Decision procedure for
Default Logic

W. Marek! and A. Nerode?

Abstract

Using a proof-theoretic approach to non-monotone reasoning we introduce
an algorithm to compute all extensions of any (propositional) default theory
(D, W) and we also prove correctness of the method. This algorithm is based
on a modified analytic tableaux method.

1 Preliminaries

In this paper we give a neat tableaux method of computing extensions for default
theories expressed in propositional calculus with some nonmonotone default rules. In
a sequel ([Marek, Nerode and Remmel, 1990] we will give a general theory of such
nonmonotone formal systems, of which the present paper is the simplest case. This
later theory will include nonmonotonic propositional and predicate logic, classical or
intuitionistic, and also modal logic, propositional and predicate. First, we explain

the default propositional logic case in general terms which will be used in the sequel.
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In a (monotone) classical or intuitionistic propositional and predicate logic there is
a simple notion of “semantic deductive closure D(I)” of a set I of premises, namely
D(I) is the collection of all statements true in all models in which I is true. Then a
completeness proof shows that this notion has a syntactical characterization, namely
D(I) is generated by closing I under a set of “monotonic rules of inference” of the

form:

“f ay,...,ap are in D(I), then v is in D(I)”.

such a D(I) can be interpreted as a unique total set of beliefs you should hold,
grounded in knowing /. In nonmonotonic logics such as default logic of Reiter, the
situation is more complicated. For a given consistent set I there may be no or
competing, sometimes even mutually inconsistent, candidates for the total set of
beliefs that you should hold given that you know I. These possible “total systems of
beliefs grounded in knowing [” are called extensions S of I. Formally, an extension
S of I is set of statements containing I with properties (i), (ii) below.

(i) S is closed under a given set N of (possibly) nonmonotone rules of form

If aq,...,ayare in S and (..., Brare not in S then ~ is in S. (1)

(ii) S is the deductive closure, in the usual monotone sense, under those monotone

rules:

ai,...,q, are in S implies v is in § (2)

arising from those nonmonotone rules of form (1) in N with (y,..., G not in S.
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This suggests adding apparatus to the usual monotone apparatus appropriate for
(2) to allow the effect of (1). This amounts to building a logical calculus to deal
with extensions. In this paper we build tableaux in which putative extensions S are
made into first class objects (as opposed to metamathematical objects) to reveal what
extensions S are possible, and to carry out tableaux proofs with them. This amounts
to allowing statements of the form T'(¢ € S), and F(¢ € S) into a Smullyan type
tableaux for determination of extensions. We give a formal description of default

logic, in more details, below.

Default logic, introduced by Reiter [1980] and subsequently investigated by var-
ious authors ([Reiter nad Criscuolo, 1983], [Etherington, 1987], [Lukaszewicz, 1985],
[Konolige, 1988]) is one of most important forms of non-monotonic reasoning. Default
logic attempts to capture not only the way correct reasoning is performed but also
how (and in what circumstances) we are able to “jump to conclusions” in a logical
way. This method of reasoning operates as follows: We have a number of “hard facts”
(formulas of the underlying language £) and a collection of “default rules”. These
rules informally look like this:

“rule d: If ¢ has been established then, as long as the situation is normal, derive ¥”.
Here “normality” of the situation is not a statistical mode of reasoning but logical,
“normality for rule d” means that no statement witnessing to abnormality has been
established. In particular, if the agent’s knowledge is 7', then the normality with
respect to rule d means that some formulas vy, ..., ¢, are not in T". To formalize this

concept completely, we see that we deal with the rules of form: w and the



meaning of such rule is: “If ¢ has been established and =1, ..., =), ¢ T then derive
¥”. (This is slightly different from our presentation above, since we talk about nega-
tion of formulas. In general nonmonotone systems we do not have to have negation
at all, and so there we follow the general scheme outlined above. For uniformity with

other papers in the field we follow Reiter’s notation in this paper).

This approach lead Reiter [1980] to formulate the notion of extension as a fixed
point of the following operator I'. Let (D, W) be a default theory, where W C L,
and D is a collection of default rules. The operator I' = I'p w is defined as follows:
If S C L, then I'(S) is the least collection of formulas U with these properties:

1) W CU.
2) U is closed under propositional consequence.

3)Wheneverd€D,d:WandgpeUand—wﬂl¢S,...,ﬁwn¢5,thenﬁ€T.

An extension is then a fixed-point of the operator I', i.e. T is an extension of (D, W)

if and only if "= T'(T).

It is possible to construct all the extensions of a finite default theory (D, W) using
a roundabout route: Firstly, we could translate the default theory into modal logic
using the Konolige’s [1988] translation. Next, we could find, using the algorithm of
Niemeld [1988], all the expansions of the translation. Then, we could test each of
these extensions for the property of “strong groundedness” (for details check [Kono-
lige, 1988], including his correction [Konolige, 1989]). The “objective parts” of the
strongly grounded expansions will then be the extensions. Etherington [1987] refers

to his algorithm from [Etherington, 1982] for finding extensions without a correctness



proof. An alternative approach is used in [Zhang and Marek, 1989]. Again there the

algorithm does not use standard techniques of logic.

We shall give an algorithm for finding all expansions of a (propositional) default
theory. We shall prove that our algorithm is correct. The algorithm works for infinite
default theories as well- in the sense that the branches of the tree we construct, if
meeting the test, are extensions. In case of infinite theories the tree, however, is de-
numerable, and potentially has 2% branches. The recursion-theoretic and topological
properties of this collection of branches (under appropriate coding) are discussed in

[Marek, Nerode and Remmel, 1990].

The correctness proof for the algorithm is based on a novel characterization of
default extensions as closures of the initial knowledge W under monotonic projections

of non-monotonic rules from D.

The method we use is a variant of analytic tableaux method (see [Smullyan, 1968]).
On the other hand, following [Nerode, 1989] we put on a tableau more than just
subformulas of a formula to be analyzed. In addition we shall use a number of

auxiliary tableaux to decide which signed formulas will be put on a tableau.

A tableau is a tree containing signed formulas. A signed formulas we consider
here are of three kinds: Firstly there are formulas of form T'(y) or F(¢), Then, we
have formulas of form 7T'(¢ € S) and F(p € S) (S is a new symbol here). Finally we

have formulas of form [“d is used”].



We shall subsequently apply rules to close branches in the trees we shall con-
struct. Those rules involve constructing auxiliary tableaux (in principle we can exe-
cute them on the same tableau using additional markings) and comparing the content

of branches.

In the next section we shall use two types of tableaux. First, we shall use ordinary
tableaux with the usual development rules. These development rules involve extend-
ing and splitting branches of the tree. There are two types of extension rules:
Unary, (extensions without splitting).

(a) If T'(—¢) is on the branch, extend it by adding F'(¢p).

(b) If F(—y) is on the branch, extend it by adding T'(y).

(c) If F(p V1) is on the branch, extend it by adding F () and F(v).

(d) If T'(¢ A ) is on the branch, extend it by adding T'(¢) and T'(1)).

(e) If F(¢p = ) is on the branch, extend it by adding T'(¢) and F(¢).

Binary, (extension with splitting into two branches).

(f) If F(¢ A ) is on the branch, split and extend one branch by adding F(y), the
other branch by adding F(1)).

(g) If T(¢ Vv 1) is on the branch, split and extend one branch by adding T'(¢), the
other branch by adding T'(¢)).

(h) If (¢ = ) is on the branch, split and extend one branch by adding F(¢), the

other branch by adding T'(1).



Secondly, we shall consider another tableau, called main tableau. On this tree we
put three types of markings:
a) T(p € S) (S is a new, auxiliary symbol),
b) F(p € 95)
c) [“d is used”]

The specific rules for development the main tableau are given in the next section.

2 Decision method

Given a default theory (D, W), with D and W finite, we shall construct a tree (main
tableau) whose open branches describe and construct all extensions of (D, W). In
the process of building the tree we shall build a number of auxiliary tableaux. The
auxiliary tableaux will be used to decide how the main tableau is expanded, and

which branches are closed.

Initially we put on the tableau all the formulas T'(¢ € S) for all the formulas

peV.

We shall describe now expansion procedure for the main tableau T yy. We need to
define how a branch is expanded. Assume that b is a branch of our main tableau T .
Form two auxiliary sets of formulas, S, and nS;, by defining: S, = {¢: T(p € S) € b},
nSy, = {¢: F(p € S) € b}. We say that the default d is applicable for branch b if
the statement [“d is used”] is not on the branch b. In order to extend a branch we
consider only applicable defaults. These split in three categories: of active, unusable

and sleeping defaults.



Test procedure for deciding the type of a default:

—p; & C'n(Sy). Testing for activity requires development of r + 1 ordinary tableaux.
If the test for activity fails because the first tableau is open (and it should be closed,
of course) then the default d is called sleeping. If one of the other tableaux is closed,
it is called unusable. It should be clear that once a default becomes unusable, it will

stay this way at any extension of the branch.

Test now all applicable defaults for their activity. Take the first active default on

the branch- if there is one. Extend the branch b in two branches as follows:

Branch to the left extends the branch b with several new formulas: First, we put
[“d is used”]. Second, we put the following formulas on the branch: F(—; € 5), ...,

F(—, €8), T € 9).

Branch to the right extends the branch b by having there only the formula [“d is

used”].

If there is no active default (i.e. every default in D is not applicable for b or is

unusable or is sleeping), then the branch b is completed and will not be extended.

In this way the main tableau has been completely described. It should be clear

that this is a finite tree. We shall indicate now how we close branches.

The procedure to close branches proceeds in two phases. First we shall close
branches corresponding to theories that are too big to be an extension. Second, we

shall eliminate theories that are too small to be an extension.



Phase I of closing branches of the main tableau. Let b be a branch. For each
formula ¢ € nSy test (using an ordinary tableau) if v € Cn(Sy). If so, close the

branch. Otherwise pass to the phase II.

Phase II of closing branches of the main tableau. Consider only branches not yet
closed (in phase I). For each such branch b form an auxiliary family of rules D, as
follows:

(1) If a default d = w is a default, has the property that for some i < r,
—1); € Cn(Sy), then eliminate the default d altogether.
(2) Otherwise, (monotone) rule £ belongs to D,

(Readers familiar with the stable semantics for logic programs ([Gelfond and Lifschitz,

1988]) recognize the similarity).

For every rule % in the auxiliary family Dy, test the following, using ordinary

tableaux: Either x ¢ Cn(Sp) (that is a tableau built by putting 7'(¢) for ¢ € S, and
F(x) stays open) or else both x, ¥ belong to Cn(S,) (that is two tableaux built as
above are closed). If for for every auxliary rule in Dy this test is passed, the branch

b stays open, otherwise it is closed.

The output of our algorithm is the collection of Sy for branches b open after the
second phase of our algorithm if that collection is nonempty, or a statement that

< W, D > has no extensions, otherwise.

Before we prove the correctness of our algorithm, we shall consider two examples.



Example 2.1 Let W =0, D = {-*}

N\

[d; used] [dy used]
ng €9) X
T(peS)
X
picture 1.

The left branch is closed in the phase I, the right branch during the phase II. Thus the

tableau T w has no open branches and we conclude that (D, W) has no extension.

Example 2.2 Let W = {p}, D = {&4 == 12

r 7 o q 7t

picture 2.

The leftmost branch b, is closed in the phase I. The rightmost branch bs is also

closed, in phase II. Indeed, the collection Dy, consists of (monotonic) rules £, and
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1. The rule 2 has the property that p is provable from Sj,, but r is not. Hence the
branch b3 is closed. It is easily checked that the remaining branch by is not closed,
hence it generates an extension, that is, Cn(p,r) is an extension of the theory under

consideration.

Proposition 2.1 IfT = S, and b is a open branch of Tpw, then T is an extension

of (D, W).

Proposition 2.2 Every extension of (D, W) is of form Cn(Sy) for some open branch

b Of TDy[/.

Corollary 2.3 Our algorithm correctly computes (bases for) all extensions of finite

(D,W).

Let (D,W) |~s ¢ denotes that ¢ belongs to some extension of (D, W), and

(D, W) |~ ¢ denotes that ¢ belongs to all extensions of (D, W). Then we have:

Corollary 2.4 Relations (D, W) |~s ¢ and (D, W) |~, ¢ are computable over finite

(D, W).

The proof of proposition 2.1 is based on a characterization theorem for extensions

in terms of projections of families of default rules. First some definitions.

Let D be a collection of default rules, and let S C L. The projection Dg of the
collection D by S is the collection {ds:d € D}, where dg is defined as follows:
Let d = £¥=¥r then:

0
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(1) If for some i <7, =); € S then dg =<>

(2) If for every i <7 —¢); ¢ S then dg = .

Condition (1) amounts to elimination of rule d altogether. Dg is a family of
monotone rules. The collection D; above is nothing else but Dg,. With this family
of rules we associate the (monotone) consequence operator Cng by taking as closure
conditions provability with usual rules of propositional calculus and additionally the

rules {ds:d € D}.

Proposition 2.5 Cng(T) is the least collection of formulas containing T', closed un-

der Cn and the rules in Dg.

Given a monotonic rule %, let us introduce two auxiliary tableau rules:
(i) If F'(9) is on a branch, extend it by F(x).
(j) If T(x) is on a branch, extend it by T'(¢).

(that is for every rule in Dg such pair is introduced).

Proposition 2.6 The tableau procedure based on the usual rules for analytic tableaux

and the two rules (i) and (j) above is complete for Cng.

Next, we have the following characterization of extensions:

Theorem 2.7 Let (D, W) be a default theory, and let S C L. Then S is an extension

of (D, W) if and only if S = Cng(W).

Proof: We need to prove that our condition S = Cng(W) is equivalent to the
fact that S = I'(S). This, of course, follows from the folowing fact that we prove
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below: I'(S) = Cng(S). (Bear in mind that I'(-) is a non-monotone operator, Cng(+)
is monotone, but it carries a parameter (namely S) and in this parameter it is not
monotone). Recall that I'(S) is the least set of formulas U such that:

(1) W CU,

(2) Cn(U) =U,

(3) If d = &¥t=te € D —); ¢ Sforall j <r, and ¢ € S then ¥ € U.

We first check that Cng(W) possesses properties (1)-(3). This follows from the
proposition 2.5. Then we analyse the condition (3) and we find that it means that U

is closed under rules dg. This, using again the proposition 2.5, means that Cng(W) =

I'(S). O.

A similar characterization (in terms of context-dependent proofs) was given in

[Marek and Truszczynski, 1989].
Now, we are in a position to prove proposition 2.1.

Proof of proposition 2.1: Let b be a branch of the main tableau that have not
been closed after the two phases of closing. The second part of closing procedure tests
whether the collection S, has the property that Cn(S;) is identical with Cng, (W).

Thus, we test there (according to the theorem 2.7) if Cn(S;) is an extension. O

There is an important difference between the phases I and II of closing branches.
The phase I is “local”, and the check for superfluous formulas can be made immedi-
ately after putting formulas of form T'(¢ € S) or F/(¢ € S) on the branch. The phase

IT has to be made, however, after the whole main tree is completed.
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We know now that open branches of the main tableau produce extensions. Next

we see that in fact all the extensions will appear as the open branches.

Proof of proposition 2.2. Let D' = GD((D,W),T) be the collection of generating
defaults for T (c.f. [Reiter, 1980]). Consider now the ordering of D’ according to the
ordering of D. Proceed as follows:

If a default d ¢ D’ becomes the first active, then go to the right that is put only [“d
is used”] on the extended branch.

If d € D’ and is first active then go to the left that is put all the possible formulas: [“d
is used”], T'(¥ € S) and all the formulas F'(—; € S) (j < r) on the extended branch.
This construction assures that if a formula of form T'(¢ € S) is on the constructed
branch then either ¢ belongs to W or ¢ is the conclusion of a generating default. On
the other hand all the generating defaults of an extension eventually become active
(This needs a proof, which follows easily by induction). Thus for every generating

default d, with conclusion ¥, the formula T'(¢ € S) is put on b.

All the formulas 1 such that F'(¢p € S) appears on b come from generating defaults.
Thus ¢ ¢ T. Consequently the phase I test is met, and the branch b stays open after
the first phase. We need to show that the same happens after the phase II. Look at
the collection Dj. If a rule % is there then either x € Cn(Sy) = T and ¥ comes from
a generating default, and whatever is proved using it is already in 7', i.e. Cn(S,), or
else x ¢ T. But this means precisely that the phase II does not close the branch.

This completes the proof. O

The propositions 2.1 and 2.2 tell us that as long as we are interested in testing
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whether the theory (D, W) possesses at least one expansion, we do not need to con-
struct all the main tableau. In fact, if we want to find just one extension, then we
can construct the the main tableau using the depth-first search, until we find the first
open branch. That is we can construct the leftmost branch, if this one happens to be
closed, then the next one etc. This construction involves construction and traversal
of the main tableau in a fixed order. If no extension exists, the whole tableau will be
constructed and all the branches will be closed. Then we conclude, by proposition

2.2, that (D, W) has no extension.

The complexity of our algorithm is high. The reason for it is that many times
during the construction of the main tree we check if some formula possesses proof.
This could be done by a resolution theorem prover, rather than by tableaux. The
complexity result should not be surprising, as in [Marek and Truszczyniski, 1988] it is
shown that for the simplest possible nonmonotonic default theories (the prerequisite
part empty, one negated atom in justification, an atom as a conclusion) the problem is
already NP-complete and reducible in a most simple way to the problem of existence

of a kernel in graph.
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