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Abstract

We define an algebra which synthesizes relational query concepts
with object-oriented databases. The algebra fully supports abstract
data types and object identity while providing associative access to
objects, including a unique join capability. The operations take an ab-
stract view of objects and access typed collections of objects through
the public interface defined for the type. The algebra supports ac-
cess to relationships implied by the structure of the objects, as well
as the definition and creation of new relationships between objects.
The structure of the algebra and the abstract access to objects offer
opportunities for query optimization.

1 Introduction

Object-oriented databases are emerging in response to a requirement for
more complete modelling of complex data in modern design and office en-
vironments. Such databases attempt to combine the modelling power of
object-based programming models with traditional database concepts such
as persistence, data sharing, consistency, resiliency and optimized query ac-
cess. A number of object-oriented data models and languages have been pro-
posed ([Shi81], [Ban87a], [Ban87b], [Row87], [Mai87], [Lec88], [Car88]), but
no single model or language has emerged as a standard for object-oriented
databases. Our model supports object identity, abstract data types with



type inheritance, and encapsulation of behavior and state, as modelling ca-
pabilities present in most object-oriented systems.

The major contribution of this paper is the development of an alge-
bra which provides a model for querying in object-oriented databases by
supporting the concepts of object identity, abstract data types, type inher-
itance and typed collections distinct from the type hierarchy. Unlike other
languages proposed for object-oriented databases (e.g. [Zan83], [Car88|,
[Osb88], [Ban87al, [Ban88], [Mai87]) we support all of these concepts and
still provide full associative access to the database, including a unique join
capability.

We discuss our work in relation to previous models and languages in
the next section; then, in Sections 3 and 4, present our object-oriented data
model and our algebra for querying collections of objects in that model. We
discuss problems associated with supporting object identity in Section 5, and
illustrate the use of the algebra through a series of examples in Section 6. In
Section 7 we introduce a new notion of equivalence for queries and present
some query transformations that maintain this equivalence. The algebra
presented forms a base for our current research into optimization of object-
oriented queries, and we introduce that research in Section 8.

2 Relation to Previous Work

We are interested in accessing data in an object-oriented database. Rela-
tional database systems offer efficient access to large amounts of data but
place the first normal form restriction on the structure of the data. This
restriction supports the development of query languages and optimization
strategies for the model.

One research direction in the modelling of object-oriented databases is
the extension of the relational model to build complex objects. Early ex-
tensions relaxed the first normal form requirement of the relational model,
allowing set-valued attributes ([Jae82], [Dad86]). The relational model has
also been extended with abstract data types ([Row87], [Mai87], [Ban87al,
[Alb85]) allowing the modelling of more complex types, where components
or attributes of objects can be other database objects. We extend the re-
lational data model similarly, and also succeed in applying relational types
of algebraic operations to the model. Our algebra provides selection oper-
ations, standard set operations, modified operations for nested sets (from
[Jae82]), operations for manipulating object identities, and unique projec-



tion and join capabilities. The algebra supports an object-oriented model
with complex types, type inheritance, abstract data types and object iden-
tity (as in [Kho86]). We also assume that the collections of stored objects
are supported by, but separate from, the type structure. This model is
most similar to the models of GemStone [Mai87] and EXODUS [Car88], al-
though our algebra is more general than the former and our approach to the
operations and object identity differs from that of the latter.

We consider the type of every object to be an abstract data type. The
implementation of objects, and their attributes and behavior, are invisible to
the query algebra, and all access to objects is through the interface defined
for the type. Thus the model could incorporate procedural [Row87] and
functional data [Shi81] in addition to stored data values. Our access to
data values is similar to that of Postgres; we use dot-notation to refer to
attributes of objects and invocation of a function or procedure implementing
an attribute is implicit.

The types are structured as an inheritance hierarchy. The only restric-
tion the algebra places on type inheritance is substitutability; an object of
type A can be used in any context expecting a supertype of A. We distin-
guish between type and collections of objects having that type, similarly
to GemStone and EXODUS, and query over the collections using the type
structure as the database scheme. The collections are treated as though they
are homogeneous; the type of a collection can be a supertype of the objects
in the collection. The result of a query is a new, typed database collection,
with the collection type determined statically using the type structure.

Our support for object identity leads to a model and algebra in which
objects have independent existence, comparisons between objects can distin-
guish between identifier equality and data equality, queries return collections
of objects, and duplication in set membership is distinguished using objects’
identities. Most systems make the distinction between data equality and
identifier equality by providing operators testing identity, deep equality and,
possibly, shallow equality (e.g. [Ban87a], [Lec88], [Osb88], [Car88]). Two
objects are identical when they are the same object, shallow equal when
they have the same value, and deep equal when they have the same type
and a recursive traversal of the objects eventually finds identical values (see
[Kho86]). Our algebra supports the semantics of object identity by assuming
that the equality operator refers to object identity and using an extended
notion of deep equality (see Section 3).

Identity is also an issue when returning objects satisfying query pred-
icates. We use object identity as a test for set membership, as do most



other systems, but we also allow, to a limited extent, the introduction of
deep-equality semantics in determining set membership. The need for deep-
equality results from the ability to create new, strongly-typed objects in
response to queries. Osborn notes [Osb88] that the creation of new objects
means that responses to a query cannot be identical. We propose new defi-
nitions for query equivalence that consider data as well as identifier equality
(see Section 7).

Many object-oriented database systems (e.g. [Mai87], [Alb85], [Ban88])
only support selection of objects already existing in the database. We recog-
nize that many relationships requested by queries will exist in the database
objects, but also feel that existing objects in the database may not neces-
sarily reflect all relationships requested by a query. Thus, we additionally
provide operators to create new relationships, possibly by joining objects
from different collections. The join capability is unique in that we join col-
lections of objects by creating tuples to store relationships between objects
in the collections. These tuples are complex objects with well-defined types
and unique identities. The creation of these tuples as statically-typed ob-
jects is supported by the existence of parameterized types in the data model.
Our algebra can simulate the join of the Excess query language [Car88] and
the unnest join of Korth [Kor88], but not the Combine operation of Osborn
[Osb88] since it does not necessarily maintain the integrity of abstract data
types.

A major aspect in the development of query languages is the potential for
optimization. Query algebras can support optimization through syntactic
transformations (e.g., [Osb88], [Ban87a]). However, the implementation of
abstract data types involves the introduction of new operations, making
optimization more complicated [Zdo89]. Syntactic transformations are not
sufficient for such systems, and may need to be combined with optimization
strategies for encapsulated behaviors (see [Gra88| for example). We expect
the structure of our algebra and our consistent approach to abstract data
types to offer opportunities for combining such optimization strategies.

3 Data model

The data model for our query algebra is based on the ENCORE object-
oriented data model [Zdo86]. The model includes abstract data types, type
inheritance, typed collections of typed objects, and complex objects with
identity. We query over collections using the type of objects in the collection



as a scheme for the collection.

A type is an abstract data type, and consists of an interface and imple-
mentation. Queries are concerned with the type interface, although their
optimization may be concerned with the type implementation. An abstract
type definition includes the Name of the type, a set of Supertypes for the
type, a set of Properties defined for instances of the type and a set of Oper-
ations which can be applied to instances of the type.

Properties reflect the state of an object while operations may perform
arbitrary actions. Properties are typed objects that may be implemented as
stored values, procedures or functions. We assume the implementation of a
property returns an object of the correct type and has no side-effects. The
query algebra treats properties as stored values, addressing a property using
dot-notation (e.g. s.q¢ where s is an object of type T and g is a property of
T). If necessary, a request for a property will cause invocation of a function
implementing the property, resulting in the return of an object representing
the requested property of the object.

When type T is a subtype of type S, we say S is a supertype of T. Sub-
typing is limited to the addition of behavior (not constraints) to ensure that
an instance of T can be used in any context expecting S (substitutability).

We assume a collection of atomic types (Int, String, Boolean, etc.), a
global supertype Object, and parameterized types Set[T], Multiset[T], and
Tuple[< (A1,T1), -, (An, Tr) >].1 These types have fixed sets of proper-
ties and operations, and they allow the creation of new, strongly-typed ob-
jects. The Tuple type defines types (73) for attributes (A4;) and has proper-
ties Get_attribute_value and operations Set_atiribute_value for each attribute.
Dot-notation may be used to abbreviate the Get_attribute_value properties
(0.A; for object o having type Tuple with attribute A;). The value of a tuple
is represented as < Ay : vy, ..., An : v, > where the A’s are attributes of the
tuple and the v’s are objects of the corresponding type.

Parameterized type Set[T] defines T as the type, or supertype, of objects
in a collection having type Set, and defines operations (among others):

in Set[T],T — Boolean (or M ember_of)
subset_of : Set[T], Set[T] — Boolean

!Other parameterized types (e.g. Ordered List[T]) might be useful for forming collec-
tions of objects. We have not yet addressed the semantics of our algebra on such types
of collections, and for now assume that the algebra operates on collections that are sets
or multisets. If the algebraic operations need to be applied to other collection types, the
collection would first have to be coerced into one of the types we consider.



Duplication in set membership depends on object identity; a set will not
contain two objects with the same identifier (i.e., the same object will not
appear in the set twice). Type Multiset[T] behaves similarly, with multiple
membership of the same object allowed. These types are used by the query
language to form result collections.

Type Object has properties identifier, type, and value, and operation
identical (as in [Kho86]). We also define i-equality, an extended version of
deep-equality, where 7 indicates how “deep” a comparison must go before
finding equality, and corresponding operation =;. Identical objects are 0-
equal (=q) and, for ¢ > 0, two objects are i-equal (=;) if

1) they are both collections of the same cardinality and there is a one-to-
one correspondence between the collections such that corresponding
members are =;_q,

or 2) they both have the same type (not a collection type) and the values
of corresponding properties are =;_;.

Thus, two tuple objects are i-equal when their corresponding attribute values
(i.e. properties) are (i-1)-equal. Two objects are deep-equal (=4) if there
is some % for which they are i-equal, and we define shallow-equal to refer
to l-equality, or =;. Note also that for all 5 greater than or equal to i, =;
implies =;.

Types induce a subtype of collection objects called classes. A type T
has an associated class Ts which contains all instances of type T. These
instances are objects having type T or type S, where S is a subtype of T.
The type of Class Ts is Class|[T], where Class is usually Set. If Q is a subtype
of T, then class Qs will be a subclass (i.e. subset) of Ts. Constraint-based
(restriction) subclasses are also allowed. A constraint-based subclass of T's
will have type Class[T]. Queries can create classes. The type of objects in
the result class is defined by the query, and all objects in that class have the
defined type or are substitutable for that type.

4 Query Algebra

The query algebra provides type specific operations against collections of
complex objects with identity. We assume collection objects have type Set[T]
or Multiset[T], although the semantics of the operations could be modified
to support most other collection types. A query over a Set[T] (Multiset[T])
returns a Set[Q] (Multiset[Q]). Q is defined by the query and is either an



existing type or a tuple type. The algebraic operations support the notion
of abstract data type, and all access to objects in a collection having type
Collection|[T] is through the public interface defined for type T.

Most operations return collections of existing database objects. We rec-
ognize, however, that existing objects in the database may not explicitly
reflect all relationships requested by a query. Thus we provide operators
to create new objects to store the requested relationships. The objects are
tuples and, as such, are strongly typed. The attribute values are objects
from the database, thus maintaining the integrity of the type structure.

The operators preserve the typing of the object-oriented data model. By
allowing for operations that produce tuples we are simply observing that the
tuple data structure is very useful for holding the result of a dynamically
computed relationship. Furthermore, there exists a rich algebra for manip-
ulating these relationships and we can apply well-known optimizations to
computations involving these tuples.

The algebra is also concerned with the identity of objects. Two objects
are considered to be equal (=) when they are identical, i.e. equality refers
to 0-equality. Set membership is based on object identity; a set contains
objects with unique identities. In addition, the definition of i-equality can
be used to modify the algebraic operations to indicate how much duplication
should be allowed in the results of a query (see Section 4.5).

4.1 Select

The Select operation creates a collection of database objects which satisfy a
selection predicate. The operation is defined as:

Select(S,p) = {s | (sin S)Ap(s)}

where S is a collection of objects and p is a predicate defined over the type
of the objects in S. If S has type Class[T], then the result is an object of type
Class[T] and will be a subclass (restriction) of S. When S is a set, Select
returns a set. When S is a multiset, Select returns a multiset.

The operation creates a new collection object containing the identifiers
of all members of collection S satisfying the predicate. The predicate is a
first-order Boolean formula with variables representing database objects. In
the predicate, one variable is bound to an object in the selection set, other
variables and constants represent database objects or atomic values.

These constants and variables will usually be properties of bound vari-
ables (or constants). For example, if s is a variable having type Supplier (see



Table 1, Section 6), s.address.state is a valid variable. Constants are also
built by applying query operations to other constants or bound variables.
For example, if Q is a set constant (e.g., a class), Select(Q,p’) could be a set
constant in a predicate.

Atoms of the formula are formed using Boolean operations defined for the
type of a variable or constant. These include subset_of and in for set types,
and z-equality for type Object. For example, if s is a variable of type Supplier
and p is a constant representing a Part object, the Boolean operation “p
in s.Inventory” is valid since the Inventory property of variable s has type
Set[Part] and the in (member_of) predicate is defined for arguments of type
T and Set[T].

4.2 Image and Project

The Image and Project operations are used primarily to return components
of objects in the collection being queried. The Image operation is used to
return a single component or value for each object in the queried collection,
while the Project operation can return multiple components of a single ob-
ject. A component being returned is determined by applying a function to
the objects in the queried collection.

The Image operation has the form:

Image(S,f:T)={f(s)|sin S}

where S is a collection of objects and f returns an object of type T. For S
a set (multiset), Image returns a set (multiset). Function f must be defined
for the type of objects in S and we assume f does not have any side-effects.

A common way of building functions is to compose the application of
properties of objects in S. For example, Image(Suppliers,As s.address.city)
returns a set of objects representing the cities in which suppliers are located.
A function may also be composed of operations defined on the type of ob-
jects in the collection being queried. For example, the result of operation
PartsSets := Image(Suppliers, As s.Inventory) is a set of sets of parts
(Set[Set[P]]) and Image(PartsSets, Aq Select(q,p)), where p is a predicate
defined for objects of type P, is a valid operation.

The Project operation extends Image by returning multiple components
of an object, thus supporting the maintenance of selected relationships be-
tween components of an object. The relationships are stored as tuples, with



the tuple type defined by the operation as follows:

Project(S, < (A1, f1)(An, fn) >) =
{<A1: f1(8), ey An i fu(s) >| s in S}

where S is of type Set[T], the A;’s are unique attribute names, and each
fi takes a single input of type T and returns an object of type T;. (The
functions are the same functions used in the Image operation.) The result
type of the operation is then Tuple[< (A1,T4), ..., (An,Tn) >]. All properties
and operations for type Tuple are thus defined for the objects of the result
set.

Project returns one tuple for each object in the collection being queried.
These tuples are created by the operation, and all have unique identifiers.
Although the type of the collection returned is a set (since all tuples are
uniquely identified), the type returned is considered to be Set[Tuple] if input
collection S is a set and Multiset[Tuple] if S is a multiset.

The creation of tuple objects by the Project operation can hide i-equality
in the result tuples. For example, if we have the following tuple objects:

1 = <A§’l:1,B§’l:2,Cl’l:3>
iy = <A§’l:4,B§’l:2,Cl’l:3>

and object S = {t1,%2}, then the query Project(S, s < (1,s.B),(2,s.C) >)
will return two uniquely identified, shallow-equal tuples. This difficulty is
managed through the use of operation Project_; that operates as Project
but eliminates i-equality from the result collection. This extension will be
further discussed in Section 4.5.

The functions that can be applied as arguments in the Image and Project
operations make these operations much more powerful than relational pro-
jection. We noted earlier that the function argument of Image can be oper-
ations defined on the type of objects in the collection queried. This ability
might prove useful when updating objects in the database, an area we are
not yet considering. The same types of operations can be used as arguments
for a Project operation, allowing the creation of tuples with components de-
rived from different collections of objects. For example, Project(Parts, \p <
(P,p),(J, Select(Jobs, A\jp in j.PartsNeeded) >) creates a new relationship
between part objects and the jobs that need those objects. This type of re-
lationship can be obtained using our Ojoin operation (see next section), but
is often more naturally expressed using Project.



4.3 Ojoin

Although many relationships between objects are represented by the com-
plex objects themselves, we feel that an explicit join is needed to handle
cases when a relationship is not defined in an object type. The Ojoin oper-
ator is an explicit join operator used to create relationships between objects
from two classes in the database. Our definition of Ojoin is designed to
preserve the associativity of the operation, which we expect to be important
in query optimization.

Ojoin is essentially a relational join, modified to handle sets of objects
which may not be tuples. We define:

Ojoin(S, R, A1, Az, p) = Relational _Join(S', R, p')

Collections S and R must both be sets or both be multisets, A; and A, are
optional parameters (see later) and p is a predicate (as in Select) defined
over objects from S and R. If S and R are sets of tuples then S’, R’, and p’
are S, R and p, respectively, A; and A, are ignored if present, and QOjoin is
relational join.

If operand S has type Set[T]| where T is some type other than tuple,
then that operand is considered to be converted to a set of tuples using
the operation S’ = Project(S, s < (A1,s) >), i.e. each element of set S is
represented by a single-attribute tuple. The type of the tuple is < (41,T") >,
where T is the type of the elements in set S. Similarly, R’ = Project(R, Ar <
(Ag,7) >) if necessary. Each reference to s (r) in predicate p is converted
to a reference to s.4; (r.A2) in p’. If not provided, parameters A; and A,
can default to S and R (as attribute names), respectively.

For example, suppose we have a set S containing stack objects and a
set Q containing queues. Then Ojoin(S,Q, Asq s.Top =4 q.Front) returns
a set of stack-queue pairs in which the top of the stack is equal in value
(deep-equal) to the front element of the queue.

The Ojoin operation creates new tuples in the database to store the gen-
erated relationships. The tuples are strongly typed using the parameterized
type Tuple, with each attribute typed according to the type of the collec-
tion from which it is derived. The tuples created will have unique identities.
When S and R are sets (multisets) the result is a set (multiset) of tuples.
There will never be shallow-equal pairs of tuples if S and R are sets but
there may be shallow-equal pairs if S and R are multisets.

The objects involved in the relationships are maintained and can be ac-
cessed as the value of the appropriate attribute in the tuple. In the previous
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example, the only operations available on the tuples are those operations
defined for tuples, however all stack operations are available for result.5 and
queue operations for result. Q.

4.4 Set operations

The algebra includes set operations Union, Difference, and Intersection, op-
eration Flatten (for sets of sets) and operations Nest and UnNest (for sets
of tuples). The first three operations are used to create new collections of
objects, the latter three generally re-structure collections of objects.

Union, Difference and Intersection are the usual set operations with set
membership based on object identity (=g). If the operands are multisets,
the operations return multisets using the natural tests for membership. The
result for all operations is considered to be a collection of objects of type T,
where T is the most specific common supertype (in the type lattice) of the
types of the objects in the operands?. The types of the objects themselves
are not changed; the type of the objects will be the type or a subtype of the
type recorded for the collection. Any two sets can be combined, since all
types have a common supertype of Object.

The Flatten operation is used to restructure sets of sets. We define

Flatten(S) ={r |3t tin S Arint}

where S has type Set[Set[T]], t has type Set[T] and r has type T. The result
type is Set[T]. The operation can also support S with type Set[Multiset[T]]
with the same type of result. If S is a multiset, the result is a multiset.

The Flatten operation is useful in conjunction with Image. Image can
extract components with type set (multiset) from an object; Flatten allows
consideration of the set members individually.

Nest and UnNest are similar to the same operators for non-First Normal
Form (NF2) data models (see for example [Jae82]). They allow the represen-
tation of tuples as flat or nested relations. Since the tuple attribute values in
our model can be any type of object, Nest compares attribute values using
object identity and collects values (objects) for the nesting attribute into
sets (multisets if the operand is a multiset).

Nest(S,4;)= {<A1:541,.., At .., Ap:s. A, >
Vrds(rintAsin SAs. A, =r)}

2Union and intersection types could be used, but then the queries would be affecting
the type structure. Although we do have some effect in other situations (tuple types) we
chose to use only existing types here.
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Each of the tuples created by Nest has a unique identity, and no two tuples
can be shallow-equal. However, it is possible for the A; attribute values of
different tuples to be shallow-equal. We consider this problem in the next
section.

The UnNest operation essentially undoes the effects of Nest, although it
is not an inverse operation. We define:

UnNest(S,4;) = {< A1 : 8. A1, .., A;: t, .., Ap i 8. A, > sin S At in s. A}

where the A; attribute of the operand tuple type is set or multiset valued.
The result collection will be the same type of collection as S (set or multiset).
As for Project, the tuples that are created have unique identities, and thus
the result collection may contain shallow-equal pairs of tuples (if 4; was
type multiset). Thus we also define UnNest—, which works as UnNest but
ensures that the result collection will not contain two i-equal tuples.

Nest and UnNest are not inverse operations. If the set being nested
contains shallow-equal tuples, that duplication will not be maintained by a
Nest followed by an UnNest on the same attribute. For example, if we have
tuple objects

t1h = <A:0,,B:0y,>
ty = <A:0,,B:o03>
t3 = <A:09,B:o04>
ty = <A:0,,B:0y,>

and set S = {t1,%2,%3,t4}, Nest(S,B) creates tuples t5 =< A : 01,B :
{09,03} > and t¢ =< A : 09, B : {04} > and forms result R = {t5,%}.
UnNest(R,B) creates three tuples shallow-equal to ¢1, t2 and ¢3. Similarly,
if a set of tuples R contains two tuples that are shallow-equal on all but
set-valued attribute B, Nest(UnNest(R,B)) will contain fewer tuples than
set R.

4.5 Duplicate Elimination

The result of a query using the algebra presented thus far is a new collection
of objects. The collection will be a newly identified object in the database,
and thus there cannot be identical responses to a query. The objects in
a result collection may be either existing database objects or new tuple
objects created during the operation. The creation of new objects means

12



that multiple objects with unique identifiers may be created when a single
object is desired. We define operations DupFEliminate and Coalesce to handle
situations where i-equal objects are created by a query. We also combine
DupEliminate with operations Project, UnNest and Image to redefine the
latter as families of operations Project—;, UnNest_; and Image_;.

Operation DupFEliminate(S,t) keeps only one copy of i-equal objects from
collection S. Such duplication of objects can be created by operations Image,
Project and UnNest. Project and UnNest create newly-identified tuples, by
definition, and a function applied by the Image operation may create new
objects.

For example, suppose we want to group a collection Jobs by the city in
which they are located. One way to do this would be to assemble, for each
job in Jobs, a collection of all jobs in the same city as follows:

Image(Jobs, A\j Select(Jobs, Aq g.city = j.city)) (1)

However, this result is not exactly what was desired; there may be many
collections containing exactly the same jobs, i.e. many shallow-equal collec-
tions. If there are z jobs in a particular city, there will be z collections all
containing the same z job objects. However, if DupEliminate is applied to
the result as follows

DupEliminate(Image(Jobs, Aj Select(Jobs, Aq q.city = j.city)),1) (2)

the result would contain the expected collections of jobs with no shallow-
equal duplication.

Duplication can be introduced at any level by the algebraic operations.
For example, consider an extension to problem 1, where we want to store
the city value along with the set of job objects in that city:

Project(Jobs, A\j < (C, j.city), (J, Select(Jobs, Aq g.city = j.city)) >) (3)

The result of query 3 will be a set of tuples, one for each object in Jobs. Many
of those tuples will have duplicate C values, and those that are duplicates
will have J attribute values that are shallow-equal. In this case, tuples which
would be considered to be duplicates will not be shallow-equal, but will be
2-equal.

Query operations Project, UnNest and Image can be modified with =z
as a shorthand for application of operation DupEliminate after application
of the operation. Problem 2 could be written, for example, using I'mage_4

13



(or I'mage—;). It is interesting to note that the application of operation
DupEliminate can eliminate duplication created by the algebraic operations,
as in the preceding examples, but, if used with a level deeper than that
created by the operations, can also be used to eliminate duplication inherent
in the data.

Operations such as Project (as in example 3) and Nest can create tuples
with components (attribute values) that are i-equal (usually shallow-equal).
We thus define operation Coalesce(S, Ag,t) which, for collections S of tuple
objects, eliminates duplication at level 7 for the Az components of the tuples.
If two tuples in S, call them ¢; and ¢y, are such that ¢;.Ax =; t3.Ag then
one of the objects is discarded (say ¢3.Ag.value) and t5.A is assigned the
value of ¢;.Ag.

For example, when Nesting a collection on a given attribute; a new set
is created for each tuple in the result, and each new set is a distinct object.
However, some of these new set objects may be shallow-equal. Consider the
four tuples:

t1h = <A:0,,B:0y,>
ty = <A:03,B:04>
t3 = <A:0,,B:04>
ty = <A:03,B:0y>
and the operation
Nest(S, B) (4)

This operation will result in the creation of two set objects(s; and s3), two
tuple objects (t5 and tg) and the result R as follows:

s1 = {o03,04} and

S = {02,04}

ts = <A:01,B:s51> and
te = <A:03,B:s8 >

R - {t5,t6}

The duplication in objects s; and s is similar to that created by problem 3,
however operation DupEliminate does not apply here since the A attribute

14



values are distinct in the result tuples. We could, however, execute
Coalesce(R, B, 1)

to modify R by eliminating s; and modifying ¢ to have value < A : 03, B :
$1 >.

As with operation DupEliminate, the application of Coalesce could elim-
inate duplication inherent in the data as well as duplication created by the
algebraic operations. Project and Nest can create results with duplicate
components, as noted above; any application of Coalesce to results of Ojoin
or UnNest, or at a level deeper than that created by Project or Nest, would
eliminate duplication that was present in the data before application of the
algebraic operation.

5 Maintaining object identity

The presentation of the results of a query is complicated by the presence
of object identity. In order to support the identity of existing objects in
the database, the operations create new objects in which to store the data
objects satisfying a query. As we saw in the last section, though, the creation
of new objects may result in duplication in the data presented to satisfy
the query. This duplication provides information related to the result of
the query by providing, for example, the information needed to quantify the
results. However, in many cases the duplication is not needed or desired, and
providing information that indicates which parts of the result are identical
(i.e. object identity) is required.

In Section 4.5 operations DupEliminate and Coalesce were introduced
to solve the problem of creating separate identities for objects considered
to be equal. At the same time, families of operations Project—;, UnNest_;,
and Image_,; were defined to provide, in single operations, the application
of DupEliminate following the basic, or 0-equal, version of the operations.
Other operations, such as Select or Qjoin, may result in collections with
i-equal objects (tuples or more general objects) only if equality exists in
the input data. We chose not to provide new operators that automatically
eliminate duplicate values in those cases, although the elimination operators
can be applied to any query results.

The creation of newly identified collections to store results of a query
poses a problem in maintaining object identity under the application of op-
erations that are primarily concerned with the formatting of results (Flatten,
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Nest, UnNest, DupEliminate and Coalesce). For operations which actually
extract data from the database it is clear that the result should be a new
object. However, it is not clear that this is always required, or desired, for
the formatting types of operations. Aliasing is intrinsic to the structure of
the results, since references to objects are based on object identifiers, so
it may be desirable to have formatting types of operations actually modify
the objects being formatted rather than creating new objects. On the other
hand, modifying data is not usually considered to be a function of querying.

We suggest offering alternative instructions Flatten', Nest', UnNest',
DupEliminate’ and Coalesce’ which operate as for their non-primed coun-
terparts except that they actually modify the input collection rather than
creating new collections or tuples. These instructions do not offer new re-
sults as far as data satisfying the query is concerned, but help circumvent
aliasing types of problems associated with object identity.

6 Examples

We illustrate the operation of the algebra with some example queries on
an object-oriented version of a Supplier-Parts-Job database [Dat86]. Types
Supplier, Part, Job and Addr are defined in Table 1. Collections Suppliers,
Parts and Jobs, with the obvious associated types, will be used for the
queries. We assume these collections are sets.

The properties of the types are used as a scheme for each collection and
the type of each property determines what basic operations are available for
the property. For example, ordered_ list operations Empty, Member _of, First,
Last, etc. can be applied to the Preferred_Suppliers property of type Job.
All set operations for the model (in, subset_of) as well as the set operations
defined by the query algebra can be applied to properties having type Set.

Example 6.1 Find all red parts. Which suppliers can supply all of the red
parts?

Pred := Select(Parts,Ap p.color = “Red”)
S_Pred := Select(Suppliers,As P_red subset_of s.Inventory)

The first selection finds the red parts, the second selection finds all sup-
pliers for which the inventory includes that set of parts. The subset_of
operation is available since property Inventory and result P_red both have
type Set[Part].
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Type Supplier
properties:
ident: string
address: Addr
Inventory: Set[Part]
operations:
RecvOrder:
Supplier, Set[Part] — Supplier

Type Part
properties:
Num: string
address: addr
color: string
components:
Set[<(P,Part),(Qty,Int)>]
plan: drawing

BillofMaterial: list[Part]

Type Job operations:
properties: Order: Part
num: string
address: addr Type Addr
PartsNeeded: Set[Part] properties:
Preferred Suppliers: street: string
ordered list[Supplier] city: string
operations: state: string
NewPart: Job, Part — Job
Cancel: Job

Table 1: Types for a Supplier-Parts-Job database.

Example 6.2 What parts are needed by jobs in Boston?

BostonJobs := Select(Jobs,Aj j.address.city = “Boston”)
BostonParts := Flatten(Image(BostonJobs,\j j.PartsNeeded))

The first operation selects all jobs in Boston and the Image operation ex-
tracts the PartsNeeded sets from those jobs. The Flatten operation converts
the set of sets of parts into type Set[Part]. If we want to retain informa-
tion about which parts are needed with which job we could use a Project
operation instead of Image:

BosJobParts := Project(BostonJobs,A\j <(J,j),(Pt,j.PartsNeeded)>).

Note that operation NewPart (of type Job) cannot be applied to members
of BosJobParts (since they have type Tuple), but is appropriate for BosJob-
Parts.J. The results of the queries maintain the instances of type Job and
provide multiple paths to Boston-based jobs (through collections Jobs and
BostonJobs, and property J of BosJobParts).

Example 6.3 Generate Bills of Material for all parts needed by Boston
jobs.

BofM := Image(BostonParts,Ap BillofMaterial(p))
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The BillofMaterial property is probably implemented as a function, but the
implementation has no effect on the syntax of the query. If the property is
indeed a function, it is applied to each member of BostonParts to create the
result collection. The Image operation might also prove useful for updating
objects, by allowing application of operations to objects.

Example 6.4 Find all local suppliers for each job.
LocalS := Ojoin(Jobs,Suppliers,J,S,Ajs j.address.city = s.address.city)

The result is a set of tuples having type <(J,Job),(S,Supplier)>. This
result is similar to a normalized relation. An application of operation
Nest(LocalS,S) would give a set of suppliers for each job, i.e. a collec-
tion of tuples having type < (J, Job), (S, Set[Supplier]) >. A similar result
can be accomplished using

Project(Jobs,Aj (<(J,j),
(S,Select(Suppliers,As s.address.city =j.address.city))>))

For each job the set of suppliers in the same city is selected from the collec-
tion of all suppliers. However, if there were no local suppliers for a job this
would result in tuples with null values (an empty set) for the S attribute.
Although Project, with embedded Select, can simulate Ojoin (with format-
ting differences handled by UnNest and tuples with empty sets removed
by Select), we offer both operators for user clarity as well as optimization
potential.

Example 6.5 Find the preferred local suppliers for each job.

We assume that type ordered_list has a Boolean operation Member_of
which can be applied to objects of that type, and select from result LocalS
of the previous example.

Select(LocalS,Ar r.S Member_of r.J.Preferred Suppliers)

The result could also be obtained in a single Ojoin operation by conjoining
the selection predicate of this example (with r.S changed to s and r.J to j)
with the predicate of the Ojoin in Example 6.4.
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6.1 Representing Relations

Querying a relational database can be modelled using our query algebra and
object-oriented data model. Normalized relations are easily represented in
our model as collections of type Set[Tuple] where all attributes of the tuple
have atomic types. The relational algebraic operations map directly to our
algebra applied to sets of tuples.

Conversely, the properties of objects in our model can be mapped to
objects similar to relations using the Project operation. The tuples repre-
senting objects will retain, as attribute types, the property types. These
attribute types could be treated as atomic types (e.g., Part.plan) or could,
in some cases, be further expanded using UnNest and Project. For example,
the following query creates a relation from the Suppliers class:

NNR_Suppliers := Project(Suppliers,As <(ident,s.ident),
(address,s.address),
(Inventory, s.Inventory)>)

with tuple type < (ident, string), (address, Addr), (Inventory, Set[Part] >.
The relation could be further expanded, if desired, using Project to separate
the address into its component parts (street, city and state) and UnNest to
create tuples where the type of Inventory is Part instead of Set[Part].

7 Query Equivalence

We would like to identify transformations of queries that produce equiva-
lent queries. Such transformations would provide a method for identifying
redundant algebraic operations and would also provide strategies for query
optimization. The result of a query is a collection of objects, thus equiva-
lence of queries is closely related to equality of objects; equivalent queries
should produce result objects that are, in some sense, equal.

We can identify two notions of equality for objects. The first type is
i-equality, introduced in Section 3. This equality refers to an equivalence
between data values; if two objects are i-equal they contain the same data.
However, in order to detect the similarities in data, i-equality ignores the
identities of the objects in which the data is stored. We can define a stronger
notion of equivalence, called id-equality, which can detect structural differ-
ences in objects. For example, consider a collection of tuples, call it S, and
another collection R = Coalesce(S,A,i). S and R are i-equal, but they are
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not id-equal. The A components of two tuples in S could be i-equal while
the A components of the corresponding tuples in R are 0-equal.

Objects can be represented graphically, where nodes are labelled with
object identifiers or atomic values, arcs connect collection type objects to
all objects in the collection, and arcs also connect non-collection type ob-
jects to the values of all properties of that object (similarly to [Kho86] for
example). If a collection is a multiset, there will be multiple arcs from the
identifier node for the collection to the node representing the multiply occur-
ring object. Similarly, if the values of more than one property of an object
are identical there will be multiple arcs between the nodes representing the
object and its components’ value.

We define two objects to be id-equal at depth i, written ~;, if they are
i-equal and their graphical representations are isomorphic. I-equality is nec-
essary, but not sufficient, to ensure id-equality.

We define two queries to be id-equivalent at depth i (%) if, when applied
to an arbitrary database, they return collections of the same type of object
and those collections are id-equal. Similarly, two queries are data-equivalent
at depth 1 (=;) if they return i-equal collections. Thus, id-equivalence implies
data-equivalence. As is the case with i-equality, either equivalence at depth
i implies the same equivalence for all depths greater than i. We also note
that 22, and =; are equivalence relations, and that

e A=,Band B =; C = A =; C where k = max(i,j)

e A~ Band B2, C = A % C where k = max(i,j)

~

We will use & and = to mean equivalence is present for some i.

As an example of query equivalence, consider the following queries, both
of which match each object in set As with a set of objects from set Bs ac-
cording to predicate p. In Query 1, the Project operation does the matching
and the outermost Select operation eliminates tuples from that result which
have empty B attribute value (i.e. tuples indicating no Bs objects match an
object from As). In Query 2, As and Bs are joined according to predicate p
then nested on the B attribute.

Query 1: Select(Project(As, Aa < (4,a),(B, Select(Bs, Ab p(a,b))) >), At NOT Empty(t.B))

Query 2: Nest(Ojoin(As,Bs, A, B,p(a,b)))

Queries 1 and 2 are data-equivalent at depth 3 since the collections are
unique (depth 0), the tuples in those collections have unique identities (depth
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1. Ojoin(As,Bs, A, B,p(a,b)) =3 Select(UnNest(Project(As, < (A,a),(B,Bs)>),B)
At p(t.A,t.B))

2. Intersection(A, B) 2, Difference(A, Difference(A, B))
3. Flatten(S) ~, Image(UnNest(Project(S, As < (4,s5) >),A), Aa a.4)
4. Nest(S, A;) ®,  Project(SminusA;,
At < (A1, tA1),. .., (Aic1, tic1),
(4i, Image(Select(S, As (s.A1 = t. A1) A ...
A(s.Aiy = t.A;4)
/\(S.AH.]_ = t.AH.]_)/\
A (s.An = 1AR)),
Aq q.4;)),
(Ait1,8.4i41), ..., (An, 8. 45) >)
where
SminusA; := Project=5(S5,As < (41,5.41),...,(4i—1,8.4;1),
(Ait1,8.4i41),...,(An, 5.45) >)
5. Coalesce(S, A, 1) 3  Project(Ojoin(S, NoDupAy,, K, Aab a. Ay =; b),
At < (A1, t41) - (Ap—1, te—1),
(Ag,t.K),
(Ak-l-l , t-Ak-I-l ), ey (An, tAn) >)
where
NoDupA, :=  Image—;(S, As s.Ay)

Table 2: Id-equivalent Operations

1), and corresponding tuples are not shallow-equal (depth 2) but their B
components are shallow-equal (depth 3). They are also id-equivalent at
depth 3 since the Nest following the Ojoin will build the same structure as
the Project with nested Select.

7.1 Query Transformations
The algebra can be divided into two categories of operations:

1) operations that retrieve data: Select, Image, Project, Ojoin, Union,
Intersection, and Difference

2) operations that support data retrieval through manipulation of result
structure and identities: Flatten, Nest, UnNest, DupEliminate, Coa-
lesce, and their primed counterparts

Operation families Project_; and Image_;, for i not 0, fall into both cate-
gories. For transformations involving only operations in the first category,
id-equivalence is the same as data-equivalence. This is not necessarily true
for transformations involving operations in the second category, since such
transformations can involve structural modifications.

The equivalences in Table 2 illustrate that the algebraic operations Ojoin,
Intersection, Flatten, Nest and Coalesce can be considered to be redundant
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since they are id-equivalent to queries composed using other algebraic oper-
ations. The Nest operation, for example, is id-equivalent to applications of
Project, Image and Select. First, a collection (SminusA;) is created contain-
ing tuples with all attributes except the nesting attribute. No two tuples
in the collection are shallow-equal. For each of these tuples, all matching
tuples from the original collection are selected. Finally, the nesting attribute
value is extracted from these tuples (using Image), creating a result set for
the tuple attribute.

The Image, Ojoin and Project operations can be combined in a similar
manner to create a query that is id-equivalent to Coalesce. The Image oper-
ation is used to create a collection of unique A attribute values (NoDupAg)
which is matched with the original collection of objects using Ojoin. The
result tuples of Ojoin will contain two copies of the values of the attribute
being coalesced; the original attribute value (Ag) and a value that will be
uniquely identified across all tuples (K). The final Project operation will
choose the second version of the value, resulting in consistency between
tuples on the Ay attribute value.

The operations in category 2 are id-equivalent to their primed counter-
parts. Flatten and DupEliminate are id-equivalent at depth 1 to Flatten’
and DupEliminate’, respectively. The depth 1 equivalence reflects the fact
that the identifiers of the result collections are different. UnNest and Coa-
lesce are id-equivalent at depth 2 to their primed counterparts and Nest is
id-equivalent at depth 3 to Nest’. The depth 2 and 3 equivalences result from
the creation of newly identified tuples and collections by each operation.

The id-equivalence of these transformations suggest that a reduced op-
erator set could include operators Select, Image_g, Project_g, Union, Dif-
ference, UnNest_g and DupEliminate. The i-equality modifiers are not nec-
essary for Image, Project and UnNest as long as the 0-equality modifier is
present. Higher levels of equality can be achieved by applying operation
DupEliminate to a result.

It is also possible to identify Select and Ojoin queries whose predicates
can be simplified and replaced using algebraic query operators. For example,

Select(S,As 35 (jin K)Ap(s,7)) =1
Image(Select(MatchK, Xt “Empty(t.B)), At t.A)
where MatchK := Project(S, s < (4,s),(B, Select(K,j p(s,7))

and K is a bound variable representing a collection. The selection nested
in the Project operation finds any j’s in K that satisfy the predicate. The
outer Select operation performs the existence test and the Image extracts
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the selected objects out of the tuples where they were stored by Project.
Similarly,

Select(S, s Vj (jin K)Ap(s,j)) =1 Select(S, s Empty(AllinK))
where AllinK := Difference(K, Select(K, j p(s,7)))

Again, the quantifier is replaced by an existence test; if the Difference be-
tween collection K and the members of K satisfying the selection predicate
is empty, then all members of K satisfled the predicate.

In general, queries with first order predicate arguments cannot be trans-
formed into queries without such arguments, since the j in K conjunct can
not necessarily be moved within the predicate (K may not be bound prop-
erly). The relationship between first-order predicates in Select and Ojoin
that can be transformed into other algebraic computations, and those queries
that we want to allow in the algebra, is still being studied.

8 Implications for Optimization

We expect the structure of the operations and the redundancies in the oper-
ator set presented here to offer many opportunities for optimization. Query
optimization may also depend on the implementations of the types queried,
but we do not consider that aspect yet. In addition, the different types
of equivalence introduced in Section 7 suggest that we may want to allow
optimization guaranteeing id-equivalence or just data-equivalence.

The similarities between our algebra and relational algebra imply that
relational optimization results may prove useful in object-oriented query
optimization. For example, one relational optimization strategy is to push
Selection past Join. That same strategy is available in our algebra (see
identity 1 Table 3). Similarly, when a Select operation is composed with an
Ojoin, it may be possible to instead compose the two predicates to produce
a single operation (Table 3 identity 2). These two ideas are combined in
identity 3 of Table 3. If an QOjoin predicate contains a conjunct involving
only one of the operand collections, that conjunct can be extracted from the
Ojoin predicate to form a Select predicate on the appropriate operand.

The redundancies presented in Section 7 may also offer opportunities
for optimization. We would expect,for example, that a Flatten operation
would be more efficient than the simulation of that operation with Project,
UnNest and Image. The primed and non-primed operations may also allow
optimization in intermediate query results.
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Select(Ojoin(As, Bs, A, B, p), At p,s(t.4)) =

Ojoin(Select(As, p;(a)), Bs, A, B, p) (1)
Select(Ojoin(As, Bs, A, B, p(a, b)), A\t p,(t.A,t.B)) =
Ojoin(As, Bs, A, B, p(a,b) A ps(a,b)) (2)

Ojoin(As, Bs, A, B, Aab p(a) A p'(a, b)) =
Ojoin(Select(As, p(a)), Bs, A, B, Aab p'(a, b)) (3)

Table 3: Some Select-Join Identities

Another optimization consideration for object-oriented databases is the
use of object identifiers, as opposed to the objects themselves, whenever
possible. The Project operation should prove useful in such optimizations by
allowing the extraction of identifiers and atomic values needed by subsequent
operations. For example, consider the Ojoin of example 6.4 in Section 6
which creates set LocalS containing suppliers and jobs matched by city.
The join could involve multiple accesses to each supplier, job, and address
object to obtain the city information. However, the sequence of operations:

JC := Project(Jobs,A\j <(J,j),(JCity,j.address.city)>)

SC := Project(Suppliers,As <(8S,s),(SCity,s.address.city)>)
Temp := Ojoin(JC,SC,,,Ajs j.JCity = s.SCity)

LocalS := Project(Temp,At <(J,t.J),(S,t.S)>)

accomplishes the same result with only one access to each of the job and
supplier objects. The information required for the join (i.e., object id and
associated city value) is stored in tuples in collections JC and SC.

9 Summary

The support of type inheritance, abstract data types, object identity, and
typed collections by the Encore data model is integral to the design of the
query algebra proposed in this paper. The distinction between types and
collections in the model allows the algebra to query over collections, using
a scheme for each collection described by the type structure. The algebraic
operations return collections of objects and the type of those collections can
be statically determined using the type structure. Objects in a collection
will have the type defined for the collection, or will have a subtype of the
type defined for the collection.
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The query algebra supports abstract data types by accessing objects
only through the interface defined by their type. Results of queries are
collections of existing objects or collections of tuples, built by the query,
having existing objects as components. The manufacture of tuples by the
Project and Ojoin operations allows the expression of relationships between
objects not identified by the type design.

The manipulation of objects by the algebraic operations is based pri-
marily on object identity, and most operations create new objects (tuples,
collections) to store query results. The algebra supports object identity by
maintaining the identities of existing objects and by providing operations
to modify, if desired, the identities of objects created to store results. The
support for object identity leads to distinctions between data-equality and
identifier-equality of objects, and to related levels of equivalence in query
results.

Our current research involves the optimization of queries using the al-
gebra presented in this paper. The structure of the operations and the
operator set offer many opportunities for optimizations that are indepen-
dent of the implementation of the types queried. We expect to combine
those with type-dependent optimizations to provide efficient query access to
data in our object-oriented database.

We are also investigating techniques for estimating the cost of query
expressions. The encapsulation provided by the object model makes this a
non-trivial problem.
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