Inference Strategy: Backward Chaining

Idea:
—  Check whether a particular fact q istrue.

Backward Chaining:
Given afact g to be “proven”,
1. Seeif qisdready inthe KB. If so, return TRUE.
2. Find al implications, |, whose conclusion “matches’ g.

3. Recursively establish the premisesof al i inl via
backward chaining.

E Avoidsinferring unrelated facts.

Example: Backward Chaining

K nowledge-base describing when the car should brake?
( PersoninFrontOfCar = Brake )
A ((( YellowLight A Policeman) A ( —Slippery )) = Brake)
A ( Policecar = Policeman )
A ('Snow = Slippery )
A (Slippery = —Dry )
A (RedLight = Brake)
A (Winter = Snow )
Observation from sensors:
YellowLight A =RedLight A —=Snow A Dry A Policecar A —~PersonlnFrontOf Car
Should the agent brake (i.e. can “brake” beinferred)?
Goal: Brake
— Modus Ponens (brake): PersoninFrontOfCar
« Failure: PersoninFrontOfCar ~ Backtracking
Goal: Brake
Modus Ponens (brake): YellowLight A Policeman A —Slippery
Known (YellowLight): Policeman A —Slippery
Modus Ponens (Policeman): Policecar A —Slippery
Known (Policecar): —=Slippery
Modus Tollens (—Slippery): Dry
Known (Dry)

First-Order Logic

Example:
Representing Facts in First-Order Logic

e ldea:
— Don't treat propositions as “ atomic” entities. 1 Lucy* isaprofessor
e First-Order Logic: 2. All professorsare people.
— Objects: 472, fred, oh155, emptylist ... 3. Fuchsisthedean.
— Relationg/Predicates: is Man(fred), Located(cs472, oh155) ... ‘
» Note: Relations typically correspond to verbs 4. Deansareprofessors.
— Functions: Pair(search,Pair(learning,Pair(kbsystems, emptylist))) 5. All professors consider the dean afriend or don’t know him.
— Connectives: A,V , -, =, & 6. Everyoneisafriend of someone.
— Quantifiers: o _
« Universal: v x: (is Man(x) = is Mortal(x) ) 7.  Peopleonly criticize peoplethat are not their friends.
« Existentia: 3y: (is_Father(y, fred) ) 8.  Lucy criticized Fuchs.
* Name changed for privacy reasons.
Example: Proof Knowledge Engineering
Knowledge base: I dentify the task.
LI f(l
SPro (Iuey) . 2. Assembletherelevant knowledge.
e VX (is-prof(x) — is-person(x) )
« is-dean(fuchs) 3. Decideon avocabulary of predicates, functions, and
« Ux(isdean(x) is-prof(x)) constants.
o VX (Vy (is-prof(x) A is-dean(y) — is-friend-of(y,x) v = knows(x, y) ) ) 4. Encode general knowledge about the domain.
* ¥x @y (isfriend-of (v, x))) N o 5. Encodea description of the specific problem instance.
¢ Vx (Vy (isperson(x) Ais-person(y) A criticize (x,y) — — is-friend-of (y,x))) 6. Posequeriesto theinference procedure and oet answers
e criticize(lucy,fuchs) ’ q P 9 )
7. Debug the knowledge base.

Question: IsFuchsno friend of Lucy?
= is-friend-of (fuchs,lucy)




Inference Procedures; Theoretical Results

¢ Thereexist complete and sound proof proceduresfor propositional
and FOL.
— Propositiona logic
» Usethe definition of entailment directly. Proof procedureis
exponential in n, the number of symbols.
* In practice, can be much faster...
* Polynomial-time inference procedure exists when KB is expressed
asHornclauses. Py A Pa A A P = Q
where the P, and Q are non-negated atoms.
— First-Order logic
» Godel’ s completeness theorem showed that a proof procedure
exists...
 But none was demonstrated until Robinson’s 1965 resolution
algorithm.
 Entailment in first-order logic is semidecidable.

Resolution Rule of Inference

General Rule:
Assume: EV EjpV..V Eq
and BN Eoo V..V By

Then: Eiov...V
Note: E;; can be negated.

Elk \Y E22 V..V EQZ

Example:
Assume: E;V Es playing tennis or raining
and -E> Vv E3 not raining or working
Then: FiV Ea nlaving tennis or workina
Then: FE{V E3 playing tennis or working

Algorithm: Resolution Proof

* Negate thetheorem to be proved, and add the result to the
knowledge base.

* Bring knowledge base into conjunctive normal form (CNF)
— CNF: conjunctions of disjunctions

— Each digunctioniscalled aclause.
Until thereisno resolvable pair of clauses,

— Find resolvable clauses and resolve them.

— Add the results of resolution to the knowledge base.

— If NIL (empty clause) is produced, stop and report that the
(original) theorem istrue.

* Report that the (original) theorem isfalse.

Resolution Example: Propositional Logic

*» Toprove =P

e Transform Knowledge Base into CNF
Regular CNF
Sentencel: P—Q -PvQ
Sentence 2: @Q—+R -QVR

Sentence 3: -H -

e Proof
1. -PVvQ Sentence 1
2. =QVR Sentence 2
3 =R Sentence 3
4. P Assume opposite
5 Q Resolve 4 and 1
6. R Resolve 5 and 2
7. nil Resolve 6 with 3

Resolution Example: FOL

Example: Prove bird (tweety)

Axioms. Regular CNF

1: Yz feathers(x) — bird(@) —feathers(x) Vbird()

> feathers(tweety) feathers(tweety)

3 —bird(tweety) —bird(tweety)
—feathers(tweety)

4:
Resolution Proof

1. Resolve3and 1, specializing (i.e. “unifying”) tweety for x.

Add —feathers(tweety)
2. Resolve4and 2. Add NIL.

Resolution Theorem Proving
Properties of Resolution Theorem Proving:
— sound (for propositional and FOL)

—  (refutation) complete (for propositional and FOL)

Procedure may seem cumber some but note that can be
easily automated. Just “smash” clauses until empty
clause or no more new clauses.




Unification

Unify procedure: Unify(P,Q) takes two atomic (i.e. single
predicates) sentences P and Q and returns a substitution
that makes P and Q identical.

Rulesfor substitutions:
— Can replace avariable by a constant.
— Canreplace avariable by avariable.

— Can replace a variable by afunction expression, aslong
as the function expression does not contain the variable.

Unifier: asubstitution that makes two clauses resolvable.

v1/C;va/vz;v4/ f(...)

Unification - Purpose

Given:
= Knows (John, x) v Hates (John, x)
Knows (John, Jim)
Derive:
Hates (John, Jim)
Unification:
uni fy(Knows(Johnx), Knows(JohnJim)) = {x/Jim}
Need unifier {x/Jim} for resolution to work.
Add to knowledge base:
- Knows(John, Jim) V Hates(John, Jim)

Unification (example)

Who does John hate?
Fx: Hates (John, X)
Knowledge base (in clause form):
— Knows (John, v) Vv Hates (John, v)
Knows (John, Jim)
Knows (y, Leo)
Knows (z, Mother (2))
— Hates (John, x) (since = 7x: Hates (John, x)  V x: =Hates(John,x))
Resolution with 5 and 1:
unify(Hates(John, x), Hates(John, v)) = {x/v}
6. - Knows (John, v)
Resolution with 6 and 2:
unify(Knows(John, v), Knows(John Jim))={v/Jim}
or resolution with 6 and 3
unify(Knows (John, v) Knows (y, Leo)) = {y/John, v/Leo}
or Resolution with 6 and
unify(Knows (John, v), Knows (z, Mother(z))) = { z/John, v/IMother(z)}
Answers:
1. Hates(John,x) with {x/v, v/Jim} (i.e. John hates Jim)
2. Hates(John,x) with {x/v, y/John, v/Leo} (i.e. John hates Leo)
3. Hates(John,x) with {x/v, v/IMother(z), z/John} (i.e. John hates his mother)

gasWN P

Most General Unifier

In cases where thereis more than one substitution choose the one that
makestheleast commitment (most general) about the bindings.

UNIFY (Knows (John,x), Knows (y,2))
={y/John,x/ 2}
not {y/John, x/ z, z/ Freda}
not {y/ John, x / John, z/ John}

See R& N for general unification algorithm. O(n?) with Refutation

Converting More Complicated Sentences to
CNF
Sentence:
vz brick(z) — ((Jy : on(z,y) A —~pyramid(y))
A (=3y :on(xz,y) Aon(y, x))

A (Vy @ —brick(y) — —equal(x,y)))

CNF:

=brick(z) Vv on(x, support(z))
=brick(w) V —pyramid(support(w))
=brick(u) V —on(u,y) vV —on(y,u)
—brick(1m) V brick(z) V —equal(wv, z)

1. Eliminate Implications

Substitute - E;VE,for E; —E,

Ve : brick(z) — ((Jy : on(z,y) A ~pyramid(y))
A (=3y  on(z, y) A on(y, x))
A (Vy : =brick(y) — —equal(z,y))

Vr : —brick(z) vV ((Ay: on(z,y) A —pyramid(y))
A (=3y on(z,y) Aon(y, x))
A (Vy = (=brick(y)) V —equal(x,y))




2. Move negations down to the atomic formulas

Equivalence Transformations:
~(E1AEBp) = (-E) VvV (-E2)
(B V Ez) = (mE1) A (—ER)
~(-E1) < B

Wz E:(x) — 3z -E:(x
Vx| Bilz) b

-3z : B1(z) < Vz:-Ei(x)
Result:
YV o —brick(ax) V
((Fy : on(z,y) A —pyramid(y))
A (=Fy : on(x,y) Non(y,x))
A (Vy : =(=brick(y)) V —equal(z,y)))

3. Eliminate Existential Quantifiers:
Skolemization

Harder cases.

Thereisoneargument for each universally quantified
variable whose scope contains the Skolem function.

an case:
PR —,— D .7 IV als )
pecoimes Fresideni{(S2)
YV  =brick(z)V( A )

pyramid(y)A. ..
A o \NT/ M

4. Rename variables as necessary

We want no two variables of the same name.

Vz . —brick(z) Vv (on(z,S1(x)) A —pyramid(S1(x)))
A (Vy 1 (mon(z,y) V —on(y, z)))
A (Vy @ (brick(y) V —equal(x,y)))

YV : —brick(x) Vo (on(x, S1(x)) A ~pyramid(S1(x)))

A (VY (mon(z,y) V —on(y,x)))
A (Vz 1 (brick(z) V —equal(z, 2)))

5. Move the universal quantifiersto the left
Thisworks because each quantifier usesa unique variable name.
Vx i —brick(z) V (on(x, S1(x)) A ~pyramid(S51(z)))

A (Vy : (mon(z,y) Vv ~on(y,z)))
A (Vz 1 (brick(z) V —equal(x, 2)))

(1? ?J) V ﬁon(y, 95))
bmck(z) Vv —equal{x, z))

/'\/\

6. Move digunctions down to the literals
F1V(FaoAF3) < (F1V Fa)A(F1V F3)

VavyVz o (=brick(z) vV {on(z, S1(x)) A —pyramid(S1(z))))
A (=brick(z) V —on(z,y) vV ~on(y,z))

A A —brickel N\ brsokl 2 \/ oo I )Y
i\ \\ v l/bl\/\‘-brl v Ui l/l/l\/\A/I v buu/uw\w A/II

\"/l\'/y\'/’/;’ : ( )r:rk(l\\/r)n(vL7sl(1>))
A (=brick(z) vV —pyramid(S1(z)))
A (=brick(z) V —on(z,y) V —on(y,))

A (—brick(zx) V brick(z) V —equal(z, 2))

7. Eliminate the conjunctions

VaVyVz : (=brick(z) V on(z, S1(x)))
A (=brick(x) V —pyramid(S1(x)))
A (=brick(z) VvV —on(x,y) vV —on(y,x))
A (=brick(z) V brick(z) V —equal(z, 2))

Vz : —brick(z) V on(z,S1(z))

Va : —brick(z) V —pyramid(S1(x))

VaVy : —brick(z) V —on(z,y) V —on(y, x)
YaVz : —brick(z) V brick(z) V —equal(x, z)




8. Rename all variables, as necessary, so no
two have the same name

VY 1 =brick(z) V - pyramid(S1(z))

\ 7 I~ N N 7 7
Na\dnr * —hadndal NN/ —manl 2NN s )
VIVY . TWOTICRA\ZT } V TOTI\Z, ) V TO0TI\Y, T )
VaVz : —brick(z) V brick(z) V —equal(x, 2)

AN 7/ AN /7 b 3 \ b 7/

\_/ 1 1/ \ rd Y4 £ AAY
Vo : —brick(z) V on(x, S1(x))
Aan * —hrick{inY \/ —nairamadl Q1 (an Y)Y
A% i l/(ln/\wl Vv 'Pyl wl’bbw\ul\w//
VuVy : —brick(u) V —on{u,y) V —on(y, u)
oS o * —hrirdd Y \/ bordodl oYX N/ —omaralla »)
YUY A v bl/rl/\l// v Ui l/(/n/\/\l/ v CHWWU\U’N/

9. Eliminate the universal quantifiers

=brick(x) V on(x, S1(x))
—brick(w) V —pyramid(S1(w))
—brick(u) vV —on(u,y) V —on(y, u)
=brick(v) V brick(z) V —equal(v, z)

Algorithm: Putting Axiomsinto Clausal Form
Eliminate the implications.
M ove the negations down to the atomic for mulas.
Eliminate the existential quantifiers.
Renamethevariables, if necessary.
Move the universal quantifiersto theleft.
Movethe digunctions down to theliterals.
Eliminate the conjunctions.

Renamethevariables, if necessary.

© © N o 0 A~ 0w NP

Eliminate the universal quantifiers.

Resolution Proofs as Search

* Search Problem
— States: Content of knowledge basein CNF
— Initial state: Knowledge base with negated theorem to prove
— Successor function: Resolution inference rule with unify
— Goal test: Does knowledge base contain the empty clause' nil’
e Search Algorithm
— Depth first search (used in PROLOG)
« Note: Possibly infinite state space
« Example:
— IsPerson(Fred)
— IsPerson(y)  IsPerson(mother(y))
— Goal: 3 x: IsPerson(x)

— Answers: {x/Fred} and {x/mother(Fred)} and
{x/mother(mother(Fred))} and ...

Example

Jack owns a dog.

Every dog owner isan animal lover.

No animal lover killsan animal.

Either Jack or Curiosity killed the cat, who isnamed Tuna.

Did Curiosity kill the cat?

Original Sentences (Plus Background Knowledge)

1. 3z : Dog(z) A Owns(Jack, z)
2. ¥x; (3y Dog(y)nOuns(x,y)) — Animal Lover(x)

3. Va; AnimalLover(z) — (WMy Animal(y) —
=Kills(x,y))

4. Kills(Jack, Tuna) V Kills(Curiosity, Tuna)
5. Cat(Tuna)

6. ¥z : Cat(z) — Animal(z)




Conjunctive Normal Form

D is aplaceholder for the dogs unknown name
i.e. Skolem symbol/function). Think of D like

Dog(D) * JohnDoe")

Owns(Jack, D)

=Dog(y) v =Owns(z,y) V AnimalLover(x)
—Animal Lover(w) V —Animal(@y) V - Kills(w, y)

T711 . f T 7, NNy T721T LY . ] sl AY
NUIS\JACK, L una) v NSO Uurtosity, L una)
Cat(Tuna)

=Cat(z) V Animal(z)
= Kills(Curiosity, Tuna)

Proof by Resolution
[ = kills(Curiosity, Tung) | [ kills(Jack, Tuna) v kills(Curiosity, Tuna) |

{3
[ kills(Jack, Tung) | [ = AnimalLover(w) v - Animal(y) v = kills(w,y) |

{w/Jack, y/Tun:

[ Animal(z2) v - Cat(2) | |~ AnimalLover(Jack) v - Animal(Tuna) |

{z/Tuna}
[ AnimalLover(Jack) v - Cat(Tund) | | Cat(Tung) |

‘ = AnimalLover(Jack) ‘ ‘ - Dog(y) V = Owns(x,y) V AnimalLover(x) ‘

~——~—_{x/Jack}
[~ Dog(D)| |- Dog(y) v - Owns(Jack.y) | — Owns{Jack,D)

y/D,

(o)

Completeness

Resolution with unification applied to clausal form, isa
complete inference procedure.

In practice, still significant search problem!
Many different search strategies: resolution strategies.

Strategies for Selecting Clauses

unit-preference strategy: Give preference to resolutions
involving the clauses with the smallest number of literals.

set-of-support strategy: Try to resolve with the negated theorem
or aclause generated by resolution from that clause.

subsumption: Eliminates all sentences that are subsumed (i.e.,
more specific than) an existing sentence in the KB.

May still require exponential time.

Proofs can be Lengthy

A relatively straightforward KB can quickly overwhelm general resolution
methods.

Resolution strategies reduce the problem somewhat, but not completely.

As a conseguence, many practical Knowledge Representation formalisms
in Al use arestricted form and specialized inference.

— Logic programming (Prolog)
— Production systems

— Frame systems and semantic networks

Description logics

Successes in Rule-Based Reasoning
Expert systems
* DENDRAL (Buchanan et al., 1969)
* MYCIN (Feigenbaum, Buchanan, Shortliffe)
* PROSPECTOR (Dudaet al., 1979)

e R1(McDermott, 1982)




Successes in Rule-Based Reasoning

« DENDRAL (Buchanan et al., 1969)

— Infers molecular structure from the information provided by
amass spectrometer

— Generate-and-test method

if there are peaks at x_1 and x_2 s.t.

x1+x.2=M+ 28
x_1 - 28 is a high peak
X_2 - 28 is a high peak

At least one of x_1 and x_2 is high
H

Successes in Rule-Based Reasoning

MY CIN (Feigenbaum, Buchanan, Shortliffe)
— Diagnosis of blood infections

— 450 rules; performs as well as experts
— Incorporated certainty factors

If: (1) the stain of the organism is
gram-positive, and
(2) the morphology of the organism is
coccusg, and
(3) the growth conformation of the organism
is clumps,
then there is suggestive evidence (0.7) that the

identity of the organism is staphylococcus.

Successes in Rule-Based Reasoning

* PROSPECTOR (Dudaet al., 1979)
— Correctly recommended exploratory drilling at geological site
— Rule-based system founded on probability theory
* R1(McDermott, 1982)
— Designs configurations of computer components
— About 10,000 rules
— Uses meta-rules to change context

If: current context is 7x

and activate 7y context

Cognitive Modeling with Rule-Based Systems

SOAR isageneral architecturefor building intelligent
systems.
— Long term memory consists of rules
— Working memory describes current state

— All problem solving, including deciding what rule to
execute, is state space search

— Successful rule sequences are chunked into new rules
— Control strategy embodied in terms of meta-rules

Properties of Knowledge-Based Systems

Advantages

Expressibility*

Simplicity of inference procedures*
Modifiability*

Explainability

Machine readability

Parallelism*

dvantages

Difficultiesin expressibility
Undesirable interactions among rules
Non-transparent behavior

Difficult debugging

Slow

Where does the knowledge base come from???
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