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A Query Algebra for Object-Oriented DatabasesGail M. ShawStanley B. ZdonikDepartment of Computer ScienceBrown UniversityProvidence, R.I. 02912AbstractWe de�ne an algebra which synthesizes relational query conceptswith object-oriented databases. The algebra fully supports abstractdata types and object identity while providing associative access toobjects, including a unique join capability. The operations take an ab-stract view of objects and access typed collections of objects throughthe public interface de�ned for the type. The algebra supports ac-cess to relationships implied by the structure of the objects, as wellas the de�nition and creation of new relationships between objects.The structure of the algebra and the abstract access to objects o�eropportunities for query optimization.1 IntroductionObject-oriented databases are emerging in response to a requirement formore complete modelling of complex data in modern design and o�ce en-vironments. Such databases attempt to combine the modelling power ofobject-based programming models with traditional database concepts suchas persistence, data sharing, consistency, resiliency and optimized query ac-cess. A number of object-oriented data models and languages have been pro-posed ([Shi81], [Ban87a], [Ban87b], [Row87], [Mai87], [Lec88], [Car88]), butno single model or language has emerged as a standard for object-orienteddatabases. Our model supports object identity, abstract data types with1



type inheritance, and encapsulation of behavior and state, as modelling ca-pabilities present in most object-oriented systems.The major contribution of this paper is the development of an alge-bra which provides a model for querying in object-oriented databases bysupporting the concepts of object identity, abstract data types, type inher-itance and typed collections distinct from the type hierarchy. Unlike otherlanguages proposed for object-oriented databases (e.g. [Zan83], [Car88],[Osb88], [Ban87a], [Ban88], [Mai87]) we support all of these concepts andstill provide full associative access to the database, including a unique joincapability.We discuss our work in relation to previous models and languages inthe next section; then, in Sections 3 and 4, present our object-oriented datamodel and our algebra for querying collections of objects in that model. Wediscuss problems associated with supporting object identity in Section 5, andillustrate the use of the algebra through a series of examples in Section 6. InSection 7 we introduce a new notion of equivalence for queries and presentsome query transformations that maintain this equivalence. The algebrapresented forms a base for our current research into optimization of object-oriented queries, and we introduce that research in Section 8.2 Relation to Previous WorkWe are interested in accessing data in an object-oriented database. Rela-tional database systems o�er e�cient access to large amounts of data butplace the �rst normal form restriction on the structure of the data. Thisrestriction supports the development of query languages and optimizationstrategies for the model.One research direction in the modelling of object-oriented databases isthe extension of the relational model to build complex objects. Early ex-tensions relaxed the �rst normal form requirement of the relational model,allowing set-valued attributes ([Jae82], [Dad86]). The relational model hasalso been extended with abstract data types ([Row87], [Mai87], [Ban87a],[Alb85]) allowing the modelling of more complex types, where componentsor attributes of objects can be other database objects. We extend the re-lational data model similarly, and also succeed in applying relational typesof algebraic operations to the model. Our algebra provides selection oper-ations, standard set operations, modi�ed operations for nested sets (from[Jae82]), operations for manipulating object identities, and unique projec-2



tion and join capabilities. The algebra supports an object-oriented modelwith complex types, type inheritance, abstract data types and object iden-tity (as in [Kho86]). We also assume that the collections of stored objectsare supported by, but separate from, the type structure. This model ismost similar to the models of GemStone [Mai87] and EXODUS [Car88], al-though our algebra is more general than the former and our approach to theoperations and object identity di�ers from that of the latter.We consider the type of every object to be an abstract data type. Theimplementation of objects, and their attributes and behavior, are invisible tothe query algebra, and all access to objects is through the interface de�nedfor the type. Thus the model could incorporate procedural [Row87] andfunctional data [Shi81] in addition to stored data values. Our access todata values is similar to that of Postgres; we use dot-notation to refer toattributes of objects and invocation of a function or procedure implementingan attribute is implicit.The types are structured as an inheritance hierarchy. The only restric-tion the algebra places on type inheritance is substitutability; an object oftype A can be used in any context expecting a supertype of A. We distin-guish between type and collections of objects having that type, similarlyto GemStone and EXODUS, and query over the collections using the typestructure as the database scheme. The collections are treated as though theyare homogeneous; the type of a collection can be a supertype of the objectsin the collection. The result of a query is a new, typed database collection,with the collection type determined statically using the type structure.Our support for object identity leads to a model and algebra in whichobjects have independent existence, comparisons between objects can distin-guish between identi�er equality and data equality, queries return collectionsof objects, and duplication in set membership is distinguished using objects'identities. Most systems make the distinction between data equality andidenti�er equality by providing operators testing identity, deep equality and,possibly, shallow equality (e.g. [Ban87a], [Lec88], [Osb88], [Car88]). Twoobjects are identical when they are the same object, shallow equal whenthey have the same value, and deep equal when they have the same typeand a recursive traversal of the objects eventually �nds identical values (see[Kho86]). Our algebra supports the semantics of object identity by assumingthat the equality operator refers to object identity and using an extendednotion of deep equality (see Section 3).Identity is also an issue when returning objects satisfying query pred-icates. We use object identity as a test for set membership, as do most3



other systems, but we also allow, to a limited extent, the introduction ofdeep-equality semantics in determining set membership. The need for deep-equality results from the ability to create new, strongly-typed objects inresponse to queries. Osborn notes [Osb88] that the creation of new objectsmeans that responses to a query cannot be identical. We propose new de�-nitions for query equivalence that consider data as well as identi�er equality(see Section 7).Many object-oriented database systems (e.g. [Mai87], [Alb85], [Ban88])only support selection of objects already existing in the database. We recog-nize that many relationships requested by queries will exist in the databaseobjects, but also feel that existing objects in the database may not neces-sarily re
ect all relationships requested by a query. Thus, we additionallyprovide operators to create new relationships, possibly by joining objectsfrom di�erent collections. The join capability is unique in that we join col-lections of objects by creating tuples to store relationships between objectsin the collections. These tuples are complex objects with well-de�ned typesand unique identities. The creation of these tuples as statically-typed ob-jects is supported by the existence of parameterized types in the data model.Our algebra can simulate the join of the Excess query language [Car88] andthe unnest join of Korth [Kor88], but not the Combine operation of Osborn[Osb88] since it does not necessarily maintain the integrity of abstract datatypes.A major aspect in the development of query languages is the potential foroptimization. Query algebras can support optimization through syntactictransformations (e.g., [Osb88], [Ban87a]). However, the implementation ofabstract data types involves the introduction of new operations, makingoptimization more complicated [Zdo89]. Syntactic transformations are notsu�cient for such systems, and may need to be combined with optimizationstrategies for encapsulated behaviors (see [Gra88] for example). We expectthe structure of our algebra and our consistent approach to abstract datatypes to o�er opportunities for combining such optimization strategies.3 Data modelThe data model for our query algebra is based on the ENCORE object-oriented data model [Zdo86]. The model includes abstract data types, typeinheritance, typed collections of typed objects, and complex objects withidentity. We query over collections using the type of objects in the collection4



as a scheme for the collection.A type is an abstract data type, and consists of an interface and imple-mentation. Queries are concerned with the type interface, although theiroptimization may be concerned with the type implementation. An abstracttype de�nition includes the Name of the type, a set of Supertypes for thetype, a set of Properties de�ned for instances of the type and a set of Oper-ations which can be applied to instances of the type.Properties re
ect the state of an object while operations may performarbitrary actions. Properties are typed objects that may be implemented asstored values, procedures or functions. We assume the implementation of aproperty returns an object of the correct type and has no side-e�ects. Thequery algebra treats properties as stored values, addressing a property usingdot-notation (e.g. s:q where s is an object of type T and q is a property ofT). If necessary, a request for a property will cause invocation of a functionimplementing the property, resulting in the return of an object representingthe requested property of the object.When type T is a subtype of type S, we say S is a supertype of T. Sub-typing is limited to the addition of behavior (not constraints) to ensure thatan instance of T can be used in any context expecting S (substitutability).We assume a collection of atomic types (Int, String, Boolean, etc.), aglobal supertype Object, and parameterized types Set[T], Multiset[T], andTuple[< (A1; T1); :::; (An; Tn) >].1 These types have �xed sets of proper-ties and operations, and they allow the creation of new, strongly-typed ob-jects. The Tuple type de�nes types (Ti) for attributes (Ai) and has proper-ties Get attribute value and operations Set attribute value for each attribute.Dot-notation may be used to abbreviate the Get attribute value properties(o:Ai for object o having type Tuple with attribute Ai). The value of a tupleis represented as < A1 : v1; :::; An : vn > where the A's are attributes of thetuple and the v's are objects of the corresponding type.Parameterized type Set[T] de�nes T as the type, or supertype, of objectsin a collection having type Set, and de�nes operations (among others):in : Set[T ]; T ! Boolean (orMember of)subset of : Set[T ]; Set[T ]! Boolean1Other parameterized types (e.g. Ordered List[T]) might be useful for forming collec-tions of objects. We have not yet addressed the semantics of our algebra on such typesof collections, and for now assume that the algebra operates on collections that are setsor multisets. If the algebraic operations need to be applied to other collection types, thecollection would �rst have to be coerced into one of the types we consider.5



Duplication in set membership depends on object identity; a set will notcontain two objects with the same identi�er (i.e., the same object will notappear in the set twice). Type Multiset[T] behaves similarly, with multiplemembership of the same object allowed. These types are used by the querylanguage to form result collections.Type Object has properties identi�er, type, and value, and operationidentical (as in [Kho86]). We also de�ne i-equality, an extended version ofdeep-equality, where i indicates how \deep" a comparison must go before�nding equality, and corresponding operation =i. Identical objects are 0-equal (=0) and, for i > 0, two objects are i-equal (=i) if1) they are both collections of the same cardinality and there is a one-to-one correspondence between the collections such that correspondingmembers are =i�1,or 2) they both have the same type (not a collection type) and the valuesof corresponding properties are =i�1.Thus, two tuple objects are i-equal when their corresponding attribute values(i.e. properties) are (i-1)-equal. Two objects are deep-equal (=d) if thereis some i for which they are i-equal, and we de�ne shallow-equal to referto 1-equality, or =1. Note also that for all j greater than or equal to i, =iimplies =j .Types induce a subtype of collection objects called classes. A type Thas an associated class Ts which contains all instances of type T. Theseinstances are objects having type T or type S, where S is a subtype of T.The type of Class Ts is Class[T], where Class is usually Set. If Q is a subtypeof T, then class Qs will be a subclass (i.e. subset) of Ts. Constraint-based(restriction) subclasses are also allowed. A constraint-based subclass of Tswill have type Class[T]. Queries can create classes. The type of objects inthe result class is de�ned by the query, and all objects in that class have thede�ned type or are substitutable for that type.4 Query AlgebraThe query algebra provides type speci�c operations against collections ofcomplex objects with identity. We assume collection objects have type Set[T]or Multiset[T], although the semantics of the operations could be modi�edto support most other collection types. A query over a Set[T] (Multiset[T])returns a Set[Q] (Multiset[Q]). Q is de�ned by the query and is either an6



existing type or a tuple type. The algebraic operations support the notionof abstract data type, and all access to objects in a collection having typeCollection[T] is through the public interface de�ned for type T.Most operations return collections of existing database objects. We rec-ognize, however, that existing objects in the database may not explicitlyre
ect all relationships requested by a query. Thus we provide operatorsto create new objects to store the requested relationships. The objects aretuples and, as such, are strongly typed. The attribute values are objectsfrom the database, thus maintaining the integrity of the type structure.The operators preserve the typing of the object-oriented data model. Byallowing for operations that produce tuples we are simply observing that thetuple data structure is very useful for holding the result of a dynamicallycomputed relationship. Furthermore, there exists a rich algebra for manip-ulating these relationships and we can apply well-known optimizations tocomputations involving these tuples.The algebra is also concerned with the identity of objects. Two objectsare considered to be equal (=) when they are identical, i.e. equality refersto 0-equality. Set membership is based on object identity; a set containsobjects with unique identities. In addition, the de�nition of i-equality canbe used to modify the algebraic operations to indicate how much duplicationshould be allowed in the results of a query (see Section 4.5).4.1 SelectThe Select operation creates a collection of database objects which satisfy aselection predicate. The operation is de�ned as:Select(S; p) = fs j (s in S) ^ p(s)gwhere S is a collection of objects and p is a predicate de�ned over the typeof the objects in S. If S has type Class[T], then the result is an object of typeClass[T] and will be a subclass (restriction) of S. When S is a set, Selectreturns a set. When S is a multiset, Select returns a multiset.The operation creates a new collection object containing the identi�ersof all members of collection S satisfying the predicate. The predicate is a�rst-order Boolean formula with variables representing database objects. Inthe predicate, one variable is bound to an object in the selection set, othervariables and constants represent database objects or atomic values.These constants and variables will usually be properties of bound vari-ables (or constants). For example, if s is a variable having type Supplier (see7



Table 1, Section 6), s.address.state is a valid variable. Constants are alsobuilt by applying query operations to other constants or bound variables.For example, if Q is a set constant (e.g., a class), Select(Q,p0) could be a setconstant in a predicate.Atoms of the formula are formed using Boolean operations de�ned for thetype of a variable or constant. These include subset of and in for set types,and i-equality for type Object. For example, if s is a variable of type Supplierand p is a constant representing a Part object, the Boolean operation \pin s.Inventory" is valid since the Inventory property of variable s has typeSet[Part] and the in (member of) predicate is de�ned for arguments of typeT and Set[T].4.2 Image and ProjectThe Image and Project operations are used primarily to return componentsof objects in the collection being queried. The Image operation is used toreturn a single component or value for each object in the queried collection,while the Project operation can return multiple components of a single ob-ject. A component being returned is determined by applying a function tothe objects in the queried collection.The Image operation has the form:Image(S; f : T ) = ff(s) j s in Sgwhere S is a collection of objects and f returns an object of type T. For Sa set (multiset), Image returns a set (multiset). Function f must be de�nedfor the type of objects in S and we assume f does not have any side-e�ects.A common way of building functions is to compose the application ofproperties of objects in S. For example, Image(Suppliers,�s s.address.city)returns a set of objects representing the cities in which suppliers are located.A function may also be composed of operations de�ned on the type of ob-jects in the collection being queried. For example, the result of operationPartsSets := Image(Suppliers; �s s:Inventory) is a set of sets of parts(Set[Set[P]]) and Image(PartsSets, �q Select(q,p)), where p is a predicatede�ned for objects of type P, is a valid operation.The Project operation extends Image by returning multiple componentsof an object, thus supporting the maintenance of selected relationships be-tween components of an object. The relationships are stored as tuples, with8



the tuple type de�ned by the operation as follows:Project(S; < (A1; f1); :::; (An; fn) >) =f< A1 : f1(s); :::; An : fn(s) >j s in Sgwhere S is of type Set[T], the Ai's are unique attribute names, and eachfi takes a single input of type T and returns an object of type Ti. (Thefunctions are the same functions used in the Image operation.) The resulttype of the operation is then Tuple[< (A1; T1); :::; (An; Tn) >]. All propertiesand operations for type Tuple are thus de�ned for the objects of the resultset.Project returns one tuple for each object in the collection being queried.These tuples are created by the operation, and all have unique identi�ers.Although the type of the collection returned is a set (since all tuples areuniquely identi�ed), the type returned is considered to be Set[Tuple] if inputcollection S is a set and Multiset[Tuple] if S is a multiset.The creation of tuple objects by the Project operation can hide i-equalityin the result tuples. For example, if we have the following tuple objects:t1 = < A : i1; B : i2; C : i3 >t2 = < A : i4; B : i2; C : i3 >and object S = ft1; t2g, then the query Project(S,�s < (1; s:B); (2; s:C) >)will return two uniquely identi�ed, shallow-equal tuples. This di�culty ismanaged through the use of operation Project=i that operates as Projectbut eliminates i-equality from the result collection. This extension will befurther discussed in Section 4.5.The functions that can be applied as arguments in the Image and Projectoperations make these operations much more powerful than relational pro-jection. We noted earlier that the function argument of Image can be oper-ations de�ned on the type of objects in the collection queried. This abilitymight prove useful when updating objects in the database, an area we arenot yet considering. The same types of operations can be used as argumentsfor a Project operation, allowing the creation of tuples with components de-rived from di�erent collections of objects. For example, Project(Parts; �p <(P; p); (J; Select(Jobs; �j p in j:PartsNeeded) >) creates a new relationshipbetween part objects and the jobs that need those objects. This type of re-lationship can be obtained using our Ojoin operation (see next section), butis often more naturally expressed using Project.9



4.3 OjoinAlthough many relationships between objects are represented by the com-plex objects themselves, we feel that an explicit join is needed to handlecases when a relationship is not de�ned in an object type. The Ojoin oper-ator is an explicit join operator used to create relationships between objectsfrom two classes in the database. Our de�nition of Ojoin is designed topreserve the associativity of the operation, which we expect to be importantin query optimization.Ojoin is essentially a relational join, modi�ed to handle sets of objectswhich may not be tuples. We de�ne:Ojoin(S;R;A1; A2; p) = Relational Join(S 0; R0; p0)Collections S and R must both be sets or both be multisets, A1 and A2 areoptional parameters (see later) and p is a predicate (as in Select) de�nedover objects from S and R. If S and R are sets of tuples then S0, R0, and p0are S, R and p, respectively, A1 and A2 are ignored if present, and Ojoin isrelational join.If operand S has type Set[T] where T is some type other than tuple,then that operand is considered to be converted to a set of tuples usingthe operation S0 = Project(S; �s < (A1; s) >), i.e. each element of set S isrepresented by a single-attribute tuple. The type of the tuple is < (A1; T ) >,where T is the type of the elements in set S. Similarly, R0 = Project(R; �r <(A2; r) >) if necessary. Each reference to s (r) in predicate p is convertedto a reference to s:A1 (r:A2) in p0. If not provided, parameters A1 and A2can default to S and R (as attribute names), respectively.For example, suppose we have a set S containing stack objects and aset Q containing queues. Then Ojoin(S;Q; �sq s:Top =d q:Front) returnsa set of stack-queue pairs in which the top of the stack is equal in value(deep-equal) to the front element of the queue.The Ojoin operation creates new tuples in the database to store the gen-erated relationships. The tuples are strongly typed using the parameterizedtype Tuple, with each attribute typed according to the type of the collec-tion from which it is derived. The tuples created will have unique identities.When S and R are sets (multisets) the result is a set (multiset) of tuples.There will never be shallow-equal pairs of tuples if S and R are sets butthere may be shallow-equal pairs if S and R are multisets.The objects involved in the relationships are maintained and can be ac-cessed as the value of the appropriate attribute in the tuple. In the previous10



example, the only operations available on the tuples are those operationsde�ned for tuples, however all stack operations are available for result.S andqueue operations for result.Q.4.4 Set operationsThe algebra includes set operations Union, Di�erence, and Intersection, op-eration Flatten (for sets of sets) and operations Nest and UnNest (for setsof tuples). The �rst three operations are used to create new collections ofobjects, the latter three generally re-structure collections of objects.Union, Di�erence and Intersection are the usual set operations with setmembership based on object identity (=0). If the operands are multisets,the operations return multisets using the natural tests for membership. Theresult for all operations is considered to be a collection of objects of type T,where T is the most speci�c common supertype (in the type lattice) of thetypes of the objects in the operands2. The types of the objects themselvesare not changed; the type of the objects will be the type or a subtype of thetype recorded for the collection. Any two sets can be combined, since alltypes have a common supertype of Object.The Flatten operation is used to restructure sets of sets. We de�neFlatten(S) = fr j 9t t in S ^ r in tgwhere S has type Set[Set[T]], t has type Set[T] and r has type T. The resulttype is Set[T]. The operation can also support S with type Set[Multiset[T]]with the same type of result. If S is a multiset, the result is a multiset.The Flatten operation is useful in conjunction with Image. Image canextract components with type set (multiset) from an object; Flatten allowsconsideration of the set members individually.Nest and UnNest are similar to the same operators for non-First NormalForm (NF2) data models (see for example [Jae82]). They allow the represen-tation of tuples as 
at or nested relations. Since the tuple attribute values inour model can be any type of object, Nest compares attribute values usingobject identity and collects values (objects) for the nesting attribute intosets (multisets if the operand is a multiset).Nest(S;Ai) = f< A1 : s:A1; :::; Ai : t; :::; An : s:An >j8r9s(r in t ^ s in S ^ s:Ai = r)g2Union and intersection types could be used, but then the queries would be a�ectingthe type structure. Although we do have some e�ect in other situations (tuple types) wechose to use only existing types here. 11



Each of the tuples created by Nest has a unique identity, and no two tuplescan be shallow-equal. However, it is possible for the Ai attribute values ofdi�erent tuples to be shallow-equal. We consider this problem in the nextsection.The UnNest operation essentially undoes the e�ects of Nest, although itis not an inverse operation. We de�ne:UnNest(S;Ai) = f< A1 : s:A1; :::; Ai : t; :::; An : s:An >j s in S ^ t in s:Aigwhere the Ai attribute of the operand tuple type is set or multiset valued.The result collection will be the same type of collection as S (set or multiset).As for Project, the tuples that are created have unique identities, and thusthe result collection may contain shallow-equal pairs of tuples (if Ai wastype multiset). Thus we also de�ne UnNest=i which works as UnNest butensures that the result collection will not contain two i-equal tuples.Nest and UnNest are not inverse operations. If the set being nestedcontains shallow-equal tuples, that duplication will not be maintained by aNest followed by an UnNest on the same attribute. For example, if we havetuple objects t1 = < A : o1; B : o2 >t2 = < A : o1; B : o3 >t3 = < A : o2; B : o4 >t4 = < A : o1; B : o2 >and set S = ft1; t2; t3; t4g, Nest(S,B) creates tuples t5 =< A : o1; B :fo2; o3g > and t6 =< A : o2; B : fo4g > and forms result R = ft5; t6g.UnNest(R,B) creates three tuples shallow-equal to t1, t2 and t3. Similarly,if a set of tuples R contains two tuples that are shallow-equal on all butset-valued attribute B, Nest(UnNest(R,B)) will contain fewer tuples thanset R.4.5 Duplicate EliminationThe result of a query using the algebra presented thus far is a new collectionof objects. The collection will be a newly identi�ed object in the database,and thus there cannot be identical responses to a query. The objects ina result collection may be either existing database objects or new tupleobjects created during the operation. The creation of new objects means12



that multiple objects with unique identi�ers may be created when a singleobject is desired. We de�ne operations DupEliminate and Coalesce to handlesituations where i-equal objects are created by a query. We also combineDupEliminate with operations Project, UnNest and Image to rede�ne thelatter as families of operations Project=i, UnNest=i and Image=i.Operation DupEliminate(S,i) keeps only one copy of i-equal objects fromcollection S. Such duplication of objects can be created by operations Image,Project and UnNest. Project and UnNest create newly-identi�ed tuples, byde�nition, and a function applied by the Image operation may create newobjects.For example, suppose we want to group a collection Jobs by the city inwhich they are located. One way to do this would be to assemble, for eachjob in Jobs, a collection of all jobs in the same city as follows:Image(Jobs; �j Select(Jobs; �q q:city = j:city)) (1)However, this result is not exactly what was desired; there may be manycollections containing exactly the same jobs, i.e. many shallow-equal collec-tions. If there are x jobs in a particular city, there will be x collections allcontaining the same x job objects. However, if DupEliminate is applied tothe result as followsDupEliminate(Image(Jobs; �j Select(Jobs; �q q:city = j:city)); 1) (2)the result would contain the expected collections of jobs with no shallow-equal duplication.Duplication can be introduced at any level by the algebraic operations.For example, consider an extension to problem 1, where we want to storethe city value along with the set of job objects in that city:Project(Jobs; �j < (C; j:city); (J; Select(Jobs; �q q:city = j:city)) >) (3)The result of query 3 will be a set of tuples, one for each object in Jobs. Manyof those tuples will have duplicate C values, and those that are duplicateswill have J attribute values that are shallow-equal. In this case, tuples whichwould be considered to be duplicates will not be shallow-equal, but will be2-equal.Query operations Project, UnNest and Image can be modi�ed with =ias a shorthand for application of operation DupEliminate after applicationof the operation. Problem 2 could be written, for example, using Image=113



(or Image=s). It is interesting to note that the application of operationDupEliminate can eliminate duplication created by the algebraic operations,as in the preceding examples, but, if used with a level deeper than thatcreated by the operations, can also be used to eliminate duplication inherentin the data.Operations such as Project (as in example 3) and Nest can create tupleswith components (attribute values) that are i-equal (usually shallow-equal).We thus de�ne operation Coalesce(S;Ak; i) which, for collections S of tupleobjects, eliminates duplication at level i for the Ak components of the tuples.If two tuples in S, call them t1 and t2, are such that t1:Ak =i t2:Ak thenone of the objects is discarded (say t2:Ak:value) and t2:Ak is assigned thevalue of t1:Ak .For example, when Nest ing a collection on a given attribute; a new setis created for each tuple in the result, and each new set is a distinct object.However, some of these new set objects may be shallow-equal. Consider thefour tuples: t1 = < A : o1; B : o2 >t2 = < A : o3; B : o4 >t3 = < A : o1; B : o4 >t4 = < A : o3; B : o2 >and the operation Nest(S;B) (4)This operation will result in the creation of two set objects(s1 and s2), twotuple objects (t5 and t6) and the result R as follows:s1 = fo2; o4g ands2 = fo2; o4gt5 = < A : o1; B : s1 > andt6 = < A : o3; B : s2 >R = ft5; t6gThe duplication in objects s1 and s2 is similar to that created by problem 3,however operation DupEliminate does not apply here since the A attribute14



values are distinct in the result tuples. We could, however, executeCoalesce(R;B; 1)to modify R by eliminating s2 and modifying t6 to have value < A : o3; B :s1 >.As with operation DupEliminate, the application of Coalesce could elim-inate duplication inherent in the data as well as duplication created by thealgebraic operations. Project and Nest can create results with duplicatecomponents, as noted above; any application of Coalesce to results of Ojoinor UnNest, or at a level deeper than that created by Project or Nest, wouldeliminate duplication that was present in the data before application of thealgebraic operation.5 Maintaining object identityThe presentation of the results of a query is complicated by the presenceof object identity. In order to support the identity of existing objects inthe database, the operations create new objects in which to store the dataobjects satisfying a query. As we saw in the last section, though, the creationof new objects may result in duplication in the data presented to satisfythe query. This duplication provides information related to the result ofthe query by providing, for example, the information needed to quantify theresults. However, in many cases the duplication is not needed or desired, andproviding information that indicates which parts of the result are identical(i.e. object identity) is required.In Section 4.5 operations DupEliminate and Coalesce were introducedto solve the problem of creating separate identities for objects consideredto be equal. At the same time, families of operations Project=i, UnNest=i,and Image=i were de�ned to provide, in single operations, the applicationof DupEliminate following the basic, or 0-equal, version of the operations.Other operations, such as Select or Ojoin, may result in collections withi-equal objects (tuples or more general objects) only if equality exists inthe input data. We chose not to provide new operators that automaticallyeliminate duplicate values in those cases, although the elimination operatorscan be applied to any query results.The creation of newly identi�ed collections to store results of a queryposes a problem in maintaining object identity under the application of op-erations that are primarily concerned with the formatting of results (Flatten,15



Nest, UnNest, DupEliminate and Coalesce). For operations which actuallyextract data from the database it is clear that the result should be a newobject. However, it is not clear that this is always required, or desired, forthe formatting types of operations. Aliasing is intrinsic to the structure ofthe results, since references to objects are based on object identi�ers, soit may be desirable to have formatting types of operations actually modifythe objects being formatted rather than creating new objects. On the otherhand, modifying data is not usually considered to be a function of querying.We suggest o�ering alternative instructions Flatten0, Nest0, UnNest0,DupEliminate0 and Coalesce0 which operate as for their non-primed coun-terparts except that they actually modify the input collection rather thancreating new collections or tuples. These instructions do not o�er new re-sults as far as data satisfying the query is concerned, but help circumventaliasing types of problems associated with object identity.6 ExamplesWe illustrate the operation of the algebra with some example queries onan object-oriented version of a Supplier-Parts-Job database [Dat86]. TypesSupplier, Part, Job and Addr are de�ned in Table 1. Collections Suppliers,Parts and Jobs, with the obvious associated types, will be used for thequeries. We assume these collections are sets.The properties of the types are used as a scheme for each collection andthe type of each property determines what basic operations are available forthe property. For example, ordered list operations Empty, Member of, First,Last, etc. can be applied to the Preferred Suppliers property of type Job.All set operations for the model (in, subset of) as well as the set operationsde�ned by the query algebra can be applied to properties having type Set.Example 6.1 Find all red parts. Which suppliers can supply all of the redparts?P red := Select(Parts,�p p.color = \Red")S Pred := Select(Suppliers,�s P red subset of s.Inventory)The �rst selection �nds the red parts, the second selection �nds all sup-pliers for which the inventory includes that set of parts. The subset ofoperation is available since property Inventory and result P red both havetype Set[Part]. 16



Type Supplierproperties:ident: stringaddress: AddrInventory: Set[Part]operations:RecvOrder:Supplier, Set[Part]! SupplierType Jobproperties:num: stringaddress: addrPartsNeeded: Set[Part]Preferred Suppliers:ordered list[Supplier]operations:NewPart: Job, Part ! JobCancel: Job
Type Partproperties:Num: stringaddress: addrcolor: stringcomponents:Set[<(P,Part),(Qty,Int)>]plan: drawingBillofMaterial: list[Part]operations:Order: PartType Addrproperties:street: stringcity: stringstate: stringTable 1: Types for a Supplier-Parts-Job database.Example 6.2 What parts are needed by jobs in Boston?BostonJobs := Select(Jobs,�j j.address.city = \Boston")BostonParts := Flatten(Image(BostonJobs,�j j.PartsNeeded))The �rst operation selects all jobs in Boston and the Image operation ex-tracts the PartsNeeded sets from those jobs. The Flatten operation convertsthe set of sets of parts into type Set[Part]. If we want to retain informa-tion about which parts are needed with which job we could use a Projectoperation instead of Image:BosJobParts := Project(BostonJobs,�j <(J,j),(Pt,j.PartsNeeded)>).Note that operation NewPart (of type Job) cannot be applied to membersof BosJobParts (since they have type Tuple), but is appropriate for BosJob-Parts.J. The results of the queries maintain the instances of type Job andprovide multiple paths to Boston-based jobs (through collections Jobs andBostonJobs, and property J of BosJobParts).Example 6.3 Generate Bills of Material for all parts needed by Bostonjobs.BofM := Image(BostonParts,�p BillofMaterial(p))17



The BillofMaterial property is probably implemented as a function, but theimplementation has no e�ect on the syntax of the query. If the property isindeed a function, it is applied to each member of BostonParts to create theresult collection. The Image operation might also prove useful for updatingobjects, by allowing application of operations to objects.Example 6.4 Find all local suppliers for each job.LocalS := Ojoin(Jobs,Suppliers,J,S,�js j.address.city = s.address.city)The result is a set of tuples having type <(J,Job),(S,Supplier)>. Thisresult is similar to a normalized relation. An application of operationNest(LocalS; S) would give a set of suppliers for each job, i.e. a collec-tion of tuples having type < (J; Job); (S; Set[Supplier])>. A similar resultcan be accomplished usingProject(Jobs,�j (<(J,j),(S,Select(Suppliers,�s s.address.city =j.address.city))>))For each job the set of suppliers in the same city is selected from the collec-tion of all suppliers. However, if there were no local suppliers for a job thiswould result in tuples with null values (an empty set) for the S attribute.Although Project, with embedded Select, can simulate Ojoin (with format-ting di�erences handled by UnNest and tuples with empty sets removedby Select), we o�er both operators for user clarity as well as optimizationpotential.Example 6.5 Find the preferred local suppliers for each job.We assume that type ordered list has a Boolean operation Member ofwhich can be applied to objects of that type, and select from result LocalSof the previous example.Select(LocalS,�r r.S Member of r.J.Preferred Suppliers)The result could also be obtained in a single Ojoin operation by conjoiningthe selection predicate of this example (with r.S changed to s and r.J to j)with the predicate of the Ojoin in Example 6.4.18



6.1 Representing RelationsQuerying a relational database can be modelled using our query algebra andobject-oriented data model. Normalized relations are easily represented inour model as collections of type Set[Tuple] where all attributes of the tuplehave atomic types. The relational algebraic operations map directly to ouralgebra applied to sets of tuples.Conversely, the properties of objects in our model can be mapped toobjects similar to relations using the Project operation. The tuples repre-senting objects will retain, as attribute types, the property types. Theseattribute types could be treated as atomic types (e.g., Part.plan) or could,in some cases, be further expanded using UnNest and Project. For example,the following query creates a relation from the Suppliers class:NNR Suppliers := Project(Suppliers,�s <(ident,s.ident),(address,s.address),(Inventory, s.Inventory)>)with tuple type< (ident; string); (address; Addr); (Inventory; Set[Part] >.The relation could be further expanded, if desired, using Project to separatethe address into its component parts (street, city and state) and UnNest tocreate tuples where the type of Inventory is Part instead of Set[Part].7 Query EquivalenceWe would like to identify transformations of queries that produce equiva-lent queries. Such transformations would provide a method for identifyingredundant algebraic operations and would also provide strategies for queryoptimization. The result of a query is a collection of objects, thus equiva-lence of queries is closely related to equality of objects; equivalent queriesshould produce result objects that are, in some sense, equal.We can identify two notions of equality for objects. The �rst type isi-equality, introduced in Section 3. This equality refers to an equivalencebetween data values; if two objects are i-equal they contain the same data.However, in order to detect the similarities in data, i-equality ignores theidentities of the objects in which the data is stored. We can de�ne a strongernotion of equivalence, called id-equality, which can detect structural di�er-ences in objects. For example, consider a collection of tuples, call it S, andanother collection R = Coalesce(S,A,i). S and R are i-equal, but they are19



not id-equal. The A components of two tuples in S could be i-equal whilethe A components of the corresponding tuples in R are 0-equal.Objects can be represented graphically, where nodes are labelled withobject identi�ers or atomic values, arcs connect collection type objects toall objects in the collection, and arcs also connect non-collection type ob-jects to the values of all properties of that object (similarly to [Kho86] forexample). If a collection is a multiset, there will be multiple arcs from theidenti�er node for the collection to the node representing the multiply occur-ring object. Similarly, if the values of more than one property of an objectare identical there will be multiple arcs between the nodes representing theobject and its components' value.We de�ne two objects to be id-equal at depth i, written 'i, if they arei-equal and their graphical representations are isomorphic. I-equality is nec-essary, but not su�cient, to ensure id-equality.We de�ne two queries to be id-equivalent at depth i (�=i) if, when appliedto an arbitrary database, they return collections of the same type of objectand those collections are id-equal. Similarly, two queries are data-equivalentat depth i (�i) if they return i-equal collections. Thus, id-equivalence impliesdata-equivalence. As is the case with i-equality, either equivalence at depthi implies the same equivalence for all depths greater than i. We also notethat �=i and �i are equivalence relations, and that� A �i B and B �j C =) A �k C where k = max(i,j)� A �=i B and B �=j C =) A �=k C where k = max(i,j)We will use �= and � to mean equivalence is present for some i.As an example of query equivalence, consider the following queries, bothof which match each object in set As with a set of objects from set Bs ac-cording to predicate p. In Query 1, the Project operation does the matchingand the outermost Select operation eliminates tuples from that result whichhave empty B attribute value (i.e. tuples indicating no Bs objects match anobject from As). In Query 2, As and Bs are joined according to predicate pthen nested on the B attribute.Query 1: Select(Project(As; �a < (A; a); (B;Select(Bs; �b p(a; b))) >); �t NOT Empty(t:B))Query 2: Nest(Ojoin(As;Bs;A;B;p(a; b)))Queries 1 and 2 are data-equivalent at depth 3 since the collections areunique (depth 0), the tuples in those collections have unique identities (depth20



1: Ojoin(As;Bs;A;B;p(a; b)) �=2 Select(UnNest(Project(As; < (A; a); (B;Bs) >); B)�t p(t:A; t:B))2: Intersection(A; B) �=1 Di�erence(A;Di�erence(A;B))3: F latten(S) �=1 Image(UnNest(Project(S; �s < (A; s) >);A); �a a:A)4: Nest(S;Ai) �=2 Project(SminusAi ;�t < (A1 ; t:A1); . . . ; (Ai�1; ti�1);(Ai; Image(Select(S; �s (s:A1 = t:A1) ^ . . .^(s:Ai�1 = t:Ai�1)^(s:Ai+1 = t:Ai+1)^. . .^ (s:An = t:An));�q q:Ai));(Ai+1 ; t:Ai+1); . . . ; (An ; t:An) >)whereSminusAi := Project=s(S;�s < (A1; s:A1); . . . ; (Ai�1; s:Ai�1);(Ai+1 ; s:Ai+1); . . . ; (An; s:An) >)5: Coalesce(S; Ak ; i) �=3 Project(Ojoin(S; NoDupAk; ;K; �ab a:Ak =i b);�t < (A1 ; t:A1); . . . ; (Ak�1; tk�1);(Ak; t:K);(Ak+1; t:Ak+1); . . . ; (An; t:An) >)whereNoDupAk := Image=i(S;�s s:Ak)Table 2: Id-equivalent Operations1), and corresponding tuples are not shallow-equal (depth 2) but their Bcomponents are shallow-equal (depth 3). They are also id-equivalent atdepth 3 since the Nest following the Ojoin will build the same structure asthe Project with nested Select.7.1 Query TransformationsThe algebra can be divided into two categories of operations:1) operations that retrieve data: Select, Image, Project, Ojoin, Union,Intersection, and Di�erence2) operations that support data retrieval through manipulation of resultstructure and identities: Flatten, Nest, UnNest, DupEliminate, Coa-lesce, and their primed counterpartsOperation families Project=i and Image=i, for i not 0, fall into both cate-gories. For transformations involving only operations in the �rst category,id-equivalence is the same as data-equivalence. This is not necessarily truefor transformations involving operations in the second category, since suchtransformations can involve structural modi�cations.The equivalences in Table 2 illustrate that the algebraic operations Ojoin,Intersection, Flatten, Nest and Coalesce can be considered to be redundant21



since they are id-equivalent to queries composed using other algebraic oper-ations. The Nest operation, for example, is id-equivalent to applications ofProject, Image and Select. First, a collection (SminusAi) is created contain-ing tuples with all attributes except the nesting attribute. No two tuplesin the collection are shallow-equal. For each of these tuples, all matchingtuples from the original collection are selected. Finally, the nesting attributevalue is extracted from these tuples (using Image), creating a result set forthe tuple attribute.The Image, Ojoin and Project operations can be combined in a similarmanner to create a query that is id-equivalent to Coalesce. The Image oper-ation is used to create a collection of unique Ak attribute values (NoDupAk)which is matched with the original collection of objects using Ojoin. Theresult tuples of Ojoin will contain two copies of the values of the attributebeing coalesced; the original attribute value (Ak) and a value that will beuniquely identi�ed across all tuples (K). The �nal Project operation willchoose the second version of the value, resulting in consistency betweentuples on the Ak attribute value.The operations in category 2 are id-equivalent to their primed counter-parts. Flatten and DupEliminate are id-equivalent at depth 1 to Flatten0and DupEliminate0 , respectively. The depth 1 equivalence re
ects the factthat the identi�ers of the result collections are di�erent. UnNest and Coa-lesce are id-equivalent at depth 2 to their primed counterparts and Nest isid-equivalent at depth 3 to Nest0. The depth 2 and 3 equivalences result fromthe creation of newly identi�ed tuples and collections by each operation.The id-equivalence of these transformations suggest that a reduced op-erator set could include operators Select, Image=0, Project=0, Union, Dif-ference, UnNest=0 and DupEliminate. The i-equality modi�ers are not nec-essary for Image, Project and UnNest as long as the 0-equality modi�er ispresent. Higher levels of equality can be achieved by applying operationDupEliminate to a result.It is also possible to identify Select and Ojoin queries whose predicatescan be simpli�ed and replaced using algebraic query operators. For example,Select(S; �s 9j (j in K) ^ p(s; j)) �=1Image(Select(MatchK;�t :Empty(t:B)); �t t:A)where MatchK := Project(S; �s < (A; s); (B; Select(K;�j p(s; j))and K is a bound variable representing a collection. The selection nestedin the Project operation �nds any j's in K that satisfy the predicate. Theouter Select operation performs the existence test and the Image extracts22



the selected objects out of the tuples where they were stored by Project.Similarly,Select(S; �s 8j (j in K) ^ p(s; j)) �=1 Select(S; �s Empty(AllinK))where AllinK := Di�erence(K;Select(K;�j p(s; j)))Again, the quanti�er is replaced by an existence test; if the Di�erence be-tween collection K and the members of K satisfying the selection predicateis empty, then all members of K satis�ed the predicate.In general, queries with �rst order predicate arguments cannot be trans-formed into queries without such arguments, since the j in K conjunct cannot necessarily be moved within the predicate (K may not be bound prop-erly). The relationship between �rst-order predicates in Select and Ojointhat can be transformed into other algebraic computations, and those queriesthat we want to allow in the algebra, is still being studied.8 Implications for OptimizationWe expect the structure of the operations and the redundancies in the oper-ator set presented here to o�er many opportunities for optimization. Queryoptimization may also depend on the implementations of the types queried,but we do not consider that aspect yet. In addition, the di�erent typesof equivalence introduced in Section 7 suggest that we may want to allowoptimization guaranteeing id-equivalence or just data-equivalence.The similarities between our algebra and relational algebra imply thatrelational optimization results may prove useful in object-oriented queryoptimization. For example, one relational optimization strategy is to pushSelection past Join. That same strategy is available in our algebra (seeidentity 1 Table 3). Similarly, when a Select operation is composed with anOjoin, it may be possible to instead compose the two predicates to producea single operation (Table 3 identity 2). These two ideas are combined inidentity 3 of Table 3. If an Ojoin predicate contains a conjunct involvingonly one of the operand collections, that conjunct can be extracted from theOjoin predicate to form a Select predicate on the appropriate operand.The redundancies presented in Section 7 may also o�er opportunitiesfor optimization. We would expect,for example, that a Flatten operationwould be more e�cient than the simulation of that operation with Project,UnNest and Image. The primed and non-primed operations may also allowoptimization in intermediate query results.23



Select(Ojoin(As;Bs;A;B; p); �t ps(t:A)) �=Ojoin(Select(As; ps(a)); Bs;A;B; p) (1)Select(Ojoin(As;Bs;A;B; p(a; b)); �t ps(t:A; t:B)) �=Ojoin(As;Bs;A;B; p(a; b) ^ ps(a; b)) (2)Ojoin(As;Bs;A;B; �ab p(a) ^ p0(a; b)) �=Ojoin(Select(As; p(a)); Bs;A;B; �ab p0(a; b)) (3)Table 3: Some Select-Join IdentitiesAnother optimization consideration for object-oriented databases is theuse of object identi�ers, as opposed to the objects themselves, wheneverpossible. The Project operation should prove useful in such optimizations byallowing the extraction of identi�ers and atomic values needed by subsequentoperations. For example, consider the Ojoin of example 6.4 in Section 6which creates set LocalS containing suppliers and jobs matched by city.The join could involve multiple accesses to each supplier, job, and addressobject to obtain the city information. However, the sequence of operations:JC := Project(Jobs,�j <(J,j),(JCity,j.address.city)>)SC := Project(Suppliers,�s <(S,s),(SCity,s.address.city)>)Temp := Ojoin(JC,SC,,,�js j.JCity = s.SCity)LocalS := Project(Temp,�t <(J,t.J),(S,t.S)>)accomplishes the same result with only one access to each of the job andsupplier objects. The information required for the join (i.e., object id andassociated city value) is stored in tuples in collections JC and SC.9 SummaryThe support of type inheritance, abstract data types, object identity, andtyped collections by the Encore data model is integral to the design of thequery algebra proposed in this paper. The distinction between types andcollections in the model allows the algebra to query over collections, usinga scheme for each collection described by the type structure. The algebraicoperations return collections of objects and the type of those collections canbe statically determined using the type structure. Objects in a collectionwill have the type de�ned for the collection, or will have a subtype of thetype de�ned for the collection. 24



The query algebra supports abstract data types by accessing objectsonly through the interface de�ned by their type. Results of queries arecollections of existing objects or collections of tuples, built by the query,having existing objects as components. The manufacture of tuples by theProject and Ojoin operations allows the expression of relationships betweenobjects not identi�ed by the type design.The manipulation of objects by the algebraic operations is based pri-marily on object identity, and most operations create new objects (tuples,collections) to store query results. The algebra supports object identity bymaintaining the identities of existing objects and by providing operationsto modify, if desired, the identities of objects created to store results. Thesupport for object identity leads to distinctions between data-equality andidenti�er-equality of objects, and to related levels of equivalence in queryresults.Our current research involves the optimization of queries using the al-gebra presented in this paper. The structure of the operations and theoperator set o�er many opportunities for optimizations that are indepen-dent of the implementation of the types queried. We expect to combinethose with type-dependent optimizations to provide e�cient query access todata in our object-oriented database.We are also investigating techniques for estimating the cost of queryexpressions. The encapsulation provided by the object model makes this anon-trivial problem.References[Alb85] Antonio Albano, Luca Cardelli, and Renzo Orsini. Galileo: AStrongly-Typed, Interactive Conceptual Language. Communica-tions of the ACM, 10(2):230{260, June 1985.[Ban87a] Francois Bancilhon et al. FAD, a Powerful and Simple DatabaseLanguage. In Proceedings of the 13th VLDB Conference, pages97{105, 1987.[Ban87b] Jay Banerjee et al. Data Model Issues for Object-Oriented Ap-plications. ACM Transactions on O�ce Information Systems,5(1):3{26, January 1987. 25
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