
CS 561: Artificial Intelligence

Instructor: Sofus A. Macskassy, macskass@usc.edu
TAs: Nadeesha Ranashinghe (nadeeshr@usc.edu)

William Yeoh (wyeoh@usc.edu)
Harris Chiu (chiciu@usc.edu)

Lectures: MW 5:00-6:20pm, OHE 122 / DEN
Office hours:  By appointment
Class page: http://www-rcf.usc.edu/~macskass/CS561-Spring2010/

This class will use http://www.uscden.net/ and class webpage
- Up to date information
- Lecture notes 
- Relevant dates, links, etc.

Course material:
[AIMA] Artificial Intelligence: A Modern Approach,
by Stuart Russell and Peter Norvig. (2nd ed)
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Logical Agents [AIMA Ch. 7]

·Knowledge -based agents

·Wumpus world

·Logic in general ðmodels and entailment

·Propositional (Boolean) logic

·Equivalence, validity, satisfiability

·Inference rules and theorem proving
Ɓforward chaining

Ɓbackward chaining

Ɓresolution
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Knowledge bases

· Knowledge base = set of sentences in a formal language

· Declarative approach to building an agent (or other system):

TELL it what it needs to know

· Then it can ASK itself what to do ðanswers should follow from the KB

· Agents can be viewed at the knowledge level

i.e., what they know , regardless of how implemented

· Or at the implementation level

i.e., data structures in KB and algorithms that manipulate them



Knowledge - Based Agent

· Agent that uses prior or acquired
knowledge to achieve its goals

ƁCan make more efficient decisions

ƁCan make informed decisions

· Knowledge Base (KB): contains a set of 
representations of facts about the 
Agentôs environment

· Each representation is called a 
sentence 

· Use some knowledge representation 
language , to TELL it what to know e.g., 
(temperature 72F)

· ASK agent to query what to do

· Agent can use inference to deduce new 
facts from TELLed facts

Knowledge Base

Inference engine

Domain independent algorithms

Domain specific content

TELL

ASK
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A simple knowledge - based agent

·The agent must be able to:
ƁRepresent states, actions, etc.

ƁIncorporate new percepts

ƁUpdate internal representations of the world

ƁDeduce hidden properties of the world

ƁDeduce appropriate actions
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Wumpus World Example

· Performance measure

Ɓgold +1000, death -1000

Ɓ-1 per step, -10 for using the arrow

· Environment

ƁSquares adjacent to wumpus are smelly

ƁSquares adjacent to pit are breezy

ƁGlitter iff gold is in the same square

ƁShooting kills wumpus if you are facing it

ƁShooting uses up the only arrow

ƁGrabbing picks up gold if in same square

ƁReleasing drops the gold in same square

· Actuators

ƁLeft turn, Right turn, Forward,

Grab, Release, Shoot

· Sensors

ƁBreeze, Glitter, Smell



Wumpus world characterization

· Observable?

· Deterministic?

· Episodic?

· Static?

· Discrete?

· Single -agent?
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Wumpus world characterization

· Observable? Noðonly local perception

· Deterministic? Yesðoutcomes exactly specified

· Episodic? Noðsequential at the level of actions

· Static? YesðWumpus and pits do not move

· Discrete? Yes

· Single -agent? YesðWumpus is a feature
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Exploring a wumpus world

A= Agent
B= Breeze
S= Smell
P= Pit
W= Wumpus
OK = Safe
V = Visited
G = Glitter
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Other tight spots

Breeze in (1,2) and (2,1)

Č no safe actions

Assuming pits uniformly distributed,

(2,2) has pit w/ prob 0.86, vs. 0.31

Smell in (1,1)

Č cannot move

Can use a strategy of coercion:

shoot straight ahead

wumpus was there Č dead Č safe

wumpus wasn't there Č safe



Example solution

S in 1,2 Ą 1,3 or 2,2 has W

No S in 2,1 Ą 2,2 OK

2,2 OK Ą 1,3 W

No B in 1,2 & B in 2,1 Ą 3,1 P
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Another example solution

No perception Ą 1,2 and 2,1 OK

Move to 2,1

B in 2,1 Ą 2,2 or 3,1 P?

1,1 V Ą no P in 1,2

Move to 1,2 (only option)
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Logic in general

· Logics are formal languages for representing information

such that conclusions can be drawn

· Syntax defines the sentences in the language

· Semantics define the ñmeaningò of sentences;

· i.e., define truth of a sentence in a world

· E.g., the language of arithmetic

· x + 2 Ó y is a sentence; x2+ y > is not a sentence

· x + 2 Ó y is true iff the number x + 2 is no less than

the number y

· x + 2 Ó y is true in a world where x=7; y=1

· x + 2 Ó y is false in a world where x=0; y=6
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Types of logic

· Logics are characterized by what they commit to as ñprimitivesò

· Ontological commitment: what exists ðfacts? objects? time? beliefs?

· Epistemological commitment: what states of knowledge?

Language Ontological Commitment Epistemological Commitment

Propositional logic facts true/false/unknown

First - order logic facts, objects, relations true/false/unknown

Temporal logic facts, objects, relations, times true/false/unknown

Probability logic facts degree of belief 0é1

Fuzzy logic facts, degree of truth known interval value



The Semantic Wall

Physical Symbol System World

+BLOCKA+

+BLOCKB+

+BLOCKC+

P1:(IS_ON +BLOCKA+ +BLOCKB+)
P2:((IS_RED +BLOCKA+)
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Truth depends on Interpretation

Representation 1 World

A

B
ON(A,B) T
ON(B,A) F

ON(A,B )  F A

ON(B,A)  T B
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Entailment

· Entailment means that one thing follows from another:
KB Ɲ®

· Knowledge base KB entails sentence Ŭ

if and only if ( iff )
® is true in all worlds where KB is true

· E.g., the KB containing ñthe Giants wonò and ñthe Reds wonò
entails ñEither the Giants won or the Reds wonò

· E.g. , x + y =4 entails 4= x + y

· Entailment is a relationship between sentences (i.e., syntax )
that is based on semantics

· Note: brains process syntax (of some sort)

Entailment is different than inference!



Logic as a representation of the World

FactsWorld Factfollows

Refers to 
(Semantics)

Representation: Sentences Sentence

entails
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Models

· Logicians typically think in terms of models , which are formally 
structured worlds with respect to which truth can be evaluated

· We say m is a model of a sentence ® if ® is true in m

· M (®) is the set of all models of ®

· Then KB Ɲ ® if and only if M (KB ) µ M (®)

· E.g. KB = Giants won and Reds won

® = Giants won
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Entailment in the wumpus world

· Situation after detecting nothing in [1,1],

moving right, breeze in [2,1]

· Consider possible models for ?s

assuming only pits

· 3 Boolean choices Č 8 possible models
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Wumpus models
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Wumpus models

KB = wumpus -world rules + observations
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Wumpus models

®1 = ñ[1,2] is safe", KB Ɲ®1 , proved by model checking

KB = wumpus -world rules + observations
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Wumpus models

®2 = ñ[2,2] is safe", KB Ɲ®2

KB = wumpus -world rules + observations
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Inference

· KB ` i ® = sentence ® can be derived from KB by procedure i

· Consequences of KB are a haystack; ® is a needle.

Entailment = needle in haystack; inference = finding it

· Soundness : i is sound if

whenever KB ` i ®, it is also true that KB Ɲ®

· Completeness : i is complete if

whenever KB Ɲ®, it is also true that KB ` i ®

· Preview: we will define a logic (first -order logic) which is 
expressive enough to say almost anything of interest, and for 
which there exists a sound and complete inference procedure.

· That is, the procedure will answer any question whose answer 
follows from what is known by the KB .



Basic symbols

· Expressions only evaluate to either ñtrueò or ñfalse.ò

· P ñP is trueò

· ¬ P ñP is falseò negation

· P _ Q ñeither P is true or Q is true or bothòdisjunction

· P ^ Q ñboth P and Q are trueòconjunction

· P ) Q ñif P is true, the Q is trueòimplication

· P , Q ñP and Q are either both true or both falseò equivalence
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Propositional logic: Syntax

· Propositional logic is the simplest logic ðillustrates basic ideas

· The proposition symbols P1, P2 etc are sentences

· If S is a sentence, ¬ S is a sentence (negation)

· If S1 and S2 are sentences, S1 ^ S2 is a sentence (conjunction)

· If S1 and S2 are sentences, S1 _ S2 is a sentence (disjunction)

· If S1 and S2 are sentences, S1 ) S2 is a sentence (implication)

· If S1 and S2 are sentences, S1 , S2 is a sentence ( biconditional )
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Propositional logic: Semantics
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Truth tables for connectives
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Wumpus world sentences

·Let Pi;j be true if there is a pit in [ i;j ].

·Let B i;j be true if there is a breeze in [ i;j ].

P1;1

B1;1

B2;1

·ñPits cause breezes in adjacent squaresò
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Wumpus world sentences

·Let Pi;j be true if there is a pit in [ i;j ].

·Let B i;j be true if there is a breeze in [ i;j ].

P1;1

B1;1

B2;1

·ñPits cause breezes in adjacent squaresò

B1;1 , (P1;2 _ P2;1)

B2;1 , (P1;1 _ P2;2 _ P3;1)

·ñA square is breezy if and only if there is an 
adjacent pitò
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Truth tables for inference

Enumerate rows (different assignments to symbols),
if KB is true in row, check that ® is too



Propositional inference: enumeration 
method

Let ® = A _ B and KB = ( A _ C ) ^ (B _ ¬ C)
Is it the case that KB Ɲ®?
Check all possible models ð® must be true wherever KB is true
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Enumeration: Solution

Let ® = A _ B and KB = ( A _ C ) ^ (B _ ¬ C)
Is it the case that KB Ɲ®?
Check all possible models ð® must be true wherever KB is true
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Inference by enumeration

· Depth - first enumeration of all models is sound and complete

· O(2 n) for n symbols; problem is co-NP-complete



Propositional inference: normal forms

ñsum of products of 
simple variables or
negated simple variablesò

ñproduct of sums of 
simple variables or
negated simple variablesò
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Logical equivalence
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Validity and satisfiability

· A sentence is valid if it is true in all models,

e.g., True, A _ : A , A ) A , ( A ^ (A ) B)) ) B

· Validity is connected to inference via the Deduction Theorem :

KB Ɲ® if and only if ( KB ) ®) is valid

· A sentence is satisfiable if it is true in some model

e.g., A _ B , C

· A sentence is unsatisfiable if it is true in no models

e.g., A ^ : A

· Satisfiability is connected to inference via the following:

KB Ɲ® if and only if ( KB ^ : ®) is unsatisfiable

i.e., prove ® by reductio ad absurdum
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Proof methods

· Proof methods divide into (roughly) two kinds:

· Application of inference rules

ƁLegitimate (sound) generation of new sentences from old

ƁProof = a sequence of inference rule applications

Can use inference rules as operators in a standard search alg.

ƁTypically require translation of sentences into a normal form

·Model checking
Ɓtruth table enumeration (always exponential in n)

Ɓimproved backtracking, e.g., Davis ðPutnam ðLogemann ðLoveland

Ɓheuristic search in model space (sound but incomplete)

e.g., min -conflicts - like hill - climbing algorithms
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Inference rules
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Inference rules



Wumpus world: example

·Facts: Percepts inject (TELL) facts into the KB
Ɓ[stench at 1,1 and 2,1]  Ą S1,1 ; S2,1

·Rules: if square has no stench then neither the 
square or adjacent square contain the wumpus

ƁR1 : ¬ S1,1 ) ¬ W1,1 ^ ¬ W1,2 ^ ¬ W2,1

ƁR2 : ¬ S2,1 ) ¬ W1,1 ^ ¬ W2,1 ^ ¬ W2,2 ^ ¬ W3,1

Ɓé

·Inference: 
ƁKB contains ¬ S1,1 then using Modus Ponens we infer

¬ W1,1 ^ ¬ W1,2 ^ ¬ W2,1 

ƁUsing And-Elimination we get:

¬ W1,1 ¬ W1,2    ¬ W2,1 

Ɓé

49CS561 - Lecture 09 - 10 - Macskassy - Spring 2010



CS561 - Lecture 09 - 10 - Macskassy - Spring 2010 50

Forward and backward chaining

· Horn Form (restricted)

KB = conjunction of Horn clauses

Horn clause =

proposition symbol; or

(conjunction of symbols) ) symbol

E.g., C ^ (B ) A) ^ (C ^ D ) B)

·Modus Ponens (for Horn Form): complete for Horn KBs

®1; é ; ®n ; ®1 ^ é ̂®n ) ¯

¯

· Can be used with forward chaining or backward chaining .

· These algorithms are very natural and run in linear time
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Forward chaining

· Idea: fire any rule whose premises are satisfied in the KB , 
add its conclusion to the KB , until query is found

P  ) Q

L ^ M ) P

B ^ L  ) M

A ^ P  ) L

A ^ B  ) L

A

B
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Forward chaining algorithm


