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function SIMPLE-PROBLEM-SOLVING-AGENT( percept) returns an action
persistent: seg, an action sequence, initially empty
state, some description of the current world state
goal, a goal, initially null
problem, a problem formulation

state «—UPDATE -S TATE(state, percept)
if seq is empty then
goal «+—FORMULATE -GOAL(state)
problem «—FORMULATE -PROBLEM(state, goal)
seq «—SEARCH (problem)
if seq = failure then return a null action
action «—FIRST(seq)
seq «——REST (seq)
return action
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* Route-finding problem

*  Touring Problems
e.g. traveling salesperson problem (TSP)

* VLSI Layout

Cell layout
Channel routing

* Robot navigation

* Automatic assembly sequencing
* Protein design

* Internet searching

ouds (§ jlesy Hlasliwl (sladlie
Standardized Problems
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e Vacuum world
*  8-puzzle (Sliding-block puzzles)

* Generating arbitrary integers
by starting from 4 using a sequence of operations,
including factorial, square root, and floor

* 8-queens problem

*  Cryptarithmethic

* Missionaries and cannibals problem
(River crossing puzzles)
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function TREE-SEARCH( problem) returns a solution, or failure
initialize the frontier using the initial state of problem
loop do
if the frontier is empty then return failure
choose a leaf node and remove it from the frontier
if the node contains a goal state then return the corresponding solution
expand the chosen node, adding the resulting nodes to the frontier
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BEST-FIRST SEARCH

function BEST-FIRST-SEARCH(problem, f) returns a solution node or failure

node <— NODE(STATE=problem.INITIAL)
frontier <— a priority queue ordered by f, with node as an element
reached <— a lookup table, with one entry with key problem.INITIAL and value node
while not IS-EMPTY(frontier) do
node <— POP(frontier)
if problem .1S-GOAL(node.STATE) then return node
for each child in EXPAND(problem, node) do
s <— child .STATE
if s is not in reached or child. PATH-COST < reached|s|.PATH-COST then
reached[s] < child
add child to frontier
return failure

function EXPAND( problem, node) yields nodes

s <+ node.STATE
for each action in problem.ACTIONS(s) do
s’ < problem.RESULT(s, action)
cost <+ node. PATH-COST + problem.ACTION-COST(s, action, s’)
yield NODE(STATE=s’, PARENT=node, ACTION=action, PATH-COST=cost)
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function GRAPH-SEARCH( problem) returns a solution, or failure

initialize the frontier using the initial state of problem

initialize the explored set to be empty

loop do
if the frontier is empty then return failure
choose a leaf node and remove it from the frontier
if the node contains a goal state then return the corresponding solution
add the node to the explored set
expand the chosen node, adding the resulting nodes to the frontier

only if not in the frontier or explored set
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function CHILD-NODE( problem, parent, action) returns a node
return a node with
STATE = problem.RESULT(parent.STATE, action),
PARENT = parent, ACTION = action,
PATH-COST = parent.PATH-COST + problem.STEP-COST(parent.STATE, action)
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BEST-FIRST SEARCH

function BEST-FIRST-SEARCH(problem, f) returns a solution node or failure

node <— NODE(STATE=problem.INITIAL)
frontier <— a priority queue ordered by f, with node as an element
reached <— a lookup table, with one entry with key problem.INITIAL and value node
while not IS-EMPTY(frontier) do
node <— POP(frontier)
if problem .1S-GOAL(node.STATE) then return node
for each child in EXPAND(problem, node) do
s <— child .STATE
if s is not in reached or child. PATH-COST < reached|s|.PATH-COST then
reached[s] < child
add child to frontier

. Mo S 4 Gasy sl a8 Salasl glagui€ uluai =7 s < Gac
return failure

function EXPAND( problem, node) yields nodes

s <+ node.STATE
for each action in problem.ACTIONS(s) do
s’ < problem.RESULT(s, action)
cost <+ node. PATH-COST + problem.ACTION-COST(s, action, s’)
yield NODE(STATE=s’, PARENT=node, ACTION=action, PATH-COST=cost)

= f(n)
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function BREADTH-FIRST-SEARCH( problem) returns a solution node or failure
node <— NODE(problem .INITIAL)
if problem .1S-GOAL(node.STATE) then return node
frontier <— a FIFO queue, with node as an element
reached < { problem .INITIAL}
while not IS-EMPTY(frontier) do
node <— POP(frontier)
for each child in EXPAND(problem, node) do
s <— child.STATE
if problem.IS-GOAL(s) then return child
if s 1s not in reached then
add s to reached
add chzld to frontier
return failure

(‘A&AJJJ XY uj-AJT) L&é‘)i “ lLacdla ‘)‘ U.L.T.vlg.t le.;‘b lLacdls J‘ 6‘4":\9‘“3"‘ Sy ol reached (84e gons b .
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Breadth-first search on a simple binary tree. At each stage, the node to be expanded next is indicated by the triangular marker.
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Depth Nodes Time Memory
2 110 .11 milliseconds 107 kilobytes
4 11,110 11 milliseconds 10.6 megabytes
6 106 1.1 seconds 1 gigabyte
8 108 2 minutes 103 gigabytes
10 1010 3 hours 10 terabytes
12 1012 13 days 1 petabyte
14 1014 3.5 years 99 petabytes
16 1010 350 years 10 exabytes
Figure 3.13  Time and memory requirements for breadth-rst search. The numbers shown

assume branching factor b = 10; 1 million nodes/second; 1000 bytes/node.
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function UNIFORM-COST-SEARCH( problem) returns a solution node, or failure
return BEST-FIRST-SEARCH(problem, PATH-COST)

Sibiu 99 Fagaras

Rimnicu Vilcea

Pitesti

Bucharest

Part of the Romania state space, selected to illustrate uniform-cost search.
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function DEPTH-LIMITED-SEARCH( problem, £) returns a node or failure or cutoff
frontier <— a LIFO queue (stack) with NODE(problem .INITIAL) as an element
result < failure
while not IS-EMPTY(frontier) do
node <— POP(frontier)
if problem.IS-GOAL(node.STATE) then return node
if DEPTH(node) > ¢ then
result < cutoff
else if not IS-CYCLE(node) do
for each child in EXPAND(problem, node) do
add child to frontier
return result

o
&
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function ITERATIVE-DEEPENING-SEARCH( problem) returns a solution, or failure
for depth =0 to oo do
result <D EPTH-LIMITED-SEARCH( problem, depth)
if result # cutoff then return result
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BIDIRECTIONAL SEARCH

function BIBF-SEARCH( problem g, fr, problem g, fp) returns a solution node, or failure
node p < NODE(problem g .INITIAL) // Node for a start state
node g < NODE(problem g.INITIAL) / / Node for a goal state
frontier p <— a priority queue ordered by fr, with node r as an element
frontier g <— a priority queue ordered by fp, with node g as an element
reached  <— a lookup table, with one key node .STATE and value node
reached p <— a lookup table, with one key node g.STATE and value nodep
solution < failure
while not TERMINATED(solution, frontier g, frontier g) do
if fr(ToP(frontierr)) < fp(TOP(frontierz)) then
solution <— PROCEED(F, problemr frontier r, reached r, reached g, solution)
else solution < PROCEED(B, problem g, frontier g, reached g, reached g, solution)
return solution

function PROCEED(dir, problem, frontier, reached, reacheds, solution) returns a solution
/ / Expand node on frontier; check against the other frontier in reacheds.
// The variable “dir” is the direction: either F for forward or B for backward.
node <— POP(frontier)
for each child in EXPAND(problem, node) do
s ¢ child .STATE
if s not in reached or PATH-COST(child) < PATH-COST(reached|[s]) then
reached|s] < child
add child to frontier
if s is in reached> then
solutions <+ JOIN-NODES(dir, child, reacheds[s]))
if PATH-COST(solutions) < PATH-COST(solution) then
solution < solutions
return solution
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Complete? Yes? Yes!? No No Yes! Yes!4
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Figure 3.15 Evaluation of search algorithms. b is the branching factor; m is the maximum
depth of the search tree; d is the depth of the shallowest solution, or is m when there is
no solution; ¢ is the depth limit. Superscript caveats are as follows: ' complete if b is
finite, and the state space either has a solution or is finite. 2 complete if all action costs are
>e>(0;3 cost-optimal if action costs are all identical; 4 if both directions are breadth-first
or uniform-cost.
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BEST-FIRST SEARCH
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Expand best node in the frontier. Best-FS
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EVALUATION FUNCTION
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Straight—line distance
to Bucharest

Arad 366
Bucharest 0
Craiova 160
[] Oradea Dobreta 242
Neamt Eforie 161
- Fagaras 178
. g7 Giurgiu 77
Zerind 151 Hirsova 151
75 3 Lo Iasi 226
asi .
Arad c_. Lugoj . 244
Mehadia 241
- 92 Neamt 234
Sibiu 99 Fagaras Oradea 380
118 Pitesti 08
L] Vaslui  Rimnicu Vilcea 193
80 Sibiu 253
. Rimnicu Vilcea Timisoara 329
Timisoara u Urziceni 80
- 142 Zas.luil 199
. . erin 374
111 1 Lugoj Pitesti
[ |
70 98
. 35 Hirsova
[ ] Mehadia 101 X Urziceni
75 138 Q.!JJ 86
Bucharest
Drobeta [] 120
] 90
Craiova ] Giurgiu Eforie
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GREEDY SEARCH (GREEDY BEST-FIRST SEARCH)
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Expand the node that appears to be closest to goal. GBS

(B b LT (55 (aadS Gulual 5 Las € (a5 53) el s 3l o) s SO e85 S 16 jlvonlay

f(n) = h(n)
l
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GREEDY SEARCH (GREEDY BEST-FIRST SEARCH)

ol S0 Baa G aw e pl G S wans (55K gls S ousls
Expand the node that appears to be closest to goal. GBS

(B b LT (55 (aadS Gulual 5 Las € (a5 53) el s 3l o) s SO e85 S 16 jlvonlay

h(n) = hgp(n) = straight-line distance from n to Bucharest

(a) The initial state D

366

* 0
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GREEDY SEARCH (GREEDY BEST-FIRST SEARCH)

ol S0 Baa G aw e pl G S wans (55K gls S oucls
Expand the node that appears to be closest to goal. GBS
(B b LT (55 (aadS Gulual 5 Las € (a5 53) el s 3l o) s SO e85 S 16 jlvonlay

h(n) = hgp(n) = straight-line distance from n to Bucharest

(b) After expanding Arad

253 329 374

* 0
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GREEDY SEARCH (GREEDY BEST-FIRST SEARCH)

Expand the node that appears to be closest to goal. GBS
(B b LT (55 (aadS Gulual 5 Las € (a5 53) el s 3l o) s SO e85 S 16 jlvonlay

h(n) = hgp(n) = straight-line distance from n to Bucharest

(c) After expanding Sibiu _Arad D

CSibiu > Climisoara) C Zerind 3

329 374

CArad D PCFagaras > Oradea > Emiu Vileed
366 176 380 193

* 0
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GREEDY SEARCH (GREEDY BEST-FIRST SEARCH)

Expand the node that appears to be closest to goal. GBS
(B b LT (55 (aadS Gulual 5 Las € (a5 53) el s 3l o) s SO e85 S 16 jlvonlay

h(n) = hgp(n) = straight-line distance from n to Bucharest

(d) After expanding Fagaras _Arad D

CSibiu > Climisoara)

329

G >G> o> o
366 380 193

CSibiu_DPCBucharesD
253 0

* 0
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A* SEARCH
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Expand the best node according to the evaluation function. A*
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f(n) = g(n) + h(n)
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A* EVALUATION FUNCTION

Ne S adla 5 L8 L Gus s S B¢ g adla B e (301000 bl 53 (SaadS (gdia ya

(s
g(n) — g* (n) nedla B 5 s el )

Voo
f(n) < 6 PECIPPEIRT il s

sedl (g4l A h(n) < h* (n) RV WON | BN by N | BN
Lus alla S
ol oS \ (a3 (54 A Bl e

* 0

7Y



Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

V-4

A* T = VITEN
A* SEARCH
L3518 55 (Lol S waans (B LS (sls S oucls
Expand the best node according to the evaluation function. A*
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(a) The initial state

366=0+366
f=9g+h
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A¥* T = VITEN
A* SEARCH
L3518 55 (Lol S waans (B LS (sls S oucls
Expand the best node according to the evaluation function. A*
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(b) After expanding Arad

393=140+253 447=118+4+329 449=75+374
f=g+h
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A* SEARCH
L0l A (obos) S asans GBS gls S ousls
Expand the best node according to the evaluation function. A*
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(c) After expanding Sibiu

449=T75+374

646=280+366 415=239+176 671=291+380 413=220+193
f=9g+h
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A* SEARCH
L0l A (obos) S asans GBS gls S ousls
Expand the best node according to the evaluation function. A*

(Lq_vTu_sl:sJJ| c_ul:\ Llass uuL.u.l‘).i L&b; u:\:s‘):\) C'J_u.l‘ CJ:’J"J‘ s sS:s (b‘)tts :‘SJLMOJL“\;'
(d) After expanding Rimnicu Vilcea Arad >

CSibiu > Cimisoarg) CZerind

447=118+329 449=T715+374

CArad DPCFagarasy COradea  Emmicn Viked

646=280+366 415=239+176 671=291+380

f=g9+nh T CherY  Cos

526=366+160 417=317+100 553=300+253
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A¥* T = VITEN
A* SEARCH
Expand the best node according to the evaluation function. A*
(Lq_vTu_sl:sJJ| c_ul:\ J‘A:Q.c uuL.u.l‘).i L&b; u:\:s‘):\) C'J_u.l‘ CJ:‘J—‘J‘ e sS:s (b‘)tts :‘SJLMOJL“\;'
(e) After expanding Fagaras Arad D
447=118+329 449=T75+374

CArd D (Fagaras> COradea  micu Vileed

646=280+366 671=291+380
CSibiu > QBucharesD CCraiova D P> Pitesti D C_Sibiu_3
591=338+253 450=45040  526=366+160 417=317+100 553=300+253

f=g9g+h
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A¥* T = VITEN
A* SEARCH
Expand the best node according to the evaluation function. A*
(Lq_vTu_sl:sJJ| c_ul:\ J‘A:Q.c uuL.u.l‘).i L&b; u:\:s‘):\) C'J_u.l‘ CJ:‘J—‘J‘ e sS:s (b‘)tts :‘SJLMOJL“\;'
(f) After expanding Pitesti  Arad D
447=118+329 449=T75+374

Carad > (Fagaras> COradea>  Emicn Vieed

646=280+366 671=291+380
CSibiu D QucharesD  CCraiovad Pitesti > C Sibiu
591=338+253 450=450+0 526=366+160 553=300+253

>CBucharesD CCraiova)  imnicu Vilee)
418=418+0 615=455+160 607=414+193
f=g+h
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Start

since h(G,) = 0
since G, is suboptimal
n) 4+ h(n) since h is admissible

)

GO G, —

S(G2) > F(n) 1555 caiS pad LAl 35308 (515 15 G K8 A™ a0



Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

VWY

f(n) > C* (otherwisen would have been expanded)

f(n) = g(n)+h(n) (bydefinition)

f(n) = g"(n)+ h(n) (becausenison an optimal path)

f(n) < g*(n)+ h*(n) (becauseof admissibility,h(n) < h*(n))
f(n) < C* (bydefinition, C* = g* (n) + A" (n))

The first and last lines form a contradiction, so the supposition that the algorithm could return
a suboptimal path must be wrong —it must be that A* returns only cost-optimal paths.
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VYn 0 < h(n) <h (n)
= h(G) = 0 (for any goal state G)
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Admissible
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Consistent
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h(n) < c(n,a,n’) + h(n')

fin') = g(n’) +h(n)
= g(n) +c(n,a,n’) +h(n’)

(
(n) +
gn)+h(n) X ,@
— (n) h(n)

= ool 53t s ome 58 aliiel 5o f(0) Say

(monotonicity)

c(n, a, n)

| V



Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

MY (gm0 g
$wn (oo gas ai ) o8Il g S 930 1l 43 A i b AT o g digs AT LLAS

5 LG )
. &ocal gy TREE-SEARCH 3l sulsial b A* (g gatiun ot , Kozl Jos & h(n) S
T ) - ) Admissible
X X - % - o - . JB85kw _
2ol disgs GRAPH-SEARCH 3 suléial b A™ (g saiiun ot 50 caisls h(n) <
) ) - ) Consistent
J3:8 Jals
Admissible
LY J R R (T 31 :
.3 g aal ST 0 (SN PRWAN h(n |
s Admissible oo ) Consistent ( ) 5
(% S S . - - & J‘S:)LU-‘ h Z
(e (5 gluasals) casal 535 508 (5 saue sa olaial 5a f(1) Llate cails o (n) LI

o
&



Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

YWY

suiSLd ) (5 gativa

055 AT 5 J 53 st gLl ) 5aa

SATISFICING SEARCH: INADMISSIBLE HEURISTICS AND WEIGHTED A *
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Bl 55 oo Sl 5 528 (ol Lol el aaal g 15 dage dasly als cowa ) S a@QT‘(LS 3081 R i

L slas S oland (Al Bk et 330 058l st
For example, road engineers know the concept of a detour index, which is a multiplier applied to
the straight-line distance to account for the typical curvature of roads. A detour index of 1.3

means that if two cities are 10 miles apart in straight-line distance, a good estimate of the best
path between them is 13 miles. For most localities, the detour index ranges between 1.2 and 1.6.

Js8 Jb i S ) 910

Inadmissible Heuristic

A et
f(n) =g(n)+ W x h(n), for some W > 1. ";V‘zfgitedﬁs;m,;

We can apply this idea to any problem, not just ones involving roads, with an approach called
weighted A* search where we weight the heuristic value more heavily, giving us the above
evaluation function.
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SATISFICING SEARCH: INADMISSIBLE HEURISTICS AND WEIGHTED A*
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(a) (b)

Figure 3.21 Two searches on the same grid: (a) an A* search and (b) a weighted A* search
with weight W = 2. The gray bars are obstacles, the purple line is the path from the green
start to red goal, and the small dots are states that were reached by each search. On this
particular problem, weighted A* explores 7 times fewer states and finds a path that is 5%
more costly.
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SATISFICING SEARCH: WEIGHTED A* SEARCH

We have considered searches that evaluate states by combining ¢ and / in
various ways; weighted A* can be seen as a generalization of the others:

A* search: g(n) + h(n) (W =1)
Uniform-cost search: g(n) (W =0)
Greedy best-first search: h(n) (W = 00)
(

You could call weighted A* “somewhat-greedy search”: like greedy best-first search, it
focuses the search towards a goal; on the other hand, it won’t ignore the path cost
completely, and will suspend a path that is making little progress at great cost.
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SUBOPTIMAL SEARCH ALGORITHMS
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Suboptimal Search Algorithms
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‘JJ-‘L;;-"&J:‘J&LS“‘-}:U-‘”JA[:“;‘A“J 6&‘:}@‘)‘}_‘;6‘)

b Lo e 1 O sl g oS bl il € el S o) e o s>

B S 9t
Speedy Search
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MEMORY-BOUNDED HEURISTIC SEARCH
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BEAM SEARCH

Beam search limits the size of the frontier.
The easiest approach is to keep only the k£ nodes with the best f-scores, discarding any other
expanded nodes.

This of course makes the search incomplete and suboptimal, but we can choose to make
good use of available memory, and the algorithm executes fast because it expands fewer
nodes.

For many problems it can find good near-optimal solutions.

You can think of uniform-cost or A* search as spreading out everywhere in concentric
contours, and think of beam search as exploring only a focused portion of those contours,
the portion that contains the best candidates.

An alternative version of beam search doesn’t keep a strict limit on the size of the frontier
but instead keeps every node whose f-score is within o of the best f~score. That way, when
there are a few strong-scoring nodes only a few will be kept, but if there are no strong nodes
then more will be kept until a strong one emerges.
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RECURSIVE BEST-FIRST SEARCH

function RECURSIVE-BEST-FIRST-SEARCH( problem) returns a solution or failure
solution, fvalue <— RBFS( problem, NODE(problem.INITIAL), 00)
return solution

function RBFS(problem, node, f_limit) returns a solution or failure, and a new f-cost limit
if problem .1S-GOAL(node.STATE) then return node
successors < LIST(EXPAND(node))
if successors is empty then return failure, oo
for each s in successors do / / update f with value from previous search
s.f «<—max(s.PATH-COST + h(s), node.f))
while true do
best « the node in successors with lowest f-value
if best.f > f limit then return failure, best. f
alternative < the second-lowest f-value among successors
result, best. f <~ RBFS(problem, best, min( f limit, alternative))
if result # failure then return result, best. f
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RECURSIVE BEST-FIRST SEARCH
(a) After expanding Arad, Sibiu,
and Rimnicu Vilcea m 366
447 |
Csibiu D, Cimisoard
447
C Arad Qi Vs>
646 415 671 I3

Ceraiova> C Pitesti D C_Sibiu 2
526 417 553

Stages in an RBFS search for the shortest route to Bucharest.

449

The f-limit value for each recursive call is shown on top of each current node, and every node is labeled with its f-cost.
(a) The path via Rimnicu Vilcea is followed until the current best leaf (Pitesti) has a value that is worse than the best

alternative path (Fagaras).

K%
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RECURSIVE BEST-FIRST SEARCH
(b) After unwinding back to Sibiu
and expanding Fagaras CAnd D
447
Csibiu_D, . Climisoara

447

G Gagasd ot >
P 417

646 415 671

Csibiu D CBucharesD

591 450

449

(b) The recursion unwinds and the best leaf value of the forgotten subtree (417) is backed up to Rimnicu Vilcea; then

Fagaras is expanded, revealing a best leaf value of 450.

K%
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RECURSIVE BEST-FIRST SEARCH

(c) After switching back to Rimnicu Vilcea

and expanding Pitesti

Csibiu D,

o]
b o]

C Arad > Ry VikeD), |

646 X450 671

526

418

continues to Bucharest.
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(c) The recursion unwinds and the best leaf value of the forgotten subtree (450) is backed up to Fagaras; then Rimnicu
Vilcea is expanded. This time, because the best alternative path (through Timisoara) costs at least 447, the expansion




Prepared by Kazim Fouladi | Spring 2021 | 4% Edition

Y

48 ybo g0 Sl § 948 (5 giuu

BIDIRECTIONAL HEURISTIC SEARCH

fr(n) = gr(n) + hp(n) VD sie s s clesol

Ly ol sieds e e

fB (n) — gB(n) -+ hB ('n,) (backward) s cga 5o slas S 515

Ciny Oleed Bua ol

[b(m,n) = max(gr (m) + gB(n), fr(m), f(n))

f2(n) = max(2g(n), g(n) + h(n))
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BIDIRECTIONAL HEURISTIC SEARCH
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’U};K

Start —4—»@ --) - *@«4— Goal

F=9=4+5 £=10=4+6
f2—10 f>=10

Roroo

f=8=T+1 f=8=6+2 f=9=T+2 f=9=8+1
f2:14 f2:12 f2:14 f2:16

Figure 3.24 Bidirectional search maintains two frontiers: on the left, nodes A and B are
successors of Start; on the right, node F is an inverse successor of Goal. Each node is labeled
with f =g + h values and the fy = max(2g, g + h) value. (The g values are the sum of the
action costs as shown on each arrow; the h values are arbitrary and cannot be derived from
anything in the figure.) The optimal solution, Start-A-F-Goal, has cost C* =4 + 2 + 4 =10,
so that means that a meet-in-the-middle bidirectional algorithm should not expand any node
with g > 02 =5; and indeed the next node to be expanded would be A or F (each with
g=4), leading us to an optimal solution. If we expanded the node with lowest f cost first,
then B and C would come next, and D and E would be tied with A, but they all have g > CQ*

and thus are never expanded when f5 is the evaluation function.
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BIDIRECTIONAL HEURISTIC SEARCH

Bidirectional search is sometimes more efficient than unidirectional search,
sometimes not.

In general, if we have a very good heuristic, then A* search produces search contours
that are focused on the goal, and adding bidirectional search does not help much.

With an average heuristic, bidirectional search that meets in the middle tends to
expand fewer nodes and is preferred.

In the worst case of a poor heuristic, the search is no longer focused on the goal, and
bidirectional search has the same asymptotic complexity as A*.

Bidirectional search with the f, evaluation function and an admissible heuristic 4 1s
complete and optimal.
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f(n) = g(n)
g(n) = depth(n) -

| = o0 [ =1,2,3,...

f(n) = —depth(n)
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Search Cost (nodes generated) Effective Branching Factor
d IDS A*(hq) A*(hs) IDS A*(hy) A*(ho)
2 10 6 6 2.45 1.79 1.79
4 112 13 12 2.87 1.48 1.45
6 680 20 18 2.73 1.34 1.30
8 6384 39 25 2.80 1.33 1.24
10 47127 93 39 2.79 1.38 1.22
12 || 3644035 227 73 2.78 1.42 1.24
14 - 539 113 — 1.44 1.23
16 - 1301 211 — 1.45 1.25
18 - 3056 363 - 1.46 1.26
20 - 7276 676 — 1.47 1.27
22 — 18094 1219 - 1.48 1.28
24 — 39135 1641 — 1.48 1.26
5 4 1 2 3
iyl sla 5o G ,S51 3 slaslS slaas = Ay (1)
6 1 8 4
X Sy 3 A & 3 = h n
39n coya sla B i€ ja (Manhattan) g ¢ glals ¢ gons 9 ( ) 213 e s

Start State

Goal State
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Given any admissible heuristics h,, hy,
h(n) = max(h,(n), hy(n))

is also admissible and dominates h,, h;

* 0
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Figure 3.30

the other tiles.

A subproblem of the 8-puzzle instance given in Figure 3.28. The task is to
get tiles 1, 2, 3, and 4 into their correct positions, without worrying about what happens to
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i ]

Alba lulia
a

= T hOT min
G78km

Fighiag
| %

> Geton Al from Strada Andred Saguna, Streda
Dorobart and Calea BodroguhuiDJESIF

Srmia (4.3 lor

¥ Geton DMBRAEETS in Judeiul Timig from A1

¥ Geton Al In Salmug from DhaBA/ESTS and
DN7/EGE

3 Follgw AT, DNV/DONT/EBA/ER and AT o
DN /DNT/EGE/EET in Judetul Sibiu. Take the
DNT/DNT axit from A1

¥ Cortinue to REmnicu Viloea
21 iy (B b

1 Cortinue onto DNT/ES]
W) Continua to follow BRI
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Figure 3.28 A Web service providing driving directions, computed by a search algorithm.
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Artificial Intelligence: A Modern Approach,
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Chapter 3
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