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1.@ Introduction

The prime aobjective of this thesis is to review some
important aspects of first—-order logic and different
methods of reasconing in order to show a possible way of

achieving a part of common serise knowledoge inm a computer.

Common sense reasorning differs from first—-order logic
in the rneed to draw conclusions from partial and charmging
knowledge. In lagice, a cornclusion is rnot accepted wunless
it can be proved according to the rules of inference, but
im real life, conclusions without a procof are accepted
because they seem plausible. Thus, something more power-—

ful than logic is rnieeded.

Two of the most outstanding researchers in Artificial
Intelligevrce, Jeo McCarthy and M. Minsky, disagree on haow
to achieve common sevise 1n a computer. McCarthy (1988213
believes that the solution lies in desigwning computer pro—
grams to reasorn according to mathematical logic, whether
or rnot that is the way peaple think. The major alterrna-—
tive is a psychological approach called the Frame System

developed by Minsky [13735].

First—order logic began to show its usefulress as a
kricwledge representation scheme as a result of research
imto mecharnical theorem proaving. Coricerr has been

expressed, however, about the lack inm logic of arm explicit
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scheme for indexing relevant kricwledge, its irncompeterce
in dealing with incomplete and changirg krowledge, and tne

limitations of deductive morctonic infererce.

Frames represent a way to organize kriowledge by
breaking it into highly modular pieces. Frames are very
useful in representing knowledge of sterectypical concepts
or situwations, analyses of visuwal perceptions, means of

reasorning, etc.

The orgawization of this thesis centers on adapta-
tions of legic and frames toa common sernse reasorning.
Chapter two shows the basic characteristics of common
serse reasoning. Chapter three traces the historical
development of logic and reviews its basic principles.
Chapter four describes several ways to achieve common
sernse reasoning through the use of rnorn—morotonic logic and
circumscription, and through the Frame System. Chapter
five explains how arn application of norn—-movnotonic laogic

WiIorHsS, giving its furnctional description and explaining a

simple example.
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2.@ Logical Reasaning

Reasgrning is the method whereby praopositicons
aof a system are derived from postulates. The principles of
logical reasoning are based upon evident ‘carncons’® of lagi-—
cal procedure. A proposition is a statement which can be
either true or false, and that can be asserted or denied.
A postulate is a propaosition or statement whaose truth is
taken for granted, or is self—-evidernt. A postulate meets
the fallowing coriteria: cohererce, belornging to the sys-—
tem; contributiveness, having consequerces in the system;
consisterncy, not contradicting any other implied postulate

or propositiong and, indeperdercy, not being itself

implied by any other postulate or group of postulates.

Loagical reasoning is the method of follawing rules of
infererce in the manipulation of the premises, wnich are
the statements that cornstitute the starting point of an
inference -—-statemernts which express a belief. Reasoning
is logical if the inferernce rules are sound and 1f they
are applied correctly. The fact that a lirne of reasaning
is logical does rat imply its correctness or truth; a line
of reasoning will be true and correct only if the reason-—
ing is logical and the premises are true and correct. Iinm
other words, if "true’ terms are manipulated according to
the rules, the result will be correct and true. Laogie,
ther, 1s corncerned with consistercy, ot with value

Judgements.



2.1 Prirnciples of Logical FProcedure

The following principles defivne an algebra of Logic
as a series of theorems. A thecorem is defirned to be a
statement containing rothing that carnrmct be proved. It
must be entirely implied by propositions other than

itself, and it may contain no assumptiorns ncot made in  the

postulates.

2.1.1 Principle of Identity

This principle asserts that if any statement is true,
then 1t 1s true. It dictates that every statement of the
form poap is true, that i1s, that every such statement is a

tautaclogy.

2.1.2 Principle of Contradiction

This principle asserts that ro statemert can be baoth
true arnd false. It dictates that every statement of the
form p  “p is falsej; that is, that every such statement

is self-contradictory.
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2.1.3 Principle of Excluded Middle

This principle asserts that any statement is either
true or false. It dictates that every statemert of the
form p v Vp is truej; that is, that every such statement is

a tautology.

cel.4 Principle of Substitution

This principle asserts that identical terms may be
substituted for one ancther; therefore, if x is equal to

Yy then x plus y may be substituted for y plus =z.

Similarly, equivalent propositions may be substituted
for orne arcther. This is expressed as faollows: if a2 b
== (a+b = b), then (a+b = b) may be substituted for (a>s b)

, and vice versa.

2.1.9 Principle of Application

This principle asserts that a statemernt abocut a part,
applies to the whole. For example, if it is granted that
a+b = b+a, and if it is krncowrn that a certain element x and
a certain element y exist, thern it is true of this x anrd

this y, that x+y = y+x.



2.1.6 Principle of Infererce

A proposition that may be asserted assures that any
proposition thereby implied may alsc be asserted. Thus,
if (a= ™~b) and (a= “b) > (b= ™~a), then it may be asserted

thereafter that (b= ™~a) is an indeperident prapositiorn.

This principle makes possible the process of passing
from given premises to inferred conclusions, that is, the

process =T deductive reasoning.

.2 Rules of Manipulation

1Y
[

The following rules are characteristic of the algebra
aof logic, and they provide means for suabstituting
equivalent propositions. The ability of interchangeable
forms 1s  the central requirement for a deductive system.

Some of these rules are

2.2.1 Commutative Law

The Commutative law dictates the eguivalency between
sequential changes in disjgunctions or congunctions as it
may be caonvenient. Thus

(p v Q) == (g v p)y (p ™ g) == (g ™ p).



2.2.2 Distributive Law

The distributive law consists of two parts; the first
is related to the disjunction of an element to a conjunc—
tion, and the secarnd , caorncerns the cornjunction of an ele-—
mert with a disjunction. P is disjuncted to a conjunction
g ™ r by distributing its value to each member of the corn-—
Jurnction. Thus, p v (g ™~ z) == (p >~ q) v (p ™ 2Z). Simi-—
larly, p is conjuncted to g ™ r, distributirg its value to
each member of the disjurnctiaon. Thus, p ™ (g v r) == (p v

g) ™~ (p v r.

2.2.3 De Morgan’s Laws

There are two logical eguivalerces that express the
interrelationship amonig cornjunctiorn, disjunctior, and
regat ion. Sirce the disjunction (p v Q) asserts that at
least orne of its two disjuncts is true, it is rot contrad-
icted by asserting that at least one is false, but conly by
asserting that both are false. Tnus asserting the rega-
tionn of the disjunction (p v g) is equivalent to asserting
the congunction of the negation of p and g, that is, ~(p v
q) == (“Yp ~ ™~g). Similarly, since asserting the conjurc-—
tion of p and g assserts that both are true, to contradict
this, it is rieeded to assert that at least cne is false.

Thus asserting the nepation of the corngunction (p  g) 1s



equivalent to asserting the disjurction of the negaticn of
p and of g, that is, ~(p ™ g) == (¥p v ™). These two

tautologies are known as De Morgan’s theorems.

De Morgan’s theorems carn be givern a combirned formula-—
tion as: The regation of the disjuncticon/ conguncticn of
two statements is equivalent to the corgunction/ disjunc-—

tion of the riegations of the two statements.

As a result of this, any disjunction may also be
formed by conjurnction and rnegation; and any corngunction

may also be formed by disjunction and rnegation.

The exact relation betweern disjurnction arnd conjurnc-—

tion is shown by these two laws

~“(p v qg) p = ™~g

Ao A

]
I

(p ™ q) oD v g

The previous laws can be represented graphically oy

the following Vermn Diagrams




Both Theorems are of great significarce because they
permit any conjurnction to be writtern in the form of a dis-
Jurnction and vice versa. It follows thern, that all laws
applying to disjunctions also apply to cornjunctions, and

vice versa.

Sirnce disjunctions are expressed as conjunctions and
vice versa, substitutiorns may be dorne whernever convernient,
a very important tool for designing circuits and simplify-—

irmg arguments.

2.3 Postulates as Formal Defimition of Relations

If a universe K of urnspecified elements X,¥Yse--.-. is
considered, and an unspecified relation r exists among thne
elements of K, a number of abstract propositions called
postulates determirne all that is known about either K or
r. In other words, the postulates determine the kind of
relation r can be, and how r operates on the elements of

K.

The possible meanings of r are restricted to rela-
tiorns that ‘"“behave" like r, where the behavior of r is
specified by the postulates. Thus, the postulates consti-
tute a formal definitionm of v, which mearns that the pro-
perties of a certain type of relatiocn are known, that tne

symbol r stands for this type aof relation rather for a



specific relation, and that it may be interpreted to mean

any corcrete relation of the givern type.

Working with logical corncepts, such as relations, and
propositions, invaolves dealing with kinds of canstituent
relations, arnd with kinds of systems rather thanm with the
systems themselves. In other words, logical concepts deal
with abstract patterns rather than with concrete thirngs.
Abstract patterns have the advantage of beirng applicable

to many concrete things.

The postulates that define a relation, must describe
the properties of that relation. These postulates or
primitive propositions can be expressed symbolically, and,
taken together, they constitute a formal definitionm of a
relation in some universe. The following set of properties

defirne an important class of relations

i. Irreflexiveress:

The relation r is said to be irreflexive if ro ele-—
ment of x is irn the same relation r to any cother element
of X. As example, let r stand for the relation "taller

than". If r(a,b) means "a is taller than b", then r(a,a)

is rct possible, i.e., a carmot be taller than itself.
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2. Transitivity:

The relation r is said to be transitive if x is in
relation r to z, as a result of being x in relatiaon v to
Yy and y in the same relation r to =. Following the pre-—

vious example, if a is taller tham b ard b is taller than

c, ther a is taller than c.

3. RAsymmetry:

The relation r is said to be assymetric if x 1is in
relation r» to y, but y is not tao x. Thus, contirnuing with
the same example, if a is taller than b, b carmot be

taller than a.

4, Cornrnexity:

The relatiorn r 1s said to be commexive if x is in
relaticon r to vy, ar Yy in relation r» to x, but wnot bath
relations can happen simultarnecusly. Concluding with the
example, a may be taller than b, "or" b taller than a, but

a may wnot be taller than b "and" b taller tharn a, wnhnere a

and b are different.

The previcus rules designate relations of great

importance in the formulation of an algebra.



3.8 The Algebra of Lcogic

Logic is the discipline corncerred with making gern-—
eralizations and abstracticns by a system of orderly
thinking. To do this, logic deals with two processes of

reasoriing, induction and deductiar.

Induction is the process of reasconing from gerneral
cobservations to specific truths. It is also known as
'praobable inference’. In inductive reasoning, the evi-
derce is rnot supposed to support the corclusion with logi-
cal recessity, but only to support it with a definite
positive degree of probability. That is, inductive argu-—
ments are intended to support their conclusions witn pro-—
bability only, because it is possible that the premises of
arn inductive argument could be true while its conclusion

is false.

Deduction is the process of reasconing from specific
truths to gereral principles. Deductive reasoning is alsc
kriown as ' formal inferernce?!. In deductive reasoning, the
conclusion is supposed to be necessarily implied by the
premises; it is more reliable because a valid deduction
holds by riecessity. A deductive system is a system wherein

a small rumber of propositions or postulates determires

all octher propositions.



To illustrate a deductive system, Boolean RAlgebra
will be examined in the riext section of this chapter, not
orly because it constitutes a good example in computer
science and logic design, but because it was also the
first attempt to formalize the prirnciples of logic as an

algebra.

The secornd section of this chapter deals with propo-
sitional calculus, which provides a means for operating on
propositions or statements by laogical combinatiors. Thus,
new statemernts can be deduced from an initial set of pro—

positions.

The last section examines predicate calculus, which
handles propositions 1in more detail and allows same

analysis of the inner structures of propositions.

The purpose of this chapter, then, is to show how
reascning is achieved in classical or monotonic logic.
This will serve as a "base line" for the comparisaon with

rnon—-morncotonic logic to follow in chapters four and five.
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3.1 Historical Review of Logic

The reed for finding a gereral method of sclving log-
ical prablems was satisfied with the develaopment of an
algebra of Logic. In 1847 George Boole invernted the first
workable algebra that obeyed the prirciples of logic. The
theory of Boolean algebra was called "Rlgebra of Logic” in

Boole’s treatise "An Investigation of the Laws

12

f Thought"

£1847]1, hevice the rname of this chapter.

The history of logic has two peculiarities that dis-—
tinguish 1t from other disciplines. First, formal logic
was created by Aristotle virtually cout of nothing. Second,
for over two thousand years this subject matter was

believed ta have been exhausted by its creator.

Although the history of formal logic begins with
Aristotle whose thinking has had a profund influerce
throughout the world, logical thinking was krnown before
his time. There is proof of this 1in the Golernishev
Fapyrus written by an unkncwn Egyptian priest [#]1, and in
the Rhind Papyrus written by A’h Mose [(#1. There alsa 1is

eviderce that the Babylonians krew logical procedures [*].

The logic of Aristotle, with its rules of syllagisms,

defined the elementary processes for all reasaning. A

# See Alice M. Hilton [19633, Ch. 1



syllogism is a deductive argumert ir which a conclusicn 1S
‘mediately? inferred from two premises. It is mediate
inferernce because the corclusion is supposed to be drawn
fram the first premise through the "mediatiorn’ of the

secord. Syllogisms will be explaired in 3.3.3

Many contributions to logic were made between
Aristotle’s time arnd the rnineteenth certury. Orne excep-—
tional contributor was Gottfried Wilhem vorn Leibnitz
[16€6]1, who created a precise symbolic language reflecting
the structure of thinking. Arnother important contributor
was Immrnarnuel Kanmt [17811 who introduced the prirnciples of

inductive reasaning.

Johrn S. Mill C[1843]1 made a profournd contribution to
irnductive 1logic and introduced the distincticon between
cornnotation and deriotation. August De Morgan [1847]1 also
quantified the predicate. In addition, he alsos maae
several studies in rnon—traditional modes of infererce. G.
Boale (18471 invented a method to deal in an easier way
with syllogisms and also invented his famous algebra. W.
Hamilton’s (18521 "Quantification of the Fredicate" sug-
gested a way of dealing with propositions as equations of
terms. This quantification constituted the basis of what

is currently known as predicate calculus.
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The algebra of classes was developed by many logi-
cians, among them, W. Jevons [1874]1, whao solved several
problems 1n Boole's Algebra by interpreting the "v" symbol
as an inclusive "or" rather than Boole's "exclusive”
interpretation. J. Vern £187&1 and C. Feirce [1876&1]
adopted Jevarns'’s interpretation and eliminated the cpera-
tions of subtraction and division in the Booleanm Algebra.
Verm, particularly, developed a spatial representation for
propositional Logic. Feirce and E. Schroder L19@31]
developed the logic of propositions, propositional furnc-—

tions and relations.

G. Frege [1893] is cornsidered the fournder of modern
logic because he was the first to describe the proposi-—
tional calculus in its madern form. He alsoc was the first
ta introduce the rnotion of a proapositional functicn, the
use of guantifiers, and the logical analysis of proof by

mathematical induction.

By the end of the nineteenth century Giuseppe Feano
[1835-19@88] greatly increased the range of symbolic logic
by intreoducing symbols for other logical notions such as
“"is contained in", "there exists", "is a", etc., symbols

which were later adopted by Russell and Whitehead.

Betweern 1312 and 1313, B. Russell and A. Whitehead

developed their Frincipia Mathematica in which they incaor-—
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porated most of mathematics into a logistic development.

They also created a calculus of relations.

Faradoxes have always played a vital role in lagic
and philosophy. They help to delireate the boundaries of
inidividual knowledge arnd human comprehernsiorn. Ore of the
most interesting paradox is Zenao of Elea’s paradaox about
motion (+J. It presents three problems: infinitesimal,
infinity, and continuity. The first problem was salved by
He Welrstrass [¥*]. The solutions of the other two were
praoposed by R. Dedekind [%**]. G. Cantor [1915]1 salved
these two problems. Arncother important contributor to
logic is L. vonn Wittgenstein [1233] who invented truth

tables.

The purpaose if this brief history is to give a feel
for the long tradition of leogic in westerrn civilizations.
The "stretching" of logic to fit common sense problems 1S
the latest in a long line of work aimed at coming up with

a formalization for knowledge.

-

%*#% See R. Mattesich [13781, Ch. 3
+ Suppose a race between the fleet—footed Achilles and a
tortoise. Achilles is given a handicap of one hundred me-—
ters. The gun indicating the start of the race 1s shot at
time T. Wher Achilles reaches the starting point of the
tortoise,at time T + T1, the tortoise is wmot there, having
moved a short distance beyornd. Achilles comtinues in pur—
suit of the tortoise, and at time T + T1 + T2 caomes to the
place the tortoise was at T + Tl. The tortoise is not
there. Achilles continues in pursuit and so arn, and an.
Achilles will rnever catch up with the tortoise.
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Boolean Algebra

Y]
L]
o

A Boolean algebra is a tuple (B, 0O), where:

E: is a ror-empty set.

8,1 B, where @ =|= 1,

O: is a set containing three operatiors

vi B x B =) B. It is a binary coperation called dis-

Jurnction.

~: B x B =) B. It is a birary operation called con-

Junction.

~“: B =) B. It is a unary operation called riegaticn or
complement.
The operations v and ™ are characterized by the following

identities which are satisfied for all x, y, and z e BE.

a) ldempotency: X VvV X = X
X ™ X T X
b) Commutaticon: X VY =Y V X

w -~ y - y B K .

c) Association: (x v ¥) v 2 = x v (y v 2)
(% ™yl ™2 =2x " {y ™ 2).
d) Distribution: X v (y ™ z) = (X Vv y) ™ (x v z2)

X “ (y v 2) = (x ™ y) v (x ™ z).
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e) Absorption: X v (x ™ y) = x
X ™ (X VvV y) = X.
f) Universe Class: X v 1 =1
X ™ 1 = x.
g) Null Class: X v @ = x
x "2 = 0.
h) Complement: X v “x =1
X ™ Vx o= Q.
i) De Morgan: Mx v oy) = My T Ny
M T y) = Mxov Ty,

J) Involution:

This algebra has the followirng characteristics.

If there is a class of elemerits x and a class of ele—
ments vy, disjunction forms a class composed of elemernts x
"or" elements y, or both. A class 1s a collection of
objects which are identified by some means or some proper

characteristic which its members have.

If there is a class of elements x and a class of ele-
ments y, conjunction forms a class composed of elements x

"and" elements y.



|1\
=

Negation mearns that 1f there 1s a class of elements

Xy, ther there is alsc a class of elemernts rnot x.

The laws of idempotercy imply synthesis; that is, 1f
both elemernts are equal, it is the same to consider ane,

or the other, or both.

The laws of commutation mean that a sequential change
does not affect either disjurnction or conjunction. They

were also explained in chapter two.

The laws of asscociation mean that disjurnction and
conJjunction are not affected by the ordering of the ele-

mernts.

The laws of distribution imply that the disjurnction
of an element with a congurnction is achieved by distribut-—
ing this element with each element of the corngjuncticn.
Similarly, the conjunctiocn of an element with a disjunc-—
tion means that this element is distributed with each ele-—

ment of the disjunctior. In chapter two they were also

described.

The laws of abscorption are the result of combining

the laws of idempotency and distribution

Givernn x v (x ™ y) = (X v X) 7 (X Vv y),
since (x v x) = X

then X " (X v ¥y) = X.
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Similarly for the product

Given x ™ (x v y) = (x ™~ x) v (x ™~ y),
sirice (x ™ x) = x
then X v ( X ™ vy) = x.

The truth value of x, @ or 1, alorne determines tne

trutn value of the erntire expressicor.

The laws of universe class state that tne truth value
of  the disjunctiocn of x and the universe is always 1, and

the truth value of the conjunction is x.

If x=@: a v 1 =1, a ™~ 1 =& 3 and

if x=1= 1 v 1

1, 1~ 1= 1.

Similarly, the laws of rull class state that the
truth wvalue of the disjunctiorn of x and the rull class is

X, and the truth value of the cornguncticon 1s @.

=
Il

If x=@: 2 v @, a ™~ @ =@ 3 and

]
&

if x=1: 1 va=1, 1 ™~ a

The laws of complement assert that x, or its comole-—
ment, or bath, form the universe and that the corngunction

of X with its complement is the rull class.



The laws of De Morgan were discussed in chapter twao.

Finally, the law of invalutiorn is abvious; it dic—

tates that the complemernt of the complement of x is x.

It is important to see the coricept of Boolearn Algebra
as a calculus of propositional funmctions, and not only as
a calculus of classes. Propositions can either be true or

false, 1 or @ respectively.

Regardless of how different two propositions seem,
they are equivalent if they have the same truth values,
and if this cccurs, their rnegations have the same truth
values too. The important issue for the calculus 1s the
condition of truth and falsehcocod, and not what is true or
false. The caleulus of logical relations shows the formal
properties of logical relations but does not sanction
them, i.8., it demornstrates somethiwvg, but it does rnot

approve or disapproave.
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Propositional calculus is a method for calculating
with propositions that are either true or false, by com—
bining them and deducing other praopositions from them.
These senterices are treated in arn abstract way, so that,
if "p" denctes a propositicorn, there 15 mo interest 1in

krnowing what "p" means, but rather what happerns if "p" is

a true or a false propoasitiorn.

A simple statement is cre which does rnot conmtain  any
ather statement as a component, for example, "This is
logic". A compound statement 1is orne which contains
ancther statement as a comporent. The other statement may
be compound too. Examples are "A city of Italy is Rome or

a city aof Spain is Seville'", "If yoau break it, then you

pay 1it", etec.

The first kirnd of compound statement to cornsider 1s
conjunctive compound statements. The congunction of twao

statements is achieved by placing an "and" betweern them.

Example:

a)l Alice is a girl and lives in Wonderlard.
p: Alice 1s a girl.

g: Alice lives in wonderland.



Canjunctive statements are true if and aonly if bath

constituent statements are true.

The disgunction of two statements 1is achieved by

placing an "or" between them. Example:

b) Tamorrow is Friday or Saturday.
p: Tamorrow is Friday.

Q: Tomorrow is Saturday.

Disjunctive statements are false if and anly if both
constituent statements are false, otherwise, they are

true.

The negation of a statement is formed by inserting a
"mot" into the original statement. Negative statements are

true if and only if what is riegated is false. As an exam-—

ple consider the following compound statement.

el To be or not to be....
p: To be
p @ ~p

This example shows a special case of disjunctiorn.

The statement can be represented logically as (p v “p),
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but Shakespeare’s idea is a "mutually exclusive" or and
rot an "inclusive" acne. (p v “p) is true if orne or bath
of its disjurctives is true. Therefore, it is impossible
"to be" and "not to be" at the same time. If the disjunc-
tior is represented as (p ®@ "“p), which is a mutually
exclusive '"or", then to be true, only one and not both of
its disgjgunctives may be true at a time. That is precisely

Shakespeare’'s idea.

Corditiconal statements are formed by placing an "if"
before the first statement and inserting a "thern" between
the statements. The statement between the "if" and the
"then" is called the "armtecedent", and the statement after
the "then" is called the "consequent". In other words,
conditiornal statement asserts that its antecedent implies

its cornseguernce. An example is.
d) If I think, thernn I am.

p: I think

ar wording for this is "I think, there-

ergo sum).

Corditicnal statements are false only when the cornse-—

quent is false, arnd true otherwise. The conditicnal
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statement p 2 q, then, is equivalent to (“p v a).

These are the most important cormectives since the

other commonly used can be defired in terms of these.

Sedal Well—-Formed Formulas

The first step in problem solving is to observe and
identify relevant data, that is, to represent kricwledge in
the lariguage of the logical system. This language
describes strirngs of symbols that are compased according
to certain grammatical rules. These strings are called
the well-formed formulas , or wff'’s, of the logic. The
rules would, for example, accept such an expression as "“p
v o g", but would not permit an expression like "p g v ™~".

The wff's, thern, are thoase symbol strings that make sense

grammatically.

It is recessary to prove both theorems about the
lariguage and theorems within the larguage, two distirnct
levels called the "language" or '"theory," and the

"metalanguage" or "metatheory" respectively.

Certain symbols within the larnguage have already been
introduced, such as those representing the logical cormec—
tives. In additiorn, the parenthesis and propositional

variables like p, q, r, etc. have been introduced. Withiw
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the metalanguage, the letters A, B, C, etc. derocte entire
well=farmed formulas. Thus, (R) v (B), for example, 1s an
expression which denctes any desired member of the class
of formulas obtairied by substitutirng expressicons for the
letters A and B.

A formal definition of a wff is the following:
a) A propositional variable is a wff.
b) If A is a wff, ~(R) is a wff.

c) If A and B are wff's then any logical cormection

of them is a wff.

d) A symbal string is wff if and only it it 1s pro-

duced by the application of the previous rules.
Examples:

a) A: ((p) ™ (YM(g))) 2 ((M(™(p))) == (g)) is a wff.
A (A1) 2 (Bl) where:
Al: R2) ™ (BZ)
RZ: p is a wff

B2: ~(q) is a wff

Bi: (A3) == (B3)
A3: ~(A4)

R4: ~(p) is a wff

B3: g is a wff t. A is a wff.



b)Y A: ((P) ™ (Q)) 2 ((¥(g)) ~ (p) v (r))

is not a wff.

D

(A1) =2 (B1l) where:
Al: (A2) ~ (B&a)

A2: p a wff.

B2: g a wff.

Bi: (R3) ™ B3 v C3

2 A is not a wff because Bl has 3 elements
instead of 2, contradicting part c) of the defimition.

3.3.2 Truth Tables

The truth value of an expression depernds on those
values that its variables may take. An expressiorn with n
variables represents a function of En elements which may
be represented in a truth table. Thus, a truth table
shows the truth values aof a wff for each assigrnment to its

variables. As an example, consider the followirng expres—

siar (p - q) 2 (p v "r).



P g rl B oar Bl p v R (E) (1) 2 (2)
| | I

S S . T
| | i

t t tI t | t I t

t t fl t | t | t

t f €1 3 | t | t

t £ fli £ | t 1 t

f t <t f | f ! t

f £ flI f | t I t

f £ i f | f i t

f f fli f | t [ t

A compressed truth table of the same expression is

p g I p g (1)1 p v “r (2)1 (1) 2 (2)
S I S— ) RN, N
1 I |
t = = - I t I t
| | I
f - -l f | f I t

If the result of the truth table for any assigrment
of wvalues is true, it 1is called a tautology. If the
expression always takes the false value, it is called a
contradictior. If the final value depends on the assign-—
ment of truth values to the variables, the expression is

called a contingerncy.

Two propositions are equivalent if both have the same
truth tables. Ore method for proving theorems, ther, is
through truth tables by examining all possible combina-
tions for both propositiorns. This method works but is
inefficient because if n variables cccur in the premises,

gl
ther two tables, each with 2 rows must be examined.



3.3.2 Methads of Proof

A syllogistic argumernt, or syllogism, is an argumert
consisting of three propositions, the first two being the
premises and the third, the corclusion or theorem. This
kind of argument is alsoc called "infererice schema" and is
valid if the premises are accepted as true, and the caon-

clusion is alsoc true. The form is

premise 1
premise &2

.1 conclusion
which is equivalent to {{(premise 1) ~ (premise &)} O con-
clusian. In other words, the antecedent is formed by the

conjunction of the premises and the consequent is the con—

clusiorn. As an example consider

{(m ") ~ o) 2 pkr

g 2{ta ™ m ™ n¥

This kind of argument represents the most common way
of reasoning, arnd there are several methods to prove the

validity o=f such an argument, including the following.
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3.3.3.1 Rules of Inference and Equivalence

As was mentiored above, truth tables are not a good
methaod for testing the validity of an argument because of
the inefficiercy of exhaustively examining all the rows of
the table. A more efficient way is to infer the corclu-—-
sion of an argument fraom its premises by a sequence of
substitutions of valid elementary arguments. The process
af substitution means to substitute statements for state-—
mernt variables arnd riot statements for statements. The

rules of inferernce are the following tautologies:

i. Modus FPorerns 2. Modus Tellens
P <2 g p 2 q
P ~q
. g P = ]
3. Hypothetical Syllagism 4. Disgunctive Syllogism
P 2 q P Vv g
. p 2@ T S a
S. Constructive Dilemma &. Absorption
(p 2 q ~ (r 2 s) P 2 q
B8 = e-s—ooSteeshaEmaee
- - .. p 2 (p q)

7. Simplification 8. Caongunction
P T q p
——————— q
:. p —_-—-—:__
2s P = q
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3. Additicon

Many arguments carnat be proved using only the previ-
ous rules of inference; additicnal rules are required.
These new rules are logical equivalences, i.e., they
replace a statement by another ane having the same truth

value according to the faollowing tautologies:

1@. De Morgan’s Theorem
“(p ™ g) == (“p v ~q)
~(p v q) p— (mp -~ mq)

i 85 N Commutation
(p v g) == (g v p)

(p -~ q) —_—— (q -~ p)

12 Association

{p v (g v} {(p v.g) v rr

{p £ (q ~ o)) == {(p s q) -~ ‘I"‘}
13. Distribution

{p “(gvmry==d{(p™qg)v (p™r)

{pv (g mr)r=AL(pvag = (pv )y

14, Double regation

p == Nmp

13. Transposition

(p> q) == (g 2 *p)



0
€3]

16. Material Implication

17. Tautolaogy

p == (p v p)
p == (p L] p)
18. Material Equivalernce
(p == qg) == {(p2g) =~ (g >2p)7%
(p == q) == {(p " q) v ("p ™ ™~g) 7}

19 Exportation

{(p " g)o2r)) == 4{p> (g r)r

Taken together these lists constitute a complete sys-
tem because they permit the comstruction of a formal proof
for any truth argument. The first nine rules can be
applied only to wnhole lives of a proof and the last ten,
can be applied either to whole lirnes or to parts of the

lires. Several of these rules were included in the Boolean

Algebra.



Example:

1) {{m ™ n) ™ o2 p

2) g=2 {(o ™ m ™ nr

: Mg v p

3) {o ™ (m " v)> 2 p Commut at icn (1)
4) Lo " m) > rm)>> p Assaciation (3)
=) Q=2 p Hipathetical Syllaogism (2, 4)
&) g v p Material Implicatiaon (5)

S.3.3.2 Invalidity

If farmal attempts to praove the validity of am  argu-—
ment fail, this does nrat mean that the validity of the
argument carnrnot be proved by other means reither that the
argument 1is invalid. The method of invalidity is cliosely

related to truth tables, but is shaorter.

Ar argument is invalid if a single case can be fourd
in which truth wvalues are assigned to the variables in
such a way that the premises are true and the conclusion
iz false. Assigning truth values to the variables such
that the premises are true and the conclusion false is
sufficienmt to prove the invalidity of anm argument. This
kirnd of assigrnment 1s equivalent to the one dore by truth
tables, but it 1is shorter. Consequently, it is rnaot reces-

sary to examine all rows i a truth table to prove the
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invalidity of an argument; it is sufficient to find only
cne row in which the premises are true and the cornclusion

is false.

Example:

1) {{m >~ n ) ™ o> p

2) "g= Lo ™ m ~ n)

.2 (Mg v p) 2 *~p

Assignirng T to my n, o, and p, and assigning F to a,
the premises become true. Following these assigrments the
conclusion is false. Since the cormclusion is false, tne

argument is invalid. Expanding the previcous example.

{{m > n) ™~ o2 p T
T T T i

g2 {(o > m ~ nk T
F iy T T

HE (“q v p) 2 7p F
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3.3.3.3 Iniconsistercy

An argument is valid if its premises are mutually
inconsistent. If a truth table is constructed for such an
argument, it will show that in every row, at least cne of
the premises is false. Iv other words, there is rio row in
which all the premises are all true and the conclusion
false, hernce, the truth table establishes the validity of

the argument.

The case of inconsistercy is an attempt to negate the
principle of contradiction (see 2.1.2). The real problem
with inconsisterncies 1s that arny and every conclusion fol-

lows logically from inconsistent premises.

Example:

This argument is valid, because its variables are
inconsistent. The inconsterncy is shown in variables a and
b, because bath are affirmed in premise 1, and baoth are
regated in premises 2 and 3. The conclusion d is vacu-

cusly true, since it follows from incansistent premises.



3.3.3.4 Propositional Resolution

Propeositional resclution is an iterative process of
proaf which at each step compares or resoclves two clauses
yieldirng a new clause inferred fram them. Propositicnal
Resolution produces proofs by refutatior. That is, to
prove a theorem it attempts to show that the negation of

the thecorem produces a contradiction with the krnown prem-—

ises.

Before explaining how this process works, it is
necessary to define scome rnew corncepts. The conjurnctive
form of a proposition is one in which rnegation symbols
apply only to variables and rnot to parenthesized expres-—
sions, and ‘or’ symbols connect only variables and ot
parenthesized expressions. A clause , then, is a simple

wff or a wff in conjunctive form.
The resclution procedure says

a) Corivert all premises and the negation of the

theorem to clause form.

b) Select two clauses that contain a variable and

its regation.

c) Gererate a rew clause containing all the ‘or’-ed
elemerts of the selected clauses except for the variable

chosen arnd its rnegatiorn.



d) Continue the process urtil it either leads to a
contradiction, in which case the thecrem is proved, or
urtil rno more clauses can be gererated, in which case a

falsehaad is proved.

Example:

{lm ™ n) =~ 02 p

g2 {(ac > m =~ nkr

w3 Qg v p

Converting this syllogism to clause form and negating

the theorem

“L{m ™~ n) ok v op

\~QVP

NQV{(QAm)Aﬂ}/ \
q/

\t
P / "“p/

q p

P

]




3.3.3.5 Wang's Algorithm

Wang's algorithm is a syntactic proof method, created

by Hao Wang [13701, which produces the same results as

truth tables but requires less computaticnal effort.

It consists aof writing down a series of lires, each
simplier than the previocus one, until a proof is completed
or it is shown to be impossible to continue. Each line
consists of any riumber of premises separated by commas on

each side of an arrow.

The rules say the following

1) The initial form is:

premise 1, premise 2, .., premise rnn -} conclusiaon.

2) If the principal cormective of a premise is a
rnegaticn, drop the rnegaticon symbol and move the premise to

the aother side of the arrow.

3) If the principal cornective of a premise on the
left side of the arrow is an "and", or on the right is an

"or", replace 1t by a comma.

4) If the principal cormective of a premise an the

left side of the arrow is am "or', or on the right is an
"and", produce two riew lines, each with aone of the two

sub—-premises replacing the premise.
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arrow, the line is proven.

&) If ro cormectives remain
tional variable occurs orn both
argument is not provable.

Example:

o

£ (m ) a2 p

u

g=> {(a ™ m nt

L

q Vv

s p

Rule 1:

o~

~L (m n) “ok v p,

Rule 4:

a) ~{im “r) o, Mg v {(a ™ m

b) p, g v {(o “ m) ~ n} =) ™q

Applyirng rule 3 to part b)

P, g v {(a ™~ m) ™ nk =) ~q, P

By rule 5,
on both sides of the arrcw.

Applying rule 2 to part a)

g v {(o ~m ~ n¥ =) g Vv P

If the same premise cccurs an both sides

g v {(x ™ m)

this branch is proved,

42

of the

in a line or rno proposil-

sides of the arrow, the

nty =) ~Yg v p

o

) n)

v B

because oyt is

B

{(m ™ w) o



Applying rule 4:
aa) Mg =) g v py, {(m ™~ n) * ak

bb) {(e “ m) >~ nmn¥y = g v p, {{m ™ 1)

Applying rule S5 in bb) it is proved.

Applying rule 3 to aal), it becomes:

~

q - ~qy, Py €lm ~ ) ™ o)}

Applying rule 5, the argument is valid.

41
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3.4 Predicate Calculus

Propositional calculus deals only with true and false
senternces; there is no reasoning about individual enmtities
and their properties. For purposes of artificial intelli-
gence, this 1is rot very useful because in order to get
krowledge, more than jJust true and false sernternces are
needed. It is also necessary to talk abaout objects, to
postulate relationships betweern them, and to gerneralize
these relationships over classes of objects. These abjec—

tives can be accomplished through predicate calculus.

Fredicate calculus is an extension of propositional
calculus. The mearning of the logical cornnectives is
retained, but the focus of the logic is charnpged. Instead
aof looking at the truth value of the sentences, predicate

calculus is used to represent statements about specific

cbjects or individuals.

Consider the example

All humans are maortal. =
Scecrates is human. Q
Socrates is mortal. .: R

This rnotaticon appears to be invalid even when the

argument is wvalid.



The validity of an argument does riot depend upcn  the
way in which simple statemernts are compaunded but rather

upon the inner logical structure of the ron—compound

statements involved.

3.4.1 Basic Concepts

A predicate is a statement about individuals, both by
themselves and in relation to other individuals. It has a
value of either true or false deperding upon which indivi-
dual it is applied to. If the predicate "is Greek" is
considered as an example, by applying it in the singular

proposition "Socrates is Greek," it is true, but applied

to "Caesar is Breek," it is false.

Particular entities, such as Sccrates, Caesar, etc.
are desigrnated as individuals, ard lower—case letters
(excepting %) are used to represent them. Gereraily, the
fFirst letters of the vocabulary are employed. Gereral

predicates such as "is Greek," "is human," "is mortal,”

etc. are represented with upper—-case letters.

Having two sets of symbiols, ocne for particular enti-
ties or individuals, arnd the other for attributes of the
individuals, the convention is adopted of writing an
attribute symbol immediately to the left of fhe individual

i pnDositicons such as "Sccocrates is human' o
symbal. Thus, propos
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"Socrates is mortal," for example, are represented as Hs
and Ms respectively. Whern reference to mo one in particu-—
lar 1is reguired, it is written Hx to represent the attri-
bute H(uman) of the individual x, o one in particular,

and sa forth. A letter x is a place marker.

The propositions Hs, Ms, etc. are either true or
false, but a propasition usirg x such as Hx, is reither
true ror false, it is a praopositional furction which con—
tains a variable and becomes a proposition whern a constant
is substituted for thnis variable. Propositional functions
such as Hx, Mx, etc. are called "simple predicates" tao
distinguish them from the more complex propositional furnc-—
tions discussed later- A simple predicate is a propasi-—

tional furnction having some true and some false substitu-

tion instarnces, each of which is a simple propasitian.

2. 4.2 Quantifiers

Each predicate defires a set or a sort, i.e., for any
predicate F, all individuals X can be sorted in two dis-—
Joint groups, one containing those objects tnat satisfy R
(for which P(X) is true), and the other containing those
cobjects that do rnot satisfy F. It is very important to be

able to reference both parts and the whole universe of

discourse.
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To deal with this situation, there are two different

quantifiers, the universal (M) and the existential ( 3).

The first one means "For all....," and the second one
means "There exists... ." Thus, the gerneral example "Ail
thirngs are mortal'" is represented as (Mx)Mx, and "Some-—
thing is mortal,” as ( 3 x)Mx. The universal quantifica-

tion of a propositional functionm is true if and only if
all of its substitutions are true. The existential guan—
tification of a propositional furction is true if and only
if it has at least orne true substitution. Thus, proposi-—
tions also carn be obtained by generalization, placing a
universal or existential guantifier before a variable, and
not only by substituting individual constants for indivi-

dual variables.

Fropositions such as Mx or Hx can be agenied by ™Mx

and “Hx respectively. The universal proposition "Every-—

thing is mortal'" is denied by the proposition  "Sometning
is rmiot mortal." Both equivalences are represented as
MMx)Mx == ( Fx)VMx.

Since one is the denial of the other, these two pro-—

positions are equivalent

(Mx)Mx == (™ Jx)™“Mx.



Similarly, "Nothirg is mortal" is denied by

thing is mortal” and represented by

(™ MX)YMx == ( 3 x)Mx.

Since one is the dernial of the other, these twao

pesitiorns are equivalent

(M¥)“Mx == (™ 3 x)Mx.

46
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Gereralizing the previous relations between quantif-

iers

(VX)) _ux == (¥ 3x)™ mx.
CIX)_ux == (M) ™ _ax.
(MR ™ _aux == (™ Ix) _ux.
CIRI™M _ax == (™ ¥x) AX.

where _u« represents any simple predicate.

The graphical representation of the relations between

guantifiers can be expressed as follows
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(Wx) 4 x contraries (Wx) ™ 4 x
A E
c =
< e
i i
t r
ol =]
a t
d o
i
d =
a t
r [
t r
™ i
o e
c =

(IxX)Mx s ubecontraries ( 3 ) M uax
I a

Two propositions are contraries if they might both be
false but carmot both be true. Two propositions are subo—
contraries if they can both be true but carmot  botnh  be
false. Wher orne proapositicon is true and the other false,

both are corntradictories.

Fropositions of types A, E, I, and 0O, are classifiea
as universal affirmative, universal rnegative, particular

affirmative and particular rnegative respectively.

Consider as an example the following type A proposi-
tion “"A1l Humans are Mortals." This can be represented
as (Mx) (Hx 2 Mx). A similar type E propositicn says "No
Humars are Mortals," which can be represented as (Mx) (Hx 2

“Mx). Applying the same example to a similar I type,
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"Same humans are mortal," can be represented as ( 3 x) (Hx
M x). Finally, the O type proposition says "Scme Humans

are not Mortals," which is trarmslated to ( 3 x) (Hx = ~“Mx).

An A type proposition may be true while its
corresponding I type proposition is false. Similarly, an
E proposition may be true while its correspornding O propo-

sition is false.

3.4.3 Rules of Infererce

To construct formal proofs of validity, it is reces-
sary to expand the previous list of rules of infererce and
equivalerce. Fouy additional rules are required. The
first ore is the Universal Instantiation, UI, which dic-—

tates

B
€

where ¢ represernts any simple predicate and w, any indivi-

dual symbol.

The second rule is the Universal Gereralization, or

UG for short, which implies

L2 (M) (P X)
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The third rule is the Existential Instantiation, EI,

which establishes

EI: C3x) (o x)

. £ oW
The last rule is the Existential Gereralizatior, EG,
which dernctes
EG: oW

<20 3% Cpx)

Rs examples of the applicatiorn of these rules coarn-

sider

I) All Humans are Mortals

Greeks are Humans

—————————— i T i i, S, i S i S S St

.2 GBreeks are Mortals.

1) (Mx) (Hx 2 Mx)

2) (x) (BGx 2 Hx)

3) Hw 2 Mw Ul (1)
4) Gw » Hw Ul ¢2)
S3) Gw > Mw Hypethetic Syllogism (4, 3)

&) (Mx) (Gx 2 Mx) ug (S



II) All philosophers are Greek

Some mariners are philoscophers

Some marirners are Greek.

1) (Mx) (Px 2 Gx)

) (3 %) (Mx ~ Px)

(3 x)(Mx ~ Gx)

27 Ma ~ Pa EI (2)

4) Pa 2 Ga ur «<i)

b Fa ~ Ma Commutation (3)

&) Fa Simplification (5)
7) Ga Modus Fonens (4,6)
8) Ma Simplification (3)
9) Ma ™~ BGa Corgunction (8,7)

1) C Ix) (Mx ™ BGx) EG (3)

Seb4.4 Invalidity

Ta prove the invalidity of an argument, the same
techrnique of assigning truth values tao the variables used
im propositional calculus can be employed. This metnod is
based on the general assumption that there is at least ore

individual in the guantified class of abjects.

If there is exactly one individual, say a, then
(Mx) ( gx) == @ga == ( 3Ix) (g x).
If there are exactly two individuwals, say a and b, then
(Mx) ( gx) == ga ~ #£b, and ( 3x) ( Fx) == {ga v #blr;

and so or.



Thus, an argumernt inveolving quantifiers is wvalid if
and anly if it is valid rno matter how marny individuals

there are, provided there is at least are.

Herice, the procedure to prove invalidity is the fol-
lowing. First, consider a cre-element mcdel, writing out
the logically eguivalent truth—-furction argumernt. If this
argument can be proved invalid by assigning truth values
to its statements, that suffices to prove the invalidity.
If that canrmot be dove, consider a two—-element model based
on the previous equivalences. If the current argument
carmnat be proved invalid, continue addirng elements.

As an example, consider

(Mx) (Mx 2 Nx)
( 3 %) (Mx —~ Ox)

:. (W) (Ox 9 Nx)

For a model containing only orne element, this 1s

equivalent to

— e e i st T e,

Assigning T to Ma, Na, and Oa, the argument is valid. Eut

considering the equivalent of two elements
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(Ma 2 Na) ™ (Mb 2 Nb)
(Ma =~ Da) v (Mb - Ob)

t. (Da o Na) ~ (Ob 2 Nb)

which is proved to be invalid by assigrnirng T to Ma, Na,
Oa, arnd Ob, and F to Mb and NbD. Hernce, the original argu-—

ment is rnot valid for a model containing two elements, and

is therefore invalid.

= =

3.4.3 Asyllogistic Infererce

All the previocus arguments were of a form called
categorical syllogism which consists of two premises and
one conclusion. To evaluate more complicated arguments,

more rules tham those already developed are rnct required.

There are three locutions of rnatural Ernglisn that

deserve special attentiocon for the construction of more

complex arguments. The first wone can be aobserved in
statemernts like "All politicians are either hornest or
liars." Although it contains an "or" as conrmective, it is

ot a disjunction. This statement is very different from
"Either all politicians are honest or all politicians are

disjunction.
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These statements are represented by
(x){Px 2 (Hx v Lx)2> and

(Mx) (Px © Hx) v (Px ® Lx) respectively.

The secownd locuticor to be cbserved carn be stated i
the following senterice "Sccrates and Flato are Greeks. "

This sentence translated to a disjunctive statemernt
(Mx){(Sx v FPx) > Gx>

because Greek is Sccrates or FPlato but not somecore whio is

both Scecrates arnd Flato.

The last locution is related with different ways of

representing excepting propositions, such as "All
except....," "All but...," etc. Consider as an example
"All except Greeks were Igriorants" which can be

represented as

(Mx) (Gx 2 ~Ix) ™ (Vx) (¥Bx 2 Ix)

which is equivalent to

(Mx) (Ix == “Gx)

This is trarmslated into "Arnyorne who was igrnorant was rnot a

Greek. "



3.4.6 Resaclution

Before explaining how resclution in  predicate cal-
culus proves theorems, it 1is important to krniow how to
determine the contradictiorn of two literals. In proposi-
tional calculus it is very easy to determirne that x and ™“x
is a contradiction, but in predicate calculus it 1is nrot

simple since the bindirng of variables is considered.

For Example: NMs, Mg is a contradiction.
Ms, ~“Mp is not a conmtradicticor.
Hs, “Ms is ot a comtradiction.
Hs, “Hx is a contradiction.

The first three cases are ocbvious, but in thne last
case, “Hx claims that there is ro x for which Hx is true,
and Hs claims that there is an object s for which Hs is

true (Similarly to Hx and “Hs).

This method of resclution 1s similar to the oprooosi-
tional resolution previously discussed; that is, this
method assumes that the negation of the theorem tao  be
proved is true, and attempts to deduce a contradiction

fram that rnegaticr and the original premises.

The regation of theorems can be achieved simply by
adding the negation symbol to the propositicon and looking

for its equivalent representation where the gquantifier is



wm
m

not megated or through the square of contradictories, con-—

traries, etc. previously defired.

Existential quantifiers are eliminated by replacing a
variable for a constant. For  example (3 x) (Mx) is
replaced by Ms, claimirng that arn x exists by choosing a
particular s +to take its place. However, if an existern—
tial quantifier is within the rarge of a universal quan-—
tifier, that cormstant must deperd on the identity ot the
universally guantified wvariable. Thus, the replacement is
a furnection of the urniversally guantified variapole. For
example (Mx) ( Jy) (Mxy) is replaced for (¥x) (Mxf(x)).- The
function "F" 1is called a skolem functionm and fix), a
skolem expression. Universal quantifiers are simply
dropped. The resulting expressions are called t©tne
quantifier—free form of the FPredicate Calculus languape.

As examples consider

a) (WMx) (Hx 2 Mx)
Hs
. Ms which is translated into

VYHx v Mx

Hs i

£l



b)

1)

(M) (Mx 2 Nx)
( Ix) (Mx “ Ox)

« 2 ( 3x) (0Ox ~ Nx) which is translated into:

~Oa v “Na

By dropping guantifier and applying Materiail
Implicatior.

Droppirng quantifier arnd assigning a value to x.
Dropping guantifier, assigning a value tao x,

regating the theorem and applying De Morgan’s
theorem.



4.2 Alternative Ways to Achieve Commorn Serse Reasaning

It is rot at all clear how to represent commorn sernse
reasoning in a computer. Commorn sense reasoning differs
from the reasoning achieved through classical logic in the
need to draw conclusions from partial or incomplete
krnowledge. In classical logic, a econclusion 1is  not
accepted unless it carn be proved according to the rules of
infererce. In common sense reasoning, however, conclu—
sions without a farmal proof are accepted just because

they seem plausible.

The artificial intelligevice problem consists of  how
to make true thinking machines. Two ocppasite philosophi-—
cal points of view seek ta solve this praoblem, a logical

approach arnd a psycholopgical orne.

The logical approach, advocated by McCarthy, cornsid—
ers that the way to solve the AI problem is to design cam-—
puter programs  that  reascn according  to mathematical

logic, whether or ot that 1is the way pecople think.

In Classical logic, the addition of riew axioms rnever
decreases the set «of thecrems. The rew axioms produce rew
theorems, sco that the set of theorems grows wmonotonicaily
with the set of axicms, that is, as more premises are

added, the conclusicons keep changing.



What is reeded is a kind of logic with a set of
theorems that may lose members as well as gain them whern
new axiaoms are added. This non-monotonic logic that would
be able to adapt itself to an incomplete krowledge. Tw
methods of rion monotonic reasconing are reasoning by cir—
cumscription, developed by McCarthy, and reasoning by
default. Within the latter method, two sorts of detailed
formalizations have been proposed ron—mornotonic iogic,
developed mainly by McDermcott and Doyle, and logic by

default, developed by Reiter.

The psychological approach, advocated by M. Minsky,
propases that mathnematical logic is aimost certainly not
the way the humarn mind works. Mirnsky calls his aporoach
the fTrame system. The idea is to put large collections of
information into a computer, more information that i1s ever
required to solve any particular problem, and then for
each particular situation, to define which details are
copticonal and which are not. A collecticn of frame defini-—
tiorns set the scene for common sense reascnling, put the
importarce of the details in a frame can change 1if there
is a change in purpcose or goal. In a sernse, then, frame
systems are like logic with one important difference.
Ordirarily, looic would not say which pieces of knowledge

are more important than others.



All efforts to scolve the AI problem share twa major
obstacles, first +to decide whnat krowledge to reoresent,

and second, to get answers cut of the computer in a rea-

sonable time.

The first part of this chapter explaims i\ core
detail the characteristics of reasoning by default, the
second part describes the process of reasoning oy cir-—

cumscription and the third part presents the frame system.



4.1 Reasaorning by Default

There are two important cases of reasoning oy
default: rnon-morotonic logic developed by D. McDermott and

J. Dayle, ard default reascrning developed by R. Reiter.

Both formalizations interpret a defauli, S, as prov—
able unless and urntil S can be disoroved. Wnat can oDe
inferred depends on what infererice rules are applicable.
Simultarecusly, what inTererce rules are applicable depernd
on what can be inferred. The difficulty with this con-

cept, then, 1s its circularity.

Both approaches also agree 1n the way they interoret
defaults and in their major theoretical properties, out
they differ in their lagical forms. Norn—mornotonic  logic
defines defaults as modal formulas, and default reascning

defirnes them as inferernce rules.

Nor—mornotonic logical rules are more expressive  than
those of the logic of defaults because 1t 1s possible To
make statements about defaults in terms of non—monotonic
logic. This is why reasoning by default is rot covered in
this thesis. However, some applications of it are

explained in reference to frames (See 4.3.4).



4.1.1 Non—-Monotornic Logic

Traditioral lagic suffers from the morotonicity prob—
lem, which is that riew axioms or premises rnever invalidate
ald theorems or conclusions. Nor-monotonic logic, on the
other hand, may decrease the set of theorems whern rnew
axioms are added. This kirnd of logic is important 1n¢
modeling the beliefs of active processes which, acting
with incomplete krnowledge, must make and revise opredic-—

tions in light of rnew cbservations.

Novri—morotonic logic may be appiied to many oroolems
in AI. Its main advantage over other approaches is that
it factors out problems of rescurce limitation and ailcws
a representation of T"consistency” to appear in any con-—
text. The riotation of consistency is a central concept 1n

ron—morncotonic logilc.

4,.1.2 Monotonic Logic

Monotonic or classical logic has v toolis T o
describing how to revise a faormal theory to deal with
inconsisterncies caused by new information. This is
because the problems of reccgnizing i1nconsistencies and of
finding and selecting amang alternate revisions 1s very
hard. In this conternxt, an axiom is eguivalent to a prem-—

ise, a thecrem is equivalent to a conclusion, and a theory



m
n

is equivalent to a set of axioms.

Classical 1logic is called monotonic because the
axiams of a theory are always a subset of the axioms of
any extension of the theory. For example, if A and B are
twa theories where A ¢ B, if A I- g, then B |- g, where |-

derncotes mornotonic inferability and g is an axiom. A proot

from A, then, also can serve as a proof from B.

In other words, if an axiom S8 is a laogical cornse-
quence of any theary B, then S is a logical cornseguerice of
any theory that ircludes BR. If B embodies a set of ini-—
tial beliefs, the addition of rmew beliefs carmct lead to
the repudiation of old consequerces. Mornotonic logic,
therefore, carmcot adapt to irncomplete kriowledge, charnging
situations, or the gerveration of rmew assumptions during

the process of salving problems.

4,.1.3 Basic Characteristics

Nom-mornotonic logic refers to first—order tneories in
which rew axioms can invalidate oid theaorems. it can be

obtairned from classical logic using the modality M i1in  the

following inferernce rule

La"3

Infer Mp from the inability to infer %p

where Mp is an ocperator that means "consistency" amd  that
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forms rnew formulas out of existing formulas. Mp carn be
read as "p is consistent with the theory." As an exampie
consider
1) (winter ™ M(srow)) > srow
2) winter
3) summer » v srow
in which
4) Sriow
can be proved.
Now, 1f
3) summer
is added, then 4) is inconsisternt. So, oy 1), 4) i3 rnot a

theorem.

4.1.4 First—0Order Modal Theory

A first-order modal theory is defined as a set of

proper axioms, logical axioms, and inferernce rules. For

all formulas p, g and r the logical axioms are

al p = (g2 m

b) (p 2 (g 2r)) 22 ((p2 qg) > (g r))
c) (g > vp) = ((Yq > p) 2 q)

d) Mxp(x) > p(t)

e) Mxi(p 2 g) o (p 2 ¥xqg)

where p(x) is a formula, t is a constant o a variaoie
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free from x in p(x), and p(t) derctes the result of sub—
stituting t for every free occcurrence of x in pix). All
other axioms are called proper or rion—lagical axioms. The
theory with no proper axioms is called the predicate cal-—
culus. The theory consisting of axioms wiiicn are
instances of a), b) ard ) anly, is called the serntential
calculus. In addition, each thecry contains all instances
of varicous subsets of the following axioms
Rl: Lp2p
(Everything provaole is true.)

A2: Li(p2g) 2 (Lp>Lg)
(Description of the Modus Fornerns rule)

RAZ: (MviLpoL(¥v)p
(Description of the Universal Gereralizacion rule)

R4: Lp2LLp
(F is provable only if it is provably provable)

AS: Mp2LMp
(p is unprovaole only if it is provably unpraovable.
This asserticn is true in nmon—morcotonic systems. )

Lp is equivalent ta “M¥p and can be read "rnot p is  incon—
sistent" with the theory; v is a variablej and p and g are

formulas. An atomic formula is an expressicon  F(XLl,...xn)

where F 1is a predicate symbol and x1,...xn are terms. (=]

Formula is either an atcmic formula, an expressiaorn ™

pg an
expression p g, an expressicon Mp, or an expression (Mv)p,

where v is a variable, and p and g are formulas.



The infererce rules for this system are

Modus Forerns: p, psq, |- g
Universal Gereralizaticorn: p |I= (Mv)p
Necessitation: p |- Lp

These axioms arnd infererce rules are intended to be a
plausible account of the lagic of "cansistercy" which 1s
supposed to describe provability in itself. It is essern—
tial to the coricept of provability that something proven

be provable, and this is what Necessitation says.

Before making the system norn—monotonic, a few more

definitions are rieeded:

a) Th(R) = {p: 8 |- p¥. Th(A) is a set of theorems
of the modal theory with the proper axioms (. Th(R) has

the following properties

i) A g ThA).
ii) if A g B, then Th(A) g Th(&).

iii) Th(Th(A)) = Th(A).

where A and B are thneories, i) and ii) together are called

"monotonicity," and iii) represents idempotercy.

b) As,(8) = {Mg: g € L and ~g ¢ S> - Th(RA) wnere L is
the set of all formulas and S 1s the set of formulas for
the theary A, and S ¢ L. HAs,.(S) is the set of assumpticns

allowed by S in the madal theory with praper axiams A.



C) NMA(S) = Th(A u ASLA(S)). NMA(S) is the set of
thecrems of the modal theary that are derivable from tne

proper axiams and assumptions,

A fixed point of NM. is a set, X, such that X = N,
(X). Such a fixed point is a set containing A and a large
set of assumptions, Rs, (X)), such that ro assumpticon Mp in
X 1is 1invalidated by “p being provable from X, and every
other element of X has a proof from the assumptions and
axioms. In other words, a fixed point is a "belief" that

does rnot charnge, that is corsistent.

d) TH(X) = LnAan(NL{X: X= NM 4 (X)) F. TH is the intersec-—
tion of all fixed points of A, or the whaole language L if
there are ro fixed points. That is, TH is the set of all

formulas that are in all fixed poaints.
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A graphical represerntatiocn of the previous cefini—

tions is shown in the figure below.

! | i
| 8] ! I |
R As , (8) | I
| I | [
I ThA) | I I
le= et = = I hieo Ray o L -8 i
i | ]
| | |
I NM 5 (S) I ]
I | I
I I |
Figure 4.1.1
L i1s the set of all formulas, S the set of formulas

for the theory A. A is the theory in discourse, Thi(R),

the set of thecorems cobtained from S by applying the previ-
ous inference rules to A. Asa(S5) is the set of assump-—
tions from the thecry A using the set of formulas S, N
(S) is the set of theorems abtaired from (A u As,(S)), anc

TH(A) is the smallest fixed point of NMa .

The picture expresses the following

A e Th(A)
(Th(R) u AsA(S)) g NM,(S)
(Th(R) N RS A(S) = @

S = NMA(S)

An application of tne elements of  the picture will be

ahown in detail in the rnext example.
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set 1 |~ set 2,
to mean

set 2 g TH(set 1)
If there are ro fixed points, every formula 1n  the
language is provable, but if L is a fixed paint, themn it
is the only fixed point. Either way, TH(AR) = L, and the
theory is said to be irnconsistent.

As arn example consider the fallowing list of "facts"

1) All Birds can fly
2) All pernguins carmot fly (FPernguins o Birds).
3) Rocky is a bird.

4) Tom is a perguir.

which, when translated into the language of logic, is

equivalent tao the foallowing praper axioms

1) (Ux) (Bird(x) ™ M Can—-fly(x) 2 Car—fly(x))

(Vx) (Fernguin(x) 2 (Bird(x) = “Can—-fly(x)))

i

(0]

) Bird(Rocky)

4y FPevrouin(Taom)
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This theory has cone fixed point which contains the axicms

listed above and the following formulas
a) Bird(Taom)
b) "Can—fly(Tom)
c) M Carn—fly (Raocky)

d) Can—fly(Rocky)

a) and b) follow by applying Modus Forens to &) and 4),

c)

fallows because “Car-fly (Rocky) 1is not a member of the

fixed point, since M Car—fly{Racky) is irn the fixed point.

Fillivg ivn Figure 4.1.1 from this example gives

A: Axioms 1), 2), 3) ard 4).

Th{R): Bird(Tom) ™ “Can—Ffly(Tam),

Obtairned by applying Modus Forerns to 2) and 4) ;

“M “Bird(Rocky), ™M “FPernguin(Tam),
abtained by Necessitation.

As, (S): - The set of assuptions is empty because
the only candidate, M Can—Ffly, belorngs to L
and ~ Can—fly belongs to S. So the conditions

stated by the defimition are riot satisfied.
NM,(S): Bird(Tom) = “Can—-fly (Tam).

S: Bird(x), Can—fly(x), Penguin(x), BEird(Rocky),
Pernguin(Tam), “Can—fly(x).

L: Larguage aof all formulas.
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4.1.5 Semarntics for First-0Order Modal Theories

A modal interpretation is the algebraic system

(W, alt, D, W

where

- W is a set of possible worlds.
— alt is a reflexive relation on W called the "alterrna-

tiveriess relation" where wl alt we means that wd is possi-
ble with respect to wl.

- D is a domain of objects.

-V is a function, (L aug D) x W =) {@,1}, which produces
the truth wvalue of every expression in tne lamnguage in
every world. L aug D is the larnguage obtaired by wusing
Trm auwg D, which is the set of all terms, aug D. Trm aug
D is the set of all terms obtained by addimg D to the set
of constants. Aug stands for "augmented. "

V has the following coarnstraints

V(™ pyw) = 1 iff Vip,w) = 1,

V(pag,w) =1 iff Vip,w) = @
or Vigsw) = 1,
Vi(¥V),p,w) = 1 iff Visubst (d, b, p)yw) = 1

for all d in Trm aug D

ViMp,w) = 1 iff V(p, r) =1
for some r such that w alt r

where p,q dencte formulas of the coject larguage,

subst (d, b, ) is the result of substituting term d for
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variable b in formula p, v is a variable, ard w c W.

A modal model of a first order modal theory is &
modal interpretation (W,alt,D,V) such that Vi(p,w) = 1 far

every proper axicom, p, and every world, w, of tne theory.

4.1.6 Semantics of Narn—-monctonic Modal theories

Simple madal models are not adegquate  for o
moncotonic systems. Their purpose is to strengthen a logic
by ruling out some of its models, changing the rules of
semantic 1nterpretaticon so that fewer cases qualify as

making the desired formulas false.

To do this, "accidentals" aof V with respect tao the

theory A are defired as

V acc R = { Mp: p is a statement in L, Vivp,w) = 1,

arid some model V? of A exists, where V! (Mp,w) =i= 17,

The accidertals are the possible statements that do  rnot

have to be.

The most desireable models needed are the wnoncommit-—
tal models, those with as many acciderntals as passible. A
rioncommittal model V of a theory A is a modal model of A
such that Mp is true inm all worlds of V wherever p 1s true

im any world of any model of A W acc (V, Q). Thne reasaon
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that such models are called rorcommittal is that they

exclude models with unfounded riecessities.

Basically, a norncommittal model is cne inm  which as
marny things as possible are "possible", where "possible!

is a "meta—level" above the first and makes serse if the

totality of models of a theory is contemplatec.

4.1.7 A Proof FProcedure for the Sertential Calculus

In won-monotonic  logic, provability is defined
without referernce to proof; although a theorem will have a
proof inm any given fixed point of NM,, there 1s vo ocbvious

way to gererate, or to describe each fixed point.

Ore place to start solving this problem is with the
sentential calculus, which defines a finite sernterntial
theory as a theory that contains as proper axioms & finite

list of variable—free formulas.

For the classical sentential modal calculus, deciding
the provability of a formula, p, consists of a search for
a model im which p is false, thereby creating a model with
a world in which the proper axioms are true and p is
false, and then exploring the consequerces of the wvalue
assignments. Wheri a disjuncticon is assigrned a true value,

it is rnecessary to split the investigation into  brarnches



with a different disjunct made true in each branch. For

example consider the following formula

{C v D}y > {C ~ D>
1 Q @
The 1's and @'s under the cperators label the truth values
of the constituent expresssiorns, with 1 standing for true
and @& for false. Forr this statement to be false, the
antecedent must be true and the consequent must be false.

The complete reasoning is the following.

@) {C v D 2 {C ™~ DX

1 @ a
1) {C v DY 2 {C ™ DX
11 2 a
{C v D 2{{C ™ D*
11 2 @ o Closed
{C v D 2 {C ™ D7~
i12 © 1 @2 Open
2) {C v D 2 {C ™ D7
11 @ @
{C v D =2 {C ™~ D>
211 a 221 Open

{C v D} {C ™~ D%
@ @ Closed

L]

The table has been split twice for a total of Ffour
branches. Two brarnches are closed, meaning that, some
farmula (C in the first brarnch and D in the second) 1is

labeled both 1 and @, true and false. A branch 1s closed
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if 1t has an atomic formula labeled bath 1 and @, other—
wise it is oapen. Twz brarnches are opern, meaning tnat,
there 1s an exhaustively carnsistent labelirng of formulas.
Thus, this formula is not valid, and by completness, it is

rict a theorem.

Ta bhandle non—-monotonic logie, the procedure to
search for a noncommittal model must be charnped. Whern a
formula, Lp, is labeled 1 in any world, it is wnecessary to
create a rew table in which p is labeled @. If this riew
table is apen, p is rnot provable, so Lp can be labeled @,
thereby closing 1its branch. If Mp is labeled &, a rnew
table is created with p labeled 1. If this table is aper,

Mp must be labeled 1 in all other tables.

Deciding the labelirng of a table for a ron—mornotonic
case, as open or claosed, may depend on the states of other
table entries, so it is necessary to try all combinaticons
applied to the table. A labelirg is admissible if, after
applyirng the previcus rules, the table entries labeled
ciosed have all their brarches closed, arnd the table

entries labeled cpen have at least corne copen branch apiece.

As an example consider

AR: MC v MD2 E
Al: MCO ™D

As: MD=2 “C



Brarch/Worldl Theoreml Axicm | Labelings
___________ b A N LU= L
| | | |
Ad) BRA/Wa | E | MmMCwvmMDI closed| closed
AN — WL
| | | |
Al) Ba/Wa | D | m C I closedl cpen
| 1 i @ @ I I
Y N NV S B
| | | |
AZ) Ba/Wa | G ] im D | copen | closed
I 1 I ", I I |
| | I I

There are two admissible labelings. If AL is labeled
copen, thern A2 is labeled closed, because the cpen label on
A1 enables MD to be labeled 1 in all other RA’s. Simi—
larly, AZ may be labeled ocpen and Al closed. Either way,
AQ is closed, because one element of MC  or  MD will be
labeled 1. Therefore, sirce for both labelings AZ is
clcsed, E is a theorem in this theory. There are two

fixed points, F1 and F2. mD, “C e F1, and MC, E e F=Z.

The proocf method can be summarized as follows: Tt
test provability of a formula p in a theory with axioms A,
it is necessary to create a table with arne pranch contairn—
ing a world in which p is labeled 2 and every axiom in A
is labeled 1. The following rules then can be applied

repeatedly:

a) Truth Functiornal Fropagation rule: If the label on
a formula implies labels on its subparts, then label the
subparts accordingly. Such labelings apply throughout thne

world in which the labeling takes place.
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b) Possibility PFropagatiorn rule: If Mg is labeled 1
in some world, thern create a rew alternative waorld in

which g is labeled 1 and every axicm in A 15 alsc labeled

1.

©) Necessity Prapagatior rule: If Mg is labeled @ in

some world, label g @ irnn all alternative waorlds.

d) Disjunction Splitting rule: If gor is labeled 1
in some world, split the branch in which 1t occcurs into
two branches, each a copy of all the worlds, formulas, and
labels of the original branch, except that orme brarnch has
q labeled @ in that world and the other branch has r
labeled 1 in that world. This rule comes from the

equivalerice betweer (g 2 r) and (“Yg v r).

e) Repetiticrn Elimination rule: If all the labelirgs
im a world are duplicated inm a world of whicnh it is an

alternative, delete 1t.

f) Consisterncy Testing rule: If Mg is labeled @ in
some world, create a rew table with one branch, containing
a world in which Vg is labeled @ and every axiom in A is

s

labeled 1. This will be the table for ™~g in A.
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These rules are applied repeatedly until they do rnot
change anything. Then every possible labeling is tried.
If there is arn admissible labelirng in which the origirnal
table 1is labeled cpen, then the origirnal formula is rot a

theorem, coctherwise 1t is a theorem.

This proof procedure works only for the Serntential
Calculus, but it gives important hints that are useful in
constructing a heuristic prover for first—-order theories.
An applicaticon of rnorn—moncotonic logic is explairned in more

detail in chapter S.

4.1.8 Coriclusions

Classical laogic is extended by the inclusion of a
modal symbol M representing "consisterncy.” Thus, the far-—
mula Mp is read as an assertion that p is comsistent, and
ot as anm assertion of p. This foalliows a well—-developed
tradition of modal logic, and has parallels in the use of
modal ‘tense! operators for axiomatizing facts involving
temporal sequerices. This extersiorn requires proofs of a
rion—constructive fixed point character. In the present

situation is used the rwotion of fixed point explicitly.

Many researchers have not liked the idea of studying
logics of this type. They cansider it a mistake to irnves-—

tigate the abstract rotion of non-monctonic provability,
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since any real program will be corstraimed by partial
knmowledge. The real issue is when does it become reason—
able to stop tryirg to prave samething and start activig on
the assumption that it carmoct be proved. It is impartant
to state the fact that ror—morotonic rules of infererce

are rules about changing thecries, and rot infererce rules

within a theory.
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4.2 Reasornirng by Circumseriptiaon

Circumscription is arncther type of norn—mornctonic rea-—
soning, that hardles defaults. It 15 a parsimaornicous type
of reasorning and can be viewed as the assumpticon that all

qualifications to a problem have beern stated explicitly.

Circumscription is a rule of conjecture for Jumping
to certain corclusions, so that, those objects that can be
shown to have a certain property, = by reasaning from
certain facts, A, are all the objects that satisfy P.
More gernerally, circumscription can be used tao conjgecture
that the tuples, {(xX,¥y,..2)>, that can be shown to satisfy a
relation, P(X,¥Ys..2), are all the tuples satisfying this
relation. Circumscription is used to restrict a predicate
as much as possible to be compatibie with the facts that

are being taken into account. After this, tne desired

conclusions may follow from mathematical logic.

It can be postulated, for example, that "birds carn
fly" unless "something" orevents them fraom flying. In
this "something" predicate, circumscription conjectures

that the only entities that can prevent the flight of
birds are those whose existerce fallows from the facts at
hand. Such facts could include, for example, birds that
are periguins, ostriches, maltese falcons, dead, etc. It

thern can be reascrned that if Rocky 1s a bird and he is rot
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a member of the predicate "preverted from flying," then
Rocky can fly. The correctress of this reascning depends
on having "taken into account” all relevant facts wnen the

circumscription was made.

Ar important characteristic to cornsider is tne fact
that it 1s rot possible to get a circumscriptive reasoning
capability by adding senterices to an axicmatization or by
adding arn ordirnary rule of infererce to mathematical
logic. This is because the systems of mathematical logic

are monoctonic. Thus, norn—-monotonic reasconing is reeded.

Circumscription is very useful when it 1is nrecessary
to aveoid excessive gualificatior, because 1t allaows con-—
jectures that no relevant objects exist in certain
categories except those whose existernce follows from the

statement of the problem and common sernse knowledpge.

Wheri the first—-crder logic of a problem 1s cir-
cumscribed with the common sernse facts about a boat cross-—
ing a river, for example, 1t 1s possible to concluce that
there is rio bridge, or helicopter, or other means at hand
to cross the river. i1t also may be concluded that all the
requirements needed to use the boat exist, like cars, nc
leaks, etc. Thus, the reasoning 1s the following. It is
a part of common krowledge that a boat can be used to

cross a river unless there is saomething wrorng with the
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boat  or somethirng else prevents its use. If the facts do
rnot require that there be something that prevents crossing
the river, circumscription will gererate the cornjecture
that there is not something that prevents crossing the
river. That is, usivng circumscription requires that com-—
mon sense Knowledge be expressed in a form that says a
bcat can be used to cross rivers unless there is saomething

that prevents using a boat.

4.2.1 Types aof Circumscription

Twa types of circumscription have beer developed, an
earlier form called domain circumscription, and the form
that will be discussed here, called predicate circumscrip-
tian. Briefly, Daomain circumscription conjectures that
the kriown entities are all the entities that exist. FPredi-

predicate ocnly if they have to on the basis of a collec-—

tion of facts.

4.2.1.1 Domain Circumscription

Domain circumscription 1s also krnown as miviimal
inference, and minimal inference has a semantic counter-—
part called minimal entailment. A sernterce g i1is minimally

ertailed by an axiom R, written A | g, if g is true in

n



all mirnimal models of A, where are model is considered
less than ancther if they agree in commor elements, but
the domain of the larger ore contains elements nrot

included in the domain of the smaller ore.

The damain circumscription of A may be expressed as

Axiomgd) - A%> ux @ix).

where Axicm (@) is the carjgunctiorn of senterces @(a) for
each constant a and senterices Mx (F(x) 2 F(f(x))) for each
furction f arnd the corresponding senterces for furncticons
of higher arities, a? is the relativizaticn of A with
respect to @, and is formed by replacing each universal

guantifier (it ) in A by (MxA(x)>2), and each existential

guarntifier ( 3x) by ( Ixg(x) ™).

4.2.1.2 Predicate Circumscription

As menticned above, predicate circumscription says
that a tuple X satisfies the predicate F aonly if it has
to. The formalization of predicate circumscription is  the
following. Let A be a serntence of first—-order logic corn—
taining a predicate symbaol, PUXLlyaaaa Xri), which will be
writtenm as F(X). A(P) is the result of replacing all
cccurrerces of P in A by the predicate expression A
Thus, the circumscripticon of F in A(P) 1s the schema

AP = MX(B(X)D F(X))D WX (F(X)2 B(X)).



This means that the only tuples (X) that satisfy P are
those that have ta, assuming the sertence A. The first
congunct A(P) expresses the assumption that f satisfies
the cornditions satisfied by P. The second congunct
(Mx) (P(X)2D2 P (X)) expresses the assumption that the enti-
ties satisfying  are a subset of those that satisfy F.
The conclusion of this implicatiorn asserts the converse of
the second conjunct, telling that in this case, @ and F

miist coirncide.

A I; g means that the serterce g carm be obtained by
deduction from the result of circumscribing P in A. i; is

a rnon—monoctonic form of inference called circumscriptive

inference.

It turns out that domain circumscription canm be sub-
sumed under! predicate circumscription by relativizing A
with respect to a rew place predicate, for example ‘'all’,
then circumscribing 'all? in A ™ Axiom(all) gettirng:

Axicm(@ ~ AN~ Wx (@2 all(x)) 2 ¥x(all (s Fix)).

Circumscription is rot deduction in disguise Dbecause

every form of deduction has twa properties that cir-

cumscription lacks, transitivity and moncotonicity. The
first property says that if a |- b and b |- c, then a |-
c. The second property says that 1f A I- a and A < B,

then B |- a for deduction, where A and B are sets of sen-
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tences. Circumscription should be non—monotonic since it
1s the conjecture that the ways it is krown of generating
A’s are all the ways there are. The rext two subsecticns

describe how to circumscribe conjunctive and disjunctive

senterices respectively.

4.2.2 Circumscription of the Conjunction

As an example consider the sernterice

is—color B ™ is—color W ™ is—-calor G
mearning that B, W and G are colors. The circumscription
of this sentence gives

PEYB W) "FG)* Ex (B(x)Dis—calar x)DM¥x(is-color x32@(x))
Assumming that
@ix) == (x= B v x = W v x =6,

and substitutirng this senterce iwto the previcous one, pro-—
duces

Mx(is—caolor x2 (k= B v x = W v x = B))
which says that the only colors are B, W, and G, which are

the calors that the first serntence requires.

Although this example is trivial because the aoriginal
senterce to be circumscribed provides rno way of gernerating
new colors from old ones, it shows that circumscriptive
infererice is norn-monctoanic since 1f is—color A is adjoined
ta the origirnal senterce, it will no longer be able to

infer the resulting sentence.



4.2.3 Circumscription of the Disjunction

As an example consider
is-color W v is—-color B
The circumsecription of this senterice gives
(PW) v B(B)) ~ Mx(B(x)2is-color x)I¥x(is-color xa@(x))
Substituting successively
@B(x) == (x= W) and 0(x) == (x=K)

produces respectively

(W= W v W= B) ™ dx(x= Wais—calaor x)o¥x(is—color x3x= W)
(B= W v B= B) ™ M)x(x= B2is—-color x)okx(is—-ccalor xox= H)

Simplifying both terms gives

is—color W 2 Mx(is—-color x 2 x=W)

is=color B 2 Ux(is=color x 2 xX=RK)

which, when joined with is—-cclor W v is-color B, yields
My (is—color x2 x=W) v M¥x(is-color xD x=EB).
This last sentence asserts that either W 1s the anly colaor

or B is the only color.
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4.2.4 Conclusions

Circumscription is not a rnen—-mornctonic logic, but
rather a form of non—-morotonic reasonirng audgmenting ordi-
nary first-order logic which can be used in cther formal-—
isms besides first-order logic. Circumscripticn does not
affect irrelevant facts taken into account. If such facts
do not contain the predicate symbaol being circumscribed,
then they will appear as urchanged conjurncts. Cir—
cumscription also may express heuristic situations better

than axioms do.

Issues of proof are rot discussed in detail, but tne
term of minimal entailment shows a rnotion of minmimality
which plays the same role as that of the fixed point in

rnon—morctonic logic.

The main differences betweern circumscription and
non—monctonic logic are the following. First, cip—
cumscription is concerrvied with minimal models, and  rorn—
monotonic lagic with arbitrary models. Second, the rea-
soning of norn—moncotonic logic involves models directly,

while the syntactic formulatiorn of circumscription uses
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4.3 Frame System

Rccording to Bartlett [19321, psychological evidence
shows that pecple use a large ard well-cocordirnated bady of
knowledge from previcus experiences to  interpret rew
situations ir their everyday cognitive activity.

Represernting knowledge abcout objects and events to

specific situations is the purpose of Frames.

Frames were originally proposed by Marvin Minsky
L1973] as a basis for understarnding visual perception and
natural—-language dialogues, as a means of reasoning, and
as a model for other complex behaviors. The basic idea of
frames comes from the "schema" of Bartlett and the "para-

digm" of Kuhn.

Mirsky intraoduced the term "frame" to unify and
dercote a locse collection of related ideas about krowledge
representation. Frames were put forward as a set of ideas
for the design of a formal language for expressing
kriowledge and reasconing. Frame systems, then, are an
alternative to semantic rnetworks or predicate calculus, as

a krnowledge representation scheme.

There are two other interpretations for frames, Row—
ever, namely metaphysical and heuristic represerntations.
The "metaphysical'" representation indicates that ta use

frames is to make certain kinds of assumpticons about wnat
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entities will exist in the warld being described. In
other words, ta use frames is to assume that a specific
kind of kriowledge is to be represerted by them. According
to Minsky, visual perception may be facilitated by the
starage of explicit two-dimersicrnal view prototypes and
rotational transformations among them. This expresses the
idea of what sorts of things a program reeds to krow,

rather thar how those things can be represented.

The "heuristic" or "implementation" interpretation,
dictates that frames are a computational device for orgarn—
izing stored representations in computer memory, and alsa
perhaps a device for organizing the process of retrieval
and inference that manipulate these stored representa-—
tions. Refererce carn be made to the computational ease
that pointers offer in a frame system to allow Jumping
from orne frame to ancther, facilitativig retrieval cpera-

tions.

4.3.1 The Meaning of Frames

According to Minsky, when a rew situation is encoun—
tered, a structure from memory is selected. This structure
is what constitutes a frame, and is a remembered framework
to be adapted to fit reality by changing details as rneces-—

sary.
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A frame is a data structure or an expressicn intended
to represert objects or sterectypical situations. It corn—
sists of a collection of "slots" that describe aspects of
the represerntation. The slots can be filled with other
expressions or fillers which may themselves be frames, or
simple names or identifiers which may be somehow associ-—
ated with other frames. Slots carnrncot be filled by a
slot—filler relation, however, because the trees formed by
filling slots with frames recursively would be infinitely

deep.

Associated with each slot are several kinds of infor—
mat icr. Some of this informationm may be a set of condi-
tions that must be met by any filler. Each slot may also
be filled with a default value. Frocedural infoarmation
may alsco be asscciated to particular slots. That is,
some of this information is about how to use the frame,
some is about what is expected to happern, some 1s about
what to do if expectations are rnot confirmea, ete. As an

example consider the following simple representation of an

arch.
GROVF FRAME
Srovp S/8L  Defpau/T
(Azex) = =
A
PART A
| Sm— |
c PART @
& =
arl ¢
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A frame alsoc may be thought of as a retwork of nodes
and relations. The "taop levels" of a frame are fixed and
represent things that are always true about the supposed
situation. The lower levels have many terminals called
slats that must be filled by specific instances. Simple
conditions are specified by markers that mignt reguire &
terminal assigrment to be a person, an acbject of suffi-
cient wvalue, or a pointer to a sub-frame of a certain
type. For example, contiruirg with the previcus case of an

arch.

IS—=PART

IS - SUPPORTED-BY

MUST - 40T - JoveH

Frames provide a structure within which rnew data are
interpreted in terms of concepts acquired through previous
experience. The organization of this kriowledge facili-—
tates expectation-driven processing, looking for things

that are expected based on the context inn which it is
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thought to be. The representational mechanism that makes

possible this kind of reasoning is the slot, the place
where kriowledge fits within the larger context created by

the frame. As another example corisider.

House Frame:
Kind of: building
Number of rooms: an irteger (default= 4)
Number of floors: an integer (default= 1)
Address: any country (default= U.S.)

Style of Constructicn: gothic, Sparnish, etec.

John's House Frame:
Hind af: house
Number of rooms: S
Number of floors: 2
Address: Miami, F1l.

Style of construction: mediterrarnean

Collections of related frames are linked together intao
frame systems. The effects of impoartant actions are mir-

rored by transformations betweer the frames of the systen.

For visual scere analysis, the different frames of a
system describe the scene from different points of view,
and the transformations between are frame and ancther

represent the effects of moving from place to place.
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For example, cornsider the raotation of a cube.
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For non—visual kinds of frames, thne transformations

between frames can represent actions, cause—-effect rela-
tiorns, or changes irn conceptual points of view. For exam-—

ple
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Sirce differernt frames of a system may share the same
terminal slots, it is possible to cocordinate information
gathered from different points of view. For exampie con-—

sider the following frame system.
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The power of the theory hinges on the inclusioen of
expectaticns and other kinds of presumpticons. Frame slots
are normally filled with default assigrments which are
attached lcosely, so that they can be easily displaced by
rnew items that better fit current situatiorns. Thus, they

also serve as variables or as special cases for reasoning.

Frame systems are linked by an information retrieval
network. Wheri a proposed frame carmoct fit reality, this

retwork provides a replacement frame. These inter—-frame



structures make possible aother ways to represent knowledge
about facts, analogies, and other information useful in
understanding and reasoning. For example, 1f a simple
chair frame dces not fit an object to be represented,
frames of a reclining chair, arm chair, desk chair, etc.
can be tried. In all cases, the several hypotheses that
may be gererated when there is a reed to charige frames

should be weighed according to the cost irnvolved in assum-—

ing them.

After a frame is proposed to represent a situation, a
matching process tries to assign values to each frame’'s
slots, that are cornsisternt with the markers at each place.
The matching place is controlled partially by infaormation
asscciated with the frame, and partially by krnowledge
about the system’s current geocals. The matching process 1s

discussed in the following section.

4.3.2 Frame Inferernce

Rules of infererce ard rules of equivalence, in clas-—
sical logie, indicate the steps to follow to prove the
validity of an argument. Hcowever, there is no rule that
says which of these rules to use and wherni to use them.
Infererce in frames is not as complicated as it is in

logic, because a relatively large amount of information
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may be represented by frames. There are alsac ro rules to

follow, and the infererices are quite evident.

One infererce rule is instartiation. Givern a frame

representing a corncept, gererate an instarnce of the cor-—

cept by filling in its slats.

Another kind of infererce is ‘criterial? infererce,
suggested by Minsky [1975] arnd realized explicitly in same
applications of frames. If all the slots of a frame are
filled, this rule enables the inmference that an appropri-
ate instarce of the corcept does indeed exist. For exam-—
ple, if an entity nas four tires, engine, seats, and all
the other slots of the frame called "car'", then it must be
a car. Arn example of the application of this rule can be
found in perceptual reasoning. Suppaose a program is  used
to recogrnize solids with occluded details amd shadows.
When some shapes are recognized, the program may infer

through frame reasoning, which are solids.

A third form of frame reascning, often called match-
ing, has been proposed by Bobrow and Wirnograd [19771. iy 2
arn instarnce of a corncept exists, matchirmg might be used to
determirne whether it ecan be plausibly repgarded as alsoc
being an instarnce of arother carncept. For example, is it
possible to view John Smith as an accountant, where Jahn

Smith is an instarce of "Man—frame", and "Qecaountant " is
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another frame? This questicn car be rephrased as "Can an

instance of the Accountant frame be found which matches
John  Smith?" The sernse of matching here carnncot mean a
simple syntactic unification, but must rest, if paossible,
on some assumptions about the domain in which the frames

in question express informatior.

Frame infererice has the merit of putting frames,
frame—instances and matching assumptions into a common
language with a clear extersional semantics that makes it
quite clear what all these structures mean. The usual
inferernce rules are clearly correct and are sufficient to
account for most of the required deductive properties of

frames.

4.3.3 O0Other Representations

Orne coricept behind frames, which seems to have arisen
from the preceding sectiarn, is the idea of seeirng one
thing as though it were another, ar of specifying an
object by comparing it to a known prototype, noting the

similarities and differences.

The simplest interpretation of this idea is the fil-
ling in of new details. Thus, to say John Smith is a man
tells something about him, but to say he 15 & "philosa-

pher, " tells  more. The "philosopher" frame wauld



presumably have slats which do rnot appear in  the "man"
frame, Dbut it would alsc have a slot to be filled by the
man instance for John Smith, or refer to him in some other

way, thereby accessing all his slaots.

Ancther more correct interpretation is that a frame
represents a particular way of locoking at an entity. For
example, a man may also be a scientist, and reither of
these is a further specificatiorm of the other because each
frame can have slots not possessed by the other. Several
properties may be true of a single entity, and that entity

may be both a man and a scientist.

There is an apparent difficulty, however, in that a
single thing may have apparently contradictory properties,
when seen from different points of view. Thus, a man
viewed as a businessman may be very adept with his
business’s fimnances, but may be a foxl with his family’s
fimances. The different points of view insulate the parts

of the potential contradiction from one another.

There are several possible interpretations for this.
Ore interpretation is related to the assertion of dif-—
ferent properties in two frames; "gkillful for business at
work"  and  "skillful for busirness at home" are just dif-
ferent rotions. Arcther interpretaticon is that the frames
samehow  erncode  an extra  parameter; time or place, for

example.
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There is a third interpretation, however, which is to
view frame systems as a metaphor or analogy, without
asserting their truth. For example, a man may be looked at
as a hnorse 1f the speed of his rurming is being cor—
sidered. Such a caricature may be useful in reasoning
without being taken to be absolutely true. What it really
means to look at a man as a horse, is that certain praoper-—
ties or characteristics of a marn are preserved urder the
mapping onto a horse which is defirned by the analcgy.
Since horses run very fast, a marn with "this" guality,
urider the mapping which defimes the analogy, may be plau-
sibly regarded as horse—like. The intertion of such a
caricature, then, is that scome of the praperties of the
caricature will be transferred to the caricaturee. The
analogy is correct, or plausible, whern these transferred
properties do, irn fact, hold for the thing being carica-
tured, for instarce, when the man runs fast, has lang

legs, etc.

In order to express caricatures in logic, there is a
reed to define a system for the translation of vocabulary.
This seems to require some syntactic machinery which logic
does not provide, wnamely the ability to substitute ore
relatior symbol for ancther in an assertior. This "anal-

gy mapping" was defirned by R. HKling ([15711 in the
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following way: Let P be the syntactic mapping "out" of
the analagy. If dMY(x) is the defining conjuncticn of tne
frame Horse—likeress, then
Horse—like(x) == Y(x).

where Y may cantain several existentially bound variables.
It thern may be said that Horse—like (John) is true conly
when B(¥) holds for John. In cther words, the asserted
praoperties are actually true for John when thne relation
rnames are altered according to the syntactic mapping A.
Therefore, a caricatuwre frame reeds to contain a specifti-
cationn of how its vocabulary should change to fit reality.
With this modification, the rest of the reasaning invalved

is first—-order.

4.3.4 Defaults

Ore aspect of frame reasoning which is often con-
sicdered +to lie autside of leogic is the idea of a default
value, a value which is taken tc be a slot filler in the

absernce of explicit information to the caontrary.

Defaults fall cutside first—order reasoning in the
sense that they carnncot express the assumption of the
default value as a simple first—order consequerce of tnere

being no corntrary information.
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As an example, corsider a Summer-day frame, one of
whose slots is Status, with possible values {surmy, rainy,
cloudyr, and a default of surmny. That is, in the abserce
of contrary information, it is assumed that a summer day
s surmy. If the day is rainy, though, the conclusiorn 1=
that, contrary to what it was expected, the correct filler
for the status slot is rainy. The state of kriowledge has
changed. The previous assumptiorn was reasconable according
to the state of krnowledge at that time. Now, if *
represents the state of kriowledge, then Status (summer—day)
= surmy was a reasconable inferernce from *; that is, * -
status (summer—day) = surnny. But when it is knowrn that tne
day is rainy, there is a riew state of knowledge *1, and *1

|- status (summer—day) = rainy.

irn order for this to be deductively possible, 1t must
be that %1 may be arrived at from ¥ rot cnly by adding new
beliefs, but alsc by remcving scome old ores. Moreover,
there is no contradiction between the earlier belief and
the presert one. There was no irrationality or madress,

only misinformaticon.

As the example shows, default assumpticons involve an
implicit refererce to the whole state of krncowledge at the
time the assumption was generated. Ay event which
charges the state of krnowledge is liable, therefore, to

upset these assumptions. If these referernces to knowledge
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states are represented explicitly, ther "default" reascorn-—

ing carn be expressed easily in laopgic.

Experiernce with mariipulating collecticons of beliefs
shauld dispel the feeling that all the ways new krnowledge
can affect previcusly held beliefs can be predicted.
There is rno theory for this process, but any mechanism,
whether expressed in frames oaw ctherwise, wnich makes
strong assumptions on  weak eviderce, rieeds to have some
methad for "unpicking" these assumptions when thirngs go

WY org, ory equivalently, some method for controlling the

propagation of infererces from assumpticons.

To summarize, a close analysis of what defaults mean
shows that they are cormected with the idea of observa-
tionsy they allow additions of fresh krnowledge into a
database. Their role in infererice - the drawing of conse-
guences of assumptions— is expressible in logic, but their
interaction with aobservations reqguires that the role of
the state of the system’s own Krnowledge be made explicit.
This requires rot a rnew logic, but anm unusual ontology,
and some rnew primitive relations. It is rnecessary to be
able to talk about the system itself, in its own language,
ard to involve assumptions about itself in its own process

of reasoning.



4.3.9 Conclusions

Frames contain information about many aspects of tne
objects or situations they describe. This infarmation can
be used as though it had beer explicitly observed. They
also contain attributes that must be true of cobjects that

will be used to fill individual slots.

Frames also can be viewed as complex semantic nets
with the differernce that they typically have a great deal
of interrnal structure designed ta make them useful in

specific kinds of oroblem salving tasks.

The real force of the frame idea i1is wnot at the
representaticonal level at all, but rather at the implemen—
tation level, that is, a suggesticr about how to organize
large amounts of knowledge reeded to perform cognitive
tasks. This ceonstitutes a recent attempt by Rl research-—
ers but much =f this work is conjecture, and there are

differences of opinicon among them.
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5.8 A Truth Mainterarce System

To choose their acticns, reasoning programs must  be
able to make assumpticrns and subsequently revise their
beliefs when discoveries contradict these assumptions.
The Truth Maintenarnce System (TMS) 1s a prablem soclving
subsystem for performing these furctions by recording and
maintaining the reasors for program beliefs, arnd by
recording knowledge about deductions. Such recorded rea-
sons are useful in comstructing explanations of program
actions and inm guiding the course of action of a praoblem

solver.

TMS of Doyle [13972] is an 1implemented system tnat
supports non-monotonic reasoning. It serves as a truth
mairntaining subsystem available to other reasoning or
oroblem solving programs, thus its role is to maintain
consistency among the statements generated by ancther pro-
grar, rnot to generate infererces by itself. Wher an
inconsistency is detected, it evokes its oawn reasconirng
mechariism, dependerncy-directed backtracking, to resalve

the inconsistercy by altering a minimal set of beliefs.

Formally, TMS has two basic responsabilities. First,
to maintairn a data base of proofs of formulas gernerated Dy
an indeperndernt problem solver pragram. Its goal is tao

avoid the presernce of bath ~g and Mg inn the data base



simultanecusly. Second, to detect irconsistercies adding

axioms to the theory iv order to eliminate them.

The leogic underlying TMS is explained in more detail

in 4.1.1

5.1 Functiocrnal Description

TMS records and maintains arguments for potential
program beliefs which are distinguished from currently
held program beliefs. It works with two agifterent data
structures, nades, which represent beliefs, and justifica-

tiorns, which represent reasons for beliefs.

A node is a statement aor a rule, and is in orne of two

states which represernts its "support status.
IN: If it has at least one valid justification

ouT : If it does rot have any valid gustifications.
Attached to each rode is a list of justifications, each of
which represents orne way of establishing the validity of

that ricde.

Both IN and OUT ricdes are kept in the system, IN
rodes because they represent current beliefs, and OUT
risdes, so that if the available information changes, all
the reasoning that was reguired to create them will not

have to be repeated.

4
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The basic actiors of TMS are

a) to create new ricdes, to which the problem solving
proagram can attach justifications, (statements of belief).
TMS leaves this manipulation to the problem solving pro-

gram.

b) to add or to retract rew Justifications for a
riode, which represents steps in an argument for the belief
represented by the nrnode. Arn  argument steo usually
represents the application of some rule or procedure in

the problem salving program.

c) to mark a rode as a contradiction, which
represents the inconsistercy of any set of beliefs that

enter into an argumernt for the node.

The praoblem solving program  indicates the incon—
sistercy of the beliefs represented by certain currently
believed naodes. This is dorne by using these rnoades in  an
argument for a new node, and tnen marking the riew rode as
a contradiction. When this happens, deperndency—directed
backtracking analyzes the argument of the contradiction
node to locate the assumptions occourring in the argumernt.
It ther makes a record of the incornsistency of this set of

assumpticons, and uses this record to change ane of  the
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assumpt icorns. After this, the contradiction rode is no
longer believed. An assumpticon is a rnode whose supportirg

Justification has a nornempty list.

5.2 Justificaticns

A node may have several Justifications, each of which
represents a different reason for believing the rode. The
Justifications comprise the rnode’s justification set. A
node, then, is believed if and only if at ileast ore of its

Justifications is valid.

There are two kinds of Justifications in ™S,
reflecting two ways that the validity of a node can depend

ari the validity of others nodes.

Support—List gustificatiarn: (SL (inlist) <(outlist))
Conditional-Frocf gustification: (CF conseguent (1nny-—
paothesis) {(outhypothesis))

SlL-gustifications are the rost CoOmmor. Ar sL—-
Justification 1is wvalid if and only if each rnocde in its
irnlist is IN (the set of beliefs), and each rwode in its
cutlist is 0OUT (the set aof beliefs), that is, an SL-
Justification is a valid reason for belief if and ocnly ifT
each of the wrodes in the inlist is believed and each of
the rnodes in the outlist is rnot believed. A CP—

Justification is wvalid if the consequent nrode is IN
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whenever each node of the inhypothesis is IN and each node
af the outhypothesis is QUT. CPh—-justifications represent
hypothetical argumernts and are more difficult to hardle
than SlL-justifications. TMS deals with CP—justifications
by attempting to convert them to equivalent 5=
Justifications. ™S caﬁ easily determine the wvalidity of
a CPr—gustificaticon only when the justification’s conse-

quent and inhypotheses are IN and ocuthypotheses are OUT.

Arn SL-jgustificatiaon says that the jJustified node
depends on each rnode in a set of other rnodes and adds the
deperndericies of the referred nodes to the supporting
lists. A Ch-justification says that the rnode it justifies
depends on the validity of a certairn hypothetical argument
ard subtracts the dependerncies of some rnodes from the
dependercies of others. SL—-justifications with nornempty

inlists arnd empty outlists represent rnormal deductions.
As arn example consider

1) It is midnight (SL ¢ » ( 2)

2) The stars shine (SL (1> ¢ )

A riode like 1) with an empty inlist and outlist is
referred to as a premise because it does rnot depernd on the
current belief, or lack of belief, in any other nodes.

The inlist of the SL—justification of 2) contains nooe 1,
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indicating that the chain of reasoning that led to the

conclusion  that rode &) is to be believed deperds on a

current belief im riode 1.

The reasoning of TMS appears very similar to that of
a predicate logic system except that 1t can handie the
retraction of premises and make appropriate charnges to tne
rest of the database. Ncw, if the ocutlist of an SL-
Justification is rot empty, it can also handle default

reasoning as is shown here

1) It is midnight (SL ¢ > ()
=) The stars shine (SL (1Y «(3»)

3) The sun shirnes

Node 2) is IN if rode 1) is IN and if node 3) is 0OUT.
If, at saome future time, evidernce appears that 3) is valad
providing gustification for it, TMS will make node &) 0OUT
since it rno lornger has a valid justification. Nodes such
as 2) are called assumptions because they are IN on  an

SL-justification with a rnornempty outlist.

TMS does vt create jJustifications itself. The jus-

tification for node 2) comes from the domain krnowledoge 1n

the problem sclving progran.
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9.3 The Truth Mainterarce Frocess

The truth mainterarce process updates the current set
of beliefs wnen the user adds to or subtracts from the
Justification—set of a rnode. Since retracting Justifica-
tions does rot present any real problems, only additicons

to the set of beliefs will be covered here.

The truth maintenarnce process starts when a new Jus-—
tification is added to a rnode. Minor updativwg is reauired
if the gustification is invalid or if it is wvalid but the
node is already IN. If the Justification is valid and the
rode is  0OUT, the rode and 1its repercuticons must ©e
updated. TMS makes a list containing tne jgustification
and its repercutions, and marks each of these rcdes to
indicate that they have rict been given well founded sup-

port.

TMS uses a set of "supporting rnodes” to determine the

support statuses of the rnodes. Ar "affected consequernce”
is a consequerice of a node which caontains that rncooe in its
set of supporting rnodes. A "repercution” is the transitive

closure of the affected consequences of the nace.

TMS then examirnes the Justifications of these nodes
te see if any are valid on the basis of urmarked rodes.
If it finds any valid rodes, they are made IN. Naodes are

made OUT if all their justifications are invalid.
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The marked carnsequerces of the naodes then are exam-—
ired to see if they too can be given well founded support
(nori—circular proafs). Sometimes well founded support
statuses are found for all rodes. At other times, saome
nodes remain marked due to circularities. A "conseguence'

is a node which menticns the node in corne of the Justifica-—

tiorns in its justification set.

After the consequerces have been examined, TMS ini-—
tiates a constraint-relaxation process which assigns sup—
port statuses to the remaining rwodes. Firnally, TMS checks
For contradictions and CP—justificationrs, perftorms
deperndericy—directed backtracking and CR=gustifications
praocess 1f recessary, and signals the user program of the
charniges in suppart statuses of the rodes involved in truth

maintenance.

There are two types of inconsistencies handled by
TMS. The first type deals with both Mp and “p being IN,

and the secornd type deals with both p and ™~p being IN.

In the first case, when a new Justification 1is
discovered for some formula which then invalidates some
current assumptions, . TMS must reexamine the current
labeling tao find a new labeling consonant with the

ernlarged set of justificaticms. This process takes on the

appearance of a relaxation procedure for finding an
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acceptable labelirg, and then determining ron-circular
proofs faor all valid formulas. The secornd type of incon—
sisterncy requires somewhat different process. T™MS  must
traverse Justificatiorns, seeking the assumptions urnderly-—
ing the conflict formulas. To resclve the i1irnconsistercy
of these assumptions, TMS converts the prablem to one oT
the first type by producivng a riew Justification for the
denial of one of the assumpticns in terms of the other
assumpt ions. TMS carrnct rule out an assumption Mp Dby
deriving “Mp, but instead it produces a derivation of “p.

This process is called deperndency—directed backtracking.

In non—-moncotonic logic there is also ancther kind of
inconsisterncy, that due to there being ro fixed paint at
all. TMS can loop forever when presernted a theory of tnis

sort. Normally this does not happen.

S.4 Depernderncy-Directed Backtracking

Whern TMS makes a contradiction node IN, it invokes
deperderncy-directed backtracking to find and remcove at
least orne of the current assumptions in order to make the

contradiction node OUT. The steps of this process are

a) Search the maximal assumpticons: Trace through the
Foundaticons of the contradiction riode C to find tne set 5=

{Al,...RAn}, that cantains an assumpticn A if and anly 1f A
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is in C's fourndaticrns and there is rno other assumption B

in the foundations of C such that A is in the foundations

c'f E.

D) Summarize the cause of inconsistency: If no  pre—
vious backtracking attempt on C discovered S to be the set
of maximal assumptions, create a rew rode, NG, called
‘no—-good? , to represent the incorsistericy of S. If S was

encourntered earlier as a rio—good set of a contradict ion,

use the previcusly created rio—-good rode.

c) Select or reject a culprit: Select some FAi, tne
culprit, from S. Let Dl,..Dk be the OUT ricdes in the
cutlist of Ri’s supporting—justifications. Select D3j from
this set and justify it with

(SL (NG Al,...Ai-1,Ai+1l,...Arn> (D1,...DJ3-1,Dj+1...Dk}>)
This step recalls reduction ad absurdum if the D rodes are

takern as denials of the selected assumption.

d) Repeat if riecessary: If TMS finds other argumerits
so  that the contradiction rode C remains 1IN after tne
addition of the rnew jJustification from D), repeat the pro-—
cess. Finally, if the contradiction becomes 0OUJT, then
halt, cr if ro assumption can be found in C's foundaticons,
rictify the problem solving program of an unanalyzable cor-

tradiction ard halt.
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3.5 An Example

As arn example cornsider a program scheduling a meet-—-

ing, to be held at ncor in either room 181 or 146

riode 1: time(meeting) = 1202@ (8L ¢ > (2))
node 2: time(meeting) = 1200
node 3: room(meeting) = 101 (SL ¢ ) <4))
node 4:  room(meeting) = 106

™S makes rnodes 1 and 3 IN ard nodes & and 4 OJT.
Supposing that rew knowledge 1s acquired, and that it is
rist possible to hold the meeting at  that time, in  that

rocms:

node S: contradiction (SL(1,3> ¢ >)

The dependercy—directed backtrackirng system ftraces
the fourndations of rnode S to find two assumptions, nodes 1

and 3, both maximal:

node 6: no—good 1,3 (CP 9 (1,3 ¢ 2)

rnode 4: room{meeting) = 146 (5L<6, 1> ¢ })

The bDacktracker justifies rode & wnich means
(time(meeting) = 1200 ~ rcom(meeting)= 106 ). It arbi-
trarily selects rode 3 as a culprit and jJustifies rode 3's

only OUT  antecedent, node 4. Then TMS makes rnodes 1, 4,
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and & IN, and rnodes 2, 3 and 5 0OUT. Node & has a CR-
Justification eqguivalent to a premise SL—justificatiarn,
since node 5 depends directly onm the two assumptiaons,

rodes 1 and 3, without any additicnal intervening nodes.

A further rule determirnes that room 106 will not be
used, and creates ancther contradiction node to force a

different choice of room:

riode 7: contradictiom (SL<4) ¢ )
rnode 8: ro—good 1 (CP 7 (1> < )
node 2: time(meeting) = 12V0@ (SL (8> ¢ »)

Tracing backwards from node 7 through rnodes 4, 6 and
1, the backtracker finds that the covitradiction dependas on
cornly one assumption, node 1s It creates the rno—good rnode
8, gJustifies it with a CP-justification. The loass of

belief in node 1 carried nooe S away tao. ™TMS makes wodes

g, 3, 9 and 8 IN, and ncdes i, 4, 6 and 7 0OUT.

5.6 Conclusions

TMS solves part of the belief problem, and pravides a
mechanism for making rnon—manotonic assumptions. The non-—
monctonic capabilities of TMS can be viewed as capapili-

ties for dealirng with incomplete krcowledge.



116

TMS revises opirnicns rather than beliefs. Choosing
what to "believe" irn ™S, irnvolves making judogements. A
single rew piece of information may lead to considerabie

charges in the set of opinions, where riew beliefs cnange

old ones only slightly.

™S 1s a formal system of constraints amorig objects
representing thecorems of a first—-order theory. The infer-—
ence rules of the logic canm be used ta gererate riew corn—
straints having the form "if x is believed, ther y must be

believed." At any moment, TMS will have a firnite set

T

theorems and constraints. It thern car implemernt the rnon—
monotonic inferernce "if p is consistent, them a" sirce
cornsistency 1is Judged with respect to the current set of
theorems, not with respect to everything provaple from it.
The addition of a riew constraint may make a previous corn—
sistent judgement invalid, thus demanding readjustment of
the entire set of beliefs. The goal in building TMS is to
make this process consistent and computationally feasible.
The algorithms for testing consisterncy are complex because
they include rorn—-morotornic rules as well as first—order

theorems.
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6.8 Conclusions

First—order logic lacks an explicit scheme to irndex
into relevant krnowledge. It is unable to handle chawngirng
or incomplete knoledge and has limitations in  deductive
inference. However, logic has a formal precision and a

clear interpretability.

Novm—mornctonic  logic and circumscription offer E
better way to deal with incornsistericies caused by adguisi-
tion of rew knowledge. The real problem in this system is
the caomplexity found irn the design and in the implementa-

tion of such systems.

Nore of the two previocus norn—mornctonic reasoning
methods deals with the problem of revision of belief.
This problem is resaolved in TMS, in which eacn statement
mas an associated set of Justifications that are used to
determine the current set of ‘beliefs.? Wnhen 1t changes,
these justificaticons are examined to update the cata base

aof '‘beliefs.’!

The word frame has beernn applied to a variety of
slot-and-filler representation structures, mostly follow-—
ing the ideas presented by M. Minsky. A frame 135 a&a
gerieral-purpose structure to represent thirgs and stereoc-—
typed situaticns. A frame alsco can be viewed as a complex

semantic wnet which has a great deal of internal structure
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desigred to make it useful in representing krnowledge and

Problem-solving tasks. Orne of its outstarndings charac-—

teristics is that it offers marny relevart facts about the

represerntation.

There are, however, other "knowledge-structures" such
as 'scripts’ which are rot discussed here because they are
special-purpose structures that describe a sterectyped
seguence of events in a particular context. Other
krowledge—-structures is ‘semantic rets’ and ‘cowiceptual

deperndency’.

All these structures are very useful because they
provide a way to represent information and mears cr rea-—

soringa

After reviewing these approaches there is rno  douwbdt
that with them certain kinds of commorn sense reascring are
achievable, mainly wheri related with the gereratiocn of
assumptions, cause—effect relatiorns or movement represer—

tations.



Appendix

Minimization of Boolean Furnctions

It is urderstood by minimization of a Boolean furc—

tior, the process of finding the simpliest equivaient

expression to the function, that is, the simpliest sum of
products.
Simplification can be done algebraically utilizing

the absorption laws and similar relations. EBut problems
arise with the doubt of havirng not takern into account all
passible ways of applying the simplification rules. Ta
avaoid this, tw> methods are discussed, wnich were des:grned

by Karrnaugh arnd Quine respectively.

Karnaugh Method of Minimization

This is a graphic method which consists of represent-
ing each element of the function as an entry in tne taole
o map. Simplification then, comes easily. This method

works well with four variables or less.

[}
=i
bl}

It is assumed a rnumber orne to the occouwrrerce
variable and a zero ctherwise. For example: Xy? = 1y
w? xy’= @18, etc. Following the previaus rnotation, the maps

For one, two, three and four variables are
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Each square contains either a 1 if the term
represented 1s required to be present, or a @ (or blank)
if it is reguired to be absent, or "X" if its presernce or

abserce does not care.

The method consists in covering all 1's  with the
least number of rectangles. Rdopting the previous nota-—
tion for the maps, it becomes easier to identify contigu-

cus areas.
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Quirne McCluskey Method of Miiimizatiaon

The following method was criginated by Willard van

Orman CGuine arnd modified by E. J. McCluskey.

The method has two different procedures, tne first

one 1s applied to get prime implicants and the second orne

to eliminate redundant prime implicants.

The first procedure is a simplification of products
based on an application of the distributive law: Ex +
Ex'= E(x+x’)= E(1)= E, where E is a Boolean expression.
Quirne’s method consists of expressivrig a function as a set
of minterms or sum of products; finding a set of prime
implicants (praoducts that carmot be reduced), tnat is,
begirming with the full disjunctive form (all elemerts of
the furnctiocn are connected by anm "or'" oar by "+'"), Torming
all possible combirnaticons. The procedure 1is repeated
until the prime implicants are reached. the result is trne

sum of the implicants.

McCluskey modified this metnod changing the Guine’s
algebraic description of terms for a rnumeric one, using

the binary rumbers. Thus, the process becomes easier.

Example:
F(W,K,y, z): w’){’y"z! e w? Ky!z'l + w‘!xy‘izi +

wWxy? z? + wxy'z + wxyz + wx'yz



The binary represerntaticn of these terms is:
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number of 1's that they have.

Comparing these terms,

produced:

are grouped

the fallowing

according to the

combirnations are

|

| Combinationl

|

Terms yielding tnis Combinaticrmi
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Comparing adjacenrt groups agairn, a rew prime impli-

cant is produced: - 1 @ — Now the furmcticn becomes:
FlwyaXyy,2): wW'y?x! + WXz o+ wyz +  xy’
A B B D

The second part 1s a table that elimirates the redurn—
darnt prime implicants. The table shows terms in disjunc—
tive normal form versus prime implicants; a cross  1s
placed in position (GyU), if the Gth term participazes in

the formation of the Uth prime implicant.

If a column contains & sirngle cross, the prime i1mpli-—
cant in whose row the cross cccurs, is ﬂeeded‘tc represent
that term. The prime implicant is marked and its row andg
calumn deleted. if the method exhausts all columns, tne
furiction is represented by the sum of prime impiicants
marked. However, if columns still remain, more prime

implicarnts are marked, continuing with the process.

|
I @& 4 5 11 12 13 15
I
L
|
Al X X
|
X X
X X

DI X X X X



The rnumber & means tne participating elements
per prime implicant, where n is the rumber of elements

deleted.



7.2 Bibliaography

anclq, H. H., Logic And Boolean Aloebras,
Prentice-Hall, Englewocd Cliffs, N.Y., 1962.

‘Ca.'r‘l:u:.-ru'e].1.| Jaime BG., "Default Reasoning and
Irheritarce Mecharnisms on Type Hierarcnies",
Comp. Sci. Dept., Carviegie—-Mellon Uriv.

Copy, Irving, Irvtroduction to Logic, McMillan
FPublishing Co., N.Y., 1982.

Doyle, Jon, "A Glimpse of Truth Maintenarnce",
A.I. Memo 461, M.I.T Press,Cambridge, Mass, 13978.

Doyle, Jon, "The Use of Dependency Relation-
ships 1in the Control of Reasoning”, Al work—
ing paper 133, M.I1.T.,Cambridpe, Mass., 137&.

Doyle, Jorn, "Truth Maintaining Systems for
Fraoblem Solvirg”", M.I.T., A.I. Lab Teecnnical
Report 419, Cambridge, Mass.

Feigeribaum, Edward A., et al, The Handbook of
Artificial Intelligerce, Vols. I, III, wWilliam
Kaufman Irnc., New Yark, N.Y., 138:=.

Fmx, Mark S., "Reasoning with Incomplete aAnowl
edge in a Resaurce Limited Ernvirornment :
Integrating Reasoning and HKnowledge Acquisition
", Proceedirgs of the seventn internaticnal
Joint Conferernce orn A.I., Vol I, 138i.

Glorioso, Robert M. and Fernanaa C. Colarn,
Evigineering Intelligent Systems, Digital Fress,
New York, N.Y., 138@.

Goodstein, R., Baolearn Algebra, Fergamaon Fress,
London, U.K., 1363.

Hilton, Alice Mary, Logic, Computing Machires,
and Automation, Spartarn Books, wWashingtan, D.C.
s 1963.

Israel, David J. et al, "The Role of Logic in
Kriowledge Reoresentaticn’, Computer, Val. 18,
Mz. 1@, Jct. 1383.



H
I
o

Kolata, Gina, "How Can Computers Get Commor
Serise? ", Scierce, Vol. 217, Sept. 24, 138z,

Korfhage, Robert R. s+ Logic and Algorithms,
John Wiley & Sans Inc., New York, N.Y., 1966.

Lavesque, Hector J., "The Interactiorn with In—
complete Krnowledge Bases: A Farmal Treatmernt "

Froceedings of the Seventh Internaticnal J01ﬂt
Conference on A. I., Vvol. I, 1361.

Matteshish, Richard, Instrumental Reascning
and Systems Methodolagy, D. Reidel Publisning
Co., Boston, Mass., 1378.

MeCarthy John, "Aadendum: Circumscripticon and
Other Non-Morotornic Formalisms", Artificial
Intelligerce, Val. 13, North-Holland FPubiish-
ing Co., 1398aQ.

McCarthy John, "Circumscription: A Form of Non
-Moriotonic Reasaning'", Artificial Intelligerice
y Vol. 13, North-Holland Fulishing Co., 13984,

McCarthy Johr, "On the Model Theory of HKrowl-
edge", Memz AIM-312, Stanford A.I. Lab., 13978.

McCarthy John, "Programs with Common  Sernse',
Semantic Information Frocessing, M.I.T. press,
Cambridge, Mass., 13968.

McDermott Drew, and Jon Doyie, "Arn Introduction
to Nor—Morotowic Logic', Sixth Internaticral
Joint Conference on A.I., Vol. I, 1379.

McDermott Drew, and Jor Dayle, "Non—Mornotornic
Logic I', Artificial Intelligence, Vol. 13,
Norht—-Holland Publishing Co., 12832.

MeDermott Drew, "Norn—monotonic Logic II: Non—
Morotonic Modal Theaories'", Journal of the RCM,
Val. 29, No 1, 198&.

Minsky, Marvin, "A Framework for Representing
Krnowledge", ed. by F. H. Winston, McGraw-Hili,
New York, N.Y., 13735.

Nilssaor, Nils J., frinciples of Artificial
Intelligerce, Ticga Fublishing Co., Falo Altao,
Cal., 1984.



Quire, W.V., Methods of Leogic, Harvard Univ.
Press, 4th edition, Cambridge, Mass., 138&.

Raphael, Bertram, The Thirmking Computer, W. H.
Freeman and Co., San Francisco, Ca., 1976.

Reiger R., "A logic for Default Reasconing',
Artificial Intelligerice, Vol.13, North-Holland
Fublishing Co., 1980.

Rich, Elaire, Artificial Intelligence, McGraw-—
Hill, New York, N.Y., 1383.

Rodenau, Sergiu, BHBoolean Furcticns and Equa-
tions, North-Hollarnd Fublishiwng, Co., Amster—
dam, 1974.

Rosenberg, Steven, "Reasoving in Irncomplete
Domains'", Sixth Internatiocral Joint Confererce
orn AR.I., Vol I, 1379.

Sikorsky, R., Boolean Algebras, Spring—-Verlag,
New Yark, N.Y., 1363.

Warig, Hao, Lagic, Computers arnd Sets, Chelsea
Publisning Co., N.Y., 1370.

Weizeribaum, Joseph, Computer Fower and Human
Reason, W. H. Freeman and Co., San Frarncisco,
Cal., 1376.

Whitehead & Russell, Frincipia Mathematica to
* S6, Cambridge University Fress, Cambricge,
Us Koy 1312-13

Winzgrad, Terry, "Extended Inferernce Modes in
Reasoning by Computer Systems", Artificial
Intelligerce, Vaol. 13, North Hollana Fublisn-—
ing Co., 1380.

Winston, Patrick H., Artificial Intelligence,
Adiscon—Wesley Fulishing Co., 137%.



Referernce Bibliography

Aristotle, Methaphisics.
Aristotle, Nichomachaer Ethics.

Eartlett, Fi Gay Remembering, A Study
in Experimertal ard Scceial sychology,
Cambridge Uriwv. Fress, Cambridge, 133:2.

Bocle G., An Irnvestigation of the Laws
of Thougth, Dover Publicaticns, 1854.

Babrow, D.G. and T. Wincgrad, "Ar Over-—
view of KRL," Cognitive Scierce 1, 1977.

Cantor G., Contributicns to the Founding

of the theory of Transfinite Numbers,
Open Court, London, 1391S.

De Morgan, AR. , A Faormal Logic, 1847.

Frege, Grundgesetze der Arithmetik, 1833
Kegan Faul, Trench, Trubrner, London.

Hamiltorn, W., Discussicorns on Philosophy,
Literature, and Education, The Edinburgh
Review, 183Z.

Jevons, S., Frinciples of Scierce, London
1874.

Kant, Ia Kritik der Reiren Verrnunftt
(Critique aof Pure Reasaon), 1781.

Kant, I., Kritik der Fraktischen Vernunft
(Critigue of FPractical Reason), 1788.

Klirng, R. , "A Paradigm for Reasoning by

Analogy," Artificial Intelligerce, vol 2

1371.

Leibnitz, G. V. var, Dissertio de Arte
Cambimataoria, l1E6E6.

Mmill, John S., A System of Logic, 1843.

Feanc, G., Formulaire de Mathematigues,
Five volumes, 1895—-1948.



Fierce, C., Collected FPapers, Reprinted
by Harvard Uwniversity Press in 133:2.

Schroder, E., Abriss der Algebra der
Logik, Leipzig, 13@9.

Turing, A., M., "Computing Machinery and
Intelligernce", Mind, Vol. 23, 1224.

Vern, J., Boole'’s System of Logic, 1876.

Wang, H., Logic, Camputers, and BSets.
Chelsea Fub. Co., 13970@.

Wittgenstein, L. vorn, Fhilosophical In-—
vestigatiaon, 1933.

0]
=



	Basic characteristics to achieve common sense reasoning
	Recommended Citation

	Book title
	Cover Page
	(R0002999433_000003.jpg)
	Table of Contents
	1 (R0002999433_000008.jpg)
	2 (R0002999433_000009.jpg)
	3 (R0002999433_000010.jpg)
	4 (R0002999433_000011.jpg)
	5 (R0002999433_000012.jpg)
	6 (R0002999433_000013.jpg)
	7 (R0002999433_000014.jpg)
	8 (R0002999433_000015.jpg)
	9 (R0002999433_000016.jpg)
	10 (R0002999433_000017.jpg)
	11 (R0002999433_000018.jpg)
	12 (R0002999433_000019.jpg)
	13 (R0002999433_000020.jpg)
	14 (R0002999433_000021.jpg)
	15 (R0002999433_000022.jpg)
	16 (R0002999433_000023.jpg)
	17 (R0002999433_000024.jpg)
	18 (R0002999433_000025.jpg)
	19 (R0002999433_000026.jpg)
	20 (R0002999433_000027.jpg)
	21 (R0002999433_000028.jpg)
	22 (R0002999433_000029.jpg)
	23 (R0002999433_000030.jpg)
	24 (R0002999433_000031.jpg)
	25 (R0002999433_000032.jpg)
	26 (R0002999433_000033.jpg)
	27 (R0002999433_000034.jpg)
	28 (R0002999433_000035.jpg)
	29 (R0002999433_000036.jpg)
	30 (R0002999433_000037.jpg)
	31 (R0002999433_000038.jpg)
	32 (R0002999433_000039.jpg)
	33 (R0002999433_000040.jpg)
	34 (R0002999433_000041.jpg)
	35 (R0002999433_000042.jpg)
	36 (R0002999433_000043.jpg)
	37 (R0002999433_000044.jpg)
	38 (R0002999433_000045.jpg)
	39 (R0002999433_000046.jpg)
	40 (R0002999433_000047.jpg)
	41 (R0002999433_000048.jpg)
	42 (R0002999433_000049.jpg)
	43 (R0002999433_000050.jpg)
	44 (R0002999433_000051.jpg)
	45 (R0002999433_000052.jpg)
	46 (R0002999433_000053.jpg)
	47 (R0002999433_000054.jpg)
	48 (R0002999433_000055.jpg)
	49 (R0002999433_000056.jpg)
	50 (R0002999433_000057.jpg)
	51 (R0002999433_000058.jpg)
	52 (R0002999433_000059.jpg)
	53 (R0002999433_000060.jpg)
	54 (R0002999433_000061.jpg)
	55 (R0002999433_000062.jpg)
	56 (R0002999433_000063.jpg)
	57 (R0002999433_000064.jpg)
	58 (R0002999433_000065.jpg)
	59 (R0002999433_000066.jpg)
	60 (R0002999433_000067.jpg)
	61 (R0002999433_000068.jpg)
	62 (R0002999433_000069.jpg)
	63 (R0002999433_000070.jpg)
	64 (R0002999433_000071.jpg)
	65 (R0002999433_000072.jpg)
	66 (R0002999433_000073.jpg)
	67 (R0002999433_000074.jpg)
	68 (R0002999433_000075.jpg)
	69 (R0002999433_000076.jpg)
	70 (R0002999433_000077.jpg)
	71 (R0002999433_000078.jpg)
	72 (R0002999433_000079.jpg)
	73 (R0002999433_000080.jpg)
	74 (R0002999433_000081.jpg)
	75 (R0002999433_000082.jpg)
	76 (R0002999433_000083.jpg)
	77 (R0002999433_000084.jpg)
	78 (R0002999433_000085.jpg)
	79 (R0002999433_000086.jpg)
	80 (R0002999433_000087.jpg)
	81 (R0002999433_000088.jpg)
	82 (R0002999433_000089.jpg)
	83 (R0002999433_000090.jpg)
	84 (R0002999433_000091.jpg)
	85 (R0002999433_000092.jpg)
	86 (R0002999433_000093.jpg)
	87 (R0002999433_000094.jpg)
	88 (R0002999433_000095.jpg)
	89 (R0002999433_000096.jpg)
	90 (R0002999433_000097.jpg)
	91 (R0002999433_000098.jpg)
	92 (R0002999433_000099.jpg)
	93 (R0002999433_000100.jpg)
	94 (R0002999433_000101.jpg)
	95 (R0002999433_000102.jpg)
	96 (R0002999433_000103.jpg)
	97 (R0002999433_000104.jpg)
	98 (R0002999433_000105.jpg)
	99 (R0002999433_000106.jpg)
	100 (R0002999433_000107.jpg)
	101 (R0002999433_000108.jpg)
	102 (R0002999433_000109.jpg)
	103 (R0002999433_000110.jpg)
	104 (R0002999433_000111.jpg)
	105 (R0002999433_000112.jpg)
	106 (R0002999433_000113.jpg)
	107 (R0002999433_000114.jpg)
	108 (R0002999433_000115.jpg)
	109 (R0002999433_000116.jpg)
	110 (R0002999433_000117.jpg)
	111 (R0002999433_000118.jpg)
	112 (R0002999433_000119.jpg)
	113 (R0002999433_000120.jpg)
	114 (R0002999433_000121.jpg)
	115 (R0002999433_000122.jpg)
	116 (R0002999433_000123.jpg)
	117 (R0002999433_000124.jpg)
	118 (R0002999433_000125.jpg)
	119 (R0002999433_000126.jpg)
	120 (R0002999433_000127.jpg)
	121 (R0002999433_000128.jpg)
	122 (R0002999433_000129.jpg)
	123 (R0002999433_000130.jpg)
	124 (R0002999433_000131.jpg)
	125 (R0002999433_000132.jpg)
	126 (R0002999433_000133.jpg)
	127 (R0002999433_000134.jpg)
	128 (R0002999433_000135.jpg)
	129 (R0002999433_000136.jpg)
	130 (R0002999433_000137.jpg)
	Cover Page


