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Today Sept 27

Finish R&R systems in deterministic environments
* Logics

* Propositional, Definite Clause Logic: Syntax Semantics +
Two different proof Procedures

* Reasoning with individuals and relations
* Full Propositional Logics and First-Order Logics
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What you already know for sure about logic..

From programming: Some logical operators

If ((amount > O)@(amount < 1000) @O age < 30)

A D NN
N\ e
You know what they mean in a procedural” way

_ogic is the language of Mathematics. To define formal structures
(e.qg., sets, graphs) and to proof statements about those

Z{K ﬁx J’(wwgte()&) A =R = L<:~>w\«ga =5

Ve =

We are going to look at Logic as a Representation and Reasoning
System that can be used to formalize a domain (e.g., an

electrical system, an organization) and to reason about it
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Why Logics?

» “Natural” to express knowledge about the world
(more natural than a “flat” set of variables & constraints)

‘Every 502 student will pass the final”

\f\v\é\ (‘I”l)
C ovrse CC {L> VZ- S”-u O\OﬂtL2> N\ QCX@“\?EA <Z/ C/D
Nome-op-(c /S°2> => pass (12)

Cour&C—o+ (_Jf’l ,C— 1)

* |tis easy to incrementally add knowledge - L//_
* |tis easy to check and debug knowledge &
* Provide language for asking complex queriesg

“¢ \Well understood formal properties <



K Ambitious Plan for today

].r.‘_,t Ordes ,’,UX;C_ Déﬁ%\og
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P(22,32) = (3.
~90) IR |
Pro(ggg/\‘%onz(l Z_QSJU('\C PDL L‘J—
P& SA
7<]DVC(B~> (r/\S/\)L>/ r<-sngap
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Propositional Logic

A very simple form of Logics: Propositional

* The primitive elements are propositions: Boolean variables that
can be {frue, false} _
Fr P

 The goal is to illustrate the basic ideas: syntax, semantics, proof
procedure

« This is a starting point for more complex logics (e.g., first-order
logic)

« Boolean nature can be exploited for efficiency. So more complex
logics are often mapped in propositional form for inference
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Propositional logic: Complete Language

The proposition symbols p,, p, ... etc are sentences
* If Sis a sentence, =S is a sentence (negation)
* If S; and S, are sentences, S; A S, is a sentence (conjunction)
* If S; and S, are sentences, S, v S, is a sentence (disjunction)
* If S, and S, are sentences, S; = S, is a sentence (implication)
* If S, and S, are sentences, S, & S, is a sentence (biconditional)

S'BMP)Q_, FO(_V"\W‘a
((Po. Y Pz)/\ PB\<C><(P2_:> ‘\PLD \/ PSB
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Propositional Definite Clauses Logic

* Propositional Definite Clauses: our first logical
representation and reasoning system.

(very simple!)

« Only two kinds of statemw Pz Pz
* that a proposition is true
* that a proposition is true if one or more other propositions

are true
2= P31 Py
* Why still useful?

* Adequate in many domains (with some adjustments)

* Reasoning steps easy to follow by humans

* Inference linear in size of your set of statements

e Similar formalisms used in cognitive architectures
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Propositional Definite Clauses: Syntax

Definition (atom) P
An atom is a symbol starting with a lower case letter

Definition (body) P - - Ap,
A body is an atom or is of the form b6, A b, where b,

and b, are bodies.
Vil S

;Qﬁfef A o
Definition (definite clause) =
A definite clause is an atom or is a rule of the form A < b\where

h is an atom and b is a body. (Read thisas A if b.")

Definition (KB) <leuseqy
A knowledge base is a set of definite clauses '

C’a.USC n
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Propositional Definite Clauses Semantics:
Interpretation

Semantics allows you to relate the symbols in the logic to the
domain you're trying to model. An atom can be..... T E

Definition (interpretation)
An interpretation | assigns a truth value to each atom.

If your domain can be represented by four atoms (propositions):
1P= 4
TT + F Z

So an interpretation is just aF*O??'LJ(@WWM
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PDC Semantics: Body

We can use the interpretation to determine the truth value of
clauses and knowledge bases:

Definition (truth values of statements): A body b, A b,is true in |
if and only if b,is true in 1 and b, is true in I.

p q r S eNA Y 7/ A S
J true true true true T s
— =
, false false false false U B
=
5 lrue true false flalse =

frue ftrue frue false

\
frue true false true [ T
CPSC 502, Lecture 6 Slide 16

—
l
—




PDC Semantics: definite clause

Definition (truth values of statements cont’): Arule < b is
falsein | ifand only if 6 istrue in 1 and /4 is false in |I.

o a s @L@f“i_

2y lrue lrue true lrue

—

l, lalse false flalse [Ialse N —)—
Bl

= L =
1, true |frue false | false/ 1
l, true\ Ttrue  true ]@ T +

In other words: i b is true | am claiming that h must be ftrue,

otherwise | am not making any claim”
CPSC 502, Lecture 6 Slide 17



PDC Semantics: Knowledge Base

Definition (truth values of statements cont’): A knowledge base
KB is true in | if and only if every clause in KB is true in I.

T( KB, :[é—*’/\sj
1:3

S<— 19
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Models and Satisfiability

Definition (model)
A model of a set of clauses (a KB) is an interpretation in which

all the clauses are frue.

Definition (satisfiability)
A set of clauses (a KB) is satisfiable if it has at least one model
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Example: Models
(p«q.
KB =+

Y 9 r g;@

true true true true -\ Which Interpretations are

?
false false faise >c M0%€

frue true false false hd

true true true false )

e

true true |false true| <
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Logical Consequence

Definition (logical consequence)

If KB is a set of clauses and G is a conjunction of atoms, G is
a logical consequence of KB, written KBk G, if G is frue in
every model of AB.

« we also say that G logically follows from KB, or that KB
entails G.

* In other words, KBk Gif there is no interpretation in which
KB is frue and G is false.
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Example: Logical Consequences

r S

(p<«Qq. J
@5 KB=: .

frue ftrue

frue false —_
r<s. /
false false >
M%Lwe 2_4: A fnd'cb‘ore)ﬁ—a\—( ows
/[6,_4_!213\5/' true _false
_17/</_\

|t *i‘o‘l‘a(/ 9\411 3 e

—false [ue> false Talse
wvodel <
| 2lse true @ .

e \)Z%, .. B
g &V Le\s W Which. of the following is true?

\fe:;&co\ ] °KB|=,0, KBE s, KB¥ r
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One simple way to prove that G logically
follows from a KB

 Collect all the models of the KB

 Verify tha IS true in all those models
53(7'('0373-\'9\”\5 fﬂ‘/?z - (,(0\/ \’)3\{6 ’\'\O

Any problem with this approach? (/\A¢0K =t iﬁ;m

mecsctzble e comp\exd’b\ $ ey

* The goal of proof theory is to find proof
procedures that allow us to prove that a logical

formula follows form a KB avoiding the above

s \ogically gatznled bq\
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Soundness and Completeness

* If | tell you | have a proof procedure for PDCL

 What do | need to show you in order for you to
trust my procedure?

« KB+ G means G can be derived by my proof
procedure from KB.

« Recall KB Gmeans Gis true in all models of AKB.

Definition (soundness)
A proof procedure is sound if KB+ Gimplies KBE G.

Definition (completeness)
A proof procedure is complete if KB Gimplies KB+ G.
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Bottom-up Ground Proof Procedure

One rule of derivation, a generalized form of modus

ponens. we cam decwve
<P, £ 7 9
If h<b,A...1b,)isa in_the knowledge
base, and each b, has been derived ther@gcan

be derived.

You are forward chaining on this clause.
(This rule also covers the case when m=0.)

—_—
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Bottom-up proof procedure

if G< Catthe end of this procedure:

C =~
repeat

select clause “h < b, 1 ... A b, in KB such
that b, Cfor all / and heE C

cC=Cvu {h}
until no more clauses can be selected.
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ﬂom -up proo[groced? Example

z«_fiqe C<{ trbac 2zl
q—TINgAz<

@ anb- C={
a<-

repeat

select clause “h < b, A ... A b, in KB such
b= that b, e Cfor all / and he C

r= //\ C:=CuU{h)}

., until no more clauses can be selected.
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Top-down Ground Proof Procedure

Key ldea: search backward from a query Gto
determine if it can be derived from KB.

CPSC 502, Lecture 6

ﬂ‘o Dou\/ W\
6706\"0‘ 6

>’—> Mswex

Slide 28



Top-down Proof Procedure: Basic elements

Notation: An answer clause is of the form:
_J/eS <« 37/| 32/| ... /) am
Express query as an answer clause

(e.g., query a, A a,A... Aa,))
yes =, A. . . /\ Y7

Rule of inference (called SLD Resolution)
Given an answer clause of the form:

yeS<—//737/| 32/| .../lam 946( 5

and the clause: KR —
7/| boA ... A b, =

You can generatefmgusm@%se

yes < a; ... Aa D NDoN . NDYA Gpq N .. /) 8 |
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Rule of inference: Examples

Rule of inference (called SLD Resolution)
Given an answer clause of the form:
<& yes«—a,Na,N...Na,
yd
and the clause:
a/(_b7/l b2/| o N b,U

You can generate the answer clause
yes —a;N...Na  NDNDN .. NDyA 8 A ... A ay,

K%C\BUSQ
yes«—b/lj} beknt —> %esé\»é/\&/\c,
A B
yes «~eANf es —> Z/Z€S<— «P
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(successful) Derivations

« An answer is an answer clause with m=0. That is, it is the
answer clause yes « .

(=

* A (successful) derivation of query [?g, 2 ... A g, from KB
IS a sequence of answer clauses y,, y;,...,V,

such that
* y,Is the answer clause|(yes «~ g, 1 ... /@
* y;is obtained by resolving y; , with a clause in KB, and

*[y,is an answer) ye< ¢

 An unsuccessful derivation.....

t/[eéé%/\b
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« Successful Derivation: When by applying the inference
rule you obtain the answer clause{yes |

lacbad bkt |V F

d < k.
> fee) j«c

[ yeSe@ yes « a.

& en 4 &< hA C

& A T ékﬁ//\c
) < ¢ /I

\/ | | é e (6’1\
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Search Graph

ves<kdhd

ves<—h’d
w:.‘(—bﬁcﬁd 1’5’ se—o\d

’&a ~ bAac. a « @ 1€S<—mﬂd\ ves<—m\d
a « /7[ b« . ws‘(—jﬂcﬂd }€5<—fﬂd
b« k ad«~m. ves<—k/cNd \
d« p. fem. ves—mNd  yese—pNd
f« P. g <~ m. ves«—mhchd vesed
% ot o m. 1‘€5e‘rf E"S(—p
« /M. p. yve
L/ \J blﬁ becstnse blow ln.ee:[ }+ }-i.f{—
AA"‘S@ least Ht iumaber o
Heuristics? (Csolution st
Srowns t *o olgtar
Y, © 00 ¥ty
4 )rzmgwm Ao1<E fese
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Systematic Search in different R&R systems

Constraint Satisfaction (Problems): U

e State: assignments of values to a subset of the variables
Successor function: assign values to a “free” variable
Goal test: set of constraints
Solution: possible world that satisfies the constraints
Heuristic function: none (all solutions at the same distance from start)
Planning (forward) : V4

e State possible world
Successor function states resulting from valid actions
Goal test assignment to subset of vars
Solution sequence of actions
Heuristic function empty-delete-list (solve simplified problem)

Stect stare:
67/4601 oS o1

SNSwW e daUSQ

Logical Inference (top Down)
* State answer clause Y5 < | 1

* Successor function states resulting from substituting one
atom with all the clauses of which it is the head

* Goal test empty answer clause 4e s Z—
e Solution start state
* Heuristic function number of atoms in given state




Today Sept 27

Finish R&R systems in deterministic
environments

* Logics

* Propositional Definite Clause Logic: Syntax
Semantics + Two different proof Procedures

* Reasoning with individual and relations
* Full Propositional Logics and First-Order Logics
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K Ambitious Plan for today
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Representation and Reasoning in

Complex domains
e |tis often natural to

* |n complex domains
consider individuals and

expressing knowledge

with propositions can be their properties

quite limiting

¢ gUP%Sz up('s,)

1 313) up( s;))

S EZCI? ok( cb.)
live @/_BQ live( w,)
connected wy w, . connected(w,, w, )

Y 2ot

>

. . ;
There is no notion that . © w, e Jyout W€

up._s. X live_w; ~—e
P2 N
Up_53 | N Pfatc é\oou (Oea/\/'\ 00/7/7602‘60'_ W7_ W2 “ wv \d\) D\

53
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What do we gain....

By breaking propositions into relations applied to
individuals”?

« Express knowledge that holds for set of individuals
(by introducing vsr(zkles )

live(W) <- connected _to(W,W17) N live(W7) A
wire(W) N wire(W1).

* We can ask generic queries (i.e., containing

VTS )
Voo bless

? connected _to(W, w,)
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Datalog: a relational rule language
It expands the syntax of PDCL....

A variable is a symbol starting with an upper case letter

x Y

A constant is a symbol starting with lower-case letter or a
sequence of digits.

Al n w4 N
A term is either a variable or a constant. >

A predicate symbol is a symbol starting with lower-case letter.
I A ‘owb ot live
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Datalog Syntax (co Frogos ot

An atom is a symbol of the forn@r oL .. ) where pis a
predicate symbol and £ are terms

SLLV"\/\K/’ m(é\a"'\ X)
J

l //\

A definite clause is either an atom (a fact) or of the form:

@ < b;N..ND,

where A and the b, are atoms (Read thisas "/ if b.")

" ()</ ) (—\M (></2:>/\ pﬂ%‘_«q‘@/\{>

A knowledge base is a set of definite clauses

CPSC 502, Lecture 6 Slide 41



Datalog: Top Down Proof

Extension of TD for PDCL.
How do you deal with variables?

Example: in(alan, Q@K

\$L% part_of(r1 23,cs_building)/
N(X,Y) <- part_of(Z,Y) &)in(X,Z).

Query: in(alari, cs_building). W%P‘“T‘“HZFSWW\
\ﬂ \1Y a\zr\/\/ Z>

yes <- in(alan, cs_building).,
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Datalog: queries with variables

h(9|9n r4’)’2\ —
g SIS \
part_of(r123,cs_building).

X Y <-in(X,2). & part_of(Z,Y)
N

one U3

jeﬁ (Y%Z%B

Query in(a|an, X1f ('I@S(X1>?[M\(S\\SMIZB&PBFC-oKil%g)

Yes(X1) <- in(alan.

CPSC 502, Lecture 6 Slide 43
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Today Sept 27

Finish R&R systems in deterministic
environments
* Logics
* Propositional Definite Clause Logic: Syntax
Semantics + Two different proof Procedures
* Reasoning with individual and relations
* Full Propositional Logics and First-Order Logics
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Full Propositional Logics
DEFs.

Literal: an atom or a negation ofanatom © 9
Clause: is a disjunction of literals PV Iie VA
Conjunctive Normal Form (CNF): a conjunction of clauses

INFERENCE: |3 ol Fm® (Phatavimn (g i)

. Convert all formulas in KB and” &~  in CNF

« Apply Resolution Procedure (at each step combine two
clauses containing complementary literals into a new
one) Pv9 1’\/"‘7 - PV

« Termination

* No new clause can be added KB% A

» Two clause resolve into an empty clause KB X
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Propositional Logics: Satisfiability (sAT problem)

Does a set of formulas have a model? Is there an
interpretation in which all the formulas are true?

(Stochastic) Local Search Algorithms can be used for
this task!

Evaluation Function: number of unsatisfied clauses

WalkSat: One of the simplest and most effective algorithms:

Start from a randomly generated interpretation

* Pick an unsatisfied clause

* Pick an proposition to flip (randomly 1 or 2)
1. To minimize # of unsatisfied clauses

2. Randomly _
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Full First-Order Logics (FOLS)

We have constant symbols, predicate symbols and function
symbols

So interpretations are much more complex (but the same
basic idea — one possible configuration of the world)

constant symbols => individuals, entities
predicate symbols => relations
function symbols => functions

INFERENCE:

- Semidecidable: algorithms exists that says yes for
every entailed formulas, but no algorithm exists that
also says no for every non-entailed sentence

- Resolution Procedure can be generalized to FOL
CPSC 502, Lecture 6 48



TODO for next Tue

Thurs class is canceled - I'll be visiting SAP labs
in France for a workshop on Business Intelligence

This week Focus on

Complete the assignment!

-Study carefully handout on Probability (critical
for the rest of the lectures!)

Also Do exercises 5.A and 12.A,B,C
http://www.aispace.org/exercises.shtml
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http://www.aispace.org/exercises.shtml

Expressiveness of the language

Imit{ ACy., SFO) A& AHC,, JFK) A AHP,. SFO} A At(#P. JFK)
M Cargo{C ) A Cargo(C'z) A Plane{Py) » Plane(Ps)
N Avrport(JFR) A Airport{SFO))
Goal( AHC . JFKY & AHC,, SFOY)
Action| Load{e, p, a),
PRECOND: At{e, w) A Ab(p, a) A Camgole) A Plane(p) ~ Awrport(a)
EFFECT: = At{e, a) A Inlec, p))
Action( Unlaad (e, p, a).
PrECOND: In(e, p) A Af(p, a) ~ Cargole} A Plane(p) ~ Airport(a)
EFFECT: Atie, a) A = Ine, p))
Action( Fly(p, from, to),
PRECOND: At{p. from) ~ Plane{p) A Awrport(from) n Airpori{io)
EFFECT: = At{p, from) A At{p, to))

Figure 10.1

A PDDL description of an air carge transportation planning problem.
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Planning with Structured Rep

[~
\\\
- S
Situation Calculus — e @
\ %’ [~
. . ~_ \\\ [~
First-order Logic @, ~_ a T~
py ~ m ~
[~ [~ \
[~ \\ \\ > Result(Result(S,,, Forward),
‘@ \\ a P~ Turn(Right))
| a ~ Turn(Right)
\ \
\\ ™ Result(S,, Forward)
ﬁ Y
\\ a S~
\\ Forward

So



Situation Calculus

= Convenient to have more expressive lang.
“Move all the cargo from SFO to JFK”

» Use existing mechanisms for logical proof
= Strong foundation for studying planning

= Still, less used In practice than other
techniques



Situation Calculus

= Possibility Axioms (for each action)
» SomeFormula(s) =Poss(a, s)
= Alive(Agent, s) A Have(Agent, Arrow, s) =
Poss(Shoot, s)
= Successor-state Axiom (for each fluent)

* Poss(a, s) =(fluent is true & a made it true
V it was true and a left it alone)

* Poss(a, s) = (Holding(Agent, g, Result(s, a))
a = Grab(g) v
(Holding(Agent, g, s) A a # Release(Q)))



CS 221: Artificial Intelligence

(Some) Slide credit: Peter Norvig and Sebastian Thrun

Dan Klein, Stuart Russell, Andrew Moore
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Soundness & completeness of proof

procedures
- A proof procedure X is sound ...

KB -6 =>KBF &

. A proof procedure X is complete. ...

KRE=G = KB &

. (BottomUp for PDCL is <

- We proved this in general even NS
represented by thousands of propasitions and

corresponding KB with millions of definite clauses !
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Can you think of a proof procedure for PDCL....

@, CA _ {e” clavses w it &W‘F‘h( looe\{cs} Kg
KBG 66 = & a-eng
(/7\ Co- )2 Fovms o xa} or 2.”97
KRt=GC £ < Cq CCC f—cre.
%t is s@ but not Complete? D Cq
=z 6)= RKBrG

25 cded-%
(—\ G Chclay K [

_-XThat is complete but not sound? l

KBEG =>KB I G SQUM&M€§59+BU
KBEG D ke 626<C S6c¢GD KB 6
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Completeness of Bottom Up
(proof summary)

f KB =(Gthen KB \]

. Suppose KBE G.
« Then Gistrue 1w /| Hhe wodels

« Thus Gis true . +te winimal  wobel

« Thus & C C

 Thus Gis proved by...
+ Thias KB

—1 -

oéCoﬂpLgTQMgs Cow\pld'@v\éff
%( CPSC 502, Lecture 6 Slide 57



Sampling a discrete probability

distribution |
6-%. S{W\. A\/\Mea\t\"\&. Se,leoif' l/\l Wlﬁ/\ Pmba\cl \\J\'«/l P
_ L
o) '3 1
lq‘—<-5 éfc@f’t V\‘

6.%./\3)@3\/\/\ esrch - Select™ K mdavidos(s. Probg\o{\\d’(?
~ ProFor{’;&OV\A\ To therr valme

SAME HERE W}*'ﬁ“‘ﬁéﬁ\'\ﬁ\i
V\/.L Sccowo
A3 22 A sawple
PUBENESSSE - S —
0 22 /L_c /3-
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ow, do you know how to implement a
planner for....

Emergency Evacuation?<—"
Robotics?
Space Exploration?

Manufacturing Analysis?

Games (e.g., Bridge)?

Generating Natural language «—__
. Product Recommendations ....

Active .
Sales Assistant

SHOPPERS

These vitual sales agssistants

give pou the best product
recommendations based on
your preferences, for free.

You gel: R dati

& These Digital Cameras best suit your needs...

<¢refing your zeaich if you wish, or start a new zearch

ranked from best fit to warst,
plus prives from lzading
retailers.

1 == Toshiba §
2.5

34 sony DVP-F21
e T

Increaze sales on pour site
with Active Sales Assistant!
Our clients ypically double
their sales conversion
rates.

Free report
the top 5 secrets
to great online selling

* red means you didn't want that feature but the
product may stil be a wery good fit athensize

Fank [Brand & Model Avg, Street| Optical| Resolut

- Price Zaom
1 g ToshibaPDR-M25 240,00 1792
- .?‘n WHERETD 3% 120¢
B more infe BUY pixcel

The PDR-M25 gets our #1 ranking, based on your
2 | nesds. Although it does not have an MP3 player, 1280
r it has some of the best scores for price and K 960 pix
resolution of the five top-ranked models, and has
an acceptable rating for optical zoom

3 v $249,00 1280
Il 1400 WHERE TO 3% ‘
BUY 60 pix

B more info

CPS(

North

/est

C 502, Lecture
South

. ———

Zesting

Boreen-pranting-solder

it
Roplying Photorasst
e

Ehotel

lux claaning
Drilling
Hermetically-Sealing
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A. Search &
complexity

1. Introduction
and Overview

PO e No ®, but you
3;:?;::::::? Eegzzfé;f" B. First-order C. Model "
g s w3 (e ) (will) know the
,\'0( \NBY’E\ % k - d @
4. State-space /E_,Ham-\ﬁ,l’gnning- 7. Propositional ey I eas !
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Logics in Al: Similar slide to the one for planning
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Logics as a R&R system

Regreseml (sutthy) (s

 formalize a domain ”“E
e @D wiea | [
on_l) €=\ WD Wive /@

[IVQ‘\A/Q_ éf oOn_swjy /\ llVC—W}

(1NN < 2

* reason about it

ow-6,

CPSC 502, Lecture 6 Slide 62



Propositional (Definite Clauses) Logic:
Syntax

We start from a restricted form of Prop. Logic:
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* that a proposition is true
* that a proposition is true if one or more other propositions

are true .
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