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Abstract

Object-oriented database systems have been proposed as an effective solution for
providing the data management facilities of complex applications. Proving this claim
and the investigation of related issues such as query processing have been hampered

by the absence of a formal object-oriented data and query model.

This thesis presents a model of queries for object-oriented databases and uses
it to develop a query processing methodology. Two formal query languages are de-
veloped: a declarative object calculus and a procedural object algebra. The query
processing methodology assumes that queries are initially specified as object calculus
expressions. Algorithms are developed to prove the safety of calculus expressions
and to translate them to their object algebra equivalents. Object algebra expressions
represent sets of objects which may not all be of the same | pe. This can cause type
violations when the expressions are nested. A set of type inicicnce rules is presented
which determines the type consistency of algebra expressions. The next step of the
query processing methodology is logical optimization. Algebra expressions are opti-
mized by applying equivalence preserving rewrite rules. Both algebraic and semantic
rewrite rules are developed. Applicability conditions for algebraic rules are deter-
mined by pattern matching of query subexpressions whil- ~zmantic rules additionally
require that various conditions on the database schema e met. Thus the semantic
rewrite rules are unique to a specific application. The final step in query processing
is generation of access plans. The interface to an object manager subsystem which

performs primitive operations on streams of objects is defined. Join enumeration



algorithms from the relational model are adapted and extended to translate algebra

expressions into access plans which are sequences of object manager operations.
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Chapter 1

Introduction

1.1 Overview

Object-oriented database systems have been proposed as a solution well suited to provid-
ing the data management facilities for applications such as computer aided design, office
information and multi-media systems. These applications can be characterized as complex;
supporting multiple users concurrently and manipulating large amounts of data. They re-
quire that features of programming languages and databases be combined in a coherent,
consistent fashion and embody aspects which have traditionally belonged to separate re-
search area.. languages and databases. Object-oriented databases bridge these two worlds
by combining the data abstraction and computation model of object-oriented languages
with the performance and consistency features of databases. Figure 1.1 illustrates this
overlap and categorizes several well known languages and databases.

The extensive overlapping of areas in Figure 1.1 shows that many database models have
concepts in common. In this respect, each “new” database model is not new at all, it is
merely a new combination and interpretation of pre-existing concepts. A pre-requisite for
performing research on any particular model then, is agreement on which set of features
the model includes, and their interpretation. Much of the work to date on object-oriented
databases has been restricted to these data model issues. The many possible interpretations
of features in the object-oriented model (e.g., polymorphism, inheritance, etc.) makes it
unlikely that a succinct and formal definition of the model will be agreed upon in the
near future. Rather than contribute to the model debate, the goal of this thesis is to

formally define an interpretation for a set of object-oriented features and investigate query
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Figure 1.1: Object-Oriented databases bridge traditional DBMSs and languages.

processing issues within this context. Queries are an important component of database
systems as query languages define the user interface (both syntactically and functionally)
and the query processing techniques affect performance.

The distinction between defining a data model and investigating issues within the con-
text of that model is important. For example, Codd’s specification of the relational model
[Cod70, Cod71] provided a solid foundation for the investigation of issues such as depen-
dency theory, null value semantics, query processing and computational completeness pre-
cisely because it was concise and formal. Figure 1.2 illustrates this notion of a data model
as an interpretation of known concepts (the dashed circle) and as a means of providing
the foundation for investigation of related issues. The thesis follows this approach by for-
mally defining an object-oriented database model and using it as the foundation for an

investigation of query processing.

1.2 Thesis Scope and Contribution

One of the primary distinctions between an object-oriented programming environment and
an object-oriented database is that the database supports efficient associative access, i.e.,
queries. In particular, a declarative query language is desired because it allows the pro-
grammer to focus on what the query means as opposed to how the query is implemented.

Almost all object-oriented programming languages provide some capability to apply a block
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Figure 1.2: The object-oriented model as a collection of known concepts.

of code (a predicate or function) to a collection of objects and return those objects which
satisfy the predicate or the results of applying the function to each member of the collection.
I maintain that this does not constitute a query facility for several reasons.

Iterating through a collection of objects and applying the code block in its entirety
to each successive object is an inefficient paradigm. It requires that each object (and
perhaps intermediate values) be evaluated on an individual basis. In contrast, traditional
query processing techniques break down the query condition, i.e., the code block, into
primitive data manipulation steps and then apply each step to all items being queried at
once. Buffering can be used in this scenario to reduce the cost of handling intermediate
and final results. In addition, the effort expended in improving the engine which performs
the data manipulation primitives is highly leveraged as it improves the performance of all
queries.

Object-oriented programming languages permit constructs which do not terminate or
which create infinite output. Code blocks which specify such constructs would not return a
result while still consuming system resources to evaluate them. A standard user requirement
is that the database system return query results in finite time and reject those queries for
which this is not possible. Arbitrary code blocks do not have this property.

An object-oriented language compiler or interpreter can use traditional code optimiza-
tion techniques to improve the run time of a block of code. But such techniques typically

do not utilize equivalent primitive data manipulation constructs to rewrite expressions in



a more efficient form. In other words, formal representations of query conditions provide
more opportunity for rewrites and optimization than the code representation.

The problem this thesis investigates can be stated as follows: What is an appropriate
query model for object-oriented systems and how are queries processed in an object-oriented
DBMS? The question can not be answered without addressing four more fundamental prob-

lems related to object-oriented database systems:

1. What languages can be used to express queries and what defines an acceptable, or

computable query?
2. How do the semantics of inheritance affect query processing?

3. Can logically equivalent forms of a query be identified and used as a basis for query

optimization?

4. What functiorality should an “object management subsystem” provide such that

queries can be evaluated efficiently?

The approach proposed in this thesis is depicted in Figure 1.3. Queries are expressed
in a declarative language, the object calculus, which requires no user knowledge of object
implementations, access paths or processing strategies. The calculus expression is first
reduced to a normalized form and then tested for safety. The normalized calculus expression
is then converted to an equivalent object algebra expression. This form of the query is a
nested expression which can be viewed as a tree whose nodes are algebra operators and
whose leaves represent instances of classes in the database. The algebra expression is next
checked for type consistency to insure that predicates and methods are not applied to objects
which do not support the requested functions. This is not as simple as type checking
in general programming languages since intermediate results, which are sets of objects,
may be composed of heterogeneous types. The next step in query processing is logical
optimization achieved by applying equivalence preserving rewrite rules to the type consistent
algebra expression. Lastly, an access plan which represents a sequence of primitive data
manipulation operations is generated from the optimized object algebra expression.

The main contributions of this thesis are the following:

1. Formalization of a data model which captures many commonly accepted features of

object-oriented database systems and the development of two query languages for that



normalized object type optimized
declarative calculus algebra consistent algebra access
- query expression expression expression expression plan

- c?.l?uluf - calculus-alg'ebrat_‘, typecheck - algebra _,. access plan _,
optimization transformation optimization generation

Figure 1.3: Query processing methodology.

model: a declarative object calculus and a procedural object algebra.
2. A safety criterion for identifying ¢cosmputable queries.

3. A new definition of type consistency for query expressions which insures type consis-

tent bindings of program variables to query results.

4. The specification of an object manager subsystem interface which performs primitive
operations or streams of objects and algorithms for generating access plans which are

sequences of object manager operations.

1.3 Related Work

This thesis draws from several areas of computer science: advanced database models, object-
oriented programming languages, query processing and query languages. The following
sections review relevant aspects of these areas and identify the specific ideas which have
influenced the work. Several implementations of object-oriented programming systems and

databases have influenced the work as well. These are summarized in Appendix A.

1.3.1 Advanced Database Models

It is commonly recognized that the relational data model [Cod70], with its flat represen-
tation of data, results in a semantic mismatch between the entities being modeled and
the underlying DBMS [Ken79]. A number of approaches have been followed to remedy
this. One approach has been to modify the relational model to provide it with more power
[Cod79]. More recent work has aimed at including user defined data types within the re-
lational model [0T86, RS87, WSSH88]. Others have allowed for non-normalized relations
[0Y87, Rot86, RK87, 5586] and developed languages for them [AB84, JS82, Sch85).

5



An orthogonal approach has been the development of new and more powerful data
models generally classified as semantic data models. Most semantic models are based on
the concepts of aggregation, generalization and classification [SS77]. Well known examples
are the E-R model [Che76], LDM [KV84], the Format model [HY84], Daplex [Shi81], IFO
[AH84] and Taxis [MBW80]. Overviews of the entire field can be found in [Hul87, HK87).

The data model developed in this thesis includes the common semantic data model fea-
tures of aggregation, generalization and classification. The function-based action paradigm
of Daplex (without inverse functiors) is used as the underlying mechanism for sending a
message to an object!. The consistent use of algebras in pyocessing queries for the normal-
ized and non-norma! i relational models provided motivation to do the same for the data

model presented in this thesis.

1.3.2 Object-Oriented Concepts

An overwhelming number of papers have been written in justification of some interpretation
of the term “object-oriented”. However, although a complete notion of what it means to
be object-oriented is not agreed upon, some common themes have emerged. Proposals have
been made to define terms such as object, class, identity, behavior, representation, method
and inheritance [0OD90, SB85, Weg87]. An object is considered to be an instance of some
class which defines its representation and behavior. Identity is that property of an object
which distinguishes it from all other objects. It is separate from addressability and value.
The object equality operators identity, shallow equal and deep equal defined in [KC86)] are
present in almost all object-oriented programming languages. Methods define the behavior
of objects and when applied to a specific object return another object; either a subobject
or some other object in the system.

Representation and/or behavior may be inherited. Inheritance defines a directed graph
whose nodes are classes and edges denote inheritance relationships. In the context of
databases, this graph represents the database schema. Early systems such as Smalltalk
[GR85] did not distinguish between inheritance of representation and inheritance of be-
havior. Thus there was only one inheritance graph. LaLonde and Zdonik investigate the

situation where there are distinct graphs for each form of irheritance within the same sys-

1Chapter 2 clarifies how the message sending paradigm of object-oriented systems is modeled by applying

the function associated with a method to an object.



tem [LTP86, Zdo86]. An orthogonal issue is whether a class may inherit from one or many
parent classes. Single inheritance forces the inheritance graph to be a strict hierarchy while
multiple inheritance organizes the classes into a directed acyclic graph.

Proponents of object orientation claim that the approach is superior to other paradigms
for modeling real world entities. But the model may at times be overly flexible while at
others overly restrictive. For example, a common error is to use subtyping (subclassing)
as a means of composition rather than to define a sum of behaviors. Design rules which
guard against misapplication of object-oriented principles during system design are given in
[HO87]. The requirement that all concepts be organized into classes can be overly restrictive.
For example, Borgida has investigated how non-strict taxonomies of classes can be used to
accommodate exceptional entities [Bor88], i.e., those which differ only slightly from the
class definition.

An alternative to classification schemes, yet still termed object-oriented, is the notion
of delegation. In this paradigm each object defines some behavior itself and delegates addi-
tional behavior to other prototypical objects as required [Agh87, Lie86)]. Strong arguments
have been made to show that delegation and inheritance are both viable methods for in-
cremental definition and sharing of behavior [Ste87). Recent models have attempted to
combine the two in an integrated fashion [Sci89].

Some more formal approaches to inheritance and classification have also helped define
object-oriented concepts. Cardelli defines a set inclusion semantics for multiple inheritance
by interpreting objects as records with function components [Car84). Cardelli and Wegner
use a typed A-calculus augmented with quantification to model abstract types, subtypes and
type inheritance [CW85). They also make the distincticn between ad hoc, inclusion and
parametric polymorphism which correspond to operator overloading, subtyping and generic
functions respectively. A survey of typing in various ob ject-oriented programming languages
is given in [DT88]. Other formalization attempts have focused on providing a posteriori
specifications of Smalltalk-80 using VDM and other specification languages [CP89, Wol87].

This thesis incorporates many of the concepts presented above. We use a multiple inher-
itance model which does not support any form of delegation. Inheritance without delegation
gives the schema a regular structure which can be exploited during query processing. The
data model defines a mechanism for behavioral inheritance only and makes no restriction

on object representations. This allows objects within a class to have different representa-



tions and permits the representation inheritance graph to be distinct from the behavioral
inheritance graph if desired. Representation independence also permits treating objects
as abstract instances of a class whose methods define a behavior. We support inclusion
polymorphism as defined by Cardelli and Wegner [CW85] and base the form of our type

inference rules on those proposed by Cardelli in [Car84].

1.3.3 Query Processing

Query processing has many components including query representation, transformation,
optimization and evaluation. A good overview of these issues and their interrelationships
in the context of the relational model is provided by Jarke [JK84].

Two types of query transformations are common. One generates query expressions for
which it is easier to prove certain properties such as safety. Methods for rewriting relational
calculus expressions to obtain domain independent formulas are presented in [Bry89, GT87].
Domain independence implies safety by insuring that a grary can be answered by examining
only the relations it references, not the (possibly infinite) domains their attributes are drewn
from [Fag82, GT87, Nic82]. A similar technique using set operators instead of universal
quantification and negation is given in [OW89].

The second type of transformation generates query expressions which are less costly to
evaluate. These are often referred to as logical transformations. Jarke [JK84] and Talbot
(Tal84] identify many such transformations for the relational data model. Shaw identifies a
limited number of logical transformations for an object algebra [SZ90].

The ability to precisely define the nature and pre-conditions of logical transformations
has led to their application using rule based systems. This technique can be used both
to ameliorate queries [GD87, HP88] and to translate them into executable access plans
{Fre87, GD87, Loh88].

Generating access plans requires that (1) a well defined set of primitiv: query operations
be implemented, and that (2) techniques exist for enumerating and evaluating alternate
sequences of operations. The relational storage subsystem (RSS) of System R [Ast76]
defined the standard for relational low level query interfaces. Similar low level interfaces
have not been defined for other data models because they often are mapped to the relational
model. Enumeration of alterpate operation sequences has received significant attention in

the context of join ordering [OL88, RR82, SAC*+79].



Almost all of the referenced work is applied in this thesis. The proposed query processing
methodology, with the exception of the type consistency step, is similar to that proposed
by Jarke [JK84]. The notion of domain independence in the relational model is extended to
define finite and infinite classes in Chapter 3 and their relationship to the safety of queries.
We use logical, equivalence preserving transformations to improve query expressions and
define them with conditions which would be suitable for a rule based transformation system.
The join enumeration algorithm of [OL38] and join template representation of [RR8&2] are

modified and extended for generating our access plans.

1.3.4 Query Languages

Many query languages have been developed for databases. 1 make the distinction between
“user” and “formal” languages. Languages such as QUEL [Sto76] and SQL [Dat87] are user
languages while calculi and algebras are formal. User languages associated with a particular
implementation are discussed in Appendix A.

The most well known calculus and algebra are those for the relational model [Cod70,
Cod71, Klu82, OW89, Ull82]. An algebra exists for the ~1NF model [Rot86, Sch85] and
for general non-normalized relations [AB84)]. omplex object manipulation langvages have
also been developed [BK86].

Osborn [Osb88, Osb89] describes ar rbject algebra which views objects as passive data
and does not support encapsulation. er algebra allows aggregate or set objects to be
disassembled and recombined and t'::a reused in later stages of a query.

Zdonik and Shaw [SZ89, ZdoR2! developed an object algebra which supports encapsula-
tion but only allows unary m»thixds to be used in qualifying algebra operators. They also
introduce an id-equal at «epiht ‘ ~omparison operator which allows structural comparisons of
objects. Results of queries :.:» always new objects. Thus the same query run twice may not
pass some equality tests which use the structural comparison operators. This complicates
using query results as views since the database user must insure that only the proper types
of comparisons are performed on the results of 2 previous query.

The user language OQL [ASL89] specifies queries as a subschema of the database com-
bined with selection criteria on the objects which are part of the subschema. Objects whose
components extend past the query defined subschema are ‘truncated’ in the sense that those

components are not available in the query result. This allows definition of views which hide



a part of the objects’ representation while allowing free access to the remainder of the
objects. OQL considers objects strictly as aggregations, not ADTs, and no discussion is
presented on how to process and optimize such queries.

This thesis focuses on formal query languages by developing both ar object calculus
and an object algebra. Our query languages differ from those of Osborn [Osb88), Alashqur
[ASL89] and Shaw [SZ89] in that we support strict encapsulation, i.e., operators which
manipulate or depend on the object representation are not allowed. Chapter 8 addresses

how the addition of new operators affects the overall query processing methodology.

1.4 Organization of this Thesis

This thesis is divided into eight chapters almost along the lines of Figure 1.3. The object-
oriented data model that forms the basis of investigation is introduced in Chapter 2. The
model formalizes objects, methods, classes, inheritance, legal database states and opera-
tions. A sample hypertext database is defined which is used in examples throughout the
thesis.

The following two chapters formalize the notion of queries against the model of Chap-
ter 2. Chapter 3 defines a declarative query language: the object calculus. The syntax and
semantics of low level query primitives are specified and a safety criterion for object calcu-
lus expressions is developed. Chapter 4 presents a procedural query language, the object
algebra, which implements a subset of the full object calculus. An algorithm for translating
calculus expressions to their algebra equivalent is given.

Traditional query languages, with their limited data types and operations, have required
only simple checks for type consistency. In contrast, the data abstraction and nultiple in-
heritance present in the object-oriented model do not permit such trivial typechecking.
Chapter 5 presents a set of type inference rules for insuring the type consistency of object
algebra expressions. Type consistency is based on the notion that an expression may con-
form to several types concurrently dixe to inheritance. Several algorithms are developed for
manipulating the class inheritance graph and determining type inclu:ion relationships.

Chapter 6 presents a suite of equivalence preserving transformation rules for object al-
gebra expressions. The rules are intended to serve as the rule base for a query rewrite

system similar to that of Starburst [HP88]. Three types of transformation rules are pre-
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sented: identities, conditional rules and semantic rules. Identities are always applicable
while conditional rules must meet a set of wel defined conditions to be eligible. Semantic
rules additionally utilize the semantics of the object-oriented data model, class inheritance
graph and type consistency to determine rule sligibility.

The last step in query processing, execution (access) plan generation, is addressed in
Chapter 7. Access plan generation is the process of translating object algebra expressions
into sequences of executable, primitive data manipulation operations. An object manager
interface which provides these primitive data manipulation operations is defined followed
by two algorithms for generating access plans for the interface. The first algorithm takes a
naive approach and generates sub-optimal plans. The second algorithm generates a family
of access plans (which includes the optimal plan) by applying a modified relational Jjoin
enumeration technique.

Conclusions and contributions of this work are presented in Chapter 8. The resulits are

summarized and future research directions that this work suggests are discuszed.
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Chapter 2

The Object-Oriented Database
Model

2.1 Introduction

The data model attempts to meet several objectives, the most important of which is to
provide a query formalism which can be used to investigate properties of queries such as
safety, expressiveness and equivalence preserving transformations. Another objective is
to accurately reflect common object-oriented concepts without setting any restrictions on
implementations or physical object representations. For example, relational query languages
do not reflect whether relations are vertically or horizontally partitioned in the physical
system. Such knowledge is required for physical data access but is not required in order to
completely and unambiguously specify a query. In an analogous fashion, the object-oriented
data model and query formalism should have 2 logical view of data which is consistent for
all physical implementations.

The data model should additionally support both a set oriented query formalism as
well as a general purpose programming language with assignment. The common problem
of ‘impedance mismatch’ {[Ban88a, MSOP86] occurs when a set oriented query language
and an imperative programming language with different computational paradigms ar~ used
together. Removing this mismatch makes it easier to implement complex applications which
operate on persistent data.

These objectives are best achieved by modeling objects as instances of abstract data
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types (ADTs). This interpretation can be explained in the traditional context of objects
which are modeled as instances of record types [Car84]. Consider that the fields of a record
may hold data or functions. Restricting the fields of a record type tc functions on types
results in a true ADT where the components of the record implement the ADT abstraction.
Functions in the mathematical sense are not dependent on local data, but implementations
of functions using imperative programming languages are. As a result, implementations
will often allow both data and functional fields with the data fields corresponding to the
object state, and the function fields implementating the object behavior.

Defining objects as combinations of data and functions raises the questior: of visibility.
Is the data component visible only to an object’s functions or to any user of an object? The
issue takes on added significance when we speak of inheritance. When we say that type A

inherits from type B we could mean:

1. inheritance of representation - type A objects have the same data components

as type B objects (and possibly additional ones);

2. inheritance of behavioral implementation - code implementing the functions of

type B objects can be app'ied to the data structures representing type A objects;

3. inheritance of behaviural specification - type A objects provide functions with

the same names, arguments and semantics as those of type B objects.

Note that inheritance of behavioral specification (3) is a concept while items (1) and (2)
are realizations of that concept.

The inheritance relationships among types can be represented by a graph. This graph
is highly dependent on the form(s) of inheritance that a system supports. For example,
Smalltalk-80 [GR85] enforces (1) and (2) but allows inheriting types (subtypes) to change
the arguments and semantics of inherited functions. The public and private declarations of
Owl [SCW85] and C++ [Str86] allow (1) and (2) to be chosen for each data component and
function on an individual basis. A system can have multiple inheritance graphs. LaLonde
[LTP86] describes a Smalltalk-80 variant which has one inheritance graph for implemen-
tations and a second for behavioral specifications. It is also possible to have (3) without
either (1) or (2). In this case each type must reimplement the functional specifications and

semantics it has inherited,
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By separating behavior from implementation, the data model places no restrictions on

implementations [DT88, Sny87]. This allows
¢ a type to have multiple representations and implementations,
e subtypes to have representations and implementations different from their supertypes.

The model can be used consistently for distributed systems with heterogeneous processing
elements, systems where functionality is distributed by type, and systems where multiple
representations of a type are required.

Modeling all object-oriented concepts is not possible as some are in conflict with each
other. For example, this thesis restricts objects to be instances of only one type while other
models [Fis87] allow an object to be a member of multiple types concurrently. However, an
object may exhibit the behavior of several types via multiple inheritance. Lastly, the model
presented here does not address primarily implementation issues such as object migration,

exception handling, schema evolution [BKKK87}, and saving queries as views [TYI88].

2.2 Values and Objects

All definitions in the model are based on the existence of the following sets:

A finite set of basic domains D,,..., D, where D = U, D;.

A countably infinite set A of symbols called attributes.

A countably infinite set I.D of identifiers.

A finite set C.NV of class names.

A finite set M N of method names.

Definition 2.1 Values: There are three types of values:
1. Every v € D is an atomic value for which there exists a textual representation.
2. Every finite subset of ID is a set value.

3. Every element in IP(A) X IP(D) x IP(ID)! is a structural value.

1[P(X) denotes the owerset of X.
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The symbol V denotes the set of all values. O

Definition 2.2 Objects: An object is a triple o = (id,en,val) where id € ID, cn € CN
and val € V. O = ID x CN x V is the set of all objects. We will use the notation o.id,

o.cn, and o.val, respectively, to denote the identifier, the class and the value of object 0. O

Based on an object, the function ref(o) is defined which associates to an object o the set
of all identifiers referenced within the value part of the object. This is a recursive function

which includes all references of objects nested within o.

Definition 2.3 Consistent set of objects: A set of objects © is consistent iff:

e Vo,p € O,0.id # p.id (No two objects in © have the same identifier - unique identifier
assumption [KC86].)

¢ Yo € ©,ref(0) C Upeo P-id (Each identifier in ref(o) is an object in © - no dangling
identifier assumption [KC86).) O

2.3 Classes and Inkeritance

Classes are abstract types whose instances are objects. In our model, a class is a type
definition as well as a synonym for all objects which are instances of the type [Ban88a). A
class defines the interface and semantics of its instances by making public a set of methods
and their signatures. The method signature specifies the method name, and the number and

type of the arguments and result. For example, the class Person might define the method
salary : Person X Date — Number

whose semantics are to provide the salary values over a person’s lifetime.

Signatures provide the basis for a strongly typed, compile time-checkable system. Type
checking is based upon the notion of conformity. A type P conforms [BHIL86, BHI*87] to
a type Q if

1. P provides at least the operations of Q;

2. The types of the results of P’s operations conform to the types of the results of the

corresponding operations of Q;
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3. The types of the arguments of Q’s operations conform to the types of the arguments

of the corresponding operations of P.

The conformity relation is reflexive but not necessarily symmetric or transitive. Assuming
a set of primitive types and their known conformity, any non-primitive type can be tested
for conformity by recursively examining the types referenced by signatures of its methods
until only primitive types remain. An assignment is legal if the type of an object conforms
to the declared type of the identifier to which it is being assigned. A formal definition of
the conformity relation between types is given in [BHJ*87] and is sufficient for developing
a type checking algorithm.

A class which conforms to another and additionally adds behavior is said to be a spe-
cialization of that class. This new class, termed a subclass, ‘behaves like’ [Zdo86) its parent
class in the sense that it exhibits all the behavior of its parent(s) in addition to defining new
behaviors. For example, we could define Student as a subclass of Person. Since a student

object implements the behavior of a person object, the Student class provides the method
salary : Student x Date — Number
As well, it could specialize Person by adding new behavior defined by the methods

grade : Student X Course - Number

thesis_topic : Student — String

The concept of a subclass ‘behaving like’ its parent is called behavioral inheritance and
corresponds to the third form of inheritance described on page 13. In our example, Student
inherits the behavior of salary from its parent class. There is no restriction on the number of
classes a subclass may inherit behavior from. The case where a class inherits from multiple
parents is termed multiple inheritance. Our use of the term inheritance will refer specifically
to behavioral inheritance in the remainder of the paper.

Since each class may have parents from which it inherits behavior, we can define a class
inheritance lattice as the directed graph G = (V, E) where vertices in V' represent classes
and an edge (v;, v;) exists in E if v; is the parent of v;. We say v; is a subclass of v; if there
exists a path from v; to v; in E. Conversely, v; is a superclass of v; if a path from v; to v;
exists,

Multiple inheritance mechanisms require a conflict resolution protocol to deal with cases

where a class inherits the same named behavior from a number of classes. We consider the
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definition of this protocol to be an implementation issue and, therefore, do not specify it
explicitly as part of the formal data model. However, either one of the two alternatives
that have been proposed in the literature — namely requiring the user to explicitly define
the multiple inheritance semantics or resolving the conflict according to a predetermined
ordering of the class lattice - is appropriate.

The behavioral inheritance described above insures that a subclass always conforms
to all of its superclasses. Others have called this substitutability [SZ89]. Substitutability
insures that an object of class P can be used in any context specifying a superclass of P
Note that a subclass could redefine the class of the result of an inherited method to be
a subclass of the original result class without violating substitutability. This is because
rule 3 in the definition of conformity is .t violated by such a change. In order that the
behavioral inheritance terminates, the class lattice has a root class which is the parent of
all other classes.

We call the instances of a class c the eztent of c and denote it as ext(c). It is also conve-
nient to have a notation for referring to all the instances in the extent of all classes rooted
at a specific node in the class lattice. For a class c, the deep eztent of ¢, denoted ext*(c),
is the union of the extent of each class in the subtree of the class lattice rooted at class c.
Figure 2.1 illustrates a sample class lattice with rectangles representing classes and circles
denoting objects. Solid lines indicate a subclass relationship and dotted lines indicate class
membership. In this example ezt(c;) denotes the objects {01,02} while ezt*(c;) denotes
the objects {o1,...,010}.

The definition of methods, classes and inheritance are formalized next. As indicated
earlier, methods define the behavior of objects. In the object-oriented paradigm, a method
is applied to an object or a message identifying a method is sent to an object and a result
object is returned {SB85). Conceptually, a method can be thought of as providing a mapping
from a source object to a target object. If, in the process, the value of the source object is
changed, we say that the method has ‘side effects’. Methods with side effects can adversely
affect query processing. Consider a method whose side effect is to create new objects in the
class being queried. A query using such a method would never terminate since the query set
grows as each member of the query set is evaluated. This thesis considers only side effect

free methods.
Definition 2.4 Methods: A methodis a triple m = (nm, f: § — T,b) where:
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Figure 2.1: Class lattice with extents.

e nm &€ MN is the name of the method.

e f:S5 — T is afunction mapping a product of source domains to a target domain of
the form

fiS1xXS2x...x8, =T
where $1,...,S5, and T are sets of objects.

¢ b denotes the semantics (behavior) of function f. O

The following functions will be useful in the upcoming discussion:
e source(m) denotes S, the first source domain in S of method m.
e target(m) denotes the target domain, T, of method m.
o name(m) denotes the name mn of method m.

Function f is n-ary in order to allow parameterized methods. For example,

f(s1,...,84) = twhen s; € Sy,...,3, € S, and t € T. Using the object-oriented paradigm,
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function f is applied to object s; using objects sz, .. -»Sn as parameters resulting in object
t. Subsequent definitions will restrict Sy,...,S, and T to insure substitutability and a
strongly typed system. Later, sets of methods will be associated to classes and all methods
associated with a class will be required to have unique names. The following definition

formalizes this constraint.
Definition 2.5 Consistent set of methods: A set of methods M is consistent iff:
Vmi,m; € M,name(m;) # name(m;),i #j O

A class defines the behavior of its instances by providing methods which operate on
those instances. However, a class may additionally inherit behavior from its parents. The
functions which implement the methods of the parent class are only applicable to instances
of the parent class, they can not be applied to instances of a subclass. The transformation
operator ‘o’ modifies inherited methods such that they are applicable to instances of a

subclass.

Definition 2.8 Method Transformation: Given a method m and a set of ob jects Q:

mo §}

m=(@nf:8xT V)| n'=n,
S'=Qx 85, %...x8S,,
T'=T,
b¥=56] 0

The transformation operator takes a method m and a set of objects © and creates a
new method m' with the same name, behavior, parameters and target domain but which
operates on the objects in Q2 instead of the source domain of the original method. In the rase
of an interpreted language with dynamic binding like Smalltalk-80 where representations
and implementations are inherited, the transformation operator is a no-op. In compiled
languages, the transformation operator is an abstraction of that aspect of the compiler
which implements the language’s inheritance mechanisms.

The following definition formalizes the notion of a class and shows how the data model
implements behavioral inheritance. The transformation operator is used to build a set of

applicable methods from locally defined and inherited methods.
Definition 2.7 Classes: A class c is defined as the tuple ¢ = (n,p, MT, AM) where:
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e n € CN is the class name.

e pis a sequence of parent classes of the form <e¢y,...,cr>.

® MT is a consistent set of methods with the added restrictions:

- VYm € MT, source(m) = ezt(c). Each method in MT must operate on all in-

stances of the class, and no other objects. In other words, the class’ methods are

defined only on the objects in the extent of the class.

Vm € MT, source domains S3(m),...,Si(m),...,Sa(m) are the deep extent of
some class c!, ezt*(c!), in the database. This restriction is based on the princi-
ple of substitutability implied by the conformity relationship. Substitutability
states that an instance of a subclass is acceptable in any context specifying an
instance of the parent class. Here, the parent class is ¢.. In order to meet the
substitutability criterion then, the function which implements a method must

accept all instances of ¢ and all subclasses of ¢} as arguments, i.e., ezt*(c}).

Vm € MT, the target domain T'(m) is the deep extent of some class ¢/, ext*(¢'), in
the database. This restriction insures that the result of a method is well defined
thereby allowing a strongly typed system, i.e., objects returned by method m are

guaranteed to minimally conform to class ¢'.

e AM is a set of applicable methods formed by:

MT(c)U (AM(c1)oezt(c))U...U(AM(ck) o ext(c))

The applicable methods of a class consists of the methods the class provides, MT,

plus the methods from its parents transformed to operate on its own instances2. O

2.4 Databases

Definition 2.8 Database: A database is a pair db = (H,0) where H is a set of classes

denoting a class hierarchy and © is a consistent set of objects meeting the following con-

straints:

1. Ve € H, the name of ¢ is unique.

2This assumes that name conflicts betweer methods in MT and any parent class are already resolved.
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2. Yo € ©, o.cn is the name of a class in H.
3. Croot € H.

4. Ve € H, c is a subclass of ¢,pp. O

The first two conditions insure that each object in the database belongs to only one
class which is itself in the database. The third and fourth conditions are required to insure
that the recursive definition for behavioral inheritance terminates for every class in the
database.

A legal database operation can be thought of as applying the function associated with
a method to a sequence of objects where the first object in the sequence is in the extent of

the class on which the method is defined.

Definition 2.9 Operction: A database operation is defined as the function

op 1 dby: <0y4,...,0,> Xmn — r where:
o dbis a database.
® <01,...,0n,> is a sequence of objects in db with at least one member.
o mn is the name of a method defined on the class of oy.

e 7 is the resulting object obtained when the function associated with the named
method, f : §; x S; X ...x S, — T, is applied to <oy,...,0,>. Intuitively, the

method with name mn is being applied to object 0, with parameters 02,...,0,. O

We introduce the notation op(db, <oy,...,0,>, mn) to indicate the result of the operation
dbx <04,...,0,> Xmn.

It is often desirable to perform a sequence of operations with the implicit assumption
that the result of the first operation is to be used as the input to the second, etc. This is
analogous to composition of the functions associated with methods. We call such a sequence

of multiple operations a mop and introduce the notation <oy, ...,0,>.mn, s+ s MN,, where:
¢ a database db is implied.
¢ <0p,...,0n,> is a sequence of objects in db.
¢ <mn,,...,Mn,, > is a sequence of method names where mn; € MN.
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e Let k; denote the number of paramster™ .equirou hv method mn; where 1 < i < m,

then r is the result of the multi-operatior «btained by:

Ty == opl(db, <01y.:-30k 41 >,mn1)

!
il

T2

Opg(db, <T1y0k 425+ -2 O(ky+kp 43} P '"!.2)

T == up.;(db,<r,-_1,o(za_;; "J)+2'.”’G'fz:;._., ky)+1 >,mn,~)
- J— Y
rT=ry == opm(db,<rm_1,o(z;:1k,)+2,...,o,,>,mn,,,.

This sequence of operations is illustrated in Figure 2.2. O

02 Oky+2 (i) k)2 ATt k)42
Oky +1 0(k1+k2+1) lo(z:;_l kj)+1 l fﬂ

O opy [T, opr |72 Ti=i) op; |Tii . Tm-i| op, |Tmy

! f f f

mn, mn, mn; mn,

Figure 2.2: Sequence of operations making up a mop.

The multi-operation dot notation will be used in the remainder of the document.
<0y,...,0,>.mlist will be used to denote a multi-operation where the number of method

names in the method list is immaterial.

2.5 Example Database

The hypertext application is selected as an example because it belongs to an application
domain (office information systems) that is claimed to potentially benefit from the object-
oriented database technology. Specifically, a hypertext system requires persistent data, has
a large number of data types and many types of ad hoc queries can be posed. The basic

underlying concept is a simple one. Windows on the screen are associated with units of

3The parameters are those cbjects supplied as arguments to a method in addition to the object the

method is applied to. In other words, a unary method has zero parameters.
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information stored in a database [Con87]. Information units are related to one another
via links. Links are typed in the sense that some may be used to specify the structural
composition of a document (structural finks), some may point to related information which
supports the primary theme (referential links), and some may point to comments made by
reviewers (note links). Users of the hypertext system browse through documents by travers-
ing links and examining nodes of interest. This approach is a powerful communications tool
as documents do not need to be structured linearly and users can sidetrack to follow related
trails of information in whatever order they desire.

Information units are referred to as nodes and can encompass text, graphics, computer
generated sound, and even executable programs. The example will be restricted to textual
nodes. A document is a set of nodes connected by links with one node designated as the
root node. Figure 2.3 depicts a hypertext system with structural links shown as solid lines
and referential links shown as dotted lines. The nodes labeled A and B are root nodes.
Documents can have any structure desired. Here the documents rooted at A and B are
linear and hierarchical respectively. In general, there are no restrictions on links thereby
allowing nodes to be a part of multiple documents, as in the case of C, or to exist outside
of a document as in the case of nodes D, E and F. The forest of links associated with a

document or group of documents is called a web.

Figure 2.3: A web of hypertext nodes.

The hypertext database can be browsed in three ways. One method is to iziiow links and
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to open windows on nodes to examine their contents*. Another method is to graphically
display the web associated with a document and selectively examine nodes of interest. Third,
the database can be queried to identify nodes meeting some criteria. Nodes are qualified
using selection criteria appropriate to the node type. For example, textual nodes may be
selected based upon a keyword search while graphics nodes are selected based upon pattern
recognition. The query mechanism can also be used to filter the nodes and links presented
to the user when viewing the web of a documeni. Schatz and Caplinger [SC88] note that
as a hypertext system grows, its web becomes less connected. This is due to the existence
of documents which do :.-.u reference one another. In this situation, link following and web
display as methods for finding related units of information are of limited usefulness. As a
result, the ad hoc query capabilities become more important as the hypertext system grows
in size.

The design of the user interface contributes greatly to the uszfulness of a hypertext
system. The ease and speed with which links can be followed and windows opened on
information units can make the difference between a system which augments concurrent
thought processes and one which merely stores large amounts of related data. Although
implementztions such as KMS [AMY88], Notecards [Hal88]} and Intermedia [Con87] each
have a unique user interface, a common, low level architecture can be identified. Campbell
and Goodman [CG88] call this common set of featu-es the Hypertext Abstract Machine
(HAM) and show how several well known systems can bz implemented on the standardized
hypertext subsystem. The example implements a subset of the HAM using the object-
oriented database model presented in this chapter.

The class lattice for the hypertext database is given in Figure 2.4. The classes Boolean,
String, Set, and Number should be considered as being predefined by the database manage-
ment system whiie all other ciasses are defined by the hypertext database implementor. The
signatures of methods defined by each class are given in Table 2.1. The classes Node, Link,
and Document closely reflect the logical hypertext structure described earlier. However,
some implementation details are significant. Since a node may belong to several docu-
ments concurrently, the links emanating from it belong to several documents as well. The
method links : Node x Doc — Set returns the set of links emanating from a node for a

given document.

$Most aystems implement link following and window invocation as a single mouse command.
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Figure 2.4: Classification graph for a hypertext system.

Links identify their source and destination node by means of the methods from and to.
Unlike the HAM which tags links with an attribute, we have chosen to separate link types
by defining the subclasses StructLink, RefLink and NoteLink. This provides the opportunity
to a-priori restrict the scope of a query by defining it to range over the appropriate subclass
of Link. Link is a specialization of the graphical object class Line.

Documents and nodes both require a display ability and thus are a subclass of Window.
Node additionally inherits its text handling behavior from TeztObject which defines methods
such as contains for testing substring containment and edit. Alth wg a document is a
collection of nodes, it would be incorrect to implement Document as a specialization of
Node. Instead, instances of Document have a structural value which captures the document
structure but is hidden from users. Access to this structure is provided by methods on the

Document class thereby preserving the ADT abstraction.
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Table 2.1: Method signatures for classes of the hypertext database.

L Name 1 Method Signatures J
Root
Boclean (Bool) negate: Bool — Bool
TextObject (TO) contains: TO x Str — Bool
creator: TO — Person
keywords: TO — Set
edit: TO— TO
String (Str) contains: Str X Str — Bool
concat: Str x Str — Str
within: Str x Str x Num — Bool
Set size: Set — Num
add: Set x Root — Set
DisplayObject (DO) display: DO — DO
isColor: DO — Bool
Number (Num) add: Num x Num — Num
greater: Num X Num — Bool
Person age: Person — Num
expertise: Person — Set
mother: Person — Person
father: Person — Person
children: Person x Person — Set
Window
Link creator: Link — Person
from: Link — Node
to: Link — Node
part_of: Link — Doc
Node links: Node X Doc — Set
Document (Doc) author: Doc — Person
co-authors: Doc — Set
title: Doc — Str
keywords: Doc — Set
rootnode: Doc — Node
RefLink
NoteLink
StructLink
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Chapter 3

The Object Calculus

3.1 Introduction

Three key trade-offs of OODB query facilities can be identified: (1) formal vs ad hoc
query languages, (2) predicates based upon structure vs behavior, and (3) object-preserving
vs object-generating operations. The goal is not to argue either side of these trade-offs.
Compromises need to be made with respect to each of these features when designing a
practical, user query language. However, a formal, belaviorally based, object-preserving
query language provides the best foundation for formal analysis of OODB query processing
issues and results of this analysis should apply to many other OODB query models.

Formal query languages [Osb88, SZ90] have several properties not found in ad hoc
query languages [Fis87, Kim87, MSOP86] which make them more suitable for formal anal-
ysis. Their semantics are well defined which simplifies formal proofs about their properties.
Common types of formal query languages are a calculus or an algebra. A calculus allows
queries to be specified declaratively without any concern for processing details. Querijes
expressed in an algebra are procedural in nature but can be optimized. Algebras provide
a sound foundation for rule-based transformation systems [Fre87, GD87, HFLP89] which
allow experimentation with various optimization strategies. A large body of work exists on
algebras for other data models [AB84, JS82, UlI82]. Defining OODB query requirements in
terms of an algebra facilitates comparisons with these other models.

Some models implement complex objects whose internal structure is visible [BK86,
LRV88, Osb88] while others view objects as insiances of abstract data types (ADT)
[ACO85, SZ90]). Access to objects which are instances of an ADT is through a public
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interface. This interface defines the behavior of the object. Although the two views of
objects appear incompatible, the ADT approach can effectively model complex objects by
including get and put methods for each of the components of the internal structure [Zdo86].
Thus, a query language which supports predicates based on object behavior is more general
while still allowing knowledge of object representations to be introduced in a later stage of
query processing.

A distinction can be made between object-preserving and object-creating query opera-
tions [SS90]. Object-preserving query languages [ASL89, ACO85, MSOP86] return objects
which exist in the original database. Object-creating languages [Kim8%, LRV88, Osb8s,
SZ90] answer queries by creating new objects from other objects. The new objects have
a unique identity and some criterion is used to appropriately place them in the type in-
heritance graph. In one sense this violates the integrity afforded by objects with identity
as objects with no apparent relation to each other can be combined and presented as a
new object which (presumably) encapsulates some well defined behavior. But the require-
ment for combining objects into new relationships does exist; either for cutput purposes or
for further processing as in knowledge bases where knowledge is acquired by forming new
relationships among existing facts.

This thesis restricts the query formalism to object-preserving operations for two reasons.
First, any OODB query language must have a complete object-preserving query facility in-
dependent of whether it additionally creates new objects. The ability to retrieve any object
in the database utilizing relationships defined by the type inheritance graph or defined by
ADT operations on objects is a fundamental requirement. Second, object-creating opera-
tions raise a number of issues which are not the focus of this research, e.g., what is the class
of the creaied objects and what operatioss do they support.

The remainder of this chapter develops an object calculus for the model of Chapter 2.
Primitive query operations and th¢ir semantics are developed in Section 3.1. The calculus
is formally defined in Section 3.:. Sections 3.3 and 3.4 examine several characteristics of

object calculus expressions and provide a definition of safety for queries.
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3.2 Query Primitives

In principle, maintaining the data abstraction paradigm would require querying the
database based on object behaviors, not their values. However, since every information
system actually stores values and uses functions to implement behavior, queries need to
specify a combination of values and functions. Four comparison operators which can be
used in queries are defined: ==, €, ={, and = whose semantics are shown in Tables 3.1
and 3.2. The == operator tests for object identity equality; i.e., o; == o, evaluates to
true when o; and o; denote the same object. The € and =) operators apply to set valued
objects and denote set value inclusion and set value equality respectively. As shown in the
tables, one of the operands can denote a value. The last operator, =, can only be used to
test the value of an atomic object. In order to maintain data abstraction, no primitives a »
provided for querying structural values. Any aspect of structural values which are required

by users of an object should be made available via methods by the class implementor.

Table 3.1: Semantics of 0;00; as a function of the object value type.

0;fo;

o | o =] =T ¢ | =q
atomic || T/F T/F undefined | undefined
atomic | structural || T/F | undefined | undefined | undefined

set T/F | undefined T/F undefined
atomic || T/F | undefined | undefined | undefined
structural | structural || T/F | undefined | undefined | undefined

set T/F | undefined T/F undefined
atomic || T/F | undefined | undefined | undefined
set structural || T/F | undefined | undefined | undefined
set T/F | undefined T/F T/F

Atoms are the building blocks of calculus expressions and predicates for qualifying alge-
bra operators. They represent the primitive query operations of the data model and return

a boolean result. The legal atoms are as follows:
o 0;00; where

-~ o; and o; are object variables or denote an operation of the form <oy . ..0,>.mlist

where 0y ...0, are object variables,

— 8 is one of the operators ==, =, € or =,.
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Table 3.2: Semantics of aflo; as a function of the object value type.

afo;
a 0% == r = | € l =0
atomic || undefined T/F undefined | undefined
valy structural || undefined | undefined | undefined | undefined

set undefined | undefined T/F undefined
atomic undefined | undefined | undefined | undefined
{valy,...,val,} | structural || undefined | undefined | undefined | undefinad
set undefined | undefined | undefined T/F

e abo; where

— 0; is an object variable or denotes an operation of the form <oy ...0,>.mlist
where 0y ...0, are ob jeét variables,

— a is the textual representation of an atomic value or a set of atomic values,

— 8 is one of the operators =, € or =;.

Example 3.1 Let p,q and r be object variables. Then the following are examples of legal

atoms and their semantics:
1. (p == q) - Are the objects denoted by p and g the same object?

2. (p €<q,r>.mlist) - Is the identifier of p contained in the set value of the object
obtained by applying the methods in mlist to the objects <g,r>?

3. (<p,g>.mlist =, r) - Is the set value of the object obtained by applying the methods
in mlist to the objects <p, ¢> pairwise equal to the set value of the object denoted by

r?
4. (“59" = p) - Is “59” the atomic value of the object denoted by p?

5. (“59" € p) - Does the set value of the object denoted by p include an identifier for

the object whose atomic value is “59”7

6. ({“59",“61"} =< p,q,7> .mlist) - Does the set value of the object obtained by
applying the methods in mlist to the objects <p,q, r> contain only two identifiers for

objects whose atomic values are “59” and “61"? ¢
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3.3 The Object Calculus

The format of the object calculus definition is similar to the tuple relational calculus defi-
nition provided in [Ul82]. A query in the object calculus is of the form {o | ¥(0)}, where
0 is an object variable denoting some objects in the database and ¥ is a formula built from
atoms. The result of the query is the set of objects o which satisfy the predicate formed by
¥(0). We introduce a third atom, specific only to calculus expressions, in addition to those

defined in the previous section.

Range Atom: C(0) or C*(0) where C is the name of a class and o is an c)ject variable
ranging over the instances of class C. C(o) refers to the objects in the extent of C,

i.e., ezt(C), whereas C*(0) refers to the objects in the deep extent of C, i.e., ext*(C).

Formulas depend on the notion of free and bound variables. A variable is said to be
bound in a formula if it has been previously introduced using a quantifier such as Jor V. If
the variable has not been introduced using a quantifier it is free in the formula. Formulas

are defined as follows:
1. Every atom is a formula. All object variables in the atom are free in the formula.

2. If ; and 1, are formulas, then 1; Avq, 1, V1, and ~4; are formulas. Object variables
are free or bound in ¥; A ¥,, ¥, V ¥, and —¢; as they are free or bound in ¥, or L)

depending on where they occur.

3. If ¢ is a formula, then (30)(¢) is a formula. Free occurrences of o in % are bound to

(o) in (Fo)(3).

4. If ¢ is a formula, then (¥o)(¢) is a formula. Free occurrences of o in 3 are bound to

(Vo) in (Vo)(¥).

5. Formulas may be enclosed in parenthesis. In the absence of parenthesis, the decreasing

order of precedence is €, =, =;, ==, 3, ¥, =, A and V, in that order.

A query is an object calculus ezpression of the form {o | ¥(o)} where o is the only free

variable in 1.

Example 3.2 Using the database of Figure 2.4, the following sample queries can be for-

mulated as object calculus expressions.
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1. Author of the document titled ‘As We May Think’ [Bus45):

{ o | 3p(Doc(p) A o ==<p>.author
A “As We May Think” =<p>.title) }

2. Nodes belonging to the document titled ‘As We May Think":

{o | 3p(Doc(p) A “As We May Think” =<p>.title
A 3¢(Link*(q) A p ==<g>.part_of
A (0 ==<g>.from V 0 ==<g>.t0))) }

3. Documents co-authored by a person’s father:

{o | 3p(Doc(o) A p ==<o0>.author
A 3q(q €<0>.co_authors A ¢ ==<p>.father)) }

4. Authors who only write about boating:

{o | Yp(Doc(p) A o ==<p>.author A “Boating” €<p>.keywords) } <

At this point it is appropriate to comment on the choice of atoms for the object calcutus
as some of them seem quite restrictive as compared to the tuple relational calculus. For
example, the tuple relational calculus allows the operator @ to be one of =, <, <, > or >
whereas the object calculus restricts # to =, ==, =, or €. The object calculus allows a
value based equality comparison of atomic objects only, not of complex objects.

Some researchers have proposed shallow and deep equality operators which can be ap-
plied to objects of any class [GR85, KC86, LRV88]. Two objects are said to be shallow-equal
if their values are identical. Two objects are said to be deep-equal if (1) they are atomic
objects and their values are equal, or (2) they are set objects and their elements are pairwise
deep-equal, or (3) they are tuple objects and the values they take on the same attributes
are deep-equal.

The object calculus defined here avoids these operators for two reasons. First, a value
based comparison of complex objects, such as o; = oj, where o; and o; are complex objects,
violates the principle of abstract data types whose instances are solely defined by their be-

havior. In order to completely support encapsulation, one can not allow query expressions
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whose results are dependent on equivalence of structure as opposed to equivalence of be-
havior. Second, the model should allow various objects of the same class to be implemented
differently to take advantage of their environment. For example, different representations
may be used when objects are in main memory versus when they are stored on secondary
storage. Furthermore, if distribution and heterogeneity is considered, then objects may be
represented differently on different machines. Therefore, the notion of an equivalence test
which depends on representation is inappropriate.

A similar argument can be made for prohibiting the use of comparison operators other
than = on atomic objects. User knowledge of the values in a domain does not necessarily
imply knowledge about their ordering. As an example, consider the case of a Ceasar cipher
where all letters are shifted by n characters. With n = 5, the encoded form of ‘helle world’
would be ‘czggj rimgy’. A database might contain the class CipherAlphabet whose value
domain is the letters of the alphabet and whose total ordering is < v,...,z,8,...,u >.
Obviously the <« relation on members of CipherAlphabet is not the same as the < relation
on the standard alphabet even though the value domains are identical. For this reason, all
value comparison operations other than = must be implemented by a class in accordance

with the total ordering the class defines.

3.4 Finiteness

A traditional notion in relational databases is that relations are finite even if the attribute
values within the relation may be drawn from an infinite domain. This restriction is the
basis for defining the domain independent class of queries [Fag82, GT87, Nic82]. A relational
query is domain independent if it can be answered by simply considering the collections
of tuples of the relations named in the query and ignoring the underlying domains of the
attributes The corresponding notion in object-oriented databases would be that the extents
of classes are finite while the value components of objects may be drawn from infinite
domains. Definitions 2.1 and 2.2 indeed allow for the value component of objects to be
drawn from infinite domains. However, whether a class extent is finite depends on the
methods defined by that class.

Consider the class Number from the example in the previous section. The signature of
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the method add was given as:
add : Num x Num — Num

A problem arises due to the restriction on classes (Definition 2.7) which states that any
method defined on the class must apply to all objects in the extent of the class. Thus if 1 is
in the database, 2 needs to be in the database as well (1 + 1). This scenario is not limited
to mathematical concepts such as closure under addition, it can occur in any class which

has a method which maps to members of its own class. For example, the method on String
within : Str x Str x Num — Bool

presents no problems while

concat : Str X Str — Str

implies the existence of an infinite number of strings (‘a’, ‘aa’, ‘aaa’, etc).
Note that not every method which maps to members of the class on which it is defined

causes problems. For example, in the class Person, the method with signature
father : Person — Person

does not imply an infinite number of person objects as long as we allow some persons to
have a NULL father or to return themselves when the father method is applied.

Clearly the intended semantics of the class and associated methods determine whether a
class is finite or not. We assume in the following that all infinite classes (and their associated
methods) are implemented as primitive classes, i.e., provided by the database system. User
defined classes are restricted to finite classes only. In the sample hypertext database, String

and Number are infinite classes.

3.5 Safety of Object Calculus Expressions

The object calculus is extremely expressive and allows the formulatiou of queries with no
reasonable interpretation or which do not have finite output. For example, { o | ~C{9) }
denotes all possible objects which are not in the extent of class C. Similarly, { o | C*(0) }
where C* is an infinite class such as Number denotes a well defined, although infinite
set of objects. To avoid such meaningless constructs, we restrict ourselves to expressions

considered safe.
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Definition 3.1 Safety: An object calculus expression is considered safe if it can be eval-

uated in finite time and produces finite output (OwWs9g]. O

The previous definition is a semantic one. The following provides a syntactic definition

such that any object calculus expression can easily be tested for safety.

Definition 3.2 Restricted variable:  Let F(zy,...,2%) be a conjunction of (possibly
negated) atomic formulas. We say that a variable z; is restricted in F if one of the fol-

lowing appears in F:
1. C(z;) or C*(z;) without a negation to its immediate left where C is a finite class.

2. (zi 6 o) with positive polarity where 8 € {==,€} and ois an object variable restricted

in F.

3. (zi 8 <oy,...,0,>.mlist) with positive polarity where 8 € {==,€}ando,,...,0, are

restricted and z; ¢ {oy,...,0,}.

4. (a = z;) with positive polarity where a is the textual representation of an atomic value

or a set of atomic values. O

The atoms defined by cases 2-4 above are called generating atoms for the variable z and
are enumerated in Table 3.3. They are so named because they generate objects for z from
a constant value, the content of other objects, or by applying methods to other objects.
Atom 1 in the table generates values which are identical to values for 0. In practice, all
occurrences of z are replaced by o. In atom 2, z ranges over the identifiers contained within
the set value of 0. Atoms 3 and 4 are similar to 1 and 2 except that the sequence of methods
mlist is applied to object o, prior to generating values for z. Atom 5 generates a value for
z from the textual representation of the atomic value a.

Generating atoms are important because they can be used to generate responses to
queries without directly ranging over the classes which z is an instance of. Instead, the

query ranges over the classes of other variables in the generating atom.
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Table 3.3: Generating atoms for z.

1 r==0
2 TEO
3| z==<0,...,0p>.mlist
4| z €<0y,...,0,>.mlist
5 rz=a

Example 3.3 Consider the query which returns those children who have a geneticist and

poet for parents:

{ o | 3p(Person(p) A “genetics” €<p>.ezpertise
A Jg(Person(q) A “poetry” € <q>.ezpertise
A 0 €<p,q>.children)) }

In this query o €<p, ¢>.children is a generating atom as o does not range over a class in the
database. Instead, o ranges over the set valued objects returned by the method application

<p, q¢>.children. O

Theorem 3.1 Let 3’ be the prenex disjunctive normal form (PDNF) of 9. The object
calculus expression { o | (o) } is safe iff o is the only free variable in 1(0) and all other
variables are bound and restricted.

Proof: We first show by case analysis that z; in Definition 3.2 always refers to a finite set

of objects.

Case 1: C(z;) or C*(z;)

By definition of finite classes, the (deep) extent of C is a finite set of objects.

Case 2: z;==o0
By definition of identity equality (==) z; and o denote the same object, thus if o is

restricted, z; denotes a finite set of objects as well.

Case 3: z;€0
Since o is restricted, it ranges over a finite set of objects. Each set value in the
database is a finite set of objects. Thus z; ranges over the members of finite sets

within a finite set which is itself a finite set.

Case 4: z; ==<0;,...,0,>.mlist

Since oy,...,0, are all restricted, the operation <o;,...,0,>.mlist denotes a finite
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set of objects. By definition of identity equality (==) then, z; denotes a finite set as

well.

Case 5: z; €<oy,...,0,>.mlist
Since 0,,...,0, are all restricted, the operation <oy,...,0,>.mlist denotes a finite

set of objects. Thus z; denotes a finite set of objects as in case 3.

Case 6: a = z;

z; denotes the single object whose value is a.

Since z; is restricted, the output of each disjunct is finite and since the query has a finite

number of disjuncts it can be evaluated in finite time. O

Example 3.4 The following queries illustrate the nature of safe and unsafe queries.

1. Although o ranges over an infinite class in the following query, the query is safe since

o is restricted by the atom o ==<p>.age.

{o | Number(o) A 3p(Person(p) A o ==<p>.age) }

2. The following query is not safe as o is not restricted by any atom and Number is an

infinite class.

{o | Number(o) A 3p(“65” = p A “True” =<o, p>.greater) }

3. Let % stand for either the universal (V) or existential (3) quantifier and C stand for a
finite class. The following query is safe as z; is restricted by ranging over the extent

of a finite class and all other terms correspond to case 4 in Theorem 3.1.

{o | (%z2...%2z,)(C(z1)
A T2 ==<z1>.mlist;

A T3 ==<z9>.mlist,

A o==<z,>.mlisi, } ©
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Chapter 4

The Object Algebra

4.1 Introduction

This chapter! presents an object algebra which implements a subset of the object calculus.
The algebra operators and their semantics are defined in Section 4.1. Section 4.2 presents an
algorithm for translating a restricted class of object calculus expressions into object algebra

expressions.

4.2 The Object Algebra

Operands and results in the object algebra are sets of objects. Thus the algebra maintains
the closure property [ASL89] where the result of a query can be used as the input to another.
Some of the operators accept more than two operands. Let © be an operator in the algebra.
The notation P © (Qy...Qx) will be used for algebra expressions where P and Q; denote
sets of objects which are arguments to the operator ©. In the case where £ = 1 we will use
P © Q and where k = 0 we will use P © ( ) without loss of generality.

Some of the algebra operators are qualified by a predicate. Such cperators will be written
P Op (Q:...Qx) where F is a formula consisting of one or more atoms connected by A, V,
or - using parenthesis as required. Atoms reference lower case, single letter variables which

range over objects in the input set named with the corresponding upper case letter. For

'Portions of this chapter have been accepted for publication in the Proc. of the
X8/SPARC/DBSSG/OODB Standardization Workshop held in conjunction with the May, 1990 SIGMOD

conference in Atlantic City, New Jersey.
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exxample, the object variables p, ¢; and ¢; in the predicate of P O F(p.ara) (@1.Q2) range
over the sets of objects denoted by P, Q, and Q2 respectively.

The algebra defines five operators.

Union (denoted P U Q): The union is the set of objects which are in P or Q or both. An

equivalent expression for union is { o | P(0) vV Q(0) }.

Difference (denoted P —Q): The difference is the set of objects which are in P and not in
Q. An equivalent expression for difference is { o | P(0) A ~Q(0) }. The intersection
operator, PN @, can be derived by P — (P - Q).

Select (denoted P of (Q,...Qk)): Select returns the objects denoted by p for each vector
<pyg...-. 1qk> € P X Q1 X...XQx which satisfies the predicate F. An equiv °
expression for select is { p | P(p) A Qi{q1) A ... A Qi(qr) A F(p,q1,..., qx) }-

The select is similar to, but more powerful than, that of [SZ90] which allows ouly
one operand. Multiple operands permit explicit joins as described in (Kim89]. An
explicit join is a join between arbitrary classes which support (a sequence of ) method

applications resulting in comparable objects.

Example 4.1 Find all documents about cars by persons over 50 years of age. Let d

range over Doc and p range over Person, then

Doc o Ycar” €<d> keywords A (Person) <o

p==<d>.author A
“50"=z A “True”"=<p,r>.age.greater

The result of this expression is a set of Document objects, not sets of
< Document, Person > objects. This is due to the ‘object preserving’ nature of the al-
gebra which does not support creation of new objects. In this sense then, the select is
most like the traditional semi-join operator. As a result, the selection P o (Q;...Q4)

always returns a subset of P.

Generate (denoted Q; 7§ (Q2...@Qk): F is a predicate with the condition that it must
contain one or more generating atoms for the target variable ¢ and ¢ does not range
over any of the argument sets. The operation returns the objects denoted by t in
F for each vector <gqy,...,qx> € Q1 X ... X Qi which satisfies the predicate F. An
equivalent expression for generateis { t | Q1 (1) A ... AQr(Qi)A F(t,q1,...,qx)) }
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Two common uses of the generate operator are to collect results of method applications

or to iterate over the content of set valued objects.

Example 4.2 Return all co-authors of the document ‘My Cat is Object-Oriented’
[Kin89]. Let t be the target variable and d range over Doc, then

t
Doc v “MyCat.."=<d>.title A ( ) ©
t€E<d>.co_anthors

Map (denoted Q1 +—miise (Q2...Qx)): Let mlist be a list of method names of
the form m;---m,. Map applies the sequence of methods in mlist to each ob-
ject q1 € @, using objects in (Q2...Qi) as parameters to the methods in mlist.
This returns the set of ohjects resulting fromn each sequence appiication. If
no method in mlist requires any parameters, then (Q;...Q;) is the empty se-
quence ( ). Map is a special case of the generate operator whose equivalent is
{tlQu(a)A...AQr(gr) At ==<qu,...,qx>.mlist }. This form of the generate op-
eration warrants its own definition as it occurs frequently and supports several useful
optimizations. Map is similar to the image operator of [SZ90], except that it is not

restricted to unary methods.

4.3 Calculus-Algebra Translation

This section presents an algorithm for translating a subset of object calculus queries to the

object algebra.

Definition 4.1 Restricted Query: A restricted query is any safe object calculus query
of the form { o | Ip3¢3r...4¥(o,p,q,r,...) } where 1 does not contain any occurrences of

either JorVv. O

Restricted queries are similar in power to the select-project~join class of queries in the
relational model. Even though this class contains a large number of practical queries, it
does not include those that require universal quantification and recursion such as those often
required in knowledge base applications. This restriction can be overcome by introducing
additional algebra operators and will be a topic of future research.

We show, by presenting an algorithm for translating restricted object calculus queries to

object algebra operator trees, that the algebra is capable of representing the entire class of
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restricted queries. The algorithm inserts matched pairs of parentheses into the disjuncts of
the prenex disjunctive normal form (PDNF) of a query. The algorithm terminates success-
fully when the inner most nested expressions correspond to the range atoms of the query.
If this step is not possible, then the query is unsafe. After rewriting, nested subexpressions
are mapped directly to their object algebra counterparts.

We first introduce a simple notational convenience for describing atoms. Atoms are
written as ai(g | r1,72,...,7,) where i is the atom number, g represents a variable for
which this atom generates values, and each T; represents a variable restricted by the atom.
We say that the atom generates g and restricts r;. However, the atom references g and all

T;.

Example 4.3 The following expressions show the correspondence between atoms and their

shorthand notation.

[

Class_Name(o) — a;(0 .) range atom

[V

P €<q1,q2>.mlist — az(p | ¢1,42) set inclusion

3 <q1,q2>.a.b.c ==<g3,q>.d.e.f — a3(-| q1,92,93,¢4)

The calculus equivalents of the object algebra operators can now be easily expressed

using this notation.

Table 4.1: Calculus and algebra equivalents using abbreviated notation.

QUQU...UQn = {q| Qi(g|-)VQaglIV...VQu(g}.))}

QnN@2n..NQn = {q| Qugl)AQ2Aq|)A-..AQu(q])}

P-Q = {p]| P(p|)A-Q(p]-)}

Pop(Q1...Qx) = {p| Fl-|pgty- @) AP IAQu(qr ) A AQr(gk | -) )}

Qurk (v2...Qe) = {t]| Fltlg,...q@)AQulqi|)A...AQilgk|-)}

The key to the translation algorithm is a recursive routine which given a target variable,
an empty expression and a list of unused atoms will selectively place atoms in the empty
expression. The routine additionally defines new, empty expressions which denote ranges
for the variables referenced in the atoms just placed. The routine is called recursively on

the newly defined empty expressions until all atoms have been used. Empty expressions are
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written as (...), where the subscript o indicates that the expression defines a set of objects
for variable o.

Atoms will be selected for placement in the following order: (1) those which restrict
the target variable, (2) those which generate the target variable, and (3) range atoms for
the target variable. We introduce the notion of a correlating variable and correlated atoms.
Consider an undirected bipartite graph G where one set of nodes represents variables, the
other atoms, and edges connect atoms to the variables they reference. Two atoms a@; and
a; are said to be correlated by variable v if there exists a cycle in G which traverses a;, a;
and v, not necessarily exclusively.

We also define a conjunct dependency graph (CDG) for a conjunct of atoms
aj; Aaz A...Aay,. The graph contains a node for each variable v referenced by any atom a;
and a directed edge v; — v; if there exists an atom a;(v2 | ... vy ...), i.2., a; generates values
for v; using v; as input. We call v, the head and v; the tail respectively. Later algorithms
will require that a CDG be safe. Assume that some nodes in a CDG are marked indicating
that a set of values exists which the node’s variable ranges over. Recalling that nodes with
incoming edges represent variables whose values are generated from others, we can mark
such nodes if the tails of all incoming edges are marked as well. In other words, all inputs
are present for generating values for the head variable. We call the exhaustive propagation
of node markings completing the CDG. If after completion there exist any unmarked nodes
we say that the CDG is unsafe.

The atom placement routine is recursive and defined as follows:

Place(v)
Inputs:

e target variable v

o list of atoms L(ay,...,a,)
Outputs:

e success/failure indicator

¢ nested expression of atoms

begin
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lei BG be the bipartite graph for atoms in L
select an atom a; € L which references v as per criterea given akove
if ( appropriate a; not found ) then
return(UNSAFE QUERY)
else
let C be the conjunct containing only «;
remove a; from L
endif
if (a; is a range atom for v (i.e., a;(v|_.) ) then
while 3 range atom a; € L for v do
extend C with a; via conjunction
remove a; from L
endwhile
return(OK)
else
for each variable v; referenced by a; do
if BG defines v; to be a correlating variable then
for each a; € L correlated to a; by v; do
extend C with a; via conjunction
remove a; from L
endfor
endif
endfor
let CDG be the conjunct dependency graph for atoms in C
for each node v in CDG do
if ( v has no incoming edges ) or ( 3 an atom s¢ € L which references v ) then
mark node v
extend C with an empty expression for v, (...),
endif
endfor
complete C DG by propagating markings
if ( 3 any unmarked nodes in CDG ) then
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return(UNSAFE QUERY)

endif

for each empty expression (...), in C do
if Place(v) # OK then

return(UNSAFE QUERY)

endif

endfor

return(OK)

endif

end.

We are now ready to specify the entire calculus to algebra translation algorithm.

Algorithm 4.1 Translate

Input: Dbject calculus expression : C
Output: Equivalent object algebra expression : A
begin
convert calculus expression to prenex disjunctive normal form
for each disjunct do
for each constant defining atom of the form v = const do
delete the atom and replace all other occurrences of v by const
endfor
rewrite all atoms using the shorthand notation developed above
for each atom a(v | ry,...,r,) for which there exists a range atom for v
of the form a(v | -) do
move v to the right hand side of the atom
(e, a(v | riy..oyrn) D> a(-| vy71,...,70))
endfor
for each atom of the form a(g | g,71,...,7s) do
rewrite the atom as a(-| g,r,...,7y)

endfor
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call Place(t) where ¢ is the target variable of C resulting in C’ (13)
from innermost to outermost parenthesis nesting of C' do (1)

map the expression to equivalent algebra operators as per Table 4.3 (15)

endfrom (16)
endfor (17)
combine the algebra operatior trees for each disjunct using Union (18)

end.

Example 4.4 We next illustrate Algorithm 4.1 via an extended exaraple using the query

Find all nodes belonging to the structural part of 2 document authored by a
person who is retired, i.e., we want only the StructLinks of the document as

opposed to RefLinks or NoteLinks.

This query caun be expressed in the object calculus as:

{o | 3p(Doc(p)
A 1q(“65” = g A “True” =<p, ¢>.author.age.greater
A 3r(StructLink(r) A p ==<r>.part_of

A (0 ==<r>.from V 0o ==<r>.t0))) }
The atoms are numbered uniquely as follows:

a1 Doc(p)

a; “65" =¢q

as “True” =<p, g>.author.age.greater
a4  StructLink(r)

g5 p==<r>.part_of

ag 0 ==<r>.from

az 0 ==<Lr>.to

We first delete the constant defining atom a2 and replace all occurrences of ¢ with “65”

(Steps 3-5). The two disjuncts of the prenex normal form of the query now are (Steps 1-5):

D,
D,

ayAazAag Aas Aag

ayAazAagAasAhay
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We will perform the steps of the algorithm for disjunct D;. The atoms are first written

in the shorthand form introduced earlier (Step 5) resulting in:

ai(p|-)Aaa(-|p) Aas(r| ) Aas(p|r) Aas(o] T)

One of the rewrites identified in steps 7-12 of the algorithm is possible. Recognizing that a
range atom exists for p in the query we can replace as(p | r) by as(- | p,7) resulting in the
expression:

ai(pl jAas(-|p)Aaa(r|-)Aas(-|p,r) Aag(o] T)
Next, Place is called for the target variable 0. Atom ag is selected first since it is the only
atom referencing variable o. The bipartite graph for this disjunct (see Figure 4.1) has no

cycles, thus the atom does not need to be combined with any others. The C DG for ag is:
r—o

Since r has no incoming edges we extend as with an empty expression for , (...),. Variable
o does not require an empty expression as it is generated by ag and no other atoms reference
it. Our query expression is now:

ag(ojr)A(...)

Due to its recursive nature, Place is now called for the empty expression denoting r. Two
unused atoms reference r, a4(r | -) and as(_ | p,r). Using the selection criterea given earlier
we select as since it restricts r and a4, which is a range atom for r, is saved for later. The
C DG for this atom is:

r—p

Both variables require empty expressions since unused atoms reference them. Our query
expression is now:

aglo|r) Aas(-1 o) A (. Jp A (- )e)r
Place is called again, once each to expand the empty expressions for p and r. The expansion

for p results in:

a3(-|p)A (.. )p

and that for r:

aq(r|-)
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Substituting into the partial query expression gives:
a5(0 | ) A(as(-| py7) A(as(= | PY A (- Dp)p Afaa(r | ))r)s
Place *s called one last time for p resulting in the final query expression:

as(0] r) A (as(-1 2, 7) A (a3(- | PY A (1P | ))p)p A (aa(r ] )),)s

q as
Po—
as

.
0\\

a6

Figure 4.1: Query graphs for the sample query of Example 4.4.

The nested subsexpressions of the query can now be mapped to their object algebra
counterparts of Table 4.3. Working from innermost to outermost nesting levels results in

he object algebra expression:

(StructLink o4, ((Doc g4y () 16, () ©

StructLink Tay

Figure 4.2: Mapping the query graph of Example 4.4 to an algebra operator tree.
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Chapter 5

Type Consistency of Algebra

Expressions

5.1 Introduction

Database query languages have traditionally had only minimal type checking requirements.
In the relational model, for example, type checking insures that relation schemes are com-
patible and that only appropriate comparison operations are performed on tuple fields. The
limited number of primitive domains supported by the model (e.g., integer, string, boolean)
makes this a straightforward task. OODB query languages introduce complexity into this
process as query results may be non-homogeneous sets of objects, i.e., all objects in the
query result are not the same type!.

Consider the case where the result of one query is used as the input to another. How
can we insure that methods referenced in the predicate of the second queiy as> defined on
all objects in the result of the first? Previous algebras have imposed type restrictions such
as union compatibility [SZ90, Zdo88] on the algebra operators to insure the type consistency
of the result. Union compatibility states that members of the sets being operated on mu:n
be instances of types which are in a subtype relationship with one another. The type of the
result is considered to be the most general supertype of the types involved in the operation.

Such restrictions are too strong and can be avoided by a notion of type consistency which

! An object is an instance of a single class but supports the type specifications of this class and all its
superclasses due to behavioral inheritance. Since this chapter investigates issues related to support of type

specifications the term type is used throughout.
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permits types to encompass a set of type specifications.

For example, what is the objection to taking the union of a set of Apple objects and
a set of Orange objects? The result of the union is a set of non-homogeneous objects in
the sense that they are not necessarily related by type inclusion. The real problem lies not
with the union operation, but with operaters which consume the result of this union and
attempt to apply methods to each object therein.

Another problem, termed impedance :nismatch [MSC 1’86), occurs when an application
programming language must interface with a database query language. The two languages
often have (partially) incompatible data types, e.g., union types in C and relations in
SQL. A common requirement, independent of any particular language, is that a program
variable be iteratively bound to eaqh element in the set of objects returned by a query, e.g.,
portals [SR86] and cursors [Ast76]. Ideally, a compiler should insure that this binding is
type consistent in order t: -.:tect improper use of data as early during query processing as
possible. This problem becomes more complex when the query results are not homogeneous.

This chapter? proposes a type consistency theory for object algebra expressions with
multiple types which resolves these issues. The theory is developed as a series of type
inference rules. First the notion of a conformance as the set of type specifications an object
supports is developed in Section 5.2 and an algorithm to derive conformances is presented.
After defining a notation for the type inference rules, Section 5.3 develops rules for ob ject

algebra expressions in detail.

5.2 Types in Query Expressions

Black et. al. [BHJ*+87] show how the conformity relationship is sufficient for developing a
type checking algorithm for expressions denoting single objects and variable assignment. As
demonstrated in the introduction, object-oriented database query languages introduce a new
problem in that the result of a query is a set of objects which may not be homogeneous. In

this case, what can be said about the types that each member of the query result supports?

Example 5.1 Consider the fragment of a type lattice in Figure 5.1 where types are labeled

t;. Assume we wish to take the union of the instances of types g and t3. The following can

?Portions of this chapter have been published in the Proc. of the Object-Oriented Programming Systems
and Languages Conference, October 1990.
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be sai-" ..bout the objects in (ezt(tg) U ezi(ty)).
1. Some objects confor~ to t3 (immec..cte supertype of ts),
2. Some objects conform to i5 ..mr.ediate suportype of tg),
3. All objects conform to ¢4 (immediate supi:vpe of both tg and tg).

Intuitively then, we may say that the type of (ezt(g) U ezt(tg)) is t4 since this is the only
type that all objects in ihe union conform to. This case is somewhat trivial as all objects in
the query result conform to just one class. Referring again to Figure 5.1, assume we wish
to take the union of the instances of types t;o and t;,. In this case the following can be said

about the objects in {ezt(t;0) U ext(t11)).
1. Some objects conform to {t3,‘t4,t2} (immediate supertypes of t;0),
2. Some objects conform to {¢s,%,7} (immediate supertypes of ti1),
3. All objects conform to {;,¢2} (not necessarily immediate supertypes).

The last statement holds because an object conforms to the type it is an instance of, and

via inheritance, any of its supertypes. ¢

Figure 5.1: A type lattice fragment.

Definition 5.1 Conformance: A conformance is a set of types. A set of objects O has
conformance {t;,...,t,}, denoted by O:{t;,...,t,}, when each object 0 € O conforms to

every type t; € {t;,...,2,}. O

Definition 8.2 Conformance Inclusion Relationship: The conformance inclusion relation-
ship on two sets of types C; and Cj is defined as C; C C, iff Vt; € C;, J;€eCrt; <. In

other words, C, € C3, if for every type in C; there is a conforming type in C;. O
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Note that C; may contain types which do not conform to any type in C3 under this
definition.

The notion of finding the set of types to which all members of a second set of tyyes con-
forms to is central to determining the type consistency of operations on sets of objects. How-
ever, we do not always want to know all the types which are conformed to as this set would
contain redundant information. In Example 5.1 the conformance of (ext(tio) Uext(tyy))
was determined to be {t;,#2}. Including parents of t; and ¢2 in the conformance would
add no new type information since t; and ¢; define at least, if not more than, the behavior
of their parents, i.e., t; and t; are specializations of their parent types. Similarly, placing
more general types in the conformance, for example parents of ¢; and t2 but not ¢; or ¢,
themselves, introduces a loss of type information.

Loss of type information is undesirable when type checking a query. Consider again the
type lattice fragment of Figure 5.1. Assume all objects in a query result conform to both Lo
and ¢;; but the conformance was nonetheless specified as {t1,t2}. This would correspond
to the case where types more general than necessary are placed into the conformance. It is
possible that the query in question was just a subquery and that further operations are to
be performed on its result. Some of the object algebra operators are qualified by predicates.
One form of predicate involves applying a method to each member in the query set. If the
method referenced in the query is defined on ¢;; but not on t,, the query will fail during
type checking when in fact each member of the query set does support that method. Thu.
we have the requirement that the conformance of a set of objects used in type cheking

include only the most specific types which satisfy the conformance definition.

Definition 5.3 Most Specific Conformance: The conformance of a set of objects O,
O:{t1,...,ta}, is defined to be the most specific conformance when there dew:s not exist

a subtype s < ¢; such that all elements of O conform to s. O

The function MSC(t,,...,t,) is defined to return the most specific conforii.uce of the
types £,...,1,.
Example 5.2 Referring to Figure 5.1:
MSC(tlo) = {tIO}
MS’C(Ew, tu) = {tl,tg}
MSC(tio,te) = {tg} o
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The need will arise during type checking to determine the inverse M SC relationship.

Letting s and ¢ refer to subtypes and types respectively, the function M SC=! is defined as
MSC—l(tl,...,tn) = { S1y.-+ySk I MSC(S],...,Sk) = {tl,...,tn} }

In other words, the inverse function M SC~! returns the most general set of subtypes all of

whom conform to ty,...,t,.

Example 5.3 Referring to Figure 5.1:

MSC-Y(t;) {t1}
MSC™ Y (t1,t2) = {tio,tn}
MSC ™ ts,tz) = {tu} ©

5.2.1 Determining the Most Specific Conformance

This section presents an algorithm for determining the most specific conformance of a set of
types. The algorithm assumes the type lattice is represented as a type dependency matriz.
The type dependency matrix for a type lattice with n types (including Root) is of order
n X n, i.e., there is a row and a column for each type in the lattice. Using T'(7, j) to denote

the type dependency matrix, cells in T can be defined as:

. 1 if j is an immediate parent of i
T(,j)=
0 otherwise
The algorithm first applies Floyd’s algorithm [Gou84) to determine the transitive closure

of T, denoted T, where:

. 1 if there exists a path from i to j
T.(i,5) =
0 otherwise

Floyd’s algorithm actually computes the matrix of shortest paths between all vertices
of a graph but computes the transitive closure in the process.
The remainder of the algorithm performs bit-vector operations on the columns and rows

of T to determine the MSC. Let d define the types of which the M SC is desired:

- 1 if MSC of type t; is desired

S
i

0 otherwise
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We define the common ancestor vector & where:

1 if t; is a common ancestor of all types denoted by d
¢ =

0 otherwise

by the bitwise AND:

n
¢j = N(Teliy §) v ~d;)
=1
We next define the induced subgraph of T, called S as the subgraph of T, which contains
only the types which are common ancestors to all types in d. By definition, the M S C(d_j
is restricted to types in € and by extension, types in S. Observing that the “most specific”
aspect of the types in the M.SC can be interpreted as those types in the induced subgraph

S which have no incoming edges allows us to derive the vector 7 where:

1 if t; is in the MSC of d

-

0 otherwise

m; = (\ -Sij) A e

i=1
In other words, the M SC( (i) includes only those types in the common ancestor subgraph

of T, which have no children.

Example 5.4 We demonstrate the above algorithm by deriving MSC(t10,2);) using the
type lattice of Figure 5.1. For completeness, assume that types t;, {2, t3 and {7 are all
immediate subtypes of Root. For simplicity, we will denote the Root type as g and replace all
iterations from 1..n in the algorithm to 0..n. Vector d is (000000000011]. Floyd’s algorithm

is used to derive the transitive closure of the type dependency matrix resulting in
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The induced subgraph § is:
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Applying the firal step of the algorithm to determine 1 gives:

m;

n

L)
-3

-0 0O O O O O O O o o o

ATV ~dj)

=1
[111000000000)

(/"\ =Sii) A ¢j

t=1
[0110000000000]
{t1,22} ©
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5.3 Type Inference Rules

The previous sections developed algorithms for determining the most specific conformance
(MSC) of a set of types. This section formalizes the notion of typing in object algebra
expressions by providing a set of type inference rules which utilize the MSC and MSC-!
functions. Although called type inference rules, they are really conformance inference rules
since they determine a conformance for the result of an object algebra expression. The rules
determine the conformance of an expression from the conformance(s) of its subexpressions.
The rules themselves do not imply a specific type checking mechanism. Instead, a type
checking algorithm is considered correct if it computes types that are derivable by these
ruies. An expression is considered type inconsistent if the rules can not be used to derive a
type (conformance) vor all variables in the expression.
A syntax for inference rules similar to that of [CW85] will be used:

Ruie Name:
X
= (5.1)
Y
where the horizontal line is a logic implication. If we can infer X, then we can infer Y.
Variables are used in a consistent fashion to denote similar items in each of the rules. Upper
case variables denote sets while lower case variables denote single entities. For example,
O, P, Q, and R are object set variables while o, p, q, and r are object variables with the
implication that 0o € O, p € P, etc. I is a set of conformance inclusion constraints and A is
a set of conformance assumptions for free variables. C is a conformance variable denoting
a set of types. A.e:C is the set A extended with the assumption that expression ¢ has
conformance C. A |- ezpr is an assertion meaning that from A we can infer ezpr. Table 5.1

summarizes the variable denotations.

The following predefined functions are used by the typing rules.

unique(m, t,C): This boolean function evaluates to Trueif t € C and method m is defined
only on type t and not on any other type in C.

arg-type(m,t,?): This function returns the declared type of the i** argument of method m
on type t.

num_args(m,t): This function returns an integer representing the number of arguments

required by method m defined on type t.
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Table 5.1: Definition of variables used in the inference rules.

e object algebra expression
f predicate subexpression
(i.e., lhs or rhs of an atom of the form (lhs 8 rhs))
1,7,k index variables and subscripts
m method name variable
0,p,q,T object variables

F[l0,:Cy,...] predicate F is a set of atoms connected by A and/or Vv
with all occurrences of o; having conformance Cj, etc.

t type variable

A set of conformance assumptions for free variables
C conformance variable

! set of conformance inclusion constraints

O,P,Q,R object set variables

res_type(m,t): This function returns the declared result type of method m on type t.

We present some conformance inclusion rules in order to familiarize the reader with the
rule format.
Top:
I+ C C {Root} (5.2)

This rule states that every conformance is related via inclusion C to the set containing
just the Root type. This can be derived from the conformance inclusion definition and

recognizing that all types are a subtype of the Root type.

Transitivity:
IFCEC,C2ECs (5.3)
IFC,CC;
Provable by definition of the C relationship.
Reflexivity:
I+FCcCcC (5.4)

Provable by definition of the C relationship and reflexivity of <.

We are now ready to develop a family of type inference rules for the object algebra.
Section 5.3.1 first introduces rules which can be applied to the predicates of select and
generate operations. This is followed by Section 5.3.2 which develops rules for complete

algebra expressions.
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5.3.1 Predicate Inference Rules

Predicates qualify algebra operators and are composed of legal atoms connected hy A, v
and -. Each atom is of the form (Ihs 8 rhs) where lhs =} rhs are <ither an object variable,
a literal value, or a method application on object variables and 6 € {=-, ==, ¢, =} The
following predicate typing rules can be used to determine the type consistency of object
variables when used as either the lhs or rhs of an atom.
Defining Set:

I,AFO:C

I,AFo:C

This rule states that an object variable conforms to the same types as the set from which

(5.5)

it is drawn. This is a restatement of the implication given earler: O:C Ao € O = o:(.

This rule is fundamental to the notion of type consistency. While arguments to algebra
operators are sets of objects, predicates on algebra operators reference individu~! object
variables. Since at query execution time vhe predicate is evaluated once for each object in
the argument sets3, the entire algebra operator is type consistent only if the predicate is
type consistent for each type which exists in the argument sets, i.e., the conformance.

The next two rules determine the result type of a sequence of method applications. The
first rule, for single methods only, insures that the types of the arguments to the method
match those specified in its signature. The second rule recursively determines the result type
of a sequence of method applications of length n by defining itself in terms of a sequence
of methods of length n—1. When (n—1) = 1, the recursion terminates and the first rule is
applied.
Single Method:

unique(m,t,C,),
I,AF | num_args(m,t)=k -1,

(5.6)
C; C {arg_type(m,i,i)},2<i < k

I,At<01:Cy...04:Cr>.m:{res_type(m,1)}
This rule determines the conformance of the result of a single method application. The

method application is legal if three conditions are met:

1. unique(m,t,C;) insures that there exists a type ¢ which is a member of conformance

C) and that method m is defined only on t and not on any other members of C;. This

3Actually, the predicate is evaluated once for each element in the cross product of the argument sets.
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restriction insures that there is no ambiguity as to which type’s method m is to be

applied.

2. num_args(m,t) = k ~ 1 insures thet the signature of method m on type ¢ requires
the same number of parameters (02...0x) as are provided in the operand list of the

method application.

C; C {arg_type(m,t,i)},2 < i < k insures that the types of the i*h argument, repre-
sented by the conformance C;, are subtypes (and therefore substitutable) of the type

stipulated by the signature of method m on type t.

If all of the above conditions are met, then the conformance of the result of the method
application is the singleton set containing the result type as specified by the signature of m

on L.

Multiple Methods:

<01:Cy...0;1:Cj_1>my -+ ~mu_y:{t},

IAF unique(ma, t, {t}),

num_args(mg,t) = k - j + 2, (5.7)
C; C {arg_type(mn, t,i)},j < i< k

I,A+<0y:Cy...05:C5...0£:Ck>my - - -my, : {res_type(my, t)}

This recursive rule determines the conformance of a sequence of method applications based
on the conformance of the sequence which applies methods m; through m,_;. The multi-
operation

<0p...0;>.Mmy My

is considered to be logically equivalent to the multi-operation
<01...0;>.mj My
followed by the single operation
<T€S,0j41 ...05>.My

where res is the result of the first multi-operation. The first condition of rule 5.7 stipulates
that the conformance of the multi-operation which applies methods m; - --m,_; is known.

This conformance is denoted as the singleton set {t} since the signature of method my_,
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defines a single result type. The second condition insures that method my is actually defined
on type t, an ancillary result of the unique function. The third condition guarantees that
the proper number of arguments are present for method m, while the last condition insures
that each argument conforms to the types declared by m,’s signature.

If all of the above conditions are met, then the conformance of the result of the sequence

of method applications m; - - - m,, is the set containing the result type of method m, on type

t.
Object Identity:
1AV f:C
ILAFo:C == f:C

This rule states that if there is a predicate subexpression f whose conformance is known

(5.8)

to be C, then the use of f in the atom o == f imnplies that o has conformance C as well.
This should make sense intuitively based upon the meaning of the == relationship. If two
expressions are identity equal, i.e., denote the same object, then they conform to the same

types.

Set Inclusion:
I,Av f:C

I,AF o:{Root} € f:C

This rule states that if there is a predicate subexpression f whose conformance is known to

(5.9)

be C, then the use of f in the atom o € f implies that o conforms to the Root type. This
apparent loss of type information is due to the fact that the data model does not include
a parametrically polymorphic set type definition operator such as Set[t] {SZ90]. The data
model supports only ‘generic’ set valued objects which make no restrictions on the type of
inte objects in the set.

Set Equivalence:

LAF f:C
I,AtF o:{Rooi} = f:C

This rule states that if there is a predicate subexpression f whose conformance is known to

(5.10)

be C, then the use of f in the atom 0 =, f implies that o conforms to the Root class. The
reasoning is the same as in rule 5.9.
Atom Disjunction:
I,AF Fi/lo:C), F2/[0:Cy)
I,AF (L V Fy)/[o: MSC(Cy u Cy))

(5.11)
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This rule states that if o has conformance C, for all occurrences in predicate Fj and confor-
mance C» for all occurrences in predicate F, then the conformance of o in the disjunction
(F1 v Fp) is MSC(C1U C;). Consider that Fy and F; both independently define a set of
types for 0. Their disjunction then implies that o represents objects which conform to types
in Cy or types in Cy. This is similar to the case of Example 5.1. The only statement one
can make about all instances of o in the disjunction is that they conform to the most specific
comn.on ancestors of types in Cy and C; which is given by MSC(C, U C,).

Atom Conjunction:

I,A F F]/[O:CI],FQ/[O:CQ]
I,AF (Fy A B)/[o: MSC™Y(C U C,))

(5.12)

This rule states that if o has conformance €, for all occurrences in predicate Fy and confor-
mance C; in all occurrences of predicate F3, then the conformance of o in the conjunction
(Fy A F2)is MSC~YC1UC,). The MSC™! can be rationalized as follows. Consider that
Fy and F; both independently define a set of types for 0. Their conjunction then implies that
o represents objects which conform to types in C; and types in C,. Clearly, only subtypes
which inherit from all types in Cy and C; can conform in this manner. MSC~'(C; U Cy)
determines that set of types.

The previous two rules, atom disjunction and atom conjunction, are important results.
They .zow that the manner in which atoms are combined in a predicate affects whether
type information is lost (disjunction) or gained (conjunction). Type information can be
lost in the case of disjunction since the inference rule derives a conformance for the variable
in question which contains types which are more general, i.e., higher in the type lattice.
Type information can be gained in the case of conjunction since the inference rule derives
a conformance for the variable in question which contains types which are more specific,
i.e., lower in the type lattice. An example illustrating this situation will be given in the

following section.

5.3.2 Algebra Expression Inference Rules

This section presents the algebra operators and their associated typing rules. First some
general inference rules for algebra expressions are needed.
Top:

I,AF e:{Root} (5.13)
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This rule states that all object algebra expressions minimally conform to the type { Root}.
This is clear since algebra expressions denote sets of ob jects and all objects conform to the

oot type.

Transitivity:
ILAe:C\FC,CC,
(5.14)
I, Atk CICQ
This rule is the same as the conformance inclusion transitivity rule applied to algebra
expressions.
Basis:

I,AV ext(t):{t} (5.15)

Leaves of object algebra expression trees denote all instances of some type t in the database.
This rule states that since all objects in ezt(t) conform to ¢, the conformance of a leaf node
is {t}. This rule is called Basis since the only type information initially available in a query
is the types it references explicitly. Just as query processing proceeds from the leaves of the
query tree to the root, one can think of type inference as proceeding from the leaves to the
root as well.

Union:
I,A+ P:C,Q:C,

I,A+ (PUQ): MSC(CiUCy)

This rule states that the conformance of a union operation is the M SC of types contained

(5.16)

in the conformances of its operands. The reasoning is that M SC(C; u C2) denotes the most
specific types to which all members of (P U Q) conform.

Difference:
I,AvF P:C,Q:C,

I,AF(P-Q):C,

This rule states that the conformance of a difference operation is the conformance of the

(5.17)

first operand. This should be clear as the result of a difference is a subset of the first
operand.

Select:
I,AF Fflp:C'pyq1:C"1...qi:CY%]

I,AF (P:CpoF (Q1:C1...Qx:Ck)): C')

Here F' denotes the predicate of the select operation. The rule states that if the input sets

(5.1%)

P, Q1...Qx have conformances Cp,C),...,Ci respectively, then the result of the select
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operation has conformance C’; as derived for occurrences of p in predicate F. Since F may
have multiple atoms connected by A and/or Vv, the atom conjunction and atom disjunction
rules may determine conformances for variables in F (C’,,C’}, etc.) which are different
fron. the conformances of the input argument sets {Cy, C, etc.). This allows for predicates

which restrict or enhance the types of p.
Example 5.5 Consider the following query against the sample database of Figure 2.4.

“Find all TeztObjects whose keywords include "cycling” z=nd which cun be dis-

played in color.”
An object algebra expression equivalent to this query is

TeztObject® o (DisplayObject®)

“eycling” €<tD> keywords ©-
“True”=<d>.isColor A

==t

where ¢ ranges over TertObject* and d ranges over DisplayObjezt*. The type lattice of
Figure 2.4 is simple enough that one can tell by inspection that the only displayable Tez-
tObjects are Nodes. However, in a more complex schema, there could be many subtypes at
various levels in the lattice which conform to both TeztObject and DisplayObject. Thus it
is appropriate to query over TeztObject* and DisplayObject* and force membership in both
sets via the atom (d == t) rather than having the query range directly over the Node type.

We next show how the type inference rules could be used to derive a conformance of
{Node} for the query result. We intentionally say “could be used” since a specific inference
engine is not specified and the order in which rules will be applied is unknown. The only
thing we can state (or require) of the type inference process is that it terminate when each
occurrence of a variable has the same conformance associated with it.

We assume the predicate is initially annotated with type information reflecting the argu-
ments to the query. TO and DO are used as a shorthand for TeztObject and DisplayObject
respectively.

“cycling” €<t:{TO}>.keywords A “True” =<d:{DO}>.isColor A d:{DO} == t:{TO}

~
a1 a2 a3

Type inference proceeds by applying rules to derive new types for variables. We first apply
object identity rule 5.8 to atom a3 as follows
I,AF t:{TO}
I,AF d:{TO} == t:{T0}
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resulting in the following annotated predicate.
“cycling” €<t:{TO}>.keywords A “True” =<d:{DO}>.isColor A d:{TO} == t:{T0)
Next, atom conjunction rule 5.12 is applied as follows

ILAVF (a; /\ag)/[d:{DO}].a;;/[d:{TO}]
I,At ((a1 A a2) Aa3)/[d:MSC-Y(DO,TO))

resulting in the following annotated predicate.
“cycling” €<t: {TO}> keywords A “True” =<d:{Node}>.isColor

A d:{Node} == t:{TO}

Note that M SC~!(DO,TO) would not just be the singleton set { Node} if there were several
types which inherited from both TeztObject and DisplayObject. Object identity rule 5.8 is

applied to atom a3 again resulting in the following annotated predicate.

“cycling” €<t: {TO}>.keywords A “True” =<d:{Node}>.isColor
Ad:{Node} == t:{Node}

Applying atom conjunction rule 5.12 again as follows

I,AV (a3 Aa3)/[t:{Node}),a,/[t:{TO}]
I,AF ((azAa3) Aay)/[t: MSC~(Node, TO)]

results in the annotated predicate

“cycling” e<t:{Node}>.keywords A “True” =<d:{Node}>.isColor
A d:{Node} == t:{Node}

in which all occurrences of a variable have the same conformance. The last step applies the
rule for select expressions to determine the result of the overall query. Substituting into

rule 5.18 gives

I,AV (ay Aaz Aas)/[t:{Node},d:{N ode}]
I, At (TextObject*:{TO} 0(4, naznay) {DisplayObject*:{DO})): {Node}

Note that the nature of atom a3 causes d and t to have the same conformance. Variables

not related by the == operator will usually not have the same conformance. ¢
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The remaining two rules for the generate and map operators are similar to that for
select.

Generate:
LAF F/[r:C'y,q1:C"y...qk:C'}]

ILAF(Q1:Cr 75 (Q2:C2...Qk:Ck)) : C's

Similar to the rule for select expressions, this rule states that the result of a generate

(5.19)

operation has the same conformance as that derived for the result variable r in the predicate
F,C’,.
Map:
I,At<q:Cy...qx:Cx>mlist: {t}
ILAF(Q1:C1 = miist (Q2:C2...Qk:Ck)): {t}

This rule states that the result of a map operation has the same conformance as that derived

(5.20)

for the multi-operation <q ...g>.mlist.

To summarize, the lack of homogeneity in the results of object algebra expressions may
cause later expressions which use such a result to be type inconsistent. The conformance
was defined as the set of types all members of a set of objects are guaranteed to conform to.
An algorithm was developed to determine a most specific conformance. This provided the
basis for a suite of type inference rules which determined the conformance of object algebra

expression results based on the conformances of the argument sets.
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Chapter 6

Rewriting Object Algebra

Expressions

6.1 Introduction

This chapter introduces equivalence preserving transformations rules for object algebra
expressions. The full suite of rules consists of algebraic and semantic rules. Algebraic
rules create equivalent expressions based upon pattern matching and textual substitution.
Semantic rules are similar, but they are additionally dependent on the semantics of the
database schema as defined by the class definitions and inheritance lattice.

The overall goal of expression transformation is to reduce the cost of query evaluation.
Haas et. al. [HFLP89] make the distinction between two rule based query transformation
techniques: ‘query rewrite’ and ‘plan optimization’. Query rewrite is a high level process
where general purpose heuristics drive the application of transformatica rules. Plan opti-
mization is a lower level process which transforms a query into the most cost effective access
plan based on a specific cost model and knowledge of access paths and database statistics.
The rules presented here are intended for use during query rewrite. Plan optimization is
discussed in Chapter 7.

The focus of the chapter is on rule specification as opposed to rule application. Recent
work on rule based transformation systems [GD87, HFLP89, HPSS, RHB86] has shown their
viability as a method for improving queries. However, the work has shown that although

the search and transformation engine can be generalized, the rules themselves are specific
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to the data model. Thus, defining appropriate rules a major challenge.

6.2 Transformation Rul. Notatior

Transformation rules will be written as E; & E,; whict. )ecifies that expression E; is equiv-
alent to expression E;. Restricted rules, which are only applicable when condition ¢ is
true, are written as E; & E; [Fre87]. Conditions are a conjunction of functions which
determine properties of argument sets, predicates and variables used in a rule. Function
ref(F,(vy,...,v,)) is true when vy,...,v, are the only variables referenced in the predi-
cate F. Function gen(F,v) tests whether the predicate F' contains a generating atom for
the variable v. Similarly, res(F,v) is true when predicate F' restricts values of v. For
example, gen(F,t) is true in the case of F = (t €<qy,¢:>.mlist) and false in the case of
F = (g2 =(;<t, q1>.mlist). Furthermore, res(F,v) = - gen(F,v).

Chapter 4 defined the object algebra select and generate operations as

Pdpl (Ql...Qk)
Q1 7F, (Q2---Qu)

{p| PYAQI(@) A AQi(ar) A Fi(p,qu,...,qx) } (6.1)
{ pl QI(QI)A "‘/\Qk(Qk) A F2(P,41,---,Qk) } (62)

These two expressions are identical except that (6.2) does not define a universe of discourse
for p thereby implying that F; in some way generates values for p from ¢,...,qx. To

simplify proofs in later sections, the following definition will be used.
Definition 6.1 Select/Generate Set Notation:

Por (Q1...Qk) iff res(F,p)

{rl3q - 3 F(p,q;,...,qk) } =
Q1 7% (Q2...Qx) iff gen(F,p)

In other words, the set definition for select and generate operations can only be distinguished
by the properties of predicate F. If F is defined as restricting values of p, then the operation

is a select. If F is defined as generating values for p, then the operation is a generate. O

An arbitrary expression in a list of expressions is referenced using the notation
(Ey...E;...E,;) where ‘...’ denotes zero or more occurrences of some E;. For example, the

rule

Por(...Qz...Qy...) & Pori{...Q,...Qz...) (6.3)
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indicates that the result of a select operation is independent of the ordering of the arguments
between ‘(’ and ‘)’. The set being restricted must appear before the select operator o, thus
there is no rule to change the position of P. This is not the case for generate operations as
the target viriable does not correspond to one of the input sets. The next two rules state

that the outcome of a generate is independent of the operand ordering.

Qz vk (- Qy..) & Qb (..Qz..) (6.4)
Q: 1F (- Qy .- Q:en) & Qb (-.Q:...Q,...) (6.5)

Section 3.1 introduced the map operator as a special case of generate. This can be

captured by the conditional rule:

Q117 (Q2-..Qk) & Q1 —miint (Q2...Qk) (6.6}

where condition ¢ insures that F = (t ==<q,,... y Q> mlist).
We introduce the abbreviations Qset, Rset and Sset to replace Q; . ..Qx, Ry...R; and

S1...5n respectively. For example:
P or (Qset,Rset,Sset) & Pop(Qy...Qx,Ri...R.,S;.. .Sm) (6.7)

where condition ¢ is ref(F, (p, q1,- .., @k, 71, . -, 71, 81, - . ., ). As before, a lower case letter
represents an object variable which ranges over the set denoted by the corresponding upper

case letter, (i.e., ¢; € Q;, r; € R; and s; € S;).

6.3 Identities

This section presents rules which are identities in the object algebra, i.e., there are no

conditions associated with them.

Theorem 6.1 Set Identities:
The following equations summarize the rewrite rules for binary set operators. These are

conventional set operators that can be found in any set theory textbook (see, for example,

[SM77)).

PU(QUR) & (PUQ)UR (6.8)
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Pu(QnR) & (Pu@Q)n(PUR) (6.9)
P-(QUR) & (P-Q)n(P-R) (6.10)
P-(@QNR) © (P-Q)U(P-R) (6.11)
PN(QUR) & (PNQ)U(PNR) (6.12)
Pn(@QNR) & (PNnQ@)NR (6.13)
P-(Q-R) & (P-Q)U(PNQNR) (6.14)
(P-Q)-R & (P-Q)Nn(P-R) (6.15)
(PUQ)-R & (P-R)U(Q-R) (6.16)
(PNQ)-R & (P-R)N(Q-R) (6.17)

Proof: Equations (6.8) through (6.17) are valid as P, Q and R denote sets of objects where
set membership is determined by object identity and the algebra operations —, U and N

operate on object identities. O
Theorem 8.2 Commutativity of Select:
(P o, (Qset)) oF, (Rset) & (P of, (Rset)) of (Qset) (6.18)

Proof: The result of P o, (Qset) is the subset of P for which Fi(p,q,...,qk) is true.
Call this result P'. Then P’ of, (Rset) represents the LHS of (6.18) and is the subset of P’
which satisfies F(p’,r1,...,71). Since P’ C P the final result contains those elements of P
which satisfy both Fi(p,q1,...,qx) and Fp(p,ry,...,r;) independent of the order in which
they are obtained. O

Theorem 6.3 Commutativity of Difference with respect to Select:
(P~Q)or (Rset) & (Pop (Rset))—Q (6.19)

Proof: The result of (P — Q) or (Rset) does not contain any members of Q since the
selection is applied to (P — Q) which is disjoint with Q. Thus the selection criterion can be

applied to P alone and members of Q removed afterwards. O
Theorem 6.4 Distributivity of Union with respect to Select - A:
(PUQ) or (Rset) & (P of (Rset))U(Q or (Rset)) (6.20)
Proof: Let (P U Q) oF (Rset) be written as
(Pu@)-X (6.21)
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where X represents those elements of (P U Q) which do not satisfy F and each r eX
is a member of P or Q or both. Replace X by Xpu Xq where Vz € Xp.re £ and
¥z € Xq,r € Q. Substituting into 6.21 and rewriting according to 6.16 gives

(P-(XpPU XqQ))U(Q - (XpUXqg)) (6.22)

Each element in Xq is either in Q alone or in (Q N P) in which case it is also in Xp. Thus
(P - (XpUXQq)) = (P~ Xp) since those elemen®s which are in Q alone do not contribute
to the difference. By similar argument, (Q — (Xp U Xq)) = (Q - Xg). Applying these
identities to (6.22) gives

(P—Xp)U(Q - Xq) (6.23)

Since Xp (g} ropi - 1 » those members of P (Q) which do not satisfy predicate F, 6.23
is equivaler. - ‘¥ il hand side of 6.20. O

Theorem 6.5 Distributivity of Union with respect to Select ~ B:

P or (Ql...(Q,UQy)...Qk)
# (Por{(Qi...Qz...Qk) U (Por(Qi...Q,...Qk)) (6.24)

Proof: Let ¢ry € (Q: U Q). Then the LHS of {6.24) returns the 7 components of
each vector <p,q1,...,qzy,..., x> in P X Qq X ++- X (QzU Qy) X - -+ X Q which satisfies

F(p,a1,..-,4zy,-..,qx). Distributing union across cartesian product gives

PxQix---x(Q:UQy) X -+ X Qi &
(PXQ1X-XQrX - XQr)U(PXQyX--XQyX--X Q)

Thus the LHS of (6.24) is the union of p components of each vector <Prqrye s Grye ey Qk>
m PxXQyX---XQzX---XQr which satisfies F(p,q1,...,9z,...,qx) and p compo-
nents of each vector p,q1,...,qy,...,qk in PX Qy X+ X% Qy X -+ - X Qi which satisfies

F(p,q15..-14qy, - - -, qx) which is equivalent in meaning to the RHS of (6.24). O
Theorem 6.8 Distributivity of Intersect with respect to Select:
(PNQ)or (Rset) & (P op (Rset))n(Q or (Rset)) (6.25)
Proof: Let (PN Q) or (Rset) be written as
(PNQ)-X (6.26)
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where X represents those elements of (P N Q) which do not satisfy predicate F and each
z € X is a member of both P and Q. By the definition of intersection, X = Xp = Xo
where Vz € Xp,z € P and Yz € Xq,z € Q. Rewriting (6.26) using (6.17) gives

(P~ (Xp N Xq))U(Q - (Xp N Xq)) (6.27)
Substituting Xp for the first occurrence of X and Xq for the second occurrence of X gives
(P~ Xp)N(Q - Xq) (6.28)

Since Xp (Xq) represents those members of P (Q) which do not satisfy the qualifying
formula F, 6.28 is equivalent to the right hand side of 6.25. O

Theoren. 6.7 Distributivity of Union with respect to Generate - A:
(PUQ) 7k (Rset) & (P b (Rset)) U (Q 7 (Rset)) (6.29)

Proof: Predicate F in the LHS of (6.29) generates an object denoted by ¢ for each vector
<(pq)sr1,..., > in (PUQ) x Ry x -+- x Ry. Distributing union across cartesian product

gives
(PUQ)X Ry Xx--xR & (PXRix:---XR)U(QXRyx---xR) (6.30)

Thus the LHS of (6.29) is tke union of objects denoted by ¢t when predicate F' is evalu-
ated for each vector <p,ry,...,r> in P X Ry X --- X R and each vector <q,7;,...,7> in

Q@ X Ry x --- X Ry which is equivalent in meaning to the RHS of (6.29). O

Theor>m 6.8 Distributivity of Union with respect to Generate - B:

Prp{Q1...(Q:UQy)...Qx)
& (P1p (@1 Qz--.Q)) U (PYE (Q1...Qy...Qk) (6.31)

Proof: Applying identity (6.5) to the LHS of (6.31) gives

Pyp(@1---(Q:UQy)--.Qx) & (Q:UQy) 7k (@i--.P...Qx)  (632)

The remainder of the proof follows that of Theorem 6.7. O
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Theorem 6.9 Distributivity of Union with respect to Map:

(PUQ) '=miist (Rset) & (P iy (Rset))U (6.33)
(@ ~miist (Rset))
P ommiist (Q1--(Q:UQy) .. Qk) & (P mmiist (Q1.-.Qr. Qe))U  (6.34)

(P —miist (Ql . ..Qy .. Qk))

Proof: Identity (6.6) can be used to rewrite the left hand side of (6.33) and (6.34) as the

following equivalent generate operations.

(PUQ) = miist (Rset) = (PUQ)vL (Rset)
P mlist (QI(QIUQy)Qk) g P‘YIF (Ql(QxUQy)QL)

The remainder of the proof follows that of Theorems 6.7 and 6.8. O

Example 8.1 Consider the query on the sample database of Chapter 2 “Return the root

nodes of ali documents which are either about cats or about dogs”. Let

d range over the class Decument
Fy  be the atom (“cets” €<d>.keyWords)
Fz  be the atom (“dogs” € <d>.keyWords)

n  range over Node objects

Then we can use the following object algebra expression to implement the query

((DOC TR ())U(DOC (2 0 ())) F* rootNode ()

and pply rule 6.33 to get

((Doc OF ( )) P r0stNode ( )) U (( Doc oF ( )} " rootNode ()

The transformation is shown graphically on the right hand side of Figure 6.1. ©

6.4 Select Rewrite Rules
Theorem 6.10 Factorization of Cascaded Selects:

(P or, (@set)) or, (Rset) & (P o (Qset)) N (P ap, (Rset)) (6.35)
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Figure 6.1: Transformations of examples 6.1 and 6.2.

Proof: Let P’ represent P oF, (Qset), i.e., the subset of P which satisfies F1(p,q1, ..., q).
Then P of, (Rset) is the subset of P’ which satisfies F3(p’,ry,...,7). Since P' C P,
the final result contains those elements of P which satisfy both Fi(p,q1,...,qx) and

Fy(p,r1,...,11). Thus the LHS of (6.35) can be rewritten as
{pl A(pgis--a) } N {plF2(pary-..ha6) }
which is equivalent in meaning to the RHS of (6.35). O
Theorem 8.11 Conjunctive Select Predicate ~ A:
P o(r,ar,) (Qset,Rset) & (P or, (Qset)) N (P or, (Rset)) (6.36)
where:
c: ref(Fy,(p,qr...qx)) A res(Fp,p) A ref(Fa,(p,ri...71)) A res(Fz,p)
Proof: Taking into account condition c, the LHS of (6.36) can be written as
{rl3q---3q3r---3r (Fi(pyqrs-- k) A Ba(n,r1,...,m)) }

Since F} does not reference ry,...,r; and F; does not reference ¢y, ..., q;, the existential

quantifiers can be distributed across the conjunction as follows

{pl3qr -3¢ FA(p,q1y...,qk) A 3ry---3r Fa(p,71y...370) }

This can be simplified to
{ P} Fli(p) A Fa(p) } (6.37)
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which is also the definition for set intersection. Thus it can be written as
{pI Fi@)}n{p| Fap)}
Expanding F’, and F’; again gives
{P13q1--3¢ A(pq1,-.vq) }n{p|3ri---3n F(poris....7) )

which is equivalent in meaning to the RHS of (6.36). O
Theorem 8.12 Disjunctive Select Predicates:

P orvr,) (Qset, Rset) & (P og (Qset))u (P or, (Rset)) (6.38)
where:

c: ref(F1,(p,gs...qk)) A res(Fy,p) A ref( £y, (p,r1...710)) A res(Fy,p)
s‘roof: The proof mimics that of Theorem 6.11 except that equation (6.37) now becomes
{pIFi(p) v Fa(p)} (6.39)

which is the definition for set union. O

Example 6.2 The union subquery ((Doc or, ( })U (Doc af, { ))) of Example 6.1 matches
the right hand side of rule 6.38. Substituting Doc for P and ( ) for Qset and Rset we can
apply rule 6.38 right to left resulting in

{(Doc op, ())U(Doc o, () & Doc g ()
This transformation is shown graphically on the left hand side of Figure 6.1. O

Theorem 6.13 Conjunctive Select Predicate - B:

P o(pnFy) (Qset, R,Sset) & P og (Qset,(R or, (Sset))) (6.40)
& Pop (Qset,(R 7E, (Sset))) (6.41)

where:

cr: ref(F,(p,q1...qk,7)) A ref(F2,(r,81...8%)) A res(Fy, 1)

c2: (B, (pyqi-. gy t)) A ref(Fp,(t,7,81...8,)) A gen(Fy,t)
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Proof: Taking into account condition ¢,, the LHS of (6.40) can be written as

{rl3q--3gk,3r3s;--- 38, (Fi(P,G1y---1qk,T) A B(rys1,..0,8m,)) }

Since Fy does not refererce sy,...,3,, and F, does not reference q,..., g, the existential

auantifiers can be distributed across the conjunction as follows
{pl3r(3q -3¢ FAlp,qr,....qk7) A 3s1---33m Fo(r,81,...,8m) ) }
This expression can be rewritten as
{pl1373q -3 Fi(prqrs-- - qx,7') } (6.42)
where the universe of discourse for 7’ is defined by
R' = {r]|3s 38 F(r,81,.-,5m) } (6.43)

Equation {6.42) is equivalent in meaning to P oF, (Qset, R’} while R’ of equation (6.43) is
equivalent in meaning to R of, (Sset). Together these two expressions are equivalent to
the RHS of (6.40).

The proof for (6.41) mimics the previous one with the exception that (6.42) becomes

{ p l atlaql . '3‘1k Fl(pv qi,.- -1qk,t’) } (644)

where the universe of discourse for ¢’ is defined by
T = {t|3rdsy - 3sm Fp(r,81:...,8m,2) } O (6.45)

Example 8.3 Consider the query “Find all documents written by the child of a computer

scientist and a doctor”. Let

d range over the class Document

P71 range over the class Person

p2 range over the class Person

¢ range over Person objects which are children
a; be the atom (¢ ==<d>.author)

a; be the atom (“computers” €<p,>.ezpertise)
az be the atom (“medicine” €<py>.ezpertise)

as be the atom (¢ €<py, p2>.children)
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The following object algebra expression can be used to represent the query
Doc O(ayAazAazAay) { Person, Person)

This expression satisfies the conditions of rule 6.41 when we substitute ay for Fy,
(a2 A a3 A ay) for Fy, Doc for P, { } for Qset, Person for R and Pcrson for Sset. Ap-

plying rule 6.41 with these substitutions gives
Doc 0(a, Aaznasnay) (Person, Person) <  Doc a,, {(Person V(ar Aagaay) {Person)))

This transformation is shown graphically on the left hand side of Figure 6.2. ©

........... S I d
: : JR
: ajy...aq - Povay Ja,

/Sﬁ B NN

: Personf Due 731.02 ay Doc '75‘
o g /p‘/ \{ }/ \\g)\
(6.41) ; Person _ Person' Oay Tay

L S \, [pn lm
(6.4,6.47) Person Person

Figure 6.2: Transformations of examples 6.3 and 6.4,

Theorem 6.14 Factoring Generate from a Conjunctive Select:
A special case of rule 6.41 occurs when the select predicate centains a generating atom

for the set being restricted (Figure 6.3).
P o(raF;) (Qset, R, Ssety & (P o, (Qset))n (R TF, (Sset)) (6.46)
where:
c: ref(Fy,(pyq1...qk)) A res(Fy,p) A ref(Fy, (p,781...3m)) A gen(Fz,p)
Using the same techniques as in the previous proofs, (6.46) can written as
{P130---3q Fi(pqu--oak) }0 { p| 3r3sy - Fsm Fo(p,7,81,- -0, 5m) )

Applying Definition 6.1 and condition ¢, this expression is equivalent in meaning to the

RHS of (6.46). O
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Figure 6.3: Graphical representation of rewrite rule 6.46.
6.5 Generate Rewrite Rules

Theorem 8.15 Conjunctive Generate Predicates:

P 7(‘,,‘,\,,-2) (Qset, Rset) & (P of, (Qset)) 7E, (Rset) (6.47)
B (P (Qset) 7h, (Rsel) (6.48)
& (P 7k (Qset)) oF, (Rset) (6.49)

where:

¢ - ref(Flv(pvql"'Qk)) A TES(F],p) A re[(Fg,(p,Tl...T[,t)) A gen(F2’t)
co: ref(Fi,(pyq1-.-qk,u)) A gen(Fy,u) A ref(Fa,(ry...71,t,u)) A gen(Fy,t)
ca: ref(Fi,(pyq1-- -4, t)) A gen(F1,t) A ref(Fy,(ry...1,t) A res(Fy,t)

Proof of (6.47):
{t13p(3q1---Iqx Fi{piqrs---rqx) A 3ry-3r Fa(py7,y..51i0t))

{tlp(p) A 3‘11‘”3‘11: fi(Pany---,Qk) A 31‘1"'31“[ FZ(P»r!a---,Tl»t)}

Grouping the first two terms and changing #(p) to a quantifier yields
{t|3p3q - -3 Fi(pqr,-.-.qk) A 3ri---3n FBa(p.my,..omint) }
Substituting P’(p) for the first term gives
{t|P(P) A 3ry-- 3 Fo(pyr1,..umint) } (6.50)

where

P = {p|3p3q -3¢ FA(p,qr,.--,qk) } (6.51)
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Equation (€.50) is equivalent to P’ 7k, (Rset) while equation (6.51) is equivalent to
P oF, (Q@set). These two expressions can be combined to yield the RHS of (6.47).
Proof of (6.48):

{ t 'apafh "'E‘Ik Fl(p7ql'l"'7qk’u) A 31.1 "'37.1 Pi)(rlv-"vrlvtv ll) }
Substituting U’(u') for the first term yields
{tHU' (W) A 3ry-- 3 By(rayeeoyrpto) ) (6.52)

where
U' = {u|3p3q1---3qx Fi(pygis- - qrru) ) {6.53)

Equation (6.52) is equivalent to U’'~f (Rset) while equation (6.53) is equivalent tp
P vF, (Qset). Together these are equivalent to the RHS of (6.48).
Proof of (6.56):

{ ¢ ‘ Bpan : 3% Fl(PMIh- '-1q1nt) A 31‘1 * '37‘{ FZ(Tlv' . -vrla!) }
Substituting 77(t') for the first term gives
{t|T(t'Y A 33 Ba(ry,... 1t} (6.54)

where
T' = {t|3p3q -3 Fi(prq1s---1401) } (6.55)
Equation (6.54) is equivalent to T’ o, {Rset) equation (6.55) is cquivalent to P Tr, (Qaet).

These two expressions can be combined to yield the RHS of (6.56). O

Example 8.4 Consider the subquery Person v5,a,,nq, {Person) of Example 6.3 where

a; = “computers” €<p;>.ezpertise
a3 = “medicine” €<p,>.ezpertise
a4 = ¢ €E<py,pa>.children

which returns the children which have a doctor and computer scientist as parents. The
subquery satisfies the conditions of rule 6.47 when we substitute a, for F}, a3z A a4 for F;,

Person for P, c for t, { } for Qset and Person for Sset resulting in the transformation

Person 1;,aq;0a, {Person) < (Person a4, ()) 15,na, (Person)
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Ideally we would like to apply this rule again to break out atom a3 which restricts the
variable p; ranging over the class Person. Noting that the ordering of argument sets does

not affect the result of a generate operation, we can apply rule 6.4 to give
(Person aa, () 15,nq, (Person) & Person Yasna, ((Person a,, ()))
Now we can apply rule 6.47 agai:: to break out atom a3 as follows.
Person v5, a4, ((Person a,, ( j)) & (Person g, ()) Yo, {(Person 0,4, ()))
The result of these steps is shown on the right hand side of Figure 6.2. ©

A special case of the generate operatior: -=curs when the predicate generates values for
the target variable (which does not range ..+ an argument set) and also for a variable

which does range over an argument set.
Theorem 6.16 Factoring Generate from u . cnjunctive Generate:
P 7(‘5-1,\5) (Qset,R,Sset)y & ((P TR, (@set)) N R) if, (Sset) (6.56)
where.
c: ref(Fy,(p,ryq1...qk)) A gen(Fy,r) A ref(F,(r,t,81...8m)) A gen(Fy,t)

Proof: The condition states that F; generates values for r while F, generates values for
the target variable t. Similar to rule 6.46, we now have two sources of values for r; the
argument set R and the generating atom in F. Since the final values of r must exist in R
and be generated by F}, we can break Fj out into its own generate operation and intersect

the result with R prior to generating values for t. O

6.6 Semantic Rewrite Rules

This section presents transformations for object algebra expressions which utilize semanrtic
information embodied in the data model, its restrictions, and the class inheritance graph.
As each database has its own class lattice with a unique distribution of objects across those

classes, the applicability of these transformations is highly dependent on the database state.
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The intent is that a query optimizer! with access to simple database s: ‘stics can easily
adapt its optimization choices 10 the current database scate. Four primary themes will be
developed. First, a simple rule regarding class extents is presented. This is followed by the
identification of binary operators which default to known solutions in special cases. Lastly,
a transformation which depends on type consistency considerations is presented. In the
following, ¢; will denote a class while C; and C; denote the extent and deep extent of ¢,

respectively.

6.6.1 Deep Extent Expansion

Theorem 6.17 Deep Fztent Ezpansion:

Each occurrence of C* in an object algebra expression can be replaced by
CUCiU---UC, where {c,cy,...,cn} is the set containing ¢ and all its n subclasses.
Proof: Operands to object algebra operators are sets of objects. At the leaves of a query
tree these sets of objects represent either a class extent or a class deep extent. The data
model states that the deep extent of class ¢, ext*(c), is the union of the extents of all classes

in the subtree of the class lattice rooted at ¢. Thus
ext®(c) = ext(c)U ext(c;) U -- - Uext(cy,)
which is equivalent in meaning to the theorem statement. O
Example 6.5 Given the class lattice in Figure 6.4 the following expression holds:
Cior() & (C1UCUC3UCy) ar ()

This example implements a full expansion of the classes in a deep extent. Of course, any
subset of a union which identifies a deep extent can be replaced by the deep extent as well.
Thus

(C1UCUuC3)or ()

is also an equivalent expression. ¢

'Even though the terms ‘optimum’ and ‘optimization’ are used frequently in relation to query processing,
optimality in this context needs to be interpreted somewhat loosely. There is a significant amount of
parameter estimation incorporated into cost function parameters. Thus, the decisions are optimal to the

extent that these estimates are accurate.
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Figure 6.4: A simple class lattice.

6.6.2 Semantic Transformations for Binary Operators

Knowledge about the class lattice can be used to identify and reduce special cases of binary
operations. In order to discuss these special cases in a uniform manner, a binary relation

which captures information about the class inheritance graph is defined.

Definition 6.2 Deep Extent Overlap: The notation ¢; V7 ¢, denotes that 3¢; | ¢; < ¢; A
¢; X ¢z, i.e., C{ and C; have elements in common. The relation ¥ is reflexive, symmetric

but not transitive. O

Theorem 6.18 The following special cases of binary operations are identified:

1. C:nNCy = ¢ when ¢; ;é c2.
Proof: The data model states that an object may be a member of only one class, i.e.

the extent of any two distinct classes is disjoint.

2. Cy - Cg = C; when (4] ;é C2.

Proof: The proof follows from the previous case.

3. C1nC3 =C, when ¢; < cy.
Proof: By definition of the < and 7 operators it is clear that if ¢; < ¢y then all
elements in C; are also in C3. Since no member of ¢; can be a member of any other

class, the assertion is true.

4. Cy NC3 = ¢ when ¢; Yea.
Proof: By Definition 6.2, CT (which includes C;) and C3 have no elements in common

when ¢; Yca.
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5. C1UC3 = C; when ¢; < c;.
Proof: By definition, C3 includes all elements in the extent of each class which is a

subclass of ¢,.

6. C1~C3=Cywhenc; #caAc; £ ey
Proof: The condition ¢, # ¢, implies that ¢; and c2 have no members in common,
ie. C1NCy =¢. c1 £ ¢y implies that no subclass of ¢y or ¢ has members in common.

Thus C, and C3 have no elements in common.

7. C — Cy = C7 when ¢, Ye,.
Proof: By definition, ¢; e, means that C; N C3 = ¢. Since C, C CHCiNnCy=¢

as well.

8. Cy N'75 = ¢ when ¢; Ye,.

Proof: By Definition 6.2.

9. CINC3 =UC;,ci 2 ¢1 Ac; X co when ¢; V¢,

Proof: Let ¢;1,...,¢1, be all the classes in the subtree of the class inheritance graph

rooted at ¢;. Applying Theorem 6.17, C; N C; can be rewritten as:
(Chu-- UGN C3
Applying equation 6.12, this is equivalent to
(CunC3)u---U(C1nNC3)
As shown in 3 above, each term (Cy; N C;) = Cy; when ¢); < c,.

10. Cf UCZ' = C; when ¢; < ¢;.
Proof: By Definition 6.2, ¢; < ¢c; = C} C C3.

11. Cf - C3 = C} when ¢, ¥ea.
Proof: By Definition 6.2 ¢; e, = C;nC; = ¢. D

These transformations are summarized in Table 6.1

6.6.3 Other Semantic Transformations

Transformation rules may rely on type consistency to determine their applicability. Consider

the following rules.
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Table 6.1: Special cases of the binary operators.

Rule I Condition ]
CinCy=¢ a1 # ¢
C1-C=C, |a#e
ClnC;=Cl ci ¢
GinC; =¢ 1 Ye2
CiuC;=C5 |a=Xc
CI—C»;:Cl a#caAhcid e
C;—Cz = Cl‘ C1 WCQ
CinCy;=¢ c1 Yea
CINC;=UC; ;<1 Aci<cahep Ve
CfUCg':C; c1 X ¢
Ci-Cy=C1 |ave

Theorem 6.19 Associativity of Select with respect to Intersect (Figure 6.5):

(Por{(Qs:t))NR & (Por (Qset))N(R ap (Qset)) (6.57)
& PN (R op (Qset)) (6.58)
where:
c¢: F'is identical to F except each occurrcnce of p is replaced by r.
e - 7 e : N 7 e : ~
oF oF apt P log 20l
P Qset P Qset R Qset R Qset
(a) (b) (c)

Figure 6.5: Graphical representation of Theorem 6.5.

Proof: By definition, intersection returns only those objects which are present in both
input sets. From a pure set theory perspective, any restriction which removes objects from
onc input set only, automatically excludes those objects from the result of the intersection.
In addition, the restriction could be applied equally well to the other input set instead and

generate the same result. This is because intersection is not dependent on operand ordering
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and “doesn’t care” which input set is missing the excluded objects. By a similar argument,
the restriction could be applied to both input sets without affecting the result.

Referring to Figure 6.5, the restriction in (a) is given by the select operation
P op (Qset); i.e., the inptt set P is being restricted by predicate F. Let us first examine
the transformation from (a) to (b).

The expression depicted in (a) is considered type consistent if the methods in predicate
F are defined on all types represented by the objects in P. Note that P (R) may be a
heterogeneous set of objects if it represents the result of a subquery as opposed to the
extent of some class. The transformation from (a) to (b) is valid only if the expression in
(b) is alegal. This means the subquery R op- (Q@set) in (b) must be type consistent, i.e., the
methods in predicate F” are defined on all types represented by the objects in R. According
to ccndition ¢ oa the transformation rule though, the methods in F” are identical to those
in F. Thus, the validity of the transformation from (a) to (b), and by similar argument
from (c) to (b), is dependent on both the database and the nature of the subqueries which
produce P and R.

Once these transformations are shown to be valid, we can conclude tnat the equivalence
of expressions (a) and (c) is valid by the characteristics of intersection discussed previously.
If the restriction can legally be applied to both input sets, then intersection only requires

that it be applied to one of them. O

6.7 Rule Application

The focus of this chapter is on the specification of transformation rules as opposed to their
application. However, some comments on the application of the rules are ir order. Several
rule based optimizers have been reported [GD87, HP88] which could be adapted to apply the
rules developed here. The main component of these systems is a pattern matching engine
which matches subexpressions of a query against rules. In addition to the matching of
subexpressions, the firing of rules is dependent on the satisfaction of user defined functions
such as gen(F, v) and ves(F),v).

There is, however, one major difference between our rules and those of the EXODUS
[GD87] and Starburst [HP88) optimizers. Their rules are based on expressions of fixed arity,

e.g., two operand joins, while our rules can have varying numbers of arguments, e.g., Qset,
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Rset, Sset. An inefficient solution to this incompatibility would be to define rules for all
possible set sizes and combinations. A better approach would be to modify the pattern
matching engine to accommodate arguments to expressions which are sequences (sets).

Several heuristics can be used to drive the rewriting process. A common heuristic is
to push operations which reduce intermediate result sizes as far down the tree as possible.
The result is that operand sets are are reduced as early as possible thereby minimizing the
input to operations higher up in the query tree.

Another heuristic is to eliminate redundant or useless cross product generation. The
semantics of select, generate and map operations require %zt the piedicate (or method
applications in the case of a map) be evaluated for each el=:+.c. . in the cross product of the
argument sets. For example, the predicate F in P or (Qset, Rset) is evaluated once for
each vector <p,q;...¢x, "1 ... 7> € PXQy X ... X QX Ry X ...x R;. When F consists
of the subformulas Fy(p,q:1...9x) and Fa(p,r;...7r;) then the r elements of the vector are
not used in evaluating F; and the g elements are not used in evaluating F,. Assuming that
the cost of generating the cross product grows non-linearly with respect to the number of
sets (here k+41+1), it is cheaper to generate smaller cross products, P x Q; x ... X Q4 and
P x Ry x ...Xx Rj respectively.

One effect of applying these rules is that an operation with a complex predicate is split
into multiple operations whose predicates are subformulas of the original one. This can
be beneficial in several ways. Assume that access plans contain calls to an object manager
interface which has the ability to apply singie atom predicates to streams of objects. Simpli-
fying predicates during query rewrite will reduce the complexity of access plan generation as
there is a closer mapping between predicates and individual object manager calls. Another
benefit is that applying a rule may expose operations which can be performed in parallel.

This becomes move important as distribution is considered.
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Chapter 7

Generating Query Execution

Plans

7.1 Introduction

This chapter addresses the last step in the query processing methodology of Figure 1.3,
namely access plan generation. Access plan generation is the process of mapping high level
representations of queries (e.g., relational or object algebra expressions) to sequences of data
manipulation operators which are present in the physical system. In the case of the relational
data model [Cod70], there is a close correspondence between algebra operations and the low
level primitives of the physical system [SAC*79)]. The mapping between relations and files,
and tuples and records may have contributed to this strong correspondence. However, there
is no analogous, intuitive correspondence between object algebra operators and physical
system primitives. Thus any discussion of access plan generation must first define the low
level object manipulation primitives which will be the building blocks of access plans.

We call this low level object manipulation interface the Object Manager (OM) inter-
face. Object managers have received attention lately in the context of distributed systems
[BHJL86, DLA8S, MG89, VKC86], programming environments [Dec86, Kae86, VBD89] and
databases [CDRS86, CM84, EE87, HZ87, Kim88). These object managers differ in terms of
their support for data abstraction, concurrency and object distribution. In addition, they
are typically oriented towards “one-at-a-time” object access whick i5 an inefficient paradigm

for query processing. We define a new OM interface which maintains many features of pre-
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vious object managers but operates on streams of objects. We then develop algorithms
for generating access plans whose processing steps are calls to the stream oriented object
manager interface.

The rest of the chapter is organized as follows. Section ".2 presents the object man-
ager interface. Two algoritkims for developing query execu.ion plans are developed. The
algorithm of Section 7.3 is simple but may no¢ find best plans. Section 7.4 presents a more
complex algorithm which finds all feasible plans and shows how OM cost functions can bhe

used to select a best plan.

7.2 The Object Manager

There are two primary coficerns in generating access plans. The first is to decompose the
object algebra operators unior {U), difference (-), select (0F), map (*—miise) and generate
(75) (especially those with complex predicates) into a sequence of simpler operations which
more accurately reflect the interface provided by a real object-based system. In other
words, we are defining a lower level of abstraction than that previded by the data model
and object algebra thus far, and treat access plan generation as the mapping of object
algebra expressions to the new abstraction interface. The second concern is that in order
to maintain the data abstraction provided by behaviorally defined objects we can not make
assumptions about how objects are stored and implemented.

Object algebra expressions which are the input to the access plan generation process

have several important characteristics:

1. They can be represented as graphs whose nodes are object algebra operators and
whose edges represent streams (sets) of objects. Thus intermediate results do not
have any structure. In fact, the intermediate results can be thought of as streams of

individual object identifiers.

2. Some algebra operators (o, v}f) are qualified by a predicate. Predicates are formed
as a conjunction of atoms, each of which may reference several variables. The variable

corresponding to the result of the algebra operation is called the target variable.

3. Variables used in multiple atoms of a predicate imply a ‘join’ of some kind; i.e.,

objects denoted by the variable must satisfy several conditions concurrently. When
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object variables overlap in multiple atoms, the ‘join’ relationship becomes complex

and may involve several variables at once.

The last point, namely implied ‘joins’ between object variables within a predicate, is the
driving factor behind the query execution and access plan strategy. Consider the predicate

F for the select operation P or (O,R,S,T)

F

Il

0==(<p,q,T>m1) A (QEL) A (g ==<s>.m3) (7.1)

where p is the target variable and O, P, R, S, T are inputs to the operation. All values for
q are generated by the atoms in the predicate. The result of this select operation can be

defined as
{o | F(o,p,q,r,8,t)is true for <o,p,7,38,t>€ OXPxRxSxT} (7.2)

Table 7.1 identifies which variables are referenced in each atom (numbered left to right)

and reflects the dependencies between the variables. It should be clear from the table that

oc|lplgqlris t
al | x| x|x|x (o ==<p,q,r>.m,)
a2 X x|(get)
a3 X x (g ==<8>.m3)

Table 7.1: Dependencies between variables in a predicate.

an object denoted by q must satisfy all atoms concurrently. However, if we are to respect
the data abstraction afforded by objects, then it is not possible for the query processor
to directly evaluate all three atoms concurrently as required. Instead, it is more iLlely
that we call upon another agent which can perform individual operations on objects that
correspond to the individual atoms. This would then require the ability to keep track of
the combinations of variables in O x Px Rx S xT which satisfy F. This intuition leads to

the following design decisions.

1. The low level operators used to generate an access plan for an algebra level operator
will consume and generate streams (sets) of tuples of object identifiers. The nota-
tion [a,b,c,: -] is used to denote a stream of tuples of object identifiers of the form

{<a,b,c,--->}. For convenience this is called an oid-stream in the remainder of the
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chapter. This way, relationships among variables and the atoms they satis{y can be

maintained over a sequence of operations.

2. There exists an ‘object manager’ interface which performs low level operations com-

parable to individual atoms in a predicate.

The following section defines the object manager interface.

7.2.1 Object Manager Interface Specification

The object inanager interface specifies a calling sequence and semantics for performing

operations on oid-streams. Four operation types are defined:

1 OMuy([i1}, [32]), [o]) - stream union

2 OMyg([t1],[i2), [0]) - stream difference
3 OM. (i1}, -.,[in), [0], meth, pred) - atom evaluation
4 OMu([ir],-..,[in],[0]) - stream reduction

where [i;] and [o] denote input and outpui oid-streams respectively. The semantics of the

OM calls are described next.

(1) Stream Union: This operator generates the union of the :wo input oid-streams.
Streams [;] and [i;] must reference the same variable names though not necessar-
ily in the same order. The operation is analogous to the relational union operator.
The output oid-stream contains those tuples which are present in [i)] or [i2] project =’

onto the variables identified by the output specifier [o].

(2) Stream Difference: This operator generates the difference of the two input oid-
streams. Streams (i} and [ip] must reference the same variable names though not
necessarily in the same order. The operation is analogous to the relational difference
operator. The output oid-stream contains those tuples which are in [i;] but not in [i5]

projected onto the variables identified by the output specifier [o].

(3) Atom Evaluation: This operator applies the (optional) method given by meth to each
member of [i;] X ... X [i,] creating the intermediate oid-stream [i)] X ... X [i,] X [res]
where res is the result of the method application for each iy, . . ., i, combination. Next,
the predicate pred is applied to the intermediate oid-stream and the result is projected

onto those variables given in the output stream identifier [0]. More specifically:
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[11],.-.,[in] denote a set of oid-streams which represent the input to the object

manager call. A variable name may appear in only one input stream.

[0] denotes the oid-stream which will be returned as output of the object manager
call. A variable name may appear only once in the output stream. Variables
referenced in the oid-stream [o] are a subset of those in the input streams or the

special identifier res.

meth is an optional method application specifier of the form <a, b, ¢, - - >.mname,
where a, b, c,--- correspond either to variables in the input streams or are the
textual representation of an atomic value. The special identifier res denotes the
result of the method application and can be referenced in the output stream and

predicate.

pred is an optional predicate on objects in the input streams and/or result of the
meth field. The full set of permissible predicates is given in Table 7.2. Variables
in the predicate correspond either to variables in the input streams, the special
identifier res or are the textual representation of an atomic value (denoted by

const in the table).

Table 7.2: Predicates allowed in OM,,, calls.

0; == 0;

0; € 0;

9i =) 95

const = o

const € 0

o € const

const =, 0

An OM,, call must have either a method or a predicate specified, and can have

both if required. If specified, the method is always applied before the predicate is

evaluated. The special identifier res denotes the result of the: :. :od application and

can be referenced in the output stream or predicate only if a method is specified.

The input streams may contain variables which are not referenced in the output

stream, the method or the predicate. In this case the respective oid: in the input
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streams are ignored. Variables referenced in the input streams and output stream
but not in the method or predicate are carried through withkout modification. In this
case, the unreferenced oid in each input tuple which satisfies the predicate after the
optional method has been applied is copied unchanged to the corresponding output
taple. There is no relationship or restrictions on the ordering of variables in the input

streams and output stream.

Example 7.1 Consider the atom evaluation operation
OM ...i({a,d],[c],[res, cl, <c,a>.m, b € res)

The semantics of this operation are given by the following algorithm.

for (each tuple t: <a,b,c> € [a,b] x [c]) begin - iterate over x-product
let res be the object returned by <t.c,t.a>.m! - method application
if (t.b € res) then - set value inclusion

add tuple <res,t.c> to the output stream
end ¢

(4) Stream Reduction: This operator combines and reduces the number of input streams
by performing an equi join on those variables which are common to all input streams.
This requires that all input streams have at least one variable name in common. The

semantics of the operation is best described using an example.

Example 7.2 Consider the stream reduction
OMuw([a, b, ¢}, [b,d,c], (e, ¢, b],[a, b,e])

The variables common to all input streams are b and ¢. We can rewrite the operation
as

OMN([G) bh cl]a [b2’ d, 02], [e’ €3, 63]) [a9 bn 8])

in order to differentiate the different sources for variables b and ¢. The in-

put streams are first combined by taking their cross product which results in

1We use the notation t.c to denote component ¢ of tuple .
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the cid-stream [a,by,¢;,b2,d,¢2,€,¢3,b3]. The final result stream is of the form
(a,b, €] and contains only those tuples from the previous intermediate result where

(by=by=b3)A(cl =c2=1¢3). ©

7.3 Access Plan Generation

Access plan generation can be thought of as creating a mapping from object algebra expres-
sion trees to trees of object manager operations. A query is initially represented as a tree of
object algebra operators as shown in Figure 7.1(a). Edges in the figure have been annotated
with oid-stream labels to indicate that a set of objects, e.g., P, can be considered a stream
of individual objects, e.g.. [p], as well. One unique feature of object algebra expression trees
is that all edges represent streams of single objects, never streams of multiple objects. This
is due to the closed nature of ths algebra which insures that the output of any operation

can be used as input to another.

0
{o]

R
BTN
oF, U oR,

A
P @ R S T
(a)

(b)

Figure 7.1: Mapping object algebra expression trees to object manager operation trees.

The graph in Figure 7.1(b) represents an access plan corresponding to the algebra tree on
the left. An access plan gragh is a graph whose nodes are OM operators and whose edges are

oid-streams. It is evaluated from the leaves to the root. The subtrees within dotted boxes
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are sequences of object manager operations corresponding to individual algebra operators
of the original query. Edges which do not cross subtree boundaries may represent streams
of tuples of objects (e.g., [p,q] and [s,0]). In addition, streams may be used as input to
multiple object manager operations within a subtree, e.g., [g].

The following sections shows how the mapp:n# to object manager operators is performed
for each of the object algebra operators (U, —, 0F, "> mlist and 7;;). For ease of presentation,
hov these operations can be mapped to access plan graphs is first discussed intuitively and

then formal algorithms are developed.

7.3.1 Unicn and Difference Operations

The union and difference operators map directly to their object manager counterparts.
Inputs and output of these two algebra operations are always unary streams of objects even

thongh OMy and OMy;g accept streams of tuples of object identifiers.

¥.3.2 Map Operation

Reviewing briefly, the map operator @, +—m, m, (Qz...,Qx) denotes the multi-operation
“Miy. -y QE>.Mmy . ..My, Where <qq,...,qx> are drawn from Q; X ... x Q. Since the ob-
ject manager interface can only apply one method per call, the muiti-operation must be
decomposed into individual method applications. Determining which ¢; are a parameter for
a given m; has been treated previously in Chapter 5 and is not repeated here. Figure 7.2
depicts ow the map operation Q1 ~m,.m;.ms.m, (Q2,Q3,Q4,Qs,Q6,Q7) is represented
as a sequence of OM operations. The formal steps to perform this transformation is given

in Algorithm 7.1.

Algorithm 7.1 Create access plan graph for the map operator
Input: Object algebra map operation of the form Qy ~m,..;m,, (Q2,..., Q%)
Output: Access plan graph G

begin

let G:=¢ - initialization (1)

use the type inference rules of Chapter 6 to create mappings m; — ¢z, ...,q, where: (2)
~ i denotes the i method in my ---m,,

— z denotes the subscript in @,...,Qx of the second argument to m,
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[res]

my OMelml([r:S]s [q7]7 [1‘68], <r3,qz>.Mmy. @)

ZAN

m3 | (g7}  OM.wait("2], [4s], [ge)s [l <72, G5 g6 > m3, 1y === r28)
AN

ma | [gs)[ge] OM.uai([r1], [g3], [qa)s [r2], <71, 43, g4>.m2, 72 == res)
NN

/mx\ (93] [g4] OM...([a1], [g2), [11]s <1, g2>.my, 71 == res)

@]  [q2]

Figure 7.2: Access plan generation for a sample map operation.

- y denotes the subscript in Q,..., @} of the last argument to m;
let ro := ¢ (3)
for (i := 1 to n) begin (4)
add node OM pui([ri-1},[gz)s - - -\ [@y)s i)y <Tic1a Gz . .y @y>mis i ==res) to G (5)
if (this is not the first node to be placed) then (6)

add an edge to G connecting the output of the node placed on the previous (7)

pass to the first input £{[r;_,]) of the node placed on this pass (8)
endif (9)
endfor (10)

end Algorithm 7.1

7.3.3 Select and Generate Operations

The select and gener. ‘e operators introduce complexity into access plan generation due to
their use of predicates. At first it may appear that the two should be treated separately
as select returns a subset of an input set while the generate generates objects from those
in the input sets. But from the perspective of low level access plan creation, they are
quite similar. Consider again the selection predicate of Equation 7.1. Even thcagh the
operation is a selection, the predicate generates values for q. There is no inherent difference

in complexity between predicates for selections and those for generate operations. The only
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real distinction between the iwo is that the ‘arget variable of a generate operation does not
correspond to one of the input sets.

Figures 7.3 and 7.4 illustrate several possible access plans, specified as access plan graphs,
for the select example whose predicate is given in Equation 7.1. Nodes in these access plan
graphs are either OM.,,/ operations corresponding to individual atoms of the predicate or
OMy operations for reducing intermediate oid-streams. OM.,,,; nodes are labeled with the
atom they represent (al, a2 or a3) while OMu nodes are labeled with the M symbol.

The first requirement in creating these access plans is to rewrite the predicate such that
each atom dres indeed correspond to just a single cbject manager call. This is done by

applying the following rewrite rules.

1. Given an atom of the form const = var where const is the textual representation of
an atomic value and var i« s::¢ie object variable, remove the atom from the predicate

and replace each occurrence oi car with the text of const.

2. Replace all occurrences of atoms of the form
(multi-op; @ multi-ops)
with
(multi-op; 8 new.var) A (new_var 6 multi-.py)

where new.var is a newly introduced object variable currently unused in the predicate

and 0 € {=,==,€,=(}. This insures there is only one multi-operation per atom.

3. Expand each multi-operation into a sequence of single method applications. This is
identical to the steps performed .or the map operator in Section 7.3.2. Using the map

operation of Figure 7.2 as an example, the following equivalence would be used:

<q1,492, 93,94, 95,98, g7>.My.Ma.M3. Mgy = 7} ==<q;,2>.M; A
rz ==<r1,43,q4>.M2 A
T3 ==<T2,(s5,96>.M3 A

res ==<r;3,q97>.my

where r; and res are previously unused object variables.
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Table 7.3 illustrates how each of the simplified atoms is mapped to an object manager call.
The table shows all variables from the input streams being carried through to the output
stream inerely to illusirate the full extent of possibilities. Typically the output stream
would be a subset of the input stream variables. The “#” character denotes the sequence

of all variable names o,a,b,---.

Tabie 7.3: Mapping simplified atoins to OM,,q; calls.

Object Manager Call Comment
a==b OM..ai([a,b),[*]). ¢,a == b) res(a, b)
0==<a,b,-->m OM.,./([a,b, - ], [*],<a,b,-->.m, o) gen(o)
OM.,.i(|o,a,b, -], [#], <a,b,-- >.m,0 == res) res( )
a€b OM..ai([b], [+], 0.a € b) gen(a)
OM...([a, b],[*],d,a € b) res(a, b)
o€<a,b,-->m OM...([a,b,-- ], [#], <a,b, - >.m,0 € res) gen(o)
OM..u([0,a,b,-- ], [*], <a,b,-- >.m,0 € res) res(+)
<a,b,-->me€o OM...i([o, a,b, - ], [*], <a, b, - >.m,res € 0) res( )
a=gb OM cvai([0, ), [+], 6,0 =/, b) res(a, b)

0 =p<a,b,-->m | OMcai([o,a,b,-],[#], <a,b, - >.m,0 =, res) res(*)
const =<a,b,-->m | OM,([a,b,: - ],[*],<a,b,-->.m,const = res) | res(a,b,---
const € o OM.,.i([0], [0], ¢, coest € 0) res(0)
const €<a,b,-->.m | OMu((a,b,:-],[*],<a,b,--->.m,const € res) res(a,b, - -
<a,b,-->.m € const | OM_,a([a,d,-- ],{*],<a,bd,: - >.m,res € const) res{a,b, - -
const =, 0 OM.,.i([0], [0], ®,const =, o) res{ o)

const =;<a,b, - >.m | OM.,.([a,b, ], [#],<a,b, - >.m,const =, res) | res(a,b,-) ’

We are now ready to consider, in some detail, the alternative access plans in Figures 7.3
and 7.4 for the sample select operation. Each access plan assumes that atoms in tlie
predicate are sorted into a partial dependency order where values for non-input variables
are gencrated before they are used; i.e., an atom which generates ¢ comes before an atom
which uses ¢q. In the predicate of Equation 7.1 variable ¢ is ‘generated’ twice, once by
a2:¢ €t and again by a3 : ¢ ==<s>.m3, and only 'referenced’ in a2 : 0 ==<p, ¢,r>.m;.

Thus one of either a2 or a3 must be performed before al. However, once values for ¢ have
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been generated by one of these atoms, the semantics of conjunction allow us to think of
the remaining atom as restricting ¢ as opposed to generating new values for q. As long
as oid-streams for al! variables referenced by the remaining two atoms are present, their
ordering is irrelevant. The access plans of Figures 7.3 and 7.4 express some of the variations

which are possible within this framewor...
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Plan 1 (]

al - OM..«([o, P, ¢, 7], [p], <P, ¢, 7>.my, 0 == Tes)

a3 OMcval([ﬂzpy q,T 3]; [0, Pq, T]a <s>.my,q == res)
[o'plq'rl"]

a2 OM..a([0], [P}, (7], [s], [t], [0, P, 4,7, 8], 8,9 € 1)

/7NN

(o] [p) [r] [s] [1]

Plan 2 (]

OMC”G’([q]’ [0]’ [p]’ [r]7 [p], <p’ q? r>'m1)o == res)

AN

fo] (p][r] OM.vai((gl, (2], lg], 419 € 1)
VAN

a3 2] OM.ai([3], [¢], <8>.m2,q == res)
|
(s]
Plan 3 [I’]
al OM”.[([q], [O]’ [p]a [T], [P], <p,q,r>.my,0 == 7‘68)

[ql/ \\

1 a3 |[o][p][r] OM..ai([q], [3), [g}, <8>.m3, ¢ == res)
[ql/ \
a2 | [s] OM...([t},[q], $,q € 2)

(1]

Figure 7.3: Access plans for the sample select operation.
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Plan 4

V

[p]

al

VAN

a2

M__}lollp]r]

<

[t]

Plan 5

[s]

al |- q3 < -
VAN
a2 |[ol[p}[r]  [s]
(1]
Plan 6 (7]
|
M
bgd” N
al <.: a2 |« ...
VAN
a|3 lol[p}lr] [t
[s]

OMeual([q]w [O]v [p]’ [1"], [p]v <p,q,T>.my,0 == res)

OM (g}, g, [q])
OMeval([t)a [q]s é, q€ t)
OMcval([‘g]’ [(I], <8>.M2,q == res)

OM“([p7 ‘I]r [q]7 [P])
OM_..ai(lgl; [ol, [p) [r], [P, 4], <P, g, 7>.m1, 0 == res)

e OMemxl([s]a [Q], <8>.Mma,q == res)

OMeval([t]a [(I], ¢1 q€ t)

OM([p, ¢l (g}, [p])
OM.../([¢], [}, [}, (7], [P, 4], <P, ¢, 7>.T1, 0 == Tes)
OMcval([tl?[q]1¢aq € t)

OM...i([3],[q), <8>.m2,q == res)

Figure 7.4: More access plans for the sample select operation.
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Plan 1: (Figure 7.3) In this plan, the first OM operation?® consumes atom a2 and creates
an output oid-stream which contains those variables required by the remaining uncon-
sumed atoms (al,a3). Since t is not referenced by either al or a3 it can be omitted
from the output oid-stream. It is importaut to realize, though, that the OM opera-
tion to do this (designated by a2 in the diagram) requires taking the cross product
O x Px Rx S xT. Inother words, an OM operation always takes the cross product
of ali its input oid-streams prior to applying a method and evaluating a predicate.
The next object manager call consumes atom a3 and drops variable s from its output
since it is not required by the remaining unconsumed atom (al). The last object
manager call consumes the remaining atom and includes only the target variable in

its output stream.

In summary, variables which represent generated objects are added to the intermediate
oid-stream upon generation, e.g., g. Variables in the intermediate oid-stream are
dropped by the last object manager call which references them, e.g., . The final

object manager call includes only the target variable in its output.

Plans 2,3: (Figure 7.3) These two plans are similar to the first except that cross products
of some variables are delayed until just before the object manager call which requires
them. Since al is the only atom which references variables o, p and r, prior OM calls
for atoms a2 and a3 need not carry through these variables without using them. Plans

2 and 3 differ only in which atom is chosen to generate values for g first.

Plan 4: (Figure 7.4) This plan exercises another interpretation of the semantics of conjunc-
tion: if two atoms generate values for the same variable, then the final set of values
is the equi join of the separately generated values. This parallelization technique has
been combined with delayed cross products to minimize the size of parameters to
object manager calls. For example, if we had performed an early cross product as in
plan 1, then the input to ¢ € t (a2) would be [0, p, r, 3,t] which has many more tuples

than there are unique values of ¢.

Plans 5,8: (Figure 7.4) These two plans utilize the same semantic principles as in plan 4,

only in a different fashion. As before, cross products are delayed as long as possible.

?Recall that OM operator trees are evaluated bottom up.
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The two atoms which generate values for ¢ are performed in parallel. The output
of only one of these atoms is combined with o,p and r to restrict values of p and
to generate the oid-stream [p,q]. However, unlike earlier restrictions, both p and ¢
are retained in the output stream of this object manager call. There are now two
oid-streams containing values for ¢, [q] and [p,g]. The final oid-stream representing
the target variable p is created by performing an OMu operation on the two streams

and projecting over the p component.

Some generalizations about the relative merits and drawbacks of these access plans can
be made. It would seem that ‘just in time’ cross product generation is beneficial as it reduces
intermediate oid-stream sizes, both in cardinality and in arity. Cardinality is reduced since
restrictions are performed on the oid-stream prior to subsequent cross products. Arity is
reduced as new variables are introduced only when needed rather than at the start of the
subquery. The argument for delayed cross product generation would be even stronger if
the complexity of the cross product operator grew non-linearly with respect to either the
pumber of fields or the stream length. The parallelization performed in plans 5 and 6 looks
beneficial initially, but has several drawbacks. One is that values for ¢ are not restricted
as much as they are in all the other plans prior to being used in later operations, e.g., to
restrict p. Second, the intermediate oid-streams are larger since ¢ must be carried through
until the final OM operation. Plans 2 and 3 are similar to 4 in that they perform all
restrictions on g as early as possible. Their relative merits would depend on the efficiency

of parallel operations followed by an OM operation versus the sequential implementation.

Creating Select/Generate Access Plans

This section develops an algorithm for generating type 2 and 3 plans; i.e., delayed cross
products combined with early restriction. The algorithm takes three inputs: (1) a set
of atoms corresponding to a predicate which has been rewritten using the simplification
rules presented earlier, (2) a set of variable names identifying inputs to the object algebra
level operation, and (3) the name of the target variable. Output is an access plan graph.
The algorithm uses a hypergraph [Ber73] representation of the predicate. The hypergraph
contains one node for each unique variable name referenced in the atoms of the predicate and
is initialized with an edge for each atom which covers all nodes corresponding to variables

referenced in the atom. (Note that edges in a hypergraph define subsets of its nodes.) The
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nodes are marked as either red or green. A green node indicates that values for this variable
exist, either because the variable is a member of the algorithm’s second input parameter
or because an object manager call has generated the values. A red marking indicates that
values do not exist, i.e., the variable may not be used yet. The node markings are initialized
to reflect the variables which represent inputs to the object algebra operation. The initial
hypergraph corresponding to Equation 7.1 is shown in Figure 7.5-A. The algorithm proceeds
by successively placing into the access plan graph OM..a; operations for atoms (hypergraph
edges) until all atoms have been placed. An atom is eligible for placement in the access
plan graph if all the nodes in its corresponding edge are green, or only one node is red but
it represents a variable whose values are generated by the atom. The complete algorithm

is given below.

Algorithm 7.2 Create access plan for Select/Generate operators

Inputs:

1. set of simplified atoms a,,...,a,
2. set of input variable names V

3. target variable name ¢

Output: Graph of object manager operations G

begin
let H be the initialized hypergraph for a,,...,an (1)
let G be the output access plan graph - initially empty (2)

let stream_vars represent variables in the intermediate oid-stream - initialized to ¢ (3)

while (there are edges in H) begin (4)
let a € H be an edge (atom) eligible for placement (5)
- all variables are green or one is red and generated by the atom, and

— if stream_vars is non-empty a references all variables in stream_vars

if (stream_vars = @) then (6)
leti:=0 (7)
else (8)
leti:=1 (9)
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let in_stream,; := stream_vars (10)

endif (1)
for (all nodes n; €a | n; €V A n; ¢ stream_vars) begin (12)
let in_stream(y ;) 1= n; (13)
endfor (14)
let out_stream contain any variables which edge a shares with other (15)
edges in H and t iff ¢ is a member of any in_stream (16)

add OM,,([in-stream,},...,{in_stream,], [out_stream), meth, pred) tc G where: (17)

method meth and predicate pred reflect atom a as per Table 7.3 (18)

if (this is not the firsi atom to be placed) then (19)
connect in_stream; to out_stream of node placed on the previous pass (20)

endif (21)

let stream_vars := out_stream (22)
color all nodes n; € a green (23)
remove edge ¢ from H (24)
endwhile (25)

end Algorithm 7.2

Example 7.3 We apply Algorithm 7.2 to the predicate of Equation 7.1. The result of each
pass through the while loop is shown in Figure 7.5. Figure 7.5-A shows the initialized
hypergraph prior to running the algorithm. Note that the node for ¢ is red while all others
are green. During the first pass through the while locp both atoms a2 and a3 are eligible for
placement because all but one node in their respective hypergraph edges are green and each
atom generates values for the single red node. Atom al is ineligible at this point as it does
not generate values for the red node. Assuming atom a3 is chosen 1t random, Figure 7.5-B
shows the nodes and edges added to the output graph. At the end of the first pass, ¢ is
colored green since values now exist for it and the edge for atom a3 is removed from the
hypergraph. The result of pass two is shown in Figure 7.5-C. Both remaining atoms are
eligible for placement and we assume atom al was randomly chosen. The out-stream of the
corresponding OM call is [q, p] because (1) atom al overlaps with a2 on ¢, and (2) pis the

target variable. Pass three places the remaining atom, a3. <.
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Figure 7.5: Building an access plan using Algorithm 7.2.
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7.4 Select/Generate Access Plans Revisited

The previous section introduced the notion of an access plan as a tree of object manager
operations. Queries expressed as trees of object algebra operators are converted to access
plans by mapping each operator in the algebra tree to a corresponding subgraph of ob-
Ject manager operations. Algorithms were developed to perform this mapping for union
and difference (Section 7.3.1), map (Section 7.3.2), and the select and generate operators
(Section 7.3.3).

This section examines the mapping process for select and generate operators in more
detail. Algorithm 7.2 is quite limited in that it can only generatc access plans which are a

linear sequence of OM.,, operations. Specifically:

¢ only one access plan is generated,

o the ordering of multiple eligible OM operations is determined by random choice and

does not allow a cost based analysis of different orderings,
o object manager operations are never performed in parallel, and

o OMy is not used to reduce intermediate oid-streams.

Ideally one would like to generate a family of access plans from which a best plan can be
chosen based on some cost criteria. With respect to the select predicate of Equation 7.1, this
would imply that the algorithm generate all feasible plans including those of Figures 7.3,
7.4 and Example 7.3.

To assist in an exhaustive generation of access plans, the notion of a join template
[RR82] is extended to define a processing template. A processing template represents a
family of logically equivalent access plans and is used as an intermediate formalism in
mapping object algebra query trees to access plan graphs. A processing template for the
predicate of Equation 7.1 is given in Figure 7.6.

A processing template consists of two types of nodes: stream nodes and operator nodes.
Stream nodes (drawn as rectangles in Figure 7.6) represent intermediate results in a tree
of object manager operations, i.e., access plan. In other words, stream nodes reflect the
variables present in an intermediate oid-stream and the atoms which were evaluated to
produce them. Since there are conceivably many ways to produce equivalent oid-streams,

each stream node in the processing template represents an equivalence class of oid-streams.
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Each stream node has two fields. The top field denotes the object variables present in
the oid-stream. The bottom field denotes which atoms have been evaluated in order to
create the oid-stream, but does not indicate the order in which the atoms were evaluated.
We will refer to these atoms as being consumed by the stream node.

Operator nodes (drawn as circles in Figure 7.6) denote the OM,,,; or OM operations
in a select or generate access plan. As in the access plans of Section 7.3, an operator node
is labeled with an atom number (al, a2, etc.) if it corresponds to a OM.,, operation and
with b4 if it is a stream reduction operation.

Stream nodes with no consumed atoms, i.e., the leaf nodes, represent the original input
streams of an object algebra select or generate operator. We define the final node as the
stream node in the processing template whose variables field contains just the target variable
of the object algebra operator and whose atoms consumed field contains all the atoms in
the object algebra operator’s simplified predicate. The final node is always node 0.

Edges represent the flow of tuples from one operator node to the next. Individual access
plans are represented by connected subgraphs of the processing template which cover all
leaf nodes and the final node.

Referring to Figure 7.6, nodes 1 through 5 represent the original input streams to the
algebra operation of Equation 7.1 and node O represents the final result. Node 6 is the
result of the object manager operation OM yai([$], [¢], <8>.m3,q == res) and node 7 is the
result of OM vqi([t], [g], #, ¢ € t). Each of these nodes represents an equivalence class of size
one as they each only have one input. Node 8 represents an equivalence class with three
members. Using oid-streams subscripted with their processing template node numbers to
indicate their source, the following OM calls all create the equivalent output denoted by

stream node 8.

OM cvai([dls [t]ss [alss 19 € ©)

OM .vai([g)7, [84, [glsy <5>.m3, g == res)

OMu({gle, g7+ [gle)
Careful examination of the diagram will reveal that it includes all of the access plans of
Figure 7.3 and 7.4. As an example, solid edges in the processing template of Figure 7.7

correspond to the accoss plan shown in the same diagram.
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Figure 7.6: Processing template for the predicate of Equation 7.1.
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The goal then is to develop an algorithm which, given a select or generate operation in
the object algebra, returns a processing template which enumerates all possible access plan

graphs for that operation. The algorithm is first described using an extended example and

then a more formal definition is provided.

7.4.1 Extended Processing Template Example

This example will show how the processing template is developed for the object algebra
operation of Equation 7.1. An initial processing template is created by identifying the input
streams . “he algebra operation and placing nodes for each of them. In the example the
input streams are {5}, (p], {r}, [s] and [t] corresponding to nodes 1, 2, 3, 4 and 5 respectively.
The final node, node 0, is also placed in the processing template. Its variables field contains
either the variable being restricted in the case of a select operation or the target variable in
the case of a generate operation. The example operation is a selection on the input set P,
thus p is placed in the final node. Similarly, all atoms of the reduced predicate (al,a2,a3)
are placed in the final node’s consumed atoms field.

Once the initial processing template is created, the following steps are repeated until it
is no longer possible to create any new stream nodes. Each iteration of the following steps

is referred to as a pass through the algorithm.

Pass 1

Recall that processing template stream nodes represent oid-streams which can be combined
to evaluate atoms or to remove duplicates. The first step of each pass then, is to enumerate
all possible ways of combining stream nodes. The algorithm given in [OL88] for join enu-
meration is modified slightly such that it does not produce combinations where a stream
node is combined with itself (self-join). The final node is not included in the enumera-
tion. Enumeration of the initial processing template results in the following permutations
of stream nodes. Each permutation is shown as a set of node numbers and the sets are

organized by size.

1: {1} {2} {3} {4} {s}
2: {1,2} {1,3} {2,3} {1,4} {2,4} {3,4} {1,5} {2,5} {3,5} {4,5}
3: {1,2,3} {1,2,4} {1,3,4} {2,3,4} {1,2,5} {1,3,5} {2,3,5} {1,4,5}
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{2,4,5} {3,4,5}
4: {1,2,3,4} {1,2,3,5} {1,2,4,5} {1,3,4,5} {2,3,4,5}
5: {1,2,3,4,5}

Similar to the filtering process described in [OL88], each permutation is tested to deter-

mine

next.

whether it is a useful combination of stream nodes. The filtering process is described

Each permutation of stres. nodes defines mappings to sets of variables and sets of

consumed atoms. For example the permutation {1,2,5} defines the mapping shown in

Figure 7.8.

{0} A
—— {p} variables
— {t} v
> {1,2,5}
node l— {1} A
permutation —{} consumed atoms
{y

Figure 7.8: Mappings from stream node numbers to variables and atoms.

We define two interesting types of mappings:

1.

The variable sets are disjoint and, together, all the variables exactly match those
required by an atom which has not been consumed by any of the nodes in the permu-
tation. In other words, an unused atom can be consumed using exactly those streams
represented by the nodes in the permutation. We can now create a third mapping
from the permutation under consideration to a set of atoms which can be consumed
by the combination of streams in the permutation. Figure 7.9 shows this extended

mapping for three permutations of the first pass.

The first permutation, {1,2,5}, does not meet our criteria while the other permu-
tations do. Although the variables which {1,2,5} maps to are disjoint, they do not
exactly match the variables required by an unconsumed atom. The third mapping
is to a set of atoms ({a3}) as opposed to a single atom (a3) since it is possible that

several atoms can be consumed using the combination of streams in the permutation
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Figure 7.9: Extended mappings from stream node numbers to consumable atoms.

under consideration.

For each permutation with a non-empty set of eligible atoms, we consume each atom
in the set by adding a stream node and operator node with appropriate connections to
the processing template. In Pass 1, permutation {4} leads to the placement of stream
node 6 and the operator node labeled a3 while permutation {5} leads to placement of
stream node 7 and the operator node labeled a2. No other placements are possible.
Since each stream node in the processing template represents an equivalence class of
oid-streams, we do not always place a new stream node. If a stream node already
exists with the appropriate set of variables and consumed atoms, only the operator

node is added and the appropriate connections made.

. One or more variables are repicated in each of the variable sets. Discussion »f this
case 1s deferred to Pass 2 since the condition does not occur during Pass 1 in this

example.

At the end of the first pass the processing template consists of stream nodes 0-7 and the

OM operations which connect ithem. Appendix B summarizes the additions made during

each pass.

Pass 2

Pass 2 begins by again enumerating all possible combinations of stream nodes. However,

since the contents of a stream node are not modified after it is initially added to the

processing template (only new connections are made), we only need to enumerate all new

permutations of stream nodes which were not considered in any of the previous passes. This
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results in the following new permutations.

1: {6} {7}

2: {1,6} {2,6) {3,6} {4,6} {5,6} {1,7} {2,7} {3,7} {4,7} {5,7} {6,7}

3: {1,2,6} {1,3,6} {2,3,6} {1,4,6> {2,4,6} {3,4,6} {1,5,6} {2,5,6} {3,5,6}
{4,5,6} {1,2,7} {1,3,7} {2,3,7} {1,4,7} {2,4,7} {3,4,7} {1,5,7} {2,5,7}
{3,5,7} {4,5,7} {1,6,7} {2,6,7} {3,6,7} {4,6,7} {5,6,7}

4: {1,2,3,6} {1,2,4,6} {1,3,4,6} {2,3,4,6} {1,2,5,6} {1,3,5,6} {2,3,5,6}
{1,4,5,3} {2,4,5,6} {3,4,5,6} {1,2,3,7} {1,2,4,7} {1,3,4,7} {2,3,4,7}
{1,2,5,7} {4,3,5,7} {2,3,5,7} {1,4,5,7} {2,4,5,7} {3,4,5,7} {1,2,6,7}
{1,3,6,7} {2,3,6,7} {1,4,6,7} {2,4,6,7} {3,4,6,7} {1,5,6,7} {2,5,6,7}
{3,5,6,7} {4,5,6,7}

5: {1,2,3,4,6} {1,2,3,5,6} {1,2.4,5,6} {1,3,4,5,6} {2,3,4,5,6} {1,2,3,4,7}
{1,2,3,5,7} {1,2,4,5,7} {1,3,4,5,7} {2,3,4,5,7} {1,2,3,6,7} {1,2,4,6,7}
{1,3,4,6,7} {2,3,4,6,7} {1,2,5,6,7} {1,3,5,6,7} {2,3,5,6,7} {1,4,5,6,7}
{2,4,5,6,7} {3,4,5,6,7}

6: {1,2,3,4,5,6} {1,2,3,4,5,7} {1,2,3,4,6,7} {1,2,3,5,6,7} {1,2,4,5,6,7}
{1,3,4,5,6,7} {2,3,4,5,6,7}

7: {1,2,3,4,5,6,7}

As before, we build the mappings of stream node permutation to variables and corsumed
atoms and apply the filtering criteria. In this pass, both types of mappings which we consider

interesting occur.

1. Mapping type 1 — the variable sets are disjoint and together, all variables exactly
match those required by an atom which has not been consumed by any of the stream
nodes in the permutation. These criteria are met by permutations {4,7}, {5,6},
{1,2,3,6} and {1,2,3,7}. The mapping to variables and consumed atoms for two®
of these permutations are shown in Figure 7.10. Referring to Appendix B we see that
in order to consume atom a2 using the oid-streams from nodes 5 and 6, node 8 must
be created. However, permutation {4,7} would result in an ideatical stream node,

thus we just make the connections to node 8 rather than create a new stream node

3Picked for illustrative purposes only.
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Figure 7.10: Node permutations to eligible atom mappings for pass 2.

when processing permutation {4,7}. This maintains the notion of a stream node

representing an equivalence class of oid-streams.

Permutations {1,2,3,6} and {1,2,3,7} also meet our criteria and result in the cre-

ation of nodes 9 and 10 respectively.

. Mapping type 2 — one or more variables are replicated in each of the variable sets. TkLis
condition means that several stream nodes exist with values for the same variable(s)
and that an OMu operation can be used to combine and reduce :he oid-streams.

Permutation {6,7} meets this criteria for variable ¢ as shown in Figure 7.11.

{qa}

— {a}
{6.7}
L (a2}

{a3}

Figure 7.11: Node permutation with replicated variables.

Each stream node in the permutation represents values for variable ¢ generated by a
different set of atoms. In other words, node 6 represents values for q generated by
atom a3 while node 7 represents values for ¢ generated by atom ¢2. The nodes are
joined by an OM;¢ operation and all variables required by unconsumed atoms are
carried through to the output oid-stream. In this case, the output oid-stream would

contain only the variahle ¢ and would have consumed atoms a2 and a3. Since this is
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equivalent to node 8, we only add the OMx operator node and make connections to

node 8 rather than create an entirely new stream node.

Pass 3

Enumeration of all previously unevaluated stream nodes results in the following interesting
permutations: {1,2,3,8}, {7,9}, {8.9}, {6.,10}, {8,10} and {9,10}. All of these permu-
tations cause insertion of operator nodes only and do not cause any new stream nodes to
be added to the processing template. The first permutation consumes an atom resulting in
the pl- cement of a OM_yq Operation while all others result in OMo operations. A further
criteria is applied to the OM creating permutations which was not mentioned earlier.

Each of the stream nodes in the permutation must add to the consumed atoms field of the

sult. For example, permutation {6,9} is not acceptable as all of node 6’s consumed atoms
({a3}), are already represented in these of node 9 ({a1,a3}). Appendix B summarizes ihe
connections added in this pass.

The algorithm terminates after Pass 3 because no new stream nodes were created in
this pass. In other words, enumerating all stream node combinations again will not result
in any permutations which were not evaluated previously.

The full sequence of steps for exhaustive access plan enumeration is given in Algo-

rithm 7.3 below.

Algorithm 7.3 Build Select/Generate Processing Template
Inputs:

1. set of simplified atoms a;,...,a,
2. set of input variable names V

3. target variable name ¢
Output: Processing template, Pi(V, E), enumerating multiple access plans

— Names denoting a set of items begin with an upper case letter, e.g., Pt is a set of

processing template nodes.
~ Names denoting a set of sets are completely upper case.

— All other names are lower case.
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define ENUM(?) to return the set of all permutations of numbers in [1,...,]. For exam-

ple, ENU M(3) returns the set {{1},{2},{3},{%.2}.{1.3}.{2.3},{1,2,3}}.
define maz_node() to return the highest numbered node in Pt.

define erists_node(Var_set, Atom_set) to return the number of the node in Pt with
Var.set and Atom_set in its 'variables’ and 'atoms consumed’ fields respectively, or

—1 if such a node is not found.

define add_node(Var_set, Atom_set) to add a node with the given parameters to Pt. Nodes

will be numbered consecutively starting at 0.

define connect(From_nodes,to-node,using) to connect the nodes in From_nodes to

to.node in Pt via the OM operation defined by using.

define Retained_vars(Var_set, Atom_set) to return the set of variable names which should
be retained in the output stream after the variables in Var_set are used to consume
or join the atoms in Atom._set. This is identical to the technique used to determine

which variables to retain in the intermediate stream used in Algorithm 7.2.

define Find.consumable.atoms(Var_set, Atum_set) to return a set of atoms which can be
consumed using the variables in Var._set and assuming the atoms in Atom_set have
already been consumed. This is similar to the technique used in Algorithm 7.2 to pick
an eligible atom only here all eligible atoms are returned rather than selecting just

one atom at random.

begin

- initialization

let Pt:=¢ (1)

add_node({t},{a1,...,an}) - final node of Pt is node 0 (2)

for (each v € V) begin (3)
add_node({v},{ }) - one node for each input stream (4)

endfor (5)

let USED :={} - set of nede permutation sets which have been evaluated (6)
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let continue := true - insure one pass through while loop (7)

- main algorithm

while (continue) begin (8)
continue := false (9)
- Node_set denotes a set of node numbers such as {1,3,5}, i.e., a permutation
for (each Nodeset € (ENUM(maz . node()) - USED)) begin (10)
let USED := USEDU Node_set (11)
- n denotes a node number in Node_set
- n.Vars denotes the variables field of Pt node n

— n.Atoms denotes the atoms field of Pt node n

let U_atoms := { a | 3n(n € Node_set A a € n.Atoms) } - atom union (12)
let U_vars:={ v]|3n(n € Nodeset Av € n.Vars) } - variable union (13)
let I_vars:= { v|Vn(n € Nodeset = v € n.Vars) } - var intersection (14)
if (Vny,n2 € Node_set,(ny.Varsn ny.Vars) = ¢) then (15)

- no two nodes in Node_set have any variables in common

let Atoms_to_consume := Find_consumable_atoms(U _vars, U _atoms) (16)

for (each a € Atoms_to_consume) begin 17)

let R_vars:= Retained vars(U_vars,(U_atoms U a)) (18)

if ((to-node := ezists_node(R_vars,(U._atomsU a))) = —1) then (19)

let to.node := add_node(R_vars,(U_atoms U a)) (20)

let continue := true (21)

endif (22)

connect(N ode_set,to_node, OM,yq : a) (23)

endfor (24)
endif

if (I_vars # ¢) then (25)

- there are variables common to all input streams
if (Va € U_atoms(3'n € Node_set | a € n)) then

- each node contributes at least one new element to U_atoms (26)
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let R.vars:= Retained_vars(U vars, U _atoms) (27)

if ((to-node := exists_node(R_vars,U_atoms)) = —1) then (2%)
let to.node := add_node( R_vars, U _atoms) (29)
let continue := true (30)
endif (31)
connect( Node_set,to_node, OMy) (32)
endif (33)
endif (31)
endfor
endwhile

end Algorithm 7.3

7.4.2 Choosing the Cheapest Plan

Output of the enumeration algorithm described above is a processing template which iden-
tifies a family of logically equivalent query execution plans. Each connected subtree of edges
in the processing template which includes all initial nodes and the final node is a valid plan.
But which is the best plan?

Section 7.2 defined an object manager interface but our research does not address its
implementation. An implementation design would be highly dependent on the object repre-
sentation, the technique used to bind method code to objects and other system parameters.
Thus, although a specific cost function is not proposed, we assume that the object manager
is capable of using oid-stream statistics to derive a cost for calls to its interface.

Appropriate oid-stream statistics might be stream cardinality and information about
the classes represented in the stream. For a given call, the object manager could derive a
processing cost and statistics for the resulting output oid-stream. A processing temp' ..e
could then be annotated with cost information as follows.

Initially only leaf nodes (which are stream nodes) of the processing template would have
stream statistics associated with them. If the leaf nodes correspond to the leaf nodes of the
original object algebra query, then they represent the extent or deep extent of classes in the
database and their statistics are readily available. Otherwise the leaf nodes represent the
output of a previous subtree of object manager calls and the output oid-stream statistics of

the appropriate subtree are attached.
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Working from leaf to root in the processing template, the object manager cost function
is used to assign a processing cost to each operator node as well as a set of stream statistics
for the stream node the operator feeds into. All operator nodes and stream nodes in the
processing template can be annotated with cost and statistical information in this fashion.
The total cost of any specific access plan within the processirg template is the sum of
the operator costs which are included in the access plan’s subgraph. If time information is
included in the cost function, then when operator nodes execute in parallel, only the longest
running operator should be included in the sum.

Note that cost informaticn can not be used to prune the search space of the processing
template generation algorithm. The search space of the algorithm is defined by the r:mber
of stream nodes present in the processing template at the start of each pass. This value can
only be affected by the criteria used to define the “interesting permutations” which cause

new operator and stream nodes to be created.
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Chapter 8

Conclusion

This chapter summarizes the results presented in the thesis, identifies the contribution and

novelty of the work, and provides direction for future research in the area.

8.1 Sumsnary of Research

This thesis developed a query processing methodology for object-oriented databases which
parallels that for relational databases. Chapter 1 motivated the work by demonstrating how
ad hoc object-oriented query mechanisms do not make the distinction between declarative
and procedural forms of a query and are not optimized for performance. Relevant topics
in advanced database modeling, query languages and query processing techniques were
reviewed and their effect on this thesis was discussed. A brief summary of several prototype
implementations which influenced the work was provided in Appendix A.

A formal object-oriented data model was presented in Chapter 2 which served as a
foundation for the rest of the thesis. Objects are viewed as instances of abstract data types
called classes. Classes define methods which provide the only access to their instances.
Classes can be organized into a lattice based on behavioral inheritance. Databases are
defined in terms of constraints on objects, classes and methods. Legal database operations
consist of applying (sequences of) methods to objects. A database schema representing a
hypertext application was developed for use in subsequent examples.

Chapter 3 presented an object calculus for declarative specification of queries. The
object calculus is similar in form to the tuple relational calculus but differs in several

fundamental respects. First, object calculus expressions define sets of single ob jects, not sets
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of tuples of objects. Second, any method defin:d o a =it ¢ cal he used to form predicates.
Lastly, expression results need not range over s = «“plicitly “~urenced in the expression.
The predicate subcomponents responsible for iki. were t+.. ~d venerating atoms. A query
safety criterion was developed bazed on the propestias of generating atoms.

Chapter 4 presented an cbject algebra for procedural speciication of queries. The
algebra is object preserving riexning ihat queries must return objucts which already exist
in the database. Input and cutpat to algebra operators are scts of uijects. A restricted
form of object calculus expressinis was defined and an algorithia rresented for translating
restricted expressions in the ¢: <nlus to trees of algebra operators.

A type consistency theory for objcct algebra expressions was develcped in Chapter 5
which allows algebra operations to consume and produce non-homogeneous sets of objects.
Type consistency was defined in terms of a set of type inference rules. The rules determine
the result type of an algebra operation based on the input arguments’ types. An algerithm
for and determining type inclusion relationships was developed to support the inference rule
mechanism.

Chapter 6 presented a suite of equivalence preserving rewrite rules for logical opti-
mization of object algebra expressions. Two kinds of rules were developed: algebraic and
semantic. The applicability conditions for algebraic rules are strictly syntactic meaning
that a straightforward pattern matching mechanism can be used to drive a rule based opti-
mizer. Semantic rules also have a syntactic applicability condition, but additionally require
that some schema and query dependent conditions be met. These conditions might in-
clude the type consistency of alternate forms of subexpressions or satisfaction of inclusion
relationships in the database schema.

Techniques to generate access plans for object algebra expressions were developed in
Chapter 7. The interface and semantics of an object manager subsystem which implements
primitive operations of the data model on streams of objects was initially defined. Next,
algorithms were developed to map individual algebra operators to graphs of object manager
operations. This first set of algorithms demonstrated the intuvition behind the mapping
process but produced inefficient access plans. A second algorithm was developed which
uses an extension to relational join templates, the processing template, to enumerate all
possible access plans for object algebra select and generate operations. Techniques for

annotating the processing template with cost information and reducing the search space of
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the algorithm were discussed.

8.2 Contribution and Novelty

The primary contribution of this thesis is its formal approach to query models and query
processing in object-oriented databases. Most developers of post-relational data models (se-
mantic, -1NF, functional) have felt obliged to cover the same ground that was done for the
relational model, e.g., precise model definition, formal query languages, query safety crite-
rion, proofs about properties of the model. However, object-oriented database proponents
have tended to either map a loosely defined data model to the relational or implemented
their model in an ad hoc manner. This thesis demonstrates that a formal approach in the

context of the object-oriented model is possible and develops several novel results.

1. The safety criterion of Chapter 3 is the only one known to us for systems which view

objects as instances of abstract data types.

2. The type consistency theory of Chapter 5 is more complex, but significantly less
restrictive than other typing constraints proposed to date. The discovery that some
combinations of predicates can increase rather than reduce type information is a new

result.

3. The algebraic rewrite rules of Chapter 6 show that a rule based optimizer can be used
for improving queries in an object-oriented database. The semantic rewrite rules are,

to our knowledge, the first to use class schema information to modify queries.

4. The object manager interface of Chapter 7 combines system support for primitive
object operations with stream operations in a unique fashion. Use of the processing
template o .numerate logically equivalent families of access plans shows how rela-

tional plan opti-nization techniques can be adapted to object-oriented databases.

8.3 Directions for Future Research

The work presented in this thesis suggests many interesting areas for future research. One
important area is to investigate how extensions to the data model can be integrated through-

out the entire query processing methodoiogy. For instance, grimitive operation: uch as
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shallow and deep equality {KC86], additional predefined value types other than atomic,
set or structural (e.g., tuple values [AGOP88]) or parametric types such as Set[t] [SZ90]
would significantly enhance the usefulness of the model. Each addition to the basic data
model must be propagated through the methodology of Figure 1.”. This means it must
be incorporated into the calculus and algebra, type inference rules need to be developed,
logical equivalences must be proven and the object manager interface must be extended.
Performing this exercise for several extensions would provide insight into the tradeoffs be-
tween maintaining the proposed query processing methodology and completeness of the
data model.

Improving the query languages is another important topic. The object calculus, while
expressive, is not user friv..dly. Design of a user query language, perhaps an object SQL
[Lyn88, Ont89], would enhance usability and uncover many programming language integra-
tion issues. The object algebra can be extended in two respects. The first is to provide
support for object creating operations. This raises many philosophical as well as technical
issues. For ¢« vample, what is the class of an object created by such an operation and what
methods are defined on it? Should such objects, and their new class, persist after execution
of the query? The second extension to the object algebra involves support for universal
quantification. This could be achieved by allowing quantification in predicates or by defin-
ing the algebra to operate on tuples of objects and providing a division operator similar
to that of the relational algebra. Both approaches may affect the scope of transformations
possible during logical optimization and the generation of access plans.

Designing an object manager implementation is annother important area of research.
Such a design must address many related issues such as object representation, physical
partitioning of logical entities such as classes and their extents, object buffering, indexes,
and how and when method code is bound to objects. The design also is affected by the
underlying hardware architecture, e.g., uni-processor or multi-processor, and the available
operating system services.

The access plan generation scheme proposed in this thesis assumes that the logical
transformation rules of Chaptzr 6 have been used to ameliorate the original object algebra
query prior to plan generation. Plan generation then only replaces each individual algebra
operator with a “best” subtree of object manager calls. In other words, the overall shape

of the query tree remains that which was arrived at during logical optimization. An area of

121



future research indicated by this methodology is the development of equivalence preserving
rewrite rules for trees of object manager operations. Such rules would allow global opti-
mization of the entire access plan as opposed to merely picking “best” subtrees. Another
interesting topic would be to develop an access plan generation strategy which cycles back
and forth between the logical algebra optimization phase and the access plan generation
phase. This would allow interleaving transformations which change the shape of the query

with the introduction of access plan subtrees possibly resulting in more efficient plai..
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Appendix A

Survey of Implementations

This appendix briefly summarizes several object-oriented programming environments and

database systems which are relevant to the work presented in this thesis.

A.1 Smalltalk-80

Smalitalk [GR85] is an object-oriented programming language which includes a language
kernel, a programming paradigm and user interface. The first version, Smalltalk-72, was
developed by Alan Kay as part of the Dynabook project at Xerox. Several versions have
followed with Smalltalk-80 being the most common version in use today. All entities in a
Smalltalk system (variables, complex structures, classes, literals, processes) are considered
objects which are instances of some class. The programming paradigm includes “message
sending” as a means to initiate actions, specialization via subclassing and inheritance.
Smalltalk’s significance lies in its uniform, understandable approach and early existence.
Detracting from its acceptance are its performance and closed, single user environment. Var-
ious schemes such as type checking [Joh86] and improved object management [Kae86, Sta84]
have been proposed to improve performance. A distributed version [Dec86] provides multi-

user capability but does not improve the interface to other programming environments.

A.2 POSTGRES

POSTGRES [RS87, SR86, Sto86] is a successor to the INGRES [Sto76] relational database

system which supports ADTs, relation attributes of type procedure and some forms of



inheritance. Other aspects of its design address versioning [Sto87] and a rule subsystem
[SHH8T7).

Users can extend POSTGRES by defining new atomic data types using an ADT defi-
nition facility. Defining an ADT requires specification of its name, internal representation,
default value and operators. User defined associativity and precedence of ADT operators is
used to correctly parse qusries. The ADT implementor must also supply sort, restrici and
join procedures which the query optimizer uses to maintain indices and to compute restrict
aiid join selectivities.

Relation attributes may be any atomic data type (including ADTs) or procedures which
are sequences of POSTQUEL query language commands. Procedures may be unique to
a tuple or common to a relation. When defined on a relation the proceduie references
numerical identifiers (e.g., , 81, ¥2, etc.) which select attribute fields of the current tuple at
run time. A relation may be defin~d to inherit relation schemes from other relations when
it is initially declared.

Despite supporting data abstraction and inheritance POSTGRES is not considered an
object-oriented database. The database implementor does not “see” a new data model
and has the responsibility to properly (efficiently) map the application semantics to ADTs,
relations ard procedures in the context of the relational model. Finally, aside from utilizing
some user defined characteristics of ADTs, traditional relational query processing techaiques

are used.

A.3 EXODUS

The EXODUS project is a toolkit approach to building and extending database systems
[Car86]. It is a modular system intended to provide a collection of kernel facilities enabling
semi-automatic generation of application specific DBMSs. The storage manager [CDRS86)
provides concurrency control, recovery and versioning for arbitrary sized storage objects.
The optimizer generator [GD87] builds a rule based query optimizer from query algebra
specifications. A type system and the E programming language [CDV88, RC89], an ex-
tension to C++, provide the ability to define ADTs and their associated operations. A
database implementor can use these tools to quickly build an application specific DBMS.

The EXODUS type system supports complex objects with identity and inheritance.
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The query language is based on QUEL [Sto76] with extensions for nested sets, aggregate
functions and a unique mix of object and value oriented semantics. However, since QUEL
is tuple oriented and based on the relational calculus, the underlying query processing is
primarily relational in nature. The optimizer generator has not been applied to an object

algebra at this time.

A.4 Starburst

Starburst is an extensible relational database which supports externally defined data types
called EDTs! [HFLP89, WSSH88]. The main goal of the project is to efficiently process
queries which use EDTs as opposed to significantly enhancing the relational data model.

Query processing is considered to have two distinct phases: query rewrite [HP88, OL88]
and plan optimization [LFL88, Loh88]. Query rewrite translates queries to equivalent ones
for better performance. Examples of useful rewrites are semantic transformations, elimina-
tion of redundant joins in queries with views, and predicate migration. Plan optimization
refers to the more traditional cost based optimization activities such as determining the
methods and order of joins and the methods for accessing tables.

Starburst implements both phases of query processing using rule based systems instead
of embedding optimization strategies in algorithmic code. This allows the “how” of individ-
ual query manipulation steps to be specified independent of “when” they will be applied.
The EDT implementor can specify transformations on expressions containing EDTs without
concerning himself with the details of optimization. The database insures that any available
transformations will be applied if they improve the query. Starburst’s success in isolating
transformation semantics while providing a generic rule engine to apply them allows other

query processing studies such as this thesis to take a rule based approach.

A.5 Iris

Iris is a prototype object-oriented database developed by Hewlett-Packard Laboratories
[DKL85, Fis87, Fis88, LK48). Its data model definition was heavily influenced by Daplex

[Shi81] and is based on ifiree concepts: objects, types and functions. Functions can be de-

'EDTs are similar to POSTGRES ADTs.
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fined in various ways. Stored functions are implemented as tables which map input values to
result values. Derived functions are specified in terms of other functions. Foreign functions
are implemented in a general purpose programming language and allow access to underlying
file systems, specialized storage managers and algorithmic generation of data. The storage
subsystem is currently built on top of Allbase, Hewlett-Packard’s relational DBMS. This
subsystem is similar to RSS of System R and supports transactions, concurrency control,
recovery and indexing.

Iris provides three interfaces: an object SQL [Lyn88], a graphical browser and a proce-
dural interface. The object SQL adds to relational SQL (1) the ability to directiy reference
objects in addition to keys, and (2) the ability to use functions in WHERE and SELECT state-
ments. SELECT statements return tuples of values and/or object identifiers. Predicates are
a conjunction of terms consisting of function calls, object references, literal values ai. } re-
lational operators such as =, <, etc. The relational operators a-e defined only on the types
Integer, Real, Bitstring and Charstring thereby insuring that user defined (abstract)
types may interpret their value domains as required by the application. Despite the com-
pleteness of object SQL as an OODB query facility, the requirement to map queries to a
relational subsystem has precluded investigating new methods for evaluating queries in an

object-oriented database.

A.6 GemStone

GemStone is an object-oriented database system based on Smalltalk [CM84, MSOPSS,
PS87]. Several extensions have been made in order to create a multi-user, persistent envi-
ronment. GemStone is a two component architecture where Stone roughly corresponds to
the object memory and Gem corresponds to the virtual machine of the standard Smalltalk
implementation. Multiple Gem processes can exist concurrently, each managing a user in-
terface and communicating with a shared Stone process. Concurrent users are supported by
managing a shadow copy of the object space for each user session with confiicts reconciled
by an optimistic concurrency control scheme.

One of GemStone's goals is to support efficient associative access via indices [MS86).
Indexing was chosen to be on object structure as opposed to how objects respond to messages

since this could be supported at the Stone (object memory) level. In Sr-alltalk, object
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structure is defined by a set of named, untyped instance variables. However, indexing on
instance variable names requires that every member of an indexed collection must have tha?
index variable. Thus, instance variables in GemStone are typed and the inheritance modei
is extended to include inheritance of instance variable types as well as names.

The GemStone data manipulation language, OPAL, provides constructs for the general
query mechanism described in Section 1.2 where a block of code is applied to each member
of a collection. A rudimentary query sublanguage is also defined which allows specifying
predicates as conjunctions of comparisons on index expressions [MS88]. This is very re-
strictive in that only indexable components of objects (i.e., , instance variables) can be

referenced in a predicate. Arbitrary methods defined on a class may not be used.

AT O

The goal of the O, project is to combine database technology and programming language
technology into a cohesive system using the object-oriented paradigm. In order to be lan-
guage independent, O, provides only a type model [LRV88] and DDL while allowing meth-
ods associated with types to be written in a variety of languages. The type model includes
set, list and tuple constructors for defining complex types. Inheritance is based on the set
inclusion semantics developed in [Car84).

A first prototype has been demonstrated [Ban88b] and progress on components of a
second version are reported in [VBD89]. A key feature of the second version is support for
both a “development mode” and an “execution mode”. Development mode is similar to
the Smalltalk run time environment where method lookup is done dynamically and tuple
attributes are accessed by name. In execution mode methods are loaded statically and
tuple attributes (as well as other items) are accessed by physical offsets. These two modes
are intended to maintain the desirable features of an interpretive development environment
while providing the performance of a compiled environment when required.

An unpublished technical report is referenced in [VBD89] which proposes a query lan-
guage for O;. There is no indication whether this is a declarative or procedural language.
However, it is likely that predicates are similar to those proposed in this thesis as the pre-
defined operations on primitive types are similar. The O; type system supports value and

identity equality operators on all types and set inclusion operators on set types which are
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analogous to =, ==, € and =, developed in Chapter 3.

A.8 ORION

ORION is a full featured object-oriented database developed in Common Lisp at Micro-
electronics and Computer Technology Corporation (MCC) [Ban87, Kim87, Kim88]. It rep-
resents a bold attempt to integrate many object-oriented concepts intc a single system:
versions, composite objects [KBC87], schema evolution [BKKK87], transaction manage-
ment [GK88] and predicate based queries [BKK88, KKD89, Kim89).

A query language was proposed in {BKK88] which supports arbitrary code blocks aug-
mented with quantification as predicates. It was shown that a one-to-one mapping between
relational queries and object-oriented queries is possible if only unary methods are allowed.
However, the corresponding relational queries may be inefficient due to the joins required to
reconstruct complex and set valued objects. A more detailed analysis of queries is given in
[KKD89, Kim89] which classified queries by the manner in which evaluation traverses the
class hierarchy. The concept of explicit and implicit joins between classes is also introduced.

Unlike the approach proposed in this thesis, ORION evaluates queries using the standard
facilities for method evaluation built on top of the Common Lisp base. In this respect,
although the system has contributed to understanding the nature of queries, it has not

developed a new query processing paradigm.
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Appendix B

QEP Algorithm Output

*x% INITIAL processing_template #**
1: Variables: o

Atons:

2: Variables: p
Atoms:

3: Variables: r
Atoms:

4: Variables: s
Atoms:

5: Variables: t
Atoms:

Final: Variables: p

Atoms: 1,2,3

*xx Pags # 1 ...
Adding node 6

Variables: q

Atoms: 3
Connecting node(s) 4 to node 6 using atom a3
Adding node 7

Variables: q

Atoms: 2
Connecting node(s) 5 to node 7 using atom a2
¢k Pass # 2 ...
Adding node 8

Variables: q

Atoms: 2,3
Connecting node(s) 5,6 to node 8 using atom a2
Connecting node(s) 4,7 to node 8 using atom a3
Connecting node(s) 6,7 to node 8 via equi-join
Adding node 9

Variables: q,p
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Atoms: 1,3
Connecting node(s)
Adding node 10

Variables:

Atoms: 1,2
Connecting node(s)
*xx Pass # 3 ...
Connecting node(s)
Connecting node(s)
Connecting node(s)
Connecting node(s)
Connecting node(s)

1,2,3,6 to node 9 using atom ai
q.,p

1,2,3,7 to node 10 using atom al
7,9 to node 0 via equi-join

8,9 to node 0 via equi-join
6,10 to node 0 via equi-join

8,10 to node 0 via equi-join
9,10 to node 0 via equi-join
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