
A
nalysis

ofS
equence

S
im

ilarity

P
lantB

reeding
607

C
ornellU

niversity

S
pring

’00

D
ave

S
chneider

(instructor)
M

auricio
la

R
ota

(assistant)

N
ovem

ber
13,2000



P
rereq

u
isites

an
d

reg
istratio

n
�

P
rerequisites:

–
B

asic
biology

–
B

asic
genetics

–
Fam

iliarity
w

ith
com

puters.

�

P
erm

ission
ofinstructor

required
for

registration.

�

1
credit,S

-U
only.
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S
taff

Instructor:
D

ave
S

chneider

A
ddress:

632
R

hodes
H

all
E

m
ail:

schneid@
tc.cornell.edu

Telephone:
254-4510

Fax:
254-8888

Teaching
assistant:

M
auricio

la
R

ota

A
ddress:

622
R

hodes
H

all
E

m
ail:

cm
l22@

cornell.edu
Telephone:

255-0186
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S
ch

ed
u

le
an

d
ven

u
e

Lectures

D
ates:

10/27/00
–

11/27/00
T

im
es:

M
W

F
11:15-12:05

Location:
M

orrison
342

Laboratory

D
ates:

10/27/00
–

11/27/00
T

im
es:

M
9:00-11:00,W

4:00-6:00,T
h

4:00-6:00
Location:

B
radfield

G
-04

3



A
ssig

n
m

en
ts

an
d

g
rad

in
g

W
eekly

assignm
ents

w
illbe

distributed
and

collected
on

M
ondays.

�

C
arefulinterpretation

ofcom
puter

laboratory
exercises

�

E
m

phasis
on

clear
exposition

ofscientific
ideas,noton

“correctness.”

4



L
etters

an
d

alp
h

ab
ets

1
D

efi
n

itio
n

(C
h

aracter)
A

character
is

a
sym

bol.

C
haracters

w
illtypically

be
denoted

by
low

er
case

A
rabic

letters,e.g.

� ,

� ,

�
�
�,

� .

2
D

efi
n

itio
n

(A
lp

h
ab

et)
A

n
alphabetis

a
definite

setofunique
characters.

A
lphabets

w
illtypically

be
denoted

by
upper

case
G

reek
letters,e.g.

�

,

�

,

�

.

T
he

size
ofan

alphabet,

�

,is
denoted

� �
� ,and

is
assum

ed
to

be
finite.5



E
xam

p
les

o
f

alp
h

ab
ets

A
lphabets

representclasses
ofphysicalobjects,and

characters
represent

particular
instances

ofthese
objects.
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S
trin

g
s

an
d

su
b

strin
g

s

3
D

efi
n

itio
n

(S
trin

g
)

A
string

over
an

alphabet

�

is
a

ordered
setofchar-

acters
selected

from

�

.

S
trings

w
ill

be
denoted

using
low

er
case

G
reek

characters,
e.g.

�

,

�

,

�

,

�
�
�,

�

.
T

he
length

of

�

is
just

the
num

ber
of

characters
in

�

and
w

ill
be

denoted

� �
� .

T
he

em
pty

string
(i.e.the

string
w

ith
no

characters)w
illalw

ays
be

denoted

� .

4
D

efi
n

itio
n

(S
u

b
strin

g
)

A
substring

�
ofa

string

�

is
a

subsetofconsec-
utive

characters
of

�

.

B
y

convention,

�

is
considered

a
substring

ofevery
string.
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S
eq

u
en

ces
an

d
su

b
seq

u
en

ces

5
D

efi
n

itio
n

(S
eq

u
en

ce)
A

sequence
is

an
ordered

list
of

characters
se-

lected
from

a
definite

alphabet.

6
D

efi
n

itio
n

(S
u

b
seq

u
en

ce)
A

subsequence,

� ,
of

a
sequence

�

is
a

subsetofthe
characters

of

�

w
ith

order
preserved.

�

�
�

�
� �

�
� �

�
� �

�
�
��

�
�

�

� �
�

�
	 �

�

 �

�
� �

�
�
��

�
�



�

w
here

3
�

�
�

�
�

�

�

�
�
�

�

�

� !
�

A
llsubstrings

are
subsequences,butsubsequences

w
ith

gaps
are

notsub-
strings.

8



S
yn

tax,g
ram

m
ar,an

d
sem

an
tics

7
D

efi
n

itio
n

(S
yn

tatic
co

n
ten

t)
T

he
abstractstudy

ofthe
arrangem

entof
characters

in
strings

or
sequences

over
a

definite
alphabet.

8
D

efi
n

itio
n

(G
ram

m
ar)

T
he

study
ofthe

allow
able

arrangem
entofw

ords
in

a
language.

9
D

efi
n

itio
n

(S
em

an
tic

co
n

ten
t)

T
he

m
eaning

orinterpretation
ofa

string
over

a
particular

alphabet.

B
oth

ofthese
concepts

are
essentialin

biology,and
one

m
ustbe

carefulto
distinguish

betw
een

them
.

9



T
h

e
In

fo
rm

atio
n

H
ierarchy

K
n

o
w

led
g

e
T

his
sequence

codes
for

a
cytochrom

e

�

thatis
expressed

in
brain

tissue
in

the
early

em
bryo.

In
fo

rm
atio

n
T

he
sequence

is
�
�
�TATA

A
C

G
TAT

T
G

C

�
�
�.

D
ata

T
he

chrom
atogram

generated
by

the
sequencer

is
just

a
record

of
electricalsignals

generated
by

sensors.
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A
lo

g
icalan

alysis
o

f
self-rep

ro
d

u
cin

g
en

tities

In
1948,

five
years

before
the

discovery
of

the
structure

of
D

N
A

by
W

at-
son

and
C

rick,
the

fam
ous

m
athem

atician
John

von
N

eum
ann

discovered
a

very
deep

truth
about

the
logicalstructure

of
any

entity
capable

of
self-

reproduction.
H

is
centralinsightw

as
thatitis

necessary
to

m
ake

an
oper-

ationaldistinction
betw

een
syntax

and
sem

antics,
and

these
dualroles

of
sequences

m
ustbe

handled
be

separate
infrastructures.

T
his

requirem
ent

arises
from

the
need

to
avoid

certain
types

of
self-referential

statem
ents

thatare
sem

antically
am

biguous.

T
he

follow
ing

statem
entis

true.
T

he
previous

statem
entis

false.

11



vo
n

N
eu

m
an

n
’s

recip
e

A
)

Factory:
A

facility
that

collects
raw

m
aterials

and
assem

bles
them

ac-
cording

to
instruction

stream
s

supplied
from

B
.

B
)

D
uplicator:

A
facility

that
collects

raw
m

aterials
to

duplicate
instruction

stream
s

defined
by

D
.

12



vo
n

N
eu

m
an

n
’s

recip
e,co

n
tin

u
ed

C
)

C
ontroller:

A
facility

that
coordinates

the
action

of
A

and
B

.
T

his
con-

troller
m

ust
m

ake
sure

that
the

D
is

properly
translated

by
B

into
instruc-

tions
suitable

for
A

and
also

duplicated
by

B
for

the
next“generation”.

D
)

Instruction
set:

C
om

plete
instructions

for
ensuring

that
com

ponent
C

correctly
coordinates

the
construction

of
a

new
copy

of
the

entire
system

,
A

+
B

+
C

+
D

.

13



A
lo

g
icalview

o
f

b
io

lo
g

y

A
)

R
ibosom

es
are

universaltranslators
that

use
instructions

in
the

form
of

m
R

N
A

and
consum

e
am

inoacyl
tR

N
A

to
produce

proteins.
N

ote,
both

rR
N

A
and

protein
com

ponents
are

encoded
in

D
N

A
.

B
)

D
N

A
polym

erases
to

replicate
D

N
A

,and
R

N
A

polym
erases

to
transcribe

D
N

A
into

m
R

N
A

to
serve

as
tem

plates
for

protein
synthesis

used
by

ribo-
som

es.
A

llcoded
by

D
N

A
.

C
)

G
ene

regulation
netw

ork
and

associated
controlling

m
olecules

(repres-
sors,

prom
otors,

etc.).
N

ote,
these

m
olecules

are
encoded

by
D

N
A

and
produced

by
ribosom

es.

D
)

T
he

genetic
m

aterials,prim
arily

D
N

A
,secondarily

R
N

A
.

14



S
eq

u
en

ce
an

alysis
in

m
o

lecu
lar

b
io

lo
g

y
�

S
equences

analysis
deals

w
ith

the
identity

ofobjects,notenergy,tim
e,

or
other

physicalproperties
thatare

directly
related

to
function.

T
here-

fore,
sequence

analysis
is

intrinsically
syntactic

and
em

pirical
in

na-
ture.

�

M
ost

of
biology,

including
functional

and
structural

genom
ics,

is
pri-

m
arily

sem
antic

in
nature.

�

T
he

prim
ary

intellectualhurdle
is

to
properly

interpret
syntacticalevi-

dence
as

possible
clues

to
sem

antic
content.

15



T
h

e
an

n
o

tatio
n

p
ro

b
lem

A
nnotation

is
the

purported
assignm

entof
sem

antic
content(i.e.function)

to
syntactic

content(i.e.
sequence).

�

T
he

lack
of

w
idely

accepted
controlled

vocabularies,
keyw

ords,
etc.

m
ake

itdifficultto
find

sequences
w

ith
the

desired
annotation.

�

A
utom

ated
annotation

m
ethods

are
very

w
idespread

butfrequently
un-

reliable
since

they
are

essentially
allbased

on
syntactic

analyses.

�

Laboratory
verification

is
an

absolute
necessity.

16



T
h

e
stab

ility
p

ro
b

lem

G
ram

m
aticalcorrectness

and
sem

antic
m

eaning
can

be
greatly

altered
by

sm
allchanges

in
syntax.

�

E
xchange

ofa
proline

for
a

glycine
in

a
peptide

chain.

�

M
is-spelling

in
com

puter
passw

ord.

�

E
rrors

in
bank

deposits
or

w
ithdraw

ls.

D
ave

know
s

w
hathe

is
talking

about!

D
ave

doesn’tknow
w

hathe
is

talking
about!

17



M
atch

in
g

a
5S

rR
N

A
g

en
e

to
d

b
E

S
T

b
l
a
s
t
a
l
l
-
p

t
b
l
a
s
t
x
-
i
g
i
6
6
8
9
4
1
8
.
s
e
q
-
d
b
l
a
s
t
-
1
8
-
9
-
2
0
0
0
\
e
s
t
\
e
s
t

T
B
L
A
S
T
X
2
.
1
.
1
[
A
u
g
-
8
-
2
0
0
0
]

R
e
f
e
r
e
n
c
e
:
A
l
t
s
c
h
u
l
,
S
t
e
p
h
e
n
F
.
,

T
h
o
m
a
s
L
.

M
a
d
d
e
n
,
A
l
e
j
a
n
d
r
o
A
.

S
c
h
a
f
f
e
r
,

J
i
n
g
h
u
i
Z
h
a
n
g
,
Z
h
e
n
g
Z
h
a
n
g
,
W
e
b
b

M
i
l
l
e
r
,
a
n
d

D
a
v
i
d
J
.
L
i
p
m
a
n
(
1
9
9
7
)
,

"
G
a
p
p
e
d
B
L
A
S
T
a
n
d
P
S
I
-
B
L
A
S
T
:
a

n
e
w
g
e
n
e
r
a
t
i
o
n
o
f
p
r
o
t
e
i
n
d
a
t
a
b
a
s
e
s
e
a
r
c
h

p
r
o
g
r
a
m
s
"
,

N
u
c
l
e
i
c
A
c
i
d
s
R
e
s
.
2
5
:
3
3
8
9
-
3
4
0
2
.

Q
u
e
r
y
=
g
i
|
6
6
8
9
4
1
8
|
e
m
b
|
A
J
2
4
5
8
0
8
.
1
|
T
N
I
2
4
5
8
0
8
T
e
t
r
a
o
d
o
n
n
i
g
r
o
v
i
r
i
d
i
s
5
S

r
R
N
A
g
e
n
e

(
4
2
9

l
e
t
t
e
r
s
)

D
a
t
a
b
a
s
e
:
b
l
a
s
t
-
1
8
-
9
-
2
0
0
0
\
e
s
t
\
e
s
t

5
,
7
0
0
,
2
6
7
s
e
q
u
e
n
c
e
s
;
2
,
2
6
2
,
3
3
4
,
5
5
4
t
o
t
a
l
l
e
t
t
e
r
s

18



S
u

rp
rise!

S
c
o
r
e

E
S
e
q
u
e
n
c
e
s
p
r
o
d
u
c
i
n
g
s
i
g
n
i
f
i
c
a
n
t
a
l
i
g
n
m
e
n
t
s
:

(
b
i
t
s
)

V
a
l
u
e

g
b
|
A
I
1
1
9
1
3
7
.
1
|
A
I
1
1
9
1
3
7
u
e
9
4
d
0
1
.
y
1
S
u
g
a
n
o
m
o
u
s
e
e
m
b
r
y
o
m
e
w
a
M
u
s

m
.
.
.

8
7

3
e
-
0
1
6

g
b
|
B
E
0
4
6
5
4
7
.
1
|
B
E
0
4
6
5
4
7
h
n
4
0
c
0
5
.
x
1
N
C
I
_
C
G
A
P
_
R
D
F
2
H
o
m
o
s
a
p
i
e
n
s
c
D
N
.
.
.

8
4

3
e
-
0
1
5

g
b
|
A
A
4
7
2
3
4
6
.
1
|
A
A
4
7
2
3
4
6
v
h
0
5
d
0
1
.
r
1
S
o
a
r
e
s
_
m
a
m
m
a
r
y
_
g
l
a
n
d
_
N
b
M
M
G
M
u
s
.
.
.

8
2

8
e
-
0
1
5

g
b
|
A
W
4
9
1
6
6
5
.
1
|
A
W
4
9
1
6
6
5
U
I
-
M
-
B
H
3
-
a
t
q
-
h
-
0
7
-
0
-
U
I
.
s
1
N
I
H
_
B
M
A
P
_
M
_
S
4
M
.
.
.

8
2

8
e
-
0
1
5

g
b
|
A
W
1
4
7
9
5
7
.
1
|
A
W
1
4
7
9
5
7
d
a
0
1
b
0
5
.
x
1
X
e
n
o
p
u
s
l
a
e
v
i
s
o
o
c
y
t
e
X
e
n
o
p
u
s
.
.
.

8
2

1
e
-
0
1
4

g
b
|
A
W
1
9
9
2
0
1
.
1
|
A
W
1
9
9
2
0
1
d
a
1
7
d
0
8
.
x
1
n
o
r
m
a
l
i
z
e
d
X
e
n
o
p
u
s
l
a
e
v
i
s
g
a
s
t
.
.
.

8
0

4
e
-
0
1
4

g
b
|
A
A
5
3
4
2
0
4
.
1
|
A
A
5
3
4
2
0
4
n
j
2
1
b
0
7
.
s
1
N
C
I
_
C
G
A
P
_
A
A
1
H
o
m
o

s
a
p
i
e
n
s
c
D
N
A
.
.
.

7
5

1
e
-
0
1
2

g
b
|
A
W
9
2
0
1
0
7
.
1
|
A
W
9
2
0
1
0
7
E
S
T
3
5
1
5
1
5
R
a
t
g
e
n
e
i
n
d
e
x
,
n
o
r
m
a
l
i
z
e
d
r
a
t
,
.
.
.

7
4

2
e
-
0
1
2

g
b
|
A
A
8
7
6
1
8
1
.
1
|
A
A
8
7
6
1
8
1
n
x
2
5
c
0
4
.
s
1
N
C
I
_
C
G
A
P
_
G
C
4
H
o
m
o

s
a
p
i
e
n
s
c
D
N
A
.
.
.

7
4

2
e
-
0
1
2

g
b
|
A
W
8
3
9
2
2
3
.
1
|
A
W
8
3
9
2
2
3
C
M
0
-
L
T
0
0
6
6
-
0
3
0
3
0
0
-
2
6
4
-
h
0
7
L
T
0
0
6
6
H
o
m
o
s
a
p
.
.
.

7
1

2
e
-
0
1
1

g
b
|
A
I
0
0
9
1
3
0
.
1
|
A
I
0
0
9
1
3
0
E
S
T
2
0
3
5
8
1
N
o
r
m
a
l
i
z
e
d
r
a
t
e
m
b
r
y
o
,
B
e
n
t
o
S
o
.
.
.

6
2

8
e
-
0
1
0

g
b
|
A
W
0
5
8
4
3
4
.
1
|
A
W
0
5
8
4
3
4
w
x
2
0
g
1
1
.
x
1
N
C
I
_
C
G
A
P
_
G
a
s
4
H
o
m
o
s
a
p
i
e
n
s
c
D
N
.
.
.

6
5

1
e
-
0
0
9

g
b
|
B
E
0
7
5
3
9
8
.
1
|
B
E
0
7
5
3
9
8
M
R
2
-
B
T
0
5
8
9
-
2
3
0
3
0
0
-
2
0
2
-
b
1
2
B
T
0
5
8
9
H
o
m
o
s
a
p
.
.
.

6
3

5
e
-
0
0
9

g
b
|
H
5
8
3
1
0
.
1
|
H
5
8
3
1
0
y
r
2
5
a
0
4
.
r
1
S
o
a
r
e
s
f
e
t
a
l
l
i
v
e
r
s
p
l
e
e
n
1
N
F
L
S
H
o
.
.
.

6
3

5
e
-
0
0
9

d
b
j
|
A
V
5
9
9
4
8
6
.
1
|
A
V
5
9
9
4
8
6
A
V
5
9
9
4
8
6
B
o
s
t
a
u
r
u
s
c
a
r
t
i
l
a
g
e
f
e
t
u
s
B
o
s

.
.
.

6
1

2
e
-
0
0
8

g
b
|
A
W
2
0
0
2
4
0
.
1
|
A
W
2
0
0
2
4
0
d
a
1
7
d
0
8
.
y
1
n
o
r
m
a
l
i
z
e
d
X
e
n
o
p
u
s
l
a
e
v
i
s
g
a
s
t
.
.
.

6
1

2
e
-
0
0
8

g
b
|
A
A
5
8
7
5
0
9
.
1
|
A
A
5
8
7
5
0
9
n
n
3
0
a
0
3
.
s
1
N
C
I
_
C
G
A
P
_
G
a
s
1
H
o
m
o
s
a
p
i
e
n
s
c
D
N
.
.
.

5
8

1
e
-
0
0
7
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P
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P
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P
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p
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i
e
s
=

2
2
/
3
8
(
5
7
%
)
,
P
o
s
i
t
i
v
e
s
=

2
4
/
3
8
(
6
2
%
)

F
r
a
m
e
=
+
1

/
-
2

Q
u
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P
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R
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b
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P
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P
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0
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b
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b
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c
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.
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b
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b
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b
e
r
o
f
e
x
t
e
n
s
i
o
n
s
:
4
0
4
3
3
7
6
6

N
u
m
b
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c
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b
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c
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b
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.
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e
n
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5
1
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f
f
e
c
t
i
v
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l
e
n
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f
f
e
c
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i
v
e
l
e
n
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f

q
u
e
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c
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i
v
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l
e
n
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d
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1
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e
f
f
e
c
t
i
v
e
s
e
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r
c
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p
a
c
e
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3
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c
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e
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c
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u
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c
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s
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,
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0
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Q
u

estio
n

s

�

Is
the

query
sequence

really
a

5S
rR

N
A

gene?

�

C
an

rR
N

A
genes

contam
inate

E
S

T
experim

ents?

�

A
re

there
realproteins

w
ith

subsequences
that

look
like

a
translation

of5S
rR

N
A

?

�

Is
there

a
bug

in
B

LA
S

T
?
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L
esso

n
s

�

A
n

low
E

-value,even
as

low
as31

�

�
�,does

notguarantee
biological

significance.

�

O
ne

can
observe

sim
ilarities,butcannotm

ake
causalconnections.

�

A
ssum

e
allannotations

are
incorrectuntilproven

otherw
ise

by
careful

laboratory
experim

entation.
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M
atch

in
g

5S
rR

N
A

g
en

e
to

ran
d

o
m

p
seu

d
o

-E
S

T
s

G
enerate

random
setofpseudo-E

S
T

s

�

A
ssum

e"
� �
� �"
� �
� �"
� 

� �"
� �
� �3

� 6

.

�

G
enerate4

� 31
�

strings
w

ith
lengths

sam
pled

from
a

norm
aldistri-

bution
w

ith
m

ean
350

and
standard

deviation
of50.

Im
pose

m
inim

um
length

of75.

�

R
un

form
atdb

then
blastn

and
see

w
hathappens

�
�
�
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B
L
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lts

b
l
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l
l
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p

b
l
a
s
t
n
-
d
r
n
d

-
i
.
.
\
E
x
e
r
c
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S
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6
8
9
4
1
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.
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B
L
A
S
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.
1
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1
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A
u
g
-
8
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2
0
0
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R
e
f
e
r
e
n
c
e
:
A
l
t
s
c
h
u
l
,
S
t
e
p
h
e
n
F
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T
h
o
m
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s
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.

M
a
d
d
e
n
,
A
l
e
j
a
n
d
r
o
A
.

S
c
h
a
f
f
e
r
,

J
i
n
g
h
u
i
Z
h
a
n
g
,
Z
h
e
n
g
Z
h
a
n
g
,
W
e
b
b

M
i
l
l
e
r
,
a
n
d

D
a
v
i
d
J
.
L
i
p
m
a
n
(
1
9
9
7
)
,

"
G
a
p
p
e
d
B
L
A
S
T
a
n
d
P
S
I
-
B
L
A
S
T
:
a

n
e
w
g
e
n
e
r
a
t
i
o
n
o
f
p
r
o
t
e
i
n
d
a
t
a
b
a
s
e
s
e
a
r
c
h

p
r
o
g
r
a
m
s
"
,

N
u
c
l
e
i
c
A
c
i
d
s
R
e
s
.
2
5
:
3
3
8
9
-
3
4
0
2
.

Q
u
e
r
y
=
g
i
|
6
6
8
9
4
1
8
|
e
m
b
|
A
J
2
4
5
8
0
8
.
1
|
T
N
I
2
4
5
8
0
8
T
e
t
r
a
o
d
o
n
n
i
g
r
o
v
i
r
i
d
i
s
5
S

r
R
N
A
g
e
n
e
(
4
2
9

l
e
t
t
e
r
s
)

D
a
t
a
b
a
s
e
:
r
a
n
d
o
m

2
0
0
,
0
0
0
s
e
q
u
e
n
c
e
s
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8
7
,
3
8
4
,
7
8
2
t
o
t
a
l
l
e
t
t
e
r
s
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c
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p
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c
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i
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.
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0
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0
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n
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n
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n
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0
1
0
9
3
1
3

3
6

0
.
4
5

g
n
l
|
r
a
n
d
o
m
|
l
r
n
d
0
0
0
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|
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0
0
1
5
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=

4
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(
2
0
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,
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=
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.
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i
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/
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c
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c
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c
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M
o

re
lesso

n
s

G
arbage

in,garbage
out.

A
nonym

ous

T
he

purpose
ofcom

puting
is

insight,notnum
bers.

R
.H

am
m

ing

T
he

purpose
ofsequence

analysis
is

insight,notansw
ers.D

.S
chneider
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T
h

e
lim

its
o

f
in

tu
itio

n
in

m
o

d
ern

b
io

lo
g

y

�

You
are

now
facing

an
flood

ofnoisy
data

on
an

unprecedented
scale.

�

Your
training

has
not

equipped
you

(or
anyone

else)
to

interpret
data

ofthis
type

by
intuition.

�

Q
uantitative

m
ethods

are
an

absolute
requirem

ent.
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g
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S
yn

tactic-statisticalm
o

d
elo

f
E

n
g

lish
text

�

B
.

H
ayes.

A
progress

report
on

the
fine

art
of

turning
literature

into
drivel,S

ci.A
m

.,249(5):16,1983.

�

R
.W

.Lucky.
S

ilicon
D

ream
s:

Inform
ation,M

an
and

M
achine,S

t.M
ar-

tin’s
P

ress,N
ew

York,1989.
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S
tatisticalm

o
d

elin
g

o
f

E
n

g
lish

text

�

C
om

pute
ofeach

letterseparately,then
doublets,triplets,quadruplets,

quintuplets,sextuplets,�
�
�,in
a

given
text.

�

C
onvert

frequencies
to

probabilities
of

individual
letters,

and
condi-

tionalprobabilities
for

substrings.

�

U
se

a
random

num
ber

generator
to

generate
a

stream
of

characters
from

the
conditionalprobability

distributions.
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F
irst-O

rd
er

C
o

rrelatio
n

s

T
dory

d
neA

eeeko,hs
w

ieadad
ittid

eIa
c

ilodhgin
un

a
a

svm
b

i
ee’kw

rdm
n.

C
learly

a
m

onkey
ata

typew
riter...
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S
eco

n
d

-O
rd

er
C

o
rrelatio

n
s

Le
hoin.

w
han

theoarom
ies

outthengachilathedrid
be

w
e

frergied
ate

k
y

w
ee

’e
the

sle!

P
erhaps

itis
a

W
elsh

m
onkey...
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T
h

ird
-O

rd
er

C
o

rrelatio
n

s

’W
eed.

T
hed

to
dre

you
and

a
dennie.

A
le

m
en

eark
yous,the

sle
now

n
ithe

haved
saindy.

If-
itto

to
itdre

to
gre.

Iw
allm

uch.
’G

ive
th

pal
yould

the
it

going,
youldn’t

thave
aw

ay,
jostove

m
ouble

so
goink

steace,’Iftake
w

e’re
do

m
ennie.

�

C
apitalization

is
correct.

C
ontractions

are
correct.

W
hy?

�

Q
uotation

m
arks

are
notbalanced.

W
hy?
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F
o

u
rth

-O
rd

er
C

o
rrelatio

n
s

I
can

light,
’G

eorge
tried

in
you

and
fire.’

’N
othen

it
and

I
w

ant
yourse,G

eorge
som

e
other

ther.
T

here’s
ifhis

hand
rolledad

ther
hisky,’Ilittle

am
onely

w
e’re

w
e’re

w
ith

him
the

rain.

�

M
any

shortw
ords

are
recognizable.

�

C
apitalization

is
stillcorrect.

�

Q
uotation

m
arks

are
stillnotbalanced.
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F
ifth

-O
rd

er
C

o
rrelatio

n
s

’I...I’m
notrunning.’T

he
ranch,w

ork
on

the
tim

e.
D

o
you

because
you

getsom
ethings

spready
told

you
justhim

by
heatto

coloured
rabbits.

T
hat’s

going
grew

it’s
like

a
w

hisky
place.

�

M
ostw

ords
are

correctly
spelled.

�

Q
uotation

m
arks

are
stillnotbalanced.

�

G
ram

m
ar

is
erratic.
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S
ixth

-O
rd

er
C

o
rrelatio

n
s

M
illion

m
ice

because
it

tw
o

m
e

w
e’llsit

by
the

future.
W

e’llsteal
it.

’A
ren’t

got
it.

’A
bout

the
fire

slow
ly

hand.
’I

w
ant,

G
eorge,’he

asked
nervoulsly:

’T
hat’s

fine.
S

ay
ittoo

hard
too

forgetother.

�

It
w

on’t
w

in
the

N
obelP

rize
for

Literature,
but

it’s
not

bad
for

a
com

-
puter.

�

P
roblem

s
w

ith
balanced

quotation
m

arks
and

gram
m

ar
rem

ain.
W

hy?
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S
tren

g
th

s
an

d
W

eakn
esses

o
f

th
e

S
tatistical

A
p

p
ro

ach

S
tatisticalm

ethods
can

m
odelsyntax,butnotgram

m
ar

or
sem

antics.

Q
uantitative

analyticalm
ethods

are
available:

�

S
im

ple
m

athem
atics

�

E
legantm

echanism
to

incorporate
“intuition”

�

W
idely

usefulin
practice
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A
b

rief
review

o
f

statistics
�

B
ounds

1
� "

� �
�
� 3

�

S
um

rules
� "

� �
� �3

"
� �
�

� "
� �
� �3
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� �
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� �
�
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B
ayes

ru
le

"
� �

� �
� "
��
� �"
��

� �
� "
� �
�

P
rovides

a
m

echanism
to

com
pare

observed
probabilities

w
ith

a
priori

probabilities
constructed

from
an

particular
m

odel.
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In
fo

rm
atio

n

10
D

efi
n

itio
n

(In
fo

rm
atio

n
co

n
ten

t
o

f
even

ts)
T

he
inform

ation
contentin

the
occurence

ofan
random

event(

is

�
�

�
�

��
�

�
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�

�

O
ne

unitofinform
ation

is
called

a
“bit”.

�

H
igh

probability
im

plies
low

inform
ation

content(redundant).

�

Low
probability

im
plies

high
inform

ation
content.
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P
ro

p
erties

�

N
on-negative:�

�

� 1
for

all(

.

�

M
onotonic:

if"
�

� � �)
�

� "
�

� � �*
�

then�
�

� �
�

.

�

P
robabilistic:

num
ericalvalues

dependenton
the

structure
of

the
sta-

tisticalm
odel.
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R
easo

n
ab

len
ess

P
rogress

in
science

is
the

resultofeither:

�

O
bserving

and
classifying

events
thathave

notbeen
previously

recorded.

�

P
roviding

predictive
theories

forpreviously
unexplained

orunpredictable
phenom

enon.

B
oth

ofthese
resultin

changes
to

the
expected

probabilities
for

the
know

n
setofpossible

experim
entaloutcom

es.
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E
xam

p
les

�

Ifone
is

reading
E

nglish
text,then

a
“q”

w
illcertainly

be
follow

ed
by

a
“u”.

T
hus,one

could
om

itthe
“u”

w
ith

introducing
am

biguity.

�

If
you

are
dialing

a
phone

num
ber,

each
correct

digit
increm

entally
increases

the
probability

ofdialing
the

desired
num

ber.
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E
n

tro
py

11
D

efi
n

itio
n

(E
n

tro
p

y
o

f
a

p
ro

b
ab

ility
d

istribu
tio

n
)

T
he

entropy
ofa

dis-
tribution

ofa
random

variable(
�

�
� �
�

is
defined

as

�
�
�

� �
�

�
�

� �
�

��
�

�
� �

� �
�

�

�

M
axim

alw
hen

allevents
have

equalprobability.

�

R
elated

to
redundancy

or
“com

pressibility”.

�

D
oes

notdepend
on

the
nature

of
the

events
them

selves,only
on

the
distribution

itself.
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E
ntropy

is
the

expected
value

ofthe
inform

ation,

�
� (
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�
�

� �
� �

� �
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�

.

�

E
ntropy

is
m

axim
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�
�

� ,for
the

alignm
entof

�
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searching,

�
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�
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�

Indifference

�
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D
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ilarity

�

negative
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�
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average
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character

alignm
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based
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“distant”
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B
LO

S
U

M
62

(11,1)

S
hortsequences

cannothave
participate

in
long,w

eak
alignm

ents.

G
ap

costs
m

ustbe
tailored

to
the

substitution
m

atrix.

S
ee

h
t
t
p
:
/
/
w
w
w
.
n
c
b
i
.
n
l
m
.
n
i
h
.
g
o
v
/
B
L
A
S
T
/
m
a
t
r
i
x
i
n
f
o
.
h
t
m
l

.
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H
ow

sh
o

u
ld

o
n

e
p

ro
ceed

in
p

ractice?

�

E
S

T
s

againstE
S

T
s,genom

ic
sequence

and
proteins

�

F
ulllength

cD
N

A
s

againstgenom
ic

sequence
and

proteins

�

G
enom

ic
sequence

againstproteins
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C
o

m
p

u
ters

an
d

alg
o

rith
m

s

C
om

puters
are

notintelligentin
thattheiroperation

is
com

pletely
lim

ited
by

an
externally

supplied
setofinstruction.

T
hese

instructions
m

ust
be

supplied
in

a
form

of
logical

operations
and

m
ustbe

be
self-consistentand

goal-directed.

22
D

efi
n

itio
n

(A
lg

o
rith

m
)

A
n

algorithm
is

an
finite

setofinstructions
w

hich
can

be
executed

by
a

com
puter

to
produce

an
output,

possibly
requiring

additionalinputdata.
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C
lasses

o
f

p
ro

b
lem

s

�

E
xactand

approxim
ate

m
atching

ofsubstrings

�

K
eyw

ord
searches

(m
atches

to
m

em
ber

ofa
sets

ofstrings)

�

R
egular

languages
and

m
atching

ofregular
expressions

�

E
xactand

approxim
ate

m
atching

ofsubsequences
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E
xact

m
atch

in
g

23
D

efi
n

itio
n

(E
xact

m
atch

o
f

tw
o

strin
g

s)
Tw

o
strings

�

�
�

�
� �

�
� �

�
�
��

�
� �
� �

and

�

�
�

�
� �

�
� �

�
�
��

�
� �
� �

m
atch

exactly
if,and

only
if,

� �
� �
� �
�

and
�

	 �
�

	

for3
�

�
�

� �
� .

E
xactm

atches
w

illbe
denoted

�

�
�

.
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G
en

eralsch
em

e
fo

r
fi

n
d

in
g

exact
m

atch
es

o
f

�

in

�

P
reprocess

strings
to

determ
ine

w
indow

shifts
;

A
lign

the
leftend

ofthe
w

indow
w

ith
the

leftend
of

�

w
h

ile
(the

rightend
ofthe

w
indow

has
notgone

pastthe
rightend

of

�

attem
ptm

atch
of

�

w
ith

the
substring

of

�

in
the

w
indow

if
(found)

reportsuccess
;

shiftw
indow

;
en

d
w

h
ile
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T
h

e
n

aive
ap

p
ro

ach

Q
u

ery:
she

S
u

b
ject:

ushers

u
s

h
e

r
s

s
h

e
s

h
e

s
h

e
s

h
e
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B
ru

te-fo
rce

alg
o

rith
m

�
�

� �
� ;

�

�
� �
� ;

� �1

;
w

h
ile(

�
�

�

�

�

)

� �3

;
w

h
ile

(

�
�

�

an
d

�

 �

�
	�


 )

� �
�

� 3

;
en

d
w

h
ile

if
(�

�

�

)
output(i+

1)
;

� �
�

� 3

;
en

d
w

h
ile
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C
h

aracteristics
o

f
th

e
b

ru
te-fo

rce
alg

o
rith

m
�

P
erform

s

�

�

�
shifts

�

M
ay

perform
as

m
any

as

�

com
parisons

for
each

w
indow

.

�

Totalnum
ber

ofcom
parisons

scales
as

��

in
w

orstcase.

�

A
verage

num
berofcom

parisons
forrandom

strings
is

a
constanttim

es

�

rather
than

��

.

Typically,�
�31

�

and

�

�31
�

so
��
�31

�
�.
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Im
p

rovem
en

ts
to

w
o

rst-case
p

erfo
rm

an
ce

�

P
reprocess

strings
to

identify
optim

alshifting
strategy.

–
S

tring
m

atch

–
C

haracter
m

ism
atches

�

S
can

for
m

atches
from

rightto
leftin

w
indow

.

�

A
verage

perform
ance

depends
on

alphabetsize.

S
everalstrategies

lead
to

guaranteed
im

provem
entin

perform
ance,butthe

details
are

unintelligible
and

unim
portantfor

users.
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24
D

efi
n

itio
n

(P
refi

x)
A

string

�

is
a

prefix
of

a
string

�

if,
and

only
if,

there
is

another
string

�

such
that

�

�
�

�
�

A
prefix

is
constructed

by
deleting

zero
or

m
ore

consecutive
characters

from
the

rightend
ofa

string.

25
D

efi
n

itio
n

(S
u

ffi
x)

A
string

�
is

a
suffix

ofa
string

�

if,and
only

if,there
is

another
string

�

such
that

�

�
�

�
�

A
suffix

is
constructed

by
deleting

zero
or

m
ore

consecutive
characters

from
the

leftend
ofa

string.
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R
eferen

ces
fo

r
exact

m
atch

in
g

alg
o

rith
m

s

T.
Lecroq.

E
xperim

entalresults
on

string
m

atching
algorithm

s.
S

oftw
are-

P
ractice

and
E

xperience
25(7):727–765

(1995).

J.
Tarhio

and
H

.
P

eltola.
S

tring
m

atching
in

the
D

N
A

alphabet.
S

oftw
are-

P
ractice

and
E

xperience
27(7):851–861

(1997).

D
.

G
usfield.

“A
lgorithm

s
on

S
trings,

Trees,
and

S
equences”.

C
am

bridge
U

niv.P
ress

(1997).
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A
p

p
roxim

ate
m

atch
in

g
o

f
strin

g
s

an
d

su
b

strin
g

s

�

R
elax

exactm
atching

criteria
to

allow
atm

osta
fixed

num
ber

ofchar-
acter

m
ism

atches.

�

Insertions
and

deletions
are

n
o

t
allow

ed.

�

A
lgorithm

s
can

be
view

ed
as

generalizations
of

fast
exact

m
atching

schem
es.

T
hese

so-called

� -m
ism

atch
problem

s
are

extrem
ely

im
portantin

practice
because

sequences
have

errors.
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E
xam

p
le

o
f

ap
p

roxim
ate

m
atch

in
g

G
iven

� �4

and

Q
uery:

bend
S

ubject:
abentbananaend

A
pproxim

ate
m

atchesS
u

b
strin

g
M

ism
atch

co
u

n
t

bent
1

bana
2

aend
1
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K
eyw

o
rd

search
es

F
ind

alloccurences
of

m
em

bers
of

fixed
set

of
query

strings
in

a
subject

string.

Q
uery

strings:
hers,his,she

S
ubjectstring:

ushers
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�

h
e

r
s

i
s

s
h

e
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L
exicalan

d
g

ram
m

aticalstru
ctu

re
o

f
strin

g
s

S
trings

w
ith

internalstructure
are

ofinterest:

�

E
ukaryotic

genes,prokaryotic
operons

�

D
irectand

inverted
repeats

in
D

N
A

sequences

�

Tandem
duplication

ofgenes

�

S
econdary

structure
m

otifs
in

tR
N

A
and

protein
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26
D

efi
n

itio
n

(L
an

g
u

ag
e)

A
language,

�

,
is

a
set

of
strings

over
a

fixed
alphabet

�

.

Languages
are

extrem
ely

pow
erfultools

that
enable

biologists
to

system
-

atize
their

intuition
and

know
ledge

of
structure,

and
convert

it
into

practi-
cally

usefulanalyticaltools.

�

S
tructuralpatterns

�

C
onstraints

90



E
xam

p
le:

Z
in

c
fi

n
g

ers

T
he

alphabetis
�� ����

��

.

E
ither

�

or

�

follow
ed

by
E

ither
�

or

�

follow
ed

by

�

follow
ed

by
E

ither

�

or
�

or

�

follow
ed

by
E

xactly
tw

o
am

ino
acids

follow
ed

by
E

ither

�

or

�

follow
ed

by
E

xactly
one

am
ino

acid
follow

ed
by

�

follow
ed

by

�

H
ow

w
ould

you
go

aboutfinding
zinc

fingers
in

a
protein

database?
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R
eg

u
lar

lan
g

u
ag

es
an

d
reg

u
lar

exp
ressio

n
s

Tw
o

languages,
�

and

�

,
over

the
sam

e
alphabet,

�

,
can

be
com

bined
byR

ep
etitio

n

�

,

�
�

,
�
�
�

,

�
�
�

A
ltern

atio
n

�

or

�

C
o

n
caten

atio
n

�
�

,�
�

T
hese

rules
can

be
used

to
create

com
plex

languages
from

sim
pler

lan-
guages.
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A
sim

p
le

syn
tax

fo
r

reg
u

lar
lan

g
u

ag
es

E
xp

ressio
n

L
exicalm

atch
�

only

�

� �
�
�

�
�
�
��

any

�
	

���
�

�
�

�
�
�
��

anything
exceptone

of

�
	

�
� �

either

�

or

� ,exclusively

�
�

�

follow
ed

by

�

�
�

�

�

�
�

one
or

m
ore

copies
of

�

���

zero
or

m
ore

copies
of

�

� �

either
zero

or
one

copies
of

�
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E
xam

p
le:

C
o

d
o

n
s

an
d

“Trip
let

w
o

b
b

le”

S
erin

e

�
�

���
���

�

P
h

enyalan
in

e

�
�

� ��
��

�

S
TO

P

�
���
���

� �
�

� �
�

� .
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T
h

e
syn

tax
o

f
P

R
O

S
IT

E
p

attern
s

T
he

standard
IU

PA
C

one-letter
codes

for
the

am
ino

acids
are

used.

T
he

sym
bol�

is
used

for
a

position
w

here
any

am
ino

acid
is

accepted.

A
m

biguities
are

indicated
by

listing
the

acceptable
am

ino
acids

for
a

given
position,

be-
tw

een
square

parentheses
’��

’.
F

or
exam

ple:���
��

�

stands
for

exactly
one

ofA
la

or
Leu

or
T

hr.

A
m

biguities
are

also
indicated

by
listing

betw
een

a
pair

of
curly

brackets
‘�� ’the

am
ino

acids
thatare

notaccepted
ata

given
position.

F
or

exam
ple:� �

	
�

stands
for

any
am

ino
acid

exceptA
la

and
M

et.

E
ach

elem
entin

a
pattern

is
separated

from
its

neighbor
by

a
‘ �

’.

R
epetition

of
an

elem
entof

the
pattern

can
be

indicated
by

follow
ing

that
elem

entw
ith

a
num

ericalvalue
ora

num
ericalrange

betw
een

parenthesis.
E

xam
ples:�
 ��

corresponds
to

�
�

�
�

� ,and

�
 �
�
�
�

corresponds
to

�
�

�

or�
�

�
�

�

or�
�

�
�

�
�

� .

W
hen

a
pattern

is
restricted

to
either

the
N

-
or

C
-term

inal
of

a
sequence,

that
pattern

either
starts

w
ith

a
‘�

’sym
bolor

respectively
ends

w
ith

a
‘�

’sym
bol.
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E
xam

p
les

o
f

P
R

O
S

IT
E

p
attern

s

� ��
�

�

�
�

�
�

�
� 6
�

�

�
�
�


T
his

pattern
is

translated
as:

[A
la

orC
ys]-any-V

al-any-any-any-any-any
but

G
lu

or
A

sp

�

�

�

�
�

� � �
�
� 4
�

�

�
� 1
�	3

�
�

�

T
his

pattern,w
hich

m
ustbe

in
the

N
-term

inalofthe
sequence

(‘¡’),is
trans-

lated
as:

A
la-any-[S

er
or

T
hr]-[S

er
or

T
hr]-(any

or
none)-V

al.
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