let

L
ogR

ec
be

th
e

en
d

ch
eckpoin

t
log

record
th

e
an

alysis
pass

is
cu

rren
tly

processin
g

an
d

let
th

e
set

T
erm

in
ated

T
ran

s
con

tain
th

e

F
ig.

13.
F

etch
an

d
flu

sh
action

s.

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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set
of

tran
saction

s
for

w
h

ich
th

e
an

alysis
pass

h
as

processed
th

e
tran

sac-
tion

’s
en

d
log

record
(i.e.,th

ese
are

th
e

tran
saction

s
th

at
term

in
ated

du
rin

g
th

e
ch

eck
poin

t).
In

con
trast,

in
M

oh
an

et
al.

[1992]
th

e
process

on
ly

ch
eck

s
th

at
th

e
tran

saction
does

n
ot

h
ave

an
en

try
in

th
e

tran
saction

table
before

in
sertin

g
on

e.
U

n
der

ou
r

assu
m

ption
th

at
an

en
try

in
th

e
tran

saction
table

is
u

n
latch

ed
after

th
e

ch
eck

poin
t

h
as

tak
en

a
copy

of
it

(th
u

s
th

e
tran

saction
cou

ld
com

m
it

after
th

e
ch

eck
poin

t
h

as
tak

en
a

copy
of

th
e

tran
saction

’s
en

try
in

th
e

tran
saction

table
an

d
before

th
e

ch
eck

poin
t

term
in

ates),
it

is
cru

cial
to

ch
eck

th
at

th
e

tran
saction

did
n

ot
term

in
ate

du
rin

g
th

e
ch

eck
-

poin
t.

T
h

e
pseu

docode
in

F
igu

re
15

gu
aran

tees
th

at
term

in
ated

tran
sac-

tion
s

do
n

ot
h

ave
an

en
try

in
th

e
recon

stru
cted

tran
saction

table.
In

A
ppen

dix
A

w
e

illu
strate

w
h

y
th

e
m

odification
is

requ
ired.

A
lso,

in
ou

r
m

odel,
w

e
m

ade
a

sim
ilar

alteration
for

th
e

recon
stru

ction
of

th
e

dirty
pages

table.
T

h
e

action
s

for
th

e
an

alysis
pass

are
sh

ow
n

in
F

igu
res

16
an

d
17,

respectively.

R
ed

o
pass.

T
h

e
goal

of
th

e
redo

pass
is

to
redo

th
e

effects
of

all
m

issin
g

operation
s

th
at

w
ere

lost
in

th
e

crash
(even

operation
s

from
tran

saction
s

th
at

did
n

ot
com

m
it).

It
scan

s
th

e
log

forw
ard,

startin
g

from
th

e
m

in
im

u
m

recovery
L

S
N

in
th

e
dirty

pages
table

to
th

e
en

d
of

th
e

log.W
e

prove
in

ou
r

verification
later

th
at

th
e

effects
of

an
y

action
,

w
h

ose
correspon

din
g

log
record’s

L
S

N
is

less
th

an
th

e
m

in
im

u
m

recovery
L

S
N

in
th

e
dirty

pages
table,

is
n

ot
m

issin
g

from
th

e
D

B
M

S
.

W
h

en
th

e
redo

pass
processes

a
redoable

(an
u

pd
ate

or
com

pen
sation

)
log

record,
th

e
pass

exam
in

es
th

e
dirty

pages
table

to
determ

in
e

if
th

e
effects

of
th

e
recorded

operation
are

poten
tially

m
issin

g.
If

th
e

page
th

at
th

e
operation

affected
is

dirty
an

d
if

th
e

page’s
recovery

L
S

N
en

try
in

th
e

dirty
pages

table
is

less
th

an
or

equ
al

to
th

e
log

record’s
L

S
N

,
th

en
th

e
effects

of
th

e
recorded

operation
are

poten
tially

m
issin

g
(th

is
is

again
proved

in
ou

r
verification

).
F

or
each

of
th

ese
recorded

operation
s,th

e
page

th
e

operation
affected

is
fetch

ed,if
it

is
n

ot
already

in
cach

e.N
ow

,if
th

e
P

ageL
S

N
is

less
th

an
th

e
log

record’s
L

S
N

,
th

en
th

e
operation

requ
ires

redo
an

d
is

redon
e

by
copyin

g
th

e
after

im
age

of
th

e
operation

to
th

e
data

item
;oth

erw
ise

it
does

n
ot

requ
ire

redo
an

d
w

e
u

pdate
th

e
dirty

pages
table

su
ch

th
at

th
e

table
is

brou
gh

t
u

p
to

date.
T

h
e

action
s

for
th

e
redo

pass
are

sh
ow

n
in

F
igu

re
18.

T
h

e
R

ed
o

action
is

repeated
on

ce
for

each
log

record
processed

in
th

is
pass;

th
e

R
ed

oT
erm

action
term

in
ates

th
e

redo
pass

an
d

en
ables

th
e

u
n

do
pass.

F
ig.

14.
C

rash
action

.
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U
n

d
o

pass.
T

h
e

u
n

do
pass

u
n

does
all

th
e

u
pdates

from
loser

tran
sac-

tion
s

(th
ese

are
th

e
tran

saction
s

th
at

did
n

ot
com

m
it

before
th

e
crash

).
W

h
ile

th
e

tran
saction

table
is

n
ot

em
pty,

th
e

u
n

do
pass

u
n

does
th

e
u

pdate
recorded

in
th

e
log

record
poin

ted
to

by
th

e
m

axim
u

m
U

n
d

o-
N

xtL
S

N
en

try
in

th
e

tran
saction

table.
T

h
e

procedu
re

to
u

n
do

an
u

pdate
is

iden
tical

to
th

e
u

n
do

du
rin

g
a

tran
saction

rollback
.

W
h

en
all

u
pdates

by
a

tran
saction

h
ave

been
u

n
don

e,
an

en
d

rollback
log

record
is

w
ritten

to
th

e
log

an
d

th
e

tran
saction

’s
en

try
in

th
e

tran
saction

table
is

rem
oved.

T
h

u
s,

even
tu

ally,
th

e
tran

saction
table

w
ill

becom
e

em
pty

an
d

th
e

u
n

do
pass

w
ill

term
in

ate.
T

h
e

action
s

th
at

m
odel

th
e

u
n

do
pass

are
sh

ow
n

in
F

igu
re

19.T
h

e
action

U
n

d
o1

an
d

U
n

d
o2(U

)
each

represen
t

part
of

th
e

processin
g

of
a

log
record.

T
h

ese
cou

ld
h

ave
been

com
bin

ed
to

form
on

e
action

,bu
t

w
e

ch
ose

to
u

se
tw

o
as

it
sim

plifies
ou

r
verification

in
S

ection
5.

4.3.9
S

tart
S

tate.
T

h
e

start
state

reflects
th

e
state

of
th

e
database

at
th

e
tim

e
it

w
as

first
in

stalled;
th

at
is,

all
cach

e
slots,

th
e

tran
saction

table,
an

d
dirty

pages
table

are
all

em
pty

an
d

th
e

valu
e

in
th

e
database

for
each

location
is

0.
T

o
redu

ce
th

e
com

plexity
of

th
e

lem
m

as
an

d
proofs,

w
e

defin
e

th
e

start
state

of
th

e
stable

log
to

con
tain

an
u

pd
ate

log
record

by
th

e
tran

saction
t

0
w

h
ich

w
rites

a
valu

e
of

0
to

a
ph

an
tom

location
p

x. 1
3

T
h

e
tran

saction
table

an
d

dirty
pages

table
are

both
em

pty.
T

h
e

variable
S

ystem
S

tate
is

N
orm

al
an

d
th

e
m

aster
record

M
asterR

ec
�

1.
A

lso,
A

ctive-
S

et
�

0�.
T

h
e

start
state

of
th

e
m

odel
is

sh
ow

n
in

F
igu

re
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w
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th

e
recovery
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m
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on

A
R

IE
S
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by

sh
ow

in
g

th
at

th
e

m
odel

from
S

ection
4

m
eets

th
e

correctn
ess

con
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1
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h
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defin
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given
in

S
ection

3.
A

n
y

proof
en

h
an

ces
ou

r
con

fiden
ce

in
an

algorith
m

,
bu

t
w

e
believe

th
at

th
is

article
also

m
ak

es
a

con
tribu

tion
to

ou
r

u
n

derstan
din

g
of

th
e

w
ay

th
e

algorith
m

w
ork

s.
O

u
r

proof
is

bu
ilt

on
a

sequ
en

ce
of

proposition
s,

each
of

w
h

ich
can

en
h

an
ce

th
e

in
tu

ition
abou

t
th

e
algorith

m
by

revealin
g

im
portan

t
relation

sh
ips

(called
in

varian
ts)

th
at

alw
ays

h
old

am
on

g
differen

t
aspects

of
th

e
system

state.
W

e
expect

th
at

developm
en

t
an

d
proof

of
varian

t
algorith

m
s

can
be

gu
ided

by
th

e
n

eed
to

k
eep

relation
sh

ips
lik

e
th

ese.
T

h
e

defin
ition

of
correctn

ess
in

S
ection

3
is

stated
in

term
s

of
th

e
sequ

en
ce

of
in

pu
t

an
d

ou
tpu

t
action

s
produ

ced
by

th
e

data
m

an
ager,

becau
se

th
is

is
th

e
w

ay
th

e
rest

of
th

e
system

in
teracts

w
ith

th
e

m
an

ager.
T

h
is

defin
ition

is
rath

er
gen

eral.
F

or
exam

ple,
it

w
ou

ld
apply

to
an

algorith
m

th
at

did
n

ot
k

eep
an

y
copy

of
th

e
cu

rren
t

state
of

th
e

database,
bu

t
rath

er
u

sed
th

e
log

as
th

e
sole

sou
rce

of
in

form
ation

,
scan

n
in

g
it

on
every

read
to

fin
d

th
e

appropriate
valu

e.
A

n
algorith

m
su

ch
as

th
at

w
ou

ld
be

qu
ite

easy
to

verify,
bu

t
th

e
perform

an
ce

w
ou

ld
be

u
n

acceptable.
T

o
obtain

fast
respon

se
tim

e
an

d
recovery

tim
e,

a
data

m
an

ager
n

eeds
to

k
eep

copies
of

som
e

item
s

in
volatile

cach
e,allow

in
g

data
to

m
ove

betw
een

cach
e

an
d

stable
storage

w
ith

few
restriction

s; 1
4

it
also

n
eeds

to
periodically

tak
e

ch
eckpoin

ts
th

at
place

addition
al

in
form

ation
in

th
e

log
th

at
can

be
u

sed
at

1
4T

h
is

is
u

su
ally

described
as

a
steal/n

o-force
strategy

of
bu

ffer
m

an
agem

en
t

[G
ray

an
d

R
eu

ter
1993;

H
arder

an
d

R
eu

ter
1983].
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restart
to

lim
it

th
e

am
ou

n
t

of
th

e
log

th
at

m
u

st
be

exam
in

ed.
T

h
e

A
R

IE
S

algorith
m

u
ses

all
th

ese
ideas,

bu
t

th
e

precise
im

plem
en

tation
depen

ds
on

a
ran

ge
of

com
plex

data
stru

ctu
res

th
at

m
u

st
be

processed
in

su
btle

w
ays.

It
is

th
ese

aspects
of

th
e

system
th

at
offer

good
perform

an
ce,

bu
t

th
ey

also
com

plicate
th

e
verification

.
T

h
e

m
ain

data
stru

ctu
res

u
sed

in
A

R
IE

S
are

th
e

stable
an

d
cach

ed
copies

of
pages

con
tain

in
g

data
item

s,
th

e
log,

th
e

tran
saction

table,
an

d
th

e
dirty

pages
table.

O
u

r
proof

is
stru

ctu
red,

w
ith

a
sequ

en
ce

of
k

ey
proposition

s
th

at
sh

ow
relation

sh
ips

betw
een

th
e

valu
es

of
th

ese
data

stru
ctu

res.
D

u
rin

g
n

orm
al

processin
g,

th
e

relation
sh

ips
are

obviou
s.

F
or

exam
ple,

th
e

tran
saction

table
en

try
for

an
active

tran
saction

T
h

as
L

astL
S

N
field

poin
tin

g
to

th
e

last
log

record
th

at
con

cern
s

T
.

In
order

to
prove

a
statem

en
t

su
ch

as
th

is,
h

ow
ever,

w
e

n
eed

to
stren

gth
en

it
to

give
an
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in
varian

t
relation

sh
ip:

on
e

th
at

h
olds

in
all

states
of

th
e

execu
tion

,
in

clu
d-

in
g

du
rin

g
restart.

It
is

th
e

m
ain

con
tribu

tion
of

th
is

article
to

iden
tify

th
e

in
varian

ts.O
n

ce
th

e
correct

in
varian

t
relation

sh
ip

is
stated,it

is
proved

by
in

du
ction

alon
g

th
e

execu
tion

.
T

h
at

is,
on

e
can

easily
see

th
at

th
e

relation
-

sh
ip

h
olds

in
itially,an

d
th

at
from

a
state

w
h

ere
th

e
relation

sh
ip

h
olds,an

y
possible

action
w

ill
resu

lt
in

an
oth

er
state

satisfyin
g

th
e

relation
sh

ip.
In

som
e

cases
th

e
proofs

th
em

selves
depen

d
on

oth
er

resu
lts

presen
ted

as
lem

m
as.

T
h

ese
are

less
m

ean
in

gfu
l

in
u

n
derstan

din
g

th
e

algorith
m

,
an

d
th

eir
proofs

are
sh

ow
n

in
K

u
o

[1992b].
H

ere
w

e
give

a
brief

su
m

m
ary

of
th

e
fou

r
m

ain
proposition

s
of

th
is

section
.

P
roposition

5.2.5
gives

th
e

relation
sh

ip
betw

een
th

e
tran

saction
table

an
d

th
e

log.
In

n
orm

al
processin

g
th

ere
is

an
en

try
in

th
e

tran
saction

table
associated

w
ith

each
tran

saction
for

w
h

ich
th

e
log

con
tain

s
an

u
pd

ate
bu

t
n

ot
an

en
d

log
record.

E
ach

en
try

con
tain

s
tw

o
poin

ters
th

at
respec-

tively
poin

t
to

th
e

last
log

record
w

ritten
by

th
e

tran
saction

an
d

th
e

n
ext

log
record

to
be

u
n

don
e

in
th

e
case

of
a

rollback
.

T
h

e
in

varian
t

th
at

stren
gth

en
s

th
is

statem
en

t
is

essen
tially

con
cern

ed
w

ith
th

e
an

alysis
pass

of
restart

processin
g.

S
im

ilarly,
th

ere
is

an
in

varian
t

for
th

e
dirty

pages
table

in
P

roposition
5.3.3.

A
t

th
e

en
d

of
th

e
an

alysis
pass,

th
e

com
bin

ation
of

th
e

tw
o

in
varian

ts
im

plicitly
sh

ow
s

th
at

both
tables

h
ave

been
correctly

recon
stru

cted.
P

roposition
5.4.5

con
cern

s
th

e
relation

sh
ip

betw
een

th
e

valu
es

stored
in

each
page

an
d

th
e

log.D
u

rin
g

n
orm

al
processin

g,th
is

says
th

at
th

e
effects

of
all

th
e

u
pdates

an
d

com
pen

sation
s

recorded
in

th
e

log
are

reflected
in

th
e

database.
T

h
e

in
varian

t
stren

gth
en

s
th

is,
an

d
im

plicitly
sh

ow
s

th
e

correctn
ess

of
th

e
redo

pass.F
in

ally,P
roposition

5.5.5
sh

ow
s

th
e

correctn
ess

of
th

e
u

n
do

pass
an

d
of

tran
saction

rollback
.

It
states

th
at

w
h

en
a

tran
saction

term
in

ates,
each

data
item

th
at

th
e

tran
saction

h
as

accessed
con

tain
s

th
e

valu
e

w
ritten

by
th

e
last

tran
saction

th
at

w
rote

to
th

e
item

an
d

com
m

itted.
B

ased
on

th
e

proposition
s,

w
e

can
com

plete
th

e
argu

m
en

t
th

at
th

e
data

m
an

ager
is

correct.
T

h
is

is
don

e
in

T
h

eorem
5.6.1.

T
h

e
essen

tial
observa-

tion
is

to
con

n
ect

properties
of

th
e

state
w

ith
properties

of
th

e
sequ

en
ce

of
in

pu
ts

an
d

ou
tpu

ts.
F

or
exam

ple,
th

e
valu

es
w

ritten
in

u
pdate

operation
s

are
ju

st
th

e
after

im
ages

in
u

pdate
log

records.
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5.1
B

asic
P

ro
p

erties

T
h

e
log

is
th

e
cen

tral
data

stru
ctu

re
u

sed
in

th
e

data
m

an
ager.

H
ere

w
e

in
trodu

ce
n

otation
th

at
w

e
n

eed
later.

W
e

also
state

an
d

prove
som

e
basic

properties.
W

e
u

se
th

e
follow

in
g

n
otation

to
express

th
at

an
in

terval
of

th
e

log
is

equ
ivalen

t
in

tw
o

states
S

i
an

d
S

j .

N
otation

5.1.
F

or
tw

o
states

S
i

an
d

S
j

of
th

e
data

m
an

ager,
w

e
w

rite
S

i .L
og

[a
...b

]
�

S
j .L

og
[a

�...b
�]

if
an

d
on

ly
if

a
�

a
�,

b
�

b
�

an
d
@

l,
a

�
l

�
b

,
S

i .L
og

[l]
�

S
j .L

og
[l].

T
h

e
state

of
th

e
data

stru
ctu

res
su

ch
as

th
e

tran
saction

table,dirty
pages

table,
pages,

an
d

th
e

data
item

s
in

th
e

D
B

M
S

are
all

related
to

th
e

state
of

th
e

log.
T

h
e

in
varian

ts
th

at
express

th
ese

relation
sh

ips
are

all
proved

by
in

du
ction

.
F

or
th

e
proofs,

w
e

n
eed

to
k

n
ow

con
dition

s
w

h
en

th
e

state
of

parts
of

th
e

log
does

n
ot

ch
an

ge.V
olatile

storage
is

corru
pted

w
h

en
a

crash
occu

rs
sin

ce
it

cau
ses

all
th

e
log

records
in

volatile
storage

to
be

lost
(ch

an
ge).In

th
e

follow
in

g
lem

m
a,w

e
sh

ow
th

at
if

a
log

record
is

u
n

ch
an

ged
betw

een
state

S
i

to
S

j ,
th

en
all

th
e

precedin
g

log
records

are
also

u
n

-
ch

an
ged

betw
een

th
e

tw
o

states.
T

h
e

corollary,
w

h
ich

follow
s,

th
en

sh
ow

s
th

at
if

an
action

�
i w

rites
a

log
record

S
i .L

og
[l]

th
at

rem
ain

s
u

n
ch

an
ged

in
som

e
later

state
S

j ,
th

en
all

th
e

log
records

th
at

precede
S

i .L
og

[l]
in

state
S

i
are

also
u

n
ch

an
ged.

L
E

M
M

A
5.1.2

S
u

ppose
i,

j,
l

are
su

ch
th

at
0

�
i

�
j,

0
�

l
�

S
i .L

S
N

,
an

d
@

k,
(i

�
k

�
j)
f

(S
i .L

og[l]
�

S
k .L

og[l]
�

0�).
T

h
en

S
i .L

og[1...l]
�

S
j .L

og[1...l].

P
R

O
O

F.
T

h
e

proof
is

straigh
tforw

ard
as

th
e

on
ly

action
th

at
can

m
odify

a
n

on
em

pty
log

record
is

th
e

action
C

rash
.
e

C
O

R
O

L
L

A
R

Y
5.1.3.

S
u

ppose
i,

j,
l

are
su

ch
th

at
i

�
j,

S
i�

1 .L
og

[l]
�

0�,
S

i .L
og

[l]
�

0�,
an

d
@

k
,

i
�

k
�

j,
S

k .L
og

[l]
�

S
i .L

og
[l].

T
h

en
S

i .L
og

[1
...l]

�
S

j .L
og

[1
...l].

P
R

O
O

F.
T

h
e

proof
follow

s
im

m
ediately

from
L

em
m

a
5.1.2.

e

W
h

en
ever

a
read

or
w

rite
to

a
data

item
is

requ
ested,th

e
page

con
tain

in
g

th
e

data
item

is
first

fetch
ed

in
to

cach
e

if
it

is
n

ot
already

th
ere.In

th
e

case
of

a
w

rite,
th

e
n

ew
valu

e
is

first
recorded

in
th

e
cach

e
an

d,
at

som
e

later
stage,

flu
sh

ed
to

stable
storage.

In
D

efin
ition

5.1.4,
w

e
in

trodu
ce

n
otation

to
represen

t
th

e
effective

state
of

th
e

database
for

a
page.T

h
is

is
w

ritten
as

if
it

w
ere

a
state

com
pon

en
t;

w
h

en
th

ere
is

a
copy

of
th

e
page

in
volatile

cach
e,

th
e

valu
e

of
th

at
copy

is
th

e
effective

state
of

th
e

page;
w

h
en

th
e

page
is

n
ot

in
th

e
cach

e,
th

e
effective

state
is

th
e

valu
e

in
stable

storage.
T

h
e

effective
state

abstracts
aw

ay
th

e
fact

th
at

th
ere

is
volatile

an
d

stable
storage,an

d
allow

s
u

s
to

refer
to

th
e

cu
rren

t
state

of
th

e
database

easily
in

later
proofs.
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D
efin

ition
5.1.4.

F
or

each
page

P
in

th
e

database,
defin

e

S
n .D

B
�P


	� S

n .C
ach

e�P


if
C

ach
e�P





0�
S

n .S
table�P


oth

erw
ise.

T
h

e
P

ageL
S

N
in

each
page

poin
ts

to
th

e
last

log
record

th
at

describes
th

e
latest

operation
to

th
e

page.
B

ecau
se

accesses
(reads

an
d

w
rites)

are
th

rou
gh

th
e

cach
e,

a
page

in
stable

storage
m

ay
n

ot
con

tain
th

e
effects

of
all

th
e

operation
s

(th
e

effects
of

som
e

u
pdates

m
ay

be
in

cach
e

an
d

h
ave

n
ot

been
flu

sh
ed

to
stable

storage).
T

h
erefore,

for
an

y
page

P
in

an
y

state
S

n ,

S
n .D

B
�P

.P
ageL

S
N

�
S

n .S
table�P

.P
ageL

S
N

.

A
lso,

th
e

effects
of

an
operation

th
at

h
as

been
flu

sh
ed

to
stable

storage
is

n
ever

lost.
T

h
erefore,

for
each

page
in

stable
storage,

th
e

P
ageL

S
N

is
m

on
oton

ic
in

creasin
g.

T
h

ese
tw

o
basic

properties
are

stated
in

th
e

follow
-

in
g

lem
m

as.

L
E

M
M

A
5.1.5

L
et

P
be

an
y

page,
an

d
S

n
an

y
state.

T
h

en

S
n .S

table�P
.P

ageL
S

N
�

S
n .D

B
�P

.P
ageL

S
N

.

P
R

O
O

F.
T

h
e

cru
cial

step
of

th
e

in
du

ction
proof

is
to

realize
th

at
w

h
en

-
ever

th
e

page
is

m
odified

in
volatile

storage,
eith

er
in

an
u

pdate
or

in
a

com
pen

sation
,

th
e

page’s
P

ageL
S

N
in

creases.
It

is
th

en
a

straigh
tforw

ard
in

du
ction

proof.
e

L
E

M
M

A
5.1.6

F
or

an
y

i
su

ch
th

at
0

�
i

�
n

an
d

for
an

y
page

P
,

S
i .S

table�P
.P

ageL
S

N
�

S
n .S

table�P
.P

ageL
S

N
.

P
R

O
O

F.
T

h
e

proof
is

by
in

du
ction

an
d

it
follow

s
from

L
em

m
a

5.1.5
th

at
th

e
on

ly
action

th
at

can
m

odify
a

page
P

in
stable

storage
is

F
lu

sh
(P

).
e

C
h

eck
poin

ts
collate

in
form

ation
on

th
e

state
of

th
e

database
th

at
is

later
u

sed
by

th
e

an
alysis

pass
of

recovery.In
th

e
fin

al
lem

m
a

in
th

is
section

,w
e

state
som

e
basic

properties
of

ch
eck

poin
ts

th
at

are
u

sed
in

th
e

later
lem

m
as

an
d

proposition
s.

F
or

each
en

d
ch

eckpoin
t

log
record,

th
ere

m
u

st
h

ave
been

a
ch

eck
poin

t
action

th
at

w
rote

th
e

log
record.

A
lso,

th
ere

is
an

action
th

at
w

rote
th

e
correspon

din
g

begin
ch

eckpoin
t

log
record.

E
ach

tran
saction

’s
en

try
in

th
e

ch
eck

poin
t’s

copy
of

th
e

tran
saction

table
is

a
copy

of
th

e
tran

saction
’s

en
try

in
th

e
tran

saction
table

som
etim

e
du

rin
g

th
e

ch
eck

poin
t

(w
e

do
n

ot
k

n
ow

th
e

exact
state

as
ch

eck
poin

ts
are

tak
en

asyn
ch

ron
ou

sly).
A

sim
ilar

property
is

tru
e

of
th

e
dirty

pages
table.

L
E

M
M

A
5.1.7

S
u

ppose
S

n .L
og[l].T

ype
�

E
n

d
C

h
eckpt(B

L
S

N
).

T
h

en
th

ere
are

b,
e,

su
ch

th
at

1
�

b
�

e
�

n
an

d
th

e
follow

in
g

h
old

.

(1)
�

b
�

B
gn

C
h

eckpt,
�

e
�

E
n

d
C

h
eckpt(S

b .L
S

N
�

1
);

(2)
@

k
,

b
�

k
�

e,
�

k
�

{B
gn

C
h

eckpt,
C

rash
};

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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(3)
@

k
,

e
�

k
�

n
,

S
k .L

og[S
e
�

1 .L
S

N
]

�
S

n .L
og[l];

(4)
for

each
tran

saction
T

,
if

S
n .L

og[l].D
ata.T

ran
sT

able[T
]

�
0�,

th
en
?

i
su

ch
th

at
b

�
i

�
e,

S
i .T

ran
sT

able[T
]

�
S

n .L
og[l].D

ata.T
ran

s-
T

able[T
]

else
S

e .T
ran

sT
able[T

]
�

0�;
(5)

for
each

page
P

,
if

S
n .L

og[l].D
ata.D

irtyP
ages[P

]
�

0�,
th

en
?

j
su

ch
th

at
b

�
j

�
e

an
d

S
j .D

irtyP
ages[P

]
�

S
n .L

og[l].D
ata.D

irt-
yP

ages[P
]

else
S

e .D
irtyP

ages[P
]

�
0�.

P
R

O
O

F.
T

h
e

proof
is

straigh
tforw

ard
by

in
spection

of
th

e
m

odel.
e

5.2
T

ransactio
n

T
ab

le

W
e

n
ow

presen
t

th
e

first
m

ajor
in

varian
t

th
at

states
precisely

w
h

at
is

con
tain

ed
in

th
e

tran
saction

table
du

rin
g

recovery
an

d
n

orm
al

processin
g.

W
e

say
th

at
a

tran
saction

is
active

du
rin

g
n

orm
al

processin
g

if
th

e
log

con
tain

s
a

record
th

at
is

w
ritten

by
th

e
tran

saction
,

an
d

th
e

log
does

n
ot

con
tain

its
en

d
log

record
(i.e.,

th
e

tran
saction

h
as

n
ot

com
m

itted
or

rolled
back

). 1
5

T
h

e
in

varian
t

stren
gth

en
s

th
e

observation
th

at
du

rin
g

n
orm

al
processin

g
a

tran
saction

h
as

an
en

try
in

th
e

tran
saction

table
if

an
d

on
ly

if
th

e
tran

saction
is

active.
A

lso,
each

en
try

con
tain

s
tw

o
poin

ters:
th

e
first

poin
ts

to
th

e
last

log
record

w
ritten

by
th

e
tran

saction
(L

astL
S

N
)

an
d

th
e

oth
er

poin
ts

to
th

e
n

ext
log

record
to

be
u

n
don

e
in

th
e

case
of

a
rollback

(U
n

d
oN

xtL
S

N
).

A
fter

a
crash

,
th

e
con

ten
ts

of
th

e
tran

saction
table

are
lost

an
d

du
rin

g
th

e
an

alysis
pass,

th
e

table
is

recon
stru

cted.
A

trivial
algorith

m
to

recon
-

stru
ct

th
e

table
is

to
scan

th
e

com
plete

log.If
su

ch
an

algorith
m

w
ere

u
sed,

th
ere

w
ou

ld
be

a
sim

ple
in

varian
t:

a
tran

saction
h

as
an

en
try

in
th

e
tran

saction
table

if
an

d
on

ly
if

th
e

portion
of

th
e

log
th

at
th

e
pass

h
as

processed
con

tain
s

a
record

w
ritten

by
th

e
tran

saction
an

d
does

n
ot

con
tain

its
en

d
log

record.S
can

n
in

g
th

e
com

plete
log

after
a

failu
re

is
obviou

sly
too

in
efficien

t,
w

h
ich

is
w

h
y

ch
eck

poin
ts

are
requ

ired.
P

rocessin
g

ch
eck

poin
t

in
form

ation
stored

in
an

en
d

ch
eckpoin

t
log

record
h

as
th

e
sam

e
n

et
effect

as
scan

n
in

g
all

th
e

log
records

th
at

precede
th

e
begin

ch
eckpoin

t
log

record.
In

form
ally,

th
e

in
varian

t
for

th
e

tran
saction

table
is

as
follow

s.

(1)
D

u
rin

g
n

orm
al

processin
g,

redo
pass,

an
d

u
n

do
pass

of
recovery,

th
e

tran
saction

table
reflects

th
e

state
of

th
e

w
h

ole
log.

(2)
D

u
rin

g
th

e
an

alysis
pass,

(a)
if

it
h

as
n

ot
processed

an
en

d
ch

eckpoin
t

log
record,

th
en

th
e

tran
saction

table
reflects

th
e

state
of

all
th

e
log

records
th

e
an

aly-
sis

pass
h

as
processed;

(b)
oth

erw
ise,

th
e

table
reflects

all
th

e
log

records
from

th
e

begin
n

in
g

of
th

e
log

u
p

to
th

e
log

record
it

is
cu

rren
tly

processin
g.

1
5A

tran
saction

th
at

h
as

n
ot

m
ade

an
y

u
pdates

n
eeds

n
o

u
n

do
or

redo
in

a
failu

re
w

h
ich

is
w

h
y

w
e

say
a

tran
saction

is
active

on
ly

after
it

h
as

m
ade

an
u

pdate.
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B
efore

w
e

form
ally

state
an

d
prove

th
e

in
varian

t
on

th
e

tran
saction

table
w

e
presen

t
fou

r
defin

ition
s.

T
h

ey
iden

tify
th

e
low

er
bou

n
d

(S
n .L

ow
er-

B
ou

n
d

)
an

d
th

e
u

pper
bou

n
d

(S
n .U

pperB
ou

n
d

)
of

th
e

portion
of

th
e

log
th

at
th

e
tran

saction
table

reflects.
D

u
rin

g
n

orm
al

processin
g,

th
e

low
er

bou
n

d
poin

ts
to

th
e

begin
n

in
g

of
th

e
log

an
d

th
e

u
pper

bou
n

d
poin

ts
to

th
e

en
d

of
th

e
log,

for
exam

ple.
T

h
e

set
S

n .L
ogB

y(T
,

i,
j)

is
defin

ed
as

th
e

set
of

log
sequ

en
ce

n
u

m
bers

w
h

ose
correspon

din
g

log
record

lies
in

th
e

in
terval

[i,
j]

of
th

e
log

an
d

are
w

ritten
by

th
e

tran
saction

T
.W

e
th

en
defin

e
S

n .L
astL

og-
B

y(T
,

i,
j)

to
be

th
e

greatest
log

sequ
en

ce
n

u
m

ber
in

S
n .L

ogB
y(T

,
i,

j).
A

tran
saction

h
as

an
en

try
in

th
e

tran
saction

table
if

th
e

set
S

n .L
ogB

y(T
,

S
n .L

ow
erB

ou
n

d
,

S
n .U

pperB
ou

n
d

)
is

n
ot

em
pty

an
d

th
e

tran
saction

’s
en

try
in

th
e

tran
saction

table
is

depen
den

t
on

th
e

type
of

th
e

log
record

poin
ted

to
by

S
n .L

astL
ogB

y(T
,

S
n .L

ow
erB

ou
n

d
,

S
n .U

pperB
ou

n
d

).

D
efin

ition
5.2.1.

L
et

S
n

be
an

y
state.

S
n .L

ow
erB

ou
n

d
	

�
S

n .M
asterR

ec
ifA

n
alysis

�
A

ctiveS
et

and
S

n .F
irstC

h
eckpt

	
T

ru
e

1
otherw

ise.

D
efin

ition
5.2.2.

L
et

S
n

be
an

y
state.

S
n .U

pperB
ou

n
d

	� S
n .A

n
alysisL

S
N

�
1

if
A

n
alysis

�
S

n .A
ctiveS

et
S

n .L
S

N
�

1
oth

erw
ise.

D
efin

ition
5.2.3.

L
et

S
n

be
an

y
state.

S
n .L

ogB
y�T

,i,j�
	

	l
:i

�
l

�
j,S

n .L
og

�l.T
ype

	
U

pd
ate�C

om
p�E

n
d

,S
n .L

og
�l.T

ran
sID

	
T


.

D
efin

ition
5.2.4.

S
n .L

astL
ogB

y�T
,i,j�

	
m

ax�	l
:l

�
S

n .L
ogB

y�T
,i,j�


�
	0


�.

U
sin

g
th

e
n

otation
previou

sly
defin

ed,
w

e
n

ow
state

an
d

prove
th

e
first

im
portan

t
in

varian
t

of
th

e
data

m
an

ager.

P
R

O
P

O
S

IT
IO

N
5.2.5

F
or

an
y

tran
saction

T
,let

S
n .L

L
B

�
S

n .L
astL

ogB
y(T

,
S

n .L
ow

erB
ou

n
d

,
S

n .U
pperB

ou
n

d
).

If
S

n .S
ystem

S
tate

�
D

ow
n

,
S

n .L
ogB

y(T
,

S
n .L

ow
erB

ou
n

d
,

S
n .U

pper-
B

ou
n

d
)

�
0�,

an
d

th
ere

is
n

o
i

su
ch

th
at

S
n .L

ow
erB

ou
n

d
�

i
�

S
n .U

pper-
B

ou
n

d
,

S
n .L

og[i].T
ype

�
E

n
d

,
S

n .L
og[i].T

ran
sID

�
T

,
th

en

(1)
S

n .T
ran

sT
able[T

].L
astL

S
N

�
S

n .L
L

B
an

d

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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(2)
S

n .T
ran

sT
able[T

].U
n

d
oN

xtL
S

N
�

� S
n .L

og
�S

n .L
L

B
.U

n
d

oN
xtL

S
N

if
S

n .L
og

�S
n .L

L
B

.T
ype

	
C

om
p

S
n .L

L
B

oth
erw

ise;

oth
erw

ise,
S

n .T
ran

sT
able[T

]
�

0�.

P
R

O
O

F.
T

h
e

proof
is

by
in

du
ction

.
D

u
rin

g
n

orm
al

processin
g,

redo
pass,

an
d

u
n

do
pass

th
e

proof
is

straigh
tforw

ard
as

a
tran

saction
related

log
record

is
w

ritten
by

an
action

if
an

d
on

ly
if

th
e

action
also

u
pdates

th
e

tran
saction

table
appropriately.

D
u

rin
g

th
e

an
alysis

pass,
if

th
e

pass
is

processin
g

th
e

last
su

ccessfu
l

ch
eck

poin
t’s

log
record,

th
e

proof
sh

ow
s

th
e

correctn
ess

of
th

e
ch

eck
poin

tin
g

procedu
re

(gath
ers

th
e

righ
t

in
form

ation
)

an
d

of
th

e
an

alysis
pass

processin
g

th
e

ch
eck

poin
t

in
form

ation
;

oth
erw

ise,
th

e
proof

is
sim

ilar
to

th
e

proof
du

rin
g

n
orm

al
processin

g
as

w
h

en
th

e
pass

processes
a

tran
saction

related
log

record,
th

e
tran

saction
table

is
u

pdated
appropriately.

T
h

e
proof

can
be

fou
n

d
in

A
ppen

dix
B

.
e

5.3
D

irty
P

ag
es

T
ab

le

W
e

n
ow

sh
ow

th
e

in
varian

t
th

at
states

th
e

correctn
ess

of
th

e
dirty

pages
table.

It
is

very
sim

ilar
to

th
e

in
varian

t
for

th
e

tran
saction

table;
h

ow
ever,

th
ere

is
on

e
cru

cial
differen

ce.
In

th
e

tran
saction

table,
th

e
en

tries
h

ave
to

be
exact—

a
tran

saction
h

as
an

en
try

in
th

e
table

if
an

d
on

ly
if

th
e

tran
saction

is
active

an
d

each
poin

ter
in

each
en

try
can

poin
t

to
exactly

on
e

location
in

th
e

log
(th

ere
is

n
o

flexibility).
T

h
is

is
n

ot
th

e
case

for
th

e
dirty

pages
table.

A
page

m
ay

h
ave

an
en

try
in

th
e

dirty
pages

table
even

th
ou

gh
it

is
n

ot
dirty.A

lso,th
e

recovery
L

S
N

does
n

ot
n

eed
to

poin
t

to
a

particu
lar

location
in

th
e

log.
In

fact,
th

e
algorith

m
is

still
correct

even
if

all
pages

h
ave

an
en

try
in

th
e

table
an

d
th

e
recovery

L
S

N
poin

ts
to

th
e

begin
n

in
g

of
th

e
log.

T
h

is
w

ou
ld

be
very

in
efficien

t
as

th
e

redo
pass

w
ill

th
en

n
eed

to
process

th
e

w
h

ole
log.H

ow
ever,it

w
ou

ld
be

correct,an
d

in
fact

ou
r

proof
w

ork
s

as
lon

g
as

th
e

dirty
pages

table
satisfies

qu
ite

w
eak

con
dition

s.
T

h
e

dirty
pages

table
is

correct
as

lon
g

as
each

dirty
page

h
as

an
en

try
in

th
e

dirty
pages

table
an

d
th

e
recovery

L
S

N
(R

ecL
S

N
)

poin
ts

to
som

ew
h

ere
in

th
e

log
su

ch
th

at
it

partition
s

th
e

log
in

to
tw

o
portion

s:
in

th
e

fron
t

portion
(S

.L
og[1

...S
.D

irtyP
ages[P

].R
ecL

S
N

])
th

e
effects

of
all

recorded
operation

s
for

th
e

page
P

are
reflected

in
stable

storage;
h

ow
ever,

in
th

e
back

portion
th

is
m

ay
n

ot
be

th
e

case.
T

h
e

reason
for

th
e

flexibility
is

th
at

th
e

dirty
pages

table
an

d
th

e
log

on
ly

in
dicate

w
h

ich
recorded

operation
s

are
poten

tially
m

issin
g

from
th

e
database.

T
h

e
redo

pass
com

pares
th

e
log

sequ
en

ce
n

u
m

ber
of

th
e

log
record

an
d

th
e

P
ageL

S
N

of
th

e
page

th
at

th
e

recorded
operation

affected
to

determ
in

e
if

th
e

effects
of

th
e

operation
are

really
m

issin
g

from
th

e
database

an
d

th
u

s
requ

irin
g

redo.
W

e
define

the
set

S
n .U

n
flu

sh(P
,

L
ow

erB
ou

n
d

,U
pperB

ou
n

d
)

to
be

the
set

of
recorded

operations
in

the
interval

[L
ow

erB
ou

n
d

,U
pperB

ou
n

d
]

of
the

log
that
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are
potentially

m
issing

from
the

page
P

.
W

e
then

define
the

set
S

n .R
eallyU

n
-

flu
sh(P

)
to

be
the

set
of

updates
that

are
actually

m
issing

from
the

database.

D
efin

ition
5.3.1

S
n .U

n
flu

sh
�P

,i,j�

	� l
: i

�
l

�
j,S

n .L
og

�l.P
ageID

	
P

,

?�e,l
�

e
�

j,S
n .L

og
�e.T

ype
	

O
sF

ileR
etu

rn
,S

n .L
og

�e.P
ageID

	
P � .

D
efin

ition
5.3.2

S
n .R

eallyU
n

flu
sh

�P
�	� l

: l
�

S
n .U

n
flu

sh
�P

,1,S
n .L

S
N

�
1

�

an
d

l


S
n .S

table�P
.P

ageL
S

N �
�

	S
n .L

S
N


.

T
h

e
in

varian
t

for
th

e
dirty

pages
table

is
presen

ted
in

th
e

follow
in

g
proposition

.

P
R

O
P

O
S

IT
IO

N
5.3.3

L
et

P
b

e
a

p
a

g
e

in
th

e
d

a
ta

b
a

se.
If

S
n .S

ystem
-

S
ta

te
�

D
ow

n
a

n
d

S
n .U

n
fl

u
sh

(P
,

S
n .L

ow
erB

ou
n

d
,

S
n .U

pperB
ou

n
d

)
�

0�,
th

en
S

n .D
irtyP

ages[P
].R

ecL
S

N
�

m
in

(S
n .R

eallyU
n

flu
sh

(P
))

else
S

n .D
irty

P
ages[P

]
�

0�.

P
R

O
O

F.
T

h
e

proof
is

sim
ilar

to
th

e
proof

of
P

roposition
5.2.5

as
th

e
dirty

pages
table

an
d

tran
saction

table
h

ave
sim

ilar
fu

n
ction

ality.
T

h
e

dirty
pages

table
k

eeps
track

of
dirty

pages
w

h
ereas

th
e

tran
saction

table
k

eeps
track

of
tran

saction
s.

A
lso,

th
e

an
alysis

pass
u

ses
sim

ilar
procedu

res
to

recon
stru

ct
th

e
tables.

e

F
or

each
dirty

page
in

th
e

database,
w

e
h

ave
fou

n
d

an
u

pper
bou

n
d

for
its

en
try

in
th

e
dirty

pages
table.

In
fact

a
low

er
bou

n
d

also
h

olds.
In

state
S

n ,
if

S
n .U

n
flu

sh
(P

,
S

n .L
ow

erB
ou

n
d

,
S

n .U
pperB

ou
n

d
�

1
)

�
0�,

th
en

S
n .D

irtyP
ages�P

.R
ecL

S
N

�

m
in

�S
n .U

n
flu

sh
�P

,S
n .L

ow
erB

ou
n

d
,S

n .U
pperB

ou
n

d
�

1
�.

T
h

e
low

er
bou

n
d

sh
ow

s
u

s
th

e
m

axim
u

m
n

u
m

ber
of

log
records

th
at

th
e

redo
pass

h
as

to
process.

W
h

at
w

e
h

ave
im

plicitly
sh

ow
n

in
P

roposition
s

5.2.5
an

d
5.3.3

an
d

from
th

e
defin

ition
s

of
S

n .L
ow

erB
ou

n
d

an
d

S
n .U

pperB
ou

n
d

is
th

e
correctn

ess
of

th
e

an
alysis

pass
an

d
th

e
ch

eck
poin

tin
g

procedu
re.

5.4
T

he
P

ag
e

D
u

rin
g

n
orm

al
processin

g
th

e
valu

e
stored

in
each

data
item

is
con

sisten
t

w
ith

w
h

at
is

recorded
in

th
e

log;
th

at
is,

th
e

valu
e

stored
in

each
data

item
is

th
e

after
im

age
of

th
e

last
log

record
th

at
recorded

an
operation

to
th

e

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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data
item

.A
fter

a
crash

,th
is

relation
sh

ip
is

n
o

lon
ger

valid
as

th
e

effects
of

som
e

operation
s

are
lost.

T
h

e
redo

pass
re-establish

es
th

e
relation

sh
ip

by
redoin

g
th

e
effects

of
th

e
m

issin
g

operation
s.

T
h

en
th

e
relation

sh
ip

con
tin

-
u

es
to

h
old

du
rin

g
th

e
u

n
do

pass.
P

roposition
5.4.5

form
ally

describes
th

e
relation

sh
ip

du
rin

g
th

e
u

n
do

pass
an

d
n

orm
al

processin
g.

It
also

describes
th

e
relation

sh
ip

du
rin

g
th

e
redo

pass—
h

ow
th

e
redo

pass
restores

th
e

effects
of

m
issin

g
operation

s.
T

h
e

proposition
is

in
parts:

(1)
D

u
rin

g
th

e
redo

pass,it
states

th
at

for
each

data
item

,th
e

valu
e

stored
in

th
e

data
item

is
th

e
after

im
age

of
th

e
log

record
th

at
describes

th
e

latest
u

pd
ate

or
com

pen
sation

operation
to

th
e

data
item

in
som

e
in

terval
[1

...l]
1

6
of

th
e

log
w

h
ere

R
ed

oL
S

N
�

1
�

l
�

L
S

N
�

1.
(2)

D
u

rin
g

n
orm

al
processin

g
an

d
th

e
u

n
do

pass,
th

e
in

varian
t

is
th

e
sam

e
except

l
�

L
S

N
�

1;
th

at
is,

th
e

valu
e

stored
in

each
data

item
is

th
e

after
im

age
of

th
e

latest
log

record
th

at
recorded

an
operation

to
th

e
data

item
.

N
otice

th
at

at
th

e
en

d
of

th
e

redo
pass,

R
ed

oL
S

N
�

L
S

N
so

th
e

previou
s

in
varian

t
becom

es
iden

tical
to

th
is

on
e.

In
th

e
proof

of
th

e
proposition

,
w

e
sh

ow
th

at
w

h
en

ever
th

e
redo

pass
processes

a
log

record,it
redoes

th
e

operation
if

th
e

effects
are

m
issin

g.T
h

e
proof

n
eeds

to
iden

tify
th

e
state

of
each

data
item

,
w

h
ich

is
form

ally
stated

in
L

em
m

as
5.4.3

an
d

5.4.4,
as

th
e

proof
n

eeds
to

sh
ow

th
at

a
recorded

operation
is

redon
e

if
an

d
on

ly
if

th
e

effects
are

m
issin

g.In
L

em
m

a
5.4.3

w
e

sh
ow

th
at

du
rin

g
th

e
redo

pass,
each

data
item

con
tain

s
th

e
effects

of
all

operation
s

w
h

ose
correspon

din
g

log
record

lies
in

th
e

in
terval

[1...R
e-

d
oL

S
N

�
1]

of
th

e
log.

T
h

en
,

in
L

em
m

a
5.4.4,

w
e

sh
ow

th
at

if
a

page
is

n
ot

dirty,
th

en
th

e
effects

of
all

recorded
operation

s
th

at
affected

th
e

page
are

n
ot

m
issin

g.
T

h
e

lem
m

as
an

d
proposition

n
eed

to
iden

tify
th

e
L

S
N

of
th

e
last

log
record

in
th

e
in

terval
[a

...b
]

of
th

e
log,

w
h

ich
recorded

an
operation

to
a

data
item

x,
also,

th
e

P
ageL

S
N

of
th

e
page

w
h

ere
th

e
data

item
x

resides.
N

otation
s

for
th

ese
con

cepts
are

defin
ed

in
th

e
follow

in
g.

D
efin

ition
5.4.1

S
n .L

w
r�a,b,x�

	

m
ax�� i:a

�
i

�
b, x

	
S

n .L
og

�i.D
ata.D

ataItem
N

am
e

S
n .L

og
�i.T

ype
	

U
pd

ate�C
om

p
�

�
	0


� .
D

efin
ition

5.4.2S
n .P

gL
S

N
�x�

	
S

n .D
B

�P
age�x�.P

ageL
S

N
.

L
E

M
M

A
5.4.3

S
u

ppose
S

n .S
ystem

S
tate

�
D

ow
n

an
d

A
n

alysis
�

S
n .A

ctive-
S

et.
F

or
each

d
ata

item
x

1
6T

h
e

in
varian

t
actu

ally
states

som
eth

in
g

a
little

stron
ger

by
precisely

statin
g

th
e

valu
e

of
l.
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(1)
S

n .D
B

[P
age(x)].x

�
S

n .L
og[S

n .L
w

r(1
,

S
n .P

gL
S

N
(x),

x)].D
ata.A

fter-
Im

age;
(2)

if
R

ed
o

�
S

n .A
ctiveS

et
th

en
@

l,
S

n .P
gL

S
N

(x)
�

l
�

S
n .R

ed
oL

S
N

,eith
er

S
n .L

og
�l.P

ageID



P
age�x�
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S

n .L
og

�l.T
ype



U
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ate�C
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p

(3)
if

R
ed

o
��

S
n .A
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et
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en
@

l,
S

n .P
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S
N

(x)
�

l
�

S
n .L

S
N

,
eith

er

S
n .L

og
�l.P

ageID



P
age�x�

or
S

n .L
og

�l.T
ype



U

pd
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p.

P
R

O
O

F.
T

h
e

proof
is

sh
ow

n
in

K
u

o
[1992b].

e

L
E

M
M

A
5.4.4

F
or

an
y

d
ata

item
x,

let

S
n .L

astF
lu

sh
L

S
N

�x�
	

m
ax�� i:

1
�

i
�

S
k .L

S
N

,S
n .L

og
�i.T

ype
	

O
sF

ileR
etu

rn
,

S
n .L

og
�i.P

ageID
	

P
age�x�

�
�

	0

� .

If
S

n .U
n

flu
sh

(P
age(x),

1
,

S
n .L

S
N

�
1)

�
0�,

th
en

S
n .D

B
�P

age�x�.x

	
S

n .L
og

�S
n .L

w
r�1,S

n .L
astF
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sh

L
S

N
�x�,x�.D

ata.A
fterIm

age

	
S

n .L
og

�S
n .L

w
r�1,S

n .L
S

N
�

1,x�.D
ata.A

fterIm
age.

P
R

O
O

F.
T

h
e

proof
is

a
straigh

tforw
ard

in
du

ction
proof

an
d

is
sh

ow
n

in
K

u
o

[1992b].
e

P
R

O
P

O
S

IT
IO

N
5.4.5

F
or

an
y

page
P

,
let

S
n .M

axL
S

N
(P

)�

m
ax�S

n .R
ed

oL
S

N
�

1,S
n .D

irtyP
ages�P

.R
ecL

S
N

�
1,S

n .D
B

�P
.P

ageL
S

N
�

S
n .U

pd
ateT

oL
S

N
�P

�
	

� S
n .L

S
N

�
1

if
S

n .U
n

flu
sh

(P
,1,S

n .L
S

N
�

1)�
0�

S
n .M

axL
S

N
(P

)
oth

erw
ise.

If
R

ed
o

�
S

n .A
ctiveS

et,
th

en

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
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S
n .D

B
�P

age�x�.x
	

S
n .L

og
�S

n .L
w

r�1,S
n .U

pd
ateT

oL
S

N
�P

�,x�.D
ata

.A
fterIm

age,

else
if

U
n

d
o

�
S

n .A
ctiveS

et
or

S
n .S

ystem
S

tate
�

N
orm

al,
th

en

S
n .D

B
�P

age�x�.x
	

S
n .L

og
�S

n .L
w

r�1,S
n .L

S
N

,x�.D
ata

.A
fterIm

age.

P
R

O
O

F.
T

h
e

proof
is

by
in

du
ction

an
d

is
sh

ow
n

in
A

ppen
dix

C
.
e

5.5
T

he
D

atab
ase

T
h

e
fin

al
proposition

states
precisely

w
h

at
valu

e
is

stored
in

a
data

item
w

h
en

a
tran

saction
th

at
u

pdated
th

e
data

item
term

in
ates;

th
at

is,
th

e
valu

e
stored

in
th

e
item

is
th

e
last

com
m

itted
valu

e
(th

e
valu

e
w

ritten
by

th
e

last
tran

saction
th

at
u

pdated
th

e
data

item
an

d
com

m
itted

).
T

h
is

is
cru

cial
to

prove
correctn

ess,
becau

se
th

e
last

com
m

itted
valu

e
is

w
h

at
sh

ou
ld

be
retu

rn
ed

by
a

su
bsequ

en
t

read
of

th
at

item
.

T
h

is
last

step
to

prove
th

e
correctn

ess
of

th
e

data
m

an
ager

is
sh

ow
n

in
S

ection
5.6.

A
R

IE
S

u
ses

an
u

pdate-in
-place

policy;
th

at
is,

each
data

item
h

as
on

ly
on

e
slot

in
th

e
database. 1

7
W

h
en

a
tran

saction
m

ak
es

an
u

pdate
to

a
data

item
,

it
u

pdates
th

e
on

ly
copy.

T
h

u
s

if
th

e
tran

saction
later

rolls
back

du
e

to
a

crash
or

tran
saction

failu
re,

th
e

u
pdate

m
u

st
be

u
n

don
e.

In
L

em
m

a
5.5.4

w
e

sh
ow

th
at

w
h

en
ever

an
u

pd
ate

is
u

n
don

e,
th

e
data

m
an

ager
restores

th
e

last
com

m
itted

valu
e.

W
h

en
a

tran
saction

com
pletes

its
rollback

—
all

u
pdates

h
ave

been
rolled

back
—

th
e

last
com

m
itted

valu
e

is
restored

in
each

of
th

e
data

item
s

u
pdated

by
th

e
tran

saction
.A

n
u

pd
ate

is
u

n
don

e
by

copyin
g

th
e

before
im

age
from

th
e

log
record

to
th

e
data

item
.

T
h

erefore
w

e
m

u
st

sh
ow

th
at

th
e

before
im

age
is

th
e

cu
rren

t
last

com
m

it-
ted

valu
e

for
th

e
data

item
.

In
L

em
m

a
5.5.3

w
e

first
sh

ow
th

at
th

e
before

im
age

of
an

u
pd

ate
log

record
is

th
e

after
im

age
of

th
e

previou
s

log
record

th
at

recorded
an

operation
to

th
e

data
item

.B
ecau

se
th

e
execu

tion
is

strict,
th

e
after

im
age

is
th

e
data

item
’s

cu
rren

t
last

com
m

itted
valu

e.
W

h
en

a
tran

saction
com

m
its,

it
is

elem
en

tary
to

sh
ow

from
th

e
defin

ition
s

th
at

each
data

item
th

at
w

as
u

pdated
by

th
e

tran
saction

con
tain

s
th

e
last

com
m

itted
valu

e.
L

em
m

as
5.5.3

an
d

5.5.4
an

d
P

roposition
5.5.5

n
eed

to
iden

tify
th

e
log

record
th

at
recorded

th
e

last
u

pd
ate

to
th

e
data

item
by

a
com

m
itted

tran
saction

.
N

otation
for

th
is

con
cept,

th
e

last
com

m
itted

w
rite,

is
defin

ed
in

th
e

follow
in

g.

1
7In

con
trast,

w
ith

m
eth

ods
su

ch
as

sh
adow

pagin
g

or
m

u
ltiversion

tech
n
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m
ax�� i: a

�
i

�
b,x

	
S

n .L
og

�i.D
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S
N

(T
,x)

to
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T
.L
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U
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S
N
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T
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U
n

d
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the
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U
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the
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�i.D

ata.D
ataItem

N
am

e
	

x,
�

1
oth

erw
ise.

B
ecau

se
each

tran
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n .L

og
�l.D
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w
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S

n .U
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� T
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n .U
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N
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,x�
�

S
n .T

ran
sT

able�T
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n
d

oN
xtL

S
N

F
alse

oth
erw

ise.

P
R

O
O

F.
T

h
e

proof
is

by
in

du
ction

an
d

sh
ow

s
th

at
w

h
en

ever
an

u
pd

ate
to

a
data

item
is

u
n

don
e,th

e
data

item
’s

last
com

m
itted

valu
e

is
restored.T

h
e

proof
is

sh
ow

n
in

K
u

o
[1992b].

e

W
e

n
ow

presen
t

th
e

proposition
th

at
sh

ow
s

th
at

w
h

en
a

tran
saction

term
in

ates,
th

e
correct

valu
e
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stored

in
each

of
th

e
data

item
s

th
at

th
e

tran
saction

u
pdated.

P
R

O
P

O
S

IT
IO

N
5.5.5

S
u

ppose
S

n .S
ystem

S
tate

�
N

orm
al.
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?

T
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v

su
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th
at

0
�

i
�

n
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T
�

S
n .T
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T
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i
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eqW
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d
@
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v
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�

j
�
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�
j

�
R

eqW
rite(T

,
x,

v),
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en

S
n .D
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S
n .L

og
�S

n .L
cw

�1,S
n .L

S
N

�
1,x�.D

ata.A
fterIm

age.

P
R

O
O

F.
T

h
e

proof
is

by
in

du
ction

an
d

it
sh

ow
s

th
at

w
h

en
ever

a
tran

sac-
tion

term
in

ates,
each

data
item

th
at

th
e

tran
saction

u
pdated

con
tain

s
th

e
last

com
m

itted
valu

e,
n

o
m

atter
if

th
e

tran
saction

com
m

itted
or

rolled
back

.
T

h
e

proof
is

sh
ow

n
in

A
ppen

dix
D

.
e

5.6
C

o
rrectness

It
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n
ow

straigh
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ard
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sh
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th
at
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e
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B
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correct.
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h

e
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ed
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d
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m
an

ager
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e
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u
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n
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s
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at
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p
reviou
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w
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th
e
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h
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e
read
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p
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e
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con
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w
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e
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h
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a
d
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t,

u
n
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w
riter.
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e
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th
e

item
,
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sh
ow

s
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th
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e
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e
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e

w
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e
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m

itted
w

riter,
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e
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d
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read
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valu

e.
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�
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n
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e
d
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w
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d
strict
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d
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s.
T

h
en

�
is

correct,
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d
efin

ed
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D
efin

ition
3.2.6.

P
R

O
O

F.
T

h
e

proof
is
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A

ppen
dix

E
.
e

T
h

is
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th

e
proof
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e
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m
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A
R

IE
S
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d
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S
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6.
C

O
N

C
LU

S
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N
A

N
D

F
U

T
U

R
E

W
O

R
K

In
th

is
article

w
e

h
ave

u
sed

a
form

al
m

eth
od

for
sp

ecification
,

m
od

elin
g,

an
d

verification
,

an
d

ap
p

lied
th

is
m

eth
od

to
A

R
IE

S
w

h
ich

is
an

im
p

or-
tan

t
recovery

algorith
m

.
T

h
e

con
tribu

tion
s

of
th

is
article

are
a

d
efin

ition
of

correctn
ess

th
at

can
be

u
sed

w
ith

m
an

y
d

ifferen
t

recovery
algorith

m
s,

a
d

etailed
m

ath
em

atical
m

od
el

of
a

recovery
algorith

m
th

at
in

clu
d

es
th

e
m

ain
featu

res
of

A
R

IE
S

,
a

p
roof

th
at

sh
ow

s
th

at
th

e
m

od
el

h
as

th
e

d
esired

p
rop

erty,
an

d
several

in
term

ed
iate

resu
lts

th
at

sh
ow

im
p

ortan
t

relation
sh

ip
s

am
on

g
d

ata
stru

ctu
res

d
u

rin
g

execu
tion

of
th

e
algorith

m
.

W
e

h
ave

alread
y

ap
p

lied
th

ese
tech

n
iqu

es
to

oth
er

recovery
algorith

m
s

[K
u

o
an

d
F

ek
ete

1994].
In

ou
r

fu
tu

re
w

ork
,

w
e

w
ou

ld
lik

e
to

exten
d

ou
r

m
od

el
an

d
p

roof
to

in
clu

d
e

logical
loggin

g
an

d
p

artial
rollback

s.
W

e
also

w
ill

exp
lore

com
bin

in
g

th
is

w
ith

existin
g

p
roofs

of
con

cu
rren

cy
con

trol,
to

sh
ow

th
e

correctn
ess

of
a

com
p

lete
tran

saction
p

rocessin
g

system
.

In
ad

d
ition

,
w

e
h

op
e

to
in

corp
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d
istribu
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d
a

com
m

it
p

rotocol.

A
P

P
E

N
D
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A
.

E
X

A
M

P
LE

S
u

ppose
a

crash
h
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ju

st
occu

rred
an

d
th

e
state

of
th

e
log

is
sh

ow
n

in
F

igu
re

21.
A

lso,
su

ppose
th

e
ch

eck
poin

t
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a
copy
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T

1 ’s
en

try
in

th
e

tran
saction

table
after

T
1

u
pdated

th
e

data
item

z
bu

t
before

it
com

m
itted.

T
h

u
s

th
e

tran
saction

T
1

w
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h
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an
en

try
in

th
e

ch
eck

poin
t’s

copy
of

th
e

tran
saction

table.
T

h
e

restart
procedu

re’s
first

pass
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th
e

an
alysis

pass.T
h

e
pass

w
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processin

g
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th
e

begin
ch

eckpoin
t
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record.It

w
ill

th
en

in
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an
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th

e
tran
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th

e
tran
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T

1
w

h
en

it
processes

th
e

secon
d

u
pd

ate
log

record
w

ritten
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T
1

(log
record

w
h
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L

S
N
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4).

T
h

en
th

e
pass

w
ill

delete
th

e
en

try
from

th
e

tran
saction

w
h

en
it

processes
T

1 ’s
en

d
com

m
it

log
record.

W
h

en
th

e
an

alysis
pass

processes
th

e
en

d
ch

eck-
poin

t
log

record,
it

sh
ou

ld
in
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an

en
try

in
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th
e

tran
saction

table
for

th
e

tran
saction

T
2

as
T

2
w

as
active

at
th

e
tim

e
of

th
e

crash
.H

ow
ever,it

sh
ou

ld
n
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in
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an

en
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for
T

1
in

to
th

e
tran

saction
table

as
T

1
h
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in
ated

(com
m

itted
in

th
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case).
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an
en

try
for

T
1
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in

serted
in

to
th

e
tran

saction
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th
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th
e

u
n

do
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(th
e
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w
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u

n
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e

u
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T

1
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th
e

pass
w
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u

n
do

all
u

pdates
from

tran
saction

s
w

h
o

h
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an
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th
e

recon
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tran

saction
table,

th
u

s
u

n
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g
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e
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of
u
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m

itted
tran

saction
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H
en

ce
u

n
der
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r
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m
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at
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e
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a

tran
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’s
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th
e
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h
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en

F
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a
copy

of
th

e
en

try,
it

is
cru

cial
to

m
ak

e
th

e
addition

al
ch

eck
th

at
th

e
tran

saction
did

n
ot

term
in

ate
(com

m
it

or
abort)

du
rin

g
th

e
ch

eck
poin

t.

B
.

P
R

O
O

F
O

F
P

R
O

P
O

S
IT
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N

5.2.5

It
is

straigh
tforw

ard
to

sh
ow

th
at

th
e

statem
en

t
is

tru
e

in
state

S
0 .

A
ssu

m
e

th
at

th
e

statem
en

t
is

tru
e

in
all

states
S

i
su

ch
th

at
i

�
k

.
T

o
com
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th

e
in
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ction

,
w

e
m

u
st

sh
ow

th
at

th
e

statem
en

t
is

tru
e

in
state

S
k

�
1 .

T
h

e
n

on
trivial

cases
are

th
ose

action
s

�
k

�
1

th
at

m
odify

th
e

tran
sac-

tion
table

an
d/or

th
e

log.
B

y
in

spection
of

th
e

m
odel,

th
e

cases
are:

�
k

�
1

��
W

rite�T
,x,

v�,C
om

m
it�T

�,R
ollbk

�T
�,R
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�T
�,

C
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n
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n
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d
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n
d
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� � .
C
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�
k

�
1

�
{W

rite(T
,

x,
v),

R
ollbk(T

),
U

n
d

o1}.
B

y
inspection

of
the

action
�

k
�

1
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from
the

induction
hypothesis,

it
is

elem
entary

to
show

that
the

statem
ent

is
true

in
state

S
k

�
1 .

C
ase

2.
�

k
�

1
�
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om

m
it(T
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R

ollbkT
erm

(T
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A
n

alysisT
erm

,
U

n
d

o2(U
)}.

T
h

e
action

�
k

�
1

w
rites

a
transactions

en
d

log
record

to
the

log
if

and
only

if
it

rem
oves

the
transaction’s

entry
from

the
transaction

table.
H

ence,
from

the
induction

hypothesis,the
statem

ent
is

true
in

state
S

k
�

1 .

C
ase

3.
�

k
�

1
�

A
n

alysis.
T

h
e

proof
is

split
in

to
tw

o
parts.

In
th
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first

case,th
e

an
alysis

pass
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n
ot

processin
g

th
e

last
su

ccessfu
l

ch
eck

poin
t’s

en
d

log
record

w
h

ereas
in

th
e
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is.

C
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S
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k .A
n

alysisL
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N
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�

E
n

d
C

h
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C
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�

F
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S
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�
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erB
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n
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S
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d
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k
�
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n
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S
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T
h

e
u
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bou

n
d
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d
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S
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k .A
n
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S

N
]
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a

tran
saction

related
log

record,
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e
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saction
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u
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th
e
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e

w
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th
e

log
record

w
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w
ritten
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g
n
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al

processin
g
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C

ase
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th

e
log

record
is

n
ot

tran
saction
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th

e
action

h
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n
o
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th
e

tran
saction
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th
e

log.
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s
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e
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h
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d
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e
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S
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�
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k .A
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E
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d
C

h
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S
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h
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e.

L
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a
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e
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k .L
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S
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n
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�

0�.
In
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th

e
an

alysis
pass

h
as

already
processed

a
log

record
from

th
e

tran
saction

T
.T

h
e

action
�

k
�

1
in

th
is

case
does

n
ot

m
odify

T
’s

en
try

in
th

e
tran

saction
table

as
it

is
already

correct.
W

e
n

ow
form

ally
prove

th
at

th
e
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statem
en

t
is

tru
e

in
state

S
k

�
1 .

F
rom

th
e

defin
ition

s,
S

k .M
asterR

ec
�

S
k

�
1 .L

ow
erB

ou
n

d
�

1
.

It
is

elem
en

tary
to

sh
ow

th
at

th
e

log
sequ

en
ce

n
u

m
ber

stored
in

th
e

m
aster

record
is

m
on

oton
ic

in
creasin

g.
T

h
erefore,

S
k

�
1 .L

ow
erB

ou
n

d
�

1
�

S
k .M

asterR
ec

�
S

k .L
ow

erB
ou

n
d

,
also,

S
k

�
1 .U

pperB
ou

n
d

	
S

k .U
pperB

ou
n

d
�

1

S
k

�
1 .L

og
�S

k
�

1 .U
pperB

ou
n

d
.T

ype



U
pd

ate�C
om

p�E
n

d

H
en

ce

S
k

�
1 .L

ogB
y�T

,S
k

�
1 .L

ow
erB

ou
n

d
,S

k
�

1 .U
pperB

ou
n

d
�

�
S

k .L
ogB

y�T
,S

k .L
ow

erB
ou

n
d

,S
k .U

pperB
ou

n
d

�

T
h

erefore

S
k

�
1 .L

astL
ogB

y�T
,S

k
�

1 .L
ow

erB
ou

n
d

,S
k

�
1 .U

pperB
ou

n
d

�

	
S

k .L
astL

ogB
y�T

,S
k .L

ow
erB

ou
n

d
,S

k .U
pperB

ou
n

d
�.

F
rom

th
e

effects
of

th
e

action
�

k
�

1 ,

S
k

�
1 .T

ran
sT

able�T


	
S

k .T
ran

sT
able�T



S
k

�
1 .L

og
�1...S

k
�

1 .L
S

N


	
S

k .L
og

�1...S
k .L

S
N

.

T
h

erefore,from
th

e
in

du
ction

h
ypoth

esis,th
e

statem
en

t
is

tru
e

in
state

S
k

�
1 .

C
ase

3.2.2
S

k .L
ogB

y(T
,S

k .L
ow

erB
ou

n
d

,
S

k .U
pperB

ou
n

d
)

�
0�.

In
th

is
case,

th
e

tran
saction

did
n

ot
w

rite
an

y
log

records
du

rin
g

th
e

ch
eck

poin
t

(from
th

e
tim

e
it

w
rote

th
e

begin
ch

eckpoin
t

log
record

till
it

w
rote

th
e

en
d

ch
eckpoin

t
log

record).T
h

u
s

T
’s

en
try

in
th

e
tran

saction
table

is
u

n
ch

an
ged

du
rin

g
th

is
period.

C
h

eck
poin

ts
are

tak
en

asyn
ch

ron
ou

sly
an

d
a

copy
of

each
n

on
em

pty
en

try
in

th
e

table
is

tak
en

som
etim

e
du

rin
g

th
e

ch
eck

poin
t.

H
en

ce
th

e
ch

eck
poin

t’s
copy

of
T

’s
en

try
in

th
e

tran
saction

table
is

th
e

sam
e

as
T

’s
en

try
in

th
e

tran
saction

table
at

th
e

en
d

of
th

e
ch

eck
poin

t.
F

rom
th

e
in

du
ction

h
ypoth

esis,it
follow

s
th

at
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .
W

e
form

ally
prove

th
is

below
.

F
rom

th
e

defin
ition

s,
S

k .L
ow

erB
ou

n
d

�
S

k .M
asterR

ec.
T

h
e

tw
o

cru
cial

steps
of

th
e

proof
are

to
sh

ow

S
k

�
1 .T

ran
sT

able�T


	
S

k .L
og

�S
k .A

n
alysisL

S
N

.D
ata.T

ran
sT

able�T


	
S

e .T
ran

sT
able�T



S
k .L

og
�1...S

k .A
n

alysisL
S

N


	
S

e .L
og

�1...S
e .L

S
N

�
1

,

D
ata

M
anag

er
B

ased
o

n
A

R
IE

S
•
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w
h

ere
�

e
w

as
th

e
action

th
at

w
rote

th
e

en
d

ch
eckpoin

t
log

record.
T

h
en

,
by

th
e

in
du

ction
h

ypoth
esis

on
state

S
e

an
d

th
e

effects
of

th
e

action
,

it
follow

s
th

at
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .
F

rom
L

em
m

a
5.1.7,

th
ere

are
b

,
e

su
ch

th
at

b
�

e,

�
b

	
B

gn
C

h
eckpt,

�
e

	
E

n
d

C
h

eckpt�S
b .L

S
N

�
1

�,

�
k

,
b

�
k

�
e,

�
k

��
	B

g
n

C
h

eck
p

t,
C

ra
sh


,

�
k

,
e

�
k

�
n

,
S

k .L
og

�S
e�

1 .L
S

N


	
S

n .L
og

�l,

an
d

for
each

tran
saction

T
,

if
S

n .L
og[l].D

ata.T
ran

sT
able[T

]
�

0�,
th

en

?
i

su
ch

th
at

b
�

i
�

e,
S

i .T
ran

sT
able�T


	

S
n .L

og
�l.D

ata.T
ran

sT
able�T

,

else
S

e .T
ran

sT
able[T

]
�

0�.
It

follow
s

from
L

em
m

a
5.1.2

�
j,b

�
j

�
e,S

e .L
og

�1...S
j .L

S
N

�
1


	

S
j .L

og
�1...S

j .L
S

N
�

1


an
d

S
k

�
1 .L

og
�1...S

k .A
n

alysisL
S

N
�

1


	
S

e .L
og

�1...S
e .L

S
N

�
1

.
(1

)

A
s

S
k .L

ogB
y(T

,S
k .L

ow
erB

ou
n

d
,

S
k .U

pperB
ou

n
d

)
�

0�,
it

follow
s

th
at
@

b
�

j
�

e,

S
e .L

astL
ogB

y�T
,S

e .L
ow

erB
ou

n
d

,S
e .U

pperB
ou

n
d

�
	

S
j .L

astL
ogB

y�T
,S

j .L
ow

erB
ou

n
d

,S
j .U

pperB
ou

n
d

�.

H
en

ce
by

th
e

in
du

ction
h

ypoth
esis,

on
th

e
state

S
e

an
d

S
i ,

S
k .L

og
�S

k .A
n

alysisL
S

N
.D

ataT
ran

sT
able�T


	

S
i .T

ran
sT

able�T


	
S

e .T
ran

sT
able�T

.

T
h

erefore
from

th
e

effects
of

th
e

action
�

k
�

1 ,

S
k

�
1 .T

ran
sT

able�T


	
S

k .L
og

�S
k .A

n
alysisL

S
N

.D
ata.T

ran
sT

able�T


	
S

e .T
ran

sT
able�T

.
(2

)

H
en

ce,
by

(1),
(2),

an
d

th
e

in
du

ction
h

ypoth
esis,

th
e

statem
en

t
is

tru
e

in
state

S
k

�
1 .
e

C
.

P
R

O
O

F
O

F
P

R
O

P
O

S
IT

IO
N

5.4.5

D
u

rin
g

th
e

u
n

do
pass

an
d

n
orm

al
processin

g,
th

e
proof

is
straigh

tforw
ard

as
th

e
valu

e
stored

in
a

data
item

is
ch

an
ged

if
an

d
on

ly
if

a
log

record
is

w
ritten

to
record

th
e

ch
an

ge.
D

u
rin

g
th

e
redo

pass,
th

e
in

du
ction

step
(S

�,
�

,
S

)
sh

ow
s

th
at

if
S

.M
axL

S
N

(P
)

�
S

.R
ed

oL
S

N
�

1,
th

en
th

e
operation

recorded
in

S
.L

og[S
.R

ed
oL

S
N

�
1]

is
redon

e
if

th
e

effects
are

m
issin

g.
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It
is

straigh
tforw

ard
to

sh
ow

th
at

th
e

statem
en

t
is

tru
e

in
state

S
0 .

A
ssu

m
e

th
at

th
e

statem
en

t
is

tru
e

for
all

states
S

i
su

ch
th

at
i

�
k

.
T

o
com

plete
th

e
in

du
ction

,
w

e
m

u
st

sh
ow

th
at

th
e

statem
en

t
is

tru
e

in
state

S
k

�
1 .

C
ase

1.
�

k
�

1
�

A
n

aT
erm

.
L

et
x

be
an

y
date

item
.

T
h

ere
are

tw
o

possible
cases.

C
ase

1.1.
S

k
�

1 .U
n

flu
sh

(P
age(x),

1
,

S
k

�
1 .L

S
N

�
1)

�
0�.

T
h

at
is,

th
e

page
is

n
ot

dirty.
T

h
erefore,

from
L

em
m

a
5.4.4,

S
k

�
1 .D

B
�P

age�x�.x
	

S
k

�
1 .L

og
�S

k
�

1 .L
w

r�1,S
k

�
1 .L

S
N

�
1,x�.D

ata.A
fterIm

age.

H
en

ce
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .

C
ase

1.2.
S

k
�

1 .U
n

flu
sh

(P
age(x),

1
,

S
k

�
1 .L

S
N

�
1)

�
0�.

T
h

at
is,

th
e

page
is

dirty.
T

h
e

action
sets

th
e

R
ed

oL
S

N
to

be
th

e
m

in
im

u
m

recovery
L

S
N

in
th

e
dirty

pages
table.

T
h

at
is,

S
k

�
1 .R

ed
oL

S
N

	
m

in
�	S

k .D
irtyP

ages�P
.R

ecL
S

N
:S

k .D
irtyP

ages�P




0�


�.

T
h

erefore

S
k

�
1 .U

pd
ateT

oL
S

N
�P

age�x��
	

m
ax �S

k
�

1 .D
irtyP

ages�P
age�x�.R

ecL
S

N
�

1,S
k

�
1 .D

B
�P

age�x�.P
ageL

S
N

�.

If
S

k
�

1 .M
axL

S
N

(P
age(x))�

S
k

�
1 .D

B
[P

age(x)].P
ageL

S
N

,
th

en
it

follow
s

from
L

em
m

a
5.4.3

th
at

th
e

statem
en

t
is

tru
e

in
th

e
state

S
k

�
1 .

S
uppose

S
k

�
1 .U

pd
ateT

oL
S

N
(P

age(x))
�

S
k

�
1 .D

irtyP
ages[P

age(x)].R
ecL

S
N

.
If
?

i
such

that

S
k

�
1 .D

B
�P

age�x�.P
ageL

S
N

�
i

�
S

k
�

1 .D
irtyP

ages�P
age�x�.R

ecL
S

N
,

S
k

�
1 .L

og
�i.T

ype
	

U
pd

ate�C
om

p
and

S
k

�
1 .L

og
�i.P

ageID
	

P
age�x�,

th
en

i
�

S
k

�
1 .R

eallyU
n

flu
sh

(P
age(x)).

F
rom

P
roposition

5.3.3,
it

follow
s

th
at

S
k

�
1 .D

irtyP
ages�P

age�x�.R
ecL

S
N

�
i.

T
h

is
is

a
con

tradiction
.

T
h

erefore,
@

j,
S

k
�

1 .D
B

[P
age(x)].P

ageL
S

N
�

j
�

S
k

�
1 .D

irtyP
a

g
es[P

age(x)].R
ecL

S
N

S
k

�
1 .L

og
[i].T

yp
e

�
U

p
d

a
te�C

om
p

or
S

k
�

1 .L
og

[i].P
a

g
eID

�
P

a
g

e(x).
H

en
ce

it
follow

s
from

L
em

m
a

5.4.3
th

at
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .

C
ase

2.
�

k
�

1
�

R
ed

o.
If

S
k .L

og[S
k .R

ed
oL

S
N

].T
ype

�
U

pd
ate

�C
om

p
th

en
it

is
straigh

tforw
ard

to
sh

ow
th

at
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .

D
ata

M
anag
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B
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o

n
A

R
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S
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S
u

ppose
S

k .L
og[S

k .R
ed

oL
S

N
].T

ype
�

U
pd

ate
�C

om
p.

L
et

x
�

S
k .L

og[S
k .R

ed
oL

S
N

].D
ata.D

ataItem
N

am
e.

T
h

ere
are

fou
r

possible
cases

for
x.

F
or

an
y

data
item

x
�

su
ch

th
at

x
�

�
x

bu
t

P
age(x

�)
�

P
age(x),

it
follow

s
from

L
em

m
a

5.4.3
an

d
th

e
in

du
ction

h
ypoth

esis
th

at
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .
F

or
all

oth
er

data
item

s
x

�
su

ch
th

at
x

�
�

x
an

d
P

age(x
�)

�
P

age(x),
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1
by

th
e

in
du

ction
h

ypoth
esis.

C
ase

2.1.
S

k .D
irtyP

ages[P
age(x)]

�
0�.

In
th

is
case,

th
e

page
th

at
th

e
recorded

operation
affected

is
n

ot
m

issin
g

an
d

from
L

em
m

a
5.4.3

it
follow

s
th

at
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .

C
ase

2.2.
S

k .D
irtyP

ages[P
age(x)]

�
0�

an
d

S
k .D

irtyP
ages[P

age(x)].
R

ecL
S

N
�

S
k .R

ed
oL

S
N

.
T

h
e

log
record

th
at

th
e

redo
pass

is
cu

rren
tly

processin
g

does
n

ot
requ

ire
redo

even
th

ou
gh

th
e

page
is

dirty,
as

it
is

th
e

effects
of

som
e

later
operation

th
at

cau
sed

th
e

page
to

be
dirty.

F
rom

th
e

effects
of

th
e

action
,

S
k

�
1 .R

ed
oL

S
N

�
S

k .R
ed

oL
S

N
�

1

�
S

k .D
irtyP

ages�P
age�x�.R

ecL
S

N
�

1

�
S

k
�

1 .D
irtyP

ages�P
age�x�.R

ecL
S

N
�

1

�
S

k
�

1 .D
irtyP

ages�P
age�x�.R

ecL
S

N

A
lso,

S
k

�
1 .D

B
[P

age(x)].x
�

S
k .D

B
[P

age(x)].x,
therefore

S
k

�
1 .M

axL
S

N
(P

)
�

S
k .M

axL
S

N
(P

).
H

ence
by

the
induction

hypothesis,
the

statem
ent

is
true

in
state

S
k

�
1 .

C
ase

2.3.
S

k .D
irtyP

ages[P
age(x)]

�
0�,

S
k .R

ed
oL

S
N

�
S

k .D
irtyP

ages-
[P

age(x)].R
ecL

S
N

an
d

S
k .D

B
[P

age(x)].P
ageL

S
N

�
S

k .R
ed

oL
S

N
.

In
th

is
case,

th
e

effects
of

th
e

operation
recorded

in
th

e
log

record
th

at
th

e
redo

pass
is

cu
rren

tly
processin

g
are

m
issin

g.
T

h
e

action
s

th
en

red
o

th
e

operation
.

In
th

is
case,

S
k

�
1 .M

axL
S

N
(P

age(x))
�

S
k

�
1 .R

ed
oL

S
N

�
1

�
S

k .R
ed

oL
S

N
.

F
rom

th
e

effects
of

th
e

action
�

k
�

1 ,

S
k

�
1 .D

B
�P

age�x�.x
	

S
k .L

og
�S

k .R
ed

oL
S

N
.D

ata.A
fterIm

age.

T
h

erefore

S
k

�
1 .D

B
�P

age�x�.x
	

S
k

�
1 .L

og
�S

k
�

1 .L
w

r�1,S
k

�
1 .M

axL
S

N
�P

age�x��,x�.D
ata.A

fterIm
age.

H
en

ce,
th

e
statem

en
t

is
tru

e
in

state
S

k
�

1 .

C
ase

2.4.
S

k .D
irtyP

ages[P
age(x)]

�
0�,

S
k .R

ed
oL

S
N

�
S

k .D
irtyP
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e
log.

T
h

u
s

it
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o
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at
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�
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�
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�

c
�

C
ra

sh
an

d
@c�,

c
�

c�
�
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