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000000000 0oooo0oooo0oooooooooooooon
0000000000 o00o0oooo0oooo0oooooooooooon
oooooooooon

0000000000000 0ooo0Oo0o0ooooooooooon
00000000 Artificial Intelligence: Modern Approach [I23]0 00000
0000000O00DoDoo04000000000

é 1. Think Rationally (U O O OO O O) )
2. Think Humanly (OO0 O OO O0O)
3. ActRationally (D OO OOODOO)

9 4. ActHumanly (DO OO OOOO) .

U000000bO0o0DbO0n ThinkRationally DO OO OO0O0OOO0OOO
00000000000 (lookahead) DD DDDO0ODODDOODOOOOO
gooooobooog

U0000D0O0 Think Rationally D OO0 0000000000000
gbobogoboboooobgoboboooobobooooobooboboo
gboboboboboboooooooobooooooooooon

ubobooboboboobooboooooobooboboboobobo
gobopooboobooboobooboobboboobooooonooboo
gobobooboobooboooboboboboobooooooooan
goboboboboboboobooboooboooboobobooboboooboo
gbobooboboobooboboobobuooooobooooboooboo
goboooboooboooboboooobooab

'D004000000000000000000 Think Rationally 0 000 0
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gboooboooobooNASAODOOODODOooDobooooouoboboo
00000000000000000000000 20
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bobobobouooboboobobobooobooooog [, 25, 4]0

gboboooboooboboobbuooooooobboonoooon
gbboboboobboobooboobooobooboobooboboboboog
gbobooboooboobooobobooobobboobooboobooonog
ugboboobooobooon

1.2 O000OD0D0O0O0O

U00000DbU0bDO0o0bUOboOoO (state-space problem) DO O OO OO0
0odooooOoooooooooooooooooooooooooaon
ooodoooooooooooooooooooooooooooooon
O @Elan)0000000O0OOO0O
00000 0oboobouoobooobooOonon (perfect information) O [
0000 (deterministic) 0O O0O0OO0O0 @BEO)O
oo oooooooooon

2nttps ://ti.arc.nasa.gov/tech/asr/planning—and-scheduling/
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0000 (partial information) 000000000000 OOO0OOODOO0OO
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1.21 0000
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Heuristic [T13]0 198400 0000000000000 0O0O0OO0O0O0O0OO
oooo0oooooooooooboA*xoODOoOoooooooooDoDoD
gooooooobooooooooobooooooobboooobboOooDbboooo
UO0O00O00000dd Stefan Edelkamp and Stefan Schrodl [0 Heuristic Search
Theory and Application [B9] 0 000000000000 0OO0OOOOOOO
goooooboo22010000000 PearlDODO0O00OO0OODODOOOO
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Stuart Russell and Peter Norvig (0 Artificial Intelligence [[23] 0000000 O
0000000000000 00000D0DoDoooooDooOoODOOODDOO
0000000000000 D0O0O0000000000000ODDOOO0O
0000000000000 00000U0OUODOOodMalik Ghallab, Dana
Nau, and Paolo Traverso [ Automated Planning and Acting [81] 0000 0O O
OO00000ODOO0O0D0OOO00DO0OO0O0DOOOO00 Think Rationally
gooo0o00o00oOoo0o0oooooogooooooooooDoooon
000000000 0000O0oOg (ActRationally)D O oooooooOO
g0ooooOOoOOo0oOo0ooooOoOoOooooooooDoOooooooooDoo

1.3 PythonO O ODODO0O

obooobouoboobbooboobod python30 0o ooboonog
gbooobooboobobboobooboobooboboboobooong
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gboobooogooboooboobobooooooooobooboboooog
OO0 Burnsetal. 2012 (20100000000



14

goboobooobooon

gooooo
gooooog
ubobooboooobooo
uboboobooooo
un
good
good
ooooo@o)
ooooo@o)bo
goooo
googod
goo
gooond
gooond
goo
gooond
g
goognd
good
gbooaoodg
oon
oo
oboooooooon
gooboopbooogn
goooobogn
gboogoooog
gooooog
gboogoobooon
goog
ogboooooog
good
good
good

goboo 1. oboooboon

P,=(S,A,s,T)
P=(SA, s0,T,w)
Gy = (V,E, up,T)
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000000 (State-Space Problem)

D0000000I000000000000000000000000
000000000002 O000000000000000000000
0000000000000 000000000000000000000
0D000000000000000000000000000000000
0000000000 00O000n

1000000000 3030 [BY 0000000000000
0D000000000000000000000000000000000
0ooooQ

21 0O0O0O0O0OO (State-Space Problem)

oooooooboooobooooobooOoooboboooboobooobooooo
ooooooooboooooboooobooobbooooooooooo oo
U000 000D00O0D0O0O0d (state-space problem) U 00O O
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16 O0000 2 000000 (STATE-SPACE PROBLEM)

00 1(@0O000000D0O00DO0OADO state-space problem): [0 00O 0O
000000000 P=(S,4,s,7)000000 SO000O0O se SO
00000 TeSOOOOOODO A=ay,...,ap0a;: S—S0O00
oooooobo sgobobbooooooooooobbooboooooon
ooood

o
0070
01010

g21:000000000000D0000000O00ODO0«OO0DODO0O g
gogooo

oooooboobooooobooobooboooooboobobooboooo
JobdobOobOobobuobobuooooboobgn (state-space graph) O
oooooooooooog

00 2(00000000State-space graph): 00000 G= (V,E,s,T)
0000000 P=(S,A,s,7)000000000O0O0OOOOOOO
000 v =sS000000seSO00000000TODOOO0OO
ECVxVOOUOOw,veFEOa(u)=v000aeae AODODODODOOO
0do0ooooooooooooooooa @agmha

OOooOooDo solwion) O ODOOOOOODO



2.1. 000000 (STATE-SPACE PROBLEM) 17

00 3(00Solution): O 7 = (a1,az2...,a,) 000000 a; € AO (O
00)d0oodboboooo sgoooooooterobooooooo
O00O0w € Sie{0,1,... kY uo=su=t00000u; = a;(u1)
ooon

gboboooboooboboooboooboboobboonoobooon
OO0 (pathcost) DO DO OOOOO0OOOOOOODOO

U0 4 (0 000DO0O 0O Weighted state-space problem): O OO 0O OO
P=(SAsT,w) 000000000000 OOOOOOOOOOO
O000w:A—-ROOODOOO (a,...a,) 00000 Zlew(ai)DD
oooon

OO00O00DOO000OO0bOOo0DOO0O0oObOOO0bOOoOoogooooooo
oO0dbO0O00bOO0DOOoO0O0OOobOO0bDOobO0OOobOODbOODbDODOobO
oo @bobooO)yooobooooooobUooboobobooooo
G=(V,E,s,T,0)000000000000000000O000w: E—R
oooo

goooooooooooooobooooooooboobooboobogog
oo0ooOod0oDOoO00oDOoOoO0oOOo0oOoUooooDooOoooDooOoooDooOoo
U00DO0OD0O0Db0D0ODOD (explicit state-space graph) D O 00 00 0O
oooooooOooooooooooOoOoooDoDoooooopoooooDoo M
0o0o00oooo |v|ioooooooooooooo (vw,v)) 000000
oo M;; =100000 M;; =0000000000000000000
000000000000 |V?P0000000000000000000
oooobooooooooooooeE0boo0gn 15puzzle 0 OO OOO
|V|=15!/20000000000000000000000O00OOOOO
oooooooooon



18 obognD 2 000000 (STATE-SPACE PROBLEM)

cobooobooooboobooobooooboooooobooboboooboooD
000D0OD00ODbO0Ob0O0ODO (implicit state-space graph) 1 D O 0 O O O

U0 S@ELb0b0b00bOdOUO Implicit state-space graph): 0 O O O
0000000 (s,Goal, Exzpand,w) 00000 s € VOODOOOO
Goal: V — B = {false,true}0 0000000 Expand: V — 2V0 0
O000w:VxV -ROOODODOOOOO®RO

“V0OO000O00VvOoOoooooooo

ubobbooobboobobooobboobbooobboaobbao
ggoooooooooooooobobobboboobooobooboobobobboboooo
Expand O 0000000000000 OExpand 000000000000
Uboooboobo0ob00bUO0Expand D00 O00OO0OO0ODOODODOO
gboobogobooboobooooobobobobooboobobobooonbo
gobooobbbooboboobobooooooobboobbouobogoD Expand
goboboobooboboobooboobooobobbobooobo
gobooboogooboo

uboboooboobobooooboboooobobo @oooobo
ODOlocally finite graph)U 0 O DO 0000000000000 w>0000
goo

22 OOOO0Ooood

goboobboooboobobooboobbooboobboobono
gobooboooobooboooobooboooboboooo
221 0O0OO0OO0O0O0O0OO (Grid Path-Finding)

O0O0DOD00000 (grid path-finding problem) D000 (DO ODODOO
Jodo0oO0)yooooOooOooOOooooooooooooooboooo



22 00000000 19

o 1 2 3

0220000000000

O0oob0 M@uooooboboooo0oooooooobooooooobooo
0000000000000 400 (A = {up,down,left,right}) 0 8§00
@4ooodoooooO)oooOoDbOoOoboObDOOO (Any AngleyO OO
oooooooooo (oo
Web0DODODOOOODODOOOOOOOODDODODOOO" 0000000
000000000000 0DODoO0ooO00ooOoOoooOoooDoog
ooooobooOoOoopooOoOooboDbbooooDbooOoooD AIDO
oooooo wobooooooooooboooooobooooooooDooo
o000oOoDbOoo [emso)obdbodbooboboooobobog
ooooooobooobooooooboooooboOooobbooobooooo
00O (Multiple Sequence Alignment) D 0O OO0 0O0O0OO0O0OOODOOOOOO
oooo@eE3x)oodggoooobooooooboooooooooo
ooooooobooooboo mmooooobboooboboooooogoo
O00o0oobooboobouobOon (Configuration DO DO OUODOODLOOO
0000000000000 000bOO00OoO0o0oboOooOoooogo
0O000O0O00bOO0o00ooOoO00oDOOoOdobObOOoobooogoobooogo
oo0ooOOoOoO00ooOOoO00oDOOoO00obDOO00bObOOoUoobooogooogoo
oo0o0ooOoOoOoOooOoO0o0obDoO00ooDooO0oboOoobooobooooo
ooooo0obOOoOobooOoO0ooOooobooobobooobooo

1http: //alao.github.io/PathFinding.js/visual/
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112|314

516 |7)|8

9 | 10| 11|12
13 | 14 15.

023 1500000000000

222 00OOO0OOOOOO (Sliding-tile Puzzle)

0000000000000000000000000000000000
0000000000000000000000000000000000
000000000000 @E3)[@O0100 (n2)-1000000000
00000nxn0000000000000000000000000O0O
0000000000000000000000000000000000
00000000 (@MO0000)0000000000000000000
0000000000000000000000000000000000
000000000000

000000000000000000000 |V|=(»?)!/220000n
0000000000000000000000 A = {up,down, left, right}
00000000000000000000000000000

00000000000000000000000000000000
0000 @O00)0000lowerboundd 00000000000 00000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000

‘0000000000000 00000DO0o0oooong (220



22 00000000 21

gbobobobobobobobobobob

223 000000 (Multiple Sequence Alignment)

00000000ooooooooooooOoOonoooOga (editdistance) O O
do0o0d0o00bOoo0bOdDooooDo0obooobooboooooooog
00000000 (Multiple Sequence Alignment) (MSA) OO OO OOOOO
do0oOO00oDbOo0bOOooooobo0boo0booooooobOoooboOoon
do0odoOo0odbOo0obOoo0ooboobooboooooooooooa
do0odoOo0o0bOoobO0oOooboobOoobOoooobooOobooooa
000000000000 (editdistance) 0D O0O0OO0DOOOOODOOO
0000bOO00obOO0o0ObOooOoOOooDoOobOoOOobDOoobOooboOoooooa
oo0DOodoooooboooooooboooooa
MSAOOOOOOOOOODOOoOoooooOoooooooooooon
OMNADODOOOO)ODOOOODODOOOOODODOoOoOoDoOooOoOoooooa
0d0o0ooooooooooooooog (ATG, TGC,AGO )OO DO
do0odooobOoboooopbodboo0oo0booooooooon-
000000 bOO00bObOO0o0bO0o0oo0bO0o0oDobOOo0o0oeEDooooa
000000bOO00OO00bO0O0O00OobOO0bO0oOoOooOoDg ATG-O0-TGCcOd
oo0oog A-HO(TChHO (Go)Uo -.ObibdoboboooooobD ead
o00034+04+0+3=60000000 (ATG-, A-GC)O0O0OO 9, (-TGC,
A-GOO00O0600000000O0O0O0ODODODODOG6+94+6=210000
nO00O0 MSAO nO000000O0OO0OOOOOOOOOOODODOOOO
00 @e2oob 30 (AT O (TGO 0 20000000 MSAODODOOO
O00o00o0oUopooooooooog s = (21,22,..,2,) 0000 2,0
00 ;0000000000000 00000000000O0O00O0DOO04
10000 ;000000000<L 2 <lp)OOOOOOOOOOOOO
ooooooo s = (,l,..l,)0ODODODOODOODODOOOOOODODO
a = (b1,be,....0y),(b; =0,1) 000 :000000000000O00ODOO
00odooooo 00000 bO0O00000000 s, =00000000



22 obognD 2 000000 (STATE-SPACE PROBLEM)

021:000000 (MSA)

Sequencel | A T G
Sequence2 | - T G C
Sequence3 | A - G C

g222MSAO000000000OO0

Qa3 »

A
0
3
3
3
3

W W W o W -

G
3
3
0
3
3

WO W W WO
O W W W W

00 =1000000s000000000«000000000 &0
s = (z1+b,22+by, ..,y +b,) 0000002300000 s=(0,0000
00ae=(1,0000000000000 (A), (0000000000000
000000000 e=(1,1)0000000000000 (AT, (-T)O00
0000000000000000 (0,0000 (i,k,) 0000000000
OOooO00oO0oooon

MSAOOOOOOOoOOooOoOooooboO 00000000000 2™—
HoooobobooboooboobooooboobooooboboooobooboooDo
oo [maoMsAdooogoobgooobogooboobooooboo
gbobooooobooooobobobooooooboboboboono
(36,683,500 0000000



22 00000000 23

g23:MSAO00O0O00O0O0O0O0O00O0O0

A T G -
T|—

G e
C {

024000

224 000 (Sokoban)

oo Sokoban) DO OOODODOOO0OODDOOOOODOOOOODDOOO
gooboboooooobooboboooobobooooboobooooon (3,280
uogobobobooooboboobbobbooooboobobbooobbooy
gbooboobooboooboooobooboboboobooboonoo
0 0O PSPACE-complete 1 0 OO0 OO00OO0OOO [2R]O

gboboooobobooooooboboboobobobooobo
gbooooobobobooboobobooobobooboboooobooooboonbo



24 obognD 2 000000 (STATE-SPACE PROBLEM)

0oooooooooodoooooooDboo0doogonO move-up,
move-left,move-down,move-right, push-up,push-left, push-down,
push-right OO0 00000 Omove—+x00000000O0O0O0O0OO0OO
JddddoooodddbOpush—+xO000O0O0O0OOOODOOOOOOOO
o000 oooooboooooooon
ooooooooooooooooooooooooooooa
0oo0doooooooooooooooooooooooooooa
O000O0OoOoOoon rreversibleaction) 000000 00O0O0OOOOOONO
O00acA0000e e AD000Da(a (s)=s00 a (a(s))=s
O00O0ooOoooodno (reversible) D 0O O00OODO0OOODOODOOOOO
oo oooonoooooooooon
gooboooooooooboooooooobobooooooooon
oo ooooon
0do0oooooooobobooooobobobooodoooooono @E30)HO
goodoobooobooooonoooooooooooooboooa
oo oooobuooooooobooooooon
oo oobnoooooooooon
dooooooooooobbbooooooooooon
Odd00dooooooooboboobooooobooog (zero-cost action)
000o0dooobooboobooooboob ooobooooooogn
0000000000 move—up, move—left, move—-down, move—-right
000000 (we)=0)00000000000O000O0O0OOOOODOOO
0000000000000 ooooooonooooo

225 OO0O0OOOOOOODOOO (Traveling Salesperson Problem,
TSP)

gbooogobooboboogooboooooobobooooboboobono
goooooboooooobobouoog wOnDOOOOOODOD
0@oUoUoo0)oooOo (n—1!/20000000000000000
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g25:000000000000

O:e{l.n}0000000000O0OOOOOOOOOOOOTSPOOO
gbooobooboboooobobobooobooboobboboboonbOoO
googoboobobooboboooooobobobooboboobooo
gbooooboN,DODODODOODODOOODOOOODOTSPODOODOO
goboboobbooooboobobuooboboobbooobooobo
goooboobooobg weoTSPOb00b00obDoobooboooboonoo
gobooboogooogn

23 J0odoooooo

gbbooboboobboobbobbooboboobbobboobooobooooonog
ubooboboobooooboooNpODOODOOOODOODOOODOODOO
ubboobooobbooobooboooboboobooobboonod

1. 00oooooon

00000000 |S|booo0ooooooooooooooooo
bobgboooooboobgoobooobobobobooboobon
obobgbobooooobooboooboboboboboboobon
gboooood

2.000
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obognD 2 000000 (STATE-SPACE PROBLEM)

0000 sOO0O0O (branching factor) 00000000 DOOOOOO
Oo0o000oooooooooboooooooboooooooonoon
Oo0o000ooo0ooooooooooooooooooooooon
O000oo00ooo0o0oooooooooooooooooonogn
go000ooooooooooooooooooooooooood
00o0odoooooooooooDooosdOoooOooonOnO sa
0000000 000000000000 O000s00000d
oooooyWooooo

.oogoobooag

goboooobooobbooobbooobobooobobooooo
gboboobobooooooboboboboboboobooooon
uoobooobobooooboboobboobobooooobooooo
uobooboooboboooobooboboobooooobobooooo
uobodbobouoooboboobobooobbooobobooooo
gboooboooooeEexX00b00000b00bo0booobobooonoo
uoboboodgbbuooobbuooobooobbuooobooooo
ugbboboodobbuooobobodobbuooobooobbooooo
gboboboobooboooooobooooooooooooooonoog

.0oo0

uboboobooobbuooobobodobbuooboooobbooooo
0000000000000 D0DOD0D0DOO0O0DO0000o00n
uboboboodobbuoooobodobbuooobobuoobbuooooo
gbobgobooooobobooooboboooobobooboon
gbobogooboooboobobooooboboobooobooboobon
[9, B30

‘0000000000000 0D00D00DO0000DO00DO00o0ooon
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24 PythonU [

000000 P=(S,4,s,T,w)0000000000 PythonOOOOO0O
0oO0oo0o0oooon

class StateSpaceProblem:

def

def

def

def

def

def

def

__init__ (self):
assert False

get_init_state(self):

assert False

is_goal (self, state) —-> bool:
assert False

get_available_actions(self, state):
assert False

get_next_state(self, state, action):
assert False

get_action_cost (self, state, action):
assert False

heuristic(self, state):
assert False

oboobooooooooO0 Ppython OO0 0O0O0OD0OODOODOODOODODO

- 0000 S
oboooooobooooooooobooonoo

e 0000 A: get_available_actions
0dod0oobooooooooooooooooo S—-=A0000
ooooo
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e OO0 s:get_init_state
oobooooooo

e OO0 T: get_next_state
O000D00ooooooooooooog S;,A—-SO000000
oono

e JO0O0OO w: get_action_cost
00000000 00oOoooO0obDOonoo00 A—-ROOODOODO
ooo

oooboooobboooboooobobooobobooobooboooobooboon
gooooooo

from state_space_problem import StateSpaceProblem

class GridState:
def __ _init__ (self, xy):
self.x = xy[0]
self.y = xy[1]

def _ _hash__ (self):
return hash((self.x, self.y))

def __eq (self, other):
return (self.x == other.x) and (self.y == other.y)

def _ str_ (self):
return " (" + self.x._str_ () + ", " + self.y.__str__ () +

II) "

class GridPathfinding(StateSpaceProblem) :
state_type = GridState

def _ init__ (self,




2.4. PYTHONDO O

def

def

def

def

width=5,
height=5,
init_posi

goal_posi

self.width = width
self.height = heig
self.init_position
self.goal_position

self.init_state =

get_init_state(sel

return self.init_s

is_goal (self, stat

return (state.x ==

get_available_acti

actions = []

if state.x > 0:
actions.append

if state.x < self.
actions.append

if state.y > 0:
actions.append

if state.y < self.
actions.append

return actions

get_next_state(sel
if action == "1":
return GridSta

tion=(0, 0),
tion=(4, 4)):

ht
= init_position
= goal_position

GridState(self.init_position)

f):
tate

e):
self.goal_position[0]) and (state.
self.goal_position]|
ons (self, state):
("1")
width - 1:
("r")
("u")
height - 1:
(rd")

f, state, action):

te((state.x - 1, state.y))

elif action == ’r’:

return GridSta

te((state.x + 1, state.y))

29

y ==
1])




30 O0000 2 000000 (STATE-SPACE PROBLEM)

elif action == ’"u’:
return GridState((state.x, state.y - 1))
elif action == ’'d’:

return GridState((state.x, state.y + 1))
else:

raise ("Invalid action: " + action)

def get_action_cost(self, state, action):

ubooboooobobooboobooooboboobobooooobooboooboobooo
goboobooobobooobooobboobooboooboboobooonboo

25 0OOd

gobobooboobooboobooboobobobobobooobo
gboooboobo@oob)bobooboboooboboboobobooon
gboobooboobobooboobooboobooboobooboooogon
gbobobooobooobooboobooboobooobooobooooboo
gboboooboboobonoooooooboobooboboboboooooo
uboboooobboooboboooobbooboobooooboboobbaon
gboboboboobooboobuoobuooboobobobboboobo
gobodgbbooobooobbooobooobobooobooab

26 0004

. 00b0bobobooooboboooooboobooooobOoDo
ubobooboooboobbooboooboo

2. 000000000000 0DO0O0ODO0O0ODO 3x30000000O0
ubbodb4x40000@ObD:0000000000DOOOOO
gbobobobobobobobobobobo)




27. 0000 31

3.000000sSO2000000000D00DODOOOOOOOO
obooboboooooouoouooobooooboobooooobooog

4. UOH)3x3boooooooobooboobooobobobobooooboo
gbooooooooooooob

5. 0Hbhoooobooobooboooooobooboboooob 2,300
gboboobuooobbooobobuooobbuooooboboaobod
gboaood

27 0O0OOO

0do0o0ddoOo0o0oDo00ddoodobOodoooobooooooog
doo0doo00oOo0DodobOdooobooobopoooooooooog
do0oOOo0ooOo0o0DoDooobOoooooooa
0do0o00dd0DO000oDoOddobOo0ooooooDoboOoooooaan
do0d0Do0dDOO0o0bOO0odoOdoodobOooobOOoDoooooooooog
0000 (Markov Decision Process Problem) (MDP) O OO 0O 0O 0O O [0
MDP(S,A,P,R) 00000 SOOOUOODOOO ADDODOOOD POOO
ROODODDOOODODOODOOOODOODODODOODOOOODOOO MDPO
dooooooooooooMbPOOODODOOOOODOOOOODOOOO
do0odoOo0o0bOoobOo0obOoooobobOobDoOoooooOoooooa
OMDPOODOODDODOOOOOODODODOOOOOOOOOMDPODOOOO
(reinforcement learning) D0 0000000000000 OOOOO0O [132]0
0000000000000 b0OobOoooDOoobOOoooOooOOobOoooOoonn
00o00DOO0o0ob0o0obOoooobOoDoDbOooDbOOooDooboooooooag
00000 AND-ORO [M2|000000OO0OODOOOMDPOOODOO
00000 [MI,20 000000000 [2,84] 00000000000
MDPOODOOODOOODOODOODOOOODOOODDODOOOODOODOOO
0 O (partially observable Markov decision process problem) (POMDP) [0 [0 O



32 obognD 2 000000 (STATE-SPACE PROBLEM)

[(AZ]OpOMDPOOUOOODOOOODOOOODOO Belief space [74] 0 0O O
gobgobooobooboooobooboobuoobooboooobo
goboobooobboobooboopOMDPODOODDOODOODOO
oooooooopoMDPOODODOOOOOOODOOODOODOOOODO
gbooobooooboobooooMbpOOOOonoooooooooooonog

gobooobooobbooobooobboobboooboboo
gobooboooboobooboobooboobooboboobo
ooooobobooobboobboooouoboouoboooboOg AND-OROO
oboboobooooboobooobooooooboboood MiniMax OO
o-f0 (3]0 00000000DO0O0OCOOOCOOOOODOOODOOODO
oobooboooooobooooboooobbooooboooooo 210

000d00ooodooo0odbOdooooooobOooooDoooooa
do0od0oo0ooOodbOO00oOoobOoooobDoobooooooooo
do0odooooo0oooooooooooboobooobooooooo
0000000 AlO000ODOO0DOO0ODOO0OOO0ObOOoDOOOoDoOooooooOoon
ddo0oOoooooobOooobooOoobOOooooObOooooboOoooooa
000000000000 DOO000DoO0 By, oOoooooooooo
Learning real-time A* (LRTA*) [RS8, 85] O Real-time adaptive A* (RTAA*) [B6]
oopooooad

do0boobOooboobobOooobO(@booooOo)yoooooobooooao
0do0bOoo0bOo0obO0obOo0o0bOo0bOOo0obOo0obDOoooDoobooooo
d0bOOo0ooOooOo0bOO00bOoobOoobOoobOooboboooOooooon
00000ooOo0bOobO0bO0obOobOOobOobOoboOooOobOoooooooo
000O00o0bO0o00boO0o0o0bObo0obbooOoU0bDOoOdd Any-angle path
plamning 0 000000000000 OOODOOOOOODOOOODOOO
00000ooooooao (94,95, 30, O

00000000 00b0O0DbOO0ODOOOBoolean satisfiability problem
SADHODDODDOD0O0O0O0O0D0O0O @O o0o00ddnD SATODOOOOoOooOO
000o0o0oooooobooDbOoonDD [OEs,2Ioooooooo
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gboooboobobooooobobooooboboooooboobobog
gboboboobboboooboooobooo






OO00000 (Blind Search)

mooooooooooboooobooobbooobbobbobbobobOobo
googobooobooboboobooboboobooboobooong
gboooboobooboobooboobobboboobooobooobgd
oooMSAOOOOoDOooOooooooooobobobobooooooo
gbooobooobooobooboooobboboobooboobooonog
gbboobooobooboooboobobooboobooboobooonog
gbobooboooboobooobooooboobooobobooboooonogd
ubobooooooobboobooaonooo
nooooobooboooboooooooboobooboobooooDo
gbbooboooboooboobbobooobbobbooboooboboooonog
Uobo0oboooobooboo0oooDn BlindSearch) DO ODOODOOOO
gboboobooboooboobooboobobobobooboobooonogd
oooooobooooon.goooboooo2.00bo0oboboooooo
gbobboboobogboobuoobobobobooboobodnod
gboooooogobobooooboooobogooboooboooboobooog
gboboooogoboboooobobobooboobobobboooog
gboboooogbobooooobobooboooobobobooog

35



36 UbbO0o0 3. 000000 (BLIND SEARCH)

000000b0o0obOo0obOoobOooDbOobooooDoOoboooooooo
Jdood0odo0odoDodDOo0oodooooDoobOooooooooo
00 [2RO000000000000D0000000bO0bOOoDOooooo
00000 [Maooboooboon [26] 0 220 Elementary Graph Algorithms
dopoodooooooon

31 000000000 (Tree Search Algorithm)

gbobobooobooboobooboboobooooooooooooboo
gobbooboboboboboboboobboboobobooboboobooboo
obobobobobobomoooooooooooooo

000000 1: 000 (Implicit Tree Search)

Input :00000000000 (s,Goal, Expand,w), 0000
ooooo f

Output :sO00000000000O00O0O0OOOOOO0ON

Open + {s}, d(s) < 0, g(s) «+ 0;

2 while Open # () do

3 U 4= arg min,, copen f (1) 5

4 Open < Open \ {u};

5 if Goal(u) then

6

7

8

9

o

‘ return Path(u);
for each v € Expand(u) do
Open < Open U {u};
d(v) « d(u) + 1;
0 || g« gw) + wlu o)
11 parent(v) < u;

12 return (;




3.1. 000000000 (TREE SEARCH ALGORITHM) 37

(3) Expanded nodes
(2) Generated nodes

Elg 5 b (1) Undiscovered nodes

Oo3ngbooooboboboooobogooboobobobooouoboboo
gboooboooboobgooboooobobobobooboobooonogd
ugbobooobobooobobooooboboooboboooboboobooog
gbobooboooboooooboooooon

00000000000 O0O0000000000 Priority queue O O
gogboboobobboooobooobbooobbooobbobooobog
gboogboboobooboobobbob«wbobobooboonbg
gboooboobooboboobooboobod«bboobooooboog
gboogobooboobobobooooboboobooboboobooong
goboobooobobooboooboobooooog

goboobooboobooooo l.oogb2.0b000O0s3.0o0goon
ugobooobobooo

1. 000000 (Undiscoverednodes): 0 OO0 0000 OO0OOOOOOO
00000bOO0o0bOo0oOoobOo0obOoOoobOoobooOon

2. 0000000 (Generatednodes): 1 00000000 O0OOOOO0O
Do0ddoboooboo0o00o00o0ooooooboooboOoooooooao

'D00D000D00D000000000000000000DO000O0DOOonog
oooooooooooooooeseoooooon



38 Oo0ob0 3 000000 (BLIND SEARCH)

3. 0000000 (Expanded nodes): Ezpand 000000000000
gobooobobooobboobboobobooobboooobo
good

0BI0000000000 {a,b,c}000000O0OO0ODOOOOODO
O00oooO{abc;00000000ODO0ODOOODOOOOODODOOO
oo0o0oo0o0ooOoO00oDOoOO00obOOo0oobooOoooOooDoOoobboOooo
gobooooooOoOoOopoooOoO0oDOoOoOoO0oDbDoOOoO0oDbboOoobboOooo
O00000O{d,e,f}000000000O0OOOOOOOOOODOOOO
00000000000 oooooooooOoOoOoOoOoOOoOOOdg,h,i,g}
oooooobooOoOoooobo0oooo0oooo0oobooobboooo
0000000 dJ4Jd000000000000000 {a,b,c,df 000000
0{¢,p}00000000000COOOOO0OOOOOODOOOOODOOO
goboooooooooooooobboOoooboooboboOoon

oooooooboouo-0oobbObOOO0OOOO0Jd0O0DOODOOD
odbgbOOoOoboOoOOoOooboOooobooobbooobboobbOoooD
O0n0000dn) =¢g(n)000000000O0O0O0OO0O0OODOg0O0O0O
000000 0o0d0o0O0o00oooboObO0o000goooooDoObDOoOdg
00000 sO000000000000D0O000O0 A(s)bOoOoooooo
oooogo

Path(v) 0D O0OO00O0OO0OOO0OOOOOUOODOOODOODOOOO
00000000 (u,parent(u), parent(parent(u)),...,s) 00000000
parent 1O OO0 OOO0OON

oooooooOooboOobOoOoooOooOoOoOoo0ooboOobooOoooOoo
goooooooobooOooooboooboooboooooobooooDbboOooo
oooooobooooooooooboboooooooobobooooboobooo
goooooooboooooooobooobbooooobooOoooooooo
U0Db00b00db00 Expand OO OOO0OOODOOODODO (reexpansion) O O
gobooobooboogEoodoooo dso0bbobboooooobooon
gobooogoobJJ0obooooboooobbooobboobboon
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032000000000

gbooobooboboboooogoboboboboboooooooboooo
gbobooobooboboooooboboooo@uoboobobooboo
ghoooooboobooooooboboooboboooobooooo
gbobobobooooobobobooobooboboboboobo
gboobooooobogobobooooobobobooooobobobog
oobooooooo gao)oooooobooo
obobgoooboobgobooboboboboobooboboobon
000o000obOoO00ooOo0ooOoooboo0ooofoOoooOoOooDOOOO
gbobobobooobooboooBe3@dubiooooagnooooooog
goobobobobobuobobuoboboo

32 00000000000 (Graph Search Algorithm)

0o0o0bOO00ooooooDbOoOooooDbooooboooobOoOooooa
do00odoOo0ooboobOoboooboo0obOoobOoobOobooOobooooa
0000000000000 0000 (duplicatey OO OOOOOODOOO
U000b0b0o0bOobObo0oobooobOonbO (duplicate detection) U O O
00o00000oOo0obDOooOo0bOooboobOoooooooooooag
00o00o0o0oooobDooboooooDooboooobooooooog
oooooooooooooo

0000000000000 0000000D000000 (closed list) O
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UbbO0o0 3. 000000 (BLIND SEARCH)

000000 2:00000 (Implicit Graph Search)

Input

Output

o

10
11
12

14 ‘

15 return (;

Open < {s}, Closed < {s}, d(s) < 0, g(s) + 0;
2 while Open # () do

3 U = arg mMin,, copen f (1) 5

4 Open < Open \ {u};

5 if Goal(u) then

6 ‘ return Path(u);

7 | for eachv € Expand(u) do

8 if v ¢ Closed or g(u) + w(u,v) < g(v) then
9

13 if v ¢ Closed then

00000000000 (s,Goal, Expand,w)0 0000
ooooo f
:sO0000000000DOOOOOOoODOOOooOoOo

Open <+ Open U {v};
d(v) < d(u) + 1;

9(v) = g(u) +w(u,v);
parent(v) + u;

Closed < Closed U {v};

gboboboobobobobbooboobooboobooobooooboboooboo
gbooboobooobooboobooboboooboboooooooobaon
gbobobobobooooooboboboboboboboboooo
gbobobboobboobobobobbobboboooboobboboobo
gbobobboobboobobobobbobbobboobooboboobo
00000On0g¢g00000000000O0O0OOOOOOUOOOOON
gO0000o0obOO0obO0obOO0bOO0bO0ObO0ObOOn0b000O0D0OO0DO0ODOO
gbobobobgb0obO0obOobOO0ObObODbObODbObDOO
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gOO0ooobobboooobbboooobbboooobobboOon
00000000000000000000 g00 g(n)00 g(n)0O0O
0000D0O0000o0obb0oo0on0on0 nO0D0O0 (reexpansion) 00O 0O OO
00000000 200000 ¢cO0x 000000000 OOOOOOO
0000000000 g(e) = g(n') +w(',e) 0000000000000
g(c)=g(n)+w(n,c) 000000000000 O0w(n,¢) =w(n,c)0000
giny—¢g(n) 00 ¢g000000000000cO00O0OODOOOOOOOOO
ygobboooouobobbogodobooobobooobooboboooan
ggoobboboooouobbobotoooooboboboooobobobboooan
gugodooooboobbbbbdodoooouboboooon

gbobogboobuooboboobobobooboboobobon
gboboououobobububdgbuoboboboabaobdganoyg
gbooooogboboboooooobogoobooooobobobooboog
gboooooobooooobooooogobobooooboboboobog
J00000000DODOOD0O0OO0O0ODODOOODOUOgOODDOOO
000000000 00000000x000000000000000
O000g(n) >¢(»)0000000000000O0O000O0O0O0O0A0000
gbooobooboobobooooboboboobooboobooong
goobooboboob A*00B30odooooobooobooooobog
UbooooooooobobobbooooboobO A*OO0 state-of-the-art
gbobooboooboboooooonoo

gboboooobooboobooooboboobboooobobooooboon
oobOo0o0O0bO0OO0DbO0O sO0OO0bOOoOobbOObD sgooofOobDgOO
gbbooboooobobobooboobooboboobooboonog
gbbooboobuoobdoboobuoobobobobbooboobodondgd
gbooobogobooooboboooooboobobooooobobobog
gboobobobooboboooo

gbobobooboooooboboobooooobobobobooon
gboooooboboboooobogobobooooboboboooboobog



42 Oo0ob0 3 000000 (BLIND SEARCH)

gbooooboboboooboboooobooooboboooboobo
obobobobpPb0boboobn

uboboobobobobobobobobuobobooobobobobo
gbobobboobooboobobuooboobuoobobobobooboo
gbooboooubobobobooboboooboouoboboboban
gbooboooooboboboooobobob0Oog (delayed duplicate
detection) U0 O DO OBRZA0 0000000

3.3 00000 (Breadth-First Search)

gboooooboooobobooooobooboboboobobobobobo
gbobobobobobobobobobbobobobobobOoDbo
gobgoboooboobooboobuoboobuoobobobooooboo
O First-in-first-out (FIFO) D 00 00 000000000000

OO0O0DOO00bOCOOoOoooOOoOoOoDOoFFoOOOO OpenO0DOOOODO
gbobobbooboobobobobbobbobooobobboboobo
gboboboobooboobuoobobuoobuooboboboboobo
gobooooooboooooodJd0bbooooobooobbboobbooo
Ooo0ooOo fO0dOo0oooO0O0O

Jorts(8) = d(s) (3.1)

O00000000000000000 ¢g0000000 (fors(s) =d(s) =
g9(s)0

00o00oooObOOooobOo0oobOoOoOooobOoooboboOoooobooao
d0bOO0bO0o0obOoo0oO0obOoooOoobOoooDooDoOOoboobOoooOooo
000000000000 DOO000DOO0D0DOOOd Best First Search 00O O
00 0O 0 OBreadth-First Search 0 O 00 BrfFSOOOOOOOOO (Best First
Search 0 BFS 0 00 0)O



3.3. 00000 (BREADTH-FIRST SEARCH) 43
a
o) b/ N
N /|
@ @ T f
G’ﬂ ;o

033000

/1N

c
|

d

c

a

goboobooboooboobeEooboboooboobooooon
oobooooboobooooobooooEBmmubooooobooooBe3doou
gbobobobobobobobob

U3ngbooboobooogoboooooobboooobbooboobog
oo (B9jo )

DDDD\DDDDDD\DDDDDDD\DDDDDDDD 0000

1 0 W 0

2 a {b,c,d} {a}

3 b {c,d,e.f} {a,b}

4 c {d,e.f} {a,b,c}

5 d {e.f.g} {a,b,c,d}

6 e {f.g} {a,b,c,d,e}

7 f {g} {a,b,c,d,e.f}

8 g {} {a,b,c,d.e,f,g} ooo




44 Oo0ob0 3 000000 (BLIND SEARCH)

34 000000 (Depth-First Search)

gbooogoobobooogobobooooboboooboobooboobo
gbobobobo

fats(s) = —d(s) (3.2)

goobooobboobobooobboobboooboboooobboo
gooooooTSO0oooboobooobooboobobooboooooDo
n0000000000000 nO000O00O0000O00O0OO00O0O0O0O0OO0
goboboobooboobobobobooboobobobobooobooboboboooboo
goobobooobooobgooboboboboobuoobon0o0obooOonOO
gboooobobooooboboooE®@obEaoogoooboobo
gbobooboboboboobooboobooboboboobobobooboo
gboboBgE@3uooboooooooooooooooooooooon

goobooobbooobooobboobbooobooooboboo
goboboobobooobbooobboooboboobooboooobooog @
O000d*00000d(s) <d*000000000000OO0OO)H)O0OO
goboobooobobooobooobooon

gobooobooobobooobboooboboooboboooobboo
goboboobooboobobooboobooboobobbobooobo
oopoooooooboD (pruning) D OOO0DOOODOOOODOnOO0DOO
gobobd-0000000D0O0DOO0OOO0ODLO0DbO0ODbOOnDO
O000000DmOO00O0 Open < OpenU{v} 0000000000000
obobobobobobobobobobnd (Branch-and-Bound) OO OO

341 00O0O0OO0OODOOODO

gbooooobooboboooboboooobobobooooobobono
moooooboooboooboooooboooboobobooboooooooDoo
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032:0000000000000000000000000000000
000 (B9100)

DDDD\DDDDDD\DDDDDDD\DDDDDDDD 0000

1 {} {a} {}

2 a {b,c,d} {a}

3 b {e,f,c,d} {a,b}

4 e {f,c,d} {a,b,e}

5 f {c,d} {a,b,e.f}

6 c {d} {a,be,fic}

7 d {g} {abefcd}

8 g { {abefcdg} ooo

gbobobobobobooboobooooooo@uoooooooog
gboobogobooboboooobogobobooooboooooboobobog
gbobobobooobooooooooooobobobobobooobooog
gbobobgbobooooboboboooooboboboooobooog
gooboooooon

35 0000000 (Dijkstra Algorithm)

000000 (Dikstra’s Algorithm) DO 00000000000 0OO0OO
guobboobooboobooboobooboobooboooadondgd
gbbooboobooaboo ezubooobuoobooboboaoboodgnod
link state algorithm 0 U O Diykstra DO OO0 [M0S]0 0000000000
gboooboobg0bOOobO0ObOob0OOO0ObOO0bOobOOObOOobOOobOoboOO
gboobooooooon



46 UbbO0o0 3. 000000 (BLIND SEARCH)

000000 3:DFS: 00000000000 (Depth-First Search)
Input :00000000000 (s,Goal, Expand,w)0O0 00O &
Output :s000000000OC0O000O00ODOOOOCOO0N

1 if Goal(s) then

2 ‘ return s;

3 for each w € Expand(s) \ {s'} do

4 v < DFS(u,Goal, Expand,w, s);

5 if v # () then
6 ‘ return (s, DFS(v, Goal, Expand,w,u))
7 return ();

Jots(s) = g(n) (3.3)

00000000000000000000000000000000
000000000000000000000000000000000
000000 Va(gn) =d(n)) 00000000000000000000
000000000000000000000000000000000
O(lE| +|V]log|V|) 0O DOOOO0000000000 EA000O0O0OOO
0000000000 000000000000000000000000
0000000000000000000

36 U0OOOOODOO

goboooboooboooboobooobooobbooboonboo

1. 000:000000000000000000000

2. 000:000000000000000
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3.ob:00b0booboboobooboob

4. 00:000000000000000

boboboboboboboooooboboboboboooood
gbbobboobboobooboboobbuobboooboobadondyd
gbooobogoboobobooooboooooobooboboooooboboobog
gboooooogboooooobobobooboooooobobobooog
gboboobooboboooboboooobobobbooboboobobo
0000000 wA*(O BRI OOOOOOO0OD0ODOO0OO0D0OD ¢c*0000
gobooboobboobooobooboooon

Uoboooooboooboobooboobooboboooboooon
030000 aubouobsbooboddobogomO
gboooooooboboooobobooobogobobooooboobog
gboboooogobobobobooooobooboboboboooog
|Sj0 0000000000000 000000000oLO0o0UoOoOOd
gboogoboobooobooboobuoobobobobbooboobooonbg
gboboboboobooboobgoboobobooboobooong
gooonf

033:000000000000 (3]0 Figure3.2100)

oo | ooooo oooooo oooooooo oooooooo
go0 | 0boooobobO Yes No 000000000 Yes DOOOODOOOO Yes
000 |000000000 Yes No 000000000 Yes 000000000 Yes
oo o®%) o(™) o(b?) o(b¥/?)

oo o O(bm) O(bd) o(b4/?)
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3.7 PythonU [

goboboooboobooboooobbobbooboobobooobo

gobgobooboboboobooboobooboobobobobooobo

goboobooboooboobooboooooooooo
PythonODOODOODOOOODOOO0OOD0OOOODOOOODO

class SearchNode:
def _ init_ (self, state):
self.state = state

def set_g(self, 9g):
self.g = g

def set_d(self, d):
self.d = d

def set_prev_n(self, prev_n):

self.prev_n prev_n
def _ str_ (self):
return self.state._ _str_ () + \
": g=" + str(self.g) + ", d=" + str(self.d)
def get_path(self):
cur_node = self

path = []

while (cur_node is not None \
and hasattr (cur_node, ’'prev_n’)):
path.append (cur_node)

cur_node = cur_node.prev_n

from search_node import SearchNode
from util import SearchlLogger
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def TreeSearch (problem, priority_f=None):

open = []

init_state = problem.get_init_state ()
init_node = SearchNode (init_state)
init_node.set_g(0)

init_node.set_d(0)

logger = SearchLogger ()
logger.start ()

open.append (init_node)

while (len(open) > 0):
open.sort (key=lambda node: priority_f (node), reverse=True

)

node = open.pop ()
logger.expanded += 1

if problem.is_goal (node.state):
logger.end()
logger.print ()
return node.get_path ()
else:
actions = problem.get_available_actions (node.state)

for a in actions:
next_state = problem.get_next_state(node.state, a

)

next_node = SearchNode (next_state)

next_node.set_g(node.g + problem.get_action_cost (
node.state, a))

next_node.set_d(node.d + 1)
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next_node.set_prev_n (node)
open.append (next_node)
logger.generated += 1

logger.end()
logger.print ()

return None

TreeSearch O O00O0O0O0OO0O0O0OO0OO0OOOOOO priority £f0O0

goooo

gbobooboobooooooooooooooooooooooooDog

from search_node import SearchNode

from util import SearchlLogger

def

def

is_explored(node, closed_list):
for n in closed_list:
if (n.state == node.state) and (n.g <= node.qg):
return True

return False

GraphSearch (problem, priority_f=None) :
open = []
closed = []

init_state = problem.get_init_state()
init_node = SearchNode (init_state)
init_node.set_g(0)

init_node.set_d(0)

logger = SearchLogger ()
logger.start ()

open.append (init_node)
closed.append (init_node)
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while (len(open) > 0):
open.sort (key=lambda node: priority_f (node), reverse=True

)

node = open.pop ()
logger.expanded += 1

if problem.is_goal (node.state):
logger.end()
logger.print ()
return node.get_path()
else:
actions = problem.get_available_actions (node.state)

for a in actions:
next_state = problem.get_next_state(node.state, a

)

next_node = SearchNode (next_state)
next_node.set_g(node.g + problem.get_action_cost (
node.state, a))
next_node.set_d(node.d + 1)
if not is_explored(next_node, closed):
next_node.set_prev_n (node)
open.append (next_node)
closed.append (next_node)
logger.generated += 1
else:
logger.pruned += 1
logger.end()
logger.print ()

return None

" main__ ":

if name
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priority f000000000000D0000DO0OO0OOOOOOO
gbobobobobobobobobobob

from graph_search import GraphSearch

def BreadthFristSearch (problem) :
return GraphSearch (problem, lambda node: node.d)

from graph_search import GraphSearch

def DepthFristSearch (problem) :
return GraphSearch (problem, lambda node: -node.d)

from graph_search import GraphSearch

def DijkstraSearch (problem) :
return GraphSearch (problem, lambda node: node.q)

goboooboobooooooboboobboobooboobooboo
ogboboboboboboboboboobo

gbobooooooooobooobooboobo@wo)yooooooooo
oon

gbobgoboobobobobooboboobobuobooooobobo
gbboboboboboboboboobobooboooo

from search_node import SearchNode
from util import SearchlLogger

logger = SearchLogger ()

def RecursiveSearchEngine (problem, cur_node):
logger.expanded += 1

if problem.is_goal (cur_node.state):

return [cur_node]
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else:
actions

for a in
next
next

next

next
next

logg
path
if 1

return []
def RecursiveDep
init_state =
init_node =
init_node.se
init_node.se
logger.start

path = Recur

logger.end()
logger.print

return path

= problem.get_available_actions (cur_node.state)

actions:

_state = problem.get_next_state(cur_node.state, a

)

_node = SearchNode (next_state)
_node.set_g(cur_node.g + problem.get_action_cost (

cur_node.state, a))

_node.set_d(cur_node.d + 1)
_node.set_prev_n (cur_node)

er.generated += 1
= RecursiveSearchEngine (problem, next_node)
en(path) > 0:
path.append (cur_node)
return path

thFirstSearch (problem) :
problem.get_init_state ()
SearchNode (init_state)
t_g(0)

t_d(0)

()

siveSearchEngine (problem, init_node)

()
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if name == "_main__":

from tsp import Tsp

uooooobbooobooboooboboooboboooboboooobooboo
gobooobooobboooboobooboooboooo

0000000000000 (walltime, cputime)
oooooooog

oOooooooood
O000o0oooooooooon
oooooooo@oon)

gboboobooobbooboobo

oboboooobb0o0bbbo0ob0boO00Dn searchLogger U
gobood

import time

class SearchlLogger:

def

def

def

__init_ (self) —-> None:

self.expanded = 0
self.generated = 0
self.pruned = 0

start (self) :
self.start_perf_time = time.perf_counter ()
self.start_time = time.time ()

end (self) :
self.end_perf_time = time.perf_counter()
self.end_time = time.time ()
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def

def

def

def

def

def

def

branching_factor (self) :
return self.generated / self.expanded

pruned_rate (self) :
return self.pruned / (self.generated + self.expanded)

time (self) :

return self.end _time - self.start_time

perf_time (self):
return self.end_perf_time - self.start_perf_time

expansion_rate (self):
return self.expanded / self.time ()

generation_rate (self) :
return self.generated / self.time ()

print (self) :

print ("Time: ", self.time())

print ("Perf Time: ", self.perf time())

print ("Expanded: ", self.expanded)

print ("Generated: ", self.generated)

print ("Pruned: ", self.pruned)

print ("Expansion rate: ", self.expansion_rate())
print ("Generation rate: ", self.generation_rate())
print ("Branching factor: ", self.branching_factor())
print ("Pruned rate: ", self.pruned_rate())

gbobobooboooooboboboooooboboboboobon
gboooboobobooooooooobobooobooboboooboonbo
gooooo
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3.8 OO0

gobgoboooboobooboobuoobooboobobobooboboo
goboooboobil.oboboobboobob2.0b00b0bOo0obo
o200booogoobooboboobooboobooboobobboobgobno
goboboooboobooboobooboobooboboboboooboo
goboboooboobobooboobooboobooboboboboooboo
gboboboooboobooboboboobbobooobobbobooobo
goboboobooboobooobooboobooboobobobooboonboo
gboboboobooboobobobobooboobooboooobo
gobbboobooboobboobuoobboobaooboo
gboboooobobooboobooobobooboboooboooDb 400
oooooooobobogoboboboooooo(@uoH)ooooooo
ooboobobob@oo)hooboboboboboboboboobo

39 0ogg

l.gboogoobogoobooioxioobogobbooboobooboo
ooo

2. 0000b0000booboboooogoobixlobbooboboobon
gbobooooobboboooobobooboboboboobon
gooboboboboobobobobobobuoboboboo

j.obobobooooobooobooboobixloooboooooo
gbobogooooboobbobobon ,200000000D00O0
oon

4 booOooooOoobOobooobOoobobooboooboboboon
gboboooooobooooooobooooooog
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5. 000b0oooobobooooboobooooboobooobobooo
oboooooobooooboooobogooo

6. 000D ODOOO0DbOObOODbDOOOObOODbDObOObObOODbOoDO
oboobogoooobgoobooooboboobboboboobooon
oboooooo

310 00O

gboboobooboobooboobobooboobooboaoong
oobooobboooooooobooobooboobooboeboboobooOog

gbobooobooobbooobuooooboobbooooobon
gbooooobobobooooboboboboo-ubobooboobg
00O [03,85]0

NoFree LunchO 0 [BR] 000000000000 0O0O0O0O0O0O0ODOO
Ubob0ob0ob0ob0obob0ob0ob0bO0n NoFreeLunchO OO OO
gbobobobobooboboobo

001 ooooooooobooooooooboooooooooDo
goboobooooboooboobooboobooboooooDo
ooobobooobon

gbobboobooboobboboboooobooobooboooboooboaonog
uboboobooooboobboboobooobooboobobobooboooonog
gbbooboobooboooboouooboooobooboobooonog
gbbooboobuooboobooboobobobobooboobodondgd
gbobooobgobooobooboooo2b0b0b0oboboooboonog
gbobooobdb2o00b0oboobobooboboboooboonog
gbobooobdobo20boboboboboobobooooboobo
gboboobo20000b00b000b0obooboboboboboonog
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gboobooboboooobogobobooobooboboboobooboobooboobo
ogobobobobobobobobobobobgoooooono



O0000000000 (Heuristic Search)

Boo0bodoooobooobboobobooooooDbooDbbogobooboOoo
godddoooooooooooooooboboobobobbobbbbbod
gooboobobpoobboobooboo

41 O0O0oooooboooo

gboboobooobogoooooobooboboboboooEmooooog
gooooo oooboobo @Gouubooboobboobooooboog
obobobooobobogooooooooboobobobobooeEnoog
gbooboooboobooboboooboboboboobooboooonog
gboboobuoobooboboboobobobboobooboobboon
gbbobbobbouoboboooobooboobooboaoboaond
gbobobobobobobooobuobooooooobooboboboyd
gboooboobooboboooobogobobobooboboooobobobog
O0ooooooooonO (heuristicfunction) 1000000000000
ooooooobooooDobooooDbobobdO (heuristic search) OO O O

59



60 O0000 4 00000000000 (HEURISTIC SEARCH)

3 [0 0@
2 10— 0-0—©
I o 00
oo e @
o 1 2 3

041:00000000000000000DOO

42 00000000 OODO (Heuristic Function)

goboooooboobbooboboobooobobooboboooobo
gboboboboboboboboboboboobon Byo

OO0 6(0O00000OODODODO O heuristic function): OO OO OO OO
OO0 AO00CO0000O0O0O0O00CR:V =Rxg

gbobobooboboooobobooooboboobooobobooboo
gobooobooboooooboobooooboooboboobooooboooo
oooOoooooooboooboboooeARbbOObOO
ubobooobobooooooboboobooboobbobobonoooobo
oooooooboeAOCOO0OOO0OOOOOOODODODOCOOOOOOOOOOD
oooboboooooboo-0OO0O0O0ODOOOODOOODODOOOADOOO
00000000000 AODDOOORO0000 A(n)=h"(n)00O0OOODOO
0bobDooooobg (PerfectHeuristic) D00 O00DO0OODOOOODOOO
gbooooboooooboboboooooboboooooobooobo
gboobooooboobobooboooobooobobobobooobo
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oooboooooboooboooobbooobboooboooo emoooo
0000000000 0O000D00DO A(n)=0000000000000
gbooobooboobobobooboobooboobobooboobg
gobooooboooboooboobbooboooboobbobag
UO00o0oobOobooonbogD (lindsearch)y OO OBROOOODOOOOO
gbobooboooboooboobooobooboobooobobooobooo

oooOooooobOobD AOODODOOODOOOOOCOOOODOOD
E300000000pO0O0DOOOO0ODOOOOODOOOODOOOOO
gbooboooobD @ a*xooboooo A*xg0)gooboboboooog
o0oooooooooooooooooopooooooooooooooo
U00ooboboboobb0o0o0bo00ob00bddd (admissible heuristic)
gooo

007 00000000000 OO admissible heuristic): 00 OO O
000000 AOO0ODOOOOODODOOOOOOODOOOOODOOOn
0000000000 weVOOOO A(u) <h(uw)DODOOODO

O000A(uw) 0000 «0000000000TOOOODOOOOO
doo0booooooooo

O00o0oOOoooOoo0boooooo0oooooooOoooooood
00 (relaxedproblem) 0 OO0 OO0 O0D0OOOODOODOODOODOOOOOOO
0000000000000 D00000000o0o0o0oooooooooog
0000000000000 000000o0o0o0®

000000000000 00000DO000DOoOoOooodogd (con-
sistent heuristic) 0 0 O O

[ OO0 8(@MODODODOODODODODODOOOO consistent heuristic): OO0 OO ]

'D000000000000000DO00000n
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O000o00O AROO0O0O00O000O0O0O (u,v)DDDD
h(u) < h(v) + k(u, v) @.1)

0000000000000 00k(w,v) D w00 0v000O000OOO
OO (@obooubd k=0c0000)0

ooooooboeB3oibibo A*xboboboobooooogonoo
obobobobooooooooooooooooooooooogD A0
gooooooooooobooboobobooon

002 000000OneTOOOO A(n)=00000000000
gboboboobbooboobboooobooan

Proof 000000 weSOO0OODOOO0OOODODO

h(u) < h(n) + k(u,n) (4.2)

= k(u,n) 4.3)

— h*(u) (4.4)

000 h(s)<h*(r)000000000 O

000000o0oD0000000ob0oooobooODobOooOoobooogao
O00000000000000000 Goal(s)UOO h(s)y=00000000
000000000000 0000000o0ooooooooooooong
0000000000000 000o0dDO0bDO0doOooDoOoggn (monotone
heuristic) D0 00O OO

0090000000 0OOOOOmonotone heuristic): 00000000
000 A0O0D0D0000 e=(u,v) e EODOOO A(u) < h(v)+w(u,v)
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lDDDDDDDDDDDDDDD J

goboboooboboobboooooobobbooooooboboooon
(u,v) DOOOOODOOOOCOOOODODOOODODOOOOOOOOOOO
gbobooboobboobooobooooboon

o0 3 000obooooooooooon

ugb:. bobooboobooboobooboobobboobon
000000000ooO0o0oo0o0ooooO(w,y)DO0OO0OOOODO

k=ooO0OO
h(no) < h(n1) + w(ng,n1) 4.5)
< h(n2) + w(ng,n1) + w(ny, na) (4.6)
“.7
<h(ng) + Y (w(ng, nig)) (4.8)
i=0..k—1
4.9

u=mnp,v=n,00000000000000

00000000000000000000000000000000
000000 h(u) < h(v)+w(,v)000000000000000000
0000000000000000

obooobooboboooboobb0 Axgbbooboooboo
oon
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Dijkstra

42 A*@I00000DODOOO)ooDbOoOoOobbOD @wboooo)obo
gooooo

4.3 A*0 0O (A* Search)

goboboooboobooboobooboobobbob gbbobDO
goobooboobooobooboboboobooboboboboooboo
ooboooboboooobobooobooooooooooD\E2000b0bD0OO
oooobooo @ooboo)boooobooooboobooooooo
gbooobobobooboboobooboobooobooboboboboooboo
gboboobobooboooboobooboobooboboobooboo
gbgbobogbdooboboboboouboboobobooboobooboaoo
oo0ooDOoooOooO0bOooboOoDOoboOoOooOoDOA*dDO (A* search)
gbobooobooboboobb0oboo00b0oouoDo (heuristic function) O
gbobobobobobobobobobobooboboboboobo

AxJDO0bO0oboboboboboboboooooobobobon

Ooo0OD0O0O Bg0A*DD0O0000 fOOODDOOOOOOOOOOOO
gbobobobobobo
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fas(s) = g(s) + h(s) (4.10)

000 s0O fO000000 so00 sOOO0O0O0O00000¢gO000OO

gooobooboboobob0 o B3)ygobooobooobOo soQ

gboboboobobooboobouobo AObDUODbOUObDUObOOObODUObOUOOO

sgtdoooobooooooboboooooobAxgboboooogoo

ocoooooooo(@uoooomOoDOOoOoDbOoOoOfOoOobObOObOOOO
obooboboobb gad

004 OD00O0O0OO0OD0OOO0OOoOO0ODOObOOODOODOObOOODA*
ubooboooaoo

gb: bobobooobobdobooobobouoboboboogao
gobobobooooobobooboboooboobobooonoog
ooboooooooooooobbDo csogoouA*bbDOOD0DnOO
O f(s)<cf0000000O0O00ODO0OCOO0OOOODO0OODOOOOO
000000 (@O0000000UDU0o0OoOO)oOof(s) <c*
gbhoboboboboooobA*xjbO0b0obobobDoooon
gboogooboobooboobobooboobo

gobobooobbooobbuooobbooobobo Aa*xbgooooog

gobooboobooo
A*j0d0ooo0oobobooboobooobobuobooooooooo

gbobooobooobbooboooobooboooon
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oo s 0bobobooboboboboboAaxiboboooon

ao:

0000000000000 A(n)D nOO0OOOODOOODOOO
0000000 00ODOOoO0bODO ARODOODODOODODOOODOOOON f
00 ¢g000000000000g(n)00 f+000@0000O0O
OO0H)oA*ODOOODOOooOOoooOoOoOf«~bO00Db000o00ooon
00 f< f+00000000D0O000DO0O00O0DOOOODOOODOO
O00000000g(n) < f(n)0O0OOg(n) < 00000000
000000000 f+000000000000” 0000000
ooooooad

A*J 000000000 (eexpansion) OO O00O0000O00OOO0OO0
gopobooooooooooooooobooOooobooOoouobbOoooD
gbobodgoboooooboboooooboboboboobobboobo
gobopoboobooboogbbobbobboobbooboboobo
gobgoboobooboboboobooobooboobooboboboboobo
obooobooboobbooobogbbooobooooboooo Axgoog
gobooooonboo

Obe6 DOODODOODOOOOODOODOO A*xDODOOODOODOOO
gbooooo

OOobOoO0oDOOoO0oDOoOoooDOoOooO0ooA*IDOODO0O0OO0d ne S
gboooooobobbooboobobooooboobooboboboboono
oon

goooA*xD0booooooobogobobobboooooooono
gboboboboboboboboobobobobobobobOoDbo
gboboboboboboboboboboboboboboboobo
gbobobobobobobobobobobobob
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A*j0D000oooooobobooboooboobobobooooon
obooboboobo

00o@Oob0obOooobooDbOo): obobobobo ipbOobo
000000 R, 0000DO0ODOO0O0OODOODOODOODODOO se 8
EEERERN

h2(8)>h1(8) “4.11)

000000 O A ODOOODOOOO (moreinformed) 00O OO

gbooooboobooboboboobbooo A Doonboooon

007 (D0oODOOOO0O0O):A*ODDQOOO0OOD0OO0O0OD0OO fOO
O00000000000000 (f(s) <cHO

008 (J000000000): f0000000000000000
0000000 A*00000000 (f(s) < ¢)0

A*O00OD0 fO000O0OODOOOOCCOOOOOOOO0OOOOOOOO
oooooon

009 himnmOOOOOOOOODOKROOOO A*ODOOODO
oo0oooobOoOdooo mOOOD A*XODOODOCOOO0ODOO

00: h, 0OO A*0000000000000000 ¢* > g(s)+
hy(s)000D000D0000 g(s)+ha(s) > g(s)+hi(s)000000
O0c¢* >g(s)+hi(s)00000000000000 A, 0000 A*
0000000000
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oboobA*xJDoDO0oooooooooooooooobooooon

ubooboooooooobobooooboboboobonooobobo
ooodooOobooboO0oDooboOooD mOOb khOoooOooDooo
ooooooooD 000 mODOOOO0ODOCOOO0OO0ODOOOO0ODOOOO0O0D
gobodbbooobooboboooboobbooboobboooboo
goboodgbobooobooboooboooobbooboobog

00 10: 000000000 hy,...h, 0000000000 A(s)
max(hy(s), ..., hm(s)) 00000000000000000 Ay, ..., A
0000000000000 A(s) = max(hy(s), ... hm(s)) 0000
Ooooooo

ubobooobboooboooobobooboobboobooobboooboooooo
gobooboobbooboobobooboobboobooboboonboo
gooobooboobboobooboo

44 0J00O0OO0O0OODOODDOO

e20000000g0ogogogooooooobooooobooooooo
gboboboooooobobooboboooboboboboboobo
gobooboboooboobobooboobboobooboobooobo
gobobooobooboobobooobooboooobboboobo
00000000000000000000%00000000000nono
gobobooboobboboobooboboobooooooboboooboo
gobobobobooobooboboboobboboobooobooooooboo
goboooboboooooo

‘0000000000000 oO0nooonog
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441 J0O00OO0OOOOOODOODODOO

gbbooboooboobboboobooobooobooobobooooonogd
gbbooboobboobooobobooboobbooooboonoobg
gbbooboobbooboobooboboobbooobooboonoobg
ooooooooAObOOOOODOOOODOOODOOODOOOO
gboooobooboobobobooooobobobooboboobog
gbooooooboobobooooboooobooobooobooobobooboog
gbobobobobobbobobobobobobOobo

442 (J0OU0O0O0OOO0OOOOD.:00000DO0

gboboboboboboboboboboboboboboobooog
gbooobooboboooboboboodgbooboobobooboo ARbOO
gboobooboboboboboboboooooooobobobog
gbobooboobbooboooobooboobbooboobobobg
gbobooboooboooooobobon

443 00O00OO0OO0OOOOO:-OD00000000O0

UbOo0ooooobOobouobOooOoodn (Pattern database heuristic) U O [
gboboboooooboboooboooooobooboboboooonog
Bs|Uooboooooooooooobobooboboboooobooooog
gboboboboboboobobooboobooooboeEoooooooo
gbobooooooooooooobooooboobobonbo, 23,400
gbboobooboobooooobuoobooboobuoooaobooadanodgd
0s,6,7,8000000000000000D01,2,3, 40000000000
gboooboboooobobobobooobobboobooobobooboog
gboboboboboobooooooooooooboboboboDbo
oobboOo 1,2,3,40000000000000000000000O00
ooooooooooooD ,2,3,4000000000000 5,6,7,800



70 O0000 4 00000000000 (HEURISTIC SEARCH)

¥4 * 11213
) ERE:

I EpEE

Initial State Goal State

044 000000000000 OO0D@)DODOOOD@)DODOT,?2,
3 4000000000000000000000000O0OO0OOOO0O0

00000o0oo0oooooooooooooooooooooooooog
o0o0o0o0ooooDoooooooooooooooooooooooon
00000000000 ooooooooooooooooooooon
O000dob0ob0odoboobo0oooboOdgn (multiple pattern databse)
0000000000 00oo00ooo0oooooooooooooon
0000000000000 ooooo0oooooooooooooon
o000

1,2,3, 4000000000000 5,6,7, 800000000000
000000000 ooobooooooboooooooboooooo
JdooddoodooodpoooooodooboOoooooooOoboooo
0dooooooooooooosooboooo0ooooooooooonon
0000000 odoo00oooooooDoooobooooooooo
01,2,3,4(@00005,6,7,8) 00000000 DOO0O0OOODOOOOOO
odoooooooooooooooooooboooooooooooooon
do0oOdodobOooDbOOooDooboDoobDooboDooboooooooboooo
doddooooooobdooooooobobooooooooobooobooo
0000000000000 00O0DbO000OO0D0O0D000O0d (disjoint pattern
databse) 0 OO O [Q0]O

goboooboobooboobooooboooboobooboobg&nu
gboboboboboobooboooooooooo
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444 U0O00O0OO0OOOOOOOOODODOO

TSPOOOOODOO0OO0O0OO0OODO (minimum spanning tree) D0 00000
Uoo0ob @ eE3)ooooobbO (spanning tree) D 0D OO0 OO OOOO
oooooooboooooooooooobooooooboOooooboOooo
oooobobooooboboooobooooooobooobbooobobooobooooo
OoTSpUO0DOOO0OO0DOOOOOLOOOOODODODOOODOOOOOOOLODOOOO
oooooooboooooooooobooobboobooobooobogo
0O000000O000O0O000O00oOoOOoooOO0oDoOobOoOOooooo

45 00000000000O00O00OTSPO (HODODOO (@)

45 0J0O0Ooood

0o0d0o0000ooooooDodoo A*x0DO0DO00oooooooogoag
0o00do00ooodo0oooooooDoooooooooooooooog
00ooo0boooob0ooooooboooobobogon (suboptimal
solution D 0 00000 O0DO0OOOODOOODODODOOOOOOODOOOOd
(suboptimal search) 0 O O O

451 0000 A*O0O (Weighted A*)

D000 A*O0 (weighted A*) (WA D DOOOOO0OOOO0OODOOOOOO
O0000000D00O0C00000000 [320wA*0D0000 fO0 fy
gboboboboboobooooo
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fw(n) = g(n) + wh(n) 4.12)

o011 0boboooooooooboobuobobo A*xOoobob
00000000000 O00D0OD AOwOODOOOODO

wA* OO OO A*DO00O0O00000o00b0obobooboobdb0dw
gobooooobooooboooooboooobooooboodobbooon
00d0000000@O0OD0D0bK0000WO)00000000000

wA*J O ODOOD0OO0OO0o000o00obooboooooooboboobooon
goboobooooobooooooobooboboobboooboobobo
gboobooboobgooboobobooooboboboboboobooobo
gbobooboob

wA* DO OO0O00O000000o00o0oob0A*xDgbooboooon
oooDoooA*J0D0O000DO wA*OODOOOOOOO csrOD00OA*
0000000000000 fOO f(n)>cf00000000ODODOOO
gbooooboboboboobobooobobooooboobobooboobo
0ogd [eR]O

UBedldEeR0 000000000000 A*O wA*(w=500000
gboogobooboboooobogoboboooooboboobooboboboboonbo
gbooooboboobobooooboboboobooobooboboooDo
gbobooooooboboooobooboboboboobooobobo
gobobobobo@uooooobouoooooo)yoooo

wA* D O DOOO0ODO0o0oo0o00 Axooooooobod wAxdODOODOO
b A*00000000000000o00o00oooA*xDgobonbogno
obobowA*DODODOODOODOODOO00OO0O0O0DbO000OO
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ik M

(a) A* (b) wA* (c) GBFS

O46:00000000000000 A*OwWA*OGBFSOOO

452 000O0O00O0OO (Greedy Best-First Search)

wA*DOODODOOOOOgODOOOO AODOOOOODOOOODOOODOOO
do0o0dbOOo0obo0obOoo0bOooboOoobOoooboOobOoobOobooooo
do0oO0oOo0o0bOo0bOoooOo0oboooboooooOoboooooooo
0000000 o0obOo0bOo0o0ooobOoobOooboOooooooooo
OO (Greedy Best-First Search)y I D 0 0O OO0 OO [137]0

fovts(s) = h(s) (4.13)

obobooobuob gdbooboAbOODODOODODOOOO
OwA*H wOODOODOODOODODOD

obobobooooobooboboobooooobobobobooon
gooobooboobobooboooobooboboesddbboboooo
oboobwA*DDODOOOoOOoooooooooooooooonogog

45.3 0000 (Hill Climbing)

Axfj0D0OO00b0O0o0oo0oooboooooooboooboooooooooobooon
gboooboobobooogboooboobobooooboobobooooobo



74 O0000 4 00000000000 (HEURISTIC SEARCH)

ooobooooboooooobooouobuobOon (ocal search) 0 0O O
ggboobooobbooooboooobooobbuooobbo @uooobo
goH)ooooboooboooo

ooO0d Ggillelimbing) OO ODOOOOO0OO0ODOOOODOOODOO
goboboooboobooobooboobooboboboobobooobo
gooooooobOoOooooboOooooaAbDOO0ODbDOOOODOOOD
goooo

000000 4: 0000 (Hill Climbing)

Input :00000000000 (s,Goal, Expand,w), 0000
h
Output :sO0000000¢teTOO00O0ODOOOOOOOOOOO
0
1 while not Goal(s) do

: .
2 U 4= arg Ming ¢ grpand(s) M(s);

3 parentu <— s;
4 S+ u;
5 return Path(s)

gobooobboooboooboboooboboooboboooobooboo
gobooboobooboobooboobooboobobooboooboo
goopooboobooobooboobooboooo

454 000000 (Enforced Hill Climbing)

gboobo0ooobbooobboobobboobbOoOoooDoO (enforced
hill-climbing) (EHC)O OO [A2JDEHCOOO0OO0OO0O0O0O0OO0O0O00O0O0DOO0
goooaARbOOO0OO0OO0DOOODOOODODOOODOOOODOOOD
goooooooooooooooooooooob rOOOOODOOOD
gbooooboboboobobooooboobobooooobooooboono



45 0000000 75

o000 Fihoooo

000000 S:000000 (Enforced Hill Climbing)
Input :00000000000 (s,Goal, Expand,w), 0000
h
Output :s0000000¢teTOD00OO0DOOOODOOODOOO
0
1 while not Goal(s) do
2 | T+« {ve Expand(s)};
3 | T'+{veT|h(v) <h(s)};
4 | whileT’ = (do
5
6

T < {v € Expand(u)|u € T};
T + {veT|h(v) <h(s)};

7 U < arg mins’EE:cpand(s) h(8/>;

8 parent(u) < s;

9 S < U,

10 return Path(s)

gboboooboooboboooboooboboobboonoooon
gbooooo@oboobooo)ooo A*xJoooboobooboooog
gbbooboooboobooboobooobooobooboooboobooonogd
gbbobobobobobbooobooboobooboobaoboong
gboobooboobobbooboobooboobobooboonog
good

ugbbuooobooobbuoobbuooboboobbuoooobood
gbbooboobobboboobuooboobobooboobodondgd
ooooooboooooboobD @e&xX@2O0)b0oob AODODOODOO
gbooboooooboobobooooobobobooooboboobog
gboooooobobobooboboooooboboooboboboobog
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gbobobgooon

46 LUUO00OQOOOoon

goboobooobooboooobobooobooobooobooobooobooooboao
ubobooobooboboboooboobooooboooobooonooooo
goboboooboooboobooboooboooboobobooboboooboo
gbobobboobobooboobobooboobooboobobooboo
gobogbooobooon
gboobobooobooboboooobobobOobo wA*DODO
O0weight OO 0OO000000000D00O0D000 wA*OODOOOD wO
gboboooobobobobbw=1000000000000000
w=20000000000000000000 10000000000
gboooobobobobooboooooboboooobobooboobo
gobobooboobooboboboobboboobooboooooboo
b (@eEesybuobobobooooodwAxD Db ODbObODbDODO
gobgobooboobooboobobooboobobobobooobo
goboobooooboobooooobooboon
wA* DO OUOOO0oO0oooooooooooooob A*0oogoooo
goboobooboboboobobooobooboobooboobooooboon
gobooobobooboboboboboobboboobobooboboobooboo
goboboboboooobooboboboboboobobo@wWooboobon)
g@obobobobobob)oboboo
ubobobobobobobobuooooooooboboobano
gboboobooboboboobbooboobooboobooboooboo
gbobobobobobobooboooooooooooobooboobogno
gb@ubooboboooooobooboboob)oboboobooobo
gboboboboboboboo
gbobooobobobooboboobobooboboboobo
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gboooooboboobobobooooobooboboobobooboog
gbooooooobosgboboboogobooboobooboobobobog
gbooobooboobobobooboobooboobobooboobg
gboogoboooboboboboboobooboobobooboobooong
gbooobooooobbAa*xgboobooobobooboobooooboog
gbooboooboooboooboooooboobooobooobooooonog
goooooooooomA*x D oooogboobooobooooooooo
gbobooboodgood

ugbbooobooobboooboooboboobboooboon
gbbooboobuooboobooboobobobobbooboobodond
uboobobouobobobobooboobobuoooboobobdg
gboboboboboboooooooboobooooobooooooooog
goooo

gobobooboboobobooooboooboobooogo A*xgDO
Uooobooobuoobuoobgoeest A*oDoooooooonoog
gbooboobobbobobooboobobobbobooboobooobg
goboobooooboooo

4.7 Python U [J

AxJ000000Db00bo0oooboobooboobooboobooboooDo
ooooono f=¢9g+hA0000000000D0O

from graph_search import GraphSearch

def AstarSearch (problem) :
f = lambda node: problem.heuristic (node.state) + node.g
return GraphSearch (problem, f)

oboob0A*xDOgO0obOobobobobooboonDg

from graph_search import GraphSearch
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def WAstarSearch (problem, w=1.0):
f = lambda node: problem.heuristic(node.state) * w + node.g
return GraphSearch (problem, f)

from graph_search import GraphSearch

def GreedyBestFirstSearch (problem) :
h = lambda node: problem.heuristic(node.state)
return GraphSearch (problem, h)

gooooobbboooobobooboooobooboob0oooono
gboboboboboboboboboboboboboboobobo
gbooog

def heuristic(self, state):
# Manhattan distance heuristic
return abs (state.x - self.goal_position[0]) + abs(state.y
- self.goal_position[1l]
)

00000 GridrathfindingOUOOOO0OOODOODODOODOODOOO
goboobboooboobobooboobboobobboooboooboo
goood

def heuristic(self, state):
return self.manhattan_distance (state)

def manhattan_distance (self, state):
dist = 0
for tile_id in range(l, len(state.tile)):
position = state.tile.index(tile_id)

pos_x = position % self.width
pos_y = position // self.width
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goal_x = tile_id % self.width
goal_y = tile_id // self.width

dist += abs(goal_x - pos_x) + abs(goal_y - pos_y)
return dist

gbobooboboboooboboboboobobobobobooon
gboobooobooobooooooobobobobooboobooonog
gbobooboobobboobooboboobooonoboobooonoonog
uboobooboobouooboobouoobouoobooboooboonog
ggbobooobboooboboobobuoooboobboboooobobdang
gbooooo

48 OO0

gbogoboooboobooboobobboboobooboobooong
gobooboobboobooobooboobooboobboobg
gbobobooboboobobooboooboobooobooboboooobg
gbooobooboobooobooobooon
oobooboooboooobooboob A*DooooboA*xDoDO
gboobooobooobobboobooobooboooboboobooonogd
gboobooobooobooboooobbobobooboobooonogd
uboboobooobooon
goobooobbbooboooboobooobo200b0000000D0O0
goboobbtoooobbbouoodaboobooooboboooboboon
gboooobobooo AaxDo00oooboboobooobooboboooo
gboboboboboobobob AaxDO00O0o0Oo0oooooooooog
A*jD00b0booooooooobooboboboobooobooboDbo
gbobo0wAsDDODOODODOODOOOODOOD



80

4.9

O0000 4 00000000000 (HEURISTIC SEARCH)

goon

.ooboboboboooboobobobobobobobobOoobo
oboobA*iDbO0bOoboooogooooboboboboooon
gboobooood

.goboboooboobooboboobooboobooboboouobog 8y
ooooboooboboooboooobboobbooobobooooo
gbbooobooobobooobooobooboooobobooooo
oboobob @ooo)boboboboboboooooooo

.0000000000000000000000000000000
00000000000000000000000000000000
0O0oD@OOoO0oon)

gbhoooboooooobooboob A*xD0bDoboboonooon
goobooobobooobbbboobobooooboboooobooo
gboboobooboooboboooooon

000000000 AOO0O0D0O0O0OODO0O00OO0OR (s)=nh(s)+c
gbobobobbebobOoooooobOobObD(Ecobonon)

000000000 ADD000000000000000R/ (s)= h(s)+c
000000000c000000000000000000000)

.0b0gbobobobooboooooooobD AxoO00oooooo
oo000000opoooO0o0 FO0wODOOO0OOCOOODOOOO@
gb0:000b0o0booogboboogbuoboboAsbooooooo
oboobobobooo)

.oobobobooboobobooboobooboboboobobo
gbooboooo
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410 0O0OO

O0O0DO0 (bestfirstsearch)y 00000000000 OO0ODOO0OO0OO
00o0oOo00oooOoO A*O000D0ODOO000obOOooooobooooooag
00000 o00obOoOOobObOOo0ooOobOoobOOoobooobooobooooa
0d0o00d0O0O0bOo0bOobooOoboOo0bOoobOoobOobooOobooooa
00bOO0o0oOo0o0obooOOoobOo0boooobOooooOon

000000000000 0oOOoOoObODbbDbDbODDO Anytime Repar-
ing A* [08] 0 O 0 O O Anytime Reparing A*0 0 000000000 A*OO
O00wOO0OO0O0D0OO0000D0O0000000O0D0DO00bOOooOoooog
0do0ooddooddooOO0dooDo0o0o0oooodoDoooooog (@ma
0Jo0ooodO0)yoooooooooOoooOoOoopooOooooooooog
0000000 anytme 0000000000 Anytme 000000000
000D0O0000O0oooooooooo o

0d00O0d00Oo0o00oDbOO0o0oooooobOOoooooooooOoan
do0odoOo0o0oOoboOoO0bOooooboDoOobOoboDoooooboooooooa
d0o0oOo0obo0obOoo0boooOoDOooboOOooboooboooooog
O (simulated annealing) 0 000 0U00O0O0O0O0O0OOOO0O0O0O0O0OOOOU
do0o00o00o0bOO0o0bOO0ooboobOooboOobooobOoobOoooooa
0o0o000O00obOo0bOoooOobooobOoobOoobOobooOobooooa
Oe2B3800d0fdfdbo0o0doooboooonooooboooooog
(8100

000000000 (geneticalgorithm) 0 OO0 O0OO0OODOOOODOO0O
0000000000000 (oodoobdoooooooobooog
0000000 O0odoOdooOdoboooOopDooooooooog
000000000000 0D000000 N-Queen0O00O0O0O0DO0ODOOO
0o000O0d0o0oooopoodoooDooooOobOobOobooooooooooag
do0o0do0d0bOo0obOooDoooo0bOoobooboooooooog
do0bOodoOoooobooooooooboooooa






guooobuooooobood

gobobooobobobobobobobooooooooooooon
gbooobooobooboboobgooboobobooboobooong
gboboobooobobooboooobooboobooboobooonoog
gboboobooobboobooobooooooon
gboobooobooobogooboobooboobobo@ooooon
oho@uooooooooooboooob)obobooooooooo
gbbooboobboobooboboobooobooboo

1.
2.
3.
4,

5.

ubobooboooboboobooboobon
oboobooboooooon
ubooboobobooobpbooboognoo
goooobogn

goobooboobbooboobbooboobbon

gbooboobboobooboobooboooboboboboobDoon
gbooboooogbobobooooooboboooboboboooog

83



84 ooobo s boboboboboboobo

gooboooobboooobooooobbooobboooboooooobbOooo
000000000o0o00oooO00oooOO00oooOO0oooOoooooOooon
00000000000 O(leg(n)) 000 (mOUOO0O0HODODOOOODOO
oo0oood0ooOoO0d0ooooOo0obbO0ooboooooooobboOooo
ooooooooooooOoCoOoOo0oU0Ooooooobobooboobobbooooag
oooooO0ooOoOobooOoO0oooOoboOoobooobboOoooooo

gooOOoOoO0oODOOOO0O000oOoDOOoOoO0UOobODbDoObOOoOoOoooo
goooooooOoOoooooO00obOo00obbO0ooboOooobboOooo
O0OO0bOoO0O0 (enqueue, push) 0 00O OO (dequeue, pop) DO O OO OO
o0000O0O0O0O00OOO0ODO0oDOoO0Ob0g gesery0O0ODOOOODO
0 (find, lookup) D O O O

ooooOooo0oDbDoOoDbDOoOooOoOoOo0oOooOooboOobobooobooOoo
ooooboooooobooooooobobooooobobooooooboooa
ooboooooooobooobobooooboooo

ooooOooo0oDbDoOoDbDOoOooOoOoOo0oOooOooboOobobooobooOoo
oobooooooooOooooOoOooOOoOOobDOoOoUoOoDbbOoOobboOooo
ooooooobooooboooboooooboOobooboOoboobooDboo
goooooooOoobooOoooboooooobooobooobooOooDbooo
goooooooboooooboooboooooooooobooboOooDbboOooo
goooooobboooooooooboooooboOooDbOoOooobboOoooD
gooooooobooooboooboooooooooooboboooobboOooo
gobooooobooooboog rojgoon

51 0000000 (Open List)

goooooboooooobooooooboboOoooooboofoOoOoD
Oeeeg DO OoooooobooboooooooofobooooooD
oooooofoOoOOOOO0OO0O0O0OODOOOOOOOOOODDOOD
ocoooooooooDoOoOOO fOOOOODODOODOOOOOOODODOD
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OO0O0O000DO0O0 (debreaking) D0 OOOOOODO [R]O

511 00000000

0o0o00o0o00oOo0bOO0oooOoobOooboooobOoobOoooboooag
0000000bOo0obO0o0bOooboOobooboobOoooobooOoooooag
0000000bOO0o0obO0o0bOoobo0obDOoobOooooboooooooag
00o00o0o0oooobDooboooooDooboooobooooooog
doo0doo00oOooododoodobooobopoooooooooog
0000000000 (Fibonacciheap) (27|00 00000O00O0O0O0O0OO0
doo0doo00oO00DodobOdooooDoobOooDoOoooooooog
OO000000D00D0D (adixheap) OO0 [PIODOOOOOOOOODOO
0000000000000 00DO0DO0OooOobOOoDoOonooOooDoaooA=d
0do0oOo0ddbOoooooooooooooboooobooooooooooa
OO0000O000D0DOO0O Introduction to Algorithms 0 O 0O O 0O OO [2E]O
000bOO0bOoO0bOO0ooO0oOOobOOooDoooooooooooooooa
000 B nMoodoooooddoon pooooooobooooooon
Chin <1< Che. 000000000DOO0DDODOOODO Chge—Cmin+10
0oOd00o0DoooooobOooob:00b00b00+—-Ch,,yDODOOOOO
0000000000000 0000O0000000000 O(Chaz —Cmin)
0000000000 bOOooOo0ooOoooOoooOoooooooooooag
000OO0o0bO0o0obOooooobooooooooooooobOoooboOoon
0doo00ooooooooOboooooooooooooo eojo

5.1.2 0000O0O0ODOO (Tiebreaking)

3U0badoo0obooboo0oboboobooboboobobOobooooon
oobooobooooobooboboooooboboobooDbo A*xgooo f
ooooooooooooooooOo@uoooooeEoooofOoOO
goooooooooOooOooOoooboOoDOOoOoObUOULg foo



86 ooobo s boboboboboboobo

fratad e T T8 To T
ORO00O
(s)

051:00000000000000000 (Chin =6, Cpae = 11)

000000000000000000000000000 f000000
0000000000000000000000000000 (tie-breaking)
oooQ

A*00000000000000000000 AD00OO0OO0O000O
0000000000argmingeope, f(«)000000000000000
000«000000

u =argmin h(v)
vEB

s.t. B={vlv € Open, f(v) = min f(v')}
' €0pen

hO000000DO0O0DOO0O0O0DOODOOO0DOOOARODOOODOODOOOO
goooodooooooooooooooooonoboooooooon
goboooooboogoobooooooooboooon

00000 Last-in-first-out (LIFO) OO O OO0 O0O0OOO OO OO OLIFO
00o0ooooooooooooooooooobobobobobODb0O0OLIFOOO
0o0o0oooooooooooooooooooooooooooooon
00000 LrFo0 000000000000 ooonoooo
ooooooooooooo0ooooboooooooooboooooo
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gbobobobobobobobobobobobobobob LIFOO
goo

gbobooboboooooboboboboobobobooboboooon
uboboooboobobooooboobbobooboboooboooobooanog
uoboboooboooobbbooobbooobboooobooooboog
gbobooboobooboobobobooboobobooboobodonodgd
goboodgboooood o

52 00000000 (Closed List)

0D000000000000000000000000000000000
0D000000000000000000000000000000000
0D000000000000000000000000000000000
0D000000000000000000000000000000000
0D000000000000000000000000000000000
0000 (inser)d 00 (lookup)D OO0 (delete) D0 DD ODO0O0O000O000
000000000000 0000000
000000000000000000000 (hashtabley 00O 000
0D000000000000000000000000000000000
0D000000000000000000000000

521 0O0O0O0OO0OOOO (Hash Table)

00U={0,1,.,.N—-1}00000000000 (dictionary) 0 00000
DO00O00O0RCUODOODODOOOD/IODO0DODODODODOOO
0000000 seSO000000000000 k(s)000 (k:S — U)O
00000000000000000000T7T(0,...,m—10000000
000 h:U —{0,..,m—1y0000000 (hash function) 0000000
000000000000000000000000 8 —{0,..,m—1}0



88 ooobo s boboboboboboobo

rOOO0DOO0O

ooboobo  N>mmODOODODOOODOOO0O0OO0OO0DOO0OO00O000DbDOO
gbobobboobobbobooboobooboobooboooboobo
0000000 (hasheollision) DO 000000 0ODOOOOOOOOODOO
gbobgoloooooooob2.0boboboooos3.ooobobo
gboboboboboobooboooooooooo

uboboobobobobbooooooboboboboboboboo
gbobobooobooboobooboobooboobobooooaaon
gbobogoboobbooboobuoobooboboobooboobo
gbooooobogoboboooobooogobobooobooboooboono
gbooooo

Ub0oobooob0oobooboobogbOdO (chainingg DO OO0 (open
addressing) U 0 000000000000 OOOO0O0OODOOOO0ODOOD
gbobogbobobbobbobbobbobboboboobbobooboobo
UbnbO00b0O0obobobogbobobobuodngbobobooobbo
00000000000 On)DOODOOO0ODOO0DO0ODODOOODODODOODOO
gboooobobobooboobooooobobooooboooboono
gbobobobobobobobooboob

5.2.2 O00O00O0O (Hash Function)

gbooboobobooobogobobooooobooboboobooboono
gobopooboobboboobooboobobobooboooboboooboo
gobooboogooo

gbobogobooobobobobobooboobobobooobobo
gboooooboooobgobobooboboooooboboooono
gobobooboobobobooooooobobobooooboooboono
gbobobobobobobobobobobobob
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5.2.2.1 000 (Remainder Method)

kE(s)D000000000O0O0O00O0OO00mOODOODOO0OODOOO
goobooobood

h(s) := k(s) mod m 5.1

OoooooooosSoorooooood (h: S — {0,...,m—1hH0
TOooDOooOOooOooDooo0o0mO00O0O0O0O0ODbO0ODODOD mbO 200
O000000000A(s)J0000000 k(s)DODODOOODODODODODOO
gooooooboo om0 oooobobooooboboo
gobodbbomibobOoobooon

5222 0000000 (Multiplicative Hashing)

0000000000 k(s) D000 opUO0OOO0OOO0ODODDOOODODOOO
oon

h(s) = [m(k(s)¢ — [k(s)¢])] (5.2)

ngEIDI:II]DDEIDD(\/E—l)/2DDDDDDDDDDDDDDDDD

5223 OO0OOODODO

do0bOo00ooOo0dbDooobO0odbDo0oobOo0obooooDooooDooooo
do0bO0dd0oOo0oooobOO0o0o0boooobOo0oobOoooobooOoan
00000 o0OobOo0bOo0o0obOo0o0boOobDbOooOoobOoobOoooooa
00o0O000O0oD0OOOobObOOO0OooOO0oDbOOobOOo0obDOoOobOoOoboOoooa
00000 00o0o0oOooooooobooooooboobooooog
00000000 (incremental hashing) 00000000000 OOODOO
oo0oDodoooooooooooo
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coboooboooogoooboobooboboobooooooooooDo
00 (perfecthashfunction) 000000 n=m 0000000000000
O0oo0o0o0oooOo0oOUoOoOooOoooUo(l)DooUboUoooOoo
ooooooooOOooboDOo0oOoobooObODODOOOCOOOO0OOOoOOogoo
0000000000000 s= (vo,v1,...,08) 0000 h(s) =, gvi*9°
0000000000000 00000000000000000 9000
gooboooooobooOooooOoOoooboO0oboboOoobboOoobboOooo
O (lexicographicalorder) H D 0 OO OOOOOOOOOOOOODOOO [91]0
ooooooooooobooooooOoOooDooOoobbboOoobboooo
goboooooooboobobooooo

523 0000O00O0O0O0O0O0O0O0O (Transposition Table)

00000000 oOOooDoooDoooOo0ooooDoooooooooooo
00o00o00o0obOoobOoobooooboobooboooboooooo
Jdod0odooOoooOdoodDooOoDoOoDoOooDoOooOooDoOooo
do0o0od0bO0doodoooobOdoDo0DooDooooDooooogoo
00000000 odDOo0ooo0oOooboDoobOooooooOooo
do0ood0ooooooDodDOo0ooobOooboobOooooooooo
do0o0bOdDoooDodbDo0ooo0bOO0obDOoobOoooOoooooo
odopooooooo

0000000000000 (transpositiontabley 10 000000000
Jdoo00d0o0odDodDo0o0oodooonDoobOooooooooo
Jdoo0d0o00doDodoDo0o0odoDoOoDoobOoooboOooDoOooDoOooo
000000 odoDo0o0oDdoDoOoDoobOoooOooDoOooDoOooo
do0oOdo0oOOoobO0obO0ooodoooooooDoooooooooo
do0od0oooboodboOo0o0oooooooDooooooooDooooOooo
do0oOd0o00oOOoobOOoobO0oDooooDoOooDoooooooooooo
ddoooooooooobooboboodooooooooooo (s, 3]0

00000o0ooooooooooooboooooooooooooo
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0o0o0doooooodoobOooodooboooooooooooog
O O Stochastic node caching [T09] 0 00000000000 OOOO 1—p0O
O000000o0oooo0oooU00o0R000000000O01-(1-—p)"
00000000 0000o0oo0oodoooDOoooonoooooooog
00o0d0o0ododooooOooooo20000000oooooogo?
00o0do00od0oodoooo0oodooooooooooooooog
00000 Jd00000@O)yODOoooOoobooooooooboooooa
0000000000000 oD0oDooDooDOooDOooOoo
0000000000000 D A*0D0D0000000O IDA* (0 B3) O
D0000 [MOROIDA*0 0000000000000 O0Oooooooog
0000000000000 00DUOoU0ooOooooog IDA*0DO0O0
0000D0000o00ooooooooooooo IR, B, 830
00000000000 00000200000000000000000
0J00d00000o00o0Do0odooDOoooooooooooog
00000000000 transposition 0000000 OOODOO

524 000000 (Delayed Duplicate Detection)

EO00000dooooooobodnoooooooboooooooon
do000o00bOo0o0bOO0o0bOO00bO0obOoobOoooobooOobooooa
UOD0000QO (immediate duplicate detection) U 00 OO0 O0OO0OOOOO
O00000oooboboO0o0ouoobobbo0o0o0gubDOOO (delayed duplicate
detection) 0 0000000 ROOIOCDODOOOODODOOOOOODODOOOO
0000000000 ooboo0ooooooobooooooooooog
do0odoO000dDodoDo0oo0oooooonoooongoooog
O0d0ooooOoooo0ooobooooooeO0OO0OOoOOOOoOO0OOn
0do0o0O0doOodDoOodooooooooooon
00000000000 bOO000bOO0ooobObOo0oobOooooDoOoan
0000000b0o0o0o0boooDooooobOoooooboooooooag
0000000 o0Ooo0OoobOoobooDbOooboOooDoooooooooag
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googoboboobobobooooobobobooooboboobbo
goboboobooboobooboobobooboobooboobooo
gobooboooobooboobbooboobobon

goobobeDUODbODbODODbODODOD

Iput 00000000000 (§,u0,G,w), 0000000
oo f
Output :¢0 000000000000 O0OOOCOOOOON
1 Closed < (), Open + {up}, d(up) < 0, g(up) < 0;
2 while Open # () do
3 U 4= arg Min,, copen f (1) 5
4 Open < Open \ {u};
5 if G(u) then
6 ‘ return Path(u);
7 s < parent(u);
8 | ifu¢ Closedor g(s)+w(s,u) < g(u) then
9

d(u) + d(s) + 1;
10 d(u) < g(s) + w(s,u);
1 parent(u) < s;
12 for each v € £(u) do
13 Open < Open U {v};
14 parent(v) + u;
15 if u ¢ Closed then
16 ‘ Closed + Closed U {u};

17 return (;
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5.3 PythonU [

gbobooboobooboobooboooboouoooooooboonoo
gbooooboooooboobobuoobooobPythonO OO0 O
sort 000000 ooobouoabboobouooboobon

from graph_search import GraphSearch

def TiebreakingAstarSearch (problem) :
f = lambda node: (problem.heuristic (node.state) + node.g,
problem.heuristic (node.state

))

return GraphSearch (problem, f)

gboobobooooboooboobobooooobobobobonon
gbooobooobooboobooobobboboobooobooooboooo
00000 GraphsearchOO4O0O00ooooooooboooooonoo
goboooboooobooooo

from search_node import SearchNode

from util import SearchLogger

def OptimizedGraphSearch (problem, priority_f, open_list,
closed_list) :

init_state = problem.get_init_state()
init_node = SearchNode (init_state)
init_node.set_g(0)

init_node.set_d(0)

logger = SearchLogger ()
logger.start ()

open_list.push(init_node, priority_f (init_node))
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closed_list.push(init_node)

while (len(open_list) > 0):
node = open_list.pop()
logger.expanded += 1

if problem.is_goal (node.state) :
logger.end()
logger.print ()
return node.get_path ()
else:
actions = problem.get_available_actions (node.state)

for a in actions:
next_state = problem.get_next_state(node.state, a

)

next_node = SearchNode (next_state)

next_node.set_g(node.g + problem.get_action_cost (
node.state, a))

next_node.set_d(node.d + 1)

if not closed_list.is_explored(next_node) :
next_node.set_prev_n (node)
open_list.push (next_node, priority_f(

next_node))

closed_list.push (next_node)
logger.generated += 1

else:
logger.pruned += 1

logger.end()
logger.print ()

return None

gboboboooobooboboooboooboobobooboboobobo
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gboobobobobobob

class BucketOpenList:
def _ init_ (self, C_min, C_max, beam_width=None) :
self.C_min = C_min
self.C_max = C_max
self.bucket = [[] for _ in range(C_max - C_min + 1)]
self.size = 0
self.beam_width = beam_width

def _ len_ (self):
return self.size

def pop(self):
assert self.size > 0
for i in range(len(self.bucket)):
if len(self.bucket[i]) > O:
self.size =1
return self.bucket[i] .pop ()
assert False

def push(self, item, priority):
self.bucket [priority - self.C_min].append(item)
self.size += 1

if self.beam_width is not None:
self.shrink ()

def shrink(self, beam_width=None) :

# For limited memory search like beam search
if beam width is None:

beam_width = self.beam_width
if beam width is not None:

cur_C = self.C_max - self.C_min

while self.size > beam_width:

if len(self.bucket[cur_C]) > O:
self.bucket [cur_C] .pop ()
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self.size —= 1
else:

class HashClosedList:
def _ init_ (self, max_size=10000) :
self.table = [[]] * max_size
self.table_size = max_size
self.size = 0

def _ len_ (self):
return self.size

def push(self, item):
hash_value = hash(item.state) % self.table_size

states = [n.state for n in self.tablelhash_value]]
if item.state in states:
idx = states.index (item.state)

if item.g < self.tablelhash_value] [idx].qg:
self.table[hash_value] [idx].set_g(item.q)
self.table[hash_value] [idx] .set_d(item.d)
self.tablehash_value] [idx] .set_prev_n(item.

prev_n)
else:
self.table[hash_value] .append(item)
self.size += 1

def is_explored(self, item):
hash_value = hash(item.state) % self.table_size

for n in self.tablelhash_value]:
if (n.state == item.state) and (n.g <= item.qg):
return True

return False
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def find(self, item):

UbooobOoboobonDool veam widthOOOOOooOooooonO
ubobooboooboboobooobobooobooobboobooonobo

54 00O

goboobobooboo@ooooboooo)b@obooobooobbo
gbooooo)bobobolobobobooboboboooboooboobog
gbooboooboobboboboobooobobboboobooboooonogd
gboboobooobobooboobboobooobobooboon
gboboboobobobobobobouoboooobooobobog
gooooobob pupoobooogboboboboobooooboboo
gobooboobbooboobooooboon

5.5 Ooog

1.3x33000000000000O000DO0OO0DOOODOOOODOOODbOOn
OO00D000OO0DO0f0O000O0DO0O0ODOODOOO0OOOO ARODOOO
obobobobobooboobobooboboboboooob AbOD
gooooooboooobbooobooobboooboooboobog
ogboobooobooboobboobooo

2. 00000000000000000000000O000O0O00O0O00O0O0

3.3x30000000000000000DL0O0ODOODOODOOO0
gbobooobooooboooobgooboobooboboobooobo
ubooooooooooooooooboooDog
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56 0O40gd

gobooobooooooboooobobooobooboboboobooboban
goboboobooboooboooboobooboboobobooboboooboo
O00b00000O0Burnsetal. 2012) (OO0 0 00O0OO0OO0O0OOOO0O0O
gbobobbooboobooobuoobuooboobobobobobooboo
gbogbuobouooboobooboobbobboobooboboobo
Uobo0oboobooO0oibbOO Asai&Fukunaga (2016) (R1OO0 000000



goooobbooooooobooobbon

A0 000000000000 0000000D0000000000000
0000000000 A*0O 0000000000000 00000O0000g
0000000000 00ooooooooooooooooooooA*dOd
0000000000000 00000000D000000000D000g
O00000oDo0oooooooooooooon
0000000000 0000000000000000000D0000
O0A*DD000000000000000000000000000 [e1]0
O00000000oooooooo00oooooooooooooonon
00000000000 0000000000000000000 A*QJ 0O
00000000000 O00o0o0oooooooo0ooooooooog
0000000000000000000000000000000O000
00000000 A*XDD0O00000000000000000000
000000 (beam-search)y 000 0000000000000 O0O0O0O
00000OooooooooooooooooDo0o0o0Ooooooooog
000000000 0000000000000000000000O000
(branch-and-bound) 0000 0000000000000 DOOOOOOOOO
0000000000000 D00D00000D00O00D0O0O A* (iterative deepening

99
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A ODD000000DOO0O0O0O0DODOODOO0O0OO00DODOoOOoOoooooDoOg
00000 (bidirectional search) O 0 0D 0D 0O 0O0OOOOOOOOODOOO
Jdo0o0odooOo0odooDo0ooOo0ooDooooDoooooooooao
0000000 odoo0oooooobooobOooDooooooooo
OO0O0O0dg (symbolic search) 0 0 00O O OO (Binary Decision Diagram)
do0oO0o0o0o0oOo0oooboooooooooobooooooooo
do0oO0o0oOobOoobOOoobOOoDoDoOoboobOOobDoOooooooOooooo
000 (parallelsearch) 00000000000 OO0OOOOOOOOODOOO
oooooooooooa

61 OO0OO0OO0O (Beam Search)

00000 (beam-search) 0O O0OO0OO000OOO0O0O0DOODOOODOO
gbooooboboboobooboboooobobobobobooboobo
goboooobooboobooboobooboobobooobooo
goboobooboobooboobooboobboboobooobo
gbobgOO00bDO0O00O0ODbO0ObOO0bOo0bOo0DbOOobDbOobDbOOoDbDO
goboboobooboboboooboboboobboboooobboboobo
gobopooboobobooboobobooobboboobooobobooboo
goboooobboooobobooobobooobboooooboooood
gobobooboobooboooboboooboooboobobooboboooboo
00000000000000O00O0 OkdpoOODODODODOOOOODODO
gbbobooboobooboboboboobooboobooobobo
gbobobboobooboobuoobuoobuoouoobobboboobo
gbooogoobooboboogoboboboboboooobobobobobo
gboooooboobobooobobooooboboboobobobobono
gbobobobobobobg mo
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OoDbO0OdnO7:-000000 (Beam Search)

Input :00000000000 (s,Goal, Expand,w)0 0000
oo00o00 fOODOODO k

Output :sO0000000000C000O0O0OOOOCOO0ON

1 Open < {s}, Closed < {s}, d(s) < 0, g(s) < 0;

2 while Open # () do

3 U < arg min, copen f (1) 5

4 Open < Open \ {u};

5 while |Open| > k do

6

7

8

9

‘ U 4= Arg MaX,copen f (u') Open  Open \ {u};
if Goal(u) then

‘ return Path(u);

for ecach v € Expand(u) do
10 if v ¢ Closed or g(u) + w(u,v) < g(v) then
1 Open < Open U {v};
12 d(v) < d(u) + 1;
" 9(v) « g(u) +w(w, v);
14 parent(v) < u;
15 if v ¢ Closed then
16 ‘ Closed < Closed U {v};

17 return ();
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6.2 U0OUO0OO (Branch-and-Bound)

00000 (branch-and-bound) 0 000000 OOOOOO0OO0OOOOOO
Jdddddd0d0dooooooooooooObODbOoObObOoOooooo
do0o0d0o0odoOodDOdDooooDooDo0ooDOoobOooDooooOooo
do0o0d0o0boOodboOOoDoooooobOoobOooobOooDooooOooo
(branch) DO OO O0O0O0O0OO00000O0OOOOOOOOOOOOODOOOO
dooog Gpound) 00 O0O0O0OCOOODOODOOOOOOODOODOOOOOO
OO00000 (Depth-First Branch-and-Bound) D 0O OO O OOOOOOOO
do0odo0oooO0bOooOOoboDOooodbOooOooDoooo@booono yg

000000 8 0000O0DODOOO (Branch-and-Bound)
Input 00000000000 (&,uw,G,v) 000000000
ooo ha
Output :¢0 0000000000000 OOOOOOOON
1 U <+ oc;
2 P« 0
3 (U,P)+ DFB&B((E,u9,G,w),0,U, P);
4 return P;

000dO0doOdbOO0bOOooOOooOOooo0oOobOOobOOooOoboOoooOooao
do0oOo0ooooOo0booobOoobOoobOoobOobooboOoooOooo
0000000000 (incumbentsolution) 10000000 OOOOOOO
do0doDooooboA*J0DOD0O00DOO0ODOODOOO0ObOOoODOODOOOOooOO
000 (anytime algorithm) U0 OO0 0OOO0OOO0OOOOOOOOOOOO
000000000 DOO0DbO0D0O0O0bOobDO0o0bOOobOOoooOoDoOoooonAx
00000000 oOOoooooDoooOoooOoobOoobooooboOooooon
00000000000 o00ooOoobOoobOoobOooDoobOoooooo
00o0o0oooooooooooobooboobooooooooooooooo
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000000 9: DFB&B((E,u,G,w),¢,U,P): DO000O0O0O0OO
g
1 if G(u) then
if g < U then
U<+ g;
P « Path(u);

A W N

else
Succ(u) < E(u), sorted according to h;
for v € Succ(u) do
if g+ h(v) < U then
9 | (U, P) « DFB&B((E,v,G,w), g +w(u,v),U, P);
10 return (U, P)

e N & W

gbooobooobooboooooboooboboobooboobooonog
gbboobooobooboooooboooboobooobooboooonog
O0A*0000D0Q0O000DCO0O0D000 A*(Anytime A*) OO OOOO
goooog es,sd,muodbdobd wA* DO OD wO0OOOoOOOd
gboooboooil1oooboooooboobooooboooA*xDobDog
AxJ0D0000O0b00o0booboooboobooboobooboooDo
gbobgbooooooobobobobobooooboboboboo
gboogoboobooooboboooooobooboboobooooobooog
gboboboboboobooobooooo
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63 UU0OO0O0O0O0OOO (Depth First Iterative Deepen-
ing)

A*000000000000000000000000000000000
00000000000 00000000000 A*0000000000
00000000000 0000000000000000000000
E200000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000
OO0O0O0O0O0O0O (depth first iterative deepening) (DFID) DO OO OO
0000000000000000000000000000000000
[§2,30000000000000 cost 000000000000 000O
000000000000 (CLDFS)D 0000 (000000 mMyd CLDES
0000000000000000000000000000 cost0000
00000000 CLDESO00000
DFIDO0000000000000000000NON0NO0NOOOoan
0000000000000000000000000000000000
00000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
000000000000 00 ¢*O0000DFIDO ¢*000000000
0000000000000000 1+b+82+...+0b6" =0(0)0000
¢-—-100000000000000000000000000000 1/b
O0000¢ -20000000000000000 1/p00000000
O0000000000000000DFRIDO0DO0DO0O00O0O0oog
c0000000000000000000000000000000
DFIDO0000000000000000000wD 00000000
0000000000000000000000000000000000
OGN ODODDDO0DO00D000D000D00DONO0DO0D0OO0O0DO0O0OnOg
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gboobooobrFb00ogobobobobon
gboogobooobooboobbobobooboobobooboobon
gobo0o0ODbFIDO0O0OOD0OODOOO0DbO0ObLO0bOo0bOoo0oDg
gboboobooboboobooobooboobbooooboboonoobg
gbboobooobooobooobobooobobobooboooboooaooonog
gboobobooboobooobooboobobooboobobooooogl
oboobobobobobobobo w7o
DriDOOO0OO0O0O0O00O0000000O0000b0000000n0ODFID
gbbooboooboobooboooboobboboobooboooooanogd
gbbobboobbobbobboobboobuoobuoooboobaonyd
gbbobooboobobobooboboobobooboobadandy
gboooooobogobooooobogobobooooooobooooobooboog
gboooooboboboooooooooboobooooboobobooboog
gboboboboboboboboboboob

UO0O0UOb0O0110:00000000 (Depth First Iterative Deepening)
Input 00000000000 (&,u0,G,w)
Output :¢0 0000000000000 OOCOOOOOON
U+ 0;
P« 0;
while P = () and U’ # oo do

U+ U

(U',P)«+ CLDFS-DFID((€,up,G,w),0,U);

return P;

N A W N =

=)

6.3.1 00O 00O A* (Iterative Deepening A*)

oboob A*dDAY)DO0DODODOO0ODbObOOobOOobOooooooooog
gboboooooobobobob ROobFIb0o0ooobobooog
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000000 11: CLDFS-DFID: DFIDO 00000000 oogn
g

Iput 00000000000 (§,u,G,w)000000 g0
oo u
Output :¢00000000COCO0O0O00O0OOOOCOO0N
1 U+ oo;
2 if G(u) then
3 ‘ return (U’, Path(u));
4 for each v € £(u) do
5 if g + w(u,v) < U then
6 U,P+ CLDFS-DFID((&,v,G,w), g+ w(u,v),U);
7 if P # () then
8 P« (u, P);
9 return (U’, P');
10 else if g + w(u,v) < U’ then
11 ‘ U+ g+ w(u,v);
12 return (U’ 0);
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gooobooob CLDFSOO00ooooobFID00 gOO0O0ODOO0O0ODOO
000000000000 IDA*OD fOO0O00OO0O0ODODOOOODOOOfOO
gbobobooboobobobooooboobooooboboobonbg
000000 @O IDA*OO CLDFSO0D0OO0O00O0OO fO0O0O0ODOOOO
oboobobobobomoooooog

IDA* D 00000000000 DbO0b0O0b000oob0ob0ooooDO
A*xJ0000000000Db0bOoOOo00oboOOo0oooo IbA*ODOO
gboboooboobriDO0b0goobooobooboboonoooooooboayd
gbooobooobooboboooboob IbA* D000 A*xODO0OO0DbO0oboo
gboooooogobobobooobog ®yuobooooooobobooboog
gbboobodgboobobooooab

DFIDO0OOIDA*D D O0D0O00000DbLO0OOO0O000bODbO00d
gbooomA*0000o0oooooooooooon

UoobOo0 12:0000 A* (Iterative Deepening A*)
Input 00000000000 (&,uw,G,w) 000000
ooog ha
Output :¢ 0000000000000 O0ODOOOOOOO
1 U'%h(uo);
2 P« 0
3 while P = () and U’ # oo do
4 U<«U;
5 (U',P) + CLDFS-IDA((E,up,G,w),0,U);
6 return P;

64 00000 (Bidirectional Search)

00000 (bidirectional search) D0 00D O0O0O00O0OOOO0OODOOO
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000000 13: CLDFS-IDA: IDA*0 000000000000
g

Input :00000000000 (&u,G,w)000000 g0

oo u
Output 0000000 «00000O0O0O0O0OO0ODOODODODO

ooooogo

1 U+ oo;

2 if G(s) then

3 ‘ return (U’, Path(u));

4 for each v € £(u) do

5 | ifg+w(u,v)+ h(v) > U then

6 if g +w(u,v) + h(v) < U then

7 ‘ U + g+ w(u,v) + h(v);

8 else

9 U,P+ CLDFS-IDA(v, g+ w(u,v),U);

10 if P # () then

1 P’ + Pl|u;

12 return (U’, P');

13 return (U’,0);




6.5. 00O UODOUODO (EXTERNAL SEARCH) 109

00000 B00000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000

00000000000000000000000000000000
000000000000000000d00000000000000%
0000000000000 Oo(GY)000000000000000000
00000000000000000000000000000 4/2000
0000000000000000000000000000000000
0000000000000000 O(BY?).20000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
00000000000000000000 (0 B0

000000000000000000000000000000000
00000000000 [MO00000000000000000000
0000000000000000000000000000000000
A*000000000000000000000000000000000
000000000000 A*00000000000000000000
L[

000000000000000000000000000000000
0000000000000 (meet-in-the-middle) 0000000000 2016
0000000 [66]0

65 UO0OO0OOO (External Search)

gbooboobobooobogobobooooboboboboooobobog
gboboooooboboboobobooooooobooboboboooooo
gbooobobooooboboboboooboobooboobobooboo
gboobobobobobob
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Dijkstra

Bidirectional

ge61:00000

OO0O0o0oon (External Searchy OO OOOHDD O SDDOOOOO
000000 odD P¥odboodbDdoboooooooooooo
do0oO0d0o00DoOdDo0oDOoooOooDbOOoobOooDoOoooOooOooo
do0oO00o00oOOooDbOOoobOOooDoOooDoobOoooOoooOoooOooo
000000000 e doooooooooooooooooo
0000000000000 000D00D00000000O00000®™O
0000 MBOOOODODOODODOOODOOO 250,000 nanosec 000 0O O
00O0D0OOoO0OooOooOooadn 20,000,000nancsec 000 0O0O0O0O0OOOO
O0000000oooooononO (Diskseek) O 8,000,000 nanosec 0 0O O O [
O0O0OHDDOOOOOOODOOODOO0ODOO0O0ODOOO0ODOOO0bOOoooDOog

000o00ooooooboooooooobooooooooooao
000000000000 @OO00000000DODO0 (external breadth-
first search) (External BrfFS) 00 0000000000 OOOOOODOOO
0 [oa]0

0000000000000 :00000 Open(i)00000 (O BHO
Open(1) 000000000000 OOOOODOODOOO RE)ODOODOO
R(GHODDOODOOOO Open(i—1),0pen(i—2) 000000000000
000000000 Open(i+1)00000000O0OO0OOOODODOOOO

oo (https://gist.github.com/Jboner/2841832) 000


(https://gist.github.com/jboner/2841832)

6.5. 00O UODOUODO (EXTERNAL SEARCH) 111

gel:dbbbobbooboboobobooobbobobooboobooboo
Uboooboooboobobboooboo0ooobOo0onDO seekO OO
gboboooooboooon

nano sec
gooog 1
L10000000 Fetch 0.5
gooooo 5
20000000 Fetch 7
mutex 00000000 25
Uboo0bOoboD Fetch 100
SSDODO 4KBOOODO OO Read 150,000
Oo0obO0o MBOODOODOUODOO Read 250,000
000b0b0obOobOon Fetch 8,000,000
SShO0O IMBOOUODODOODO Read 1,000,000
ooobob MBODOODOODOODO Read | 20,000,000
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External Memory

Main Memory External Memory

Main Memory

A(3)
A(B) Open(2
| \ P‘ 2)
Open(2) Open(2) ‘ ‘ Open(2) Open(2)
Open(1) Open(1)
Open(0) Open(0)

1. Expand Open(i — 1)

2. Duplicate Detection with Open (i — 1)

Main Memory External Memory

Main Memory External Memory
A3)
\Open(2)
\Open(1
] Open(2)
I
Open(1) Open(1) ‘
Open(0)

A(3)
\Open(2) Open(3)
Open(1)
Open(2)
Open(1)
Open(0)

3. Duplicate Detection with Open (i — 2)

4. Store Open(7)

ge2:00000D0ODODLDODO
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000000 14: 0000000000 (External Breadth-first
search)
Input 00000000000 (€,u0,G,w)
Output :¢0 0000000000000 OOCOOOOOON
1 Open(—1) + 0;
2 Open(0) < {up};
31+ 1;
4 while Open(i — 1) # 0 do
5 if 3(u € Open(i — 1))G(u) then
‘ return Path(u);
R(i) + u|u € E(u'), v € Open(i —1);
for each v € R(i) do
‘ parent(v) < us.t. v € E(u);
10 Open(i) « R(i) \ (Open(i — 1) U Open(i — 2));
11 141+ 1;

V- -

12 return (;
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00000000000 0000+000000000000 Open(i)00O
gobgobooobooboboobooboobuoobobobooooboo
gooooo

0000000000000 0000 00000000 d(u)—2,d(u)—
1,d(s) 0000000000000 «0000000 RHODODOi—1,i—2
Jooooboobooooobbboooooboboooobboooooo
0000000000000 Open(i—1),0pen(i —2)000000000
doooooooooon

000000000000D00000Open(0),0pen(1),...,0Open(i — 1)
gboboooobogobobooooogoobbooooboboboooboonbo
doooooooooon

gboboboobooboobooboobobooboobobo@oo)yboDbo
gobobooboobgooboobgoobobooboobobobD A*xIODbO
goooooA*gooog Be)d

6.6 UOO0O0OOODO (Symbolic Search)

OOOoOoOoDOd (Binary Decision Diagram) (BDD)O OO O OOGOQOOOO
0o0o0o0o0oDOO00ooooDOoobOO0o0 B"—-B0O00000000O00O00O0OO
O [IROOD0000000 (symbolicsearch)y D BDDOOODOOOOOOO
000oO0o0ooOoooooBDDOOOOODOOOODOOODOOODOODODOO
00O0DbOooOOobOoooo BELBEROA* 000000000000 0Ong
gooobobooooobOobooooDobOoboobooboobooboOooo
0odbOooOob00o0o0oobobOobOobobOoboobooonb BDDODOO
000b0000000o00o0bO0ob0bO0bOobO201400 International
Planning Competition [0 Sequential Optimal 0 0 (DO 0DOO0O0O00OODOOO0O
gobooob)boooooooooobooobooobooobo 3o
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01 2 3 01 2 3

00 01 10 11 00 01 10 11

063000000

0e62:00000DO

o0 gooad O0o0O0oog |oooad
0 o000 00 XTI
1 - 01 x0T
2 - 10 Tox1
3 ogoogd 11 Tox1

6.6.1 0000 (Symbolic Representation)

00000000000 DO000O00ODOO0O0O0o0OOoooDogooog (@
3000000000000 oODO00U0DbDO0OOOObOODOOUODOO
000000000 30000Db00Db000000bDOoDbDOOOo0oUb 40
O(S=1{0,1,23)000000000000000 20000 (2% =
0,{0},{1},{2},{3},{0,1},....,{0,1,2,3)00 00 0000O00O0O0OOOO
0000000000000 00000000 (Open, Closed € 25)0

O0O00 (symbolic representation) D D 0D O OO0OOOOOOODOOO
000D0000000D000O0e€2°000000000 s000000
000000000 ¢o :2° — {0,1} 00000 (characteristic function) [
ooo

po OU0O0DO0OO0ODOOOODOOODOOODOOODOOODOO
oooooooboooboooooooooob4bb0boboo2b00boooo
000 s = (zg,xz1) 0000 S =4{00,01,10,11} 00000000000
000000 O ={0}00000¢0(x) =22z 0000000000
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0=1{0,1}000 ¢o(z) = -2,0000

0000000000000 0000 Trans: Sx S —{0,1}0000
00000000000 ee ADODDOODODO 200 2000000000
Trans,(x,2) 00000 (OO0000DHOODOOODODOO ADOOOO
O Trans(x,2’) 000000000 Trans(z,2’) O Trans,(z,2’) 0000
Oec ADDODDDOOOOOODODO (ODOOODOO)O

0DBE30000000000000 (00) — (01),(01) — (00), (01) —
(10), (10) — (01), (10) — (11),(11) — (10)0 0000000000000
gooad

Trans(z,z’) = (—wo—z1~2(T])
—xoT1THT])
~xoT1T)T])

6.1)

v (
Vv (
V (zo—z1—w)2))
V (zo—rzH7))
Vv (

ToT1T)T])

0000000000000000000 Trans(w,z,2)000000
00 Trans(z,2’) 0 Trans.(z,2’) 00000 ae ADODOOODOOOO
oD w0 oooooboooo@bboooo)d

6.62 U0 0O0OOO0O (Binary Decision Diagram)

do0odo0o0o0oOo0o0obDoobOooDboooooooooooooo
J00000oboboOoOobobOoOonon (binary decision diagram) (BDD) O O O
do0oOO0o0o00bOOooDbOOoDooooo0bOooooobOoobobOoooOooo
goooad
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o] o] [0][1] oJ[1]

Unreduced Reduced

0 6.4: 7oz; 000000 (0)0 BDD (D)

00 11(00000000BDD): BDDOOOO0O0O0OOO0OOOOO
00000000000000000000000000000000
00000000000000/000000sink000000000
0000 z(ie{l,..,n}) 000000000000 /000000

BDDOOUOOOUOOOOOOOOOOOx0000 {1,0}000000
gboobooboobobooobobobo i 00b0bb0 20 2,0 10
ogbobooboi1ogoooooooboooobobobobooboboooog
gboooboboobooboobooboobooboobooobooooog
goooBDDOOOOOOODOOOO0OO0ODOOODDOO0OO0ODbOOO0OooboDg
goobooooooobo@emoBDDOOO0OOOODOODOOOOOO
gbbooboobooboooboobooobboobooobboonod

663 UDOUODOODOOOOOOODOO

gboooooobogobobooogobobooobogoboboboooboobog
BDDOOOOOOODOODODOODODOD

000000 SO0000se SO00 sO00000000 SO image
O000SOimage0000000O0DODOODOOOOOOOODO
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Images(x') = Iz (Trans(z,x’) A ¢ps(x)) (6.2)

il oUoUU o
Imageopen(2’)00000000000O0O0O00000000000000O
0000000000000 000000 Clesed(z)D0O0OOO0DODODOOO
00000000 (Imageopen(z) A ~Closed(x))0

image 0 O000ODOOO0OOOOODOOOOOODOOOOOODOD
000000000000 se0000000 So={sp}00000000OO
00 ¢, 000 S, 00000000000000C0O0O00G0O0O0O0GCOOO
goooooooooooobo

bs,(2) = Jz(ds,_, () A Trans(x,z")) (6.3)

0000000002/ 000000020 5.,0000000008,00
00000000000000000000000000000000000
00000000000000000000000000000000000
0000000000700000000 ¢p00000¢s,(2)Adr # false
0000 S; 0000000000

0D00000M@O0000000000000000image000000
0000000000000000000

Construct 00 00000000000000000000000¢g, A
or(z)00000000000OOOOOO 00000000 (s)000
00000 Trans(¢s, ,,s) 0000 i—100000000 s,.,00000
Trans, 10 0000004-100000000000000000000
0000000000000 000000000000000000000
00000000000000Coenstruct 0000000000000

0000000000000 0000000000000000000
Dooo0o0O0O0O00

0000000000000 0000000000000000000
000000000000000000000BDDO0O0OO0O0O00000
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000000 15:000000000000 (Symbolic Breadth-first
Tree Search)
Iput 00000000000 (€, uo, G, w)
Output :¢0 0000000000000 OOOOOOOON
1 S() — {UO};
2 fori <+ 1,2,...do
3 ¢s;(z) + Jx(ds,_, (x) A Trans(z,2’))[z' /x];
if ¢, () A ¢ # false then
5 ‘ return Construct(¢s, A\ ¢r(z),1);

-

b0 mooooboboobooobooobooobobooboobooo
D0 @[™0O00O00D00 Clesed0 0 OO0DOOODOOODOOOD

gboboooboouoobodoboboboouboboooobobood
A*xJ 0000 obooboo0oboooboobb gb0oooOobOboOoDo
ooooobooooobD A*OD fODAROO0DOODOOODOOODOOO
oooooOo fo0o0ooOoDoOCOOO0OOOoOoOooOoD

67 UUU00O0O0OOOODO (Novelty-based Pruning)

gboooboooboobobooobooboboobooboooooboobobog
gooobooogbod moveltyy DODODOODOODOOOOODOODOOO
goboobooooboooboobobooboboboooboobooboooobog
gboooooboboooboooooobobooooobobobooboo
gooboooo
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J00dddg 600000000000 (Symbolic Breadth-first
search)

Input 00000000000 (€,u,G,w)
Output :¢0 0000000000000 OOOCOOOOON
ISOF{UO};

2 Closed < {up};
3fori« 1,2,...do
4 Succ(z) « Jx(ps,_, (x) A Trans(xz,a'))[z"/x];
¢s;(x) < Succ(z) N —~Closed(x);
Closed(z) < Closed(z) V Succ(z);
if ¢s,(2') A ¢ # false then
‘ return Construct(¢gs, A\ ¢r(z),1);

5
6
7
8

671 O00O0OOOO (Novelty)

oboobooooboboooooobobobooooobOobo eeog
obooooobooooboooboboooooo oobooboobboooboo
goboogboooon

00 12(@ O000Novelty): mOO00000000 hy,hg,...., hm O
0000000000000 sO0000 w(s)Dn000000n0
00000000000 {hy,hiy,..h, } 00000k, (s) = hs(s),
hiy () = hiy(s'),...hi (s) = h;, (¢) 00000000000 0000
000000000000000000000000O0000000

goboooobooobooboobooboooooboogb [sa, mono
00000 s={v,ve,..,0,} 000000000 by =0, 0000000
O0w(s)=mO00000000000000DOODOODOOOOOOOO
gbobobobgobsboboooooooboobobobobobobo
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gboboooooooooooooooo

6.7.2 00000 (Width-Based Search)

121

000000 17:00000 (Width-based search)

Input 00000000000 (& u,G,w) 00000
ho, h, .o b0 0 i

1 Open < {up}, Closed «+ 0,

2 while Open # () do

3 U = arg min,, copen f (1) 5
4 Open < Open \ {u};

5 if G(u) then

6 ‘ return Path(u);

7 | foreachv € E(u) do

8
9

H(v) « {jlj € {0,1,....m — 1}, h;(v) = 1};
H « {jlj €{0,1,...,m — 1}, hj(v) € Closed};

10 if |H \ Closed| > i then

1 Open < Open U {v};

12 parent(v) + u;

13 for each h € H(v) \ Closed do

14 | Closed < Closed U {h};

15 return (;

Output :¢0 0000000000000 O0ODOOOOOO0Y

00000 (width-basedsearch) U0 0000000000000 ODOO
gogoooboob oojpgooooooooooobbobobbbbbobon

gbobobobobobob@oooboooo)b

W@ OoOoooD:0000000000000b00000O00DbDO0ODb O
gboooogoobogz200boboooobobooooobobobooog
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gboboboboooboboboooooboboooobobooboobo
ggbobooobobooobboobbooobbooobbooooboobg
goboodbooboboobooboboo«:booboobboobooobo
gobobooobbooboobooobbowobboooooboooobo
goboobobbobobopboboobobbobosgbooboooobon
00000 HOOOOODHDOOOO ClesedDO0OODOOOODOO O
gobobooboooo:0oooboobboooboboaonobooooo
goooooon

.ggbbbuooobobbuoooobobooobbuoooboboboo
gbobob+<:00b0ob0obobgboboboobobobobOobo
gbooboobobooobogobobooobogoboboboobobooboobooobo
gooog [sayo

673 0O0O0O0OOOO (Iterative Width Search)

OO0O00gooOd (terative widthsearch) D 000000000 OO0OO0OO0OOO
obobooooboboboboboogD Mmooiweob 00000
gbobobbooboboobooboooboobooboobobboboobo
gobobooboobooboobooboobuooboobooobo
gboboboboobooboobuoobuoobuoobobobboboobo
gbooogobooboboogooboooooobobooooboboobono
ooo

6.8 [0 00O (Parallel Search)

gooooboboboooobooooboooobboOoobobobooobobobobooo
Uoooboob0obooob0b0oobobOoibOodnUAmazon Web Service
gbooogooboobobooobobooboboooobobobobobo
goboboogoboooboobooooooboooobobobooooooobooo
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000000 18: 0000000 (Iterative Width Search)
11+ 1;

2 P« (;

3 while P = () do

4 P« IW(3);

5 141+ 1;

6 return path

gbooobogooboobobooogobobooboobooooooboobobog
gbooooobooobooboboooooboboboooooboboobog
gboboooogbobooobobooboboboooboobobobog
gboobobooboboobgocpvoboboboboboooboonog
gboooboobooboboobooboboboboboobooboobg
gbooobooboobooboobogboobbooobooouobO esjog
gooooo

68.1 00000 DOOOO0O (Parallel Overheads)

goobobn00D0D0DOOO0O0O000n0000DL0O00000ODDOOO
gboooboooboboobooobooboobobooboobooonog
(perfect linear speedup) 1 DU DO OO0 OUODOOO0OOOOOOOODOOODO
gbbooboooboobbobboobooobooobooboboobooonog
gbo[mooboboboooboooobobooobooboboboobooo
good

00 130000000000 communication overhead): 0000 OO
0000000000000 0000D00000000 (communication
overhead) (CO)0 00O
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gobooobooooboobobooboobobooboobbooboo
ggbobooobobooobbuooobbooobboobobboooobooba
00000000 n0000lg(n)D00000O0OO0O0OOOOOO0ODOO
gobgooboboobooboobobobooboobooboobo
gboboboboboobcoooooog

ugbbooobooboobboobooa
CO = . 6.4)
gboooobgaoo

goboobooogobobooboboobooooboboboooboobo
goboobonD g ODODODHDAYDODOODOODOODODOODOO
goboooboooooo

CO::DDDDDDDDDDDDDDDD' 6.5)
ugbooobgdaoo
gpogoocoubuooooooooboobuoboooooooobooboobo
goboboobooboooboooboobuooboooobobooboboooboo
goboboboboboboobobooboooboobobooboboooboo

gbocooooooog

U0 14@U0D000D00O0DOOSearch Overhead): DO OODOOODOO
gboobobooboobooooboobooooooooooon

O0o00oo0o0ooooooooooooooooooooooooooa
0000000000 o0o0oo0o0ooooooooooooooooo
O0o00o0o0oooooooooooooooooo

O00o00oooooooon
= — 1. .
50 O00o0o0oooooooon 6.6)
SOOODO0D00O00 (Joadbalance) (LB) D OO D OOOOODOODOOOO

LB‘_DDDDDDDDDDDDDDDDDDDDD
© 00000000000000000000

(6.7)
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gboboobobooboboobobooboboobooboonog
0000000000000 000000DO0O000D0OD00 fOoOOO0O
goboo)yobooobboobooboboobbooboobboo

ubooboobooobobooobobooobooboobooooboboobooboon
gbogbooboobooooboobooboobooboobaongd
gboboboobobooRrRAMUOOODODODOODOODOOOOOOODOOOO
gbbooboobbooboobboooo

00 150000000000 Coordination Overhead): 0000000
0000000000000 0D000000Do00o00oOonOooDOon
O 00O (coordination overhead) 0 0 O 0O

gboboboobooooobobobooooobobobobooon
gbobobooboobooooboooooooobooooooogon (g, R2].

ogboboboboobobobobooobobobobobobon
gbbobooobobobboboooboooboooboooboobaoong
gboboooood

6.8.2 00O A* (Parallel A*)

00O A* (parallel A*) (PA*)0 A* D0 0D0O00O0O0O00O0OODOO [RI]T PA*
gbbooboobooboboobooboobooobooboooooonog
gbboboobooboogboooooobooobooobooooaoonog
gboboboboobobooboobooooboooprPA*DOD0ODOO0O0OO0
gbbooboooboobooboobuoobobobobooboobooonogd
gbbooboobooboobooboboobuoobuooboboobong
gbogbuooboobobbooboobuoobooboboaobodoanodgd
gboooooobogoooooobogoboboooogobooooooobobog
gboooooobogbobooooboobooboboboooooboboo
gboboooooooooooon Mo
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6.8.3 00O0O0O0ODO A* (Hash Distributed A¥)

PA* OO OOOOOOOODDODOODODOOOOOOODODDODOODOOOOO
00000 O0DODODOOOO00000D0DoODODbOOOO0OO000d (centralized
approach) 00000000 O0O0OD0OO0ODOOOOODOOODOOODOODOOO
0000000000 o0oooboOobOooooobOOooDoA*xOO0DOonDO
00000000 bO0o0bOoobOOobOOobOO0ooobOoOobOoOooooDoooo
0000000000 (decentralized approach) DD OO0 0O OOO0OOOOO
Jo0ooOo00ooDbO0odoobOO0o0o0oobO0ooooooooboooooog
doo00Odo0bOoooOO0ooDdDoOoDoOoDoOooDo0ooOooDoOooo
J00o0D0Oo000ooooboo0oo0oooboboO0OgOgn (load balancing) O O
do0oO00O0DoobDodbDOo0oo0bOo0oboobOooooooooo
oooooo

000000 A* (Hash Distributed A*) (HDA*) [82] O state-of-the-art [
OO0 A0 0000000000 O0OHDA*D OODOODOODOO0ODOOOOOO
do0oOoo0bOOo0bOoobOoOobOo0oboooboooooobooOobooOooo
d0bOO00ooOooOo0bOO00bOO0o0obOo0obOoooobOoobobOoooooo
0d0DOO000OO0OD0bOO0oD0DOOoDoOoOobOOoo0bOoobOooDoOobOoooboOooo
0o0o00bO0ooOoobOobDOoobOoboooboboooboboooooTooo
000000 oOo @ooooo 3o

1. 0000 7T00000000000000000000000000
0000000000000 000000000000000000
000 @*000000000000000000000000000
0000000000000000000 f00000000000
00)O

2. 00booooobooooooobobobooooboboobog¢fo)yDoo
gboboooboobooboobobobuobbon0b0b0O0ODODO
0 HnOODOODOOOOOO Hen)ODOODOODOOODODOOOOOO
gooooo
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HDA*O ODOOOODOOO0ODOODOOOHDA*XOODDODOOO0DOOOO0O0
gboogoboobobbobboobobobobbobooboobooobg
gboboobooboobooboooboboobooboobooba
gboooboopooooobonooHapA* D 0000000000 gonooogn
0000 Haesh: S—1.POOO0OOOOOOOOPOOOOOD)HYOOO
gbobooboooboobooboooboooboboobooobooooonogd
ubobooboooboboobooobboobooobboobooan

HDA*O OO DOOOO [82]0 0 Zobristhashing [T&2] 0 0000000
OooUoooooooog s=(x1,22,...,2,) 0000 Zobrist hashing O 0 O
000 Z(s)DOOOOooooooooo

Z(s) := Rolxo] wor Ry[x1] zor --- xor Ry[zy] (6.8)

ZobristhashingU O OO OO OOOOUOO ROODOUODODOBODOODOO
goobooooooog

Zobristhashing O O OO O0O000000O0O0O0OO0OOOOOOOOOOOO
gO0obOOXorROOOCPUODOODOOOODODODOODOODOODOOODOOOO
goo0o0ooooboboooOoboooooOoboOoboboooboobog
0000000000000 0D0 Rx)DOODODOODOOOODOOOOOOO
goooooboobobuoobooboouooooobobuobooooooog
goooboboooobobobobooobobobooobobobog
U000bb0O0odgobooOO Stateabstraction D0 OO 000D OO [9]0
State abstraction 0 0 O s = (21,22, ...,2,) 000000000 (abstract state)
s = (2, 2%, ...,2},), where m < n,z;, = x;(1 < j < n). State abstraction
0000000000000 000000000D0O00000DOOA0O linear
congrugenthashingO OO0 OO O0O0O0OOO0OO00ODOOOODOOOOOOO

Abstract Zobrist hashing (AZH) O Zobrist hashing [ Abstraction [ 0 O [
000000000000 [Z0]O0AZHO feature d O abstract feature [ O [ [
0000000 abstract feature [0 Zobrist hashing 0 00000 O0OO0O0OO0O
goono
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O00000 19: Hash Distributed A*

Input 00000000000 (&,uw,g,w) 000000000
oo pOOOOOOO H
Output :ye00000000O0D0O0COCOOOOO0OOOOOO0N
1 Closed, < 0, Open,, < 0, Buffer,, < () for each thread p;
2 Openg(yy) < {uo}, g(uo) < 0;
3 goal + 0, ¢ + oo;
4 for each process p do

5 while not T'erminate Detection() do
6 for each (v, gy, py) € Buffer, do
7 if v ¢ Closed or g, < g(v) then
8 Open <+ Open U {v};
9 9(v) = gus
10 parent(v) < pyv;
1 if v ¢ Closed then
12 ‘ Closed < Closed U {v};
13 Buffer,, < 0;
14 while Open,, # 0 and minscopen, f(s) < ¢ do
15 U 4= ArgMiN, ¢ open [(U') 5
16 Open < Open \ {u};
17 if G(u) and g(u) < ¢’ then
18 goal + wu;
19 d <+ g(u);
20 for each v € £(u) do
" go = g(u) +w(u, v);
22 Buffer g () < Buffer ) U{(v, gv, u) }s
23 return Path(goal);




6.9. PYTHONO O 129

000000 20: Zobrist Hashing
Input 1 s = (0,21, .0y Tpy)

1 hash < 0;

2 for each x; € sdo

3 hash < hash zor R[z;];

4 return hash;

OO0O00O0O0O 21: Zobrist Hashing O 0 O O
Input : V = (dom(zp), dom(zxy), ...)

1 for each x; do

2 for each t € dom(x;) do

3 ‘ R;[t] < random();

4 return R = (Ry, Ra, ..., Ry)

Z(s) := Ro[Ao(xo)] wor Ri[A1(z1)] zor -+ zor Ry[An(xy)] (6.9)

00000 AQO feature 0 O abstractfeatwre D 0000000000 RDO
abstractfeature 0 D 0000000000
HDA*O OO OOOOO0OOO0O0O0000 [@mobOOoooooooa

6.9 Python[ []

gbbooboobuooboobobgobobobobooboobodandgd
goood

from search_node import SearchNode
from util import SearchLogger
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logger = SearchLogger ()

def BnBEngine (problem, cur_node, best_solution, path=None):
logger.expanded += 1
if problem.is_goal (cur_node.state) :
if cur_node.g < best_solution:
best_solution = cur_node.g
path = cur_node.get_path()
else:
actions = problem.get_available_actions (cur_node.state)

for a in actions:
next_state = problem.get_next_state (cur_node.state,

)

next_node = SearchNode (next_state)

d

a

next_node.set_g(cur_node.g + problem.get_action_cost (

cur_node.state, a))
next_node.set_d(cur_node.d + 1)

next_node.set_prev_n (cur_node)

if next_node.g + problem.heuristic (next_state) <
best_solution:
logger.generated += 1
best_solution, path = BnBEngine (problem,
next_node,
best_solution,
path)
else:
logger.pruned += 1

return (best_solution, path)

def Branch_and_Bound (problem, best_solution=None) :

init_state = problem.get_init_state()
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init_node = SearchNode (init_state)
init_node.set_g(0)
init_node.set_d(0)

if best_solution is None:
best_solution = float (’inf’)

logger.start ()
solution_cost, path = BnBEngine (problem, init_node,
best_solution)

logger.end()
logger.print ()
return (solution_cost, path)

uboboooboooboboobbuoooooooboboonoooon
gooooooon

from search_node import SearchNode
from util import SearchLogger

logger = SearchLogger ()

def CLDFS_DFID (problem, cur_node, max_priorty, priority_f£f):
logger.expanded += 1
if problem.is_goal (cur_node.state):
return [cur_node]
else:
actions = problem.get_available_actions (cur_node.state)

for a in actions:
next_state = problem.get_next_state(cur_node.state, a
)
next_node = SearchNode (next_state)
next_node.set_g(cur_node.g + problem.get_action_cost (
cur_node.state, a))
next_node.set_d(cur_node.d + 1)
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next_node.set_prev_n (cur_node)

if priority_f (next_node) <= max_priorty:
logger.generated += 1
path = CLDFS_DFID (problem, next_node, max_priorty
, priority_f)
if len(path) > O:
path.append (cur_node)
return path
else:
logger.pruned += 1

return []

IterativeDeepening (problem, priority_f£f):
logger.start ()

max_priorty = 1

path = []

while len (path) ==
init_state = problem.get_init_state()
init_node = SearchNode (init_state)
init_node.set_g(0)
init_node.set_d(0)

init_node.set_prev_n = 0

path = CLDFS_DFID (problem, init_node, max_priorty,
priority_f)

max_priorty += 1
logger.end()

logger.print ()
return path

def DepthFirstIterativeDeepening(problem) :
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return IterativeDeepening(problem, lambda node: node.q) ‘

UboobD A*IDA»ODODOOD0OO000O0OO0ODOODOO00O00000O0
gbooboboobo

from depth_first_iterative_deepening import IterativeDeepening

def IterativeDeepeningAstar (problem) :
return IterativeDeepening (problem, lambda node: node.g +
problem.heuristic (node.state

))

gobooobbooboboobooobooooboooboooboo
gboobobooooooooobooboMPIOODOO0ODO0ODOOD U message
passingU 000000000000 1000000DOO0000DOOO0OO
gboooogoboboboobooboobooogoboboooobobooboobo
goooo

from threading import Thread, Lock
from multiprocessing import Value, Array

import queue

from search_node import SearchNode
from util import SearchLogger

from bucket_openlist import BucketOpenList
from hash_closedlist import HashClosedList

def terminate_detection (has_job, terminating, confirm_ terminating
, n_threads, thread_id):
if not has_job:
terminating([thread_id] = True

for i in range (n_threads):
if not terminating[i]:

return False
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confirm terminating[thread_id] = True

for i in range (n_threads):
if not confirm_terminating[i]:
return False
return True
else:
terminating[thread_id] = False
confirm terminating[thread_id] = False
return False

def search_thread(problem,
priority_f,
open,
closed,
buffers,
n_threads,
thread_id,
incumbent_cost,
incumbent_goal_node_pos,
incumbent_lock,
terminating,

confirm_terminating,

logging) :
terminating[thread_id] = False
confirm_terminating[thread_id] = False

while (True):
while not buffers[thread_id].empty () :
recv_node = buffers|[thread_id].get ()
f = priority_f (recv_node)
if (not closed.is_explored(recv_node)) and (f <
incumbent_cost.value
) .

open.push (recv_node, f£f)
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closed.push (recv_node)

logging.generated += 1
else:

logging.pruned += 1

if terminate_detection(len(open) > 0, terminating,
confirm terminating,
n_threads, thread_id):
break

if (len(open) == 0):

continue

node = open.pop ()
logging.expanded += 1

if problem.is_goal (node.state) and (node.g <
incumbent_cost.value) :
incumbent_lock.acquire ()
incumbent_cost.value = node.g
idx = closed.find (node)

incumbent_goal_node_pos[0] = thread_id

incumbent_goal_node_pos|[l] = idx[0]

incumbent_goal_node_pos[2] = idx[1]

print ("incumbent solution updated: ", incumbent_cost.
value)

incumbent_lock.release ()
else:
# Expand the node
actions = problem.get_available_actions (node.state)

for a in actions:
next_state = problem.get_next_state(node.state, a

)

next_node = SearchNode (next_state)
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next_node.set_g(node.g + problem.get_action_cost (
node.state, a))
next_node.set_d(node.d + 1)

next_node.set_prev_n (node)

f = priority_f (next_node)

if (f < incumbent_cost.value) :
dst = hash(next_state) % n_threads
buffers|[dst] .put (next_node)

return

HashDistributedGraphSearch (problem, priority_f=None,
n_threads=2) :

init_state = problem.get_init_state()
init_node = SearchNode (init_state)
init_node.set_g(0)

init_node.set_d(0)

init_node.set_prev_n = 0

init_dst = hash(init_state) % n_threads

init_h_value = priority_f (init_node)

opens = [BucketOpenList (C_min=init_h_value, C_max=
init_h_value=*8)] * n_threads

closeds = [HashClosedList ()] * n_threads

opens[init_dst].push(init_node, priority_f (init_node))

closeds[init_dst] .push(init_node)

# Data structure to keep the incumbent solution
incumbent_lock = Lock ()

incumbent_cost = Value(’f’, 1000000000000000.0)
incumbent_goal_node_pos = Array(’i’, [0, 0, 0])
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# Data structure to keep the termination status
terminating = Array('b’, [False] * n_threads)
confirm_terminating = Array(’'b’, [False] % n_threads)

# Buffer for asynchronous message passing

waiting_buffers = [queue.Queue() for i in range (n_threads) ]
loggings = [SearchlLogger () for i in range (n_threads) ]
threads = []

for i in range(n_threads) :

t = Thread(target=search_thread,
args= (problem,
priority_f,
opens|[i],
closeds[i],
waiting_buffers,
n_threads,
i,
incumbent_cost,
incumbent_goal_node_pos,
incumbent_lock,
terminating,
confirm terminating,
loggings[i]))
threads.append (t)

global_logger = SearchLogger ()

global_logger.start ()

for i in range (n_threads) :
threads[i] .start ()

for i in range (n_threads):
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threads[i].join ()

pos = incumbent_goal_node_pos.get_obij ()
incumbent_goal_node = closeds[pos[0]].get_by_index(pos[1l],
pos[2])

path = incumbent_goal_node.get_path()

global_logger.end()

global_logger.expanded = sum([l.expanded for 1 in loggings])

global_logger.generated = sum([l.generated for 1 in loggings]
)

global_logger.pruned = sum([l.pruned for 1 in loggings])

global_logger.print ()

gobobooobboobbooobooobobooobobooooboboo
gobgooobobobobbopoboobobobobboboobobooboobo
ooobooboobbo0bbooouobbo0bO0odDOd message passing U
gooogooo

6.10 OO0

gboboboooboooooooooboboboboobobobOobo
gbobooobooboboboobob A*xgobobooboboobo
gboboboboboobobobgooooobobouboboobobogDbo
gooooboobooooboboboooobobboobobobobgoobo
ooobobobooon

gooobooA*xi0O0b0ooooboobooboooooboonoo
gbobooooboooooobogboooooobobobooooboboono
gboooooboobobooooobogobobbooboboboooboono
gboboo
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611 0000

. 0b0oooooooobooobbooobooooboboooboboon
gboobooboooobbooooobobooobobooobobooooboog
uboboobooobobooboaoo

2. (hobooooboooobobobobooboboboboboobo
ooboobooboobooooooooboobDoooboboobo

3. 0000 A* 000 A*xD00D0000oooboooobooooboboon
gbobooobboooboobbuooobobooobboooboodgd
ubbooboabod

4. 000000000O00ODO0ObD0ObUObObObLbOOobDOoDOA*OOd
oboboobooobodJdboobooboobonooobonooon
gbobooobooooboboobobooobbooobobooooboog
oooobooboooboooob Axooboooobooooogo
gboboooboboobboooboboobobooobboaonog
obobgobooobob 400000000000 DODOODODOODO
ooo0boooooooon

5. 0b00bobobobooboboobobobobobpDoobooobuoboonog
gboobooboobobooboobbooboobbooboo

6. J000DOOO0OO0OO0OODbODbLDOObOObOoDbDObOOobObOODbODO
gooooooooon

612 OO0

gbooobooboobobooooboobobooobooboboobobooboo
ooooobo0ob0o0obO0o0oO0o0bo0bbo0DO Front-to-End O O
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000 [MO5]0 Front-to-Front U O OO O DO OO ODOODOODODOODOODOO
000000000000 0000000000 [24]0 Front-to-Front O O
000000000000 0oobOOo0ooooooooooooooooag
000000000 DO0DOO0ObOO0bOO0bOODO0DOOoDODOoDOO0oDODOoDOOoDOonDOg
O000000000OPerimitersearch0 0 0000000000000 O0O0O
0000000000000 3,300 000bo0ooooooooog
0o0o0bOobOobOobOOobOoboobooo

(000000 0bO000O0obO0b0oOOobOOobboooOoboonDo
00000obobOobOobooogood Structured Duplicate Detection O [
00000000D0OD00O0D0OOSolid state drive (SSD) 0 HDD O O OO O
ooo0oboobobbOOobOoobOOoboooOobooossboooooooo
Jbobobobobobobobooooo g

gobooboboobobooboooboobouoboBDDOOOODODDOO
OOBDDOOOODOOOODOOODO Zero-surpressed Decision Diagram [[107]
0000000 DOO0OoOooOooooOoooooooooooon

R O000000000DO0000000DO0D00bO0ODOO0DbOODOO
000000000 00000D0D00D0DOOD0O0Od Parallel Retracting A* (PRA*)
00000 BOPRA* 0 0DDODOOODODOOOODOOODODOOODODOO
Transposition Table Driven Work Distribution (TDS) [[22] 0000000 OO
0oOo0bobOobOooooooon

OO0000O0OGPUO FPGADOUODODOOOODDOODODDOOODOO
O00GPU-Parallel A*0 0000000000 OOODOOOOOODOOODOO
0[@ooo00ccpy000ODbOD0OOO0O0OODODOGPpUODOOODOODO
00000oobOoobooobD Aa*xDO0bOOo bA*000000DO0obOoonDo
00d eZ]0GPULO CPUODODOUOOODODOODODODODODODO
0 [31]0



O00O00000 (Automated Planning Problem)

oooobooobooooobobooobooooobooobbooboogoo
00000o0oooooO0oooooDoooOo0o0ooooooobooOogooo
0O000O0O00bOOo0oO00oDoDoOO00obOOoOo0bOoOoOOooDbbooobooogo
goooooboobooooobobboooooobooogooDD (automated
planning problem) D 0O OO OO0 [AIODO000O00O0ODOOO0OOOOODOO
oo0ooOOo0d0obOo0ooboOooOoOooOoO0oobo0ooboooooooooo
ooooooobo0oOooobo0o0obOoOoobbboooboooooooo
000000000000 [ME000000000000000 0000
ooooOooooOoOooooOoOooooo0o0obo00DO m0bbooo
ooboooboooooooooooooooooooboooooooboooo
O[eo,2eoobooooo @ooobobob Eooioooog [mom
oobooooboooooooboooboobooo

0000000000000 D000000D0000000D000000oonUoonog
goooooooobooboooooobooobooobobooooOoobbooobooboDbbOoDbo
gooooooooocobooooobooooboooobooboobOOoOobooooOoOooboboOobobo
goooooooobooooboooooog
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71 OO

oboooboobobooobOobooooD STRIPSOOO B2000000
goo

00 16 (STRIPSO O P = (AP, A,s9,Goal) 000000 DODO APO
00000000 ADDDODOO s C APOOOOOO Goal C AP O
O00D00000O0ae e ADOODODOO pre: A —» 24P00000
add: A —24P00000 del: A— 24P 0000000000 00O
OO0 pre(e) 000000000 0D0O0DOOODOOODOOOOOOO
add(a) 000000 « 00000000 D0OO0O0DO0O0DOOOOOOO
D0000Odel(e) 000000 «0000000D00DO0DODOOO
000000000000 O00000000D0D0O0O0O so0000
0000000000000 D000D0DO000D00O00OO0OoooooDO
0000o000ooooooooooon):

STRIPSOO 0000000000000 OODO00 24P 00000000
0«000sO0000000 ¢ =a(s)0

a(s) = (sUadd(a)) \ del(a) (7.1)

dooo0doooooooooooooooooooOooooooooogoo
do00oOdoodooOooDoooooooOoooooon

0O00O0bOO0bO0bOO0bOooOobO0oO0obOobOobOobobOoboOooDao
O0ooOooooOoooOoSTRIPSOODOOOOOO (propositional logic) O
J0obOoooboooboOogn (closed-world assumption) 0 0O 00O O
00000000ooooooooooobobDDDoDooOg sg=p1 Ap2 A ...
0do0bo0obOo0obOoobOoobOo0ooDoobOo0obOOoobooobooooo
00000000 oOOooOooooooooooooooooooooooo
00000000 oO0D0Oo0obOoDoOOobDbOOobDoOoooooboOoooooo
oo0oDoooooooooooon
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gobooboobbooboobbooobo [23joboooood

72 0000O0O0ODOODOOOO0O0O:D Planning Domain
Definition Language

Planning Domain Definition Language (PDDL) [I] 000000000000
ooobOooO0oOooOooOoboOoobOoooopDDLOOOODODOCOO
OOD00O00 (first-order predicate logic) U0 0D OO OPDDLOOOOOOO
Oo0obOobOOoDOooOoo0obO00O0O0LspdOO0OO0OOOODODOO
200 @[do0oobooobooboooobobooooooooboboo
ooobooobooobooobooobobOoboobooobobooooo
(problem) DO O O0DOOO (nstance) D OO OO0DOODOOOOODOOOODOO
oooboooobooooooooooboooooobooobobboooooboboOoo
0000000000 00gooooooooooooooooooooo
O00000Db0O0bD0ODb00O0D (predicate) (predicates)0 00000
U000 (action scheme) (action)UO0OO00O0O0OOOOODOODOODOOO
OO (object) (objects) DD UODODO (init)D0DOOODO (goal) OO OO
ooooOoOd0oboOO0ooooO00obOo00oboooboooooooOogoo
oOoooO0oO0oDbDoOoo0ooobDoobooooDooo
pODDLOOOOOOOOOOOOOOOOOOOOOOODOOOOOO
OO0 Ap0000000O0DOODDDOODOODODOOOOOOCOCOCOODOO
goboobooobooobod (on A B), (on A C), (ontable D),...
Oo00o00O0 ApO0000O0OOOOOOOOO0 AODOOOOCODOOOODOO
ooooooobooobooooboooooooOooboooooobooboooo
000 parameters 000000000000 «00O0O0O pre(a)000O
O000000D0 preconditiond0000000O0O0DOO0OODOOO
O00effectO0OO not000000O0O0OO add(e)00000not 00
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YIHRIKRE T—-IL&HE
—/L/_/
HAa:
VIHBIREEN D T— )L =44
EmlcIETCOTIY T B
. ﬁ > 01
1l - blocks world

O 7.1: Blocks world O O O O

00000 del(e) 00 000000000000 (pickup A)ODDODOOO
0 (clear A), (ontable A), (handempty)UdUOOOOO (holding
A)O00000 (ontable A), (clear A), (handempty) OO odgg
00 sg init0000000000O0O0OOO (CLEAR C) (CLEAR A)
(CLEAR B) (CLEAR D) (ONTABLE C) (ONTABLE A) JOOOOOO
00 GoalO goal OODOOODOOODOODOOOOOOOOOO TO GoalO
doooooooooo

pODLODOOOODODOOOODODO0ODODODOO0OO0DOOO0O0ODbODOn
gobobooobooboooboobooboobooboooboooboo
gboobooboobobooboooboobooboboboboooboo
goboboobooobooobooooobooboooobboboooboo
gobobooboobooobooboobooboobooobobboboooboo
gbobooboooobooobooboobooby init0gboooboo
gobooboobobooooab

pDDLO0O0OOOOO0OOODOODOOOO0OOODbLOOOObOODbDO0
O [0, 6]0 Fast Downward O PDDLOOOO00OOOO00OOOO0ODOOOODO
gboboboboboob
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;77 4 Op-blocks world

FPFF7 7777777777777 i PP T
(define (domain BLOCKS)

(:requirements :strips)

(:predicates (on ?x ?y)
(ontable ?x)
(clear ?x)
(handempty)
(holding ?x)

)

(:action pick-up
:parameters (7x)
:precondition (and (clear ?x) (ontable ?x) (
handempty))
:effect
(and (not (ontable ?x))
(not (clear ?x))
(not (handempty))
(holding °?x)))

(:action put-down
:parameters (7x)
:precondition (holding ?x)
:effect
(and (not (holding ?x))
(clear ?x)
(handempty)
(ontable ?x)))
(:action stack
:parameters (7x ?y)
:precondition (and (holding ?x) (clear ?y))
:effect
(and (not (holding ?x))
(not (clear ?y))
(clear ?x)
(handempty)
(on ?x ?y)))
(:action unstack
:parameters (?x ?y)
:precondition (and (on ?x ?y) (clear ?x) (handempty)
)
:effect
(and (holding ?x)

(clear 2v)



4600000 7 DOOODOOO (AUTOMATED PLANNING PROBLEM)

define (problem BLOCKS-3)

:domain BLOCKS)

:objects A B C)

:INIT (CLEAR C) (CLEAR B) (ONTABLE C) (ONTABLE B)
(ON C A) (HANDEMPTY))

(:goal (AND (ON A B) (ON B C)))

)

(
(
(
(

0 7.3: blocks-world O instance O O O O

73 O0O000U0dooooogag

gbobobbooboobooboobobbobboobobboboobo
goboboboboboboboboboboboboboboob

1. 00000 @rporty DO DO ODODO0OO0ODODODOOODOODODOO
gobooooboboooboboobpboobobooobobooooo
gbobooboooboboobooobo

2.00000 attellite) 0D 0000000000000 O0OO00ODOO
Uboob0oooooooooboob0obOobOoNASADODOODOOOO
gboobooooooooooooo

3.0000 (overs) OO ODUOODODOODODOODDOOODOODODOO
ugoobooobooboobobooobboobooboooobobooooo
gooobooobobooboboobobooobobooobobooooo
Uboob0oooooooobobOobOoNASADOODODOODOOOO
uabooon

4. 00000000 (pipesworld) 000D OO00O0ODOOOOODOOO
gbobgoooobooboboooobobobooooboobobon



73. 00000000DOO0O0OO 147

obobgboobooboboboooooobobobooobon
obobooooboboobooboboobouoobobobboboo

5. 0000000 (eellassembly) DO DO OO0DO0OOODOOODOODOO
gbobooobooooboboooboboooboboobboooooboog
obobogoooobooboboooboobgoobo qoooboooH)goo
gbbooobboobboooobooobbuoooboboobog
gbboogobobooobbooobooobboobbooobod
gbooboooooooooooooo(m

6. J0D000ODOODUOD (genome rearrangement) J 0O O OO OOO
oboobobooboooboboooooobooboboobobooboo
oboobobooboooboobooboooooboobooobobooboo
obobobobooooobgobooooboobooobobooboo
obobgobooboboobooboooobobobooooboboboo
obobgobooobobobobooboobobooooboboo
oboooooobobooE3ooooooooboboooooon
obobgboboooboobgoobooobobobobooboboboon
0 0O [&aT1]

7. 0000 rucks) DO OO OODOODODOOOODOODODOODOO
gobooobooobboooboooboboobobooooboog
gboboooboooobooobboooboboooboobooonoog
gboboooboboobobooobobooboboobbooooboog
ubooboooooobooooo

gbobobooooooboboboooooboboboobooobn
gboooooogobobooooboooobooobbooboobooboobog
gbooooobooboboooobogobooboobobooooobobooboo
gboobobpbbDLOO0OO0OOO0OO0OD0OOO0O0OO0O0O0OO0O0DOOOO0D0O0
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74 OUO00O0O0OoOooooOooOoOoOoOod

pODLOO0OOOOODOOOOOO0ODOOOODOO0O0OO000O00000O00
goboooboogopbbDLOOO0O0O0OOO0OOOODOOO0DOOO0OOOoOnDn
goboobooboboobobboobobuooboboobooooopbbL OO
goboodgbobboobooboooboobboobooboboooboo
goboogbbogogbood

ooooooboboobobooooboboooobooboEoooogoo
gooooooobooobooobobbooboobooogbogobooDb PO
0000000 POO0OOOPOOO sO0 POOOSO0O00O0O0OOO
0000000000 K(s) D00 POODOOSO0D00000ODO0ODOOOO
goboobobooooboobobooboobboboobooobooobo
gooooo

00000000000 fast-downward?0 0000000

741 0O0000000000O0O0O0O0OO00O (Goal Count Heuristic)

goboboooboobgoobooboobooboooboooooooboo
goboooboooooooboboooobooobbooboooboboaoo
goboodoboobooboobooboobooobooobobooboooboboooo
gboboboboobooboobuoobuooboobobbobobooboo
ooooooooooaADOObDOOODOOO

goboobooooobooobbogoboobooboooboooooboo
gbooooboooobgobobooooboboooooobooobo
gooobooboboooboobobooboobobobooobobobooobo
oboobobobo

Nttp://wWww.ast—downward.ord
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742 000000 (Precondition Relaxation)

OOD00O0O0 (precondition relaxation) 1 D 0D O0OO0O0OOOOOOOOO
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