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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]

Presenter
Presentation Notes
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

 Must have a model of how the world 
evolves in response to actions

 Usually have a definite goal
 Optimal: Achieve goal at least cost



Search Problems



Search Problems

 A search problem consists of:

 A state space S
 An initial state s0
 Actions A(s) in each state
 Transition model Result(s,a)
 A goal test G(s)

 S has no dots left
 Action cost c(s,a,s’)

 +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

N

E -9
-9

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



Search Problems Are Models



Example: Traveling in Romania



But then…



Example: Traveling in Romania

 State space:
 Cities

 Initial state:
 Arad

 Actions:
 Go to adjacent city

 Transition model:
 Reach adjacent city

 Goal test:
 s = Bucharest?

 Action cost:
 Road distance from s to s’

 Solution?





Models are almost always wrong



Models are almost always wrong



What’s in a State Space?

 Problem: Pathing
 States: (x,y) location
 Actions: NSEW
 Transition: update x,y value
 Goal test: is (x,y)=destination

 Problem: Eat-All-Dots
 States: {(x,y), dot Booleans}
 Actions: NSEW
 Transition: update x,y and 

possibly a dot Boolean
 Goal test: dots all false

The world state includes every last detail of the environment

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

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(230)x(122)x4
 States for pathing?

120
 States for eat-all-dots?

120x(230)

Presenter
Presentation Notes
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)

 In a state space graph, each state occurs only 
once!

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

 In a state space graph, each state occurs only 
once!

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

S

G

d

b

p q

c

e

h

a

f

r

Tiny state space graph 
for a tiny search problem



State Space Graphs vs. Search Trees
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Example: The 8-puzzle

 states? locations of tiles
 initial 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
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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

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



45

Vacuum world state space graph

 states? discrete: dirt and robot location
 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
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Quiz: State Space Graphs vs. Search Trees

S G

b

a

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



Quiz: State Space Graphs vs. Search Trees

S G

b

a

Consider this 4-state graph: 

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

How big is its search tree (from S)?
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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
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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

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



Search Problems

 A search problem consists of:

 A state space S
 An initial state s0
 Actions A(s) in each state
 Transition model Result(s,a) = s’ (also SuccessorFunction)
 A goal test G(s) = T or F

 S has no dots left
 Action cost c(s,a,s’) = عدد

 +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
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Vacuum world state space graph

 states? discrete: dirt and robot location
 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

 Observable, start in #5. 
Solution? [Right, Suck]

 Unobservable, start in 
{1,2,3,4,5,6,7,8} e.g., 
Solution?

[Right,Suck,Left,Suck]



Example: The 8-puzzle



Tree Search



Search Example: Romania



Example: Traveling in Romania

 State space:
 Cities

 Initial state:
 Arad

 Actions:
 Go to adjacent city

 Transition model:
 Reach adjacent city

 Goal test:
 s = Bucharest?

 Action cost:
 Road distance from s to s’

 Solution?
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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

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



Creating the search tree

ودآشکار ش) یعنی پسین ها(را به حالت فعلی اعمال می کنیم تا مجموعه جدیدي از حالت ها Resultتابع 



Creating the search tree

گزینه ها را بعداً فعلاً یک گزینه را دنبال کنید و چنانچه این گزینه منجر به جواب نشد، بقیه: اساس جستجو
در نظر بگیرید



Creating the search tree

ی براي بسط فرایند بسط و توسعه گره ها در مرز آنقدر ادامه می یابد تا به جوابی برسیم یا دیگر هیچ حالت
وجود نداشته باشد 



General Tree Search

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



Systematic search

expanded

frontier

unexplored
reached = 
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



Depth-First Search
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = Last In First Out (LIFO) queue, i.e., put successors at front

Is A a goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[B,C]

Is B a goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[D,E,C]

Is D = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[H,I,E,C]

Is H = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[I,E,C]

Is I = goal state?



32

Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[E,C]

Is E = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[J,K,C]

Is J = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[K,C]

Is K = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[C]

Is C = goal state?



36

Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[F,G]

Is F = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[L,M,G]

Is L = goal state?
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Depth-first search

 Expand deepest unexpanded node
 Implementation:
 fringe = LIFO queue, i.e., put successors at front

queue=[M,G]

Is M = goal state?



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?
 Space complexity?

 Cartoon of search tree:
 b is the branching factor
 m is the maximum depth
 solutions at various depths

 Number of nodes in entire tree?
 1 + b + b2 + …. bm = O(bm)

…
b 1 node

b nodes
b2 nodes

bm nodes

m tiers

تعداد گره هاي تولیدشده
تعداد گره هاي ذخیره شده



Depth-First Search (DFS) Properties

…
b 1 node

b nodes
b2 nodes

bm nodes

m tiers

 What nodes does DFS expand?
 Some left prefix of the tree down to depth m.
 Could process the whole tree!
 If m is finite, takes time O(bm)

 How much space does the frontier take?
 Only has siblings on path to root, so O(bm)

 Is it complete?
 m could be infinite
 preventing cycles may help (more later)

 Is it optimal?
 No, it finds the “leftmost” solution, regardless 

of depth or cost



Breadth-First Search



Breadth-First Search
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Breadth-first search

 Expand shallowest unexpanded node
 Implementation:
 fringe is a FIFO queue, i.e., new successors go at 

end

Expand:
fringe = [B,C]

Is B a goal state?
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Breadth-first search

 Expand shallowest unexpanded node
 Implementation:
 fringe is a FIFO queue, i.e., new successors go at end

Expand:
fringe=[D,E,F,G]

Is D a goal state?



Breadth-First Search (BFS) Properties

 What nodes does BFS expand?
 Processes all nodes above shallowest solution
 Let depth of shallowest solution be s
 Search takes time O(bs)

 How much space does the frontier take?
 Has roughly the last tier, so O(bs)

 Is it complete?
 s must be finite if a solution exists, so yes!

 Is it optimal?
 If costs are equal (e.g., 1)

…
b 1 node

b nodes
b2 nodes

bm nodes

s tiers

bs nodes



General Tree Search

 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



)جستجوي عرضی(-قبل به 2010در کتابهاي 13-3شکل 



Iterative Deepening

…
b

 Idea: 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.  …..

 Isn’t that wastefully redundant?
 Generally most work happens in the lowest 

level searched, so not so bad!

Presenter
Presentation Notes
1 + (1+b) + (1+b+b2) + … + (1+b+…+bs)  = (s+1) + sb + (s-1)b2 + … + bs  =  O(bs)
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Iterative deepening search L=1
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Iterative Deepening Search L=3
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Iterative deepening search L=0
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Iterative deepening search L=1
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Iterative deepening search L=2
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Iterative Deepening Search L=3



Iterative deepening search

 Number of nodes generated in a depth-limited search to depth d with branching factor b: 
NDLS = b0 + b1 + b2 + … + bd-2 + bd-1 + bd

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

NIDS = (d+1)b0 + d b1 + (d-1)b2 + … + 3bd-2 +2bd-1 + 1bd = 

 For b = 10, d = 5,
 NDLS = 1 + 10 + 100 + 1,000 + 10,000 + 100,000 = 111,111
 NIDS = 6 + 50 + 400 + 3,000 + 20,000 + 100,000 = 123,450
 NBFS = ............................................................................................ = 1,111,100

1( ) ( )d dO b O b +≠

BFS

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



Uniform Cost Search

or
Dijkstra's algorithm

By the 
theoretical 
computer 
science 
community

By the AI 
community





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.



کهالیحدرمی شودمتوقفهدفتولیدازبعدبلافاصلهعرضیجستجوي
بررسیراهدفعمقدرموجودگره هايتمامیکنواهزینهباجستجو
عمقدروريغیرضرتوسعهبایعنیبیابد؛کمترهزینهباگره ايتامی کند

dمی دهدانجامبیشتريکار.



Uniform Cost Search
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…

Uniform Cost Search (UCS) Properties

 What nodes does UCS expand?
 Processes all nodes with cost less than cheapest solution!
 If that solution costs C* and arcs cost at least ε , then the 

“effective depth” is roughly C*/ε
 Takes time O(bC*/ε) (exponential in effective depth)

 How much space does the frontier take?
 Has roughly the last tier, so O(bC*/ε)

 Is it complete?
 Assuming C* is finite and ε > 0, yes!

 Is it optimal?
 Yes!  (Proof next lecture via A*)

b

C*/ε
“tiers” g ≤ 3

g ≤ 2
g ≤ 1



راهدفقعمدرموجودگره هايتمامیکنواهزینهباجستجوکهحالیدرمی شودمتوقفهدفتولیدازبعدبلافاصلهعرضیجستجوي
.می دهدانجامبیشتريکارdعمقدرغیرضروريتوسعهبایعنیبیابد؛کمترهزینهباگره ايتامی کندبررسی
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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 ≥ ε
(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 ≥ ε



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

…
b 1 node

b nodes
b2 nodes

bm nodes

m tiers

… b 1 nodeb nodes
b2 nodes

bm nodes

s tiers
bs nodes

… b

…b
C*/ε
“tiers”

g ≤ 3
g ≤ 2

g ≤ 1
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Bidirectional Search

 Idea
 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? 
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Bi-Directional Search

Complexity: time and space complexity are: /2( )dO b



Summary



A Take-Home Quiz!

انواعازاستفادهبارادوطرفهجستجويشبه کد14-3شکل
ازرسفمسئلهبرايودهیدتوسعهناآگاهانهجستجوياستراتژي هاي

یهتهراآننتایجودموهانموده،اجرارومانیکشوردربخارستبهآراد
.نمایید

 Demos
 http://www.cs.rmit.edu.au/AI-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


شماتوجهازسپاسبا
گرامیدانشجوي
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