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CS 188: Artificial Intelligence

Search

Instructors: Stuart Russell and Dawn Song

University of California, Berkeley

[slides adapted from Dan Klein, Pieter Abbeel]
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Please retain proper attribution, including the reference to ai.berkeley.edu.  Thanks!


Today
= Agents that Plan Ahead
= Search Problems

= Uninformed Search Methods
= Depth-First Search
= Breadth-First Search

= Uniform-Cost Search


Presenter
Presentation Notes
General theme in the class:

A goal we have in mind.

A mathematical abstraction to formalize this

Algorithms that operate on these abstractions


Planning Agents

Planning agents decide based on evaluating
future action sequences

* * B

L »

Must have a model of how the world v e e e e e

evolves in response to actions e e e
Usually have a definite goal
Optimal: Achieve goal at least cost




Search Problems



Search Problems

= A search problem consists of:

nsespace s | I I I I [ =

An initial state s,

Actions _A(s) in each state '

Transition model Result(s,a) K

A goal test G(s) E- H
= S has no dots left

Action cost c(s,a,s’)
= +] per step; -10 food; -500 win; +500 die; -200 eat ghost

= A solution is an action sequence that reaches a goal state
= An optimal solution has least cost among all solutions
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Often comes back on exams

Goal test – sometimes more than one state that satisfies having achieved the goal, for example, “eat all the dots”

Abstraction


Search Problems Are Models



Example: Traveling in Romania



But then...




Example: Traveling in Romania

= State space:

= Cities
= |nitial state:
Arad
= Arad
Fagaras
118 Vaslui = Actions:

Rimnicu Vilcea

= Go to adjacent city

Timisoara

= Transition model:
= Reach adjacent city

Pitesti

Lugoj

Hirsova

Mehadia Urziceni

= Goal test:
®» 5 =Bucharest?

75 86

Drobeta

Bucharest

90
Giurgiu Eforie = Action cost:

= Road distance from sto s’

Craiova

= Solution?






Models are almost always wrong



Models are almost always wrong
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What’s in a State Space?

The world state includes every last detail of the environment

A search state keeps only the details needed for planning (abstraction)

= Problem: Pathing = Problem: Eat-All-Dots
= States: (x,y) location = States: {(x,y), dot Booleans}
= Actions: NSEW = Actions: NSEW
® Transition: update x,y value ® Transition: update x,y and
= Goal test: is (x,y)=destination possibly a dot Boolean

= Goal test: dots all false


Presenter
Presentation Notes
Wrong example for “eat-all-dots”: (x, y, dot count)


State Space Sizes

= World state:
= Agent positions: 120
* Food count: 30
= Ghost positions: 12
= Agent facing: NSEW

= How many
= World states?
120x(23%)x(12%)x4
= States for pathing?
120
= States for eat-all-dots?
120x(239)
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90 * (2^30-1) + 30 * 2^29 = 145 billion
2^29 = 536 870 912


State Space Graphs and Search Trees



State Space Graphs

= State space graph: A mathematical ' . '
representation of a search problem
= Nodes are (abstracted) world configurations

= Arcs represent transitions (labeled with actions)
®* The goal test is a set of goal nodes (maybe only one) V ' n \ ’\f

® |n a state space graph, each state occurs only ! - '
once! ~ ! A ! e \
N E
= We can rarely build this full graph in memory h lE \ /

(it’s too big), but it’s a useful idea - E u E !
— —
W W
} }

|



State Space Graphs

= State space graph: A mathematical
representation of a search problem
= Nodes are (abstracted) world configurations
= Arcs represent successors (action results)
®* The goal test is a set of goal nodes (maybe only one)

= |n a state space graph, each state occurs only
once!

Tiny state space graph
for a tiny search problem

= We can rarely build this full graph in memory
(it’s too big), but it’s a useful idea



State Space Graphs vs. Search Trees

/State Space Graph\

Each NODE in
in the search
tree is an
entire PATH in
the state
space graph.
We construct
the tree on
demand — and
we construct
as little as
possible.

-~

Search Tree

~

—
d e
———— -
(o3 e h r
1 -_— P 1
a r p q f
NN 1 = -
p f q cC G
[ ] ’\ -
q C G a

a
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Example: The 8-puzzle

7 2 4 1 2
5 6 3 4 5
8 3 1 6 7 8

Start State Goal State

= states? locations of tiles

= jnitial state? given

= actions? move blank left, right, up, down
= goal test? goal state (given)

= path cost? 1 per move

[Note: optimal solution of n-Puzzle family is NP-hard]



Example: The 8-puzzle



Implementation: states vs. nodes

= A state is a (representation of) a physical configuration

= A node is a data structure constituting part of a search tree contains info such as: state,

parent node, action, path cost g(x), depth

parent, action

State || 5 4 Node depth = 6
g=6
6 1 8
ale
7 3 2 st

= The Expand function creates new nodes, filling in the various fields and using the
SuccessorFn of the problem to create the corresponding states.

43



Vacuum world state space graph

N
o~

LC,';ﬂ“ % |
TRED (&1 20
LCE@ dg:)n

0

S E]

states? discrete: dirt and robot location

Elﬂﬁ
O

initial state? any

actions? Left, Right, Suck

goal test? no dirt at all locations
path cost? 1 per action
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State Space Graphs vs. Search Trees

/State Space Graph\

Each NODE in
in the search
tree is an
entire PATH in
the state
space graph.
We construct
the tree on
demand — and
we construct
as little as
possible.

-~

Search Tree

~

—
d e
———— -
(o3 e h r
1 -_— P 1
a r p q f
NN 1 = -
p f q cC G
[ ] ’\ -
q C G a

a

/




Quiz: State Space Graphs vs. Search Trees

Consider this 4-state graph: How big is its search tree (from S)?

@
ele 9



Quiz: State Space Graphs vs. Search Trees

Consider this 4-state graph: How big is its search tree (from S)?

N\,
e A OO
(b) a/\G é\

/\

Important: Those who don’t know history are doomed to repeat it!



Quiz: State Space Graphs vs. Search Trees

Consider a rectangular grid: How many states within d steps of start?

How many states in search tree of depth d?




Search Problems



State Space Graphs vs. Search Trees

/State Space Graph\

Each NODE in
in the search
tree is an
entire PATH in
the state
space graph.
We construct
the tree on
demand — and
we construct
as little as
possible.

-~

Search Tree

~

—
d e
———— -
(o3 e h r
1 -_— P 1
a r p q f
NN 1 = -
p f q cC G
[ ] ’\ -
q C G a

a

/




Implementation: states vs. nodes

= A state is a (representation of) a physical configuration

= A node is a data structure constituting part of a search tree contains info such as: state,

parent node, action, path cost g(x), depth

parent, action

State || 5 4 Node depth = 6
g=6
6 1 8
ale
7 3 2 st

» The EXpand function creates new nodes, filling in the various fields and using the
SuccessorFn of the problem to create the corresponding states.

10



Search Problems

= A search problem consists of:

A state space .§

An initial state s,

Actions _A(s) in each state

Transition model Result(s,a) = s’ (also SuccessorFunction)

A goal test G(s)=TorF
= S has no dots left
Action cost c¢(s,a,s’) = 2=
= +1 per step; -10 food; -500 win; +500 die; -200 eat ghost

= A solution is an action sequence that reaches a goal state
= An optimal solution has least cost among all solutions


Presenter
Presentation Notes
Often comes back on exams

Goal test – sometimes more than one state that satisfies having achieved the goal, for example, “eat all the dots”

Abstraction


Vacuum world state space graph

N
o~

LC,';ﬂ“ % |
TRED (&1 20
LCE@ dg:)n

0

S E]

states? discrete: dirt and robot location

Elﬂﬁ
O

initial state? any

actions? Left, Right, Suck

goal test? no dirt at all locations
path cost? 1 per action
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Example: vacuum world

= QObservable, start in #5.

Solution? [Right, Suck] 1

= Unobservable, start in
{112131415161 718} e'g'l

Solution?

[Right,Suck,Left,Suck]

1 (1 ) oL

SiLSER SIS

14



Example: The 8-puzzle



Tree Search



Search Example: Romania

Oradea

Zerind 151

Sibiu 99 Fagaras

75
Arad
118
Timisoara
111 Lugoj
70
Mehadia
75
Drobeta 120

80
Rimnicu Vilcea

Pitesti

138

Craiova

101

211

Neamt
87
Iasi
92
Vaslui
142
98
Hirsova
85 ..
Urziceni
86
Bucharest
90
Eforie

Giurgiu



Example: Traveling in Romania

= State space:

= Cities
= |nitial state:
Arad
= Arad
Fagaras
118 Vaslui = Actions:

Rimnicu Vilcea

= Go to adjacent city

Timisoara

= Transition model:
= Reach adjacent city

Pitesti

Lugoj

Hirsova

Mehadia Urziceni

= Goal test:
®» 5 =Bucharest?

75 86

Drobeta

Bucharest

90
Giurgiu Eforie = Action cost:

= Road distance from sto s’

Craiova

= Solution?



Implementation: states vs. nodes

= A state is a (representation of) a physical configuration

= A node is a data structure constituting part of a search tree contains info such as: state,
parent node, action, path cost g(x), depth

parent, action

State || 5 ||| 4 Node depth = 6
g=6
b6 1 8
ale
7 3 2 st

* The EXpand function creates new nodes, filling in the
various fields and using the SuccessorFn of the
problem to create the corresponding states.

19
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Creating the search tree
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Creating the search tree
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Creating the search tree
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General Tree Search

function TREE-SEARCH( problem, strategy) returns a solution, or failure
initialize the search tree using the initial state of problem
loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy
if the node contains a goal state then return the corresponding solution
else expand the node and add the resulting nodes to the search tree
end

®" Main variations:
= Which leaf node to expand next
= Whether to check for repeated states
= Data structures for frontier, expanded nodes




Systematic search

frontier

reached =

unexplored expanded expanded U frontier

1. Frontier separates expanded from unexplored region of state-space graph
2. Expanding a frontier node:

a. Moves a node from frontier into expanded

b. Adds nodes from unexplored into frontier, maintaining property 1



Depth-First Search



Strategy: expand
a deepest node
first

Implementation:
Frontier is a LIFO

Depth-First Search

stack




Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = Last In First Out (LIFO) queue, i.e., put successors at front

Is A a goal state? h@'

27



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=|[B,C]

Is B a goal state?

28



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

gueue=|[D,E,C]

Is D = goal state?

29



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

gueue=[H,I,E,C]

Is H = goal state?

30



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=[Il,E,C]

Is | = goal state?

31



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

gueue=[E,C]

Is E = goal state?

32



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=[J,K,C]

Is J = goal state?

33



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=[K,C]

Is K = goal state?

34



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=|[C]

Is C = goal state?

35



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=[F,G]

Is F = goal state? E

36



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=[L,M,G]

Is L = goal state?

37



Depth-first search

= Expand deepest unexpanded node

= |mplementation:

= fringe = LIFO queue, i.e., put successors at front

queue=[M,G]

Is M = goal state?

38



Search Algorithm Properties



Search Algorithm Properties

Complete: Guaranteed to find a solution if one exists?

Optimal: Guaranteed to find the least cost path?
Time complexity? »si3Je5 slas )5 slass

’
Space complexity? ..z 5 55 glas ;S slass 1 node
b nodes

Cartoon of search tree: b? nodes

= b is the branching factor m tiers <

= mis the maximum depth

= solutions at various depths

N b™ nodes

Number of nodes in entire tree?
= 1+b+b%*+...b"=0(b")



Depth-First Search (DFS) Properties

= What nodes does DFS expand?

= Some left prefix of the tree down to depth m. 1 node

= Could process the whole tree! b nodes

= |f mis finite, takes time O(b™) b2 nodes
= How much space does the frontier take? m tlers<

= Only has siblings on path to root, so O(bm)
" |sit complete? b™ nodes

= m could be infinite
= preventing cycles may help (more later)

= |sit optimal?

= No, it finds the “leftmost” solution, regardless
of depth or cost



Breadth-First Search



Strategy: expand
a shallowest
node first

Implementation:
Frontier is a FIFO

Breadth-First Search

queue e

Search
<

Tiers




Breadth-first search

= Expand shallowest unexpanded node
" Implementation:

= fringe is a FIFO queue, i.e., new successors go at
end

pand: &
>E G

Is B a goal state?

44



Breadth-first search
= Expand shallowest unexpanded node

" Implementation:

= fringe is a FIFO queue, i.e., new successors go at end
Expand:

(4]
fringe=[D,E,F,G]
s D a goal state? (B) e
>b@© © © O

45



Breadth-First Search (BFS) Properties

What nodes does BFS expand?

= Processes all nodes above shallowest solution : b 1 node
= Let depth of shallowest solution be s _ b nodes
= Search takes time O(b°) s tiers < b2 nodes
How much space does the frontier take? - / o A\ bs nodes
= Has roughly the last tier, so O(b°)
O
Is it complete? o b™ nodes

= s must be finite if a solution exists, so yes!

Is it optimal?

= |f costs are equal (e.g., 1)



General Tree Search

function TREE-SEARCH( problem, strategy) returns a solution, or failure
initialize the search tree using the initial state of problem
loop do
if there are no candidates for expansion then return failure
choose a leaf node for expansion according to strategy
if the node contains a goal state then return the corresponding solution
else expand the node and add the resulting nodes to the search tree
end

®" Main variations:
= Which leaf node to expand next
= Whether to check for repeated states
= Data structures for frontier, expanded nodes




DFS vs BFS



Quiz: DFS vs BFS

= When will BFS outperform DFS?

= BFS best when there is a shallow solution, s << m

= When will DFS outperform BFS?

= DFS best when solutions all at m, and fairly common
at m

[Demo: dfs/bfs maze


Presenter
Presentation Notes
BFS best when there is a shallow solution, s << m
DFS best when solutions all at m, and fairly common at m
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Iterative Deepening

= |dea: get DFS’s space advantage with BFS’s
time / shallow-solution advantages
= Run a DFS with depth limit 1. If no solution...
= Run a DFS with depth limit 2. If no solution...
= Run a DFS with depth limit 3. .....

= |sn’t that wastefully redundant?

= Generally most work happens in the lowest
level searched, so not so bad!

/

e \\
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1 + (1+b) + (1+b+b2) + … + (1+b+…+bs)  = (s+1) + sb + (s-1)b2 + … + bs  =  O(bs)



Iterative deepening search L=1

Limit =1 +E) (3)
B{.5) [£) B




Iterative Deepening Search L=3

10



Iterative deepening search L=0

11



Lim

it=1

Iterative deepening search L=1

° o o e e e e
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Iterative deepening search [=2

f e

13



Iterative Deepening Search L=3

%%3

xif“
o f
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Iterative deepening search

= Number of nodes generated in a depth-limited search to depth d with branching factor b:
Nps=bO+ bl + b2 +... +b%2 + pd-1 + pd

= Number of nodes generated in an iterative deepening search to depth d with branching
factor b:

N ps = (d+1)b% + d bt + (d-1)b? + ... + 3bd2 +2b%1 + 1bd =

o(b?) =0 (b%™)
" Forb=10,d=25, \
= Npy=1+10+ 100+ 1,000 + 10,000 + 100,000 = 111,111
= N =6+ 50+ 400 + 3,000 + 20,000 + 100,000 = 123,450 BFS
L LT =1,111,100

Note: BFS can also be adapted to be O(b?) by waiting to expand until all nodes at depth d are checked




By the Al
community

By the
theoretical
computer
science
community

Uniform Cost Search

or
Dijkstra's algorithm






Uniform-cost search

Breadth-first is only optimal if step costs is increasing with depth (e.g. constant). Can
we guarantee optimality for any step cost?

Uniform-cost Search: Expand node with smallest path cost g(n).

Proof Completeness:

Given that every step will cost more than 0,

and assuming a finite branching factor, there

is a finite number of expansions required before
the total path cost is equal to the path cost of the
goal state. Hence, we will reach it.

Proof of optimality given completeness:

Assume UCS is not optimal.

Then there must be an (optimal) goal state with
path cost smaller than the found (suboptimal) goal
state (invoking completeness).

However, this is impossible because UCS would
have expanded that node first by definition.
Contradiction.

____________________________________________
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Uniform Cost Search

g(n) = cost from root
ton

02 eSS (5o )5
S, a0 YD Ao j»

Strategy: expand 5051, 9(N) o2 %S

lowest g(n) Moo drmsd
Frontier is a priority -
gueue sorted by g(n)
@3 POR ®1
®4©, _®5 w1701 @ 16
Cost < @6 a W13®7 p a f_
contours .
p g®s a4 ¢
941© ®10 @




Uniform Cost Search (UCS) Properties

= What nodes does UCS expand?
= Processes all nodes with cost less than cheapest solution!

= |f that solution costs C* and arcs cost at least ¢, then the
“effective depth” is roughly C*/¢
C*le

= Takes time O(b"¢) (exponential in effective depth .
(b%7%) (exp pth) “tiars”

= How much space does the frontier take?
* Has roughly the last tier, so O(b®"%)

= |sit complete?

= Assuming C* is finite and &£ > 0O, yes!

= |sit optimal?
= Yes! (Proof next lecture via A*)



The complexity of uniform-cost search is characterized in terms of C*, the cost of the
optimal solution,® and ¢, a lower bound on the cost of each action, with ¢ > 0. Then the
algorithm’s worst-case time and space complexity is O(b' L€ /€, which can be much greater
than »?. This is because uniform-cost search can explore large trees of actions with low costs
before exploring paths involving a high-cost and perhaps useful action. When all action costs
are equal, o' 1€/¢) s just b7t and uniform-cost search is similar to breadth-first search.

Uniform-cost search is complete and is cost-optimal, because the first solution it finds
will have a cost that is at least as low as the cost of any other node in the frontier. Uniform-
cost search considers all paths systematically in order of increasing cost, never getting caught
going down a single infinite path (assuming that all action costs are > € > 0).

) Ban Gos )3 35790 0,5 plod 19550 4 jd b gonien 45 Jl> )0 3900 igio B3 i I a2y duoBW o pe (Seomium
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Uniform-cost search

Implementation: fringe = queue ordered by path cost
Equivalent to breadth-first if all step costs all equal.

Complete? Yes, if step cost = €
(otherwise it can get stuck in infinite loops)

Time? # of nodes with path cost < cost of optimal solution.

Space? # of nodes with path cost < cost of optimal solution.

Optimal? Yes, for any step cost 2 €

23



Summary of algorithms

|

even complete if step cost is not increasing with depth. preferred
uninformed
search strategy



Uninformed Search: DFS vs BFS vs UCS vs IDS vs BiS
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Bidirectional Search

" |dea
= simultaneously search forward from S and backwards from G
= stop when both “meet in the middle”
= need to keep track of the intersection of 2 open sets of nodes

= What does searching backwards from G mean

= need a way to specify the predecessors of G
= this can be difficult,
= e.g., predecessors of checkmate in chess?

= which to take if there are multiple goal states?
= where to start if there is only a goal test, no explicit list?

33



Bi-Directional Search

Complexity: time and space complexity are:

O(bd/z)

34



Summary



A Take-Home Quiz!

Ell I eslawwl L 1) 49,bys (gomimz IS4L V-V SS "
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" Demos

= http://www.cs.rmit.edu.au/Al-Search/Product/
" http://aima.cs.berkeley.edu/demos.html| (for more demos)



http://www.cs.rmit.edu.au/AI-Search/Product/
http://aima.cs.berkeley.edu/demos.html

CS 188: Artificial Intelligence

Search

Instructors: Stuart Russell and Dawn Song

University of California, Berkeley

[slides adapted from Dan Klein, Pieter Abbeel]
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Uninformed Search: DFS vs BFS vs UCS vs IDS vs BiS
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Summary



CS 188: Artificial Intelligence

Informed Search

Instructors: Stuart Russell and Dawn Song

University of California, Berkeley
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Example: route-finding in Romania




What we would like to have happen

Guide search towards the goal instead of all over the place

StarGoaI Sta@ Goal

Informed Uninformed



Uninformed vs Informed Search
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DFS vs BFS vs UCS
VS

A* Sea rCh, an informed search



Best-first search

= |dea: use an evaluation function f(n) for each node
= f(n) provides an estimate for the total cost. L vss wslhe 5 e ils (bl @
—>Expand the node n with smallest f(n). 223e SUle)S B 0292

lasol sl als 1) Lol o2 %ee S b )5

; D9 0 8315 Janw
* Implementation: dd

Order the nodes in fringe increasing order of cost.
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= Special cases: oS o
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Romania with straight-line dist.
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Greedy best-first search

" f(n) = estimate of cost from n to goal

" e.g., f(n) = straight-line distance from n to
Bucharest

" Greedy best-first search expands the node that
appears to be closest to goal.
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Greedy best-first search example

Straight—line distance
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Greedy best-first search example

Straight—line distance
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Greedy best-first search example
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Greedy best-first search example

Straight—line distance
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GBFS is not complete

goal state
start state

f(n) = straightline distance



Properties of greedy best-first search

Complete? No — can get stuck in loops.

Time? O(b™), but a good heuristic can give dramatic improvement
Space? O(b™) - keeps all nodes in memory

Optimal? No

e.g. Arad—>Sibiu=2Rimnicu Virea—> Pitesti=> Bucharest is shorter!




A search

= |dea: avoid expanding paths that are already expensive
= Evaluation function f(n) = g(n) + h(n)

" g(n) = cost so far to reach n

" h(n) = estimated cost from n to goal

= f(n) = estimated total cost of path through n to goal

® Best First search has f(n)=h(n)

= Uniform Cost search has f(n)=g(n)



A”: the core idea

Expand a node n most likely to be on the optimal path
Expand a node n s.t. the cost of the best solution through n is optimal
Expand a node n with lowest value of g(n) + h"(n)

" g(n)is the cost from root to n
» h'(n) is the optimal cost from n to the closest goal

We seldom know h*(n) but might have a heuristic approximation h(n)

A” = tree search with priority queue ordered by g(n) + h(n)
N 5,8 4 el 5,5 1 o 452 :8(N)
B2 4Nl o 2 50Ul 83ub 83 (paes 4 s s h(N)
N Gk il J=oly o s50liol jlaadb 83 Guedsi 4 50 : f(n)=g(n)+h(n)
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f(A) = g(A) + h(A)

A" search example
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A" search example

Straight—line distance
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A" search example

f(n) = g(n) + h(n)
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A" search example

Straight—line distance
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f(n) = g(n) + h(n)
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A" search example
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A" search example

f(n) = g(n) + h(n)
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Properties of A*

Complete? Yes (unless there are infinitely many nodes with
f<f(G), i.e. step-cost > g)
Time/Space? Exponential b¢

except if:  [h(n)=h"(n)[<O(®ogh™(n)) (¢t Editions before 2020)
Optimal? Yes

Optimally Efficient: Yes (no algorithm with the

same heuristic is guaranteed to expand fewer nodes)
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Optimality of A* Tree Search

e Admissibility
e Consistency ~ Monotonicity
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Admissible heuristics

o slasa j5m wbh el
= A heuristic h(n) is admissible if for every node n, =3* % ¢ slr 0w J

Abl awblss
h(n) < h™(n), where h™(n) is the true cost to reach the goal state
from n.

= An admissible heuristic never overestimates the cost to reach
the goal, i.e., it is optimistic

= Example: h, ,(n) (never overestimates the actual road distance)

* Theorem: If h(n) is admissible, A* using TREE-SEARCH is
optimal



Admissible heuristics

E.g., for the 8-puzzle:

= h,(n) = number of misplaced tiles

= h,(n) = total Manhattan distance

(i.e., no. of squares from desired location of each tile)

7l 21l & 1
5 6 3 || 4
u hl(S) =7 g ||| 3 || 1 6 ||| 7

[ | h;( S) — ? Start State Goal State




Admissible heuristics

E.g., for the 8-puzzle:

= h,(n) =number of misplaced tiles

" h,(n)=total Manhattan distance

(i.e., no. of squares from desired location of each tile)

7 2 4 1
5 6 3 4
8 3 1 6 7

" hl.(é)z_? 8 Start State Goal State
" h,(S) =? 3+1+2+2+2+3+3+2 = 18



Dominance

If h,(n) 2 h,(n) for all n (both admissible)

then h, dominates h,

h, is better for search: it is guaranteed to expand
less or equal nr of nodes.

Typical search costs (average number of nodes expanded):

d=12 |IDS = 3,644,035 nodes
A*(h,) =227 nodes
A*(h,) = 73 nodes
d=24 1DS = too many nodes
A*(h,) = 39,135 nodes
A’(h,) = 1,641 nodes



Relaxed problems

= A problem with fewer restrictions on the actions is called
a relaxed problem

=" The cost of an optimal solution to a relaxed problem is an
admissible heuristic for the original problem

= |f the rules of the 8-puzzle are relaxed so that a tile can
move anywhere, then h,(n) gives the shortest solution

= |f the rules are relaxed so that a tile can move to any
adjacent square, then h,(n) gives the shortest solution



Consistent or monotone heuristics

= A heuristic is consistent if for every node n, every successor n' of n generated by any
action g,

h(n) < c(n,a,n') + h(n')

= |f his consistent, we have

f(n’) =g(n’) + h(n’) (by def.)

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

> g(n) + h(n) =f(n) (consistency)
f(n’) 2 f(n) It’s the triangle

inequality !
= j.e., f(n)is non-decreasing along any path. S S ) gad plod
keeps all checked nodes Cao s> CJ:'.' ‘d}*sd-’b
. . in memory to avoid repeated B Y lax
Theorem: o D ) oleiss

If h(n) is consistent, A* using GRAPH-SEARCH is optimal



Optimality of A™ (proof)

= Suppose some suboptimal goal G, has been generated and is in the fringe. Let n be an
unexpanded node in the fringe such that n is on a shortest path to an optimal goal G.

We want to prove:

f(n) < f(G2) Start

(then A* will prefer n over G2) :

= f(G,) =g(G,) since h(G,) =0 ;

= f(G) =g(G) since h(G) =0

= g(G,) >g(G) since G, is suboptimal C@ G,
= f(G,) >f(G) from above

= h(n) < h*( since h is admissible (under-estimate)

= g(n)+h(n)<g(n)+h*(n) from aboye
= f(n) <f(G) since g(n)+h(n)=f(n) & g(n)+h*(n)=f(G)
= f(n) <f(G2) from



A* Applications

Video games

Pathing / routing problems
Resource planning problems
Robot motion planning
Language analysis

Machine translation

Speech recognition

Protein design

Chemical synthesis
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= |DA*, RBFS: Iterative Deepening A*, Recursive Best-First Search

= SMA*: Simplified Memory-Bounded A*



Memory Bounded Heuristic Search: Recursive BFS

" How can we solve the memory problem for A* search?

" |dea: Try something like depth first search, but let’s not
forget everything about the branches we have partially
explored.

= We remember the best f-value we have found so far in
the branch we are deleting.
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RBFS
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RBFS:

best alternative over fringe
nodes, which are not children:
l.e. do | want to back up?

RBFS changes its mind very
often in practice.

This is because the f=g+h
become more accurate

(less optimistic) as we approach
the goal. Hence, higher level
nodes have smaller f-values

and will be explored first.



bl jxeS GBIl b 639 b f s e plol o TS L plSia
oo f o yaes max b olsj o f oas)lais

S5 Olgas 4
JJd=> cutoff

Ed.2020

Straight-line distance

© Bucharest
Arad 65
Bucharest ]
Craiova 160
Dobreta 243
Arad [ . Eforie 161
SIbll g3 Fagaras Eﬂlﬁ‘:;: 1_‘_’
14 Hirsova 151
Iasi 276
Lugoj 244
Mehadia 24]
Neamt 14
Oradea 80
Pitesti 10

] Hirsowa

Rimnicu Vikea |o3

Sibiu 153 -

Timisoara 129 f g + h
Urziceni ]

Efore  Vashui 199

Zerind 374



SMA*: Simple Memory Bounded A*
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SMA*: Simple Memory Bounded A*

This is like A*, but when memory is full we delete the worst
node (largest f-value).

Like RBFS, we remember the best descendent in the branch
we delete.

If there is a tie (equal f-values) we delete the oldest nodes
first.

simple-MBA* finds the optimal reachable solution given the
memory constraint.

. . . A Solution is not reachable
Time can still be exponential. i a single path from root to goal

does not fit into memory
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