
��
� ���
��
� �� �
��
	�� �
� �� �
��
�
 ���� 
 ��


���
� ��
��
��� �� �� �
� � ��
� ��
�

�  
!" #$
%&
' ( $
)# *+ ,- .
/0' &

123435
678

9:;<=
> ?@
AB@
C DE=<; FG C HI J;;< DD: ?= KHL> MN EO P QRRS

T U:V W< MXP C <FW E> ?; Q Y
ZP X
[ \[

] �� ���


^

B
est-firstsearch

^

A _

search

^

H
euristics

^

H
ill-clim

bing

^

S
im

ulated
annealing

9:;<=
> ?@
AB@
C DE=<; FG C HI J;;< DD: ?= KHL> MN EO P QRRS

T U:V W< MXP C <FW E> ?; Q Y
ZP X
[ \Q

` 
a
�
b
cd 
 �
 �� �
e

� ��
f

gh ijk lm i
n opoq rs
tu orqv w

(x yz{
|}~
�� � o�
�p� t�p

) ��kh �i�

a
solution,or

failure

�z�}��
�r�o t� � o� o

(�r�o t�� �o
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[x yz{
|}~

]))

�mm� �
m

lg�z�}�

is
em

ptyk �
� i��kh �i

failure
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Id
ea:

use
an

evaluation
function

for
each

node
–

estim
ate

of“desirability”

£

E
xpand

m
ostdesirable

unexpanded
node

Im
p

lem
en

tatio
n

:

¤ ¥
¦¥ ¦§¨
© ª¨

=
insertsuccessors

in
decreasing

order
ofdesirability
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ristic)
=

estim
ate

ofcostfrom²

toµ ¶·¸

E
.g.,°¹ º»

±³²´

=
straight-line

distance
from²

to
B

ucharest

G
reedy

search
expands

the
node

thatappears
to

be
closestto

goal
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C
o

m
p

lete:
N

o–can
getstuck

in
loops,e.g.,

IasiÂ

N
eam

tÂ

IasiÂ

N
eam

tÂ

C
om

plete
in

finite
space

w
ith

repeated-state
checking

T
im

e:Ã±³ÄÆÅ
´ ,buta

good
heuristic

can
give

dram
atic

im
provem

ent

S
p

ace:Ã±³Ä Å
´ —

keeps
allnodes

in
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ory

O
p

tim
al:

N
o
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Id
ea:

avoid
expanding

paths
thatare

already
expensive

E
valuation

functionÉ±³²´ËÊ
µ±³²´ Ì
°±³²´

µ±³²´

=
costso

far
to

reach²

°± ²´

=
estim

ated
costto

goalfrom²

É±³²´

=
estim

ated
totalcostofpath

through²

to
goal

A _

search
uses

an
adm

issible
heuristic

i.e.,°±³²´ Í
° _±³²´

w
here° _±³²´

is
the

true
costfrom²

.

E
.g.,°¹ º»

±³²´

never
overestim

ates
the

actualroad
distance

T
h

eo
rem

:
A _

search
is

optim
al
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S
uppose

som
e

suboptim
algoalÎÏ

has
been

generated
and

is
in

the
queue.

Let²

be
an

unexpanded
node

on
a

shortestpath
to

an
optim

algoalÎÐ .

G

n

G
2

Start

É± ÎÏ´ Ê
µ± ÎÏ´
Ñ ÒÓÔÕ°± ÎÏ´ËÊ
Ö

×
µ± ÎÐ´
Ñ ÒÓÔÕÎÏ ÒÑÑØÙÚ
Û Ü ÒÝ
Þ ß

à
É±³²´
Ñ ÒÓÔÕ° ÒÑÞá ÝÒÑÑ ÒÙ ßÕ

S
inceÉ± ÎÏ´ ×É±³²´ ,A _

w
illnever

selectÎÏ

for
expansion
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C
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lete??
Yes,unless

there
are

infinitely
m

any
nodes

w
ithÉ Í

É± Î´

T
im

e??
E

xponentialin
[relative

error
in° â

length
ofsoln.]

S
p

ace??
K

eeps
allnodes

in
m

em
ory

O
p

tim
al??

Yes—
cannotexpandÉ ãä Ð

untilÉ ã

is
finished
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E
.g.,for

the
8-puzzle:

°Ð±³²´

=
num

ber
ofm

isplaced
tiles

°Ï±³²´

=
totalM

an
h

attan
distance

(i.e.,no.
ofsquares

from
desired

location
ofeach

tile)

Start State
G

oal State

2

4
567

8

1
2

34

6
7 8

1

2
3 4

567

8
1

2
3 4
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8

5

°Ð± æ´

=
??

°Ï± æ´

=
??
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E
.g.,for

the
8-puzzle:

°Ð±³²´

=
num

ber
ofm

isplaced
tiles

°Ï±³²´

=
totalM

an
h

attan
distance

(i.e.,no.
ofsquares

from
desired

location
ofeach

tile)

Start State
G
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4
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1
2

34

6
7 8
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2
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8
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2
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°Ð± æ´

=
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7

°Ï± æ´

=
:

2+
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4+
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=
18
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If°Ï±³²´ à °Ð±³²´

for
all²

(both
adm

issible)
then°Ï

dom
inates°Ð

and
is

better
for

search

Typicalsearch
costs:

è Ê
éê

ID
S

=
3,473,941

nodes
A _± °Ð´

=
539

nodes
A _± °Ï´

=
113

nodes

è Ê
ëê

ID
S

=
too

m
any

nodes
A _± °Ð´

=
39,135

nodes
A _± °Ï´

=
1,641

nodes
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A
dm

issible
heuristics

can
be

derived
from

the
exact

solution
costofa

relaxed
version

ofthe
problem

Ifthe
rules

ofthe
8-puzzle

are
relaxed

so
thata

tile
can

m
ove

anyw
here,then

°Ð±³²´

gives
the

shortestsolution

If
the

rules
are

relaxed
so

that
a

tile
can

m
ove

to
any

adjacent
square,

then

°Ï±³²´

gives
the

shortestsolution
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In
m

any
optim

ization
problem

s,path
is

irrelevant;
the

goalstate
itselfis

the
solution

T
hen

state
space

=
setof“com

plete”
configurations;

find
optim

alconfiguration,e.g.,T
S

P
or,find

configuration
satisfying

constraints,e.g.,n-queens

In
such

cases,can
use

iterative
im

provem
entalgorithm

s;
keep

a
single

“current”
state,try

to
im

prove
it

C
onstantspace,suitable

for
online

as
w

ellas
offline

search
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F
ind

the
shortesttour

thatvisits
each

city
exactly

once
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P
ut²

queens
on

an² â
²

board
w

ith
no

tw
o

queens
on

the
sam

e
row
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n,or
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E
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w
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a
solution

state

li� hk� :x yz{
|}~

,a
problem

�mjù �úù �lùû
��� :üýyy}�þ

,a
node
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,a

node

üýyy}�þ�
�r�o t�� �o
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P
ro

b
lem

:
depending

on
initialstate,can

getstuck
on

localm
axim

a

valu
e

states

g
lo

b
al m

axim
u

mlo
cal m

axim
u

m
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Id
ea:

escape
localm

axim
a

by
allow

ing
som

e
“bad”

m
oves

butgradually
decrease

their
size

and
frequency

gh ijk lm i
u ��� sr�o� t�ppors
�p� (x yz{
|}~
� �ü�}�ý|}

)��kh �i�

a
solution

state

li� hk� :x yz{
|}~

,a
problem
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,a
m

apping
from
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e

to
“tem
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�mjù �úù �lùû
��� :üýyy}�þ

,a
node

�}ÿþ

,a
node

�,a
“tem

perature”
controlling

the
probability

ofdow
nw

ard
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�r�o t�� �o

(�p���rs tu �r�o

[x yz{
|}~
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1km
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decreased
slow

ly
enough Ê£

alw
ays

reach
beststate

Is
th

is
n

ecessarily
an

in
terestin

g
g

u
aran

tee??

D
evised

by
M

etropolis
etal.,1953,for

physicalprocess
m

odelling

W
idely

used
in

V
LS

Ilayout,airline
scheduling,etc.
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