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Abstract

Integrating value-oriented and object-oriented data mod-
els is one of the active research directions in database field.
Current Horn clause languages do not have the concept of
methods and there is no polymorphism. In this paper, we
consider Horn clause programs from an object-oriented per-
spective. Our observation is that Horn clause languages can
be extended and object-oriented features can be integrated
with the support of a proper data model. Based on this ob-
servation, we present a deductive object-oriented database
language, LLO, together with its supporting data model,
which uses meta variables as an abstract mechanism to build
type/class hierarchies. Methods are defined by rules and
method inheritance is achieved through typing and unifica-
tion mechanisms. Procedural semantics is also presented and
several related issues are addressed.

1 Introduction

Recently, there has been a lot of research interest in sup-
porting a declarative language by an object-oriented data
model, or designing declarative, object-oriented languages
[ChWa 89, KiWu 89, AbKa 89, HuY 90].

While several deductive query models have been developed
in the object-oriented paradigm [AbKa 89, KiLa 89], more
elaboration is needed on how methods are defined on classes
and how method inheritance works, Cardelli and Wegner
[CaWe 85, Card 88] have developed a formal semantics for
multiple inheritance in a functional paradigm. According to
Cardelli [Card 88], even though an object in a subclass is
an object in its superclass, the extra information contained
in objects of subclasses makes structures of objects in the
superclass diversified. Several questions need to be answered
in order to have an object-oriented database in a deductive
framework. For instance,

1. There are structural mismatches of a class and its sub-
classes. Deductive languages, such as Horn clauses, lack
the ability to deal with inheritance.

2. There is no corresponding concept of method as in
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procedural languages.

Several approaches have been proposed to solve the first
problem. LOGIN [AiNa 86], O-Logic and F-Logic [Maie 886,
KiWu 89, KiLa 89] proposed that an object could address
its attributes one by one, or access several attributes to-
gether (limiting the schema “from below” by specifying what
is generally true about the class). Object is emphasized and
attributes of an object are methods defined on it. But as
pointed out by Cardelli [Card 88], there are some anomalies
with this approach and parameterized types cannot be prop-
erly handled. Cardelli and Wegner [CaWe 85] suggested a
solution by introducing quantifiers 3 and V in types.

Progress has been reported on the second problem.
Object-oriented algebras [Osbo 89, StOz 90, ScSc 90] and
other query languages have been developed using object iden-
tity. But the concept of method isignored. At the same time,
F-Logic [KiLa 89] uses nonground id-terms as labels to define
methods. In F-Logic, a subclass can also be an instance of
the superclass, and classes can be used as objects. Due to this
overloading of concepts, it is confusing whether a method de-
fined for a class is defined on its subclass as a whole or on
individual objects in the class. There are also restrictions
defining methods inside objects and classes. Such operations
similar to the join in the relational model do not have intu-
itive definitions. Invention of object identifiers are addressed
in IQL [AbKa 89] and ILOG [HuY 90] in a deductive frame-
work. However, only data inheritance is discussed and there
is no clear concept of method. On the other hand, HiLog
[CKW 89] proposed the higher order syntax and first order
semantics. Even though it did not discuss object-oriented
features directly, we find that the mechanisms of defining
methods are already developed there and parametric poly-
morphism is easily implemented. But it did not address how
method inheritance can be achieved.

It is commonly expected that object-oriented query models
should be compatible with the current database query mod-
elsin order to utilize the accumulated techniques in this field.
COL [AbGr 87] and LDL [Bee+ 87] are examples of upgrad-
ing Datalog with complex objects. IQL [AbKa 89] and ILOG
[HuY 90] are aiming to build a deductive query model with
object-oriented features. Login [AiNa 86] is another example
for integrating data inheritance with Prolog. We follow the
same route here and try to build a query model that will in-
clude current logical models (declarative and conventionally
value-oriented) as its subsets.

In this paper, we will discuss a data mode] proposed in
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[LoOz 90a] that will help solving the problem of structural
mismatch between a class and its subclasses. Then we ex-
tend the Horn clauses and introduce a method concept that
is comparable to the one in procedural languages. Our work
is based on the following observations on the resolution pro-
cedure in Horn clauses [Lloy 84] :

- A program clause is a method. The head of the rule is its
interface, and the body is its implementation (here we adopt
the method concept given in [AKW 90]).

- Each goal clause (query) is a message.

- Unification algorithm dispatches the message to the
proper method.

- The resolution process connects all those methods to-
gether and finishes the query evaluation.

Example 1.1 The following program in Datalog computes
the transitive closure from relation r and stores the result in
p.

(X, Y): —r(X,Y)

(X,Y): ~r(X,2Z),p(2,Y)
Query p(X, Y)? is a message that will be sent to the database.
The method that responds to this message (p(X,Y)) will be
selected by the unification algorithm, and the transitive clo-
sure of relation r will be the answer.

This method (if we call it a method) is defined solely for
relation r. If we have another relation ¢ and want to get its
transitive closure, we need to write another method. There
is no sharing in Datalog at all. O

The above paraphrasing views logic programs from the
object-oriented perspective. It is obvious that a predicate
name may be seen as an object identifier (intension). The
extension of each predicate is the value of that object. A re-
lational data model can be seen as an oversimplified object-
oriented system in which relations correspond to objects.
That is, an object can only take set of tuples as its value.
In this case, either there is no class or each class has only one
object. Or, a relation can be seen as a class, the schema of the
relation is the type of the class and each tuple is an object.
In this case, there is no explicit object identifier. Compared
with the common features of object-oriented database models
[Banc 88, ZdMa 90, Kim 90], we have the following problems
when relational model is viewed from an object-oriented per-
spective:

- No data inheritance;

- No polymorphism, both inheritance and parametric
[Card 88]; Methods are defined on constant predicates (or
objects) and cannot be shared;

- No encapsulation or abstraction;

- Object identifiers can not be used as components of an-
other object; thus its modeling power is limited.

To overcome these difficulties, much work needs to be done.

e New data models to represent objects. The data model
should provide support for a deductive query language with
object-oriented features.

e Method definition and method polymorphism. This is
crucial for an object-oriented query model.

o Higher order syntax, Object identifiers and sets are al-
lowed to be components of objects, and methods may take
objects as arguments,

As has been pointed out, method inheritance polymor-
phism is the major obstacle in turning logic models into
object-oriented query models. The structural differences be-
tween class and its subclasses prohibit any methods on one
class being applied to its subclasses in Horn clause framework.
Motivated by this problem, we introduce the concept of meta
variables in our data model. Meta variables are used for data
abstraction, information hiding and inheritance. Type inher-
itance hierarchies are built up by meta variable instantiation.
Part of the structure of a subtype is hidden by the meta vari-
able in its supertype, which makes all the instances in a type
having the uniform structure. We also introduce the concept
of named values which can be shared through their identi-
fiers and redundancies can be avoided. Named values, when
assigned to classes, become objects.

In this paper, we propose a deductive language named LLO
for object-oriented databases (abv. Logic Language for Ob-
jects) based on the data model with meta variables. One
of the novel features of LLO is that it facilitates defining
generic methods as well as concrete ones. That is, in LLO,
rules whose left hand side predicate terms start with function
id-terms are generic methods, and those start with constant
object identifiers are concrete computation. Utilizing meta
variables, subclass objects have the same structure as super-
class objects. Consequently, a method defined on a superclass
can be shared by its subclasses. So method inheritance can
be achieved uniformly by checking the types associated with
methods. What we need to do is to modify the unification
algorithm accordingly to incorporate type/class information.
Furthermore, encapsulation and abstract data types are real-
ized by function id-terms which are the driving force in defin-
ing methods. LLO is an extension of HiLog [CKW 89] with
types and other object-oriented features. COL [AbGr 87] and
LDL [Bee+ 87] are subsets of LLO, since data function and
groupping operation can be represented in it. By introduc-
ing named values and methods, LLO is an extension of IQL
[AbKa 89]. Unlike F-Logic, where concepts are overloaded,
LLO strictly separates instances and types.

The rest of the paper is organized as follows. Section 2
briefly reviews the data model which we claim has overcome
the difficulties in using a deductive query language in an
object-oriented environment. Section 3 introduces the for-
mal syntax and semantics of the query language, LLO. In
section 4, method definition in LLO with function id-terms is
presented and the utilization of meta variables in achieving
method inheritance is discussed. We also give several illus-
trative examples and explain how unification algorithm could
be modified to achieve method inheritance. The fixpoint se-
mantics is discussed in section 5. Finally, we summarize our
presentation and discuss future research directions.

2 Data Model with Meta Variables

Each object has a state and behavior. The complex struc-
ture of the state of an object is described by its type. In
this section, we briefly review the syntax of our data model
and focus on structural inheritance. One of the novel fea-
tures of the data model is meta variables. A meta variable
is a variable which takes type as its value. Type inheritance
hierarchies can be build up by instantiating meta variables
in types. More detailed discussion of the data model can be
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found in {LoOz 90a]. Behavior, or method inheritance, will
be the topic of Section 4. The presentation here follows the
notation in Oz [Ban+ 88, LeRi 89] and IQL [AbKa 89].

We assume the existence of the following countably infinite
and pairwise disjoint sets of atomic symbols:

1) basic type symbols B {B1, Ba,..., }, specifically 1 is a
basic type symbol; for each basic type Bi, there is a constant
domain D, associated with it. We denote D = UD;

2) meta-variables M {my,ms,...};

3) types T {r1,72,...};

4) type names TN {T1,T3,...};

5) class names C {C1,C3,...};

6) object identifiers (oid’s) Qw4 {p1,p2,...}.

Definition 2.1 The set of values V is the smallest set con-

taining:
1) Each element in D and each element in O,q is a value.
2) If v1,...,va(n > 0) are values, so are [v1,...,v,] and
{vl,...,vn}. [w]

Definition 2.2 Let O be a finite set of object identifiers. A
mapping § for O is a partial function from O to V such that
every identifier p € O is assigned a value v € V, [}

Note that § is a partial function since there may exist some
objects which do not have values,

An object identifier together with the value assigned to
it is called named value. (In O, the term named value is
used for persistency). This concept plays the role of integrat-
ing value-oriented data and object-oriented data together.
Named values can be shared through their identifiers. More
importantly, named values provide a mean to address values.
IQL introduced a limited form of named values by the con-
cept of relations [AbKa 89]. In our model, a named value can
take a set, a tuple, or even another identifier as its value. In
particular, a relation in relational model is a named value,
whose identifier is the relation name and whose value is the
set of tuples.,

The mapping § can be extended to values. Each applica-
tion of §, §(v) opens up the oid’s in v. §*(v) represents the
result of repetitive application of § until no oid’s remain in
the resulting value*.

Definition 2.3 Let C be a finite set of class names. An
identifier assignment 7 for C is a function which assigns a
finite set of object identifiers to each class name C in C such
that if C1 is a subclass of class Ca, denoted as C; < Cz, then
7(C1) C 7(C2). O

A named value whose identifier is assigned to a class is
called object of that class. A class is assigned with a set
of objects. Since relations are named values, their identifiers
(names) may be assigned to classes. In this case, those rela-
tions are also objects.

By finiteness, each class is also an object. For each class
name C, there is an oid, oc, §(oc) = #(C), such that the
corresponding object is an instance of a class of type {C’}t.

*This is always possible if the value assigned to an oid
does not include the oid itself.

Yo, as an object, will not bring the methods defined on
class C' with it. To this object, only the methods defined on
class of type {C} are applicable.

If there is no confusion, we also use C as the object identifier
for the object corresponding to the class C instead of oc.

Note: When we say oc, or C, is an object of another class
of type {C}, we are not talking about meta-classes. Here
only the class name and its extension are involved. oc is an
ordinary object. There may be other objects whose value is a
set of objects from class C. In other words, the class of type
{C} is not a class of classes.

Type ezxpressions are represented as follows:
r=L|B|T|m|C|[r,...,m]| {7}

where B is a basic type, T is a type name, C is a class name,
m is a meta-variable and 1 is the basic type denoting empty
set. The set of types defined is denoted by T. A meta type
is a type which has meta variables as its components.

Each class name (type name) is associated with a type
which specifies the structure of the class (type which the type
name stands for), o is a mapping from CU TN to 7, i.e,
o(C) =7, or o(T) = 7, where 7 € T is a type.

Class names and type names are used in types to hide
structures (there is an essential difference with meta vari-
ables, as will be discussed below). The mapping o can be
extended to types, as follows.

a(l) =1,

o(B) = B;

o([r,...,m]) =[o(n1),...,0(m)];
o({r}) = {e(n)}.

Meta-type is a type in which meta-variables hide part of
the structural information from the current type. The instan-
tiation of the meta-variables is the key point in the establish-
ment of type inheritance hierarchies.

Definition 2.4 A meta-variable instantiation 5 is a function
from M to 27 such that every meta-variable is mapped to a
set of types. For a meta-variable m, we call its image under
n, 7(m), domain of m. o

In this paper, we restrict the number of meta-variablesin a
type to at most one, Types with multiple meta-variables can
be represented by types that have only one meta-variable.
Each type in n(m) represents the structure that is hidden
by m, and is refered as relevant type of m. The basic type
symbol 1 is used to represent the case in which the meta
variable does not hide anything and is omitted if there is no
confusion.

Definition 2.4 can be extended to types in a natural way,
as shown below:

If r =1, then n(r) = {1}.

If 7 = B, where B is a basic type, then () = {B}.

If r =T, where T is a type name, then n(r) = 5(o(T)).

If 7 = C, where C is a class name, then q(7) = n(o(C)).

If 7 = [m,...,m), then n(r) = {[r,...,7]|71 €
n(r1) or...or 7}, € ()}

If 7 = {r}, then n(r) = {{r{}|r1 € n(m)}.

The transitive domain of m is denoted by n™*:

7 (m) = n(m).

nk(m) = Uren"—l(m)n(r) U nk_l(m)'

n*(m) = UgZ1n* (m)

Let 71 and m be two types from 7, m be a meta-variable
in 7. If m can be obtained by substituting m in 71 by an
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element from n(m), i.e., 72 € 1(71), then 7 is called subtypeof
11, and 7 is called super-type of 12, also denoted by 72 < 7.

By using meta variables, Cardelli’s multiple inheritance
[Card 88] and parameterized types [CaWe 85] are modeled
in one system. It is straight forward to define parameter-
ized types such as stacks, queues, etc., without incuring those
anomalies discussed in [Card 88]. Types with meta variables
are actually parameterized types. The importance of meta
variables will be further addressed in Section 4. The following
example illustrate the role played by n and the representa-
tion of multiple inheritance by meta variables. The problem
addressed in [AbKa 89], i.e., legal instances with attributes
that do not appear in the schema, is virtually eliminated.

In the following presentation, basic types are represented
by boldface strings and other types and classes start with
capital letters.

Example 2.5 (Type hierarchy) Suppose we have the fol-
lowing types:

- [Name, birthyear, m ],

- [Name, birthyear, [{ Course}, mi]],

- [Name, birthyear, [m2, sal]],

- [Name, birthyear, [{ Course},sal]],
where

m, my and m2 are meta-variables, and
Course is a class name of type [ course-name, credit-
point, { Class-Student- Record}, semester].
n(m) = {[{ Course}, mi}, [m2,sall},
n(mi) = {sal}, and
n(m2) = {{Course}}.
The function 7 can be extended to types, that is,
n([Name, birthyear, m]) =
{[Name, birthyear, [{ Course}, m1]],
[Name, birthyear, [m2,sal]]},
n([Name, birthyear, [{ Course}, m1]]) =
{[Name, birthyear, [{ Course},sal]]}
n([Name, birthyear, [m2, sal]]) =
{[Name, birthyear, [{ Course}, sal]]}.

We use Persontype as a shorthand for [Name, birthyear,
m], Studenttype for [Name, birthyear, [{Course}, ma]],
Stafftype for [Name, birthyear, [m2, sal]] and TAtype for
[Name, birthyear, [{ Course}, sal]]. Then we have the type
inheritance hierarchy as shown in Fig.1. ]

Persontype

T

Studenttype Stafftype

\/

TAtype

Figure 1: Personnel Hierarchy
Both type names, class names and meta variables play the
role of data abstraction and information hiding in types. The

information hidden by the type name (class name) is opened
by o, which assign each type name (class name) a type. So
we may get a more detailed type when o is applied to a type.
On the other hand, a meta variable is associated to a domain
of types through mapping #. The instantiation of a meta
variable in a type results in a subtype. In the above example,
Course is a class name of type [course-name, credit-point,
{ Class-Student- Record}, semester], while the meta variable
m is mapped to a domain {[{Course}, m1],[m2,sal]}.

Given assignment =, each type 7 is mapped to a set of
values as its interpretation I(r).

o I(L)=49, I(B) = D;, I(C) = =(C),

I(m) = U.,.e,,*(m)l(T), I(T) = I(e(T)).

o I([r1,...,m]) = {[v1,..., vn]jvi € I(ns),i =1,...,n}.

o I = {{v1,---, o} | k2 0, € I(r),i=1,...,k}

A value v is of type 7 if v € I(r). Particularly, an oid p is
of type C if p € =(C).

Note: There is no clear agreement on whether a set is an
object [Kim 90, ZdMa 90]. In our model, a set of objects is
not an object!. But a set is a value, which can be assigned
to an object. Note that an object must have an oid and a
value. First of all, {m} is a type (parameterized type), where
m is a meta-variable. The domain of m includes all the rel-
evant types. All set properties such as membership, subset
relationship are defined on {m}. By the type-subtype rela-
tionship defined above, every relevant set type is a subtype
of {m} and share its methods. In general, the type of a set
is determined by the type of the objects that it is allowed
to contain [ZdMa 90]. If T is a subtype of type T1, then
every instance of {T>} (a set of values of type I2) is also an
instance of type {71}. For example, a set of graduate stu-
dents is also a set of students. Both set of students and set
of graduate students inherit methods from {m} if they are in
the domain of m. In addition, set of graduate students can
inherit methods defined on set of students. Instead of defin-
ing type-subtype relationship by attribute set [Card 88], in
our model the type-subtype relationship between set types is
determined by meta variables and their domains. This is an
alternative solution to the controversy on this topic.

A database schema S is a tuple < O, C, 0,<>, where O
is a set of identifiers!, C is a set of class names, o is a map
from CUO to types, and < is a partial order on class names.
We will use @ to denote the set of all object identifiers, i.e.,

0O=0uU (UCGCW(C)).

Example 2.6 Consider the types given in the previous ex-
ample. Let Personnel, Student, Staff and TA be the
class names of type Persontype, Studenttype, Stafftype
and TAtype respectively. We have Student < Personnel,
Staff < Personnel, TA < Student, and TA < Staff. 0O

A database instance I's with schema S =< O,C,0,<> is
a tuple < 7,8 >, where ¥ is an oid assignment for G, and
§ is a partial function from O to V satisfying the following
condition:
5(x(C)) € 1(o(C))
for each C € C, that is, the values assigned to oid’s in C
must be instances of the type of C.

This is consistent with Kim [Kim 90].
§0 includes the identifiers for named values.

201



3 The Rule Based Query Language
3.1 The Syntax

In this section, we introduce LLO: a Logic Language for Ob-
jects. We follow the generally accepted notations, such as
those used in {Lloy 84]. In addition to the parentheses and
logical connectives(V, A,—,—,3,V), the typed alphabet in-
cludes the following disjoint sets of symbols:

1) typed constants and variables;

2) typed function symbols;

3) typed object identifiers (cid’s).

Variables start with uppercase letters, constants and func-
tion symbols start with lowercase letters.

Id-terms:

1) A constant oid is an id-term of type C which is a class
name.

2)Ift1,t2,..., 1, are terms with type 71, 72, ..., T respec-
tively, f is a function symbol with type mm X o X... x T, — T,
where 7 is a class name, then f(t1,12,...,t,) is an id-term of

type 7. We call such a term a function id-term.

Id-terms are first defined in O-Logic [Maie 86, KiWa 89],
and then extended in F-Logic [KiLa 89], where they are used
for object identity denotation. In our model, we make exten-
sions and use id-terms as

i. object identifiers inside literals;

ii. method calls to assign values to the oid’s they denote
and

iii. method definitions when they appear at the predicate
symbol position in the head of a rule.

The value assigned to an id-term can be accessed by a
special operation |, which corresponds to the § function in
the data model discussed in Section 2.

Terms:

¢ All id-terms, variables and constants with proper types
are terms.

o If ¢ is a term of type 7, then | t is a term of type 7',
which is the result of replacing class names in 7 by their types.
We call this term ezposed term.

o If t1,%2,...,t, are terms of type m,72,..., T, Tespec-
tively, then [t1,%2,...,1,] is a term of type [r1,T2,..., 7],
called tuple term,

o If #1,%2,...,t, are terms of type 7, then {t1,%2,...,¢,}
is a term of type {7}, called enumeration term or set term.

We call set { }, tuple [ ] and | value constructors. Ground
terms are values defined in Section 2.

Note: The introduction of the | operation brings the
object-oriented model and value-oriented model together (cf.
§ mapping in Section 2). But it violates the encapsulation.
Since all id-terms denote objects, the result of a method call
(through id-term) is an object. By applying |, we get the
value assigned to the object denoted by the id-term (sounds
like a printing procedure). This feature maybe useful for
some other applications. For example, the nesting operation
in nested relational data model can be easily expressed us-
ing a method (grouping related elements together) and a |
operation (get the value returned from the method). In or-
der to achieve encapsulation, however, the application of this
operation should be limited. It can only be applied to those

“opened up” objects. There are some objects whose states
are not accessible directly. In this case, application of | is not
allowed. The states of these encapsulated objects can only be
accessed through methods defined on them. We will discuss
this problem further in the next section.

Atoms:

1) An id-term is an atom.

2) If t is an id-term of type v = [m,m,..., 7]
or r = {[r,m,...,7]} ¥, and #1,42,...,¢, are terms
of type 71,72,..., 7, respectively, ther t[t1,2,...,%,] and
t(t1,12,...,4,) are atoms; t is called predicate id-term of the
atom, and ty, t2,...,t, are called argument terms.

3) If #1,t> are terms with the same type, then #; = #; is
an atom (equality atom).

In LLO, the equality (=) means identical equality.
Literals:

An atom is a literal, called positive literal; if A is a positive
literal, then —A is a negative literal.

Rules and Programs:

A rule r is a clause of the form:

L~ LI,LZ,--~;Ln,
where L is an atom (not an equality atom). [ is called the
head of the rule, denoted as head(r). L1, La,...,L, is a set
of literals called body of the rule, denoted as body(r). All the
variables that appear in the argument terms of the head(r)
must also appear in body(r). A program is a finite set of
rules.

In the rest of the paper, all terms and literals are typed.

Example 3.1 In COL [AbGr 87], the nesting operation is
defined by the following rules:

(X, f(X)): —r(X, Y, Y").

FEO YY) : —r(X, Y,Y)
where s and r are relations and f is a data function collect-
ing data into a set. This program can only do the nesting
operation for relation r.

In LLO, the nesting operation is implemented by the fol-
lowing program:
(X, f(r, X)) : —r(X,Y,Y").
f(R,X)Y,Y'): —R(X,Y,Y").
where R is a variable, r is a constant oid and f(R, X) is a
function id-term.

Even though this program looks like the one in COL, there
are several substantial differences:

- For each constant @, f{r,a) denotes an object identifier
instead of a value. A value is assigned to the oid by calling
method f(R,X), where R is instantiated with r. In other
words, f(r,a) is a call for the method f(R, X) which is defined
by the second rule. If such a method does not exist, this oid
does not have a value (a kind of null)

- R is an argument in f(R, X). The second rule itself is a
method and assigns value to the oid denoted by f(R, X) (after
R and X are instantiated) The second rule is independent of
the first rule.

IThe type of an id-term should be a class name and 7 is
the type of the class in case ¢ is an object in the class.
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- If we replace the first rule by the following rule,
nest(R)(X, f(R, X)) : —R(X,Y,Y")
then the program becomes a method that can be used to do
the nesting for any relation r having a compatible type. The
result will be an object denoted by nest(r). w}

The following is another example illustrating object-
oriented features of the language and the roles played by
function id-terms.

Example 3.2 [AbKa 89] Let r be a set of edges with type
[D, D] representing the graph G, where D is the type of the
node of the graph. The following program transforms r into
an object p whose value is a set of objects of class C. Class C
is of type [D, { C})], where { C } represents all those objects
for those nodes to which D has an edge. An instance of [D,
{C}] is actually an adjacency list for a node of type D.

First, for each node d appearing in r, there is one object
identifier denoted by the function id-term adj (r,d?, and these
oid’s are populated by calling method adj(R, X )| .

1)  pladi(r, X)) : —r(X,Y).
(2) plady(r,Y)): —r(X,Y).

The first attribute of the resulting object is the node X,
the second attribute is the set of objects whose first attribute
share edges with X. We use g(R, X) to collect all those ob-
jects. | g(R, X) will get the value assigned to g(R, X).

(3) adj(R,X)[X,|9(R X)]: —R(X,Y)

Finally, we have the following rule to collect all those oid’s
related to node X through their first attribute (node Y) into
9(R, X).

(4) g(R9 X)(ad](R’Y)) : —R(X) Y)

Since adj(R,Y) denotes oid, this rule simply collects all
those oid’s into a set and assigns it to g(R, X).

For example, let r be a graph with four nodes, a,b,c and
d. The set of edges is given below:

ri [a,b], [b,c], [a,d], [cd]

First, for each node in r, there is one oid denoted
by a ground id-term. Thus p is assigned a set of ob-
jects {adj(r,a), adj(r,b), adj(r,c), adj(r,d)} (rule (1), (2)).
adj(r,a) is assigned the value [a,} g(r,a)]. By the last rule,
g(r, a) is assigned the value of {adj(r,b), adj(r,d)}. Since the
function | is to get to the value, the value assigned to adj(r,a)
is [a, {adj(r,}), adj(r,d)}]. Similarly, the value assigned to
adj(r,b) is [, {adj(r,c)}], the value assigned to adj(r,c) is
[¢, {adj(r,d)}], and the value assigned to adj(r,d) is [d, { }].
0

Note that in a similar example in F-Logic, every node in
the graph is an object already and has a descendants at-
tribute. So one rule similar to the nesting operation is enough
to transform a graph represented by a set of edges into a set
of nodes, each one of which has a descendants attribute. The
program in LLO, as well as in IQL, actually does much more
work, transforming value-oriented data into object-oriented
ones. This is because in LLO and IQL, types and values
are strictly separated, which corresponds to strong typing in
programming languages. This, in turn [AbKa 89], facilitates
having a data model which generalizes the relational data
model, most complex-object models and logical data models.

IMethod signature which specifies the type of the output
of a method will be discussed in Section 4,

3.2 Semantics

As has been pointed out in [CKW 89], deductive languages
extended with nested structures have higher order semantics
even though some of them have first order syntax. LLO with-
out | is actually typed HiLog, so it has higher order syntax
and first order semantics. Set terms and tuple terms can be
seen as function id-terms, in the same way as suggested in
[CKW 89].

The universe, Uy, for LLO is the set of all ground terms
that can be formed out of the constants, id-terms and terms.
UL corresponds to the set of values, denoted by V, in the data
model discussed in Section 2. For a program P, the subset
Bp of U, which consists of ground id-terms appearing in P
is called the base of P. We call P, program under schema
< 0,C,0,<>, where O is a finite subset of Bp, C is a finite
set of class names, ¢ is a mapping from class names and type
names to types and < is a partial order as given in Section 2.
A data base instance ] =< =, § > is an interpretation of the
program P, where 7 is an oid assignment for class names and
§ is a mapping from identifiers to values ( ref. Section 2). A
database instance represents a set of ground facts similar to
a Herbrand interpretation [AbKa 89).

ground-facts(I) = {C(0)|C € C,0 € x(C)}

U{o(v)|6(0) = V,V is a set value, v € V,0 € O}
U{o[v]]|6(0) = v, v is not a set value,0 € O}

Given an interpretation I, a valuation 6 is a function from
variables to Uy satisfying type constraints.  can be extended
to terms and literals. We have the notion of satisfaction sim-
ilar to that in COL [AbGr 87).

Definition 3.3 The notion of satisfaction ( = ) is defined
by:

1. For each ground id-term ¢ of type C, where C is a class
name, I |=t if and only if C(t) € ground-facts(I).

2. For each ground positive literal, I |= p(b1,...,8.) (I =
pb1,...,bs]) if and only if p(b1,...,bs) € ground-facts(I)
(I |= p[b1,--.,bn] € ground-facts(I)) and I |= b, if b, is of
type C, where C is a class name; ] = b1 = bz if only if b1 = b,
is a tautology.

3. For each ground negative literal =L, I |= ~L iff I j= L.

4. Let r = A « L1,L2,...,Lm. Then I |= r if and only
if for each valuation @ such that for each ¢, I = 6L; implies
IE=8A.

5. For each program P, I }= P iff for each rule r € P,
IEr.

A model M of P is an interpretation which satisfies
P. A model M of P is minimal iff for each model N
of P, ground-facts(N) C ground-facts(M) => ground-
facts(N) = ground-facts(M). o

From the above definition (rule 3), it can be seen that
the closed world assumption (CWA) is adopted in handling
negation.

4 Methods and Method Inheritance

In Section 2, a data model is established to for the repre-
sentational aspects of complex objects in a database. In this
section, we focus on the behavioral aspect of objects.
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4.1 Rules as Methods

In F-Logic, attributes are methods. The state of an object
(set of attributes) is accessible by using the methods appli-
cable to the object. In order to achieve encapsulation, a view
concept similar to the one in relational data model is pro-
posed to expose parts of the state to authorized users. But
the concept of view, in our opinion, is not equivalent to the
concept of encapsulation.

In LLO, the structural part of an object is composed of
an oid and a complex state. There are two diferent ways to
get access to the state depending on whether the object is
encapsulated or not:

1. If the object is encapsulated, then a group of methods
should be defined as interface.

2. If the object is not required to be encapsulated, the state
of object can be accessed directly. For example, | operation
can be applied and attribute values are available to users.

Methods can also be defined on several classes/types.
Sometimes methods are used mainly to achieve abstraction
of computation and sharing. A rule in LLO is a method.
And methods are used to get attribute values from objects
or derive new information from the states of those objects.
By generic method, we mean a method defined on several
classes/types and has the properties of polymorphisms, both
parametric and inheritance [Card 88, CaWe 85]. As has been
pointed out in Section 1, a Datalog rule is not a generic
method. More specifically, in Datalog, predicate names are
constants which prohibit any attempt of sharing. Hence rules
in LLO whose predicate terms on the left hand side are con-
stant oid’s can be considered as concrete methods. Example
1.1 in Section 1 defines a concrete method to get transitive
closure for relation r.

We argue that with function symbols used in id-terms, we
can define generic methods on classes/types. Variables in the
function id-term in the head of a rule play the role of passing
information from the head to the body. The types of these
variables specify input argument types of the method.

4.2 Generic Methods

Each function symbol has an arity and a type associated with
it. The type of a function symbol f takes the form:

fimxmx... X1 —T1

where n is its arity, 71, 72,..., 7, are the types of its argu-
ments and 7 is the type of the output object. In particular,
each object identity (oid) o with type = can be seen as a
constant function of type

o: —T.

When the head of a rule starts with a function id-term,
this rule is defining a method. The type of the function is
the signature of the method asin [AKW 90]. When a message
(method call) is received by a method, a value is computed
and assigned to the resulting object. The identifier of the
resulting object is denoted by the function id-term (with all
variables instantiated) at the head.

Example 4.1 Tt is straightforward to define a method for
the transitive closure example in Section 1 **:

**The same observation is made in HiLog [CKW 89] from
pure logic point of view,

trans-closure(R)(X,Y) : —R(X,Y).
trans-closure(R)(X,Y) : —R(X, Z),
trans-closure(R)(Z,Y),

with signature

trans-closure: T — T,
where = is a class name of type {[D, D]}. Type D may be
a meta-variable whose domain includes all relevant types. In
this example, R is a variable of type 7, trans-closure(R) is the
predicate id-term denoting the interface of the method. If we
send a message trans-closure(r) to the database, method
trans-closure( R) will respond to this message. The oid of the
resulting object is trans-closure(r) and a value is assigned to
this oid by the method (in this case, the transitive closure of
r). 0

Definition 4.2 A generic method by function id-term is a
rule (set of rules) with the literal at left-hand-side start-
ing with a function id-termn f(X31,X2,...,X,) of type
Tiy...,Tn ~> 7. The body of the rule (rules) is the implemen-
tation of the method, the function id-term f(X1, X2,...,Xn)
is the interface of the method, and m,..., 7, — 7 is the sig-
nature of the method. a

Since predicate names can be considered as constant func-
tion id-terms, all rules in LLO are methods.

Example 4.3 The program in Example 3.2 can be turned
into a generic method, tr, which calls other methods adj and
g, to finish the transformation.

The first two rules in Example 3.2 specify a concrete trans-
formation, since p is an object identifier, not a function id-
term. In order to have a generic method, we replace p at the
beginning of both rules by ir(R), and all other appearances
of r by R. tr(R) together with its type is the interface of the
method.

tr(R)(adj(R, X)) : —R(X,Y).

tr(R)(adj(R,Y)): —R(X,Y).
Methods adj(R,X) and g(R, X) are as defined in Example
3.2. O

A method f with signature
fir—1

is a method defined on class 7. A set of methods can be de-
fined for each class this way. To achieve encapsulation, all
access to the state of an object must use the methods de-
fined on its class. On the other hand, methods can also be
defined to achieve computation abstraction or modularity of
programs. We believe that not all objects in a database need
to be encapsulated. For some classes, objects are grouped to-
gether because they have common properties. In these cases,
methods are used for code sharing.

In many situations n objects need to be retrieved. To ac-
complish this, a method can be defined on one class, using the
rest of the classes as its arguments [KiLa 89]. In case those
classes are symmetric, this approach is not natural [ZdMa 90].
n methods need to be defined, one for each class. The generic
method with arity » discussed here may be a solution to this
problem.

The advantages of using id-term in method definition are
summarized in the following:

- Methods are rules.
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- Identity denotation for the resulting object and method
call are combined together.

- Functional programming, object-oriented features and
logic programming are integrated, since method interfaces
are actually consistent with functional paradigm.

Another important feature of our approach is lazy eval-
uation. Since a ground function id-term denotes an object
identifier, a method call through function id-term inside a
literal need not be evaluated until the value assigned to the
oid is required.

Example 4.4 [AbGr 87] Let p be an object with type [A,
C], where C is a class name of type {[D, D]}. By using the
trans-closure method in Example 4.1, we can transform the
second attribute into its transitive closure and hide its detail
by an oid.

q(X,trans-closure(Z)) : —p(X, Z).

The program copies X over and get the transitive-closure
of Z by a method call to trans-closure. u}

4.3 Method Inheritance
Let f(t1,...,tn) be a method interface with signature

TL X .ooTp =T,

where 7 is a class name of type [ry,1,..., Tu,m]. Since constant
oid is a special case of function id-term, the method interface
given above is general.

Suppose f(t1,...,t,) is a message (query) that is sent to
the database, where t1,...,1), are terms of types i,...7%
respectively and f(1,...,1,) is of type 7'. This message is
calling for a method f(#i,...,;,) with signature

! ! '
TIX oo X Ty, =T,

Should method f(#1,...,%a) respond to this message?

To dispatch this message to method f(#1,...,%,), the fol-
lowing typing requirements should be fulfilled!f:

Lrzdn,... 72
2. 147,
Note that, the argument types of messages should be sub-

types of the method, while the resulting type of the method
should be a subtype of the message type.

The first requirement states that methods defined on su-
pertypes are applicable to subtypes. The second requirement
simply says that the resulting object can only be used as a
supertype object. Both requirements are supported by meta
variables in the data model described in Section 2. The uni-
fication algorithm in [Lloy 84] needs to be extended to check
these requirements in order to dispatch a message to the
proper method. Thus, in LLO, methods on one class and
on several classes/types have the uniform representation and
also can be handled in a uniform way.

Each meta variable has a domain, indicating the values
(i.e. types) the meta variable may take. Consequently, if a
variable in a literal is of type m which is a meta variable, this
variable can take values of type 7 if 7 € n(m). So from the
view point of m, there is no structural differences among types
in its domain. Meta variable functions as a cushion between

"In the following presentation we use < to denote < or =.

a type and its subtypes and makes objects in a class have
a uniform structure. On the other hand, Some information
in the resulting object could be hidden by a meta variable
in the supertype. For the example discussed in Section 2, if
there exists a method with output type Studenttype, then the
resulting object of this method can be used as an object of
Persontype by igoring [{Course}, m1], but may not be used
as an object of TAtype.

Meta variables also provide a flexible way to model pa-
rameterized types [Card 88]. The set type {m} discussed
in Section 2 is one example. All methods defined on class of
type {m} will be inherited by classes of type {T} if T € n(m).
More importantly, the domain of a meta variable put a con-
straint on the parameter, For example, instead of modeling
one parameterized stack for all types, we may set up sev-
eral generic stacks stack(mi), ..., stack(my). Each meta
variable has a disjoint domain. Classes of stack objects may
inherit methods from a specific stack. This feature is useful
for implementation and efficiency purposes.

The following example illustrates how meta variables sup-
port method inheritance.

Example 4.5 Let Persons be a class name of type Person-
type with attributes Name, Birth-year and a meta-variable m.
Let P be an object in Persons. The following is a method
calculating the age of a person:

age(P)(N) : — P(Name, Birth-year, X),

N = Curr-year — Birth-year.
where Curr-year is a system variable.

Now, we want to get the age of a TA john, whose type
is a subtype of Persontype. Suppose the value of john is
[?john”,1965, [c-john,1000]] where c-john is a set value rep-
resenting all the courses john has been taken. Now we pose
the following query:

age(john)(N)?
Since the type of john is a subtype of Persons in the method
age(P), the unification succeeds, therefore, turns the method
into a concrete computation:

age(john)(N) : —john(” john”, 1965, (c-john, 1600)),

N = Curr-year — 1965.

The variable X in literal P(Name,Birthyear, X) in

method age(P) corresponds to the meta variable m in Per-

sontype. Since [Courses,sal] is in transitive domain of m, X
will absorb [c-john,1000]. m]

In LLO, method names can be overloaded. Different sig-
natures, when associated with a method name (function sym-
bol), specify different methods. When a message is sent to
the database, the signature (type) of the message will deter-
mine which method should be used to respond to it. Even
though two methods have the same name, different argument
types will result in different computation. For example, in a
department store database, we may apply a size method to
shoe objects and slack objects. Since shoe and slack are ob-
jects of different types, two different methods will respond to
the calls, with the sizes returned in different measurements.

Method overriding can also be achieved in LLO. A method
defined on supertype can be overriden by a method with same
name in the subtype. When the unification dispatches a mes-
sage, it will search the class inheritance hierarchy bottom up
to find the method with the “best” matching type.
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From the above observations, it is clear that

1) Typing plays an important role in method inheritance.
Method inheritance is achieved following the type/class hier-
archies. The unification algorithm should do the type check-
ing to guarantee the correct inheritance.

2) Unlike the first order logic, where predicate symbols
must be the same for a successful unification, predicate id-
terms play an important role in the unification process,

Note: In LLO, as well as in HiLog, variables are allowed to
be used as arguments in the predicate term of a message. This
may cause some problems. Although the function symbol
provides information about which method should respond to
this message, variables in the predicate id-term may not have
finite domain. That is, if the type of a variable is a class name,
it ranges over the objects of the class. However, if the type
of a variable is a type (not a class name}, its domain maybe
infinite (for example, integer). In both cases, many objects
may be generated for the message due to different binding of
variables. Ambiguity may arise as what is the response to the
message, the whole set of objects or only one of them. The
same analysis can be applied to the case where variables are
used as predicate terms. More research is needed to ensure
termination and safety.

5 Fixpoint Semantics

In this section, we give a brief analysis of the fixpoint se-
mantics similar to that given in LDL and COL. While the
| operator brings the object-oriented database system and
value-oriented system together, it also makes the semantics
of the language complicated. Thus our discussion here will
be focused on the | operation.

In LLO, ground id-terms are playing different roles, as
predicate terms and values. The | operator, when applied to
an ground id-term, will get the value assigned to the oid the
id-term denotes. However, the id-term must be populated
first. For an id-term f(X,Y"), | f(X,Y) is equivalent to a
data function in COL. The grouping (or nesting) operation
in LDL can also be simulated by | operation and a function
id-term. Due to this connection, the stratification of LLO
program bears some similarity to that of COL [AbGr 87] and
LDL [Bee+ 87]. On the other hand, LLO without the | oper-
ation is typed Hilog. So LLO without the | has higher order
syntax and first order semantics [CKW 89]. Unlike data func-
tions in COL or grouping terms in LDL, where they must be
computed prior to the predicate terms in which they appear,
ground id-terms in literals are themself values. The oid’s de-
noted by ground id-terms are not required to be populated
at the time those literals are computed.

In order to define stratified programs in LLO, we use the
concept of determinant’’. Let P be a LLO program. All
predicate id-terms and exposed terms (remember an exposed
term is a term with a | preceding it) in P are determinant
terms. The predicate id-term in the head of a rule is also
called defined id-term of the rule.

We say a determinant term is a total determinant if one of
the following conditions hold true:

1. the determinant is an exposed term;

HNote that the term “determinant” is also used in COL
[AbGr 87]. Here we extend it for LLO.

2. the determinant term is the predicate id-term of a neg-
ative literal.

A determinant term is called partial determinant if it is
not a total determinant.

Consider, for instance, the following LLO rule:
FXNX, L 9(Y)) : =X (Y, Z),~s(Y)

f(X) is the defined id-term of the rule, g(Y) and s(Y’) are
total determinants and X is a partial determinant(note the
roles played by X on the left hand side and on the right hand
side are different).

A term with a | operator preceding it should be computed
prior to the literals in which it appears and the defined id-
term of the rule,

Let X be the defined id-term of a rule r. A total determi-
nant Y in 7 is also total determinant of X, denoted as X < Y.
That is, Y must be populated before X. Otherwise, Y is a
partial determinant of X, denoted as X < Y, meaning Y
must be populated no later than X.

Program P is stratified if there is no sequence of determi-
nant terms in the rules of P of the form:
tilite ... Ar_ats
such that #1 is the same as tx, A; € {<,<}fori=1,2,..., k-
1 and at least one A; is <.

The following proposition [ABW 87] is also applicable to
LLO programs:

Proposition 5.1 Let P be a program and S be the set of
determinant terms appearing in P. Then P is stratified iff
there is a partition S1,.5z2,...,S5 of S such that

t <t, 1 €5 =<4, 12 €8y),

1 <t,t1 €8 =>3j(i<j,t2 €5))

For each partition Sy, S2,...,S1, program P is partitioned
into P1,..., L [ABW 87). Fach P; (1 < i< 1) iscalled a
stratum or layer. If | = 1 then P is a monostratum program,
Otherwise, it is a multistrata program.

The program in Example 3.2 is stratifiable, even though
id-term g(R, X) and adj(R, X) are mutually recursive, The
ground-term g(R, X) and adj(R, X) denote oid’s when they
appear inside literals. The interesting part is the intension
of the object, Method g(R, X) simply groups together all
those oid’s. This benefit comes from the separation between
intension and extension part of an object.

Example 5.2 Consider rule from [AbGr 87]:
FY)(X) : =s(Y, f(X)).

This rule as a program in COL is not stratified, since f(X)
is a total determinant and f < f. But the same program in
LLO is stratified. Unlike the data function in COL, the id-
term f(X) in the body, if instantiated, denotes an object
identifier. And we have f < s, which is the only relationship
between determinants.

Let s be assigned the value
s {[1, F(2)L, [2, F3)), [1, £F(3)]}-
The result will be: f(1) : {2,3}, f(2): {3}. ]
For a monostratum LLO program, its fixpoint semantics
can be defined similar to those defined in COL and LDL.

The fixpoint operator is applied to the extensional input iter-
atively until no more facts can be derived. For a multistrata
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program, the fixpoint operator is applied stratum by stratum,
the result of a lower stratum is the extensional input to the
next stratum.

More semantic analysis of LLO programs can be found in
(LoOz 90c].

6 Conclusion

In this paper, we established a data model which we believe
will provide proper support for deductive object-oriented lan-
guages. Then we presented a typed language LLO, integrated
with object-oriented features, such as object identity, meth-
ods and method inheritance, Most importantly, we focused
on extending current Horn clause languages so that the ac-
cumulated techniques could be inherited.

Meta variables are introduced as a mean of data abstrac-
tion and information hiding. Instead of building inheritance
hierarchies by attribute set of types, as in [Card 88], inher-
itance hierarchies are established by instantiation of meta
variables. This approach solves some problems raised in
[Card 88]. The concept of named values plays the role of
bridging value-oriented data models and object-oriented data
models together. A relation can be a named value and noth-
ing is encapsulated, or assigned to a class for method sharing.
In the later case, relation can also be encapsulated.

In LLO, rules are methods. Generic methods can be de-
fined using function id-terms. The variables in function id-
terms provide a vehicle to pass information from the head of
a rule to its body. With the support of the data model we
developed, method inheritance is made possible. The unifi-
cation algorithm dispatches a message to a proper method
using the signature information of the method and the mes-
sage, The semantics of the language is no more complex than
LDL or COL. However, in LLO, since the unification will also
handle types with meta variables in addition to set types, one
of the drawbacks is efficiency,

More research is needed on problems such as variables as
id-terms and variables as arguments of id-terms. Another im-
portant topic is inference on meta information such as types
of objects and class-subclass relationships. This is accom-
plished in F-Logic by overloading concepts.
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