Aligning the Unseen

A Journey Through Sequence Alignment Algorithms

Mentor: Prof. Paolo Boldi
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How do we compare sequences?

Human B-Hemoglobin Whale Myoglobin
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How do we compare sequences?

* Are these proteins related?
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How do we compare sequences?

* Are these proteins related?

* Do they share a common ancestral gene?
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How do we compare sequences?

* Are these proteins related?
* Do they share a common ancestral gene?

* How do we quantify their similarity?

Human 3-Hemoglobin Whale Myoglobin

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



How do we compare sequences?

* Are these proteins related?
* Do they share a common ancestral gene?

;«:«Q.A'J : ' L * How do we quantify their similarity?

Human B-Hemoglobin Whale Myoglobin We need an algorithm.

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



How do we compare sequences?

HBB MYG
Trp Trp * Are these proteins related?
Gly Ala
Lys Lys ?
Val Val * Do they share a common ancestral gene:
Asn Glu
Val Ala
. : P
Asp Asp How do we quantify their similarity:
Glu Val
val Ala We need an algorithm.

Gly Gly
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How do we compare sequences?

HBB MYG

Trp Trp * Are these sequences related?

Gly Ala

Lys Lys

Val Val * Do they share a common structure?
Asn Glu

Val Ala . . . o
Asp Asp * How do we measure their similarity?
Glu Val

v Ala We need an algorithm.

Gly Gly

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



Fitch (1966)
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Fitch (1966)
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Needleman & Blair (1969)

S0 | S1 [ 52 |53 [ 54 | S5 [ 56 | 97
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Needleman & Blair (1969)
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Needleman & Blair (1969)

Nag
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Needleman & Blair (1969)

Naa Pf
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Needleman & Blair (1969)

Nag

N¢
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VWhat's missing??

Enter: Dynamic Programming




Needleman-Wunsch (1970)

2 strings S & R
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Needleman-Wunsch (1970)

2 strings S & R ES: Match Score
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Needleman-Wunsch (1970)

2 strings S & R ES: Match Score

DS: Mismatch Score
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Needleman-Wunsch (1970)

2 strings S & R ES: Match Score

GP: Gap Penalty DS: Mismatch Score
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Needleman-Wunsch (1970)

>IMij =1ps if s # R,
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Needleman-Wunsch (1970)

ES lf Sl:R] RO Rl Rz R3 R4_ R5 R6
DS if S; %R 5,
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Needleman-Wunsch (1970)

o, [ES 1 Si=R; Ry |Ry |R, |Rs |R, |R< Ry
YT |DS if S;+#R; S5
51
Ay
53
ES:1 S4
DS: 0 55
GP:—1
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Needleman-Wunsch (1970)

SIM . ES lf Sl:R] RO Rl Rz R3 R4_ R5 R6
Y7 |DS if S;# R; S,
. 51
S: elixir
o S,
R: elicsir
S3
ES:1 54
S
DS: 0 >
GP: —1
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Needleman-Wunsch (1970)

B ES lf Si = R] e | | C S | I
M =1ps if S; # R; o
. l
S: elixir .
|
R: elicsir -
ES:1 |
DS: 0 '
GP:—1
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Needleman-Wunsch (1970)

B ES lf Si = R] e | | C S | I
M =1ps if S; # R; o |1

. l 1
S: elixir » .

|

R: elicsir -
ES:1 | 1 1
DS: 0 ' 1
GP:—1
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Needleman-Wunsch (1970)

ES lf Sl:R] e l | C S I r

Sif Si*R el1lolololo]o]o

o Llo|l1lolo]o]o]|oO
S: elixir

P olice: ilolol1]lolo]|1]0
- elicsir

x|oloflolo]o]o]o

ES:1 ilolol1]lolo|1]0

1

DS: 0 rlolololofo]o

GP: —1
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Needleman-Wunsch (1970)

ES lf Sl:R] e l | C S I r
Sif Si*R el1]lolololo]o]o
o Llofl1]lolo|lo]o]o
S: elixir
P olice: ilolol1|lo]o]1]0
- elicsir
eles x|{ololololoflo]o
ES:1 ilolol1|lo]o]|1]0O
ololololo|o][1
DS: 0 '
GP: —1
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Needleman-Wunsch (1970)

e[l]ifc|s]|ifr
e(1(0f(0|0|0O]O]O
tjoj1|ojojofofo
ij0joj1|0|0|1](O
x|(0[0o|0]0O]|O]|O]|O
ij0j0o|1|0|0|1](O
r{0[(0[0]|0]|0]|O (1
S: elixir

R: elicsir

ES: 1
DS: 0
GP: —1
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Needleman-Wunsch (1970)

ell]ilc|s|i]r ROR1R2R3R4R5R6
el1|ofo|o|o]o|o

tio|1{o]ofo]o|o SO
ilojo|1fofo]|1]o0

x|o|lo|o]o|o]o]oO Sl
ilojo|1fofo]|1]o0

rlolo]ofo]o|o]1 MS SZ
S: elixir S3
R: elicsir Sy
ES: 1 35
DS: 0

GP:—1
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Needleman-Wunsch (1970)

elt]ilec]s|i]e Ro |R1 [R2 |R3 [R4 |R5 [Re

e|1]0]0]|0|0 |00

t{of1]ofofo]ofo SO 6GP
Tl Si SGP
ToTotololotols MS S, 4GP
S: elixir S3 3GP
R: elicsir S, 2GP
ES:1 55 GP
DS: 0 7GP |6GP |5GP |4GP |3GP [2GP|GP | ©
GP:—1
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Needleman-Wunsch (1970)
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Needleman-Wunsch (1970)
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Needleman-Wunsch (1970)
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Needleman-Wunsch (1970)
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Needleman-Wunsch (1970)
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Needleman-Wunsch (1970)

elt]ilec]s|i]e Ro |R1 [R2 |R3 [R4 |R5 [Re

e|1]0]0]|0|0 |00
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Needleman-Wunsch (1970)

e[l]ifc|s]|ifr
e(1|/0]0]|0[(0O]|O]O0O MS
L|0O|1[0]|0[0]0]|O
if0o{Of|1]0]|O|1][O
x[{0|0]0]|O[O0O]|O]|O
ifo{OoO]|1]0]|O|1][O
r{0(0]0]|O0(O]|O]|1
Ro |R1 IRz R3 [R4 IRs Re

S: e|IXII‘ S 6GP

.. S, 5P

R: elicsir :

S5 w6

ES: 1 S, 26p

DS: 0 > _

- 7GPJ6GP 5GP 4GP 3GP2GPRGP | ©

GP:—1
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Needleman-Wunsch (1970)

e|l|i|c|s|ifr . .
Jo[o[o[o[o]o MS; ; «Delete R; - insert gap in §»
L{0O|1]0]0(0]0]0
ifojOo|1[0]|O|1]0O
x[(0[O[O]O]|O]|O|O
ilolol1]ofol1]o RIGHTl,szSl,]+1+GP
r{O(O[O]|O|O|O0 |1

. . R, IRy IRz R3 IR, IRs R
S: elixir o
R: elicsir i -
S3
ES:1 S,
DS: O 55 7GPJ|6GP |5GP J4GP §3GP §2GP § GP GOP

GP:—1
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Needleman-Wunsch (1970)

e[l]ifc|s]|ifr . .
e(1]ofofo]ofo]o MSi,j «De[eteSj-lnSGI’tngln R»
t{o]1]ofofofo]o

ilojoftfofo|1]o

x|0]0ofofo]o]o

ilofo[1fofo]1]o RIGHTL,]:MSL,]+1+GP

rlofofofo]ofo]1

S: elixir DOWNLJ — MSi+1,j —+ GP S0

R: elicsir

Ss G

S3
ES. 1 Sa 26P
DS: 0 s i
' 76Plscrscp facp|3cp fepfap | o

GP:—1
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Needleman-Wunsch (1970)

SIM
e[lli|c|s|ilr . .
e(1]ofofo]ofo]o MSi,j «A[IgnSl' WIthRj-payESOI’DS»
t{o]1]ofofofo]o
ilojoftfofo|1]o
x|0]0ofofo]o]o
ilofo[1fofo]1]o RIGHTL,]:MSL,]+1+GP
rlofofofo]ofo]1

S: elixir DOWNLJ — MSi+1,j —+ GP S0

R: elicsir
ES: 1 DIAG; ; = MS;yq j4q +SIM; ;= -
DS: 0 -
GP:—1
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Needleman-Wunsch (1970)

SIM
T Tolo o lolo MS; ; = max{RIGHT; ;; DOWN; ;; DIAG; ;}
WRElbEb]  RIGHT,; = MS; j41 + GP

S: elixir DOWNLJ — MSi+1,j —+ GP S0

R: elicsir
ES: 1 DIAG; ; = MS;yq j4q +SIM;; =2 -
DS: 0 -
GP:—1
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Needleman-Wunsch (1970)

SIM
e|ll]ilc|s]|ilr R0R1R2R3R4R5R6

e(1(0f(0]0O]|O]O |0

t{of1]ofofo]ofo SO 6GP
ifojOo|1[0]|O|1]0O

x|010(0]10([0O]O (O 51 SGP
ifojOo|1(0]|O|1]0O

rlofo]o|o|o]o|1 SZ 4GP
S: elixir S3 3GP
R: elicsir S, 2GP
£S- 1 RIGHT;; = MS; j+1 + GP S -

DOWNLJ = MSi+1,j + GP

DS: 0 DIAG,; = MSis1 41+ SIM, 7GP |6GP |5GP |4GP |3GP [2GP [ GP | 0
GP:—1 MS;; = max{RIGHT, ;; DOWN, ;; DIAG; ;}
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Needleman-Wunsch (1970)

SIM
ell|i|c|s]|i]r R0R1R2R3R4R5R6

el1|ofo|o|o]o|o

t{of1]ofofo]ofo SO 6GP
ilojo|1fofo]|1]o0

x|o|ofo|o|o]o|o 51 5GP
ilojo|1fofo]|1]o0

r{olofofo]o|o0]|1 SZ 4GP
S: elixir S3 3GP
R: elicsir S, 2GP
ES:1 RIGHTL-J- = M.S'i’jﬂ + GP SS GP

DOWNLJ - MSi+1,j +GP

DS: 0 DIAG,; = MSis1 41+ SIM, 7GP |6GP |5GP |4GP |3GP [2GP [ GP | 0
GP: _1 MSi,j = max{Ri,j;Di,j;Di’j}
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Needleman-Wunsch (1970)

SIM
e|ll]ilc|s]|ilr e l | C S | I

e(1(0f(0]0O]|O]O |0

tlof1]o]o]o]o]o e 6GP

ifojOo|1[0]|O|1]0O

x|lololololo]olo l 5GP

ifojOo|1(0]|O|1]0O .

r{O(O[O]|O|O|O0 |1 I 4GP

S: elixir X 3GP

R: elicsir i 2GP
RIGHT;; = MS; j+1 + GP

ES:1 r GP
DOWNLJ == MSi+1,j + GP

DS: 0 DIAG,; = MSis1 41+ SIM, 7GP |6GP |5GP |4GP |3GP [2GP [ GP | 0

GP:—1 MS;; = max{R;;D;;; D; j}
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Needleman-Wunsch (1970) MS

SIM
e[lli|c|s|ilr € l | < > | r

ell1|0[(0O(0O]|O]|0O|O

L{0O|1]10(0]|0O|0]O e _6

il0O|0O|1(O(O(f1]O

x[(0[O[O]O]|O]|O |0 l _5

il0O|0O|1(O(O(|1]O

r{0]J0|(0[0O]0]|0 |1 ! _4

S: elixir X =

R: elicsir | _2
RIGHT;; = MS; 41 + GP _

ES:1 ' :
DOWNLJ - MSi+1,j + GP

DS:0 DIAG;; = MS;y1 j+1 + SIM B Il Tl Bl il el Bl B

GP:—1 MS;; = max{Ri,j;Di,j;Di,j}
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Needleman-Wunsch (1970) MS

SIM
ellfi|c|s]|i]|r S l | ¢ > ! '

e(1(0]0|0]|0O(O0]O0

L{o[1|{0]|]0]|O]|O][O € —°
i(0|0|1]|0]|0|1]O

x[{0|10]0]O([0]|O]|O0O l >
i(0|0|1]|0]|0|1]O

r(0|0|0]|O0|O|O0 |1 | -
S: elixir X —
R: elicsir | _2
et RIGHT,; = MS; ;1 + GP ] ? | -1

] DOWNLJ - MSi+1,j + GP

DS:0 DIAG; ; = MSiy1 1+ SIM; A i ol e
GP:—1 MS;; = max{Ri,j;Di,j;Di,j}
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Needleman-Wunsch (1970)

SIM . .
ell]ilc|s|ilr RIGHT:_l_l e l I C S I I

el1]o]ofo]o]o]o

tiol1fofofo]o]o S —6

ilofo|1]o]o]1]o DOWN = —-1—-1 | .

x|olo]ofolo]o]o

ilofo]|1]o]o]1]o

r{of{o|o]|o]|Oo]|O (1 DIAG:0+1 | A

S: elixir X —3

R: elicsir i —2
RIGHT; ; = MS; ;41 + GP S |-

ES:1 r 1
DOWNLJ =MSi+1,j+GP

D5:0 DIAG; j = MS;4y 541 + SIM; M

GP: _1 MSi,j = max{Ri,j;Di,j;Di’j}
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Needleman-Wunsch (1970)

SIM . .
ell]ilc|s|ilr RIGHT:_Z e l I C S I I
el1]o]ofo]o]o]o
tiol1fofofo]o]o e —6
ilofo|1]o]o]1]o DOWN = =2
x|olo]ofolo]o]o l =5
ilofo]|1]o]o]1]o
r{ojo|o|0]|O[0]|1 DIAG:1 | A
S: elixir X —3
R: elicsir i —2
ES: 1 RIGHTL-J- = MSiJ-+1 + GP r > |4
] DOWNLJ - MSi+1,j +GP
DS: 0 DIAG; j = MS;41 j4+1 + SIM; ; A i e I i e
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

SIM . .
ell]ilc|s|ilr RIGHT:_3 e l I C S I I
el1]o]ofo]o]o]o
tiol1fofofo]o]o e —6
ilofo|1]o]o]1]o DOWN = 0
x|olo]ofolo]o]o l =5
ilofo]|1]o]o]1]o
r{ojo|o|0]|O[0]|1 DIAG:—l | A
S: elixir X —3
R: elicsir i 7 -2
ES: 1 RIGHTL-J- =MSiJ-+1+GP r 1 L
DOWNLJ =MSi+1,j+GP
DS: 0 DIAG; j = MS;41 j4+1 + SIM; ; A i e I i e
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

SIM . .
ell]ilc|s|ilr RIGHT — O e l I C S I I
el1lofofo]o]o]o
tiol1fofofo]o]o e —6
ilolo|t1]o]o]|1]o0 DOWN = —3
x|ofofofo]|o]o]o l =5
ilolo|1]o]o]|1]o0
r{ojo|o|0]|O[0]|1 DIAG:—l | A
S: elixir X —3
R: elicsir i 0 |-2
ES- 1 RIGHTLJ p— MSi,j+1 + GP r ? 1 _1
] DOWNLJ =MSi+1,j+GP
DS: 0 DIAG; j = MS;41 j4+1 + SIM; ; A i e I i e
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970) MS

SIM
e|l]ilc|s]|if|r c l | < = | r
e(1(0f(0]0O]|O]O |0
L{0O|1]0]0(0]0]0 e _6
ifojOo|1[0]|O|1]0O
x|010(0]10([0O]O (O l _5
ifojOo|1(0]|O|1]0O
r{O(O[O]|O|O|O0 |1 I _4
° ° ? a
S: elixir X il
R: elicsir i 10 ]2
RIGHT;; = MS; 41 + GP 2 _
ES: 1 ' i I
DOWNLJ - MSi+1,j + GP
DS:0 DIAG;; = MS;y1 j+1 + SIM B Il Tl Bl il el Bl B
GP:—1 MS;; = max{Ri,j;Di,j;Di,j}
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Needleman-Wunsch (1970)

SIM
e|lli|c|s]|i]|r € l | ¢ > | ]

e(1|/0]0]|0[(0O]|O]O0O

L|0O|1[0]|0[0]0]|O € —°
if0o{Of|1]0]|O|1][O

x|0]0]0]|0|0 |0 |0 l _5
ifo{OoO]|1]0]|O|1][O

r{0(0]0]|O0(O]|O]|1 | !
S: elixir X il
R: elicsir | S I s
et RIGHT;; = MS; 41 + GP , 1]0 |1 [-1

] DOWNLJ - MSi+1,j + GP

DS:0 DIAG; ; = MSiy1 1+ SIM; N B i ol el el
GP:—1 MS;; = max{R;;;D;;;D; ;}
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Needleman-Wunsch (1970)

MS
SIM
e|l]ilc|s]|if|r e l | C S | I

eltlo]o]ololo]o - - - -
t{of1]ofoo]o]o e |4 |2 1 0" |-1"| -2 | -4 |—6
ilolof1]o]o]1]o R R
x|olololololo]o l 2 3 2 1 0 -1 | -3|-5
ilolof1]o]o]1]o R R
Tolololololo B I 0 1 2 2 1 0 -2 | —4
S elixir X |-271-17]1 0 1 2 1 -1 | -3
R: elicsir i |-3|-2|-1*lo|l1]2]0|-2
ES: 1 RIGHTL-J- = MSiJ-_H + GP r clal3]| 2 1 0 1 _1

] DOWNLJ - MSi+1,j +GP

. —-71-6|-5|—-4]|-3|-21]-11]0
DS' O DIAGLJ - MSi+1,j+1 +SIMLJ
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

MS
SIM
e|l]ilc|s]|if|r e l | C S | I

eltlo]o]ololo]o - - - -
t{of1]ofoo]o]o e |4 |2 1 0" |-1"| -2 | -4 |—6
ilolof1]o]o]1]o R R
x|olololololo]o l 2 3 2 1 0 -1 | -3|-5
ilolof1]o]o]1]o R R
Tolololololo B I 0 1 2 2 1 0 -2 | —4
S elixir X |-271-17]1 0 1 2 1 -1 | -3
R: elicsir i |-3|-2|-1*lo|1]2]o0|-2
ES: 1 RIGHTL-J- = MSiJ-+1 + GP r clal3]| 2 1 0 1 _1

] DOWNLJ - MSi+1,j +GP

. —-71-6|-5|—-4]|-3|-21]-11]0
DS' O DIAGLJ - MSi+1,j+1 +SIMLJ
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

MS
SIM
e|l]ilc|s]|if|r e l | C S | I

eltlo]o]ololo]o . - - - -
t{of1]ofoo]o]o Sg el 4|2 1 0" |-1"| -2 | -4 |—6
ilolof1]o]o]1]o - -
x|olololololo]o l 2 3 2 1 0 -1 | -3|-5
ilolof1]o]o]1]o E - -
riofofo]ofo]o]|1 o 1 O |1 |2 |2 |1*]0%|-2]|—-4
S elixir X |-271-17]1 0 1 2 1 -1 |1 -3
R: elicsir i |-3|-2|-1*lo|1]2]o0|-2
ES: 1 RIGHTL-J- = MSiJ-+1 + GP r clal3]| 2 1 0 1 _1

] DOWNLJ - MSi+1,j +GP

: —7|-6|-5|-4|-3|-2]|-1]0
DS' O DIAGLJ - MSi+1,j+1 +SIMLJ
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

MS
SIM
e|l]ilc|s]|if|r e l | C S | I

eltlo]o]ololo]o _ ) - -
tiol1]ofo]ofo]o Se e | 4 1 0" |-17| -2 | -4 |-6
ilolof1]o]o]1]o R R
ToTololoTololo l 3|2 1*|lo*|-1]-3|-5
ilolof1]o]o]1]o E R R
rlolofo]ofoo]1 : € | 0 1 2 2 |11 0 2 | -4
S elixir X |-271-17]1 0 1 2 1 -1 | -3
R: elicsir i |-3|-2|-1*lo|1]2]o0|-2
ES: 1 RIGHTL-J- = MSi’j+1 + GP r clal3]| 2 1 0 1 _1

] DOWNLJ - MSi+1,j +GP

. —-71-6|-5|—-4]|-3|-21]-11]0
DS' O DIAGLJ - MSi+1,j+1 +SIMLJ
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

MS
SIM
e|l]ilc|s]|if|r e l | C S | I

eltlo]o]ololo]o _ - -
t{of1]ofoo]o]o Se[ e | 4 0" |-1"| -2 | -4 |—6
ilolof1]o]o]1]o R R
x|ololo]olo|o]o l 3 1 0 -1 -3 |-5
ilolof1]o]o]1]o — R R
ToToToololo s R: el | 2 |2 [1*|o*| -2 |-4
S elixir X |-27]-1 0 1 2 1 -1 | -3
R: elicsir i |-3|-2|-1*lo|1]2]o0|-2
ES: 1 RIGHTL-J- = MSiJ-+1 + GP r clal3]| 2 1 0 1 _1

] DOWNLJ - MSi+1,j +GP

. —-71-6|-5|—-4]|-3|-21]-11]0
DS' O DIAGLJ - MSi+1,j+1 +SIMLJ
GP:—1 MS;; = max{R;;; Dy ;; D; ;}
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Needleman-Wunsch (1970)

SIM
e|l]ilc|s]|if|r e l | C S | I

ef1]ofo]o]o]o]o _ .
t{of1]ofoo]o]o S:eh e | 4 171 -2 | 4 | -6
ilolof1]ofo]1]0 .
x|{o]lofolo]o]o]o l 3 0 -1 -3 |-5
ilolof1]ofo]1]0 — . ] i X
rlolofo]ofoo]1 R:e“ I 2 1 0 -2 | -4

.. * _ _
S: elixir X 112 |11 |-1]=3
R: elicsir i |-3|-2|-1*lo|1]2]o0|-2
ES: 1 RIGHT;; = MS; j+, + GP r slalsla2]11o 1 =1

] DOWNLJ - MSi+1,j +GP

DS: 0 DIAG; j = MS;41 j4+1 + SIM; ; A i e I i e
GP: _1 MSi,j = max{Ri,j;Di,j;Di’j}
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Needleman-Wunsch (1970)

SIM
e|l]ilc|s]|if|r e l | C S | I
el1lolooofo]o _
tlo|1{o{ofofo]o S:ehx el 4 21 -4 1]-6
ilolo|1oof1]o
x|olololo]ofo]o l 3 -1 1 -3 |-5
ilolo|1oo1]o — . . -
rloloolo]o]o]1 R:ehc | 2 0 2 | —4
° ° * _ _
S: elixir X 1 1 ]1-1|-3
R: elicsir i 112 |0 |=2
ES: 1 RIGHTL-J- =MSi’j+1+GP r clal3]| 2 1 0 1 _1
] DOWNLJ =MSi+1,j+GP
DS: O D[AGLJ — MSi+1,j+1 + SIMLJ _7 _6 _5 _4 _3 —2 —1 O
GP: _1 MSi,j = max{Ri,j;Di,j;Di’j}
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Needleman-Wunsch (1970)

SIM
ellfi|c|s]|i]|r e l | C S I I
eltfo]ofo]ofofo _
t{o[1]ofooo]o S elix~ e | 4 4 | =6
ilofo]1]o]o]f1]o
x[0o]o]o|o]o]o l 3 -3 | =5
ilofo]1]o]o]1]o = . )
rlo]ofo]ofo]o]1 R: elics ! 2 2 | -4
.. R PR
S: elixir X 1 1|-3
R: elicsir i 1|2 |0 |-2
ES: 1 RIGHT; ; = MS; j+1 + GP rlslals3l2]1]o0 1 |21
' DOWN; ; = MS;41, + GP
D5:0 DIAG; ; = MSj4q j41 + SIM; ; 7 =6 -S54 |[-3[-2([-1|0
GP:—1 MS;; = max{R;;;D;;;D; ;}
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Needleman-Wunsch (1970)

SIM
e|l]ilc|s]|if|r e l | C S | I
el1]o]ofo]o]o]o _
tlo|1]o|ooo|o S:el|x~| e | 4 —6
ilofo|1]o]o]1]o
x|ofo]olofo]o]o l 3 —5
ilofo]|1]o]o]1]o — . . ]
rlololololo]o|1 R:GllCSl I 2 —4
.. N B
S: elixir X 1 3
R: elicsir i 1 | 2 —2
ES: 1 RIGHTL-J- =MSi’j+1+GP r 1 124
] DOWNLJ =MSi+1,j+GP
DS: 0 DIAG; j = MS;41 j4+1 + SIM; ; A i e I i e
GP: _1 MSi,j = max{Ri,j;Di,j;Di’j}
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Needleman-Wunsch (1970) MS

SIM

e[lli|c|s|ilr < l | < > | r
e|1(0|0|O[O]O(O —_
Ljofx]ofofofo|o S: elix~ir el?
ilo(O0|1]|0]|Of1]O
x|0[0|0O]|O[O]O(O l 3
ilofof|1]o]0f1]0O N . C .
Tl ToTo T R: elicsir i 2
° 3 *
S: elixir X !
R: elicsir | 1]°2
RIGHT;; = MS; 41 + GP
ES:1 ' .
DOWNLJ =MSi+1,j+GP
D5:0 DIAG; ; = MSiy1 j41 + SIM; ; °
GP:—1 MS;; = max{Ri,j;Di,j;Di,j}

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



Needleman-Wunsch ~ LCS VS

SIM
e[lli|c|s|ilr e l | C S i r

e{1]|ofo]o]o]o]o _

t{of1ofofo]o|o S:e“X"’lr e .

ilofo]|1]o]o]1]o

x|{o]lofo|o|o]o]o | _c

ilolof1]ofo]1]0 — . . .

r|o|o(0]|0|0|0]|1 R:el|CS|r | _4

S: elixir X _3

R: elicsir i »
RIGHTL,] = MSi,j+1 + GP , »
DOWN;; = MS;,,; + GP TS -
DIAG;; = MSi+1,j+1 + SIMi,j B B - — - — —

MSi,j = max{Ri,j; Di,j; Di,j}
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Needleman-Wunsch ~ LCS VS

SIM

ell|i|c|s]|i]r e l I C S I I

e|1(0|0|O[O]O(O _

o[a]oJo]o]o]o S: elix~ir € .

ilofofi]ofo]1]o

x|[0]0O[0O[O0O]O|O (O l O

ilofof1]o]of1]o — . . ]

rlofofo]ofo]o]1 R:el|CS|r I 0

S: elixir X 0

R: elicsir i 0

ES: 1 RIGHTL-J- =MSL-J-+1+GP r .
' DOWN; ; = MS;,1 ; + GP T T T

De5s DIAG; ; = MSiiq,j+1 + SIM;

MSi) = max(R.jiDyi D)
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Needleman-Wunsch ~ LCS

MS
SIM
e|l]ilc|s]|if|r e l | C S | I

eltlo]o]ololo]o . . . — ..
tlol1]ofolo]o]o S:el|x~|r e 5 4 3 12 2 2 1 0
ilolof1]o]o]1]o .
x|olololofo]o]o l 4 4 3 12 2 2 1 0
ilolof1]o]o]1]o E l . ] . ) N B )
rlololoofo]fo]1 . €LICSITF |

S. elixir X 2** 2** 2** 2** 2** 2 1 O
R: elicsir il2 12112121212 ]|1]|0
— RIGHT; ; = MS; ;41 + GP A2 2 e 1: .

' DOWN; ; = MS;,1; + GP
DS:0 DIAG,; = MSisq ja1 + SIM; 0 J]o]Jo]Jo|ofofo]oO

MSi) = max(R.jiDyi D)
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Needleman-Wunsch ~ LCS

MS
SIM
e[lli|c|s|ilr ‘ e ‘ l I C S | I
ell|0|0]|0]0]|O]|O _ - ..
tlo|1]o|ooo|o S: X~ e 5 4 3 12 2 2 1 0
ilolof1]ofo]|1]0
x|olololofo]o]o l 4 | 4 3 12 2 2 1 0
ilofo]1]o|o]|1]o0 — ] i " -
TolololoTolola R:elics HENEE Vb Bl
& P X (2 [2* 2|22 2 [ 1 | O
R: elicsir il2 12112121212 ]|1]|0
ES: 1 RIGHTL-J- :MSi’j+1+GP r 1 1 1 1 1 1 1 0
] DOWNLJ - MSi+1,j + GP
DS:0 DIAG,; = MSisq ja1 + SIM; 0 J]o]Jo]Jo|ofofo]oO

MSi) = max(R.jiDyi D)
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Needleman-Wunsch ~ LCS

2 strings S & R IS|=m & |R|=n
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Needleman-Wunsch ~ LCS

2 strings S & R IS|=m & |R|=n

Time Complexity: O(mn)

Space Complexity: O(mn)
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Can we do It In less space?
Linear Space LCS




Hirschberg (1975)

LO...m,O...n

Sl...m

Ri.m
ES:1
DS: 0
GP:0
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Hirschberg (1975)

€ |Ry [R2 |R3 |R4 |Rs |Rs |R7 |Rg |Ro [R10|R11|R12

L el10f0jO]JO0O1O0OfO]JO]JO]O0|O]JO]0]O0
0.m,0..n

5110

S>10

S5510

S410
Ri.m 56 | 0
ES:1 57 I8

Sg |10
DS: 0 -

S910
GP: 0 sl 0
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Hirschberg (1975)

E d S S (@) C | d V4 | (0] n e
L cl1O0O]O0O1O1OJOIO1OIOIO0O1O}O]10710O0
0.m,0..n
fl0
o|O0
nl|o
d|O
S: fondazione alo
R: associazione z |0
i 10
ES:1
o|O0
DS: 0
GP: 0 " 10
' el0
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Hirschberg (1975)

LO...m,O...n ' _ ! -
L f
o]0
n|o0
d|O
S: fondazione alo
R: associazione z |0
ES: 1 19
DS: 0 : g
GP:0 1o
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Hirschberg (1975)

LO...m,O...n ' _ ! -
L f
o]0
n|o0
d|O
S: fondazione alo
R: associazione z |0
ES: 1 19
DS: 0 : g
GP:0 1o
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Hirschberg (1975)

L
0.m,0..n i—1
i

nl|o

d|O0
S: fondazione alo
R: associazione z |0
ES: 1 {0

o|O0
DS:0

ni|oO
GP: 0 N
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Hirschberg (1975)

celals|sl|lolclilalzl|lilo]ln]|e
L cl1O0O]O0O1O1OJOIO1OIOIO0O1O}O]10710O0
0.m,0..n
fl1olojojofjojojojlojololotlolo
i—1 ojo0OJOJOJOT T YIT1T11T 11111111
[ nlolololol1 |11z l1]1l1]2]2
d|O
S: fondazione alo
R: associazione z |0
1 10
ES:1
0|0
DS: 0
GP: 0 "0
' e |0
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Hirschberg (1975)

celals|sl|lolclilalzl|lilo]ln]|e
L cl1O0O]O0O1O1OJOIO1OIOIO0O1O}O]10710O0
0.m,0..n
fl1olojojofjojojojlojololotlolo
Ojojoj1o0f11J1111111111111111
i—1 oj1ojot1oj1t11111121111111212
i oOJ1ojot1o0j1t1111111111111212
S: fondazione alo
R: associazione z |0
1 10
ES:1
o|O0
DS:0
n|o
GP:0
e |0
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Hirschberg (1975)

clals|lslolclilalzl]lilo]ln]e
L csloloJolololo|lo|o|lo]lo]lo]o]oO
0.m,0..n

floloJololo|lo|lo|loflo]lo]lo]o]oO
Li’j:|LC5(51_._1.;R1.__]-)| oloJo|ofofx 112 f21f1]21]1]1

olololo|1 |21 |2f21l21]1]1]2]2

i—1 olololo|1 |21 |2f21l21]1]1]2]2

S: fondazione i o111 l1l11]1l212121212]2
R: associazione z 10

i o
ES:1

0|0
DS: 0

nl|o
GP:0

e |0
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Hirschberg (1975)

elals|s|lo]lcli|lalz]i]J]o]|n]|e
L elofo]Jofo]olofo|ofo]ofo]oO]oO
0.m,0..n
floloJofoJofo]ofo]ofo]o|oO]O
Li’j:|LC5(51_._1.;R1.__]-)| olofoJofofr 1|1 1|11 f1]1]1
nlofoJojo 1|1 f1]|1]1f1]1]|2]2
dfojJofo|o |11 ]1f1|1]1]|1]2]2
S: fondazione i—1 afjo (1 (1|2 fafrfr]|2]2]2]|2]2]2
R: associazione i zjo 11|11 ]1f1]2]3|3]|3]3]3
i |0
ES:1
o|0
DS: 0
n|o0
GP: 0
el0
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Hirschberg (1975)

(@) (a») A [\ [\ [Q\| o < LN O [
(@) (@») Aam N N N (qp) < LN O O
(@) o v —i — N o < LM LN LN
=1 =1 E=E N B N 2 e A S
(@] (@a») i L L [Q\| o oM o qp) o™
o (@») i i i N N N N QN N
(@) o i i i i — N N N N
(@] (@a») i i i i — i N QN N
(@) (e} v i i i — i N N N
(@) (@a») (@) (@») (@») i A i i i i
(@) o o o (@) i i e i
(@) o o O o I —{ i i
(@) (@) (>} (@)} (@)} ()} (>} ()} (@)
w S @] c g ®) © N —_— @] c (]
N\ =
B -
) -
LN
"~
A
A e
Q
n C - .m
D= © N
D — '~ .©
=3 ©c O
S [l - O
(- (V)]
. . v - © O
. J rm © . m .. .=
) -~ L .. U oAy
~J ~J n K QO

2
©
c
@)
oY)
o
+)
P -

®)

©
c
(]

X
(]

m

o
4

[
=
)
-2
w
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Hirschberg (1975)

LO...m,O...n

Lij =|LCS(Sy. 5 Ry, )

S: fondazione
R: associazione

ES: 1

DS: 0 . :
clals|s|lolclilalz|lilo]|n]e

GP: 0 S10l1 1111121212123 14]|5]|6]1]7
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Hirschberg (1975)

LO...m,O...n LLO...n

Li; =|LCS(S1..i5 Ry, )] LL; = Ly, ;

S: fondazione clals|s]lolclilalz|liloln]e
R: associazione Sl1ol1]|1]|1]212|2|2|3|4]|5]|6]7
ES:1

DS: 0

GP: 0

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



Hirschberg (1975)

LO...m,O...n LLO...n

Lij =|LCS(S1. s Ry ) LL; = Ly j

S: fondazione elals]|s|olclilalz]|i|lo]ln]e
R: associazione Sjol1|1|1f|2]|2]|2]|2|3|4|5]|6]7
ES:1 .

s 0 Reconstructing the actual

GP'_ ; subsequence seems impossible.
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Hirschberg (1975)

LLy.n

cslals]lslolclilalz]lilo|ln]e

Sjoj1 111112122 |2|3}|4]|5]16]7

LO...m,O...n

Lij =|LCS(S71. iRy )

S: fondazione
R: associazione
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Hirschberg (1975)

LLy.n

cslals]lslolclilalz]lilo|ln]e

Sjoj1 111112122 |2|3}|4]|5]16]7

L’ i,j — |ILCS(Sm..i+1; Rn...j+1) |

LO...m,O...n

Lij =|LCS(S71. iRy )

S: fondazione
R: associazione
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Hirschberg (1975)

LLy.n

cslals]lslolclilalz]lilo|ln]e

Sjoj1 111112122 |2|3}|4]|5]16]7

M(i) = max {L;; + L}

LO...m,O...n JE|
Lij =|LCS(S1..is R1. )l
L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione
R: associazione
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Hirschberg (1975)

AR M(i) = max {L;; + L ;}

LL; = Ly JE[O;Nn]

elals]s|olc|lilalz]ilo|n]e Thm: M(i) - Lm’n Vi € [O; m]
Sjoj1 111112122 |2|3}|4]|5]16]7

LO...m,O...n
Lij =|LCS(S1..is R1. )l
L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione
R: associazione
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Hirschberg (1975)

LLo. » M(i) = max i+ L7}
e|lO;n ’ ’
LL; = Ly JE[Om]
celalslslolclilalz]li]Jo]ln]e Thm:M(i) — Lm’n Vi E [O; m]
Sjlo111111121212121|3141}51]16]7
LO...m,O...n
Lij =|LCS(S1..is R1. )l flo|n|dlalz]|ifofn]e

L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione

R: associazione
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Hirschberg (1975)

LLo. » M(i) = max i+ L7}
e|lO:n ’ ’
Py Jelom]
celals]|s]olclilalz]ilo]ln]e Thm:M(i) — Lm’n Vi E [O; m]
Sl1o0j1|11112121212]|3|41|51}]61]7
LO...m,O...n
Lij = |LCS(S1.i5 Ry j)| f o|njdjafz[ijo|n]e

L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione

R: associazione
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Hirschberg (1975)

LLo. » M(i) = max i+ L7}
e|lO;n ’ ’
LL; = Ly, ; /&[5
celalslslolclilalz]li]Jo]ln]e Thm:M(i) p— Lm’n Vi E [O; m]
S1011 111112121212 131415161]7
LO...m,O...n
Lij =|LCS(S1..is R1. )l flo n{dfafz|ifjo|n]e

L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione

R: associazione
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Hirschberg (1975)

LLo. » M(i) = max i+ L7}
e|lO;n ’ ’
LL; = Ly, ; /&[5
celalslslolclilalz]li]Jo]ln]e Thm:M(i) p— Lm’n Vi E [O; m]
S1011 111112121212 131415161]7
LO...m,O...n
Lij =|LCS(S1..is R1. )l flo]n dlaJz]|i|o|n]e

L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione

R: associazione
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Hirschberg (1975)

LLo. » M(i) = max i+ L7}
e|lO:n ’ ’
Py Jelom]
celals]|s]olclilalz]ilo]ln]e Thm:M(i) — Lm’n Vi E [O; m]
Sl1o0j1|11112121212]|3|41|51}]61]7
LO...m,O...n
Lij = |LCS(S1.i5 Ry j)| ffojn)d aljz|ifofn]e

L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione

R: associazione
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Hirschberg (1975)

LLo. n M(i) = max {L; ; + L7 ;

() = max (Lo +1'i)

LL; = Ly,

LO...m,O...n

Lij =|LCS(S1. s R1. )l flo]|n|d alz|lilo|n]|e

L*;; = |LCS(Sm..i+1; Rn..j+1)

S: fondazione

R: associazione
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Hirschberg (1975)

LCS(S;R)| =7 : *
l ( )l M(l) = Inax {Li,j —+ L i,j}
Li,j — |LC5(S1...iiR1...j)| JE[O;N]
L% j = [LCS(Sm..i+15 Rn.j+1) | Thm:M(i) = Lin VU E [0; m]
S1|{flo|n]|dfa S2leln]olilz
LO...i,O...n L*i+1...m,0...n
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Hirschberg (1975)

LCS(S;R)| = 7 .

l ( )l M(l) = Inax {Li,j —+ L*i,j}

Li,j — |LCS(S1...iIR1...j)| JE[O;N]

L% j = [LCS(Sm..i+15 Rn.j+1) | Thm:M(i) = Lin VU E [0; m]
S1|flofn]|d]a S2lelnf|o]ilz
als|slojclifajz]i]Jo]ln]e elnjolijz]aliJclo]ls]s]a

LO...i,O...n L*i+1...m,0...n
j 0112 ]|3]|4]|5]6]7]18]9 |10]11]12 j 1211111019 |8 |7 |6 |54 13 |2]|1]0
LL Rlelals|s]JojcliJalJz]i]Jo]|n]e Rle]lelnjJolijJz]lali]lc]Jo]s]|s]a
Stjoj1 11111 Q)11Q12(|2]|2]|2]2]2 S210 11|23 |4 |5]|5]|5]5]5]5]|5]5
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Hirschberg (1975)
ILCS(S;R)| = 7 M(@) = _ma)r(L]{Li,j + L*i,j}

Lij =|LCS(S1..is R1. )l JELO;
L% j = [LCS(Sm..i+15 Rn.j+1) | Thm:M(i) = Lin VU E [0; m]
S11floln]|d]|a S2lelnlo]li]z
Ia s|{slo]c]i aIz ijoln]e Ie njo]i zIa ijclo]ls]|s]|a
*
LO...i,O...n L i+1..m,0..n
j0123456789101112 j1211109876543210
LL Rle|lal|ls|s|JojclijJalz]i]Jo]|n]e RlelelnjJolifjzjali]c]Jo]s]|s]a
S1|joj1 1111|1112 12\|212|2]|2 S210 1123|455 ]|5]|5]|5]15]51]5
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Hirschberg (1975)

floln|d]JalJz]lilo]ln]e
alslslolclilalz]lilo]ln]e
floln]d]a zlilo]ln]e
alslslolclil]a zlilo]ln]|e
flo n|d]a z|i oln]e
alsls]o cli]a z | i oln]e
f o) n d] a z| i o) nile
alslslo cli]a z i o) nije
d a n| |e
cli]a nj| |e
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Hirschberg (1975)

floln|d]JalJz]lilo]ln]e
alslslolclilalz]lilo]ln]e
floln]d]a zlilo]ln]e
alslslolclil]a zlilo]ln]|e
flo n|d]a z|i oln]e
alsls]o cli]a z | i oln]e
f o) n d] a z| i o) nile
alslslo cli]a z| 1li o) nije
E O E d a Z | O n| |e
cli|a n|{ |e

LCS(S; R) = e 3 N e
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Hirschberg (1975)

floln|d]JalJz]lilo]ln]e
alslslolclilalz]lilo]ln]e
floln]d]a zlilo]ln]e
alslslolclil]a zlilo]ln]|e
flo n|d]a z|i oln]e
alsls]o cli]a z | i oln]e
f o) n d] a z| i o) nile
alslslo cli]a z| 1li o) nije
E O E d a Z | O n| |e
cli|a n|{ |e

LCS(S; R) = e 3 1 e
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Hirschberg (1975)

2 strings S & R IS|=m & |R|=n

Time Complexity: O(mn)

Space Complexity: O(m + n)
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What if we don't need
to align everything?

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



Smith-Waterman (1981)

€ |Ry |R, |R3 |R4s |Rs |Rg |R7 |Rg

HOmOn e|l0]0]JO0O|JO]JO|O]JO|O]O
..m,0... A
Sl...m 5,10
Rl...m 5310
ES 5410
S: 10
DS 5. [0
GP S-10
Sg |0
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Smith-Waterman (1981)

€ |R{ |Ry |R3 |R4 |Rs |Rg |R7 |Rg
H 101010 ]O0O1O0OJOJO]O]O
0.m,0..n s o
Sl...m S, 10
Rl...m 5310
S+ 10
ES -
S:10
WO WE S7 O
WK — WO + WE . k 58 0
Wo+ Wy = DS
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Smith-Waterman (1981) plifolollfolols
HO...m,O...n H ;z

Rl...m Ss | 0

BS

DS

Wo Wg

WK — WO + WE -k

Wo + Wi = DS H; ; = max{LEFT; ;; UP; ;; DIAG; ;}
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Smith-Waterman (1981) plifolollfolols
HO...m,O...n H ;z

Rl...m Ss | 0

ES

DS

Wo Wg

WK — WO + WE -k

Wo + W 2 DS H; ; = max{0; LEFT; ;; UP; ;; DIAG; ;}

Samuel Seligardi Elicsir - 4° Weekend Ortogonale



Smith-Waterman (198]) plifolollfolols
S, 10
S310
HO...mO n H s.]o
T Ss |0
Sl...m I )
S, 10
Rl...m sslo

ES

DS

W, Wsg

We =W, + W -k

Wy + Wg = DS Hi,j — max{O; Li,j;Ui,j;Di,j}
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Smith-Waterman (1981) e R E

HO...m,O...n Hl] = maxi0; LU’ i,j U} H i 2

S1.m LEFT; ; = max{H; i_ — Wy} il

Rl...m f =L
UP; : = max{H;_,, ; — W

ES L,] K { l—Kk,J] K}

DS DIAGLJ — Hi—l,j—l + ESlDS

W, Wg

WK — WO + WE . k

Wy + Wg = DS
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e |R; |R; |Rs |R4 |Rs |Rs | Ry |Rg
Smith-Waterman (198]) plifolollfolols
S, 10
S310
Ho. mo.n H;j = max{0;L; ;; U j; D; ;} H L
Slm LEFTLJ = mI?X{Hl-J-_k — WK} §6 g
Rl m UP;j = m,?X{Hi—k,j — Wg} s, |0
DIAGL’] - Hi—l,j—l + ESlDS
ES
DS
Wo Wg
WK — Wo —+ WE y k
W, + Ws = DS
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Smith-Waterman (1981) :

0
s, |o
s, o
s; o
HO...m,O...n Hi,j - ma.X{O, Ll,]l Ul,]' Di,j} H §4 z
Sl . LEFTL’] = mlélX{Hi’j_k — WK} S lo
-
R{ ., UP;j = max{H;_,j — W} 5 o
ES DIAGL’] & Hi—l,j—l + ESlDS
€ R, R, R, o
DS & |None |None |None | None
WO WE B S, |None |None | None |None
Wo = W + We - k S, |None | None | None |None
K — "o E° - -
S; |None | None | None | None
Wo +Wg = DS -—--
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Smith-Waterman (1981) :

Ho mo.n Hy; = max{0;L; ;; Uy ;; D; }
LEFTL’] = mlélX{Hi’j_k — WK} Se

51..m

&
(=l Nl Hell Nl el Nell el ekl Iell B

Rl oo UP;j = m,f‘X{Hi—k,j — Wk} e

ES

DIAGL’] — Hi—l,j—l ~+ ESlDS

£ Ri | R, | R;3

DS ( (’StOp’, O’O) | & |None |None |None | None o
WO WE (’Horizl, k’ O) S, |None |None |None |None

TBirj ah ('Vert' 0 k) I'e: S, |None |None |None |None o

WK:WO‘l‘WEk [ ;, e -
\ ( Dlag ) 1,1) S3 |None |None |None |None

W, + Wy = DS | - -
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Smith-Waterman (1981) :

Ho mo.n Hy; = max{0;L; ;; Uy ;; D; }
LEFTLJ = mI?X{Hi’j_k — WK} Se

51..m

&
(=l Nl Hell Nl el Nell el ekl Iell B

Rl oo UP;j = m,f‘X{Hi—k,j — Wk} e

ES

DIAGL’] — Hi—l,j—l ~+ ESlDS

£ Ri | R, | R;3

DS ( (’StOp’, O’O) | & |None |None |None | None o
WO WE (’Horizl’ k, O) S, |None |None |None |None

TBirj ah ('Vert' 0 k) I'e: S, |None |None |None |None o

WK:WO‘l‘WEk [ ;, e -
\ ( Dlag ) 1,1) S3 |None |None |None |None

W, + Wy = DS | - -
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Smith-Waterman (1981)

2 strings S & R IS|=m & |R|=n
Time Complexity: O(mn - (m + n))

Space Complexity: O(mn)
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When exact isn't fast enough...

Heuristic, but an order of magnitude faster




BLAST (1990)

Altschul, Gish, Miller, Myers, Lipman

Basic Local Alignment Search Tool
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BLAST (1990)

Altschul, Gish, Miller, Myers, Lipman

Query: UFESUUTMWTPNIQLNANAY

Target: RSYPRLRYPSVSSWTPNIQLNAWTCVRSRQ
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BLAST (1990)

Altschul, Gish, Miller, Myers, Lipman

Query: UFESUUTMWTPNIQLNANAY

Hit!

Target: RSYPIRLRYPSVSSWTPNIQLNAWTCVRSRQ
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BLAST (1990)

Altschul, Gish, Miller, Myers, Lipman

10x faster!

Query: UFESUUTMWTPNIQLNANAY

Hit!

Target: RSYPRLRYPSVSSWTPNIQLNAWTCVRSRQ
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The Roadmap

. Needleman Needleman . Smith &
Fitch & Blair & Wunsch Hirschberg Waterman 2L
(" -~~~ T TTTTTTTTTTTT T T A\
[ Exact Algorithms ] : Heuristic j
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IMmages & Data

= «Big Bang», «First Galaxies», «The Earth in its Early Stages”, “Primordial Soup”, “First Life”, “Earth’s Biodiversity Through
Time” - generated with Sora
= Darwin's species notebooks: ‘I think . .." - https://darwin-online.org.uk/content/frameset?viewtype=side&itemID=CUL-

DAR121.-&pageseq=38

= Vertebrate forelimbs - https://open.lib.umn.edu/evolutionbiology/chapter/how-do-we-know-evolution-has-occurred-

comparative-anatomy-2/

= Tree of Life - https://biology.duke.edu/news-events/news/%E2%80%98tree-life%E2%80%99-23-million-species-released

=  Pisum Sativum - http://www.biolib.de/thome3/thome flora von deutschland 3.pdf

= Human B-Hemoglobin image and sequence - https://www.uniprot.org/uniprotkb/P68871/entry

=  Whale Myoglobin image and sequence - https://www.uniprot.org/uniprotkb/P02185/entry

=  BLAST - https://microbenotes.com/blast-bioinformatics/
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Questions?

The journey continues...




Time Complexity

NW — LCS (gap=0) | measured

spuodas

o = N W & oo S

1 10 100 1k

Samuel Seligardi

10k 100k 1M 1B

n

O (mn)

Hirschberg (Algorithm C) | measured

SpU03S

10 100 1k 10k 100k 1M 1B

n

0 (mn)
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12

10

seconds

Smith-Waterman (affine gap) | measured

spuoJas

8

20

10

10
100

10k
100k

1 10 100 1k 10k 100k 1M

n

1B

O(mn -(m + n))




1B

M

100k

10k

1k
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Time Complexity

NW — LCS (gap=0) | measured

10 100 1k 10k 100k M
m

O (mn)

1B

-7

logio(seconds)

1B

1M

100k

10k

1k

100

10

Hirschberg (Algorithm C) | measured

10 100 1k 10k 100k M

O (mn)

1B

4
logio(seconds)

1B

Smith-Waterman (affine gap) | measured

1M 4

100k A

T T
10 100 1k 10k 100k M
m

O(mn - (m + n))

1B

logio(seconds)
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Time Complexity

Sequence alignment — diagonal benchmark (m = n)

10% | —— NW — LCS (gap=0) [O(mn)]
—e— Hirschberg (Alg. C) [O(mn) sp O(m+n)]
== Smith-Waterman [O(mn(m+n))]

100 4

)

c 10724

o]

w]

()]

u

Q

£

]
104 +
10—6 _

[ 7

109 10! 10? 103 104 10°
n (Mm=n)
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Can we do better than 0(n?)?

The Four Russians method improves NW by precomputing
all possible subblocks of size log(n) X log(n).

n

2
log(n))
A real improvement, but only polylogarithmic.

Time: 0(

Masek & Paterson (1980)
“A faster algorithm computing string edit distances”

J. Comput. System Sci., 20(1):18-31
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Can we do better than 0(n?)?

Under SETH, no algorithm can solve LCS in 0(n*~€) for any € > 0.

Abboud, Backurs & Vassilevska Williams (2015)
“Tight Hardness Results for LCS and Other Sequence Similarity Measures”

FOCS, IEEE 56th Symposium on Foundations of Computer Science, pp. 59-78
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Thm:M(i) = Ly, Vi € [0;m] Lij = |LCS(S1. i3 Ry j)l
L*i,j — |LCS(Sm...i+1;Rn...j+1)|
M(i) = jg%&?é]{l'i,j + L7 5}

Recall

Proof. Let OPT = |LCS(S,R)]

(<) Vj, concatenating an LCS of sy ...s; /1y ...1j with one of S;yq ... Sy /Tj41 .. Ty yelds
a common subsequence of S,R, so L;; + L*; ; < OPT Vj, hence M(i) < OPT.

(<) Let C be an optimal LCS. Split C at row i: let p pairs have S—index < i,
and set j* to the R—index of the last such pair.
ThenlL;j» 2pand L*; j» = OPT —p,so L; j« + L*; j» = OPT, hence M (i) < OPT.

M) < OPT AM(i) = OPT = M(i) = OPT

Samuel Seligardi Elicsir - 4° Weekend Ortogonale
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