Artificial Intelligencei



We can do inference in propositional logic. Let us
extend it to first-order logic now.

The main differences:
— quantifiers — skolemization
— functions and variables — unification

The core inference principles are known:

— forward chaining (deduction databases, production
systems)

— backward chaining (logic programming)
— resolution (theorem proving)



Reasoning in first-order logic can be done by
conversion to propositional logic and doing
reasoning there.

— Grounding (propositionalization)
« instantiate variables by all possible terms
 atomic sentences then correspond to propositional variables

— And what about quantifiers?
* universal quantifiers: each variable is substituted by a term

« existential quantifier: skolemization (variable is substituted
by a new constant)



Universal instantiation
YV o
Subst({v/g}, o)

For a variable v and a grounded term g, apply substitution of g for v.
Can be applied more times for different terms g.
— Example: Vvx King(x) A Greedy(x) = Evil(x) leads to:

King(John) A Greedy(John) = Evil(John)

King(Richard) A Greedy(Richard) = Evil(Richard)

King(LeftLeg(John)) A Greedy(LeftLeg(John)) = Evil(LeftLeg(John))

Existential instantiation
vV a
Subst({v/k}, o)
For a variable v and a new constant k, apply substitution of k for v.

Can be applied once with a new constant that has not been used so far
(Skolem constant)

— Example: 3 Crown(x) A OnHead(x,John) leads to:
Crown(C,) A OnHead(C,,John)




Let us start with a knowledge base in FOL (no functions yet):
Vx (King(x) A Greedy(x) = Evil(x))
King(John)
Greedy(John)
Brother(Richard,John)

By assigning all possible constants for variables we will get a knowledge
base in propositional logic:

King(John) A Greedy(John) = Evil(John)
King(Richard) A Greedy(Richard) = Evil(Richard)
King(John)
Greedy(John)
Brother(Richard,John)

Inference can be done in propositional logic then.

Problem: having even a single function symbol gives infinite number of
terms: LeftLeg(John), LeftLeg(LeftLeg(John)),...

— Herbrand: there is an inference in FOL from a given KB if there is an
inference in PL from a finite subset of a fully instantiated KB

— We can add larger and larger terms to KB until we find a proof.
— However, if there is no proof, this procedure will never stop ®.



We can modify the inference rules to work with FOL:

— lifting — we will do only such substitutions that we need
to do

— lifted Modus Ponens rule:
P, P2 -/ P Qi Ao A(Qp=Q
Subst(6,q)
where 0 is a substitution s.t. Subst(0,p;) = Subst(0,q;)

(for definite clauses with exactly one positive literal —
rules)

— We need to find substitution such that two sentences
will be identical (after applying the substitution)
* King(John) A Greedy(y) King(x) n Greedy(x)
« substitution {x/John, y/John}




How to find substitution 0 such that two sentences p
and q are identical after applying that substitution?
— Unify(p,q) = 6, where Subst(0,p) = Subst(0,q)

P q 0

Knows(John,x) Knows(John,Jane) {x/Jane}

Knows(John,x) Knows(y,0J) {x/0J, y/John}
Knows(John,x) Knows(y,Mother(y)) {y/John, x/Mother(John)}}
Knows(John,x) Knows(x,0J) {fail}

— What if there are more such substitutions?
Knows(John,x) Knows(y,z)

%, 0, = {y/John, x/z} or ©, = {y/John, x/John, z/John}

« The first substitution is more general than the second one (the second

substitution can be obtained by applying one more substitution after the first
substitution {z/John}).

— There is a unique (except variable renaming) substitution that is more
general than any other substitution unifying two terms — the most
general unifier (mgu).



function UNIFY(z, y, 0=empty) returns a substitution to make z and y identical, or failure

if 0 = failure then return failure w explore the sentences recursively and
else if r = Y then return 6 build mgu until obtaining trivially

. unifiable or different sentences
else if VARIABLE?(x) then return UNIFY-VAR(z, y, 6)

else if VARIABLE?(y) then return UNIFY-VAR(y, x, 0) complex tedrms rfnu;,lt have the same
[ \\ ” Y t
else if COMPOUND?(z) and COMPOUND?(y) then name” and unifiable arguments

return UNIFY(ARGS(z), ARGS(y), UNIFY(OP(x), OP(y), 6))
else if L1ST?(x) and L1ST?(y) then
return UNIFY(REST(z), REST(y), UNIFY(FIRST(z), FIRST(y), #))

else return faZlUT@ lists are being unified separately to

omit cycles when representing the list

i PP term (First,Rest
function UNIFY-VAR(var, z, 0) returns a substitution as a term (First,Rest)

if {var/val} € 6 for some val then return UNIFY (val, z, 0)
else if {z/val} € 6 for some val then return UNIFY(var, val, 6)
else if OCCUR-CHECK?(var, x) then return failure

else return add {’UCLT/IL’} to 6 \J Checking occurrence of variable var in term x

e x and f(x) are not unifiable

e gives quadratic time complexity
e there are also linear complexity algorithms
e not always done (Prolog)




Assume a query Knows(John, x).

We can find an answer in the knowledge base by finding a
fact unifiable with the query:
Knows(John, Jane)  — {x/Jane}
Knows(y, Mother(y)) — {x/Mother(John)}
Knows(x, Elizabeth) — fail
— 77
— Knows(x,Elizabeth) means that anybody knows Elizabeth (universal
quantifier is assumed there), so John knows Elizabeth.
— The problem is that both sentences contain variable x and hence
cannot be unified.
— W& Knows(x,Elizabeth) is identical to Yy Knows(y,Elizabeth)

— Before we use any sentence from KB, we rename its variables to
new fresh variables not ever used before — standardizing apart.



According to US law, any American citizen is a criminal, if he or she sells
weapons to hostile countries. Nono is an enemy of USA. Nono owns missiles
that colonel West sold to them. Colonel West is a US citizen.

Prove that West is a criminal.

... any US citizen is a criminal, if he or she sells weapons to hostile countries:
American(x) n Weapon(y) » Sells(x,y,z) A Hostile(z) = Criminal(x)

Nono ... owns missiles, i.e. 3x Owns(Nono,x) A Missile(x):
Owns(Nono,M;) and Missile(M;)

... colonel West sold missiles to Nono
Missile(x) A Owns(Nono,x) = Sells(West,x,Nono)

Missiles are weapons.
Missile(x) = Weapon(x)

Hostile countries are enemies of USA.
Enemy(x,America) = Hostile(x)

West is a US citizen ...
American(West)

Nono is an enemy of USA ...
Enemy(Nono,America)



All sentences in the example are definite clauses
and there are no function symbols there.

To solve the problem we can use:

- forward chaining
— using Modus Ponens we can infer all valid sentences

— this is an approach used in deductive databases
(Datalog) and production systems

- backward chaining

— we can start with a query Criminal(West) and look
for facts supporting that claim

— this is an approach used in logic programming



function FOL-FC-ASK(KB, o) returns a substitution or false
inputs: KB, the knowledge base, a set of first-order definite clauses

take a rule from KB and
rename its variables
(standardizing apart)

a, the query, an atomic sentence

while true do

new < { } / / The set of new sentences inferred on each iteration
for each rule in KB do

(p1 A... A\ pn = q)< STANDARDIZE-VARIABLES(rule)
for each 6 such that SUBST(A,p1 A ... A pp)=SUBST(A,p] A ... A pl)

/ J ¢
for some Pys--+yPp 10 KB infer all conclusions not yet
q' < SUBST(0, q) present in KB

—

if ¢’ does not unify with some sentence already in KB or new then
add ¢’ to new

¢ < UNIFY(q', o) if we infer a sentence unifiable

- . . ith the query then we can
if ¢ is not failure then return ¢ — i G s e

if new = { } then return false

add new to KB :
\‘ obtained sentences are placed

to KB as theorems and the
whole process is repeated

Forward chaining is a sound and complete inference algorithm.

— Beware! If the sentence is not entailed by KB then the algorithm may not
finish (if there is at least one function symbol).



Forward chaining: an example

American(x) A Weapon(y) A Sells(x,y,z) A Hostile(z) = Criminal(x)
Owns(Nono,M1) and Missile(M1) (from 3x Owns(Nono,x) A Missile(x))
Missile(x) A Owns(Nono,x) = Sells(West,x,Nono)

Missile(x) = Weapon(x)

Enemy(x,America) = Hostile(x)

American(West)
Enemy(Nono,America)
Criminal(West)
Weapon(M,) Sells(West,M;,Nono)
American(West) Missile(My) Owns(Nono, M)

Hostile(Nono)

Enemy(Nono,America)




for each 6 such that SUBST(A,p1 A ... A p,)=SUBST(#,p; A ... A pl)
for some py,...,p, in KB

How to find (fas;) a set of facts p'y,..., p', unifiable with the
body of the rule:

— This is called pattern matching.

— Example 1: Missile(x) = Weapon(x)
« we can index the set of facts according to predicate name so we

can omit failing attempts such as Unify(Missile(x),Enemy(Nono,
America))

— Example 2: Missile(x) A Owns(Nono,x) = Sells(West,x,Nono)
1. we can find objects own by Nono which are missiles ...
2. or we can find missiles that are owned by Nono
Which order is better?

— Start with less options (if there are two missiles while Nono owns many
objects then alternative 2 is faster) — recall the first-fail heuristic
from constraint satisfaction

o)

"_ Pattern matching is an NP-complete problem. w‘@'e
Diff(wa,nt) A Diff(wa,sa)  Diff(nt,q) A Diff(nt,sa) A Diff(q,nsw) A @‘@

Diff(q,sa) A Diff(nsw,v) A Diff(nsw,sa) A Diff(v,sa) = Colorable() ()

[ | Diff(Red,Blue), Diff (Red,Green), Diff(Green,Red), Diff(Green,Blue), Diff(Blue,Red), Diff(Blue,Green) @




Example: Missile(x) = Weapon(x)
— during the iteration, the forward chaining algorithm infers that
all known missiles are weapons

— during the second (and every other) iteration the algorithm
deduces exactly the same information so KB is not updated

When should we use the rule in inference?
— if there is a new fact in KB that is also in the rule body

Incremental forward chaining

— arule is fired in iteration t, if a new fact was inferred in iteration
(t-1) and this fact is unifiable with some fact in the rule body

— when a new fact is added to KB, we can verify all rules such that
the fact unifies with a fact in rule body

— Rete algorithm

 the rules are pre-processed to a dependency network
where it is faster to find the rules to be fired after
adding a new fact




Forward chaining algorithm deduces all inferable
facts even if they are not relevant to a query.
— to omit it we can use backward chaining

— another option is modifying the rules to work only with
relevant constants using a so called magic set

Example: query Criminal(West)

Magic(x) A American(x) A Weapon(y) » Sells(x,y,z) A Hostile(z)
= Criminal(x)
Magic(West)

— The magic set can be constructed
by backward exploration of used rules.



TESTY

COMPUTERWORLD 2, 2007 17

Podnikovi spravci pravidel

Mate-li moznost dosdhnoul flexibility, vikonu a snadné tidrzby vasich
firemnich aplikaci diky implementaci nikladové efektivniho produktu,
jako je JBoss Rules nebo Jess, naskytd se otdzka, v ¢em se Lylo systémy
1i3i od BRMS podnikové tiidy. Nékolik rozdilii se mezi nimi pfece je-
nom najde. Sirana 18

Servery s architekturou x86

Servery postavené na architektufe x86, letitém a takika nesmrtelném standar-
du, pfedstavuji velmi efektivni feSeni , hardwarového problému" pro mnoho
firem a 3irokou 3kdlu aplikact. Jejich vykon Ize diky stile lepsim komponen-
tam $kdlovat az do nebety¢nych v§3in a pevné se zde zabydlely i 64bitové
technologie. Strana 20

Rizeni

obchodnich pravidel

levné aj

Uvazime-li, Ze high-endové systémy
pro fizeni obchodnich prayidel, BRMS
{Business Rule Man
vas vyjdou na zhru
jen pri zprovoznéni Iz
provozni poplatky a profesionalni
sluzby mohou celkové naklady
vytahnout téméF aZ k pil milionu nebo

vice, maji organizace s tésnéjsim

rozpoctem velmi dobrou motivaci

poohlédnout se po alternativach.

Dobré volby nastésti existuji — JBoss

Rules a Jess predstavuji solidni

nastroje pro fizeni pravidel a respektu

hodny vikon za sympatickou cenu.

JAMES OWEN

véma 7 téch lepsich BRMS ndstroji

s niZ3i az nulovou cenou jsou Jess

spolecnosti Sandia National Labo-

ratories a JBoss Rules firmy JBoss,

divize spolecnosti Red Hat. Stejné
jako podnikové systémy jako Blaze Advisor spoleé-
nosti Tair Isaac nebo JRules firmy ILog i Jess a JBoss
odkryvaji obchodni logiku komplexnich javov§ch
aplikaci jako sadu pravidel, kterd mohou byt rychle
a snadno zménéna beze zmén v zdkladnim Java kédu.
Nicméné na rozdil od téchto systém tiidy Entepri-
se ani Jess, ani JBoss Rules neposkytuji uzivatelsky

piivétiva rozhrani (vizudlni editor, diagramy toki
¢i tabulkové GUI), jez dovoluji béznym firem-
nim/obchodnim uzivateliim stejné jako progra-
mdtorim vklidat, ménit a mazat pravidla.

Na rozdil od systéma Blaze Advisor a JRules po-
stradaji Jess a JBoss Rules rovnéZ i pinohodnotny ar-
chiv pravidel (rule repository). Jess a JBoss Rules mo-
hou byt integroviny s CVS systémem pro kontrolu
verzi, takové feSeni viak daleko zaosldvd za moz-
nostmi fizeni Zivotniho cyklu, granuldrni kontroly
pfistupt a rozsdhlého reportingu, poskytovanymi
sklady pravidel v podnikov§ch produktech. Funkiné
plné vybaveny repository muaze byt kli¢em ke spolu-
praci mezi mnoha v§vojafi a obchodnimi analytiky
a bohaté moznosti reportingu mohou bt nepostra-
datelnymi prostiedky pro ladéni a optimalizaci.

Samoziejmé, piistup vychazejici z filozofie open
source, kiery reprezentuji Jess a JBoss, ma také své
v¢hody. Jak Jess, tak JBoss Rules vyvijeji vivojafi
2 celého svéta, ktefi nepfetrzité hledaji a opravuji
chyby, navrhuji nové fukee, pi$i nov§ kod a ve sku-
tecnosti vlastné funguji jako neplacend inZenyrska
skupina starajici se o tyto produkty. Vas IT personal
by tak mohl - pod vedenim uZzivatelské komunity
Jess & JRoss Ruless nebo konzultantit tfetich stran -
vyvinout uzivatelsky pfivétivé tabulkové GUI, vizu-
alni editor toka a dal3ich Zidouci prostedky, které
si budete pfat. Takové snahy ale budou Klast znatné
ndroky na persondl, $koleni a investice po dobu né-
kolika mésicti aZ let, zatimco problém, ktery potie-
buijete fesit, existuje pravé nyni.

V kostce sc da Fici, Ze Jess a JBoss Rules jsou nej-
vhodnéjsi pro men3i projekty, kde archiv pravidel
€i rozsdhlé mo7nosti reportingu a ladéni nepiedsta-

vuji kritické pozadavky a kde tvorba a idrzba pra-
videl mohou byt svéfeny jednomu nebo nékoli-
ka zasvécenym programdtordm.

Sandia Labs Jess 7.0

Jess, systém spolecnosti Sandia Labs a Ernesta
Friedmana-Hilla, byl, pokud je ndm znamo,
prvni implementaci na pravidlech zaloZzeného

systému v Javé. Slo o pfimy vysledek portova-
ni dobfe zndmych ¢asti CLIPS (na jazyce C
zalozeného rozhrani k Production Systems),
projektu organizace NASA. Poté se zacala obje-
vovat fada high-endovych systémi, jako je
zminény JRules od ILog a Blaze Advisor od
Fair Isaac. V nésledujicich letech trval Fried-

Production systems

e based on rete
algorithm

XCON (R1)

— configuration of DEC
computers

* OPS-5
— programming language

based on forward
chaining

* CLIPS

— A tool for expert
system design from
NASA

e Jess, JBoss Rules,...
— business rules



Backward chaining in FOL

function FOL-BC-Ask(KB, goals, ) returns a set of substitutions
inputs: KB, a knowledge base
goals, a list of conjuncts forming a query
6, the current substitution, initially the empty substitution { }
local variables: ans, a set of substitutions, initially empty

if goals is empty then return {9} take the first goal and apply the so-far
’ found substitution
¢’ < SuBST(#, FIRST(goals))
for each rin KB where STANDARDIZE-APART(r) = (p1 A ... A pp =_Qq)
and 6’ + UNIFY(q, ¢) succeeds find a rule whose

ans+ FOL-BC-ASK(KB, [py, . . ., p.|REST(g0als)|, COMPOSE(#, §')) U ans Cﬁfhdtiﬁe”f?rff Zloea|

return am N (from query)

add the rule body among the goals |

and recursively continue in goal | - S

reduction until obtaining an empty composition of substitutions

goal Subst(Compose(0, 0'), p) = Subs(0', Subst(0,p))

query.
We need linear space (in the length of the proof).

(Y I Algorithm FOL-BC-Ask uses depth-first search to find all solutions (all substitutions) to a given
- This algorithm is not complete (the same goals can be explored again and again).




Backward chaining: an example

Missile(x) = Weapon(x)

Enemy(x,America) = Hostile(x)

American(x) A Weapon(y) A Sells(x,y,z) A Hostile(z) = Criminal(x)
Owns(Nono,M1) and Missile(M1) (from 3x Owns(Nono,x) A Missile(x))
Missile(x) A Owns(Nono,x) = Sells(West,x,Nono)

American(West)
Enemy(Nono,America)
Criminal{ West) {x/West, v/M1, z/Nono |
American{ West) Weapon/ y) Sells(West, M1.z) Hostile{ Nono )
{1 | #Nono |
Missile(y) Missile(M1) Owns(Nono,M1) | | Enemy(Nono,America)

[ wMml}

L)

L}

L}




Backward chaining is a method used in logic programming

(Prolog).

rule head

——
criminal (X) :-

rule body

american (X) , weapon(Y), sells(X,Y,Z), hostile(Z2).

owns (nono,ml) .
missile(ml) .
sells (west,X,nono) :-

missile (X), owns (nono,X).

weapon (X) :-
missile (X) .

hostile (X) :-
enemy (X, america) .

american (west) .

enemy (nono,america) .

?- criminal (west).

criminal (west) .

american (west), weapon(Y),
sells (west,Y,Z), hostile(2).

weapon (YY), sells(west,Y,Z),
hostile (Z) .
missile(Y), sells(west,Y,2),
hostile (Z) .

sells (west,ml,Z), hostile(Z).

missile(ml), owns(nono,ml),
hostile (nono) .

owns (nono,ml), hostile (nono).
hostile (nono) .
enemy (nono,america) .

true.




fixed computation mechanism
— goal is reduced from left to right
— rules are explored from top to down

returns a single solution, a next solution on request
— possible cycling (brother (X,Y) :- brother(Y,X))

build-in arithmetic
— X is 1+2.
— (numerically) evaluates the expression on right and unifies the result with
the term on the left

equality gives explicit access to unification

— 14Y = 3.
— Tt is possible to naturally exploit constraints Y .
(CLPp— Constraint LogicyProgpramming) & -

negation as failure
— alive(X) :- not dead(X).
« ,everyone is alive, if we cannot prove he is dead "
— —Dead(x) = Alive(x) is not a definite clause!
» Alive(x) v Dead(x)
« ,Everyone is alive or dead"




To apply a resolution method we first need a formula in a
conjunctive normal form.

— VX [Vy Animal(y) = Loves(x,y)] = [3y Loves(y,x)]

— remove implications
VX [-VYy —Animal(y) v Loves(x,y)] v [3y Loves(y,x)]

— put negation inside (—VXp=3x —p, —3IXp = VX —p)
vx [3y —(—Animal(y) v Loves(x,y))] v [3y Loves(y,x)]
VX [3y ——Animal(y) A —Loves(x,y)] v [3y Loves(y,x)]
vx [y Animal(y) A —Loves(x,y)] v [3y Loves(y,x)]

— standardize variables
vx [3y Animal(y) A —Loves(Xx,y)] v [3z Loves(z,x)]

— Skolemize (Skolem functions)

VX [Animal(F(x)) A —Loves(x,F(x))] v [Loves(G(x),x)]

— remove universal quantifiers
[Animal(F(x)) A —Loves(x,F(x))] v [Loves(G(x),x)]

— distribute v and A
[Animal(F(x)) v Loves(G(x),x)] A [-Loves(x,F(x)) v Loves(G(x),x)]




A lifted version of the resolution rule for first-order logic:

[Z-\/--- \//h‘ m]\/-.- \/mn

(Vv VLV hug Ve Vg Ny VN g Vg VOV )0

where Unify(§, —m) = 6.
We assume standardization apart so variables are not shared by clauses.
To make the method complete we need to:

— extend the binary resolution to more literals
— use factoring to remove redundant literals (those that can be unified together)

Example:
[Animal(F(x)) v Loves(G(x),x)], [-Loves(u,v) v —Kills(u,v)]
[Animal(F(x)) v —=Kills(G(x),x)]

where 0 = {u/G(x), v/x}
Query « for KB is answered by applying the resolution rule to CNF(KB A —a).

— If we obtain an empty clause, then KB A —a is not satisfiable and hence KB |= o
This is a sound and complete inference method for first-order logic.



Resolution method: an example

~American(x) v ~Weapon(y) v —Sells(x,y,z) v —Hostile(z) vCriminal(x)

—Criminal(West)

American(West)

—American(West) s ~Weapon(y) v —Sells(West,y,z) v ~Hostile(z)

—~Missile(x) v Weapon(x)

—Weapon(y) v —Sells(West,y,z) vV ~Hostile(z)

Missile(M,)

—Missile(y) Vv —Sells(West,y,z) v ~Hostile(z)

—Missile(x) V—Owns(Nono, x) V Sells(West,x, Nono)

—Sells(West,M,,z) v —~Hostile(z)

Missile(M,)

—Missile(M) v ~Owns(Nono,M,) Vv —~Hostile(Nono)

Owns(Nono, M,)

—~Owns(Nono, M)\ —Hostile(Nono)

—Enemy(x,America) v Hostile(x)

—Hostile(Nono)

Enemy(Nono, America)

\&Enemy(Nono,America)

Resolution method applied to definite
clauses is actually backward
chaining, where the clauses to resolve
are determined.

o

American(x) A Weapon(y) A Sells(x,y,z) A Hostile(z) = Criminal(x)
Owns(Nono,M1) and Missile(M1) (from 3x Owns(Nono,x) A Missile(x))
Missile(x) A Owns(Nono,x) = Sells(West,x,Nono)

Missile(x) = Weapon(x)

Enemy(x,America) = Hostile(x)

American(West)

Enemy(Nono,America)




Everyone, who likes animals, is loved by somebody. Everyone, who kills
animals, is loved by nobody. Jack likes all animals. Either Jack or
Curiosity killed cat named Tuna. Cats are animals.

Did Curiosity kill Tuna?

Cat(Tuna)
vx Cat(x) = Animal(x)
— Kills(Curiosity, Tuna)

vx [3y Animal(y) A Kills(x,y)] = [Vz —Loves(z,x)]
vx Animal(x) = Loves(Jack,x)
Kills(Jack, Tuna) v Kills(Curiosity, Tuna)

_—7

VX [Vy Animal(y) = Loves(x,y)] = [3y Loves(y,x)]

Animal(F(x)) v Loves(G(x),x)
/ — Loves(x,F(x)) v Loves(G(x),x)

— Animal(y) v —Kills(x,y) v — Loves(z,x)
— Animal(x) v Loves(Jack,x)

Kills(Jack, Tuna) v Kills(Curiosity, Tuna)
Cat(Tuna)

— Cat(x) v Animal(x)

— Kills(Curiosity, Tuna)

~——

Cat(Tuna) —Cat(x) v Animal(x)

Kills(Jack, Tuna) v Kills(Curiosity, Tuna)| | —Kills(Curiosity, Tuna)

\_—

\/

Animal(Tuna) —Loves(y, x)V —Animal(z) v —Kills(x, z)

Kills(Jack, Tuna) | | ~Loves(x, F(x)) Vv Loves(G(x), x) —Animal(x) v Loves(Jack, x)

e ——

—Loves(y, x) vV —Kills(x, Tuna)

—Loves(y, Jack)

/

—Animal(F(Jack)) v Loves(G(Jack), Jack)| |Animal(F(x)) Vv Loves(G(x), x)

N——

Loves(G(Jack), Jack)

\/




What if the query is ,,Who did kill Tuna?"

Kills(Jack,Tuna) v Kills(Curiosity, Tuna) — Kills(w,Tuna)

{w/Jack}

Kills(Curiosity, Tuna)

{w/Curiosity}

The answer is ,, Yes, somebody killed Tuna ".
We can include an answer literal in the query.
— Kills(w, Tuna) v Answer(w)

— The previous non-constructive proof would give now:
Answer(Curiosity) v Answer(Jack)

— Hence we need to use the original proof leading to:
— Kills(Curiosity, Tuna)



How to effectively find proofs by resolution?

e unit resolution

— the goal is obtaining an empty clause so it is good if the clauses are
shortening

— hence we prefer a resolution step with a unit clause (contains one literal)
— in general, one cannot restrict to unit clauses only, but for Horn clauses this
is @ complete method (corresponds to forward chaining)
- a set of support

— this is a special set of clauses such that one clause for resolution is always
selected from this set and the resolved clause is added to this set

— initially, this set can contain the negated query

« input resolution

— each resolution step involves at least one clause from the input — either
query or initial clauses in KB

— this is not a complete method

« subsumption

— eliminates clauses that are subsumed (are more specific than) by another
sentence in KB

— having P(x), means that adding P(A) and P(A) v Q(B) to KB is not necessary



How can we handle equalities in the inference methods?

* Axiomatizing equality
VX x=x vx,y x=y = P(x) < P(y)
X,y X=y = y=x vx,y x=y = F(x) = F(y)
VX,V,Z X=Y AY=Z =>X=2Z

e Special inference rules such as demodulation

=y m VotV g
sub(X6, Y0, my V *** V MMp)

where Unify(x, 2) = 0, where appears somewhere in m;, and sub(x, y, m) replaces x for y in m

Father(Father(x)) = PaternalGrandfather(x) Birthdate(Father(Father(Bella)), 1926)
Birthdate(PaternalGrandfather(Bella), 1926

* Extended unification
— handle equality directly by the unification algorithm
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