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Foundations of Artificial 
Intelligence

Chapter 4 : Informed Search
Luc De Raedt

Some slide shows by Daniel De Schreye(Leuven)
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Search

• Best first search

• A* and IDA*

• Various heuristics

• Hill climbing and beam search
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Review: general search
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Search

• Search strategies determined by choice of 
node (in Queue) to expand

• Uninformed search:
– Cost of path / distance to goal not taken into 

account

• Informed search :
– Information about costs to goal taken into 

account
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How to take information into 
account ?

• Idea : use an evaluation function for each node
– Estimate of desirabilit y of node
– Expand most desirable unexpanded node
– Heuristic Functions :

• f:  States  -->   Numbers 
• f(n) : expresses the quality of the state n

– Allows us to express problem-specific knowledge, 
– Can be imported in a generic way in the algorithms.

– QueueingFn:
• Insert nodes in decreasing order of desirabilit y
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Best First

• If eval-fn is always right, 

• no need to search !
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Greedy Search

• One possibilit y to estimate quality of nodes, is to estimate 
the distance to goal

• Example route planning :
– h(n)= straight-line distance between node and goal.

• Greedy search expands the node that appears to be closest 
to the goal

( ) 0 when  goal

heuristic function

h n n=
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Route planning
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Properties of Greedy Search

• Complete 
– No ! Can get stuck in infinite paths or loops e.g. Iasi –

Neamt – Iasi – Neamt, cf. depth-first
– Complete in finite space with repeated state checking !

• Time 
– but a good heuristic can give dramatic improvements

• Space 
– Keeps all nodes in memory

• Optimal 
– No

( )mO b

( )mO b
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Uniform-cost search
reminder

• Use accumulated cost function

• Optimal when  

( )g n

)())((: ngnsuccgn ≥∀
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A* search

• Idea : avoid expanding paths that are already expensive

• Evaluation function

• A* search uses an admissible heuristic, i.e. 

• E.g. straight line distance never overestimates the actual distance

( ) ( ) ( )

( ) cost so far to reach 

( ) estimated cost to goal from 

( ) estimated total cost of path through 

f n g n h n

g n n

h n n

f n n

= +

* *: ( ) ( ) where ( ) is true cost from  n h n h n h n n∀ ≤
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Avoid looping paths !
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A* example

• h(T) = the straight-line distance from T to G
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Optimality
• When branching factor finite and positive costs of 

actions
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IF for all T: h(T) is an UNDERestimateof the remaining 
cost to a goal node

THEN A* is optimal.

• Intuition: 
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More on underestimates:
• Example:
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More on underestimates:
• Example: � �
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• If h is an underestimate:
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An orthogonal extension:
path deletion

• Discard redundant paths:

• Principle :
– Minimum cost from S to G via I = 

(Minimum cost from S to I)
+  (Minimum cost from I to G)
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More precisely:

IF the QUEUE contains:
a path P terminating in I, with cost cost_P
a path Q containingI, with cost cost_Q
cost_P ≥≥≥≥ cost_Q

THEN
delete P

n
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r p· ¸ ¶ s¹ º
»

¼ ½
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Illustration on Uniform Cost

• Uniform cost :
– Always expand node with minimum cost so far

• Two ill ustrations :
– Without path deletion

– With path deletion
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Uniform cost (without path deletion)
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A* Optimality (1)

• Contours in which for all values of f all nodes are expanded.
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Optimality (2)

• Claim : the first solution found by A* is one with minimal path-cost

• Proof sketch : assume that there a goal node with optimal path-cost f* 
but that A* found another goal node G2 for which g(G2) > f*
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Optimality(3)

*

let  be a node on the optimal path from  to 

that was not found. 

There must be such a node - unless the path has been completely expanded.

Since is admissible we have 

( )

Because  was not expand
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This is an inconsistency !
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=
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Termination / Completeness

• Termination is only guaranteed when the 
number of nodes with                is finite.

• Not terminating can only happen when
– There is a node with an infinite branching 

factor, or
– There is a path with a finite cost but an infinite 

number of nodes along it. 
• Can be avoided by assuming that the cost of each 

action is larger than a positive constant d

*( )f n f<
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A* properties

• Complete 
– Yes, unless there are infinitely many nodes with f < 

f(Goal)

• Time
– Subexponential grow when
– Most often exponential

• Space
– Keeps all nodes in memory ! Expensive !

• Optimal
– Yes

* *( ) ( ) (log ( ))h n h n O h n− ≤
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Heuristic functions

1

2

( ) number of tiles in wrong positions

( ) sum of city block (manhattan) distances to goal positio n

 2+3+3+2+4+2+0+2=18

h n

h n

35

Experiments with 8-puzzle

• d : distance to goal

• Averaged over 100 runs

• Effective branching factor
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How to choose among heuristics ?

• Holds for our ill ustration

• The more dominant the heuristic the better it 
approximates the real cost.

• Therefore, given 2 admissible heuristics,

2 1 1 2

2 1

If : ( ) ( ) and ,  both admissible

Then  dominates  and is better for sear ch

n h n h n h h

h h

∀ ≥

1 2

1 2

Define : ( ) max( ( ), ( ))

 will dominate ,

n h n h n h n

h h h

∀ =
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Inventing heuristic functions

• Admissible heuristics can often be derived 
from the exact cost of a relaxed version of 
the problem

• h1 : a tile can move anywhere

• h2 : a tile can always move to an adjacent 
square.
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Memory problems with A*
• A* is similar to breadth-first:

Ý ñTæ.ï\ò.å©ç
ö<ê ñTëXå

ò.-�/
ò.-�0
ò.-�1
ò.-�2

ù2÷)ì\ï\ð\ògõ3,/ò2æ>ì[å\ç ï4,<æ>ñXë

• IDA* : Use idea similar to Iterative Deepening

• Alternative : SMA* (cf. Russell and Norvig)

ö�/

ö�0

ö�1
ö52

Ù$6

ùK÷Kì©ï\ð\ò2ë4õ3,,ö�ô\ä\ð[åaä\ó<ñXë
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7 æ2ì[å<ç³ö<ê ñXëTå
ê ðDæ<ï\ô<çªö
ô\ä\ð[å\ä\ó<ñ

• Perform depth-first 
search LIMITED to 
some f-bound.

• If goal found: ok.

• Else: increase  f -
bound and restart.

Iterative deepening A*

ö52
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ö�1

ö�0
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Example:
<

ö5-�/�B
B

Ù
ö5-�/C0�B

Ý
ö5-�/C1�B

A
ö5-�/C0�B

7
ö5-�/�2
B

D
ö5-�/C0
�

ù
ö5-�/�2
B

E
ö5-�/C0
�

ö ê í#ê å\æ<òþögõ.ä\ó\ð\ò.-�/�B
B ö�ð\æ<èF-�/G0�B
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Example:
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Ý
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�
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Example:
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Properties of IDA*

• Complete and Optimal
– Under same conditi ons as A*

• Memory

• Speed
– depends very strongly on the number of 

contours 

– Worst case:

*

Let  be the minimal cost of an actio n

Then ( . / )O b f

∂
∂

2

If , ' : ( ) ( ')

Then expand 1 2 ... = ( ) nodes

Too much !

n n f n f n

N O N

∀ ≠

+ + +
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Properties: practical
• If  there are only a reduced number of different contours: 

– IDA* is one of the very best optimal search    techniques!
• Example: the 8-puzzle
• But: also for MANY other practical problems

• Else, the gain of the extended f-contour is not sufficient to 
compensate recalculating the previous

• In such cases:

– increase f-boundby a fixed number εεεε at each iteration:
• effects: less re-computations, BUT: optimality is lost: obtained 

solution can deviate up to εεεε
• Can be remedied by completing the search at this layer


