∗

∗

Abstract

1 In tro duction

A Nonmonotonic Observ ation Logic

F rans V o orbraak

Department of Computer Science, Universit y of Amsterdam

Plantage Muidergracht 24, 1018 TV Amsterdam, The Netherlands

fransv@wins.uv a.nl

The investig atio ns were carried out as part of the PIONIER-pro ject Reasoning with Uncertainty ,

subsidi zed by the Netherlands Organizatio n of Scientifi c Research (NWO), under grant pgs-22-262.

In this pap er we prop ose a v ariant of Reiter’s default logic [8] as a logic for reasoning

with (defeasible) observ ations. A default theory consists of a set of facts and a set of

default rules. T raditionally

, default rules are assumed to represent general, or generic,

information, such as ‘typically

, birds fly’ and the facts are assumed to represent sp ecific

information ab out the situation, such as ‘Tweety is a bird’. However, in this pap er we

consider the case where the sp ecific information derives from defeasible observ ations,

and the general information denotes (hard) background knowledge. These character-

istics apply

, for example, to the situation of an autonomous rob ot navigating through

an environment using an a priori given map and its not completely reliable sensors.

A v ariant of Reiter’s default logic is prop osed as a logic for reasoning with

(defeasible) observ ations. T raditionally

, default rules are assumed to represent

generic information and the facts are assumed to represent sp ecific information

ab out the situation, but in this pap er, the sp ecific information derives from de-

feasible observ ations represente d by (normal free) default rules, and the facts

represent (hard) background knowledge. Whenever the evidence underlying some

observ ation is more refined than the evidence underlying another observ ation,

this is mo delled by means of a priority b etween the default rules represe nting

the observ ations. W e thus arrive at an interpretation of prioritized normal free

default logic as an observ ation logic, and we prop ose a semantics for this obser-

v ation logic. Finally

, we discuss how the prop osed observ ation logic relates to the

multiple extension problem and the problem of sensor fusion.

1

1

1

1 n

n

n

n

Definition 1

2 Normal F ree Default Logic ϕ

ϕ ϕ

L T h

L T h

L α, β , . . . p, q , . . .

α β , . . . , β /ω

α β , . . . , β ω

D D

D

α β , . . . , β /ω α

β , . . . , β

ω given some appr oximation

A is an expr ession of the form: . The

formula is c al le d the , ar e c al le d the , and the

of the default rule. If is a set of default rules, then CONSEQ denotes

the set of c onse quents of the default rules of .

The nonmonotonic logic prop osed in this pap er is motiv ated by the logic of vision

prop osed in [5], where p erception rep orts are interpreted in inverse systems of first-

order mo dels approximating reality

. A p erception of is mo delled as the truth of

plus a defeasible exp ectation that will also b e true in

more refined approximations. Perceptions based on more refined evidence can defeat

this exp ectation.

W e abstract from the particular language of [5] and prop ose prioritized normal

free default logic for reasoning with defeasible observ ations. Each observ ation is mo d-

elled by a normal free default rule, i.e., a default rule which has a single justification

equiv alent to its consequent and a tautology as prerequisite. T o take account of the

fact that an observ ation can b e defeated by another observ ation based on more refined

evidence, we add a preference order on the default rules.

The remainder of this pap er is organized as follows. In section 2, we briefly review

some basic prop erties of default logic, and in particular of the sp ecial case where

default rules are normal and free. In section 3, we describ e how normal free default

logic with priorities b etween default rules can b e interpreted as a logic for defeasible

observ ations. A semantics for this observ ation logic is then presented in section 4.

Finally

, we briefly discuss how the prop osed observ ation logic relates to the multiple

extension problem and the problem of sensor fusion. A more extensive discussion of

these issues can b e found in the extended version of this pap er [11], which also contains

the pro ofs of the prop ositions.

W e assume familiarity with default logic as intro duced in [8], but we rep eat some defi-

nitions to fix notation. Let b e some ordinary first-order language, and let denote

an ordinary first-order consequence op eration for that language. (The dep endence on

and of the definitions and results b elow will mostly remain implic it.) F ormulas

of are denoted by . In examples, prop ositional letters are used, which

are supp osed to b e included in the language.

default rule :

prerequisite justifications

consequent ( )

The default rule : has the following intended meaning: If can

b e derived and each of the is consistent with what is deriv able, then de-

rive . (This is the standard interpretation. Our interpretation of the default rules

representing observ ations will b e slightly different. See section 6.)

′

′

′

1 1

1 n i i

n

Definition 2 D ⟨ ⟩

⟨ ⟩

∈ ¬ ∉

∪ { } ⟨ ⟩

⟨{⊤ ⊤ ¬ ¬ } ∅⟩

{ } {¬ } ⟨{⊤ ¬ } ∅⟩

D , D

L

D ,

D

L

α β , . . . , β /ω α β β β

d α β , . . . , β /ω d

T h ω E D ,

T h D D

D E E

E D E

p/p, p/ p ,

T h p T h p p/p ,

A is a p air , wher e is a set of default rules

and is a set of sentenc es of .

applic able

gener ating default rules

normal

normal default theory Γ

Γ

W e assume, without loss of generality

, that all formulas o ccuring in the default

rules of a default theory are closed. In [8], an extension of a default theory Γ is

prop osed as s representation of a reasonable state of b elief based on the default rules

in and facts in Γ, and an exact fixed p oint definition of the notion of an extension

is given. F or our purp ose the following, rather informal characterization of default

extensions, which is essentially a reformulation of the semantics for default logic given

in [3], is sufficient. Let Σ b e a logically closed set of sentences of . The default

rule : is called in Σ iff and for every , Σ.

If = : is applicable in Σ, then the result of applying to Σ is the

set (Σ ). An extension of a closed default theory Γ is the result of

sequentially applying to (Γ) the default rules of a subset of such that every

default rule of is applicabl e in , and contains the consequent of each default

rule applicabl e in . is called the set of of .

A default theory may have more than one extension, and there exist default theories

without extensions. F or example, : : has two extensions, namely

( ) and ( ), and : do es not have an extension. However,

there is a natural class of default theories with at least one extension, namely the

class of default theories, which have only (normal) default rules with a single

justification equiv alent (in first-order logic) to the consequent of the rule. In addition to

having at least one extension, a normal default theory has several other nice prop erties.

See [8] or the full pap er [11].

W e are esp eciall y interested in a fragment of (normal) default logic in which the

prerequisite of a default rule is assumed to b e a tautology

. Such a rule is called

(prerequisite-)free. F ree default theories have b een studied in [1, 9, 10]. (In [1] the

free default rules are also assumed to b e normal, which is the case we are esp eciall y

interested in.) In [9, 10] it is argued that rational agents adhering to Sav age’s ‘sure-

thing principle ’ should b e willing to replace arbitrary default rules by free default

rules. In general, the resulting default theory will not b e equiv alent to the original

one. However, it is not hard to show that any default theory is equiv alent to a free

default theory .

An adv antage of free default logic is that it, contrary to arbitrary (normal) default

logic, allows reasoning by cases. See [1, 9, 10, 11]. In this pap er, we are interested

in free default logic, which is a particularly well-b eh aved fragment of default

logic. F or example, the extensions of normal free default theories have a relatively

simple characterization.

⋂

′

′

D

D D

e

e

e

′ ′

′

′

′

′ ′

Prop osition 1

3 Observ ation Logic

D ⟨ ⟩

D ∪ ⊆

∪

{ ⟨ ⟩}

⟨ ⟩

⟨ ⟩

⟨ ⟩ ⟨ ⟩

⟨ ⟩ ⟨ ⟩

D , E

E T h D D D

D

D

L C n E E D ,

C n C n

D ,

L

ϕ, e ϕ e

ϕ e ϕ

ϕ

ϕ e e

ϕ, e ψ , e ϕ ψ

e e ϕ, e ψ , e

ψ

L et = b e a normal fr e e default the ory. Then is an ex-

tension of iff = CONSEQ , for some maximal such that

CONSEQ is c onsistent.

cumu-

lative

appr oximation

given the appr oximation of r e ality induc e d by

Γ

(Γ ( ))

Γ ( )

Another interesting prop erty of normal free default logic is that it induces a

consequence op eration. That is, if we define for any set of default rules and for

any set Γ of sentences of , define (Γ) = : is an extension of Γ , then

is a cumulative consequence op eration. ( (Γ) is called the set of sceptical, or

cautious, conclusions of Γ .) The fact that the consequence op eration induced by

unrestricted default logic is not cumulative has b een considered a drawback of default

logic, and several authors have lo oked at ways to mo dify default logic to make its

consequence op eration cumulative.

In the following section, we argue that a prioritized version of normal free default

logic can b e interpreted as a logic for defeasible observ ations.

Consider a rob ot making an observ ation. In order to (symb olically) reason with the

observ ation, the subsymb olic information acquired by the sensors has to b e trans-

lated into a symb olic language. W e assume that the observ ation systems of the rob ot

translate the raw sensory data into prop ositions expressed in a first-order language

. Each observ ation is based on evidence which is limited in range and resolution,

and which is therefore only directly related to (part of ) an of reality .

An observ ation induces an exp ectation that what is observed will also hold for more

refined approximations, but this exp ectation can b e defeated by observ ations based

on more refined evidence.

Let denote the observ ation that based on evidence . W e can interpret

this, analogous to the rendition of p erception rep orts in [5], as the conjunction of the

following two statements.

1. is true . Notation: .

2. is exp ected to b e true in more refined approximations, includi ng reality itself.

That is, it is exp ected that , for every that is more refined than .

The exp ectation mentioned in the second statement is defeasible in the sense that it can

b e overridden by other observ ations. F or example, supp ose we have the observ ations

and , where and are incompatible (given the a priori knowledge) and

is more refined than . Then the exp ectation induced by is defeated by ,

since the latter observ ation implies .

1 2 e e

e e

′ ′

′ ′

′

′

′

′

′ ′ ′

⟨ ⟩

⟨ ⟩

⟨ ⟩

⊤

⊤

⟨ ⟩ ⟨ ⟩

≺

⟨ ⟩

⟨ ⟩ ⟨ ⟩

≺ ≺

∈ ≺

⟨ ⟩ ≺

≺

Definition 3

Definition 4

Definition 5 ϕ, e

ϕ, e ϕ /ϕ e

e

ϕ, e

ϕ /ϕ

ϕ/ϕ

D , , < D ,

< D <

d > d > . . .

d < d d

d

d d <

<

D

<

D , , < E

< D , , < E D ,

< <

d, d D d < d d d

D ,

T h

D

<

A is a triple , wher e is a

default the ory and is a wel l-founde d strict p artial or der on . (That is, is an

irr eflexive, tr ansitive r elation with no infinite desc ending chain .)

An is a prioritize d normal fr e e default the ory.

stopp er e dness

smo othness

L et b e a prioritize d default the ory. The set is c al le d an

-c omp atible extension of iff is an extension of gener ate d by a

wel l-or dering c omp atible with . Her e is c al le d with iff for every

, implies .

The (defeasible) exp ectation accompanying the observ ation intuitively (and

informally) seems to imply the (normal) default rules : , for each that

is more refined than . If one only adds these default rules to the theory when the

observ ation is made and the prerequisite is true, then one can use the normal

free default rules : instead.

If we abstract in our formal language from the evidence on which the observ ation

is based, then the defeasible exp ectation can simply b e mo delled as a normal free

default rule : . T o make up for the loss of information caused by abstracting

away the mention of the evidence, and to prop erly capture the interaction of different

observ ations, one can mirror the relation b etween the underlying b o dies of evidence

in an ordering on the corresp onding default rules.

prioritized default theory Γ Γ

observ ation theory

In this pap er, the intended meaning of is that the default rule represents an

observ ation based on evidence which is more refined, i.e., contains more information,

than the evidence on which the observ ation represented by is based. This implies

that is stronger than . (This reading of is in accordance with the usually

chosen direction of preference relations in preferential semantics, where the preferred

mo dels are traditionally called minimal mo dels. Unfortunately

, if one has the context

of information orderings in mind, then it is natural to exp ect the reverse reading.)

The assumption of b eing well-founded is necessary for the definitions of exten-

sion given b elow. The assumption (essentially the same as of [6] and

of [4]) seems not to o restrictive for our purp ose, since it is automatically

satisfied if is finite, and at any time a rob ot can have made only a finite numb er

of observ ations. W e first rep eat from [2] the general definition of an extension of a

prioritized default logic using a well-ordering compatible with .

Γ

Γ Γ

compatible

Intuitively

, an extension of Γ generated by a well-ordering is obtained by

sequentially applying, starting from (Γ), the -minimal default rule among the

non-applied applicable default rules of . (See [2, 7] for details.) By cho osing a well-

ordering compatible with , the more preferred defaults (with higher priorities) are

applied first, thereby making less preferred incompatible defaults non-applicable .

0

0 1

1

0 0

1

1 1 i j i j i

k

i i

i i i

′ ′′

′ ′′

′

≤ ≤ −

≥

−

Example 1

Definition 6

Prop osition 2

⟨ ⟩ ⟨ ⟩ ⟨ ⟩

¬ ∧ ∧

D

⟨{⊤ ⊤ ⊤ } {¬ ∧ ∧ }⟩ ⊤

⊤ {¬ } { ¬ }

D ⟨ ⟩ ∅

≥ − ∪

D ∪

≥ ⟨ ⟩

D

D ⟨ ⟩

⟨ ⟩

D ⟨ ⟩

D D

{ ¬ } p, e q , e r, e

p, q r p q r

e e e

p/p, q /q , r /r , p q r q /q <

p/p T h p, q , r T h p, q , r <

e

e

<

D , , < D

i D < D D D

d i d > d > . . . > d

E E E E T h

i E D , E

n n

D , T h D

< D

D , , <

<

D , , <

<

<

T h p, q , r

Consider the observations , and , and assume that it

is a priori known that and ar e jointly inc omp atible, i.e., . F urther

assume that is mor e r efine d evidenc e than (and is inc omp ar able to the other

b o dies of evidenc e). This situation is mo del le d by the observation the ory c onsisting

of the default the ory with priority

. Both and ar e -c omp atible extensions.

str onger mor e r eliable

not

L et = b e an observation the ory. Define , and let,

for , b e the set of -minimal elements of . That is, is the

set of default rules such that is the maximal length of a se quenc e .

is c al le d a of iff , wher e = , and for e ach

, is an (or dinary default) extension of . If one only takes the union

of the first layers, then one obtains what we c al l an -extension of . In p articular,

a 1-extension of is an (or dinary default) extension of , wher e is the

set of -minimal elements of .

L et = b e an observation the ory. Every layer e d extension

of is a -c omp atible extension of .

not

( )

: : : ( ) :

: ( ) ( )

In the ab ove example, the same conclusion seems to b e warranted if the evidence

is just or than , rather than more refined. However, as we will

illustrate later on, these different interpretations of the orderings can result in different

conclusions in more complex examples. One can imagine that having different inter-

pretations of the ordering b etween default rules results in having different definitions

of extensions of a prioritized default theory

. In fact, the ab ove standard definition

of -compatible extension will b e used as our notion of extension for observ ation

theories, since it do es not seem appropriate for our interpretation of the preference re-

lation b etween default rules as resulting from a refinement relation b etween the b o dies

of evidence underlying observ ations.

Before we discuss which notion of extension we regard as appropriate for our pur-

p ose, let us consider an alternative way of obtaining extensions of prioritized default

theories, namely by first computing an (ordinary default) extension using only the

(unordered) default rules with maximal priority

, and subsequently computing an ex-

tension using the default rules of the next priority level, et cetera. F or observ ation

theories this can b e made more precise as follows.

Γ =

1

layered extension = (Γ)

1

(Γ)

The set of layered extensions of an observ ation theory Γ is a subset of its

set of -compatible extensions.

Γ

Example 1 shows that the reverse of this prop osition is not true, since the -

compatible extension ( ) is a layered extension. The following example

1 1

Example 2

′

′

′ ′′

′′ ′ ′

′

′′

′

′ ′′

′′

′′

′′

⟨ ⟩ ⟨ ⟩ ⟨ ⟩

¬ ∧

¬ ∧

D

⟨{⊤ ⊤ ⊤ } { ¬ ∧ ∧ ¬ ∧ }⟩

⊤ ⊤ ⊤

{ ¬ }

⟨ ⟩

⟨ ⟩

⟨ ⟩

⟨ ⟩ ⟨ ⟩

⟨ ⟩ ⟨ ⟩

⟨ ⟩

⟨ ⟩

⟨ ⟩

⟨ ⟩

<

d < d d

d

p, e q , e r, e

q p r p q

r q e e e

e

p/p, q /q , r /r , p q r q

r /r < q /q < p/p <

T h p, q , r

p, e

q , e

r, e

<

p, e q , e

q , e r, e

p, e e e

p e

r

r, e p

D , , <

D , D <

D indicates a problem with b oth layered extension and -compatible extensions in case

is interpreted to mean that default rule is based on more refined evidence

than .

( )

( )

: : : ( ( )) ( ( ))

: : :

( )

It is imp ortant to note that in the ab ove example we intro duced the assumption

that the prop osition mentioned in the observ ation is the prop osition

(relative to the bacground knowledge) that is justified given the evidence on which

the observ ation is based. This assumption and its relation to the treatment of the

problem of sensor fusion will b e discussed in more detail in section 5.

Given the ab ove assumption, it is natural to consider only the default rules in

the top layer of the ordering, and prop ose 1-extensions (as defined in definition 6) as

the appropriate extensions of an observ ation theory

. Of course, any 1-extension of

an observ ation theory Γ is equiv alent to an (ordinary Reiter) extension of the

normal free default theory Γ , where is the set of -minimal default rules of

, as defined in definition 6.

Consider the observations , and , and assume that it

is a priori known that is inc omp atible b oth with and with , i.e., and

. F urther assume that is mor e r efine d evidenc e than and is mor e r efine d

evidenc e than . This situation is mo del le d by the observation the ory c onsisting

of the default the ory with

priority . This the ory has one -c omp atible extension

and this extension is also layer e d.

T o make the example mor e c oncr ete, c onsider a r ob ot in the pr o c ess of finding

out whether a p articular do or is op en. L et us say that the do or has to b e op en at

le ast 70 de gr e es to b e c al le d op en, sinc e otherwise the r ob ot c annot safely p ass the

do or. Supp ose that denotes the r ob ot’s observation, b ase d on some vide o c amer a

image taken fr om c onsider able distanc e fr om the do or, that the do or is 84 de gr e es op en,

that denotes the observation b ase d on some sonar r e adings in addition to the

vide o c amer a image, that the do or is close d, and that denotes the observation,

b ase d in addition to the pr eviously mentione d sensor information on a vide o c amer a

image taken at close pr oximity to the do or, that the do or is op en (without b eing able

to sp e cify the exact angle of the do or). Then b oth -c omp atible and layer e d extensions

al low the c onclusion that the do or is 84 de gr e es op en.

The pr oblem with this c onclusion is that the observation is defe ate d by ,

and it is not cle ar whether the fact that is in turn defe ate d by justifies

r e-establishing the c onclusions b ase d on . In fact, if is mor e r efine d than ,

then the information supp orting in the first observation is also pr esent in . Ther e-

for e, if one assumes that is the most sp e cific pr op osition (r elative to the b ackgr ound

know le dge) supp orte d by the observation , then should not b e derivable.

most sp e cific

′ ′

′ ′

Example 3

4 Seman tics

D

⟨{⊤ ⊤ ⊤ } { ¬ ∧ ∧ ¬ ∧ }⟩

⊤ ⊤ ⊤ { ¬ }

⊤

{¬ ¬ }

⟨ ⟩

⟨⊤ ⟩

⟨ ⟩

⟨ ⟩

⟨ ⟩

∈

<

p/p, q /q , r /r , p q r q

r /r < q /q < p/p T h r, q

r /r

T h p, q , r

p, e p

, e e e

ϕ, e ϕ p e

e

D , , <

D , , <

d D

X X

X

Consider the situation of example 2. The observation the ory c onsisting

of the default the ory with priority

has a unique 1-extension, namely . If we

c onsider the situation without the observation mo del le d by , then the r esulting

observation the ory has the unique 1-extension . That is, without the

evidenc e of the vide o c amer a at close pr oximity to the do or, the c onclusion that the do or

is close d would b e justifie d.

dir e cte d

As is well known, normal default logic is semi-monotone in the sense that adding

normal default rules to a normal default theory do es not inv alidate any conclusions of

the old theory

. (See [8].) At first sight, one might think that this semi-monotonicity

results in a monotonic b ehaviour of the observ ation logic of 1-extensions. However,

this is prevented by the ordering on defaults, since adding an observ ation do es not

necessarily result in a monotonic increase in the -minimal default rules.

: : : ( ( )) ( ( ))

: : : ( )

:

( )

In fact, the logic obtained by considering 1-extensions of observ ation theories is an

interesting nonmonotonic formalism, in which it is for example p ossible to ‘withdraw’

an observ ation (where cannot b e deduced from the background knowledge)

by adding the observ ation with more refined than . (More generally

, any

, where together with the background knowledge do es not imply and is

more refined than has a similar effect.)

However, since the assumption underlying the choice for 1-extensions may not b e

appropriate in all circumstances, we prop ose in the next section a rather general seman-

tics for observ ation theories that allows us to consider different v ariants of observ ation

logic next to the logic induced by 1-extensions.

An observ ation theory Γ is called consistent iff Γ is consistent. Unless stated

otherwise, we will from now on assume that observ ation theories are consistent, and

moreover, we will assume that for any observ ation theory Γ the facts Γ are

consistent with every consequent of a default rule . These assumptions are in

accordance with our treatment of Γ as ‘hard’ background knowledge.

As mo dels of observ ation theories we essentially use directed sets of first-order

mo dels, where the ordering b etween the first-order mo dels representing the observ a-

tions reflects the (refinement) ordering of (the evidence underlying) the observ ations.

(A partially ordered set is called iff every finite subset of has an upp er

b ound in .)

′ ′

′

′ ′

1 2 3 1 2 3 1

3 3 1

2 3

Definition 7

M

M

M

Example 4

M

D ⟨ ⟩

D ⟨ ≥ ⟩ ⟨ ≥⟩

→

•

•

| M ∈

M ≥ M

∈ | M ≥

D

⟨{⊤ ⊤ ⊤ } { ¬ ∧ ∧ ¬ ∧ }⟩ ⊤ ⊤

⊤ D ⟨ ≥ ⟩

{M M M } M M M ⊤ M ⊤

M ⊤ M M

M M

M M M

M

D , , <

M , , M ,

D M

d d

d < d d > d

ϕ ϕ M

ϕ S

T h S S

d D d d d

p/p, q /q , r /r , p q r q r /r <

q /q < p/p M , ,

M , , < < p/p q /q

r /r p q

r

>

L et = b e an observation the ory. An

of is a tuple obs , wher e is a dir e cte d set of first-or der mo dels

satisfying , and obs is an inje ction such that the fol lowing c onditions ar e

satisfie d.

obs satisfies the c onse quent of

if , then obs obs .

F or any first-or der sentenc e , we say that iff ther e exists a mo del

such that every mo del satisfies . F or any set of observation mo dels, we

write for the set of first-or der formulas that ar e valid in every mo del of .

Ther e ar e many differ ent ways to extend the sc op e of the satisfaction r elation to

include the default rules. Perhaps the most str aightforwar d way is to define, for any

default rule , iff every mo del obs satisfies the c onse quent of .

Observation mo dels wher e the satisfaction r elation is thus extende d ar e c al le d .

Mor e gener al ly, observation mo dels wher e the satisfaction r elation is (in some way)

extende d to include default rules ar e c al le d .

Consider the observation the ory of example 2, c onsisting of the default

the ory with priority

. An example of an observation mo del of is the tuple obs ,

wher e = , , obs = , obs =

, obs = , is true in and false in the other first-or der mo dels,

is true in and false in the other first-or der mo dels, and is true in and false

in the other first-or der mo dels.

not

rules

Γ observ ation mo del

Γ

( )

( ) ( )

=

( )

= ( )

straight

extended

: : : ( ( )) ( ( )) : :

:

( : ) ( : )

( : )

An observ ation mo del is a classical first-order mo del. In fact, an observ ation

mo del plays a role which is roughly similar to a p ossible worlds, or Kripke, mo del in

mo dal epistemic logic, namely as a mo del of an agent’s b elie f set such that the agent’s

b elief set corresp onds to the set of formulas v alid in all its mo dels. More precisely ,

an observ ation mo del of an observ ation theory mo dels the b eliefs of an agent who

b elieves all the facts and a subset of the conclusions of the default rules present in the

observ ation theory

. Since we consider agents who, by default, b elie ve the observ ations,

we will b e interested in observ ation mo dels which maximize the set of v alid default

conclusions, or rather, the set of applied or v alid default .

Notice that the second condition of definition 7 involves a change in direction of

the orderings. W e feel this is appropriate, since the ordering on the mo dels should b e

viewed as an information ordering. The intuitive reading of is that is

more refined than . Notice however, that we have not implemented a formal notion

of refinement as in the inverse refining systems of mo dels of [5]. An (information)

′

′ ′ ′

⊤

′ ′

D

′ ′

′

′

D

⟨ ≥ ⟩ M ∈

D ⟨ ⟩ D

{ ∈ | }

D D ⊂ D

D D D

D ⟨ ⟩

D ⟨ ≥ ⟩ |

M ≥ ∈

D ⟨ ⟩

D

> <

d > d d < d

<

M , , M

M M

D , , <

d D d

D , , <

M , , d

d d d D

d > d

E D , , < E

T h

Definition 8 M M

M M

M M M M

M M M

Definition 9

M M

Prop osition 3

M M obs obs information

image

obs top

topless

minimal

L et b e a str aight observation mo del of = and let

= . is c al le d iff ther e exists no str aight observation

mo del of such that . We write for the e quivalenc e class of

str aight observation mo dels of such that = .

L et = b e an observation the ory. An

of is an observation mo del obs wher e we say that iff every

mo del obs satisfies the c onse quent of , and ther e exists no such that

obs obs .

The 1-extensions of an observation the ory c orr esp ond with its minimal

one level observation mo dels. That is, is a 1-extension of = iff =

for some minimal one level observation mo del of .

ordering b etween mo dels mirroring the preference relation b etween default rules,

in the sense that ( ) ( ) whenever will b e called an

of .

It is clear that there are two kinds of observ ation mo dels. An observ ation mo del

either has a , i.e., a mo del which is more refined than any

other element of , or contains for any of its elements an infinite sequent of re-

finements. In the latter case, we call the observ ation mo del . These topless

observ ation mo dels are more like the refining inverse systems of mo dels of [5] than the

observ ation mo dels with a top are. In [5], each first-order mo del in the refining system

is viewed as an approximation to reality which itself is assumed to b e infinitel y precise

and to refine each of the mo dels in the refining system. However, in an observ ation

mo del the top (or any other element) do es not represent the reality (or an approxima-

tion of it) but (a partial description of ) a world considered p ossible by the observing

agent.

The directedness condition ensures that default rules interact in the sense that

a set of incompatible default rules cannot b e satisfied in an observ ation mo del. As

mentioned b efore, the most interesting observ ation mo dels are those in which the set

of v alid default rules are maximized. In accordance with tradition, we will call these

observ ation mo dels .

Γ ( )

: = minimal

( ) ( ) [ ]

( ) ( )

The ab ove defined notions can b e defined analogously for typ es of extended ob-

serv ation mo dels other than the straight observ ation mo dels. W e now intro duce an

alternative kind of observ ation mo dels, called the one level observ ation mo dels, in

order to mo del the 1-extensions of observ ations theories.

Γ one level observ ation

mo del =

( )

( ) ( )

Γ

([ ] )

Since the notion of satisfying a default rule is more straightforward in the case

of straight observ ation mo dels than in the case of one level observ ation mo dels, it is

′

′

′ ′ ′ ′ ′

′

′ ′

D

′ ′′ ′′

′′

Definition 10

Definition 11

Prop osition 4

M M

Example 5

D ⟨ ⟩ ⊂

∈ ∪ ∪ { }

∈ ⊆

D ⟨ ⟩

D ∪

⊆ ∪

D

⟨ ⟩ D

⟨ ⟩ ⟨ ⟩ ⟨ ⟩

D

⟨{⊤ ⊤ } ∅⟩ ⊤ ⊤

{ } { }

⟨ ⟩

⟨ ⟩

D , , < D D

d D D d

d D d < d D D D

D , , < E

E T h D

D D D

E

D , , < E T h

q , e p, e r, e e

e

p/p, r /r , r /r < p/p

T h r T h p, r

p, e

r, e interesting to determine the kind of extensions corresp onding with minimal straight

observ ation mo dels.

Γ

blo cked Γ ( )

unblo cked

Γ un-

blo cked extension (Γ ( ))

Γ ( )

Γ ([ ] )

The difference b etween 1-extensions and unblo cked extensions is that in the first

case, an observ ation is assumed to defeat all observ ations based on less refined evi-

dence, whereas in the latter case, observ ations that are not based on maximally refined

evidence can still play a role (as long as they are not blo cked by some incompatible

observ ation based on more refined evidence).

: : : :

( ) ( )

The ab ove example provides another illustration of our previously mentioned opin-

ion that one level extensions are only appropriate under the assumption that observ a-

tions mention the most sp ecific prop osition. If one uses unblo cked extensions, one do es

not need this assumption, but it is not exactly clear how to justify the fact that an

L et = b e an observation the ory. A set is c al le d

iff ther e exists a such that CONSEQ is inc onsistent and

for every , . A set is c al le d iff c ontains no blo cke d

subset.

L et = b e an observation the ory. The is c al le d an

of iff = CONSEQ , for some maximal unblo cke d

such that CONSEQ is c onsistent.

The unblo cke d extensions of an observation the ory c orr esp ond with

its minimal str aight observation mo dels. That is, is an unblo cke d extension of =

iff = for some minimal str aight observation mo del of .

Consider the situation of example 2, but without the se c ond observation

. That is, we have the observations and , wher e is mor e r efine d

evidenc e than . This situation is mo del le d by the observation the ory c onsisting of

the default the ory with priority . This the ory

has one 1-extension and one unblo cke d extension .

In the c oncr ete interpr etation of a r ob ot in the pr o c ess of finding out whether a p ar-

ticular do or is op en, denotes the r ob ot’s observation, b ase d on some vide o c amer a

image taken fr om c onsider able distanc e fr om the do or, that the do or is 84 de gr e es op en,

and denotes the observation, additional ly b ase d on a vide o c amer a image taken

at close pr oximity to the do or, that the do or is op en (without b eing able to sp e cify the

exact angle of the do or). In that c ase, the one level extension only al lows the c on-

clusion that the do or is op en (without b eing able to sp e cify the exact angle), wher e as

the unblo cke d extension al lows the mor e sp e cific c onclusion that the do or is 84 de gr e es

op en.

′ ′

′′

′ ′

′ ′ ′ ′

′

≻

M

M

M M

Definition 12

M

⟨ ⟩ ⟨ ⟩ ⟨ ⟩

⟨ ⟩

{ }

|

M ≥

⟨ ⟩

| M M

∈ M | ¬ | ¬

≺

D ⟨ ⟩

D ⟨ ≥ ⟩ D ≻

≺ q , e p, e q , e

r, e

T h r

<

<

d

d d d

d d > d

> d

d

D , , <

D

<

d > d

d d D d d d

d

<

D , , < <

M , ,

< obs

obs obs

obs

al l

obs

obs

L et = b e an observation the ory. A

of is an extende d observation mo del obs of , wher e

is an information image of a -c omp atible wel l-or dering , and the satisfaction and

defe at of default rules ar e define d as fol lows.

observ ation that itself is defeated can still defeat some observ ations. (In the original

situation of example 2, the observ ation blo cks , although is defeated

by the observ ation . Thus the unique unblo cked extension coincides with the

one level extension ( ).)

If one b elieves that observ ations should not b e blo cked by defeated observ ations,

then one should not use unblo cked extensions. In that case, -compatible extensions

seem to b e an obvious choice. In order to obtain a semantics for -compatible exten-

sions in terms of observ ation mo dels, we should no longer require = to imply that

every mo del ( ) satisfies the consequent of . (Otherwise, a default rule is

automatically blo cked by an incompatible default rule such that ( ) ( ).)

A first idea is to allow a finite numb er of exceptions (i.e., mo dels ( ) not

satisfying the consequent of ) in the satisfaction clause for default rules. This do es

not work, since a finite extended observ ation mo del of Γ would then satisfy

default rules of . Thus the minimal extended observ ation mo dels would satisfy all

the default rules, whether the rules are compatible or not. It is immediate that, in

general, the class of the thus obtained extended observ ation mo dels of an observ ation

theory would not b e regular.

Even if we restrict ourselves to topless observ ation mo dels, we do not obtain a

semantics for -compatible extensions, since the effect of the ordering is completely

lost as so on as a finite numb er of exceptions is allowed in the satisfaction clause for

default rules. In fact, in that case, we obtain a semantics for the underlying default

theory

, without the priorities.

If one tries to mo del the situation where observ ations are not blo cked by defeated

observ ations, then one should not allow arbitrary exceptions in the satisfaction clause

for default rules, but only allow exceptions among the first-order mo dels representing

defeated observ ations. This suggests a definition of the satisfaction of a default rule

along the lines of = iff for all ( ) either satisfies the consequent of

or there exist a such that = ( ) and = , where = is a

notation for ‘ is defeated’.

The problem with this approach is that the satisfaction and defeat of default rules

interact in intricate ways, since the more default rules are satisfied, the more default

rules are defeated, and vice versa. Therefore, it is not immediately clear what the

correct definition of defeat would have to b e. A simple solution is to intro duce in the

extended observ ation mo dels an additional parameter for a particular well-ordering

compatible with the partial order on default rules.

Γ -compatible obser-

v ation mo del

′ ′

5 The Sensor F usion Problem

M

M

M M

M M M

M M

M

Prop osition 5

M

M

≻

′ ′

≻

′

≻

′ ′ ′′

≻

′′ ′

≻ ≻ ≻ D

′

≻

′

≻

≻

≻ D

≻ d d d

d D d d

d d d d d

d D d

<

<

D , , < < E

< E T h <

• | M ≻ M

∈ M | ¬

• | ¬ ∪ { } ∪ { ∈ D ≺ }

D { ∈ | }

D D

D

≺

D ⟨ ⟩ D

D

D iff for al l obs either satisfies the c onse quent of or ther e

exists a such that obs and .

iff CONSEQ is inc onsistent.

Her e (as b efor e) = , and we define to b e the the

e quivalenc e class of -c omp atible observation mo dels of such that =

.

The minimal -c omp atible observation mo dels of an observation the-

ory = c orr esp ond with the -c omp atible extensions of . That is, is

a -c omp atible extension of iff = for some minimal -c omp atible

observation mo del of .

= ( )

= ( ) =

= Γ ( ( ) : )

( ) : = [ ]

( )

( )

Notice that in the ab ove definition the notions of satisfaction and defeat of default

rules are well defined since their resp ective clauses only refer to other default rules

that are more preferred according to .

Γ

([ ] )

W e conclude that the prop osed observ ation mo dels can provide a flexible semantics

for different observ ation logics. In the following section we discuss in more detail the

matter under what circumstances the different observ ation logics are most appropriate,

and we relate this matter to the much discussed problem of sensor fusion in rob otics.

Evidence from one particular, isolated sensor reading is relatively well understo o d.

One usually has at least sufficient partial or approximate knowledge of the b ehaviour,

and in particular of the reliabil ity

, of a sensor to confidently relate p ossible sensor

readings to conclusions ab out the state of the world. Unfortunately

, since sensors are

never completely reliable and often quite unreliable, these conclusions are typically

fairly weak. Therefore, multiple sensor readings need to b e combined in order to

justify strong conclusions.

The problem with combining, or fusing, the evidence obtained from multiple sensor

readings is that it is difficult to assess the interaction b etween multiple pieces of

evidence acquired from different sensors, from different readings of the same sensor

obtained at different lo cations, or even from readings of the same sensor obtained

at the same lo cation. Typically

, one uses some numeric uncertainty formalism, such

as probability theory

, which allows the reinforcement of conclusions whenever sensor

readings agree and (partial) cancelling out of the individual effects of disagreeing

sensor readings. This probabilistic, or in general numeric, reasoning is very p owerful,

⟨ ⟩

⟨ ⟩

′

′

′

′ c ombines

not

<

e

e

e

e

ϕ, e

ψ , e

e e but it requires a lot of data, which is frequently insufficiently av ailable. Therefore, the

conclusions obtained by numeric reasoning cannot always b e trusted.

Since we use non-numeric default rules to represent observ ations, we cannot exp ect

the same subtle reasoning. But default reasoning still may give reasonable and useful

results, and, in particular in situations where the numeric data required for numeric

reasoning cannot easily b e obtained, the results of default reasoning are not necessarily

inferior to those of the numeric approaches. In the full pap er [11], we briefly comment

on the relation b etween expressing an observ ation in terms of (normal free) default

rules and the representation of an observ ation in numeric, say probabilistic, terms.

The interpretation of observ ations in a default logic implies a way of combining

observ ations, where of course the choice for a particular notion of extension effects the

combination b ehaviour. It is easy to see that the conclusions supp orted by 1-extensions

are include d in the set of conclusions supp orted by layered extensions, and that, in

general, the set of conclusions supp orted by 1-extensions is not necessarily weaker

(or stronger) than the set of conclusions supp orted by -compatible, unblo cked, or

unprioritized extensions.

In example 5, all the discussed typ es of extensions, except the 1-extensions, supp ort

the conclusion that the do or is 84 degrees op en. As mentioned b efore, this strong

conclusion is no longer justified if the observ ation that the do or is op en is assumed

to b e based on evidence which is really more refined than (and therefore includes)

the evidence underlying the observ ation that the do or is 84 degrees op en, and if one

additionally assumes that ‘the do or is op en’ is the most sp ecific conclusion supp orted

by the more refined evidence.

Assuming that the evidence underlying the observ ation that the do or is op en

is more refined than the evidence underlying the observ ation that the do or is 84

degrees op en implies that do es not consist only of the video camera image taken

near the do or, but also incorp orates the video camera image taken from considerable

distance ( ). In other words, more refined evidence the less refined evidence

(p ossibly) with new sensory information.

The pieces of evidence underlying incomparable (maximally preferred) observ a-

tions can b e viewed as pieces of evidence that (as yet) have not b een combined, and

the defeasible observ ation logic using 1-extensions can b e viewed as a logic providing

(defeasible) statements of what the results of the combination of these pieces of ev-

idence are exp ected to b e. In fact, the pro cess of combining two observ ations

and can b e represented by adding an observ ation based on evidence refining

b oth and . Since it is not necessary for this latter observ ation to incorp orate some

new sensory information, one might consider the sensor fusion pro cess itself as a kind

of ‘observ ation’.

It should b e noted that, although we have used the sceptical, or cautious, interpre-

tation of default consequence, it is the case that the exp ectations concerning the

′

′

′

⟨ ⟩ ⟨ ⟩

⊤

Example 6 ϕ, e ψ , e ϕ

ψ e

e

e e

<

< <

ω /ω

ω ω

6 The Multipl e Extension Problem

Consider two observations and , wher e denotes that the do or

is 84 de gr e es op en and denotes that the do or is 79 de gr e es op en, and wher e and

ar e inc omp ar able. The observation lo gic using 1-extensions supp orts the c onclusion

that the do or is 79 or 84 de gr e es op en. However, after pr op er c ombination of and

it might b e the c ase that b oth pie c es of evidenc e ar e c onsider e d unr eliable, and it might

even b e c ome uncle ar whether the pie c es of evidenc e pr ovide any information c onc erning

the state of the do or at al l.

not

r eplac e results of combining evidence as expressed by the observ ation logic using 1-extensions

are the weakest p ossible, or most cautious.

W e conclude that reasoning with the observ ation logic using 1-extensions should

replace a careful sensor fusion pro cess. However, as long as the defeasible conclu-

sions of the observ ation logic are recognized as defeasible exp ectations, they form a

p otentially useful supplement to the conclusions based on the (at any particular time,

probably incomplete) pro cess of careful combination of obtained evidence.

Using -compatible, unblo cked, and layered extensions do es not seem compatible

with a reading of as a refining relation. In that case, is more naturally interp eted

as a relation expressing relative strength or reliabil ity of pieces of evidence. The obser-

v ation logics using these different notions of extensions implement different intuitions

concerning the issue of how to combine observ ations, but they all, in a sense,

a careful sensor fusion pro cess, rather than supplement it.

However, since we b elieve that, in general, a careful combination of the observ ations

cannot adequately b e represented, or even approximated, by a systematic interaction

b etween the default rules representing the observ ations, we prefer 1-extensions ab ove

the other mentioned notions of extension.

The standard explanation of the meaning of a normal, free default rule : allows

the deriv ation of , provided is consistent with what is deriv able. Assuming that

an extension is intended to represent a reasonable set of conclusions of the default

theory

, the existence of multiple extensions constitutes a problem, since any choice

for a particular extension is arbitrary in the sense that it do es not follow from the

(default) theory .

The problem do es not disapp ear in case the intersection of all extensions is pro-

p osed to b e the set of conclusions of a default theory

. The diffculty with this cautious

or sceptical approach is that in general the intersection is itself not an extension and

not closed under the default rules.

⟨ ⟩

⟨ ⟩ ⟨ ⟩

⊤ ⟨ ⟩

References ϕ, e ϕ

ϕ

e

ϕ, e ϕ, e

ϕ ϕ

ϕ/ϕ ϕ, e ϕ

ϕ e

An Intr o duction to Default L o gic

IJCAI-89

R e asoning with Inc omplete Information

Artificial Intel ligenc e

r ese ar ch r ep ort

A p ossible solution of the problem is to come up with an alternative interpretation

of default rules, where the justification do es not refer to the set of deriv able conclusions.

When default rules are used to represent defeasible observ ations, such an alternative

interpretation is actually rather natural.

An observ ation is a reason to conclude that , and this reason is sufficient,

unless other (incomparable or more refined) observ ations provide reasons against .

If these other observ ations are based on more refined evidence than , then the ob-

serv ation is defeated. If the other observ ations are incomparable to , then

the supp orted conclusion is weaker than , but should still b e considered p ossible.

Thus, the default rule : representing supp orts the conclusion only in

case all evidence against is less refined than .

Given the interpretation of a (normal, free) default rule as a (not necessarily suffi-

cient) reason to conclude the consequent of the rule, the sceptical approach to default

logic seems quite sensible. In the sceptical approach, extensions should not b e inter-

preted as reasonable sets of conclusions of a default theory

, but as maximally consistent

sets of conclusions, mirroring the interaction b etween the default rules.

If default rules are used to represent defeasible observ ation, then there is a second

solution to the multiple extension problem. Since multiple extensions only o ccur in

the presence of conflicting default rules, one can simply avoid the formalization of

conflicting observ ations. F or example, one can apply a pro cess of sensor fusion to har-

monize conflicting observ ations, b efore translating the observ ation into default rules.

The resulting observ ation logic will have a unique extension. See the full pap er [11]

for an elab oration of this solution.

[1] P

. Besnard, (Springer, Berlin, 1989).

[2] G. Brewk a, Preferred subtheories: An extended logical framework for default

reasoning, (Morgan Kaufmann, San Mateo CA, 1989) 1043–1048.

[3] D.W. Etherington, (Pitman, London,

1988).

[4] S. Kraus, D. Lehmann and M. Magidor, Nonmonotonic reasoning, preferential

mo dels and cumulative logics, 44 (1990) 167–207.

[5] M. v an Lambalgen and J. v an der Do es, A logic of vision, LP-97-07

(ILLC, University of Amsterdam, 1997). (Revised version of LP-96-14.)

Non-Monotonic R e asoning

Nonmonotonic L o gic. Context-Dep endent R e a-

soning

Artificial Intel ligenc e

IJCAI-93

As F ar as I Know. Epistemic L o gic and Unc ertainty

r ese ar ch r ep ort

[6] D. Makinson, General theory of cumulative inference. ,

M. Reinfrank, J. de Kleer, M.L. Ginsb erg, E. Sandewall (eds.) (Springer, Berlin,

1989) 1–18.

[7] V.W. Marek and M. T ruszczy ´ nski,

(Springer, Berlin, 1991).

[8] R. Reiter, A logic for default reasoning, 13 (1980) 81–132.

[9] F. V o orbraak, Preference-based semantics for nonmonotonic logics,

(Morgan Kaufmann, San Mateo CA, 1993) 584–589.

[10] F. V o orbraak, , (Dissertation,

Utrecht University

, Utrecht, 1993).

[11] F. V o orbraak, A nonmonotonic observ ation logic, LP-1997-09

(ILLC, University of Amsterdam, 1997).