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In order to execute database queries efficiently, they are usually translated
into an algebra: a small set of operations together with some equivalences.
The operations are implemented very efficiently by the database engine,
and the equivalences are used to optimise the query. Since query languages
for object-oriented databases are more complex than their relational coun-
terparts, the algebra and translation, or processing framework, is more
elaborate. This paper describes the processing framework for object com-
prehensions, a powerful object-oriented query language. Both operations
and equivalences of the algebra are defined, together with a translation
into it. The framework is illustrated by translating and optimising an
example object comprehension query.
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1 Introduction

Novel applications, such as computer-aided design, require data models that
support complex relationships and a rich set of types, including function or
method types. Object-oriented data models supporting complex objects and
operations have been developed to cope with these requirements. To manip-
ulate the rich structures found in these data models a query language will
require more constructs. Often this is resolved by extending a relational query
language with ad hoc features. Object comprehensions were specifically de-
signed as a query language for object-oriented databases [14] and shown to be
at least as powerful as several other prominent query languages [10].

It is essential that a query can be converted into an efficient execution plan,
and this typically entails translating it into a small set of primitive operations.
The operations form an algebra because there are equivalences between ex-
pressions containing the operations. The equivalences are used to transform a
naive expression of the query into a more efficient form. The primitive opera-
tions are also very efficiently implemented by the database engine.
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For simple data models, like the relational model, the algebra and transla-
tion are straightforward. There are several reasons why it is harder to provide
algebraic support for richer query languages, i.e. those with more data struc-
tures and computational power. The target algebra must be more complex
to represent sophisticated computation over a larger set of types, and more
equivalences are required over the larger set of operations. The translation is
more complex as both source language and target language are more complex.

Object Comprehensions Collection Execution Execution
Comprehensions to Algebra Algebra Plan Plan
Translation Generation

Comprehensions Algebra
Optimisation Optimisation

Fig. 1. A Complete Query Processing Framework

This paper describes an algebra-based processing framework for object com-
prehensions which constitutes an essential part of the complete query process-
ing framework depicted in Figure 1. We formally specify a collection algebra,
together with equivalence rules which can be used for optimisation. We de-
scribe some optimising transformations for object comprehensions and a trans-
lation of object comprehensions into the collection algebra. The translation is
straightforward because both source and target languages are compositional,
and uniform across multiple collection kinds. The framework is illustrated by
translating a realistic object comprehension into the algebra and optimising
the result. Automating the framework is the subject of ongoing work.

The paper is organised as follows. Section 2 provides a summary of the features
of the reference data model on which object comprehensions and the collection
algebra are based. A running example including essential features of the model
is introduced. Section 3 describes object comprehensions. It begins with a brief
review of the development of comprehensions as a query notation, follows with
an examination of the new features in object comprehensions, then discusses
the expressive power of object comprehensions and optimisation of some new
features. Section 4 introduces the collection algebra, discussing the the design
rationale, giving an informal semantics and a brief comparison with other al-
gebras. Section 5 studies the translation from object comprehensions to the
collection algebra. The translation enables automatic conversion between dif-
ferent kinds of collections. Section 6 lists some optimising equivalence rules of
the collection algebra. Section 7 concludes and comments on future work.



2 Reference Data Model

Class Person isa Entity
methods
name:— string.

Class Staff isa Person
methods

department:— Department,
teaches:— set of Course,
salary:— integer.

Class Student isa Person
methods

major:— Department,
supervisedBy:— list of Staff,
takes:— set of Course.

Class Tutor isa Staff, Student
methods

salary:— integer.

Class VisitingStaff isa Staff.

Class Department isa Entity
methods
address:— Address.

Class Course isa Entity
methods
code:— string,
runBy:— set of Department,
prerequisites:— set of Course,
credits:— integer,
assessments:— bag of integer.

Class Address isa Entity
methods
street:— string.

Database is
Persons: set of Person,
Departments: set of Department,

Courses: set of Course,
StaffMembers: set of Staff,
Students: set of Student.

Fig. 2. Simplified Schema Definition

The reference data model supports classes each of which has a number of at-
tributes and a set of methods. A class does not have an extent that contains
all instances of the class. Hence the term class and type are freely interchange-
able in the context of this paper — domains of integers, strings, and so forth
are referred to as types. Classes can be related by the ISA relationship, with
the possibility of multiple inheritance, to form a class graph. A subclass in-
herits all attributes and methods from its superclasses. It is possible to have
overloaded methods — multiple methods with the same name — as long as their
signatures are different. A class instance is identified by an object identifier
which is unique among all instances. Communication and computation are
performed by sending messages to objects. On receiving a message, the ob-
ject chooses the most appropriate method to carry out the requested task. In
other words, methods are dynamically bound. The reference data model sup-
ports three kinds of collections, namely set, bag, and list. Collections can be



compared using their object identifiers or the elements they contain. A formal
definition of the reference data model can be found in [13].

The running example database is a simplified university administration system
that records information about students and staff members of a university, its
academic departments and courses. Its simplified schema definition is given
in Figure 2. For the sake of simplicity, only the relevant method signatures
are given, attributes and method implementations are omitted. Entity is the
root class in the class graph. The class Person has two subclasses: Student
and Staff. VisitingStaff is a subclass of Staff. Tutor inherits from both
Student and Staff to represent students doing part-time teaching. In the rest
of the paper, a reflexive, asymmetric, and transitive relationship <« is used
to capture paths in the class graph. For example, Tutor <« Person asserts
that Tutor is a subclass of Person — an indirect subclass in this case.

The calculation of the salary of a tutor is different from that of a staff member.
This variation is captured by giving an overloaded method salary to Tutor. A
student can have a principal supervisor, a second supervisor, and so forth. This
relationship is modelled by the method supervisedBy as a list of staff mem-
bers. Every staff member and student is associated to an academic department
of class Department via department and major respectively. Courses given by
each staff member and taken by each student are also recorded. They are rep-
resented by set-valued methods, teaches and takes. A course may have a set
of prerequisite courses (prerequisites) and is administered by one or more
academic departments (runBy). A course is an instance of the class Course
which records the number of credits (credits) each course gives and the per-
centage weights of assessments given in each course. The latter is represented
as a bag of integers using the method assessments. During the discussion of
object comprehensions and the collection algebra, the function type is used to
return the (most specific) class of a given object.

Since classes have no extents, the schema defines five set collections: Persons,
Departments, and Courses containing instances of their corresponding classes
that are members of the university; whereas StaffMembers and Students con-
taining instances of their corresponding classes that are members of the Science
Faculty. Two more functions are used in the ensuing discussion. The function
size returns the number of elements in a collection while kind distinguishes if
a collection is a set, a bag, or a list (i.e. the class of a collection without its
element class).



3 Comprehensions

3.1 Development

Object comprehensions are a generalisation and extension of list comprehen-
stons, which are a language construct inspired by set abstraction in mathe-
matics. List comprehensions are widely available in functional programming
languages and are heavily used to manipulate collections of data. A full de-
scription can be found in [31].

List comprehensions were first used in functional database programming lan-
guages [1,32,36]. It is argued in [37] that list comprehensions are a good query
notation for complex databases because of their brevity, clarity, expressive
power, ease of optimisation, and smooth integration with programming lan-
guages. A study of collections in [40] shows that collection comprehensions
can provide a uniform query notation over properly defined collections.

During the course of development of comprehensions, different dialects of com-
prehensions have found their way into various programming and query lan-
guages. For example, they have been applied to imperative languages such as
Napier88 [27]. Not surprisingly, comprehensions are popular among systems
that adopt the functional data model, such as [30,33]. The algebra underly-
ing comprehensions has been the starting point for the theoretical studies of
query languages [7,17]. Its role as an internal representation language for the
ODMG-93 OQL [9] is investigated in [19].

Object comprehensions differ from other dialects of comprehensions in that
they are designed to be a user query language for object-oriented databases
[14] as opposed to just a vehicle for optimisation as in [30,19] or a notation
for studying the theoretical foundation of query languages as in [7,17|. The
design criteria adopted are thoroughly discussed in [15]. A comparison of ob-
ject comprehensions with ONTOS SQL [29], OSQL [24], O2SQL [3], ORION
[21], EXCESS [8], OQL[C++] [6], CQL++ [16], and XSQL [20] can be found
in [12].

3.2 Object Comprehensions

Q0. Return names of staff earning less than £20000.

set[ s < StaffMembers; s.salary < 20000 | s.name ]




An example of an object comprehension query is given above. The result of
evaluating this query is a new collection, precisely a set, computed from the
existing collection StaffMembers of class set of Staff. The elements of the
new collection are determined by repeatedly evaluating s.name, as controlled
by the qualifier s.salary < 20000. Since the result of s.name is of type
string the elements in the resultant set are therefore of type string.

A qualifier can be a filter, generator, or local definition. A filter is just a
boolean-valued expression expressing a condition that must be satisfied for an
element to be included in the result. An example of a filter was s.salary <
20000 above, ensuring that only staff members earning less than £20000 are
used in computing the result. A generator of the form I <+ C makes the vari-
able I range over the elements of the collection C. An example of a generator
was s < StaffMembers above, making s range over the elements of the set
StaffMembers. A local definition of the form I as E, introduces a name I for
the value of the expression E. The abstract syntax of object comprehensions
(without query function) is given in Appendix A. Some features of object
comprehensions are demonstrated next using example queries.

Q1. Return all visiting staff members in the university.

set[ p <« Persons; p hasClass VisitingStaff | p ]

No collection in the database contains only objects of class VisitingStaff —
recall that a class does not have an extent. Since StaffMembers contains only
members in the Science Faculty, the only collection that contains all visiting
staff members is Persons. This is the reason why the Persons collection is
used in Q1. Since a collection can contain heterogeneous elements of different
classes, elements of Persons can be of class Person or its subclasses. One way
of selecting elements from such a collection is to specify the class of interest. In
Q1, hasClass returns true if person object p is indeed of class VisitingStaff.
This operation is essential for data models not supporting class extents as is
the case with the reference data model.

Q2. Return all visiting staff in the university earning below £20000.

set[ p < Persons;
p hasClass VisitingStaff with p.salary < 20000 | p ]

The method salary is defined for visiting staff members but not persons in
general. Therefore calling salary on a person object may result in an error.
To allow selection that is applicable only to objects of a particular class, the



hasClass and with construct can be used. The role of with is similar to that
of conjunction. The second condition (e.g. p.salary < 20000) is evaluated
only if the first condition (e.g. p hasClass VisitingStaff) is true.

Q3. Return students whose major departments are in either Hillhead or
Gibson Streets.

set[ s « Students; a as s.major.address.street;
a = “Hillhead Street” or a = “Gibson Street” | s ]

Local definitions simplify queries by providing names to expressions. In Q3,
the path expression s.major.address.street would have been written twice

if local definitions were not supported. A similar, but more restricted construct
is found in OQL.

Q4. Return courses of one to three credits co-run by Computing Science.
set[ ¢ < Courses; d < Departments;

d.name = “Computing Science”; d = some c.runBy;

1 <= c.credits; c.credits <=3 | c¢ ]

Q5. Return students taking two or more of Johnson’s courses.

set[ 1 + StaffMembers; 1l.name = “Johnson”; s «+ Students;
some s.takes = atleast 2 1l.teaches | s ]

The quantification supported in object comprehensions is of a restricted form;
however, query functions can be used to express complex quantification. Quan-
tifiers, such as some, can appear on either side of an operator. In Q4, the
second filter succeeds if the department object d is one of the elements in the
set c.runBy. So some serves as the existential quantifier. In Q5, the last fil-
ter becomes true if there are at least two elements that are common between
s.takes and 1.teaches. The use of numerical quantifiers simplifies retrieval
relying on occurrences. Object comprehensions support three numerical quan-
tifiers: atleast, just, and atmost.

Q6. Return the first supervisor of all students. The result is used to assess
the work load of supervisors and hence duplicates should be kept.

bagl s < Students | s.supervisedBy.[1] 1]




This query is based on a set of Student objects and therefore the result is
naturally a set of Staff objects. If duplicates are to be kept the result can
be specified to be a bag. Explicitly specifying the resultant collection kind
provides a high-level mechanism to manage duplicates. Explicit specification
of the resultant collection kind significantly simplifies the provision of algebraic
support. OQL also allows such specification but with “full” type information.

3.8  FEzpressive Power

Object comprehensions are powerful because queries that can be expressed in
ONTOS SQL [29], OSQL [24], O,SQL [3], and ORION [21] over the reference
data model can also be expressed in object comprehensions. Translation rules

from these query languages to object comprehensions can be found in [10] and
those for ONTOS SQL are presented in [11].

3.4 Transforming Object Comprehensions

It is possible to transform an object comprehension into another, more efficient
comprehension. Optimisation developed for list comprehensions include most
important relational optimisations, and are also applicable to object compre-
hensions. Details of which are not repeated here but can be found in [36],
instead we examine here the optimisation of some new features that exist in
object comprehensions: namely the hasClass predicate and the quantifiers.

Local Definition
Integer-valued Fxpression
[ Only Instance of Bottom Type

Relational Operation
Empty String

A Aggregate Function 0O  Object-valued Expression
B Boolean-valued FExpression Q  Collection Algebra Operation
C  Collection-valued Ezxpression T  Class/Type Name

D Generator X Qualifier

E  Ezpression Y  Quantifier

F Function o Logical Operation

I Identifier & Collection Kind

K  Constant v Arithmetic Operation

L w

N A

ni

Fig. 3. Notations for Syntactic Categories

To facilitate the description of the transformation and translation rules a con-
sistent notation is used, as listed in Figure 3, to represent the syntactic cate-



gories of object comprehensions and the collection algebra to be presented in
the Section 4. A syntactic category is represented by an uppercase letter or a
Greek letter which may be subscripted to represent different instances of the
same category. An operation of the collection algebra may be sub-scripted or
super-scripted by collection kind.

The hasClass predicate is defined in terms of << by rule C1 below, and we
give some simplifying transformations for it next.

O hasClass T'=true if type(O) <X T (C1)
O hasClass Entity =true (C2)

( O hasClass 7} ) and ( O hasClass Ty )
=Q0O hasClass T' if 3; T :ClassNameeT < T1 AT < T, (C3)
=false if =37 :ClassNameeT < T/ NT < Ty (C4)

( O hasClass T} ) or ( O hasClass Ty )
=( hasClass Tl if T2 =< Tl (C5)

not ( O hasClass 7} ) and ( O hasClass T3 )
=false if Ty, < 1 (CG)
=0 hasClass T, if -3 7T :ClassNameeT X T'NT < T, (C7)

Rule C2 holds since all classes are subclasses of the root class Entity. A way to
understand rules C3 and C4 is to study the paths starting from class 77 and 75
in the class graph. Rule C3 holds if extensions of the two paths meet at some
class. Rule C4 holds when the extensions of the two paths do not meet at all.
The same reasoning can be applied to prove the equivalence of rules C5, C6 and
C7. A useful corollary to rule C3is ( O hasClass 7} ) and ( O hasClass Ty ) =
O hasClass Ty, if T5 < 7). Rule C1 to C7 can optimise queries by turning
a predicate over objects into a predicate over the schema which needs to be
evaluated only once at compile-time instead of once for each object at run-
time. Similar, but less general transformation rules for semantic optimisation
are proposed in [35].

Quantifiers can be combined freely around a relational operator. The follow-
ing transformation rules can be used to simplify some usage patterns. Many
equivalences depend on the size of a collection, and hence the rules can only
be applied immediately prior to execution when the sizes are known.

every C w E=true if size(C) =10 (C8)



Y NCwFE=false if N<0 (C9)
atmost N C w E=true if size(C) =0 (C10)
=true if size(C)< N (C11)

just N Cw E=true if size(C)=0 A N=0 (C12)
=false if size(C) < N (C13)

atleast N Cw E=true if N=0 (C14)
=false if size(C) < N (C15)

some C w F =false if size(C)=0 (C16)

If the collections are sets, the lack of duplicates makes more transformations
possible:

every C' = E=false if size(C) > 1 (C17)

every C) = every Cy =false if size(C;) > 1V size(Cy) > 1 (C18)
atmost N C; = some Cy =true if size(Cy) < N (C19)
just N C =FE=falseif N>1 (C20)

just N C; = some Cy = false if size(Cy) < N (C21)
atleast N C' = E=falseif N >1 (C22)
atleast N C; = some Cy=false if size(Cy) < N (C23)

If an object-oriented database system explicitly records collection sizes, rule
C8 to C23 can significantly improve the evaluation of quantifiers by “lifting”
the predicate to the collection level hence avoiding any computation over the
elements of the collection. If a system does not explicitly record collection
sizes, the rules may still be useful as evaluating the size of a collection may
very well be less expensive than actually performing computation over the
elements.

4 Collection Algebra

4.1 Design Rationale

The collection algebra presented here is designed with the aim of being an
expressive and uniform language. It must have enough expressive power to
capture queries that can be expressed in object comprehensions. This implies
the ability to express a wide variety of operations over complex data including
various kinds of collections. Uniformity reduces the conceptual complexity of
the language, simplifies optimisation, and renders the language more exten-
sible. One way to achieve uniformity is to separate the concerns of collection
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kind from element type. In other words, collections are treated as containers
independent of the elements contained in them. For instance, a relation should
be seen as a set of tuples which can be operated on using a set algebra and
a tuple algebra. Another means is to exploit as far as possible the regularity
between operations for different kinds of collections. The collection algebra
demonstrates how uniformity can be established from these two dimensions.

4.2 Algebra Operations

The collection algebra consists of a small number of operations. Some of the op-
erations are parameterised with functional arguments. This treatment makes
the operations more uniform as variations can be captured in the functional
arguments. Unlike methods in the reference data model, these functions are
known to the query processor and hence are amenable to reasoning and there-
fore optimisation. It should be noted that the collection algebra is not a mini-
mal set of operations, some operations can be defined by others. For instance,
select is introduced to capture well-known evaluation strategies even if it can
be expressed in terms of iter. The algebra operations are described informally
here, formal definitions can be found in [10].

emptye( E ) singlec( E ) uniong ( Cy, Cy )

itere( F, C') selecte( F, C') reduceg ( Eo, F1, Foggregate, C)
differe( C1, Cy ) equale( Cy, Cy ) rangeg( N1, Ny )

indez( C, N ) makegf( C)

and( By, By ) being( O, T') if( Beonditions Eirue, Efaise )

Fig. 4. Collection Algebra Operations.

The empty, function takes an expression as argument and returns an empty
collection of kind £. Whereas single returns a singleton collection instead. The
untong function takes two collections of kind £ and returns a collection of kind £
containing all the elements of the argument collections. These three operations
are called collection constructors as any collection can be constructed using
one or a combination of these operations.

Simple functions can be applied to the elements of a collection by iter (called
ert in [7]). The abstract syntax of the functions is given in Appendix B, and
the semantics of itere is given by rules iter.1 to iter.3.
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itere( F, emptye( nil )) = emptye( nil ) (iter.1)

itere( F, singlee( E ))=F E (iter.2)
itere( F, uniong( C1, Cy ) =uniong( itere( F, Cy ), itere( F, Cy))
(iter.3)

Select behaves in a similar fashion to iter but differs in the treatment to the
elements in the argument collection. If applying the argument function to an
element returns true a singleton collection containing that element is returned;
otherwise, an empty collection is returned (rule select.2). Actually, select can
be defined in terms of iter and if (rule select.4).

selecte( B, emptye( nil )) = emptye( nil ) (select.1)
selecte( B, single¢( E ))=if( B E, singles( E ), emptys( E))
(select.2)

selecte( B, uniong( Cy, Cy ))=uniong( selecte( B, Cy ),
selecte( B, Cy )) (select.3)

selecte( B, C' ) =itere( Ni.if( B i, singleg( 1),
emptye( 1)), C) (select.4)

Reduce is used to combine elements in a collection. If the argument collection
C is empty, Ey is returned (rule reduce.1). When the argument collection is
a singleton collection, the result of F} on the singleton element E is returned
(rule reduce.2). Otherwise, F} is applied to each element of C' and the results
are supplied pairwise to F;, which accumulates the results to give a single value
(rule reduce.3). Reduce is a very powerful operation able to express many other
operations including ster as shown in rule reduce.4.

reduces( Eo, Fi, F,, emptye( nil ))=Ey (reduce.1)
reduces( Ey, F1, F,, singles( E))=F E (reduce.2)
reduces( Ey, Fy, F,, uniong( Cy, Cy ))=F, reducee( Ey, F1, F,, Cy)
reduces( Ey, F1, F,, Cy)

(reduce.3)

reduceg( emptye( nil ), F, uniong, C ) =itere( F, C) (reduce.4)

Differ removes elements in the second argument collection from the first ar-
gument collection. Fqual returns true if the two argument collections contain
the same elements. Range generates a collection containing integers within
the range defined by the two argument expressions. An empty collection is
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returned if the first argument is less than the second. Index takes a list C
and returns an element of the list at position N. Make converts the argument
collection from its original collection kind &; to another collection kind &,.
Conversion from bag or set to list is non-deterministic as an arbitrary order
will be assigned to the elements. And is non-commutative conjunction, used
to confirm the class of an object before applying a method of that class. Being
checks if the argument O is of class T or of a subclass of T. If returns either
the second or the third argument depending on the boolean value of the first
argument.

4.3 Related Work

Using the analysis reported in [7], the collection algebra is provably at least
as powerful as the relational algebra and the nested relational algebras. The
collection algebra can be seen as a pragmatic counterpart of the pioneering
theoretical work on the application of monads [40,39]. Monads are a structure
originating in category theory, but for query language purposes we view them
as an algebra that relates empty, single and iter with a few simple laws.

The extensive analysis of query algebras carried out in [7] reveals that uni-
formity does not compromise expressive power at all. Interaction between
different kinds of collections has been studied using monoids and monoid ho-
momorphism [17], a slightly different algebra over query operations. In this
work each collection kind is captured as a monoid and conversion between
different collection kinds is captured as a homomorphism from one collection
kind to another. The collection monoids used in the approach are essentially
monads and homomorphism between collection monoids is effectively governed
by the Boom hierarchy of data structures [25]. A collection kind can be con-
verted into another collection kind lower in the hierarchy but not the other
way round, e.g. a list can be converted into a set but not a set to a list. Part
of the collection algebra, the monoid homomorphism described above, and the
monad morphism described in [39] bear a striking resemblance even though
they were developed independently.

FAD [2] is a functional database language designed for a parallel database ma-
chine that provides, among others, two collection operations filter and pump.
Filter can be defined in terms of iter of the collection algebra by composing
the argument functions with single. Pump behaves like reduce except that it
is undefined for empty argument collections. FAD supports sets but not other
kinds of collections. Machiavelli [28], a functional database programming lan-
guage, includes three collection operations: iter, select, and hom. The first two
operations can be defined in terms of iter and select of the collection algebra
by composing their argument functions with single. Hom differs from reduce
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in the treatment of singleton collection. Instead of returning F; E as defined
in rule reduce.2, hom returns F, (F; E) Ey. Machiavelli supports sets but
not other kinds of collections. EQUAL [26] is an object algebra which allows
the manipulation of sets. The select operation is the same as in the collection
algebra. The #magine operation is the same as iter in Machiavelli. The flat-
ten operation can be expressed as applying iter of the collection algebra with
an identity function. The EXCESS algebra [38] is an object algebra support-
ing bags and arrays. The set_collapse and set_apply operations are the bag
equivalent of flatten and iter in EQUAL. While arr_apply is the array version
of EQUAL’s iter. However, no operation is provided for conversion between
collection kinds. Properties of bag algebras are studied in [18,23].

5 Translating Object Comprehensions

5.1 Translation Rules

The following rules enable an object comprehension query to be translated
into a term in the collection algebra. The translation rules are presented in
denotational style [34] using three translation functions: TE for translating
expressions, TO for translating operations, and TC for extracting collection
kinds.

The two infix collection operations — union and differ — can be translated as
follows. The subscript to the algebraic operation is obtained using TC [ E} |.

TE [ E, union By | —»uniongcp( TE]JEL ], TE[ Ey]) (T1)
TE | E, differ E) |~ differcc i ( TE[ EL ], TE[ Ey]) (T2)

Comprehensions are translated into the algebra using standard rules:

TE [&[ | E] ] —singlee( TE[ E]) (T3)
TE [¢[I— Ey; Q[ E]]—itere (M.TE [£[Q | E]],

makehe g ( TE[EL])) (T4

TE[{[lasE; Q[E]]->TE[{I—&{ B} QI E]] (T5)
TE[¢([E; QIE]]—if(TE[E ], TE[(QIE]],

emptye( nil )) (T6)

Logical connectives are mapped to their equivalents in the algebra.
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TE[E and E, | >TE[E | A TE[ B, | (T7)
TE[E or E, | >TE[E | V TE [ B, | (T8)
TE [not E]—=—~TE [ E | (T9)

Class checking is performed using being. The non-commutative and in the
second translation rule ensures that methods of Es5 are only invoked if the
object is a member of the class.

TE | E; hasClass E, | —

being( TE[ E; ], TE[Ey ]) (T10)
TE | E; hasClass F, with F3 | —
and( being( TE[ E1 ], TE[Ey,] ), TE[ E3]) (T11)

Filters involving quantifiers can be expressed using reduce. In the translation
rules below, a quantifier is explicitly written on one side of the operator and
the other side which is not elaborated may or may not contain a quantifier.
When quantifiers are used on both sides of an operator, the binding order —
universal then numerical followed by existential quantifier — determines the
meaning of the filter. Note that the argument collection is converted to a bag
before counting takes place in the rules for numerical quantifiers like T13. The
translation of the other quantifiers can be found in [10].

TE | some E; w Ey |
—reducerc g, ( false, M.TE [iw Ey |, V, TE [ E; ] ) (T12)
TE [ atleast F E; w E |
— reducepy( 0, Miif (TE[iw Ey ], 1, 0), +,
makerd  m ( TE[E ]))>=TE [ E ] (T13)

Instead of comparing two collections by their object identifiers, the equality
operation can be used to compare them based on their elements. The transla-
tion of other relational and arithmetic operations is captured by a generalised
rule using TO. Method calls, identifiers, and constants are translated in the
obvious way.

TE [[ E1 == E2 ]]—>equach |[E1]|( TE [[ E1 ]], TE [[ E2 ]] ) (T14)
TE | E, ~==FE) | > - equalyc g, {( TE[ E, |, TE[ Ey | ) (T15)

TE[E,wE |>TE[E | TO[w] TE [ E, ] (T16)
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The translation of collection literals is captured by the four operations: empty,
single, union, and range.

E [ &{} [ —emptye( nil ) (T17)

E[&{ E}[—single( TE[E]) (T18)
E[[S{EuEz}ﬂﬁunzone(TE[[f{El}]] TE [ ¢{ E; } ] )(T19)
E[& BBy} | —range(TE[ B ], TE[E]) (T20)
] (T21)

TE[E,, E, |]-TE[E, ], TE| Ey ]

Elements in a list can be accessed using their position and is supported by the
indexr operation.

TE[E, .| E ] ]—index( TE[E ], TE[ E; ]) (T22)

As an example of aggregate functions, the size of a collection can be computed
using reduce. The accumulation function is addition (+). The argument col-
lection is converted to a bag because addition is not idempotent and hence
cannot be used on a set.

TE [ size E | — reduceyy( 0, Ni.1, +, makesd o ( TE[ E]))
(T23)

The translation rules from object comprehensions to the collection algebra
can be seen as a definition of object comprehensions in terms of the collection
algebra. Note that select does not appear as a target operation in any of the
translation rules. It only comes into being through the transformation of iter
which is described in the Section 6. An example of the application of the
translation rules is given in the next subsection.

5.2  Ezample Translation

The translation of example query Q4,

TE [[ set[ ¢ <« Courses; d « Departments;
d.name = “Computing Science”; d = some c.runBy;
1 <= c.credits; c.credits <=3 | ¢ 1 ]

into the collection algebra is straightforward, and results in the following naive
algebraic query. The following section introduces algebraic optimisations that
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greatly improve naive queries using techniques such as eliminating redundant
operations, combining operations and substituting cheaper operations for more
expensive operations where possible.

iterse(
Ac.iterge (
Ad.if( d.name = “Computing Science”,
if( reduceses( false, Mi.d =1, V, crunBy ),
if( 1 <= c.credits,
if( c.eredits <=3,
Singleset( ¢ )a
emptyse:( nil )),
emptyse:( nil )),
emptyset( nil )),
emptyset( nil )),
makest( Departments )),

set

makes<t( Courses ))

6 Collection Algebra Equivalences
6.1 Transformation Rules

This subsection gives equivalence rules between terms in the collection algebra.
The rules aim to highlight properties of the “non-conventional” operations
in the collection algebra. To use the rules in a real optimiser many other
transformations are also necessary, some sources for additional transformations
are [4,26,38].

Two notions of equivalence are used in the rules given below. For operations re-
turning a collection, equivalence is defined over the elements of the collections
as is supported by equal in the collection algebra. For operations returning a
value that is not a collection, equivalence is defined as equality over either ob-
ject identifiers or base values. The common restriction is made that no method
has side-effects. Without this assumption the result of a method application
may not be reproducible and hence the rule may not hold.

selecte( B, makeg,( C)) Emakeg,( selectg( B, C)) (01)
selecte( B, dif fere( C1, Cy))=dif fere( selecte( B, Cy ), Cy ) (02)
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Rule O1 and O2 have to be applied carefully since it is not necessarily true
that one expression always performs better the other. Which expression to
use depends on how collections are implemented as well as if indexing can
be employed for the selection predicate in question. In rule O1, it is true
that pushing the conversion outside of the selection may not always improve
performance but at the same time it is very unlikely to hurt performance.
However, the transformation will pay off when the implementation of one
collection kind is significantly different from that of the others, hence requiring
significant computation for the conversion. While for rule O2 the trade off is
between the evaluation cost of B and the size of C;. In brief, selection should
be pushed inside if appropriate indexes are available for evaluating B resulting
in the difference being taken over a small collection.

selecte( By, selecte( By, C))=selecte( By N By, C) (03)
selecte( B, iter¢( F, C ))=selecte( Bo F, C') (04)
selecte( By N By, C)=if( By, selecte( By, C), emptye( nil ))

(05)

Rule O3 and O4 simplify an expression from having two scans over a collection
to only one scan over the same collection. Rule O5 extracts a constant predi-
cate B; out of a selection; hence can potentially avoid having any computation
over the given collection.

itere( Fy, itere( Fy, C))=iters((itere Fy )o Fy, C') (0O6)

itere( F, selecte( B, C))=iter¢( Mi.if( B4, F i,
emptye(i)), C)  (O7)

itere(if( B, E, emptye( nil )), C )=if( B, itere( E, C),
emptye( nil ) (08)

Rule O6 to O8 are often used in optimising nested scans. Rule O6, used
together with the definition of iter (rule iter.2), can simplifies scanning a
collection twice to just once. Similarly, rule O7 merges a scan after a selection
into just one scan. Rule O8 extracts predicates that are independent of the
values of the collection elements.

iterses( iterse( F, Cy ), C1 ) =iterse( iterse( F, C1), Cy) (09)
iterpag( iterpag( F, Cy ), C1 ) =iterpeg( iterpag( F, C1 ), Cy) (010)

Rule O9 and O10 assert that consecutive scans over sets and bags can be
swapped. It is not true with lists because swapping two consecutive scans will
affect the order of the elements in the resultant list.
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index( unionys( C1, Cy ), N )=if( size( C; ) >= N,index( Cy, N ),
index( Cy, N — size( Cy)))(011)

index( rangeys( N1, No ), N)=N;+ N —1 (012)
Zf( Bl, Zf( Bz, E, El ), El )EZf( Bl N BQ, E, El ) (013)
makeg( c)=C (014)

The laws governing inder, if and make given above are straightforward. An
example of the application of the collection algebra optimisations is given in
the next subsection.

6.2 Example Optimisation

The collection algebra query obtained in the Section 5 can be optimised using
identities in the algebra. For brevity only the laws, and motivation are given
below,

— Eliminate redundant makes wusing 014
— Reorder iters using 09

— Promote filter using O8

— Flatten nested ifs using 013

— Convert iter to select using select.4

iterse(
Ad.if( d.name = “Computing Science”,
select ser(
Ac. reducese( false, Mi.d =1, V, crunBy)
A 1 <= c.credits
A c.credits <= 3,
Courses ),

emptyser( nil )),
Departments )
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7 Conclusions

7.1  Summary

The research reported in this paper began with identifying the functional
requirements of object-oriented query languages. The 24 requirements pre-
sented in [15] are meaningful and constructive. They are meaningful because
they can be used to evaluate and compare existing object-oriented query lan-
guages. They are constructive because they can be used to improve existing
query languages and direct the design of new query languages of which object
comprehensions reported in this paper are an example.

Object comprehensions are both powerful and easily optimised. They are pow-
erful because multiple collection classes can be dealt with, and queries express-
ible in other prominent query languages including the relational algebra and
nested relational algebras can be expressed. They are easily optimised, first
using rules to transform comprehensions, and then using equivalences in the
collection algebra.

The collection algebra is regular and retains the power and ease of optimisation
of comprehensions. The algebra is powerful because all object comprehension
queries can be translated into it. It is regular because different collections
can be manipulated in similar fashion using a small group of operations. It is
optimisable because transformation rules are available and the regularity of
the operations reduces significantly the optimisation search space.

The translation of object comprehensions into the collection algebra is simple,
reflecting the uniformity of the source and target languages. The uniformity
is principally due to the compositional nature of the two languages. In brief,
the research described in this paper represents a step towards a better un-
derstanding of the processing framework required by object-oriented query
languages.

7.2  Future Work

One pressing issue concerning object comprehensions is the support of arrays.
A few proposals have been put forward for array query languages. The OQL
proposal in [9] treats one-dimensional arrays as lists and multi-dimensional
arrays as lists of lists. The monoid comprehensions suggested in [17] are prob-
lematic because different monoids are connected via implicit conversion which
produces the undesirable effects of changing some constants in an expression,
for instance all the 0’s into 1’s. A recent prototype reported in [22] incorpo-
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rated arrays as functions instead of as collections. The integration of arrays
into object comprehensions is being investigated along the direction proposed
in [5]. The result of the integration would allow array operations to be ex-
pressed as naturally as for other collection classes. More importantly, it would
overcome the undesirable effects and irregularity found in existing proposals.
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A Abstract Syntax of Object Comprehensions

Es == E | E, Es
E == FEunion £ | Ediffer F
E[Xs| E]

|

| Fand £ | Eor E | not E

| FEhasClass £ | E hasClass Fwith E
| YEwYFE | EvFE

| E.E | ICEs) | I

|

|

K [ Es} | {E...E}
E.LE]1 | AE | (E)

Xs == A | X | X; Xs

X == D | L | E

D = I+~ FE

L == TJTaskE

Y == A | some | atleast £ | just £ | atmost £
A = size

£ = set | bag | list

W ow= = | ~m > | = < = | == | e
T I A S

| every

B Abstract Syntax of Function Arguments

F = M .E | FoF
Es == E | E, Es
E == E.E | ICEs)
| EaFE | EwE | EvE
| I | K | (E) | @
a == A |V | =
w = = | ~= | > | > | < | <=
poou= x|/ |+ | -
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