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Letter from the Issue Editor

Theoretical Foundations of Object-Oriented Database Systems

Object-orientation has emerged as a major theme in current work on database systems, and several
research prototypes and commercial database products based on object-oriented paradigm are in different
stages of development. The enthusiasm and energy devoted to the development of object-oriented
database systems match, if not exceed, the development effort spent on relational systems in the late
seventies and early eighties. Interestingly, however, the development of object-oriented database systems
has taken a very different evolutionary path. While the relational systems started with a strong theoretical
foundation, there is no consensus yet on a formal theory for object-oriented database systems.
Experimental systems and products seem to be driving this field at this stage.

This issue presents a sampling of some recent attempts to provide a theoretical foundation for object-
oriented database systems. The issue contains 12 papers. These papers cover various aspects of object-
oriented database systems, including modeling, schema evolution, integrity constraints, views, and queries.

Abiteboul and Kanellakis point out the two facets of object-oriented data models — structural and
behavioral — that reflect the two origins of object-oriented database systems — relational database theor.y
and object-oriented programming. They formalize and analyze these two facets and give examples of their
integration.

Beeri argues for the extension of the existing logic-based approaches to databases and programming
languages for modeling object-oriented database systems. He presents an initial model approach that
unifies the theories of relational databases, deductive programming, and abstract data types. He also
argues for functions as first class values and a fiexible function definition facility to model behavioral
aspects of object-oriented database systems.

Kifer presents the salient features of F-logic that make it possible to provide a full logical formalization of
object-oriented languages. F-logic breaks the distinction between classes, objects, and attributes which
allows queries that may return sets of attributes, classes, or any other aggregation that involves these
higher-order entities. It is also possible to define parametric classes in F-logic.

Object identity is a central concept in object-oriented database systems. Hull, Widjojo, Wile, and
Yoshikawa differentiate between object identities and values, describe a formal model which encompasses
object identities and values, and examine the impact of object identity in the contexts of data structuring
and merging.

Breazu-Tannen, Buneman, and Ohori argue that the object-oriented database systems can be b.esl
understood in the framework of typed languages. They address the demands placed on programming
languages by the addition of operations on records and *‘bulk’’ data types such as sets.

Lecluse and Richard describe the foundations of the O, database system. The O, data _model
differentiates between values and objects, and between types and classes. It also supports the notions of
the consistency of a class hierarchy and database schema.

Coen-Porisini, Lavazza, and Zicari address the problem of schema evaluation in object-oriented database
systems. They differentiate between structural and behavioral consistency of a schema and outline their
solutions for maintaining schema consistency in the presence of schema modifications.

Object-oriented data models give rise to additional constraints beyond those meaningful _undc?r the
relational model. Kim, Lee, and Seo present a framework for classifying integrity constraints in the
context of an object-oriented data model on the basis of their performance impact.

Scholl and Schek describe how views may be supported in object-oriented database systems. They
introduce otject-preserving query semantics of a generic object-oriented query language and show how
views defined by such query expressions may be updated. Dynamic reclassification allows objects to gain
and loose types.



Vandenberg and DeWitt describe the algebraic fundamentals underlying the processing and optimization
of EXCESS queries in the EXTRA/EXCESS DBMS. They describe the algebraic structures and their
operators, the algebra’s expressive power, and the algebraic query optimization.

Zdonik and Mitchell present the ENCORE data model and its query algebra, called EQUAL. This algebra
generalizes relational operations by providing the capability to access and produce encapsulated, logically
complex objects. ‘

Finally, Daniels, Graefe, Keller, Maier, Schmidt, and Vance discuss query optimization in object-oriented
databases’in the context of Revelation project. They describe modeling features that support user-defined
data types, consider their impact on query optimization, and discuss the Revelation approach to these
problems.

Before closing, I would like to thank the authors for providing excellent papers at a short notice. It is my
fond hope that this issue will provide impetus for further research in this important area.

Rakesh Agrawal
IBM Almaden Research Center
San Jose, California 95120
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The Two Facets of Object-Oriented Data Models

SERGE ABITEBOUL* Paris C. KANELLAKIs!

0. Introduction: Object-oriented database systems (OODBs) are new software systems built using techniques from
databases, object-oriented languages, programming environments and user interfaces; for examples of this emerging
technology see the edited collections [KL 89, ZM 90, BDK 91]. Unfortunately, there has been less progress on
understanding the principles of OODBs. This is'in marked contrast with the elements of relational database theory,
see [U 88] and [vL 90-ch.17]. Generally accepted definitions of object-oriented data models (as in [A+ 89]) are still
no more than a list of desirable concepts, with little integration or analysis. The concepts themselves can be divided
in two categories, which reflect their origins: from relational database theory or from object-oriented programming.
Each of these two facets of object-oriented data models involves both data description and data manipulation. So the
division is not one of type-description vs type-manipulation, but rather one of concrete (or structural) vs abstract
(or behavioural) type disciplines. Key issues are formalizing the individual facets and their integration.

In this short survey we: (1) present succinct, but still fairly detailed, formalizations for the two facets, and
(2) summarize their analysis from [AK 89), for the structural, and [AKW 90], for the behavioural part. For each the
format is an example-driven, two page outline. We close with examples [A 89, LR 89, BDK 91] integrating the two
facets, a description of some promising research directions and a selected (but incomplete) list of references.

1. The Structural Data Model: The data description generalizes existing “nested relation” and “complex struc-
ture” data models, in particular [AB 87, KV 84]. Our data. manipulation language IQL generalizes existing rule-
based, statically typed database query languages, and can be used to compare their expressive power. After some
preliminary notation, we define database schemas and their instances, almost as succinctly as for the relational data
model! Assume the following countably infinite and pairwise disjoint sets: (1) relation names {R, R',...,}, (2) class
names {C,C’,...,}, (3) attributes {A, A’,...,}, (4) base constants B = {b,¥,...,}, and (5) object identifiers or
oids O = {o0,0,...,}. The set of o-values is the smallest set containing B and O and closed under finite tupling
({41 : vy,..., Ay : vi] for distinct A’s) and finite subseting ({vy,...,vx}). An o-value assignment p maps relation
names R to finite sets of o-values. A [disjoini] oid assignment m maps class names C to [pairwise disjoint] finite sets
of oids. A value map of an oid assignment = is a partial function v associating the oids in 7 to o-values. Intuitively,
o-value assignments are like “relational database instances”, oid assignments put “objects” into “classes”, and value
maps associate “objects” to “values” or when undefined to “null values”. A fine point is the cyclic use of class names
C and oid assignment , respectively, in the syntax and semantics of types as follows: (1) Type expressions types(C)
are defined by the grammar 7= C |0 | B|[A1:7,..., 4 : 7] | {7} | (zV7) | (rAT). (2) The matching type domains
are the sets Dom = x(C) | {} | {b,¥,...} | [A1 : Dom,..., A} : Dom] | {Dom} | (Dom U Dom) | (Dom N Dom).

Definition DB: A database schema consists of a finite set of relation names R, a finite set of class names C and a
function T from RUC to types(C). A database instance of such a schema consists of an o-value assignment p to R,
a disjoint oid assignment = to C, and a value map v of 7 such that:

(1) each R in R contains o-values of the right type, p(R) C Dom(T(R)),

(2) each C in C contains oids mapped to o-values of the right type, v(7(C)) C Dom(T(C)), and

for o [not] a set-valued oid, undefined v(0) is ¥(0) = @ [undefined v(0) is a null value]. O

*INRIA, Rocquencourt, FRANCE. (abitebou®@inria.inria.fr). Supported by the Projet de Recherche Coordonnée BD3.
!Brown Univ., Providence RI, USA. (pck@cs.brown.edu). Supported by NSF grant IR1-8617344 and ONR grant N00014-83-K-0146
ARPA Order No. 6320-1. Also, would like to thank Sridhar Ramaswamy for his help with the presentation.



The types provided in this structural data model are concrete, as opposed to abstract. They include records,
sets (lists could be handled similarly) and pointers. In addition, non-disjoint oid assignments and intersection and
union types can be used for expressing structural polymorphism and in particular structural inheritance; because of
limited space we refer to [AK 89] for details on this issue. Also in [AK 89], we present a corresponding pure value
data model without oids, based on the regular infinite trees produced by iterated applications of the value map v.
We now present an example that illustrates the data model’s substantial descriptive power (from Genesis no less!).

Example DB: Consider a schema with two class names C-1st-generation, C-2nd-generation and with two relation
names R-founded-lineage, R-ancestor-of-celebrity. Their types refer to a base domain, e.g., B-string, and to class
names, e.g., C-1si-generation, but not to relation names. Union is allowed. Then consider an instance of this schema,
whose oid’s are o-adam, o-eve, o-cain, o-abel, o-seth, o-nameless. Note the cycles.

T(C-1st-generation) = [name: B-siring, spouse: C-1si-generation, children: {C-2nd-generation}]
T(C-2nd-generation) = [name: B-string, occupations: {B-siring}]

T(R-founded-lineage) = C-2nd-generation

T(R-ancestor-of-celebrity) = [anc: C-2nd-generation, desc: (B-string V [spouse: B-string]) ]

#(C-1st-generation) = { o-adam, o-eve } and =(C-2nd-generation) = { o-cain, o-abel, o-seth, o-nameless },
p(R-founded-lineage) = { o-cain, o-seth, o-nameless },

p(R-ancestor-of-celebrity) = { [anc: o-seth, desc: Noah], [anc: o-cain, desc: [spouse: Ada]] },

v(o0-adam) = [name: Adam, spouse: o-eve, children: { o-cain, o-abel, o-seth, o-nameless }|,

v(o-eve) = [name: Eve, spouse: o-adam, children: { o-cain, o-abel, o-seth, o-nameless }|

v(o0-cain) = [name: Cain, occupations: { Farmer, Nomad, Artisan }],

v(o-abel) = [name: Abel, occupations: { Shepherd }],

v(o0-seth) = [name: Seth, occupations: {}], v(o-nameless) is a null value. O

The structural data model comes with a “complete” query language. This language, IQL, is Datalog with
negation combined with set/tuple types, invention of new oid’s, and a weak form of assignment. With no additional
syntax, inflationary negation can express sequential execution and while-loops. IQL was designed as a minimal
rule-based formalism for expressing all computable queries. This precise expressive power was achieved — modulo
a technical condition (copy elimination). The design was influenced by both the COL language of [AG 88), for the
manipulation of sets, and the detDL language of [AV 88], for the invention of new oid’s. The following example
illustrates all of its important features on an efficiently executable query. This query is not expressible in most other
database languages, but is easily expressible in any programming language (e.g., Pascal).

Example IQL Query: Our type system allows multiple representations of the same information. For example, a
directed graph may be represented as a binary relation whose tuples are the arcs of the graph or as a class whose
type is cyclic. In the second representation each node has an oid, a name, and a set of descendant nodes. IQL allows
converting the first representation into the second and vice-versa. More formally, let the input schema be just a
relation R with T(R) = [A;:B,A3:B] and the output schema be a class C with T(C) = [A;:B,A43:{C}]. The input
instance I represents directed graph G over B nodes. The desired query is to transform the “fat” I into a “deep”
output instance J that also represents G (where now the nodes are “objects”). Let us examine the computation in
IQL in four separate stages. Using simple techniques from [AV 88)], one can modify the rules (adding inflationary
negation) to force the stages’ sequential execution.

Ro(z) «— R(z,y) and Ro(z) «—— R(y,z). In this first stage, we produce (in standard Datalog fashion) the set
of node names. We use a relation Ry with T(Rp) =[A; : B].

R'(z,p,p’) «+— Ro(z). In this second stage, we invent two oid’s per node, using the semantics of [AV 88]. We
use a relation R’ whose tuples contain oid’s from class C and from a temporary class C’, that is, we have the types
T(R') =[A; : B, A2 : C, A3 : C'] and T(C') ={C}. This stage’s rule invents two oid’s for each node, one of which
will go into class C and the other into class C’. Note how the variables p,p’ in the head are not in the body. When
the new oid’s 0,0’ are invented by instantiating p,p’ they are placed in the proper classes and they are automatically
assigned default values: v(0) is undefined and v(o’) is the empty set, because of the set valued type of C'.



?(q) — R'(z,p,?), R'(v,9,¢'), R(z,y). In this third stage, we nest the oid’s representing nodes in C into sets
of successors of a node. Here p is set valued and its value, noted ¢/, is a set in which the corresponding g¢’s are
collected. The nesting is done by using the oid’s of C’ as temporary names that simulate [AG 88]’s data-functions.

(p:= [2,17]) +— R/(z,p,7'). In this final stage, the nodes of C have been grouped into C’, and the connection
in R’ between z, p,p’ is used to produce the desired result. This weak form of assignment is performed only when p;
the value of p, was undefined. It is a single-assignment-form, i.e., no further changes are made to 5. O

Analysis of the Structural Data Model: Our main contributions in [AK 89] are the succinct description of the
data model, and the design/analysis of IQL. This query language can be statically type checked, can be evaluated
bottom-up and naturally generalizes many rule-based languages. Interestingly, IQL uses oid’s for three critical
purposes: (1) to represent data-structures with sharing and cycles, (2) to manipulate sets and (3) to express any
computable database query — up to copy elimination. This last property is a “completeness” theorem — modulo copy
elimination (which is not expressible in IQL). However, IQL can express all computable queries on pure values. O

2. The Behavioural Data Model: We propose method schemas as a core data model of the object-oriented
programs used in most OODB prototypes. We believe that our functional formalism is the most natural one and
that, independent of formalism, the cases stressed in [AKW 90] (small-arity, recursion free method schemas) should be
central to any object-oriented data model. The formalism is program schemas [vL 90—ch.9], that express composition,
recursion and if-then-else, and that respect encapsulation; the manipulation of’objects only via methods. We do not
use the lambda calculus [vL 90—ch.7], because most OODB prototypes do not have higher order functions.

A method schema is an isa forest (or single inheritance) hierarchy of classes, that is associated with method (or
program) definitions, see Figures 1-3. Each object, in a database instance of a method schema, is created in a single
class where it belongs. All objects belonging to the same class have the same methods, so methods are part of the
schema. Objects have methods explicitly defined at their class or implicitly inherited from the ancestor classes of
their class in the isa hierarchy (see syntax below). Programs are interpreted operationally using graph rewriting (see
semantics below). Each object has no other visible structure, so we have algebraic specifications [vL 90-ch.13].

Method Syntax: There are two kinds of explicit method definitions at class names c;, ..., ¢, n > 0, where at most
one explicit definition is allowed at each ¢, ..., ¢,. A base method definition m@ec;, ..., ¢, is a finite function (of arity
n > 0) which has name m and has a signature ¢;,...,6, — ¢n41. A coded method definition m@ey, ..., ¢, has name
m and is associated with an n-term, that is, a finite rooted directed acyclic graph whose nodes are labeled by method
names and class names cy,...,cn, (at input nodes 1,...,n) and whose arcs are ordered at each node. (The idea is
that n-terms represent functions, built from the base functions via composition and recursion; method inheritance
will provide if-then-else). Three 1-terms ¢,t’,t” are shown in Figure 2, where arcs are ordered left-to-right. Figure 3
contains an explicit method definition example. In addition to explicit definitions, methods of a class can be implicitly
inherited by its descendants. (The idea is to have a restricted form of code polymorphism for the convenience of code
reuse). For flexibility, we allow reusing method names in different parts of the isa hierarchy, however, we keep the
sets of base and coded method names distinct. Inheritance means that we can have at most one explicit and possibly
several implicit definitions for a method name at the same class names, i.e., it implies method name overloading.
Resolution of method name overloading consists of finding, for a given method name and given classes, a unique
definition. We use the closest ancestor in the isa hierarchy resolution rule. For the multi-argument case we take the
argument-wise closest ancestor, see [AKW 90]. For example, the method cost in Figures 1-3 is explicitly defined on
part, implicitly inherited by basepart, comp_part, and explicitly redefined on basepart (the overloading here is resolved
in favor of the explicit definition); it is also explicitly defined for pair_of parts. O

Method Semantics: For the base methods each database instance contains finite interpretations that respect the
given signatures. That is, m@e¢;,...,¢, — ¢€n41 is materialized as a finite function which for any tuple of objects
belonging to cy, ..., cn gives an object belonging to c,4+1 or o one of ils descendant classes. The interpretations of
coded methods are defined recursively using graph rewriting, just like program schemas. However, because of name
overloading, a given method name in a term is interpreted based on its context, i.e., on the classes of its arguments.
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