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Representation and Reasoning System

A Representation and Reasoning System (RRS) is made up of:

| formal language: specifiesthe legal sentences

| semantics. specifies the meaning of the symbols

| reasoning theory or proof procedure: nondeterministic
specification of how an answer can be produced.
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|mplementation of an RRS

An implementation of an RRS consists of

|1 language parser: maps sentences of the language into
data structures.

L1 reasoning procedure: implementation of reasoning
theory + search strategy.

Note: the semantics aren’t reflected in the implementation!

3

M


http://www.cs.ubc.ca/spider/poole/ci.html

Using an RRS

. Begin with atask domain.

. Distinguish those things you want to talk about (the
ontology).

. Choose symbols in the computer to denote objects and
relations.

. Tell the system knowledge about the domain.

. Ask the system questions.

M
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Role of Semanticsin an RRS

In(alan,r123). <r\\
part_of(r123,cs building). .
in(x,Y) < >

part of(Z,Y) A >

in(X 7).

@ $ m(alan cs_building) :

C
[]
i
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Simplifying Assumptions of Initial RRS

An agent’s knowledge can be usefully described in terms of
Individuals and relations among individuals.

An agent’s knowledge base consists of definite and positive
Sstatements.

The environment is static.

There are only afinite number of individuals of interest in the
domain. Each individual can be given a unigue name.

— Datalog

M
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Syntax of Datalog

variable starts with upper-case |etter.

constant starts with lower-case letter or Is a sequence of
digits (numeral).

predicate symbol starts with lower-case | etter.
term isether avariable or a constant.

atomic symbol (atom) isof theformpor p(ty, ..., tn) where
p isapredicate symbol and t; are terms.

M
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Syntax of Datalog (cont)

definite clause Is ether an atomic symbol (afact) or of the
form:

a <« bian---AD
\,—J &1 ITJ

head body

where a and b; are atomic symbols.

guery isof theform 1 A --- A b,

knowledge base isaset of definite clauses.

M
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Example Knowledge Base

In(alan, R) <«
teaches(alan, cs322) A
IN(cs322, R).

grandfather (william, X) «
father (william, Y) A
parent(Y, X).

dithy(toves) <
mimsy A borogroves A

outgrabe(mome, Raths).

]
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Characteristics of sublogics

FOPC
clausal form
Horn clauses

definite clauses
function-free FOPC

datalog

propositional calculus
propositional clauses
3-CNF

2-CNF

propositional definite

first-order predicate calculus

conjunctions of disjunctions of literals (CNF)
definite clauses and integrity contraints
clauses with function symbols

FOPC without functions or existentially quantified
variables in the scope of universally quantified variables

definite clauses without function symbols

FOPC without variables or function symbols

clausal form without variables or function symbols
propositional clauses with at most 3 disjuncts in a clause
propositional clauses with at most 2 disjuncts in a clause

definite clauses without variables or function symbols

propositional database facts without variables or function symbols (no rules)

11



Semantics: General Id

A semanticsspecifies the meaning of sentences in the
language.

An Interpretationspecifies:
L1 what objects (individuals) are in the world
L] the correspondence between symbols in the comput
and objects & relations in world

|1 constants denote individuals

Ll predicate symbols denote relations i
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Formal Semantig

An Interpretationis a triplel = (D, ¢, ), where

Ll D, the domain, is a nonempty set. ElementsDfare
iIndividuals.

Ll ¢ is a mapping that assigns to each constant an elen
of D. Constant denotesindividual ¢ (c).

L1 7 is a mapping that assigns to eaelry predicate

symbol a relation: a function from" into {TruE, FaLsH.
13

Im
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Example Interpretatic

Constants:phone pencil, telephone

Predicate Symbolnoisy(unary),left_of (binary).

D={ }.

¢ (phone = L1, ¢(pencil) = LI, ¢ (telephong =

w(noisy: | (L1) rase| (LI) TRUE]| { FALSE

7 (left_of):
(L, ) FALSE | ( TRUE | ( ) TRUE
(L4, L)Y raLse | (L, FALSE | ( ) TRUE
(L, L) rase| ¢ FALSE | { ) PALSE

4
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Important points to not

L] The domairD can contain real objects. (e.g., a perso

room, a course)D can’t necessarily be stored in a
computer.

Ll 7 (p) specifies whether the relation denoted by ey

predicate symbab is true or false for each-tuple of
iIndividuals.

L] If predicate symbop has no arguments, ther(p) is

eltherTrRUE Or FALSE
15

Im


http://www.cs.ubc.ca/spider/poole/ci.html

Truth Iin an interpretatio

A constantc denotes il the individualg (c).

Ground (variable-free) atom(ty, ..., th) IS

L1 true in interpretation if 7 (p)(t;, ..., t)) = TRUE, Where
ti denoted; in interpretation and

LI false in interpretatioh if 7w (p)(ty, ..., t) = FALSE

Ground claus& < b1 A ... A by IS false In interpretatioih
If his false inl and eachp; Is true Iinl, and is
true in interpretation otherwise. 16

Im
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Example Truth

In the interpretation given before:

noisy(phong

noisytelephonég

noisypencil

left_of (phone pencil)

left_of (phone telephoneg

NOISY
NOISY

NOISY

pencil) < left_of (phone telephong

pencil) < left_of (phone pencil)

phong <« noisytelephong A noisypencil)

true
true
false
true
false
true

false
trife

Im
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Models and logical conseqguent

L1 A knowledge base&KB, is true in interpretatioh if and
only if every clause irKB is true inl.

L] A model of a set of clauses is an interpretation in wh
all the clauses are true.

L] If KBis a set of clauses amplis a conjunction of atoms
gis a logical consequencef KB, written KB =g, If g
IS true in every model oKB.

[l Thatis,KB |= gif there is no interpretation in whickB
IS true andy is false. 18

C
[]
H
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KB =

Simple Exampil

Pp<q.

ol

I <— S.

n(P) nw(@ =m) w9

TRUE
FALSE
TRUE
TRUE
TRUE

— p, KB

TRUE TRUE
FALSE FALSE
TRUE FALSE
TRUE TRUE
TRUE FALSE

— (, KB

£ 1, KB

TRUE
FALSE
FALSE
FALSE
TRUE

LS

IS a model ofKB
not a model oKB
IS a model ofKB
IS a model oiKB

not a model oKB
19
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User’s view of Semantic

. Choose a task domai intended interpretation.

. Associate constants with individuals you want to nan

. For each relation you want to represent, associate a
predicate symbol in the language.

. Tell the system clauses that are true in the intended
Interpretation: axiomatizing the domain.

. Ask questions about the intended interpretation.

. If KB

= ¢, theng must be true in the intended

20

Interpretation.

]
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Computer’s view of semanti

The computer doesn’t have access to the intended
Interpretation.

All it knows is the knowledge base.

The computer can determine if a formula is a logical
consequence of KB.

If KB = gtheng must be true in the intended
Interpretation.

If KB & gthen there is a model B in whichg is
false. This could be the intended interpretation. *’

]
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Variables

] Variablesare universally quantified in the scope of a
clause.

L1 A variable assignment is afunction from variablesinto
the domain.

1 Given an interpretation and a variable assignment,
each term denotes an individual and
each clause is elther true or false.

1 A clause containing variablesis true in an interpretation
If itistrue for all variable assignments. 22
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A query isaway to ask if abody isalogical conseguence of
the knowledge base:

M1 A - A D
An answer iIseither

L] aninstance of the query that is alogical consegquence of
the knowledge base KB, or

Ll no if noinstanceisalogical consequence of KB.
23

Im
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Example Queries

In(alan, r123).
KB = { part_of (r123, cs building).
IN(X,Y) < part_of (Z,Y) Ain(X, Z).

Query Answer

?part_of (r123, B). part_of (r123, cs building)
?Ppart_of (r023, cs building). no

?2in(alan, r023). no

?2in(alan, B). In(alan, r123)

In(alan, cs_building)

24

Im


http://www.cs.ubc.ca/spider/poole/ci.html

L ogical Conseguence

Atom g isalogical consequence of KB if and only if:

[l gisafactinKB, or

|| thereisarule

g<«biA ... Aby

In KB such that each b; isalogical consequence of KB.

25

Im


http://www.cs.ubc.ca/spider/poole/ci.html

Debugging false conclusions

To debug answer g that is false in the intended interpretation:

L1 If gisafact in KB, thisfact iswrong.

L] Otherwise, suppose g was proved using the rule:
g<« biA...ADk

where each b; isalogical consequence of KB.

L] If each bj istrue in the intended interpretation, this
clause is false in the intended interpretation.

L1 If someb; isfalsein the intended interpretation,
debug b;. 2

Im
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Electrical Environment

outside power

_@_ circuit
breaker

switch

two-wa
switch y

light

>
g
-
O
_0

ower
gutlet 27

Im
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Axiomatizing the Electrical Environment

% light(L) istrueif L isalight

light(l1). light(l2).

% down(S) istrueif switch Sisdown
down(s1). up(s2).  up(sa).

% ok(D) istrueif D isnot broken

ok(l4). ok(l»). ok(cbhy). ok(chy).

Aight(l1). = yes
Aight(lg). = no
AWp(X). = up(s), up(sz)

28

Im
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connected to(X, Y) istrue if component X is connected to Y

connected to(wp, Wy) < up(S).
connected to(wp, Wp) < down(sp).
connected to(wq, W) < up(sy).
connected _to(ws, w3) <— down(sy).
connected to(wg, W3) < UP(S3).
connected _to(p1, Wa).

?connected to(wp, W). W=w

?connected to(w1, W). no
?connected to(Y, ws).

?connected _to(X, W).

Y=wy,Y=wsY=p
29

I

X=wWo, W=wjy, ...

Im
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% lit(L) istrueif thelight L islit
lit(L) < light(L) A ok(L) A live(L).
% live(C) Istrueif thereis power coming into C

live(Y) <«
connected _to(Y, Z) A
live(2).

live(outside).

Thisisa recursive definition of live.

30

Im
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Recursion and M athematical |nduction

above(X,Y) < on(X,Y).
above(X, Y) < on(X, Z) A above(Z,Y).

This can be seen as:

[ Recursive definition of above: prove abovein terms of a
base case (on) or asimpler instance of itself; or

L] Way to prove above by mathematical induction: the base
case iswhen there are no blocks between X and Y, and if
you can prove above when there are n blocks between
them, you can prove it when there are n + 1 blocks. o

C
5
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Suppose you had a database using the relation:
enrolled(S, C)
which is true when student Sis enrolled in course C.
You can’t define the relation:
empty course(C)
which is true when course C has no students enrolled in It.

Thisis because empty course(C) doesn’t logically follow
from a set of enrolled relations. There are always models,
where someone is enrolled in a coursel!

]
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L1 A proof is a mechanically derivable demonstration tt
a formula logically follows from a knowledge base.

L1 Given a proof procedurcKB - g meansgy can be
derived from knowledge baseB.

[ ] Recall KB = g meangyis true in all models oKB.

L1 A proof procedure itsound if KB - gimplieskB |= g.

L] A proof procedure i:completeif KB = gimplies
KB - g.

33
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Bottom-up Ground Proof Proced

One rule of derivation, a generalized form ahodus ponens:

If“h < by A... Aby Isaclause in the knowledge
base, and eadh has been derived, thdncan be
derived.

You are forward chainingon this clause.
(This rule also covers the case whan= 0.)

34
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Bottom-up proof procedu

KB gif g € C at the end of this procedure:

C:={}
repeat
select clause h <— b1 A ... A by’ In KB such that
b € Cfor all i, and
hé¢ C,;
C:=CuU{h}
until no more clauses can be selected.
35

jl:lD
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a< bAC.
a<enf.
b« f Ak

C <« e
d < k.

f<—jAe
f < c.

] < C.

36

jDD
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Soundness of bottom-up proof procec

If KB+ gthenKB = g.
Suppose there isgsuch thaKB + g andKB (= g.

Let h be the first atom added © that’s not true in every
model ofKB. Supposd isn’t true in model of KB.
There must be a clause KB of form

h<DbiA... Abnp

Eachb; is true inl. his false inl. So this clause Is false In

Thereford 1sn't a model ofKB.

Contradiction: thus no suaiexists. >

jDI:J
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TheC generated at the end of the bottom-up algorithm is
called a fixed point.

Let| be the interpretation in which every element of the fi
point is true and every other atom Is false.

| Is a model oKB.

Proof. suppos@ < b1 A ... Abynin KBis false inl. Thenh
IS false and each; is true inl. Thush can be added t€.
Contradiction taC being the fixed point.

| Is called a Minimal Model. 38

jDI:J
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Completenes

If KB &= gthenKB |- g.

SupposKB

= g. Thengis true in all models oKB.

Thusg is true in the minimal model.
Thusg is generated by the bottom up algorithm.

ThusKB F g.

39

]
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Top-down Ground Proof Proced

|dea: search backward from a query to determine if it is &
logical consequence &fB.

An answer clauseas of the form:
YeS<—aj Aax2 A...Aam

The SLD Resolutionof this answer clause on atcanwith
the clause:

a < biA...ADbp

IS the answer clause

Yes <— ayA- - -A8i—1 ADIA - ADp A Gip1A - NS

0]
o
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Derivations

L] An answeris an answer clause withh = 0. That is, it ic
the answer clausges « .

L1 A derivation of query “?j1 A ... A Q" from KB is a
sequence of answer clausgsyi, ..., yn such that
L] ypis the answer clausgs <— g; A ... A Ok,

L1 4, is obtained by resolving;_1 with a clause irKB,
and

L1y, is an answer.
41

jDI:J
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Top-down definite clause interpre

To solve the query@ A ... A Qk:

ac:="yesS<— Q1 A ... AQK"

repeat
select a conjunctg; from the body ofac;
choose clauseC from KB with g as head:
replaceg; in the body ofac by the body ofC

until ac is an answer.

42

jDI:J
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Nondeterministic Choic

|1 Don’t-care nondeterminisntf one selection doesn’t
lead to a solution, there is no point trying other
alternatives select

L1 Don’t-know nondeterminismf one choice doesn'’t lea
to a solution, other choices me choose

43

jl:lD
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Example: successful derivati

b« f Ak

a<bnac.

a<enf.

C <« e d < k.

f<—jAe f < c.

Query: &

Y0 -
Y1
Y2
Y3 -

YES <— a V4 .

yes < eAf V5

yes < f

YES <— C

e.

] < C.

yes < e

YES <—

44

jl:lD
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Example: failing derivatio

a<bAac. a<enf. b« f Ak

C <« €& d < k. e.

f<—jnre f < c. j < C.
Query: &

Yo: YeS <« a va: YyeS<—enkAc

v1i: YyeS<bAcC V5. yeS<« KAC

v2: yes<f AKAC

V3 -

yes<— CAKAC 45

]
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Reasoning with Variabl

L] An instanceof an atom or a clause is obtained by
uniformly substituting terms for variables.

L] A substitutionis a finite set of the form
{V1/t1, ..., Vn/ta}, Wwhere eaclV; is a distinct variable
and eachtj I1s a term.

L1 The application of a substitution
o = {V1/t1, ..., Vh/ty} to an atom or clause written
e, IS the instance of with every occurrence of;
replaced by;. 46
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Application Example

The following are substitutions:

o1 = {X/A, Y/b,Z/C,D/el
o2 = {A/X,Y/b, C/Z,D/el
o3 = [A/V, X/V,Y/b, C/W, Z/W, D/€}

The following shows some applications:

P(A, b, C, D)oy =p(A b, C, e
PX,Y,Z,eo1 =pPA Db, C, e
P(A, b, C,D)or =p(X,b,Z, e
PX,Y, Z,e)or =p(X, b, Z, e
P(A, b, C,D)os =pV, b, W, e
PX,Y,Z,eo3 =pV,b W, e

47

Im
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|| Substitutions is a unifier of e; andes if ej0 = eo.

1 Substitutions is a most general unifie(mgu) ofe; and
e If
| | o is a unifier ofe; andey; and

| if substitutions’ also unifiese; ande,, thenes’ is an
Instance oo for all atomse.

L] If two atoms have a unifier, they have a most general

unifier.
48

Im
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Unification Example

P(A, b, C, D) andp(X, Y, Z, e) have as unifiers:
| o1 ={X/A, Y/b,Z/C,D/€}

o2 ={A/X,Y/b,C/Z,D/e}

o3 ={A/V,X/V,Y/b,C/W, Z/W, D/e}

o4 = {A/a, X/a,Y/b,C/c,Z/c,D/e}

o5 = {X/A, Y/b,Z/A, C/A D/e}

o = {X/A,Y/b,Z2/C,D/e, W/a}

The first three are most general unifiers.

The following substitutions are not unifiers:
Ll o7 ={Y/b,D/¢}

49
Ll og={X/a,Y/b,Z/c,D/e}

Im
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Bottom-up procedu

L] You can carry out the bottom-up procedure on the gr
Instances of the clauses.

L] Soundness is a direct corollary of the ground soundr

L] For completeness, we build a canonical minimal moc
We need a denotation for constants:

Herbrand interpretationThe domain is the set of
constants (we invent one if the KB or query doesn’t

contain one). Each constant denotes itself.
50

Im
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Definite Resolution with Variabl

A generalized answer clauss of the form

yesty, ..., ly) < ag Aax A ... A an,
wheret, ..., tx are terms andy, ..., any are atoms.

The SLD resolution of this generalized answer clausean
with the clause

a< by A...ADp,
wherea; anda have most general unifiér, is

(yesty, ..., &) «

AN ... A1 ADiA L Abp A gL Aam)E.

C
[]
H
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To solve query B with variablesvy, . . ., Vi:

Setacto generalized answer claugesVy, ..., Vk) < B;
While acis not an answer do
Supposacisyesty, ..., lx) < ajAa A...Aam

Select atong; in the body ofac;

Choose clausa < by A ... A bpin KB;

Rename all variables ia <— by A ... A bp;

Let & be the most general unifier af anda.
Falil if they don’t unify;

Setacto (yesty, ..., tly) < a1 A ... AG_1A

biA...ADpAGL1IA ... A M0
end while. o2

Im
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Example

live(Y) < connectedto(Y, Z) A live(Z). live(outside
connectedto(wg, Ws). connectedto(ws, outside.
Aive(A).

yegA) < live(A).

yegA) < connectedto(A, Z1) A live(Zy).

yegwg) < live(ws).

yeswg) < connectedto(ws, Zo) A live(Z).

yeswg) < live(outside.

yegwe) <— . 53

Im
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Function Symbol

Often we want to refer to individuals in terms of compone
Examples: 4:55 p.m. English sentences. A classlist.

We extend the notion cterm. So that a term can be
f(tq, ..., th) wheref is a function symboland thetj are
terms.

In an interpretation and with a variable assignment, term
f(t1, ..., th) denotes an individual in the domain.

With one function symbol and one constant we can refer
Infinitely many individuals. 54

C
[]
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A list Is an ordered sequence of elements.

Let’s use the constainil to denote the empty list, and the
function congH, T) to denote the list with first elemeht

and rest-of-listT. These are not built-in.
The list containinglavid, alan andrandyis
congdavid, congalan, congrandy, nil)))
appendX, Y, Z) istrue if listZ contains the elements &f
followed by the elements of
appendnil, Z, Z). e
appendcongA, X), Y, congA, Z2))« appendX, Y, Z)%
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