
UNIVERSITY OF WATERLOO
Cheriton School of Computer Science

CS486/686 Introduction to Artificial Intelligence Fall 2014

ASSIGNMENT 1
(Due: Wednesday, October 1, 2014 in the drop box by 5:00pm)

Purpose: The following exercises are intended to further your understanding of
problem-solving by search.

Note: All questions should be done individually. Also, using anyone else’s
code, even from textbooks or found on the Internet, is plagiarism.
If you need help, the Instructor and TAs will be available.

1. (50 points)

You are to implement (using MATLAB) different heuristics to solve the 8-
puzzle using A* search.

You will first implement a neighbour function to define the implicit graph, then
two heuristic functions, and lastly the A* search procedure itself.

As described in class, the 8-puzzle is a simple (one-person) game where tiles
numbered 1 through 8 are moved on a 3-by-3 grid. Any tile adjacent to the
blank position can be moved into the blank position. By moving tiles in se-
quence we attempt to reach the goal configuration.

For example, in the figures below, we see three different game configurations:
configuration (b) can be reached from configuration (a) by sliding tile 5 to the
left; configuration (c) can be reached from configuration (b) by sliding tile 6
up. Configuration (c) is the goal configuration. The objective of the game is
to reach the goal configuration from some starting configuration with as few
moves as possible. Note that not all starting configurations can reach the goal.

1 2 3
4 5
7 8 6

State (a)
1 2 3
4 5
7 8 6

State (b)
1 2 3
4 5 6
7 8

State (c)
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(a) (10 pts)
The first thing you need to do is to implement a neighbour function. For
any state of the game (i.e., any configuration), define a function neigh-
bour(state) that returns a list of neighbouring states. Feel free to use any
representation to encode a state. One possible representation: a state is a
list with nine elements corresponding to the tiles (or the blank space). For
instance, the three states shown above could be encoded, respectively, as:
[1,2,3,4,b,5,7,8,6] [1,2,3,4,5,b,7,8,6] [1,2,3,4,5,6,7,8,b]
In this game, we are interested in minimizing the number of moves nec-
essary to reach the goal configuration, so you can assume a cost of 1 per
move. For uniformity and ease of marking, the list of neighbours returned
by your neighbour function should follow a specific order: each neigh-
bour can be viewed as moving the blank position either up, right, left, or
down; your neighbours should be listed in that order. Of course, if some
of these neighbours are not possible (e.g., in configuration (b) above, the
right neighbour of tile 5 does not exist), they will not be in the list.

(b) (20 pts)
Implement the following two heuristic functions (to be used later in A*
search):

– h1(state,goal) returns the number of tiles (excluding the blank) that
are out of their desired goal position in state state.
The h1-values of the three states above are 2, 1, and 0, respectively.

– h2(state,goal) returns the total Manhattan distance of all tiles (ex-
cluding the blank) from their desired position. That is, for each tile,
the Manhattan distance is the sum of the horizontal and vertical dis-
tances between its position in state state and its desired position in
the goal state.
The h2-values of the three states above are 2, 1, and 0, respectively.

(c) (20 pts)
Implement a function astar(state,goal) to do standard A* search. This
function should return the path found from state to goal, the length of the
path and the number of nodes expanded (i.e., number of nodes removed
from the queue). Note that some state-goal pairs do not have any solution
(i.e., no path), hence you should limit the number of expanded nodes to
2000. Note also that when a solution can be found (before the 2000-node
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cutoff), it will be unique, assuming that your neighbour function produces
neighbours in the order specified in part (a).
Using MATLAB: You are to use MATLAB for this question. A tutorial is
available in the “a1-student-stuff.zip” file within the Assignments module
on the course LEARN website with the following files:

1. tutorial assignment 1.m: A MATLAB tutorial.
2. Prototype.txt: Prototypes for the MATLAB functions you need to

write.
3. SomeSolutions.txt: Sample solutions.

For additional help, please send questions to the CS486/686 LEARN dis-
cussion forum.
What to hand in:
Run your astar function with both heuristics on the three test problems
shown below. Hand in a paper report with the following:

– A printout of your program output.
– A printout of your program code.
– The path found (if one is found before the 2000-node cutoff), the

length of the path and the number of nodes expanded.

TEST PROBLEMS
Case 1
4 1 3
2 * 6
7 5 8
initial
state

⇒
1 2 3
4 5 6
7 8 *
goal
state

Case 2
2 8 1
4 6 3
7 * 5
initial
state

⇒
1 * 3
8 2 4
7 6 5
goal
state

3



Case 3
4 3 6
2 8 5
7 * 1
initial
state

⇒
1 2 3
4 5 *
7 8 6
goal
state

2. (30 points) SAT is the abbreviation for the satisfiability problem: given a propo-
sitional sentence, determine if it is satisfiable, and if it is, show which proposi-
tions have to be true to make the sentence true. 3-SAT is the problem of finding
a satisfying truth assignment for a sentence in a special format called 3-CNF,
which is defined as follows:

• A literal is a propositional symbol or its negation (e.g., P or ¬P ).

• A clause is a disjunction of literals; a 3-clause is a disjunction of exactly
three literals (e.g., P ∨Q ∨ ¬R).

• A sentence in CNF or conjunctive normal form is a conjunction of
clauses; a 3-CNF sentence is a conjunction of 3-clauses.

For example,

(P ∨Q ∨ ¬S) ∧ (¬P ∨Q ∨R) ∧ (¬P ∨ ¬R ∨ ¬S) ∧ (P ∨ ¬S ∨ T )

is a 3-CNF sentence with four clauses and five propositional symbols. One
satisfying assignment of the sentence is (P = 0, Q = 0, R = 1, S = 0, and
T = 1).

Suppose we wish to use a backtracking search algorithm to solve instances of
3-SAT.

(a) Show how to formulate a 3-SAT problem as a binary constraint satis-
faction problem (CSP). That is, specify the variables, the domains of the
variables, and the form of the binary constraints between pairs of vari-
ables. A binary CSP is one where each constraint involves two variables;
the domains of the variables are not necessarily limited to {0, 1}. Unary
constraints may be simulated by binary constraints involving the same
variable twice. Give an example so it is clear what you are proposing.

(b) For your binary representation, give an example, if possible, of the use of
domain-consistency to reduce the domains of the variables.
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(c) For your binary representation, give an example, if possible, of the use of
arc-consistency to reduce the domains of the variables (this may be before
backtracking search begins or during the backtracking search).

(d) Show how to formulate a 3-SAT problem as a non-binary constraint sat-
isfaction problem (CSP). That is, specify the variables, the domains of
the variables, and the form of the constraints over the variables. Your
non-binary CSP may include binary constraints, but it must use some
non-binary constraints; do not just repeat your answer from part (a). Give
an example so it is clear what you are proposing.

(e) For your non-binary representation, give an example, if possible, of the
use of domain-consistency to reduce the domains of the variables.

(f) For your non-binary representation, give an example, if possible, of the
use of arc-consistency to reduce the domains of the variables (this may be
before backtracking search begins or during the backtracking search).
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