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Abstract:

Deterministic and non-deterministic extensions of Datalog with fixpoint semantics are
proposed, and their expressive power characterized. It is argued that fixpoint semantics
provides an elegant way to overcome the limited expressive power available with purely
declarative semantics. The Datalog extensions range from complete languages to languages
capturing interesting complexity classes of queries and updates: NPTIME and NPSPACE
in the non-deterministic case, and the fixpoint queries and while queries in the deterministic
case. The connection between the Datalog extensions and explicitly procedural languages,
as well as fixpoint extensions of first-order logic, is also investigated.

Résumé:

Des extensions déterministiques et non-déterministiques de Datalog avec des sémantiques
de point fixe sont proposées et leur puissance d’expression caractérisée. Il est montré qu'une
sémantique de point fixe procure une maniére élégante de surpasser les limitations de puis-
sance disponible dans des langages purement déclaratifs. Les langages obtenus vont de
langages complets 3 des langages correspondant a des classes de complexité intéressantes:
NPTIME et NPSPACE dans le cas non-déterministe, et les requétes de point fixe ou les
requétes while dans le cas déterministe. Le lien entre ces extensions de Datalog et des
langages procéduraux ou des extensions par des opérateurs de point fixe de la logique du
premier ordre est aussi étudié.

1 This work was performed in pant while the author was visiting at LN.R.LA. The author was supported in part by the National Science Foun-
dation under grant number IST-8511538.
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INTRODUCTION

"The use of the logic programming paradigm in the context of data and knowledge bases has been a
primary focus of research in the last few years. Recently, much of that research revolved around
attempts to develop extensions of Datalog with increased expressive power, providing forms of
non-monotonic reasoning (see [Ap, Ka, U]). In this paper, we propose a variety of extensions of
Datalog with fixpoint semantics. We argue that fixpoint semantics provide an elegant way to
overcome the limited expressive power available with purely declarative semantics. The focus of
the results is on the expressive power of the languages, and on understanding the functionality and
interactions of the programming primitives used. In particular, we highlight the connection
between the Datalog extensions with fixpoint semantics and explicitly procedural languages.

The most popular extension of Datalog to date provides semantics to a class of Datalog
programs with negation, satisfying a syntactic criteria called "stratification” [ABW, CH2, N, VG,
BF, P]. Stratified Datalog constitutes a departure from traditional declarative semantics, which are
based exclusively on model theory. In contrast, the semantics of stratified Datalog specifies in
effect an order of evaluation of the rules, which results in the computation of a particular model
called "perfect”, which is one of several models of the corresponding sentences. Indeed, it appears
unlikely that purely declarative semantics can provide languages considerably more powerful than
Datalog. Thus, purely declarative semantics for expressive languages are likely to be rather
complicated and artificial. The Datalog extensions that we propose, like stratified Datalog, provide



semantics which involve a procedural component, in that the intended model is specified as the
result of computing a fixpoint associated with the program. We continue to call these languages
"declarative” because of the lack of explicit control.

The Datalog extensions that we define can be viewed both as query languages and as update
languages (to unify the discussion, we refer to queries or updates as database transformations and
to the languages as darabase languages). We consider a family of non-deterministic languages and
a family of deterministic languages. The choice between non-deterministic and deterministic
semantics results from the decision to consider one possible application of a rule at a time, or to
fire in parallel all rules that apply. Within each family, we provide complete languages and
restrictions of the complete languages which correspond to interesting complexity classes of
transformations. Completeness is achieved by providing a mechanism for introducing “invented"
values into the database. (With fixed schemas and without the ability to increase the active domain,
only transformations whose computation requires polynomial space can be computed.) Intuitively, a
variable occurring in the head of a rule and not in the body is interpreted as an invented value.
We also consider negations in heads of rules, interpreted as deletions. This allows invalidating a
previously asserted fact, which is a key aspect of database updates. Interesting classes of
transformations captured by the Datalog extensions include the NPTIME and NPSPACE
transformations (in the non-deterministic case), and the set of fixpoint queries and the
transformations corresponding to the while language of [Ch] (in the deterministic case).

We next illustrate informally the semantics and main primitives used in the various languages.
We start with determinism versus non-determinism. In the case of Datalog, a program can be
evaluated indifferently by applying one rule at a time, or by firing all rules that apply at once, until
a fixpoint is reached. When negation is allowed in bodies of rules, this is no longer the case. The
choice of firing all rules simultaneously results in deterministic semantics, whereas firing one rule
at a time yields non-determinism. Indeed, consider the program P
R(x) « S(x), =T(x)
T(x) < S(x), -~R(x).
Suppose that we apply this program to the instance I such that I(S)={1,2,3} and I(R)=I(T)=0.
With the non-deterministic semantics, we fire rules one at a time, in a non-deterministic manner.
We can derive several fixpoints, for instance 1(S)={1,2,3}, I(R)={1}, I(T)={2,3}, and I(S)=(1,2,3},
I(R)={1,2}, I(T)=(3}. Each of the fixpoints is a model for the set of rules. Other models can be
obtained as well. With the deterministic semantics, all possible applications of the rules are fired
simultaneously. Then P; applied to the same instance I yields the unique result
I(S)=I(R)=I(T)={1,2,3}, obtained in a single stage. This too is a model for the set of rules. Note



that this particular model cannot be obtained with the non-deterministic semantics.

Each of the deterministic and non-deterministic semantics is best suited to particular types of
applications. For instance, consider the well-known game of life, which is usually described by
several rules which are applied simultaneously to generate consecutive states. The parallel firing
of rules associated with the deterministic semantics is naturally suited for such an application (see
Example 4.6). Non-deterministic semantics resulting from firing rules one at a time is natural in
other applications, such as production systems [DE] or tutoring systems [SCG]. Non-deterministic
updates are discussed in [Ab,MS2,MW]. Of course, deterministic and non-deterministic semantics
coincide for Datalog. It is an interesting problem to find conditions under which this holds for
other languages.

Without deletions, both the deterministic and non-deterministic semantics are inflationary, i.e.
the database grows continuously throughout the computation. We also consider non-inflationary
languages by allowing negative literals in the heads of rules and interpreting them as deletions.
This is particularly well-suited for update languages, where the ability to retract a previously
asserted fact is crucial. To illustrate negations in heads of rules, consider the program P, (G
represents a graph):

=G(x,y) « G(x,Y), G(y,x)
With a non-deterministic semantics, P, brings G to a "triangular" form by removing non-
deterministically one edge <x,y> or <y,x> for each pair of edges <x,y>, <y, x> of G. With the
deterministic semantics, P, removes from G both <x,y> and <y,x> for each pair of edges <xy>
and <y,x> in G. Note that a "rriangularization" of G cannot be achieved by any deterministic
program. We lastly illustrate the use of invented values. Consider the following "unsafe" program
P, with non-deterministic semantics:
S(x,y), T(x,y,2) ¢ R(x,y), = S(x,y).

Variable z, which occurs only in the head, allows to "invent" new values. Suppose that K is an
instance such that K(R)={[1,2].[3,4]} and K(S)=K(T)=J. Then one possible computation derives
S(1,2) and T(1,2,171); then S(3,4) and T(3,4,5); this yields a model of the program. Intuitively,
each tuple in R is copied in S and T, and "marked" in T with an invented value.

The semantics of the Datalog extensions involve an implicit procedural element (the
computation of the fixpoint). It turns out that this limited procedurality is sometimes sufficient to
simulate languages with explicit, powerful control mechanisms like composition and iteration. This
issue is intimately connected with the expressive power of the Datalog - extensions, and is
highlighted throughout the paper. To illustrate the techniques involved in simulation of control,
































































































































































































