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ABSTRACT

Thas
first order
cperator.
oparator
interpretin
is develcpa
The resulting

a simple extension of
redicate logic to include a detault

les of inference governing tha
are  specified, and a model theory for
seritences involving default operators
based on standard Tarskian semantics.
system is trivially sound. it is
argued that (a)  this logic provides an adequate
basis for default reasoning in A.I. systems, and
{b) unlike most logics proposad for this purposa,
it retains the virtues of standard first order
logic, including both monotonicity and simplicity.

paper presents

1 [ i

Reasoning from incomplete information and from
dafault generalizations follows atterns  which
ctandzrd first order predicate logic does not
reflect. The most striking deviation involves
making inferences  wWhose conclusions may be

counterindicated by further information which ~does
not explicitly contradict anything  previously
Known.

In standard logics, if a set of premises
entails a conclusion, any larger set containing all
those premises also entails that conclusion.
Logics ~with this property are called monotonic.
The above departure from standard logic's reasoning
patterns has led@ researchers to adopt and develop
ron-monotecnic logics for use in A.I. systems (see
e.q. McUsrmott and Doyle, 18803 McDermott, 1982;
Reiter, 1980; Aronson et al., 1980; Duda et al.,
1978; and others).

Critics of non-monotonic logics
out techrical weaknesses (see e.g. Davis, 1980),
&nd  lcrasl  (1S80)  argues persuasivel§ that its
sugportess confuse logit with complex judgments of
xinds logic cannot deal with. But unless some
alternative for dealing with default
reasoning, logic must continue to
appeal.

have pointed

appears
non-monotonic

I have argusd elsewhere that (1) default
reasoning only appears non-monotonic if we fail to
distinguish warranted assertions from warranted
ascumpticns (Nutter, 1982), and (2) any logic which
adecuately ~models default reasonlng must be
monotonis (Nutter, 1983).

If thic is accepted, a conservative approach
promises more than do radical ones, not bacsuse it
iz “"safar”, but because it simultaneously preserves
what 1is of value in standard logic -- its
simplicity, claraity, and adeguacy in 2domains of
complete information --= and allows distinguishing
warranted assumptions from warranted assertions
{ganeralizations from universals, default
conseguences from genuines inferences, etc.). This
pager presents an almost trivial extension of first
ordsr  predicate logic  which distinguishes
general:zations and the resulting gresumptlcns from
mmivercals and their conseguents and permits
reasoning from default generalizations.
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11 DEFAULTS. AS PROPOSITIONAL QPERATORS

The logic we are &iming for must d&iffer £rom

standard logic in three ways. First, it must
distinguish “guarded” from “unguarded” propasiticns
(presumptions from the reélated  assertions).
Second, it must allow for appropriate inferences

involving guarded propositions, with “inheritence”
of the guard. Third, it's semantics must allow as
compatible a guaréed  proposition and the
proposition’s unguarced negation.

So our f£irst task is to £ind an appropriate
representation for this guard. It cannot be a new
connective in the ordinarg truth functional sense,
the most familiar kind of ogical constant, becausae
default generalizations are not +ruth functions of
their component gropositicns. Nor 15 the guard a
quantifier: that would reduce defaults to some
kind of statistical operators. In fact, no
standard category of logical constant seems guite
appropriate. Neither can we use a non-legical
constant, since the meaning of a non-leogical
constant cannot affect the course of reascning in a
logic.

So we need a new kind of logical cperator,
which operates on propositions an? agfects the
alrea

course of reasoning. There is a unary
operator on <formulas of that genera kind:
negation. The default operator belongs to a new

class not because 1t binds +ormulas, but because it
does o  without being truth-functional. The
resulting roposition is™ obviously related to  its
componen in an interesting way, but 1ts truth
value is not a functicn of the component's.

This papar describes how to extend standard
first order predicate logic to a logic appropriate
for default reasoning. This involves four tasks.
(1) Wa must <characterize the gramzar of the
extended language. That is, we must give rules for
determining whether a particular string of symbols
represents a progositicn in the extended lagsuage.
{21 We must explain how toO extend the deductive

system of the original logic so that all and onl

dasirable inferences will be legal. (3) ke mus

descripe the semantics for the language: that is,
we must say what the interpreiations of the
language  are, how truth values on the
interpretations are dastermined, and how lo ical
entailment is defined. Finally (4) we should
investigate at least  brietly the metalogic of the
extende system. That is, we should assure

ourselves that the new extended system is sound:
it never permits false conclusions to be derived
from true premises. He now take up these tasks.

IIT  GREMMAR
The first component of a tormal logic is
ammar, which determines tha language of the
ogic, which may be defined as either the set of
formulas or the set of propositions which are
considered well formed. Formulas are distinguished
from propositiens by containin open variable
occurrences, that 1s, placeholders which could
either be replaced bg specific individual constants
-- names -- or be bound by an existential or a
universal quantifier -- turned-into an gqulivalent
of either “somcthing" or “everything™ -= but which

its



at present occur unbound. In this section, w2
presan= tna rules of grammar for the languaga of
our logic.

The technical discussions 1in the  sactions
palow will resuppossd tamiliarity with the wusual
ways <that Eormal logics are descriped, and will
presuppcsa a complets descraiption of a first order
preditate logic. T[he informal descriptions should
convay an cvervisw for readers who lack this
famillarity and motivate some of the less obvious
cacisions enbodied in tha technical discussions.

A. nforzmal Jasgrintion

The grammar holds relativeéy tew surprises.
In simple terms, wherevar in English one might
reasonably prefix a clause with "There is reason to

teliave That” or some similar construction, the
logic will allow its equivalent of ths clause to be
governed b our efault operator p (for
presuzably”l.

The only raal decision involves whether to lst
the oparator govern formulas or only fropositlons.

Wnile 1ts use govarning formulas s  probabl

eliminabla, it seems to me both innocuous and wel

motivated. thile “Birds generall fl{," which
nacomes ¥aiBirdla) = p lies(a)) in the formal
logie, robabl{ comas to the same thin? as "In
ganeral birds fly" (p ¥a (Birdi{al) > Fliesla))] in
tha long run, both are said. Furthermore, "If
anything is a bird, then it has wings and

prasumanly flias" must be considerably reformulatad
befora 1t can ba equivalently expraessad without
having p bind a formula instead of a sentence.
Hance p may directly govern either a formula or a
sentence.

B. s joal sant
Let 'L be a standard first order predicate
calculus without equality and without function

symbols, with a Jaskowski-style natural deduction
system (Jaskowski, 1934) containing explicit
intreduction and elimination rules for the standard
conpectives and quantifiers and a small set of
"bookkeeping"” rules. {(Ths preciss formal system 1is
unimportant.) The languags of L is L, ths logic
with defaults which we will build from L is LD, and

1ts languags is LD. The <Jefault operator 1is
written p.
Throughout  the  discussion  below, Roman

capitals vary over formulas and propositions cf L,
while Greek letters ¢ and ¥ vary over formulas and
Eroposltlans cf LD, and a varies of variadblaes of
D.

Lef. The set of formulas of LD is the smallest sat
satisiying the following clauses:
{a) All atomic formuilas of L are formulas of

{b} For any forrula ¢ of LD, ps is a formula
of LD;

(c) For any formulas ¢,% of LD, the <£ollowing
are all formulas of LD: ~¢; ¢ v w; o A ¥; o =
v; & = v,

{d) For any formula ¢ of LD in which a occurs
gpen, the following are also formulas of LD: ¥a ¢;
a e,

For any formula ¢ of LD, ¢ is a proposition of
LD if and only if e contains no open occurrencas of
variables.

IV DERUCTIVE SYSTEH

As commented above, the deductive system is a
standard natural deduction system, with the usual
five connactives ("not", written "~", “and”,
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mIf

written "aA" "or", writtep “v", Yif...then..."

» .
written “"=", and "if and only 1f", written "=") gang
both guantitiers ("for all", written "¥", apg
“there 1s”, written “d"1}. This wi1ll be tha least
altered porticn of the logic.
A, Ipformal Descriptign

The gquarded status of default gen2ralizations
must be 1nherited through 1infersnces, and from a

guarded proposition, 1t must be possible to infer a
uarded version of any <conclusien which could be
inferred from the unguarded version of the premisa.
That 15, 1f you could infar from "Rogar flies" that
my dog sses Roger, he will find - him
fascinating, than from “Presumably Roger flies“
you may infer "Presumably, if my dog sees Roger, ha
will £ind ham fascinating,”™ and so on. Howevar, it
enerally takes more than one pramisa to warrant an
inference. How many of tha premisas may be
eneralizations? There are several ways to go on
his.

We could allow only ona guarded premica per
inference. But suppose we have "In general, if A
then B,"” and we have "There is reason to believe
that A." We would normally feel free to infer
“There is reason to believe that B." But this
inference has  two guarded premises, and without
further information, there is no way to avoid usin

both guarded premises in a single inference an
still get the conclusion.

Alternativaly, we could “string out” the
guards, putting as many ps on the front of the
conclusion as there ware guardad remises

cantributing to it. Primae facis, this might seem
to give nét only a guard, but also a sort of
certaintg measure. Unfortunately, it's a very poor
measure for aanything interesting. Here’s why.
Dafault generalizations are not  statistical.

They don’t necessarily “accumulate”. There are
sevaral reasons for this. fFirst, they emdhod

judgments of typicallity. As such, related defaul

enzralizations will Trequently stand or fall
ogether: 1f the 1instance 15 typical, they all
nold, while if the instance 13 atypical, each is
likely to fail. Certainly this phenomenon cannot
be relied upon, but it is common enough to upset
the measure. f{For more on this and related points,
sea Nutter, 1982 and MNutter, 1983b.3}

Second, a single guardad proposition might be
used £ive or six timas in the course of a long
derivation. Is the result any less certain for
having that propeosition enter many times rather
than once? By the time a chain of inferences have
taken place, {he number of ps on the front may no
longar represent even the number of distinct
generalizations invaived in reaching it.

Third, there is no reascn tc suppose that all
the original generalizations are equally reliabla.
Five extremaly strong generalizations probably
provide batter sufgcrt than ona relativaly waax

one. If we cou ass;gn weights reflecting
reliability -~ i.s. probabilities -- we would be
dealing with statistical generalizations and not

with dafaults anyhow.

Furthermore, from “Generally, if A than B” and
*There is reason to baliava that A,” we don't
conclude "There is reason to believe that there is
reason to believe that B."™ He conclude that there
is reason to believe B. Stringing out ps does . not

reflect any practice pressent in English usage. if
that practice play a role in_ the kind of
reasoning wa are trging to model, it seems
raasonable to sugPose hat language would reflect
it. I have therefore decided to "inherit” the

all premises invoived it, without

guard if any or 5 zh
is is the torce of the first
r

regard to how many.
ule of inference below.

Even with the rule in that form, it would be
possibla to generate long strings of s. The

that if there are more than one

sacond rule says
they may be collapsed

consecutive qualifications,
into a singls ons.



B. Technical Develorzent

. We retain all the standard rules of inference
in L (generalizing them to allow for sentences of
LDIand not just ot L), and add the following two
rules.

Rpl: Suppoce that w = (vi,...,¥n) ¢ LY, ¢~
{wi- ,_..,vn”) g LD, & ¢ Lb and for all 1, 1 ¢ 1 <
n, vi- wi or vi’ = pvi. Suppose further that
some rule of inference warrants inferring ¢ from v.

Then frem v you may infer ps.

RpL: From ppe you may infer pe.
Given ¢ g LD, % e LD, we say that v lIs
rovable trom. ¢ (or o proves ¥, wWritten & + w)

erived from premises in ¢

r
Erovided that w can be
ha usual and

roliowing the rules of
obvious way.

interence in

v L‘i ].‘nnnII CS

This is the portion of the logic which deals
with issues of “"meaning” and truth. The sense of
meaning involved 1s eXtremely primitive. For the
non-togdical terms, 1t reflects only the function of

words as roterring in some wa{ to objacts,
conpletely neglecting not only how they refer, but
even to what they refer ‘in ordinary English.

Formal semantics are formal: they deal with what
can be said about inheritance of ~truth conditions
on the basis of logical form alcne, which throws
out the overwvhelming majority of what we would
ordinarily mean when we talk about meaning.

The semantics given below represents the most
complete departure from standard logic in LD. The
Stahdsrd core of the system retains the familiar
semantlc proparties, but® across the portion of LD
which is not in L, the logic is three-valued. This
can be represented in many ways; I have chosen to

.represent the truth wvalues as non-empty subsets
(instead of elements) of the set {t,f} o familiar
truth valuas. 1lntuitively, {t} means "onl true”,
and occurs where in ordinary logic one woufd expect
T3 similarly (£} means “only tfalse". The
"newcomar” is” {t,f}, which can best be thought of
as "well, yes .and no," or both true &nd false.
Taken in this way, LD provides an intriguing face
tor lovers of radical departures: it remains sound

while violating the traditional law of
non~-contradiction.
A‘ Tuoraliuat Sy

What doas it mean for a default generalization
to be true? It does not mean that the statement

It does not even mean that
there 1is no reascn to believe that it is false: pe
A ~¢ means something like, “There 1s reason to
believe that ¢ i3 true, but there is also reason to

inside the p 1s true.

believe that it is false." That sentence is
consistent if unhalpful.
Part of what we want our default operator to

mean which cannot be modeled by formal semantics:
neither causality nor typicality is a formal
semantilc concept. But wa can state certain
constraints on how our p operator works.

Any true proposition is evidence for itself.
(If we Apew that & is true, then we would certainl
be willing to suppose it. The ic  canno
distinguish the <truth value of p¢ gepending on
whether wa know it or not.) Hence if ¢ is true,
then p® should be at least true. If & and v are
both ~ cnly +true, then clearly their conjunction
should be only true as well; if either 'is only
talse, their ~conjunction should be only false.
Otherwise, the conjunction should b2 both true and
talse. Similar comments work for the othexr
connectives.
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There is a restriction on our jinterpretations
which 15 not obvious from an intuitive s andpoint.
It arises from the fact that for any @&, ¢ *» pe.

Suppose we hava # = v, and also pe. Then we can
infer pw. For this to be sound, it must be the
case that whenever p¢ and ¢ = v are both true, so

is p¥v.

But considar an interpretation on which e is

false. Then @ = % is true regardless of the truth
valua ot ® f{or anything else about v, for that
matter; this 15 cone cf the so-called paradoxes of

implicaticn of first order logicl). Suppose further
that the interpretation makes pé true (as wall as
false). This  interpretation must make evary
gropcsxtxon of tha form pv at least true, in order
o support the inference of pv from ¢ = ® and pe.
Now from what we said above, if v is true, then pw
is already at least true. But pv must also be at
least trua for false w.

interpretation, if even one
false preopesition s the property that there is
reason to beslieve it on tha interpretation, then
all false propositions have that groperty on that
interpretation (though the presuzptiod forms of tha

Hence for an{
a

true propositions may be only true, so this does
not trivialize these interpretations.) This fact
has its basis - in the ordinary truth funct:ional

definition of “if ... then ...". Relevance logic
can prevent the undesired deductions, but so far a
denotational model theory which distinguishas
relevance logic from standard logic is lacking.

B. Interpretaiiong

An interpretation i (U,e) of LD is defined
trom ordin Tarskian interpretaticns of L by much
the obvious sort of extension given <tha coments
above, except that we alter “the treatment of
ordinary propositicns slightly. In articular,
where before t represented true and false, we
will now use {t} and {f} respectively. That is,
for all propositions o, elo) g (t,£}; as one would
expect, Tor A € L, elA)l = {t} or elhr] (£}, Ic
works out that for ¢ e LD eleo) (£} or e(e¢}) = (t}

or e{eo) = {t,f} (i.e. the gresumution is either
trua, false, or both), but i will never happen
that e(s) = A,

In particular, having definred <the evaluaticn

function ovar atomic gropositicns of LD in tha
usual wa¥ {except for the substitution of (£} and
{t: for and t), we use the following induction
clauses:

1. For all ¢ ¢ LD, if ¢ has the form pA for A e

L, then e(A) g ele}.

2. TFor all ¢ ¢ LD, if ¢ has the form ppv for some

v € LD, then el(s) elpv).

v

e LD, we have

(£} 1f etd)={t};

{t} if e(e)={£f};
{t,£)} if eleo)={t,f}.

{f) 4f ¢t & els)
or t & elv};
{t)

if £ & ele}
and £ € e(v);
{t,£} otherwise.
{£} Af ¢t & ele)
and t € el(v);
{t} if £ & el(s)

or £ & e(v);
{t,f}) otherwise.

{£) if £ & ele)
and t ¢ elv);

{t} if t & els)
or £ & elv);

{(t £} otherwise.

{£} if ele) elv)

{t}) if efe) elv)
or ef{¢) = elv)

{t.,f} otherwisa.

For all e,
a(~%)

els v)

ele v)

= %)

el

elo v) n

HRM
o~
thieta,

-
-



ei¥s o) = Lf) 1f there 15 a u e U
sush that elsiu/a) = (£);
(t} :f for all u e U,
elsu/a) = {(t);
{t,%) othervissa.
elda #) = {ty iz tor all u ¢ U,
eloiusa) = (£}
{r) if there is a u €
suchotnat efsiu/a) = (L))
{t,z: orharviss.
4 I¢ there 13 a ¢ € LU such that aeld) = (£} but

than for all w e LD, £ € elpv).

the result
a const

ST

eloiu/x}
as 1pf

means
1t ware

(M=*tazional remark:
evzluating ¢, treating a
ans =2{al) = u.}

Eal

o
ant

«

Tha

standard equivalences follow trivially
aa these definitiomns.

Now we define satisfaction
follows: for all i {U,e) an interpretation ot
T anc for all e € LD, i1 satisfies o [written i »
1f and oniy if t € 8(2).

2l
H

MANT

VI METALQGIC

indicated from the outset, tha
concerned with tor

Az has Dbeaen
charactaristic we are most
logics  in inference  system implemantations is
sor=dness. For this logic, the following <theorem
Follsws trivially from the soundness of standard
£irst ordsr predicate logic:
for all v ¢

Theorem Tha2 logic LD is sound, i.e.

LD, 2 € LD, 1€ v » 9 then v & 9.

YIT  CONCLUDING REMAPRKS
A. Teoooa £ walats
As noted above, tne apparently paradoxical
taaturas which result from adopting a

truth-functional view of implication can he avoidad

using a daductive system based on relevance
. Such a  deductives system will parmit
rangas which are a proper subset of those
i leowad uader the traditional visw presented here.
fartins (19893) has develsped a variant of relevance
logic for pelief revision, whnich has Dbeen
im>lemeantad in SN2PS (Shapiro, 1973). An inference
sysTem 1ncluding dafault operators as dsscribed 1in
this paper 1s bein i1mplemented on this belief
revision system. Limitations of space prohibit
fi)ler discussion here; for detalls, see Mutter
(157307,
B. Sigaifigance of the loglic
It 13 important not to overestimate what a
ilegic for cofault reasoning <an do once wa have
one. As Isra2l (1980) points out, arriving at
uzeful generalizatlions an resolving coaflicts
among conzlusions of dafault reasoning both exceed

To thosa who wondar what help
the system will ba once it has deduced "p® A p~e,
tha alswer 1is, nons at all. If the non-logical
orrzion of your system contains heuristlics saying
nat cenflicting evidence indicatas a need for
fursnar investigation, and If your system further
contains some subsystem for invastigating, than the

the scope of logic.

ability to deduce statemants of the kind above <can
be used to trigger investigation; Dbut this goes
seyond the logic alone.

It doas not follow that such a logic is

arguad that implementing a

usaless. 1 have already
ere allows implementing

logic of the kind outlined

usaiul salience rules in  natural language
genaration, for instance. Fuxthermore, this kind
of inference will lay an intimate role in any
sys=am which 1investigates failaed expectations,
confilicting expectations, and tha like. Only 1t
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will not
tool for

The
philosophical depth.
as a philosophical view

constitute such a system:
the system Lo use.

instead it is a

logic presented here makas no prevtense to
As a logiec, 1t 1S travial:
of generalization, it ig
perhaps tha shallowast assible. But 1t can ba
usad to form non-trivia systems modeling dee§
v;egs. Frem ons point of view, that is what ~logic
13 for.
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