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INTRODUCTION

Knowledge bases (KBs) must be able to capture awide
range of situations. One must be able to represent and
answer questionsregarding indefiniteinformationwhere
itisnot clear that thereis aunique answer to aquestion.
One must also represent and answer questions about
negative information. We discuss a powerful way to
represent such information, namely through reasoning
about knowledge bases using logic.

Inthereal world, information known at onetime may
change. However, in first-order logic, information once
known cannot change. This phenomenon is known as
monotonicity. Since KBs deal with incomplete infor-
mation, they are not monotonic. We shall discussaform
of logic programming, below, which is able to handle
nonmonotonic information and situations required by
KBssuch as definite and indefinite data, and logical and
default negation.

The question of how to adapt first-order logic to
handle complex situations started in the 1950s. Early
systems handled problems in an ad hoc way. Several
primitive deductive databases (DDBs), function-free
logic programs, were developed in the 1960s. Robinson
(1965) developed a general method for automated theo-
rem proving to perform deduction. Thismethodisknown
as the Robinson Resolution Principle; it is a generali-
zation of modus ponens to first-order predicate logic.
Green and Raphael (1968) were the first to recognize
the importance and applicability of the work performed
by Robinson and developed a system using this prin-
ciple.

November 1977 is generally considered to be the
start of the modern era of DDBs. A workshop, “Logic
and DataBases,” was organized in Toulouse, France, by
Gallaire and Nicolas in collaboration with Minker. The
workshop included researcherswho had performed work
in deduction from 1969 to 1977 using the Robinson
Resolution Principle. The book Logic and Data Bases,
edited by Gallaire and Minker (1978), contained these
papers. Many significant contributions were described
in the book. Nicolas and Gallaire discussed the differ-
ence between model theory and proof theory. They

demonstrated that the approach taken by the database
community was model theoretic—that is, the database
represents the truths of the theory, and queries are
answered by a bottom-up search. However, in logic
programming, answers to a query use a proof theoretic
approach, starting from the query, in atop-down search.
Reiter discussed the closed world assumption (CWA),
whereby in atheory, if one cannot prove that an atomic
formulaistrue, then the negation of the atomic formula
is assumed to be true. The CWA is a default rule that
permits one to make a decision on negation even if the
decision may not be correct.

Reiter’s paper elucidated three major issues: the
definition of aquery, an answer to aquery, and how one
dealswith negation. Clark presented an alternativetheory
of negation, the concept of if-and-only-if conditions
that underlie the meaning of negation, called negation-
as-finite-failure. The Reiter and Clark papers are the
first to formally define default negation in logic pro-
grams and deductive databases. Several implementa-
tions of deductive databases were reported. Nicolas and
Y azdanian described the importance of integrity con-
straints in deductive databases. The book provided, for
the first time, a comprehensive description of the inter-
action between | ogic and databases, and knowl edge bases.

References to work on the history of the develop-
ment of thefield of deductive databases and to a descrip-
tion of early systems may be found in Minker (1996).

BACKGROUND

Much of the world’s data is stored in relational data-
bases. A relational database consists of tables, each with
a fixed number of rows. Each row of a table contains
information about a single object. For example, an
employee table may contain columns for an employee
number, name, address, age, salary, and department name.
Each row contains data about one employee. In the same
database a department table may contain department
name, department number, phone number, and manager’s
employee number. The connection between the two
tablesisprovided by the common column on department
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name. Relational databases also allow for integrity con-
straints that prevent some types of incorrect updates.
For example, the specification of employee number as
the key of the employee table means that only one row
is allowed for any employee number.

Writing arelational database in logic formalism, we
associate a predicate with each table, using the same
name for convenience. Then an atomic formula (atom),
such as,

Department(sales, 5,1234567,11223),

means that there is a row in the Department table with
the values listed there. In general, an atom consists of a
predicate and a set of arguments which may be con-
stants, variables, or function symbols with arguments.
We shall deal only with function-free atoms. Deductive
databases extend the concept of relational databases by
allowing tables to be defined implicitly by using a
formula. In this example, we may define an intensional
predicate,

Supervisor(empl,emp2)«<Employee(empl, , , , ,deptl),

Department(deptl, , , emp2)

to stand for the fact that emp2 is the manager of empl’'s
department. We use underscores to indicate irrelevant
attributes.

This type of definition is allowed for relational
databases, where it is called a view.

However, the following definition:

Superior(empl, emp2) < Supervisor(empl, emp?2)

Superior(empl, emp2) < Supervisor(empl, emp3),
Superior(emp3, emp2)

where superior standsfor the supervisor, thesupervisor’s
supervisor, and so on, uses recursion and was not al-
lowed in the original relational database framework.

More formally, a deductive database, DDB, is a
triple, <EDB, IDB, IC>. EDB, the extensional database,
is a set of facts, namely the rows in tables. IDB, the
intensional database, is a set of rules that implicitly
define new tables. IC is a set of integrity constraints.
All three parts of a DDB are written as logic formulas.
Queries are also written aslogic formulas. For example,
the query:

< Employee( _, name, address, , , deptname),
Department(deptname, 5, , )

asks for the names and addresses of employees in de-
partment 5, including the name of the department, while
the query:
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< Supervisor(11223,emp)

asks for the supervisors of employee 11223.
ThelDB, inthegeneral case, containsaset of rules of
theform:

Al,...,An«<B1,...,Bm,notBm+1,...,notBm+k (1)

whereall theAi,1<i<n,andBj,1<j<m+Kk,areliterals
(atoms or logically negated atoms, e.g., =p, wherep is
an atom), and not stands for default negation. Whereas
logical negation specifies that an atom is definitely not
true, default negation not is an implicit form of nega-
tion that permits one to conclude that a defaulted atom
is not true, even if it is not explicitly known to be not
true. The left-hand side of the reverse implication is
called the head and the right hand side is the body. The
meaning of such aruleis:

Alor...,orAnistrueifBland...,and Bm
and not Bm+1 and, . .., not Bm+k are true.

A logicprogramisacollection of rulesof theform (1).
Sincewedeal only with function-freerules, we call such
a set of rules a deductive database. There are different
kinds of deductive databases depending upon the rules
used.

The first generalization of relational databases per-
mitted function-free recursive Horn rules in a data-
base—that is, rules in which n = 1 and k = 0. These
deductive databases are called Datalog databases. For-
mulas where the head is empty are also allowed: they
stand for queries and some types of integrity con-
straints. When the formulais considered to be a query,
Q(X1, ..., Xn), and hence the head is empty and the free

variablesare X1, . . ., Xn, an answer to the query hasthe
form<al,...,an> sothat Q(al, ..., an) followsfrom
the database.

MAIN FOCUS OF THE ARTICLE

Datalog Semantics

Van Emden and Kowal ski (1976) formalized the seman-
tics of logic programs that consist of Horn rules, where
the rules are not necessarily function-free. They recog-
nized that these programs can be characterized in three
distinct ways: by model, fixpoint, or proof theory, lead-
ing to the same semantics. When the logic program is
function-free, their work provides the semantics for
Datalog databases. Horn rules may be recursive, that is,
a predicate on the left-hand side of arule may have the
same predicate on the right-hand side of therule. Hence,
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