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Chapter 1; Search Roadmap Speaker notes

[Sources] - Recovered COMP3270 2024-25 source slide 2:

01_search.pptx. - Canonical visual layer: 01_search.pdf.
Define the Problem

Abstraction, states, actions, goals, and costs

Chapter Roadmap Define the Problem Abstraction, states, actions, goals, and
cpsts Find a Solution Uninformed, informed, local, and constraint-based search
Compe

3 /734



Slide 2 - Reveal 2 Instructor notes

Chapter 1; Search Roadmap Speaker notes
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Chapter 1: Search Roadmap Speaker notes

[Sources] - Recovered COMP3270 2024-25 source slide 2:

01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 3 - Initial Instructor notes

Search Looks Ahead: Which Actions Reach the Goal? Speaker notes

Instead of trying actions blindly in the real world, an agent can explore
possible sequences first.

It asks: which sequence of actions reaches the goal?

But to look ahead, the agent needs a simpler model of the world. That is
abstraction.

[Sources] - Recovered COMP3270 2024-25 source slide 3:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Search Looks Ahead: Which Actions Reach the Goal?
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To Look Ahead’ B'L'Illd a Slmpler Modcl Speaker notes

The real world contains far more detail than an agent can usefully search.

Real World — Search Model

To look ahead, we build a simpler model.

To Look Ahead, Build a Simpler Model
Slide 4 of 193 - Initial
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To Look Ahead’ B'L'Illd a Slmpler Model Speaker notes

This simplification is abstraction. It keeps only the information needed for
the decision.

Real World — Search Model

Abstraction keeps only what the decision needs

To Look Ahead, Build a Simpler Model
Slide 4 of 193 - Reveal 1
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To Look Ahead’ B'L'Illd a Slmpler Model Speaker notes

For a search problem, that normally means the states, the available actions,
the goal, and the costs.

Real World — Search Model

Once we have the model, the next question is how to search it.

Abstraction keeps only what the decision needs

States - Actions - Goal - Costs

To Look Ahead, Build a Simpler Model
Slide 4 of 193 - Reveal 2
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Choose the Search Strategy to Match the Problem Speaker notes

We have a model. Now how should we search it?

The answer depends on what the problem gives us.

Choose the Search Strategy to Match the Problem
Slide 5 of 193 - Initial

10 (734



Slide 5 - Reveal 1 Instructor notes

Choose the Search Strategy to Match the Problem Speaker notes

With no guidance about where the goal lies, uninformed methods such as

BFS, DFS, and uniform-cost search explore systematically.
No Guidance — Uninformed Search

Choose the Search Strategy to Match the Problem
Slide 5 of 193 - Reveal 1
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Choose the Search Strategy to Match the Problem Speaker notes

If we have a helpful estimate of how close a state is to the goal, informed

methods such as greedy search and A* use that estimate.
No Guidance — Uninformed Search

A Helpful Estimate — Informed Search

Choose the Search Strategy to Match the Problem
Slide 5 of 193 - Reveal 2
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Choose the Search Strategy to Match the Problem Speaker notes

If we only need to improve one current state, local search changes that state

to make it better. Gradient descent is one example.
No Guidance — Uninformed Search

A Helpful Estimate — Informed Search

Improve One Current State — Local Search

Choose the Search Strategy to Match the Problem
Slide 5 of 193 - Reveal 3
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Choose the Search Strategy to Match the Problem

No Guidance — Uninformed Search
A Helpful Estimate — Informed Search
Improve One Current State — Local Search

Hard Constraints — Constraint Satisfaction

Choose the Search Strategy to Match the Problem
Slide 5 of 193 - Reveal 4

Speaker notes

Instructor notes

If choices must satisfy hard rules, constraint satisfaction methods use those

constraints to eliminate impossible choices. AC-3 is one example.
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Choose the Search Strategy to Match the Problem Speaker notes

If another agent is working against us, adversarial search plans for that

opponent. Minimax and alpha-beta pruning are examples.
No Guidance — Uninformed Search

We will begin by defining a search problem precisely, then study these
A Helpful Estimate — Informed Search strategies in turn.
Improve One Current State — Local Search

Hard Constraints — Constraint Satisfaction

An Opponent — Adversarial Search

Choose the Search Strategy to Match the Problem
Slide 5 of 193 - Reveal 5
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Defining a Search Problem Speaker notes

We now know there are several ways to search.

But none of them can begin until we define the problem precisely.

Defining a Search Problem
Slide 6 of 193 - Initial
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Defining a Search Problem Speaker notes

First, what information do we need to describe one situation? That

: . : : o information defines the state representation.
State Representation  What information describes a situation? P

Defining a Search Problem
Slide 6 of 193 - Reveal 1
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Defining a Search Problem Speaker notes

Second, which state does the agent begin from? That is the initial state.

State Representation  What information describes a situation?

Initial State Where does the agent begin?

Defining a Search Problem
Slide 6 of 193 - Reveal 2
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Defining a Search Problem Speaker notes

Third, what actions are available, and what new state does each action

State Representation  What information describes a situation? produce? Together, these are the actions and transition model.

Initial State Where does the agent begin?

Actions and

Transition Model What can the agent do, and what changes?

Defining a Search Problem
Slide 6 of 193 - Reveal 3
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Defining a Search Problem

State Representation

Initial State

Actions and
Transition Model

Goal Test

Defining a Search Problem
Slide 6 of 193 - Reveal 4

What information describes a situation?
Where does the agent begin?
What can the agent do, and what changes?

How do we recognise success?

Speaker notes

Instructor notes

Fourth, how do we recognise success? The goal test tells us whether a state

is a goal state.
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Speaker notes

Defining a Search Problem

Fifth, how expensive is a route? Path cost lets us compare different

. . : . N sequences of actions.
State Representation  What information describes a situation? q

Initial State Where does the agent begin? When every action has the same cost and we only need any solution, the
path cost may be left implicit. That is why the next N-Queens examples do

Actions and o o the agent do, and what changes? not list it separately.

Transition Model

Goal Test How do we recognise success?

Path Cost How do we compare solutions?

Defining a Search Problem
Slide 6 of 193 - Reveal 5
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Speaker notes

Defining a Search Problem

A solution is a sequence of actions that takes us from the start state to a

: : : : . oal state.
State Representation  What information describes a situation? g

Initial State  Where does the agent begin? Next, we will define the same N-Queens puzzle in two different ways. Both

definitions are valid, but they produce very different search spaces.
Actions and

Transition Model What can the agent do, and what changes?

Goal Test How do we recognise success?

Path Cost How do we compare solutions?

A solution 1s a sequence of actions from the initial state to a goal state

Defining a Search Problem
Slide 6 of 193 - Reveal 6
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N-Queens Definition A: Place Anywhere, Check at the End Speaker notes
Let us apply the five-question checklist to N-Queens.
Start
Empty board In Definition A, we begin with an empty board.

N-Queens Definition A: Place Anywhere, Check at the End
Slide 7 of 193 - Initial
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N-Queens Definition A: Place Anywhere, Check at the End Speaker notes
An action adds one queen to any empty square. We do not check yet
Start whether that queen attacks another queen.
Empty board W
Action
Add a queen to any empty square

N-Queens Definition A: Place Anywhere, Check at the End
Slide 7 of 193 - Reveal 1
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N-Queens Definition A: Place Anywhere, Check at the End Speaker notes
Continue applying that action. A state can therefore be any arrangement of
zero to n queens, including arrangements in which queens attack each

Start
Empty board other.

Action . . .

Add a queen to any empty square Because our actions only add queens, an attacking partial board cannot

later become a valid goal. It is already a dead end.
State
Any arrangement of 0—n queens

N-Queens Definition A: Place Anywhere, Check at the End
Slide 7 of 193 - Reveal 2
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N-Queens Definition A: Place Anywhere, Check at the End Speaker notes

The goal requires n queens on the board with no gueen attacking another.

Start

Empty board

Action

Add a queen to any empty square

State
Any arrangement of 0—n queens

Goal
n queens, none attacking

N-Queens Definition A: Place Anywhere, Check at the End
Slide 7 of 193 - Reveal 3
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N-Queens Definition A: Place Anywhere, Check at the End Speaker notes
The important consequence is that attacking partial boards are still states in
Start Definition A.
Empty board
Action This definition makes the search consider many states that cannot lead to a
Add a queen to any empty square solution. Can we rule those states out earlier?

State
Any arrangement of 0—n queens

Goal
n queens, none attacking

Attacking partial boards are still states

N-Queens Definition A: Place Anywhere, Check at the End
Slide 7 of 193 - Reveal 4
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N-Queens Definition B: Rule Out Bad States Early Speaker notes
Definition B starts from the same empty board, but changes what counts as
Start a state and which actions are allowed.
Empty board

N-Queens Definition B: Rule Out Bad States Early
Slide 8 of 193 - Initial
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N-Queens Definition B: Rule Out Bad States Early Speaker notes
An action adds one queen to an empty column only when it does not attack
Start any queen already on the board.
Empty board W

Action
Add one non-attacking queen to an empty column

N-Queens Definition B: Rule Out Bad States Early
Slide 8 of 193 - Reveal 1
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N-Queens Definition B: Rule Out Bad States Early Speaker notes
Every state has at most one queen per column, and no queen attacks
Start another.
Empty board
Action An invalid partial board is rejected immediately instead of becoming another

Add one non-attacking queen to an empty column state to search.

State
One queen per column, none attacking

N-Queens Definition B: Rule Out Bad States Early
Slide 8 of 193 - Reveal 2
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N-Queens Definition B: Rule Out Bad States Early Speaker notes

The goal is reached when n queens are on the board. The non-attacking
requirement is already guaranteed by the state and action definitions.

Start

Empty board

Action
Add one non-attacking queen to an empty column

State
One queen per column, none attacking

Goal
n queens on the board

N-Queens Definition B: Rule Out Bad States Early
Slide 8 of 193 - Reveal 3
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N-Queens Definition B: Rule Out Bad States Early Speaker notes

Invalid partial boards never enter the state space in Definition B.

Start
Empty board The physical puzzle is unchanged. The abstraction changed, so the size of
Action the search problem changed.

Add one non-attacking queen to an empty column

Which definition has the larger state space?
State

One queen per column, none attacking

Goal
n queens on the board

Invalid partial boards never enter the state space

N-Queens Definition B: Rule Out Bad States Early
Slide 8 of 193 - Reveal 4
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A State Space Contains Every Reachable State Speaker notes

A state space contains every distinct state that can be reached from the

Different problem definitions produce different state spaces .
start by some sequence of actions.

We now have two abstractions of the same physical N-Queens puzzle.

A State Space Contains Every Reachable State
Slide 9 of 193 - Initial
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A State Space Contains Every Reachable State Speaker notes

Ask students which definition creates more states and to justify their answer

Different problem definitions produce different state spaces i )
before doing any calculation.

Which definition has the larger state space?

Definition A Definition B
Place anywhere. Check at the end. Rule out bad states early.

A State Space Contains Every Reachable State
Slide 9 of 193 - Reveal 1
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Same Puzzle, Very Different State Spaces Speaker notes

We will count the two state spaces separately before comparing them.

Same Puzzle, Very Different State Spaces
Slide 10 of 193 - Initial
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Same Puzzle, Very Different State Spaces Speaker notes
Definition A permits any arrangement of zero to eight queens on the sixty-

Definition A - Count Every Placement
four squares. For exactly k queens, we choose k squares, so the formula

8

64 . .
[S4] = Z ( k) sums sixty-four choose k from zero to eight.
k=0

3 nain.py Run the program on the left. Python's comb function performs each
T — . combination calculation and produces 5,130,659,561 states.
1 |from math import comb
2
3 states = suml
4 comb{64, k) for k in rang
5 )
6 print(states)
.

Ciwwninaid: oompazT0 din. iiun_quasns_deiniton_a.py

Same Puzzle, Very Different State Spaces
Slide 10 of 193 - Reveal 1
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Same Puzzle, Very Different State Spaces

Definition A - Count Every Placement
8
64
=3 (%)
=0
3 main.py
1 krom math import comb
2
3 states = sum(
4 comb{64, k) for k in rang
5
6
7

)
print(states)

Ciwwninaid: oompazT0 din. iiun_quasns_deiniton_a.py

Same Puzzle, Very Different State Spaces

Slide 10 of 193 - Reveal 2

Definition B - Keep Only Safe Placements

[Sg| =7

@ main.py

2

200~ o N B W

1 hef count(start=0, qs=()):

return 1 + sum(count(c + 1, gs +
for ¢ in range(start, 8)
for r in range(8)
if all(r !'= y and

abs{c = x) != abs(r -

for x, y in qgs))
print{count())

Duwrinad: compd2T0odinhkin_queens_sefinBon_boy

SOLUTION

Speaker notes

Instructor notes

Definition B counts only safe partial boards. Run the program on the right. It
counts the current board, then recursively tries each safe queen in a later

column.

Using later columns ensures that every distinct board is counted once. The

result is 118,969 states.
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Same Puzzle, Very Different State Spaces Speaker notes
Definition A - Count Every Placement Definition B - Keep Only Safe Placements The comparison says that [S_A| is about 43,126 times |S_B|.
8
64 . . .
[S4] = Z ( k) [Sg| =17 The physical puzzle did not change. The abstraction changed, and that
k=0 dramatically changed how much there is to search.
3 main.py @ main.py
1 [from math import comb 1- Hef count(start=e, gs=()):
2 2 return 1 + sum(count(c + 1, gs +
3 states = sum( 3 for ¢ in range(start, 8)
4 comb{64, k) fer k in rang 4 for r in range(8)
5 ) 5 if all(r !'= y and
6 print(states) 6 abs(c = x) != abs(r -
7 7 for x, y in gs))
8 print{count())

Ciwwninaid: oompazT0 din. iiun_quasns_deiniton_a.py Cowninad: compd2T0.din hkin_qusans_sefinkan_b oy

|S,| & 43,126 X |Sg|

Same Puzzle, Very Different State Spaces
Slide 10 of 193 - Reveal 3
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Slide 11 - Initial

A Search Tree Records Action Sequences Speaker notes

State Space Graph Search Tree
Each distinct state appears once Each action sequence creates a tree node

A state space graph contains each distinct state once. The graph on the left
therefore contains one node for G.

A search tree records action sequences from the initial state. We will unfold
this finite graph into a tree.

© G
(B)

A Search Tree Records Action Sequences

Slide 11 of 193 - Initial
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A Search Tree Records Action Sequences

Search Tree
Each action sequence creates a tree node

State Space Graph
Each distinct state appears once

® ®
© G
(B)

A Search Tree Records Action Sequences
Slide 11 of 193 - Reveal 1

Instructor notes

Speaker notes

The root of the search tree represents the empty action sequence, so it
contains the initial state S.
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A Search Tree Records Action Sequences Speaker notes
State Space Graph Search Tree Expanding S creates one child for the sequence leading to A and another for
Each distinct state appears once Each action sequence creates a tree node the sequence leading to B.

(A) (8)
&) g A ®
(B)

A Search Tree Records Action Sequences
Slide 11 of 193 - Reveal 2

41 (734



Slide 11 - Reveal 3 Instructor notes

A Search Tree Records Action Sequences Speaker notes
State Space Graph Search Tree Expanding A and B reaches G through two different action sequences. The
Each distinct state appears once Each action sequence creates a tree node state space Qraph contains one G. but the search tree contains two G
nodes.

© G
(B)

A Search Tree Records Action Sequences
Slide 11 of 193 - Reveal 3
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A Search Tree Records Action Sequences Speaker notes
State Space Graph Search Tree This is the key distinction: tree nodes represent paths, not merely distinct
Each distinct state appears once Each action sequence creates a tree node states.

Next, students will construct a complete search tree for another finite graph.

© G
(B)

Different paths to G create different search-tree nodes

A Search Tree Records Action Sequences
Slide 11 of 193 - Reveal 4
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Draw the Search Tree Speaker notes

Give students the finite state space graph and ask them to draw the

Starting at S, draw the complete search tree. How many times does G appear?
complete search tree from S.

State Space Graph Ask them to count how many times G appears. The graph has no cycles, so
the complete tree is finite.

Draw the Search Tree
Slide 12 of 193 - Initial
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Draw the Search Tree Speaker notes
Start the tree at S and expand it to A and B.

Starting at S, draw the complete search tree. How many times does G appear?

TASK SOLUTION

State Space Graph Search Tree

Draw the Search Tree
Slide 12 of 193 - Reveal 1
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Draw the Search Tree Speaker notes

A reaches C. B reaches another C node and also reaches G directly. The
same state C now appears twice because two action sequences reach it.

Starting at S, draw the complete search tree. How many times does G appear?

TASK SOLUTION

State Space Graph Search Tree

Draw the Search Tree
Slide 12 of 193 - Reveal 2
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Draw the Search Tree Speaker notes

Each C node reaches its own G node. Together with the direct path from B,

Starting at S, draw the complete search tree. How many times does G appear? ) )
G appears three times in the search tree.

TASK SOLUTION

State Space Graph Search Tree

8 @

®

Draw the Search Tree
Slide 12 of 193 - Reveal 3
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Draw the Search Tree Speaker notes

The state space graph has one G state, but the search tree has three G

Starting at S, draw the complete search tree. How many times does G appear? i e )
nodes because it records three distinct action sequences.

TASK SOLUTION

State Space Graph Search Tree
©
G

(G appears three times because three action sequences reach it 12

Draw the Search Tree
Slide 12 of 193 - Reveal 4
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Trace the Search Tree Speaker notes

Return to the original cyclic example. Ask students how many times G

How many times does G appear in the complete search tree? ]
appears in the complete search tree.

Cyclic State Space Graph The important clue is that A and B can lead back to one another.

(A)
o G
(B)

Draw the Search Tree
Slide 12 of 193 - Reveal &
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Trace the Search Tree Speaker notes

G appears infinitely many times. The search can alternate between A and B

How many times does G appear in the complete search tree? ) ) )
any number of times before taking an action to G.

TASK SOLUTION

Cyclic State Space Graph Search Tree Prefix The diagram shows only a finite prefix. The alternating branches continue

: @ without end, which motivates repeated-state checking in graph search.
B) D ® » €

Infinitely many: A and B can alternate any number of times before moving to G 12

Draw the Search Tree
Slide 12 of 193 - Reveal 6
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Define the Romania Route Problem Speaker notes
Find a route from Arad to Bucharest We need a small running example for the search algorithms that follow.
: Suppose we begin in Arad and want to reach Bucharest. The first column
names the five parts of the search problem. Ask students to suggest each
S answer.
Start
Actions and
Transition Tisigours Romania
Goal

Path Cost

Define the Romania Route Problem
Slide 13 of 193 - Initial
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Define the Romania Route Problem Speaker notes

Find a route from Arad to Bucharest The A marker locates Arad in western Romania. This is our initial state.

Maoldova

State

Start

Actions and @

Transition ewipats Romania

Goal

Path Cost

Define the Romania Route Problem
Slide 13 of 193 - Reveal 1
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Define the Romania Route Problem Speaker notes
The B marker locates Bucharest in the southeast. The search must connect

these two locations through the road network.

Find a route from Arad to Bucharest

State

Start

Actions and @

Transition ewipats Romania

Goal

Path Cost e

Define the Romania Route Problem
Slide 13 of 193 - Reveal 2
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Define the Romania Route Problem Speaker notes
Find a route from Arad to Bucharest A state records the current city, and the initial state is Arad.
: An action chooses a neighboring city. The transition model moves us there.
Bucharest satisfies the goal test, and the path cost is the sum of the road
State Current city distances
Start Arad
Actions and Choose a neighboring city and @
Transition move there Tiemigoars Romania
Goal Reach Bucharest
Path Cost Sum of road distances e

Define the Romania Route Problem
Slide 13 of 193 - Reveal 3
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Romania as a State-Space Graph

Cities are states ' roads are transitions - distances are step costs (ignored for now)

[] Oradea

Neami

Cralova [ Giurgiu

Romania as a State-Space Graph
Slide 14 of 193 - Initial

Speaker notes

Instructor notes

The geographic map is now abstracted into a weighted state space graph.

Each city is a state. Each road represents a legal transition, and its number is

the step cost for taking that road.

From this point onward, we use each city’s initial as its state label: A for Arad

and B for Bucharest.
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Romania as a State-Space Graph Speaker notes
Cities are states * roads are transitions - distances are step costs (ignored for now) Reveal the initial used for every Clt'y' In this example, all Clty names have

different first letters, so each initial can serve as a unique state identifier.

This is only a convenient shorthand for this graph. In general, state
identifiers must be unique even when names share an initial.

Eforie

Romania as a State-Space Graph
Slide 14 of 193 - Reveal 1
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Expanding A Generates Three Successors Speaker notes
The dictionary stores connectivity using city initials. Each key is a state, and
its value lists the neighboring states.

B main.py
0 Oradea 1 |rnmania = {
2 At ['s', ‘T, 'Z'], For now, ignore the road distances and focus on which successors can be
____Fh A 3 'z': ['A', '0'1, '0': ['S', 'Z generated from A.
\@ Y 4 ‘T': ['A*, 'L'1, 'L': ['MY, T
5 ‘M': ['D', 'L'l, 'D': ['C', 'M _ - _
| ‘q_“"' . 6 's': ['A', 'F', '0', 'R'], The cropped graph keeps the Arad neighborhood visible beside the
7 '‘R': ['C', 'P', 'S'], runnable code.
(3 Timbsaara = 8 ‘c': ['p', 'P', 'R'],
T —_ 9 'F': ['B', 'S'I],
1 o 10 ‘P': ['B', 'C', 'R'], 'B': []
' 11 }
12 print(romanial'A'])
13

Ciwwninad: pompazT0 o hkirnads_from_arad oy

Expanding A Generates Three Successors
Slide 15 of 193 - Initial
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Expanding A Generates Three Successors Speaker notes
The first entry in the list for A is S, so highlight the road from Arad to Sibiu
and generate state S.

B main.py
T omania = {
2 Aty 'S, 'TY, 'Z2'D,
3 ‘Z': ['Aa', '0'1, '0': ['S', 'Z
y 4 'T': ['A', 'L'1, 'L': ['M', 'T
' 5 ‘M': ['D', 'L"'], 'D': ['C', 'M
'g'““ 6 'S': [*A', 'F', '0', 'R'],
7 ‘R': ['C', 'P", 'S'],
B 8 ‘c': ['D', 'P', 'R'I],
. 9 ‘F': ['B', 'S'l,
| = 18 ‘p': ['B', 'C", 'R'], 'B [
11 }
12 print(romanial'A'])
13

Dowrinaid: compIzT0din hkroads_from_arad oy

Expanding A Generates Three Successors
Slide 15 of 193 - Reveal 1

58 (734



Slide 15 - Reveal 2

Expanding A Generates Three Successors

B main.py
0 Oradea 1- |rnmania ={
2 ‘A': ['S', ‘T, 'Z'1,
D!| " 3 ‘Z': ['A', '0'], '0': ['SY, 'Z
“ 4 T AT, LD, Lt DM, 0T
5 '‘M': ['D', 'L']l, 'D': ['C', 'M
6 '‘s': ['A', 'F', '0', 'R'],
7 '‘R': ['C', 'P", 'S'],
8 ‘c': ['D', 'P', 'R'],
9 'F': ['B', 'S'],
, 18 ‘p': ['B', 'C', 'R'], '"B': []
' ' 11 }
12 print(romanial'A'])
13

Dowrinaid: compIzT0din hkroads_from_arad oy

Expanding A Generates Three Successors
Slide 15 of 193 - Reveal 2

Speaker notes

The second successor is T for Timisoara.

Instructor notes
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Expanding A Generates Three Successors Speaker notes
The third successor is Z for Zerind. A, S, T, and Z use equal-sized state
3 msin.py circles.
1- |rnmania = {
2 At ['s', ‘T, 'Z'], A is rendered after the road overlays, so the start state remains in the
3 ‘z': ['AY, 0t tote I'SY, 2 foreground. Run the example to confirm the output S, T, Z.
4 TUro[tAY, 'L'D, Ltr DM, T
5 'M': ['D', 'L'l, 'D': ['C', 'M
= 6 'S': ['A', 'F', '0', 'R'l,
7 '‘R': ['C', 'P', 'S'],
= N 8 ‘c': ['D', 'P', 'R'],
ES AN T 9 'F': ['B', 'S'],
| ) - N 10 '‘P': ['B', 'C', 'R'], 'B': []
' ' ' 11 }
12 print(romanial'A'])
132

Ciwwninad: pompazT0 o hkirnads_from_arad oy

Expanding A Generates Three Successors
Slide 15 of 193 - Reveal 3
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The Frontier Stores Nodes Waiting to Be Expanded Speaker notes
Frontier = generated nodes waiting to be expanded. The frontier is the collection of generated nodes that have not yet been
It is the search algorithm's current set of choices. expanded. It is the set of choices currently available to the search algorithm.

Initially: one generated node
Initially, only the root node has been generated. That node contains state A,
Frontier so the frontier contains one node labelled A.

@

The Frontier Stores Nodes Waiting to Be Expanded
Slide 16 of 193 - Initial
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Slide 16 - Reveal 1 Instructor notes

The Frontier Stores Nodes Waiting to Be Expanded Speaker notes
Frontier = generated nodes waiting to be expanded. The algorithm selects the node labelled A, removes it from the frontier, and
It is the search algorithm’s current set of choices. E}{pands it.
Frontier after selection Expand A

A selected node leaves the frontier because it is no longer waiting to be
Frontier expanded .

select + remove

empty > @

The Frontier Stores Nodes Waiting to Be Expanded
Slide 16 of 193 - Reveal 1
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The Frontier Stores Nodes Waiting to Be Expanded Speaker notes
Frontier = generated nodes waiting to be expanded. The expansion generates the three children listed in the dictionary: S, T, and
It is the search algorithm’s current set of choices. Z.
Before selection Expand A After expanding A
They are added to the frontier because each is now available for later
Frontier Frontier expansion.
select + remove add successors

® —O— 0006

The Frontier Stores Nodes Waiting to Be Expanded
Slide 16 of 193 - Reveal 2
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The Frontier Stores Nodes Waiting to Be Expanded Speaker notes
Frontier = generated nodes waiting to be expanded. The frontier now contains three choices. Which node should be removed
It is the search algorithm’s current set of choices. and expanded next?
Before selection Expand A After expanding A
) ) . A search strategy answers that question by defining the order of node
Frontier l | Frontier l expansion.
select + remove add successors

® —O— 0006

Which node should be expanded next: S, T, or Z?

The Frontier Stores Nodes Waiting to Be Expanded
Slide 16 of 193 - Reveal 3

64 (734



Slide 17 - Initial

A Search Strategy Chooses the Next Node to Expand

It is the rule that determines the order of node expansion.

Frontier Next node to expand

apply the selection rule

OO > (U

A Search Strategy Chooses the Next Node to Expand
Slide 17 of 193 - Initial

Instructor notes

Speaker notes

The frontier currently contains the nodes labelled S, T, and Z. A search
strategy supplies the rule for choosing which frontier node to expand next.

Because that rule determines the sequence of expansions, it also
determines the order in which the search tree is explored.
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Slide 17 - Reveal 1 Instructor notes

A Search Strategy Chooses the Next Node to Expand Speaker notes

Different strategies can make different choices from the same frontier. We
therefore need criteria for comparing them.

It is the rule that determines the order of node expansion.

Frontier Next node to expand

apply the selection rule

OO - (-

How should we compare search strategies?

A Search Strategy Chooses the Next Node to Expand
Slide 17 of 193 - Reveal 1
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Slide 18 - Initial Instructor notes

Four Questions Compare Search Strategies Speaker notes

We compare search strategies using four questions. Reveal each criterion
separately so students can distinguish the guarantee or resource being
measured.

We compare what a strategy guarantees and what resources it requires.

Four Questions Compare Search Strategies
Slide 18 of 193 - Initial
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Slide 18 - Reveal 1 Instructor notes

Four Questions Compare Search Strategies Speaker notes
Completeness asks whether the strategy is guaranteed to find a solution
whenever one exists.

We compare what a strategy guarantees and what resources it requires.

Completeness

Will it find a solution whenever one
exists?

Four Questions Compare Search Strategies
Slide 18 of 193 - Reveal 1
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Slide 18 - Reveal 2 Instructor notes

Four Questions Compare Search Strategies Speaker notes
We compare what a strategy guarantees and what resources it requires. Optimality asks whether the strategy is guaranteed to find a least-cost
solution.
Completeness Optimality
Will it find a solution whenever one

L Will it find a least-cost solution?
exists?

Four Questions Compare Search Strategies
Slide 18 of 193 - Reveal 2
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Four Questions Compare Search Strategies Speaker notes
Time is measured by the number of nodes generated during the search.

We compare what a strategy guarantees and what resources it requires.

Completeness Optimality
Willit find a SOhL.T_lm,] whenever ane Will it find a least-cost solution?
exists?
Time

How many nodes are generated?

Four Questions Compare Search Strategies
Slide 18 of 193 - Reveal 3
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Four Questions Compare Search Strategies Speaker notes
Space is measured by the maximum number of nodes held in memory at
any one time.

We compare what a strategy guarantees and what resources it requires.

Completeness Optimality
Willitfind a b‘:i:;;‘:‘; whenever one Will it find a least-cost solution?

Time Space

What is the maximum number of nodes

. » . 0]
How many nodes are generated? held in memory?

Four Questions Compare Search Strategies
Slide 18 of 193 - Reveal 4
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Slide 19 - Initial Instructor notes

Search Complexity Depends on b, d, and m Speaker notes
Depth counts edges from the root. Use this one tree to make all three
depth .
) @ complexity parameters concrete.

O
ONORONN -/

b

OXORORO,

Search Complexity Depends on b, d, and m
Slide 19 of 193 - Initial
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Slide 19 - Reveal 1

Search Complexity Depends on b, d, and m

depth

ﬂ ® b=3
L 9 F . N
e maximum branching
1 ® factor

b

OXORORO,

Search Complexity Depends on b, d, and m
Slide 19 of 193 - Reveal 1

Instructor notes

Speaker notes

The counting arc groups the root’s three outgoing branches. Since no node

has more than three children, the maximum branching factoris b = 3.

73734



Slide 19 - Reveal 2

Search Complexity Depends on b, d, and m

depth
: ® b=3

maximum branching

' ® @ factor
d=2

[ - (- ) W T T P d=2__
depth of the shallowest

goal

Search Complexity Depends on b, d, and m
Slide 19 of 193 - Reveal 2

Instructor notes

Speaker notes
The branching-factor highlight disappears. The dashed line and goal ring

now isolate the shallowest goal node G, which is two edges from the root, so

d=2.
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Search Complexity Depends on b, d, and m

depth

0 @ -
O
ONOROMN -

b
e L L L L L T T T T T T

OXORORO,

Search Complexity Depends on b, d, and m
Slide 19 of 193 - Reveal 3

m=4

b=3

maximum branching
factor

d=2

depth of the shallowest
goal

m =4

maximum path length

Instructor notes

Speaker notes

The depth highlight disappears. The dashed bracket beside the deepest

branch spans four edges, so m = 4. In an unbounded search tree, m may be

infinite.
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Slide 20 - Initial Instructor notes

Speaker notes

The simplest search loop begins with a frontier containing a node for the
initial state. Focus first on the shared select, test, and expand cycle; we will
compare bookkeeping choices shortly.

Frontier

®

20

Search Repeats: Select, Test, Expand
Slide 20 of 193 - Initial
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Slide 20 - Reveal 1 Instructor notes

Speaker notes

At each iteration, the algorithm selects one node and removes it from the
frontier.

Frontier
Select
@ and remove

20

Search Repeats: Select, Test, Expand
Slide 20 of 193 - Reveal 1
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Slide 20 - Reveal 2 Instructor notes

Speaker notes

If the selected node contains a goal state, the algorithm returns the

corresponding solution.

yes

Frontier
Select
@ and remove

20

Search Repeats: Select, Test, Expand
Slide 20 of 193 - Reveal 2
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Slide 20 - Reveal 3 Instructor notes

Speaker notes

Otherwise, the algorithm expands the node and generates its successors.

solution

yes

Frontier
Select Expand
@ and remove generate sUCCessors

20

Search Repeats: Select, Test, Expand
Slide 20 of 193 - Reveal 3
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Speaker notes

The successors return to the frontier and the loop repeats. If the frontier
- becomes empty, no solution can be returned. The only part that changes
between BFS, DFS, and UCS is the selection rule.

yes

Frontier
Select Expand
@ and remove generate sUCCessors

|
|
| |
v add successors to the frontier

npty — tfailure

The search strategy supplies the rule used at Select.

20

Search Repeats: Select, Test, Expand
Slide 20 of 193 - Reveal 4
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Slide 21 - Initial
Uninformed Search and Informed Search
Uninformed Search Informed Search
Problem definition Problem definition
No estimate to a goal + estimate to a goal
BFS - DFS - UCS Greedy - A*

Uninformed Search and Informed Search

Slide 21 of 193 - Initial

Instructor

Speaker notes
An uninformed strategy uses the problem definition but has no estimate of

notes

the cost remaining to a goal. An informed strategy adds such an estimate to

guide which node is selected next. We will study BFS, DFS, and UCS first,
followed later by Greedy search and A*.
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Slide 21 - Reveal 1

Uninformed Search and Informed Search

Uninformed Search Informed Search
Problem definition Problem definition
No estimate to a goal + estimate to a goal
BFS - DFS - UCS Greedy - A*
We begin with BFS.

Uninformed Search and Informed Search
Slide 21 of 193 - Reveal 1

Speaker notes

Instructor notes

We begin with breadth-first search. Before examining how BFS orders the
frontier, we separate the selection strategy from the bookkeeping used to

avoid repeated work.

82734



Slide 22 - Initial Instructor notes

One Strategy, Two Search Algorithms Speaker notes
The strategy orders the frontier; TSA and GSA handle repeated states differently. Separate two choices. A search strategy determines the order in which
nodes leave the frontier. The tree-search and graph-search algorithms
Tree Search Algorithm (TSA) Graph Search Algorithm (GSA) determine how repeated states are handled.
Keeps a new search node for every path Remembers explored states and can skip repeats

22

One Strategy, Two Search Algorithms
Slide 22 of 193 - Initial

83 (734



Slide 22 - Reveal 1

One Strategy, Two Search Algorithms

The strategy orders the frontier; TSA and GSA handle repeated states differently.

Tree Search Algorithm (TSA)

Keeps a new search node for every path

Graph Search Algorithm (GSA)

Remembers explored states and can skip repeats

State C appears in two search nodes

22

One Strategy, Two Search Algorithms
Slide 22 of 193 - Reveal 1

Instructor notes

Speaker notes

Tree search treats each path as a branch of the search tree. Because it does
not keep a separate record of explored states, the two paths can create two
different nodes containing state C.
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Slide 22 - Reveal 2

One Strategy, Two Search Algorithms

The strategy orders the frontier; TSA and GSA handle repeated states differently.

Tree Search Algorithm (TSA)

Keeps a new search node for every path

Graph Search Algorithm (GSA)

Remembers explored states and can skip repeats

State C appears in two search nodes A node with explored state C can be skipped

One Strategy, Two Search Algorithms
Slide 22 of 193 - Reveal 2

22

Instructor notes

Speaker notes

Graph search remembers explored states across paths. When a node
contains a state that has already been explored, the algorithm can skip

expanding it again. The precise duplicate-checking rule will be introduced

later.
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One Strategy, Two Search Algorithms

The strategy orders the frontier; TSA and GSA handle repeated states differently.

Tree Search Algorithm (TSA)

Keeps a new search node for every path

Graph Search Algorithm (GSA)

Remembers explored states and can skip repeats

State C appears in two search nodes A node with explored state C can be skipped

We begin with BFS-TSA.

22

One Strategy, Two Search Algorithms
Slide 22 of 193 - Reveal 3

Instructor notes

Speaker notes

We begin with the tree-search form of breadth-first search: BFS-TSA. The
next slide explains how its FIFO frontier orders the search nodes.
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Slide 23 - Initial

BFS Explores One Depth at a Time

BFS uses a FIFO frontier: earlier nodes stay ahead of newly generated nodes.

depth 0 @

depth 1

depth 2

BFS Explores One Depth at a Time
Slide 23 of 193 - Initial

FIFO frontier

©

Speaker notes

Instructor notes

Begin with only S in the frontier. Breadth-first search removes the node that

has waited longest: first in, first out.

87734



Slide 23 - Reveal 1 Instructor notes

BFS Explores One Depth at a Time Speaker notes
BFS uses a FIFO frontier: earlier nodes stay ahead of newly generated nodes. Expand S. Its children A, B, and C enter the frontier in that order.
FIFO frontier
depth 0 °
yd AN .
- O ® O O
depth 2

BFS Explores One Depth at a Time
Slide 23 of 193 - Reveal 1
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Slide 23 -

depth 0

depth 1

depth 2

Reveal 2

BFS Explores One Depth at a Time

BFS uses a FIFO frontier: earlier nodes stay ahead of newly generated nodes.

@ FIFO frontier

®© ©

BFS Explores One Depth at a Time
Slide 23 of 193 - Reveal 2

Speaker notes

Instructor notes

Expand A. Remove A from the front, then append its children D and E at the

back. The frontier is now B, C, D, E.
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depth 0

depth 1

depth 2

Reveal 3

BFS Explores One Depth at a Time

BFS uses a FIFO frontier: earlier nodes stay ahead of newly generated nodes.

@ FIFO frontier

ONOGXO,

BFS Explores One Depth at a Time
Slide 23 of 193 - Reveal 3

Instructor notes

Speaker notes

Expand B. Remove B from the front, then append F and G. The frontier is
nowC, D, E, F, G.
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Slide 23 - Reveal 4

Instructor notes

BFS Explores One Depth at a Time Speaker notes

Which node should be expanded next? Replace the FIFO statement with the task question. Ask students which
o node should be expanded next from the frontier C, D, E, F, G.
FIFO frontier
depth 0 @

YN0 ©
w® OO0 ®

BFS Explores One Depth at a Time
Slide 23 of 193 - Reveal 4
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Slide 23 - Reveal 5

Instructor notes

BFS Explores One Depth at a Time Speaker notes

Reveal the answer: C is next. Highlight C both in the search tree and at the
, front of the frontier.
FIFO frontier
depth 0 @

next

SN ©
- ® OO O

BFS Explores One Depth at a Time
Slide 23 of 193 - Reveal 5
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Slide 23 - Reveal 6 Instructor notes

BFS Explores One Depth at a Time Speaker notes
C entered the frontier when S was expanded, before the depth-2 nodes D, E,
, F, and G were generated. A FIFO frontier therefore keeps every depth-1
FIFO frontier
depth 0 @ node ahead of nodes added at depth 2.

next

SN ©
- ® OO O

C is next: it entered the frontier at depth 1 before D, E, F, and G.

BFS Explores One Depth at a Time
Slide 23 of 193 - Reveal 6
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Slide 24 - Initial Instructor notes

Speaker notes

Frontier 2 main. py A deque—pronounced “deck"—is a double-ended queue. It supports adding
From collections import deque and removing at either end. For a breadth-first frontier, we use only two

frontier = deque() operations: append at the back and remove from the front.
frontier.append("A") # 1st

frontier.append("B") # 2Znd

frontier.append("C") # 3rd

print("frontier:", list(frontier))

print("next:", frontier.popleft())

print("remaining:", list{frontier))

front back

L J

W o~ O U W k)

Dowrigad: compd2Th.dik hkiqueue_dema.py

24

Python's deque Implements a FIFO Frontier
Slide 24 of 193 - Initial
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Slide 24 - Reveal 1 Instructor notes

Speaker notes

Begin with an empty frontier. A is appended first, so A is at the front.

Frontier 3 main.py
front back 1 |from collections import deque

2 frontier = deque()

[@ } 3 frontier.append("A") # 1st
4 frontier.append("B") # 2Znd
5 frontier.append("C") # 3rd

append ("A") 6 print("frontier:", list(frontier))
7 print("next:", frontier.popleft(})
8 print("remaining:", list{frontier))
9

Dowrigad: compd2Th.dik hkiqueue_dema.py

24

Python's deque Implements a FIFO Frontier
Slide 24 of 193 - Reveal 1
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Slide 24 - Reveal 2

krom collections import deque
frontier = deque()
frontier.append("A") # 1st
frontier.append("B") # 2Znd
frontier.append("C") # 3rd
print("frontier:", list(frontier))
print("next:", frontier.popleft())
print("remaining:", list{frontier))

Frontier 3 main.py

front back 1
2

® ] |z
4

=

append ("A") 6
append("B") 7
8

9

Python's deque Implements a FIFO Frontier
Slide 24 of 193 - Reveal 2

Dowrigad: compd2Th.dik hkiqueue_dema.py

24

Speaker notes

B is appended second, behind A.

Instructor notes
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Speaker notes

C is appended third, behind B. The insertion order is therefore explicit: A,

Frontier G0 main.py
front back 1 |from collections import deque then B, then C.
~ 2 frontier = deque()
L@ @ } 3 frontier.append("A") # 1st
4 frontier.append("B") # 2Znd
5 frontier.append("C") # 3rd
append ("A") 6 print("frontier:", list(frontier))
append ("B") 7 print("next:", frontier.popleft(})
append ("C*) g print("remaining:", list{frontier))

Dowrigad: compd2Th.dik hkiqueue_dema.py

24

Python's deque Implements a FIFO Frontier
Slide 24 of 193 - Reveal 3
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Slide 24 - Reveal 4

Frontier B0 main.py
removed front back 1 krom collections import deque
o 2 frontier = dequel()
CA ; [ @ } 3 frontier.append{("A") # Ist
e 4 frontier.append("B") # Znd
5 frontier.append("C") # 3rd
append ("A") 6 print("frontier:", list(frontier))
append ("B") 7 print("next:", frontier.popleft())
append (" C") g print("remaining:", list{frontier))

popleft() - "A"; frontier = [B, C]

Python's deque Implements a FIFO Frontier
Slide 24 of 193 - Reveal 4

Dowrigad: compd2Th.dik hkiqueue_dema.py

Speaker notes

Instructor notes

popleft() removes and returns A, the item that entered first, leaving B and C.

Run the code to confirm the same frontier order in Python.
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Slide 25 - Initial Instructor notes

A Search Node Stores the Path So Far Speaker notes

For our lecture code, a path string records one route through the search tree. The search tree contains many possible routes. For our lecture code
examples, we use a compact string to record one route from the startto a
particular node. The initial one-state path is 'S’

@ search free many possible routes

path one route

current state last character

|5|

A Search Node Stores the Path So Far
Slide 25 of 193 . Initial
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A Search Node Stores the Path So Far Speaker notes
For our lecture code, a path string records one route through the search tree. The tree branches to a and c. Following the highlighted branch to a gives the
path 'Sa’; the other branch remains part of the tree, but not this path.
search tree many possible routes
path one route
c
current state last character
5' — 'Sa

25

A Search Node Stores the Path So Far
Slide 25 of 193 - Reveal 1
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A Search Node Stores the Path So Far Speaker notes

. g . , , .
For our lecture code, a path string records one route through the search tree. Following the next highlighted branch gives ‘Sab'’ The final character,
obtained with path[-1], is 'b} so b is the current state.

search free many possible routes

path one route

current state last character

path[-1] gives 'b'

25

A Search Node Stores the Path So Far
Slide 25 of 193 - Reveal 2
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A Search Node Stores the Path So Far

For our lecture code, a path string records one route through the search tree.

's' — 'Sa' — 'Sab' — 'SabG'

path[-1] gives 'G'

A Search Node Stores the Path So Far
Slide 25 of 193 - Reveal 3

3 main. py
1 path = "Sab"

2 print("current:", path[-1])
3 path += "G"

4 print("path:", path)

5 print("current:", path[-1])
6

Cowninad: compaZT0.dink hkisearch_path_damao.py

25

Speaker notes

Instructor notes

Appending G updates the path to ‘SabG" Now path[-1] is 'G" The runnable
code performs exactly those two ideas: read the last state, then extend the

path.
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Slide 26 - Initial Instructor notes

BFS-TSA Repeats | S main-py | EmresenTo-pY Speaker notes
Three Operations ffrom collections import deque The code on the right is the runnable BFS tree-search implementation used

from romania import romania h R . lide. K . . . ind: f « s .
. def bfs_tsa(graph, start, goal, trace=False): on the next Romania slide. Keep one invariant in mind: every frontier item Is

frontier = deque([start]) a path string.
while frontier:

path = frontier.popleft()

state = path[-1]

if state == goal: return path

paths = [path + child for child in grap

W00 =~ o U1k Wk

10 frontier.extend(paths)

11 if trace: print(f"{path} —> {list(front
12 print("solution:", bfs_tsa(romania, "A", "B", T
13

Chvvaninai: oompIZT0 I hikbes s Pomani. py

BFS-TSA Repeats Three Operations
Slide 26 of 193 - Initial
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Slide 26 - Reveal 1 Instructor notes

BFS-TSA Repeats | S main-py | EmresenTo-pY Speaker notes
Three Operations 1 [from EelECEl T IR TR ROREE X lE First, popleft() removes the path that has waited longest. The frontier
2 from romania import romania AT .
3- def bfs_tsa(graph, start, goal, tracesFalse): changes from ['A'] to empty, and the removed item becomes the current
Remove the next path 4 frontier = deque( [start]) path 'A. That FIFO operation is what makes the search breadth-first.
Frontier ['A'] == [] 5: while frontier:
e 6 path = frontier.popleft()
Path A 7 state = path[-1]
8 if state == goal: return path
9 paths = [path + child for child in grap
10 frontier.extend(paths)
11 if trace: print(f"{path} —> {list(front
12 print("solution:", bfs_tsa(romania, "A", "B", T
13

Chvvaninai: oompIZT0 I hikbes s Pomani. py

BFS-TSA Repeats Three Operations
Slide 26 of 193 - Reveal 1
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BFS-TSA Repeats
Three Operations

Remove the next path
Frontier ['A'] —> []
Path AT

Test its final state

Frontier []

Goal
test

A#B

1
2
3
4
5-
5]
-
8
9

18
11
12
13

3 main.py 3 romania.py

hrum collections import deque
from romania import romania

- def bfs_tsalgraph, start, goal, trace=False):

frontier = deque([start])
while frontier:
path = frontier.popleft()
state = path[-1]
if state == goal: return path
paths = [path + child for child in grap
frontier.extend(paths)
if trace: print(f"{path} —> {list(front
print("solution:", bfs_tsa(romania, "A", "B", T

Chvvaninai: oompIZT0 I hikbes s Pomani. py

26

BFS-TSA Repeats Three Operations

Slide 26 of 193 - Reveal 2

Instructor notes

Speaker notes

Second, read the path’s last character and test whether that state is the
goal. The state is A, not B, and this test does not change the frontier.
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BFS-TSA Repeats [
Three OpBI'&ﬁOIIS 1 |frum collections import deque
2 from romania import romania
3- def bfs_tsa(graph, start, goal, trace=False):

Remove the next path 4 frontier = deque([start])
Frontier ['A'] == [] 5: while frontier:

6

7

8

9

path = frontier.popleft()

Path A
h state = path[-1]
if state == goal: return path
Test its final state paths = [path + child for child in grap
. 10 frontier.extend(paths)

Frontier [] . . .

11 if trace: print(f"{path} —> {list(front
Geoal — , . g 12 print{"solution:", bfs_tsa(romania, "A", "B", T
test

13
Append every extension
Frontier [] - [IASI' IATI, IAi—. ’ Divnioad: compIzT0 din. hkbés 1sa_romania.py

26

BFS-TSA Repeats Three Operations
Slide 26 of 193 - Reveal 3

Speaker notes

Instructor notes

Otherwise, extend ‘A’ with successors S, T, and Z. Appending ‘AS’, ‘AT’ and

'‘AZ' makes those three paths the current frontier.
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L Vaslui

] Timisoara

L] Hirsova

[ ] Mehadia Urziceni

75 86

Drobeta [

Bucharest

Eforie

BFS-TSA Repeats Three Operations
Slide 26 of 193 - Reveal 4

Speaker notes

No speaker notes for this stage.

Instructor notes
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Program Output

A — ['AS', 'AT', 'AZ']

What Happens When a Path Returns to A?
Slide 27 of 193 - Initial

Search Tree

Instructor notes

Speaker notes

Read the first trace line as an expansion. BFS-TSA removes ‘A, expands

state A, and appends the three paths ‘AS| ‘AT, and ‘AZ' The tree keeps only

the state labels so the expansion order remains visually clear.
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Slide 27 - Reveal 1

Instructor notes

Program Output
A= ['AS', 'AT', "'AZ']

Search Tree Speaker notes
FIFO means 'AS' is removed next. Expanding S creates four children: ‘ASA,

‘ASF, 'ASO| and ‘ASR' They go behind ‘AT’ and ‘AZ}, which were already
waiting.

AS -> ['AT', 'AZ', 'ASA', 'ASF',
'AS0*, 'ASR']

What Happens When a Path Returns to A?
Slide 27 of 193 - Reveal 1
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Slide 27 - Reveal 2

Instructor notes

Program Output Search Tree

Speaker notes
A -> ['AS', 'AT', 'AZ']

Next, BFS removes ‘AT Expanding T adds ‘ATA" and ‘ATL' at the back. The
Masor, iagnly T r ASAL CWSFL path 'ASA' is still waiting behind 'AZ"

AT -> ['AZ', 'ASA', 'ASF', 'ASO',
'ASR', 'ATA', 'ATL']

What Happens When a Path Returns to A?
Slide 27 of 193 - Reveal 2
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Slide 27 - Reveal 3 Instructor notes

Program Output Search Tree Speaker notes
=2 [ Gty e Then BFS removes ‘AZ’. Expanding Z adds 'AZA’ and 'AZO’. Now 'ASA’ has
‘?isa‘l" ['fsrn:] AZ', "ASA', ASFY, reached the front of the frontier.

AT —> ['AZ', 'ASA', 'ASF', 'ASO',
'ASR*, 'ATA', 'ATL']

AZ -> ['ASA*, 'ASF', 'AS0', 'ASR’,
'ATA', 'ATL', 'AZA', 'AZ0']

What Happens When a Path Returns to A?
Slide 27 of 193 - Reveal 3
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Slide 27 - Reveal 4 Instructor notes

Program Output Search Tree Speaker notes
A= ['AS', 'AT', "'AZ']
AS —> ['AT', 'AZ', 'ASA', 'ASF',
'ASD"', 'ASR']

AT -> ['AZ', 'ASA', 'ASF', 'ASO',
'ASR', 'ATA', 'ATL']

The next path is ‘ASA, whose final state is A. Ask the question on screen and
let students recognize the problem: tree search is about to expand A again.

AZ -> ['ASA*, 'ASF', 'AS0', 'ASR’,
'ATA', 'ATL', 'AZA', 'AZ0']

\ f [\
\ \\\ f \"-. .-'f

i}é@@@ O ©

%,
M,
\
\

Explore A again?

What Happens When a Path Returns to A?
Slide 27 of 193 - Reveal 4
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Slide 28 - Initial Instructor notes

PROBLEM TSA revisits states Speaker notes

It does not remember where it has been TSA is doomed to revisit states because it has no memory of earlier
expansions. Returning to A looks like a fresh opportunity, even though A has
already been expanded.

expanded expanded expand again?

2%

TSA Repeats States Because It Has No Memory
Slide 28 of 193 - Initial

M3 /(734



Slide 28 - Reveal 1

PROBLEM TSA revisits states

It does not remember where it has been

expanded expanded expand again?

SOLUTION Remember explored states

explored = {'A', 'S'} A € explored — skip

2%

TSA Repeats States Because It Has No Memory
Slide 28 of 193 - Reveal 1

Instructor notes

Speaker notes

The fix is to remember expanded states. If A is already in the explored set,
the repeated path is skipped instead of generating another copy of A's
SUCCEessors.
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Slide 28 - Reveal 2

PROBLEM TSA revisits states

It does not remember where it has been

expanded expanded expand again?

SOLUTION Remember explored states
explored = {'A', 'S'} A € explored — skip

TSA + explored states = GSA
Repeated states are skipped instead of expanded again

2%

TSA Repeats States Because It Has No Memory
Slide 28 of 193 - Reveal 2

Instructor notes

Speaker notes

This is the conceptual step from a Tree Search Algorithm to a Graph Search
Algorithm: keep the same frontier, add memory for explored states, and
suppress repeated expansions.
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Slide 29 - Initial Instructor notes

3 main.py 3 romania.py

Speaker notes

Frontier ['ASI"AT:"AZIJ 1 [from collections import deque
slores path sirings 2 from romania import romania Graph search still needs complete path strings in its frontier so it can return
Explored {'A"} | 3 def bfs gsalgraph, start, goal, trace=False): a route. Its new explored set is different: it stores only state labels.
stores states only 4 frontier = deque([start])
5 explored = set()
6 while frontier:
7 path = frontier.popleft()
8 state = path[-1]
9 if state == goal: return path
10 if state in explored: continue
11 explored.add({state)
12 paths = [path + child for child in graphls
13 frontier.extend(paths)
14- if trace:
15 print(f"{path} -= {list(frontier)}")
16 print(f"explored: {sorted(explored)}\n

17 orint("solution:". bfs asalromania. "A". "B". True

Diownioad: compdZT0 dirk. hivbés_gsa_romania.py

29

BFS-GSA Remembers Explored States
Slide 29 of 193 - Initial
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Slide 29 - Reveal 1 Instructor notes

[ main.py 3 romania.py

Frontier ['ASI"AT:"AZIJ 1 [from collections import deque
slores path sirings 2 from romania import romania Start with an empty set.
] 3- def bfs_gsalgraph, start, goal, trace=False):

Speaker notes

Explored {"A"'}

4 frontier = deque([start])
stores states only

5 explored = set()
6- while frontier:

Create the memory 7 path = frontier.popleft()

explored = set() 8 state = path[-1]
9 if state == goal: return path
10 if state in explored: continue
11 explored.add({state)
12 paths = [path + child for child in graphls
13 frontier.extend(paths)
14- if trace:
15 print(f"{path} -= {list(frontier)}")
16 print(f"explored: {sorted(explored)}\n

17 orint("solution:". bfs asalromania. "A". "B". True

Duowwricad: compdET0odn. hivkés_gsa_romania.py

29

BFS-GSA Remembers Explored States
Slide 29 of 193 - Reveal 1

17 734



Slide 29 - Reveal 2

Frontier ['AS','AT','AZ']

stores path strings

Explored {"A"'}
stores states only

Create the memory

explored = set()

Skip a repeated state

state in explored

B3 main. py

B3 romania.py

1 hrnm collections import deque

2 from romania import romania

3 def

WO~ o u B

18
11
12
13
14-
15
16

bfs_gsalgraph, start, goal, trace=False):
frontier = deque([start])
explored = set()
while frontier:
path = frontier.popleft()
state = path[-1]

if state == goal: return path
if state in explored: continue
explored.add{state)

paths = [path + child for child in graphls
frontier.extend(paths)
if trace:
print(f"{path} -= {list(frontier)}")
print(f"explored: {sorted(explored)}\n

17 orint("solution:". bfs asalromania. "A". "B". True

Diownioad: compdZT0 dirk. hivbés_gsa_romania.py

29

BFS-GSA Remembers Explored States

Slide 29 of 193 - Reveal 2

Instructor notes

Speaker notes

When a path is removed, inspect its final state. If that state is already
explored, skip this path instead of expanding it again.

18 (734



Slide 29 - Reveal 3 Instructor notes

3 main.py 3 romania.py

Speaker notes

Frontier ['ASI"AT:"AZ'] 1 [from collections import deque
slores path sirings 2 from romania import romania Otherwise, add the state to explored before appending its successor paths.
Explored {'A"} | 3 def bfs gsalgraph, start, goal, trace=False): These are the three meaningful additions to the TSA code.
4 frontier = deque([start])
stores states only 5 lored set()
exp =
6 while frontier:
Create the memory 7 path = frontier.popleft()
explored = set() 8 state = path[-1]
9 if state == goal: return path
Skip a repeated state 10 if state in explored: continue
tate lored 11 explored.add({state)
state 1n explore 12 paths = [path + child for child in graphls
) 13 frontier.extend(paths)
Remember before expanding 14- if trace:
explored.add(state) 15 print(f"{path} —= {list(frontier)}")
16 print(f"explored: {sorted(explored)}\n

17 orint("solution:". bfs asalromania. "A". "B". True

Diownioad: compdZT0 dirk. hivbés_gsa_romania.py

29

BFS-GSA Remembers Explored States
Slide 29 of 193 - Reveal 3
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Slide 30 - Initial Instructor notes

Speaker notes

[Sources] - AIMA Romania route problem: https:/faima.cs.berkeley.edu/
python/search.html

75

Arad L

118 .
L Vaslui

] Timisoara

L] Hirsova
[] Mehadia

75 86

Drobeta [

Bucharest

Eforie

Romania State-Space Graph
Slide 30 of 193 - Initial
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Slide 31 - Initial

G main.py [0 romania.py

P
i =
. o
[ Timsara [1'"'"‘ e \
e "R el I|I }« \
| VA =
1 i
[o— b. |I._'/ f
Craima O tbarg
frontier: explored:
paths states

Run BFS-GSA on Romania
Slide 31 of 193 - Initial

1 From collections import deque
2 from romania import romania
3- def bfs_gsalgraph, start, goal, trace=False):

4 frontier = deque([start])

5 explored = set()

6- while frontier:

7 path = frontier.popleft()

8 state = path[-1]

9 if state == goal: return path

1@ if state in explored: continue

11 explored.add(state)

12 paths = [path + child for child in graph[stat
13 frontier.extend(paths)

14- if trace:

15 print(f"{path} —= {list(frontier)}")

16 print(f"explored: {sorted(explored)}\n")

17 print("solution:", bfs_gsa(romania, "A", "B", True))

Crowrnad: compd2 70 dink riobis_gsa_romania oy

Instructor notes

Speaker notes

Run the GSA implementation. Each trace step keeps the same path ->
frontier notation as TSA, then shows the explored states underneath. The
trace ends when B is removed and the goal test succeeds, returning ASFB.
No state is expanded a second time.

[Sources] - AIMA Romania route problem: https://aima.cs.berkeley.edu/
python/search.html - Berkeley CS188, Uninformed Search: https://
inst.eecs.berkeley.edu/~cs188/textbook/search/uninformed.html -
Pedagogical redesign of recovered COMP3270 2024-25 source slide 28:
01_search.pptx.
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Slide 32 - Initial Instructor notes

BFS-GSA Practice Speaker notes

Ask students to run BFS-GSA mentally from S to G. They must report two
different answers: the order of explored states and the returned path.
Successors enter the FIFO frontier alphabetically.

Run BFS-GSA from S to G

Record Explored order
Returned path

Add successors alphabetically

BFS-GSA Practice
Slide 32 of 193  Initial
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Slide 32 - Reveal 1

Instructor notes

BFS-GSA Practice Speaker notes

Start with path S. S is not the goal, so add S to explored and append Sa, Sd,

Run BFS-GSA from S to G . .
' and SG in alphabetical order.

Record Explored order
Returned path

Add successors alphabetically

S —=> ['5a", 'sd', '5G']
explored: ['S']

BFS-GSA Practice
Slide 32 of 193 - Reveal 1
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Slide 32 - Reveal 2

Instructor notes

BFS-GSA Practice Speaker notes

FIFO removes Sa next. Its final state is a. Add a to explored and append Sab

Run BFS-GSA from § to G behind the paths already waiting.

Record Explored order
Returned path

Add successors alphabetically

S —=> ['5a", 'sd', '5G']
explored: ['S']

Sa —> ['sd', 'SG', 'Sab']
explored: ['S', 'a']

BFS-GSA Practice
Slide 32 of 193 - Reveal 2
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Slide 32 - Reveal 3 Instructor notes

BFS-GSA Practice Speaker notes

Next BFS removes Sd. Add d to explored, then append Sdb and Sde.
Run BFS-GSA from Sto G

Record Explored order
Returned path

Add successors alphabetically

S —=> ['5a", 'sd', '5G']
explored: ['S']

Sa —> ['sd', 'SG', 'Sab']
explored: ['S', 'a']

sd -> ['SG', 'Sab‘', 'Sdb’,
'Sde']
explored: ['S', 'a', 'd']

BFS-GSA Practice
Slide 32 of 193 - Reveal 3
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Slide 32 - Reveal 4

Instructor notes

BFS-GSA Practice Speaker notes

The next path is SG. The goal test succeeds before G is added to explored.

Therefore the explored order is S, a, d, while the returned solution pathis S
to G.

Run BFS-GSA from S to G

Record Explored order
Returned path

Add successors alphabetically

S —=> ['5a", 'sd', '5G']
explored: ['S']

Sa —> ['Sd', 'SG', 'Sab']
explored: ['S', 'a']

Sd -> ['SG', 'Sab', 'Sdb',
'Sde']

o o explored: ['S', 'a', 'd']
solution: SG

Explored S —a—d Path § - G

BFS-GSA Practice
Slide 32 of 193 - Reveal 4
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Slide 33 - Initial Instructor notes

B3 main.py

Bebeiticll Speaker notes
1 Frnm collections import deque

2- def bfs_gsalgraph, start, goal, trace=False): This is the same BFS-GSA implementation and practice graph used on the

i frﬂqtieg = deq?‘;‘( [start]) previous slide. Run it to reproduce the trace and confirm that the explored
explored = set .

- while frontier: order and returned path are different outputs.

6 path = frontier.popleft()

7 state = path[-1] [Sources] - Adapted from the recovered COMP3270 2024-25 runnable

8 if state == goal: return path : _ . : . .

o if state in explored: continue bfsGsaPractice.py. - Python documentation for collections.deque: https://

docs.python.org/3/library/collections.html#collections.deque

10 explored.add(state)

11 paths = [path + child for child in graph[state]]
12 frontier.extend(paths)

13- if trace:

14 print(f"{path} —= {list(frontier)}")

15 print(f"explored: {sorted(explored)}\n")

16 practice = {"s": ["a", "d", "G"], "a": ["b"],

17 "d": ["b", "e"I, "b": ["c", "e"],

LR (L. Fonean 1 . Fus~ul LUl T ria
Download: comp32Fd.dirichkiols_gsa_pracice.gy 4%

Run the BFS-GSA Practice Code
Slide 33 of 193 - Initial

127 (734



Slide 34 - Initial Instructor notes

BFS-TSA PI'OpCI’tiCS Speaker notes

Ask students to evaluate BFS-TSA using the four questions introduced
earlier: completeness, optimality, time, and space. This analysis does not

Complete?
use an explored set.

Optimal?
Time complexity?

Space complexity?

BFS-TSA Properties
Slide 34 of 193 - Initial
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Instructor notes

Slide 34 - Reveal 1

BFS-TSA PI‘Op erties Speaker notes

BFS-TSA is complete when the branching factor is finite and a solution

Complete? exists at a finite depth.

Yes
Optimal?

Time complexity?

Space complexity?

BFS-TSA Properties
Slide 34 of 193 - Reveal 1
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Slide 34 - Reveal 2 Instructor notes

BFS-TSA PI‘Op erties Speaker notes

BFS-TSA is not optimal in general: it returns a shallowest solution, which

Complete? need not be the least-cost solution.

Yes

Optimal?
No

Time complexity?

Space complexity?

BFS-TSA Properties
Slide 34 of 193 - Reveal 2
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Slide 34 - Reveal 3 Instructor notes

BFS-TSA PI‘Op erties Speaker notes

The exception is when all step costs are equal. Then minimizing depth also

Complete? minimizes path cost.

Yes
Optimal?
No

unless all step costs are equal
Time complexity?

Space complexity?

BFS-TSA Properties
Slide 34 of 193 - Reveal 3
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Slide 34 - Reveal 4 Instructor notes

BFS-TSA PI‘Op erties Speaker notes

The goal G is the final depth-three path removed. Before reaching it, BFS
expands earlier depth-three paths and adds their children at depth four. The

Complete?
Yes dots indicate omitted successors and subtrees when the branching factor is
. greater than two.
ptimal?
No

unless all step costs are equal
Time complexity?

Space complexity?

b maximum branching factor

d depth of the shallowest solution

BFS-TSA Properties
Slide 34 of 193 - Reveal 4
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Slide 34 - Reveal 5 Instructor notes

BFS-TSA PI‘Op erties Speaker notes

Our code tests for the goal when a path is removed from the frontier. In the
worst case, it generates paths at depth d plus one before removing the goal,
giving O(bd+1). If we treat b as fixed, this is also written O(bd).

Complete?
Yes

Optimal?
No

unless all step costs are equal
Time complexity?
O(b®1) =" O(bY)

Space complexity?

b maximum branching factor
d depth of the shallowest solution

*If we treat b as fixed 34

BFS-TSA Properties
Slide 34 of 193 - Reveal 5
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Slide 34 - Reveal 6 Instructor notes

BFS-TSA PI‘Op erties Speaker notes

Space has the same bound because the frontier may contain those depth d

Complete? plus one paths while the goal is still waiting to be removed.

Yes

Optimal?

No

unless all step costs are equal
Time complexity?
O(b®1) =" O(bY)

Space complexity?
O®m*h) =" O(bY)

b maximum branching factor
d depth of the shallowest solution

*If we treat b as fixed 34

BFS-TSA Properties
Slide 34 of 193 - Reveal 6
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Slide 34 - Reveal 7

BFS-TSA Properties

SOLUTION

Assume b = 10, 1 million nodes/second, 1000 bytes/node

Complete?
Yes Depth  Nodes Time Memory
) 2 110 0.11 milliseconds 110 kilobytes
Optimal?
No 4 11,110 11 milliseconds 11 megabytes
unless all step costs are equal 6 111 = 108 1.1 seconds 1.1 gigabytes
Time complexity?
’P ty 8 1.11 = 10® 1.9 minutes 111 gigabytes
O(b®1) =" O(bY)
10 L.11 = 10 3.1 hours 11 terabytes
Space complexity? 12 111 %107  12.9 days 1.1 petabytes
1y —* il
O(®™) = 09 14 111 = 101 3.5 years 111 petabytes
16 1.11 = 10% 352 years 11 exabytes

b maximum branching factor
d depth of the shallowest solutior

*If we treat b as fixed

BFS-TSA Properties
Slide 34 of 193 - Reveal 7

Instructor notes

Speaker notes

Now replace the small tree with branching factor ten. The node count is the
sum from depth one through depth d, excluding the root. Times and
memory use decimal units and are rounded. Red values mark the point at
which even this simplified search becomes impractical for an interactive
system.
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Slide 35 - Initial Instructor notes

BFS Explores the Shallowest Node First Speaker notes
This is the concise breadth-first counterpart to the next slide. BFS always
removes a shallowest frontier node; implementing the frontier as a FIFO
gueue preserves that ordering.

[Sources] - Recovered COMP3270 2024-25 source slide 20:
01_search.pptx. - UC Berkeley CS5188 search illustration: http://
al.berkeley.edu.

frontier is a queue (first in first out data structure)

BFS Explores the Shallowest Node First
Slide 35 of 193 - Initial
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Slide 36 - Initial Instructor notes

DFS Explores the Deepest Node First Speaker notes
[Sources] - Recovered COMP3270 2024-25 source slide 33:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

frontier is a stack (last in first out data structure)

DFS Explores the Deepest Node First
Slide 36 of 193 - Initial
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Slide 37 - Initial

3 main.py
Frontier 1 Ifrnm Fcllectians import deque

2 frontier = deque()

bottom top 3 frontier.append("A") # Ist
4 frontier.append("B") # 2nd
5 frontier.append{("C") # 3rd
6 print(“frontier:", list(frontier))
7 print("next:", frontier.pop())
8 print(“remaining:", list{frontier))
9

Download: comp32ZT0.dirk.hidstack_demao.py

Python's deque Implements a LIFO Frontier
Slide 37 of 193 - Initial

Speaker notes

Instructor notes

The same deque can implement a stack. DFS adds and removes paths at

the same end, so the newest path is selected first.
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Slide 37 - Reveal 1

Frontier

bottom

®

top

append ("A")

3 main.py

1 Frnm collections import deque

2 frontier = deque()

3 frontier.append("A") # Ist

4 frontier.append("B") # 2nd

5 frontier.append{("C") # 3rd

6 print("frontier:", list(frontier))
7 print(“next:", frontier.pop()})

8 print(“remaining:", list{frontier))
9

Download: comp32ZT0.dirk.hidstack_demao.py

Python's deque Implements a LIFO Frontier

Slide 37 of 193 - Reveal 1

Speaker notes

Append A to the empty frontier.

Instructor notes
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Slide 37 - Reveal 2

Frontier

bottom

foJo

top

append ("A")
append("B")

3 main.py

1 Frnm collections import deque

2 frontier = deque()

3 frontier.append("A") # Ist

4 frontier.append("B") # 2nd

5 frontier.append{("C") # 3rd

6 print("frontier:", list(frontier))
7 print(“next:", frontier.pop()})

8 print(“remaining:", list{frontier))
9

Download: comp32ZT0.dirk.hidstack_demao.py

Python's deque Implements a LIFO Frontier

Slide 37 of 193 - Reveal 2

Speaker notes
Append B after A.

Instructor notes
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Slide 37 - Reveal 3 Instructor notes

2 main.py Speaker notes

[from collections import deque Append C after B. C is now at the top of the stack.
frontier = deque()
frontier.append("A") # Ist

1

2

3

4 frontier.append("B") # 2nd
@ @ 5 frontier.append{("C") # 3rd

6

7

8

9

Frontier

bottom top

print(“frontier:", list(frontier))
print("next:", frontier.pop())

append ("A") . L . .
a print(“remaining:", list(frontier))

append("B")
append("C")

Download: comp32ZT0.dirk.hidstack_demao.py

Python's deque Implements a LIFO Frontier
Slide 37 of 193 - Reveal 3
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Slide 37 - Reveal 4

Frontier
bottom op removed
M .
0O @
append ("A")
append("B")
append("C")

pop() - "C"; frontier = [A, B]

Python's deque Implements a LIFO Frontier

Slide 37 of 193 - Reveal 4

3 main.py

1 Frnm collections import deque

2 frontier = deque()

3 frontier.append("A") # Ist

4 frontier.append("B") # 2nd

5 frontier.append{("C") # 3rd

6 print(“frontier:", list(frontier))
7 print("next:", frontier.pop())

8 print(“remaining:", list{frontier))
9

Download: comp32ZT0.dirk.hidstack_demao.py

Speaker notes

Instructor notes

pop() removes C, the path added most recently, leaving A and B. Compare

this directly with popleft() on the FIFO slide.
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Slide 38 - Initial

A main.py @ romania.py

R 1 Frum collections import deque
P’y : 2 from romania import romania
; 3- def dfs_gsalgraph, start, goal, trace=False):

ol

| - q;_ = = 4 frontier = deque([start])
R = ) = explored = set()
P p = 6- while frontier:
e o£2 - 7 path = frontier.pop()
8 state = path[-1]
9 if state == goal: return path
10 if state in explored: continue
11 explored.add(state)
frontier: explored: 12 paths = [path + child for child in graphl[state]l
paths states 13 frontier.extend(paths)
14- if trace:
15 print{f"{path} -> {list(frontier}}")
16 print{f"explored: {sorted(explored)}\n")
17 print("solution:", dfs_gsa(romania, "A", "B", True))

Download: compd270.diichkidts_gsa_romanka gy

Run DFS-GSA on Romania
Slide 38 of 193 - Initial

EE]

Instructor notes

Speaker notes

This is the BFS-GSA program with one strategic change: popleft() becomes
pop(). The frontier still stores paths, the explored set still stores states, and
the trace notation is unchanged.

[Sources] - AIMA Romania route problem: https:/faima.cs.berkeley.edu/

python/search.html - Python documentation for collections.deque: https://
docs.python.org/3/library/collections.html#collections.deque

143 [ 734



Slide 39 - Initial Instructor notes

Program Output Searpl:_ll Tree Speaker notes
A — ['AS', 'AT', 'AZ'] ) .4:' i
explored: ['A'l P Read the trace exactly as before. Expanding A appends AS, AT, and AZ.
_— ~——_ Because DFS removes from the right, AZ is next.

DFS-GSA Follows the Newest Path
Slide 39 of 193 - Initial
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Instructor notes

Slide 39 - Reveal 1

Search Tree Speaker notes
Expand Z. AZO is newer than AZA, so AZO is selected next.

Program Output

A — ['AS', 'AT', 'AZ']

explored: ['A'] - —
AZ —> [..., 'AZA', 'AZ0'] —
explored: ['A', 'Z'] @
g, &
-- R . B
L S

DFS-GSA Follows the Newest Path
Slide 39 of 193 - Reveal 1
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Instructor notes

Slide 39 - Reveal 2

Program Output Search Tree Speaker notes

Expand O. AZOZ is removed first but ends in an explored state, so it is
skipped. AZOS is then expanded.

A —> ['AS', 'AT', 'AZ']
explored: ['A'] _—

AZ —> [..., 'AZA', 'AZ0'] .
explored: '['A', 'Z'] @

AZO — [..., "AZOS', 'AZ0Z']
explored: ['A', '0', 'Z']

.....

DFS-GSA Follows the Newest Path
Slide 39 of 193 - Reveal 2
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Slide 39 - Reveal 3 Instructor notes

Program Output Search Tree Speaker notes

A —> ['AS', 'AT', 'AZ']
explored: ['A']

_ At S, the newest successor is R. The trace is following one branch rather
T~ than completing an entire depth.

AZ - [..., 'AZA', 'AZ0'] —
explored: '['A', 'i'] @
AZO — [..., 'AZOS', 'AZ0Z']

explored: ['A', '0', 'Z'] e @
AZ0S -> [..., 'AZOSR'] A\

explored: ['A', '0', 'Ss', 'Z'] — e
= o]0

DFS-GSA Follows the Newest Path
Slide 39 of 193 - Reveal 3
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Slide 39 - Reveal 4 Instructor notes

Program Output Search Tree Speaker notes

A —> ['AS', 'AT', 'AZ']
explored: ['A']

_ Emphasize the invariant: the rightmost frontier path was added most
T~ recently and is removed next.

AZ -> [..., 'AZA', 'AZ0'] —
explored: '['A', 'Z'] @

AZO —> [..., 'AZ0S', 'AZ0Z']
explored: ['A', '0', 'Z'] e @
AZ0S -> [..., 'AZOSR']

explored: ['A', '0', 'S', 'Z'] B
®

LIFO follows the newest path.

DFS-GSA Follows the Newest Path
Slide 39 of 193 - Reveal 4
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Slide 40 - Initial Instructor notes

DFS-GSA Practice Speaker notes

Use the same graph and successor order as the BFS practice task. The only

Run DFS-GSA from S to G change is that DFS removes from the right of the frontier.

Record Explored order
Returned path

Add successors alphabetically

DFS-GSA Practice
Slide 40 of 193 - Initial
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Slide 40 - Reveal 1

Instructor notes

DFS-GSA Practice Speaker notes

Expand S and append Sa, Sd, and SG alphabetically. The explored set is

Run DFS-GSA from S to G
now S.

Record Explored order
Returned path

Add successors alphabetically

S —=> ['5a", 'sd', '5G']
explored: ['S']

DFS-GSA Practice
Slide 40 of 193 - Reveal 1
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Slide 40 - Reveal 2

Instructor notes

DFS-GSA Practice Speaker notes

LIFO removes SG next because it was added last. The goal test succeeds,

Run DFS-GSA from Sto G .
' so DFS returns SG and no other state is explored.

Record Explored order
Returned path

Add successors alphabetically

S -> ['Sa', 'Sd', 'SG']
explored: ['S']
solution: SG

Explored 8§ Path 5§ = G

40

DFS-GSA Practice
Slide 40 of 193 - Reveal 2
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Slide 41 - Initial

B3 main.py

1
2
3
4

[T RS-

[from collections import deque
- def dfs_gsalgraph, start, goal, trace=False):
frontier = dequel([start])
explored = set()
while frontier:

path = frontier.pop()

state = path[-1]

if state == goal: return path

if state in explored: continue

explored. add(state)

paths = [path + child for child in graphlstatell

frontier.extend(paths)

if trace:
print{f"{path} —= {list(frontier}}")
print(f"explored: {sorted{explored)}\n")

praftiCE - {Plsll: [uan' ”d“, "G”], gty ["b"],

L LY ["b”, ”E"], Mty [Plclll "E"],
ety [an]I Mgty I.”G“]; et (13

print("solution:", dfs_gsa(practice, "5", "G", True})

Download: comp32Fd.dirichkidis_gsa_pracice.gy

Run the DFS-GSA Practice Code
Slide 41 of 193 - Initial

41

Instructor notes

Speaker notes

Run the DFS-GSA implementation on the same practice graph. Compare the
single explored state with the three explored states produced by BFS-GSA.
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Instructor notes

Slide 42 - Initial

DFS =T SA PI'Op CI’tiCS Speaker notes

Evaluate DFS-TSA using the same four questions used for BFS-TSA. There

Complete? is no explored set.

Optimal?
Time complexity?

Space complexity?

DFS-TSA Properties
Slide 42 of 193 - Initial
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Instructor notes

Slide 42 - Reveal 1

DFS-TSA PI‘Op erties Speaker notes

DFS-TSA is not complete in general because it can follow an infinite branch

Complete? or cycle forever.

No
Optimal?

Time complexity?

Space complexity?

DFS-TSA Properties
Slide 42 of 193 - Reveal 1

154 [ 734



Instructor notes

Slide 42 - Reveal 2

DFS-TSA PI‘Op erties Speaker notes

If the search tree is finite, every branch eventually ends and DFS-TSA

Complete? becomes complete.

No

unless the search tree is finite
Optimal?

Time complexity?

Space complexity?

DFS-TSA Properties
Slide 42 of 193 - Reveal 2
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Slide 42 - Reveal 3 Instructor notes

DFS-TSA PI‘Op erties Speaker notes

DFS is not optimal. It can return a deep goal before considering a shallower

Complete? or cheaper goal.

No

unless the search tree is finite
Optimal?

No

Time complexity?

Space complexity?

DFS-TSA Properties
Slide 42 of 193 - Reveal 3

156 [ 734



Slide 42 - Reveal 4 Instructor notes

DFS-TSA PI‘Op erties Speaker notes

The diagram shows the key memory advantage: DFS follows one path while

0 retaining the unexpanded sibling paths along that branch.

Complete?

No

unless the search tree is finite
Optimal?

No 2

1

Time complexity?

Space complexity?

newest path

b maximum branching factor

m maximum search-tree depth

DFS-TSA Properties
Slide 42 of 193 - Reveal 4
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Slide 42 - Reveal 5 Instructor notes

DFS-TSA PI‘Op erties Speaker notes

In the worst case, DFS explores a b-ary tree to maximum depth m, taking

Complete? 0 O(b to the m) time.
No

unless the search tree is finite 1

Optimal?

No 2

Time complexity?
O{blll}

Space complexity?

newest path

b maximum branching factor

m maximum search-tree depth

DFS-TSA Properties
Slide 42 of 193 - Reveal 5
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DFS-TSA PI‘Op erties Speaker notes

At each of m levels, the frontier retains at most O(b) siblings, so tree-search

0 space is O(bm).

Complete?

No

unless the search tree is finite
Optimal?

No 2

1

Time complexity?
O{blll}

Space complexity?
O(bm) m

newest path

b maximum branching factor

m maximum search-tree depth

DFS-TSA Properties
Slide 42 of 193 - Reveal 6
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BFS vs. DFS

When can it outperform DFS?

BFS

When can it outperform BFS?

DFS

BFS vs. DFS
Slide 43 of 193 - Initial

Instructor notes

Speaker notes

Ask students to compare the two strategies using the shape of the search
tree. Neither answer is unconditional because successor order also matters.
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Slide 43 - Reveal 1 Instructor notes

BFS vs. DES Speaker notes

BFS has an advantage when a solution is shallow because it examines the
-
tree one depth at a time.

When can it outperform DFS?
BFS
‘When a solution is shallow
When can it outperform BFS?
DFS
BFS vs. DFS

Slide 43 of 193 - Reveal 1
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Slide 43 - Reveal 2 Instructor notes

BFS vs. DES Speaker notes

DFS can reach a deep solution quickly when that solution lies along a branch
explored early. It may still perform poorly if it first enters a long unproductive
: branch.
When can it outperform DFS?
BFS
‘When a solution is shallow
When can it outperform BFS?
DFS
‘When a solution lies deep along an early branch
BFS vs. DFS

Slide 43 of 193 - Reveal 2
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TSA vs. GSA Speaker notes

Compare tree search and graph search one item at a time. The row labels

TSA GSA establish the three questions before either answer appears.

Memory

Repeated state

Trade-off

TSA vs. GSA
Slide 44 of 193 - Initial
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Slide 44 - Reveal 1

TSA vs. GSA

TSA

GSA

Memory Frontier

Repeated state

Trade-off

TSA vs. GSA
Slide 44 of 193 - Reveal 1

Speaker notes

Tree search stores only the frontier.

Instructor notes
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Slide 44 - Reveal 2 Instructor notes

TSA vs. GSA Speaker notes

Graph search stores the frontier and an explored set.

TSA GSA

Memory Frontier Frontier + explored set

Repeated state

Trade-off

TSA vs. GSA
Slide 44 of 193 - Reveal 2
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Slide 44 - Reveal 3 Instructor notes

TSA vs. GSA Speaker notes

Without an explored set, tree search can expand a state again.

TSA GSA
Memory Frontier Frontier + explored set
Repeated state Expand it again
Trade-off
44
TSA vs. GSA

Slide 44 of 193 - Reveal 3
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Slide 44 - Reveal 4 Instructor notes

TSA vs. GSA Speaker notes

Graph search skips a path when its final state has already been explored.

TSA GSA
Memory Frontier Frontier + explored set
Repeated state Expand it again Skip it
Trade-off
44
TSA vs. GSA

Slide 44 of 193 - Reveal 4
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Slide 44 - Reveal 5 Instructor notes

TSA vs. GSA Speaker notes

Tree search uses less memory because it does not store explored states.

TSA GSA
Memory Frontier Frontier + explored set
Repeated state Expand it again Skip it
Trade-off Less memory

TSA vs. GSA
Slide 44 of 193 - Reveal 5
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Slide 44 - Reveal 6

TSA vs. GSA

TSA

GSA

Memory

Repeated state

Trade-off

TSA vs. GSA
Slide 44 of 193 - Reveal 6

Frontier
Expand it again

Less memory

Frontier + explored set
Skip it

Fewer repeated expansions

Speaker notes

Instructor notes

Graph search often avoids repeated expansions, at the cost of storing the

explored set.
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Slide 44 - Reveal 7

TSA vs. GSA

TSA GSA
Memory Frontier Frontier + explored set
Repeated state Expand it again Skip it
Trade-off Less memory Fewer repeated expansions
BFS, DFS, and UCS can each use either algorithm
TSA vs. GSA

Slide 44 of 193 - Reveal 7

Speaker notes

Instructor notes

This bookkeeping choice is independent of the frontier rule. BFS, DFS, and

UCS can each use tree search or graph search.
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UCS Explores the Cheapest Node First Speaker notes

The mining picture is the uniform-cost counterpart to the BFS and DFS
search illustrations. UCS does not commit to the shallowest or deepest path.
It repeatedly expands the frontier path whose accumulated cost is smallest.

[Sources] - Recovered COMP3270 2024-25 source slide 43:
01_search.pptx. - UC Berkeley CS5188 search illustration: http://
al.berkeley.edu.

frontier is a priority queue (smallest total path cost first)

UCS Explores the Cheapest Node First
Slide 45 of 193 - Initial
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3 main.py

From heapg import heappop, heappush
frontier = [I]
heappush(frontier, (140, "AS"))
heappush(frontier, (118, "AT"))
heappush(frontier, (75, "AZ"))
print("frontier:", frontier)
while frontier:

print("remove:", heappop(frontier))

Frontier
smallest total path cost first

' ™\

00 =~ O Un B W k=

Downlgad: compl2T0dirk hivprionty_quews_deme.py

A Priority Queue Removes the Cheapest Path
Slide 46 of 193 - Initial

Speaker notes

Instructor notes

A priority queue orders frontier paths by priority. For UCS, the priority is the

total path cost.

172 [ 734



Slide 46 - Reveal 1

3 main.py

Frnm heapg import heappop, heappush
frontier = [I]
heappush(frontier, (140, "AS"))
heappush(frontier, (118, "AT"))
heappush(frontier, (75, "AZ"))
print("frontier:", frontier)
while frontier:

print("remove:", heappop(frontier))

Frontier
smallest total path cost first

s ™

00 =~ O Un B W k=

[ AS 140 J

heappush({frontier, (14@,"AS"))

Downlgad: compl2T0dirk hivprionty_quews_deme.py

A Priority Queue Removes the Cheapest Path
Slide 46 of 193 - Reveal 1

Speaker notes
Insert AS with total cost 140.

Instructor notes
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Slide 46 - Reveal 2

3 main.py
¥ . 1 lfrom heapg import heappop, heappush
| mln“er ) 2 frontier = []
smallest total path cost first 3 heappush(frontier, (140, "AS"))
( h 4 heappush(frontier, (118, "AT"))

5 heappush(frontier, (75, "AZ"))
6 print("frontier:", frontier)

[ AT 118 J 7- while ‘.Frontier:
8 print("remove:", heappop(frontier))

[ AS 148 J

heappush({frontier, (14@,"AS"))
heappush(frontier, (118,"AT"))

Downlgad: compl2T0dirk hivprionty_quews_deme.py

A Priority Queue Removes the Cheapest Path
Slide 46 of 193 - Reveal 2

Instructor notes

Speaker notes

Insert AT with total cost 118. It has higher priority because its cost is smaller.
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Slide 46 - Reveal 3

3 main.py
¥ . Frnm heapg import heappop, heappush
| rﬁn“er ) frontier = [I]
smallest total path cost first heappush(frontier, (140, "AS"))
( h heappush(frontier, (118, "AT"))

heappush(frontier, (75, "AZ"))
print("frontier:", frontier)
while frontier:

print("remove:", heappop(frontier))

[ AZ 75 ]
[ AT 118 J

[ AS 140 J

00 =~ O Un B W k=

heappush({frontier, (14@,"AS"))
heappush(frontier, (118,"AT"))
heappush{frontier, (75,"AZ"))

Downlgad: compl2T0dirk hivprionty_quews_deme.py

A Priority Queue Removes the Cheapest Path
Slide 46 of 193 - Reveal 3

Speaker notes

Insert AZ with total cost 75. It now has the highest priority.

Instructor notes
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Slide 46 - Reveal 4

3 main.py

¥ . 1 lfrom heapg import heappop, heappush
| mlntler ) 2 frontier = []
smallest total path cost first 3 heappush(frontier, (140, "AS"))
4 heappush(frontier, (118, "AT"))
5 heappush(frontier, (75, "AZ"))
[ AT 118 J 6 print("frontier:", frontier)
7- while frontier:
[ AS 140 J 8 print("remove:", heappop(frontier))
i AZ 75

removed first

heappop(frontier)
returns (75, "AZ")

Downlgad: compl2T0dirk hivprionty_quews_deme.py

A Priority Queue Removes the Cheapest Path
Slide 46 of 193 - Reveal 4

Instructor notes

Speaker notes
heappop() removes AZ. The Python heap stores each entry as a tuple

containing the cost and path. Its list representation need not be fully sorted;

the guarantee is that heappop() removes the smallest tuple.
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A main.py @ romania.py

1 rrnm heapq import heappop, heappush
2 from romania import romania
: 3- def ucs_gsa(graph, start, goal, trace=False):
L - 4 frontier = [(8, start)]
=
b
7
8

=
¥
|

explored = set()
explored_order = []
while frontier:

—— ol s cost, path = heappop(frontier)
9 state = path[-1]
18 if state == goal: return cost, path, explored_order
11 if state in explored: continue
12 explored. add(state)
13 explored_order.append(state)
0 14- for step_cost, child in graphlstatel:
frontier: (cost, path) 15 heappush{frontier, f(cast + step_cost, path + child))
16- if trace:
explored: states 17 print(f"{path} @ {cost} —= {sorted(frontier)}")
18 print(f"explored: {sorted{explored)}\n")
19 cost, path, order = ucs_gsa(romania, "A", "B", True)
26 print("solution:", {(cost, path))
21 print("explored order:", " -= ".join{order))

Dowrload: compd2Tdik hkiucs_gsa_romana.py
47

Run UCS-GSA on Romania
Slide 47 of 193 - Initial

Instructor notes

Speaker notes

The graph-search structure is unchanged. The frontier now stores cost-path
pairs, and heappop() removes the pair with the smallest cost. The goal test
still occurs when a path leaves the frontier.

[Sources] - AIMA, Chapter 3, uniform-cost search. - Romania route problem:
https://aima.cs.berkeley.edu/python/search.html
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Slide 48 - Initial Instructor notes

Program Output Sear‘l:_ll Tree Speaker notes
A@0 —> [(75, 'AZ' 118, 'AT' @i : : .
(133, -:5-[;] ' g B e Expanding A inserts three paths. UCS selects AZ because 75 is the smallest
explored: ['A'] @ total cost.
140 118 75

B, B

1 L a . -

| T

UCS-GSA Follows the Cheapest Path
Slide 48 of 193 - Initial

178 [ 734



Slide 48 - Reveal 1 Instructor notes

Program Output Search Tree Speaker notes

?133? 7:5-[;]75' Ot Expanding Z adds AZA at cost 150 and AZO at cost 146. Neither jumps

explored: ['A'] ® ‘@) ahead of AT, which already costs 118.
AZ @ 75 -> [(118, 'AT'), (148, 'AS'), 130 118 ‘;s'

nao)
explored: ['A', 'Z']

-
th
b
(=]
[
o
=4

UCS-GSA Follows the Cheapest Path
Slide 48 of 193 - Reveal 1
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Slide 48 - Reveal 2 Instructor notes

Program Output Search Tree Speaker notes
?133? TZS-[HS' A ) AT leaves next at cost 118 and generates ATA at cost 236 and ATL at cost
explored: ['A'] . @ 220
AZ @ 75 —> [(118, 'AT'), (140, 'AS'), 130 ‘ b
explored: ['A', 'Z']
150 146

AT @ 118 — [(14@, 'AS'), (146, 'AZ0'), 236 229
naal
explored: ['A', 'T', 'Z']

UCS-GSA Follows the Cheapest Path
Slide 48 of 193 - Reveal 2
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Slide 48 - Reveal 3 Instructor notes

Program Output Search Tree Speaker notes

?ﬁg? TZS-[:]?S' Az, (118, AT'), AS follows at cost 140 and generates four children. ASR has the smallest of

explored: [*A’] ol their costs at 220, but AZO is already waiting at cost 146.
AZ @ 75 -> [(118, 'AT'), (140, 'AS'), T, 178 7

van] / /
explored: ['A', 'Z'] @@ é)

AT @ 118 —> [(14@, 'AS'), (146, 'AZ0D'), 236 229
van]

explored: ['A', 'T', 'Z']

AS @ 140 —> [(146, 'AZ0'), (15@,
'AZA'), ...]

explored: ['A', 'S', 'T', 'Z'] B

~—
L

-
th
b
(=]
[
o
=4

UCS-GSA Follows the Cheapest Path
Slide 48 of 193 - Reveal 3
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Slide 48 - Reveal 4 Instructor notes

Program Output Search Tree Speaker notes
?ﬁg? TZS-[:]?S' AZ'), (118, AT, AZO therefore leaves next at cost 146 and generates AZOS at 297 and
Sl R AZOZ at 217. The search may return to a shallower or deeper path whenever
AZ E@ 75 —= [(118, 'AT'}, (148, 'AS"), A 1]3 :;TS_. that path becomes Cheapest.
explored: ['A*, 'Z'] N
AT @ 118 -> [(14@, 'AS'), (146, 'AZ0'), 3 236 229 150 ;)r4§'
...l \
explored: ['A', 'T', 'Z'] @
AS @ 140 —> [(146, 'AZ0'), (150, T, 297 217
'AZA'), ...] o
explored: ['A', 'S', 'T', 'Z'] _ B
AZO @ 146 — [(15@, 'AZA'), (217,
'AZOZ'), ...] e
explored: ['A', '0", 'S', 'T', 'Z'] - [ o

UCS-GSA Follows the Cheapest Path
Slide 48 of 193 - Reveal 4
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Slide 48 - Reveal 5 Instructor notes

Program Output Search Tree Speaker notes
?ﬁg? TZS-[:]?S' AZ'), (118, “ATH, The invariant is total path cost, not depth and not insertion time.
explored: ['A']

AZ @ 75 —> [(118, 'AT'}, (148, 'AS'), 140 18
explored: ['A', 'Z'] / }{) é) @

AT @ 118 —> [(14@8, 'AS'), (146, 'AZ0'), ERAEECEIIPY 236 229
vel

explored: ['A', 'T', 'Z']
AS @ 140 —> [(146, 'AZ0'), (158, F o
'AZA"), ... i)
explored: ['A', 'S', 'T', 'Z'] R @ B
AZ0 @ 146 —> [(15@, 'AZA'), (217, T
'AZ0Z'), ...] o g
explored: ['A', 'O', 'S', 'T', 'Z'] "

Ty
h

_
h
Lh
2
-
L
-

@‘“—nﬂ.

-]
[
=]
e |
=
o
s |

Next path = smallest total path cost

UCS-GSA Follows the Cheapest Path
Slide 48 of 193 - Reveal 5
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Slide 49 - Initial Instructor notes

UCS-GSA Practice Speaker notes

Ask students to trace UCS-GSA. They must report the explored order,
returned path, and total path cost. Successors are listed alphabetically, while

Record  Explored oner the priority queue removes the smallest cost.
Returned path and cost

Run UCS-GSA from Sto G

Add successors alphabetically

UCS-GSA Practice
Slide 49 of 193 - Initial
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Slide 49 - Reveal 1 Instructor notes

UCS-GSA Practice Speaker notes

S generates Sd at cost 2, Sa at cost 3, and SG at cost 10.

Run UCS-GSA from Sto G S@e —= [(2, 'sd'), (3, 'sa'), (18, 'SG')]
explored: ['S5']

Record Explored order
Returned path and cost

Add successors alphabetically

UCS-GSA Practice
Slide 49 of 193 - Reveal 1
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Slide 49 - Reveal 2 Instructor notes

UCS-GSA Practice Speaker notes

Sd is cheapest. Expanding d adds Sdb at cost 3 and Sde at cost 6.

Run UCS-GSA from Sto G S@e —= [(2, 'sd'), (3, 'sa'), (18, 'SG')]
explored: ['S5']

Record Explored order

Returned path and cost sd@2 — [(3, 'sa'), (3, 'sdb'), (6, 'Sde'), (1@, 'SG')]
explored: ['S', 'd']

Add successors alphabetically

UCS-GSA Practice
Slide 49 of 193 - Reveal 2
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Slide 49 - Reveal 3

Instructor notes

UCS-GSA Practice Speaker notes

Sa and Sdb tie at cost 3. Python's tuple ordering removes Sa first, and
Record Explored order

Returned path and cost

sd@2 - [(3, 'Sa"), (3, 'Sdb"), (6, 'Sde'), (18, 'SG"')]
explored: ['S', 'd']
Add successors alphabetically

Sa@3 —= [(3, 'Sdb'), (6, 'Sde'), (8, 'Sab'), (18, 'SG")]
explored: ['S', "a', 'd']

UCS-GSA Practice
Slide 49 of 193 - Reveal 3
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UCS-GSA Practice

Run UCS-GSA from Sto G

Record Explored order
Returned path and cost

SOLUTION

s@e—= [(2, "'sd'), (3, 'sa'), (18, "SG")]
explored: ['S5']

sd@2 - [(3, 'Sa"), (3, 'Sdb"), (6, 'Sde'), (18, 'SG"')]
explored: ['S', 'd']
Add successors alphabetically

Sa@3 —= [(3, 'Sdb'), (6, 'Sde'), (8, 'Sab'), (18, 'SG")]
explored: ['S', "a', 'd']

Sdb @ 3 —= [(4, "Sdbe'), (5, 'Sdbe'), (6, 'Sde'), (8, 'Sab'),

(18, 'SG6'}]
explored: ['S', 'a', 'b", 'd']

UCS-GSA Practice
Slide 49 of 193 - Reveal 4

Instructor notes

Speaker notes

Sdb now leaves at cost 3. Expanding b adds Sdbe at cost 4 and Sdbc at
cost 5.
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UCS-GSA Practice

Run UCS-GSA from Sto G

SOLUTION

s@e—= [(2, 'sd'), (3, 'sa"), (18, 'SG')}]
explored: ['S5']
Record Explored order

Returned path and cost sd @2 — [(3, 'Sa'), (3, 'sdb'), (6, 'Sde'), (18, '5G')]

. explored: ['S', 'd']
Add successors alphabetically

Sa@3 —= [(3, 'Sdb'), (6, 'Sde'), (8, 'Sab'), (18, 'SG")]
explored: ['S', "a', 'd']

Sdb @ 3 — [(4, 'Sdbe'), (5, 'Sdbc'), (6, 'Sde'), (8, 'Sab'),
(18, 'SG6'}]
explored: ['S', 'a', 'b", 'd']

Sdbe @ 4 —= [(5, 'Sdbc'), (6, 'Sde'), (7, 'SdbeG'), (8, 'Sab"'},
(18, 'sG')]
explored: ['S', 'a', 'b", 'd',

UCS-GSA Practice
Slide 49 of 193 - Reveal 5

Instructor notes

Speaker notes

Sdbe is cheapest at cost 4. Expanding e adds the goal path SdbeG at cost 7.
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Slide 49 - Reveal 6 Instructor notes

UCS-GSA Practice Speaker notes

Sdbc still costs only 5, so ¢ is explored before the goal path is removed.
Run UCS-GSA from S to G se®-> [(2, 'sd'), (3, 'sa'), (10, 'SG')]
explored: ['S5']

Record Explored order

Returned path and cost Sd@z2 —> 'Sa'), (3, 'Sdb"'), (6, 'Sde'), (18, 'SG')]
) explored: '
Add successors alphabetically

Sa@3 —= [(3, 'Sdb'), (6, 'Sde'), (8, 'Sab'), (18, 'SG")]
explored: ['S', "a', 'd']

Sdb @ 3 — [(4, 'Sdbe'), (5, 'Sdbc'), (6, 'Sde'), (8, 'Sab'),
(18, 'SG6'}]
explored: ['S', 'a', 'b", 'd']

Sdbe @ 4 —= [(5, 'Sdbc'), (6, 'Sde'), (7, 'SdbeG'), (8, 'Sab"'},
(18, 'sG')]
explored: ['S', 'a', 'b", 'd',

Sdbc @ 5 —= [(6, 'Sde'), (7, 'SdbeG'), (&, 'Sab'), (9,
'SdbeG'), (18, 'SG')]
explored: ['S', 'a', 'b", 'c', 'd', 'e']

UCS-GSA Practice
Slide 49 of 193 - Reveal 6
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UCS-GSA Practice Speaker notes

The goal path SdbeG leaves at cost 7 before the direct path SG at cost 10.
Run UCS-GSA from S to G se®-> [(2, 'sd'), (3, 'sa'), (10, 'SG')]

explored: [*&'] Separate the returned path from the explored order.
Record Explored order
Returned path and cost sd@2 -> [(3, 'Sa'), (3, 'Sdb'), (6, 'Sde'), (18, 'SG')]

. explored: ['S', 'd']
Add successors alphabetically

Sa@3 —= [(3, 'Sdb'), (6, 'Sde'), (8, 'Sab'), (18, 'SG")]
explored: ['S', "a', 'd']

Sdb @ 3 — [(4, 'Sdbe'), (5, 'Sdbc'), (6, 'Sde'), (8, 'Sab'),
(18, 'SG6'}]
explored: ['S', 'a', 'b", 'd']

Sdbe @ 4 —= [(5, 'Sdbc'), (6, 'Sde'), (7, 'SdbeG'), (8, 'Sab"'},
(18, 'sG')]
explored: ['S', 'a', 'b", 'd',

Solution (7, 'SdbeG")

Sdbc @ 5 —= [(6, 'Sde'), (7, 'SdbeG'), (&, 'Sab'), (9,
'SdbeG'), (18, 'SG')]
explored: ['S', 'a', 'b", 'c', 'd', 'e']

Explored S—d—a—b—oe—c

Path S—=d—=b—e—G

UCS-GSA Practice
Slide 49 of 193 - Reveal 7
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@ main.py

1 [from heapg import heappop, heappush

2+ def ucs_gsalgraph, start, goal, trace=False):

3 frontier = [(8, start)]

4 explored = set()

= explored_order = []

G- while frontier:

7 cost, path = heappop(frontier)

8 state = path[-1]

9 if state == goal: return cost, path, explored_order
18 if state in explored: continue

11 explored. add(state)

12 explored_order.append(state)

13- for step_cost, child in graph[state]:

14 heappush{frontier, (cost + step_cost, path + child))
15- if trace:

16 print(f"{path} @ {cost} -> {sorted(frontier)}")
17 print(f"explored: {sorted{explored)}\n")

18 practice = {"s": [(3, "a"), (2, "d"), (1@, "G"}], "a": [(5, "b")]
lg, Ild”: [[1* IIbII]' {4| “E")]. Ilbli: [{2' Il‘:ll}I [1' ”E”J];
20 "c": [(4, "G")1, "e": [(3, "G")}1, "G": [1}
21 cost, path, order = ucs_gsalpractice, "5", "G", True)
22  print("solution:", (cost, path))
23  print("explored order:", " -> ",join{order))

Download: compa2T0.dirk hkiucs_gsa_practice py

Run the UCS-GSA Practice Code
Slide 50 of 193 - Initial

Al

Instructor notes

Speaker notes

Run the program to reproduce the trace. Point out that the implementation

differs from BFS and DFS only in the frontier representation and the cost
added when a successor path enters the frontier.
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Instructor notes

Slide 51 - Initial

UCS =T SA PI'Op CI’tiCS Speaker notes

Evaluate uniform-cost tree search using the same four questions as BFS and
DFS.

Complete?
Optimal?
Time complexity?

Space complexity?

5l

UCS-TSA Properties
Slide 51 of 193 - Initial
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UCS-TSA PI‘Op erties Speaker notes

| Optimality sBows ¢ > 03 completeness requires ¢ > € > 0 Throughout our examples, step costs are nonnegative. Completeness needs
Complete? the stronger condition that each step costs at least some positive €;
Yes, if otherwise infinitely many zero-cost steps could fit below a finite solution
finiteb;cze>0 cost.

Optimal?

Time complexity?

Space complexity?

5l

UCS-TSA Properties
Slide 51 of 193 - Reveal 1
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UCS-TSA PI‘Op erties Speaker notes

| Optimality allows ¢ > 0; completeness requiresc > ¢ > 0 UCS is optimal when the goal test occurs after the path leaves the priority
Complete? gueue. At that point no cheaper path remains.
Yes, if
finiteb;c=e>0
Optimal?
Yes

goal test on removal

Time complexity?

Space complexity?

5l

UCS-TSA Properties
Slide 51 of 193 - Reveal 2
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UCS-TSA PI‘Op erties Speaker notes

| Optimality allows ¢ > 0; completeness requiresc > ¢ > 0 C star denotes the optimal solution cost. Epsilon denotes the smallest
Complete? positive step cost.
Yes, if
finiteb;c=e>0
Optimal?
Yes

goal test on removal

Time complexity?

Space complexity?

C * cost of an optimal solution

& smallest positive step cost ‘o

UCS-TSA Properties
Slide 51 of 193 - Reveal 3
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UCS-TSA PI‘Op erties Speaker notes

| Optimality allows ¢ > 0; completeness requiresc > ¢ > 0 The diagram replaces depth layers with cost contours. The old g, 2¢g, and 3¢
Complete? labels have been removed because siblings at the same depth need not
Yes, if have those exact costs.
finiteb;c=e>0
Optimal?
Yes

goal test on removal

Time complexity?

c

Space complexity?

UCS expands paths in increasing g(path), up to C*

C * cost of an optimal solution

& smallest positive step cost ‘o

UCS-TSA Properties
Slide 51 of 193 - Reveal 4
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UCS-TSA Properties

Complete?
Yes, if
finiteb;c=e>0
Optimal?

Yes

goal test on removal

Time complexity?

{)(blf--"--‘aJ - 1)

Space complexity?

C * cost of an optimal solution

& smallest positive step cost

UCS-TSA Properties

Slide 51 of 193 - Reveal 5

| Optimality allows ¢ > 0; completeness requiresc = e > 0

c

UCS expands paths in increasing g(path), up to C*

5l

Speaker notes

Instructor notes

A path costing at most C star can contain at most floor of C star over epsilon
steps. Including the next generated layer gives the stated exponential time

bound.
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UCS-TSA Properties

Complete?
Yes, if
finiteb;c=e>0
Optimal?

Yes

goal test on removal

Time complexity?

{)(blf--"--‘aJ - 1)

Space complexity?

{)(b[f..",-';.-J ; 1)

C * cost of an optimal solution

& smallest positive step cost

UCS-TSA Properties

Slide 51 of 193 - Reveal 6

| Optimality allows ¢ > 0; completeness requiresc = e > 0

c

UCS expands paths in increasing g(path), up to C*

5l

Speaker notes

Instructor notes

The frontier can retain the generated paths, so the space bound matches

the time bound.
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Slide 52 - Initial Instructor notes

Uninformed Search Strategies Speaker notes

BFS uses a FIFO frontier and selects a shallowest path. It is optimal only

when every step has the same cost.
Strategy Frontier Next path Optimal?

BFS FIFO queue Shallowest Only with equal step costs

Uninformed Search Strategies
Slide 52 of 193 - Initial
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Slide 52 - Reveal 1

Uninformed Search Strategies

Strategy Frontier Next path Optimal?
BFS FIFO queue Shallowest Only with equal step costs
DFS LIFO stack Deepest No

Uninformed Search Strategies
Slide 52 of 193 - Reveal 1

Speaker notes

Instructor notes

DFS changes the same frontier to LIFO and follows a deepest path. It does

not guarantee the least-cost solution.
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Uninformed Search Strategies Speaker notes

UCS orders the frontier by the cost already incurred. It is still uninformed
because it has no estimate of the cost remaining to a goal. That missing

Strategy Fromtier Next path Optimal? estimate motivates informed search.
BFS FIFO queue Shallowest Only with equal step costs
DFS LIFO stack Deepest No
UCs Priority queue Cheapest Yes

UCS uses only costs already incurred: g(path)

52

Uninformed Search Strategies
Slide 52 of 193 - Reveal 2
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Informed Search Speaker notes
[Sources] - Recovered COMP3270 2024-25 source slide 53:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

53

Informed Search
Slide 53 of 193 - Initial
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A Heuristic Estimates the Remaining Cost

How far is a node from the goal?

h(n): Estimated cost of the
cheapest path from the state at
node n to a goal

A Heuristic Estimates the Remaining Cost
Slide 54 of 193 - Initial

Speaker notes

Instructor notes

UCS knows the cost so far. A heuristic adds an estimate of the cost still to

come.
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Slide 54 - Reveal 1 Instructor notes

o g . . e Speak: t
A Heuristic Estimates the Remaining Cost pearernotes - o
For Romania, use straight-line distance to B. A's estimate is 366 km. The

How far is a node from the goal? dashed line is an estimate, not an available road.
h(n): Estimated cost of the

cheapest path from the state at
node n to a goal

Straight-line distance to B
h(A) =366 km

An estimate, not a road route

A Heuristic Estimates the Remaining Cost
Slide 54 of 193 - Reveal 1
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A Heuristic Estimates the Remaining Cost

How far is a node from the goal?

h(n): Estimated cost of the
cheapest path from the state at
node n to a goal

Straight-line distance to B
h(A) =366 km

An estimate, not a road route

h(B) = 0

Use the estimate to guide which frontier node to explore next

A Heuristic Estimates the Remaining Cost
Slide 54 of 193 - Reveal 2

Speaker notes

Instructor notes

At the goal, the remaining cost is zero. Next we will use these estimates to

decide which frontier node to explore.
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Grcedy Search SCICCtS the Lowest h(Il) Speaker notes

This is greedy best-first search. The frontier still stores paths in a priority
queue. Each priority is h at the path's final state. Frontier after expanding A,

Expand the frontier node estimated closest to the goal

Frontier after expanding A compare the three estimates to B.
e Priority queue - smallest h first
Path Priority
AS h(S) =253
o o e AT H(T)=329
AZ W(Z)=374

55

Greedy Search Selects the Lowest h(n)
Slide 55 of 193 - Initial
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Slide 55 - Reveal 1

Greedy Search Selects the Lowest h(n)

Expand the frontier node estimated closest to the goal

Frontier after expanding A

Priority queue - smallest h first

Path Priority
AS h(5) =253
AT h(T) =329
AZ h(Z) =374

Remove AS; explore S next

55

Greedy Search Selects the Lowest h(n)
Slide 55 of 193 - Reveal 1

Instructor notes

Speaker notes

Path AS ends at S, whose estimate is 253. Remove AS and explore S next.
This number is the estimated remaining distance, not the cost of reaching S.

208 (734
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Greedy Search Selects the Lowest h(n)

Expand the frontier node estimated closest to the goal

Frontier after expanding A

Priority queue - smallest h first

Path Priority
AS h(5) =253
AT h(T) =329
AZ h(Z) =374

Remove AS; explore S next

Greedy uses the estimated cost remaining; UCS uses the cost so far
35

Greedy Search Selects the Lowest h(n)
Slide 55 of 193 - Reveal 2

Instructor notes

Speaker notes

UCS ranks by cost so far; greedy ranks by estimated cost remaining. Being
closest by the estimate does not guarantee the cheapest complete route.
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Speaker notes

Greedy Follows the Heuristic

Select the frontier node with the smallest hin)

The original mining illustration suggests following a promising direction.
Greedy uses only the estimated remaining cost, not the cost already paid.
Ask what this focus might overlook.

56

Greedy Follows the Heuristic
Slide 56 of 193 - Initial
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Search Trace - (@ = h(final state) Search Tree Speaker notes
‘”[‘((2@53’:35,;5 'y, (320, 'AT'), (374, 'AZ')] /@ Expand A. The frontier paths are AS, AT and AZ. Their priorities are the
explored: ['A'] 1366 estimates at S, T and Z, not the costs travelled.
o o o
h=253 h=329 h=374

Greedy-GSA Follows the Smallest Estimate
Slide 57 of 193 - Initial
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Instructor notes

Search Trace - (@ = h(final state)

A @ 366 -

[(253, 'AS'), (329, 'AT'), (374, 'AZ')] Remove AS and expand S. Its children enter the frontier; ASF has priority
explored: ['A'] :

176, lower than ASR at 193.

Search Tree

Speaker notes

AS @ 253 -

[(176, 'ASF'), (193, 'ASR'), ...
explored: ['A', 'S']

Greedy-GSA Follows the Smallest Estimate
Slide 57 of 193 - Reveal 1

212 [ 734



Slide 57 - Reveal 2

Instructor notes

Search Trace - (@ = h(final state) Search Tree Speaker notes
A @ 366 -+

[(253, 'AS'), (329, 'AT'), (374, 'AZ')] Remove ASF and expand F. ASFB enters with priority zero. The path ASR is
explored: ['A']

still waiting.
AS @ 253 -

[(176, 'ASF'), (193, 'ASR'), ...
explored: ['A', 'S']

ASF @ 176 -
[(@, 'ASFB'), (193, 'ASR'), ...
explored: ['A', 'F', 'S']

Greedy-GSA Follows the Smallest Estimate
Slide 57 of 193 - Reveal 2
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Search Trace - (@ = h(final state) Search Tree

Speaker notes
?((2453?5-;5% (320, 'AT'), (374, 'AZ')] Remove ASFB. lts final state B passes the goal test, so return the path

explored: ['A'] before adding B to explored. The zero is h(B), not the route cost.
AS @ 253 -

[(176, 'ASF'), (193, 'ASR'), ...

explored: ['A', 'S']

ASF @ 176 -
[(@, 'ASFB'), (193, 'ASR'), ...
explored: ['A', 'F', 'S']

ASFB @ @ - goal B
solution: ASFB

Greedy-GSA Follows the Smallest Estimate
Slide 57 of 193 - Reveal 3
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Speaker notes

Greedy returned ASFB. Add the actual step costs: 140 plus 99 plus 211
gives 450. The heuristic priority is separate from this path cost.

Greedy Search Is Not Always Optimal

Greedy - ASFB
140 99 211

O

140 + 99 + 211 = 450

53

Greedy Search Is Not Always Optimal
Slide 58 of 193 - Initial
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Greedy Search Is Not Always Optimal

Greedy - ASFB
140 99 211

O

140 + 99 + 211 = 450

UCS - ASRPB
140 80 97
@@ ®

140 + 80 + 97 + 101 = 418

53

Greedy Search Is Not Always Optimal
Slide 58 of 193 - Reveal 1

Instructor notes

Speaker notes

UCS returns ASRPB at cost 418. This cheaper route is a counterexample to
greedy optimality, even with straight-line distance as the heuristic.
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Greedy Search Is Not Always Optimal

Greedy - ASFB
140 99 211

O

140 + 99 + 211 = 450

UCS - ASRPB
140 80 97
O R &

140 + 80 + 97 + 101 = 418

A smaller h-value does not guarantee a cheaper complete path

Greedy Search Is Not Always Optimal
Slide 58 of 193 - Reveal 2

53

Speaker notes

Instructor notes

Greedy ignores the cost already paid. Next we can combine cost so far and

estimated cost remaining.
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Greedy-TS A Practice Speaker notes

Use the same graph as the earlier BFS, DFS and UCS exercises. Ask
students to predict the expansion order and returned path. Remind them

Which states are expanded? that greedy uses only h. Invite predictions before revealing the frontier.
Which path is returned? Is it the cheapest?

Start: § - Goal: G

59

Greedy-TSA Practice
Slide 59 of 193 - Initial
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Greedy-TSA Practice

Initial frontier: [(7, 'S"')]

Start: § - Goal: G

Which states are expanded? Exploring: 5 at h = 7

. . 9 T 9 Frontier:
Which path is returned? Is it the cheapest’ [(@, 'SG'), (5, 'sd'), (9, 'Sa')]

10

OO
J Th=4 h=2 4

h=%

=7 2 3 7 b=
/ \ -
//
@@
h=5 h=3
Greedy-TSA Practice

Slide 59 of 193 - Reveal 1

Speaker notes

SG has the lowest heuristic priority, zero.

Instructor notes
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G]f'eedy-T SA Practice Speaker notes

The goal test succeeds before expansion, so G is not expanded. SG costs

Initial frontier: [(7, 'S')] 10; UCS returned SdbeG at cost 7. Greedy selected using h only.
Which states are expanded? Exploring: S at h = 7
Which path is returned? Is it the cheapest?

Start: § - Goal: G

Frontier:
[(@, 'sG"}, (5, 'sd'), (9, '5a')]

0
OO
3 =9 Jh=a h=2 4
h=7 2 3 ,/’/ h=0)
-
//
@@
h=5 h=3
Greedy-TSA Practice

Slide 59 of 193 - Reveal 2
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A* Motivation: UCS

Cheap so far can still lead away trom the goal

After expanding a
Sab: g=2
Sad: g=4
Sae: g=9

A* Motivation: UCS
Slide 60 of 193 - Initial

L]

Speaker notes

Instructor notes

Keep the previous offering’s shared example. Start at S and seek G. After S

and a are expanded, UCS compares the three path costs shown.
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A* Motivation: UCS Speaker notes

UCS selects Sab at cost 2, then Sabc at cost 3, before Sad at cost 4. The
cheap branch leads to a dead end. UCS has no guidance about the goal.

Cheap so far can still lead away trom the goal

After expanding a
Sab: g=2
Sad: g=4
Sae: g=9

Follow the cheap branch

Sab - Sabc
¢ i1s a dead end

L]

A* Motivation: UCS
Slide 60 of 193 - Reveal 1
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A* Motivation: UCS

Cheap so far can still lead away trom the goal

After expanding a
Sab: g=2
Sad: g=4
Sae: g=9

Follow the cheap branch

Sab - Sabc
¢ i1s a dead end

Return to the waiting path

Sad - SadG
Solution cost: 6

L]

A* Motivation: UCS
Slide 60 of 193 - Reveal 2

Speaker notes

Instructor notes

UCS returns to Sad and reaches G at cost 6. It finds the best route here, but

spends expansions on b and c first.
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A* Motivation: Greedy Search Speakernotes

Use exactly the same graph. Greedy ignores the path cost and compares
the estimates at b, d and e.

Greedy selects using h(n) alone

Same frontier, new priority
Sab: h(b)=6
Sad: h(d)=2
Sae: h(e)=1

[

A* Motivation: Greedy Search
Slide 61 of 193 - Initial
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A* Motivation: Greedy Search Speakernotes

Greedy expands e because h(e)=1. It does not use the path cost. Expanding
e generates Saed, but Sad is still waiting in the frontier.

Greedy selects using h(n) alone

Same frontier, new priority
Sab: h(b)=6
Sad: h(d)=2
Sae: h(e)=1

Chase the smallest estimate

Sae is selected first
hi{e)=1 is the smallest estimate

[

A* Motivation: Greedy Search
Slide 61 of 193 - Reveal 1
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A* Motivation: Greedy Search

Greedy selects using h(n) alone

Same frontier, new priority
Sab: h(b)=6
Sad: h(d)=2
Sae: h(e)=1

Chase the smallest estimate

Sae is selected first
hi{e)=1 is the smallest estimate

Then select Sad

5ad and Saed tie at h=2
Path-string order selects Sad

A* Motivation: Greedy Search
Slide 61 of 193 - Reveal 2

[

Speaker notes

Instructor notes

Sad and Saed both end at d and tie at h=2. Our tuple ordering chooses Sad
alphabetically. This example still returns the cost-6 path; the problem shown
here is the unnecessary expansion of e, not a claim that this trace returns a

worse route.
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Instructor notes

The Tortoise and the Hare Speaker notes

Recall the tortoise and the hare. The slow, steady tortoise is our analogy for

UCS: careful about the cost already paid, but without a sense of direction
toward the goal.

UcCs

Cost so far

62

The Tortoise and the Hare
Slide 62 of 193 - Initial
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The Tortoise and the Hare Speaker notes

The hare represents greedy search: it follows what looks promising, but can
rush into an expensive detour. These are memory aids, not guarantees
about relative speed.

R e i
UCS Greedy
Cost so far Estimated cost remaining

62

The Tortoise and the Hare
Slide 62 of 193 - Reveal 1
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The Tortoise and the Hare Speaker notes

Can we keep the tortoise's attention to cost and the hare's guidance toward
the goal? Let students suggest what information to combine.

R e i
UCS Greedy
Cost so far Estimated cost remaining

Can we combine their strengths?
62

The Tortoise and the Hare
Slide 62 of 193 - Reveal 2

229 (734



Slide 62 - Reveal 3 Instructor notes

The Tortoise and the Hare Speaker notes

Reveal the tortoise riding the hare. A* combines the cost so far with the
estimated cost remaining. Now give that idea a precise rule.

=B8R 7

R e i
UCS Greedy A*
Cost so far Estimated cost remaining Use both costs

62

The Tortoise and the Hare
Slide 62 of 193 - Reveal 3
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A* Combines Cost So Far and Cost Remaining Speaker notes

UCS uses g(n), the actual cost of the path so far. Here node n represents
path AS, whose final state is S.

g(n)

Cost so far

Actual path cost from A to S

® ® o

Node n represents path AS

63

A* Combines Cost So Far and Cost Remaining
Slide 63 of 193 - Initial
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A* Combines Cost So Far and Cost Remaining Speakernotes

Greedy uses h(n), the estimated remaining cost from S to B. The dashed
segment is an estimate, not a road.

g(n) + h(n)

Cost so far Estimated cost remaining

Actual path cost from A to S Heuristic estimate from S to B

® O — o

Node n represents path AS

63

A* Combines Cost So Far and Cost Remaining
Slide 63 of 193 - Reveal 1
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A* Combines Cost So Far and Cost Remaining Speakernotes

A* adds the two quantities. Its priority f(n) estimates the total cost of a
solution through this node. Remove the smallest f-value from the priority

g(n) + h(n) = f(n) quete.

Cost so far Estimated cost remaining
Actual path cost from A to S Heuristic estimate from S to B
Node n represents path AS

Select the frontier node with the smallest f(n)

63

A* Combines Cost So Far and Cost Remaining
Slide 63 of 193 - Reveal 2
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A* Motivation: Combine Both Costs

Now revisit the same choices using g + h

After expanding a

Sab: 2 + 6 =8
Sad: 4 + 2 =6
Sae: 9 + 1 = 1@

h=6 h=5 h=2 h=0

A* Motivation: Combine Both Costs

Slide 64 of 193 - Initial

Speaker notes

Instructor notes

Now apply the combined priority to the same frontier. Sad wins because it

balances cost already paid and estimated cost remaining.
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A* Motivation: Combine Both Costs

Now revisit the same choices using g + h

After expanding a

Sab: 2 + 6 =8
Sad: 4 + 2 =6
Sae: 9 + 1 = 1@
Select Sad

Its estimated total cost is smallest
SadG: 6 + @ =6

A* Motivation: Combine Both Costs

Slide 64 of 193 - Reveal 1

Instructor notes

Speaker notes
Expand d and generate SadG with f=6. Sab still has f=8 and Sae has f=10.
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A* Motivation: Combine Both Costs Speaker notes

Remove SadG and stop. In this example A* avoids the b-c dead end and the
detour to e. We will examine later which heuristic conditions guarantee

Now revisit the same choices using g + h

After expanding a optimality.
Sab: 2 + 6 =8

Sad: 4 + 2 =6

Sae: 9 +1 =10

Select Sad

Its estimated total cost is smallest
SadG: 6 + @ =6

Reach G without either detour

Expanded: S - a - d
Returned path: SadG, cost 6

A* Motivation: Combine Both Costs

Slide 64 of 193 - Reveal 2
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A* Uses Both Costs Speaker notes

Revisit the mining analogy after the formula and shared worked example. A*
accounts for both the cost so far and the estimated remaining cost. The
illustration is a memory aid; optimality still depends on the heuristic and
algorithm.

Select the frontier node with the smallest g(n) + hin)

65

A* Uses Both Costs
Slide 65 of 193 - Initial
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@ main.py

1 [from heapg import heappush, heappop

2. def aStarTsalgraph, h, start, goal):

3 frontier = [(h[start], start)]

4 print("Initial frontier:", frontier)
5- while frontier:

6 f, path = heappop(frontier)

7 state = path[-1]

8 if state == goal:

9 return f, path

1@ print("Exploring:", state, "at priority", f)

11- for cost, child in graphlstatel:

12 new_f = f + cost - h[state] + hlchild]

13 heappush(frontier, (new_f, path + child))

14 print(frontier)

15 graph = {'s': [{1, 'a")], 'a': [(1, 'b"'), (3, 'd"'), (8, 'e")],
16 'b': [(1, 'c")1, 'c': [1, 'd': [(2, 'G"}],

17 ‘e': [(1, 'd')], 'G': [1}

18 h={'Ss":6, 'a': 5, 'b": 6, :c : 7, 'd': 2, 'e': 1, 'G': B}
19 print("Solution path:", aStarTsa(graph, h, 'S', 'G"'))

Domrioad: a_star_tsa.py

A*-TSA Code
Slide 66 of 193 - Initial

L]

Speaker notes

Instructor notes

Run the original motivation example in Python. The heap stores (f, path), as
last year. Subtract the current heuristic to recover g, add the edge cost, then
add the child heuristic. The output says priority rather than cost because f is

not generally the actual path cost.
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cost: h is the estimate at its final state.

Same frontier paths - a new priority

Frontier after expanding A

e g: path cost * h: estimate at final state
Path g h f=g+h
AS 140 253
o o e AT 18 329
AZ 75 374

A* Selects the Smallest g + h
Slide 67 of 193 - Initial
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Speaker notes
A* Selects the Smallest g + h N ,
Add across each row. AS has 140 plus 253, giving 393. AT gives 447, and
Same frontier paths - a new priority AZ gives 449,
Frontier after expanding A
e g: path cost * h: estimate at final state
Path g h f=g+h
AS 140 253 393
o o e AT 18 329 447
AZ 75 374 449

A* Selects the Smallest g + h
Slide 67 of 193 - Reveal 1
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A* Selects the Smallest g+ h

A* Selects the Smallest g + h
Slide 67 of 193 - Reveal 2

Same frontier paths - a new priority

Frontier after expanding A

g: path cost * h: estimate at final state

Path g h f=g+h

AS 140 253 393

AT 118 329 447

AZ 75 374 449
Remove AS: 393 1s smallest

Speaker notes

Instructor notes

A* removes AS. Greedy also chose AS at this first step, but UCS chose AZ.
The priority rules differ even when two methods happen to make the same

choice.
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Slide 68 - Initial Instructor notes

Speaker notes

A* Keeps Comparing Frontier Paths

Which path leaves the frontier next?

Continue from the first choice: AS has f=393. The table shows the two
smallest frontier priorities after each expansion, not the entire heap.

Expanded path f Two lowest frontier priorities

A 366 AS: 393 - AT: 447

Tree shows the competing routes
Other generated branches are omitted &

A* Keeps Comparing Frontier Paths
Slide 68 of 193 - Initial
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Slide 68 - Reveal 1 Instructor notes

Speaker notes
Expand S: ASR at 413 beats ASF at 415, so explore R next.

A* Keeps Comparing Frontier Paths

Which path leaves the frontier next?

Expanded path f Two lowest frontier priorities

A 366 AS:393 - AT: 447
e AS 393 ASR:413 - ASF: 415
/’/
Tree shows the competing routes
Other generated branches are omitted &

A* Keeps Comparing Frontier Paths
Slide 68 of 193 - Reveal 1
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Slide 68 - Reveal 2 Instructor notes

Speaker notes

Expanding R generates ASRP at 417. ASF is still waiting at 415, so A*
switches to that branch next.

A* Keeps Comparing Frontier Paths

Which path leaves the frontier next?

Expanded path f Two lowest frontier priorities

A 366 AS:393 - AT: 447
/,/ AS 393 ASR: 413 - ASF: 415
-~
~
e ASR 413 ASF: 415 - ASRP: 417
Tree shows the competing routes
Other generated branches are omitted &

A* Keeps Comparing Frontier Paths
Slide 68 of 193 - Reveal 2
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A* Keeps Comparing Frontier Paths

Which path leaves the frontier next?

@ Expanded path f Two lowest frontier priorities

A 366 AS:393 - AT: 447

/,/ g AS 393 ASR:413 - ASF: 415

/.-F
e o ASR 413 ASF: 415 - ASRP: 417
ASF 415 ASRP: 417 - AT: 447
B
=450

Tree shows the competing routes
Other generated branches are omitted

A* Keeps Comparing Frontier Paths
Slide 68 of 193 - Reveal 3

63

Instructor notes

Speaker notes

Expanding F generates ASFB at 450. Finding a goal does not stop the
search: ASRP at 417 is still better.
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Slide 68 - Reveal 4

A* Keeps Comparing Frontier Paths

Which path leaves the frontier next?

Two lowest frontier priorities
AS:393 - AT: 447

ASR: 413 - ASF: 415

ASF: 415 - ASRP: 417

ASRP: 417 - AT: 447

@ Expanded path f
A 366
)
//’ AS 393
e - o ASR 413
ASF 415
e ASRP 417
ASRPB: g=418, h{B)=0, f=418
B B

=418 =450
Tree shows the competing routes
Other generated branches are omitted

A* Keeps Comparing Frontier Paths
Slide 68 of 193 - Reveal 4

ASRPB: 418 - AT: 447

63

Speaker notes

Instructor notes

Expand P and generate ASRPB at 418. It now beats AT at 447 and the earlier

goal ASFB at 450.
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Slide 68 - Reveal 5

A* Keeps Comparing Frontier Paths

Which path leaves the frontier next?

B B
f=418 =450

Tree shows the competing routes
Other generated branches are omitted

A* Keeps Comparing Frontier Paths
Slide 68 of 193 - Reveal 5

Expanded path f

A 366
AS 393
ASR 413

ASF 415

Two lowest frontier priorities
AS:393 - AT: 447

ASR: 413 - ASF: 415

ASF: 415 - ASRP: 417

ASRP: 417 - AT: 447

ASRP 417

ASRPB: 418 - AT: 447

ASRPB: g=418, h(B)=0, =418
Remove ASRPB and stop

Solution cost: 418

63

Speaker notes

Instructor notes

Remove ASRPB and pass the goal test. Expanded states were A, S, R, F, P; B

is tested before expansion.
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Slide 69 - Initial Instructor notes

A*-TSA Practice Speaker notes

Use the same graph as the earlier practice tasks. Ask students to track path
cost separately from the priority. Reveal the output after students predict
Use f{n)=g(n)+h(n) each step. The frontier is displayed in priority order.

Predict the expansion order

Start: § - Goal: G

and returned path

Break ties by path-string order

5 2

9

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

nativesslide data-source-slide="astar-practice”}
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Slide 69 - Reveal 1

A*-TSA Practice
Start:§ - Goal: G

Use f{n)=g(n)+h{n)

Predict the expansion order
and returned path

Break ties by path-string order

5 2

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

Bativesslide datassource-slide="astar-practice”}

Speaker notes

No speaker notes for this stage.

Instructor notes
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A*-TSA Practice
Start:§ - Goal: G

Use f{n)=g(n)+h{n) s@7 —= [(7, 'sd'),

(1@, 's6'), (12, 'sa')]

Predict the expansion order
and returned path

Break ties by path-string order

5 2

3
h=9 h=4 h=2

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

Bativesslide datassquce-slide="astar-practice"}

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 69 - Reveal 3 Instructor notes

- S k t
A*-TSA Practice peaker notes

No speaker notes for this stage.
Start: § - Goal: G Initial frontier: [(7, 'S']]
Use f{n)=g(n)+h{n) s@7—= [{7, 'sd'),

(1@, 's6'), (12, 'sa')]
Predict the expansion order

sd@? —= [(7, 'Sdb"), (9, 'Sde'),
(1@, 'sG'}, (12, 'Sa')]

and returned path

Break ties by path-string order

10

a9

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

nativesslide datassqurce-slide="astar-practice"}
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A*-TSA Practice Speaker notes

No speaker notes for this stage.
Start: § - Goal: G Initial frontier: [(7, 'S']]

Use f(n)=g(n)+h(n) s@7 - [(7, 'sd'),
(1@, 's6'), (12, 'sa')]

Predict the expansion order

and returned path sd@? —= [(7, 'Sdb"), (9, 'Sde'),
(1@, 'SG'}, (12, 'Sa')]

Break ties by path-string order

Sdb @ 7 —= [(7, "Sdbc'), (7, 'Sdbe"), (9, 'Sde'),
(1@, 'sG'}, (12, 'Sa')]

10

a9

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

nativesslide slatassgurce-slide="astar-practice"}
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Slide 69 - Reveal 5 Instructor notes

A*-TSA Practice Speaker notes

Sdbc wins the f=7 tie over Sdbe by path-string order. Priorities are f, not g.

Start: § - Goal: G Initial frontier: [{(7, 'S"')]

Use f(n)=g(n)+h(n) s@7 - [(7, 'sd'),
(1@, 's6'), (12, 'sa')]

Predict the expansion order

and returned path sd@? —= [(7, 'Sdb"), (9, 'Sde'),
(1@, 'SG'}, (12, 'Sa')]

Break ties by path-string order

Sdb @ 7 —= [(7, "Sdbc'), (7, 'Sdbe"), (9, 'Sde'),
(1@, 'sG'}, (12, 'Sa')]

10

5 2 Sdbc @ 7 -> [(7, 'Sdbe'}), (9, 'SdbcG'), (9, 'Sde'),
4 (18, 'sG'}, (12, 'Sa')]
= h=9 h=4 h=2
1 1
h=7 .2 3
@
h=5 h=3

a9

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

nativesslide dlata-source-slide="astar-practice”}
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A*-TSA Practice

Start: § - Goal: G Initial frontier: [{(7, 'S"')]

Use f{n)=g(n)+h(n) s@7-= [(7, 'sd'),
(18, 'sG'), (12, 'sa')l

Predict the expansion order

and returned path Sd@ 7 —> [(7, 'Sdb’), (9,
(1@, 'SG'}, (12, 'Sa')]

Break ties by path-string order

Sdb @ 7 —= [(7, 'Sdbc'), (7,

0 (1@, 'sG'}, (12, 'Sa')]

5 2 Sdbc @ 7 -> [(7, 'Sdbe'}), (9,
4 (18, 'sG'), (12, 'Sa')]
= h=9 h=4 h=2
1 1 Sdbe @ 7 —= [(7, 'SdbeG'}, (9,
h=7 2 3 (18, 'sG'), (12, 'Sa')]
@
h=5 h=3

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

nativesslide dlata-source-slide="astar-practice”}

'SdbeG'), (9,

Speaker notes

No speaker notes for this stage.

Instructor notes
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A*-TSA Practice Speaker notes

Expanded: S, d, b, ¢, e. The goal test returns SdbeG at cost 7 before
Start: § - Goal: G Initial frontier: [{(7, 'S')] Expandirlg G.

Use f(n)=g(n)+h(n) s@7 - [(7, 'sd'),
(1@, 's6'), (12, 'sa')]

Predict the expansion order

and returned path sd@? —= [(7, 'Sdb"), (9, 'Sde'),
(1@, 'SG'}, (12, 'Sa')]

Break ties by path-string order
Sdb @ 7 == [(7, "Sdbc'), (7, 'Sdbe’), (9, 'Sde'),

(1@, 'sG'}, (12, 'Sa')]

10

5 3 Sdbc @ 7 —> [(7, 'Sdbe'), (9, 'SdbcG'}, (9, 'Sde'),
4 (18, 'sG6'), (12, 'Sa')]
= h=9 h=4 h=2
Voo Sdbe @ 7 —> [(7, 'SdbeG'), (9, 'SdbeG'), (9, 'Sde'l,
h=72 3 {10, 'sG'), (12, 'sa')]
@ 4 Solution path: (7, 'SdbeG')
h=5 h=3

A*-TSA Practice {.comp3270-source-slide .source-slide-heading .comp3270-

nativesslide dlata-source-slide="astar-practice"}
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Slide 70 - Initial Instructor notes

Is A¥* Always Optlmal‘? Speaker notes

Use the original celebratory robot as a transition. Ask whether our
successful examples prove that A* always returns the cheapest path.

It worked on Romania. Is that a guarantee?

Is A* Always Optimal?
Slide 70 of 193 - Initial
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Slide 71 - Initial Instructor notes

Is A*-TSA Optlmal‘? Speaker notes

Ask students to predict the returned path before revealing the output.
Start: § - Goal: G

Which path will A*-TSA return?

Is A*-TSA Optimal? {.comp3270-source-slide .source-slide-heading .comp3270-
nativerslide data-source-slide="astar-overestimate-question"}
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Slide 71 - Reveal 1

Is A*-TSA Optimal?

Start: § - Goal: G

Which path will A*-TSA return?
Initial frontier: [(7, 'S')]

s@7 —= [(5 'sG"), (7, "sa')]

h=7 h=0

Is A*-TSA Optimal? {.comp3270-source-slide .source-slide-heading .comp3270-
nativerslidedata-source-slide="astar-overestimate-question"}

Speaker notes

Tuples contain f and path. SG has priority 5; Sa has priority 7.

Instructor notes
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Slide 71 - Reveal 2

Is A*-TSA Optimal?

Start: § - Goal: G

Which path will A*-TSA return?
Initial frontier: [(7, 'S')]

s@7 —= [(5 'sG"), (7, "sa')]

Solution path: (5, 'SG')

Is A*-TSA Optimal? {.comp3270-source-slide .source-slide-heading .comp3270-
nativerslidedata-source-slide="astar-overestimate-question"}

Speaker notes

Instructor notes

SG passes the goal test on removal. A*-TSA returns cost 5 without exploring

a.
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Instructor notes

Is A*-TSA Optlmal") Speaker notes

SaG costs only 4. The algorithm returns a solution, but it is not optimal.
Start: § - Goal: G
Which path will A*-TSA return?

Initial frontier: [(7, 'S"')]

s@7 —= [(5 'sG"), (7, "sa')]

\
h=6 ™
1 \ 3 Returned: SG, cost 5
p Cheaper path: SaG, cost 1 +3 =4
/’ 5
® ‘
h=7 h=0

Is A*-TSA Optimal? {.comp3270-source-slide .source-slide-heading .comp3270-
nativerslidedata-source-slide="astar-overestimate-question"}
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Slide 71 - Reveal 4

Instructor notes

Is A*-TSA Optlmal") Speaker notes

The inflated estimate hides the cheaper route. This motivates admissibility;
Start: § - Goal: G

Wi o h(S)=7 also exceeds its true remaining cost of 4.
1C AL Wi - refturm:
P Initial frontier: [(7, 'S')]

s@a7 —= [(5 'sG'), (7, 'sa")]
Solution path: (5, 'SG')

Returned: SG, cost 5
Cheaper path: SaG, cost 1 +3 =4

h(a) = & overestimates the

true remaining cost of 3

Is A*-TSA Optimal? {.comp3270-source-slide .source-slide-heading .comp3270-
nativerslidedata-source-slide="astar-overestimate-question"}
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Slide 72 - Initial Instructor notes

Adm1351b111‘[y of Heuristic Speaker notes

Define admissibility only after the failure example. h star is the true

remaining cost, not the heuristic we can conveniently compute.
An optimistic estimate

0 <h(n) < h*(n)

Admissibility of Heuristic
Slide 72 of 193 - Initial
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Slide 72 - Reveal 1 Instructor notes

Adm1351b111‘[y of Heuristic Speaker notes

An underestimate can lead to extra search, but it does not inflate a

promising path above its true completion cost.
An optimistic estimate

0 <h(n) < h*(n)

h*(n) 1s the true cheapest remaining cost
h(n) may underestimate, but must not overestimate

Admissibility of Heuristic
Slide 72 of 193 - Reveal 1
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Slide 72 - Reveal 2 Instructor notes

Adm1351b111‘[y of Heuristic Speaker notes

At a goal the remaining cost is zero, so the admissible heuristic must also be

Zero.
An optimistic estimate

0 <h(n) < h*(n)

h*(n) 1s the true cheapest remaining cost
h(n) may underestimate, but must not overestimate

At a goal
h(goal)=0

Admissibility of Heuristic
Slide 72 of 193 - Reveal 2

264 (734



Slide 73 - Initial Instructor notes

Adm1551b111‘[y of Heuristic Speaker notes

Ask whether h is admissible. Let students check the remaining costs before

o _ revealing either comparison.
Is h admissible for this graph?

Admissibility of Heuristic
Slide 73 of 193 - Initial
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Slide 73 - Reveal 1 Instructor notes

Adm1551b111‘[y of Heuristic Speaker notes

At a, the remaining cost is 3, so 6 overestimates. Ask students to check S as

well.
Is h admissible for this graph?

h(a) = 6 > h*(a) = 3

Admissibility of Heuristic
Slide 73 of 193 - Reveal 1
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Slide 73 - Reveal 2

Admissibility of Heuristic

Is h admissible for this graph?
h(a) =6 > h*(a) =3
h(S)=7>h*(S)=4

Admissibility of Heuristic
Slide 73 of 193 - Reveal 2

Speaker notes

Instructor notes

From S, the cheapest route costs 4, so 7 also overestimates. The heuristic is

not admissible.
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Slide 73 - Reveal 3 Instructor notes

Adm1551b111‘[y of Heuristic Speaker notes

Now ask for the full allowed ranges, keeping the edge costs fixed. Leave

their answers for the next slide.
Is h admissible for this graph?

h(a) = 6 > h*(a) = 3
h(S) =7 >h*(S) = 4

Keep the same edge costs
What values are allowed for h(a)?
What values are allowed for h(S)?

Admissibility of Heuristic
Slide 73 of 193 - Reveal 3
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Slide 74 - Initial

Admissibility: Check Every State

From a
h*(a)=3
Therefore 0 <h(a) <3

Admissibility: Check Every State
Slide 74 of 193 - Initial

Speaker notes

The only route from a costs 3.

Instructor notes
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Slide 74 - Reveal 1

Admissibility: Check Every State

From a
h*(a)=3
Therefore 0 <h(a) <3

From S

h*(S)=min(5, 1+3)=4
Therefore 0 <h(S) <4

Admissibility: Check Every State
Slide 74 of 193 - Reveal 1

Speaker notes

Instructor notes

The cheapest route from S goes through a and costs 4. Changing only h(a)

would leave the original h(S)=7 inadmissible.
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Instructor notes

Optlmahty of A* Speaker notes

Restore the original search-space triangle. A and B are goal nodes in this
proof, not Romania states. We are considering A*-TSA.
Let
¢ A be an optimal goal node
¢ B be a suboptimal goal node

e h be admissible

Optimality of A*
Slide 75 of 193 - Initial
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Slide 75 - Reveal 1

Instructor notes

Optlmahty of A* Speaker notes

A cheaper goal must leave the frontier before a more expensive goal. The
next slide compares a frontier ancestor with B.
Let

¢ A be an optimal goal node
¢ B be a suboptimal goal node

e h be admissible
Claim

A will exit the frontier before B

Optimality of A*
Slide 75 of 193 - Reveal 1
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Optlmahty of A* Speaker notes

Keep the original ancestor argument and diagram.

Let n be an ancestor of A

Let B and n both be on the frontier

Optimality of A*
Slide 76 of 193 - Initial
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Slide 76 - Reveal 1 Instructor notes

Optlmahty of A* Speaker notes

Ask how the frontier priorities compare.

Let n be an ancestor of A
Let B and n both be on the frontier

Claim: n exits the frontier before B

Optimality of A*
Slide 76 of 193 - Reveal 1
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Slide 76 - Reveal 2 Instructor notes

Optlmahty of A* Speaker notes

f(n)=g(n)+h(n) is at most the true cost of the optimal completion through A,
which is f(A).

Let n be an ancestor of A
Let B and n both be on the frontier

Claim: n exits the frontier before B

f(n) < f(A)

Admissibility, with n on the optimal route to A

Optimality of A*
Slide 76 of 193 - Reveal 2
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Optlmahty of A* Speaker notes

Together these inequalities give f(n) less than f(B), so n must be removed

first.
Let n be an ancestor of A

Let B and n both be on the frontier
Claim: n exits the frontier before B

f(n) < f(A)

Admissibility, with n on the optimal route to A

f(A) < f(B)

B is suboptimal and both goal heuristics are zero

Optimality of A*
Slide 76 of 193 - Reveal 3

276 (734



Slide 77 - Initial Instructor notes

Optlmahty of A* Speaker notes

Repeat the ancestor argument along the optimal route.

All ancestors of A exit the frontier before B

Optimality of A*
Slide 77 of 193 - Initial
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Slide 77 - Reveal 1 Instructor notes

Optlmahty of A* Speaker notes

The same reasoning eventually reaches the optimal goal. Assume the usual

termination conditions.
All ancestors of A exit the frontier before B

A exits the frontier before B

Optimality of A*
Slide 77 of 193 - Reveal 1

278 (734



Slide 77 - Reveal 2 Instructor notes

Optlmahty of A* Speaker notes

Preserve the original conclusion explicitly scoped to tree search. The next

example tests whether the explored set changes the result.
All ancestors of A exit the frontier before B

A exits the frontier before B

A*-TSA 1s optimal with admissible h

Optimality of A*
Slide 77 of 193 - Reveal 2
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IS ThlS Heuristic AdﬂllSSlble‘? Speaker notes

Ask students whether this heuristic is admissible before revealing the
checks.

Is This Heuristic Admissible?
Slide 78 of 193 - Initial
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Instructor notes

Slide 78 - Reveal 1

Speaker notes
Work backward from G to obtain the true remaining costs.

Is This Heuristic Admissible?

True remaining costs
h*(G) =0, h*(c)=3
h*(a) =4, h*(b)=5
h*(S)=5

Is This Heuristic Admissible?

Slide 78 of 193 - Reveal 1
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Is This Heuristic Admissible?

True remaining costs
h*(G) =0, h*(c)=3
h*(a) =4, h*(b)=5
h*(S)=5

Compare with h
0<0 - 1=<3 - 4<4
1<5 - 2<5

Is This Heuristic Admissible?
Slide 78 of 193 - Reveal 2

Speaker notes

Each displayed heuristic is a lower bound.

Instructor notes
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Is This Heuristic Admissible?

Is This Heuristic Admissible?
Slide 78 of 193 - Reveal 3

True remaining costs
h*(G) =0, h*(c)=3
h*(a) =4, h*(b)=5
h*(S)=5

Compare with h

0<0 - 1=<3 - 4<4
1<5 - 2<5

All estimates pass
Yes, this heuristic is admissible

Speaker notes

Instructor notes

Confirm admissibility before tracing TSA. Each heuristic is at most the true

remaining cost.
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Optlmahty of A*: TSA Speaker notes

Ask students to predict the TSA run. Track f separately from path cost.
Start: § - Goal: G Initial frontier: [(2, 'S')]

=
[
=]
=)
\.
Ay
=
[
—
=
[
=

h=1

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading
Somp3270-natiyerslide data-source-slide="astar-tsa-success"}
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Optimality of A*: TSA

Start: § - Goal: G Initial frontier: [(2, 'S')]

s@2 -> [(2, 'Sb'), (5, 'Sa')]

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

Somp3270-native-slide data-source-slide="astar-tsa-success"}

Speaker notes

No speaker notes for this stage.

Instructor notes
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Optimality of A*: TSA

Start: § - Goal: G Initial frontier: [(2, 'S')]

s@2-> [(2, 'Sb'), (5, 'Sa')l
Sb @2 -> [(4, 'Sbc'), (5, 'Sa')]

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

Somp3270-native-slide data-source-slide="astar-tsa-success"}

Speaker notes

No speaker notes for this stage.

Instructor notes
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Start: § - Goal: G

Optimality of A*: TSA

Initial frontier: [(2, 'S')]
5@2 > [(2, 'Sb'), (5, 'sa')]
Sb@2— [(4, 'Sbc'), (5, 'Sa')]

Sbc @ 4 —> [(5, 'Sa"'), (6, 'SbcG')]

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

ﬁgglﬂ;@,?ﬂﬂ\aﬁ%ﬁ@de data-source-slide="astar-tsa-success"}

Speaker notes

No speaker notes for this stage.

Instructor notes

287 (734



Slide 79 - Reveal 4

Start: § - Goal: G

Optimality of A*: TSA

Initial frontier: [(2, 'S')]
s@2-> [(2, 'sb'), (5, 'sa")]
Sb@2— [(4, 'Sbc'), (5, 'Sa')]

Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
Sa@s5— [(3, 'sac"'), (6, 'SbcG')]

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

éﬁgglp;@,?ﬂ@aﬁ%ﬁlj'de data-source-slide="astar-tsa-success"}

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 79 - Reveal 5 Instructor notes

Optimality of A*: TSA Speaker notes

No speaker notes for this stage.
Start: § - Goal: G Initial frontier: [(2, 'S')]

S@2 - [(2, 'Sb'), (5, 'Sa')]
Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

Sbc @ 4 -> [(5, 'Sa'), (6, 'SbcG')]

Sa@s5— [(3, 'sac"'), (6, 'SbcG')]
@ Sac @ 3 —> [(5, 'SacG'), (6, 'SbcG')]

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

ﬁgg‘;@@?&-yaﬁ%ﬁ@e data-source-slide="astar-tsa-success"}
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Slide 79 - Reveal 6

Start: § - Goal: G

Optimality of A*: TSA

Initial frontier: [(2, 'S')]
s@2-> [(2, 'sb'), (5, 'sa")]
Sb@2— [(4, 'Sbc'), (5, 'Sa')]

Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
Sa@b5 — [(3, 'Sac'), (6, 'SbcG')]
Sac @ 3 —> [(5, 'SacG'), (6, 'SbcG')]
Solution path: {5, *SacG')

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

ﬁgg‘;@@?&-yaﬁ%ﬁl@e data-source-slide="astar-tsa-success"}

Speaker notes

No speaker notes for this stage.

Instructor notes
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Optimality of A*: TSA Speaker notes

TSA expands c again via the cheaper Sac path and returns SacG at cost 5.
Start: S - Goal: G Initial frontier: [(2, 'S')] Frontier tuples are (f, path), displayed in priority order.
s@2->[(2, 'sb'), (5, 'sa")]
Sb@2 — [(4, 'Sbc'), (5, 'sa')]

Sbc @ 4 -> [(5, 'Sa'), (6, 'SbcG')]

N Sa@5 -> [(3, 'Sac'), (6, 'SbcG')]
@ Sac @ 3 -> [(5, 'SacG'), (6, 'SbcG')]

h=2 S A~ Solution path: (5, *SacG')

@ Optimal path: SacG, cost 5

Optimality of A*: TSA {.comp3270-source-slide .source-slide-heading

ﬁgg‘;@@?&-yaﬁ%ﬁl}de data-source-slide="astar-tsa-success"}
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Slide 80 - Initial

Optimality of A*: GSA

Our GSA never expands a state twice Initial frontier: [(2, 'S')]

Explored: &

Optimality of A*: GSA
Slide 80 of 193 - Initial

80

Speaker notes

Trace the same graph using our explored-set rule.

Instructor notes
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Slide 80 - Reveal 1 Instructor notes

Optimality of A*: GSA Speaker notes

No speaker notes for this stage.

Our GSA never expands a state twice Initial frontier: [(2, 'S')]
Explored: &

5@2-> [(2, 'Sb'), (5, 'Sa")]
Explored: {S}

80

Optimality of A*: GSA
Slide 80 of 193 - Reveal 1
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Slide 80 - Reveal 2

Optimality of A*: GSA

Our GSA never expands a state twice Initial frontier: [(2, 'S')]
Explored: &
Ss@2-> [(2, 'sb'), (5, 'Sa')]
Explored: {S}

Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

L7 b=a N1 Explored: {S, b}

80

Optimality of A*: GSA
Slide 80 of 193 - Reveal 2

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 80 - Reveal 3

Optimality of A*: GSA

Our GSA never expands a state twice Initial frontier: [(2, 'S')]
Explored: &
Ss@2-> [(2, 'sb'), (5, 'Sa')]
Explored: {S}

Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

L= N0 Explored: {S, b}
Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
(::)\ Explored: {5, b, c}
h=2 1 2

80

Optimality of A*: GSA
Slide 80 of 193 - Reveal 3

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 80 - Reveal 4

Optimality of A*: GSA

Our GSA never expands a state twice Initial frontier: [(2, 'S')]
Explored: &
Ss@2-> [(2, 'sb'), (5, 'Sa')]
Explored: {S}

Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

L= N0 Explored: {S, b}
Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
(::)\ Explored: {5, b, c}
h=2 1 2

Sa@b5 — [(3, 'Sac"'), (6, 'SbeG')]
Explored: {5, b, c, a}

80

Optimality of A*: GSA
Slide 80 of 193 - Reveal 4

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 80 - Reveal 5

Optimality of A*: GSA

Our GSA never expands a state twice Initial frontier: [(2, 'S')]
Explored: &
Ss@2-> [(2, 'sb'), (5, 'Sa')]
Explored: {S}

Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

L= N0 Explored: {S, b}
Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
(::)\ Explored: {5, b, c}
h=2 1 2

Sa@b5 — [(3, 'Sac"'), (6, 'SbeG')]
Explored: {5, b, c, a}

t::) Skip Sac: c¢ already explored

Optimality of A*: GSA
Slide 80 of 193 - Reveal 5

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 80 - Reveal 6 Instructor notes

Optimality of A*: GSA Speaker notes

No speaker notes for this stage.

Our GSA never expands a state twice Initial frontier: [(2, 'S')]
Explored: &
Ss@2-> [(2, 'sb'), (5, 'Sa')]
Explored: {S}

Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

L= N0 Explored: {S, b}
Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
(::)\ Explored: {5, b, c}
h=2 1 2

Sa@b5 — [(3, 'Sac"'), (6, 'SbeG')]
Explored: {5, b, c, a}

t::) Skip Sac: c¢ already explored

Solution path: (6, 'SbcG')

Optimality of A*: GSA
Slide 80 of 193 - Reveal 6
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Slide 80 - Reveal 7 Instructor notes

Optimality of A*: GSA Speaker notes

GSA skips Sac because ¢ was already explored, so it returns SbcG at cost 6.

Our GSA never expands a state twice Iﬂi{ial frontier: [(2, 'S')] Ask students to explain the failure before proceeding.
Explored: @

5@2-> [(2, 'Sb'), (5, 'Sa")]
Explored: {S}

Sb@z2 — [(4, 'Sbc'), (5, 'Sa')]

L= N0 Explored: {S, b}
Sbc @ 4 —> [(5, 'Sa'), (6, 'SbcG')]
@\ Explored: {5, b, c}
h=2 1 2

Sa@b5 — [(3, 'Sac"'), (6, 'SbeG')]
Explored: {5, b, c, a}

@ Skip Sac: c¢ already explored

Solution path: (6, 'SbcG')

What went wrong?

Optimality of A*: GSA
Slide 80 of 193 - Reveal 7

299 (734



Slide 81 - Initial Instructor notes

Consistency of Heuristic Speaker notes

Restore the original a—c—G triangle. Solid sides are actual edges of costs 1
and 3. The dashed a—G side represents the heuristic comparison, not an
additional action.

h=4

Definition
For every arca — ¢

h(a) — h(c) < cost(a,c)

1

Consistency of Heuristic
Slide 81 of 193 - Initial
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Slide 81 - Reveal 1 Instructor notes

Consistency of Heuristic Speaker notes

The estimate at a cannot exceed the actual first step plus the estimate at c.
The displayed heuristic violates this triangle inequality even though it is
admissible.

h=4

Definition

For every arca — ¢
h(a) — h(c) < cost(a,c)
Equivalently

h(a) < cost(a,c) + h(c)

Here: 4 <1 + 1 is false

1

Consistency of Heuristic
Slide 81 of 193 - Reveal 1
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Slide 81 - Reveal 2 Instructor notes

Consistency of Heuristic Speaker notes

Ask the original follow-up: can you prove A*-GSA is optimal if f never
decreases? The next reveal slide works through the relation.

h=4

Definition

For every arca — ¢
h(a) — h(c) < cost(a,c)
Equivalently

h(a) < cost(a,c) + h(c)

Here: 4 <1 + 1 is false

Consequence of consistency h=0

The f value along a path never decreases

1

Consistency of Heuristic
Slide 81 of 193 - Reveal 2
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Slide 82 - Initial Instructor notes

Recall the cheaperpath S —a — ¢ across a to ¢, and what happens to f.
cost=1

g=1 - h=4 g=2 - h=1

Consistency Keeps f from Decreasing
Slide 82 of 193 - Initial
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Slide 82 - Reveal 1 Instructor notes

. . Speak: t
Consistency Keeps f from Decreasing peaKernores |
The heuristic drops by 3 although the step costs only 1. This makes the

Recall the cheaper path S —a — ¢ priority fall from 5 to 3; GSA had already closed c via the more expensive
cost =1 route.
g=1 - h=4 g=2 - h=1
f=1+4=35 f=2+1=3

grisesby1l - hfallsby3 — ffallsby2

Consistency Keeps f from Decreasing
Slide 82 of 193 - Reveal 1
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Slide 82 - Reveal 2 Instructor notes

Consistency Keeps f from Decreasing Speaker notes

For any consecutive path nodes u and v, g increases by the step cost.

Recall the cheaper path S —a — ¢ Consistency limits the drop in h to that cost, so their sum f cannot decrease.
cost=1
g=1 - h=4 g=2 - h=1
f=1+4=35 f=2+1=3

grisesby1l - hfallsby3 — ffallsby2

Consistency: h cannot fall by more than the step costs
f(v) — f(u) = cost(u, v) — (h(u) —h(v)) =0

Consistency Keeps f from Decreasing
Slide 82 of 193 - Reveal 2
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Slide 82 - Reveal 3

Consistency Keeps f from Decreasing
Recall the cheaper path S — a — ¢

cost=1
g=1 - h=4 g=2 - h=1
f=1+4=5 f=2+1=3
grisesby1l - hfallsby3 — ffallsby2

Consistency: h cannot fall by more than the step costs
f(v) — f(u) = cost(u, v) — (h(u) —h(v)) =0

With consistent h, GSA first expands each state via a cheapest path
Closing the state cannot block a cheaper route later

Consistency Keeps f from Decreasing

Slide 82 of 193 - Reveal 3

Speaker notes

Instructor notes

If a cheaper route existed, consistency would give its frontier prefix a lower f
than the expensive arrival at the same state. That prefix must be processed

first. This is why closing states is safe with consistent h.
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Slide 83 - Initial Instructor notes

Consistency of Heuristic Speaker notes

Ask whether h is consistent. Let students check the directed edges before
Is h consistent for this graph? revealing the calculations.

h(u) < cost(u, v) + h(v)

Consistency of Heuristic
Slide 83 of 193 - Initial
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Slide 83 - Reveal 1

Consistency of Heuristic

Is h consistent for this graph?
h(u) < cost(u, v) + h(v)
S—a 2<1+4

Consistency of Heuristic
Slide 83 of 193 - Reveal 1

Speaker notes

S to a passes: 2 is at most 5.

Instructor notes

308 (734



Slide 83 - Reveal 2

Consistency of Heuristic

Is h consistent for this graph?
h(u) < cost(u, v) + h(v)
S—a 2<1+4

S—b: 2<1+1

Consistency of Heuristic
Slide 83 of 193 - Reveal 2

Speaker notes

S to b passes with equality.

Instructor notes
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Slide 83 - Reveal 3 Instructor notes

Consistency of Heuristic Speakernotes |
a to c fails: the estimate drops by 3, but the edge costs only 1. Continue
Is h consistent for this graph? checking the remaining edges.
h(u) < cost(u, v) + h(v)
S—a 2<1+4
S—b: 2<1+1

a—c 4=>1+1

Consistency of Heuristic
Slide 83 of 193 - Reveal 3
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Slide 83 - Reveal 4

Consistency of Heuristic

Is h consistent for this graph?
h(u) < cost(u, v) + h(v)
S—a 2<1+4

S—b: 2<1+1

a—c 4>1+1

b—ec 1<2+1

Consistency of Heuristic
Slide 83 of 193 - Reveal 4

Speaker notes

b to ¢ passes: 1is at most 3.

Instructor notes
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Instructor notes

Slide 83 - Reveal 5

Speaker notes

Consistency of Heuristic

c to G passes: 1is at most 3.
Is h consistent for this graph?

h(u) < cost(u, v) + h(v)

S—a 2<1+4

S—b: 2<1+1

a—c 4>1+1

b—ec 1<2+1

c—G: 1<340

Consistency of Heuristic
Slide 83 of 193 - Reveal 5
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Slide 83 - Reveal 6 Instructor notes

Speaker notes

Consistency of Heuristic

One failed edge is enough: this heuristic is admissible but inconsistent.
Is h consistent for this graph?

h(u) < cost(u, v) + h(v)

S—a 2<1+4

S—b: 2<1+1

a—c 4>1+1

b—c 1<£2+1

c—G: 1<3+0

No: a — ¢ violates consistency

Consistency of Heuristic
Slide 83 of 193 - Reveal 6
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Slide 83 - Reveal 7 Instructor notes

Speaker notes

Consistency of Heuristic

Ask students to change as few heuristic values as possible. Could changing
a alone work? Could changing c alone work? Check incoming and outgoing
edges.

Is h consistent for this graph?
h(u) < cost(u, v) + h(v)
S—a 2<1+4

S—b: 2<1+1

a—c 4>1+1

b—ec 1<2+1

c—G: 1<340

No: a — ¢ violates consistency

Keep all edge costs fixed
How could we repair h?

Consistency of Heuristic
Slide 83 of 193 - Reveal 7
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Slide 84 - Initial Instructor notes

Two Ways to Repair the Heuristic Speaker notes

Lowering h(a) to 2 fixes the excessive drop on a to ¢ without breaking the

edge from S.
Lower h(a) from 4 to 2

a—c2<1l+1
S—a2<1+2

Two Ways to Repair the Heuristic
Slide 84 of 193 - Initial
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Slide 84 - Reveal 1

Two Ways to Repair the Heuristic

Lower h(a) from 4 to 2
a—c2<1+1
S—a2<1+2

Or raise h(c) from 1 to 3
a—cd4<1+3
c—G:3<3+0

Two Ways to Repair the Heuristic
Slide 84 of 193 - Reveal 1

Speaker notes

Instructor notes

Raising h(c) to its true remaining cost also fixes the offending edge. Check b

to c as well: 1is at most 2+3.
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Slide 84 - Reveal 2 Instructor notes

Two Ways to Repair the Heuristic Speaker notes

These are two one-value repairs. Do not suggest there is a unique correct

heuristic.
Lower h(a) from 4 to 2

a—c2<1l+1
S—a2<1+2

Or raise h(c) from 1 to 3
a—cd4<1+3
c—G:3<3+0

Both repairs work

Other edges remain consistent
Both heuristics remain admissible

Two Ways to Repair the Heuristic
Slide 84 of 193 - Reveal 2
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Slide 85 - Initial Instructor notes

A*: Key Takeaways Speaker notes

These optimality statements assume a solution is returned and use
A*-TSA nonnegative h with zero at goals.
Returns a cheapest solution when h 1s admissible

BS

A*: Key Takeaways
Slide 85 of 193 - Initial
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Slide 85 - Reveal 1 Instructor notes

A*: Key Takeaways Speakernotes

A graph-search implementation that reopens states on improved g can

A*-TSA instead work with admissibility; distinguish it from our current no-reopening
Returns a cheapest solution when h is admissible GSA.
Our A*-GSA

Returns a cheapest solution when h is consistent

BS

A*: Key Takeaways
Slide 85 of 193 - Reveal 1
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Slide 85 - Reveal 2

A*: Key Takeaways
A*-TSA
Returns a cheapest solution when h 1s admissible

Our A*-GSA
Returns a cheapest solution when h is consistent

Will 1t find a solution?

Yes, if one exists, with finite branching
and every step cost=¢e> 0

A*: Key Takeaways
Slide 85 of 193 - Reveal 2

BS

Speaker notes

Instructor notes

Finite branching means finitely many successors per state. Every step costs
at least the same positive epsilon; costs cannot shrink toward zero. These
conditions ensure completeness for the admissible or consistent heuristic

cases above.
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Slide 85 - Reveal 3

A*: Key Takeaways
A*-TSA
Returns a cheapest solution when h 1s admissible

Our A*-GSA
Returns a cheapest solution when h is consistent

Will 1t find a solution?

Yes, if one exists, with finite branching
and every step cost=¢e> 0

Time and memory
Can still grow exponentially

A*: Key Takeaways
Slide 85 of 193 - Reveal 3

BS

Speaker notes

Instructor notes

Heuristics guide the search, but do not remove worst-case exponential time

and memory requirements.
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Slide 86 - Initial

Instructor notes

Speaker notes

Local search focuses on the quality of the current state

[Sources] - Preserves previous-offering COMP3270 2024-25
01_search.pptx, slide 85, and its PDF reference

Local Search

L]

Local Search
Slide 86 of 193 - Initial
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Slide 87 - Initial Instructor notes

Planning vs. Identification Speaker notes

Both routes reach the same goal. Planning compares the paths: six moves

The path matters
Find a sequence of actions
Compare path costs and depths

Use heuristics and a frontier

Planning vs. Identification
Slide 87 of 193 - Initial
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Slide 87 - Reveal 1

Planning vs. Identification

Planning Identification
W
W
W
® © i
¥ ™ w
L} . w
: : W
W
The path matters The final arrangement matters
Find a sequence of actions Find an assignment to variables
Compare path costs and depths Example: assign a position to each queen
Use heuristics and a frontier Local search can be faster for some problems

Planning vs. Identification
Slide 87 of 193 - Reveal 1

Instructor notes

Speaker notes

For eight queens, the variables are queen positions. We want a valid
arrangement; how we reached it is not part of the solution
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Slide 88 - Initial Instructor notes

Example; S'QHCCHS Speaker notes

Each column has one queen; the state records their row positions

Q Q: Qs Qf Qo Qo @ @ State

Eight queens on the board, one per column

L]

Example: 8-Queens
Slide 88 of 193 - Initial
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Slide 88 - Reveal 1

Example: 8-Queens

Q Q: Qs Q Qe Qs Oy 0 State

Eight queens on the board, one per column
Successors

Move one queen to another square

E’ in the same column
g, .@ Every such move gives a neighbour

L]

Example: 8-Queens
Slide 88 of 193 - Reveal 1

Speaker notes

A successor changes one queen's row within its column

Instructor notes
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Slide 88 - Reveal 2

Example: 8-Queens

Q Q: Qs Q Qe Qs Oy 0 State
Eight queens on the board, one per column

Successors

Move one queen to another square
E’ in the same column

g, E Every such move gives a neighbour

W —alh Cost function

y g Count pairs of queens that attack each other
Same row or diagonal
Direct: Qg and Qg

Lower cost is better

Goal: zero attacking pairs
L5

Example: 8-Queens
Slide 88 of 193 - Reveal 2

Speaker notes
Q6 and Q8 attack directly, with no queen between them

Instructor notes
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Slide 88 - Reveal 3

Example: 8-Queens

Q Q: Qs Q Qe Qs Oy 0 State
Eight queens on the board, one per column

Successors

Move one queen to another square
E’ in the same column

g, .@ Every such move gives a neighbour

@ M Cost function
g """""""""" —g Count pairs of queens that attack each other
Same row or diagonal
Direct: Qg and Qg

Lower cost is better

Goal: zero attacking pairs Indirect: Q7 and Qg, with Qg between
L5

Example: 8-Queens
Slide 88 of 193 - Reveal 3

Speaker notes

Instructor notes

Q2 and Q8 are an indirect pair, with Q6 between. This cost counts that pair

too; the next slide asks for the total
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Slide 89 - Initial Instructor notes

. - Speaker notes
Count Attacking Pairs o | |
Count only pairs with the second queen to the right, so none is counted
What is the cost of this state? twice

Count each pair once

[Sources] - Original COMP3270 2024-25 local-search section; verified with

the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
Q,
Q Qs
Q: Qs Qs
Qs Q,
Count Attacking Pairs

Slide 89 of 193 - Initial
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Slide 89 - Reveal 1

Count Attacking Pairs

What is the cost of this state?

Q

Q

Qs

Q.

Qs

Qs

Q,

Q;

Count Attacking Pairs
Slide 89 of 193 - Reveal 1

Count each pair once

Qg with Q2, Q3, Qs

Instructor notes

Speaker notes

Count only pairs with the second queen to the right, so none is counted
twice

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 89 - Reveal 2

Count Attacking Pairs

What is the cost of this state?

Q

Q

Qs

Q.

Qs

Qs

Q,

Q;

Count Attacking Pairs
Slide 89 of 193 - Reveal 2

Count each pair once
Qy with Q2, Q3, Qs
Q3 with Q3, Q4. Qg, Qg

Instructor notes

Speaker notes

Count only pairs with the second queen to the right, so none is counted
twice

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 89 - Reveal 3 Instructor notes

. - Speaker notes
Count Attacking Pairs o | |
Count only pairs with the second queen to the right, so none is counted
What is the cost of this state? twice

Count each pair once

[Sources] - Original COMP3270 2024-25 local-search section; verified with

Q with Q2, Q3, Qs 3 ) . . .
" , the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
Qi Qs Qu, Qe Qs local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
Q3 with Qs, Q7 2 newchap04.pdf
Q,
Q Qs
Q: Qs Qs
Qs Q,
Count Attacking Pairs

Slide 89 of 193 - Reveal 3
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Slide 89 - Reveal 4 Instructor notes

. - Speaker notes
Count Attacking Pairs o | |
Count only pairs with the second queen to the right, so none is counted
What is the cost of this state? twice
Count each pair once
. [Sources] - Original COMP3270 2024-25 local-search section; verified with
Q with Q2, Q3, Qs 3 ) . . .
_ the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
Qi Qs Qu, Qe Qs 4 local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
Q3 with Qs, Q7 2 newchap04.pdf
. ! Q‘\\ Q4 with Qs, Qg, Q7 +3
Q Qs
Q: Qs Qs
Qs Q,
Count Attacking Pairs

Slide 89 of 193 - Reveal 4
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Slide 89 - Reveal 5 Instructor notes

. - Speaker notes
Count Attacking Pairs o | |
Count only pairs with the second queen to the right, so none is counted
What is the cost of this state? twice

Count each pair once

[Sources] - Original COMP3270 2024-25 local-search section; verified with

Q with Q2, Q3, Qs 3 ) . . .
" , the accompanying queens implementation - AIMA, Figures 4.11-4.12 and

Qi Qs Qu, Qe Qs local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
Q3 with Qs, Q7 2 newchap04.pdf

t 1 Q4 ) Q4 with Q51 Qﬁn Q'}" +3

Q, Qs Qs with Qg, Q7 +2
Q: Qs Qs
Qs Q,
Count Attacking Pairs

Slide 89 of 193 - Reveal 5
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Slide 89 - Reveal 6 Instructor notes

. . Speaker notes
Count Attacking Pairs o | |
Count only pairs with the second queen to the right, so none is counted
What is the cost of this state? twice
Count each pair once
O with O, Qs, Qs . [Sources] - Original COMP3270 2024-25 local-search section; verified with
" 1 , the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
Qi Qs Qu, Qe Qs local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
Q3 with Qs, Q7 2 newchap04.pdf
— @ | Qg with Qs, Qg, Q7 +3
Q, Qs Qs with Qg, Q7 +2
Q: Q Qs Qe with Q7, Qg 2
Qs Q,
Count Attacking Pairs

Slide 89 of 193 - Reveal 6
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Slide 89 - Reveal 7

Count Attacking Pairs

What is the cost of this state?

Q

Q

Qs

Q.

Qs

Qs

Q,

Q;

Count Attacking Pairs
Slide 89 of 193 - Reveal 7

Count each pair once
Qi with Qz, Q3, Qs

Q2 with Q3, Q4, Qg Qg
Q3 with Qs, Q7

Qg with Qs, Qg, Q7

Qs with Qg, Q7

Qp with Q7, Qg

Q7 with Qg

Instructor notes

Speaker notes

Count only pairs with the second queen to the right, so none is counted
twice

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and

local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf

g9
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Slide 89 - Reveal 8 Instructor notes

Count Attacking Pairs Speakernotes
Count only pairs with the second queen to the right, so none is counted
What is the cost of this state? twice
Count each pair once
O with O, Qs, Qs . [Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
Qi Qs Qu, Qe Qs 4 local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
Q3 with Qs, Q7 2 newchap04.pdf
S @ | Qs with Qs, Qg, Q7 +3
Q, Qs Qs with Qg, Q7 +2
Q. Q Qs Qg with Q7, Qg 2
Q Q, Q7 with Qg #1
3+4+2+3+242+1=17

g9

Count Attacking Pairs
Slide 89 of 193 - Reveal 8
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Slide 90 - Initial Instructor notes

. Speaker notes
Count the Neighbours
The current square does not count as a move; each move changes exactly
How many different one-queen moves are possible? one column

[Sources] - Original COMP3270 2024-25 local-search section; verified with

the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
Q,
Q Qs
Q: Qs Qs
Qs Q,
Count the Neighbours

Slide 90 of 193 - Initial
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Slide 90 - Reveal 1

Count the Neighbours

One queen

7 other rows

How many different one-queen moves are possible?
o

O
O
O Q

o |0 o
Q. Qs Qs
O & Q,
O

Count the Neighbours

Slide 90 of 193 - Reveal 1

Instructor notes

Speaker notes

The current square does not count as a move; each move changes exactly
one column

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 90 - Reveal 2

Count the Neighbours

One queen

7 other rows

Eight queens
8 x 7 =56 neighbours

How many different one-queen moves are possible?
o

O
O
O Q

o |0 o
Q. Qs Qs
O & Q,
O

Count the Neighbours

Slide 90 of 193 - Reveal 2

Instructor notes

Speaker notes

The current square does not count as a move; each move changes exactly
one column

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 91 - Initial Instructor notes

Evaluate the Neighbours Speaker notes

A square represents moving its column's queen there, keeping all other
What would the cost be after each move? queens fixed

Each number is the cost of the whole board
after moving that column’s queen

Q
Q Qs
Q. Qs Qs

Q, Q;

91

Evaluate the Neighbours
Slide 91 of 193 - Initial
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Slide 91 - Reveal 1

Evaluate the Neighbours

What would the cost be after each move?

12 Each number is the cost of the whole board
| ' after moving that column’s queen

Example: move Q5 to the top row

The resulting board costs 12

Q
Q Qs
Q. Qs Qs

Q, Q;

Evaluate the Neighbours
Slide 91 of 193 - Reveal 1

91

Instructor notes

Speaker notes
The 12 is the cost of the entire resulting board, not the moved queen alone
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Slide 91 - Reveal 2

Evaluate the Neighbours

What would the cost be after each move?

812 14 13 3] 12|14 14
14 | 16 | 13 | 15 | 12 14|12 16
14 | 1218 [ 13|15 12| 14| 14
15 14|14 Q, 1316 |13 | 16
| Q ‘ 14| 17 | 15 ' Q| 14 | 16 16
17| Q,| 16 | 18 | 15| Q, | 15 | Q
18 | 14| Q [ 15|15 14| Q,| 16
14| 14|13 1712 14|12 18

Evaluate the Neighbours
Slide 91 of 193 - Reveal 2

Each number is the cost of the whole board
after moving that column’s queen

Example: move Q5 to the top row

The resulting board costs 12

The current board costs 17

Lowest of all 56 costs: 12

Several moves tie; choose one at random

91

Speaker notes

Evaluate every possible move. Red entries tie for the lowest cost

Instructor notes
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Slide 92 - Initial Instructor notes

Speaker notes

Improve the Current State

Cost = attacking pairs - Lower 1s better

Keep one current board. Its cost counts attacking pairs; lower is better

Current state

Cost: 17

Improve the Current State
Slide 92 of 193 - Initial
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Slide 92 - Reveal 1 Instructor notes

Speaker notes
Improve the Current State P _ |
These are three example neighbours, not all possible moves. Each changes

Cost = attacking pairs - Lower 1s better the highlighted queen's row
Current state Compare neighbouring states ghlig 9

Three of the 56 neighbours; each moves the highlighted queen

Cost: 17

Improve the Current State
Slide 92 of 193 - Reveal 1
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Slide 92 - Reveal 2

Improve the Current State

Cost = attacking pairs - Lower 1s better

Current state Compare neighbouring states

Three of the 56 neighbours; each moves the highlighted queen

¥
‘ﬂ.
W W W W
W v . w‘? w ¥ ?W W v wﬂ' W
W W W W W W W W
W W w
Cost: 16 Cost: 12 Cost: 14
Cost: 17 Choose this state

Improve the Current State
Slide 92 of 193 - Reveal 2

Speaker notes

This example chooses the lowest-cost neighbour shown

Instructor notes
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Slide 92 - Reveal 3 Instructor notes

Speaker notes
Improve the Current State °
Replace the current state. The old board does not become a stored path or

Cost = attacking pairs - Lower 1s better search tree
Current state

Cost: 12

Replace the current state, then repeat

Improve the Current State
Slide 92 of 193 - Reveal 3
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Slide 92 - Reveal 4

Improve the Current State

Cost = attacking pairs - Lower 1s better
Current state

Cost: 12
Replace the current state, then repeat

Very little memory - Often finds good solutions in large spaces

Improve the Current State
Slide 92 of 193 - Reveal 4

Instructor notes

Speaker notes

Local search can use very little memory and find good solutions in large
spaces, without guaranteeing the best solution
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Slide 93 - Initial

Hill Climbing: One Attempt

Steepest descent for a cost we want to minimise

1. Start with a random state
2. If cost = 0, return the solution

3. Find the lowest-cost neighbour

Break ties at random
4. If its cost = current cost, stop this attempt

5. Otherwise replace the current state; return to step 2

Accept only strictly lower costs

Hill Climbing: One Attempt
Slide 93 of 193 - Initial

Instructor notes

Speaker notes

This is one hill-climbing attempt. Equal cost does not improve the state, so
this version stops; restarts come later

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 94 - Initial Instructor notes

Speaker notes

Computed state (4, 5, 0, 6, 3, 0, 7, 1); cost trace [5, 3, 2]. The minimum over
all 56 neighbours is 2. A plateau also stops this strict version

When Improvement Stops

E Q Current cost: 2 [Sources] - Original COMP3270 2024-25 local-search section; verified with
ﬁ the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
y newchap04.pdf

Yu

W
W

When Improvement Stops
Slide 94 of 193 - Initial

350 /(734



Slide 94 - Reveal 1 Instructor notes

Speaker notes

Computed state (4, 5, 0, 6, 3, 0, 7, 1); cost trace [5, 3, 2]. The minimum over
all 56 neighbours is 2. A plateau also stops this strict version

When Improvement Stops

E Q Current cost: 2 [Sources] - Original COMP3270 2024-25 local-search section; verified with
ﬁ the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
Lowest neighbour cost: 2 local-search discussion: https://aima.cs.berkeley.edu/4th-ed/pdfs/
y newchap04.pdf

Yu

W
W

When Improvement Stops
Slide 94 of 193 - Reveal 1
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Slide 94 - Reveal 2

When Improvement Stops

W—W

Current cost: 2

W

Lowest neighbour cost: 2

E No strictly better move

% Stop, but not solved

g’ An equal-cost move would be a sideways move

W

When Improvement Stops
Slide 94 of 193 - Reveal 2

Instructor notes

Speaker notes

Computed state (4, 5, 0, 6, 3, 0, 7, 1); cost trace [5, 3, 2]. The minimum over
all 56 neighbours is 2. A plateau also stops this strict version

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 95 - Initial

B main.py 3 queens.py

[= - IEE NI = T ¥, [ - P I (N

Frnn queens import experiment, format_mean as fmt

trials, seed = 1080, 1 # Change these and run again

result = experiment(trials, seed)

print{f"{trials} independent attempts; seed {seed}")
print{f"Solved: {result['success_rate']:.1%}")

print("Mean moves if solwved:", fmt{result["mean_success_moves"])})
print("Mean moves if stopped:", fmt{result[“mean_stopped_moves"]))

Download: comp3270.dic hkiesght_queens_hil_cimbing py

Try the Experiment
Slide 95 of 193 - Initial

Instructor notes

Speaker notes

Run 1,000 attempts first. Open queens.py to inspect the algorithm. The next
slide reports a larger recorded experiment, not this small live sample

[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and
local-search discussion: https:/faima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 96 - Initial

Does the Experiment Match?

Five seeds x 10,000 independent attempts

Solved Mean moves 1if solved Mean moves if stopped

14.07% 4.08 3.06

7,035 solutions in 50,000 attempts

Success across the five seeds: 13.23%—-14.42%

One strict attempt, without sideways moves - Accepted moves only

Does the Experiment Match?
Slide 96 of 193 - Initial

Instructor notes

Speaker notes

Uniform random rows, one queen per column; random tie breaking. Moves
count accepted changes, not candidate evaluations. Textbook figures are
rounded benchmarks, not guaranteed success rates

Recorded runs: local_search/experiments.json
[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and

local-search discussion: https:ffaima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 96 - Reveal 1

Does the Experiment Match?

Five seeds x 10,000 independent attempts

Solved Mean moves 1if solved Mean moves if stopped

14.07% 4.08 3.06

7,035 solutions in 50,000 attempts
Success across the five seeds: 13.23%—14.42%
Close to AIMA’s approximate 14% success and 4 / 3 moves

One strict attempt, without sideways moves - Accepted moves only

Does the Experiment Match?
Slide 96 of 193 - Reveal 1

Instructor notes

Speaker notes

Uniform random rows, one queen per column; random tie breaking. Moves
count accepted changes, not candidate evaluations. Textbook figures are
rounded benchmarks, not guaranteed success rates

Recorded runs: local_search/experiments.json
[Sources] - Original COMP3270 2024-25 local-search section; verified with
the accompanying queens implementation - AIMA, Figures 4.11-4.12 and

local-search discussion: https:ffaima.cs.berkeley.edu/4th-ed/pdfs/
newchap04.pdf
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Slide 97 - Initial Instructor notes

Try a New Starting State Speaker notes

These are final boards from three separate attempts, not successive moves.
Random restart: begin each attempt from a fresh random board The first stops at cost 1

Attempt 1

Stopped: cost |

Repeat until solved, or a chosen attempt limit is reached

The 14% success rate describes one attempt 7

Try a New Starting State
Slide 97 of 193 - Initial
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Slide 97 - Reveal 1

Try a New Starting State

Random restart: begin each attempt from a fresh random board

Attempt 1 Attempt 2
W W
- W
W -
W W
W -
W W
W -
W W

Stopped: cost | Stopped: cost 3

Repeat until solved, or a chosen attempt limit is reached

The 14% success rate describes one attempt

Try a New Starting State
Slide 97 of 193 - Reveal 1

Speaker notes

A fresh random start also stops, now at cost 3

Instructor notes
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Slide 97 - Reveal 2 Instructor notes

Try a New Stﬂl’tillg State Speaker notes

The third fresh start reaches cost zero. Three attempts means two additional

Random restart: begin each attempt from a fresh random board restarts; this example is not a guarantee
Attempt 1 Attempt 2 Attempt 3
W W W
- W W
W - W
W W -
W - W
W W W
W - W
W W W

Stopped: cost | Stopped: cost 3 Solved: cost 0

Repeat until solved, or a chosen attempt limit is reached

The 14% success rate describes one attempt 7

Try a New Starting State
Slide 97 of 193 - Reveal 2
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Slide 98 - Initial Instructor notes

Task Preparation Speaker notes
Open Ed through Moodle before starting the tasks.

Log in to Moodle — Click Ed

Task Preparation
Slide 98 of 193 - Initial
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Slide 99 - Initial Instructor notes

T&Sk: BFS-GSA Speaker notes

Students submit Task 1 on Ed. Use the lecture's graph-search conventions,
including DFS stack order and whole-path priority ties.

Start at S, goal G

Frontier: Add alphabetically
%/ G ) 1.Exploration Order

2. Solution path

Uppercase strings, no spaces
Example: SAG

@P?

@ Submit on Ed

Task: BFS-GSA
Slide 99 of 193 - Initial
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Slide 99 - Reveal 1

Solution: BFS-GSA

Explored
4 1 7 ! . SABCDEFJH
2 e 5 E ) Solution

SAEG

Task: BFS-GSA
Slide 99 of 193 . Reveal 1

Instructor notes

Speaker notes

Reveal the explored order and path after submissions. The fewest-edge
path need not have the lowest cost.
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Slide 100 - Initial Instructor notes

T&Sk: DFS-TSA Speaker notes

Students submit Task 2 on Ed. Use tree search. Retain repeated states if
encountered:; push children alphabetically. This example reaches G after six

explored states.
Start at S, goal G

Frontier: Add alphabetically
%/ G ) 1.Exploration Order

2. Solution path

Uppercase strings, no spaces
Example: SAG

@P?

@ Submit on Ed

10

Task: DFS-TSA
Slide 100 of 193 - Initial
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Slide 100 - Reveal 1 Instructor notes

Solution: DFS-TSA Speaker notes

Reveal the explored order and path after submissions. DFS explores the last

alphabetically pushed child first; J is a dead end.

Explored
SCJFIH

Solution
SCFIHG

10

Task: DFS-TSA
Slide 100 of 193 - Reveal 1
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Slide 101 - Initial Instructor notes

Task: UCS-GSA Speaker notes

Students submit Task 3 on Ed. Use the lecture's graph-search conventions,
including DFS stack order and whole-path priority ties.

Start at S, goal G

Frontier: Add alphabetically
%/ G ) 1.Exploration Order

2. Solution path

Uppercase strings, no spaces
Example: SAG

@P?

@ Submit on Ed

L1

Task: UCS-GSA
Slide 101 of 193 - Initial
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Slide 101 - Reveal 1

Solution: UCS-GSA

4
/ka : 6 Explored

4 : 7 ! SBADECFJHI

Solution
SBEHG

7 6
Cost: 14
z : ( )w;:
1

Task: UCS-GSA
Slide 101 of 193 - Reveal 1

L1

Speaker notes

Instructor notes

Reveal the explored order and path after submissions. A cheaper route to A

is discovered through B.
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Slide 102 - Initial

Task: A*-GSA

QC

Submit on Ed

Task: A*-GSA
Slide 102 of 193 - Initial

Start at S, goal G
Frontier: Add alphabetically

1. Exploration Order
2. Solution path
3. Admissible?

4. Consistent?

Uppercase strings, no spaces
Example: SAG

Speaker notes

Instructor notes

Students submit Task 4 on Ed. Use the lecture's graph-search conventions,

including DFS stack order and whole-path priority ties.
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Slide 102 - Reveal 1 Instructor notes

Solution: A*-GSA Speaker notes
Reveal the explored order and path after submissions. A is explored at cost
4 before B. The improved route to A at cost 3 is skipped because this GSA
@ never reopens explored states. It still finds the optimum here, but
Explored: SABEH admissibility alone does not guarantee that.
Solution: SBEHG
Cost: 14 Admissible at every state; h*(B)=12. Consistency failsonBto Aand BtoE. J

is a dead end with infinite true remaining cost.
Admissible: Yes

h(n) < h'(n)

Consistent: No

BoA:1<12-10
BoE 5<12—6

Task: A*-GSA
Slide 102 of 193 - Reveal 1
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Slide 103 - Initial

Task: Local Search

A B C D E

I Q Q

5 Q, Qs

One queen per column - Move within its column

Task: Local Search
Slide 103 of 193 - Initial

Minimise attacking pairs
No sideways moves

1. Sequence of moves

2. What 1s the cost after the last move?

Uppercase cells, separated by one space
Example: B4 E2

Submit on Ed

13

Speaker notes

Students submit the target-cell sequence and final cost.

Instructor notes
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Slide 103 - Reveal 1 Instructor notes

Solution: Local Search Speaker notes
A4 D2. Final cost 1: Q3 and Qb still attack. No strictly improving move

A B C D E remains.

1 Q. 1. A4 D2
2 Q. 2.1

3

4 Q

5 Q; Qs

One queen per column - Move within its column

Task: Local Search
Slide 103 of 193 - Reveal 1
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Slide 104 - Initial

Instructor notes

Speaker notes

Now keep the structure inside each state: variables, domains and
constraints.

[Sources] - Recovered COMP3270 2024-25 source slide 94:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Constraint Satisfaction Problems

Constraint Satisfaction Problems
Slide 104 of 193 - Initial
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Slide 105 - Initial Instructor notes

Constraint Satisfaction Problems Speaker notes

Contrast this with treating a state as a single opaque object.

A factored state records a value for each variable
[Sources] - Recovered COMP3270 2024-25 source slide 95:

A solution assigns every variable a value that satisfies all constraints 01_search.pptx. - Canonical visual layer: 01_search.pdf.

Use constraints to rule out combinations before exploring them

Lis]

Constraint Satisfaction Problems
Slide 105 of 193 - Initial
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Slide 106 - Initial

Defining CSPs

Variables
X=1{X;,... X}

Domains
D; contains the allowed values of Xj

Constraints
Allowable combinations of values

A state 1s a partial or complete assignment
{XI - UI' XJ - UJ’ ...}

Defining CSPs
Slide 106 of 193 - Initial

Li]

Speaker notes

A domain lists possibilities. An assignment chooses a value.

[Sources] - Recovered COMP3270 2024-25 source slide 96:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 107 - Initial Instructor notes

Solutions to CSPs Speaker notes

A partial assignment can be consistent without being a solution.

Consistent: no constraint is violated )
[Sources] - Recovered COMP3270 2024-25 source slide 97:

Complete: every variable has a value 01_search.pptx. - Canonical visual layer: 01_search.pdf.

A solution is both consistent and complete

Solutions to CSPs
Slide 107 of 193 - Initial
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Slide 108 - Initial Instructor notes

Australia: Map Colouring Speaker notes
Ask which pairs of regions share a border. Tasmania has no neighbours.

Variables —— N\

X = {WA,NT, Q,NSW, V, SA, T} ST SN [Sources] - Recovered COMP3270 2024-25 source slide 98:

~ MNaorthern ) \"\. _ H - -

Domains - || Teritory I e 01_search.pptx. - Canonical visual layer: 01_search.pdf.

D; = {red, green, blue} Australia m_f—“‘ﬁ
Constraints l N\ “:.nlll

Neighbours have different colours et N victorn \ /

P
Tasmania \ |

L]

Australia: Map Colouring
Slide 108 of 193 - Initial
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Slide 108 - Reveal 1 Instructor notes

Australia: Map Colouring Speaker notes

Ask which pairs of regions share a border. Tasmania has no neighbours.
Variables

X ={WA,NT, Q,NSW, V,SA, T} [Sources] - Recovered COMP3270 2024-25 source slide 98:

Domains 01_search.pptx. - Canonical visual layer: 01_search.pdf.

D; = {red, green, blue}

Constraints
Neighbours have different colours

L]

Australia: Map Colouring
Slide 108 of 193 - Reveal 1
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Instructor notes

Slide 109 - Initial
Constraint Graph Speaker notes
Edges encode constraints, not routes to travel along.
Nodes represent variables
_ [Sources] - Recovered COMP3270 2024-25 source slide 99:
Edges represent constraints 01_search.pptx. - Canonical visual layer: 01_search.pdf.

Tasmania is independent
of the mainland variables

1w

Constraint Graph It can be helpful to visualize a CSP as a constraint graph Nodes
cpsrespondde varjables Arcs show existence of constraints 99 Q NSW V NT WA
SA

376 (734



Slide 109 - Reveal 1

Constraint Graph

Nodes represent variables —
Edges represent constraints

Tasmania is independent

of the mainland variables WA | ) p
| "\\‘ A \\____ __//
| _i-_‘.-n. [ - —
s N \—/
il N |" SN
| South \ ( )
e \_ .V

1w

Constraint Graph It can be helpful to visualize a CSP as a constraint graph Nodes
cpsrespondde variables Arcs show existence of constraints 99 Q NSW V NT WA
SA

Speaker notes

Edges encode constraints, not routes to travel along.

[Sources] - Recovered COMP3270 2024-25 source slide 99:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 110 - Initial

Solving CSPs

State

The values assigned so far
Initial State

Empty assignment {}

Successor
Assign a value to an unassigned variable

Goal Test
Complete and consistent

Solving CSPs
Slide 110 of 193 - Initial

110

Speaker notes

Instructor notes

This first formulation permits different variable orders. The next trees show

the cost.

[Sources] - Recovered COMP3270 2024-25 source slide 100:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 111 - Initial Instructor notes

Breadth-First Search Speaker notes
i All complete assignments have the same depth. Breadth-first search spends
d:nj%% time on partial assignments.

o

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Breadth-First Search
Slide 111 of 193 - Initial
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Slide 111 - Reveal 1 Instructor notes

Breadth-First Search Speaker notes
; All complete assignments have the same depth. Breadth-first search spends
(19%’% time on partial assignments.

- — [Sources] - Recovered COMP3270 2024-25 source slide 101:
‘_j_.f\\ 01_search.pptx. - Canonical visual layer: 01_search.pdf.
==

Breadth-First Search
Slide 111 of 193 - Reveal 1
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Slide 111 - Reveal 2

Breadth-First Search

Breadth-First Search
Slide 111 of 193 - Reveal 2

Speaker notes

Instructor notes

All complete assignments have the same depth. Breadth-first search spends

time on partial assignments.

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 111 - Reveal 3 Instructor notes

Breadth-First Search Speaker notes
All complete assignments have the same depth. Breadth-first search spends
d@% time on partial assignments.
= ""”fﬁi_jﬁ:ﬁ?f:‘_:-_-:_—:_—_j_—_;_—_____________ [Sources] - Recovered COMP3270 2024-25 source slide 101:
vy ~ ! 2 _ . . .
. o 2 _ . AN Al 01_search.pptx. - Canonical visual layer: 01_search.pdf.
e & dﬁu YGRS (e N

Breadth-First Search
Slide 111 of 193 - Reveal 3
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Slide 111 - Reveal 4

Breadth-First Search
A SN
5
) T
& & By By . B Ep
[

Breadth-First Search
Slide 111 of 193 - Reveal 4

Instructor notes

Speaker notes

All complete assignments have the same depth. Breadth-first search spends
time on partial assignments.

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 111 - Reveal 5

Breadth-First Search
A SN
5
) T
& & By By . B Ep
[

Breadth-First Search
Slide 111 of 193 - Reveal 5

Instructor notes

Speaker notes

All complete assignments have the same depth. Breadth-first search spends
time on partial assignments.

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 111 - Reveal 6

Breadth-First Search
48
B
— _ﬁ:ﬁ\?ttﬁ:::::?::————————_ﬁ_
oy cmdx cﬁrix oy My d%% B
a’"?“"?f" — ,»jj/’f \

O N SN e e e dﬂtf: B

-4 L = v -

Breadth-First Search
Slide 111 of 193 - Reveal 6

Instructor notes

Speaker notes

All complete assignments have the same depth. Breadth-first search spends
time on partial assignments.

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 111 - Reveal 7

Breadth-First Search
B
,_::——f-ff \\:—_ —_—
& & ‘m My M % REES
f;%i% — _— fﬁﬂ\

o e e a:;g €5 © 6 €8

- -

All solutions are at depth 7 ‘

Breadth-First Search
Slide 111 of 193 - Reveal 7

Instructor notes

Speaker notes

All complete assignments have the same depth. Breadth-first search spends
time on partial assignments.

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 111 - Reveal 8

Breadth-First Search
B
,_::——f-ff \\:—_ —_—
& & ‘m My M % REES
f;%i% — _— fﬁﬂ\

o e e a:;g €5 © 6 €8

- -

All solutions are at depth 7 ‘ Try DFS ‘

Breadth-First Search
Slide 111 of 193 - Reveal 8

Instructor notes

Speaker notes

All complete assignments have the same depth. Breadth-first search spends
time on partial assignments.

[Sources] - Recovered COMP3270 2024-25 source slide 101:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 112 - Initial Instructor notes

DF S Speaker notes

An early conflicting assignment should be rejected immediately.

-
&

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

DFS
Slide 112 of 193 - Initial
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Slide 112 - Reveal 1

DFS
Slide 112 of 193 - Reveal 1

DFS

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 2 Instructor notes

DF S Speaker notes

An early conflicting assignment should be rejected immediately.

T =]
5 _— _ s/ [Sources] - Recovered COMP3270 2024-25 source slide 102:
B ‘L_{rgy 01_search.pptx. - Canonical visual layer: 01_search.pdf.

@
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DFS
Slide 112 of 193 - Reveal 2
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Slide 112 - Reveal 3

DFS

o

112

DFS
Slide 112 of 193 - Reveal 3

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 4

DFS

ey,
R -3 -

DFS
Slide 112 of 193 - Reveal 4

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 5

DFS

ey,
R -3 -

DFS
Slide 112 of 193 - Reveal 5

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 6

DFS

DFS
Slide 112 of 193 - Reveal 6

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 112 - Reveal 7

DFS

DFS
Slide 112 of 193 - Reveal 7

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 8

DFS
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DFS
Slide 112 of 193 - Reveal 8

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 9
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112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Instructor notes
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Slide 112 - Reveal 10

DFS
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DFS
Slide 112 of 193 - Reveal 10

112

Speaker notes

An early conflicting assignment should be rejected immediately.

[Sources] - Recovered COMP3270 2024-25 source slide 102:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 113 - Initial Instructor notes

Speaker notes

Backtracking Search

Variable assignments commute. Fix one variable at each level and reject

Choose one unassigned variable at each level conflicts immediately.

Branch over its legal values
[Sources] - Recovered COMP3270 2024-25 source slide 103:

Try only values consistent with earlier assignments 01_search.pptx. - Canonical visual layer: 01_search.pdf.

If no legal value remains, backtrack

Depth-first search with these two ideas is backtracking search

113

Backtracking Search
Slide 113 of 193 - Initial
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Slide 114 - Initial Instructor notes

Backtracking Speaker notes

Fix the variable order, then reject illegal values immediately. Keep only legal
GQE‘& children. Continue the legal branch.
=]

Backtracking 104 D = {red, green, blue} X = {WA, NT, Q, NSW, V,SA, T}...
Slide 114 of 193 - Initial
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Slide 114 - Reveal 1 Instructor notes

Backtracking Speaker notes
Fix the variable order, then reject illegal values immediately. Keep only legal
G%[& children. Continue the legal branch.
A anN BN

114

Backtracking 104 D = {red, green, blue} X = {WA, NT, Q, NSW, V,SA, T}...
Slide 114 of 193 - Reveal 1
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Slide 114 - Reveal 2 Instructor notes

Backtracking Speaker notes
Fix the variable order, then reject illegal values immediately. Keep only legal
@%@& children. Continue the legal branch.
O &N oA
0. ol
@<

114

Backtracking 104 D = {red, green, blue} X = {WA, NT, Q, NSW, V,SA, T}...
Slide 114 of 193 - Reveal 2
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Slide 114 - Reveal 3 Instructor notes

Backtracking Speaker notes
Fix the variable order, then reject illegal values immediately. Keep only legal
@%@& children. Continue the legal branch.
O &N oA

¢ &

VRN

Backtracking 104 D = {red, green, blue} X = {WA, NT, Q, NSW, V,SA, T}...
Slide 114 of 193 - Reveal 3

114
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Slide 115 - Initial Instructor notes

Backtracking Speaker notes

Follow NSW, WA, NT, Q, SA, V, T; try red, green, blue. Each click shows a
candidate, including rejected colours.
Variables: {NSW, WA, NT,Q,SA, V, T} P

Colors: {red, green, blue} NT ) | Q ,
o Y . -//f:" I,__‘ -’,."
P - //hhh_w,

| WA | \— Ve

A - _,.va——_______{l S A ll I"—’—/—_—‘{: NSW/}
A S~

(1) (v )

‘\‘\ -//'

115

Backtracking
Slide 115 of 193 - Initial
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Slide 115 - Reveal 1 Instructor notes

Backtracking Speaker notes

Assign NSW red.

Variables: {NSW, WA, NT, Q,SA, V, T} —

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 1
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Slide 115 - Reveal 2 Instructor notes

Backtracking Speaker notes

WA may also be red: WA and NSW are not neighbours.

Variables: {NSW, WA, NT, Q,SA, V, T} .

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 2

406 [ 734



Slide 115 - Reveal 3 Instructor notes

Backtracking Speaker notes

Reject NT red: it conflicts with WA.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 3
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Slide 115 - Reveal 4 Instructor notes

Backtfacking Speaker notes

Assign NT green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 4
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Slide 115 - Reveal 5 Instructor notes

Backtfacking Speaker notes

Reject Q red: it conflicts with NSW.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 5
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Slide 115 - Reveal 6 Instructor notes

Backtfacking Speaker notes

Reject Q green: it conflicts with NT.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 6
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Slide 115 - Reveal 7 Instructor notes

Backtracking Speaker notes

Assign Q blue.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 7
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Slide 115 - Reveal 8 Instructor notes

Backtracking Speaker notes

Reject SA red: it conflicts with NSW and WA.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 8
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Slide 115 - Reveal 9 Instructor notes

Backtfacking Speaker notes

Reject SA green: it conflicts with NT.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 9

413 [ 734



Slide 115 - Reveal 10 Instructor notes

Backtracking Speaker notes

Reject SA blue: it conflicts with Q. No SA value works; backtrack.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 10
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Slide 115 - Reveal 11 Instructor notes

Backtracking Speaker notes

Restore Q and SA to unassigned. Try NT blue.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 11
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Slide 115 - Reveal 12 Instructor notes

Backtracking Speaker notes

Reject Q red: it conflicts with NSW.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 12

416 [ 734



Slide 115 - Reveal 13 Instructor notes

Backtracking Speaker notes

Assign Q green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 13
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Slide 115 - Reveal 14 Instructor notes

Backtracking Speaker notes

Reject SA red: it conflicts with NSW and WA.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 14
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Slide 115 - Reveal 15 Instructor notes

Backtfacking Speaker notes

Reject SA green: it conflicts with Q.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 15
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Slide 115 - Reveal 16 Instructor notes

Backtracking Speaker notes

Reject SA blue: it conflicts with NT. Backtrack to Q.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 16
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Slide 115 - Reveal 17 Instructor notes

Backtrackjng Speaker notes

Reject Q blue: it conflicts with NT. Q has no further value; backtrack to WA.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 17
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Slide 115 - Reveal 18 Instructor notes

Backtfacking Speaker notes

Restore NT and Q to unassigned. Try WA green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 18
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Slide 115 - Reveal 19 Instructor notes

Backtfacking Speaker notes

Assign NT red.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 19
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Slide 115 - Reveal 20 Instructor notes

Backtfacking Speaker notes

Reject Q red: it conflicts with NSW and NT.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 20
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Slide 115 - Reveal 21 Instructor notes

Backtfacking Speaker notes

Assign Q green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 21
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Slide 115 - Reveal 22 Instructor notes

Backtfacking Speaker notes

Reject SA red: it conflicts with NSW and NT.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 22
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Slide 115 - Reveal 23 Instructor notes

Backtr acking Speaker notes

Reject SA green: it conflicts with WA and Q.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 23
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Slide 115 - Reveal 24 Instructor notes

Backtfacking Speaker notes

Assign SA blue.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 24
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Slide 115 - Reveal 25 Instructor notes

Backtfacking Speaker notes

Reject V red: it conflicts with NSW.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 25
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Slide 115 - Reveal 26 Instructor notes

Backtfacking Speaker notes

Assign V green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 26
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Slide 115 - Reveal 27 Instructor notes

Backtfacking Speaker notes

Assign T red. The complete assignment satisfies every constraint.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

115

Backtracking
Slide 115 of 193 - Reveal 27
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Slide 116 - Initial

Backtracking Search

Choose a variable — Try a consistent value — Recurse — Undo

3 main.py

1- Hef solve(domains, neighbours, assignment=None):

2 if assignment is None: assignment = {}

3 if len(assignment) == len(domains): return assignment.copy()
4 x = next(x for x in domains if x not in assignment)

5- for colour in domains[x]:

6- if all(assignment.get(y) != colour for y in neighbours[x]):
7 assignment[x] = colour

8 result = solve(domains, neighbours, assignment)

g9 if result is not None: return result

10 del assignment [x]

11 return None

12- neighbours = {

13 "WA': {('NT', 'SA'), 'NT': ('WA', 'SA', '0'),

14 "SA': ('WA', 'NT', 'Q", 'NSW', 'V'),

15 "Q': ('NT', 'SA', 'NSW'), 'NSW': ('SA', '0Q', 'V'),

16 "W'r o ('SA', 'NSW'), 'T': ()}

17 order = ('NSW', 'WA', °'NT', 'Q', 'SA', V', 'T")
18 domains = {x: ['red', 'green', 'blue'] for x in order}

Dowrlcad: esp_backiracking. py

Backtracking Search
Slide 116 of 193 - Initial

116

Speaker notes

Instructor notes

Run the three-colour map. A failed branch removes its assignment before

trying the next colour. Two colours produce no solution.

[Sources] - Adapted from recovered COMP3270 source slide 106; runnable

Australia map-colouring example
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Slide 117 - Initial

Instructor notes

Improving Backtracking Speaker notes
Predict a failure before committing to the remaining variables.
Can we detect inevitable failure earlier? )
[Sources] - Recovered COMP3270 2024-25 source slide 107:

Forward checking: remove conflicting values from neighbours 01_search.pptx. - Canonical visual layer: 01_search.pdf.

Constraint propagation: repeat these deductions with AC-3

Improving Backtracking
Slide 117 of 193 - Initial
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Slide 118 - Initial

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours .

[Sources] - Recovered COMP3270 2024-25 source slide 108:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

WA NT Q NSW v SA T

1%

Forward Checking
Slide 118 of 193 - Initial
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Slide 118 - Reveal 1

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours .

[Sources] - Recovered COMP3270 2024-25 source slide 108:
‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.

WA NT Q NSW v SA T

1%

Forward Checking
Slide 118 of 193 - Reveal 1
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Slide 118 - Reveal 2

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours .

[Sources] - Recovered COMP3270 2024-25 source slide 108:
‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.

WA NT Q NSW v SA T

1%

Forward Checking
Slide 118 of 193 - Reveal 2
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Slide 118 - Reveal 3

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours .

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q CoNsw | v osa T
EEE EEN EEEEEEEEE EEE EER
|| ) |

1%

Forward Checking
Slide 118 of 193 - Reveal 3
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Slide 118 - Reveal 4

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours .

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q CoNsw | v osa T
EEE EEN EEEEEEEEE EEE EER
|| AN 0N

1%

Forward Checking
Slide 118 of 193 - Reveal 4
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Slide 118 - Reveal 5

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours o

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q CoNsw | v osa T
EEE EEN EEEEEEEEE EEE EER
|| AN ETEETE

1%

Forward Checking
Slide 118 of 193 - Reveal 5
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Slide 118 - Reveal 6

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours o

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q CoNsw | v osa T
EEE EEN EEEEEEEEE EEE EER
|| AN ETEETEEOE

1%

Forward Checking
Slide 118 of 193 - Reveal 6
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Slide 118 - Reveal 7

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours o

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ e 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q CoNsw | v osa T
EEE EEN EEEEEEEEE EEE EER
|| A ETEETEETOE Om

1%

Forward Checking
Slide 118 of 193 - Reveal 7
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Slide 118 - Reveal 8

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours o

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ =3\ 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q CoNsw v osa |

EEE EEN EEEEEEEEE EEE EER

[l A ENEETEETE O“EEfE

1%

Forward Checking
Slide 118 of 193 - Reveal 8
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Slide 118 - Reveal 9

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours s =

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ KV ‘ * 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q@ | wNsw | v | sa | T
EEE BN EEEEENEEE HEE EEE
O AN EOEETEETE T“EEfOE

1%

Forward Checking
Slide 118 of 193 - Reveal 9
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Slide 118 - Reveal 10

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours s =

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ KV ‘ * 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WA NT Q@ | wNsw | v | sa | T
EEE BN EEEEENEEE HEE EEE
U IN EEEEEEEEE 0N EEE
O HE & B ENEE N EEN

1%

Forward Checking
Slide 118 of 193 - Reveal 10
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Slide 118 - Reveal 11

Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours s =

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ A ‘ * ‘ * 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WiE E

WA NT Q NSW v SA T

1%

Forward Checking
Slide 118 of 193 - Reveal 11
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Slide 118 - Reveal 12 Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours s =

[Sources] - Recovered COMP3270 2024-25 source slide 108:

‘ A ‘ * ‘ * 01_search.pptx. - Canonical visual layer: 01_search.pdf.
WiE E

WA NT Q - NSW - A% - SA - T
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O E B E m 11
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Forward Checking
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Slide 118 - Reveal 13 Instructor notes

Forward Checking Speaker notes

Remove values only from neighbours of the newly assigned variable. An
After each assignment, remove conflicting values |7 empty domain means failure.
from the domains of unassigned neighbours s =

[Sources] - Recovered COMP3270 2024-25 source slide 108:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Forward Checking
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Instructor notes

Slide 119 - Initial

Speaker notes

Backtracking with Forward Checking
Follow the fixed variable and colour order. Chips show domains of

unassigned variables only.

- . .
Variables: {NSW, WA, NT, Q,SA, V, T} N _——-__‘_7 — B
Colors: {red, green, blue} \7 NT :l | Q ‘\I.
\ ,"’ \
—— M __// A ’
- AR -
f \
W WA | =
B — [
.\.\“ ",-'
. 1- _-!\
m . = A
m T ) A
\ /
. \._____// T .
119

Backtracking with Forward Checking
Slide 119 of 193 - Initial
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Slide 119 - Reveal 1

Backtracking with Forward Checking

n
Variables: {NSW, WA, NT, Q,SA, V, T} m o
. ."’J _\_\I-'_"'---_?/' ""\\
Colors: {red, green, blue} -. NT ) |
o k~H_ _//; \ )
. '// b 1) Y —
f .\|
W WA
w1 s
I. ,1_J,\\
. -~ o ™, . / - )
m T v
\ )
[ | \‘\‘ v

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 1

119

Speaker notes

Assign NSW red; remove red from Q, SA and V.

Instructor notes
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Slide 119 - Reveal 2 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign WA red; remove red from NT.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 2

450 (734



Slide 119 - Reveal 3 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign NT green. Q and SA now each have only blue.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 3
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Slide 119 - Reveal 4 Instructor notes

Backtracking with Forward Checking Speaker notes

Try Q blue. SA loses its last value, so this branch fails.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 4
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Slide 119 - Reveal 5 Instructor notes

Backtracking with Forward Checking Speaker notes

Restore the failed branch. Try NT blue; Q and SA now each have only green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

. Vs ,

Il. -\I
W T | LV
. \\ S

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 5
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Slide 119 - Reveal 6 Instructor notes

Backtracking with Forward Checking Speaker notes

Try Q green. SA loses its last value, so backtrack again.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 6
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Slide 119 - Reveal 7 Instructor notes

Backtracking with Forward Checking Speaker notes

Restore domains and unassign NT and Q. Try WA green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 7
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Slide 119 - Reveal 8 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign NT red. Q still has green or blue; SA has only blue.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 8
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Slide 119 - Reveal 9 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign Q green. SA remains blue.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 9
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Slide 119 - Reveal 10 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign SA blue; V is now forced to green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 10
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Slide 119 - Reveal 11 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign V green.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 11
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Slide 119 - Reveal 12 Instructor notes

Backtracking with Forward Checking Speaker notes

Assign T red. All constraints are satisfied.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

119

Backtracking with Forward Checking
Slide 119 of 193 - Reveal 12
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Slide 120 - Initial

When Forward Checking Misses Failure

After each assignment, remove conflicting values
from the domains of unassigned neighbours

WA NT Q NSW v SA T
HENE EfE EEFEENEENE ENE EfE
O SN EEfEETEETE e EfE
O H © B EETEm HEEOE

When Forward Checking Misses Failure
Slide 120 of 193 - Initial

120

Speaker notes

Instructor notes

NT and SA both have only blue left. Their domains are nonempty, but their

mutual constraint cannot be satisfied.

[Sources] - Recovered COMP3270 2024-25 source slide 110:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 120 - Reveal 1

When Forward Checking Misses Failure

After each assignment, remove conflicting values
from the domains of unassigned neighbours

‘ ‘ * Doomed to

fail

WA NT Q NSW v SA T
HENE EfE EEFEENEENE ENE EfE
O SN EEfEETEETE e EfE
O H © B EETEm HEEOE

When Forward Checking Misses Failure
Slide 120 of 193 - Reveal 1

120

Speaker notes

Instructor notes

NT and SA both have only blue left. Their domains are nonempty, but their

mutual constraint cannot be satisfied.

[Sources] - Recovered COMP3270 2024-25 source slide 110:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 120 - Reveal 2

Instructor notes

When Forward Checking Misses Failure Speaker notes

NT and SA both have only blue left. Their domains are nonempty, but their
After each assignment, remove conflicting values mutual constraint cannot be satisfied.
from the domains of unassigned neighbours
[Sources] - Recovered COMP3270 2024-25 source slide 110:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

‘ ‘ * Doomed to Can we detect

fail this earlier?
WA NT Q NSW vV SA T
HENE ENE ECOEETEEfE EfE e
L AN ETEECTEERETE TR EfE
| H B EH EECE HECR

120

When Forward Checking Misses Failure
Slide 120 of 193 - Reveal 2
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Slide 121 - Initial Instructor notes

COIlSlStency ()f an Arc Speaker notes
For each tail value, find support in the head. Remove a tail value with no
Anarc X — ¥ is consistent if every x € Dy has a compatible y € Dy support. The reverse arc is a separate check.

Vx € Dy, 3y € Dy: Cxy(x,y)
NSW [ v - SA - T

WA NT Q
B EEEEEEEEEEEN NEN EEE

121

Consistency of an Arc An arc X — Y is consistent iff for every x in the tail there is
spme ¥, in the head which could be assigned without violating a constrain 1
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Slide 121 - Reveal 1 Instructor notes

COIlSlStency ()f an Arc Speaker notes
For each tail value, find support in the head. Remove a tail value with no
Anarc X — ¥ is consistent if every x € Dy has a compatible y € Dy support. The reverse arc is a separate check.

Vx € Dy, 3y € Dy: Cxy(x,y)

WA NT | Q NSW [ WV - SA [ T
H SEEEEENEEEEN EEN EEN

L

121

Consistency of an Arc An arc X — Y is consistent iff for every x in the tail there is
spme ¥, in the head which could be assigned without violating a constrain 1
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Slide 121 - Reveal 2 Instructor notes

COIlSlStency ()f an Arc Speaker notes
For each tail value, find support in the head. Remove a tail value with no
Anarc X — ¥ is consistent if every x € Dy has a compatible y € Dy support. The reverse arc is a separate check.

Vx € Dy, 3y € Dy: Cxy(x,y)

WA NT | Q [ NSW [ WV - SA [ T
IN BN NI NN NEN EEN

L

121

Consistency of an Arc An arc X — Y is consistent iff for every x in the tail there is
spme ¥, in the head which could be assigned without violating a constrain 1
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Slide 122 - Initial

Constraint Propagation
WA NT Q NSW v S5A T
O H § B EEE HECE

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Initial

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 1

Constraint Propagation
WA NT Q NSW v S5A T
O H & §H EECE HECE

N

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 1

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 2

Constraint Propagation
WA NT Q NSW v S5A T
O H § B EEE HECE

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 2

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 3

Constraint Propagation
WA NT Q NSW v S5A T
O H U B EEEE _ EEEE

N —

X = Y every value in Dy needs a compatible value in Dy

Constraint Propagation
Slide 122 of 193 - Reveal 3

122

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 4

Constraint Propagation
WA NT Q NSW v S5A T
O H § B EEE HECE

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 4

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 5

Constraint Propagation
WA NT Q NSW v S5A T
O HE B EEEE EEE

\/

X = Y every value in Dy needs a compatible value in Dy

Constraint Propagation
Slide 122 of 193 - Reveal 5

122

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 6

Constraint Propagation
WA NT Q NSW v S5A T
O H B . EEE EEE

\/

X = Y every value in Dy needs a compatible value in Dy

Constraint Propagation
Slide 122 of 193 - Reveal 6

122

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 7

Constraint Propagation
WA NT Q NSW v S5A T
O H &0 B ] HECE

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 7

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 8

Constraint Propagation
WA NT Q NSW v S5A T
O HE U B, EEE EEEE

7

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 8

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 9

Constraint Propagation
WA NT Q NSW v S5A T
O HE U B, ©E EEEE

7

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 9

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 10

Constraint Propagation
WA NT Q NSW v S5A T
O H &0 B ] HECE

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 10

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Constraint Propagation
WA NT Q NSW v S5A T
E _ = B = EE  EEEN

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 11

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 12

Constraint Propagation
WA NT Q NSW v S5A T
E _ = B = EE 2 EEE

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 12

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Constraint Propagation
WA NT Q NSW v S5A T
O H &0 B ] ]

X = Y every value in Dy needs a compatible value in Dy
122

Constraint Propagation
Slide 122 of 193 - Reveal 13

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 122 - Reveal 14

Constraint Propagation

When a domain shrinks, recheck arcs pointing into it
Repeat until no domain changes, or a domain is empty

WA NT NSW SA

Q v T
o H &0 B ] | L]

X = Y every value in Dy needs a compatible value in Dy

Constraint Propagation
Slide 122 of 193 - Reveal 14

122

Speaker notes

Instructor notes

When a domain shrinks, recheck arcs pointing into that variable. Repeat until

stable or a domain is empty.

[Sources] - Recovered COMP3270 2024-25 source slide 112:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 123 - Initial

Revise an arc — Revisit affected incoming arcs

3 main.py

1 [from collections import deque
2- def ac3(domains, neighbours):
3 if any(not values for values in domains.values()): return False
4 queue = dequel((x, y) for x in neighbours for y in neighbours([x])
5- while queue:
6 X, ¥ = queue.popleft()
7- if revise(domains, x, y):
8 if not domains[x]: return False
9

queue.extend((z, x) for z in neighbours[x] if z != y)
18 return True
11- def revise(domains, x, y):
12 kept = [a for a in domains[x]
13 if any(a != b for b in domains[y])]
14 changed = kept != domains [x]
15 domains [x] = kept
16 return changed
17- neighbours = {
18 "WA": ('NT', "SA'), 'NT': ('WA", 'SA', 'q'),
Downlcad: csp_acdpy 123
AC-3

Slide 123 of 193 - Initial

Speaker notes

Run the restricted WA and NT domains. When x shrinks, revisit (z,

z). True means no empty domain was found, not that a solution is
guaranteed.

Instructor notes

x), not (x,

[Sources] - Adapted from recovered COMP3270 source slide 113; runnable

Australia map-colouring example
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Slide 123 - Reveal 1

AC_3 Why exclude

the reverse arc?
Revise an arc — Revisit affected incoming arcs

3 main.py

1 [from collections import deque
2- def ac3(domains, neighbours):
3 if any(not values for values in domains.values()): return False
4 queue = dequel((x, y) for x in neighbours for y in neighbours([x])
5- while queue:
6 X, ¥ = queue.popleft()
7- if revise(domains, x, y):
8 if not domains[x]: return False
9

queue.extend((z, x) for z in neighbours[x] if z != y)
10 return True
11- def revise(domains, x, y):
12 kept = [a for a in domains[x]
13 if any(a != b for b in domains[y])]
14 changed = kept != domains [x]
15 domains [x] = kept
16 return changed
17- neighbours = {
18 "WA': ('NT', "SA'), 'NT': ('WA", 'SA', "Q'),
Download osp_acd oy
AC-3

Slide 123 of 193 - Reveal 1

123

Speaker notes

Run the restricted WA and NT domains. When x shrinks, revisit (z,

z). True means no empty domain was found, not that a solution is
guaranteed.

Instructor notes

x), not (x,

[Sources] - Adapted from recovered COMP3270 source slide 113; runnable

Australia map-colouring example
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Slide 124 - Initial

Why Exclude the Reverse Arc?

Why Exclude the Reverse Arc?
Slide 124 of 193 - Initial

Instructor notes

Speaker notes

A value removed from X had no support in X . It therefore could not support
a value of X j under the same binary constraint.

[Sources] - Recovered COMP3270 2024-25 source slide 114:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 124 - Reveal 1 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support
a value of X j under the same binary constraint.

[Sources] - Recovered COMP3270 2024-25 source slide 114:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 1
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Slide 124 - Reveal 2 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support
a value of X j under the same binary constraint.

[Sources] - Recovered COMP3270 2024-25 source slide 114:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Update the domain
UfX[

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 2
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Slide 124 - Reveal 3 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support
a value of X j under the same binary constraint.

X has four neighbours

including X 01_search.pptx. - Canonical visual layer: 01_search.pdf.

‘ [Sources] - Recovered COMP3270 2024-25 source slide 114:

Update the domain
UfX[

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 3
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Slide 124 - Reveal 4

Why Exclude the Reverse Arc?

Xy | Xy Xy

1) 2 3
X has four neighbours
including X;
X, b ¢
Update the domain
UfX[

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 4

Instructor notes

Speaker notes

A value removed from X had no support in X . It therefore could not support
a value of X j under the same binary constraint.

[Sources] - Recovered COMP3270 2024-25 source slide 114:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 124 - Reveal 5 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support

a value of X j under the same binary constraint.

/ X, / X, / X,

1 2 ) 3 )
" " " X, has four neighbours [Sources] - Recovered COMP3270 2024-25 source slide 114:
including X 01_search.pptx. - Canonical visual layer: 01_search.pdf.
= X,
X X;
Update the domain
of X;

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 5
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Slide 124 - Reveal 6 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support

a value of X j under the same binary constraint.

/ X, / X, / X,

1 2 ) 3 )
" " " X, has four neighbours [Sources] - Recovered COMP3270 2024-25 source slide 114:
including X 01_search.pptx. - Canonical visual layer: 01_search.pdf.
= X,
X X;
A e mm oo eee e S
Update the domain
of X; Why don’t I have to
add this one 7

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 6

490 [ 734



Slide 124 - Reveal 7 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support

a value of X j under the same binary constraint.

/ X, / X, / X,

1 2 ) 3 )
" " " X, has four neighbours [Sources] - Recovered COMP3270 2024-25 source slide 114:
including X 01_search.pptx. - Canonical visual layer: 01_search.pdf.
= X,
X X;
A e mm oo eee e S
Update the domain
of X; Why don’t I have to
add this one 7

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 7
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Slide 124 - Reveal 8 Instructor notes

Why Exclude the Reverse Arc? Speaker notes

A value removed from X had no support in X . It therefore could not support

a value of X j under the same binary constraint.

/ X, / X, / X,

1 2 ) 3 )
" " " X, has four neighbours [Sources] - Recovered COMP3270 2024-25 source slide 114:
including X 01_search.pptx. - Canonical visual layer: 01_search.pdf.
= X,
X X;
A e mm oo eee e S
Update the domain
of X; Why don’t I have to
add this one 7

Why Exclude the Reverse Arc?
Slide 124 of 193 - Reveal 8
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Slide 125 - Initial

Instructor notes

Backtrackjng with AC-3 Speaker notes

Use the same variable and colour order. Chips show AC-3 domains for

= unassigned variables; restore them on backtracking.

Variables: {NSW, WA, NT, Q,SA, V, T} m

L
/ ;\-_"""‘7 TN C]
) u

Colors: {red, green, blue} / NT .:' \
= I: \:' \ \

. l\ ,L________{ SA }——)"’"’4 NSW ’I

" = \ /

! l\‘
[ | \‘\‘ A . p .

— _ o

125

Backtracking with AC-3
Slide 125 of 193 - Initial

493 (734



Slide 125 - Reveal 1

Instructor notes

Backtracking with AC-3 Speaker notes
Assign NSW red. AC-3 removes red from its neighbours.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 1
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Slide 125 - Reveal 2 Instructor notes

Backtracking with AC-3 Speaker notes

Assign WA red. NT, Q and SA retain green or blue; arc consistency has not
detected the failure.
Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 2
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Slide 125 - Reveal 3 Instructor notes

Backtrackjng with AC-3 Speaker notes

Try NT green. Propagation empties a domain before Q is assigned;
backtrack.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 3
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Slide 125 - Reveal 4 Instructor notes

Backtracking with AC-3 Speaker notes

Restore domains and try NT blue. Propagation again empties a domain.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with AC-3
Slide 125 of 193 - Reveal 4
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Slide 125 - Reveal 5 Instructor notes

Backtrackjng with AC-3 Speaker notes

Restore domains, unassign NT and try WA green. AC-3 forces the remaining
= mainland colours.
Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 5
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Slide 125 - Reveal 6 Instructor notes

Backtrackjng with AC-3 Speaker notes

Assign the forced red value to NT.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 6
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Slide 125 - Reveal 7 Instructor notes

Backtrackjng with AC-3 Speaker notes

Assign the forced green value to Q.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 7
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Slide 125 - Reveal 8 Instructor notes

Backtrackjng with AC-3 Speaker notes

Assign the forced blue value to SA.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 8
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Slide 125 - Reveal 9 Instructor notes

Backtrackjng with AC-3 Speaker notes

Assign the forced green value to V.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 9
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Slide 125 - Reveal 10 Instructor notes

Backtrackjng with AC-3 Speaker notes

Assign T red. The complete assignment is consistent.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

125

Backtracking with AC-3
Slide 125 of 193 - Reveal 10
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Slide 126 - Initial

Instructor notes

Variable and Value Ordering Speaker notes

MRV chooses a variable, degree breaks ties, and LCV chooses a value.

[Sources] - Recovered COMP3270 2024-25 source slide 116:
01_search.pptx. - Canonical visual layer: 01_search.pdf.

Variable and Value Ordering
Slide 126 of 193 - Initial
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Slide 126 - Reveal 1

Instructor notes

Variable and Value Ordering Speaker notes
MRV chooses a variable, degree breaks ties, and LCV chooses a value.
Variable Ordering
Minimum Remaining Values (MRV) [Sources] - Recovered COMP3270 2024-25 source slide 116:
Choose the variable with the fewest legal values 01_search.pptx. - Canonical visual layer: 01_search.pdf.

Most constrained variable
Fail-first heuristic

Variable and Value Ordering
Slide 126 of 193 - Reveal 1
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Slide 126 - Reveal 2

Instructor notes

Variable and Value Ordering Speaker notes
MRV chooses a variable, degree breaks ties, and LCV chooses a value.
Variable Ordering
Minimum Remaining Values (MRV) [Sources] - Recovered COMP3270 2024-25 source slide 116:
Choose the variable with the fewest legal values 01_search.pptx. - Canonical visual layer: 01_search.pdf.

Most constrained variable
Fail-first heuristic

Break MRV Ties
Degree Heuristic
Most constraints on unassigned variables

Variable and Value Ordering
Slide 126 of 193 - Reveal 2
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Variable and Value Ordering

Variable Ordering
Minimum Remaining Values (MRV)

Choose the variable with the fewest legal values
Most constrained variable
Fail-first heuristic

Break MRV Ties
Degree Heuristic
Most constraints on unassigned variables
Value Ordering
Least Constraining Value (LCV)
Rules out the fewest values in unassigned neighbours

Variable and Value Ordering
Slide 126 of 193 - Reveal 3

Instructor notes

Speaker notes

MRV chooses a variable, degree breaks ties, and LCV chooses a value.

[Sources] - Recovered COMP3270 2024-25 source slide 116:
01_search.pptx. - Canonical visual layer: 01_search.pdf.
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Slide 127 - Initial

Variable Ordering (MRV)

Minimum Remaining Values
Choose the unassigned variable with the fewest legal values

Most constrained variable - Fail-first heuristic

o ¥lap

L i

. ...

Using Forward Checking

127

Variable Ordering (MRV) Minimum remaining values Choose the variable with the
fewestJegal left values in its domain Most constrained variable Fail-first heuris

Speaker notes

Instructor notes

Which unassigned variable has the fewest legal colours? After WA, NT and

SA tie on domain size. After NT, SA has only one legal colour.
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Slide 127 - Reveal 1

Variable Ordering (MRV)

Minimum Remaining Values
Choose the unassigned variable with the fewest legal values

Most constrained variable - Fail-first heuristic

Using Forward Checking

127

Variable Ordering (MRV) Minimum remaining values Choose the variable with the
fewestJegal left.yalues in its domain Most constrained variable Fail-first heuris

Speaker notes

Instructor notes

Which unassigned variable has the fewest legal colours? After WA, NT and

SA tie on domain size. After NT, SA has only one legal colour.
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Variable Ordering (MRV)

Minimum Remaining Values
Choose the unassigned variable with the fewest legal values

Most constrained variable - Fail-first heuristic

Using Forward Checking

Variable Ordering (MRV) Minimum remaining values Choose the variable with the
fewestJegal leftvalues in its domain Most constrained variable Fail-first heuris

Speaker notes

Instructor notes

Which unassigned variable has the fewest legal colours? After WA, NT and

SA tie on domain size. After NT, SA has only one legal colour.
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Variable Ordering (MRV)

Minimum Remaining Values
Choose the unassigned variable with the fewest legal values

Most constrained variable - Fail-first heuristic

Using Forward Checking

Variable Ordering (MRV) Minimum remaining values Choose the variable with the
fewestJegalleftvalues in its domain Most constrained variable Fail-first heuris

Speaker notes

Instructor notes

Which unassigned variable has the fewest legal colours? After WA, NT and

SA tie on domain size. After NT, SA has only one legal colour.

511 (734
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Variable Ordering (MRV + Deg) Speaker notes

Start with equal domains. Which variable constrains the most others? SA
Degree Heuristic has five unassigned neighbours.

Among MRV ties, choose the variable with the most
constraints on unassigned variables

123

Variable Ordering (MRV + Deg) Degree Heuristic (Deg) Choose the variable with
the most constraints on remaining variables 118 using forward checking D = {red,

5912 [ 734
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Variable Ordering (MRV + Deg)

Degree Heuristic

Among MRV ties, choose the variable with the most
constraints on unassigned variables

Tasmania | . .

using forward checking
128

Variable Ordering (MRV + Deg) Degree Heuristic (Deg) Choose the variable with
the most constraints an remaining variables 118 using forward checking D = {red,

Speaker notes

Instructor notes

Start with equal domains. Which variable constrains the most others? SA

has five unassigned neighbours.
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Slide 128 - Reveal 2

Variable Ordering (MRV + Deg) Speaker notes
Start with equal domains. Which variable constrains the most others? SA

Degree Heuristic has five unassigned neighbours.

Among MRV ties, choose the variable with the most
constraints on unassigned variables

% e
o _.ui:sﬁ\_.-':
..- _—

L P |_"
Fasmana \..

using forward checking
128

Variable Ordering (MRV + Deg) Degree Heuristic (Deg) Choose the variable with
the most constraints on remaining variables 118 using forward checking D = {red,
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Slide 129 - Initial Instructor notes

Value Ol‘der]ng (LCV) Speaker notes

Choose Q next. Which colour leaves more options? Compare the domains
Least Constraining Value left by each value. Choose the colour that removes fewer neighbour values.

Try the value that removes the fewest options
from unassigned neighbours

Assign Q) Next
Which Colour First?

Value Ordering (LCV) Choose the value that rules out the fewest values in the
remajping \fggiamﬁglLeast constraining value (LCV) 119 Suppose we have decided
to

515 /734



Slide 129 - Reveal 1 Instructor notes

Value Order]ng (LCV) Speaker notes

Choose Q next. Which colour leaves more options? Compare the domains
Least Constraining Value left by each value. Choose the colour that removes fewer neighbour values.

Try the value that removes the fewest options
from unassigned neighbours

Assign Q) Next
Which Colour First?

129

Value Ordering (LCV) Choose the value that rules out the fewest values in the
remajning variables Least constraining value (LCV) 119 Suppose we have decided
to

016 [ 734
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Instructor notes

Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV Choose with MRV, then remaining degree, then the listed tie order. LCV

- chooses the colour; colour ties use red, green, blue.
Variables: {NSW, WA, NT,Q,SA, V, T} m o
Colors: {red, green, blue} \7 NT I | Q )

O .
L -
| |
Nz
EEN

|

—

<
EEE

Backtracking with All Heuristics
Slide 130 of 193 - Initial
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Instructor notes

Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV SA has degree 5. All colours tie under LCV, so choose red.
Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 1
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Instructor notes

Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV NSW wins the remaining degree tie. Green and blue tie under LCV. Choose

green; AC-3 forces the other mainland domains.
Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 2
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Instructor notes

Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV NT has two unassigned neighbours, WA and Q. MRV and degree therefore

select NT next.
Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 3
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Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV WA, Q and V are singleton domains with degree zero. The listed order
selects WA.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 4
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Slide 130 - Reveal 5

Backtracking with All Heuristics

AC-3 - MRV - Degree - LCV

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 5

Speaker notes

Q is next in the remaining singleton tie.

Instructor notes

522 (734
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Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV Assign the forced blue value to V.

Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 6
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Backtracking with All Heuristics Speaker notes

AC-3 - MRV - Degree - LCV T has no constraints. All colours tie, so choose red. The assignment is
complete and consistent.
Variables: {NSW, WA, NT,Q,SA, V, T}

Colors: {red, green, blue}

Backtracking with All Heuristics
Slide 130 of 193 - Reveal 7
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Speaker notes

So far, the environment did not choose actions against us. Now another
player gets a turn.

Adversarial Search

Adversarial Search
Slide 131 of 193 - Initial
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Slide 132 - Initial Instructor notes

Other Agents Choose Their Own Moves Speaker notes

Another agent chooses its own response to our move.
Our next state depends on our move and their response

Other Agents Choose Their Own Moves
Slide 132 of 193 - Initial
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Slide 132 - Reveal 1 Instructor notes

Other Agents Choose Their Own Moves Speaker notes

In chess, consider the opponent’s reply before choosing a move.
Our next state depends on our move and their response

B
mu E | |

ol N N
[ -. 7
i & [ Wi
O =t mo) =

Other Agents Choose Their Own Moves
Slide 132 of 193 - Reveal 1
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Other Agents Choose Their Own Moves

Our next state depends on our move and their response

HoE N W X
!HE"E;E 2
O EEsTED 0

llll‘l&l
i N X0
l.l l1

T

Other Agents Choose Their Own Moves
Slide 132 of 193 - Reveal 2

Speaker notes

Instructor notes

Tic-tac-toe has the same alternating-turn structure on a smaller board.
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Other Agents Choose Their Own Moves

Our next state depends on our move and their response

Elal & aE
Yy N
O l.l*
N l.

| =8 )
[ L
ARA iy
|} Bo =

Chance: Later

Other Agents Choose Their Own Moves

Slide 132 of 193 - Reveal 3

X

0]

Speaker notes

Backgammon adds chance. We will handle that later.

Instructor notes
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Other Agents Choose Their Own Moves

Our next state depends on our move and their response

llll‘ltl
i N X0
I.l I't
H NN N
AE

o . X
!HE"E;E 2
OTESETD - 0

" S

L |

Chance: Later

Other Agents Choose Their Own Moves
Slide 132 of 193 - Reveal 4

Speaker notes

Instructor notes

The agents’ goals can conflict: they are competing for the same outcome.
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Other Agents Choose Their Own Moves Speaker notes
For now, focus on deterministic, fully observable games with two players
Our next state depends on our move and their response taking turns.
o x| o
lﬁc a X
”ﬂh.t.!nln -1 0

Al

Chance Latcr

——— ———

Here: Two Players - Alternating Turns - Deterministic - Fully Observable

Other Agents Choose Their Own Moves
Slide 132 of 193 - Reveal 5
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Other Agents Choose Their Own Moves Speaker notes
In a zero-sum game, what helps MAX hurts MIN. Other multi-agent
Our next state depends on our move and their response problems need not be zero-sum.
o x| o
lﬁc a X
”ﬂh.t.!nln -1 0

Al

Chance Latcr

——— ———

Here: Two Players - Alternating Turns - Deterministic - Fully Observable

Zero-Sum: What Helps MAX Hurts MIN

Other Agents Choose Their Own Moves
Slide 132 of 193 - Reveal 6
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Deﬁnmg a Game Speaker notes

Compare with our search-problem definition. The player to move belongs to
the state. Utility is a terminal payoff, not a path cost.

State s; Initial State sq Board configuration and player to move
Player(s) Whose turn 1s it?

Actions(s); Result(s, a) Legal moves; state after a move
TerminalTest(s) Has the game ended?

Utility(s, p) Final payoff for player p

Defining a Game
Slide 133 of 193 - Initial
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Deﬁnmg a Game Speaker notes

A strategy tells us what to do for each opponent response; a single path

does not.
State s; Initial State sq Board configuration and player to move
Player(s) Whose turn 1s it?
Actions(s); Result(s, a) Legal moves; state after a move
TerminalTest(s) Has the game ended?
Utility(s, p) Final payoff for player p

Game Tree: Nodes Are States; Edges Are Moves

Defining a Game
Slide 133 of 193 - Reveal 1
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Instructor notes

Slide 134 - Initial

Speaker notes

Tic-Tac-Toe ) _
Game Tree The empty board is the root. X moves first.

Players

Xis MAX
0 1s MIN

Utility for X
Win: +1

Draw: 0
Loss: -1

Tic-Tac-Toe Game Tree
Slide 134 of 193 - Initial
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Instructor notes

Slide 134 - Reveal 1

. Speaker notes

Tic-Tac-Toe _ _ _ _

Game Tree Reveal X's nine possible opening moves. The diagram follows only the left
branch after this level.

Players

Xis MAX
0 1s MIN

Utility for X
Win: +1

Draw: 0
Loss: -1

Tic-Tac-Toe Game Tree
Slide 134 of 193 - Reveal 1
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Instructor notes

Slide 134 - Reveal 2

Speaker notes

Tic-Tac-Toe _
Game Tree O chooses a reply, so this level belongs to MIN.

Players
X is MAX

O is MIN X0 X 1] X
1]

Utility for X
Win: +1
Draw: 0
Loss: -1

Tic-Tac-Toe Game Tree
Slide 134 of 193 - Reveal 2
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Instructor notes

Slide 134 - Reveal 3

. Speaker notes
Tic-Tac-Toe
Game Tree X moves again. Each level includes the player whose turn comes next.
X X X
X X X
X X X
Players
X is MAX
0 i.S Mm X|0 X 1) X
(1)

Utility for X
Win: +1 Hamhhﬂhxhh"“nm
Draw: U X|OlX X|O X0

X X
Loss: —1

Tic-Tac-Toe Game Tree
Slide 134 of 193 - Reveal 3
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. Speaker notes
Tic-Tac-Toe . . e .
Game Tree The final row shows three possible terminal situations. Read every utility
from X's perspective: loss, draw and win.
X X X = < x
X X X
Players
X is MAX
0 i.S Mm X|0 X 1) X
(1)

Utility for X
Win: +1 \
Draw: U X|OlX X|O X0

X X
Loss: -1
State Includes XTo ko %
the Player to o BN KRS
Move -1 0 +1

Tic-Tac-Toe Game Tree
Slide 134 of 193 - Reveal 4
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Thillk Ab()llt Thelr Reply Speaker notes

If | move here, what can the opponent do? Then what can | do? The
recursion alternates players.

Think About Their Reply
Slide 135 of 193 - Initial
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Back Up Values from the Leaves Speaker notes

Start at the terminal utilities. Every number scores the outcome for MAX.

All Values
MAX A Score MAX
MIN \ ; N/

o

Back Up Values from the Leaves
Slide 136 of 193 - Initial
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Back Up Values from the Leaves
MAX /\ Seone MAX
min(3, 12} =3 v

MIN

UTILITY

Back Up Values from the Leaves
Slide 136 of 193 - Reveal 1

Speaker notes
The left MIN node chooses the smaller child: min(3, 12) = 3.

Instructor notes
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Back Up Values from the Leaves

All Values
MAX A Score MAX
MIMN min(3, 12} =3 min(2, 4) =2
UTILITY

Back Up Values from the Leaves
Slide 136 of 193 - Reveal 2

Speaker notes

The right MIN node also chooses the smaller child: min(2, 4) = 2.

Instructor notes
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Slide 136 - Reveal 3 Instructor notes

Back Up Values ﬁ‘om thc LCﬁV@S Speaker notes
MAX compares the two backed-up values. Since 3 is larger than 2, MAX

chooses the left action.

All Values

MAX Score MAX

max(3,2)=73

MIN

min(2, 4) =2

UTILITY

MAX Chooses Left: 3 Is Larger Than 2

Back Up Values from the Leaves
Slide 136 of 193 - Reveal 3
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Minimax Follows the Tree Recursively Speaker notes

The function mirrors the game tree. Each call evaluates one state.

def minimax(tree, maximizing=True):

Minimax Follows the Tree Recursively
Slide 137 of 193 - Initial
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Minimax Follows the Tree Recursively Speaker notes

A leaf has no children, so the base case returns its utility immediately.

def minimax(tree, maximizing=True):

if not isinstance(tree, list): return tree

Base Case
A leaf returns its utility

Minimax Follows the Tree Recursively
Slide 137 of 193 - Reveal 1
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Minimax Follows the Tree Recursively Speaker notes
For an internal state, recurse on every child. Passing not maximizing
alternates MAX and MIN at each level.

def minimax(tree, maximizing=True):

if not isinstance(tree, list): return tree

values = [minimax(child, not maximizing) for child in treel

Base Case Recursive Step
A leaf returns its utility Visit every child and switch the
player

Minimax Follows the Tree Recursively
Slide 137 of 193 - Reveal 2
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Minimax Follows the Tree Recursively

def minimax(tree, maximizing=True):
if not isinstance(tree, list): return tree
values = [minimax(child, not maximizing) for child in treel

return max{values) if maximizing else min(values)

Base Case Recursive Step Back Up
A leaf returns its utility Visit every child and switch the MAX returns max; MIN returns min
player

One Recursive Call per State in the Game Tree

Minimax Follows the Tree Recursively
Slide 137 of 193 - Reveal 3

Speaker notes

Instructor notes

After the child calls return, back up their values with max at a MAX node or

min at a MIN node.

048 (734



Slide 138 - Initial

Run Minimax on a Deeper Tree

@ main.py

Hef minimax(tree, maximizing=True):
if not isinstance(tree, list): return tree
values = [minimax(child, not maximizing) for child in tree]
return max(values) if maximizing else min{values)
def node(*children): return list(children)
left = node(node(3, 5), node(6, 9))
middle = node(node(l, 2}, node(@d, -1))
right = node(node(7, 4}, node(5, 8))
tree = node(left, middle, right)
18 wvalues = [minimax(child, False} for child in tree]
11 best = max(range(len(tree)), key=lambda i: values[i])
12 print("Child values:", wvalues, "Root value:", minimax(tree))
13 print("Best move:", ["Left", "Middle", "Right"] [best])

W00~ s b =2

Downlcad: minmax.py

Run Minimax on a Deeper Tree
Slide 138 of 193 - Initial

Instructor notes

Speaker notes

The node helper makes the nested structure read like the diagram: each call
creates one internal tree node.

The tree has three decision levels: the root is MAX, its children are MIN, and
their children are MAX before the utilities.

The three root-child values are 5, 0 and 7. The root value is 7, so MAX
chooses Right.

The function returns a value. The final lines recover the corresponding root
action; ties choose the first branch.
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Minimax Practice Speaker notes

Work from the bottom level upward. All scores still belong to MAX.
MIN Moves First: What Is the Root Value? Which Move?

. A
- A A A
L . W

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Initial
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Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. A
- A A A
T . W

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 1

Speaker notes

Left pair: MIN chooses 1 from 3 and 1.

Instructor notes
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Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. A
“ AN A A
T Y o

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 2

Speaker notes
Next pair: MIN chooses 5 from 8 and 5.

Instructor notes
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Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. A
- A A A
TN Y o

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 3

Speaker notes
Left MAX chooses 5 from 1 and 5.

Instructor notes
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Minimax Practice Speaker notes

Middle-left pair: MIN chooses 1 from 1 and 9.
MIN Moves First: What Is the Root Value? Which Move?

. A
- A A A
"N Y o

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 4
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Minimax Practice Speaker notes

Middle-right pair: MIN chooses O from 0 and 1.
MIN Moves First: What Is the Root Value? Which Move?

. A
- A A A
"N Y o

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 5
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Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. A
- A A A
S S Ty

e (3] [1] (] 3] (5 3] (3] [ 51 [0 5] 5]

Minimax Practice
Slide 139 of 193 - Reveal 6

Speaker notes
Middle MAX chooses 1 from 1 and 0.

Instructor notes
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Minimax Practice Speaker notes

Right-left pair: MIN chooses 1 from 3 and 1.
MIN Moves First: What Is the Root Value? Which Move?

. A
“ A A A
P N W

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 7
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Minimax Practice Speaker notes

Right-right pair: MIN chooses 3 from 8 and 3.
MIN Moves First: What Is the Root Value? Which Move?

. A
“ A A A
"N Y

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 8
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Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. A
“ A A A
T S T N

e (3] [1] (] 3] (5 3] (3] [ 51 [0 5] 5]

Minimax Practice
Slide 139 of 193 - Reveal 9

Speaker notes
Right MAX chooses 3 from 1 and 3.

Instructor notes

859 (734



Slide 139 - Reveal 10

Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. A
“ A A A
TN Y S

e (3] (1] B 3] 0 31 (3] [0 51 [0 5] (5]

Minimax Practice
Slide 139 of 193 - Reveal 10

Speaker notes

Root MIN compares 5, 1 and 3 and chooses 1.

Instructor notes
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Minimax Practice

MIN Moves First: What Is the Root Value? Which Move?

. v
“ A A A
R W

e (3] [1] (] 3] (5 3] (3] [ 51 [0 5] 5]

Value 1 - MIN Chooses the Middle Branch

Minimax Practice
Slide 139 of 193 - Reveal 11

Speaker notes

MIN chooses the middle branch, with value 1.

Instructor notes
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Task: Minimax Speaker notes

Do not assume how ties are broken. A guaranteed left choice needs a

TASK .
strictly larger value.

Find the Values of x That Make Left Strictly Better

MAX i ‘: Use x on the left

No spaces

- v v Example: x<3
we /N /\ /\ AN
UTILITY El El El

Submit on Ed

140

Task: Minimax
Slide 140 of 193 - Initial
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Slide 140 - Reveal 1 Instructor notes

Solution: Minimax Speaker notes
The right branch is min(12, 8) = 8. Express the left branch in terms of x.

Find the Values of x That Make Left Strictly Better
s A
7 %
A /N AN AN
orury [« ] (] El

Left = min{max(x, —8), 11) - Right =8

140

Task: Minimax
Slide 140 of 193 - Reveal 1
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Solution: Minimax
Find the Values of x That Make Left Strictly Better
- A
V4 V4
VAN /N /N AN
vrrry | x | ]

Left = min{max(x, —8), 11) - Right =8

x > 8: Left Wins - x = 8: Tie

Task: Minimax
Slide 140 of 193 - Reveal 2

140

Speaker notes

Instructor notes

Left is strictly better exactly when x exceeds 8. At equality, either action is

minimax-optimal.
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What Does Minimax Guarantee? Speaker notes

The original slide’s "No” was misleading. In a finite game with exact terminal
utilities, minimax does give an optimal strategy.

An Optimal Strategy Against Optimal Opposition

o @

What Does Minimax Guarantee?
Slide 141 of 193 - Initial
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What Does Minimax Guarantee?

An Optimal Strategy Against Optimal Opposition

o @

It Maximizes the Worst-Case Payoff

What Does Minimax Guarantee?
Slide 141 of 193 - Reveal 1

Speaker notes

Instructor notes

Against any legal opponent play, following the strategy guarantees at least

the minimax value.
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What Does Minimax Guarantee?

An Optimal Strategy Against Optimal Opposition

o @

It Maximizes the Worst-Case Payoff

It Does Not Predict Every Opponent’s Actual Move

What Does Minimax Guarantee?
Slide 141 of 193 - Reveal 2

Speaker notes

Instructor notes

An opponent can make mistakes. Exploiting a particular opponent requires

assumptions beyond worst-case play.
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What If MIN Makes Mistakes? Speaker notes

Which branch is safe, and which branch offers a chance of a much higher

score?
Max A
& 7 4

UTILITY 10 10 9 100

What If MIN Makes Mistakes?
Slide 142 of 193 - Initial
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Slide 142 - Reveal 1 Instructor notes

What If MIN Makes Mistakes? Speaker notes

MIN can hold the left branch to 10.
i AN

UTILITY 10 10 9 100

What If MIN Makes Mistakes?
Slide 142 of 193 - Reveal 1
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What If MIN Makes Mistakes? Speaker notes

MIN can hold the right branch to 9.
i AN

UTILITY 10 10 9 100

What If MIN Makes Mistakes?
Slide 142 of 193 - Reveal 2

570 /(734



Slide 142 - Reveal 3 Instructor notes

What If MIN Makes Mistakes? Speaker notes

MAX takes the guarantee of 10.
i

UTILITY 10 10 9 100

What If MIN Makes Mistakes?
Slide 142 of 193 - Reveal 3
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What If MIN Makes Mistakes? Speaker notes

Minimax protects against the worst reply; it does not maximize the payoff
against every imperfect opponent.
MAX m g y imp PP

UTILITY 10 10 9 100

Left Guarantees 10 - Right Guarantees 9

What If MIN Makes Mistakes?
Slide 142 of 193 - Reveal 4
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Slide 142 - Reveal 5

MAX

MIN

UTILITY

What If MIN Makes Mistakes?
Slide 142 of 193 - Reveal 5

What If MIN Makes Mistakes?

10

Left Guarantees 10 - Right Guarantees 9

If MIN Chooses Randomly: Right Averages 54.5

100

Speaker notes

Instructor notes

The average 54.5 assumes the two right replies are equally likely. Without an

opponent model, that average is not justified.
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Mmlmax Properties Speaker notes

A move and its reply are two separate levels. Minimax explores the full tree.

Finite Game Tree - Branching Factor b - Maximum Depth m

Search All Replies, Depth First

Minimax Properties
Slide 143 of 193 - Initial
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Mmlmax Properties Speaker notes

Finite matters: cycles or unbounded play need additional handling.

Finite Game Tree - Branching Factor b - Maximum Depth m

Complete? Yes, for a finite game tree

Search All Replies, Depth First

Minimax Properties
Slide 143 of 193 - Reveal 1
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Minimax Properties

Finite Game Tree - Branching Factor b - Maximum Depth m

Complete? Yes, for a finite game tree

Optimal? Yes, against optimal opposition

Search All Replies, Depth First

Minimax Properties
Slide 143 of 193 - Reveal 2

143

Speaker notes

Exact utilities and the stated game assumptions are essential.

Instructor notes
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Slide 143 - Reveal 3
Minimax Properties

Finite Game Tree - Branching Factor b - Maximum Depth m

Complete? Yes, for a finite game tree
Optimal? Yes, against optimal opposition
Time o™

Search All Replies, Depth First

Minimax Properties
Slide 143 of 193 - Reveal 3

143

Instructor notes

Speaker notes

Every branch is considered, so the number of nodes is exponential in depth.
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Slide 143 - Reveal 4 Instructor notes

Minimax Properties Speaker notes
With successor lists along a DFS path, space is O(bm). This excludes
storage of the given tree; lazy generation can reduce traversal overhead.

Finite Game Tree - Branching Factor b - Maximum Depth m

Complete? Yes, for a finite game tree

Optimal? Yes, against optimal opposition

Time o™

Space O(bm), with DFS and stored successor lists

Search All Replies, Depth First

Minimax Properties
Slide 143 of 193 - Reveal 4
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Slide 144 - Initial Instructor notes

Full Search Is Too Large Speaker notes

These are rough branching and depth assumptions, not an exact count of
legal chess games. The scale is the point.

Illustrative Chess Estimate
b=35 - m=100

35100 = 7 6 x 10134

144

Full Search Is Too Large
Slide 144 of 193 - Initial
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Slide 144 - Reveal 1 Instructor notes

Full Search Is Too Large Speaker notes

We need to make a decision before reaching all terminal states.

Illustrative Chess Estimate
b=35 - m=100
35100 =2 6 x 10

We Cannot Search to Every Terminal
Position

144

Full Search Is Too Large
Slide 144 of 193 - Reveal 1
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Slide 145 - Initial Instructor notes

Resource Limits Speaker notes
We cannot see the whole tree. How can we compare the positions at the
edge of our search?

145

Resource Limits
Slide 145 of 193 - Initial
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Slide 146 - Initial Instructor notes

StOp at a Depth Limat Speaker notes

Depth Limit £ = 2 - MAX and MIN Still Alternate This is depth-limited minimax, not ordinary single-agent DFS. A depth level
counts one move by one player.
i /N

EVAL ? ? ? ?

146

Stop at a Depth Limit
Slide 146 of 193 - Initial
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Slide 146 - Reveal 1 Instructor notes

StOp at a Depth Limat Speaker notes
Depth Limit £ = 2 - MAX and MIN Still Alternate Check terminal states first. Only non-terminal cutoff states use an evaluation
function.

EVAL ? ? ? ?

Terminal: Exact Utility - Cutoff: Estimate the Position

146

Stop at a Depth Limit
Slide 146 of 193 - Reveal 1
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Slide 146 - Reveal 2 Instructor notes

StOp at a Depth Limat Speaker notes

Depth Limit £ = 2 - MAX and MIN Still Alternate Finite branching .and a finite cutoff make the search terminate, but it nged
not reach a terminal outcome. The DFS bounds use stored successor lists.
i /N

EVAL ? ? ? ?

Terminal: Exact Utility - Cutoff: Estimate the Position

Time: O(b%) - Space: O(bL)

146

Stop at a Depth Limit
Slide 146 of 193 - Reveal 2
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Slide 147 - Initial Instructor notes

Back Up the Cutoff Estimates Speaker notes

The four numbers are evaluation estimates, not known terminal outcomes.
s JA

EVAL -1 -2 4 9

Back Up the Cutoff Estimates
Slide 147 of 193 - Initial
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Slide 147 - Reveal 1 Instructor notes

Back Up the Cutoff Estimates Speaker notes

Left MIN returns -2.
i AN

EVAL -1 -2 4 9

Back Up the Cutoff Estimates
Slide 147 of 193 - Reveal 1
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Slide 147 - Reveal 2 Instructor notes

Back Up the Cutoff Estimates Speaker notes

Right MIN returns 4.
ax AN

EVAL -1 -2 4 9

Back Up the Cutoff Estimates
Slide 147 of 193 - Reveal 2
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Slide 147 - Reveal 3 Instructor notes

Back Up the Cutoff Estimates Speaker notes

MAX returns 4.
ax /N

EVAL -1 -2 4 9

Back Up the Cutoff Estimates
Slide 147 of 193 - Reveal 3
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Slide 147 - Reveal 4 Instructor notes

Back Up the Cutoff Estimates Speaker notes

Choose right according to these estimates.
i /N

EVAL -1 -2 4 9

Estimated Root Value: 4 - Choose Right

Back Up the Cutoff Estimates
Slide 147 of 193 - Reveal 4
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Slide 147 - Reveal 5 Instructor notes

Back Up the Cutoff Estimates Speaker notes

Approximate leaf evaluations remove the full minimax optimality guarantee.
i /N

EVAL -1 -2 4 9

Estimated Root Value: 4 - Choose Right

The Guarantee Depends on the Estimates

Back Up the Cutoff Estimates
Slide 147 of 193 - Reveal 5
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Slide 148 - Initial Instructor notes

Evaluate a Non-Terminal Position Speaker notes
Use the same score perspective at every depth. The estimate is not
necessarily a probability or expected value.

Eval(s): Estimate the Position’s Value
for MAX

Ideal: The True Minimax Value

143

Evaluate a Non-Terminal Position
Slide 148 of 193 - Initial
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Slide 148 - Reveal 1 Instructor notes

Evaluate a Non-Terminal Position Speaker notes
An evaluation function must balance quality against the search time it
consumes.

Eval(s): Estimate the Position’s Value
for MAX

Ideal: The True Minimax Value

Useful: Fast Enough to Evaluate Many
Positions

143

Evaluate a Non-Terminal Position
Slide 148 of 193 - Reveal 1
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Slide 148 - Reveal 2 Instructor notes

Evaluate a Non-Terminal Position Speaker notes

A poor estimate can make deeper search choose the wrong move.

Eval(s): Estimate the Position’s Value
for MAX

Ideal: The True Minimax Value

Useful: Fast Enough to Evaluate Many
Positions

A Larger Number Should Mean a Better
Position for MAX

143

Evaluate a Non-Terminal Position
Slide 148 of 193 - Reveal 2
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Slide 149 - Initial

Task: Evaluation Functions

LEFT POSITION RIGHT POSITION

: ' t '
12 3 456 7 8 1 2 3

N

5 6 7 8

Which Functions Prefer the Left

Position? f = distance to food
osition?

g = distance to ghost

Task: Evaluation Functions
Slide 149 of 193 - Initial

Instructor notes

Speaker notes

Use the marked corridor coordinates. Which evaluation functions prefer the
left position?

094 (734



Slide 149 - Reveal 1

Task: Evaluation Functions

LEFT POSITION RIGHT POSITION

: ' t '
12 3 456 7 8 1 2 3

N

5 6 7 8

Which Functions Prefer the Left

Position? f = distance to food
osition?

g = distance to ghost
1
Al }

Task: Evaluation Functions
Slide 149 of 193 - Reveal 1

Instructor notes

Speaker notes

Choice A rewards proximity to food. Since 1/2 is larger than 1/3, A prefers
right.
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Slide 149 - Reveal 2

Task: Evaluation Functions

LEFT POSITION RIGHT POSITION

: ' t '
12 3 456 7 8 1 2 3

N

5 6 7 8

Which Functions Prefer the Left

Position? f = distance to food
osition?

g = distance to ghost

A1 B
-7 . g

Task: Evaluation Functions
Slide 149 of 193 - Reveal 2

Instructor notes

Speaker notes

Choice B rewards distance from the ghost. Since 7 is larger than 3, B prefers
left.
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Slide 149 - Reveal 3

Task: Evaluation Functions

LEFT POSITION

4 ¢ t
1 2 3 456 7 8

Which Functions Prefer the Left

Position?

A1 B
-7 . g

Task: Evaluation Functions
Slide 149 of 193 - Reveal 3

RIGHT POSITION

£
1 2 3 456 7 8

f = distance to food - g = distance to ghost

1
C. + -
ET%

Speaker notes

Instructor notes

Choice C combines both features: left is 7 + 1/3, while right is 3 +1/2, so C

prefers left.
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Slide 149 - Reveal 4

Task: Evaluation Functions

LEFT POSITION

4 ¢ t
1 2 3 456 7 8

Which Functions Prefer the Left

Position?

A1 B
-7 . g

Task: Evaluation Functions
Slide 149 of 193 - Reveal 4

RIGHT POSITION

£
1 2 3 456 7 8

f = distance to food - g = distance to ghost
1 1000
C. g+ } D. g+ —

Speaker notes

Instructor notes

Choice D weights food distance heavily: left is 7 + 1000/3, while right is 3 +

1000/2, so D prefers right.
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Slide 149 - Reveal 5

Solution: Evaluation Functions

LEFT POSITION RIGHT POSITION

' : ; N
1 2 3 4 5 6 7 8 1 2 3 45 6 7 8
Which Functions Prefer the Left
. f = distance to food - g = distance to ghost
Position?
1 1 1000
A. } B. g C. g+ } D. g+ —

Left: f=3,g=7 -Right: f=2,g=3

Task: Evaluation Functions
Slide 149 of 193 - Reveal 5

Speaker notes

Now reveal the measured feature values for both positions.

Instructor notes
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Slide 149 - Reveal 6

Solution: Evaluation Functions

LEFT POSITION RIGHT POSITION

' : ; N
1 2 3 4 5 6 7 8 1 2 3 45 6 7 8
Which Functions Prefer the Left
. f = distance to food - g = distance to ghost
Position?
1 1 1000
A. } B. g C. g+ } D. g+ —

B and C Prefer Left - A and D Prefer Right

Task: Evaluation Functions
Slide 149 of 193 - Reveal 6

Speaker notes

Therefore B and C prefer left, while A and D prefer right.

Instructor notes
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Slide 150 - Initial Instructor notes

Combine Features into an Evaluation Speaker notes
An evaluation function combines features using weights. Chess material
Eval(s) = w,f,(s) + -+ w,f, (5) gives a concrete example.

150

Combine Features into an Evaluation
Slide 150 of 193 - Initial
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Slide 150 - Reveal 1 Instructor notes

Combine Features into an Evaluation Speaker notes
A pawn is the reference unit, with illustrative weight 1. Reveal the position we

Eval(s) = w, f,(s) + - want to evaluate.

Pawn 1

150

Combine Features into an Evaluation
Slide 150 of 193 - Reveal 1
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Slide 150 - Reveal 2 Instructor notes

Combine Features into an Evaluation Speaker notes
Knights and bishops are often assigned an approximate material weight of 3.
EVH.](S) = w1f1 (3) + e

Pawn 1

Knight / Bishop 3

150

Combine Features into an Evaluation
Slide 150 of 193 - Reveal 2
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Slide 150 - Reveal 3 Instructor notes

Combine Features into an Evaluation Speaker notes

A rook is stronger and receives approximate weight 5.
Eval(s) = w,f,(s) + -+ w,f, (5)

Pawn 1
Knight / Bishop 3
Rook 5

150

Combine Features into an Evaluation
Slide 150 of 193 - Reveal 3
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Slide 150 - Reveal 4 Instructor notes

Combine Features into an Evaluation Speaker notes
A queen receives approximate weight 9. These are illustrative weights, not
Eval(s) = w, f,(s) + - exact laws.
Pawn 1
Knight / Bishop 3
Rook 5
Queen 9

150

Combine Features into an Evaluation
Slide 150 of 193 - Reveal 4
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Slide 150 - Reveal 5 Instructor notes

Combine Features into an Evaluation Speaker notes
For each piece type, subtract MIN's count from MAX's count, multiply by its
Eval(s) = w,f,(s) + -+ w,f, (5) weight, and add the results.
Pawn 1
Knight / Bishop 3
Rook 5
Queen 9

Feature: MAX's Material — MIN's Material

150

Combine Features into an Evaluation
Slide 150 of 193 - Reveal 5
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Slide 150 - Reveal 6 Instructor notes

Combine Features into an Evaluation Speaker notes
Material alone misses threats and position. A useful evaluation also
Eval(s) = w,f,(s) + -+ w,f, (5) considers features such as king safety and pawn structure.
Pawn 1
Knight / Bishop 3
Rook 5
Queen 9

Feature: MAX's Material — MIN's Material

Also Consider King Safety and Pawn Structure

150

Combine Features into an Evaluation
Slide 150 of 193 - Reveal 6
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Slide 151 - Initial Instructor notes

Material Is Not Enough Speaker notes
Ask students to compare material first, then look for an immediate tactical
Who Has the Advantage in Each Position? threat.

{a) White to move (b) White to move

151

Material Is Not Enough
Slide 151 of 193 - Initial
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Slide 151 - Reveal 1

Material Is Not Enough

Who Has the Advantage in Each Position?

{a) White to move (b) White to move

(a) Material Count: Black Has More Material

151

Material Is Not Enough
Slide 151 of 193 - Reveal 1

Instructor notes

Speaker notes

In position (a), counting the pieces gives Black a material advantage.
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Slide 151 - Reveal 2

Material Is Not Enough

Who Has the Advantage in Each Position?

{a) White to move (b} White o move

(b) Tactical Check: White Can Capture the Queen

151

Material Is Not Enough
Slide 151 of 193 - Reveal 2

Speaker notes

Instructor notes

In position (b), White can capture the queen immediately. Looking one move

ahead reverses the practical judgment.
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Slide 151 - Reveal 3

Material Is Not Enough

Who Has the Advantage in Each Position?

{a) White to move (b) White to move

Material Alone Can Miss an Immediate Tactic

151

Material Is Not Enough
Slide 151 of 193 - Reveal 3

Instructor notes

Speaker notes

The takeaway is that material alone can miss a decisive tactical feature.
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Slide 152 - Initial Instructor notes

Depth and Evaluation Error Speaker notes

A cutoff evaluation is an approximation.

3 A0 A
/m N

At the Cutoff, We Estimate a Non- =
Terminal State m
:‘31

152

Depth and Evaluation Error
Slide 1562 of 193 - Initial
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Slide 152 - Reveal 1 Instructor notes

Depth and Evaluation Error Speaker notes

With more search, the approximation is applied closer to the real outcome,
so local evaluation errors usually matter less.

A0 ’.I

*
Yo

At the Cutoff, We Estimate a Non- o - A 0.

:‘31

A Deeper Cutoff Is Often Closer to the
Real Outcome

152

Depth and Evaluation Error
Slide 152 of 193 - Reveal 1
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Slide 152 - Reveal 2

Instructor notes

Depth and Evaluation Error Speaker notes

Computational effort can go into richer features or deeper search. Neither
dominates in every domain.

'y A

&
/" -

At the Cutoff, We Estimate a Non- o - A 0.

:‘31

A Deeper Cutoff Is Often Closer to the
Real Outcome

Tradeoff: Better Features or More Search?

152

Depth and Evaluation Error
Slide 1562 of 193 - Reveal 2
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Slide 153 - Initial Instructor notes

The Horizon Eﬁth Speaker notes

The horizon effect occurs when a shallow search postpones a bad event
past its cutoff.

A Bad Consequence Lies Just Beyond
the Cutoff

153

The Horizon Effect

Slide 153 of 193 - Initial
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Slide 153 - Reveal 1 Instructor notes

The Horizon Eﬁth Speaker notes

The evaluation then rewards delay even when the loss is unavoidable.

A Bad Consequence Lies Just Beyond
the Cutoff

A Delaying Move Pushes It Out of
Sight

153

The Horizon Effect
Slide 153 of 193 - Reveal 1
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Slide 153 - Reveal 2 Instructor notes

The Horizon Eﬁth Speaker notes

Quiescence search is one practical response: continue through tactically
unstable positions.

A Bad Consequence Lies Just Beyond
the Cutoff

A Delaying Move Pushes It Out of
Sight

The Delay May Make the Final Outcome Worse

153

The Horizon Effect

Slide 153 of 193 - Reveal 2
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Slide 154 - Initial Instructor notes

Can Black Save the BiShOp? Speaker notes

Let students inspect the position before revealing the conclusion.

Black to Move

Can a Delaying Tactic Avoid the Loss?

S0 =1 O W g D D e

154

Can Black Save the Bishop?
Slide 154 of 193 - Initial
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Slide 154 - Reveal 1

Can Black Save the Bishop?

S0 =1 O W g D D e

Can Black Save the Bishop?
Slide 154 of 193 - Reveal 1

Black to Move

Can a Delaying Tactic Avoid the Loss?

No - It Only Pushes the Loss Beyond a Shallow
Horizon

154

Speaker notes

Instructor notes

The bishop cannot be saved. A shallow search may still prefer moves that

postpone the capture because the loss falls beyond its horizon.
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Slide 155 - Initial Instructor notes

Can We Skip Part of the Tree? Speaker notes

Pruning is safe only when the skipped branch cannot change the root
Can We Compute the Exact Minimax Choice Without Visiting Every Node? decision.

155

Can We Skip Part of the Tree?
Slide 155 of 193 - Initial
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Slide 155 - Reveal 1 Instructor notes

Can We Skip Part of the Tree? Speaker notes

Alpha-beta pruning returns the same root minimax value and an optimal
Can We Compute the Exact Minimax Choice Without Visiting Every Node? action.

Yes - When a Branch Cannot Affect the Decision

155

Can We Skip Part of the Tree?
Slide 155 of 193 - Reveal 1
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Slide 156 - Initial

A Branch Cannot Beat the Current Best

% %

UTILITY | 3 | |12‘ ‘ 8 J x x

A Branch Cannot Beat the Current Best
Slide 156 of 193 - Initial

156

Speaker notes

Instructor notes

Evaluate the left MIN node first: it returns 3, so MAX can already guarantee

3.
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Slide 156 - Reveal 1 Instructor notes

A Branch Cannot Beat the Current Best Speaker notes
At the right MIN node, the first child is 2. MIN can force at most 2 there.

% %

UTILITY | 3 | |12‘ ‘ 8 J x x

Left Gives 3 - Right MIN Finds 2

156

A Branch Cannot Beat the Current Best
Slide 156 of 193 - Reveal 1
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Slide 156 - Reveal 2

A Branch Cannot Beat the Current Best

YAS;
v e

UTILITY |3| |12‘ ‘s] EI x «

Left Gives 3 - Right MIN Finds 2

The Other Right Leaves Cannot Change MAX's Choice

A Branch Cannot Beat the Current Best
Slide 156 of 193 - Reveal 2

156

Speaker notes

Instructor notes

MAX will never choose that branch over the known value 3, so the remaining

children may be pruned.
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Slide 157 - Initial Instructor notes

Alpha—B cta PI'UI]lIlg Speaker notes
The previous slide showed one branch that could not beat MAX's current
best. Alpha-beta generalizes that reasoning.

Skip Branches That Cannot Change the Root Decision

Alpha-Beta Pruning
Slide 157 of 193 - Initial
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Slide 157 - Reveal 1 Instructor notes

Alpha—B eta Prunmg Speaker notes

The returned minimax value and an optimal root action stay unchanged.

Skip Branches That Cannot Change the Root Decision

Result Same minimax value and optimal root action

Alpha-Beta Pruning
Slide 157 of 193 - Reveal 1
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Slide 157 - Reveal 2

Alpha—Beta Pruning

Skip Branches That Cannot Change the Root Decision

Result Same minimax value and optimal root action

Benefit Often visits far fewer nodes

Alpha-Beta Pruning
Slide 157 of 193 - Reveal 2

Speaker notes

Instructor notes

The benefit is computational: branches that cannot affect the decision are

not visited.
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Slide 157 - Reveal 3

Alpha—Beta Pruning

Skip Branches That Cannot Change the Root Decision

Result Same minimax value and optimal root action
Benefit Often visits far fewer nodes
Requirement Track bounds while searching left to right

Alpha-Beta Pruning
Slide 157 of 193 - Reveal 3

Speaker notes

Instructor notes

To recognize those branches, carry bounds through a left-to-right depth-

first search.
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Slide 157 - Reveal 4

Alpha—Beta Pruning

Skip Branches That Cannot Change the Root Decision

Result Same minimax value and optimal root action
Benefit Often visits far fewer nodes
Requirement Track bounds while searching left to right

Pruning Changes Work, Not the Answer

Alpha-Beta Pruning
Slide 157 of 193 - Reveal 4

Speaker notes

Alpha-beta changes the amount of work, not the decision rule.

Instructor notes
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Slide 158 - Initial Instructor notes

MIN Prunmg Speaker notes
Alpha is the best value MAX can already guarantee from another completed
branch.
=

153

MIN Pruning
Slide 158 of 193 - Initial
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Slide 158 - Reveal 1

MIN Pruning
Slide 158 of 193 - Reveal 1

153

Speaker notes

Instructor notes

The competing MIN node completes one child. That child may be a deeper

subtree returning v.
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Slide 158 - Reveal 2 Instructor notes

MIN Prunmg Speaker notes

The MIN node still has another sibling that has not been searched.

UNSEEN

153

MIN Pruning
Slide 158 of 193 - Reveal 2
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Slide 158 - Reveal 3 Instructor notes

MIN Prunmg Speaker notes

When v is no greater than alpha, MIN can keep this branch at v or push it
lower. The unseen branch cannot change MAX's choice, so prune it.

=V v < o — PRUNE

153

MIN Pruning
Slide 158 of 193 - Reveal 3
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Slide 159 - Initial Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

The root's completed left branch gives MAX an alternative worth alpha.
f -
-

159

MIN Pruning at Greater Depth
Slide 159 of 193 - Initial
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Slide 159 - Reveal 1 Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

Search one child of the lower MAX node. It reaches another MIN node,
=
T o: MAX's best explored option
\ on the path from the current node to the root
.

whose first child returns v. Alpha is MAX's best explored option on the path
from this MIN node back to the root.

159

MIN Pruning at Greater Depth
Slide 159 of 193 - Reveal 1
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Slide 159 - Reveal 2 Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

The deeper MIN node has an unseen sibling, so its final value can be at most
>a
T o: MAX's best explored option
\ on the path from the current node to the root

V.
o

UNSEEN

159

MIN Pruning at Greater Depth
Slide 159 of 193 - Reveal 2
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Slide 159 - Reveal 3

MIN Pruning at Greater Depth

s

o: MAX's best explored option
on the path from the current node to the root

v<a— PRUNE

159

MIN Pruning at Greater Depth
Slide 159 of 193 - Reveal 3

Instructor notes

Speaker notes

If v is no greater than alpha, skip that sibling. The same cutoff works at this
depth.
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Slide 160 - Initial Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

The root has a completed option worth 3, so this path starts with alpha 3.

a=3

—
o: MAX's best explored option
on the path from the current node to the root

: AN

a0

MIN Pruning at Greater Depth
Slide 160 of 193 - Initial
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Slide 160 - Reveal 1 Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

The lower MAX node completes its own option worth 7. It raises alpha from
3to7

a=3

—
kn o: MAX's best explored option
on the path from the current node to the root

a=7

a0

MIN Pruning at Greater Depth
Slide 160 of 193 - Reveal 1
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Slide 160 - Reveal 2 Instructor notes

MIN Pruning at Greater Depth Speaker notes
The next child is a MIN node. Its completed child returns v = 6, so the MIN
node can finish at no more than v. Its alpha is the best explored MAX option
on the path back to the root.

a=3

—

kn o: MAX's best explored option
on the path from the current node to the root

UNSEEN

a0

MIN Pruning at Greater Depth
Slide 160 of 193 - Reveal 2
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Slide 160 - Reveal 3 Instructor notes

MIN Pruning at Greater Depth Speaker notes
Here v = 6 and alpha = 7. The lower MAX node already has 7, so the MIN
node’s unseen sibling cannot affect its choice. Prune it.

o: MAX's best explored option
on the path from the current node to the root

v<a— PRUNE

a0

MIN Pruning at Greater Depth
Slide 160 of 193 - Reveal 3
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Slide 161 - Initial Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

Now swap the two completed options. The root already has 7, so alpha
starts at 7.

a="7

—
o: MAX's best explored option
on the path from the current node to the root

? A

lal

MIN Pruning at Greater Depth
Slide 161 of 193 - Initial
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Slide 161 - Reveal 1 Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

The lower MAX node finds 3. That does not improve the inherited alpha,
which stays at 7.

a="7

—
kn o: MAX's best explored option
on the path from the current node to the root
7 -
A o stays 7

lal

MIN Pruning at Greater Depth
Slide 161 of 193 - Reveal 1
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Slide 161 - Reveal 2 Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

The next MIN node sees v = 6 and has an unseen sibling. Its value can only
stay at 6 or fall.

kn o: MAX's best explored option
on the path from the current node to the root

UNSEEN

lal

MIN Pruning at Greater Depth
Slide 161 of 193 - Reveal 2
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Slide 161 - Reveal 3 Instructor notes

MIN Pl'lll'llllg at Greater Depth Speaker notes

Because v is no greater than alpha, the root's option worth 7 makes the
remaining search irrelevant. Prune it.

a="7

o: MAX's best explored option
on the path from the current node to the root

v<a— PRUNE

lal

MIN Pruning at Greater Depth
Slide 161 of 193 - Reveal 3
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Slide 162 - Initial Instructor notes

Pruning Conditions Speaker notes
The left diagram repeats the previous slide: alpha is the best alternative
MAX already has. At a MIN node, v no greater than alpha means the unseen
a: MAX's best explored option child cannot rescue this branch.

v=o— PRUNE

A

162

Pruning Conditions
Slide 162 of 193 - Initial
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Slide 162 - Reveal 1 Instructor notes

Prumng Condjtions Speaker notes

Beta is the mirror image. If MIN already has an alternative worth beta, a MAX
node reaching v at least beta cannot make MIN choose this branch, so its
a: MAX's best explored option B: MIN's best explored option unseen child can be pruned.

v<=o— PRUNE vz — PRUNE

162

Pruning Conditions
Slide 162 of 193 - Reveal 1
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Slide 162 - Reveal 2 Instructor notes

Prumng Condjtions Speaker notes

After each child returns value v, MAX updates alpha to max(alpha, v), while

MIN updates beta to min(beta, v). Alpha starts at negative infinity and can

a: MAX's best explored option B: MIN's best explored option only rise; beta starts at positive infinity and can only fall. Next we will see
v<a— PRUNE v >p — PRUNE how ancestors supply the two bounds along one path.

: ; AN
N 1! ]

T MAX: o +— max(c, v) MIN: B« min(p, v) l

u siaris at —oo and rises | staris at +oc and falls

162

Pruning Conditions
Slide 162 of 193 - Reveal 2
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Slide 163 - Initial Instructor notes

Which Values Can Change the Choice? Speaker notes

The two completed sibling branches set the alternatives along this search
path.

163

Which Values Can Change the Choice?
Slide 163 of 193 - Initial
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Slide 163 - Reveal 1 Instructor notes

Which Values Can Change the Choice? Speaker notes

MAX can already choose 6, so the current path inherits alpha 6.

163

Which Values Can Change the Choice?
Slide 163 of 193 - Reveal 1
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Slide 163 - Reveal 2 Instructor notes

Which Values Can Change the Choice? Speaker notes

MIN can already choose 8, so the deeper subtree inherits beta 8 as well.

3 v

Current subtree inherits a =6 and f§ = 8

163

Which Values Can Change the Choice?
Slide 163 of 193 - Reveal 2
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Slide 163 - Reveal 3 Instructor notes

Which Values Can Change the Choice? Speaker notes

Hover along the axis to vary v; move away to reset. MIN returns min(8, v),
updating beta; MAX returns max(6, beta), updating alpha. Equal values
retain the earlier alternative.

3 v

Current subtree inherits a =6 and f§ = 8

4 5 6 7 8 9 10

| 1 | 1 | 1 |
| 1 I 1 | 1 I
v = 6: root returns 6 6 < v < &: root returns v v = B: root returns 8

163

Which Values Can Change the Choice?
Slide 163 of 193 - Reveal 3
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Slide 164 - Initial Instructor notes

Speaker notes

The root's alpha 6 and MIN's beta 8 come from earlier alternatives. The
value v of this deeper subtree is still unknown.

6 8

I
lower bound < [3: keep searching lower bound = [3: prune

121

MIN Pruning
Slide 164 of 193 - Initial
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Slide 164 - Reveal 1 Instructor notes

Speaker notes

The first child gives 7, so v is at least 7. The bound is still in the green search
region, below beta 8.

6 v=T 8

] 1 L
I 1 |
lower bound < [3: keep searching lower bound = [3: prune

121

MIN Pruning
Slide 164 of 193 - Reveal 1
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Slide 164 - Reveal 2 Instructor notes

Speaker notes

The next child gives 9, so v is at least 9. Its lower bound reaches the red
cutoff region, and MIN will keep its alternative 8.

6 8 v=0

] L

I | 1
lower bound < [3: keep searching lower bound = [3: prune

121

MIN Pruning
Slide 164 of 193 - Reveal 2
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Slide 164 - Reveal 3 Instructor notes

Speaker notes

Skip the last child. v could exceed 9; its lower bound is enough to justify this
cutoff.

6 8 v=0

1 1

I 1
lower bound < [3: keep searching lower bound = [3: prune

121

MIN Pruning
Slide 164 of 193 - Reveal 3
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Slide 165 - Initial Instructor notes

Initial BOUIldS Speaker notes
Search proceeds depth first from left to right.

/N VANRRVANNRVAN

6 7 5 1 2 B i B 1 9

uTILITY 4

Root o = —oo  Current f§ = 40
las

Initial Bounds
Slide 165 of 193 - Initial
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Slide 166 - Initial Instructor notes

First MAX Returns 6 Speaker notes

The first MAX node compares 4 and 6.

Left MIN updates p to 6

First MAX Returns 6
Slide 166 of 193 - Initial
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Slide 167 - Initial Instructor notes

Left MIN Sets Alpha to 6 Speaker notes

The second MAX reaches 7 = beta 6, so it prunes leaf 5. Left MIN returns 6,
setting root alpha to 6.

Root updates a to 6

Left MIN Sets Alpha to 6
Slide 167 of 193 - Initial
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Slide 168 - Initial Instructor notes

Middle MAX Returns 2 Speaker notes

The middle branch first produces max(1, 2) = 2.

Middle MIN updates 3 to 2

163

Middle MAX Returns 2
Slide 168 of 193 - Initial
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Slide 169 - Initial Instructor notes

Middle MIN Reaches the Cutoff Speaker notes

At this MIN node, B=2<a=6.

VANNRVAN

UTILIT IHI IEI Iiif : Iﬁiﬂ}il 8 ! 8 1 9
=2

<o=6

Middle MIN Reaches the Cutoff
Slide 169 of 193 - Initial
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Slide 170 - Initial Instructor notes

Middle Branch Pruned Speaker notes

Nothing else below this MIN node can make MAX prefer it.

1

Middle Branch Pruned
Slide 170 of 193 - Initial
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Slide 171 - Initial Instructor notes

Right MAX Returns 8 Speaker notes

The first MAX child gives the right MIN node B = 8.

Right MIN updates p to 8

17

Right MAX Returns 8
Slide 171 of 193 - Initial
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Slide 172 - Initial Instructor notes

Next MAX Sees 9 Speaker notes

This MAX node now has v = 9.

Current v =9 - Right MIN B = 8

172

Next MAX Sees 9
Slide 172 of 193 - Initial
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Slide 173 - Initial Instructor notes

Right MAX Reaches the Cutoff Speaker notes

Because 9 = 8 = 8, any remaining child can be pruned.

|
-3
ta

UT[L]T ﬂ i N
v=9

>p=8

Right MAX Reaches the Cutoff
Slide 173 of 193 - Initial
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Slide 174 - Initial Instructor notes

Right MIN Returns 8 Speaker notes

The pruned leaf cannot reduce the first child's value of 8.

Root o = 6 - Right value = 8

174

Right MIN Returns 8
Slide 174 of 193 - Initial
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Slide 175 - Initial Instructor notes

R()Ot ChOOSCS 8 Speaker notes

Alpha-beta returns the same minimax value: 8.

UT[L]T ﬂ i N

Final o = 8

Root Chooses 8
Slide 175 of 193 - Initial
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Slide 176 - Initial Instructor notes

Alpha—Beta Search in Pyth()n Speaker notes

Run the same tree from the trace. Its root value is 8. MAX updates alpha;

GO main.py

T MIN updates beta. Stop when the bounds meet.
2 if not isinstance(tree, list): return tree

3 value = =float("inf") if max_turn else float("inf")

Al for child in tree:

5 child_value = alphabeta(child, alpha, beta, not max_turn)
6- if max_turn:

7 value = max(value, child_value)

8 alpha = max(alpha, value)

g- else:
1@ value = min(value, child_value)
11 beta = min{beta, value)
12 if alpha == beta: break
13 return value

14 tree = [[[4, 6], [7, 511, [I1, 21, [8, 411, [[&, 11, [9, 311]
15 print(alphabeta(tree, -float("inf"), float("inf"), True)) # 8

]

Alpha-Beta Search in Python
Slide 176 of 193 - Initial
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Slide 177 - Initial Instructor notes

Task: Alpha—Beta Pruning Speaker notes
Search left to right. The left branch returns 8, setting alpha to 8.
Search Left to Right - Which Branch Is Pruned?
A - B

c~ D E~  F

oy

Task: Alpha—-Beta Pruning
Slide 177 of 193 - Initial
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Slide 177 - Reveal 1 Instructor notes

Solution: Alpha—Beta Pruning Speaker notes
On the right, MIN sees 4. Prune branch F, leading to 50, because 4 is no
Search Left to Right - Which Branch Is Pruned? greater than alpha 8.

orus

Pruned Branch: F - Left MIN Gives 8, Then Right MIN Finds 4 < a

Task: Alpha—-Beta Pruning
Slide 177 of 193 - Reveal 1
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Slide 178 - Initial Instructor notes

Task: Deeper Alpha—Beta Pruning Speaker notes

Search left to right. Select every labelled branch that is not explored.
Search Left to Right - Which Branches Are Pruned?

A A A A
oy [0] [¢] [»] [&] 01 [2] [® [2

Task: Deeper Alpha-Beta Pruning
Slide 178 of 193 - Initial
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Slide 178 - Reveal 1

Solution: Deeper Alpha—Beta Pruning
Search Left to Right - Which Branches Are Pruned?

G H I

UTILITY [10‘ [ & ‘ [99‘

Pruned Branches: F, J, M, N

Task: Deeper Alpha-Beta Pruning
Slide 178 of 193 - Reveal 1

Instructor notes

Speaker notes

Jis pruned when 99 = 8 = 10. Left MIN returns 10, setting root a to 10. On
the right, B = 2 < a =10, so F and its descendant branches M and N are not
explored.
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Slide 179 - Initial Instructor notes

A Bound Is Not an Exact Value Speaker notes
This is the original example: A has one leaf, 10. B has 10 and one leaf we will

not inspect.
v N

-

Search Left to Right - Which Move Should MAX Keep?

A Bound Is Not an Exact Value
Slide 179 of 193 - Initial
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Slide 179 - Reveal 1 Instructor notes

A Bound Is Not an Exact Value Speaker notes

A returns an exact 10. Keep A as the best move and pass alpha 10 into B.

A Returns 10 - Keep A and Set a =10

A Bound Is Not an Exact Value
Slide 179 of 193 - Reveal 1
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Slide 179 - Reveal 2 Instructor notes

A Bound Is Not an Exact Value Speaker notes

B sees 10, so beta equals alpha and the other leaf is pruned. The code
returns 10, but this means only that B is at most 10.

fp=10=<o=10: Prune

B Returns 10 as a Bound - This Does Not Prove a Tie

A Bound Is Not an Exact Value
Slide 179 of 193 - Reveal 2
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Slide 179 - Reveal 3

A Bound Is Not an Exact Value

fp=10=o=10: Prune

0 Pruned

Actual Value of B: min(10, 0) =0
Keep A - Replace the Best Move Only on a Strict Improvement

1

A Bound Is Not an Exact Value
Slide 179 of 193 - Reveal 3

Instructor notes

Speaker notes

The unvisited leaf is actually O, so B is worth 0. The root value is still exactly
10. Keep A on equality; replacing it with B would mistake a bound for an
exact tie.
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Slide 180 - Initial Instructor notes

Move OI'dCI'lIlg Controls PI'UIllIlg Speaker notes
Both diagrams have the same game tree but explore the moves in different
orders.

AN AN
7% 7N

00 Oo0 00 Oo0

GOOD ORDER POOR ORDER

180

Move Ordering Controls Pruning
Slide 180 of 193 - Initial
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Slide 180 - Reveal 1 Instructor notes

Move Ordering Controls Pruning Speaker notes
Good ordering finds value 3 on the left; the right MIN node sees 2, so its
other two leaves are pruned.

AN AN
7 7N

AEE 00 Oo0

GOOD ORDER POOR ORDER

180

Move Ordering Controls Pruning
Slide 180 of 193 - Reveal 1
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Slide 180 - Reveal 2 Instructor notes

Move OI'dCI'lIlg Controls PI'UIllIlg Speaker notes
Poor ordering begins with the weaker branch and must examine all six
leaves.

AN AN
5 e

[2][= ][~ 2]+ ][]

GOOD ORDER POOR ORDER

180

Move Ordering Controls Pruning
Slide 180 of 193 - Reveal 2
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Slide 180 - Reveal 3 Instructor notes

Move Ordering Controls Pruning Speaker notes
Both root values are 3. Ordering changes the amount of search, not the
minimax decision.

[21[ ][~ (][ ][]

GOOD ORDER - 4 LEAVES POOR ORDER - 6 LEAVES
Same Minimax Value: 3 - Different Amount of Search

180

Move Ordering Controls Pruning
Slide 180 of 193 - Reveal 3
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Slide 181 - Initial Instructor notes

Good Ordering Searches Much Less Speaker notes

With ideal move ordering, alpha-beta can reduce the effective exponent by
about half.

Minimax: O(b™)

Knuth & Moore (1975), An Analysis of Alpha-Beta Pruning

181

Good Ordering Searches Much Less
Slide 181 of 193 - Initial
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Slide 181 - Reveal 1

Good Ordering Searches Much Less

Minimax: O(b™)
Ideal Alpha—Beta Ordering: lZ)(.":J“”r 2)

Knuth & Moore (1975), An Analysis of Alpha-Beta Pruning

181

Good Ordering Searches Much Less
Slide 181 of 193 - Reveal 1

Instructor notes

Speaker notes

That means the same node budget can search approximately twice as deep.
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Slide 181 - Reveal 2

Good Ordering Searches Much Less

Minimax: O(b™)
Ideal Alpha—Beta Ordering: lZ)(.":J“”r 2)

Roughly Twice the Search Depth for the Same Node Budget

Knuth & Moore (1975), An Analysis of Alpha-Beta Pruning

Good Ordering Searches Much Less
Slide 181 of 193 - Reveal 2

181

Speaker notes

Instructor notes

Poor ordering can remove most of the benefit; the worst-case asymptotic

time is unchanged.
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Slide 181 - Reveal 3

Good Ordering Searches Much Less

Minimax: O(b™)
Ideal Alpha—Beta Ordering: lZ)(.":J“”r 2)
Roughly Twice the Search Depth for the Same Node Budget

Example: b = 10 and m = 6 Gives 10° Leaves vs About 10°

Knuth & Moore (1975), An Analysis of Alpha-Beta Pruning

Good Ordering Searches Much Less
Slide 181 of 193 - Reveal 3

181

Speaker notes

Classic analysis: Knuth and Moore, 1975.

Instructor notes
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Slide 181 - Reveal 4

Good Ordering Searches Much Less

Minimax: O(b™)
Ideal Alpha—Beta Ordering: lZ)(.":J“”r 2)
Roughly Twice the Search Depth for the Same Node Budget

Example: b = 10 and m = 6 Gives 10° Leaves vs About 10°

Worst Case Remains O(b™)

Knuth & Moore (1975), An Analysis of Alpha-Beta Pruning

Good Ordering Searches Much Less
Slide 181 of 193 - Reveal 4

181

Speaker notes

No speaker notes for this stage.

Instructor notes
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Slide 182 - Initial Instructor notes

Worst Case Uses MIN’s Choice Speaker notes

This reuses minimax before introducing chance: MIN controls each reply.

AN

UTILITY El

Worst Case Uses MIN's Choice
Slide 182 of 193 - Initial
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Slide 182 - Reveal 1 Instructor notes

Worst Case Uses MIN’s Choice Speaker notes
The left MIN node backs up min(10, 10) =10.

N
;I;n(lﬂ, 10y =10 l- v

UTILITY El

Worst Case Uses MIN's Choice
Slide 182 of 193 - Reveal 1
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Slide 182 - Reveal 2 Instructor notes

Worst Case Uses MIN’s Choice Speaker notes
The right MIN node backs up min(9, 100) = 9; MIN can choose 9 despite the

100.

min(10, 10) = 10 V min(9, 100) = 9

UTILITY El

Worst Case Uses MIN's Choice
Slide 182 of 193 - Reveal 2
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Slide 182 - Reveal 3 Instructor notes

Worst Case Uses MIN’s Choice Speaker notes

MAX therefore chooses left and backs up 10 at the root.

min(10, 10) = 10

V min(9, 100) = 9

UTILITY El

MAX Chooses Left: 10>9

Worst Case Uses MIN's Choice
Slide 182 of 193 - Reveal 3
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Slide 183 - Initial Instructor notes

Chance Uses the Expected Value Speaker notes

Keep the same outcomes, but replace adversarial MIN by equal-probability
chance nodes.

ANy

0.5 0.5 0.5 05

UTILITY El

183

Chance Uses the Expected Value
Slide 183 of 193 - Initial
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Slide 183 - Reveal 1 Instructor notes

Chance Uses the Expected Value Speaker notes
The left chance node backs up 0.5(10) + 0.5(10) =10.

CHANCE 0.5(10) + 0.5(10) = 10 O

0.5 0.5 0.5 05

UTILITY El

183

Chance Uses the Expected Value
Slide 183 of 193 - Reveal 1
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Slide 183 - Reveal 2 Instructor notes

Chance Uses the Expected Value Speaker notes
The right chance node backs up 0.5(9) + 0.5(100) = 54.5. Here the 100
affects the average.

CHANCE 0.5(10) + 0.5(10) = 10 0.5(9) + 0.5(100) = 54.5

0.5 0.5 0.5 05

UTILITY El

183

Chance Uses the Expected Value
Slide 183 of 193 - Reveal 2
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Slide 183 - Reveal 3

Chance Uses the Expected Value

CHANCE 0.5(9) + 0.5(100) = 54.5

0.5(10) + 0.5(10) = 10

0.5 05 0.5 05

UTILITY El

MAX Chooses Right: 54.5> 10

Chance Uses the Expected Value
Slide 183 of 193 - Reveal 3

183

Speaker notes
With this chance model, MAX chooses right and backs up 54.5.

Instructor notes
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Slide 184 - Initial

Why Chance Nodes Appear

Explicit randomness Dice, shuffled cards, noisy outcomes
Agent model An opponent policy represented by probabilities
Action failure The intended action may not occur

Why Chance Nodes Appear

Slide 184 of 193 - Initial

Speaker notes

Chance nodes model uncertainty over successor states.

Instructor notes
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Slide 184 - Reveal 1 Instructor notes

Why Chance NOdCS Appear Speaker notes
Probabilities may come from game rules, data, or an explicit model of
another agent.

Explicit randomness Dice, shuffled cards, noisy outcomes
Agent model An opponent policy represented by probabilities
Action failure The intended action may not occur

A Chance Node Needs a Probability Model

Why Chance Nodes Appear
Slide 184 of 193 - Reveal 1
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Slide 184 - Reveal 2 Instructor notes

Why Chance Nodes Appear Speaker notes

Without justified probabilities, an expected value is not justified either.

Explicit randomness Dice, shuffled cards, noisy outcomes
Agent model An opponent policy represented by probabilities
Action failure The intended action may not occur

A Chance Node Needs a Probability Model

Expected Value Is Only as Good as That Model

Why Chance Nodes Appear
Slide 184 of 193 - Reveal 2
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Slide 185 - Initial Instructor notes

Expectimax SC&I’ Ch Speaker notes
The previous slides justified probability models. Expectimax now specifies
how to search with one.

185

Expectimax Search
Slide 185 of 193 - Initial
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Slide 185 - Reveal 1 Instructor notes

Expectimax Search Speaker notes
At MAX nodes, keep the same rule as minimax: choose the largest child
value.

MAX Node
Take the Largest Child Value

185

Expectimax Search
Slide 185 of 193 - Reveal 1
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Slide 185 - Reveal 2 Instructor notes

Expectimax Search Speaker notes
At chance nodes, use the probability-weighted average instead of a
minimum.

MAX Node
Take the Largest Child Value

CHANCE Node
Take the Probability-Weighted Average

185

Expectimax Search
Slide 185 of 193 - Reveal 2
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Slide 185 - Reveal 3 Instructor notes

Expectimax Search Speaker notes

At terminal nodes, return utility exactly as before.

MAX Node
Take the Largest Child Value

CHANCE Node
Take the Probability-Weighted Average

Terminal Node
Return Utility

185

Expectimax Search
Slide 185 of 193 - Reveal 3
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Slide 185 - Reveal 4 Instructor notes

Expectimax Search Speaker notes

The result is optimal only relative to the stated chance model.

MAX Node
Take the Largest Child Value

CHANCE Node
Take the Probability-Weighted Average

Terminal Node
Return Utility

CHANCE: V(s) =Z pi V(s:)

185

Expectimax Search
Slide 185 of 193 - Reveal 4
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Slide 186 - Initial Instructor notes

Expectimax Example Speaker notes
Apply the expectimax rules from the previous slide to this concrete tree.

CHANCE (::) (::)

09" 0.1 0.9 0.1

UTILITY II| E

8.01]

Expectimax Example
Slide 186 of 193 - Initial

702 (734



Slide 186 - Reveal 1

Expectimax Example

CHANCE Q O

09" 0.1 0.9 0.1

UTILITY II| E

0.9(2) + 0.1(3) = 2.1

8.01]

Expectimax Example
Slide 186 of 193 - Reveal 1

Speaker notes

Calculate the left expected value: 0.9(2) + 0.1(3) = 2.1.

Instructor notes
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Slide 186 - Reveal 2

Expectimax Example

CHANCE @ O

09" 0.1 0.9 0.1

UTILITY II| E

0.9(2) + 0.1(3) = 2.1

8.01]

Expectimax Example
Slide 186 of 193 - Reveal 2

Speaker notes

Back up 2.1 at the left chance node.

Instructor notes
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Slide 186 - Reveal 3

Expectimax Example

CHANCE (::) (::)

09" 0.1 0.9 0.1
KN

0.9(2) + 0.1(3) = 2.1 0.9(1)+0.1(4) =13

8.01]

Expectimax Example
Slide 186 of 193 - Reveal 3

Speaker notes
Calculate the right expected value: 0.9(1) + 0.1(4) =1.3.

Instructor notes
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Slide 186 - Reveal 4

Expectimax Example

CHANCE @ @

(}p, \u o’ \Q\]
UTILITY II| |\z|
0.9(2) + 0.1(3) = 2.1 0.9(1)+0.1(4) =13

8.01]

Expectimax Example
Slide 186 of 193 - Reveal 4

Speaker notes

Back up 1.3 at the right chance node.

Instructor notes
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Slide 186 - Reveal 5 Instructor notes

Expectimax Example Speaker notes

MAX compares the two expectations and chooses the left branch.

o’ A
0.9(2) + 0.13)=2.1 0.9(1) +0.1(4) = 1.3

MAX Chooses Left: 2.1>1.3

8.01]

Expectimax Example
Slide 186 of 193 - Reveal 5
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Slide 187 - Initial Instructor notes

Task: Minimax or Expectimax? Speaker notes
Explain the legal moves and scoring. A collision on the food is a loss with no
Pacman First: WEST or EAST food reward.

Mimimax: Worst Legal Ghost Move

After WEST and Both Ghosts, Pacman: EAST or SOUTH
Lower Ghost: NORTH or EAST - Upper Ghost: WEST only

Expectimax: Lower Ghost N/E with Probability 0.5 Each
Only Food Eaten: Win - Ghost Collision: Loss

Score: —1 per Pacman action - +10 food - +500 win - —500 loss
Collision on Food: Loss, No Food Points

Task: Minimax or Expectimax?
Slide 187 of 193 - Initial
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Slide 187 - Reveal 1 Instructor notes

Task: Minimax or Expectimax? Speaker notes
Ask for each model’s first action and backed-up root value.

Pacman First: WEST or EAST
After WEST and Both Ghosts, Pacman: EAST or SOUTH
Lower Ghost: NORTH or EAST - Upper Ghost: WEST only
Mimimax: Worst Legal Ghost Move

-- Expectimax: Lower Ghost N/E with Probability 0.5 Each

Only Food Eaten: Win - Ghost Collision: Loss

Score: —1 per Pacman action - +10 food - +500 win - —500 loss

Collision on Food: Loss, No Food Points

I
O

1. Under minimax, what is Pacman’s optimal first action?
2. What value does minimax assign to the root?
3. Under expectimax, what is Pacman’s optimal first action?

4. What value does expectimax assign to the root?

Task: Minimax or Expectimax?
Slide 187 of 193 - Reveal 1
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Slide 187 - Reveal 2 Instructor notes

Task: Minimax or Expectimax? Speaker notes
Reveal the Ed QR code. Ed activity: https://edstem.org/au/courses/41129/
Pacman First: WEST or EAST |ESSDHS“1 9?97]‘3"{:‘851’821339

Mimimax: Worst Legal Ghost Move

After WEST and Both Ghosts, Pacman: EAST or SOUTH
Lower Ghost: NORTH or EAST - Upper Ghost: WEST only

Expectimax: Lower Ghost N/E with Probability 0.5 Each
Only Food Eaten: Win - Ghost Collision: Loss

Score: —1 per Pacman action - +10 food - +500 win - —500 loss
Collision on Food: Loss, No Food Points

1. Under minimax, what is Pacman’s optimal first action?

2. What value does minimax assign to the root?
3. Under expectimax, what is Pacman’s optimal first action?

4. What value does expectimax assign to the root?

Task: Minimax or Expectimax?
Slide 187 of 193 - Reveal 2
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Slide 188 - Initial Instructor notes

Solution: Pacman Game Tree Speaker notes
Show the complete tree. Reveal Pacman's WEST and EAST choices; EAST is
an immediate collision and game over.

8.5

Solution: Pacman Game Tree
Slide 188 of 193 - Initial
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Slide 188 - Reveal 1 Instructor notes

Solution: Pacman Game Tree | Speaker notes
_m After WEST, reveal both lower-ghost choices. In expectimax, they are
equally likely.
ay e
0

Solution: Pacman Game Tree
Slide 188 of 193 - Reveal 1

8.5
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Slide 188 - Reveal 2 Instructor notes

Solution: Pacman Game Tree | Speaker notes
Reveal the upper ghost's forced WEST move in each branch.

VO

NORTH

iy VO
E - =
N, EAST ivle)
EAST" E
\ 0

Solution: Pacman Game Tree
Slide 188 of 193 - Reveal 2

8.5
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Slide 188 - Reveal 3 Instructor notes

Solution: Pacman Game Tree | Speaker notes
Reveal both legal second Pacman moves after each ghost sequence. Each
vO A
E WEST =

board is a state; five leaves end the game.

NORTH
Py 70 '

E - =

EAST

- VO fay
o E - E

O

Solution: Pacman Game Tree
Slide 188 of 193 - Reveal 3

8.5
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Slide 188 - Reveal 4

Solution: Pacman Game Tree

O

WEST :
; [N
SOUTH
Fay VO
O

E -
* EAST ivle) A EAST .~ E
EAST WEST ) ' [}

NORTH

O

Solution: Pacman Game Tree
Slide 188 of 193 - Reveal 4

SOLUTION

8.5

Speaker notes

Instructor notes

Reveal terminal arithmetic. Loss after two Pacman actions is —502; safe food

after two actions is 508: immediate loss is —=501.
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Slide 188 - Reveal 5

Solution: Pacman Game Tree

VO

NORTH
M VO

E - =

EAST \vle)

o E

O
LOSS
—500 — 1 =-501

Solution: Pacman Game Tree
Slide 188 of 193 - Reveal 5

SOLUTION
]

A LOSS

EAST —500 - 2 =502
WEST :
[N
SOUTH = LOSS
O

=500 -2 =-502

LOSS
s EAST -~ —500—-2=-502

WEST e O
SOUTH = WIN

500+ 10— 2 = 508

8.5

Speaker notes

Instructor notes

The next two slides back up the same terminal values under different ghost

models.
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Slide 189 - Initial

Solution: Minimax

v - EAST

= - = -
S0UTH

NORTH
P W

E - =

EAST WEST )
) SOUTH
\ [
LOSS
=500 — 1 =-3501

Solution: Minimax
Slide 189 of 193 - Initial

EAST v A EAST -

SOLUTION

LOSS
=500 -2 =-502

LOSS
=500 -2 =-502

LOSS
=500 —-2=-502

WIN
500+ 10— 2 = 508

189

Instructor notes

Speaker notes

The full tree stays in the same positions as on the task slide. First back up

the four final Pacman decisions: three losing leaves and one winning leaf.
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Slide 189 - Reveal 1

Solution: Minimax

i JAY

EAST
= - = .
MORTH S0UTH
/ MAX: —502
P v
E - =

EAST v A EAST -

EAST- WEST
) SOUTH
\ N B
\ MAX: 508
LOSS
=500 — 1 =-3501

Solution: Minimax
Slide 189 of 193 - Reveal 1

SOLUTION

]

LOSS

=500 -2 =-502
[N

LOSS

=500 -2 =-502
O

LOSs

=500 -2 =-502
]

WIN

500+ 10— 2 =508

189

Instructor notes

Speaker notes

The upper ghost has only one action, so values pass unchanged. At the
lower ghost, MIN selects the NORTH outcome: min(-502, 508) = -502.
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Slide 189 - Reveal 2

Solution: Minimax

v o EAST
E - = .
NORTH' SOUTH
502 MAX: -502
L 7
WEST
min{—502, 508) 02
\ 502 EAST by, A EAST -

EAST WEST '
. SOUTH
\ | o 5
v 508 MAX: 508
LOSS
—500— 1 =-501

Solution: Minimax
Slide 189 of 193 - Reveal 2

SOLUTION

LOSS
=500 -2 =-502

LOSS
=500 -2 =-502

LOSS
=500 —-2=-502

WIN
500+ 10— 2 = 508

189

Instructor notes

Speaker notes

At the root, WEST gives =502 while EAST gives —-501. MAX chooses EAST:

immediate loss is one point better than loss after another Pacman move.
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SO]UﬁOIl' Minimax Speaker notes
| .
No speaker notes for this stage.

[l
LOSS
v - EAST E —500 -2 =502
WEST -
) O
MORTH S0UTH LOsS
502 MAX: -502 =500 — 2 =-502
min{—502, 508) = —502 O
LOSS
EAST Avd Fay EAST .~ 500 -2 =-302
WEST e O
SOUTH WIN
3 500+ 10— 2 =508
508 MAX: 308
LOSS
—500 — 1 =-501

Minimax chooses EAST: -501 = -502

189

Solution: Minimax
Slide 189 of 193 - Reveal 3
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Solution: Expectimax Speaker notes
SOLUTION : .
o The states and terminal scores have not changed. First back up Pacman’s
Loss final choices in the two ghost branches.
O EAST E —500 -2 =-502
NORTH % SOUTH LOSS
N '®)] =500 —-2=-502
WEST !
Liss
p EAST- % O EAST - -500 -2 =-502
EAST WEST
\ %DUTH WIN
\ 5000+ 10— 2 =508

O
LOSS
—500 — 1 =-501

Solution: Expectimax
Slide 190 of 193 - Initial

190
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Solution: Expectimax Speaker notes
__SOLI.'T[O.\' .
o The lower ghost is now a chance node: 0.5(-502) + 0.5(508) = 3 for WEST.
LOSS
O - EAST E —500 -2 =502
WEST .
NORTH <% SOUTH LOSS
yay ') MAX: —502 = —500 — 2 =502
WEST !
LOSS
A EAST- % s A EAST - 500 - 2=-502
EAST E WEST = - |
\ SOUTH WIN
) = 500+ 10— 2 = 508

O
) MAX: 508
LOSS
—500 — 1 =-501

Solution: Expectimax
Slide 190 of 193 - Reveal 1

190
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Solution: Expectimax

EAST

O fa
E - = .
S0OUTH

502 MAX: —502

NORTH %
M o] '

WEST
Ya(—502) + W{508) =3

3 EAST - %

\ O fa¥
EAST WEST
. SOUTH
| O . 5
v 508 MAX: 508
LOSS
=500 — 1 =-501

Solution: Expectimax
Slide 190 of 193 - Reveal 2

EAST -~

SOLUTION

LOSS
=500 -2 =-502

LOSS
=500 -2 =-502

LOSS
=500 —-2=-502

WIN
500+ 10— 2 = 508

190

Speaker notes

At the root, MAX compares WEST = 3 with EAST = -501 and chooses

WEST. The outcome model, not the possible states, changed.

Instructor notes
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M

E — =

3 i 3

EAST

O

Solution: Expectimax
Slide 190 of 193 - Reveal 3

olution: Expectimax
> P

[l
LOsS
EAST =500 —-2=-502
WEST
O
MORTH - S0UTH LOsS
502 MAX: —502 =500 —-2=-502
Ya(—502) + ¥ 508) = 3 O
Liss
EAST.- % EAST -~ =500 -2 =-502
WEST 0
%DUTH WIN
5000+ 10— 2 =508
508 MAX: 508
LOSS
=500 — 1 =-501

Expectimax chooses WEST: 3 = -501

Speaker notes

No speaker notes for this stage.

Instructor notes
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More Than Two Agents Speaker notes

Two-player zero-sum games use a single scalar utility naturally. With more
agents, each outcome can affect players differently.

191

More Than Two Agents
Slide 191 of 193 - Initial
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Utlllty VCCtOI'S Speaker notes

Each terminal has a utility vector. The triangle colour tells us which
component that player maximises.

Red chooses the first value - Green the second - Blue the third

=i =le Bl G e S

(1, 6, 6) (7, 1,2) (6, 1,2) (7,2, 1) (5 L7) (1,5 2) (7,7, 1) (5,2,5)

192

Utility Vectors
Slide 192 of 193 - Initial
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Utlllty VCCtOI'S Speaker notes

Blue chooses (1, 6, 6): the third value 6 beats 2.

Red chooses the first value - Green the second - Blue the third

[ s R e R e Y s R s R

(1, 6, 6) (7, 1,2) (6, 1,2) (7,2, 1) (5 L7) (1,5 2) (7,7, 1) (5,2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal 1
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Utlllty VCCtOI'S Speaker notes

Blue chooses (6, 1, 2): the third value 2 beats 1.

Red chooses the first value - Green the second - Blue the third

(1, 6,6) (6,1,2) A A
[] I I R ) R B

(1, 6, 6) (7, 1,2) (6, 1,2) (7,2, 1) (5 L7) (1,5 2) (7,7, 1) (5,2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal 2
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Utlllty VCCtOI'S Speaker notes

Blue chooses (5, 1, 7): the third value 7 beats 2.

Red chooses the first value - Green the second - Blue the third

(1, 6,6) (6,1,2) (5L7) A
i | Ij El D

(1. 6,6) (7 1,2) (6,1.2) (7 2,1) (5. L7 (1,5,2) (L7.1) (5.2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal 3
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Utlllty VCCtOI'S Speaker notes

Blue chooses (5, 2, 5): the third value 5 beats 1.

Red chooses the first value - Green the second - Blue the third

(1, 6,6) Ij(é, 1,2) X (5L7)
[] [] []

(1. 6,6) (7.1,2) (6,1.2) (7.2, 1) (5. L7 (1,5,2) (L7.1) (5.2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal 4
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Utlllty VCCtOI'S Speaker notes

Green chooses (1, 6, 6): the second value 6 beats 1.

Red chooses the first value - Green the second - Blue the third

(6, 1,2) (51,7

5, , &
%, , &
%, ", &

(1, 6, 6) (7, 1,2) (6, 1,2) (7,2, 1) (5 L7) (1,5 2) (7,7, 1) (5,2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal b

731734



Slide 192 - Reveal 6 Instructor notes

Utlllty VCCtOI'S Speaker notes

Green chooses (5, 2, 5): the second value 2 beats 1.

Red chooses the first value - Green the second - Blue the third

(1, 6,6)

(6,1,2) (5L7) (5,2,5)

&
5, , &
%, , &

%, ", &

(1, 6, 6) (7, 1,2) (6, 1,2) (7,2, 1) (5 L7) (1,5 2) (7,7, 1) (5,2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal 6
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Utlllty VCCtOI'S Speaker notes

Red chooses the right branch, (5, 2, 5): the first value 5 beats 1.

Red chooses the first value - Green the second - Blue the third

(1, 6,6)

5, , &
%, , &
%, ", &

(1, 6, 6) (7, 1,2) (6, 1,2) (7,2, 1) (5 L7) (1,5 2) (7,7, 1) (5,2,5)

192

Utility Vectors
Slide 192 of 193 - Reveal 7

733 (734



Slide 193 - Initial Instructor notes

Reading Speaker notes

These are the companion AIMA readings for the search block. Chapter 5
covers minimax, alpha-beta pruning and stochastic games.

AIMA Chapter 3 Search - 88 pages
https:/fcomp3270.dirk. hk/ AIMA  Chapter 3.pdf

AIMA Chapter 4 Search in Complex Environments - 62 pages

https://comp3270.dirk. hk/ AIMA  Chapter 4.pdf

AIMA Chapter 5 Adversarial Search - 63 pages

https://comp3270.dirk. hk/ AIMA  Chapter 5.pdf

AIMA Chapter 6 Constraint Satisfaction - 50 pages

https://comp3270.dirk. hk/ AIMA  Chapter 6.pdf

Password: Dirk

193

Reading
Slide 193 of 193 - Initial
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