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S
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O
u
tlin

e

♦
H

ill-clim
bing

♦
S
im

ulated
annealing

♦
G

enetic
algorithm

s
(briefl

y)

♦
L
ocal

search
in

continuous
spaces

(very
briefl

y)
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r
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,
S
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Ite
ra

tiv
e

im
p
ro

v
e
m

e
n
t

a
lg

o
rith

m
s

In
m

any
optim

ization
problem

s,
p
a
th

is
irrelevant;

the
goal

state
itself

is
the

solution

T
hen

state
space

=
set

of
“com

plete”
confi

gurations;
fi
nd

o
p
tim

a
l

confi
guration,

e.g.,
T

S
P

or,
fi
nd

confi
guration

satisfying
constraints,

e.g.,
tim

etable

In
such

cases,
can

use
iterative

im
provem

ent
algorithm

s;
keep

a
single

“current”
state,

try
to

im
prove

it

C
onstant

space,
suitable

for
online

as
w
ell

as
offl

ine
search

C
h
a
p
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r
4
,
S
e
c
tio

n
s

3
–
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E
x
a
m

p
le

:
T
ra

v
e
llin

g
S
a
le

sp
e
rso

n
P

ro
b
le

m

S
tart

w
ith

any
com

plete
tour,

p
erform

pairw
ise

exchanges

V
ariants

of
this

approach
get

w
ithin

1%
of

optim
al

very
quickly

w
ith

thou-
sands

of
cities

C
h
a
p
te

r
4
,
S
e
c
tio

n
s

3
–
4
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E
x
a
m

p
le

:
n-q

u
e
e
n
s

P
ut

n
queens

on
an

n
×

n
b
oard

w
ith

no
tw

o
queens

on
the

sam
e

row
,
colum

n,
or

diagonal

M
ove

a
queen

to
reduce

num
b
er

of
confl

icts

h
 = 5

h
 = 2

h
 = 0

A
lm

ost
alw

ays
solves

n
-queens

problem
s

alm
ost

instantaneously
for

very
large

n
,
e.g.,

n
=

1m
illion
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H
ill-c

lim
b
in

g
(o

r
g
ra

d
ie

n
t

a
sc

e
n
t/

d
e
sc

e
n
t)

“L
ike

clim
bing

E
verest

in
thick

fog
w

ith
am

nesia”

fu
n
c
tio

n
H

il
l
-C

l
im

b
in

g
(
p
ro

b
le

m
)
r
e
tu

r
n
s

a
state

that
is

a
local

m
axim

um

in
p
u
ts:

p
ro

b
le

m
,
a

problem

lo
c
a
l
v
a
r
ia

b
le

s:
c
u
rre

n
t,

a
node

n
e
ig

h
bo

r,
a

node

c
u
rre

n
t
←

M
a
k
e
-N

o
d
e
(In

it
ia

l
-S

t
a
t
e
[p

ro
b
le
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o
p

d
o

n
e
ig

h
bo

r
←

a
highest-valued

successor
of

c
u
rre

n
t

if
V
a
l
u
e
[neighb

or]
≤

V
a
l
u
e
[current]

th
e
n

r
e
tu

r
n

S
t
a
t
e
[c

u
rre

n
t]

c
u
rre

n
t
←

n
e
ig

h
bo

r

e
n
d
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H
ill-c

lim
b
in

g
c
o
n
td

.

U
seful

to
consider

state
space

landscap
e

cu
rren

t
state

o
b

jective fu
n

ctio
n

state sp
ace

g
lo

b
al m

axim
u

mlo
cal m

axim
u

m

"flat" lo
cal m

axim
u

m

sh
o

u
ld

er

R
andom

-restart
hill

clim
bing

overcom
es

local
m

axim
a—

trivially
com

plete

R
andom

sidew
ays

m
oves

escap
e

from
shoulders

loop
on

fl
at

m
axim

a
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n
s

3
–
4

7

S
im

u
la

te
d

a
n
n
e
a
lin

g

Idea:
escap

e
local

m
axim

a
by

allow
ing

som
e

“bad”
m

oves
b
u
t

g
r
a
d
u
a
lly

d
e
c
r
e
a
se

th
e
ir

siz
e

a
n
d

fr
e
q
u
e
n
c
y

fu
n
c
tio

n
S
im

u
l
a
t
e
d
-A

n
n
e
a
l
in

g
(
p
ro

b
le

m
,
sc

h
ed

u
le)

r
e
tu

r
n
s

a
solution

state

in
p
u
ts:

p
ro

b
le

m
,
a

problem

sc
h
ed

u
le,

a
m

apping
from

tim
e

to
“tem

p
erature”

lo
c
a
l
v
a
r
ia

b
le

s:
c
u
rre

n
t,

a
node

n
e
x
t,

a
node

T
,
a

“tem
p
erature”

controlling
prob.

of
dow

nw
ard

steps

c
u
rre

n
t
←

M
a
k
e
-N

o
d
e
(In

it
ia

l
-S

t
a
t
e
[p

ro
b
le

m
])

fo
r

t
←

1
to
∞

d
o

T
←

sc
h
ed

u
le[t]

if
T

=
0

th
e
n

r
e
tu

r
n

c
u
rre

n
t

n
e
x
t
←

a
random

ly
selected

successor
of

c
u
rre

n
t

∆
E
←

V
a
l
u
e
[n

e
x
t]

–
V
a
l
u
e
[c

u
rre

n
t]

if
∆

E
>

0
th

e
n

c
u
rre

n
t
←

n
e
x
t

e
lse

c
u
rre

n
t
←

n
e
x
t

only
w

ith
probability

e
∆

E
/T
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P
ro

p
e
rtie

s
o
f
sim

u
la

te
d

a
n
n
e
a
lin

g

A
t

fi
xed

“tem
p
erature”

T
,
state

occupation
probability

reaches
B

oltzm
an

distribution

p(x
)

=
α
e

E
(x

)
k
T

T
decreased

slow
ly

enough
=
⇒

alw
ays

reach
b
est

state
x
∗

b
ecause

e
E

(x
∗
)

k
T

/e
E

(x
)

k
T

=
e

E
(x
∗
)−

E
(x

)
k
T

�
1

for
sm

all
T

Is
this

necessarily
an

interesting
guarantee??

D
evised

by
M

etrop
olis

et
al.,

1953,
for

physical
process

m
odelling

W
idely

used
in

V
L
S
I
layout,

airline
scheduling,

etc.
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L
o
c
a
l
b
e
a
m

se
a
rch

Idea:
keep

k
states

instead
of

1;
choose

top
k

of
all

their
successors

N
ot

the
sam

e
as

k
searches

run
in

parallel!
S
earches

that
fi
nd

good
states

recruit
other

searches
to

join
them

P
roblem

:
quite

often,
all

k
states

end
up

on
sam

e
local

hill

Idea:
choose

k
successors

random
ly,

biased
tow

ards
good

ones

O
bserve

the
close

analogy
to

natural
selection!
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a
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=
stochastic

local
b
eam

search
+

generate
successors

from
p
a
ir

s
of

states
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F
itn

ess
P

airs
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1
1

G
e
n
e
tic

a
lg

o
rith

m
s

c
o
n
td

.

G
A

s
require

states
encoded

as
strings

(G
P
s

use
program

s)

C
rossover

helps
iff

su
b
str

in
g
s

a
r
e

m
e
a
n
in

g
fu

l
c
o
m

p
o
n
e
n
ts

+
=

G
A

s
6=

evolution:
e.g.,

real
genes

encode
replication

m
achinery!
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C
o
n
tin

u
o
u
s

sta
te

sp
a
c
e
s

S
upp

ose
w
e

w
ant

to
site

three
airp

orts
in

R
om

ania:
–

6-D
state

space
defi

ned
by

(x
1 ,y

2 ),
(x

2 ,y
2 ),

(x
3 ,y

3 )
–

objective
function

f
(x

1 ,y
2 ,x

2 ,y
2 ,x

3 ,y
3 )

=
sum

of
squared

distances
from

each
city

to
nearest

airp
ort

D
iscretization

m
ethods

turn
continuous

space
into

discrete
space,

e.g.,
em

pirical
gradient

considers
±

δ
change

in
each

coordinate

G
radient

m
ethods

com
pute

∇
f

=



∂
f

∂
x

1 ,
∂
f

∂
y

1 ,
∂
f

∂
x

2 ,
∂
f

∂
y

2 ,
∂
f

∂
x

3 ,
∂
f

∂
y

3



to
increase/reduce

f
,
e.g.,

by
x
←

x
+

α
∇

f
(x

)

S
om

etim
es

can
solve

for
∇

f
(x

)
=

0
exactly

(e.g.,
w

ith
one

city).
N

ew
ton–R

aphson
(1664,

1690)
iterates

x
←

x
−

H
−

1
f

(x
)∇

f
(x

)
to

solve
∇

f
(x

)
=

0,
w

here
H

ij
=

∂
2f

/∂
x

i ∂
x

j
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