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Instructor home page: http://www.cis.ksu.edu/~bhsu

Reading for Next Class:
Section 8.1 – 8.2, p.240 – 253, Russell & Norvig 2nd edition

First-Order Logic: Syntax and Semantics
Discussion: Role of Logic in Planning
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Adapted from slides by
S. Russell, UC Berkeley

Logical Agents:
Review
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Predicate Logic and FOL Road Map

Predicate Logic
Enriching language

Predicates
Functions

Syntax and semantics of predicate logic

First-Order Logic (FOL, FOPC)
Need for quantifiers
Relation to (unquantified) predicate logic
Syntax and semantics of FOL

Fun with Sentences
Wumpus World in FOL
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Syntax of FOL:
Basic Elements

Adapted from slides by
S. Russell, UC Berkeley
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Fun with Sentences:
Family Feud

Fun with Sentences:
Family Feud

Brothers are Siblings

∀ x, y . Brother (x, y) ⇔ Sibling (x, y)
Siblings (i.e., Sibling Relationships) are Reflexive

∀ x, y . Sibling (x, y) ⇔ Sibling (y, x)
One’s Mother is One’s Female Parent

∀ x, y . Mother (x, y) ⇔ Female (x) ∧ Parent (x, y) 
A First Cousin Is A Child of A Parent’s Sibling

∀ x, y . First-Cousin (x, y) ⇔
∃ p, ps . Parent (p, x) ∧ Sibling (p, ps) ∧ Parent (ps, y) 

Adapted from slides by
S. Russell, UC Berkeley
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“Every Dog Chases Its Own Tail”

∀ d . Chases (d, tail-of (d))
Alternative Statement: ∀ d . ∃ t . Tail-Of (t, d) ∧ Chases (d, t)
Prefigures concept of Skolemization (Skolem variables / functions)

“Every Dog Chases Its Own (Unique) Tail”

∀ d . ∃1 t . Tail-Of (t, d) ∧ Chases (d, t) ≡
∀ d . ∃ t . Tail-Of (t, d) ∧ Chases (d, t) ∧ [∀ t’ Chases (d, t’) ⇒ t’ = t]

“Only The Wicked Flee when No One Pursueth”

∀ x . Flees (x) ∧ [¬∃ y Pursues (y, x)] ⇒ Wicked (x)
Alternative : ∀ x . [∃ y . Flees (x, y)] ∧ [¬∃ z . Pursues (z, x)] ⇒ Wicked (x)

Offline Exercise: What Is An nth Cousin, m Times Removed?

Exercise [1]:
First-Order Logic Sentences
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Exercise [2]:
First-Order Logic Sentences

Computing & Information Sciences
Kansas State University

Wednesday, 19 Sep 2007CIS 530 / 730: Artificial Intelligence

Validity and Satisfiability
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FOL: Atomic Sentences
(Atomic Well-Formed Formulae)

Adapted from slides by
S. Russell, UC Berkeley
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FOL: Complex Sentences
(Well-Formed Formulae)

Adapted from slides by
S. Russell, UC Berkeley
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Truth in FOL

Adapted from slides by
S. Russell, UC Berkeley
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Lecture Outline
Reading for Next Class: Section 8.1 – 8.2, R&N 2e
Recommended : Nilsson and Genesereth (Chapter 5 online)
Next Week’s: Chapter 8 & first half of Chapter 9, R&N
Today

Syntax of first-order predicate calculus (FOPC, aka “first-order logic”)
Semantics
Role of automated deduction in AI

This Week
Monday: Propositional Resolution, Soundness, Completness
Today: First-order logic (FOL): predicates, functions, quantifiers
Friday: Knowledge Engineering (KE) and theorem proving

Coming Soon
Next week: Resolution, constraint logic, Prolog
Week of 04 Oct 2006: knowledge representation, ontologies
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Taking Stock:
FOL Inference

Previously: Logical Agents and Calculi
FOL in Practice

Agent “toy” world: Wumpus World in FOL
Situation calculus
Frame problem and variants (see R&N sidebar)

Representational vs. inferential frame problems
Qualification problem: “what if?”
Ramification problem: “what else?” (side effects)

Successor-state axioms

FOL Knowledge Bases
FOL Inference

Proofs
Pattern-matching: unification
Theorem-proving as search

Generalized Modus Ponens (GMP)
Forward Chaining and Backward Chaining
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Automated Deduction
(Chapters 8-10 R&N)

Automated Deduction
(Chapters 8-10 R&N)

Adapted from slides by
S. Russell, UC Berkeley
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Apply Sequent Rules to Generate New Assertions

Modus Ponens                 And Introduction          Universal Elimination

Example Proof

Adapted from slides by
S. Russell, UC Berkeley
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Search with Primitive Inference Rules

Adapted from slides by
S. Russell, UC Berkeley
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A Brief History of Reasoning:
Chapter 8 End Notes, R&N

Adapted from slides by
S. Russell, UC Berkeley
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Knowledge Engineering

KE: Process of
Choosing logical language (basis of KR)
Building KB
Implementing proof theory
Inferring new facts

Analogy: Programming Languages / Software Engineering
Choosing programming language (basis of software engineering)
Writing program
Choosing / writing compiler
Running program

Example Domains
Electronic circuits (Section 8.3 R&N)
Exercise

Look up, read about protocol analysis
Find example and think about KE process for your project domain
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Unification:
Definitions and Idea Sketch

Unification:
Definitions and Idea Sketch

Adapted from slides by
S. Russell, UC Berkeley
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Generalized Modus Ponens

Adapted from slides by
S. Russell, UC Berkeley
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Adapted from slides by S. Russell, UC Berkeley

Soundness of GMP
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Adapted from slides by S. Russell, UC Berkeley

Forward Chaining
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Adapted from slides by S. Russell, UC Berkeley

Example:
Forward Chaining
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Adapted from slides by S. Russell, UC Berkeley

Backward Chaining
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Adapted from slides by S. Russell, UC Berkeley

Example:
Backward Chaining
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Question: How Does This Relate to Proof by Refutation?

Answer
Suppose ¬Query, For The Sake Of Contradiction (FTSOC)

Attempt to prove that KB ∧ ¬Query ⊥Adapted from slides by S. Russell, UC Berkeley

Review:
Backward Chaining
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Adapted from slides by S. Russell, UC Berkeley

Completeness Redux
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Completeness in FOL

Adapted from slides by
S. Russell, UC Berkeley
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Resolution Inference Rule

Adapted from slides by
S. Russell, UC Berkeley

Computing & Information Sciences
Kansas State University

Wednesday, 19 Sep 2007CIS 530 / 730: Artificial Intelligence

Digression:
Decidability and Formal Languages

See: Hopcroft and Ullman 2e, Lewis and Papadimitriou 3e
Formal Languages (See: CIS 540, Other Automata Theory Course)

Member of Turing hierarchy
Finite state automata: regular languages
Pushdown automata: context-free languages
Linear bounded automata: context-sensitive languages
Turing machines: recursive languages

Recursive languages
∃ computational model for decision problem, halts in finite number of steps
REC: set of all recursive languages
Example: finite searches (convert to decision problem of checking solution)
Closed under complementation (consequence?)

Recursive enumerable but not recursive (RE - REC)
Not recursive (∉ RE)

What Are FOL-VALID, FOL-NOT-SAT, FOL-SAT, FOL-NOT-VALID?
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Summary Points
Applications of Knowledge Bases (KBs) and Inference Systems
“Industrial Strength” KBs

Building KBs
Components

Ontologies
Fact and rule bases
Knowledge Engineering (KE) and protocol analysis
Inductive Logic Programming (ILP) and other machine learning 
techniques

Using KBs
Systems of Sequent Rules: GMP/AI/UE, Resolution
Methodology of Inference

Inference as search
Forward and backward chaining
Fan-in, fan-out
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Terminology
Logical Frameworks

Knowledge Bases (KB)
Logic in general: representation languages, syntax, semantics
Propositional logic
First-order logic (FOL, FOPC)
Model theory, domain theory: possible worlds semantics, entailment

Normal Forms
Conjunctive Normal Form (CNF)
Disjunctive Normal Form (DNF)
Horn Form

Proof Theory and Inference Systems
Sequent calculi: rules of proof theory
Derivability or provability
Properties

Soundness (derivability implies entailment)
Completeness (entailment implies derivability)


