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Abstract

Default reasoning is concerned with making inferences in cases where the information at hand is
incomplete. In such cases it is necessary to make plausible assumptions, which in default reasoning
are based on default rules. This paper gives an introduction to the field. It discusses in depth one
particular approach, default logic, including properties, semantics and computational models. It
also gives an overview of other ideas and approaches.

1 Introduction: Default reasoning

When an intelligent system (either computer-based or human) tries to solve a problem, it may be
able to rely on complete information about this problem, and its main task is to draw the correct
conclusions using classical reasoning. In such cases, classical reasoning methods such as predicate
logic may be sufficient.

However, in many situations the system has only incomplete information at hand, be it because
some pieces of information are unavailable, or because it has to respond quickly and does not have
the time to collect all relevant data. In these cases, the system has to make some plausible
conjectures, which in the case of default reasoning are based on rules of thumb, called defaults.
For example, an emergency doctor has to make some conjectures about the most probable causes of
the symptoms observed. Obviously, it would be inappropriate to await the results of possibly
extensive and time-consuming tests before beginning with the treatment.

When decisions are based on assumptions, these may turn out to be wrong in the face of
additional information that becomes available; for example, medical tests may lead to a modified
diagnosis. The phenomenon of having to take back some previous conclusions is called nonmono-
tonicity; it says that if a statement ¢ follows from a set of premises M and M € M’, ¢ does not
necessarily follow from M’ (McCarthy, 1980; Reiter, 1980; Marek & Truszczynski, 1993; Antoniou,
1997).

Default logic (Reiter, 1980) is perhaps the most prominent method for nonmonotonic reasoning,
basically because of the simplicity of the notion of a default, and because defaults prevail in many
application areas. However, there exist several alternative design decisions which have led to
variations of the initial idea; actually, we can talk of a family of default reasoning methods because
they share the same foundations.

In this paper, we present the motivations and basic ideas of some important default reasoning
approaches, and compare them both with respect to interconnections and the fulfillment of some
properties. When designing a tutorial, it is good to have some aims against which the final product
can be tested. The particular aims of this tutorial paper are the following:

e To present the basic ideas of default logic to persons without prior knowledge in the area. Only
basic understanding of classical logic is required.

e To equip readers with skills and methods so that they can apply the concepts of default logic to
concrete situations.
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e To give the reader a feeling of the diversity of the topic.

The paper is organised as follows. Section 2 presents the basics of Reiter’s default logic. It includes
the definition of the basic concepts, a computational model, and discussion of important properties.
Section 3 gives an overview of several default logic approaches. Section 4 provides two semantic
characterisations of default logic: one based on argumentation, and one based on possible worlds.
Section 5 briefly discusses two default reasoning approaches based on logic programming: the stable
model semantics of logic programs, and Nute’s Defeasible Logic (Nute, 1987, 1994). Finally, section
6 outlines some applications of default reasoning.

2 Default logic
2.1 The notion of a default

Suppose I am asked in the morning how I intend to go to work. My answer is “By bus”, because
usually I go to work by bus. This rule of thumb is represented by the default

goToWork : useBus

useBus

which is read as follows: “If I have to go to work, and if I may assume that I can use the bus
(meaning that nothing to the contrary is known), then I decide to use the bus”. So I leave home,
walk to the bus station and read a notice saying ““No buses today because we are on strike!”’. Now I
definitely know that I cannot use the bus to go to work, therefore the default is no longer applicable
(now I cannot assume that I may use the bus). I have to take back my previous conclusion, so my
behaviour is nonmonotonic.

Before proceeding with more examples, let us first explain why classical logic is not appropriate to
model this situation. Of course, I could use the rule

goToWork A : strike @ useBus

Except that this rule is still insufficient: another reason for not wanting to use the bus is that I am late
and therefore in a hurry. Then the rule could be modified as follows:

goToWork A : strike A : inHurry @ useBus

But there are more conceivable reasons for my not using a bus, for example icy streets. A first
difficulty of a predicate logic solution becomes apparent: we would have to list a// possible obstacles,
however unprobable they may be. Is this possible, especially in a rapidly changing environment?

But the real difficulty actually lies in the use of the rule: I would have to definitively establish that
all the preconditions of the rule are true (that is that the obstacles are not given) before I could apply
the rule. So every morning I would have to call news agencies, listen to the radio etc. to obtain all the
information needed about weather, strikes, etc., before making up my mind. It might be afternoon
when I would finally arrive at work, only to be told that I am fired because I missed giving my
lecture.

Let us now turn to more serious examples. Defaults can be used to model prototypical reasoning,
which means that most instances of a concept have some property. One example is the statement
“Typically, children have (living) parents”, which may be expressed by the default

child(X) : hasParents(X)
hasParents(X)

A further form of default reasoning is no-risk reasoning. It concerns situations where we draw a
conclusion even if it is not the most probable, because another decision could lead to a disaster.
Perhaps the best example is the following main principle of justice in the Western cultures: “In the
absence of evidence to the contrary assume that the accused is innocent™. In default form:
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accused(X) : innocent(X)
innocent(X)

Defaults naturally occur in many application domains. Let us give an example from legal
reasoning. According to German law, a foreigner is usually expelled if they have committed a crime.
One of the exceptions to this rule concerns political refugees. This information is expressed by the
default

criminal(X) A foreigner(X) : expel(X)
expel(X)

in combination with the rule

political Refugee(X) w : expel(X)

Defaults can be used naturally to model the Closed World Assumption (Reiter, 1978) which is used in
database theory, algebraic specification, and logic programming. According to this assumption, an
application domain is described by certain axioms (in the form of relational facts, equations, rules
etc.) with the following understanding: a ground fact (that is, a non-parameterised statement about
single objects) is taken to be false in the problem domain if it does not follow from the axioms. The
closed world assumption has the simple default representation

true > : @
‘e
for each ground atom ¢. The explanation of the default is: if it is consistent to assume : ¢ (which is
equivalent to not having a proof for ¢) then conclude : ¢.

Further examples of defaults can be found in, say, Besnard (1989), Etherington (1987b),
Lukaszewicz (1990) and Poole (1994).

2.2 Logical notation

This paper does not require knowledge of logic other than an understanding of basic logical notions.
The notation used is rather standard. The symbols: , ~ A, @ denote the logical connectives “not”,
“or”, “and” and “implies”. As is standard in predicate logic, ¢ @ ¥ (¢ implies ) is equivalent to
RN/

In a given logical language, For denotes the set of all formulae in the language. The symbols £ and
E denote syntactic and semantic consequence, respectively. Finally, for a set of formulae M, Th(M)

denotes the deductive closure of M. In case M = Th(M) then M is called deductively closed.

2.3 The syntax of default logic

A default theory T is a pair (W, D) consisting of a set W of predicate logic formulae (called the facts
or axioms of T) and a countable set D of defaults. A default 5 has the form

903W1,l>i>l>, %
X

where ¢, ¥, s>, ¥, x are closed predicate logic formulae*, and n > 7. The formula ¢ is called the
prerequisite, ., s>, ¥, the justifications, and x the consequent of 5. Sometimes ¢ is denoted by
pre(8), fir,, s>, Y,g by just(8), and x by cons(8). For a set D of defaults, cons(D) denotes the set of
consequents of the defaults in D. A default is called normal iff it has the form (¢ : ¥)/.

One point that needs some discussion is the requirement that the formulae in a default be ground.
In the following, whenever we use defaults with free variables, we interpret them as schemata
representing the set of all possible ground instances in the logical language of the default theory T.

* That means, they have no free variables.
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2.4 Operational semantics: Extensions

Given a default (¢ : ¥, o, ¥,)/ %, its informal meaning is the following: If ¢ is known, and if it is
consistent to assume Yy, s>, Y, then conclude x. If E is a set of formulae which represents the
current knowledge base, that is, the information currently available, then we can formalize the
above intuition as follows:

:(p:llfl,[>l>i>, wn
X

8

is applicable to a deductively closed set of formulae E iff o2 Fand: ¢, 6 E, oo, : ¥, 6 E.

The meaning of a knowledge base in default logic (a default theory) is given in terms of extensions
which, intuitively, represent possible consistent interpretations of the available information. A
default theory can have more than one extension, as we will see. This happens when default rules
support contradictory conclusions.

For a given default theory T = (W, D) let IT = (§y, 8;, > be a finite or infinite sequence of
defaults from D without multiple occurrences. Think of IT as a possible order in which we apply
some defaults from D. Of course, we don’t want to apply a default more than once within such a
reasoning chain because no additional information would be gained by doing so. We denote the
initial segment of I7 of length k by I1[k], provided the length of IT is at least k (from now on, this
assumption is always made when referring to I1[k]). With each such sequence IT we associate two
sets of first-order formulae, In(IT) and Out(I1):

o In(IT) is Th(W b fcons(8) j § occurs in ITg). So, In(IT) collects the information gained by the
application of the defaults in IT and represents the current knowledge base after the defaults in I7
have been applied.

o Out(IT) =f: ¥ j ¥ 2 just(8) for some § occurring in ITg. So, Out(I1) collects formulae that should
not turn out to be true, i.e. that should not become part of the current knowledge base even after
subsequent application of other defaults.

Let us give a simple example. Consider the default theory T = (W, D) with W = fag and D
containing the following defaults:

a:: b b:c

81 =

For IT=(8,) we have In(IT)= Th(fa,: bg) and Out(Il) = fbg. For IT=(8,,8,) we have
In(IT) = Th(fa, c,: bg) and Out(Il) = f: ¢, bg.

Up to now, we have not assured that the defaults in /T can be applied in the order given. In the
example above, (8,, 8;) cannot be applied in this order (applied according to the definition in the
previous subsection). To be more specific, §, cannot be applied, since b 6 In(()) = Th(W) = Th(fag)
which is the current knowledge before we attempt to apply &;. On the other hand, there is
no problem with IT = (8;); in this case we say that IT is a process of T. Here is the formal
definition:

e [Iiscalled a process of T iff § is applicable to In(I1[k]), for every k such that §; occurs in IT.
Given a process [T of T we define the following:

o [Tis successful iff In(IT) i Out(IT) =, , otherwise it is failed.

e [1is closed iff every § 2 D that is applicable to In(IT) already occurs in I1. Closed processes

correspond to the desired property of an extension E being closed under application of defaults
in D.
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Consider the default theory T = (W, D) with W = fagand D containing the following defaults:

a::b true : ¢
8 = =y

IT, = (§,) is successful but not closed since §, may be applied to In(I1,) = Th(fa, dg). I1, = (5, 5.) is
closed but not successful: both I'n(I1,) = Th(fa, d, bg) and Out(I1,) = fb, : cgcontain b. On the other
hand, I7; = (8,) is a closed and successful process of T'. According to the following definition from
Antoniou (1997), In(I1,) = Th(fa, bg) is an extension of T, in fact its single extension. Antoniou
(1997) shows that this definition is equivalent to Reiter’s original definition of extensions.

Definition 2.1 A set of formulae E is an extension of the default theory T iff there is some closed and
successful process IT of T such that E = In(IT).

2.5 Some examples

Let T= (W, D) with W =, and
0

n
true : a
D=

.a

T has no extensions. Indeed, the default may be applied because there is nothing preventing us from
assuming a. But when the default is applied, the negation of @ is added to the knowledge base, so the
default invalidates its own application because both the I/n- and the Ouft-set contain : a. This
example demonstrates that there need not always be an extension of a default theory.

Let T = (W, D) be the default theory with W =, and D = f3;, §,gwith

5 = lrue:p’ 5 ztrue:q
i q r
T has exactly one extension, namely T/(f: gg), corresponding to the process (8, ). Note that §, can be
applied after §,, but then : ¢ becomes part of the /n-set, whilst it is also included in the Out-set (as
the negation of the justification of §,). Thus (8., 8,) fails, and Th(f: ¢, rg) is not an extension.
Let T = (W, D) with W = fgreen, aaaMembergand D = f3;, §,gwith

5, — 8reen . ¢ likesCars __aaaMember : likesCars
P . likesCars 2T likesCars

T has exactly two extensions, one including /ikesCars and one including : likesCars. Note that
the different extensions are due to the default rules supporting conflicting conclusions. This is not
accidental. In fact, multiple extensions may only arise in the presence of contradictory defaults.

2.6 Properties of default logic

In this section we discuss some properties of the logic introduced above. The discussion in this
section motivates alternative approaches that will be presented in subsequent sections. One point
that should be stressed is that there is not a “correct’ default logic approach, but rather the most
appropriate for the concrete problem at hand. Different intuitions lead to different approaches that
may work better for some applications and worse for others.

2.6.1 Existence of extensions
We saw that a default theory may not have any extensions. Is this a shortcoming of default logic?
One might hold the view that if the default theory includes “nonsense” (for example (true : p)/: p),
then the logic should indeed be allowed to provide no answer. According to this view, it is up to the
user to provide meaningful information in the form of meaningful facts and defaults; after all, if a
program contains an error, we don’t blame the programming language.

The opposite view regards nonexistence of extensions as a drawback, and would prefer a more
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“fault-tolerant” logic; one which works even if some pieces of information are deficient. This
viewpoint is supported by the trend towards heterogeneous information sources, where it is not easy
to identify which source is responsible for the deficiency, or where the single pieces of information
are meaningful, but lead to problems when put together.

If we adopt the view that the possible nonexistence of extensions is a problem, then there are two
alternative solutions. The first one consists in restricting attention to those classes of default theories
for which the existence of extensions is guaranteed. Already in his classical paper, Reiter (1980)
showed that if all defaults in a theory T are normal (in which case T'is called a normal default theory),
then T has at least one extension. Essentially this is because all processes are successful, as can be
easily seen.

One problem with the restriction to normal default theories is that their expressiveness is limited.
In general, it can be shown that normal default theories are strictly more expressive than general
default theories. Normal defaults have limitations particularly regarding the interaction among
defaults. Consider the example

Bill is a high school dropout.
Typically, high school dropouts are adults.
Typically, adults are employed.

These facts are naturally represented by the normal default theory 7T consisting of the fact
dropout(bill) and the defaults

dropout(X) : adult(X) adult(X) : employed(X)
adult(X) ’ employed(X)

T has the single extension Th(fdropout(bill), adult(bill), employed(bill)g). It is acceptable to assume
that Bill is adult, but it is counterintuitive to assume that Bill is employed! That is, whereas the
second default on its own is accurate, we want to prevent its application in case the adult X is a high
school dropout. This can be achieved if we change the second default to

)

adult(X) : employed(X) A : dropout(X)
employed(X)

But this default is not normal®. Defaults of this form are called semi-normal; Etherington (1987a)
studied this class of default theories, and gave a sufficient condition for the existence of extensions.
Another way of expressing interactions among defaults is the use of explicit priorities; this approach
will be further discussed in section 3.

Instead of imposing restrictions on the form of defaults in order to guarantee the existence of
extensions, we can also modify the concept of an extension in such a way that all default theories
have at least an extension. In section 3 we will discuss two important variants with these properties,
Lukaszewicz’ Justified Default Logic and Schaub’s Constrained Default Logic.

2.6.2 Joint consistency of justifications

It is easy to see that the default theory consisting of the defaults (¢true : p)/q and (true : : p)/r has the
single extension Th(fq, rg). This shows that the joint consistency of justifications is not required.
Justifications are not supposed to form a set of beliefs, rather they are used to sanction ‘“‘jumping”
into some conclusions.

This design decision is natural and makes sense for many cases, but can also lead to unintuitive
results. As an example consider the default theory, due to Poole, which says that, by default, a
robot’s arm (say « or b) is usable unless it is broken; further we know that either a or b is broken.
Given this information, we would not expect both a and b to be usable.

2 Note that it is unreasonable to add : dropout(X) to the prerequisite of the default to keep it normal, because
then we would have to definitely know that an adult is not a high school dropout before concluding that the
person is employed.
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Let us see how default logic treats this example. Consider the default theory T = (W, D) with
W = fbroken(a) ~broken(b)gand D consisting of the defaults

true : usable(a) A : broken(a) true : usable(b) A : broken(b)
usable(a) ’ usable(b)

Since we do not have definite information that a is broken we may apply the first default and obtain
E' = Th(W b fusable(a)g). Since E’ does not include broken(b) we may apply the second default and
get Th(W b fusable(a), usable(b)g) as an extension of 7'. This result is undesirable, as we know that
either @ or b is broken.

In section 3 we shall discuss Constrained Default Logic (Schaub, 1992) as a prototypical default
logic approach that enforces joint consistency of justifications of defaults involved in an extension.

The joint consistency property gives up part of the expressive power of default theories: under this
property any default with several justifications (¢ : ¥, ob>, ¥,,)/x is equivalent to the modified
default (¢ : Y1 Ase>A Y,)/x which has one justification. This is in contrast to a result in Besnard
(1989) which shows that in Reiter’s Default Logic, defaults with several justifications are strictly
more expressive than defaults with just one justification. Essentially, in default logics adopting joint
consistency it is impossible to express default rules of the form “In case I am ignorant about p
(meaning that I know neither p nor : p) I conclude ¢”. The natural representation in default form
would be (true : p,: p)/q, but this default can never be applied if joint consistency is required,
because its justifications contradict one another; on the other hand, it can be applicable in the sense
of Reiter’s Default Logic.

Another example for which joint consistency of justifications is undesirable is the following?.
When I prepare for a trip then I use the following default rules:

If I may assume that the weather will be bad I'll take my sweater.
If I may assume that the weather will be good then I'll take my swimsuit.

In the absence of any reliable information about the weather I am cautious enough to take both with
me. But note that I am not building a consistent belief set upon which I make these decisions;
obviously the assumptions of the default rules contradict each other. So Reiter’s default logic will
treat this example in the intended way whereas joint consistency of justifications will prevent me
from taking both my sweater and my swimsuit with me.

2.6.3 Cumulativity and lemmas
Cumulativity is, informally speaking, the property that allows for the safe use of lemmas. In
mathematics, once a lemma has been proven it may be used in other proofs, without the effect that
more or less conclusions can be drawn. Thus lemmas are used as shortcuts. In the following, we
study an analogous property in the framework of default logic.

Let D be a fixed, countable set of defaults. For a formula ¢ and a set of formulae W we define
W e p e iff ¢ is included in all extensions of the default theory (W, D). Now, cumulativity is the
following property:

If WLp o, then for all v: WLpy+—~Wb foglp
If we interpret ¢ as a lemma, cumulativity says that the same formulae can be obtained from W as

from Wb feg This is the standard basis of using lemmas in, say, mathematics. Default logic does
not respect cumulativity: consider 7' = (W, D) with W =, and D consisting of the defaults

true:a a~b:: a

’

a D a
(this example is due to Makinson). The only extension of T is Th(fag). Obviously, W £ p a. From
a~b 2 Th(fag) we get W £ p a ~b. If we take W’ = fa —~bg, then the default theory (W', D) has two
extensions, Th(fag) and Th(f: a, bg); therefore, Wb fa ~bg6 p a.

3 My thanks go to an anonymous referee.
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Quite some work has been invested in developing default logics that possess the cumulativity
property, one notable approach being Brewka’s Cumulative Default Logic (Brewka, 1991). But it is
doubtful whether this is the right way to go.

An alternative approach was taken by Schaub (1992) who proposed to represent a lemma by a
corresponding lemma default which records in its justifications the assumptions on which a
conclusion was based. The formal definition of a lemma default is as follows.

Let IT, be a nonempty, minimal successful process of T such that x 2 In(I1,). A lemma default §,
corresponding to x is the default

true : Yy, o>, Wy,
X

where fi,, sor, Y,g = f j ¥ 2 just($) for a 8 occurring in I7,g This default collects all assumptions
that were used in order to derive .

Theorem 2.2 Let x be included in an extension of T and 8, a corresponding lemma default. Then T and
T = (W,Db f5,g) have the same extensions.

The proof can be found in Schaub (1992, 1997) and Antoniou (1997). So it is indeed possible to
represent lemmas in default logic, not as facts (as required by cumulativity) but rather as defaults,
which appears more natural anyway, since it highlights the nature of a lemma as having been proven
defeasibly and thus as being open to disputation. Of course, cumulativity is a desirable and elegant
property from an abstract view of nonmonotonicity (Makinson, 1994).

2.7 Sceptical versus credulous reasoning

So far we have described the meaning of a default theory using extensions. These are valuable
because they give an overview of the possible interpretations of the given knowledge. For example,
in diagnostic problems an extension represents a possible diagnosis of the system. In requirements
engineering an extension may represent a maximal set of requirements that can be simultaneously
satisfied (see also section 6.1). But in some cases, we may be interested in which conclusions are
supported by the given knowledge. In principle, there are two extreme approaches.

In sceptical reasoning we accept only those conclusions which are true in all extensions of the
default theory. It is a cautious approach, which takes the view that since we don’t know which is the
right extension, we should only accept their intersection. In many problems this seems the
appropriate way, for example when definitive advice is required (e.g., advice on the applicability of
regulations).

On the other hand, in the credulous approach we accept conclusions which are included in at least
one extension. According to this view, it is sufficient to have an argument supporting the conclusion.
This approach is appropriate in problems such as the preparation of a court case, where one is
interested in establishing that a claim can be substantiated. Which of the two approaches is the right
one depends on the specific problem at hand.

3 Variants of default logic

We briefly review some basic default logic variants. Other well-known variants include Cumulative
Default Logic (Brewka, 1991), Disjunctive Default Logic (Gelfond et al., 1991) and weak extensions
(Marek & Truszczynski, 1993).

3.1 Justified default logic

Lukaszewicz considered the possible nonexistence of extensions as a representational shortcoming
of the original default logic, and presented a variant, Justified Default Logic (Lukaszewicz, 1988)
which avoids this problem. The essence of his approach is the following: If we have a successful but
not yet closed process, and all ways of expanding it by applying a new default leads to a failed
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process, then we stop and accept the current In-set as an extension. In other words, we take back the
final, “fatal” step that causes failure. Consider the default theory 7 = (W, D) with
W = fholidays, sundaygand D consisting of the defaults

5 holidays : wakeUpLate
2 =

__sunday : goFishing N : wakeUpLate

3
! goFishing

wakeUpLate

It is easily seen that 7" has only one extension (in the sense of section 2), namely Th(fholidays,
sunday, wakeUp Lateg). But if we apply 8, first, then §, can be applied and leads to a failed process. In
this sense we lose the intermediate information Th(fholidays, sunday, goFishingg). On the other
hand, in Justified Default Logic we would stop after the application of §; instead of applying 8, and
running into failure; therefore Th(fholidays, sunday, goFishingg) is an additional (modified) exten-
sion.

Technically, this is achieved by paying attention to maximally successful processes. Let 7 be a
default theory, and let IT and I"be processes of T. We define IT < I'iff the set of defaults occurring in
IT is a proper subset of the defaults occurring in I'. IT is called a maximal process of T, iff IT is
successful and there is no successful process I" such that IT < I. A set of formulae E is called a
modified extension of T iff there is a maximal process I7 of T such that £ = In(I).

In the example above, IT = (§;) is a maximal process: the only process that strictly includes I7 is
I'= (81, 82) which is not successful. Therefore Th(fholidays, sunday, goFishingg) is a modified
extension of 7. T has another modified extension, which is the single extension
Th(fholidays, sunday, wakeUpLateg) of T. Obviously, every closed and successful process is a
maximal process (since no new default can be applied). Also, any process can be successfully
extended to a maximal process. Therefore, we have the following result (Lukaszewicz, 1988):

Theorem 3.1 Let T be a default theory. Then T has at least one modified extension. Also, every
extension of a default theory T is a modified extension of T .

3.2 Constrained default logic

Justified Default Logic avoids running into inconsistencies, and can therefore guarantee the
existence of modified extensions. On the other hand, it does not require joint consistency of default
justifications;  for example, the default theory T =(W,D) with W=, and
D = ftrue : p/q, true : : p/rg has the single modified extension Th(fq, rg). Constrained Default
Logic (Schaub, 1992; Delgrande et al., 1994) is a default logic approach which enforces joint
consistency. In the example above, after the application of the first default the second default may
not be applied because p contradicts : p.

Furthermore, since the justifications are consistent with each other, we test the consistency of
their conjunction with the current knowledge base. In the terminology of processes, we require the
consistency of In(IT)b : Out(IT)*.

Finally, we adopt the idea from the previous section, namely a default may only be applied if it
does not lead to a contradiction (failure) a posteriori. That means, if (¢ : ¥, s>, 1¥,,)/ x 1s tested for
application to a process 1, then In(IT)b : Out(IT)b fir;, o>, ¥, xg must be consistent. We note
that the set Out no longer makes sense since we require joint consistency. Instead, we have to
maintain the set of formulae which consists of W, all consequents and all justifications of the defaults
that have been applied.

e Given a default theory T = (W, D) and a sequence I1 of defaults in D without multiple
occurrences, we define Con(IT) = Th(W b fp j ¢ is the consequent or a justification of a default
occurring in I7g). Sometimes we refer to Con(I1) as the set of constraints or the set of supporting
beliefs.

4. Qut(IT)is the set f: ¢ j ¢ 2 Out(Il)g.
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Con(II) represents the set of beliefs supporting I7. Thus a constrained extension is a pair (E, Con).
The first component is the knowledge offered by the extension, while Con is the consistent set of
supporting assumptions.

Let us reconsider the “broken arms” example: T = (W, D) with W = fbroken(a) ~broken(b)g,
and D consisting of the defaults

__true : usable(a) A : broken(a)

__true : usable(b) A : broken(b)
usable(a) ’ n

)
! usable(b)

2

It is casily seen that there are two closed constrained processes, (8,) and (8,), leading to two
constrained extensions:

(Th(W b fusable(a)g), Th(fbroken(b), usable(a), : broken(a)g)), and
(Th(Wb fusable(b)g), Th(fbroken(a), usable(b), : broken(b)g)).

The effect of the definitions above is that it is impossible to apply both defaults together: after the
application of, say, 8,, : broken(a) is included in the Con-set; together with broken(a) ~broken(b) it
follows broken(b), therefore §, is blocked. The two alternative constrained extensions describe the
two possible cases we would have intuitively expected.

For another example consider T'= (W, D) with W = fpgand

T has two constrained extensions, (Th(fp, qg), Th(fp, q,: rg) and (Th(fp, rg), Th(fp, rg). Note that
for both constrained extensions, the second component collects the assumptions supporting the first
component.

Theorem 3.2 Every default theory has at least one constrained extension. Furthermore, Constrained
Default Logic is semi-monotonic.

The proof is found in Delgrande et al. (1994). In the following, we collect some interconnections
among the default logic variants presented so far. Their proofs are found in Antoniou (1997).

Theorem 3.3 Let T be a default theory and E = In(I1) an extension of T, where I is a closed and
successful process of T. If Eb : Out(Il) is consistent, then (E, Th(Eb : Out(Il))) is a constrained
extension of T.

The converse does not hold, since the existence of an extension is not guaranteed. For example
T = (,,f(true : p)/: pg has the single constrained extension (TA(, ), Th(, )), but no extension.

Theorem 3.4 Let T be a default theory and E = In(IT) a modified extension of T, where I is a maximal
process of T. If Eb : Out(Il) is consistent, then (E, Th(E b : Out(IT))) is a constrained extension of T .

The example 7' = (W, D) with W =, and D = f(true : p)/q, (true : : p)/rgshows that we cannot
expect the first component of a constrained extension to be a modified extension: T has the single
modified extension Th(fq, rg), but possesses two constrained extensions, (Th(fqg), Th(fp, ¢qg) and
(Th(frg), Th(f: p,rg). As the following result demonstrates, it is not accidental that for both
constrained extensions, the first component is included in the modified extension.

Theorem 3.5 Let T be a default theory and (E, C) a constrained extension of T. Then there is a
modified extension F of T such that E C F.

The following examples illustrates well the difference between the three approaches. Consider the
default theory T = (W, D) with W =, and

P (o2
D= true:p true:: p true:: ¢q,.r
- qg r ’ S

T has the single extension
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Th(fq,rg)
two modified extensions,

Th(fq.rg)

Th(fsg
and three constrained extensions

(Th(fq), Th(fq. p9)

(Th(frg), Th(fr,: pg)

(Th(fsg), Th(fs,: q,: rg)
This theory illustrates the essential differences of the three approaches discussed. Default logic does
not care about inconsistencies among justifications and may run into inconsistencies. Thus the first
two defaults can be applied together, while if the third default is applied first, then the process is not
closed and subsequent application of another default leads to failure. Justified Default Logic avoids
the latter situation, so we obtain an additional modified extension. Constrained Default Logic
avoids running into failure, too, but additionally requires joint consistency of justifications,
therefore the two first defaults cannot be applied in conjunction, as in the other two approaches.
Thus, we get three constrained extensions.

We conclude this section by noting that for normal default theories all default logic approaches
discussed are identical. In other words, they coincide for the “well-behaved” class of default
theories, and seek to extend it in different directions.

Theorem 3.6 Let T be a normal default theory, and E a set of formulae. The following statements are
equivalent:

(a) E is an extension of T.
(b) E is a modified extension of T.
(c) There exists a set of formulae C such that (E, C) is a constrained extension of T .

3.3 Rational default logic

Constrained Default Logic enforces joint consistency of the justifications of defaults that contribute
to an extension, but goes one step further by requiring that the consequent of a default be consistent
with the current Con-set. Rational Default Logic (Mikitiuk & Truszczynski, 1995) does not require
the latter step. Technically, a default (¢ : ¥, >o>, ¥y,)/x 1S rationally applicable to a pair of
deductively closed sets of formulae (E, C) iff ¢ 2 E and fyr, oo, ¥,,gb C is consistent.
As an example, consider the default theory 7T'= (W, D) with W =, and
P o
true: b true:: b true:: c true:: d
D = 3 ) ’ :
¢ d e f

T has the single extension Th(fc, dg), three constrained extensions,

(Th(fe, fg), Th(fe,: c,f,: dg)
(Th(fc, fg), Th(fc, b, f, : dg)
(Th(fd, eg), Th(fd,: b,e,: cg)

but two rational extensions, Th(fc, fg) and Th(fd, eg). The first constrained extension is “lost™ in
Rational Default Logic because it is not closed under application of further defaults. (true : b)/c and
(true : : b)/d are both rationally applicable to Th(fe, fg); but once one of them is applied to
Th(fe, fg) we get a failed situation.

Mikitiuk & Truszczynski (1995) shows that if E is an extension of 7" in Rational Default Logic,
then (E, C) is a constrained extension of T for some set C. The converse is true for semi-normal
default theories.

Rational Default Logic does not guarantee the existence of extensions. For example, the default
theory consisting of the single default (¢rue : p)/: p does not have any extensions.
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3.4 Priorities

When pieces of information are not certain, as is the case with defaults, it is natural to rank them
according to the degree of belief in them. Technically, this is done by imposing a preference
(priority) relation < on defaults. Priorities arise naturally in many application domains. They can be
based on specificity, authority (e.g., Federal law overrides State law), freshness (a more recent law
overrides an older law), or reliability of the information sources. For example, suppose we have the
information

bird
penguin
__bird : flies
YT flies
penguin : : flies
0 ="
: flies
8, < b,

Then there is only one (preferred) extension, namely the one which includes : flies. This is so
because §, is preferred over 8,. This preference is based on specificity: While §, is a general rule
concerning all birds, §, is more specific, in that it applies to penguins only; thus, it seems natural to
assume that it is more relevant to the case of penguins.

The main drawback of the idea of having static priority information is that the user has to provide
all priority information, which is supposed to be static and not change over time. These
requirements may be too strict for some problems. Brewka (1994) proposed an approach in which
priority information is part of the logical language and can be derived as any other statements. For
example, it is possible to write

pld1<d2
d1<d2

to express that “In cases p is true, usually default d, should be given preference over default d,”. Of
course, there may be some exceptions in which d, < d, cannot be assumed due to other information
being available.

As this example shows, the approach uses names to refer to defaults, and a preference relation <
as part of the language. Reasoning about priorities is very flexible, but the high expressiveness brings
problems, too; for example, it is possible that even if all defaults are normal there is no extension.
Consider the theory consisting of the following two defaults:

true : dy < db true : dr < d
—, )
d1 < dz dz < d1

Default d, says that usually you should prefer default d, instead of d,, and vice versa. Therefore, this
theory has no extension.

di

4 Semantic characterisations
4.1 Argumentation

Argumentation provides an abstract view of nonmonotonic reasoning. It is based on the considera-
tion of arguments and their possible defeat by counterarguments. In the following, we briefly
describe the characterisation of default logic in the argumentation framework of Bondarenko et al.
(1997).

Underlying any argumentation framework is a deductive basis, which consists of the logical
language L, and a set R of inference rules. The deductive basis defines a syntactic provability
relation € ; in this section T/H(T) denotes the set fa 2 L j T £ ag

An Argumentation-Based Framework (w.r.t. a deductive basis) consists of
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e aset W of formulae, representing the certain knowledge.
e asct Ab of formulae, representing the possible assumptions.
e afunction : 4b @ For, with the idea that @ represents the contrary of o 2 A4b.

A set A C Ab attacks an assumption o 2 Abiff Wb A £ @. A set of assumptions A attacks a set
of assumptions A’ iff there is an & 2 A’ such that A attacks a. A set of assumptions A C Ab is stable
iff

(a) Aisclosed: A =fa2 AbjTbh Al ag
(b) A does not attack itself.
(c) A attackseverya 6 A.

If A is stable, then Th(W b A)is called a stable extension.

The concepts of attack and stability are independent of the particular argumentation-based
framework. In fact they have been used to characterise several nonmonotonic reasoning
approaches; see Bondarenko et al. (1997) for details. In the following, we show how default logic
can be embedded into this framework.

Let T = (W, D) be a default theory. We define its translation arg(T) into the argumentation-based
framework. First we define the deductive basis. The language L consists of the first order language
L of T, extended by additional predicate symbols M« for every closed formula « in the language of
T. Let Ry be a deductively complete set of inference rules for predicate logic (in the language L). We
add the following inference rules, which correspond to each of the defaults in 7. Essentially, we wish
to infer the consequent of a default if we have assumed all its justifications and we have already
inferred its prerequisite. Formally®:

L=1L,b fM«aj«aisclosed formulain L,g

o
(prw19l>i>i>7Mwnj(p:wlvl>i>i>vl/fn2
X X

o

R=Ryb D

The argumentation-based framework arg(T) = (W, Ab,”") is now defined as follows:

o Ab = fMyrj 2 just(d) for § 2 Dg
o Mu=":a.

Theorem 4.1 E is an extension of T iff there is a stable extension E' of arg(T) such that E=FE'§ L,.
The proof is found in Bondarenko et al. (1997). As an example, consider the default theory with
the two defaults

true : p true : r

)

q P
In the translation we have

Ab = fMp, Mrg
0 o
R=Rb Mp , Mr
qg p
A = fMrgis stable: (i) it is closed since we can only infer the assumption Mr using A (this is true
for any default theory); (ii) it does not attack itself; (iii) it attacks the assumption Mp not in
A AL p= Mp.
On the other hand, A’ = fMp, Mrg is not stable because it attacks itself: A’ £ : p = Mp and
Mp 2 A’. Finally, A” = fMpgis not stable because it does not attack Mr which is not included in A”.

5 Note that the rules in R are not defaults, but rather inference rules in the sense of classical logic: if all
formulas above the line have been derived, then we may also derive the formula below the line.
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4.2 Operational semantics

In this section we will give a semantic characterisation of default logic in the semantic framework of
Teng (1996). Consider the default theory T consisting of the fact p and the defaults §; = (p : ¢)/q
and &, = (¢ :r)/r. Obviously T has the single extension Th(fp, q,rg). It is obtained from the
process (81, 82).

Let W be the set of all possible (total) worlds over the propositional language fp, ¢, rg The
semantic counterpart of the process above is the following so-called default partition sequence:

S=<W,, W, W,, W, >, where
Wo=fwjwl: pg
Wi=jfwjwk@nr: qg
Wo=fwjwE@AgA: g
Wy =fiwjwh (pAgArg

First note that S forms a partition of W. W, includes all worlds in which the fact p is false. W,
includes those worlds not in W, in which the consequent of the first default is false. Equally, W,
contains those worlds not in 1, b W, in which the consequent of the second default is not true.
Finally, W, consists of the remaining worlds, in which the fact and the consequents of the defaults
applied are true. The set of all formulae true in W, is an extension of 7', indeed its only extension.

Essentially < W;, spi>, W; > defines a “frame of reference”, that is, the body of knowledge which
builds the current context before applying the ith rule. Each reasoning step is performed with respect
to the current context. Once an inference is made, the frame of reference is updated by pruning out
additional worlds, those in which the new conclusion is false.

Note also that the prerequisite p of the first default applied is true in all worlds in Wy b W, b W3,
and that there is at least one world in W3 in which the justification of §; is true. This reflects the
property of success in the process model of default logic: when a default is applied, its justifications
must be consistent not only with the current knowledge base, but also with the final result of the
branch of the process tree (that is, with the /n-set of the closed process).

For simplicity, we give the semantics in the propositional case. Let X be a propositional signature,
that is, a set of propositional atoms. We call w a world (in X) iff w C X'b : X, and for every p2 X
either p 2 wor: p 2 w. w = ¢ denotes validity of the formula ¢ in w. Let 7 be the set of all possible
worlds (in X).

A partition sequence of Wis a tuple < W7, s>, Wy > (I A 1) such that the non-empty elements W;
form a partition of W.

Definition Let 7 = (W, D) be a default theory theory. A default partition sequence for T is a
partition sequence S =< W,,me>, W) > such that there is a sequence of P =< §,, o, &5y >
satisfying the following conditions:

(a) Foralli= 1,00, [ 1, Wi =fwjw8 W, b sob Wi, and w & cons(8;)g
(b) Foralli= 1,000, [ " 1:

(i) 8w 2 W;b seb Wi w = pre(s;)
(it) 8y 2 just(S)gw2 Wy wE ¢

(¢) Thereis no default § 6 f3,, s>, 8,1, g which is applicable in the sense of (b) (replacing §; by 8, and
iby D).

Condition (a) ensures that every time a default is applied, the worlds in which its consequent is
false are disregarded from further consideration. Condition (b) ensures applicability of the
respective default in the current frame of reference. Finally (c) corresponds to the closure property
of processes.

Theorem 4.2 If E is an extension of T, then there is a default partition sequence S =< W, ,spi>, W; > of
T suchthat E=fpj8w2 W;:wE ¢g
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5 Logic programming-based default reasoning
5.1 Stable models of logic programs

Sometimes it is convenient to express information in the form of logic programs. Moreover, logic
programming offers a computational basis for logical reasoning in general, and default reasoning in
particular. The treatment of negation in logic programming is closely related to nonmonotonicity —
in fact, negation as failure was an early formalism with nonmonotonic flavour.

5.1.1 Basics of logic programming
A logic program clause is an expression of the form

Ay Bi,ob>, By, not Cy,op>, not Cp,

where A, By, o>, B, C1, o>, C,,, are atomic formulae, and n,m A 0. A4 is called the head of the
clause, and By, oo, By, not Cy, s>, not C,, form the body. If all formulae involved in the clause are
ground then the clause is called ground. If m = 0 then the clause is called definite. If n = m = 0, then
the clause is called a fact, otherwise a rule.

A logic program P is a set of program clauses. A definite logic program (or Horn logic program) is a
logic program which consists of definite program clauses only.

Now we give an interpretation of logic programs based on predicate logic; it is determined by
considering the following representation of a program clause in first-order logic:

8(A Y By AseA B, A Cp AbseA: Cp):
That is, a clause is implicitly assumed to be universally quantified, with quantifiers outmost. The
predicate logic interpretation of a logic program P is denoted by pc(P), and is the first-order theory
which consists of the predicate logic interpretation of all program clauses in P.

Let P be a logic program. Every model of the first-order theory pc(P) is called a model of P. Every
Herbrand model of pc(P) is called a Herbrand model of P. A definite logic program P has a unique
least Herbrand model, denoted by M p.

In the definition of stable models to follow, we make use of the set of ground instances of a logic
program P, resulting in a ground logic program which is denoted by ground(P). It can be shown that
for a logic program P, the (predicate logic) models of pc(ground(P)) are exactly the Herbrand
models of P.

5.1.2 Stable models of logic programs
Given a program clause

A By, oe>, By, not Cy, o>, not Cy,
the predicate logic interpretation treats the negation symbol not as classical negation: in order to
conclude 4, we have to know (or prove) that : C;is true, for all i 2 f1, b, mg.

What is “wrong” with this interpretation? Well, in many cases we may wish to interpret
not in a different way. For example, we may wish to interpret (or assume)
not connection(newcastle, sydney, 12pm) to be “true” if we look up the timetable, and do not find
this train connection (as opposed to actually knowing that there is no such connection). This type of
negation is called negation as failure, and its nonmonotonic character is obvious: a change in the
timetable may invalidate a previous conclusion which was based on the absence of some
information.

This idea resembles the intuitive interpretation of a default in default logic. The stable semantics
uses this observation to assign meaning to logic programs. In particular, it uses the following
translation of logic programs into default theories.

The Default Logic interpretation of a ground program clause C/

A By, o>, By, not Cy, o>, not Cy,
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is given by the default®
By AeA B, Cryopr,: Cpy
A

We define df(P), the default logic interpretation of the logic program P, to be the default theory
(W, D)with W =, and D = fdf(Cl) j CI 2 ground(P)g.

df(Cl) =

Definition Let M be a subset of the Herbrand base. M is a stable model of the logic program P iff
Th(M) is an extension of df (P).

Theorem 5.1 Let P be a logic program. A stable model of P is a minimal Herbrand model of P. In
particular, if P is a definite logic program, then M p is the unique stable model of P.

The proof is found in Marek & Truszczynski (1993). The converse of this result is not true, which
means that not every minimal Herbrand model of P is a stable model of P. To see this, consider the
logic program consisting of the single clause p ¢ not p. P has the minimal Herbrand model fpg, but
the corresponding default theory

IN

0 ol
true :: p

P

has no extension, so P has no stable model.

5.2 Defeasible logic

Defeasible logic (Nute, 1987, 1994) is an approach to default reasoning which is based on logic
programming and came with an implementation right from the beginning. Its basic idea is to use
simple rules without negation as failure, plus a superiority relation among rules. Defeasible logic is a
simple knowledge representation formalism. It avoids many features which make other default
reasoning approaches computationally and conceptually complex. Defeasible logic is not based on
extensions, but supports only sceptical reasoning.

We begin by presenting its basic ingredients. A defeasible theory (a knowledge base in Defeasible
Logic) consists of five different kinds of knowledge: facts, strict rules, defeasible rules, defeaters, and
a superiority relation.

Strict rules are rules in the classical sense: whenever the premises of a rule are given, we are
allowed to apply the rule and get a conclusion. When the premises are indisputable (e.g., facts) then
so is the conclusion. An example of a strict rule is “Emus are birds”. Written formally,

emu(X) w bird(X)

Defeasible rules are rules that can be defeated by contrary evidence. An example of such a rule is
“Birds typically fly”’; written formally:

bird(X) <~ flies(X)

The idea is that if we know that something is a bird, then we may conclude that it flies, unless there is
other evidence suggesting that it may not fly.

Defeaters are rules that cannot be used to draw any conclusions. Their only use is to prevent some
conclusions. In other words, they are used to defeat some defeasible rules by producing evidence to
the contrary. An example is “If an animal is heavy then it may not be able to fly”’. Formally:

heavy(X): flies(X)

The main point is that the information that an animal is heavy is not sufficient evidence to conclude

6 In case n=0 or m =0, the prerequisite resp. justification of df{C/) is the formula true.
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that it doesn’t fly. It is only evidence that the animal may not be able to fly. In other words, we don’t
wish to conclude : flies(X) in this case.

The superiority relation among rules is used to define priorities among rules, that is, where one rule
may override the conclusion of another rule. For example, given the defeasible rules

r bird(X) < flies(X)
¥ brokenWing(X) ~ : flies(X)

which contradict one another, no conclusive decision can be made about whether a bird with broken
wings can fly. But if we introduce a superiority relation > with ' > r, then we can indeed conclude
that it can’t fly.

It turns out that we only need to define the superiority relation over rules with contradictory
conclusions. Also notice that a cycle in the superiority relation is counterintuitive from the
knowledge representation perspective. In the above example, it makes no sense to have both r >
and 1’ > r. Consequently, the defeasible logic we discuss requires an acyclic superiority relation.

Example

quaker(nixon)

republican(nixon)

r1: quaker(X) — : militarist(X)’
ry o republican(X) ~— militarist(X)

If the superiority relation is empty, then we cannot prove either militarist(nixon) nor
: militarist(nixon) (since there is no reason for preferring one rule over the other — this is a
manifestation of sceptical reasoning). But if we add r, > r,, then we can prove militarist(nixon).

Example We borrow this example from Grosof (1996).

quaker(nixon)

republican(nixon)

ry & quaker(X) — pacifist(X)

ry : republican(X) < : pacifist(X)

r3 . republican(X) < footballfan(X)

ry @ pacifist(X) ~ antimilitary(X)

rs . footballfan(X) ~ : antimilitary(X)
The superiority relation is empty.

Here we can prove : antimilitary(nixon). This occurs by proving footballf an(nixon), and showing
that pacifist(nixon) is not provable (the rules r, and r, contradict one another, and there is no
priority information to select one of them; since defeasible logic is sceptical, this means that neither
pacifist(nixon) nor : pacifist(nixon) can be proven). The latter makes sure that r, cannot be applied,
thus there is no conflict with rule r,, which therefore fires. This behaviour should be contrasted with
approaches based on extensions, ¢.g. default logic. The following default theory corresponds to the
defeasible knowledge base above.

quaker(X) : pacifist(X) republican(X) : : pacifist(X) republican(X) : footballfan(X)

pacifist(X) ’ . pacifist(X) ’ footballfan(X) ’
pacifist(X) : antimilitary(X) footballfan(X) : : antimilitary(X)
antimilitary(X) ’ . antimilitary(X)

There are three extensions:
One including pacifist(nixon), antimilitary(nixon)

7 Rules with free variables are interpreted as rule schemas, that is, as the set of all ground instances.
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One including pacifist(nixon), footballfan(nixon), : antimilitary(nixon)
One including : pacifist(nixon), : antimilitary(nixon)

Note that : antimilitary(nixon) is not included in the intersection of these extensions. The
difference between these two kinds of sceptical reasoning has already been pointed out in Touretzky
et al. (1987).

6 Applications

Default reasoning has great potential to be used in practical applications. It is a natural way of
thinking about problems, not too complex (for example, no consideration of probabilities or
fuzziness measures are necessary), and default rules prevail in many application domains. The
reason that default reasoning has not taken off yet is the lack of implementations and usable tools.
But with the emergence of powerful systems (see conclusions section) these tools will soon be
available.

Instead of trying to give an overview of actual or potential applications, in this section we will
discuss three application areas which we believe are typical of default reasoning applications of the
future: requirements engineering, legal reasoning, and the control of technical systems.

6.1 Requirements engineering

Software engineering is concerned with the specification, development, validation and maintenance
of software systems. The construction typically commences with a collection of activities called
requirements engineering. The major objective of requirements engineering is to define the purpose
and external behaviour of the software system.

It is desirable that the product of requirements engineering should be a formal specification
capturing customer requirements. The formality of such a specification makes it amenable to
rigorous analysis techniques which, in turn, facilitate the validation of customer requirements.
Furthermore, the formality of specifications makes them better usable at later stages of the software
development process, and supports the use of formal methods in the development and verification of
the software system. The process of translating informal, vague, possibly conflicting requirements
into a formal specification is a demanding task. Here are some central issues that arise:

1 Inconsistency management. During requirements elicitation it is almost inevitable that incon-
sistencies arise. They may be the result of mistakes, misunderstandings, or lack of information,
especially where a specification is developed collaboratively. They may be the result of infeasible
or impractical requirements, or due to conflicting information sources, or simply because
different potential users of a software system have different views and interests.

Issues of inconsistency handling have been subject to thorough investigation. For example,
the ViewPoints methodology Nuseibeh (1996), provides a framework for requirements elicita-
tion, by allowing to express the relationships between multiple views, while Balzer (1991),
Boehm & In (1996) and Hunter & Nuseibeh (1997) deal with inconsistency handling.

2 Evolving requirements and specifications. As Zowghi & Offen (1997) point out, software
development is characterized by continuous evolution. Requirements evolve because require-
ments engineers and users cannot possibly foresee all the ways in which a software system can be
utilised. It is very likely that the software will eventually be used by different people with
differing goals and needs than those identified during the initial planning of the software. And,
of course, changes in requirements cause changes in design which lead to changes in the
implemented system. Thus support for the evolution of software is clearly needed, and this is
particularly true for the requirements phase, since changes in requirements typically initiate
change throughout the software development life cycle.

3 Quality of specifications. Properties of specifications that are important include the naturalness
of expression, understandability, ease of maintenance, and compactness.
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Default logic addresses the main problems outlined in the previous subsection. The inconsistency
problem is resolved by the possibility of a specification to have several extensions. In default logic,
there is no trivialisation effect in the face of an inconsistency, if it is caused by the use of default
rules. Instead, there are more than one extensions, each of them representing an alternative,
consistent interpretation. In this sense, the set of extensions provides a good overview of the
conflicts and possible ways of resolving them.

Regarding the evolution problem, the development of requirements, specifications and software is
by itself a nonmonotonic process, in which some initial project steps may have to be taken back.
Thus a nonmonotonic formalism, such as default logic, has some advantages to represent these
activities. The evolution of specifications is a revision process, which is subject to rigorous
information change techniques (Gardenfors, 1988); these techniques were shown to be closely
related to default reasoning (Gardenfors & Makinson, 1994). Also, (Zowghi et al. (1996) describes
information change techniques for specifications with default rules.

6.2 Simple specification of controllers using default rules

Covington (1997) describes an interesting application of the use of default rules in an embedded
control system. A prototype air conditioner controller was designed using defeasible logic, and was
implemented on a PIC16F84 microcontroller. The PIC16F84 has 1K words of program memory, 64
bytes of RAM, and runs at 0.1 MHz. Currently, it costs around @6.5. The air conditioner controller
is based on the following rules:

(1) Run the air conditioner when the temperature is over 78 degrees.

(2) Do not run the air conditioner when the temperature is between 78 and 81 degrees, and the AC
line voltage is low (to reduce demand when the power company is heavily loaded).

(3) Never run the air conditioner if it was turned off less than four minutes ago (to protect the
compressor).

(4) Do not run the air conditioner unless the other rules say to do so.®

These rules seem to be perfectly reasonable, but in classical logic they are potentially contra-
dictory. For example, suppose that the temperature is 79 degrees and the line voltage is low. Then
rule (1) says to turn the air conditioner on, and rule (2) says no. It is easy to see that there are other
potential conflicts, too.

As already stated, contradictions in classical logic lead to trivialisation which can have serious
consequences in systems control. On the other hand, defeasible logic can deal with such conflicts, as
outlined in section 2. In this particular case, rules (1), (2) and (4) are defeasible, while rule (3) is strict.

Given the small size of the PIC microcontroller, it doesn’t run a defeasible logic inference engine
(such as d-Prolog). Instead, the system was compiled into a table. This was done by running d-Prolog
using the above rules, together with varying sets of input values. Then the table was actually
implemented on the microcontroller.

We believe that this makes this application so interesting. Defeasible logic was used as a high level
specification language in which the properties of the air conditioner controller were specified. Of
course, one could have just created the table. But that misses the point in the same way as the
argument that modern programming languages are not needed, since everything can be pro-
grammed in an assembler language — even on the 0-1 level. The specification is simple, easily
understandable, and moreover open to formal validation and further refinement. In fact, Covington
(1997) mentions that the initial specification didn’t include rule (4), and that the system gave
feedback that a rule may be missing.

8 Modelled as a rule “Don’t run” which has lower priority than the rules (1) and (3).



G. ANTONIOU 244

6.3 Default reasoning in legal decision support

Legal reasoning is a domain which has attracted a lot of work seeking to apply artificial intelligence
techniques (e.g. Sergot et al., 1986). This may have been caused by the superficial observation that
the texts of laws can be easily represented as rules. Unfortunately, most of the early applications
failed because they missed important points. For example, issues related to open texture (Hart,
1958), i.e., the interpretation of legal terms occurring in laws and regulations.

In the following, we will concentrate on a different point: Most early attempts tried to model laws
using rules in the classical sense (that means, using material implication). But as Rissland (1988)
points out, the status of legal rules “‘is more like that of heuristics than of theorems, in the sense that
the joining of antecedents and conclusions is not ironclad.” And Dewitz et al. (1994) add:
“Furthermore, using material implication to represent legal rules suggests that law is immutable,
that a conclusion once drawn cannot be altered. But legal rules are neither ironclad nor immutable.”
Here we have a clear indication that the representation of legal rules should be nonmonotonic. What
is more natural than to represent legal rules using defaults? Such work has been reported in several
publications (e.g., Causey, 1994; Dewitz et al., 1994).

Dewitz et al. (1994) describe a system of legal reasoning based on d-Prolog, an extension of Prolog
which implements defeasible logic. The example used to test the system was the Uniform
Commercial Code (UCC), Article 9. It is the main body of statutory law governing secured
transactions in the United States. Secured transactions are typically sales of personal property in
which the buyer uses credit. A typical rule in this domain looks as follows:

contract(X) A part(X, Y) A minor(Y) < : enforceable(X)

The rule says that contracts involving students are usually not enforceable. The defeasible rules can
indeed get quite complicated. Of course, in many cases there exist legal rules which substantiate
contradictory conclusions. In such cases the superiority relation in defeasible logic proves to be very
helpful. It allows one to defined preferences among rules. One simple guideline is that more specific
rules override more general rules. For example, we might have the following defeasible rules:

contract(X) A party(X, Y) A minor(Y) < : enforceable(X) (1)

contract(X) A party(X, Y) A minor(Y) A educational Loan Repayment(X) ~— enforceable(X) 2)

Rule (1) says that contracts involving minors are usually not enforceable. Rule (2) say that contracts
regulating the repayment of educational loans are enforceable. In case both rules are applicable
(which would lead to contrary conclusions), rule (2) is preferred over (1) because it is more specific.

In legal reasoning there exist forms of priority information other than specificity, for example
based on authority: Lex Superior states that a law of higher authority overrides a law of lower
authority (for example, federal law overrides state law). Another legal principle is Lex Posterior: A
more recent law overrides an older one. These and other features of legal reasoning can be naturally
represented using default (defeasible) rules. Both the system of Dewitz et al. (1994) and EVID
(Causey, 1994) have been successfully used.

An idea worth following in legal reasoning is the following: It would be interesting for lawyers to
prepare their cases using a legal decision support system. Then they could check the facts of their
cases, and design strategies that can be used in court to counter arguments of the opposite side. For
example: how can I defeat this argument? Or: If the opposite side tries to attack this argument of
mine, how can I counterattack?

7 Conclusion

In an invited talk at the IJCAI'95 Workshop on Applications and Implementations of Nonmonotonic
Reasoning Systems, Hector Levesque reported about a survey among his students at the University
of Toronto regarding their ranking of the difficulty of several nonmonotonic reasoning formalisms.
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At first sight, it was surprising to see default logic being perceived as the second most difficult one,
surpassed only by the full version of Circumscription (McCarthy, 1980), but well ahead Auto-
epistemic Logic (Moore, 1985). But later on he revealed that default logic had been taught along the
lines of Reiter’s presentation where one has to make guesses, whilst for autoepistemic logic the
students had been provided with a clear operational method for determining expansions.

The basis of this tutorial paper were operational interpretations of some variants of default logic.
These methods require no guessing, rather they can be applied in a straightforward way to concrete
situations. It is hoped that this presentation can change the perception of default logic as a difficult,
mysterious method of reasoning, and can help make the material more easily accessible to a broader
audience.

Implementation aspects were outside the scope of this paper; some entry points to current work in
the area include Cholewinski (1994), Cholewinski et al. (1995), Courtney et al. (1995), Linke &
Schaub (1995), Niemela (1995), Risch & Schwind (1994) and Schaub (1995). The same is true for
questions of computational complexity (see Gottlob, 1992 and Kautz & Selman, 1989) and
applications.
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