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Lossless
C

om
pression

by
TextualS

ubstitution

the
optim

um
encoding

problem
for

m
ostm

acro
schem

es
is

N
P

-com
plete

[S
torer,

S
zym

anski82]

▲▼

steepestdescentO
F

F-L
IN

E
schem

e

▲▼

LZ
m

acro
schem

es
([Z

iv,Lem
pel77],[Z

iv,Lem
pel78])

❏
have

linear
tim

e
im

plem
entations

(e.g.,[R
odeh,P

ratt,E
ven

81])

❏
are

highly
constrained

(unidirectionalpointers,...)



F
indings

❏
uniform

im
provem

entover
P

A
C

K
(H

uffm
an)

and
C

O
M

P
R

E
S

S
(LZ

-78)

❏
im

provem
entover

G
Z

IP
(LZ

-77)
and

B
Z

IP
[B

urrow
s,W

heeler
94]for

highly

random
inputs

(e.g.,genetic
sequences)

❏
com

putationally
intensive

❏
viable

to
parallelim

plem
entation

w
here

advantageous

❏
som

e
unexpected

tradeoffs

❏
som

e
interesting

algorithm
ic

and
program

m
ing

problem
s



O
verallstructure

ofO
F

F-L
IN

E

x

=

<

read
the

originaltext>

;

repeatD

=

<

build
a

data
structure

containing,for
every

substring
ofthe

textx

,

the
num

ber
ofits

non
overlapped

occurrences

>

;

s

=

<

choose
from

D

the
substring

thatm
axim

izes
the

com
pression

>

;

x

=

<

substitute
allthe

occurrences
ofs

in

x
>

;

until

<

no
further

com
pression

of
x

can
be

obtained

>

;

<

run
H

uffm
an

on
the

encoding

>

;
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F
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S
ize

H
uffm

an
LZ

-78
LZ

-77
B

W
T

(bytes)
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C
K

C
O

M
P

R
E

S
S

O
F

F
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E
G

Z
IP

B
Z

IP
2

b
ib

111,261
5.23

3.34
2.98

2.52
1.97

b
o

o
k1

768,771
4.56

3.45
3.43

3.26
2.42

b
o

o
k2

610,856
4.82

3.28
2.88

2.70
2.06

g
e

o
102,400

5.69
6.07

5.57
5.35

4.44

n
e

w
s

377,109
5.22

3.86
3.26

3.07
2.51

o
b

j1
21,504

6.07
5.22

4.45
3.84

4.01

o
b

j2
246,814

6.30
4.17

3.50
2.64

2.47

p
a

p
e

r1
53,161

5.03
3.77

3.29
2.79

2.49

p
a

p
e

r2
82,199

4.64
3.51

3.19
2.89

2.43

p
ic

513,216
1.66

0.96
0.96

0.87
0.77

p
ro

g
c

39,611
5.25

3.86
3.29

2.68
2.53

p
ro

g
l

71,646
4.81

3.03
2.50

1.81
1.73

p
ro

g
p

49,379
4.91

3.11
2.70

1.82
1.73

tra
n

s
93,695

5.57
3.26

2.40
1.62

1.52

average
224,402

4.98
3.63

3.17
2.70

2.36

m
ito

78,521
1.84

1.82
1.73

1.97
1.84

ch
rI

230,195
2.19

2.18
2.16

2.30
2.16

ch
rV

I
270,148

2.19
2.18

2.17
2.33

2.18



H
ow

to
...

❏
...countthe

num
ber

ofnon
overlapped

occurrences
ofeach

substring

➠
augm

ented
suffix

tree

❏
...search

and
substitute

allthe
occurrences

ofa
particular

substring

➠
balanced

tree
oftextfragm

ents



a
a

b
a

a
b

a
a

b
a

..$
a

b

b
a

$
$

a
b

a
..$

$b
a

$

b
a

a
b

a
a

b
a

..$

b
a

$

$a
b

a

a
b

a
..$

b
a

$ a
b

a
b

a
..$

b
a

$

b
a$

a
b

a
b

a
a

a
b

a
..$

b
a

$
$

a
b

a
..$

$b
a

$ a
b

a
a

b
a

..$

b
a

$

a

b
a

1

1
  2

  3
  4

  5
  6

  7
  8

  9
  1

0
 1

1
 1

2
 1

3
 1

4
 1

5
 1

6
 1

7
 1

8
 1

9
 2

0
 2

1
 2

2

a
 b

 a
 a

 b
 a

 b
 a

 a
 b

 a
 a

 b
 a

 b
 a

 a
 b

 a
 b

 a
 $

9
1

9

1
7

1
2 4 6

2
1

1
4

8
1

6

3

1
1

2
2

2
0

1
8

1
5

7

2

1
0

1
3 5



A
ugm

ented
S

uffix
Tree

❏
collects

com
pactly

allthe
suffixes

ofa
string

and
counts

the
num

ber

non-overlapped
occurrences

❏
construction:

brute
force

O
(n
2);clever

O
(n
log
2

n
)

[A
postolico,P

reparata

96]

❏
query:

O
(m
)

❏
space:

O
(n
log
n
)

(probably

O
(n
)

[M
ignosi,B

reslauer
p.c.])

❏
brute

force
construction:

on
average

O
(n
log
n
)
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B
alanced

Tree
ofTextFragm

ents
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C
hoosing

and
C

om
puting

a
G

ain
m

easure
(1/2)

Leave
one

ofthe

f
w

non
overlapped

occurrences
of

w

in
the

text,substitute
the

other

f
w

�
1

w
ith

a
pointer

to
the

originalone

A
ssum

e
an

integer

z

can
be

encoded
w

ith

l(z
)

bits,m
w

=
jw
j,B
=

the

average
length

ofa
sym

bolin
bits
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m
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�
1)(1
+
l(n
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+
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+
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C
hoosing

and
C

om
puting

a
G

ain
M

easure
(2/2)

R
em

ove
allthe

f
w

non
overlapped

occurrences
of

w

in
the

text,save

w

,

m
w

=
jw
j,f
w

and
the

listofoccurrences,com
pactthe

text
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 b
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 a

 b
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 b
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 b
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w
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B
m
w

+
l(m
w

)
+
l(f
w

)
+
f
w

l(n
)

R
em

ark:
com

pute

G

only
atexplicitnodes

ofthe
tree



O
F

F-L
IN

E
variants

❏

Q

substrings
selection/substitution

are
perform

ed
betw

een
tw

o
consecutive

updates
ofthe

tree

➠
O

F
F-L

IN
E-S

L
O

P
P

Y

❏
allthe

prefixes
ofthe

currentselection
are

replaced
ifcapable

to
produce

com
pression

➠
O

F
F-L

IN
E-P

R
E

F

❏
only

substrings
w

hich
have

length
less

than
H

are
considered

➠
O

F
F-L

IN
E-P

R
U

N
E

D



O
F

F-L
IN

E-S
L

O
P

P
Y

on
m

ito
(size

78521)

H
eap

S
ize

(Q

)
S

ubstitutions
Trees

R
atio

T
im

e
size

%

1
787

788
1.0

100.0%
32,798

100.00%

10
799

83
9.6

12.11%
32,837

100.11%

100
910

13
70.0

4.21%
33,113

100.96%

1,000
1,174

4
293.5

4.44%
33,688

102.71%

O
F

F-L
IN

E-S
L

O
P

P
Y

on
p

a
p

e
r2

(size
82201)

H
eap

S
ize

(Q

)
S

ubstitutions
Trees

R
atio

T
im

e
size

%

1
165

165
1.0

100.0%
17,074

100.0%

10
170

22
7.7

14.8%
17,141

100.4%

100
303

7
43.3

7.06%
17,440

102.1%

1,000
619

3
206.3

8.86%
17,861

104.6%



F
ile

S
ize

Iterations

(bytes)
O

F
F

-LIN
E

b
ib

111,261
927

b
o

o
k1

768,771
5,255

b
o

o
k2

610,856
4,193

g
e

o
102,400

764

n
e

w
s

377,109
2,902

o
b

j1
21,504

215

o
b

j2
246,814

1,751

p
a

p
e

r1
53,161

663

p
a

p
e

r2
82,199

811

p
ic

513,216
113

p
ro

g
c

39,611
537

p
ro

g
l

71,646
611

p
ro

g
p

49,379
453

tra
n

s
93,695

616

m
ito

78,521
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ch
rI

230,195
77

ch
rV

I
270,148
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F
inalrem

arks

❏
D

ata
structures

and
algorithm

s

➭
parallelim

plem
entation

➭
update

the
(pruned)

augm
ented

suffix
tree

❏
E

m
piricalstudies

➭
fine-tune

the
function

G

➭
reiterate

the
com

pression
on

the
substrings

rem
oved

➭
experim

entother
encodings

(arithm
etic,m

ove
to

front)

➭
hybrid

w
ith

other
schem

es



S
uffix

Tree

❏
collects

com
pactly

allthe
suffixes

ofx

$

❏
construction:

brute
force

O
(n
2);clever

O
(n
)

[W
einer

73],[M
cC

reight76],

[U
kkonen

95]-
in

parallelO
(log
n
)

using

n

processors
[A

ILS
V

83]

❏
query

tim
e:

O
(m
)

❏
space:

O
(n
)

❏
brute

force
construction:

on
average

O
(n
log
n
)

(e.g.
[A

ho,H
opcroft,U

llm
an

74],[A
postolico,S

zpankow
ski92],[C

hang,Law
ler

94])

❏
occurrences

ofa
substring

w

=
leaves

reachable
from

the
node

rooted
at

w

B
ut...w

e
need

the
statistic

ofnon
overlapped

occurrences
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A
llocating

the
A

ugm
ented

S
uffix

Tree

❏
structure

ofthe
node

(array,linked
list,balanced

search
tree,globalhash

table)

❏
space

considerations
(linked

list20
bytes

per
node),avg

1.5
node

per
sym

bol

➟
avg

30
bytes

per
sym

bol(bps)

➭
tw

o
indices

[i;j]

➭
one

pointer
to

listofchildren

➭
one

pointer
to

listofsiblings

➭
one

counter
for

the
num

ber
ofnon

overlapped
occurrences

❏
variations

(P
atricia

12bps
[M

orrison
68],suffix-array

6bps
[M

anber,M
yers

93],

suffix-cactus
9bps

[K
aerkkaeinen

95],levelcom
pressed

trie
11bps

[A
ndersson,N

ilsson
95])



D
ynam

ic
textand

statistics
indexing

problem

❏
the

augm
ented

suffix
tree

is
a

suitable
data

structure
for

our
needs

❏
how

the
tree

is
m

odified
ifw

e
delete

a
char

in
the

text?

❏
w

hathappens
ifw

e
delete

allthe
occurrences

ofa
substring?

❏
is

there
an

algorithm
to

“update”
efficiently

the
tree

and
its

statistics?

➭
dynam

ic
textproblem

[M
cC

reight76],[F
iala,G

reen
89],[G

u,Farach,B
eigel

94],[F
erragina

97]


