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This LectureÔs Outline (1)

¥ Terms and Definitions

¥ Uninformed Search
Ð Breadth-first Search
Ð Depth-first Search
Ð Depth-limited Search
Ð Bidirectionale Search

¥ Game and Decision Trees 
Ð MinMax, NegaMax Search
Ð Alpha Beta Search
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This LectureÔs Outline (2)

¥ Informed Search
Ð Heuristics
Ð A* Algorithm
Ð Properties of A*
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Terms & Definitions
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Terms and Definitions
Overview

¥ Termini Technici
Ð Agents
Ð Problem Definition
Ð Paths: Graphs/Trees and Maps

¥ Algorithm Classes/Types

¥ Properties of Problem Solving 
Algorithms
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Rational Agents
What is an Agent?
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Rational Agents
Reflex Agent

Mittwoch, 05. August 2009



Rational Agents
Reflex Agent with State

Mittwoch, 05. August 2009



Rational Agents
Goal-based Agent
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Problem Solving Agents
Definition

¥ are goal-based agents that

¥ consider future actions and their 
consequences

¥ aim at a specific goal (desired 
state)

¥ decide on their actions by searching 
(finding) action sequences that lead 
to a desired state.
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¥ Goal definition: Specification of 
desired states

- e.g., position/location, world 
state, internal state 

• Problem formulation: Specification of 
relevant actions (A) und states (S).

- e.g., path planning:

-  A={move}  S={location}

Problem Solving Agents
Requirements
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Definition Problem (1)

A well defined problem is described by the  
tuple                  .

i initial state

S successor function

G goal function

C cost function
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Definition Problem (2)

¥ The successor function S provides all 
successive states snÔ for a given state s under 
consideration of all available actions of an 
agent.

¥ The initial state i and the successor function S 
define the problemÔs state space.

Ðset of all states that can be reached from 
the initial state.

Ðgraph: actions are represented by edges, 
states are nodes.

Mittwoch, 05. August 2009



Example Robo-Cleaner (1)

Robo-Cleaner is an autonomous vacuum cleaner. 
The world consists of two regions (only) (A und B). 
The goal definition is ãa world free of dustÒ.

States: Robot Position (2), Dust Distribution (4)

Actions: Left, Right, Suck

Goal function: true if world is free of dust else false
Cost function: C=1 for each action
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Fully expandet state space
Ð 8 states

Ð infinit number of possible solutions

Ð optimal solution issues costs of 3 (actions)

Example Robo-Cleaner (2)
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Definition Path

¥ A path is a sequence of connected 
nodes within a graph.

¥ A solution is a path that starts at the 
initial state (node) and that ends at a 
goal state.

¥ A path may relate to a geographic 
topology but may also describe 
sequences in abstract state spaces.

¥ Path planning is not only used to find 
ways from one location to another.
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Properties of
Problem Solving Algorithms

¥ Completeness: If a solution exists, it will 
be found.

¥ Optimality: If a solution is found, it is 
optimal (least-cost). 

¥ Time complexity: The number of nodes 
that have to be generated/expandet.

¥ Space complexity: The maximum 
number of nodes in memory. 
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Types of Search Strategies

Uninformed Search (= blind search) knows only 
about states from the problem definition. Hence, it 
can only  

¥ calculate successors

¥ distinguish goal-states and non-goal-states

Informed Search (= heuristic search) has 
knowledge on the ãqualityÒ of the successors (can 
identify more promising ones).

In addition, search strategies are classified by 
order of node expansion.
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Search Algorithms
Uninformed Search
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Uninformed Search
Overview

¥ Breadth-first Search
¥ Depth-first Search
¥ Depth-limited Search
¥ Iterative Deepening DFS
¥ Bidirectional Search
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Breadth-first Search (1)
BFS(nodelist, goal) {
  node := pop(nodelist);
  if (node == goal){
    return *  goal; 
  } 
! if isEmpty(nodelist)
    return * false; 
   
  // add successors at end of list
  nodelist' := nodelist + expand(node);
  BFS(goal, nodeliste')
}
* return terminates the algorithm and provides the result
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Breadth-first search expands the shallowest not-
expandet node. BFSÔs properties by given 
number of successor nodes b, and given depth d 
of goal node(!) are:

¥ complete
¥ optimal (for uniform costs) 

Ð shortest path without weights
¥ time complexity:

¥ space complexity:

Breadth-first Search (2)

* For all nodes bd the successors are created until goal is found.

*
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Depth-first Search (1)
DFS(node, goal){ 
  if (node == goal) return *  node; 

  // push next successor to top of stack
  stack := expand (node)  
  while ( stack is not empty ) { 
    node' := pop(stack); 
    DFS (node', goal); 
  }
}
* return terminates the algorithm and provides the result
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DFS expands the deepest not-expandet node first. Its 
properties by given number of successors b, and a 
given maximum depth of the search tree m (where 
m>>d):

¥ incomplete (!)
¥ non-optimal
¥ time complexity:

Ð in worst-case all nodes have to be expandet

¥ space complexity: linear (!)

Depth-first Search (2)

Mittwoch, 05. August 2009



Depth-limited Search

DFS is incomplete for unlimited trees (infinit length). 
An introduced depth-limit l avoids infinit paths. 
Properties of depth-limited (depth-first)search are:

¥ incomplete in case 
¥ non-optimal in case 
¥ time complexity:
¥ space complexity: 
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Iterative Deepening
Depth-first Search

Iterative deepening DFS stepwise increments a given 
depth-limit l, and executes a DFS for each l. It combines 
the advantages of BFS and DFS: The shallowest goal 
node will be found first, while memory consumption is 
moderate.

¥ complete
¥ optimal (for uniform costs) 

¥ time complexity

¥ space complexity
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Bidirectionale Search

Simultaneous search from two initial positions 
(initial and goal position) brings ãfasterÒ solution 
due to

¥ complete (BFS)
¥ optimal (BSF)
¥ time complexity:

¥ space complexity:
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Game and Decision 
Trees
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Game and Decision Trees
Overview

¥ MinMax Search
¥ NegaMax Search
¥ Alpha Beta Search
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Minimax Search (1)
Prerequisites

¥ Decision making (game) is 
process for two opposing players

¥ Game is turn based and 
alternating

¥ no randomness
¥ all available actions are known
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Minimax Search (2)
Concept

ÐãColoringÒ of tree layers (who is the 
active player)

¥ red
¥ black

ÐEvaluation of  Leaves
¥ +n : black wins
¥ 0   : draw
¥ -n  : red wins

ÐHorizon h = depth of search
¥ h < max. depth of tree requires 

heuristic
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Minimax Search (3)
Algorithm

1. Traverse  tree until
¥ leave
¥ horizon

2. evaluate node (leave/horizon)
¥ real value
¥ heuristic

3. for intermediate nodes calculate
¥ black layer: max(successors)
¥ red layer: min(successors)

4. propagate result back to the root
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Minimax Search (4)
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NegaMax Search

Adaption of Minimax
¥ both players maximize

Ðmore simple code

¥ value of successors gets 
ãinvertetÒ
Ðmultiply by -1

¥ same properties as Minimax
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Alpha Beta Search (1)

¥ Extends Minimax Search by 
Alpha Beta Pruning
ÐAlpha

¥ reachable minimum
ÐBeta

¥ reachable maximum

ÐPruning: cut-off of sub-trees
Ðevaluation of window for each 

node
¥ [Alpha,Beta]
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Alpha Beta Search (2)
Concept

Ð Tree below the current node is partitioned into 
A,B

Ð evaluate A by DFS v(A)
¥ if player maximizes (Beta Cut possible)

Ð partially (branch) evaluate v(B) 
Ð if v(branch) < v(A) player will choose A, as all 

branches of B will have a value less v(branch) 
as other player minimizes.

¥ branches of B may be cut off

¥ if player minimizes (Alpha Cut possible)
Ð same concept (other direction) as for Beta Cut
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Alpha Beta Search (3)
Alpha Cut
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Alpha Beta Search (4)
Beta Cut
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Search-Algorithms
Informed Search
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Heuristics (1)

¥ Function to approximate a system 
state
Ð cost estimation
Ð evaluation function

¥ Trade-Off
Ð precision 
Ð execution time

¥ often heart of competitive AIs

¥ based on context knowledge of given 
problem
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Heuristics (2)
A heuristic h(n) is
• feasible if way costs f(n) are never over-estimated.

• consistent (monoton) if for every node n and 
every successor nÔ

holds.

n n' Z

c(n,n') h(n')

h(n)
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Search-Algorithms
Path Planning
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Pathplanning
Overview

¥ Theorie und Algorithms
ÐBFS
ÐA*
ÐPotential fields and Reactive 

steering
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Maps (1)
¥ Discrete representation of world (2D,

3D)
Ð n-dimensional vector for each discrete 

position containing local attributes

Ð by using a discrete world more efficient 
algorithms can be used

¥ Worst Case Execution Time
¥ memory usage
¥ run-time complexity

Ð elements of a map are called nodes
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Maps (2)
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Maps (3)
Potential Field - Vector Field

¥ for each discrete position a vector is stored
Ð attracting oder repelling potential

Ð affects agent

¥ problem: Local minima

Ð reduction of local minima

Ð fusion of minima to path
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6 8 6 4

8 10 10 5

6 10 8 5

4 5 8 7 6

5 6 3

Maps (4)
Potential Field - Vector Field

1 0 -1 -2 -2 -3 -4 -5 -5 -5

1 0 0 -1 -2 -2 -3 -3 -5 -5 -5 -4

2 1 0 0 0 -1 -2 -2 -5 -5 -4 -3

2 1 0 0 0 -1 -2 -2 -5 -5 -4 -3

1 0 0 -1 -2 -2 -3 -3 -5 -5 -5 -4
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BFS applied

„Optimal“ Solutions

1. S - A4 - B9 - C7

2. S - A4 - B8 - C7

3. S - A4 - B10 - C7

4. S - A5 - B9 - C7

5. S - A5 - B10 - C7

6. S - A6 - B10 - C7
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Wave-Front Search
Algorithm

1.  Create Map
1.1. Set all nodes that contain obstacles to -1
1.2. Set goal node NGoal=1 and n=2
1.3. Set all neighbors N to n if N==0

1.4. n++

1.5. while start node NStart is not reached and there 
exists a node with N==0 continue at 1.3 

2. Find path by Gradient Descent
2.1. beginning at NStart select successor with lowest 

value

¥ Wave-Front Search issues exactly one local 
minimum.

¥ map making is BFS
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Wave-Front Search
Example (1)
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-1

-1

-1

Wave-Front Search
Example (2)
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Wave-Front Search
Example (3)
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Wave-Front Search
Example (4)
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A* Search
Concept

¥ Optimized BFS
Ðinformed Search

¥ utilize way costs
¥ heuristic

Ð F = G + H
È G: way cost to successor

È H: Heuristic
e.g. Manhattan Heuristic:

 HM=|! x|+|! y|

Ðsearch backwards (goal->start)

F G

H
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A* Suche
Algorithm

1. Choos goal as current node; add it to the ToDo-
List

2. move current node from ToDo-List in Finalized-
List

3. add successors to ToDo-Liste
3.1. Constraints

3.1.1. valid (accessible) nodes only
3.1.2. no elements of Finalized-List
3.1.3. if node is contained in ToDoList 

replace it if current way costs are 
cheaper

3.2.actual node is predecessor to inserted 
nodes

4. select node with best F from ToDo-List as new 
current node

5. continue at 2
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A* Example
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A*
Properties

A* expands all nodes where      
and no(!) nodes where 

¥ optimal, even optimal efficient 
Ð if provided heuristic h is feasible

¥ time and space complexity:
Ð grows exponential w.r.t. number of nodes
Ð in best case subexponential if for h*(n) (real way 

costs in terms of n) holds:
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