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Constants
Predicates
Functions

Variables

KingJohn, 2, UCB,.
Broather, =,. ..

Sqrt, LeftLegOf,...
R, A, i, B

Connectives A V = = &

Equality
Quantifiers
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SYNTAX OF FOL: ATOMIC SENTENCES

Atomic sentence = predicate(termy,...,term,,)
3 gilan
Sl e or termy = termy

Term = function(termq,...,term,)
P or constant or variable

?ﬂjJ&jm‘f(&iu&Lﬂﬁ‘)TL})dw&;ﬁ 1 Saall (galan @u
2 G L el S L (rlaple SUTL) b S i

A term is a logical expression that refers to an object. Term
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SYNTAX OF FOL: ATOMIC SENTENCES

Brother(KingJohn, RichardT heLionheart)

. . ;
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> (Length(LeftLegO f(Richard)), Length(Le ftLegO f(KingJohn)))
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SYNTAX OF FOL: COMPLEX SENTENCES

Sibling(KingJohn, Richard) = Sibling(Richard, KingJohn)

! l !

Sl galox Lyl Sndl galaz

>(1,2) A=>(1,2)

>(1,2) V <(1,2)
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SYNTAX OF FOL: GRAMMAR

Sentence

AtomicSentence
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Constant
Variable
Predicate

Funection

OPERATOR PRECEDENCE

Ll Ll

AtomicSentence | ComplexSentence

Predicate | Predicate(Term,...) | Term = Term

( Sentence ) | [ Sentence ]
- Sentence

Sentence A Sentence
Sentence V Sentence
Sentence = Sentence
Sentence < Sentence

Quantifier Variable, ... Sentence

Function(Term, . ..)
Constant
Variable

V| 3
Al X1 | John| -
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True | False | After | Loves | Raining | ---

Mother | LeftLeg | ---

_|7=3/\7V7 $1<=>



R4y &4 RJF RJ R J R J

DDA~

Figure 8.4  Some members of the set of all models for a language with two constant sym-
bols, R and J, and one binary relation symbol. The interpretation of each constant symbol is
shown by a gray arrow. Within each model, the related objects are connected by arrows.




Figure 8.5 Some members of the set of all models for a language with two constant sym-
bols, R and .J, and one binary relation symbol, under database semantics. The interpretation
of the constant symbols is fixed, and there is a distinct object for each constant symbol.
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An atomic sentence predicate(terms,...,term,) is true
iff the objects referred to by term,, ... term,
are in the relation referred to by predicate

Prepared by Kazim Fouladi | Fall2018 | 3 Edition

J—



AR

i

(1duom aolan, selu) JBe 1 J sl 45 5o Bhie (sl 0 (2ladae
MODELS FOR FOL: EXAMPLE

, « crown
person brother on head
A person
brother king
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MODELS FOR FOL: EXAMPLE

Y

relations: sets of tuples of objects

functional relations: all tuples of objects + "value" object
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TRUTH EXAMPLE

Consider the interpretation in which
Richard — Richard the Lionheart
John — the evil King John
Brother — the brotherhood relation

Under this interpretation, Brother(Richard, John) is true
just in case Richard the Lionheart and the evil King John
are in the brotherhood relation in the model
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MODELS FOR FOL: LOTS!

g dlae ladae Giolad b e 5 oo sla 108 Blhaie Hu al il

:‘s:tJLn.ﬁ'.‘..s KB&S&;‘GL&QJ‘J&KS‘J%W‘S&G‘J{‘J FOchLAdA.A‘A:Q“s:\u.O

For each number of domain elements n from 1 to oo
For each k-ary predicate /7. in the vocabulary
For each possible /-ary relation on n objects
For each constant symbol C' in the vocabulary
For each choice of referent for C' from n objects . ..
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UNIVERSAL QUANTIFICATION

V (variables) (sentence)

Vx P
Sl S 58 TN Jue o 5
Klbss 5 S
T slads Joo o 53 (See (o 58 15l 4wl sy P

Vo P

VaP(z) = P(X|) N P(X,) A P(X;) A -~
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UNIVERSAL QUANTIFICATION

Everyone at Berkeley is smart: el (9ol sl (S 0y 5 50
Vx At(z, Berkeley) = Smart(x)

L.' CA—A-IJ‘ JJ[A.A

(At(KingJohn, Berkeley) = Smart(KingJohn))
(At(Richard, Berkeley) = Smart(Richard))
(At(Berkeley, Berkeley) = Smart(Berkeley))

> > >
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UNIVERSAL QUANTIFICATION

ol VL el = Y F]
VoL lalbly olsiets A Sl solaiwl:Jglate sl

Vx At(x, Berkeley) A Smart(x)

(ol 9ol S dod g Cowl (A5 1 j0 S do)
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EXISTENTIAL QUANTIFICATION

1 (variables) (sentence)

dz P
Sl S 58 TN Jue o 5
Klbss 5 S
Tslads Jao o 5o oSas sl (A lolo wil s P

dxr P

JzP(z) = P(X,)V P(X,) V P(X,) V -+

Prepared by Kazim Fouladi | Fall2018 | 3 Edition

J—



“
i abies

JBe s o ge

EXISTENTIAL QUANTIFICATION

Someone at Stanford is smart: - Ghgl el v g0l jo ol 81 5
dx At(x, Stanford) A Smart(x)

L.' C.\-A-u‘ JJ[A.A

(At(KingJohn, Stan ford) A Smart(KingJohn))
(At(Richard, Stan ford) A Smart(Richard))
(At(Stanford, Stanford) N Smart(Stanford))

< < <

Prepared by Kazim Fouladi | Fall2018 | 3 Edition

-
’”’;ﬁb/



YA LG gD
i iagiens

38 SlBal 0T 51wl oS Jshatie oLl Sy g0 525 s e

EXISTENTIAL QUANTIFICATION

ol T Ll A Vs F]
Il Loty plsseds = Slaalinl : J hise sl

dx At(z, Stanford) = Smart(z)

((.ML?.S 0)9.9.224»‘)& as ML: aislo N ) &.5"“5)5| S| CA.AA’)\)))
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PROPERTIES OF QUANTIFIERS

Ve Vy = VyVz
drdy = dydx
dJrVy Z Vydx

é Va P(l’) = —dz _|P(£E) (so)en) LA 4 g (.5'“33"’
; E'.CU P(ﬂj) — ﬁVZU —|P(gj) Quantifier Duality
Vo P(z) = dz-P(x) € pos gnel
-dx P(z) = Vz-P(z)
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PROPERTIES OF QUANTIFIERS

dx Vy is not thesameasVy dx

dxz Vy Loves(x,y) 3yl Cewga |y lez ol Bl (gaen a5 5 1o 2929 pasd
“There is a person who loves everyone in the world”

Vy da Loves(z,y) g oo ALBlS Cawgd Lased SO PBlas lawgs Lo jo oS e
“Everyone in the world is loved by at least one person”
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Vo Likes(xz, IceCream) —~dx —Likes(x, [ceCream)
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Brothers are siblings s 3l e a3l
Y&,y Broether(z,y) = Siblinglz,y).

“Sibling” is symmetric ool 0yl 1 g3l o
Va,y Sibling(x,y) < Sibling(y,x).

One’s mother is one’s female parent el gl Eige Wl i G yobe
Vx,y Mother(x,y) & (Female(z) A Parent(x,y)).

A first cousin is a child of a parent's sibling el Wy SG ol5an 05358 G (2565

Va,y FirstCousin(x,y) < 3Ip,ps Parent(p,x) A Sibling(ps,p) A
Parent(ps,y)
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EQUALITY

term, = term,
Sl S y0 Hawdl So aal
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EQUALITY

1 — 2 ‘):dgl_‘.é‘)‘
Va x (Sqrt(z),Sqrt(x)) = & sxts)

2 = 2 (oeos tines) sias

Plly s 3l es By yaS
E.g., definition of (full) Sibling in terms of Parent:
Vz,y Sibling(z,y) & [~(z=y)AIm,f -(m=f)A
Parent(m,x) A Parent(f,z) A Parent(m,y) A Parent(f,y)]
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Suppose a wumpus-world agent is using an FOL KB
and perceives a smell and a breeze (but no glitter) at ¢ = 5:

Tell(K B, Percept([Smell, Breeze, Nonel,5))
Ask(KB,da Action(a,d))

l.e., does /' B entail any particular actions at £ = 57

Answer: Yes, {a/Shoot} « substitution (binding list)
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SUBSTITUTION

fonal st saly 0 Slasls el S S siden SO
.MJG‘O&L‘.:ZI:!“)SC)JJJJQJ‘JJ“}BG‘L*:\:\SO-

Given a sentence S and a substitution o,

So denotes the result of plugging o into 5; e.g.,
S = Smarter(z,y)

o = {z/Hillary,y/Bill}

So = Smarter(Hillary, Bill)
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Ask(K B, S) returns some/all o such that KB |= So
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KNOWLEDGE BASE FOR THE WUMPUS WORLD

shhsl “Perception”
Vb, g,t Percept([Smell,b,g|,t) = Smelt(t)
Vs, bt Percept([s,b, Glitter|,t) = AtGold(t)

<G3L  Reflex: Vi AtGold(t) = Action(Grab,t)

L oGk Reflex with internal state: do we have the gold already?
sabela i AtGold(t) N —=Holding(Gold,t) = Action(Grab,t)

Holding(Gold,t) cannot be observed
= keeping track of change is essential
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DEDUCING HIDDEN PROPERTIES

(effect) J ¢las 5 (cause) cule Lol ol 5 S
Diagnostic Rule
(cause) cule ) (effect) J glae Ll ol ot il
Causal Rule
. . . R a4yl
() SIS 5 p3Y lum snd s =
Definition
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DEDUCING HIDDEN PROPERTIES

layKe olus suad Properties of locations:
Va,t At(Agent,x,t) AN Smelt(t) = Smelly(x)
Va,t At(Agent,x,t) A Breeze(t) = Breezy(x)

s s sl cdly SO Saus slacla

eaaaisacls  Diagnostic rule—infer cause from effect
Vy Breezyly) = dx Pit(x) A Adjacent(x,y)

uj:_ sacls  Causal rule—infer effect from cause
Va,y Pit(x) N Adjacent(xz,y) = Breezy(y)

‘i JolS ga ol 3 alaS s
©nd b il a5l w3155 e Ladlls 3150 LGLA LT o€ 03K pa ol e sonel s Jlie (5150

—a,25  Definition for the Breezy predicate:
Vy Breezy(y) < [Gx Pit(x) A Adjacent(z,y)]
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KEEPING TRACK OF CHANGE
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Situation Calculus
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KEEPING TRACK OF CHANGE

(sl 4) aiiwa 518 50 lacuas g 5o Lacaadly

E.g., Holding(Gold, Now) rather than just Holding(Gold)
ta g o Bl (sl e Jseae 58 4 cuas s Gl ST roaad y ol 4
E.g., Now in Holding(Gold, Now) denotes a situation

L5 g o Juale a4 RESUE s 5ok 5 lacuas s

Result(Forward,S,) = S,
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KNOWLEDGE ENGINEERING
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Knowledge Engineering
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Knowledge Engineer
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KNOWLEDGE ENGINEERING

Identify the task.

Assemble the relevant knowledge.

Decide on a vocabulary of predicates, functions, and constants.
Encode general knowledge about the domain.

Encode a description of the specific problem instance.

Pose queries to the inference procedure and get answers.

Debug the knowledge base.
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Russell Arrtificial Intelligence

F f s Approach

fron

Stuart Russell and Peter Norvig,
Artificial Intelligence: A Modern Approach,
3rd Edition, Prentice Hall, 2010.

Chapter 8
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FIRST-ORDER LOGIC

FRSTORDER LOGK

Inwhich we notice that the world is blessed with many objects, some of which are
related to other objects, and in which we endeavor to reason about them.

In Chapter 7, we showed how a knowledge-based agent could represent the world in which it
operates and deduce what actions to take. We used propositional logic as our representation
language because it sufficed to illustrate the basic concepts of logic and knowledge-based
agents. Unfortunately, propositional logic is too puny a language to represent knowledge
of complex environments in a concise way. In this chapter, we examine first-order [ng'ic,l
which is sufficiently expressive to represent a good deal of our commonsense knowledge.
It also either subsumes or forms the foundation of many other representation languages and
has been studied intensively for many decades. We begin in Section 8.1 with a discussion of
representation languages in general; Section 8.2 covers the syntax and semantics of first-order
logic; Sections 8.3 and 8.4 illustrate the use of first-order logic for simple representations.

8.1 REPRESENTATION REVISITED

In this section, we discuss the nature of representation languages. Our discussion motivates
the development of first-order logic, a much more expressive language than the propositional
logic introduced in Chapter 7. We look at propositional logic and at other kinds of languages
to understand what works and what fails. Our discussion will be cursory, compressing cen-
turies of thought, trial, and error into a few paragraphs.

Programming languages (such as C++ or Java or Lisp) are by far the largest class of
formal languages in common use. Programs themselves represent, in a direct sense, only
computational processes. Data structures within programs can represent facts; for example,
a program could use a 4 x 4 array to represent the contents of the wumpus world. Thus, the
programming language statement World[2,2]« Pit is a fairly natural way to assert that there
is a pit in square [2,2]. (Such representations might be considered ad hoc; database systems
were developed precisely to provide a more general, domain-independent way to store and

! Also called first-order predicate calculus, sometimes abbreviated as FOL or FOPC.
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