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Reading for Next Class:

Section 9.5, p. 295 - 309, Russell & Norvig 2" edition
Handout, Nilsson & Genesereth, Logical Foundations of Artificial Intelligence
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Reading for Next Class: Sections 9.5 (p. 295 - 309), R&N 2¢
Last Class: KR in FOL, 8.3-8.4 (p. 253-266), 9.1 (p . 272-274), R&N 2¢
Frame problem: representational (frame axioms) vs. inferential
Related inference problems: ramification and qualif ication
Representing states, actions: situation calculus, s uccessor-state axioms
Towards planning systems
First-order inference: G__eneralized M odus P onens (GMP )
Today: Unification and Resolution, 9.2 — 9.4 (p. 275  —294), R&N 2¢
Unification (previewed last time)
GMP implemented
forward chaining and the Rete algorithm for product ion systems
backward chaining

Resolution theorem proving

Constraint logic programming

Preview: backward chaining in logic programming
Next Class: Logic Programming (Prolog)
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Situation calculus is one way to represent change in FOL:
Adds a situation argument to each non-eternal predicate
E.g., Now in Holding(Gold, Now) denotes a situation

Situations are connected by the ffesult function
Result(a, s) is the situation that results from doing @ in s

Successor-state axioms solve the representational frame problem
Each axiom is “about” a predicate (not an action per se):

P true afterwards < [an action made P true
P true already and no action made P false]

holding the gold:

Va,s Holding(Gold, Result(a,s)) <
[(a=Grabr AtGold(s))

V (Holding(Gold, s) A a # Release))

Adapted from slides © 2004 S. Russell & P. Norvig. Reused with permission.

Reducing first-order inference to propositional inference
Unification

Generalized Modus Ponens

Forward and backward chaining

Logic programming
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© 2004 S. Russell & P. Norvig. Reused with permissi  on.

Resolution
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Claim: a ground sentence" is entailed by new KB iff entailed by original KB
Claim: every FOL KB can be propositionalized so as to preserve entailment
Idea: propositionalize KB and query, apply resolution, return result

Problem: with function symbols, there are infinitely many ground terms,
e.g., Father(Father(Father(John)))

Theorem: Herbrand (1930). If a sentence « is entailed by an FOL KB,
it is entailed by a finite subset of the propositional KB

Idea: For n = 0 to oo do
create a propositional KB by instantiating with depth-n terms
see if o is entailed by this KB

Problem: works if «v is entailed, loops if « is not entailed

Theorem: Turing (1936), Church (1936), entailment in FOL is semidecidable

Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.
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Sound inference: find o such that KB = a.
Proof process is a search, operators are inference rules.
E.g., Modus Ponens (MP)

a a =73 At(Joe, UCB) At(Joe,UCB) = OK{Joe)
pi| OK(Joe)

E.g., And-Introduction (Al)

a f OK(Joe) CSMajor(Joe)
alp OK{(Joe) A CSMajor(Joe)

E.g., Universal Elimination (UE)

VI a Yz Al{z,UCB) = OK(z)
afz/7} At(Pat,UCB) = OK(Pat)

7 must be a ground term (i.e., no variables)

Adapted from slides © 2004 S. Russell & P. Norvig. Reused with permission.
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Bob is a buffalo 1. Buf falo(Bob)
Pat is a pig 2. Pig{Pat)

Buffaloes outrun pigs |3. ¥Yz,y Buffalo(z) A Pigly) = Faster{z,y)
Bab outruns Pat ‘

Apply Sequent Rules to Generate New Assertions

All&?2 |4. Buffalo(Bob) A Pig(Pat)
UE 3, {z/Bob,y/Pat} ‘5. Buf falo(Bob) A Pig(Pat) = Faster(Bab, Pat)
MP6&T |6. Faster{ Bab, Pat)
a a=>f a B Yo a
3 ahf a{x/7}
Modus Ponens And Introduction Universal Elimination

Adapted from slides © 2004 S. Russell & P. Norvig. Reused with permission.
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PLs P Baj AR B El where p,'0 = p,0 for all i
q6
pi’is King(John) pi is King(zx)
pais Greedy(y) pe is Greedy(x)

0 is {z/John,y/John} qis Evil(z)
qf is Evil(John)

GMP used with KB of definite clauses (exactly one positive literal)
All variables assumed universally quantified

© 2004 S. Russell & P. Norvig. Reused with permissi  on.
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function UNIFY(z, y,0) returns a substitution to make z and y identical
inputs: z, a variable, constant, list, or compound
vy, a variable, constant, list, or compound
f, the substitution built up so far

if 8 = failure then return failure
else if z = y then return ¢
else if VARIABLE?(z) then return UNIFY-VAR(z, y,6)
else if VARIABLE?(y) then return UNIFY-VAR(y, z, 8)
else if ComrouND?(z) and ComMPOUND?(y) then
return UNIFY(ARGS[z], ARGS[y], UNIFY(OP[], OP[1], 6))
else if LisT?(z) and LisT?(y) then
return UNIFY(REST[z], REST[y], UNIFY(FIRST[2], FIRST[Y], ¢))
else return failure

Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.

function UNIFY-VAR(var, z,#) returns a substitution
inputs: var, a variable
T, any expression
#, the substitution built up so far

if {var/val} € 6 then return UNIFY(val, z,6)
else if {z/val} € 8 then return Uniry(var, val, 8)
else if OCcUR-CHECK?(var, ) then return failure
else return add {var/z} to 0

Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.
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fail

Adapted from slides © 2004 S. Russell & P. Norvig. Reused with permission.

4 >( >?||

6. ()

“Effect” axiom—describe changes due to action

Vs AtGold(s) = Holding(Gold, Result(Grab, s))

“Frame” axiom—describe non-changes due to action
Vs HaveArrow(s) = HaveArrow(Result(Grab, s))

Frame problem: find an elegant way to handle non-change
(a) representation—avoid frame axioms
(b) inference—avoid repeated “copy-overs” to keep track of state

Qualification problem: true descriptions of real actions require endless caveats—
what if gold is slippery or nailed down or ...

Ramification problem: real actions have many secondary consequences—
what about the dust on the gold, wear and tear on gloves, ...

Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.
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© 2004 S. Russell & P. Norvig. Reused with permissi  on.
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Adapted from slides © 2004 S. Russell & P. Norvig. Reused with permission.
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Based on © 2004 S. Russell & P. Norvig. Reused with  permission.
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Adapted from slides © 2004 S. Russell & P. Norvig. Reused with permission.
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Based on © 2004 S. Russell & P. Norvig. Reused with  permission.
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© 2004 S. Russell & P. Norvig. Reused with permissi  on.
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Based on © 2004 S. Russell & P. Norvig. Reused with  permission.
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© 2004 S. Russell & P. Norvig. Reused with permissi  on.
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© 2004 S. Russell & P. Norvig. Reused with permissi  on.
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© 2004 S. Russell & P. Norvig. Reused with permissi  on.




© 2004 S. Russell & P. Norvig. Reused with permissi  on.

Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.
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Adapted from slide © 2004 S. Russell & P. Norvig. R eused with permission.

© 2004 S. Russell & P. Norvig. Reused with permissi  on.
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Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.
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Based on slide © 2004 S. Russell & P. Norvig. Reuse d with permission.
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Implications Out (Replace with Disjunctive Clauses)

Negations Inward (DeMorgan’s Theorem)

Standardize Variables Apart (Eliminate Duplicate Nam  es)

Existentials Out (Skolemize)

Universals Made Implicit

Distribute And Over Or (i.e., Disjunctions Inward)

Operators Made Implicit (Convert to List of Lists of Literals)

Rename Variables (Independent Clauses)

A Memonic for Star Trek: The Next Generation Fans
Captain Picard:

I'll N otify S pock’s E minent U nderground D _issidents O_n Romulus

I'll N otify S arek’s E minent U nderground D _escendant O h Romulus

Adapted from: Nilsson and Genesereth (1987).  Logical Foundations of Artificial Intelligence.
http://bit.ly/45Cmqq

© 2004 S. Russell & P. Norvig. Reused with permissi  on.




Generalized M odus Ponens (GMP )
Sound and complete rule for first-order inference (reasoning in FOL)
Requires pattern matching by unification
Unification : Algorithm for Matching Patterns
Used in type inference , first-order inference
Matches well-formed formulas (WFFs), atoms, terms
Terms : variables, constants, functions and arguments
Arguments : nested terms
Resolution : Sound and Complete Inference Rule/Procedure for FOL
Antecedent (aka precedent): sentences “above line” in sequent rule
Resolvent (aka consequent) : sentences “below line” in sequent rule
Forward Chaining : Systematic Application of Rule to Whole KB
Rete algorithm in production systems _ for expert systems _development
Susceptible to high fan-out _ (branch factor)
Backward Chaining : Goal-Directed
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Last Class: From Propositional Logic to FOL
Herbrand theory
ground terms: full instantiation (propositionalizat ion)
lifting lemma: can generalize from propositional in ference
Need to convert FOL to clausal form (CNF)
Generalized M odus Ponens (GMP_)
Sound and complete rule for first-order inference ( reasoning in FOL)
Requires pattern matching by unification
Unification: Algorithm for Matching Patterns
Used in type inference, first-order inference
Matches well-formed formulas (WFFs), atoms, terms
Terms: variables, constants, functions and argument S

Arguments: nested terms
Resolution: Sound and Complete Inference Rule/Procedu re for FOL
Forward Chaining: Systematic Application of Sequent Rule to KB




