TR-0263-08-94-165An Evaluation of Object-Oriented DBMS Developments1994 EditionFrank ManolaAugust 31, 1994

A I DBS E CISLGTE LABORATORIES INCORPORATED40 Sylvan RoadWaltham, MA 02254

TR-0263-08-94-165This document is a GTE Laboratories Technical Report. It describesresults and conclusions reached upon completion of a major phase of aresearch project. The ideas and views put forth by the author have beenreviewed and accepted by the appropriate Technology Center Director(s) orLaboratory Director(s)._____________________________________ _______________Author Date_____________________________________ _______________Manager DateDistributed Object Computing Department_____________________________________ _______________Director DateComputer and Intelligent Systems Laboratory

AbstractOrganizations of all sizes are attempting to employ database technology to addressincreasingly complex application requirements. In some cases, these requirements involvespecialized application domains, such as Computer-Aided Design or Manufacturing(CAD/CAM), Computer-Aided Software Engineering (CASE), office automation,multimedia content development and presentation, etc. In other cases, however, theserequirements involve more conventional business applications, such as billing,customer/employee record keeping, order processing, or maintenance of outside plant, butwith extended requirements of various sorts.In attempting to apply Database Management Systems (DBMSs) to these applications, itbecame widely recognized that extensions to conventional relational DBMS technologywere required to address the requirements of these applications. The first result of attemptsto address these requirements was the development of the Object-Oriented DBMS(OODBMS). The OODBMS combines capabilities of conventional DBMSs and object-oriented programming languages such as Smalltalk. A number of reasonably-matureOODBMS products exist, and are widely used in certain specialized applications.Increasingly, these products are being enhanced with query and other facilities similar tothose provided by relational DBMSs, and are being applied in more general-purposeapplications.A new class of DBMS, the Object/Relational DBMS (ORDBMS), constitutes the mostrecent piece of the puzzle. ORDBMSs are to some extent the results of research onextending relational DBMSs, but are also based to some extent on the emergence ofOODBMSs as viable products. The ORDBMSs attempt to combine the capabilities of anOODBMS and a relational DBMS (and current individual products represent differentmixtures of these capabilities). The appearance of ORDBMSs, together with the generalsupport now provided for query facilities (and object extensions to the relational standardSQL language) by OODBMSs, indicates that a merger of OODBMS and relationalcapabilities is taking place, and that even more complete mergers can be expected asOODBMS and ORDBMS technology matures further. Moreover, the appearance of thesetwo classes of products indicates a general convergence on the object concept as a keymechanism for extending DBMS capabilities. As a result, this report refers to both classesof products generally as Object DBMSs (ODBMSs).This report begins by describing the limitations of conventional relational DBMSs that ledto the emergence of ODBMS technology. The report then describes the basic concepts ofobject-oriented software, and the general characteristics to be expected in an ODBMS. Italso provides examples of how these ODBMS characteristics apply to aspects of advancedapplications. The report then describes a number of representative OODBMS andORDBMS products that illustrate the state of commercial ODBMS technology. The reportalso discusses key standardization activities that affect the development of ODBMStechnology, including the object extensions to SQL (SQL3) being developed by ANSI andISO standards committees, proposed standards for OODBMSs defined by the ObjectDatabase Management Group, and proposed standards for distributed object systems beingdeveloped by the Object Management Group. The report then provides an overview of thedifferent ways that ODBMS products provide key features, and points out some of the keytechnical issues represented by the various choices. The report also categorizes variousclasses of ODBMS applications, discusses specific examples of applications, such astelecommunications applications, and provides some overall conclusions that can bereached about ODBMSs. The report also contains an extensive reference list.

Trademark AcknowledgementsMany of the designations used by manufacturers and sellers to distinguish their productsare claimed as trademarks. Where those designations appear in this report, and we areaware of a trademark claim, the designations have been printed in caps or initial caps.

Executive SummaryOrganizations of all sizes are increasingly attempting to employ database technology toaddress increasingly complex application requirements. In some cases, these requirementsinvolve specialized application domains, such as Computer-Aided Design or Manufacturing(CAD/CAM), Computer-Aided Software Engineering (CASE), office automation,multimedia content development and presentation, etc. In other cases, however, theserequirements involve more conventional business applications, such as billing,customer/employee record keeping, order processing, or maintenance of outside plant, butwith extended requirements of various sorts, for example:¥outside plant information extended with geographic or graphic informationabout sites where equipment or facilities are located¥insurance claim information extended with photographs of property damageinvolved in the claim¥general business applications that must be integrated into distributedclient/server architectures, or that have graphical user interfaces developedusing object-oriented techniquesIn attempting to apply Database Management Systems (DBMSs) to these applications, itbecame widely recognized that extensions to conventional relational DBMS technologywere required to address the requirements of these applications. The first result of attemptsto address these requirements was the development of the Object-Oriented DBMS(OODBMS). The OODBMS combines capabilities of conventional DBMSs and object-oriented programming languages such as Smalltalk. A number of reasonably-matureOODBMS products exist, and are widely used in certain specialized applications.Increasingly, these products are being enhanced with query and other facilities similar tothose provided on relational DBMSs, and are being applied in more general-purposeapplications.A new class of DBMS, the Object/Relational DBMS (ORDBMS), constitutes the mostrecent piece of the puzzle. ORDBMSs are to some extent the results of research onextending relational DBMSs, but are also based to some extent on the emergence ofOODBMSs as viable products. The ORDBMSs attempt to combine the capabilities of anOODBMS and a relational DBMS (and current individual products represent differentmixtures of these capabilities). While many of the OODBMSs originally emphasized theirnon-relational capabilities, with query facilities "added on" or otherwise considered lessthan crucial, ORDBMSs are based on the idea of full relational query support as basic, withthe addition of objects (or abstract data types) as additional data structure concepts that canbe used to generalize relational tables and types used within them. The appearance ofORDBMSs, together with the general support now provided for query facilities (and objectextensions to the relational standard SQL language) by OODBMSs, indicates that a mergerof OODBMS and relational capabilities is taking place, and that even more completemergers can be expected as OODBMS and ORDBMS technology matures further.Moreover, the appearance of these two classes of products indicates a general convergenceon the object concept as a key mechanism for extending DBMS capabilities, even if there issome debate about the way in which other capabilities should be supported. As a result,this report refers to both classes of products generally as Object DBMSs (ODBMSs).This report describes the motivation for the extended DBMS technology represented byODBMSs, describes representative ODBMS products and related standardization activities,and discusses the general concepts and facilities of ODBMSs and some of the variants of these that appear in the various products. This report is an update of an earlier report,which surveyed the state of the art of OODBMS technology, and the development ofextensions to relational DBMSs, as of 1989. The current report provides updateddescriptions of current OODBMS products, and also covers the more recent developmentsin ORDBMS products, and ODBMS-related standardization activities.This report does not attempt to be exhaustive in covering all ODBMS products, or indescribing the details of any individual products. Moreover, the report does not attempt to"rate" the various systems covered against some standard set of features, or according tosome other rating system, in order to choose the "best product". Applications andapplication contexts differ so widely that it is impossible to do this and be fair to the variousproducts. Potential users of the products should evaluate more detailed information abouteach product against the requirements of particular applications in order to make productselections.The report is organized as follows. Section 1 describes the limitations of conventionalrelational DBMSs that led to the emergence of ODBMS technology. Section 2 describesthe basic concepts of object-oriented software, and the general characteristics to be expectedin an ODBMS. It also provides examples of how these ODBMS characteristics apply toaspects of advanced applications, and attempts to clarify the distinction made abovebetween OODBMSs and ORDBMSs. (This and subsequent sections also discuss why thisdistinction may be rather temporary.) Section 3 provides descriptions of a number ofrepresentative OODBMS products that illustrate the state of commercial OODBMStechnology. Section 4 then provides descriptions of several Object/Relational DBMS(ORDBMS) products. These products represent attempts to extend relational DBMStechnology with object capabilities. Section 5 discusses key standardization activities thataffect the development of ODBMS technology, including the object extensions to SQL(SQL3) being developed by ANSI and ISO standards committees, proposed standards forOODBMSs defined by the Object Database Management Group, and proposed standardsfor distributed object systems being developed by the Object Management Group. Section6 then provides an overview of the different ways that ODBMS products provide keyfeatures, and points out some of the key technical issues represented by the variouschoices. Section 7 describes a categorization of various classes of ODBMS applications,and discusses specific examples of applications, such as telecommunications applications.Finally, Section 8 describes some overall conclusions that can be reached about ODBMSs.The report concludes with an extensive reference list.ODBMSs are attractive because of their ability to support applications involving complexand widely-varying data types, such as graphics, voice, and text, which are not handledadequately by relational DBMSs. ODBMS applications have in the past primarily focusedon specialized applications, such as mechanical and electrical CAD, geographic informationsystems (GISs), and CASE. However, ODBMSs are receiving increasing attention inother areas, such as telecommunications, financial services, and computer-aidedpublishing, as well as in conventional data processing applications where an object-orienteddevelopment approach is attractive.In the near term, the applicability of ODBMSs in various application environments, whereit has not already been established by production use, will be determined byexperimentation in small-scale applications. Such experimentation is on-going in manycompanies and government agencies. This report attempts to indicate that it is important topay close attention not only to the types of data to be stored in the DBMS, but also to thedetails of how the DBMS will be used, the software development environment in which itwill be used, and the system life cycle, before determining that an ODBMS is or is notappropriate. However, ODBMSs definitely represent the next generation of DBMS technology. Current relational DBMS vendors are clearly moving to incorporate objectfacilities, and object facilities will be incorporated in future relational DBMS (SQL)standards (while, at the same time, ODBMSs are increasingly incorporating support forSQL or SQL-like facilities). As a result, ODBMS technology should be carefullymonitored by DBMS users, whether they currently have specific requirements for ODBMSfacilities or not. This monitoring can take the following forms:¥Keep abreast of the literature, particularly articles describing applicationsof ODBMS technology that are similar to yours, or are in the sameindustry. Some useful sources are cited in the text.¥Establish contacts with users of ODBMS products and find out theirexperiences with the products (most vendors will provide contacts inuser organizations who have agreed to discussions of this type).¥Establish contacts with research or development programs involvingODBMS technology, either in universities or in industry.¥If feasible, obtain copies of selected products and prototype applicationsthat illustrate critical aspects of your requirements.

iTable of ContentsPage1 . Introduction and Background 11 . 1 Limitations of Conventional Relational DBMSs 21 . 2 A Review of the Problem and Solution Approaches 102 . Characteristics of Object DBMSs 142 . 1 Basic Object Concepts 142 . 2 Object DBMSs 182.2.1 Complex Objects and Object Identity 222.2.2 Extensibility Using Abstract Types or Classes 242.2.3 Class or Type Hierarchies 262.2.4 Overriding, Overloading, and Late Binding 312.2.5 Persistence and Secondary Storage Management 312.2.6 Concurrency and Recovery 322.2.7 Ad Hoc Query Facility 332.2.8 Characteristics Not Agreed on as Mandatory or Optional 352.2.9 Optional Capabilities 372.2.10 Open Choices 382.2.11 Object/Relational Capabilities 392.2.12 Summary 41 ii3 . Object-Oriented DBMSs 423 . 1 GemStone 433 . 2 ONTOS DB 513 . 3 ObjectStore 623 . 4 VERSANT 713 . 5 ITASCA 783 . 6 Objectivity/DB 823 . 7 O2 853 . 8 MATISSE 923 . 9 Other Object DBMSs and Related Developments 963.9.1 ODE 963.9.2 ODBMSs Supporting Ada 983.9.3 SHORE 993.9.4 EXODUS1 0 0 3.9.5 Kala1 0 0 3.9.6 PERCIO1 0 1 3.9.7 Open OODB1 0 3 4 . Object/Relational DBMSs1 0 7 4 . 1 OpenODB / Odapter1 0 7 4 . 2 Illustra 1 1 7 4 . 3 UniSQL/X1 2 6 4 . 4 Other Object/Relational Developments1 3 1 iii5 . ODBMS Standards1 3 5 5 . 1 ODMG-931 3 6 5.1.1 Object Model1 3 7 5.1.2 Object Definition Language and Object Query Language1 4 1 5.1.3 Language Bindings1 4 2 5.1.4 Remarks1 4 7 5 . 2 SQL31 5 0 5.2.1 Abstract Data Types1 5 1 5.2.2 Routines1 5 7 5.2.3 ADT Subtypes and Inheritance1 5 8 5.2.4 Tables1 5 9 5.2.5 Procedural Facilities1 6 4 5.2.6 Other Type Constructors1 6 5 5.2.7 Generic ADT Packages1 6 6 5.2.8 Language Bindings1 6 7 5.2.9 Remarks1 6 8 5 . 3 OMG Standards1 7 0 5.3.1 OMG Object Management Architecture1 7 0 5.3.2 OMG CORBA1 7 2 5.3.3 CORBA IDL1 7 4 5.3.4 OMG Object Model Structuring1 7 5 5.3.5 Object Services1 7 7 5.3.6 Relationship of OMG Specifications to ODBMSs1 8 1 5.3.7 Remarks1 8 4 5 . 4 Standards Discussion1 8 4 5.4.1 Comparing the Standards1 8 5 5.4.2 Merging the Standards1 9 6 iv6 . Key ODBMS Features and Issues in Providing Them1 9 9 6.1 ODBMS Persistence Model and Its Support1 9 9 6.1.1 How Is The ODBMS Informed of Object Persistence?2 0 0 6.1.2 How Does an Application Access Persistent Objects?2 0 2 6.2 ODBMS Architectures2 0 7 6.3 Support for Object Behavior2 1 3 6.3.1 ODBMS Execution of Object Behavior2 1 3 6.3.2 Multiple Language Access2 1 8 6.3.3 Locating Object Behavior and Binding To It2 2 0 6.4 Support for Efficient Query Processing2 2 2 6.4.1 Form of Query Support2 2 2 6.4.2 Indexing2 2 3 6.4.3 Query Optimization2 2 5 6.5 Support for Shared Access, Transactions, and Recovery2 2 7 7. Application Considerations2 3 3 7 . 1 Sample ODBMS Applications2 3 3 7.1.1 Telecommunications Applications2 3 3 7.1.2 Miscellaneous Business Applications2 3 5 7.1.3 Design-Related and Other SpecializedApplications2 3 6 7 . 2 ODBMS Application Selection2 3 7 7.2.1 Applications Requiring Object Features and Specialized ODBMS Implementations2 4 0 7.2.2 Applications Requiring Only Object Features2 4 3 7.2.3 Applications Using an Object-OrientedDevelopment Approach2 4 5 7.3 Discussion2 4 5 v8 . Concluding Remarks2 4 7 9 . References2 4 9

11. Introduction and BackgroundOrganizations of all sizes are increasingly attempting to employ database technology toaddress increasingly complex application requirements. In some cases, these requirementsinvolve specialized application domains, such as:¥Computer-Aided Design (CAD)¥Computer-Aided Manufacturing (CAM)¥Geographic Information Systems (GIS)¥Computer-Aided Software Engineering (CASE)¥office automation¥multimedia content development and presentationIn other cases, these requirements involve more conventional business applications, suchas billing, customer/employee record keeping, order processing, or maintenance of outsideplant, but with extended requirements of various sorts, for example:¥outside plant information extended with geographic or graphic informationabout sites where equipment or facilities are located¥insurance claim information extended with photographs of property damageinvolved in the claim¥general business applications that must be integrated into distributedclient/server architectures, or that have graphical user interfaces developedusing object-oriented techniquesIn attempting to apply Database Management Systems (DBMSs) to these applications, itbecame widely recognized that extensions to conventional DBMS technology were requiredto address the requirements of these applications. Developing the extended DBMStechnology to address these requirements has been an extremely active area of bothdatabase research and product development activity. The result of attempts to address theserequirements has been the emergence of the Object-Oriented DBMS (OODBMS) and, morerecently, its extended relational counterpart, the Object/Relational DBMS (ORDBMS).These classes of products, which this report refers to generally as Object DBMSs(ODBMSs), attempt to provide a combination of the flexibility and extensibility associatedwith object-oriented programming, together with the facilities expected of a generalizedDBMS.The purpose of this report is to describe the motivation for the extended DBMS technologyrepresented by ODBMSs, to describe representative ODBMS products and relatedstandardization activities, and to discuss the general concepts and facilities of ODBMSs andsome of the variants of these that appear in the various products. This report is an updateof [Man89a], which surveyed the state of the art of OODBMS technology, and thedevelopment of extensions to relational DBMSs, as of 1989. The current report providesupdated descriptions of current OODBMS products, and also covers the more recentdevelopments in ORDBMS products, and ODBMS-related standardization activities.This report does not attempt to be exhaustive in covering all ODBMS products, or indescribing the details of any individual products. Moreover, the report does not attempt to"rate" the various systems covered against some standard set of features, or according tosome other rating system, in order to choose the "best product". Applications andapplication contexts differ so widely that it is impossible to do this and be fair to the variousproducts. Potential users of the products should evaluate more detailed information about

2each product against the requirements of particular applications in order to make productselections. More is said on this subject in later sections.The rest of this report is organized as follows. The rest of Section 1 describes thelimitations of conventional relational DBMSs that led to the emergence of ODBMStechnology. Section 2 describes the basic concepts of object-oriented software, and thegeneral characteristics to be expected in an ODBMS. It also provides examples of howthese ODBMS characteristics apply to aspects of advanced applications, and attempts toclarify the distinction made above between OODBMSs and ORDBMSs. (This andsubsequent sections also discuss why this distinction may be rather temporary.) Section 3provides descriptions of a number of representative OODBMS products that illustrate thestate of commercial OODBMS technology. Section 4 then provides descriptions of severalexamples of a new class of database products, the Object/Relational DBMS (ORDBMS).These products represent attempts to extend relational DBMS technology with objectcapabilities. Section 5 discusses key standardization activities that affect the developmentof ODBMS technology, including the object extensions to SQL (SQL3) being developed byANSI and ISO standards committees. Section 6 then provides an overview of the differentways that ODBMS products provide key features, and points out some of the key technicalissues represented by the various choices. Section 7 describes a categorization of variousclasses of ODBMS applications, and discusses specific examples of applications. Finally,Section 8 describes some overall conclusions that can be reached about ODBMSs. Thereport also contains an extensive reference list.1.1 Limitations of Conventional Relational DBMSsConventionally, a DBMS is associated with a particular data model, and provides animplementation of that model. In particular, a relational DBMS implements the relationaldata model. The relational model defines¥a single data structuring concept, the relation (or table), for representing alldata in the database¥a set of operations on relations called the relational algebra (these operationsinclude, select, project, join, union, etc.)¥a set of constraints, e.g., values of columns in tables must be atomicRelational DBMSs then provide:¥a set of data types for use in columns (e.g., CHAR, DATETIME, FLOAT)¥a language that can be defined in terms of the algebra (SQL)¥an implementation of the languageFigure 1.1 shows the general pattern of application access in a relational DBMS. Theapplication program sends SQL queries to the DBMS. These queries specify qualificationsand other manipulations of the various database tables, and result in other tables (in SQL,tables are technically multisets of rows) being returned to the program. The retrieved rowsmust be mapped to variables or other data structures in the application’s programminglanguage. The program operates on these data structures, possibly producing changes tothem. If these changes must be reflected in the database, the program formulates SQLupdate requests to perform the necessary changes, using the application variables or data

3structures to prepare the necessary arguments for these update requests. Most of the datasemantics reside in the application program, since the ability of the DBMS to representcomplex data structures is limited, and the DBMS provides only limited capability toassociate particular behavior with the data. (This is so even though many relationalDBMSs now support various facilities for storing procedures in the database, and fordefining certain types of constraints on database data). RDBMSApplication Program

Database

TableTableTable Row Applicationvariables ordata structuresSQL

table processingmost data semanticsFigure 1.1 Relational DBMS AccessThe capabilities of relational DBMSs, together with the pattern of application interactionwith them described above, have proved highly effective in dealing with many mainstreambusiness application areas. However, in attempting to apply relational DBMSs to the moreadvanced applications mentioned earlier, it has become widely recognized that thecapabilities of conventional relational DBMSs required extensions to address the additionalrequirements of these applications.One area in which extensions are required is in the data types supported by DBMSs. Thecollection of built-in data types in most relational DBMSs (e.g., integer, character string)and built-in operators (e.g., +, -, average) were motivated by the needs of simple businessdata processing applications. However, in many more advanced applications this collectionof types is not appropriate. For example, in a geographic application a user typically wantspoints, lines, line groups, and polygons as basic data types, and operators which includeintersection, distance, and containment. In scientific applications, a user requires complexnumbers, arrays, and time series with appropriate operations. Business applications alsoneed specialized data types. [Sto86b] cites as an example a program that computes intereston bonds, and requires all months to have 30 days. Thus, this program would require adata type DATE in which the subtraction "April 15" - "March 15" would give 30, ratherthan 31, days. Other business applications involving even more complex data types havebeen mentioned earlier. Currently, applications must simulate these data types and

4operators using the basic data types and operators provided by the DBMS, resulting in thepotential for substantial inefficiency and complexity.For example, consider the simple example of a relation consisting of data on twodimensional boxes [Sto86b]. If each box has an identifier, then it can be represented by thecoordinates of two corner points as follows:CREATE TABLE BOX(ID NUMBER(4), X1 FLOAT(8), X2 FLOAT(8), Y1 FLOAT(8), Y2 FLOAT(8));Now consider a simple query to find all the (non-rotated) boxes that overlap the unitsquare, i.e., the box with coordinates (0, 1, 0, 1). This might be expressed in SQL as:SELECT *FROM BOXWHERE NOT (X2 <= 0 OR X1 >= 1 OR Y2 <= 0 OR Y1 >= 1);There are two basic problems with this representation. First, the query is hard to formulateand understand (the same query for rotated boxes would be even more complex). Second,the query would probably run slowly, both because there are numerous clauses that mustbe checked, and because the query optimizer would probably not be able to optimize theexpression very well.The problem would be considerably simplified if the DBMS provided a BOX data type,together with appropriate operations on that data type, allowing the relation to be definedas:CREATE TABLE BOX(ID NUMBER(4), DESC BOX);and the above query to be expressed as:SELECT *FROM BOXWHERE DESC OVERLAPS ’0, 1, 0, 1’;The definition of this new data type includes defining both a specialized representation forinstances of the type, and also specialized operations that apply to instances of the type(e.g., the OVERLAPS operator in the example). The need for such types is more crucial asthe individual types and their behavior become more complicated (e.g., images), and lessexpressible (or not expressible at all) using the DBMS’s native capabilities.The changes required to support the definition of new types are not restricted to those thatcan be seen by the user. Internal changes to the DBMS may also be required to supportsuch data types. For example, current database systems implement hashing and B-trees asfast access paths for built-in data types. While some enhanced data types (e.g., date andtime) might be able to use existing access methods, given certain extensions, other datatypes, such as polygons (or the BOX type above), would require (or, at least, could take

5advantage of) entirely new access methods. A number of such access methods appropriatefor spatial data have been developed. Specialized access methods for text searching havealso been developed, and might be required to provide adequate performance.One approach that has been taken to address this problem is to define specific extensionsfor various non-traditional data types, and add them to the DBMS. For example, variousspecial-purpose extensions to DBMSs have been proposed for dealing with text, images,and geometric (e.g., CAD or geographic) data. The difficulty with this approach is that ineach case the extensions added are application-specific, and limited in generality. Forexample, the spatial capabilities required for geographic data would be, at best, of limiteduse in a CAD application. Moreover, even for a single category of data, such asgeographic data, there are many different ways to represent and manipulate the data, andeach way may be the best in some specific application. It is not really feasible to select oneset of data types as built in types, and also provide the required generality. At the sametime, it is clearly impossible to build in all useful data types that might be required in anyapplication in the same DBMS. Only a user-defined data type facility allows this type ofcustomization. This would allow the inclusion of customized data types to support therequired abstractions, while maintaining generality by allowing additional types to bedefined as applications grow or change.A second area in which extensions are required is in the structures supported by DBMSs.Many of the new DBMS applications deal with highly structured objects that are composedof other objects (such objects are frequently referred to as complex objects in the DBMSresearch literature [DMBC+87]). For example, a part in a part hierarchy may be composedof other parts; an integrated circuit module may be composed of other modules, pins andwires; a complex geographic feature such as an industrial park may be composed of otherfeatures such as buildings, smokestacks, and gardens; a program module may becomposed of other program modules, each with a declaration part and body part; adocument may be composed of sections and front matter, and the sections themselves maybe composed of section headings, paragraphs of text, and figures.In many applications these complex objects are the units of storage, retrieval, update,integrity control, concurrency control, and recovery. For instance, in a design application,it may be necessary to lock an entire part assembly (i.e., the part together with all of itscomponent parts) if the part is to be redesigned. Similarly, if an instance of an integratedcircuit module is to be deleted from a design, the deletion must be propagated atomically toall its components. The application programs that deal with such complex objects typicallyrepresent them as complex graph (pointer-based) structures in main memory, and, when aDBMS is not used, must linearize these structures for storage in conventional file systems.It has been recognized for some time that such complex objects pose a potential problem forconventional relational DBMSs. This can be illustrated by Figure 1.2, which shows asimple example from [LP83], one of the early papers discussing this problem.

62AND "C = A&B"4AND "E = A&B&C&D" GT descriptionGate Type

ADP¥¥¥BCC 1ABC¥¥¥C 2ABC¥¥¥C 3ABC¥EW 6W 5W 1W 2W 4W 3W 7 Figure 1.2 Simple Relational Representation of a Complex ObjectThe figure shows a 4-input AND gate built up of three 2-input AND gates, together withthe relation that might be constructed if no attempt were made to represent detailedinformation about the gates themselves, or their internal structure, in the database.There are two extreme approaches to storing the details of such objects in a relationalDBMS. The first approach is to completely decompose the object into tuples (rows) so thatthe entire structure of the object can be directly represented in (and manipulated by) theDBMS. This approach is illustrated in Figure 1.3.In this case, the Gate Type and Pin Type relations describe the two types of gates,and the pins for each gate type, respectively. The Gate Instance relation indicates thateach instance of a 4-input AND gate is built up of three instances of 2-input AND gates.The Wire Instance relation shows that each instance of a 4-input AND gate containsseven wires, each connecting a pair of pins. For instance, wire W1 connects the (external)input pin A of the 4-input AND gate to pin A of its first component 2-input AND gate.There are a number of problems with this approach. As this example illustrates, in order tocompletely represent the structure of a complex object in a relational DBMS, the objectmust be broken up into many tuples scattered among several relations. This flattening intotuples of an inherently complex structure may be very unnatural from the user’sperspective. Moreover, the manipulation of the object represented in this way may be bothcomplicated and inefficient: First, because there is no way to explicitly specify to theDBMS that all these linked tuples form a single, complex object, operations on the complexobject as a whole must typically consist of several relational commands. Second, theserelational operations form a transaction that is very difficult to optimize, since thetransaction typically involves a large number of joins, and is actually extracting a very fewtuples (at most) from each relation, unlike the set-oriented operations for whichconventional relational DBMSs are designed. Finally, the application program is againentirely responsible for converting this collection of tuples into the complex graph structure

7 ADP

¥¥¥BCC 1ABC

¥¥¥C 2ABC

¥¥¥C 3ABC

¥E2AND "C = A&B"4AND "E = A&B&C&D" GT descriptionGate Type

2AND B I GT PT I/OPin Type2AND C O4AND A I4AND B I4AND C I4AND D I4AND E O2AND A I

2AND C1 4AND GT GI Parent2AND C2 4AND2AND C3 4AND4AND P .....Gate Instance

WI GT1 GI1 Pin1 GT2 GI2 Pin2 ParentWire InstanceW1 4AND P A 2AND C1 A 4ANDW2 4AND P B 2AND C1 B 4ANDW3 4AND P C 2AND C2 A 4ANDW4 4AND P D 2AND C2 B 4ANDW5 2AND C1 C 2AND C3 A 4ANDW6 2AND C2 C 2AND C3 B 4ANDW7 2AND C3 C 4AND P E 4AND

¥W 5W 1W 7W 2W 3W 4W 6 Figure 1.3 Complete Relational Representationof a Complex Object

8that is typically required for internal processing (e.g., for operations that traverse thecomponents of a gate, or follow connections to other gates; performing the database joinoperations required to simulate such traversals imposes an intolerable performanceoverhead on realistic applications employing such data types). All this results inconsiderable performance overhead. Moreover, this example is extremely simple. Thesituation is, of course, much more complicated when objects of realistic complexity areinvolved, and database-sized collections of such objects must be managed.A second approach is to store the entire object as an uninterpreted byte string, often called abinary (or basic) large object, or BLOB, in a column of a relation, usually together withsome descriptive information in other columns, such as the part number or (here) the objecttype, that can be used to identify it. This approach is illustrated in Figure 1.4. In the GateType relation shown in the figure, the values of the layout column (depicted in thefigure by graphics) would actually be byte strings that, once loaded into an applicationprogram’s memory space, represent the entire structure of the gate.ADP

¥¥¥BCC 1 ABC

¥¥¥C 2 ABC

¥¥¥C 3 ABC

¥EW 6 W 5 W 1 W 2 W 4 W 3 W 7 Gate TypeGTdescriptionlayout

2AND"C = A&B"

¥¥¥ABC4AND"E = A&B&C&D"ADP¥¥¥BCC 1AB

¥C 2ABC

¥¥¥C 3ABC¥

EW 6W 5W 1W 2W 4W 3W 7Figure 1.4 Relational Representation of a Complex ObjectUsing a BLOB

9This approach might be perfectly acceptable if all that is required is to display the layout inits entirety (or to display an employee’s photograph contained in a similar column in anEMPLOYEE relation). However, in this approach the DBMS cannot be used for anymanipulation or retrieval involving the content or structure of the object. For example, thesubcomponents of the object cannot be identified by the DBMS, since this information is"buried" within the byte string representing the entire object, and cannot be extracted by theDBMS. Moreover, the DBMS is not able to perform any type checking on this data, andmay not be able to perform other useful administrative functions. In effect, the DBMS isbeing used as a (somewhat complex) file system. Finally, if the main-memory form of theobject has a complex, pointer-based internal structure (as is true in many advancedapplications), the application program must deal with the problem of converting betweenthis structure and a relocatable database structure that can be reasonably represented as abyte string.Even in fairly conventional business applications, additional structural capabilities wouldsometimes be desirable. For example, frequently the most natural structure (and the onethat might also yield the best performance) for an application would involve a nested orhierarchical structure, such as:Person NameFirstMiddleLastPerson AddressStreetCityStateZIPetc., rather than the requirement to normalize or flatten the structure imposed by a relationalDBMS. Similarly, sometimes it would be desirable to define general categories of objects,such as class EMPLOYEE having attributes like NAME, AGE, and SALARY, together withsubclasses of those objects, such as MANAGER, SUMMER_STAFF, PART_TIME,CONTRACT_EMPLOYEE, etc., with attributes specific to those subclasses, such that thesubclasses can be treated as instances of the generic EMPLOYEE class in specific cases(such as printing all employees) without having to introduce redundant data or additionalcomplexity in query formulation (e.g., numerous case statements) or processing. Themore complex business applications mentioned at the beginning of this section, e.g., thoseinvolving document and multimedia types, impose even more stringent requirements, andcan involve complex structures similar to those illustrated in Figures 1.2 through 1.4.Examples of these structures are presented in Section 2, and characteristics of ODBMSapplications are discussed further in Section 7.Approximations of the required capabilities can be constructed by users, usingcombinations of facilities provided by relational DBMSs such as BLOBs and storedprocedures, and possibly object-oriented front-ends. However, this is generallyrecognized as a stop-gap measure. As the next section will show, the overall trend in theindustry is to extend the DBMS itself with object-oriented facilities to provide the requiredcapabilities, resulting in the ODBMSs described in Sections 3 and 4. Such facilities arerecognized as being the only real way to providing both the required functionality andperformance, even in relational DBMSs (as evidenced by the object extensions beingdeveloped for the relational SQL standard described in Section 5).

101.2 A Review of the Problem and Solution ApproachesDBMSs exist to provide persistent storage for program data. Persistence is a property ofdata that determines how long it should remain in existence as far as the computer system isconcerned. With most programming languages, data in the program’s address space istransient, i.e., it exists only as long as the program executes. Some data, such as locallydeclared data or procedure parameters, has an even shorter lifetime (the execution of theindividual block or procedure).In a conventional programming language, to make data persist beyond the lifetime of asingle program execution, the programmer must include explicit instructions to save thedata on stable storage, such as in a file on disk or using a DBMS as an intermediary.Conversely, to reuse data that was created in an earlier execution, or by some otherprogram, the programmer must include explicit instructions to fetch the data from stablestorage (or from the DBMS).The problems illustrated in Section 1.1 are examples of what is sometimes called theimpedance mismatch between application requirements for handling complex datastructures and the DBMS’s capabilities to provide persistent support for them. Inparticular, this impedance mismatch involves differences between:¥application requirements for representing complex data structures (e.g., thecomplex objects described in Section 1.1) and DBMS capabilities forproviding persistent storage for those data structures¥application requirements to access complex data structures in specific ways(e.g., follow pointers in complex graph structures) and DBMS capabilitiesfor supporting those access patterns.The impedance mismatch between application requirements and conventional DBMScapabilities is exacerbated by the increasing use of object-oriented programming languages,which provide increasing power to define and manipulate complex data structures in theprogram, without corresponding facilities in the DBMS.The impedance mismatch problem is being addressed by attempts to provide a moreseamless interface between programming languages and DBMSs. Seamlessness generallydescribes the situation where the DBMS’s data model or type system is a persistentextension of that of one or more host programming languages. There are both ease-of-useand performance issues relating to a lack of seamlessness:¥It is the programmer’s responsibility to decide when to save and fetchobjects.¥The programmer must write code to translate between the datarepresentations in the program’s address space and their externalrepresentations on secondary storage (e.g., a file of records or a set oftuples in one or more relations), which may be quite different. Thismapping is especially complicated in an object-oriented environment, wherea complex object may be composed of many component objects linkedtogether with pointers. The resulting code may make the application harderto understand, and add considerable performance overhead.

11¥Type-checking also becomes part of the programmer’s responsibility.Modern programming languages have elaborate type systems, often withstrong type checking. However, when data is written out to stable storage,there may be no type checking provided (if a conventional file system isused) or a different type system may exist (if a conventional DBMS isused). The data can be modified by another program that has access to thefile, with no guarantee that the modified object will conform to the originaltype when it is reread into the address space of the program that created it.¥The capabilities provided by the DBMS to access data may not match theways in which the application wants to access it. This mismatch may resultin poor application performance. This is true even if the DBMS optimizesqueries, as noted already.Conversely, there are significant performance advantages in having a closercorrespondence between programming language and persistent (DBMS) types. Basicallythey involve minimizing the processing required to translate between application programobjects and database objects. These have been shown to be crucial in many advancedapplications where attempts were made to use a relational DBMS. There are alsoadvantages in program development, maintenance, and reuse. Ideally (depending on thedegree of seamlessness obtained), these include:¥Programmers do not have to write the often-complex code required toconvert from programming language representations to databaserepresentations. The same type system is used in both places, and thesystem can automatically handle any conversion that is required.¥Programmers can write code that uses persistent storage in the sameway in which they write ordinary code, without learning new concepts.¥Code originally written in a non-persistent environment can be importedand used in a database environment without modification (or withoutsignificant modification).In addition, it is increasingly desirable in large-scale database applications for the DBMS tobe capable of supporting logically-centralized behavior, such as business rules, andstandard procedures associated with certain data types, to ensure that data semantics aremaintained and key rules are enforced on all applications. The ability provided by somerelational DBMSs to support stored procedures, triggers, and alerters are simple examplesof such facilities. However, generalized facilities for specifying user-defined types withtheir own type-specific behavior, and for specifying behavior in the database in the sameway as it is specified in applications, would provide increased support for such large-scaleapplications.Previous research on "database programming languages" attempted to address some ofthese problems by integrating a programming language and a DBMS. These languagesallowed certain distinguished programming language data types to be persistent (e.g., thetype "relation" in PASCAL/R [Sch77]; "entity types" in ADAPLEX [SFL83]). Theselanguages also incorporated powerful query facilities that allowed the programmer to fetchsets of data objects from the database, in some cases following pointer-based datarelationships, in one access. Also, by allowing database operations to be bracketed intransactions, they supported the controlled sharing of concurrently accessed data objects.However, the programmer still saw two type systems (and two address spaces), one for

12the transient objects in the program’s address space, and another for the persistent objectsin the database, and was responsible for translating between them.More recent work on "persistent programming languages" has been predicated on theprinciple of "orthogonal persistence" [ABDD+87], i.e., any instance of any programminglanguage data type should be allowed to persist, not just some distinguished types. Thisprinciple has motivated the design of persistent programming languages and objectmanagers for them (e.g., Trellis/Owl [OBS86] and Galileo [AGOO86]). [AP87] contains avery thorough discussion of the issues involved in developing persistent and databaseprogramming languages, and a very thorough survey of work done in the area to that point.Early research to address the need for extensions from the DBMS side frequently involvedattempts to directly extend the relational model. For instance, the BOX example from[Sto86b] cited at the beginning of Section 1.1 illustrates an approach to adding new datatypes developed for relational systems (in fact, this specific research, together withadditional developments, is incorporated in the Illustra ORDBMS described in Section4.2). Similarly, the focus of the early work on complex objects was largely to address theproblem within the relational model. For example, [HL82, LP83] proposed enhancementsto the relational model (and to the SQL language) to represent complex "entities" andhierarchical relationships among them. More recently, the relational model has beenextended to more directly represent hierarchical structures through the concept of nested (ornon-first-normal-form) relations, i.e., relations whose attribute values may themselves berelations. The relational algebra and calculus have correspondingly been extended tomanipulate and retrieve such hierarchically structured objects [SS86, FT83, BK86].Storage structures and query processing techniques for such relations have also beeninvestigated [DPS86, Kho87]. E. F. Codd, the developer of the original relational model,at one point defined an extended form of the relational model, RM/T [Cod79], which, forexample, included support for subclasses as described above.A somewhat parallel thread of development was the investigation of new data models andassociated DBMSs which, while sometimes based on relational techniques or relationalprinciples, had at least the appearance of being substantially different from the relationalmodel. Early examples of such models are the Entity-Relationship model [Che76], and thesemantic data models such as TAXIS [MBW80], SDM [HM78], and Daplex [Shi81].A more recent development is the Object-Oriented DBMS (OODBMS). The OODBMScombines capabilities of conventional DBMSs and object-oriented programming languagessuch as Smalltalk [GR83]. While some early work on OODBMSs can be considered as anextension of work on semantic data models [Bro81], most work on OODBMSs hasinvolved the merger of database and programming language technology. OODBMSsprovide facilities that go considerably beyond most semantic data models, and generallyhave been based on attempts to directly provide all the capabilities described earlier, such ascomplex objects, type extensibility, subclassing, etc. OODBMSs have been and continueto be the subject of much research, and a number of commercial OODBMS products haveappeared, some of them relatively mature. The early commercial OODBMSs, and the earlyattempts to generalize relational systems, were the primary subjects of [Man89a].A new class of DBMS, the Object/Relational DBMS (ORDBMS), constitutes the mostrecent piece of the puzzle. ORDBMSs are to some extent the results of research onextending relational DBMSs, but are also based to some extent on the emergence ofOODBMSs as viable products. The ORDBMSs attempt to combine the capabilities of anOODBMS and a relational DBMS (and current individual products represent differentmixtures of these capabilities). While many of the OODBMSs originally emphasized their

13non-relational capabilities, with query facilities "added on" or otherwise considered lessthan crucial, ORDBMSs are based on the idea of full relational query support as basic, withthe addition of objects (or abstract data types) as additional data structure concepts that canbe used to generalize relational tables and types used within them. The appearance ofORDBMSs, together with the general support now provided for query facilities (and objectextensions to SQL) by OODBMSs, indicates that the merger of OODBMS and relationalcapabilities described in [Man89a] is taking place, and that even more complete mergers canbe expected as OODBMS and ORDBMS (ODBMS) technology matures further.Moreover, the appearance of these two classes of products indicates a general convergenceon the object concept as a key mechanism for extending DBMS capabilities, even if there issome debate about the way in which other capabilities should be supported.This section has described the limitations of relational DBMS technology, and mentionedsome of the historical developments, that have led to the current generation of ODBMSproducts. The next section gives a general overview of the characteristics expected in suchproducts, as an introduction to the description of the actual products in Sections 3 and 4.

142. Characteristics of Object DBMSsThe previous section noted that the appearance of OODBMS and ORDBMS productsindicates a general convergence on the object concept as a key mechanism for extendingDBMS capabilities. Moreover, the general support now provided for query facilities (andobject extensions to SQL) by OODBMSs indicates more complete mergers of capabilities ofthese classes of systems can be expected as OODBMS and ORDBMS (ODBMS)technology matures further. This section gives a general overview of the characteristicsexpected in such products, as an introduction to the description of the actual products inSections 3 and 4.Since both classes of products generally agree on the need to incorporate object concepts,this section begins with a review of basic object concepts, and then goes on to describe thegeneral characteristics that are desirable in a DBMS based on these concepts.2.1 Basic Object ConceptsThe original notion of objects is generally attributed to the Simula programming language[DN66]. However, object-oriented programming did not emerge as a new programmingparadigm until the development of the Smalltalk language [GR83]. At the present time,many object-oriented languages have been developed, and some are in wide use. Thefollowing paragraphs, taken from [Man89a] present a brief overview of the object conceptas it is often conventionally understood. There has been a great deal of debate about whatfacilities a language or system must have in order to make it "object-oriented," and objectlanguages differ greatly, even in some of the fundamentals. As a result, the presentationhere primarily uses the concepts and terminology of Smalltalk, which is considered a fairly"pure" object-oriented language. Useful surveys of object-oriented language principles,and the variants that exist among the various languages, can be found in, e.g., [SB86,Weg90, YT87]. In addition, collections of papers that illustrate the scope of object-oriented technology in general can be found in the various OOPSLA Conferenceproceedings, e.g., [Mey86].Most familiar programming languages use an operator/operand model of computation,which involves the use of separate procedures and data. In the operator/operand model, auser (programmer) is given a set of data (operands), and a set of operators (functions orprocedures) which take various combinations of operands as parameters. The user isresponsible for determining which operations to apply to any data to be manipulated, andfor making sure that the operands match the type requirements specified for the operationsbeing called. Languages employing this model include C, Pascal, and FORTRAN. If thesame type of operator (say print) must be performed on operands of different types,separate procedures must be defined and used (e.g., prnPoint(point) for data of typepoint, or prnRectangle(rect) for data of type rectangle). This is because anoperator name typically identifies a distinct operator or procedure (piece of code), and theactual implementations of the operators will probably differ for different types.Some languages, such as Simula, Ada, and CLU [Lis81], allow an extension of thisapproach in which the programmer specifies an abstract operation name, and the compilerdifferentiates which specific routine to call at compile time, based on the type of theoperand. For example, the programmer might write print(point) or print(rect),but the compiler would refer to a different procedure in these cases.

15In the typical object-oriented language or system, this operator/operand model is replacedby an object/message model. In the object/message model, all information is represented inthe form of objects. An object is a self-contained entity which consists of:¥Its own private memory or state, typically consisting of a set of slots orinstance variables (Smalltalk) which can hold values or references to otherobjects.¥A set of operations (sometimes called its protocol). These operationsconstitute the object’s external interface with the rest of the systemAll interaction with an object occurs through requests (called messages in Smalltalk)conceptually sent to the object requesting it to execute one of the operations in its interface.A computation is defined as a sequence of interactions among objects in the system.Message sending is a form of indirect procedure call. Instead of naming a procedure toperform an operation on an object, the object, called the receiver, is identified and amessage sent to it. A selector (operation name) in the message specifies the specificoperation to be performed. Parameters to be passed to the operation are also specified inthe message. For example, in Smalltalk the programmer might write the messagesaPoint print and aRect print to print the point object aPoint and the rectangleobject aRect respectively. In Smalltalk, the receiver is specified first, followed by theselector. In this case, the messages have no parameters1.An object that receives a message is responsible (conceptually, at run time) for decidinghow to respond to the message, using its own private procedures (called methods) forperforming the requested operation. These methods have the exclusive capability ofaccessing and manipulating the object’s state (this is referred to as encapsulation). Amethod is like a short subroutine that can perform computation itself, and can also sendmessages to other objects (known to the method via references in the object’s state) to askthem to perform various operations (and return appropriate results).In the typical object-oriented system, objects are defined as members of one or moreclasses or types2. The class defines the internal form of every object of the class, as wellas defining the protocol associated with objects of the class. In many object-orientedlanguages, an object class is itself represented by a class object. As noted above, theabstraction provided by an object-oriented language is that each object is a self-containedentity having its own operations. However, in a class-based language, the class objectstores, among other things, the code for the methods of all objects of the class, so theyneed not be duplicated in each individual object.A user can freely define new object classes, which can then be used in the same way asobject classes supplied with the language. This allows the language to be extended withclasses specific to application requirements. New object classes (subclasses) can also bedefined as extensions of existing ones by a technique called inheritance. The existing class

1 Many object languages use a notation that resembles an ordinary subroutine call, rather than theSmalltalk message notation. In such languages, the message to print the point would be writtenprint(aPoint), but have the same meaning as the Smalltalk message. In these languages, the firstargument to the call typically designates the receiver, with the other arguments being parameters. Anexception to this rule is found in the generalized object models, in which all the arguments are equally"receivers" of the message. Generalized object models are described further in Section 2.10.2 The distinction between "class" and "type", where there is one, is irrelevant for purposes of this report.The Smalltalk term "class" will generally be used for the rest of this section.

16is then referred to as the new class’s superclass. If class Employee is specified asinheriting from class Person, this means that objects of class Employee will respond tothe same messages as objects of class Person, in addition to the messages definedspecifically for class Employee. A given superclass Person may have many subclasses(e.g., Employee, Student, Retiree), with each subclass inheriting from Person.(In some object-oriented systems, a given subclass may have several superclasses (e.g.,Teaching_Assistant may have superclasses Student and Employee), inheritingselected messages from each superclass. This is referred to as multiple inheritance.)Moreover, a given subclass may itself be the superclass for still other subclasses, and so onfor many levels. This structure of classes and subclasses is referred to as a class hierarchyor lattice.The use of inheritance in object definitions assists in defining object protocols in a relativelystructured way. This, coupled with the use of messages, provides a form ofpolymorphism. Polymorphism is the capability of the same message to elicit a different(but semantically similar) response depending on the class of the receiving object. Thisfacility enables a program to treat objects from different classes in a uniform manner.Thus, in the example above, a program could send a print message to a heterogeneouscollection of point and rectangle objects, and each object would "print itself" usingthe method for printing that was defined for that class of object.Object-oriented languages have generally been associated with specific implementationtechniques, such as the dynamic binding of messages to method code, and automaticstorage management, in the form of garbage collection. For example, in Smalltalk,methods are not called directly by name, but indirectly at run time via a dispatch tableassociated with the object class. Each object contains a pointer to its class object. When amessage is sent to a particular object, the class pointer is followed, and an attempt is madeto find a corresponding method in the class object. If the method is not found there, theobject’s superclass in the hierarchy is searched, and so on upward until the root class of allobjects (class Object) is found. If the method is not found there, an error is reported.This process of finding the proper method based on the selector (operation name) and theclass of the receiving object is referred to as dispatching. Run-time dispatching provides agreat deal of the flexibility generally associated with object-oriented programming, but addsadditional overhead (although, when various compiler optimizations are used, the overheadis often minimal). In other object-oriented languages, such as C++ [Str86], a more static,compile-time binding of operation name to method is used, trading some flexibility forperformance.In object-oriented languages, each object has a system-defined unique identifier (called anobject-oriented pointer, or oop, in Smalltalk, and more frequently referred to as an objectidentifier, or oid). Relationships between one object and another are represented directly,by storing the oid of the second object in an instance variable of the first, and in a pureobject-oriented language like Smalltalk, values such as strings are almost entirely replacedby object pointers. Garbage collection is felt to be important in object-oriented languagessuch as Smalltalk in order to guarantee the safety of object pointers due to the highlydynamic nature of object creation and deletion. In these languages, there is no way toexplicitly delete an object. Rather, objects are garbage-collected when they are no longerreferenced by any other object. Again, however, other object-oriented languages, such asC++, prefer to trade some safety for improved performance and use explicit object deletionoperations rather than garbage collection.

17The general characteristics of objects that can be defined in a given object-orientedlanguage, such as whether classes exist or not, what kinds of inheritance exist, or whetherexplicit deletion is allowed or not, are often referred to as that language’s object model 1.Figure 2.1.1 shows some simple object classes and objects that might be defined for aComputer-Aided Design (CAD) application, and that illustrate various capabilities of object-oriented systems. The top-left object represents a Part object class. The object class hasdisplay, weight, subParts, and part_number methods. The top-right objectrepresents a Part object (instance), with the associated messages that can be sent to itshown around the outside, and instance variables representing the state of the individualobject shown within the object. A weight message sent to this object would return anumber (object) representing the weight of the part. A subParts message sent to theobject would return the set of Part objects that are subparts of this part. The exact(implementation) mechanism used by the object to respond to these messages isencapsulated within the object, and is not visible outside the object.

subPartsdisplay weight P a r t

display weight union: anotherParta P a r t

union: displayanotherPart

weight methodcodemethodcodeanotherPartintersection:methodcode

intersection:anotherPart

3DsolidObject ClassesObjectsinstancevariables(method inheritance)methodcodemethodcodepart_number weight methodcodemethodcodesubPartssubPartspart_numbera3Dsolidpart_numberinstancevariablesFigure 2.1.1 Object Classes and Objects in a CAD Application.

1 The concept of an object model corresponds roughly to the concept of a type system in a conventionalprogramming language and to the concept of a data model in a conventional database system. Furtherdiscussion of object model concepts may be found in [Mai89, MZ89, Man89b].

18The bottom-left object represents the object class for a specialized type of Part object, a3Dsolid object. Because it is defined as a specialization of object class Part, the3Dsolid object (instance) on the bottom right is shown as inheriting all the messages thatapply to Part objects. In addition, the 3Dsolid object class defines two additionalmethods that apply only to 3Dsolid objects, union and intersection. union andintersection messages sent to a 3Dsolid object include another 3Dsolid object asan argument, and return the 3Dsolid that represents the union or intersection,respectively, of the argument object and the original object. The 3Dsolid object classalso redefines the weight method inherited from class Part. For example, the weightmethod for class Part might look up the value of the part’s weight in an instance variable,while the weight method for class 3Dsolid might compute the weight from informationstored in instance variables about the part’s geometry and the density of the part’s material.Because the implementation used to respond to the weight message is encapsulatedwithin the object, other objects requiring weight information can send weight messagesto parts without regard to what type of part they are dealing with, or exactly how the weightinformation is derived for a particular part. Due to the inheritance of methods from classPart, only the three new methods must be explicitly defined for object class 3Dsolid.A number of advantages are generally cited for object-oriented programming:¥Defining a system in terms of objects facilitates the construction of softwarecomponents that closely parallel the application domain, thus assisting in thedesign and understandability of systems.¥The use of objects and messages encourages modular design, since (at leastin a pure object-oriented language) the implementation of one object cannotdepend on internals of another, only on how it responds to messages. Inaddition, because the private information of an object can only be accessedby the methods of the object, modularity is reinforced, and software can bemade more reliable.¥The use of classes and inheritance provides a simple and expressive modelfor the relationship of various parts of the system’s definition, and alsoassists in making components reusable or extensible in the construction ofrevised or new systems.2.2 Object DBMSsObject database management systems (ODBMSs) [BM93, Bro91, Cat94b, Loc85, DD86,Dit88, KA90, Kho93, KL89, ZM89] generally attempt to capture the same concepts asobject-oriented programming, but also provide the additional characteristics necessary tosupport large, shared, persistent object stores. These characteristics include support forset-oriented requests (queries), efficient processing over large secondary storageorganizations, concurrency control, and recovery. These systems have been developed toaddress the problems posed by advanced database applications, as described in Section 1.The general idea is that an ODBMS is a DBMS that stores not data, but objects in the sensedescribed in the last section: encapsulated combinations of data structures together withassociated procedures (methods). This allows instances of arbitrary kinds of data to be

19stored within the "database", as shown in Figure 2.1.2. The ODBMS provides dataintegration, overall control, and DBMS support facilities for all types of objects.Applications using any of these types can then communicate via the shared database.ODBMS

Database (persistent objects)Application Program methodmethod

applicationstructures orobjects

data semantics in transient or persistent objects

methodmethodObject methodmethodObjectFigure 2.1.2 An Object DBMS.Compared to a conventional relational DBMS, a typical ODBMS generally differs in at leastthe following respects:¥An ODBMS supports user-defined data structures and operations on them(object classes and methods), rather than restricting users to instances of asingle built-in type (relations) and a fixed set of operations on them(relational operations).¥An ODBMS supports the concept of object identity. This means that theobject has an identity independent of its attribute values (this identity can beused to reference the object from within other objects).¥An ODBMS supports direct object relationships. This means that objectsrelated to a given object can be accessed by invoking a method of the givenobject (such as the subParts method in Figure 2.1), which generallylooks up the object identifiers of the related objects in instance variables.Thus, related objects can be treated as if they were part of the given object’sinternal data, rather than always requiring a relational join operation onattributes of the object (although ODBMSs often also support value-basedjoin operations).ODBMSs generally also support such concepts as inheritance and, due to the advancedapplications for which they are intended, also frequently support such things as advancedconcurrency control (object sharing) mechanisms, mechanisms to maintain multipleversions of objects, and extensive predefined object class libraries.

20The stored procedures and BLOBs often found in relational DBMSs are not trulycomparable to the facilities provided by an ODBMS for supporting user-defined types andoperations. For example, [Loo94] notes that BLOBs and stored procedures are not reallyenough to make an ODBMS, but are just the raw material from which one could constructprimitive object-like facilities. Specifically, with stored procedures and BLOBs, it ispossible to define code that will operate on data of arbitrary forms, but there is really noway to define combinations of specific groups of procedures together with specific dataformats as being new types that are both recognized in languages (programming languages,query languages, schema declarations) and enforced during language translation and at runtime. Similarly, with stored procedures and BLOBs there is no coherent coupling ofspecific procedures with specific units of state to form objects. Finally, stored proceduresand BLOBs provide no support for inheritance.The basic idea in using an ODBMS is to represent an entity or object in the applicationdomain being modeled with a corresponding object in the database. This includesmodeling the behavior of each object as well as the object’s structure and relationships toother defined objects. This one-to-one mapping reduces the "semantic gap" or impedancemismatch between the application domain and the database modeling of that domain.Moreover, when coupled with object-oriented application programs, this reduces theimpedance mismatch between these programs and their supporting database data.An ODBMS generally comes with the following facilities (many of which are familiar fromrelational DBMSs):¥An object class or type definition facility (a DDL).¥A built-in programming language and/or one or more interfaces toconventional programming languages. These are used not only asconventional application programming interfaces (APIs), but also fordefining the object methods (behavior) that form part of class/typedefinitions.¥A query language facility (usually, but not always, some form of SQLextended in various ways to deal with objects).¥An object manager or database �engine� that handles the basic DBMSoperations.¥An object class library of predefined object classes used in making theODBMS functionality available to programs, and to facilitate the writing ofobject methods.¥A set of tools. These include database administrator facilities, such asschema design tools, graphical database interfaces, performance tuningutilities, etc.There is currently no standard object model or standard language(s) for ODBMSscorresponding to the status of the relational model and SQL for relational DBMSs. TheObject Database Management Group (ODMG), an industry consortium of OODBMSvendors, has proposed a standard for ODBMSs (see Section 5.1). In addition, ANSI andISO standards committees are currently developing object extensions to SQL, the standardrelational language [MS93]. The extended language draft is generally referred to as"SQL3" [Mel94] (see Section 5.2). An approved SQL standard containing object facilities

21will ultimately play a primary role in defining the concept of an ORDBMS. The possibilityof merging these two standards, or of ODBMSs that support both, is also discussed inSection 5.These standards will ultimately define the key characteristics of the ODBMSs that conformto them. Even now, current products sometimes have at least some characteristics definedby these standards, to the extent that current product characteristics have contributed tothese standards, or products have been developed anticipating certain facilities being in thestandards. In addition, however, two earlier database "manifestos" have been publishedwhich have attempted to define the characteristics that must be satisfied by next-generationdatabase systems, specifically "object-oriented database systems" (OODBMSs)[ABDD+89] and "third generation database systems"1 [CADF90]. These sets ofcharacteristics have attained wide circulation in the database field. In the rest of thissection, we summarize the extended DBMS requirements identified in these manifestos, inorder to provide a general overview of the desired characteristics for ODBMSs (another setof ODBMS requirements, partly based on those of [ABDD+89, CADF90], can be found in[Cat94b]).[ABDD+89] notes that, based simply on the term object-oriented DBMS, an OODBMSmust satisfy two generic criteria: (a) it must be an object-oriented system; (b) it must be aDBMS. By similar reasoning, criteria (a) and (b) also apply to ORDBMSs (even though[ABDD+89] does not discuss a separate category of "ORDBMSs"), together with theadditional criterion that: (c) an ORDBMS must be relational (which for the moment can betaken to mean that it provides at least the capabilities of a relational DBMS). In[ABDD+89], criterion (a) translates into eight mandatory features: complex objects, objectidentity, encapsulation, types or classes, inheritance, overriding combined with latebinding, extensibility, and computational completeness. Criterion (b) translates into fivemandatory features: persistence, secondary storage management, concurrency, recovery,and an ad hoc query facility. However, for expository purposes these features are groupeddifferently than in the manifestos. Specifically, we first cover the capabilities identified in[ABDD+89], indicating coverage of related capabilities identified in [CADF90] (in somecases, these related capabilities from [CADF90] extend, or even disagree with, thoseincluded in [ABDD+89]). As in [ABDD+89], we divide these capabilities into mandatory,optional, and open capabilities. However, we include in our mandatory capabilities thosecited as "mandatory" in either manifesto. Finally, section 2.2.11 provides additionaldiscussion of what it means for an ODBMS to be an ORDBMS, i.e., criterion (c). This isnecessary since both manifestos were formulated prior to the existence of the currentORDBMS products (hence neither covered this question explicitly), and also because whatit means for an object-oriented system to also be relational (or vice-versa) is trickier todefine that it may appear.In each case, we illustrate the capabilities using multimedia data type examples from[MHB90]. Multimedia types are used to represent the general sorts of extendedapplications to be supported by ODBMSs, since these types include complex documents,images, and other types likely to be used in such applications. As noted earlier, we use theabbreviation ODBMS (Object DBMS) to refer generically to both OODBMSs andORDBMSs. For the most part, the two manifestos are relatively consistent in theirrequirements, and the text will make clear when they differ. Moreover, for the most part

1 [CADF90] essentially describes requirements for extended relational DBMSs, and does not consider objectfacilities per se. However, as the following sections will demonstrate, the extensions suggested by[CADF90] include user-defined abstract data types, encapsulation, etc., all of which could be supported byadding objects to a relational DBMS. As a result, [CADF90] can, in some respects, be taken as definingrequirements for ORDBMSs.

22the requirements contained in the manifestos are incorporated in the specifications of thetwo ODBMS standards cited above, as well as in the capabilities of the ODBMS productsdescribed in Sections 3 and 4.2.2.1 Complex Objects and Object IdentityAn ODBMS must enable users to construct objects with complex state, i.e., that arecomprised of or reference other objects (as well as values, e.g., integers or strings) in orderto model application objects, such as documents, with potentially-complex internalstructures. They also need to model complex interrelationships among defined objects tocorrectly represent application semantics. In addition, an ODBMS should provideconstructors for building complex objects, e.g., sets and tuples, from simpler ones in orderto marshall arguments and move results. [ABDD+89] notes that such constructors shouldbe applicable to objects of any type, including other aggregates, to produce nestedstructures.Complex objects are objects that are built from simpler ones by applying constructors tothem. The simplest types of objects (sometimes called atomic types--those that have nosubcomponents) are types such as integers, characters, and Booleans. Typical complexobject constructors include tuples, sets, bags (sets which may contain duplicate elements),lists, and arrays. [ABDD+89] identifies sets, lists, and tuples as the minimal set ofconstructors an ODBMS should have. [CADF90] identifies sets, sequences (lists),records, and arrays as desirable constructors, and also indicates that a union typeconstructor would be desirable (i.e., the ability to define the value of an attribute as comingfrom one of a set of types. In addition, [CADF90] indicates that it would be desirable tosupport functions as a built-in type (this is related to the capabilities of computationalcompleteness and language closure described later). Both manifestos indicate theimportance of being able to recursively compose the constructors. That is, it should bepossible to apply any constructor to form any type of object (e.g., the ability to form a listof arrays, an array of lists, etc.).These constructors allow complex objects to be built because they allow a constructedobject to contain references to other objects. Complex objects are frequently found inmultimedia applications. An example of such a complex object is the Document objectshown in Figure 2.2.1.

23DocumentList of SectionSectionList of ParagraphParagraphString

Paragraph

ParagraphString

Paragraph

Figure 2.2.1 A Document (Complex) ObjectThe corresponding (somewhat oversimplified) definitions from [MHB90] are given below.Create Type DocumentSupertypes: TextObjectProperties:title: String;author: String;components: List of Section;Operations:print;checkSpelling: String {errors};checkGrammar: String {errors};Create Type SectionSupertypes: TextObjectProperties:title: String;number: Integer;components: List of Paragraph;Operations:print;checkSpelling: String {errors};checkGrammar: String {errors};Create Type ParagraphSupertypes: TextObject

24Properties:paragraphText: TextString;Operations:print;checkSpelling: String {errors};checkGrammar: String {errors};getSentence (index: Integer): TextString;changeFont (String);An object is said to have identity if there is a way to reference it independently of its currentstate [MZ89], as opposed to a tuple in a relational database system, which must be accessedvia a key value that is part of the tuple state. Generally, object identity is implemented bymeans of object identifiers (oids) assigned explicitly by the system (object-oriented pointers(oops) or surrogates are terms often used synonymously). [ABDD+89] considers supportfor object identity a requirement for an OODBMS. On the other hand, proposition 1.4 of[CADF90] differs from this position in stating "unique Identifiers (UIDs) for recordsshould be assigned by the DBMS only if a user-defined primary key is not available". Thissupports the use as identifiers of primary keys as they are currently used in relationalDBMSs. Provided that appropriate identifier uniqueness and referential integrityconstraints are maintained, and the user-defined primary keys are not subject to frequentupdate, the two approaches can be considered structurally equivalent.A primary use of identifiers is in building complex objects, where they serve to identify thevarious components of the complex object. For example, in the definition of typeDocument above, a list of identifiers (of objects of type Section) is used to represent thesections of a document. Identifiers are of particular use in expressing the concept of sharedstructure. This is because they allow a distinction to be made between two objects havingas subcomponents two different objects that are alike (have common state and behavior)and two objects having the same object as a subcomponent.Both the ODMG and SQL3 specifications currently support variants of both complexvalues (having no object identifiers) and complex objects (having identifiers), using manyof the constructors identified above.2.2.2 Extensibility Using Abstract Types or Classes[ABDD+89] requires that an OODBMS must support either types or classes. There areOODBMSs in both camps. Briefly, a type describes the common features of a set ofobjects with the same characteristics. This is the same as the programming languageconcept of type. In many type-based systems, types are used primarily at compile time,and are not first-class objects (e.g., they cannot be accessed or modified at run time). Aclass is similar to a type, but has more of a run time connotation. In most class-basedsystems, the class is itself an object, which contains facilities for constructing new objectsof the class (e.g., by sending the class object a new message), as well as an extension: theset of all instances (objects) of the class in the database. There are strong similaritiesbetween the type and class concepts, and the differences in some systems can be verysubtle.Support for one of these concepts is necessary because it should be possible in an ODBMSto define a specification to which some collection of objects is defined to correspond, sincethe system must support situations in which there are many "similar" objects. This is astandard capability in DBMSs. However, [ABDD+89] does not require that an OODBMSautomatically maintain an extension for every type.

25A conventional database system includes a set of predefined types (e.g., integer, character).[ABDD+89] requires that this set of types be extensible, in the sense that there is a way fora user to define new types, and there is then no distinction in usage between system-defined and user-defined types. [CADF90] agrees with the desirability of supporting"abstract data type facilities for constructing new base types".These abstract data type facilities involve the concept of encapsulation of object state (data)and behavior (operations), as found in object-oriented systems. The idea is based onprogramming language abstract data types, where an object has an interface part, which ismade available to users of the object, and an implementation part, which is hidden fromthem. In an object-oriented system, clients using the object can access the object only viaits defined external interface [Sny86]. This provides a form of logical data independencewhich allows changes to the implementation of an object (the representation of its state orthe programs that implement its operations) without the need to change programs or queriesusing the object. Encapsulation both hides unnecessary details of the implementation andensures modularity. [ABDD+89] requires object encapsulation for an OODBMS, and[CADF90] considers encapsulation "a good idea". The need for this capability isparticularly important in situations where there may be many different representations forobjects that might need to be considered as instances of the same type by users, or insituations where types may be defined and implemented by independent groups or outsidevendors, and imported into a system. In such situations, it is very helpful not to bedependent on detailed information about object internals in order to use them.Multimedia data types such as images and sounds are examples of such types. This can beillustrated by reference to the type Image described below.Create Type ImageSupertypes: ObjectProperties:name: String;owner: Person;creation: Date;lastModified: Date;encodingType: String;recordingAlgorithm: String;rawData: BLOB;description: Text;pixelWidth: Integer;pixelHeight: Integer;pixelDepth: Integer;colorMap: ColorMap;compressionAlgorithm: String;Operations:display (VideoOutputDevice);compress (ratio: Real): Image;extractSubimage (subimage: Region): Image;overlay (Image): Imagereverse (subimage: Region): Imagedither (subimage: Region): Imagemagnify (factor: Integer): Imagereduce (factor: Integer): Imagematch (Image): Boolean;

26The match operation determines if an image I1 is "similar" (using some definition ofsimilarity) to another image I21. This obviously could be quite a complex procedure, and itwould be unfortunate if, in order to use this operation, a user had to be familiar with thedetails of the representation of the image (which might differ from one image to another),and the details of the algorithm used. This would be concealed by the encapsulation.[ABDD+89] defines computational completeness in programming languages as the abilityto express any computable function. It notes that while computational completeness is rarein the DMLs of conventional database systems (in particular, standard SQL is currently notcomputationally complete), in OODBMSs it is usually provided by a reasonable connectionto an existing programming language. Computational completeness is a requirementbecause it must be possible to define the behavioral aspects (the operations or methods) ofthe objects in the system when specifying user-defined data types. These operations maybe arbitrarily complex (too complex to be expressed in a conventional database querylanguage such as SQL), as illustrated by the operations defined for type Image above.This requirement is intended to rule out a system that provides for state representation onlyin terms of, for example, instance (state) variables, and provides only access andassignment operations for those instance variables. However, it does not require that theoperations be defined only in terms of an entirely new database language. Procedureswritten in arbitrary programming languages and linked to the objects in some way would beacceptable. [ABDD+89] requires this capability. [CADF90] indicates that "functions,including database procedures and methods...are a good idea". It also indicates that third-generation DBMSs must be accessible from multiple higher-level languages. SQL3provides extensions to make SQL a computationally-complete programming language, inpart to address the need to define object operations in types defined using SQL3’s abstractdata type extensions. Section 5.2 discusses this further.2.2.3 Class or Type Hierarchies[ABDD+89] requires an OODBMS to support inheritance, which allows an object toborrow some of its state or behavior from another object. Specification of inheritanceinvolves forming class or type hierarchies that organize specifications of object interfacesand implementations, making them more concise, by factoring out the shared parts. Forexample, given that type Person has been defined, with properties such as name and age, itwould then be possible to define a subtype Employee of type Person which shared thoseproperties by specifying only the additional properties (such as salary and employer)peculiar to Employee objects. [ABDD+89] identifies several forms of hierarchy, i.e., ofsubtyping or sub-classing that differ in what is factored out (behavior specifications,constraints, etc.), but does not prescribe a particular form. [CADF90] indicates thatinheritance "is a good idea", and indicates a particular interest in what [ABDD+89] definesas constraint inheritance, an example of which would be the definition of a teenager asbeing a subtype of person with an age between 13 and 19.Multiple inheritance is a generalization of inheritance which allows an object to inheritproperties or operations along more than one path in the class or type hierarchy. Forexample, if both Employee and Student are defined as subtypes of type Person, one mightwish to define Student-Employee objects representing persons that are both students and

1 The syntax for sending a message in the hypothetical object model being used here is similar to that ofSmalltalk, in which the object to receive a message is syntactically distinguished from any arguments thatmay be supplied. So the message to match image I1 against image I2 would be I1 match (I2).

27employees, and that inherit properties from both types. [CADF90] considers multipleinheritance "essential", while [ABDD+89] considers it optional.[ABDD+89] notes that inheritance helps code reusability because every program is at thelevel at which the largest number of objects can share it. Type hierarchies are particularlyimportant in defining the complex types used for multimedia data, both in allowing thereuse of what might be relatively complex code, and also in allowing the organization of therelated types. An example of such a (single inheritance) hierarchy is the hierarchy ofgraphics objects described in [MHB90]. The relationships among these types are shown inFigure 2.2.2, while several of the type definitions are given in Figure 2.2.3. The typeGraphicsObject specifies that each graphical object has a startPoint and acolor. Specific graphical objects are subtypes of GraphicsObject. Some of theoperations defined for GraphicsObject, although applicable to all instances of itssubtypes, must be redefined by those subtypes since the supertype GraphicsObjectdoes not have direct access to its subtype’s properties.

Object

GraphicsObject

CompositeGraphic

EnclosedRectangle

GraphicText

LineOrientedGraphic

StraightLine

ArcFillableGraphic

Oval

Rectangle

RoundRectangle

MultiPointGraphic

FreehandShape

PolygonFigure 2.2.2 Graphics Type Lattice

28Create Type GraphicsObjectSupertypes: ObjectProperties:startPoint: Point;color: String (Blue|Red|Magenta|Green|Cyan|Yellow|Black|White);Operations:draw (Window);<Redefine in subtype>scale (percent: Integer);<Redefine in subtype>duplicate: GraphicsObject;rotate (degrees: Integer);<Redefine in subtype>flipHorizontal;<Redefine in subtype>flipVertical;<Redefine in subtype>moveToFront;moveToBack;moveForward;moveBackward;overlaps (GraphicsObject): Boolean;Create Type CompositeGraphicSupertypes: GraphicsObjectProperties:components: List of GraphicsObject;Operations:draw (window1: Window){for i=1 to components.numElementscomponents[i].draw (window1);}group (List of GraphicsObjects): CompositeGraphic;ungroup: List of GraphicsObjects;Create Type EnclosedRectangleSupertypes: GraphicsObjectProperties:relativeEndPt: Point;Operations:Create Type LineOrientedGraphicSupertypes: GraphicsObjectProperties:thickness: Integer;linePattern: Bitmap;dashedLine: Bitmap;Operations:Create Type FillableGraphicSupertypes: EnclosedRectangleProperties:fillPattern: BitmapOperations:Figure 2.2.3 Example Definitions of Graphic Object Types

29Multiple inheritance can be illustrated by a portion of the PhysicalDevice type latticefrom [MHB90], shown in Figure 2.2.4. Such types are useful at lower levels of systemarchitectures to encapsulate procedures that interface with the actual hardware. Devicetypes can be used to represent metadata about the device (e.g., serial numbers and purchaseprices that might be useful for administrative purposes) as well as the attributes of thedevice required by the system. In Figure 2.2.4, type Telephone is defined as inheritingfrom both types AudioOutputDevice and AudioInputDevice (multipleinheritance), since it has characteristics of both types of devices (this hierarchy is forpurposes of illustration only; there is no claim that this is necessarily a reasonable use ofinheritance under the circumstances). Of course, in addition to its inherited characteristics,the telephone has additional characteristics which are defined by the properties andoperations of the type Telephone.The declarations in Figure 2.2.5 illustrate a problem that can occur with multipleinheritance, name ambiguity. In this case, type Telephone inherits properties namedu p p e r f r e q r e s p , l o w e r f r e q r e s p , and i m p e d a n c e from both typesAudioInputDevice and AudioOutputDevice. Thus, a reference to the propertyupperfreqresp of type Telephone would be ambiguous; it would not be clear whichof the two inherited properties with the same name was being referred to. The approachused to deal with this problem in the declarations below is one of the standard approaches,renaming the inherited properties in the subtype so that they have unique names. Note that,because no renaming is required for the sensitivity property inherited from typeAudioOutputDevice, this property is not mentioned in the declarations for typeTelephone.

InputDevice

OutputDevice

ImageInputDevice

VideoInputDevice

VideoCamera

Scanner

VideoOutputDevice

AudioOutputDevice

Telephone

Television

PhysicalDevice

Object

VCRAudioInputDeviceFigure 2.2.4 Portion of PhysicalDevice Type Lattice

30Create Type PhysicalDeviceSupertypes: ObjectProperties:make: String;model: String;serialNumber: String;purchasePrice: Dollars;purchaseDate: Date;Operations:Create Type AudioInputDeviceSupertypes: InputDeviceProperties:upperfreqresp: Hertzvalue;lowerfreqresp: Hertzvalue;impedance: Integer;Operations:Create Type AudioOutputDeviceSupertypes: OutputDeviceProperties:upperfreqresp: Hertzvalue;lowerfreqresp: Hertzvalue;impedance: Integer;sensitivity: dB;Operations:Create Type TelephoneSupertypes: AudioOutputDevice, AudioInputDeviceProperties:inputupperfreqresp: AudioInputDevice.upperfreqresp;inputlowerfreqresp: AudioInputDevice.lowerfreqresp;inputimpedance: AudioInputDevice.impedance;outputupperfreqresp: AudioOutputDevice.upperfreqresp;outputlowerfreqresp: AudioOutputDevice.lowerfreqresp;outputimpedance: AudioOutputDevice.impedance;Operations:ring;redial;hold;answer;dial (phoneNumber: String);Figure 2.2.5 Example Definitions of PhysicalDevice Object Types

312.2.4 Overriding, Overloading, and Late Binding[ABDD+89] requires that an OODBMS support some form of operation name overloadingand operation overriding (this is also sometimes referred to as polymorphism), which allowthe same name to be used for different operations (depending on the type or class of theobject to which the operation is applied) and the implementation to be redefined in the typeor class, so that the same name denotes different programs. These capabilities allowinvocations of the same operation name to result in the execution of different operation codebased on the type of the object to which the operation is applied, and is a standard feature inobject-oriented systems. For example, these capabilities would allow a user to apply adisplay operation to a set of graphics objects or images of different types, without concernfor the fact that the different objects may implement that operation in different ways (forexample, the display operation for a picture would probably differ from the displayoperation for a character string). This sometimes involves the run-time (late) binding ofoperation names to operation code.This is illustrated by the type CompositeGraphic described in the last section.Instances of CompositeGraphic contain a list of GraphicsObject instances whichmay include other CompositeGraphic instances. The operationmyCar.draw (window1);where myCar is an instance of type CompositeGraphic, would invoke the drawoperation defined for CompositeGraphic. This operation is defined, as shown below,to invoke the draw operation for each component of the CompositeGraphic instance,including other contained instances of CompositeGraphic.draw (window1:Window){for i=1 to components.numElementscomponents[i].draw (window1);}Thus the invocation would be propagated down the hierarchy of component objects until allprimitive graphic objects have been drawn. This definition works because all the graphicalobjects, composite or not, use the same (overloaded) operation name draw for drawing,even though the code invoked might differ depending on whether the object in question iscomposite or primitive, and on the particular shape of the object.2.2.5 Persistence and Secondary Storage ManagementA persistent object is one that continues to exist beyond the end of the process that createdit, such as one residing in a file or database. Support for persistent objects is an obviousrequirement for an ODBMS to truly be a database system, and hence [ABDD+89] requiresthis capability. [ABDD+89] also goes further to state that persistence should ideally beorthogonal, which means that an object of any type should be allowed to become persistentas such (without explicit translation), and implicit, which means that the user should nothave to explicitly move or copy data to make an object persistent. [CADF90] relatespersistence to the DBMS’s interface with multiple languages, by stating that "persistent Xfor a variety of X’s is a good idea (where X denotes a programming language). They willall be supported on top of a single DBMS by compiler extensions and a (more or less)complex run time system".

32[ABDD+89] also requires an OODBMS to manage very large databases, and interprets thisto mean that an OODBMS must provide secondary storage management mechanisms suchas index management, clustering, buffering, access path selection, and query optimization.[ABDD+89] goes on to emphasize that these should be invisible to the user (e.g., anapplication programmer should not have to write code to maintain indices, or to move databetween disk and main memory). [ABDD+89] states this requirement largely in systemterms, and thus it is not clear whether an object model containing an explicit clusterconstruct (such as is found in a number of current OODBMSs) would be necessarily ruledout by the requirement for invisibility. [CADF90] explicitly addresses this point by statingthat (proposition 2.4) "performance indicators have almost nothing to do with data modelsand must not appear in them".These capabilities will be important in supporting databases containing multimediainformation, both in application units such as documents, and also in repositories ofmiscellaneous multimedia information that can be used for a variety of purposes (examplesin the PC world are the "clip art" repositories containing collections of scanned images).Advanced secondary storage management capabilities are particularly important inefficiently performing operations on multimedia data types such as sounds, images, andlarge units of text, since the instances are frequently quite large, and operating on them(e.g., text searches) can require considerable data movement.Neither the object model for an object-oriented system nor a language based on such amodel would necessarily explicitly contain a description of secondary storage managementmechanisms such as index management, clustering, buffering, access path selection, andquery optimization, any more than the relational model per se contains descriptions of suchmechanisms. (The specification of a given system based on such a model would, ofcourse, contain such descriptions.) [CADF90]’s proposition 2.4, however, is a model orlanguage constraint, in that it prohibits explicit constructs for clustering or otherperformance-related details, taking the view that these should be specified in lower-levelfacilities explicitly intended for performance-related specifications.2.2.6 Concurrency and Recovery[ABDD+89] requires that an OODBMS support transaction processing and concurrencycontrol mechanisms offering the same level of service as provided by current databasesystems. This is necessary so that concurrent user requests can be processed in a safe butefficient manner. [ABDD+89] goes on to indicate that serializability of operations should atleast be offered, although less strict alternatives may also be offered. [ABDD+89] alsorequires that an OODBMS support recovery mechanisms offering the same level of serviceas provided by current database systems. These recovery mechanisms typically interactwith the facilities provided for concurrency control.Transaction processing, concurrency control, and recovery mechanisms are of interest inconnection with multimedia and other advanced data types not only because ODBMSs willneed to support transactions involving these types, but also because these data typessometimes impose distinct requirements on these mechanisms. [ABDD+89] notes that, inmany of the new applications for which OODBMSs are intended, the transaction modelused in conventional DBMSs is not satisfactory. In particular, transactions tend to be verylong, and involve cooperating applications, rather than conflicting applications, whichmeans that the usual serializability criterion is inappropriate. [ABDD+89] refers to these asdesign transactions, and lists support for them as an optional feature for an OODBMS.However, they may very well be required in multimedia and other extended applications.

33One of the goals of current research is to allow ODBMSs to provide more sophisticatedconcurrency and recovery mechanisms that support the more complex requirements ofmultimedia and other advanced applications, and that take advantage of opportunitiesprovided by certain user-defined data types to improve concurrency. A simple examplecited in [Ahm91] is that of a user-defined type Queue which defines operationsEnqueue() and Dequeue(). If Q is an instance of type Queue, then Enqueue(Q,X)places an element X on the input end of the queue, and Dequeue(Q,Y) removes anelement Y from the output end of the queue. Enqueue() and Dequeue() would beviewed by a traditional concurrency control mechanism as write operations, and wouldrequire transactions to acquire write locks on Q to execute either. Thus, if one transactionissues an Enqueue() and another issues a Dequeue() on Q, one must wait for theother to complete. However, as long as the queue is non-empty, it is actually possible forthe two transactions to proceed simultaneously without interference. Taking the semanticsof the types and operations into account allows the mechanism to achieve greaterconcurrency than a traditional approach would allow. Research toward such extendedtransaction mechanisms for distributed object systems and ODBMSs includes work by theDOM project at GTE Laboratories on a general environment for specifying andimplementing extended transaction models [GH92, HG93].

Enqueue(Q,x)Dequeue(Q,x)Queue QFigure 2.2.6 Operations on a Queue2.2.7 Ad Hoc Query Facility[ABDD+89] requires that an OODBMS support object-oriented facilities corresponding tothe facilities provided by the query languages found in relational database systems.[CADF90] identifies similar requirements, which can be taken to apply to ORDBMSs.Queries in relational database languages may be viewed as select operations on theaggregate type relation (or table) [Weg87]. They have the general form:select(relation,predicate)Query complexity and efficiency are determined by the nature of the predicate. Relationalquery languages specify all queries in terms of a restricted set of relational query primitives(the relational algebra, or relational calculi defined in terms of the algebra) whoseoptimization has been extensively studied. Query languages for ODBMSs mustaccommodate the greater richness of ODBMS type systems (e.g., the incorporation of user-defined types and inheritance) for which optimization is not as well understood. Forexample, the predicate in an object query would involve testing the state of various objectsby invoking operations on the objects. The exact nature of these operations might beencapsulated within the object, and thus unknown to the optimizer, making the task ofoptimization extremely difficult. This issue is discussed further in Section 6.[ABDD+89] does not require that query facilities be provided in the form of a querylanguage per se: they might also be provided in a graphics-based facility, or as part of a

34data manipulation language. However, [ABDD+89] does indicate that a query facilityshould be: (a) high-level (largely declarative), (b) efficient (the interface lending itself tosome form of query optimization), and (c) application-independent (capable of beingapplied to any possible database). Also, in spite of the lack of a requirement for a querylanguage in [ABDD+89], most OODBMSs provide a query facility based on some variantof SQL, and all of the ORDBMSs provide such facilities. Moreover, while SQL3 is bydefinition "SQL-like", so is the OQL query language in the proposed ODMG standard (seeSection 5.1).[CADF90] identifies a number of additional requirements related to a third-generationDBMS query facility:¥"Essentially all programmatic access to a database should be through anon-procedural, high-level access language" (proposition 2.1).¥"There should be at least two ways to specify collections, one usingenumeration of members and one using the query language to specifymembership" (proposition 2.2).¥"For better or worse, SQL is intergalactic dataspeak" (proposition 3.3).¥"Queries and their resulting answers should be the lowest level ofcommunication between a client and a server" (proposition 2.4).In an interesting overview of the subject of object query language requirements, [BTA90]summarized a number of features of object query languages, in an attempt to distinguishthose that are commonly available from those that are more unusual. Those identified as"common" among object query languages are listed below. [BTA90] went on to suggestthat these features, due to their common availability, could be used as the basis of standardswork on object query languages.¥Select-From-Where paradigm from SQL;¥Path expressions (for traversing object relationships);¥Support for inheritance;¥Explicit joins;¥Set-valued attributes (including set comparison operators, andsometimes quantifiers);¥Nested queries (dynamic set construction using query expressions,together with set-valued attributes);¥Aggregate functions (e.g., Count, Average);On the other hand, [BTA90] listed the following features as "controversial", meaning thatthey are supported by only a few existing object query languages, and that further researchand development is needed before there is an acceptable general consensus regarding thefeature.¥Data abstraction (restricting the query language to the object interface, asopposed to allowing direct access to state);

35¥Functions with side effects (several object query languages allow onlyfunctions without side effects in queries), and language support foroperation specification;¥Queries resulting in derived relationships between objects (e.g., queriesthat return tuples of oids of related objects) and derived behavior;¥Null values;¥Recursion;¥Relationship to programming language type system (e.g., is there oneobject query language that is embedded in various programminglanguages, as with conventional SQL, or is there an OQL[X], tailoredfor each language);¥Orthogonal treatment of types and type extensions (i.e., dealing withobjects that are not in any set, including type extensions);¥Seamlessness in integrating the query language with programminglanguages, and in dealing with persistent and transient objects;¥Strong typing;¥Result generation and presentation (i.e., dealing with the problem ofwhat is to be presented to users as query results when object queriesreturn only object identifiers);Both the ODMG query language (called OQL) and SQL3 support all of the "common"facilities, and most of the "controversial" capabilities, identified above. Section 5 discussesthese languages further.2.2.8 Capabilities Not Agreed on as Mandatory or OptionalThere were a number of facilities for which the authors of [ABDD+89] could not reach aconsensus as to whether they should be mandatory or optional for an OODBMS. Thesefeatures are listed below. With the exception of views, for which additional research isnecessary, these facilities are generally considered requirements for a general-purposeDBMS, and are generally provided (to a greater or lesser extent) in existing ODBMSproducts.a.

views and derived dataIn a relational DBMS, a view facility allows the definition of relations that are not explicitlystored, but are computed from stored (or base) relations. An extension to this idea allowsfor arbitrary data (such as individual fields) to be derived from stored data. It would beuseful for an ODBMS to support object-oriented facilities corresponding to these, forderiving new objects from existing ones. For example, a view mechanism would allowobjects to selectively reveal different aspects of behavior, or provide visibility of differentcollections of objects, depending on the view. [CADF90] specifically considers updatableviews as essential (proposition 2.3).

36Construction of views and derived data poses particular requirements on the databaselanguage. In particular, the language must be capable of dynamically constructing new datatypes and their instances. This requires that the language have certain closure properties.In addition, for true completeness it must be possible to construct object operations, notjust object structures, in derived data and views. This requires that the language allowoperation objects (or instances of the function built-in type described in Section 2.2.1) to beboth created as the result of a set of operations, and then "applied" as operations.b.

database administration utilitiesIt is important for an OODBMS to provide a complete set of database administrationutilities. Examples include utilities for reorganizing the database, monitoring statistics,keeping audit trails, and archiving. The object model or language of an object-orientedsystem does not explicitly specify such utilities. However, such utilities would necessarilybe based indirectly on the object model, since the object model would constrain theimplementation details of the system, and would themselves require language facilities touse them.c.

integrity constraintsIntegrity constraints, which are statements that must always be true for database contents,can be used by the DBMS to help ensure the correctness and consistency of the database.Some relational DBMSs provide a trigger facility to support such constraints. Triggers areactions that can be initiated on access to particular data items, and can be used either tocheck that constraints hold, or to perform additional operations to bring the database to aconsistent state. In an ODBMS, some forms of constraints may be included in thedefinition of object operations. However, in other cases it may be more appropriate toallow the definition of constraints independently of individual object operations, as in thecase of triggers. [CADF90] explicitly indicates that "rules (triggers, constraints) willbecome a major feature in future systems. They should not be associated with a specificfunction or collection" (proposition 1.5).The use of rules as a way of defining behavior required for multimedia objects is describedin [MHB90]. Such rules may be defined independently of specific operations or objects(or collections of objects). However, rules may also be explicitly associated with specificobjects, in order to improve performance.Neither [ABDD+89] nor [CADF90] explicitly mention security facilities, although it maybe that they were intended to fall under database administration utilities or integrityconstraints. In any case, view and rule facilities can also provide the basis for object-basedsecurity capabilities.d.

schema evolutionSchema evolution in an ODBMS refers to the problem of modifying type definitions or thetype hierarchy (the schema) of a database while preserving consistency between thechanged definitions and the existing object instances in the database. Ideally, it should bepossible to modify the schema in arbitrary ways without shutting the system down.However, in practice this can be very difficult to do for some types of schemamodifications. This becomes a particular issue in the context of the extensible systemsbeing described here, because the creation of new types or type relationships may be amore frequent activity in these systems.

372.2.9 Optional CapabilitiesIn addition to the mandatory capabilities listed above, [ABDD+89] also identified a set ofcapabilities which, while they clearly would improve an OODBMS, were not required todefine the system as being an OODBMS. Two of these capabilities, multiple inheritanceand design transactions, have been discussed already. The remaining optional capabilitiesare listed below:1.

Type Checking and Type InferencingODBMSs differ in the amount of type checking and type inferencing (the ability toautomatically determine the type of derived data) they can do. This depends critically onthe definition of the type system, and is not prescribed in [ABDD+89]. A great deal ofresearch on database languages has to do with issues relating to type checking andinferencing. For example, one of the motivations for the development of databaseprogramming languages has to do with an interest in preserving strong typing across theinterface between the programming language and the database language environments.Type considerations are also important in the development of optimizable and closed querylanguages. These issues are a more important concern in ODBMSs than in conventionalrelational ones because more and different types are being defined, and more complexstructures produced by database operations.2.

DistributionSupport for distributed objects is considered optional in [ABDD+89] because a system’ssupport for distribution is independent of whether the system qualifies as an OODBMS.Similar considerations apply to [CADF90]. However, in the general types of computingenvironments in which advanced applications are likely to be developed, it is essential toprovide access to objects residing on distributed components. This involves the need forassociated database languages to provide whatever additional facilities are necessary forspecifying the characteristics of objects distributed across a computer network. MostODBMSs are implemented using client/server architectures, and some are implemented asfully distributed architectures (see the descriptions of the individual systems in Sections 3and 4). Moreover, the integration of OODBMSs with the CORBA distributed objectarchitecture defined by the Object Management Group is explicitly considered in the ODMGstandard described in Section 5.1.3.

VersioningMany of the applications for which OODBMSs are intended involve various forms of"design" activity, and thus require support for keeping track of the different versions of adesign (or components of a design) that may be developed or under development at thesame time. Many of the OODBMSs described in Section 3 have built-in support forversioning concepts. However, [ABDD+89] does not consider this a core requirement.Multimedia and other extended applications might well make heavy use of versioningfacilities, e.g., in preparing different versions of a multimedia presentation tailored fordifferent audiences, or for different presentation environments (using different devices).This would require language facilities to, for example, selectively access different versionsof the same object, or alternatively to refer generically to the current version (or allversions) of the object.

382.10 Open ChoicesIn [ABDD+89], the open choices are considered to be those areas where there is a degreeof freedom for an OODBMS designer. These differ from the mandatory capabilities in thesense that no consensus has been reached by the database community about them. Theyalso differ from the optional capabilities in that it is not yet clear which of the alternatives ismore or less object-oriented. These open choices are listed below:1.

Programming paradigm[ABDD+89] does not insist that an OODBMS choose any particular programmingparadigm, such as logic programming, functional programming, or imperativeprogramming. Any of these (or a collection of them) would be considered a legitimatemodel for an OODBMS. The conventional paradigm is imperative. However, inmultimedia applications there may be more direct involvement by non-programmer users inthe development of multimedia objects. Thus, higher-level scripting languages (possiblygraphical) involving dataflow, rule-based and other paradigms may be of increasingimportance in these applications. [MHB90] described the use of some alternativeparadigms in describing dynamic multimedia object requirements.As a language-related point, [ABDD+89] also notes that "...the choice of the syntax is alsofree and people will argue forever whether one should write john hire or john.hireor hire john or hire(john)." (However, there is some dependency between thissyntax and the type system, as noted in the type system discussion below).2.

Representation system[ABDD+89] notes that the representation system is defined by the set of atomic types andthe set of constructors. Section 2.2.1 described some possible atomic types (elementarytypes from programming languages) and constructors (tuples, sets, lists) that might be usedto define the representation of objects. However, these types and constructors couldobviously be extended in various ways. Of particular importance in multimedia and otheradvanced applications is representation support for BLOBs (variable length byte strings)and their associated operations.3.

Type systemThe only type formation facility explicitly required by [ABDD+89] is encapsulation (i.e.,an object constructor for defining new objects). Other type formers could also be includedin an ODBMS, such as type constructors (e.g., set(T) where T is an arbitrary type) orunion types. Both [ABDD+89] and [CADF90] identify various useful type constructors,as discussed in Section 2.2.1. Type constructors are particularly important in supportingdatabase language requirements. As noted earlier, the ODBMSs described in Sections 3and 4 generally support a range of such constructors.One aspect of the type system which can have some significance is whether the objectmodel is generalized or classical. Classical models are, in many ways, subsets ofgeneralized object models but they are founded on different metaphors [FKMT91].A generalized object model does not distinguish a recipient from other request parameters.In generalized models, a request is defined as an event which identifies an operation andoptional parameters. For example, an AddToInventory(part1, lot2, bin3)request does not give special significance to either the part, the lot, or the bin. These

39objects participate uniformly in the request. Sometimes, this requires giving the methodimplementing the operation access to the internal representation of all types participating inthe request. However, a generalized model allows for the easy definition of methodswhich may be specialized for different combinations of the subtypes of the requestparameters. For example, the operation display(object, device) might havemany different implementations, each specialized for a particular combination of objectand device subtype.A classical object model (sometimes called a messaging object model) does distinguish arecipient. In classical models, a request is defined as an event which identifies andoperation, a recipient, and optional parameters. Either the part, the lot, or the bin could bedesigned to be the recipient of the AddToInventory request. The request to a specificrecipient is called a m e s s a g e . A common syntax places the recipient first:part1.AddToInventory(lot2, bin3).Most object-oriented programming languages implement classical object models, examplesbeing Smalltalk and C++. The Common Lisp Object System (CLOS) [Ste90] is anexample of a programming language implementing a generalized object model.[ABDD+89] does not prescribe either type of object model, and ODBMSs exist thatsupport either type of model. For example, the OODBMSs discussed in Section 3generally support classical object models. However, the OpenODB ORDBMS discussed inSection 4 supports a generalized object model, and the SQL3 specification discussed inSection 5 does also.4.

UniformityThis has to do with how uniform the various constructs in the ODBMS system or modelare (or appear to be to users). A key issue of uniformity is whether types and operationsare treated uniformly as objects, or whether these are considered as distinct things.Different decisions may be made at the implementation level (e.g., is type informationstored explicitly as objects), and at the object model and language level (e.g., are types firstclass entities in the semantics of the model). [ABDD+89] does not specify any particularapproach to uniformity.2.2.11 Object/Relational CapabilitiesSection 1 noted that the Object/Relational DBMSs attempt to combine the capabilities of anOODBMS and a relational DBMS. Many of the OODBMSs originally emphasized theirnon-relational capabilities, particularly their seamless interfaces with object-orientedprogramming languages, and often considered query facilities as "add ons" or otherwiseless than crucial. On the other hand, ORDBMSs generally start with the idea of providingfull relational query support, and add objects (or abstract data types) as additional datastructure concepts that can be used to generalize relational tables and the types used withinthem. ORDBMSs (so far) have generally not emphasized seamless programming languageinterfaces. This general description, while it may convey something of the "flavor" of theproducts, does not really give a very precise characterization of what distinguishes anORDBMS from an OODBMS.In fact, such a characterization is currently rather elusive, and a matter of considerabledebate. At the moment, there are no generally-accepted criteria defining what it means to be"object/relational". Moreover, it is not clear whether such criteria should be basedprimarily on the externally-visible capabilities provided by the DBMS, primarily on the

40capabilities of the underlying DBMS "engine" (i.e., on aspects of the DBMS’simplementation), or some combination of the two.Considering only the externally-visible capabilities provided by the DBMS, the definitionof what it means to be "relational" is fairly well established. The relational model is fairlyprecisely defined, and associated concepts such as the relational completeness of databaselanguages are also well defined. Similarly, although there is still a lot of debate on thesubject, what it means to be "object-oriented" is generally understood. Certainly therequirements cited in [ABDD+89] are reasonably understandable, even though there willalways be debate about whether one object model is preferable to another, as well as debateover other details. However, what it means to combine the concepts of "relational" and"object-oriented" is not well-defined. Certainly it is not generally agreed that simply addingthe two sets of ideas together can be done without compromising the current definitions onone side or the other. For example, [MD93], a discussion paper addressing issues in theSQL3 definition, notes that "the relational model absolutely depends on...no ’hidden data’.That is, no information other than at row/column intersections", and goes on to note thatsome ways of combining object facilities with relational ones compromise that principle.Similarly, the extension of such concepts as relational completeness to some extendedconcept of object/relational completeness has yet to be done in a fully satisfactory way.As a practical matter, for relational proponents the definition of "object/relational"capabilities will almost certainly be based on the object extensions to the SQL standard,once these are approved. That is, conformance to SQL3 (or some subsequent version ofSQL) will be a requirement for any system claiming that it is "object/relational". However,the near-term arguments do not have this standard to go on (since it is currently in a state ofconsiderable flux, as described in Section 5.2). Also, it is not necessarily clear that theOODBMS community will feel that SQL3 is sufficiently "object-oriented", or that themerger of relational and object capabilities has been adequately done to allow the "object-oriented" label to be legitimately used. At the same time, the ODMG OODBMS "standard"(described in Section 5.1) has only recently appeared. While it might be possible todemonstrate some variant of relational completeness or some other conformance by thisstandard (or some subset of it) to "relational" capabilities, it is not necessarily clear that thiswould be accepted by the relational community as being adequately relational, particularly ifthe language syntax involved differed from SQL.Also, it is not clear that support for a given language (e.g., SQL3), or any particular set ofexternal capabilities will actually be satisfactory (except possibly for marketing purposes) indefining an ORDBMS. For example, many ORDBMS proponents argue that justimplementing an object SQL extension (or even SQL3) on top of a conventional OODBMSwould not make the system truly "object/relational". Instead, they feel that the DBMSshould support a relational query engine complete with, e.g., a cost-based query optimizer,in order to be enough like a relational DBMS to be truly "object/relational". This echoes theargument made by relational proponents when relational DBMSs first began to replaceDBMSs built using hierarchical or network data models: that it took more than a simplerelational query layer to have a relational DBMS; it had to be relational "from the groundup." Lacking this type of argument, it might be possible to argue, for example, thatObjectivity/DB (see Section 3.6) is "object/relational", on the grounds that it is object-oriented, but also provides full ANSI SQL support. At the same time, of course, theOODBMS community could well make similar arguments from the opposite direction, i.e.,if it is only an object layer on top of a relational "engine", it is not sufficiently "object-oriented".In the near term, the distinction between OODBMS and ORDBMS will continue to bemuddy. In fact, the distinction could easily get muddier, as the OODBMS products move

41closer to providing the ODMG standard capabilities (whose query facilities are quite SQL-like in many respects), the ORDBMS products move closer to providing object facilitiesthat can be more closely integrated with object programming languages, and both types ofproducts provide more underlying implementation support for the others’ capabilities. Onthe other hand, other possible (and, in fact, likely) developments are that products willbegin to provide interfaces for both ODMG- and SQL3-like interfaces, or that bothstandards will move towards each other. Claims have already been made, for example, thatSQL3 could be supported as a concrete syntax of the ODMG OQL query languagespecifications. The relationships of these standards to each other will be discussed furtherin Section 5.As noted in Section 1, the appearance of ORDBMSs, together with the general supportnow provided for query facilities (and object extensions to SQL) by OODBMSs, indicatesthat the merger of OODBMS and relational capabilities described in [Man89a] is takingplace, and that even more complete mergers can be expected as OODBMS and ORDBMS(ODBMS) technology matures further. Moreover, the appearance of these two classes ofproducts indicates a general convergence on the object concept as a key mechanism forextending DBMS capabilities, even if there is some debate about the way in which othercapabilities should be supported.2.2.12 SummaryIn this section, we have summarized the capabilities required for ODBMSs to handleadvanced application requirements. We have done this by examining the capabilitiesidentified in two database "manifestos" [ABDD+89, CADF90] describing thecharacteristics required of next-generation database systems, and illustrating them withexamples from [MHB90] used to define multimedia data type requirements. We have alsoattempted to characterize the difference between an OODBMS and an ORDBMS, andexplain why this distinction is as difficult to make as it is. Sections 3 and 4 describe thecharacteristics of existing ODBMS products of both classes. As the product descriptions inthese sections will illustrate, most of the capabilities identified by these "manifestos" aresupported by these products.3. Object-Oriented DBMSsThis section describes (in varying levels of detail) a number of Object-Oriented DBMSs(OODBMSs), as described in the last section. A separate subsection is provided for eachsystem covered. Except for some of the systems described in Section 3.9, the systemscovered are all commercial products. Moreover, these systems are specifically OODBMSs,as distinct from the Object/Relational DBMSs (ORDBMSs), which are covered in Section 4(although, as noted earlier, this distinction is not necessarily easy to make). Some of theseOODBMSs are targeted toward the specific database requirements of engineering designapplications (and other advanced applications such as computer-assisted publishing), inwhich relational products might perform badly. These products are designed to functionparticularly well in these environments, and would not necessarily perform well in theapplications for which large relational DBMSs have been developed. Others are intendedfor more general-purpose environments.Before proceeding, a few caveats are in order. The intent of describing the various systemscovered in this section (and in Section 4) is to given an overall flavor of the characteristicsof ODBMSs products, the various facilities that the products provide, and the range of

42products available. The system descriptions used in these sections have been taken largelyfrom the cited vendor manuals or other published descriptions, and in some cases fromdiscussions with vendor representatives or Internet discussions of the products. While wehave attempted to be as accurate as possible in describing the various systems, thedescriptions have not been verified by hands-on testing, or submitted to the variousvendors for their comments. Also, due to various constraints, the documentation used wasof varying degrees of currency, and in some cases the available documentation was ratherlimited. As a result (and also because new features are introduced in these products withgreat speed and regularity), the features described are subject to change, or may beunavailable in the current release, or unavailable on certain platforms.This report is not intended to be exhaustive in describing ODBMSs (either OODBMSs orORDBMSs), either in terms of describing all possible systems, or all the features of thosesystems. Thus:¥the omission of some particular system should not be taken as meaning thatthe system is not worthy of consideration for some specific application¥the lengths of the descriptions should not necessarily be taken as anindication of our opinion of the various systems¥the fact that some feature is not mentioned in the description of a givensystem should not necessarily be taken as indicating that the feature is notavailableThis section also does not attempt to provide a detailed comparison of the systems coveredagainst a common set of features or other criteria (Section 6 discusses a number of aspectsof ODBMS implementations, and describes the different ways some of the systemsimplement these aspects, but there is no attempt to provide a general comparison). A verydetailed comparison of ODBMSs (including most of those covered in this report) accordingto an extensive set of specific features (using tables rather than narrative text) can be foundin [Bar94a], which is a $1595 2-volume commercial report on the subject (furtherinformation can be obtained from DBMSfacts@aol.com).Readers interested in the selection of a specific product should, as always, evaluate theproducts in more depth, and using more criteria, than has been possible in this report. Inparticular, the products should be evaluated with respect to both the specific applications towhich they will be applied, and the specific environments in which they will be applied,since different features will be more or less relevant in different application contexts.3.1 GemStoneGemStone [BMOP+89, BOS91, OFAQ93, Ric92] is an object-oriented DBMS developedby Servio Corporation. First introduced in 1987, GemStone is the oldest commercialODBMS available today. GemStone supports multiple external languages, includingSmalltalk-80, Smalltalk/V, C++, C, and GeODE, a visual development environment. Allapplications, regardless of language, can have simultaneous access to the same databaseobjects. In addition, GemStone uses a dialect of Smalltalk as an internal DML, whichallows execution of methods or entire applications at the GemStone server. Supportedplatforms for GemStone, GeODE, and all language interfaces include UNIX workstationsand servers from Sun, HP, IBM, and Sequent. Client-only support is available in anumber of languages for Windows 3.1, OS/2 and Macintosh. Servio is an active member

43in the Object Management Group (OMG), the Object Database Management Group(ODMG), and the ANSI Smalltalk standardization committee.3.1.1 Object modelThe GemStone object model is essentially that of Smalltalk [GOLD83] (althoughGemStone itself is written in C and C++). Objects in GemStone consist of collections ofinstance variables and methods. Each object stored in GemStone contains an objectidentifier (called an oop for object-oriented pointer). As in Smalltalk, explicit objectdeletion is not supported. Instead, objects are automatically garbage-collected when theyare no longer referenced by other objects. The GemStone ODBMS directly implements avariant of Smalltalk, Smalltalk DB (formerly called OPAL), which is specialized fordatabase processing. For example, the language adds facilities for persistent objects,concurrent access, transactions, and indexing. As in conventional Smalltalk, Smalltalk DBprovides both class definition (DDL) facilities and method definition (DML) facilities, aswell as an extensive library of kernel classes. Because GemStone implements its owncomputationally-complete database programming language, GemStone stores completeobjects (including both state and behavior) in the database, and allows the methods of theseobjects to be executed directly by the ODBMS.An example object class definition in GemStone is1:Object subclass: ’Person’instVarNames: #(’priv_age’ ’priv_spouse’ ’priv_children’)classVars: #( )poolDictionaries: #[ ]inDictionary: UserGlobalsconstraints: #[ #[#priv_age, Integer]]isInvariant: false.method: Person// age getterage^priv_age %method: Person// age setterage: aAgepriv_age := aAge %Similarly, a Part class might be defined as:Object subclass: ’Part’instVarNames: #(’privpartID’ ’privpartName’ ’privsubParts’ ’privisPartOf’ ’privgraphic’)classVars: #( )poolDictionaries: #[ ]inDictionary: UserGlobalsconstraints: #[ #[#privpartID, Integer], #[#privpartName, String]] isInvariant: false.

1 Examples in this report are intended only to illustrate the general characteristics of syntax in the varioussystems described, and have not actually been tested on the target systems. As a result, the syntax is notguaranteed to be totally accurate or complete.

44The instVarNames part of the declaration specifies the literal names of the instancevariables of the object. In this case, there are five:¥privpartID, containing the oop of an integer object¥privpartName, containing the oop of a character string¥privsubParts, containing the oop of a set object containing thesubparts of the part¥privisPartOf, containing the oop of a set object containing the partsthis part is a part of¥p r i v g r a p h i c , containing the oop of an object of typeGraphicalObject which is the iconic representation of the part.(Each of these names starts with priv to indicate that it is private to the object, sinceinstance variables are not visible outside the object.)It would also be necessary to define the object class of objects containing sets of parts(these objects would serve as values of the privsubParts and privisPartOfinstance variables defined above):Set subclass: ’PartSet’ instVarNames: #( ) classVars: #( ) poolDictionaries: #[ ] inDictionary: UserGlobals constraints: Part isInvariant: false.Instance variables are not necessarily constrained to contain only objects of specific types.The constraints part of the declaration can be used to specify such constraints. Inclass Part, only two instance variables are constrained: privpartID is constrained tocontain only Integer objects, and privpartName is constrained to contain onlyString objects. In class PartSet, the set is constrained to contain only Part objects.This constraint mechanism is not intended as a general-purpose type-checking facility, butrather is intended to constrain instance variables over which indexes will be constructed toallow rapid retrieval. (The remaining parts of the declarations, such as classVars, etc.,are irrelevant to this discussion, but were included for completeness.)Method declarations are used to specify the externally accessible behavior of the object.For instance variables that represent externally visible object attributes, a pair of methods isdefined for each instance variable, one to access it, and one to assign a value to it. Forexample, in class Part, the accessing and assignment methods for the privpartNameand privsubParts instance variables are:method: PartpartName^privpartName %method: PartpartName: aPartNameprivpartName := aPartName %method: PartsubParts^privsubParts %

45method: PartsubParts: aPartSetprivsubParts := aPartSet%(In these methods, ^ denotes "return the value of", := denotes ordinary assignment, and %is a terminator. Note that many methods are very small).The classes also inherit certain methods from their superclasses. For example, both Partand PartSet classes inherit the new method for creating new instances. PartSetinherits methods for adding and removing Part objects from its superclass Set.Once the classes are defined, objects can be created and manipulated using the methods.For example, if an object myPart exists in the database, the messagemyPart partNameasks myPart to return its part name. myPart is referred to as the message’s receiver (theobject to which the message is addressed), while partName is the message’s selector(specifying the method to be executed in response to the message; see Section 2 for furtherdiscussion of this terminology).Class PartSet inherits special methods from its superclasses (specifically, classCollection, a superclass of class Set) allowing it to be searched for objects withinstance variables satisfying certain conditions. For example, the following expressionwould return all of the Part objects that are AND gates from a PartSet objectmyParts:myParts select: [:aPart | aPart partName = ’AND gate’]GemStone also provides facilities for tuning the performance of object access. Forexample, class Object defines the basic clustering message cluster which is inheritedby all objects. The simplest clustering method simply assigns the receiving object to a diskpage--it does not attempt to cluster related objects pointed to by the receiving object’sinstance variables. Special clustering methods can be defined for individual object classes.For example, the following defines a method clusterPart for objects of class Part:method: PartclusterPartself cluster.privpartID cluster.privpartName cluster.privsubParts cluster.privisPartOf cluster.privgraphic cluster.^false%The message myPart clusterPart would then cause the Part object myPart tocluster itself. In this case, the method first asks myPart to assign itself to a disk page(self cluster does this), and then asks other objects pointed to by specified instancevariables to cluster themselves on the same page (or a nearby page) as myPart (forexample, partName cluster asks the String object pointed to by myPart’spartName instance variable to cluster itself near myPart).

463.1.2 Architectural FeaturesGemStone uses a client/server architecture consisting of the following key components[BOS91]:¥Gem server (object manager) processes. Each Gem process is capable ofexecuting object behavior specified in Smalltalk DB, the GemStone DML,and handles all query evaluation. The Gem server also contains both objectand page caches. Each client process is associated with a Gem server,either by direct linking, or remotely.¥A Stone monitor process. Stone allocates new object identifiers, handlesuser login/out operations, coordinates transaction commit activity bymultiple Gems, and handles recovery. The Gem processes communicatewith Stone through interprocess communication mechanisms.¥Page server processes. Page servers provide Gem servers with page-levelaccess to local and remote files. The page servers support databasesdistributed over multiple extents on different network nodes. A remoteextent may also be locally replicated to improve performance.¥Applications (clients). Applications are developed using either theGemStone Smalltalk, C, or C++ interfaces, or the GeODE developmentenvironment, described below. An application is associated with a Gemserver, and may be either linked directly to it, or run as a separate process.These components may be organized in different configurations based on applicationrequirements (Figure 3.1 shows one example, adapted from one in [BOS91]). Forexample, Gem (object management), page server, and Stone could be hosted on the samemachine, resulting in a "server-heavy" configuration, Gem could be hosted on the samemachine with the application, resulting in a "client-heavy" configuration, or could be on aseparate machine of its own. A GemStone configuration may include multiple hosts in thenetwork, and clients can simultaneously access databases on multiple hosts. GemStonealso supports data replication, allowing critical objects to be redundantly stored on differentservers.GemStone can take advantage of the parallel processing capabilities of Symmetrical Multi-Processor (SMP) machines to improve throughput. GemStone can also take advantage ofclustered CPU environments in which several servers are attached to a single disksubsystem.

Network nodenode pageserver replicateof extent 1 replicateof extent 2GeODEnetworksoftwareGemSmalltalkGemStoneSmalltalkInterface

Gemnetworksoftware pageservernode databaseextent 2 pageserver databaseextent 1 C++ApplicationGemnetworksoftware pageserverStoneFigure 3.1 GemStone Client-Server ConfigurationBecause application processing can be programmed directly in Smalltalk DB, developerscan choose how to distribute computation between Smalltalk DB computation on the hostcomputer and Smalltalk, C++. or C computation on the application workstation. Thisactive ODBMS (see Section 6.3.1) ability to execute methods in the database can be used toreduce network traffic and allow applications to take advantage of what may be the superiorcompute power of a database server. This can also eliminate the need to rebuild and re-deploy applications whenever application processing requirements or business ruleschange.The GemStone C, C++, and Smalltalk Interfaces provide facilities necessary to allowexternal application programs written in C, C++, or Smalltalk to access GemStone (and itscontained objects) while maintaining internal object consistency within GemStone.

48The GemStone Smalltalk interface provides a set of Smalltalk classes that allow a Smalltalkapplication to communicate in a relatively seamless fashion with a GemStone database.The interface provides automatic mapping between most Smalltalk kernel classes andcorresponding GemStone classes, and additional class mappings can be defined. Theinterface can automatically generate GemStone classes from Smalltalk application classes,and can similarly automatically generate Smalltalk classes from GemStone classes. Theinterface also maintains relationships between GemStone database objects and applicationobjects. If either a Smalltalk application object or its GemStone counterpart is modified,the modification is automatically and transparently reflected in both locations.Two versions of the GemStone Smalltalk interface are available. One is a linked version,in which the database session is linked into the same process space as the Smalltalk clientfor maximum performance. The other is an RPC version in which the interfacecommunicates with remote database sessions, and is intended for distributedconfigurations.The GemStone C interface is a library of C functions that provide a bridge between anapplication’s C code and the objects in a GemStone database. A C program can access thedata either structurally, by importing object data into the program, or by sending messagesto invoke object methods in the GemStone database. Because C is not object-oriented,objects imported from the GemStone database into the C program must be represented as Cdata types, such as pointers, strings, or integers. Both an object’s oop and a representationof the object’s state may be imported into a C application’s address space. However,access to objects directly in C circumvents object encapsulation, and must be done withcaution. If the C program alters the structure of an object, the object may no longer behaveas expected. A C program can use only predefined oops, or oops it has received fromGemStone. The program cannot create new oops directly, since these might conflict withoops already existing in GemStone. Functions are available to import and export individualobjects of the various classes.The C++ interface is based on the use of a C++ preprocessor, together with:¥the

GemStone C++ Class Library, an application-oriented subset of the fullGemStone Class Library (which in turn is based on the Smalltalk ClassLibrary). It can be used directly in C++ programs to create persistentobjects, or to derive additional persistent classes.¥the

Registrar, a utility that creates the runtime interface between the C++program and the GemStone database. Specifically, it "registers" persistentC++ classes in the GemStone database, and generates the C++ code andinformation necessary to transfer objects to and from GemStone.In using the interface, persistent C++ classes are declared in a header file using standardC++ syntax. Classes derived directly or indirectly from a persistent GemStone class (eithera class in the GemStone C++ Class Library or a previously-registered persistent class) areautomatically made persistent. Class data members can include C++ kernel types, user-defined classes, classes from the GemStone C++ Class Library (such as GS_Object andGS_Set), and one-dimensional arrays of these classes. The header file is input to theRegistrar utility, which "registers" any persistent classes by creating a corresponding classin the GemStone database. The Registrar also produces output files containing translationprocedures and mapping information used to move objects between the C++ applicationand the GemStone database. These files are compiled and linked with any C++ programs

49that will use the persistent classes. The interface also includes functions to establish andterminate database sessions, move objects between the C++ program and the GemStonedatabase, commit and abort transactions, etc.Instances of C++ classes registered with GemStone can be referenced using two differenttypes of pointers. GPointers are object identifiers, and are transparently dereferenced.DPointers (direct pointers) are ordinary C++ pointers (virtual memory addresses). Furtherdetails concerning the differences between these types of pointers, and other aspects of aC++ ODBMS interface, are provided in Section 3.2’s discussion of the ONTOS DB C++interface, and in Section 6.1.A C++ application can concurrently access and modify GemStone objects created by otherlanguages, including C, Smalltalk, or any language that makes C calls. Similarly, aSmalltalk application can concurrently access and modify GemStone objects created byC++, C, or any language that makes C calls. New server methods can be added toGemStone at any time. These methods can be written in either Smalltalk DB or C, and maybe called either by other server-based methods or directly by applications.GemStone provides both optimistic and pessimistic concurrency control mechanisms. Theoptimistic mechanism works roughly as follows. A Smalltalk DB transaction initiallyoperates on a private copy of GemStone’s objects called a workspace. GemStone tries tomerge any modified objects in the workspace with the main, shared database only when thetransaction tries to commit. At that time, GemStone checks to see whether other usershave, since the transaction began, committed transactions of their own that may havechanged the objects read or modified by the first transaction. If they have, GemStonerefuses to commit the transaction, since the transaction may have used some outdatedvalues in computing its modifications. When GemStone refuses to commit a transaction, itleaves the workspace intact. The application can then perform any desired cleanup orsaving of results created during the transaction and abort the transaction. This begins anew transaction and creates a new workspace containing up-to-date copies of shared,committed objects. The transaction can then be reattempted using the up-to-dateworkspace. A read-only transaction can always commit, since it has created no workspacemodifications. Such an optimistic mechanism generally provides more concurrency whenthere are likely to be few actual conflicts among users. GemStone also provides aconventional (or pessimistic) concurrency control mechanism based on locking. Using thismechanism potentially reduces concurrency, but insures that commits of databasemodifications will succeed. An application can submit transactions that use eitherapproach: objects that are unlikely to produce conflict can be accessed optimistically, thusavoiding the overhead (and possibly loss of concurrency) due to locking, whiletransactions that are likely to encounter conflict can use the pessimistic mechanism.GemStone provides optimized queue and collection classes that minimize concurrencyconflicts in applications where high concurrency is required (Section 2.2.6 discussed howsuch a queue could be defined). Reduced conflict indexes, bags, counters, and hashed-access dictionaries are also provided. GemStone also supports object change notification,in which the database can notify an application when a specified object has changed, andallows applications to send signals to other applications without writing data to thedatabase. This signaling mechanism can be used to implement strategies that involvecooperation among multiple applications.GemStone supports a versioning mechanism. This mechanism is used to support severalpredefined versioning policy options (e.g., linear versioning), and can also be used todefine application-specific versioning policies (see Section 6.5 for a discussion ofversioning). GemStone supports schema modification through class versioning and allows

50full migration of objects between versions of their classes. Migration is fully customizableand is undoable.Servio also offers GeODE (GemStone Object Development Environment). GeODE is acomprehensive environment for rapidly designing, building and deploying objectapplications. Its design promotes code reuse in a team programming environment forincreased productivity. With GeODE’s visual programming tools, programming anapplication is done by wiring together graphical representations of encapsulated codeblocks. A simple extension mechanism promotes the re-use of code, increasing the speedof program development. GeODE applications are stored and run in the GemStonedatabase, and so are both self-porting and network-aware, and can be accessed externallyfrom any of the GemStone language interfaces. Because of GemStone’s networkarchitecture, GeODE applications can operate easily in a client/server environment.GeODE consists of six main elements:¥Visual Application Manager: Provides centralized management of eachapplication and its component parts, and a namespace for addressing knownobjects. The Application Manager can be used to store Visual ProgramDesigner-developed applications in the GemStone ODBMS as executableobjects.¥Visual Schema Designer: Allows the development of database schemavisually, making the process more interactive and intuitive than with object-oriented programming languages. It also provides analysis tools forexamining an existing schema.¥Visual Forms Designer: The Forms Designer reads GemStone classdefinitions and an associated data dictionary to automatically create defaultforms suitable for simple data entry. These forms can be rapidlycustomized, using a wide selection of user interface components and fieldtypes, which include image and sound support, and a large set of formdesign aids. The list of field types can be extended interactively.¥Visual Program Designer: The Visual Program Designer allows developersto visually create and modify the behavior of an application without havingto write code. Programs are created graphically on a screen by connectingvisual program blocks (code chunks) to field blocks drawn from the formscreated in the Forms Designer. Predefined program blocks includeconstructs such as iterators, conditionals, adding values, defining GUIobjects such as buttons, etc., and users can extend the catalog in any of anumber of simple ways. Smalltalk DB code can be integrated easily.¥Developer Class Library: GeODE comes with more than 480 classes andthousands of methods, and is easily extended for handling specializedapplications. In a team environment, some programmers can develop visualapplications while others write new methods that are encapsulated intovisual program blocks for easy reuse.¥Developer Tools: GeODE includes tools for debugging, browsing andinspecting applications. Included in this set of tools are several debuggers,browsers, inspectors, an object clipboard, an image editor, and a codeprofiler for performance analysis.

51The GemStone DataBridge Toolkit allows existing data stored in relational databases to beintegrated with GemStone data. GemStone applications and Smalltalk DB methods cansend SQL queries to a relational DBMS on the same network. The results of a query arereturned as a set of GemStone objects for further processing within GemStone.3.2 ONTOS DBONTOS DB [ONT94a,b] is Ontos, Inc.’s second-generation ODBMS product (the firstgeneration product was called Vbase [AH87]). ONTOS DB is based on C++, and tries tocombine C++ programming capabilities with the persistence, sharing, integrity, and querycapabilities of a DBMS. ONTOS DB uses a client-server architecture, and the content of anONTOS DB database may be physically distributed over any number of nodes in anetwork. ONTOS DB comes with a C++ interface, allowing the use of standard C++compilers to access ONTOS DB databases, an SQL interface, allowing SQL access toONTOS DB both interactively and via programs, and an interactive graphical interface.ONTOS DB runs on Unix workstations, including those from Sun, HP, and IBM, as wellas on OS/2. ONTOS DB’s concurrency control and transaction mechanisms supportconsistent database access by multiple concurrent, and potentially-conflicting, users. Inaddition, special features are included to promote data sharing among cooperatingprocesses.3.2.1 Object modelONTOS DB uses an internal object model which is mapped to the C++ object model forapplication access. Object properties and functions are defined in C++ (with minorextensions). ONTOS DB objects consist of collections of properties and functions. Eachobject is identified by a 64-bit object identifier or OID, which is guaranteed to be uniqueand consistent within an ONTOS DB database. Each object’s properties are either storeddirectly in the object or represented by OID references to other objects, allowing the directrepresentation of complex object relationships. ONTOS DB also provides aggregateclasses for modeling one-to-many relationships. It resolves references directly andpresents objects that are fully C++-compatible at the C++ interface.ONTOS DB provides database functionality through the ONTOS DB class library. Someof the classes in this library are shown in Figure 3.2.1. A key object class in the library isclass OC_Object. This is the parent of all persistent object classes (all user-definedclasses that are to be persistent must inherit from it). Class OC_Object defines aconstructor function for creating objects in the database, and a destructor function fordeleting them (unlike GemStone, which follows Smalltalk in using garbage collection toautomatically delete unreferenced objects, ONTOS DB follows C++ in requiring explicitdeletion of objects that are no longer needed). Class OC_Object also defines propertiesfor an object name, and for the physical clustering of objects in the database. LikeGemStone, ONTOS DB also provides a number of generally useful aggregate classes, suchas OC_Dictionary, OC_Set, OC_Array, and OC_List. For example, dictionariesare implemented as hash tables or B* trees. These data structures are available as generalabstractions, eliminating the programming ordinarily required to create, access, andmaintain them.

52¥¥¥OC_CleanupObjOC_EntityOC_PrimitiveOC_RealOC_StringOC_IntegerOC_PointerOC_ObjectOC_AggregateOC_SetOC_AssociationOC_ListOC_ArrayOC_DictionaryOC_IteratorOC_SetIteratorOC_ListIteratorOC_AggregateIteratorFigure 3.2.1 Part of ONTOS Class HierarchyClass OC_CleanupObj is part of the exception handler mechanism; it defines theproperties objects need to be cleaned up following an abort. Instances of classOC_Primitive are like values. They are treated as objects, but do not have the fullfunctionality of objects (e.g., member functions cannot be defined for them, and theycannot be inherited from).An example C++ object class definition in ONTOS DB is:class Person : public OC_Object {{private:intpriv_age;OC_Referencepriv_spouse;OC_Set*priv_children;public:// constructors and get direct typePerson(char* name=(char*)0, int priv_age=0);Person(OC_APL* theAPL);virtual OC_Type* getDirectType();// accessor functions

53intage() { return priv_age; }voidage(int age) { priv_age = age; }Person* spouse( ){ return (Person*) priv_spouse.getReferent(this); }// getReferent activates the spouse objectvoidspouse(Person *aPerson){ priv_spouse.reset(aPerson,this); }// reset makes a Reference to the new spouse objectvoiddisplay();// functions for dealing with children //...};In the above declarations, class Person is defined as inheriting from class OC_Object,which makes it an ONTOS DB persistent class. The private declarations define the internalstate of the object. These three variables are not visible outside the object. The variablepriv_children is defined as type OC_Set*, meaning first that the value is a pointer toan OC_Set object, and second that the pointer is an ONTOS DB direct pointer. On theother hand, the variable priv_spouse is defined as type OC_Reference, whichmeans that the value is an ONTOS DB abstract pointer (the distinction between these typesof pointers is discussed below). The object also inherits certain instance variables from itssuperclasses. For example, it inherits the instance variable name from class Object.This is used to allow initial access to the object when its object identifier is not known.The public part of the declaration specifies the externally accessible C++ member functions(methods) for the object. In defining an ONTOS DB persistent class, two objectconstructor functions (named Person) must be specified. The first public functionspecified above is an ordinary C++ object constructor. The second public function is anONTOS DB activation constructor, which is used for reconstructing objects read fromdisk. The third function redefines the standard member function getDirectType(),which returns a database object representing the type of the object. In addition, there is afunction to access each instance variable (the ones for dealing with children are omitted).The object also inherits certain functions from its superclasses. For example, it inheritsfunctions deleteObject, putObject, and Print (among others) from classObject.In C++, as in many programming languages, there is no standard mechanism forrepresenting class data definitions for runtime use. The ONTOS DB class library providesclasses for expressing properties, member functions and their arguments, and the overallclass definitions themselves. These classes are used to represent schema definitions to thedatabase in a machine-independent way, and are also useful in program development whenruntime knowledge of the structure of an object is needed. Instances of these classesrepresenting user-defined objects are generated automatically from C++ declarations by autility called classify.Among the schema representation classes are classes needed to express member functiondeclarations. These classes allow key algorithms to be packaged in the database rather thanwith the application code. The behavior of the application can then be changed withoutchanging the application programs themselves. For example, a text processing application

54might support multiple natural languages by placing all language-dependent functions intothe database.The general concepts of object addressing and clustering in ONTOS DB are similar to thoseof GemStone in many respects. Like GemStone, ONTOS DB provides random accesswithin a one-dimensional address space based on object identifiers (OIDs). The granularityof reference is a single object. Aggregates (container objects) are themselves denotable asobjects. Property values (except in some special cases) are stored in the form of referencesto other objects. This is ideal for applications such as those discussed in Section 2, inwhich the data structures used are complex graph structures whose edges are frequentlyimplemented in applications by direct memory references. ONTOS DB is also convenientfor such implementations because it supports direct translation between virtual memoryreferences and object OIDs.Like GemStone, ONTOS DB also supports the clustering of related objects. For example,in a CAD application it may be common to access a part object and the object representingits image property at the same time. Clustering requirements are usually application-dependent, and must be determined by observing or predicting the access patterns ofspecific applications. ONTOS DB allows the programmer to specify clustering andprovides tools for reclustering when more experience with the application permits betterchoices to be made.The general steps in setting up an ONTOS DB application are as follows. First, theDBATool utility would be used to register the database with ONTOS. Second, theapplication code would be designed and implemented. This would include the specificationof the C++ object classes required by the application. Third, the classify utility would beused to translate the C++ headers for the class definitions into persistent database classdefinitions (this corresponds to the GemStone C++ interface Registrar utility), as illustratedin Figure 3.2.2. Finally, the code would be compiled and linked using the cplus C++preprocessor utility (see below) and the ONTOS DB library.

55ODBMSApplication Program methodmethod methodmethodObject methodmethodObjectapplicationobjectclassesDatabase object classesONTOS classify utilityONTOSFigure 3.2.2 Registering Database Classes3.2.2 Architectural FeaturesThe ONTOS DB distributed client-server architecture is shown in Figure 3.2.3 [ONT94a].In this architecture, the server side manages the data store, while the client side provides theinterface to user processes and manages the mapping of data to the application program’svirtual memory space. In a LAN installation, the client and server sides communicate overthe LAN. When both reside on the same node, direct interprocess communication is usedinstead. A third component of the architecture is the Registry. The Registry keeps track ofall databases in the network, and their primary servers. It also maintains user profiles andaccess rights for database security. The Binder is a network-wide service responsible forestablishing connections between clients opening a logical database and the servers thatmanage the areas of that database. The Binder consults the Registry to identify and locateservers associated with the requested logical database. A logical database consists of oneor more areas.A database may be contained on a single node or distributed over a number of nodes in thenetwork. Each database is controlled by a primary server. If the database is distributedover other nodes, each of these nodes has a secondary server managing local storage. Thetask of each server process is to manage its local part of the database, and to respond toclient requests over the network. In addition, the primary server maps objects to theirrespective servers. It is also responsible for all operations global to the database. Theseinclude open and close requests, and the control of multi-server transactions.The servers of a database are responsible for managing it as a logical object store. Eachobject in a database is identified by an identifier (OID) guaranteed to be unique within the

56database. Each database, whether contained on a single node or distributed over severalnodes, has a single OID space. Objects may also have names. Names are mapped to OIDsby a hierarchy of name directories.

DatabaseRegistryAreaDistributedDatabaseSecondary Server

PrimaryServer

Secondary Server

AreaAreaBinder

NetworkApplication ProcessClient LibraryClass/FunctionInterfaceApplication CodeClient

Figure 3.2.3 ONTOS DB Client-Server ArchitectureA C++ application process contains the application code and the client portion of ONTOSDB. The client portion is implemented as a function and class library (the ONTOS DBClient Library) that is linked into the application when it is created. The client managescommunication between the application and one or more servers over the network. It alsoprovides the application with various storage management services, and translates objectreferences between their OID (database) form and virtual memory addresses used duringprocessing. The client is designed so that the application can take over some of theseservices (such as memory allocation) in cases where the application is able to makeapplication-specific optimizations. The interface between the application and the client iscomposed of a relatively small set of functions and classes. The major functions aredatabase Open and Close, transaction Start, Commit, and Abort operations, andthe object I/O functions.Objects requested singularly or in groups by the client are retrieved by the servers andhanded back to the client. These objects are activated into the client application’s virtualmemory and manipulated as C++ structures. When the application finishes with theseobjects, it deactivates them, optionally deallocates their memory, and passes them to theclient. The client portion transfers them back to the servers, which apply the changes madeto objects to the areas.Low-level storage facilities are provided for ONTOS DB objects by storage managers.These components handle an object’s disk and memory storage by allocating and

57deallocating space and storing and deleting objects. A storage manager also resolves andspecifies OC_References to objects and performs reference resolution operations.Storage managers are provided as instances of class OC_StorageManager or itssubclasses. ONTOS DB provides a set of storage managers that are optimized for differenttypes of data and storage requirements. These are provided as OC_StorageManagersubclasses, so that they can be customized by users to meet installation-specificrequirements. Specifically:¥The standard storage manager (class OC_StandardSM) handles activation,clustering, and locking of individual objects (e.g., paragraphs in adocument management application). This is the default storage managerclass.¥The group storage manager (class OC_Group) handles activation,clustering, and locking of fixed-size units called group pages. A grouppage is used to hold instances of objects of a single type. The main benefitof this grouping is its activation and deactivation performance, which isoptimal for large numbers of small objects that are typically accessed andlocked in groups (e.g., sets of coordinates in a CAD or GIS application).Activation of an object stored in a group page results in the activation of allobjects stored in that page.¥The in-memory storage manager (class OC_InMemorySM) is usedinternally by ONTOS DB to support creation of temporary, non-persistentobjects, which can optionally be converted into database objects. Userscannot create instances of this class or call it directly, but they can retrievepointers to instances of it created by ONTOS DB.¥The version storage manager (class OC_VersionSM) controls access toversions of objects by providing reference resolution and configurationmanagement support. This storage manager delegates the physical and in-memory storage management aspects of its functions to other storagemanagers, such as the standard storage manager.¥The external storage manager (class OC_ExternalSM) and relatedcomponents are provided as an optional product in Release 3.0. Theexternal storage manager components provide facilities for managingexternal data stores, such as relational or hierarchical DBMSs andproprietary file formats, and mapping and converting data in those externalstores into objects. Because these components are provided as objectclasses, they can be tailored to the specific requirements of differentinstallations and external stores.Ontos intends to provide specific specialized instances of external storage managers as off-the-shelf products, with Sybase and IMS versions among those planned.The skeleton of a simple ONTOS DB application is shown below. It illustrates a numberof key points about the use of ONTOS DB (and the C++ interfaces to a number of otherODBMSs).OC_open("personDB");//open the databaseOC_transactionStart();//start a transaction

58Person *myPerson = (Person*)OC_lookup("Frank"); //activate a Person object<code to modify the Person object>//modify myPersonmyPerson->putObject();//deactivate myPersonOC_transactionCommit();//commit the transactionOC_close();close the databaseObjects are transferred between the application’s memory and the database by operationscalled activation and deactivation. Activation involves transferring object state from thedatabase to memory. In this case, an initial object is activated using the OC_lookupfunction, which activates an object given its name. Named objects constitute entry pointsinto the database from applications. Database objects use OIDs for inter-object references.All references contained by the activated object to other already-read objects are translatedfrom their OID form to virtual memory references. Also, all the references to the newly-activated object from other already-read objects are similarly translated. Deactivation is thereverse process: the translation of memory references back into OIDs, and the writing ofobjects back to the database. Because these processes can critically affect performance, thenumber of objects activated is placed under the control of the programmer, who can chooseto activate a single object, or a logical cluster of objects. The clustering of objects is underapplication control to allow objects frequently used together to be stored and retrieved in asingle database operation. All database operations are performed from within transactions,in order to guarantee consistent access when the database is being shared by applicationsthat may be performing conflicting operations on the database.The form of virtual memory reference used when object state is moved from database toapplication memory can be controlled by the programmer, using specifications in objectclass definitions. When abstract references (instances of class OC_Reference) are used,all references go through one level of indirection, and are guaranteed safe by the system. Ifan object referenced by an abstract reference is inactive (still on disk), it is activatedautomatically by the system. Activation is thus transparent to the programmer, at the costof additional indirection. Abstract references can be used to guarantee reference safetywhen individual objects or clusters are activated, and is expected to be the most commonform of referencing. However, if the application can determine valid references itself,direct references may be used. In this case, when an object is activated, references toobjects already in virtual memory are translated to standard C++ virtual memory pointers.Direct references are used directly, without any checking, and have the same performanceas ordinary C++ references, but the application must insure that it does not dereference anuntranslated reference. If the application detects the presence of an direct reference that hasnot been activated, the object may be activated explicitly by a function call. Objects mayalso be activated explicitly by name, using OC_lookup, as noted above. Facilitiescorresponding to ONTOS DB’s direct and abstract references are available in a number ofthe C++ ODBMS interfaces described in this report (see Section 6.1 for a furtherdiscussion of this topic).The ONTOS DB transaction mechanism contains a number of enhancements overconventional database transaction mechanisms. First, it allows for nested transactions.Each level of nesting is atomic on its own. This makes it much easier to provide a generalundo facility. ONTOS DB also supports cooperating processes. Multiple processes may

59join in a single transaction. Such a shared transaction combines the changes made bymultiple processes into a single atomic change while providing the processes with acommon data pool for sharing and exchanging information. ONTOS DB, like GemStone,also supports both optimistic and pessimistic concurrency control, at the programmer’soption. In addition, ONTOS DB’s High Concurrency Object (HCO) Technology providesan extensible database concurrency mechanism. HCOs enable user-defined concurrencyschemes that support simultaneous same-object updates (multiple writers).The ONTOS DB Object SQL interface is intended to add a predicate-based style ofinteraction with the database to the navigational style characteristic of C++. OSQL isintended for use by application programmers, and is intended both to allow applicationprograms to issue database queries, and as a back-end for an interactive end-user queryfacility. ONTOS DB Object SQL extends SQL to allow the unique capabilities of an objectmodel to be accessed via SQL. For example, object systems frequently model 1-nrelationships with aggregate objects rather than through join operations. SQL must beextended to handle such relationships. In addition to accepting class names (the objectanalog of tables in relational systems), the FROM clause in Object SQL will accept anyargument that evaluates to a collection of objects. For instance, it will search aggregates ofthe class, iterators defined for such aggregates, or an explicit list of objects. Similarly, theSELECT clause will accept property names (analogous to relational columns) as well asmember function invocations and "navigational-style" property-chain expressions. Anexample of the latter is person.mother.mother.name for grandmother’s name.Finally, the WHERE clause is extended to allow arbitrary Boolean expressions, includingmember function calls that return Boolean values.Class extensions must be declared for ONTOS DB types and instances to be used in OSQLqueries. An extension is the collection of all of the instances of a type that exist at a giventime. Extensions are set automatically when types are created using the DBDesigner tool.Types can be explicitly specified as having extensions when defined programmatically orwhen using the classify utility.A query iterator object is used to implement an OSQL query. Like other iterators inONTOS DB, the query iterator uses a special operator to successively return each of theobjects that meet the query conditions. The following is the outline of a simple OSQLquery session:OC_startQuerySession();...OC_QueryIterator* aQuery;...aQuery = new OC_QueryIterator("select address.state, address.zip,manager from employees");while (aQuery->moreData()){aQuery.yieldRow (state, zipcode, mgr);<process data>}...OC_endQuerySession();In this case, an Object SQL string is specified which is used to create theOC_QueryIterator object aQuery. The application then iterates over this object

60using yieldRow() to return each successive row until the query iterator is empty. Theextensions to SQL include path expressions that specify traversal of object references ratherthan relational joins, using a dot notation, as in:select Namefrom Employeewhere Employee.Department.Location = "Bermuda"The extensions also allow function expressions to be substituted for values anywhere avalue is allowed, as in:select Namefrom GetSubParts(OC_lookup ("Engine Block"))where Supplier = OC_lookup ("Henry Ford’s Motor Parts")(As noted above, OC_lookup is a predefined function for objects which looks up a objectby name).Specifically:1.The SELECT clause (target list) in a query can reference¥properties (data members)¥object operations or separately-defined procedures¥a navigational reference (path expression) to a property or procedure (path expressions can only use multi-valued properties at the ends of chains)¥table column heads, arithmetic operations, wildcard operator (*)2.The FROM clause in a query can reference:¥a type name¥an aggregate name¥a navigational reference (path expression) to a type or aggregate¥an explicit set of objects or types¥a procedure invocation that returns a type or aggregate¥an expression that includes any of the aboveIn addition, the WHERE clause in a query can include any expression that evaluates to aBoolean, as well as invocations of object operations and path expressions.Object operations may have side-effects (it is the user’s responsibility to be aware of them).Queries return a row of results for each satisfying object. The rows may be output aseither:¥A character string (of C++ type char*).¥An object of type OC_ArgumentList. This list contains one object oftype OC_Argument for each column. An OC_Argument object can becast back to its original type.¥An iterator which, when invoked, sequentially returns the columns of therow as OC_Argument objects.

61When the latter two forms are used, the query results may be referenced in subsequentqueries.Features of standard SQL not supported include:¥nested queries¥SQL security features¥SQL transaction management¥ROLLBACK and COMMIT¥data manipulation operations (INSERT, UPDATE, DELETE)¥cursor operations (this is provided by OC_QueryIterator)¥UNION¥existence tests¥GROUP BY, HAVING¥ORDER BY¥built-in functions: sum, count, avg, min, maxONTOS DB also includes the following tools and utilities:¥DBATool provides an interface to the ONTOS DB Database Registry. Itdefines the mappings between one or more logical databases and thephysical locations of the data across a network, as well as the agents thatwill manage access to the database. DBATool has a command lineinterface, an interactive interface, and an interactive graphical interface(called Graphical DBATool).¥The classify utility is the schema compiler used in ONTOS DB. It reads theclass definitions in C++ header files and generates a corresponding databaseschema.¥The cplus utility is a preprocessor used to prepare C++ constructors,destructors, and member functions for use with ONTOS DB. cplus must beused to compile all modules linked to the ONTOS DB Client Library.¥DBDesigner is a graphical tool used for schema design and databasebrowsing. It also provides automatic generation of C++ header files toimplement designs created with the tool, and can also be used to browseover or modify existing objects, or create new objects.¥The schema evolution and instance migration (SEIM) utilities miginit andmigtool are tools used to change the instances of a type to conform tochanges made to the type’s definition.¥Other utilities are also provided for journal analysis, and server performanceanalysis.ONTOS recently announced plans to ship an NT port of its database by late this year,motivated by a large contract with a San Francisco-area utility company (ComputerWorld,5/2/94). A three-way deal of Pacific Gas & Electric Co. (PG&E), ONTOS DB, andMicrosoft calls for codevelopment of customer-service, billing, network management, andother applications for an unspecified number of years. The utility’s network expansion

62calls for ONTOS DB 3.0, and specifically the use of the external storage manager facility toallow users to access non-object data sources.3.3 ObjectStoreObjectStore [LLOW91; ODI92a,b,93,94] is an ODBMS developed by Object Design Inc.(ODI). It implements a full object-oriented data model, and offers tightly-integratedlanguage interfaces to a complete set of traditional DBMS features including persistence,transaction management (concurrency control and recovery), distributed access, associativequeries over large amounts of data, and database administration utilities. The systemsupports programming language interfaces for C, C++, and Smalltalk, and comes with agraphical, interactive schema designer, incremental compilation and linking facilities,source-level debugging, and a graphical, interactive database browser. ObjectStoresupports C++ extensions providing set-oriented data manipulation (query support).ObjectStore is supported on Sun, HP, IBM, DEC, NCR, Olivetti, and Silicon GraphicsUnix platforms, VAX/VMS, and Windows 3.1, Windows NT, OS/2, and Novell NetwarePC platforms. Object Design is an active participant in the Object Database ManagementGroup, and in C++ standards activities.3.3.1 Object ModelIn general, the ObjectStore user sees the object model of the particular programminglanguage interface being used. The ObjectStore C++ interface supports the object model ofC++, including support for class hierarchies, object attributes and direct inter-objectrelationships, and user-defined encapsulated data representations. One of the goals ofObjectStore is to minimize the difficulty of altering native C and C++ applications to runover ObjectStore. A number of facilities in ObjectStore support this. For example, inObjectStore, persistence is specified at the level of the individual object or variable, ratherthan at the type level, meaning that objects of any C++ data type can be allocated eithertransiently or persistently. It is not necessary to inherit from a special base class to obtainpersistent behavior. This allows functions written to operate on non-persistent data to alsooperate on persistent data, and allows programs to be converted to run on ObjectStorerelatively easily. It also allows the use of commercial C++ libraries with ObjectStore in aparticularly straightforward way. This is because the class definitions in the programs orclass libraries need not be altered to obtain persistent behavior for class instances.ObjectStore also offers a number of extensions to C++. One such extension is thecollection facility, which is provided an object class library. The collections supported bythis library include sets, bags, lists, and arrays, and the classes include both parameterized(e.g., class os_Set<employee*> to represent a set of employees) and unparameterized(e.g., class os_list) forms. ObjectStore provides facilities to allow users to specify theintended usage of these collections (e.g., frequency of insertion), together with othertuning information, and will choose an appropriate representation based on thisinformation. ObjectStore also provides a looping construct to iterate over these collections.This, together with ObjectStore’s query facilities, will be discussed later in this section.ObjectStore also provides support for bi-directional relationships between objects. Arelationships is essentially a pair of inverse pointers between the related objects (each has apointer pointing to the other). One-to-one, one-to-many, and many-to-many relationshipscan be defined. The relationship facility maintains the integrity of these relationships. Forexample, if one participant in a relationship is deleted, the inverse pointer is automatically

63set to null. More complex maintenance is also supported. For example, the skeletondeclaration below illustrates an inverse relationship between employees and departments.In this example, if an employee e is added to department d, e’s department wouldautomatically be updated to d. Conversely, if e’s department were updated to anotherdepartment d2, e would automatically be removed from d->employees and inserted intod2->employees.class employee{public:...department* dept inverse_member department::employees;};class department{public:...os_Set<employee*> employees inverse_member employee::dept;};Access to ObjectStore is provided through a library based application interface compatiblewith popular C and C++ compilers and programming environments. The classes in thisinterface (calls in the C interface) provide access to database functionality. ObjectStore alsoprovides an extended C++ (ObjectStore DML) which provides a tighter languageintegration to the ObjectStore extensions, such as the query and relationship facilities. Thisinterface is accessible only through ObjectStore’s C++ compiler [Hal93].[ODI94] describes ObjectStore’s Smalltalk interface (currently in Beta test) for Release 3,which is compatible with ParcPlace VisualWorks Smalltalk. The interface providesdatabase functionality through a combination of new Smalltalk classes and modifications ofexisting classes. Like the C++ interface, the Smalltalk interface is designed to providedatabase functionality in a way that is as transparent as possible to the Smalltalkprogrammer, and which naturally supports normal Smalltalk behavior. Databases arecreated by sending messages to class ObjectDatabase, as indb := ObjectDatabase create: ’/omg/parts’.Class ObjectDatabase also supports other protocol for controlling the database as awhole.Database access must always be within the scope of a transaction. The following examplefrom [ODI94] illustrates a simple program which opens a database, accesses an existingdepartment, creates a new persistent object of class Employee and initializes its instancevariables, and adds the employee to the department.| db dept emp |db := ObjectDatabase open:’/company/records.db’.ODBTransaction transact: [ dept := db at: ’department’.

64 (emp := Employee newIn: db) name: ’Fred’ salary: 1000. dept addEmployee: emp]In ObjectStore’s Smalltalk interface, persistence is orthogonal to type, meaning that:¥Only one set of classes must be written, and instances of any class can beeither persistent or transient.¥No new instructions must be added for accessing persistent data.In the example above, the statement Employee newIn: db specifies that a newpersistent employee is to be created. The only difference from the usual Smalltalk newmethod is the newIn argument specifying the database in which the object is to be created.ObjectStore’s Smalltalk interface also provides for the implicit creation of persistentobjects. Objects created during the scope of an ObjectStore transaction which are reachableonly from persistent objects are automatically made persistent when the transactioncommits. This approach allows existing user or library code to work properly forpersistent objects with little or no change, because the changes required to add persistencecan often be made outside the existing code. This can be done by creating one or more newpersistent objects, and having them reference objects created by the existing or library code,in which case the implicit process makes the referenced objects persistent automatically.The approach also makes it possible for an application to allocate a few top-level objectsexplicitly, and rely on this implicit process to handle the persistence of any other objectsautomatically. Whether persistent or transient, objects are accessed using normal Smalltalktechniques.3.3.2 Architectural FeaturesObjectStore uses a client/server architecture that allows one server to support many clientworkstations, each workstation to simultaneously access multiple databases on manyservers, and a server to be resident on the same machine as a client. This architecture isshown in Figure 3.3.ObjectStore executes an ObjectStore server process on every machine which acts as adatabase server. The ObjectStore server provides the long-term repository for persistentdata. Objects are stored on the server in the same format in which they are seen by theapplication in virtual memory, which avoids overhead in moving between differentpersistent and transient forms of the object. Objects can cross page boundaries, and can bemuch larger than a page. The server stores and retrieves pages of data in response torequests from clients. The server knows nothing about page contents; it simply passespages to and from the client, and stores them on disk. The server is also responsible forconcurrency control and recovery, using techniques similar to those used in conventionalDBMSs. It provides two-phase locking with a read/write lock for each page. Recovery isbased on a log, using a write-ahead log protocol. Transactions involving more than oneserver are coordinated using a two-phase commit protocol. The server also providesbackup to long-term storage media such as tapes.

Server

Network

ApplicationCache Manager

Directory Manager

ApplicationCache ManagerApplication

Cache ManagerApplicationnode nodenodenodenodeFigure 3.3 ObjectStore Process ArchitectureObjectStore executes a cache manager process on every client machine. The cache managerparticipates in the management of an application’s client cache, a local holding area for datamapped or waiting to be mapped into the application’s virtual memory. Only one cachemanager is executed on a client machine, even if multiple clients are executed [Hal93]. Theserver and client communicate via local area network when they are running on differenthosts, and by faster facilities such as shared memory and local sockets when they arerunning on the same host. ObjectStore’s distributed architecture supports several networkenvironments for interoperability among popular workstations and PC’s, and includessupport for TCP/IP, Novell IPX/SPX, and other popular network protocols.Instead of storing databases as regular files managed by the operating system, databasesmay also be stored in special ObjectStore file systems managed by an ObjectStore DirectoryManager. These file systems have a logical organization which is independent of that ofany operating system file systems (and, in fact, may span several operating system filesystems).

66ObjectStore attempts to the greatest extent possible to present the application programmerwith the appearance of a single object space consisting of both transient and persistentobjects, rather than forcing the programmer to deal with separate application and databasememory spaces, and explicit movement of data between them, as in relational databaseapplication programs. Thus, dereferencing pointers to persistent objects, cache coherency,etc. is handled entirely by the system, transparently to the programmer. Moreover, basedon the requirements of CAD and similar applications, ObjectStore’s architecture has as aprimary goal to make the speed of dereferencing pointers to persistent objects be the sameas that of dereferencing pointers to transient objects (once the persistent object has beenretrieved from the database). That is, ObjectStore’s goal is that there should be noadditional overhead required to check whether the object pointed to by a pointer beingdereferenced has been retrieved from the database already or not. To do this, ObjectStoretakes advantage of operating system interfaces that allow virtual memory access violationsto be handled by ordinary software (these interfaces are available in most standard versionsof Unix, and other kernel-based operating systems such as OS/2). This "virtual memorymapping" approach is, so far, unique to ObjectStore among ODBMSs (and has beenpatented by ODI).As described in [LLOW91], these virtual memory interfaces allow ObjectStore to set theprotection for any page of virtual memory to no access, read only, or read/write. When anObjectStore application dereferences a pointer whose target object has not been retrievedinto the client (i.e., a page set to no access), the hardware detects an access violation, andthe operating system passes this to ObjectStore as a memory fault. As noted above,ObjectStore maintains a client cache, consisting of a pool of database pages that haverecently been used, in the virtual memory of the client host. When the application signals amemory fault, ObjectStore determines whether the page being accessed is in the clientcache. If not, it asks the ObjectStore server to transmit the page to the client, and puts thepage into the client cache. Once the page is in the client cache, ObjectStore calls theoperating system to set the protection of the page to read only, to allow accesses tosucceed. ObjectStore then returns from the memory fault, causing the dereference to restartand succeed. Subsequent reads to the same target object, or to other addresses on the samepage, will run in a single instruction, without causing a fault. Writes to the target page willresult in faults that cause the page access mode and lock to be upgraded to read-write.Since a page can reside in the client cache without being locked, some other client mightmodify the page in the database, invalidating the cached copy. A cache coherencymechanism involving the use of callback messages between clients is used to insure thattransactions always see valid copies of pages. All virtual memory mapping and addressspace manipulation in the application is handled by the operating system under the directionof ObjectStore, using normal system calls.ObjectStore databases can exceed the size of the virtual address space; also, twoindependent databases might each use the same addresses for their own objects.ObjectStore contains mechanisms for dealing with these problems. Specifically,ObjectStore dynamically assigns portions of address space to correspond to portions of thedatabases used by the application, and maintains a virtual address map that shows whichdatabase and which object within the database is represented by any address. As theapplication references more databases and more objects, additional address space isassigned, and the new objects are mapped into these new addresses. At the end of eachtransaction, the virtual address map is reset, and when the next transaction starts, newassignments are made. Each transaction is limited to accessing no more data than can fitinto the virtual address space. In current applications, this limit is not often reached, sincetypical virtual address spaces are very large, and typical transactions are short enough so asnot to access as many objects as would require this space. In other cases, the transaction

67could be broken into subtransactions and checked out into a separate workspace, isolatedfrom other users.Even though ObjectStore attempts to maintain a single object space abstraction for theapplication programmer, there are a number of aspects of the mapping that the programmermust be aware of. Specifically, the inter-object pointers that can appear in an ObjectStoreprogram fall into different categories, and different validity considerations apply to thesecategories:1.pointers from transient memory to transient memory2.pointers from persistent memory in one database to persistent memory in thesame database3.pointers from persistent memory in one database to persistent memory inanother database4.pointers from transient memory to persistent memory5.pointers from persistent memory to transient memoryPointers in the first two categories are always valid. Pointers in the last three categories arevalid only until the end of the current transaction. The validity restrictions on categories 4and 5 are inherent in any mapping from a shared persistent object space (the database) to aprivate transient object space (the application program). The validity restriction forcategory 5 has to do with the particular way ObjectStore’s handles multiple databases.Generally speaking, an ODBMS’s concurrency control mechanism guarantees that, withina transaction, copies of database objects mapped into the application’s object space and thecorresponding objects in the persistent database are synchronized. When the transactionends, changes made to persistent objects by the application are written back into thedatabase, and those objects are made available to other concurrently-executing applications.Pointers from persistent memory to transient memory become invalid outside a transactionbecause they are not usable by other applications accessing the shared database (they arelocal to the application), and the DBMS cannot guarantee that the object pointed to by thereference has not been moved by the client, deleted by the application, or even exists (theapplication may no longer be running). Pointers from transient memory to persistentmemory become invalid outside a transaction because the persistent objects may move or bedeleted by a concurrent application. (This is similar to the way in which, in a relationalDBMS, there is no guarantee that rows of a database table that have been retrieved into anapplication program are the same as the rows actually in the database except within thescope of a transaction.)ObjectStore provides means for overriding the restrictions on categories 3 and 4,guaranteeing the validity of these pointers. Specifically, ObjectStore can be directed tomaintain the validity of pointers from transient to persistent memory across transactions.Similarly, ObjectStore can be directed to allow cross-database pointers in particulardatabases or segments. Alternatively, ObjectStore provides special enhanced pointerscalled references (class os_Reference, and its subclasses) that provide these facilitiestransparently, on the basis of individual pointers, at the cost of some additionaldereferencing overhead and pointer space. ObjectStore references are similar in somerespects to the ONTOS abstract references described in Section 3.2.

68ObjectStore’s clustering facility allows objects to be explicitly clustered to raise theprobability that objects likely to be accessed from a given object are moved to applicationmemory together, and thus are already in memory when referenced. For example, if all thecomponents of a parts assembly are clustered together, then the first reference to one of thecomponents causes the entire assembly to be cached in the client memory. Subsequentreferences to components are processed at memory speed. The programmer can specifythat objects are to be allocated to a given database, to a specified segment of a database, orto a specific cluster with a segment. ObjectStore allows specification of a specific fetchpolicy with a given segment. This controls how much of the segment (in addition to thespecific page the object is contained in) will be moved from the server to the client if anobject in the segment is referenced, and the object is not already located at the client.ObjectStore supports traditional database transactions employing two-phase locking, aswell as additional forms of transactions required in complex applications such as "long"and "nested" transactions, as well as notification between users and other forms ofcooperation among applications. ObjectStore also provides support for object versioningand configurations (see Section 6 for a discussion of these features), and supports fullonline backup for continuous processing environments. ODI has also indicated its intent tosupport multi-version concurrency control in a future (after Release 3.0) release ofObjectStore. This is a concept that allows read-only transactions to operate on a consistentversion (effectively a snapshot) of the database, while other transactions modify the shared,latest version using conventional techniques.ObjectStore provides an interactive graphical tool, SchemaDesigner, for defining objectclasses. This tool automatically generates C++ class definition header files correspondingto the defined classes. ObjectStore supports a metaobject protocol (MOP) providing run-time access to schema information1. The MOP, together with other ObjectStore facilities,provides for the easy use of third-party development tools with ObjectStore. ObjectStorealso supports dynamic type creation for extending existing class definitions during programexecution, and supports schema evolution for an application’s metadata and existing objectinstances. [ODI94] describes a post-Release 3.0 product family calledObjectStore/DBConnect, designed to provide interfaces between ObjectStore and otherdatabase systems. Interfaces to be provided include:¥ObjectStore/SQL Gateway, which will support access to relational DBMSsincluding Oracle, DB2, and Sybase from ObjectStore.¥an ODBC interface to ObjectStore.ObjectStore also provides database administration utilities for tasks such as:¥disk management¥performance monitoring¥backup and recover¥security and access controlObjectStore supports associative (query) access to collections of objects, in addition to the"navigational" access using direct object references typically required by designapplications. Queries treat persistent and non-persistent data in a uniform manner.

1 It is not clear whether this MOP also supports the capability of changing various implementation orsemantic aspects of the object model itself, as in the CLOS MOP [KRB91].

69Indexes can be defined over collections of objects, and are used by ObjectStore’s queryoptimizer to improve the efficiency of queries, as in a relational DBMS. However, inObjectStore, indexes are not restricted to data members (attributes) of the members of acollection. Indexes may also be defined on paths (series of data members that spanmultiple objects) that may be frequently searched. For example, the statementparts.add_index(pathof(Part*,designer->manager->name));creates an index that uses as its key a path that goes from a part through the part’s designerand the designer’s manager to the manager’s name. This could be used to optimize queriesthat involve finding parts designed by employees managed by particular managers.ObjectStore’s query facilities are based on the idea that database searching will be doneprimarily by navigation (following object references) from other persistent objects usingobject-valued properties, or by queries performed over explicitly-defined collection objectsthat play the role of type or class extensions (the set of all instances of a type or class). Thesystem supports persistent variables (called roots) that can name either individual orcollection objects, and can thus act as named entry points into databases.ObjectStore supports navigation with standard C++ facilities, but also extends thesefacilities with associative query expressions that can be used within C++. This can beillustrated using some simple examples taken from [LLOW91].The definitions below define two object classes (these would be specified in a C++ includefile). Class d e p a r t m e n t declares a data member (attribute) of typeos_Set(employee*), i.e., as a set of references to objects of type employee.os_Set is one of the ObjectStore-defined parameterized collection classes. If d is adepartment, then d - > a d d _ e m p l o y e e ( e ) adds e to d ’s set of employees.d->works_here(e) returns true if e is contained in d’s set of employees, and falseotherwise.class employee{public:char* name;int salary;};class department{public:os_Set<employee*> employees;void add_employee(employee *e) { employees->insert(e); }int works_here(employee *e) { return employee->contains(e); }};ObjectStore includes a looping construct to iterate over sets. For example, the followingcode gives a 10% raise to each employee in department d. In the loop, e is bound to eachelement of the set d->employees in turn.

70department* d;...foreach (employee*, d->employees) e->salary *= 1.1;Unlike an embedded SQL, which has its own expressions that differ in syntax andsemantics from those of the host (programming) language, ObjectStore queries are moreclosely integrated with the host language. A query is simply an expression that operates onone or more collections and produces a collection or a reference to an object.C++ does not maintain class or type extensions, and neither does ObjectStore. Instead, asnoted above, persistent sets of objects corresponding to type extensions (or relations in arelational database) must be explicitly declared and maintained. For example, in order tohave queries that range over all employee objects in a database, the set of all employeesmust be explicitly defined, as in:os_Set<employee*> all_employees;This defines all_employees as a set of objects of type employee.Selection predicates, which appear within query expressions, are also expressions, eitherC++ expressions, or queries. The following statement uses a query againstall_employees to find employees earning over $100,000, and assign the result tooverpaid_employees:os_Set<employee*>&overpaid_employees =all_employees [: salary >= 100000 :];ObjectStore uses the notation [: :] to bracket queries. The contained expression is aselection predicate that is (conceptually) applied to each element of all_employees inturn. The query will be optimized if an index on salary is present, and the specialbrackets are intended to explicitly designate expressions that may be subject tooptimization.Any collection, even one resulting from an expression, can be queried. For example, thefollowing query finds overpaid employees of department d:d->employees[: salary >= 100000 :]Query expressions can also be nested, to form more complex queries. The following querylocates employees who work in the same department as Fred:all_employees[: dept->employees [: name == ’Fred’ :] :];Each member of all_employees has a department, dept, which has an embedded set ofemployees. The nested query is true for departments having at least one employee whosename is Fred.

71[LLOW91] notes that most queries in ObjectStore tend to be made with selection predicatesinvolving path expressions through objects and embedded collections. These paths becomein effect materialized joins, and thus join optimization is less of a concern in ObjectStorethan in relational DBMSs. However, ObjectStore’s query facility also supportsconventional joins. For example, if there is no stored connection between projects andengineers, the following query finds projects involving Fred:projects[: engineers[: proj_id == works_on && name == ’Fred’ :] :]In this case, projects and engineers are matched by comparing the proj_id of a Projectand the works_on field of an Engineer.ObjectStore is among the most popular ODBMSs. A recent announcement indicated that asubset of ObjectStore will be the storage manager underlying the NeXTStep environment,and another subset of ObjectStore called the Persistent Storage Management Engine(PSME) will give SunSoft’s Solaris DOE (Distributed Objects Everywhere) environmentits object-storage capabilities [Var93]. Hewlett Packard also has rights to the technologyfor use in the HP/UX Distributed Object Management Facility (DOMF). In April 1993,IBM Corporation became one of the company’s leading investors as part of a strategicrelationship involving an equity investment, internal use, and joint developmentagreements.3.4 VERSANTVERSANT [Ver93a,b,c,d] is an ODBMS from Versant Object Technology designed tosupport multi-user, production applications in distributed environments. VERSANT runson UNIX and PC platforms, including Sun, IBM, HP, DEC, Silicon Graphics, Sequent,as well as IBM-compatible PCs under OS/2. Windows and Windows NT versions are inbeta testing. Versant emphasizes compatibility with evolving standards in their product,and has been an active member of the Object Database Management Group (ODMG).3.4.1 Object ModelVERSANT uses a generic internal object model onto which multiple language interfaces aremapped. There is no special internal VERSANT database language. Essentially, the basicDBMS is accessible through the C interface, through which the internal object modelfunctions can be called. The C++ interface provides C++ wrappers for those C functions.The internal object model is passive, in the sense that methods are not stored in thedatabase, but rather reside in the applications that access the objects (see Section 6.3.1).As a result, the ODBMS need not deal with the problems of executing methodsimplemented in heterogeneous languages, but only with moving object state between thedatabase and the accessing applications.Each VERSANT object is assigned a logical object identifier, or loid. This identifierremains unchanged as long as an object exists in the database, and is not reused even afteran object has been deleted. This permanent identification of each object is the basis for anumber of VERSANT features, such as persistent links, cross-database references, andtransparent object migration across databases.

72VERSANT provides language specific interfaces for C, C++, and Smalltalk. Each suchinterface consists of several libraries of precompiled routines and, for typed languages,predefined data types. An interface can include its own development tools, and be usedwith other vendors’ software development products.When a class is created through a language interface, VERSANT creates a class object tostore the definition in the database. For the C++ interface, VERSANT also creates for eachclass an associated runtime type identifier (class) object that contains additional informationneeded by C++. This runtime type identifier object is an instance of the C++/VERSANTclass PClass.Each persistent object and its class object are associated with a database. Persistent objectscan be moved from one database to another, but they are always associated with a particulardatabase. Because moving an object instance includes migration of its definition in a classobject, a particular class object may be duplicated in numerous databases. However, oncea class object has been migrated, it exists as an independent object in that database. Thisallows a migrated object to be used without being connected to its original source database.If classes of the same name are defined differently in different database, an attempt tomigrate an object of a differently defined class will be automatically blocked.The VERSANT C++ interface provides database functionality through three fundamentalC++ object classes:¥PDOM (Persistent Distributed Object Manager), which contains methods forgeneral database services, such as starting a session, connecting to adatabase, or committing a transaction¥PClass (Persistent Class), which supplies methods for classes, such asselect (query the class extent), check out an object, or create an index¥PObject (Persistent Object), which provides general object functions,such as copy object, delete object, get object ID, as well as persistenceservices.Any application-defined classes that require persistent behavior must be derived from theVERSANT-provided PObject class. These classes are defined in the application, alongwith their methods and ODBMS statements, compiled, and linked to the system libraries.The compile and link process in VERSANT includes the invocation (which can be turnedon or off) of a Schema Capture utility called sch2db ("schema to database") that essentiallydoes the same job as the ONTOS classify utility (creates database class definitions fromclasses defined in the program). The structure of a VERSANT C++ program is alsosimilar to that of an ONTOS C++ program. All object access must be done within asession (essentially a short transaction; long transactions can span sessions). Objects to beupdated must be marked as dirty, using the dirty() method defined by PObject. Suchobjects are automatically rewritten to the database when the enclosing transaction commits.In the C++ interface, objects are made persistent by overloading the C++ new operationthat creates the object, or by referring to the object from a persistent object. Once an initialpersistent object has been retrieved from disk, subsequent object movement from disk tomemory is transparent to the C++ program when it attempts to dereference an objectpointer. An object can contain links to related objects. Each linked object is identified byits object identifier. VERSANT provides special C++ object reference classes, e.g.,classes Link and LinkVstr (a variable-length array of object identifiers), to define these

73links (these are similar to ONTOS abstract references). Links can be defined as typed (canrefer to only a specific class) and untyped (can reference any class). Bidirectional links canalso be defined. Versant emphasizes the advantages of using these abstract objectreferences, which ensure the safety of object references, over the use of direct pointers.The VERSANT Smalltalk interface [Ver93b] provides database functionality through threefundamental Smalltalk object classes, which correspond roughly to the C++ classesdescribed above:¥ODBInterface, which contains methods for general database services,such as starting a session, connecting to a database, or commiting atransaction¥Class, which supplies methods for classes, such as select (query the classextent), check out an object, or create an index¥Object, which provides general object functions, such as copy object,delete object, get object ID, as well as persistence services.These are similar in many respect to facilities in the Gemstone Smalltalk interface.Unlike C++, a Smalltalk image contains complete metadata that describes the structure andmethods of object classes. The class information kept by Smalltalk is a superset of what isneeded to describe a class to VERSANT. As a result, VERSANT class schemas need notbe separately created for Smalltalk classes. When an instance of a class not already knownto VERSANT is written to a database, the interface will automatically define the class toVERSANT. To make a Smalltalk object persistent in a VERSANT database, the object issent the becomePersistent message, and it will be stored in the database at the nextcommit. Persistence is not determined at object creation time. Transient objects that are thetarget of a pointer in a persistent object also become persistent when a commit occurs.Because of this, care must be taken to ensure that only the desired objects becomepersistent.Persistent database objects are automatically read locked and swapped into a Smalltalkimage whenever they are sent a message from the Smalltalk interface. Thus, the interface istransparent to read only applications. Once a persistent object has been moved from adatabase to a Smalltalk image, it can be modified using normal Smalltalk mechanisms. Toensure that the database representation of the object is also modified to reflect thesechanges, the object must be sent the vDirty message (this corresponds to the dirty()method defined for PObject in the C++ interface). This marks the object for update,upgrades the current database lock to a write lock, and causes the updated object to bewritten to the database at the next commit. For example, the message self vDirtyneeds to be added to each method that modifies one of the object’s instance variables.3.4.2 Architectural FeaturesThe VERSANT Scalable Distributed Architecture (VSDA) provides features such astransparent data distribution, object-level locking, dynamic schema evolution, and built-inworkgroup computing support. Figure 3.5 shows the logical relationships that can existbetween components of the VERSANT architecture. In VERSANT, the terms clientprocess and server process refer to roles, not to specific hardware locations. The termserver refers to a machine running server processes that support concurrent access by

74numerous users to one or many databases. The term client means an application processthat can access multiple databases concurrently with other client applications.The portion of VERSANT that runs on the same machine as a client application (typically auser’s workstation) is called VERSANT Manager. VERSANT Manager implements thesystem’s object model, and is responsible for maintaining a client object cache,coordinating distributed transactions (including 2-phase commit), object versioning, queryprocessing, managing long transactions, schema management, checkout and checkin, andsession management.The portion of VERSANT that runs on the machine from which data is stored or retrievedis called VERSANT Server. VERSANT Server interfaces between VERSANT Managersand operating systems, and is responsible for page buffering, object locking, disk access,before- and after-imaging, transaction commit and recovery. There is a server process foreach application database connection. The server process executes at the machine wherethe database resides. Multiple servers for a single database communicate with each otherusing shared memory.VERSANT distributes work across the client and server. Object caching is performed onthe client, which reduces network traffic and greatly speeds traversal of objects once theobject has first been cached ("warm traversal"). Query processing is implemented in theserver, which also reduces network traffic by only sending requested objects from server toclient. Page caching is performed on the server, which reduces disk I/O for objects onfrequently-used pages.In the VERSANT architecture, a client and a server can both run on a single workstation,or clients and servers can be networked to allow access to multiple global databases. Eachserver can support multiple global databases, which are accessible by multiple clients.Each client can access multiple global databases on multiple servers in the network, andtransparently access the objects managed by those servers. Objects may contain otherobjects on different nodes, and may be transparently migrated among nodes to improvelocality of reference and performance without application code changes. Private databases,accessible to only one client, can also be created. A client can have a private database on itsworkstation, create private databases on a server, or use only global databases. The clientand server component communicate via the VERSANT Network layer, which insulatesthem from the network protocol. If the client and server execute on the same machine, theymay be linked to form a single process [EH92].The C++ Interface consists of a C++ class library. and tools that allow C++ programs toaccess the Object Manager (including the C++ Schema Capture tool noted earlier), whilethe C Interface provides similar facilities for C programs. The Smalltalk interface was alsodescribed earlier. VERSANT View is a development tool that provides browsing facilitiesfor database objects and classes.

VERSANT ManagerVERSANT ServerVERSANT ODBMSC InterfaceC++ InterfaceVERSANT View¥ ¥ ¥

Smalltalk Interface

¥ ¥ ¥VERSANT ManagerVERSANT ServerVERSANT Server

Figure 3.5 VERSANT Component ArchitectureVERSANT provides numerous transaction options. First, transactions can be either shortor long. A short transaction corresponds to a conventional DBMS transaction. A shorttransaction begins with an object request, and ends with a commit or abort. Distributedtransactions involving objects located in multiple databases on multiple servers areautomatically committed using a two-phase commit mechanism to ensure transactionintegrity. A long transaction is a series of short transactions, and both its start and endpoints must be explicitly declared. During a long transaction, objects can be checked-outfrom a global to a private database. During the checkout process, various types ofpersistent locks can be set on the object. For example, an application can choose to benotified when an object is available, when a soft lock is preempted, when a new version ofan object is created, or when an object is accessed, updated, or deleted. VERSANT alsoallows the definition of customized types of locks by defining symbols for user-definedlock modes and then specifying the relative precedence and compatibility of the variousmodes. A customized lock model must include the VERSANT standard lock modes as asubset.Objects can also be specified as "versioned". When a versioned object is checked out, nopersistent locks are placed on it, so that other users can simultaneously check it out for reador update. When a version is checked in, it becomes a child version of the original version.Concurrent write mode checkouts of the same object will result in parallel child versions ofthe same parent. The system tracks these versions automatically.VERSANT also provides a C++ Application ToolSet, a set of application developmenttools integrated tightly with the VERSANT ODBMS. These tools include:¥VERSANT Screen--a graphical user interface builder which includes aC++-based scripting language (IC++) for application development¥VERSANT Report--a graphics-based report writer¥VERSANT Object SQL--an object-oriented SQL dialect which can be usedwithin the IC++ scripting language, or embedded in C++ programs.

76VERSANT Object SQL [Ver93c] provides a value-based means for locating selectedobjects in a database. These objects can then be used either as the basis for conventionalobject-oriented pointer navigation, or as the basis for further SQL queries.VERSANT Object SQL statements are combinations of SQL-like and C++ statements. Thestructure of VERSANT Object SQL statements follows the structure of SQL statements.For example, database manipulation functions are implemented through statements such asSELECT, UPDATE, DELETE, and INSERT. However, the parameters that follow thesekeywords have a C++ structure. Common features of C++ such as pointers, classvariables, and functions are used as VERSANT Object SQL parameters.For example, in the statementSELECT p.get_name()FROM Person p;SELECT and FROM are parts of the SQL SELECT statement, while the parameters thatfollow are C++. This statement selects all instances from the class Person and prints thevalue returned by invoking the method get_name() for each of those persons.A VERSANT Object SQL SELECT statement extracts objects from the classes specified inthe FROM clause and assembles their data into an array of tuples. For example,SELECTFROM Employee e;returns an array of tuples, each containing one instance of the Employee class. If two ormore classes are specified in the FROM clause, a SELECT statement returns n-tuples ofobjects from these classes as an array of tuples. For example,SELECTFROM Employee e, Department d;returns an array of tuples, each containing an instance of Employee as the first element, andan instance of Department as its second element. In this case, the array will contain allpossible pairs of Employee and Department objects.Tuples and tuple arrays are themselves objects (a tuple array has type OSQLResult).These objects can be assigned to variables, and they or their elements processed by furtherstatements.Syntax is provided to allow users to indicate when searches of specified classes should alsoinclude subclasses of those classes. For example, the following query selects allemployees whose weekly salary is greater than $750, including subclasses of employee:SELECT FROM SUBCLASSEmployee *e WHEREe->>get_salary() > 750;(The "intelligent pointer" notation ->> instead of the standard -> or dot notation is requiredin a subclass search).

77VERSANT Object SQL also supports various types of relational joins. For example, thefollowing query selects employees and their departmental bonus multiplier:SELECT e.get_name(), e.get_salary(), d.get_multiplier()FROM Employee e, Department dWHERE e.get_department().name == d.name;The expression e.get_department().name in the WHERE clause is a pathexpression that indicates traversal of one or more object pointers.VERSANT OSQL also includes versions of the UPDATE, INSERT, and DELETE SQLstatements for modifying data.A separate Objectworks\Smalltalk/SQL is provided as an interface between object DBMSsand the Oracle relational DBMS using the Smalltalk and SQL languages [Ver93b]. Theinterface is provided as a set of Smalltalk classes.VERSANT supports runtime schema evolution. Corresponding database changes are madeusing a "lazy" approach: objects on disk may have an older ’storage class’ and will beupdated to the new schema when they are used. Schema evolution is permitted both on leafclasses (those with no subclasses) and superclasses. When one class is modified, changesare automatically propagated to child classes. VERSANT also provides runtime classcreation and schema access.Versant also provides the VERSANT Star and VERSANT Repository products.VERSANT Star is a platform for integrating object databases with traditional databases,applications, and file systems. It provides a set of gateways to integrate existingapplications and databases. The VERSANT Repository is an object structure (defined as aclass hierarchy) within the VERSANT ODBMS that stores the type and location of allobjects in a distributed, heterogeneous database environment. This provides metadatainformation that can be used by applications at runtime.Versant recently announced a new release (3.0) of VERSANT ODBMS which can storeand manipulate objects generated from a variety of C++ compilers (some passive C++-based ODBMSs can handle only objects produced by a single C++ compiler). The newrelease addresses byte ordering incompatibilities and problems of the different compilersgenerating objects in different forms. The new release also provides full or incremental on-line backup. Versant has also announced that MCI Communications Corporation selectedVERSANT Object Database Management System for an international network managementapplication. An MCI team based in Colorado Springs is developing the application, whichwill be deployed at MCI’s international network management center to handle functionssuch as event reporting. Versant has indicated that it sees network management,particularly in the telecommunications sector, as an increasingly important application forobject databases (ComputerWorld, 5/2/94). It is said to be developing more fault-tolerant,network management, and event notification enhancements, and intends to support ODMGspecifications by the first quarter of 1995. Versant and UniSQL are also jointly developinga SQL/X (the query language of UniSQL’s UniSQL/X ODBMS; see Section 4.3) interfacelayer for the Versant ODBMS, which Versant will market, sell, and support ("ExecutiveBrief", Object Magazine, 3(6), Feb. 1994, p.8).[Hal93] cites the Visual Intelligence and Electronic Warfare Simulation (VIEWS)Workbench, a simulation system built using the VERSANT ODBMS [Woy93,94].VIEWS was designed to enable analysts to build detailed intelligence and electronic warfare

78scenarios. The scenarios created by VIEWS are used to drive high-resolution intelligenceand electronic warfare models. VIEWS was first implemented in C++ using a relationalDBMS for persistent storage, and then modified to use VERSANT. The builders ofVIEWS cited the following advantages of an object-oriented DBMS over the relationalDBMS for their project:¥Better Schema Support: Use of the relational DBMS required that the C++structures be flattened into relational tables. VERSANT directly capturedthe schema from the C++ application code. Also, it was noted that thetranslation between the relational tables to the internal C++ representationrequired extensive source code, which was unnecessary in the object-oriented DBMS.¥Better Application Language Interface: Use of the relational DBMS requireddeveloper knowledge of two languages: C++ and SQL. The object-oriented DBMS did not require developer knowledge of SQL.¥Better Application Performance: Reconstructing the complex objects in theC++ program from the normalized relational DBMS tables required complexjoins between many tables which was expensive in terms of applicationperformance. The direct representation of C++ objects and the client cacheavailable in VERSANT provided improvements in performance of from 10to 100 times over the relational DBMS.¥Additional Features: VERSANT provided additional features such as longtransactions and versioning of objects which were not available in therelational DBMS.[Woy94] noted that converting from the C++/relational DBMS implementation to theVERSANT implementation required:¥deriving all persistent classes from the VERSANT PObject class to inheritpersistent behavior¥conversion of standard C pointers to the VERSANT Link class, thepersistent database equivalent of a transient pointer¥adding the VERSANT dirty() method to all methods that update apersistent object¥converting transient linked list structures to the persistent VERSANTVIList linked list class¥removing C++ methods that explicitly implemented persistence in thepersistent classes (since VERSANT handles this transparently).3.5 ITASCAITASCA is a distributed active ODBMS developed by Itasca Systems, Inc. [Ita93,OFAQ93]. The ITASCA product is an extension and commercialization of the ORIONprototype OODBMS developed at the Microelectronics and Computer TechnologyCorporation (MCC) [BKKK87; KBC+88; KBCG89; KGBW90,91]. Itasca Systems has

79added major enhancements and features, improved the performance, and strengthened thecode, and continues to develop tools and other products to work with ITASCA. ITASCAruns on most Unix systems, including Sun, DEC, and IBM.ITASCA has typical ODBMS features, including persistent storage for data and schema,concurrency control and locking, transaction management, multiple security levels, andlogging and recovery for both CPU and disk media failure. Additional features of ITASCAinclude dynamic schema modification, long-duration transactions, shared and privatedatabases, distributed version control, distributed transaction management, distributedquery management, distributed change notification, object migration, and an extensiblearchitecture.3.5.1 Object ModelITASCA implements its own object model, which supports the features generally found inmost OODBMS models. Each object is assigned a unique object identifier (OID) alongwith a state and behavior. The OID encodes both the object’s class and the private databasewhere the instance was created. Attributes represent the state of an object, while methods(code) define the behavior of an object. A class collects objects that share the same set ofattributes and methods. Subclasses derive from existing classes, supporting the definitionof class hierarchies. Each subclass inherits all the attributes and methods of itssuperclasses. ITASCA also supports multiple inheritance. In ITASCA, classes, as well asinstances, are first class objects. ITASCA also supports operator overloading(polymorphism), and run-time binding of methods to operations.ITASCA supports composite objects built from component (child) objects. ITASCAmaintains inverse links between these parent and child objects. Child objects can beexclusive to a single parent or shared by several parents. They may also be dependent orindependent of their parent objects. If a child object is dependent on its parent, it is deletedwhen the parent is deleted.ITASCA is an active database, meaning that the system stores and activates methodsdirectly in the database. ITASCA is language neutral, in the sense that it implements itsown complete object model, and does not rely on the application to provide part of thedefinition or implementation of objects. ITASCA objects are represented in a neutralformat that is understood by each of its Application Programming Interfaces. Databaseobjects stored using one programming language can be accessed or updated by otherprogramming languages. Developers may write applications in C++, CLOS, C orCommon Lisp [EH92]. Applications written in different languages may invoke the sameITASCA database methods. ITASCA database methods are written in Common Lisp(methods can also call existing C, FORTRAN, or Lisp code). In addition, applicationsmay also use application-specific non-database methods or member functions.3.5.2 Architectural FeaturesITASCA is a fully distributed ODBMS, supporting both multiple clients and multipleservers. An ITASCA database contains both shared and private database partitions. Theshared database contains objects that are accessible to all applications, even across sites.Private databases contain objects that are local to a given user or group of users. Becauseservers are distributed in ITASCA, each server has its own partition of the shared database.In addition, an ITASCA server can also have multiple private databases.

80ITASCA stores each instance of data in one site. The system or a user may move the datafrom one site to another to improve data locality. Access to moved data remainstransparent, so that there is no need for a user or application to know the specific locationof data in the ITASCA distributed database.ITASCA stores the schema redundantly at each site to improve performance. The schemaalso includes code in the form of methods. Management of schema updates is automaticfor all sites. This includes sites that were off-line during any changes. Automaticdistribution of schema changes, including method code changes, simplifies databaseadministration.No single site acts as a master site, thus ITASCA’s architecture has no single point offailure. ITASCA has neither a central data server nor a central name server. This isimportant for maintaining a database system with high availability in a networkedworkstation environment.ITASCA supports dynamic schema modification to create a flexible environment forchanging or customizing a database system. Authorized users can add and removeattributes or change the subclass/superclass relationship at any time. Authorized users canalso add or remove partitions of the shared database at any time. All this can be doneinteractively without affecting other parts of the ITASCA database at the time changes occurto the schema. There is no need to bring the system down or off-load/reload data torestructure the database.ITASCA has a sophisticated security authorization technique tied to the class hierarchy. Itsupports both positive and negative authorizations at any level in the class hierarchy. Forexample, granting access to all objects but one requires only two authorizations: a globalgrant followed by a specific denial. Authorization extends to classes, instances of classes,attributes, and methods. Also, inheritance of authorization reduces the work of databaseadministration.Long-duration transactions allow users to check objects out of the shared, distributeddatabase into their private databases. Users can then change the objects in the privatedatabases without affecting the shared database or other users. These changes can becommitted to the private database. Then, at any later time, the user can check the updatedobject or objects back into the shared database. Long transactions are persistent; thesystem can recover the state of a long transaction if a crash occurs while it is in progress.ITASCA supports version control of objects. When a new version of an object is created,a version tree is formed. ITASCA also supports alternate versions such that multipleversions can have the same parent. Promoting an object version to a released statusrestricts any deletion of the object. ITASCA uses generic versions to dynamically referencethe most recent or default version of an object without any intervention by a user orapplication.Change notification in ITASCA is either flag-based or message-based. Flag-basednotification is a passive notification scheme that will identify an updated object when theobject is queried for such information. Message-based notification is an active notificationscheme that will execute a method (or code) upon an update or other change to an object.Such methods can send mail messages or invoke other methods or programs.Memory management in ITASCA uses both page and object buffers. ITASCA has atraditional database page buffer scheme that contains pages with multiple objects. Desiredobjects move from the page buffer to an object buffer. The object buffer then provides

81ITASCA with enhanced in-memory performance because it contains only frequently-referenced objects. Object caching also occurs on the client side, which can improve theperformance of applications.The ITASCA long data manager manages multimedia data (linear and spatial data). Linearlong data objects have a sequential internal format, such as text or audio. Spatial long dataobjects have two-dimensional internal format, such as a bit-mapped image. ITASCAprovides built-in classes (which can be specialized) for audio, image, and text types.The ITASCA architecture is also extensible. Many of ITASCA’s kernel-level operationsare defined as system methods. This allows them to be refined to customize their behavior.These methods include, among others, methods for making, changing, and deletingobjects, as well as for checking-in and out, and making versions of objects.The ITASCA executable includes a Lisp interpreter and compiler. A Local Lisp API allowsLisp application code to be loaded directly into the ITASCA executable image. A CLOSversion of the Local Lisp API is also available. The Remote Lisp API allows a developerto access the database across a network form a base Lisp image. The C API providesaccess to objects in an ITASCA database through the use of a unique object identifier type.The C API may be used by other languages that permit calls to external C functions.In the C++ API, a Dynamic Schema Editor (DSE) tool is used to define the databaseschema. The DSE automatically generates a C++ header file for those ITASCA classes thatare to be accessible from C++. It is also possible to include prototypes for the ITASCAserver methods residing in the database. These methods are called like ordinary C++application methods, except that they are stored and execute on the server. The applicationthen includes the generated header file and links against the ITASCA C++ API to beexecutable. The C++ API manages movement of accessed data member values from thedatabase to the application as required.ITASCA provides a query capability for DBMS applications. The query languageperforms queries over instances of classes. The scope of a query may be set by the user ofthe database to private, shared, or global. If the scope is private, only instances of the classin the current private database are examined during the query. If the scope is shared, thenonly instances of the class in the shared database are examined. If the scope is global, allinstances of the class in both the shared database and the current private database areexamined. An example of an ITASCA query in the C++ API is shown below [Hal93].The query places all instances of the Vehicle class which have a ManufacturerNameof "Oldsmobile" into the obj_list set. Note that the query expression is written in aLisp-like notation, rather than C++. ITASCA also provides a query optimizer to optimizethe evaluation of application queries.ItascaSet obj_list;Vehicle::select( obj_list, QUERY_EXPRESSION, "( equal ManufacturerName \"Oldmobile\", END_ARGS );ITASCA/Ada is an API to the ITASCA database developed by EVB Software Engineering,Inc. It provides an object-oriented Ada interface that enables users to access ITASCAdatabase objects from within an Ada application. As with other ITASCA APIs, objectsaccessed by Ada applications can be shared and accessed by applications written in otherlanguages, including C, C++, Lisp, and CLOS. The design of ITASCA/Ada models the

82ITASCA ODBMS as a set of seven classes, with each class represented by an Adapackage, as follows:¥Package ODBMS provides support for session and transaction management,object clustering, and schema import/export facilities¥Package Object provides the basic Ada object model of the ITASCAdatabase. Using an Ada limited private type for an object, ITASCA/Adapresents an object as an abstract entity that contains attributes and methods.Attributes and methods are themselves represented as first class, limitedprivate Ada types and are encapsulated within corresponding packagesdescribed below.¥Package Class_Attribute encapsulates the Class_Attribute data typeand corresponding operations.¥Package Class_Method encapsulates the Class_Method data type andcorresponding operations.¥Package Class_Object supports the ITASCA class object (meta-class)concept.¥Package Multimedia_Object provides operations which pertain tomultimedia and long data objects.¥Package Versioned_Object provides operations which apply toversionable objects.ITASCA/Ada also provides a variety of generic Ada collections for manipulating structureslike groups of objects, attribute lists, methods, and string lists. Collections of objects andtypes in ITASCA/Ada are implemented using the GRACE (Generic Reusable AdaComponents for Engineering) components, a set of over 275 reusable Ada data structures.ITASCA database queries in Ada applications are submitted using the same query languageas other ITASCA APIs. The objects returned from an ITASCA/Ada query are returned as astrongly typed, traversable Ada collection set which is implemented using the GRACEcomponents. ITASCA/Ada is also designed to be migrated quickly to Ada 9X.ITASCA also provides a set of tools. The ITASCA Active Data Editor (ADE) is anOSF/Motif application that provides an interactive graphical interface to ITASCA databases.It allows creation, modification, deletion, and querying of database objects. The DynamicSchema Editor (DSE) provides a graphical facility for creating and manipulating anITASCA class hierarchy (schema). The DSE may also be used to define and modifydatabase server method code. These server methods are written in a Lisp-based 4GL thatcan be interactively tested and compiled. The Database Administration Tool (DBA)provides a graphical facility for administering ITASCA databases. DBA provides facilitiesfor administering user accounts, monitoring and adjusting database configurations, andmanaging database files and partitions.3.6 Objectivity/DBObjectivity/DB is an ODBMS from Objectivity, Inc. of Menlo Park, CA [Obj93,OFAQ93]. It supports a fully distributed architecture, with operations working

83transparently over a mixture of multiple databases, schemas, users, and computers, andover heterogeneous hardware, operating systems, and networks. Language interfacesinclude a C++ class library interface; a C function library; and the SQL++ query language.Numerous administrative and GUI tools provide both an interactive and programmaticinterface, and a messaging backplane allows integration of third party tools. Objectivity isan active participant in ODMG.Objectivity/DB is resold by Digital Equipment Corporation as DEC Object/DB, providing amulti-billion-dollar second source vendor. Over 50,000 end users are licensed inproduction use, with applications including real-time telecommunications, aerospace,defense, case, CAD/CAM, CIM, manufacturing, oil & gas, process control, transportation,multi-media, case, document management, financial analysis, and corporate informationmanagement. Platform support includes all Sun, all DEC (including VMS, alpha, OSF-1),HP/9000 series (both 68xxx and PA-RISC), IBM RS/6000, NCR 3300, SGI, Windows3.1, and Windows NT.3.6.1 Object ModelThe Objectivity/DB object model is based on C++. Objectivity/DB also provides the usualclass library containing classes for strings, dictionaries, relationship management, etc.;class libraries for particular application domains are also available. In the standard C++API, a simple object is a C++ class (or C structure) with associated access methods.Complex objects can have data attributes that are scalars, structures, aggregates, and fixedand dynamic variable-sized arrays.Objectivity/DB also provides some additional non-C++ modeling concepts. Objects can belinked together using dynamic associations. The association mechanism supports uni- andbi-directional relationships, one-to-one, one-to-many, and many-to-many. Compositeobjects can be constructed by logically grouping objects through associations. Any numberof composite objects may be contained in composite objects, and a single object mayparticipate in any number of composites. Operations such as delete and lock can bedefined to operate on a composite object as if it were a single object. A higher-level ObjectDefinition Language (ODL) is provided that allows declaration of these additionalObjectivity/DB modeling concepts. These declarations result in automatically generatedmethods and declarations for both C++ and C.The standard C++ API allows application programmers to work with standard compilersand debuggers without extra preprocessors, providing ODBMS capabilities via overloadingC++ operators (e.g., new, ->), and declarations via Objectivity/DB-provided classes.These include class ooObj, the superclass of all persistent object classes, and special objectreference classes similar to ONTOS abstract references. Objectivity particularly emphasizesthe advantages of its use of abstract object references, which ensure the safety of objectreferences, over the use of direct pointers.Objectivity recently announced a collaboration with ParcPlace Systems that will result in aversion of Objectivity/DB that supports VisualWorks (Smalltalk). The product is expectedto be in beta test in 4Q94. The new product will have an ODMG-93 compliant Smalltalkinterface, and will support garbage collection, automatic schema migration, and objectevolution, as would be expected within a Smalltalk environment. It will also implementrelationships and versioning, and persistence through reachability (i.e., an object isautomatically made persistent if it is reachable from another persistent object). The productwill also provide mechanisms for sharing objects across C++ and Smalltalk applications.

843.6.2 Architectural FeaturesObjectivity/DB supports a distributed client/server architecture. Objectivity/DB uses Sun’sNetwork File System (NFS), together with Objectivity/DB client software (object manager)and a lock manager to distribute the object database among multiple servers [ES94]. If theserver is a Unix system, Objectivity/DB uses the NFS server but replaces the normal NFSclient with its own. The Objectivity/DB client does most of the work in the architecture. Itcommunicates with the file server and the lock manager to present a coherent view of thedatabase to the programming interface. Any platform that supports NFS can be a databaseserver. The lock manager, which coordinates concurrent access to shared objects, supportspage level locking, and can reside on any machine in the network. A type managercomponent manages descriptions of all classes defined in the database.Objectivity/DB/s storage hierarchy has four storage entities: objects, containers, databases,and federated databases. The base of the hierarchy is the object. Objects can be created inC++ or in SQL. Objects have a 64-bit OID and are stored in pages contained in files. Acontainer is a collection of pages. The container is the basic unit of locking and clustering.When a program accesses an object, the client first checks to see if the page containing theobject is in the client’s local cache. If the page is not in the cache, the client accesses theserver to read the page into memory. Objects that are closely associated can be clustered onthe same page to improve performance. A database consists of a default container and acollection of user containers. The default container holds system objects. A databasecorresponds to a file, and is only limited in size by the operating system’s ability to handlelarge files. A federation is a collection of databases, which can be distributed on multipleservers on a network. An object’s 64-bit OID is a combination of four 16-bit integers thatcorrespond to the database, container, page, and object numbers.The architecture provides a single logical view over multiple databases on heterogeneousmachines. Operations work transparently across this environment, including atomictransactions with two-phase commit, propagating methods, and versioning. Objects maybe moved between databases and platforms without affecting working applications orrequiring changes to applications. Multiple schemas may be created without affecting otherusers or databases, and may be used simultaneously with shared schemas, allowing localgroups to define their own models but still connect to other groups. Databases may bedetached from this shared environment (federated database) and used on portable devices,reconnected or moved to different (compatible) environment, or distributed as parts orimage libraries. Gateways to RDBMSs (including Oracle and Sybase) are provided viathird-party integration with Persistence Software using C++ class libraries (see Section4.4). Persistence Software also provides access to any foreign data store, as long as theuser installs the appropriate access methods, extending the single-logical-view to includeread/write access to arbitrary foreign data stores. Together, these facilities allow delegationof responsibilities to the appropriate users, integration with existing systems, and gradualmigration toward full enterprise-wide sharing.Objectivity/DB stores objects in a platform-independent manner in the database. Whenobjects are read into a local application, they are automatically converted into theappropriate local data type representation. Objectivity/DB automatically allocates enoughstorage in the database to store the worst-case representation of the object.Objectivity/DB supports both short and long transactions. Short transactions are based ontraditional (transient) locks, owned by the process, and group together an arbitrary set ofoperations. Long transactions are based on persistent locks, owned by the user, andprovide the same arbitrary grouping. Default concurrency is two-phase locking and

85serialization, but extensions available include MROW (multiple-readers concurrent withone-writer), and allow users to lock with or without wait or with timed waits, to implementmore sophisticated mechanisms.Versioning is supported for individual objects, may be turned on or off at any time for eachobject, and may be restricted to linear versioning or allow branching with multiple writers.References to versioned objects may be to a specific version or to a version specified as thedefault version. Object configurations are supported through the association mechanismapplied to versioned objects. When a new version of an object is created, the structure ofthe configurations in which it participates can be controlled by automatically dropping,moving, or copying its associations (see Section 6.5 for a further discussion of versioningand configurations).Schema and object evolution are supported via versioning of type-defining objects. Eachtime a type definition is changed, its defining object is versioned, allowing arbitrarychanges. Objects may then be instances of the old or new type version. Object evolutionor upgrading to the new type version must be done by installing user-written conversionmethods which can then be invoked by the system.Numerous administrative and developer tools are provided, each with both an interactiveand programmatic interface. These include graphical object and type browsers, querybrowsers, report generator, tools to examine and force short and long locks, to moveobjects and databases, etc. On-line incremental backup provides a consistent network-widesnapshot, including referential integrity across all databases, and runs incremental and fulldatabase backups with no need to quiesce the databases and no interference with activeapplications. All tools are built around a messaging backplane, which supports four levelsof integration with user and third-party tools. Integrated products include HP SoftBench,CenterLine’s ObjectCenter, the Persistence RDBMS gateway, PTech and ProtoSoft Designand Analysis, and XVT and UIM/X.The SQL++ product provides support for ANSI SQL, plus additional object extensions.Query predicates may use either C++ or SQL syntax. The object extensions include theability to call methods in query expressions, traverse object relationships, access toinheritance hierarchies, and the ability to query nested substructures. SQL++ also supportsthe ODBC and SQL Access Group (SAG) protocols. Queries may be invokedprogramatically or interactively.Objectivity/DB also provides an interface to the SunSoft DOMF (Distributed ObjectManagement Facility), SunSoft’s implementation of the OMG CORBA architecture. Thisinterface allows direct access to objects in Objectivity/DB through the CORBA architecture.3.7 O2O2 [BBBD+88, BDK92, LRV88, Deu91] is an ODBMS from O2 Technology, a Frenchcompany (it is distributed in the United States by Scientific Services, Inc.). The system isbased on research work supported by the Altair research consortium. In addition toproviding O2Engine, an object database engine, O2 provides programming languageinterfaces (e.g., to C and C++), an object query language, a user interface generator, and agraphic programming environment including a debugger and a schema and databasebrowser. O2 is available on major Unix platforms. O2 Technology has been an activeparticipant in the ODMG, and in particular is the source of many of the object model andquery language concepts in the ODMG specifications.

863.7.1 Object ModelThe O2 object model is interesting from the point of view of merging relational and objecttechnology in that it includes both objects in the conventional object-oriented sense, andstructured values. Values may contain objects, and objects may contain values, and thesestructures may be deeply nested as needed. However, values differ from objects in that:¥the structures of values, while similar to those of objects, are notencapsulated¥values have no identity¥values are manipulated by operators, not by methodsOperators are predefined for tuple, set, and list values. As a result, in the O2 model, tuple(row) values, for example, behave exactly like tuples in the relational model, except thattuples can contain objects, and other values, in columns. Example (non-object) typedeclarations for types representing Documents and Sections of documents in the O2 modelmight be:type Document: tuple (title: string, printdate: date, author: tuple(firstname: string, middlename: string, lastname: string), components: set(Section));type Section: tuple (title: string, number: integer, components: set(Paragraph));In this declaration, type Document is defined as a tuple, rather than an object. Theauthor property, rather than being defined (perhaps) as a reference to an object of typePerson, is instead defined as a nested tuple. The components property is defined as anested set of tuples of another tuple type, type Section. Structured values such astuples, lists, etc. can play the role of the corresponding object type constructors used inother ODBMSs. All values have types which are recursively definable from pre-definedatomic types and type constructors such as tuple.In O2, objects have an identity, a value, and a behavior defined by its methods. An objectbelongs to a class, rather than a type. An example of a class definition might be [Deu91]:class Citytype tuple (name: string, map: Bitmap, hotels: set(Hotel)method how_many_vacancies(star: integer): integer, build_new_hotel(h: Hotel)e n d ; class Hoteltype tuple (name: string,

87 read stars: integer, read free_rooms: integer)method reserve_room: boolean, check_oute n d ; An object or a value may refer to other objects via their identities. Similarly, an object or avalue may be composed of subvalues. However, a subvalue is part of its containing objector value, and cannot be shared with other objects, while a referenced object is independentof its containing object or value, and can be shared. Object encapsulation is supported.Attributes are private to a class by default, unless explicitly made public by a read-only orpublic specification. Methods may also be private or public.The implementation of a method is separated from its specification inside a class. The bodyof a method of the City class specified above is shown below. It is written in O2C, butcould be implemented in C or C++ as well.method body how_many_vacancies(star: integer) in class City { int number = 0; o2 Hotel h; for (h in self->hotels where h->free_rooms > 0 && h->stars == star) number += h->free_rooms; return number;}A class can inherit its type and methods from other classes. Attribute or method namecollisions are resolved by explicit renaming in the subclass. An inherited type or methodcan be redefined locally, provided that the redefinition satisfies certain rules to preservesubtyping semantics (substitutability).Objects or values become persistent by being attached directly or transitively to a persistent"root". These roots are declared in the database schema by giving a name to them. Thispersistence model is referred to as persistence by reachability, and has the followingcharacteristics:¥When an object is made persistent, so are its component objects(transitively). This frees the user from having to perform this taskexplicitly.¥Unreferenced objects are automatically garbage-collected.¥The user is not required to decide whether an object will be persistent whencreating it. Instead, objects can be made persistent after they are created,when the need becomes clear.Section 6.1 discusses this and other ODBMS persistence models.3.7.2 Architectural FeaturesThe general architecture of O2 [Deu91] is shown in Figure 3.7.

88 Object Manager WiSS Client Side

O2Engine

CLIENTSERVER O2SQL O2Look O2CCC++ O2ToolsSchema Manager

WiSS Server Side

Figure 3.7 O2 Client/Server ArchitectureO2 includes the following components:¥O2Engine, a language-independent object database engine supporting theobject data model.¥O2Look, a graphical tool for creating, browsing, and editing databaseobjects (an extension, O2Graph, is also available).¥O2SQL, an SQL-like object query language which includes a queryoptimizer and support for method invocation.¥O2Tools, a complete programming environment including graphicalbrowsers and editors, a symbolic debugger and source-level manager, andintegrated schema documentation.¥C and C++ interfaces¥O2C, a 4th generation programming language (a superset of C)

89An interface between O2 and Lisp is also available.As described in [Deu91], O2Engine is composed of three main layers. The upper layer ofthe system is the Schema Manager. It is responsible for the creation, retrieval, update, anddeletion of classes, methods, and global names. It is also responsible for handling thesemantics of inheritance and for checking schema consistency. The Object Manager is themiddle layer. It handles objects with identity and passes messages, manages structuredvalues and their structured operations. It also implements the reachability model ofpersistence, garbage collection, and implements indexes and clustering strategies. Thelowest layer is an extended version of the Wisconsin Storage System (WiSS) [CDKK85],which serves as the O2 disk manager. WiSS provides record-structured sequential files,B-tree and hashed indexes, and long data items as persistent structures. These structuresare mapped into pages, which are the basic persistence unit. WiSS provides indexes fordisk management, as well as full control of the physical location of pages on disk. WiSSimplements a conventional "flat" (unnested) transaction model. Locking is used forconcurrency control, and a write-ahead log technique is used for rollbacks and recovery.O2 implements the form of client/server architecture called a page server, in which theserver deals only with pages, and does not understand the semantics of objects (see Section6.2 for a further discussion of ODBMS architectural variants). The main advantage of apage server architecture is that it places most of the complexity of the system in the clientworkstations, where the majority of the available CPU cycles are expected to be available,leaving the server to perform the tasks that it alone can perform. Since entire pages aretransferred between the workstation and the server, the overhead on the server isminimized. While at first glance this approach may appear wasteful if only a single objecton the page is needed, in fact the cost (in terms of CPU cycles) to send 4K bytes is notmuch higher than the cost of sending 100 bytes. In addition, if the clustering mechanismworks properly, a significant fraction of the objects on each page will eventually end upbeing referenced by the client. Finally, by minimizing the load each workstation places onthe server, it is possible to support more workstations using the same server.Because the server does not understand the concept of object, O2Engine cannot issuequeries or execute methods on the server. However, indexed access for large collections isstill possible from the client, since the index code is built on top of the client’s page-cachelevel. O2 Technology’s experience with an earlier object server architecture was that asignificant overhead was imposed on the system to address potential cache inconsistencies(e.g., an updated version of an object may exist in the client’s cache but not in the server’scache) that may arise in that architecture.The client/server split is made at the WiSS level, which deals with pages. WiSS is splitinto a workstation (client) process and a server process in the following way: The serverprocess consists of (i) a layer providing the storage and retrieval of disk pages plus diskresource (pages, extents, files) allocation, (ii) a page-cache layer, and (iii) concurrencycontrol and recovery services. The server is accessed by an RPC interface. The clientprocess consists of the page-cache level plus all the higher levels. In addition, a local lockmanager caches locks acquired by the client on the workstation. Calls made to the I/O levelof WiSS by the WiSS software running on the workstation are turned into RPC calls to theserver. However, these calls are not turned directly into I/O calls to the server’s diskdrives. Rather, since the server also maintains a page cache, they become calls to theserver cache.

90Objects and values are represented in O2Engine in terms of records (and other datastructures for large collections). The format of objects is identical in memory and on disk,avoiding any conversion overhead. Record identifiers are used as persistent identifiers forobjects and as pointers for constructed values. On disk, records storing objects or valuesrefer to each other by physical identifiers, i.e., identifiers reflecting disk locations. WiSSrecord identifiers are used directly. These identifiers consist of a 2-byte volume identifier,a 4-byte page identifier within a volume, and a 2-byte slot number. O2Engine uses a two-level addressing mechanism: persistent record identifiers on disk, and handles for recordsin memory. Each handle denotes a distinct record containing a value or an object. Whengetting a component object y of a persistent object x, the system dereferences the persistentrecord identifier (PID) of y by using a PID-to-handle hash table. If an entry exists for y thehandle will be returned to the caller, otherwise a handle is created for it and thecorresponding entry is inserted into the table. Pointers are not swizzled (converted fromPID to handle) directly within records because the unswizzling operation would have to beperformed when sending a dirty page back to the server.The recovery algorithm is log-based, and involves both the client and the workstation. Thelog is handled by the server and is essentially a redo log. Concurrency control is handledwith a hierarchical, two-phase locking protocol on files and pages. The global lockmanager runs on the server, and a local lock manager caching the set of granted locks runson the workstation.O2 supports a flexible C++ interface. A user can either export O2 classes to C++, orimport C++ classes to O2. The export to C++ command automatically generates C++classes from O2 classes. The user can choose to export the type of a class as well. If thisis done, the generated class automatically includes C++ methods to read and write C++objects to and from the O2 database. The read method is transparently called whenaccessing the object for the first time, while the write method is transparently called when itis necessary to write the object back to the database (e.g., when a transaction commits).After the initial read, the object is accessed directly, as with any C++ object. Eachgenerated C++ class X comes with a twin class O2_X, which acts as a persistent pointer toobjects of class X. The C++ program must manipulate persistent objects through thispointer. This means that instead of declaring a pointer to a class X *p, the pointer must bedeclared as O2_X *p. Alternatively, C++ classes can be imported into O2. In this case,the import from C++ utility is used. This utility generates the necessary O2 declarations, aswell as the read and write methods, and the corresponding pointer class, as describedabove. The user must then adjust the C++ declarations so that they use the properpersistent pointers, instead of ordinary C++ pointers. O2 also provides a C++ class libraryto enable C and C++ programs to access the other facilities of O2.O2 also supports O2SQL [Deu91, BCD89], an SQL-like query language. O2SQLgeneralizes standard SQL by including, for example:¥capabilities for processing both values (including complex values) andobjects, such as path expressions to reference embedded structures orfollow object references¥invocation of user-defined operators in queries¥user-defined collections, including both sets and lists, to be referenced infrom clauses

91O2SQL is defined as a subset of O2C, but can be used independently as an ad hocinteractive query language or as a function callable from C or C++. As noted above,O2SQL has heavily influenced the query facilities in the ODMG specifications [Cat94a].As a simple example, a query to find the parts of a user’s car (designated by the nameMyCar) costing more than $50 would, in O2SQL, be:select x.namefrom x in MyCar.componentswhere x.cashvalue > 50Of particular interest in O2SQL are the facilities provided for accessing and constructingstructures. These are somewhat more complete than those found in query languages formany Object DBMS products. For example, given the Document and Section typesdefined earlier, the query to find the titles of the sections with numbers less than 5 indocuments printed on a certain date would be:select x.titlefrom x in flatten select y.components from y in Document where y.printdate = "01/04/78"where x.number < 5The nested query returns a set containing as many sets of sections as there are documentsprinted on the given date. The flatten operation returns a set of sections that is theunion of these sets of sections. This set is then queried in the outer query. [BCD89]indicates that a simpler syntax which takes into account logical dependencies between queryvariables could also be used, namely:select x.titlefrom y in Document, x in y.componentswhere y.printdate = "01/04/78" and x.number < 5Nested structures can also be constructed in O2SQL expressions. For example, based onthe Document example, the following query constructs a tuple whose componentsproperty is a set of tuples.tuple( title: MyDoc.title, components: select tuple (title: x.title, number: x.number) from x in MyDoc.components where x.number < 5) )In this case, the set value of the components property is constructed by a query whoseselect clause contains a tuple constructor. The ability to flexibly query and construct suchstructures is highly important if a query language is to manipulate complex data types.The O2 user interface generator, O2Look, supports the display and manipulation of large,complex, and multimedia objects on the screen. O2Look provides facilities for creatinggraphical user interfaces quickly, and provides a set of predefined widgets for constructingdisplays. O2Look also provides high-level graphic facilities to display, edit, and browsethrough database objects.

92O2Tools is a graphical programming environment supporting the development of O2applications. It allows the programmer to browse, edit, and query the database and theschema, and to edit, test, and debug methods and programs.A considerable amount has been published on various aspects of the formal underpinningsof the O2 model and its query facilities [AB88, AK89, CDLR89, LRV88]. Such analysisis essential if powerful query facilities corresponding to those in relational DBMSs are to beprovided for Object DBMSs. According to Internet postings from O2 Technology staff,the future version of the O2 C++ API will be ODMG 93 compliant. O2SQL is also ODMG93 compliant.O2 is reported to have been used to implement a network administration platform at FranceTelecom, which defines within a common kernel a set of generic O2 classes conforming tothe GDMO standard and necessary for defining specific applications. The platform is used,for example, to develop applications for managing customer networks.3.8 MATISSEMATISSE1 [Int93, Sut93] is a second-generation ODBMS from ADB (formerlyODB/Intellitic). The first-generation product, G-BASE, was described in [Man89a].MATISSE is a multi-user client/server system, and is available on Sun and VAX/VMSplatforms. MATISSE supports a highly adaptable object model, which can be extended bythe user. The MATISSE API is a set of C library functions that can be bound into anylanguage that supports an external C function call. The API supports all features of thedatabase. MATISSE also provides an interactive Object Editor, which allows direct accessto the database content through either text-based or graphical interfaces.3.8.1 Object ModelMATISSE implements an object model that is independent of any programming language.This object model is built as an explicit layer on top of a more primitive micromodel.Specifically, MATISSE supports the following descriptive layers [Hal93]:¥micromodel: The micromodel is the lowest level of the MATISSE database.It implements a very simple data model of objects and connections. Themicromodel is used to build templates.¥templates or metamodels: A template or metamodel is a schema definedusing the micromodel which describes a specific data or object model, i.e.,the rules to follow when designing a database schema. The only metamodelwhich currently exists for MATISSE is an object-oriented metamodel. Thismetamodel is used by the object-oriented services API. MATISSE statesthat metamodels for other data/object models could be developed on top ofthe micromodel. For example, a relational data model could be developedfor MATISSE.¥schema: A schema is a user-defined set of data/object descriptions which isused by an application.

1 Recent information suggests that the product is now named "M.A.T.I.S.S.E." (i.e., with periods aftereach letter). This section retains the older name.

93The MATISSE micromodel is based on the semantic network concept, with enhancementsto support relationships, values, entry points (indexes), and triggers (which generate callsto functions or procedures when relationships or values are modified). The MATISSEobject-oriented metamodel is a self-descriptive semantic network that defines the conceptsof classes, relationships, attributes, messages, and methods (see Figure 3.8 [Sut93]). AllMATISSE concepts are first class objects including instances, classes, and the conceptsdefining the MATISSE metamodel (all are stored as objects in the database).All objects in MATISSE have a unique immutable identifier and belong to a single class (anobject can be asked its class at runtime). In MATISSE, as in many object systems, a classis an implementation of a type. The interface to a class consists of methods (or functions)attached to the class and messages which are used to invoke the methods. Attributes andrelationships may also be defined for classes.Methods are independent objects and can be written in arbitrary languages. In addition tomethods associated with specific classes, MATISSE also provides universal methodswhich apply to the entire database, and are not attached to a particular object class.Methods may be shared by multiple classes, and can be queried to determine the classes towhich they apply.Complex structures can be defined either by embedding literal values in MATISSE objectsor as OID-based relationships. For relationships, linked objects are not considered"contained" in the sense that deletion and other actions are not automatically propagatedunless the user specifies an appropriate trigger. MATISSE includes built-in aggregatessuch as lists and arrays. Additional types of aggregate can be supported, but the user mustspecify the behavior by supplying the appropriate links and triggers.Classes, including class Class and its associated objects, are first class objects inMATISSE, i.e., each method is stored as an instance of class Method, each attribute isstored as an instance of class Attribute, and so on. They are physically stored asobjects on the server, and may be modified in the same way that other objects are modified.This allows support of on-line schema evolution. MATISSE allows any attribute of anyobject to serve as an "entry point" or index.Class Relationship supports specification of the cardinality of a relationship. It alsoincludes user-specified triggers that fire before and after adding or deleting a link. Inverserelationships are automatically supported. Referential integrity is guaranteed by enforcingthe rule that no object can be deleted until its links to other objects are deleted. A variety ofconstraints and/or triggers can also be defined for attributes and classes as well, allowingcomplex user constraints to be defined and enforced.MATISSE supports standard "specialization" inheritance. Subclasses consist of allattributes, relationships, messages, and methods of the superclasses, plus thoseadditionally specified by the user. Multiple inheritance is supported and all instances of asubclass are considered instances of the superclasses. MATISSE does not allow nameconflicts for inherited attributes and relationships in multiple inheritance, although methodsmay be overloaded. In multiple inheritance, invocation of methods occurs in a left first,depth first manner determined by the way the user specifies the class hierarchy.In addition to inheritance, forms of delegation can be implemented by providing a method,trigger, or constraint that invokes other methods or functions. In addition, universalmethods, which are independent of the inheritance hierarchy, can be invoked by any

94method or function attached to the database, or from the application through the MATISSEAPI.The structure and behavior of MATISSE objects is defined by the MATISSE metamodel.The user can modify the metamodel, which effectively changes the MATISSE objectmodel. The metamodel can also be modified to support specialized data models andfunctionality. For example, the metaclass Attribute can be modified to allow read andwrite to data in an external relational database. This allows any attribute of any object in thesystem to be specified as residing in an external database. When an object is accessed,such attributes appear as part of the object transparently to the user.Schema evolution is similarly supported, with the constraint that database consistency canbe enforced by the object manager. All extensibility is dynamic, and can be accomplishedwhile the database is live. The object manager will enforce consistency of data in thedatabase, and provide appropriate error messages if the user tries to make changes that willrender data inconsistent. Security restrictions can be applied to control who is allowedchange schemas (or the metaschema). MessageSelectorDocumentation

Universal MethodInternal functionDocumentationOverridable

MethodInternal functionDocumentation

ClassExternal nameInstance print functionInstance constraint function

AttributeExternal nameDefault valueConstr

ation trigger

RelationshipExternal nameConstraint functionPre-add successor triggerPost-add successor triggerPre-delete successor triggerPost-delete successor triggerCardinality

Interpretation ofInterpretation¥¥

¥¥¥¥¥¥¥¥

InterpretationInter

perclassSubclassSuccessor ofInverse relationship

Successor

Note: Attributes in italics are user definableFigure 3.8 MATISSE Object MetaModel

95MATISSE makes no attempt to provide close ties with any particular programminglanguage. The MATISSE Application Programming Interface (API) is a set of C functioncalls providing access to the facilities of the MATISSE object model. If a programminglanguage (such as C++) supports an object model, then the programmer must deal withboth the language’s object model and the MATISSE object model. The MATISSE classhierarchy is similarly independent of any language class hierarchy. Typically, a userdevelops an application hierarchy that consists of persistent and non-persistent objects.The persistent objects would be created in the MATISSE database by calls to the MATISSEAPI, with the application programmer handling the translation of objects between thelanguage and the database.3.8.2 Architectural FeaturesMATISSE uses a client-server architecture having the following components:¥a runtime Server Engine which supports historical versioning, multi-threading, and transparent data replication¥Server Engine libraries¥a client library linked to the application (there is no separate client runtime)¥an Object Editor, which allows object creation and manipulation through aGUI interface¥an Object Browser¥DB Administrator toolsThe micromodel and metamodel semantics are handled by the client library. The ServerEngine is responsible only for data persistence and concurrency control. The client libraryis accessible through a C language API. This API provides all the functions to performdatabase operations such as opening transactions, creating and modifying instances andclasses, and navigating relationships. The Server Engine uses a multi-threadedarchitecture, and can take advantage of asynchronous and parallel disk I/O subsystemswhen combined with intelligent controllers. The Server Engine also uses various diskallocation strategies (e.g., automatic clustering of small objects) to improve diskperformance. The client and server communicate through RPC mechanisms; all objects arestored on disk by the server, but cached in client memory for use by client applications.Concurrency is supported by an implementation of both two-phase locking and two-phasecommit protocols. By default, locking occurs implicitly. However, the user may controlthe locking sequence and locking is not required for most reads, because historical versionsare present in the database (see below). The client cache is flushed between transactions,except for objects which the user pins in client memory. This guarantees that the clientalways sees the current version of objects in a multiuser environment (except for pinnedobjects).All objects (metamodel objects, class schema, and instances) are stored on disk in buckets,which are the discrete units of transfer of information from client to server. The bucket sizecan be optimized by the user to tune application performance. Schema and other objects are

96dynamically loaded into client memory as needed. Only those objects needed for currentcomputations need to be sent over the network from server to client.Objects stored on disk contain a reference to the methods and messages which invokethem. The object code of a method is stored on the client workstation and executes on theclient (except for certain operations which occur on the server for performanceoptimization). This architecture provides for high volume transaction processing andallows for heterogeneous hardware environments.MATISSE is a completely versioned database supporting copy semantics. A change to anobject always results in creation of a new version of the object without altering previousversions or the object identifier (OID) of the object. Versioning is orthogonal to the objectmodel, and is handled transparently by the MATISSE Server Engine. MATISSE maintainsversions of all objects, including schemas. Users can see a consistent view of anyhistorical state of the database.The state of the database is determined by logical time, which is incremented at the committime of each transaction. The database may be viewed from any logical time specified bythe user. The user sees all objects which existed at the specified logical time in the state asit existed at that logical time. This includes metamodel objects and class schema objects, aswell as instances.MATISSE supports explicit object deletion rather than garbage collection. Versioncollection occurs at the discretion of the user. If all version collection is done immediately,the database operates in the same way as database systems which have no inherentknowledge of object history. Typically, version collection is done on a user-specified,periodic basis after execution of a "save time" function which flags a historical logical timeas a view of the database that should not be collected. Reporting or on-line backup can bedone without locking by executing reads on the "save time" view of the database. Ifreporting or backup is done at low priority, this has negligible effect on performance ofproduction transaction processing. When historical versions are no longer needed, theymay be version collected at the discretion of the user. MATISSE is designed to retainknowledge of all historical states of the database through systematic archival of versioncollected objects.The next release of MATISSE intends to support ANSI SQL92 with object extensions.The evolving SQL3 specification will be fully supported as it stabilizes.3.9 Other Object DBMSs and Related DevelopmentsPrevious sections have described a number of representative ODBMS products. However,there are other ODBMS commercial products, research activities, and related systems thatare also of interest for various reasons. This section briefly describes several of thesesystems/activities. This section does not attempt to be exhaustive in covering suchactivities. Numerous other such activities, such as ENCORE [HZ87, SZ87, SZ89], arenot described due to space and time constraints.3.9.1 ODEOde is a public-domain ODBMS developed at AT&T Bell Laboratories. Ode runs on (atleast) Sun (Sparc) workstations and users must have C++ release 2.0 or a later release.

97Ode is available to universities at no charge (however, AT&T requires the signing of a non-disclosure agreement). It can be obtained via ftp from research.att.com [OFAQ93].Ode is based on the C++ object model. The Ode database is defined, queried andmanipulated in O++, an upward-compatible extension of C++ with database programminglanguage facilities. O++ programs can be compiled with C++ programs, thus allowing theuse of existing C++ code.In the Ode model of persistence, memory is partitioned into volatile and persistent memory.Volatile objects are allocated in volatile memory. Persistent objects are allocated inpersistent store and continue to exist after the program that created them has terminated. AnOde database is a collection of persistent objects. Each object is identified by a uniqueobject id (a pointer to a persistent object).O++ provides facilities for creating and manipulating the Ode database. For example, O++provides facilities for specifying transactions, creating and manipulating persistent objects,querying the database, and creating and manipulating versions. In addition to O++, otherinterfaces have also been defined for Ode:¥OdeView, a graphical X-based interface to the Ode database.¥OdeFS, a file system interface to the Ode object database. OdeFS allowsobjects to be treated and manipulated like files. Standard Unix commandssuch as rm, cp, and mv, and tools such as vi and grep can be used tomanipulate objects in the database.¥CQL++, a C++ variant of SQL for easing the transition from relationaldatabases to object-oriented databases such as Ode.EOS, the storage engine of Ode, is based on a client-server architecture. Some features ofEOS include:¥Support for large objects, which are critical for multi-media applications.Ode provides both transparent access for large objects and a file-likeinterface for large objects. The latter can be used to access and update partsof a large object.¥Concurrency control, which is based on multi-granularity two-version two-phase locking; it allows many readers and one writer to access the sameitem simultaneously.¥Log records contain only after-images of updates, thus making logs small.Recovery from system failures requires one scan over the log resulting infast restarts.In addition to conventional transactions, users can run "hypothetical" transactions.Hypothetical transaction allow users to pose "what- if" scenarios (as often done withspreadsheets). Users can change data and see the impact of these changes withoutchanging the database. Users can also create versions of objects. Ode will track therelationship between versions and provides facilities for accessing the different versions.Ode 2.0 is described as being used as the multi-media database engine for AT&T’sInteractive TV project (however, the current release is 3.0). Ode 1.1 (an older version of

98Ode with limited capabilities) has also been distributed to 30+ sites within AT&T and 135+universities.3.9.2 ODBMSs Supporting AdaCommercial ODBMSs have generally been developed to provide interfaces to programminglanguages such as C++, Smalltalk, and Lisp. Moreover, one of these languages generallyplays the role of the ODBMSs "DML", in the sense that the preferred language for writingobject methods is one of these languages (in some cases, more than one language can beused). This can present a problem for Department of Defense applications that must (orwould prefer to) use Ada for software development. There are two basic approaches toaddressing this problem:¥define objects in one of the "native" languages of the ODBMS, and call themethods of these objects from within Ada programs in order to invokeobject behavior.¥develop an ODBMS having Ada as its (or one of its) native languages.The commercial ITASCA Ada interface was described in Section 3.5. However,ITASCA’s native language is Lisp. [MR93] describes two ODBMSs having Ada is thenative language: Classic-Ada with Persistence, and Science Applications InternationalCorporation’s (SAIC) ODBMS developed for the U.S. Air Force’s Dental Data System.Classic-Ada is a product of Software Productivity Solutions Incorporated (SPS). Thebasic Classic-Ada package is a preprocessor that extends the Ada language to allow classconstructs. Objects may be dynamically created, and a message passing mechanismalleviates problems associated with late binding in Ada. Classic-Ada with Persistence is anextension that allows classes to be defined as persistent. Objects created from persistentclasses maintain their state between application executions. A fairly conventional objectmodel is implemented. A class may contain instance variables and instance methods.Single inheritance is supported, and classes may override their parent class’ methods.Objects reference each other using 32-bit object identifiers. An identifier remains validacross application executions as long as the target object is persistent. The id is not validacross executions for transient objects.A schema in Classic-Ada is essentially the class structure as defined by the program. Oncethis structure has been fixed, it cannot be modified without losing all persistent data.Classic-Ada does not support concurrent access, so only one application can open adatabase at any given time. Because of this "no-server" implementation, all methods areexecuted by the application. Once a database is opened, there is no difference betweenpersistent and transient objects, and the programmer need not explicitly activate ordeactivate persistent objects. However, when a user-defined class is declared to bepersistent, all instances of that class must be persistent.SAIC’s ODBMS is a set of Ada packages which defines an ODBMS that allows classhierarchies, dynamic object creation, persistence, and dynamic creation of object methods.This ODBMS is owned by the government and distributable within its agencies. In thissystem, classes are defined by using a schema file which defines class inheritance andmethods. In addition, each class must have its methods (written in Ada) placed into apackage and be linked into the database server. Classes and class methods cannot becreated dynamically. However, applications can create application-defined complex typesdynamically. A complex type is an Ada data structure which can contain pointers to class

99instances and method objects. Different applications can use the same database as long asthey share a common schema. The class schema is built into the database when it isinitialized, so all applications have it available.The SAIC system consists of one server and multiple clients. Each client communicateswith the server by passing a shared memory segment that contains an object message. Theserver accesses the segment and attempts to resolve the message by following the classhierarchy, in a manner similar to that used in Smalltalk. Methods are executed only in theserver. Class methods are actually compiled as subprograms in the server. The serverallows only one transaction to execute at a time, maintaining serializability at the cost ofperformance. This limitation also disallows long transactions, and the documentationencourages the use of short transactions for good multi-user performance [MR93].[Hal93] references a wargame application running on the SAIC object-oriented DBMS.However, disappointing performance was reported. [MR93] also observes that the systemdoes not seem well-suited to large applications.[Cho93] describes a prototype interface between Ada and the ObjectStore ODBMS. Thiswas based on prototype design work by Object Design, Inc. in 1992. The prototypeprovides functions and procedures for manipulating databases, transaction management,and persistent declarations ([Cho93] added access to the collection facility to the facilitiesdescribed in the original design study). The Ada/ObjectStore interface uses Ada pragma1interface statements to call C library routines from within Ada applications, and providesaccess to ObjectStore without significant degradation in performance.[Moy93] describes work on a portable interface between Ada and several ODBMSs.Specifically, the report describes the problems in developing a common interface for theObjectStore and ITASCA ODBMSs. The report notes the difficulty in defining a portableinterface due to the lack of standards for commercial ODBMSs, and the desire for interfacecompleteness (i.e., the ability to access all the functionality of the underlying ODBMS).The report notes that Ada 9X, which provides object-oriented enhancements on theprogramming language side, and SQL3, which defines a standard object interface on theODBMS side, would simplify the problem of providing a portable, complete, Ada/ODBMSinterface. (By inference, the ODMG standard would also assist in providing such aninterface).3.9.3 SHORE[CDF+94, DNSV94] report on the SHORE Persistent Object Store project, which isinvestigating the exploitation of parallelism to improve the performance of OODBMSapplications, corresponding to the use of parallelism in commercial relational DBMSimplementations. SHORE does not attempt to solve the problem of automaticallyparallelizing arbitrary method code (written, e.g., in C++) in an OODBMS. Instead, thegoal is to provide system primitives that make it easy for a programmer to explicitlyparallelize an OODBMS application. One of the primitives provided is the ParSet (parallelset). [DNSV94] describes how ParSets can be used to parallelize the 007 OODBMSbenchmark traversals.The ParSet facility is a variation of an idea that has appeared in many places before:essentially, it allows a program to invoke a method on every object in a set in parallel. TheParSets of [DNSV94] were inspired by the "Parallel Set" construct proposed by Kilian

1 A pragma is a compiler directive.

100[Kil92]. According to [DNSV94], this Parallel Set facility is currently being implementedby Kendall Square Research, under the name "ParaSet", on top of the MATISSEOODBMS.A ParSet is simply a set of objects of the same type (or an appropriate subtype). The ShoreData Language (SDL), which is an interpretation of the ODMG standard data definitionlanguage ODL [Cat94a] (see Section 5.1), is used as the type language for ParSet objects.As envisioned by Kilian, ParSets support five basic operations: Add, Remove, Apply,Select, and Reduce. Add adds an object to a ParSet. Remove removes an object fromthe ParSet. Apply invokes the specified method on the objects belonging to the ParSet inparallel. Select returns the OIDS of ParSet objects that satisfy a specified predicate(evaluating the predicate in parallel). Reduce invokes functions on ParSet objects inparallel and through binary operations reduces the results to a single value (computing ascalar aggregate such as max or sum is an example of a Reduce operation).3.9.4 EXODUSEXODUS is a database toolkit developed at the University of Wisconsin [CDG+90].EXODUS components include the EXODUS Storage Manager and the GNU Eprogramming language.The EXODUS Storage Manager [CDRS89] is a client-server object storage system whichprovides "storage objects" for storing data, versions of objects, "files" for grouping relatedstorage objects, and indexes for supporting efficient object access. A storage object is anuninterpreted container of bytes which can range in size from a few bytes to hundreds ofmegabytes. The Storage Manager provides routines to read, overwrite, and efficientlygrow and shrink objects. B+tree and linear-hashing based indexes are provided as accessmethods. In addition, the Storage Manager provides transactions, lock-based concurrencycontrol, and log-based recovery. Applications can access multiple servers in a singletransaction. Distributed commits are performed across servers and clients have access to aninterface allowing participation in distributed commits managed by an external agent. TheEXODUS Storage Manager is used as a component in the TI Open OODB Toolkit,described in Section 3.9.7.GNU E is a persistent, object oriented programming language developed as part of theEXODUS project [RC89]. GNU E extends C++ with the notion of persistent data,program level data objects that can be transparently used across multiple executions of aprogram, or multiple programs, without explicit input and output operations.Other work related to EXODUS included development of a rule-based query optimizergenerator [GD87]. EXODUS is no longer being developed, with effort now beingconcentrated on the SHORE project described above.3.9.5 KalaKala is a Persistent Data Server from Penobscot Development Corporation [OFAQ93].Kala is not a DBMS. Instead, Kala provides low level object storage facilities. Kala canbe used as a component in the development of higher-level components, such as DBMSs,with domain specific functionality being built using Kala’s set of primitives. Kala can beused for such applications as the kernel of DBMS products, a substrate for extended filesystems, implementation of language persistence, data manager for groupware applications

101as well as applications which deal with large, complex, and changing volumes of data (textdatabases, financial distributed transaction systems). Kala is available on Sun platforms(SunOS / 68000 and SPARC), as well as on 80x86/MS-DOS platforms (both Microsoftand Borland compilers and runtimes are supported).Kala manages an untyped persistent store, implementing the semantics of robust,distributed, secure, changing, and shareable persistent data. Layers built upon the Kalaplatform can implement the semantics of objects with the same properties. Kala’s manageddata elements are made out of uninterpreted bits and references. Data elements (calledmonads) are universally uniquely identified. Bits are stored with no overhead.References, represented in memory as native machine pointers, are stored compactly,introducing an average of 2.5 bytes overhead. Kala manages any data that can berepresented in machine memory out of these bits and references. Examples includerecords, dynamically linked graphs and lists, executable code, and encapsulated objects.Kala can handle data as small as one bit, and as large as the virtual memory (or larger),while being unaware of the data’s semantics. It stores and retrieves data over a distributedand dynamically reconfigurable set of Stores. On retrieval, Kala dynamically relocatesembedded references to retain the original topological structure of the data, thus preservingreferential integrity. Kala also supports active data, physical store management, andautomatic archiving.Kala’s execution architecture is that of multiple (communicating) servers and multipleclients. Kala can also be configured in a standalone (single process) mode.Kala is a fully recoverable system, short of media damage. Recovery from hardwarefailures can be supported by the layer beneath Kala. Kala primitives can be used to supportarbitrary transaction models, including classic short transactions, long (persistent)transactions, nested transactions, shared transactions, pessimistic and optimistic policies,etc. Concurrency control is achieved through two locking mechanisms (short-term andlong-term (persistent, shared) locking), with support for atomicity of operations and two-phase commit.Kala primitives also support arbitrary versioning models, allowing versions to co-exist insplit/rejoined networks, various version organization strategies (single-thread, tree, DAG,etc.). Kala primitives provide mechanisms for arbitrary access and update triggers, such asnotifications, security checks upon access/update, etc. The Kala primitives can also beused to support a wide range of access control, security and protection models, includingrevocable access rights, arbitrary access validation routines, etc.3.9.6 PERCIOPERCIO [KT91, TKN92] (formerly called Odin) is an ODBMS developed at NEC C&CResearch Laboratories, Japan. It provides a persistent programming languagePERCIO/C++ that provides largely transparent access to persistent objects. Theprogramming language also provides transaction support, collection objects, and queryextensions (integrated with C++, much along the lines of the query extensions provided byObjectStore). Application programs are defined in C++ in a manner somewhat similar tothat used in ONTOS DB, and other C++-based ODBMSs: a translator takes C++ (in thiscase, PERCIO/C++) source code, extracts the class definitions, and registers them in thedatabase. The program is then compiled, and linked with the PERCIO kernel. PERCIOalso provides an interactive browser, which can be used to define and display both classesand instances.

PERCIOKernel

PERCIO Server

PERCIO/C++Translator

Browser

DBMaintenance

Application

Storage Classes File Classes

System-DefinedConceptual ClassesOd_Set<T>Od_List<T>Od_Array<T>......

System ManagementClassesOd_DatabaseOd_Transaction.......Od_Memory_Manager.......

Figure 3.9.6 PERCIO System ArchitecturePERCIO itself is defined in terms of layers of object classes, as shown in Figure 3.9.6[TKN92]. The lowest layer include storage and file classes, which manipulate pages andfiles in implementing physical object representations. The middle layer includes systemmanagement classes that handle memory, transaction, class, and method management. Thehighest level includes system-defined parameterized classes made available to users,together with the API. These parameterized classes, such as Od_Set<T> (which defines aset object holding instances of class T), provide much of the basic functionality of theDBMS. For example, Od_Set provides methods for adding and deleting members of theset, for getting the first, last, next, or previous member, for selecting members specifyingcertain predicates, and for joining the set with another set (the latter operations are the basisof the query facilities).PERCIO provides support for versioned objects, and is unusual in also providing supportfor view (virtual) object classes, similar to the view facilities provided in relational DBMSs.View objects may be derived from several existing (base) objects, or may be restricted tothose objects satisfying a selection predicate.

103PERCIO may not become a commercial product, but is reported as being used within NECfor operational network management applications [Tsu93].3.9.7 Open OODBOpen OODB [TI93, WBT92] is a project of Texas Instruments, sponsored by theAdvanced Research Projects Agency, and managed by the U.S. Army ResearchLaboratory. The objective of the project is to build a high-performance, multi-user object-oriented database system in which database functionality can be tailored by applicationdevelopers to meet application-specific requirements. The system provides anincrementally-improvable framework that can also serve as a common testbed for researchby database, framework, environment, and system developers who want to experimentwith different system architectures or components. The Open OODB Toolkit is organizedas a collection of independent object services, similar to the approach used in the ObjectManagement Group (OMG) Object Services Architecture [OMG92a,b]. The services canbe combined to provide object-oriented database, relational database, repository, anddistribution systems. Several modules are database independent, and can be used in non-database-applications.Open OODB attempts to seamlessly add functionality such as persistence, transactions,distribution, parallelism, or replication to developers’ existing programming environments.Open OODB does not require changes to either type (class) definitions or the way in whichobjects are manipulated. Instead, applications declare normal programming languageobjects to possess certain addition properties. Such objects then transparently "behaveproperly" according to the declared extensions when manipulated in the normal manner.For example, if an object is declared to be persistent, the DBMS is responsible for movingit between computational and long-term memory as needed to ensure both its residencyduring computation and its persistence at program termination. Open OODB extendsexisting languages (currently C++ and Common Lisp) rather than inventing new databaselanguages.When an object is declared to the Open OODB to have extended behavior such aspersistence, there are certain invariants associated with the extension that must be enforced.For example, a remote operation extension might define the invariant that the operator andoperands must be materialized in the same physical address space. Invariants can besatisfied in more than one way (e.g., the operations can move to the operands, or viceversa). Each way of meeting an invariant is called a policy. When an operation involvingan extended object occurs, an Open OODB mechanism called a sentry interrupts theoperation and transfers control to an Open OODB module called a policy managerresponsible for ensuring that operations against extended objects "behave properly", bycalling appropriate policy performers to satisfy the invariants associated with that operation.Each semantic extension is implemented by a different policy manager. Thus, there can bea policy manager for persistence, one for index maintenance, etc. For each type ofextension, there are potentially many semantic models (e.g., linear or branching versions),and within each of these, many ways to maintain the invariant (e.g., remote vs. localcomputation, eager vs. lazy index maintenance). Policy managers can be addedindependently, and are descended from a common root class to make them type-compatiblefor invocation purposes. This approach allows new extensions (e.g., time) to be added,the semantics of a given extension to be changed (e.g., nested rather than flat transactions),and implementations of a given policy to be changed or selected dynamically (e.g., objectfetch vs. RPC). It also allows the semantic extensions to be hidden from applications.Sentries work by detecting key events such as object dereferences and method invocations

104and invoking extended behavior, i.e., using concepts of reflection or metalevel computation(a review of these concepts, together with numerous citations, can be found in [Man93]).The Open OODB Object Services Toolkit architecture (Figure 3.9.7 [TI93]) is similar to theObject Management Group (OMG) Object Services Architecture (OSA) [OMG92a,b].Using OSA terminology, Open OODB provides the following services in the currentrelease (0.2):¥event notification service (sentries)¥lifecycle service¥name service¥externalization service¥persistence service¥transaction service¥data dictionary¥query serviceThe current release runs on Sun workstations, and provides both a persistent C++ withobject query language extensions OQL[C++] and a runtime data dictionary, and a persistentCommon Lisp. Both languages are provided with recoverable concurrency-controlledtransactions based on the Exodus Storage Manager described earlier.APIApplication

Implicit interfaceMeta Architecture ModulesExtender Moduleskey:

CommunicationTranslation DataDictionarySupport ModulesAddress SpaceAddress SpaceAddress Space

Meta Architecture Support (Sentries)...

Persistence PM

Transaction PMDistribution PMChange PMIndexing PMQuery PM

Figure 3.9.7 TI Open OODB ArchitectureRelease 0.2 includes the following instances of the four basic types of modules:

105¥Application Programmer Interfaces (APIs) that integrate the functionality of theother modules into a consistent package¥API [C++] integrates the capabilities of lower-level modules to provide aseamless interface to an extension of C++ supporting persistence,transactions, object query facilities, and a runtime data dictionary. Alanguage preprocessor adds Open OODB functionality to C and C++ sourcecode.¥API [Lisp] performs similar functions for Common Lisp. Programs thatcompile under CMU Common Lisp can be extended to use Open ODBfeatures with few code modifications.¥Policy Managers, which provide database functionality by extending the behaviorof objects.¥Persistence PM [C++]¥Persistence PM [Lisp}¥Transaction PM [single level; pessimistic concurrency; C++ and Lisp]¥Transaction PM [single level; no concurrency; non-recoverable; C++](used for testing)¥Object Query¥Meta Architecture Modules, which provide definitions and mechanisms (mainlysentries) that enable policy managers to intercede as necessary.¥Meta Architecture Support [C++] implements sentries for C++.¥Meta Architecture Support [Lisp] implements sentries for Common Lisp.¥Language Preprocessor [C++] supports Open ODB extensions for C++.¥Support Modules, providing low-level services.¥Address Space Manager [non-computational; recoverable; C++ and Lisp]provides recoverable, concurrent access to both C++ and Lisp persistentobjects. Storage and recovery is provided by the Exodus Storage Manager.¥Address Space Manager [computational; C++] manages C++ API objectswhen they are local to the application.¥Address Space Manager [computational; Lisp] manages Lisp API objectswhen they are local to the application.¥Object Translation [C++] translates between computational and externalrepresentations of all C and C++ data types.¥Object Translation [Lisp] translates between computational and externalrepresentations of all Common Lisp data types.

106¥Data Dictionary [C++ and Lisp] provides internal directory services, namingfor C++ and Lisp objects, and run-time type information for C++applications and Open OODB translation routines (Common Lisp providesits own run-time type information).The release also comes with the following components:¥Exodus Storage Manager¥CMU Common Lisp (a version modified by Texas Instruments for OpenOODB)There are no explicit communications and distribution modules in Release 0.2. In addition,there are no facilities for indexing, change management, or replication.4. Object/Relational DBMSsObject/Relational DBMSs (ORDBMSs) are a new class of DBMSs that, like the OODBMSsdescribed in Section 3, are intended to address the requirements of the kinds of advanceddatabase applications described in Sections 1 and 2. The primary approach taken byORDBMS developers is that of extending relational DBMS technology with objectcapabilities in various ways, while preserving full relational capabilities. The productsdescribed in this section illustrate a number of different ways of doing this, including bothbuilding an object layer on top of a conventional relational DBMS (OpenODB / Odapter),and building a new DBMS from the ground up (Illustra and UniSQL/X). The productsalso illustrate different system architectures, including both a relational-like query serverarchitecture (OpenODB and Illustra), and a client/server architecture resembling those ofseveral of the OODBMSs described in Section 3 (UniSQL/X). These architectural variantsare discussed more fully in Section 6.The same caveats that applied to the descriptions of OODBMSs in Section 3 apply to thedescriptions of ORDBMSs in this section. As before, the goal here is not to be exhaustivein describing these systems, but to merely to indicate their general characteristics, and toshow that these ORDBMSs represent a direction for extended DBMS development incompetition with OODBMSs (although, as noted in Section 2.2.11, the distinction betweenthese two classes of DBMSs is not easy to characterize).4.1 OpenODB / OdapterOpenODB [HP93] is an ORDBMS from Hewlett-Packard. It is intended to providedatabase capabilities for a wide variety of applications, including both specialized andcommercial applications. OpenODB is based on Hewlett-Packard Laboratories’ Irisprototype ODBMS [LK86, LV87, LW89, FBCC+87, FACC+89], which was described in[Man89a]. OpenODB stores code as well as data, simplifying applications, and permittingcode as well as data to be shared between multiple users and applications. OpenODB usesa client/server architecture, enabling efficient use of available computing power.OpenODB’s clients can use a programmatic interface (API) to access information. Inaddition, OpenODB allows access to existing data and applications using an object-orientedvariant of SQL (OSQL). The OpenODB server and all clients are available on HP-UX forthe HP9000 Series 700/800 systems and for MPE XL 4.0 or later versions for the HP3000Series 900 systems. Client software will also be supported using X terminals.

107OpenODB is an example of the use of relational DBMS techniques in supporting an object-oriented system, hence its inclusion in Section 4 as an ORDBMS. The OpenODB objectmodel is implemented by an Object Manager, which is based on an extended relationalalgebra as its computation model. Every schema is mapped to a relational schema withappropriate constraints, and instances of object model constructs are implemented ascorresponding relational constructs. OSQL queries are translated into relational queries,and updates become relational transactions. As a result, techniques for tuning relationaldatabase systems can be applied in the OpenODB context. [LV87] describes the details ofhow such an object model can be translated to corresponding relational structures.OpenODB uses a relational database as its Storage Manager for internally stored data andcode. The relational database performs the physical file management and databasefunctions such as multiuser concurrency, transaction management, and recovery.OpenODB uses HP’s own ALLBASE/SQL relational DBMS for this purpose.Odapter is a recently-announced further development of OpenODB which essentiallydecouples the OpenODB Object Manager and other components from the ALLBASE/SQLStorage Manager, allowing the product to be used with other relational DBMSs as StorageManagers. The first release of Odapter allows Oracle 7 to be used as the Storage Managerin place of ALLBASE/SQL. HP has announced its intention to provide Odapter on top ofall major third party database products (HP Press Release, 7/18/94), and has alsoannounced that OpenODB will henceforth be named Odapter. Sections 4.1.1 and 4.1.2describe the facilities of OpenODB; with the exception of references to ALLBASE/SQL,this material also applies to Odapter. Odapter per se is discussed further in Section 4.1.3.4.1.1 Object ModelThe OpenODB object model is based on the object, type, and function constructs. InOpenODB, an object is a combination of data and stored code that can operate on the data.An object denotes some individual entity or concept from the application domain beingmodeled. The basic characteristic of an object that must be preserved in the model is itsdistinct identity. An object is assigned a system-wide unique object identifier (oid). Alluser defined types are subtypes of type UserSurrogate.Objects with similar behavior are grouped into collections called types (e.g., Part,Person). Properties of objects, relationships between objects, and operations on objects(behavioral aspects) are all uniformly represented by functions (which correspond tomethods in other object-oriented models). In order to access properties of an object orother objects related to an object, or to perform operations on an object, a function must beevaluated having the object as an argument. The type of an object serves to define whatfunctions may be applied with the object as an argument. A function takes a single objectas an argument, and returns a single object as a result. However, the argument and resultmay be aggregate objects.Function names may be overloaded, that is, functions defined for different types may haveidentical names even though their definitions may differ. When an overloaded function isapplied to a given object, a single specific function must be selected at the time ofapplication. This function is determined by the type of the object to which it is applied. Ifthe object belongs to several types that all have specific functions of the same name,system- or user-defined rules are used to determine the appropriate function to evaluate.These concepts also apply to functions having several arguments. For this reason,

108applying a function to an object in OpenODB corresponds to sending the object a messagein other object models.The examples below illustrate some of the aspects of OpenODB functions:¥The function Part_Number(Part p) -> CHAR(20) allows access tothe value of the part number attribute of a Part object. Similarly, thefunction Advisor(Student s) -> Instructor allows access tothe advisor attribute of a student (whose value is another object).¥The function Color(Integer x, Integer y, Photo p) ->Color_Value allows access to the color values at particular points in aphotograph. Due to the restriction that functions must only have singleobjects as arguments, this function is actually shorthand notation forColor(TUPLETYPE(Integer x, Integer y, Photo p)) ->Color_Value.¥The function Location(TUPLETYPE(Connection c, Layoutl)) -> TUPLETYPE(Integer x, Integer y) allows access tothe value of the coordinates of a connection in a diagram (note that afunction can return a complex result).¥the function Adjacent(Part p, Part q, Assembly a) ->BOOLEAN defines a predicate that is true if two parts are adjacent within agiven assembly.Specializations (subtypes) of object types may be defined, forming an inheritance (isa)hierarchy. For example, the declarations:CREATE TYPE Part FUNCTIONS( Part_Number CHAR(20) Weight FLOAT);CREATE TYPE 3Dsolid SUBTYPE OF Part FUNCTIONS( Union(3Dsolid, 3Dsolid) -> 3Dsolid);define a Part object type having two functions, Part_Number and Weight, and asubtype 3Dsolid having an additional function Union (these declarations are similar tothose that would be required for the example in Figure 2.1 of Section 2). Because3Dsolid is a subtype of Part, any 3Dsolid object is also an object of the Partsupertype, and automatically "inherits" the Part_Number and Weight functions. Alluser-defined object types are subtypes of the generic type Object, and inherit certainoperations that can be applied to any object. Since functions are used in OpenODB torepresent operations on objects as well as properties and relationships of objects,inheritance hierarchies involve inheritance of operations as well as properties andrelationships. Multiple inheritance is supported. For each new type, OpenODB creates anadditional pair of type functions, a predicate function and an extension function. Thepredicate function returns TRUE if a given object is of the specified type. The extensionfunction returns a bag (multiset) containing all instances of the specified type.Given the above declarations, a simple query in the OpenODB OSQL might be:

109SELECT Part_Number(p)FOR EACH Part pWHERE Weight(p) > 350;Users may add new data types and operations by defining them as new object types andfunctions.Functions in OpenODB may be implemented in several ways. In a stored function, outputvalues corresponding to given input values of function parameters are determined by aconventional database search of stored data (such as the Part_Number function above).The extension (the stored data) is a database relation containing a tuple (row) for eachcombination of related input and output values (or object identifiers). In an OSQL-basedfunction, the definition of a function is specified using OSQL statements. In an externalfunction, the function is implemented in some general-purpose programming language, andlinked to the query processor so that it can be called when function evaluation is required.Such functions would typically be used to implement operations on complex multimediadata types, such as a compress operation defined for a type Image, or the Unionfunction defined above. The choice of function implementation is largely hidden fromusers of the functions.External functions can be used to access distributed data and code stored outside ofOpenODB. This allows development of new applications that integrate existing data andapplications. In this approach, the external functions would encapsulate access to theexternal data sources or code. OpenODB applications could then call these functions viaOSQL statements in the same way as functions defined within OpenODB.Stored functions may be updated, i.e., the mappings from argument values to results canbe explicitly specified. This allows, for example, the assignment of values to the propertiesof objects. The semantics of such updates (and retrievals) are implicitly defined in terms ofrelational operations on the stored tables. A formal treatment of the mapping of suchfunctions to relational tables is given in [LV87].4.1.2 Architectural FeaturesFigure 4.1.1 shows the OpenODB client/server architecture [HP93]. Clients communicatewith the OpenODB server over a network. The interface between the clients and the serveris transparent to users. The clients and server can also reside on the same machine. AnOpenODB client has the following components:¥Interactive Object-Oriented SQL (IOSQL) Interface: This interface allowsinteractive use of all Object SQL (OSQL) statements, facilitating rapidprototyping and testing. IOSQL provides basic query, administration andediting capabilities.¥Object Browser: The Object Browser provides a graphical interface forexploration of a database’s schema and database contents. This tool isdesigned to increase the speed of application development by making iteasier to find reusable code stored in OpenODB. It supports dynamicupdates to schema (types) and data.¥Object Application Call Interface (OACI): This interface allows developersto write OpenODB applications using any programming language that can

110be linked with C (C++, COBOL, FORTRAN, Pascal). The programmaticinterface uses OSQL statements passed as parameters and does not requirepreprocessors.¥User Applications and Tools: These are OpenODB clients developed usingIOSQL, the Object Browser and the OACI.The OpenODB server consists of the following components:¥Object Manager: This is the central server component. The Object Manageris the query and update processor of the DBMS, and implements theOpenODB object model as described above. The Object Manager executesOSQL calls made by OpenODB clients. The Object Manager processesrequests and accesses data and code from the internal data storage manager(Relational Storage Manager), or passes the request to a subsystem outsideof OpenODB (External Functions).¥Storage Manager: OpenODB uses HP’s ALLBASE/SQL commercialrelational DBMS as its Storage Manager for internally stored data and code.The relational database performs the physical file management and databasefunctions such as multiuser concurrency, transaction management, andrecovery. Relational database tools are available to help perform onlinebackup and recovery, manage physical distribution of files, maximizeavailability, and change database parameters.¥External Functions: External functions allow access to data and code storedoutside of OpenODB, regardless of data format or location. They areimplemented as subroutines written in general-purpose programminglanguages and compiled outside of OpenODB. With external functions,existing applications can be encapsulated. External functions can be calledby any OSQL statement, allowing use of remote data and application code inthe same way as any other object.

Data ALLBASE/SQLStorage Manager

ALLBASE SQLUtiland ISQL UtilitiesInteractive OSQLInterface (IOSQL) ObjectBrowserApplications and ToolsObject Application Call Interface (OACI)User-definedExternal functionsHP ExternalFunction Libraries

CLIENTSERVERFigure 4.1.1 OpenODB System ArchitectureOpenODB provides conventional transaction management facilities, including savepoints.In addition, OpenODB allows specification of one of three isolation levels for eachtransaction:

repeatable read--the system uses locking to prevent concurrent users fromchanging data being selected or updated by the transaction.

read committed--the system uses locking to ensure that a transaction onlyretrieves committed data; however, it does not prevent other transactionsfrom updating this data immediately after it is read.

read uncommitted--the transaction is allowed to read data without settingany locks.OpenODB also has a robust logging and recovery facility [EH92]. In case of a failure,OpenODB can handle rollback or rollforward recovery to a particular time, using a log fileto recreate saved work. OpenODB also supports online backup, and can take advantage ofsystem features such as disc mirroring, if available.

112Indexes are automatically defined on object identifiers (Oids) when types and functions arecreated. Users can also define their own indexes. Related functions can also be clusteredtogether (e.g., stored in a common database table) to improve performance.Access to OpenODB can be controlled at the database and function levels based onindividuals or a group of users. Authorization statements provide a flexible way to controlaccess to types and functions in OpenODB.OpenODB supports storage of large, unformatted data, such as graphics, images, andvoice, in binary format. OpenODB functions can then be defined to manipulate thisinformation.OpenODB also supports dynamic schema modification, allowing creation of new functionsand types at runtime. The implementation of functions can also be changed without havingto recompile applications. Also, an object can belong to more than one type, which allowsthe type of an object to dynamically change without having to destroy and recreate theobject.Open ODB provides a C++ interface in the form of a class library. This class libraryprovides:¥session and transaction control facilities, such as connecting to databases,and commiting or rolling back transactions¥facilities to execute OSQL statements from within the C++ application¥facilities to define cursors to scan the output of OSQL statements¥facilities to associate a C++ object with an existing OSQL function, and usethe object methods to execute the OSQL function to access/modify thedatabase¥C++ classes that represent the OSQL data types, and can be used to passvalues to and receive values from OSQL functionsUsers can also define user-defined types in C++. These consist of surrogate objects inC++ (of class ODBSurrogate ) that contain references to corresponding OpenODBobjects (a surrogate object contains no other internal state). The user then constructs C++objects of class ODBfunc that act as surrogates for OpenODB functions, and calls thesefunctions from within C++, passing object surrogates to them, to operate on the database.Thus, the interface is not quite as transparent as those provided in some of the C++-basedODBMSs described in Section 3.OpenODB also provides an interface to ParcPlace Smalltalk, in the form of a Smalltalkclass library. This interface has two levels. The lower level provides a one-to-onemapping between Smalltalk methods and equivalent C-function calls in the OpenODBOACI. The higher level encapsulates those methods into a simpler set of operations thatSmalltalk applications can directly call. The primary class at the higher level is classOpenODBConnection. Instances of this class are objects representing connections to anOpenODB database, through which OSQL operations can be sent to the database, andresults returned to the Smalltalk application. Results can be returned either in the form of astring, or as an object having the form of an OpenODB session variable or SmalltalkOrderedCollection. A simple example of the use of this interface is shown below.

113| dbObj res |dbObj := OpenODBConnection new.//create an OpenODB connectiondbObj environment: ’dbe’; username: ’tom’; password: ’secret’; connect.res := dbObj evaluate: ’select room#(r), roomtype(r) //execute query for each roomprofile r;’.Transcript show: res printString; cr. //print the resultsdbObj commit; disconnect. //end the transaction and disconnectOpenODB also provides an interface, called EDA-Objects, to Information Builders, Inc.Enterprise Data Access/SQL (EDA/SQL) Application Interface product. Using EDA-Objects, users can integrate information from the many different database products(including both relational and hierarchical systems) that can be accessed via EDA/SQL, andmanipulate this information as objects in OpenODB. EDA-Objects consists of a set ofOpenODB external functions which provide access to EDA/SQL facilities, and returnresults as OpenODB types.The primary means of making Open ODB’s object model visible to users is the Object SQL(OSQL) interface. The OSQL interface is an attempt to combine the capabilities of theOpenODB model with SQL. The three main areas in which OSQL goes beyond SQL inadapting to a model based on objects and functions are:¥Users manipulate types and functions rather than tables¥Objects may be referenced directly rather than indirectly, through their keys.Interface variables may be bound to objects on creation or retrieval and maythen be used to refer to the objects in subsequent statements.¥User-defined functions and OpenODB system functions may appear inWHERE and SELECT clauses.OSQL is a complete language with statements that allow users to define and manipulateOpenODB databases, specify authorization by individuals or groups, define transactions,embed program logic within functions, and administer databases.The following is an example illustrating the use of OSQL in defining and using thefollowing schema [OFAQ93]:

114EmployeeManagerProgrammerTypeSubtypeManagesLanguagesName, Salary, PictureSalaryDeduction, WorksFor,DisplayPicture

Figure 4.1.2 Example OpenODB Schema DiagramCreate a user-defined type called Employee with three stored functions: CREATE TYPE Employee FUNCTIONS (Name CHAR, Salary FLOAT, Picture BINARY);Create type Programmer, a subtype of Employee. Also define the stored functionLanguages on Programmer: CREATE TYPE Programmer SUBTYPE OF Employee FUNCTIONS (Languages SETTYPE(CHAR));Create type Manager, a subtype of Employee. Also define the stored functionManages on Manager: CREATE TYPE Manager SUBTYPE OF Employee FUNCTIONS (Manages SETTYPE(Employee));Create an OSQL-based function SalaryDeduction on Employee: CREATE FUNCTION SalaryDeduction (Employee e) -> FLOAT AS OSQL SELECT (0.3 * Salary (e));Create an OSQL-based function WorksFor on Employee to define the relationship withManager: CREATE FUNCTION WorksFor (Employee e) -> Manager AS OSQL SELECT mgr FOR EACH Manager mgr WHERE e IN Manages(mgr);Create an external function on Employee to display the employee’s picture: CREATE FUNCTION DisplayPicture (CHAR Name) -> CHAR AS EXTERNAL SIMPLEEXTFUN(’DisplayPicture $Name’);Put data into three stored functions defined on the Programmer type: CREATE OBJECT AS Programmer FUNCTIONS (Name, Salary, Languages)

115 :bob (’Bob Cox’, 55000, SET(’PL/1’, ’C’)), :sue (’Sue Smith’, 65000, SET(’COBOL’));Put data into three stored functions defined on the Manager type: CREATE OBJECT AS Manager FUNCTIONS (Name, Salary, Manages) :al (’Al Ott’, 70000, SET(:bob,:sue)), :jim (’Jim Hill’, 100000, SET());Put data into three stored functions using a reference to another object: CREATE OBJECT AS Manager FUNCTIONS (Name, Salary, Manages) :chris (’Chris Jones’, 80000, SET(:al,:jim));Having created the database, the following queries can then be specified:Select Bob’s salary: SELECT Salary (:bob); Result: 55000Select the names of the employees that Al manages: SELECT Name(Manages(:al)); Results: ’Bob Cox’ ’Sue Smith’Select the names of all managers: SELECT Name(m) FOR EACH Manager m; Results: ’Al Ott’ ’Jim Hill’ ’Chris Jones’(The ":" denotes a temporary variable (e.g. :bob) defined in the application to store areference to an OpenODB object.)OSQL uses the functional notation Name(m), corresponding to the OpenODB functionalmodel, rather than the corresponding dot notation m.Name used in some object SQLvariants. The meaning is, however, the same. This functional notation extends to the useof nested functions in place of the path expressions used in some object query languages,as in Name(Manages(:al)) above, which has the same meaning as would the pathexpression :al.Manages.Name.OSQL includes programming flow statements, including IF/THEN/ELSE, FOR andWHILE. An example of an OSQL procedure using these statements is:Create a Procedure:Convert all managers to programmers that have less than a specified number of employees: CREATE FUNCTION MgrToEng (INTEGER minemps) -> BOOLEAN

116 AS OSQL BEGIN FOR m IN Manager DO IF (COUNT(Manager (m)) < minemps) THEN BEGIN ADD TYPE Programmer TO m; REMOVE TYPE Manager FROM m; END ENDIF; END;Executing the Procedure: CALL MgrToEng(3);This procedural capability allows OpenODB functions to be quite complex, allowing largeportions of application code to be moved into the database. This facilitates code sharing,and centralized control of key database behavior.4.1.3 OdapterAs noted earlier, Odapter is a further development of OpenODB which allows OpenODB’sobject facilities to be used with other relational DBMSs as Storage Managers. The firstrelease of Odapter allows Oracle 7 to be used as the Storage Manager in place ofALLBASE/SQL. In other words, the first Odapter release can be thought of as beingexactly the same (and having the same facilities) as OpenODB as described above, butsubstituting Oracle for ALLBASE/SQL as the Storage Manager, and replacingALLBASE/SQL utilities with Oracle utilities, in Figure 4.1.1. Figure 4.1.3 shows theOdapter architecture as a revised version of Figure 4.1.1, with the components provided bythe particular relational DBMS being used as the Storage Manager highlighted. HP hasannounced its intention to provide Odapter on top of other major relational databaseproducts in addition to Oracle, and has also announced that henceforth OpenODB will benamed Odapter.Using Odapter as a front end, current Oracle databases can be made to look "object-like".If new object classes are defined in OSQL, Odapter converts them to relational tables inOracle. In addition, like OpenODB, Odapter comes with class libraries for C++ andSmalltalk. This allows development of new object-oriented applications with C++ orSmalltalk, using Odapter as the front-end and Oracle as the back-end. The result is thatusers can maintain current legacy applications in the same database as new object-orientedapplications.Using ParcPlace Systems’ VisualWorks development environment, Odapter canautomatically create Smalltalk classes from OSQL object classes and access them fromSmalltalk. Odapter is also integrated with HP Distributed Smalltalk, an implementation ofthe Common Object Request Broker Architecture (CORBA) specifications that support thedevelopment of distributed object applications (see Section 5.3).

Data Relational DBMS(Storage Manager)

RDBMS UtilitiesInteractive OSQLInterface (IOSQL) ObjectBrowserApplications and ToolsObject Application Call Interface (OACI)User-definedExternal functionsHP ExternalFunction Libraries

CLIENTSERVERFigure 4.1.3 Odapter ArchitectureOdapter client software will be available on HP 9000, Sun Sparcstation and IBM RS/6000Unix workstations and Windows-based PCs; it will be available in a server configurationon HP 9000 servers and workstations running Oracle release 7.0 or later. In addition,Odapter is compatible with a wide variety of object-oriented software developmentenvironments and tools, including HP SoftBench, HP Distributed Smalltalk, ParcPlaceSmalltalk and VisualWorks, IBI FOCUS and EDA/SQL, ProtoSoft Paradigm Plus, STEPTools EXPRESS Tool Kit, Hitachi ObjectIQ, and HP’s COMPASS class library.4.2 IllustraIllustra [Mon93, Haw94, Ube94] is an object-relational database management system(ORDBMS) available from Illustra Information Technologies, Inc. (Both the company andthe product have gone through several name changes, specifically from "Miro" to"Montage", and now "Illustra"). Illustra represents the commercialization of the seven-yearPOSTGRES research project [SR86, Sto86a].Illustra supports inheritance, user-defined types, functions, and operators, ad-hoc queries,time travel, a rules system, tertiary storage devices, and very large typed objects, amongother things. Illustra supports SQL, together with extensions to provide object-orientedfacilities. These extensions are based on the on-going SQL3 standardization activities.

118User functions may be written in C or in SQL. New types of access methods and storagemanagers are also easily added to the system. The query optimizer can use declarationsassociated with new access methods and user-defined functions to determine when tochoose a new access method and the cost of executing a user-defined function [Ube94]. Cfunctions can be dynamically loaded into the database server on demand, and either kind offunction may be executed from the query language. Illustra is currently in release 2.0.Current server platforms supported are Silicon Graphics, SunOS/Sparc, Solaris/Sparc,DEC OSF/Alpha, with ports in progress to Windows NT and Solaris/Intel. Clients can runon Unix or Windows systems.4.2.1 Object ModelIllustra implements the relational standard SQL92, together with object extensions fordefining user-defined data types and functions from the ongoing SQL3 standardscommittee activity. These extensions include type and table hierarchies, multipleinheritance, object identifiers, and function overloading. Because the SQL3 activity isongoing, and changes to SQL3 are being made continually, the facilities implemented byIllustra are not necessarily totally synchronized with the current state of SQL3. However,Illustra is committed to being compliant with any resulting SQL3 standard. See Section 5.2for further discussion of SQL3, and these issues.The basic idea behind the object extensions of the relational model implemented by Illustrais that, in addition to the normal built-in types defined by SQL, user-defined abstract datatypes may also be defined. These types may be used in the same way as built-in types.For example, columns in relational tables may be defined as taking values of user-definedtypes, as well as built-in types. User-defined types may be either base types having nocomponents, or composite types, having attributes. Moreover, a table can be thought of asbeing a collection of instances of a user-defined composite type.In Illustra, the create type statement is used to define a new type. There are severalsyntactic variants of this statement. To create a new base type, the user must provide thename of the new type, a description of the internal length of an object of the type, and theregistered input and output functions for the type. For example:create type circle_t(internallength = 24input = circle_inoutput = circle_out);The input function converts the external (text) representation of the type to an internalrepresentation which can be manipulated by operations defined for the type. The outputfunction does the reverse conversion. The input and output functions must beregistered with the system using the create function statement before creating thenew type. These declarations for type circle_t might be:create function circle_in(text)returns circle_tas external name ’/tmp/circle.so’language C;create function circle_out(circle_t)

119returns textas external name ’/tmp/circle.so’language C;An under clause (as in create type special_circle_t under circle_t) is used ifthe type being created inherits behavior from an existing type. This inheritance capability issimilar to that ordinarily found in object-oriented systems (multiple inheritance is alsosupported).Modifiers can be specified with such type declarations to allow specification of additionalsupport functions and optional information about a user-defined base type. For example,for user-defined large object types, the import and export modifiers can be used todefine functions that read and write these values to and from data files. (Illustra providesits own import and export functions for the built-in large_object andlarge_text types, FileToLO and LOToFile, respectively). Similar facilities areavailable for binary large objects. The passedbyvalue modifier specifies that the typeis passed by value (rather than by object reference). The cannothash modifier specifiesthat type equality cannot be determined by a bitwise comparison.To create a new composite type, the user must specify the names and data types of the newtype’s components. For example:create type person_t(fname text,lname text,age int,sex char(1));create type employee_t(manager ref(employee_t),)under person_t;Type employee_t, is defined as subtype of type person_t, having an additional managercolumn. Composite types cannot be used recursively. That is, because employee_t is acomposite type, it may not have a component of type employee_t. However, a referenceto an object of type employee_t (type ref(employee_t)) can be a component of an objectof type employee_t, hence the definition of manager in the above example.A third form allows creation of a new type from an existing type:create distinct type <type_name> as <type_name>This allows creation of a new type that has the same representation as an existing type, butis considered by the system as distinct.Operators for user-defined types, as well as other functions, are defined using the createfunction statement, which registers a new function in the database. The function bodymay be written in SQL or C. The general syntax is:create function <function_name> [<parameter_list>]

120returns <type name>[with <modifiers>]as <sql_statements> | external name <file_path_spec>language {C} [[not} variant]The query language parser and query execution procedure use this information in parsingquery expressions containing references to new types (and their associated operators),optimizing the queries, and calling the appropriate routines as needed. The followingexamples of the modifiers that may be specified illustrate some of the information that maybe useful in query optimization, and how it can be used:negator = <function_name> <parameter_list> specifies a function which isthe negator of the function being registered.hashable specifies that the function being registered is hashable.handlesnulls specifies that the function should be called even if one or more of itsarguments is NULL. If handlesnulls is not specified, the default action is for thefunction not to be called, and a result of NULL to be returned.leftsort = <function_name> <parameter_list> specifies a function whichis used to sort the left side of a sort merge on the function which is being registered. Thefunction must return a Boolean value.untrusted specifies a function that is intended to be executed on the client rather than theserver. This applies only to C functions.percall_cpu = <integer_constant> specifies the CPU cost per functioninvocation of the function being registered, compared to the per tuple cost had the functionnot been invoked. This applies only to C functions.selfunc = <function_name> <parameter_list> specifies a function whichestimates the selectivity the function which is being registered. The function returns afloating-point value between 0 and 1. This applies only to C functions.late specifies late binding for the function being registered. This applies to functionswhich take one or more arguments of a row type, and are overloaded in an inheritancehierarchy. If late binding is specified, the system applies the best match of an overloadedfunction when the function is invoked on the supertype of a table. The system examineseach row individually and attempts to match the most applicable function on a per rowbasis.If the body of the function is written in SQL, the text of the function is contained inside thecreate function statement as one or more SQL statements. If the body of thefunction is written in C, the function must be compiled and linked to create a dynamicallyloaded executable. In this case, the external name clause gives the pathname of thefile containing this executable. A C function is by default assumed to be variant, whichmeans that under certain circumstances it may return different values when invoked withthe same arguments (e.g., a function which performs calculations based on the current dateor time). If a function is defined as not variant, and if it is expensive (thepercall_cpu or perbyte_cpu value is greater than 0), the optimizer may cache theresults of the function.

121In Illustra, the create table statement is used to create a table in the database. Tablescan be defined by specifying the table name and its columns, as in a conventional relationalsystem. An example might be:create table journalists(name text,company text);Columns in such tables can be defined as being of user-defined types, as well as basetypes. The type of the journalists table is anonymous. A table can also be based on anexisting composite type, as in:create people of type person_t;In this case, the table gets its columns from the definition of person_t, as defined above.Finally, a table and a new type can be created in a single statement1. For example, bothtype person_t and table people could be created by the single statement:create table people of new type person_t(fname text,lname text,age int,sex char(1));For each table that is created, Illustra adds eight columns which it uses to manage the table.These columns are:¥oid: contains a 64-bit unique identifier for the row (object); these oids arepreserved by the DBMS and not reused so they can be referenced inapplications¥tmin: the commit time of an insert or update transaction¥tmax: the commit time of a delete transaction¥xmin: the identity of the inserting transaction¥xmax: the identity of the deleting transaction¥cmin: the command identifier of the inserting transaction¥cmax: the command identifier of the deleting transaction¥ctid: the relative tuple id within the table

1 The ability to base an entire table directly on a user-defined type, and to bundle the creation of a newtable and a new type in a single statement, was part of the SQL3 language when Illustra was beingdeveloped, but has since been removed from SQL3. This particular part of SQL3 is in considerable flux.See Section 5.2 for further discussion.

122The values for these columns are not returned when a user executes a select * on thetable, but they can be selected when explicitly named in a query target list, or qualified onwhen named in a search condition.Inheritance applies to tables as well as to types. A table can be defined as a subtable of anexisting table by specifying an under clause in the subtable specifying the supertable. Thesubtable then gets its structure from the supertable. In defining a subtable, the relationshipbetween the supertable(s) and the subtable must be parallel to the relationship between thetype of the subtable and its supertype(s). For example, for the definitioncreate table employees of type employee_t under people;to be legal, type employee_t must be defined as a subtype of the type (person_t)underlying the people table.In addition, when a subtable is created under a supertable, the data in the subtable is visiblewhen a user queries the supertable. That is, rows (objects) in the subtables are treated as ifthey are also contained in the supertable. For example, given the people table and itssubtable employees as defined above, the queryselect * from people;returns the first name, last name, age, and sex of all the objects in the people table,together with the first name, last name, age, and sex of all the objects in the employeestable (and also the values of those same columns for any other subtables created under thepeople or employees tables). If the results should be limited to only those in the specifictable being referenced (and not any of its subtables), the keyword only must be specified,as inselect * from only (people);It is also possible to query a table using a correlation variable, so that the results include notonly the columns from the supertable, but also the additional columns defined for thevarious subtables. Such a query returns rows of different lengths. For exampleselect p from people p;returns the "people columns" from the people table, and the "people columns" plus the"employee columns" from the employees table.Indexes are defined by the create index statement. An index can be built on a singlecolumn of a table, or on a function involving one or more columns in the table beingindexed. A functional index improves the performance of queries which qualify on thevalue returned by a function. When a functional index is used, Illustra precomputes thevalue of the function and stores it in the index. If the data in the table changes so that thevalue of the index changes, the system automatically updates the index. A functional indexcan be used to simulate multi-column indices if that features is required. For example:create index exchange_date on exchangeusing btree(exch_time);creates a btree index named exchange_date on the exch_time column of theexchange table. Similarly:

123create index zone_func_ind on zonesusing btree(Area(dimensions));creates a btree index named zone_func_ind on the zones table. This is a functionalindex which is computed by a defined function named Area(dimensions). Thefunction computes the area of a zone from the dimensions column of the zones table.This index improves the performance of queries in which the search condition is based onthe area of a zone.The using clause specifies the access method for the index. The access method for built-in types is btree. Additional access methods are available (or can be constructed) for usewith data types for which a btree is not the most efficient access method. Some of theseare mentioned in the next section.4.2.2 Architectural FeaturesThe Illustra ORDBMS includes the Illustra Server database engine, the Illustra Viewer -- avisualization tool that simplifies queries of complex data, and Illustra DataBlades --specialized modules that extend the capabilities of the database for specific applications.The Illustra Server extends the relational database model through its ability to handlecomplex information, and the inclusion of object-oriented facilities and capabilities. It usesthe familiar relational row-column metaphor for all data, so that text, numbers and complexdata are all viewed, managed, manipulated and queried the same way. The relationalmetaphor is extended to allow data of any size and complexity to be stored and accessed inthe way that is most effective. SQL, used to access and manage data, is extended withSQL3-based capabilities to allow the definition of user data types and functions.The Illustra Viewer uses visualization technology to organize information in visual terms --by location, shape, color and intensity, for example. Similar to a "flight simulator," theIllustra Viewer allows the user to visually navigate through data, refining each step by"panning" and "zooming" with a mouse.A DataBlade is a combination of data types, functions (methods) defined for those types,and access methods customized for those types and functions, that are designed to supporta specific application area. The name comes from the idea that the DBMS can be thought ofas a "razor" into which technology-specific "DataBlades" are inserted to support variousapplications. Text, Spatial, and Image are the first of many DataBlades that will comprise afull-range of industry-specific products created by Illustra, third parties and users basedupon their own expertise. Specifically:¥The Image DataBlade supports image conversion, storage, manipulation,enhancement and management of more than 50 image formats, andperforms optional automatic conversion of formats.¥Points, lines, polygons and their spatial relationships are supported with theSpatial DataBlade. The DataBlade defines nine basic spatial types and over200 SQL functions for use on spatial data, and supports the R-Tree accessmethod for high speed navigation of spatial data.

124¥The Text DataBlade expands the database’s functionality by adding newdata types and functions that manage text and document libraries, togetherwith a new access method (Doc-Tree) which provides full text searchfacilities.For example, the Text DataBlade allows conditions involving full text search to becombined in relational queries with access to other data types, as in [Ube94]:SELECT *FROM EmployeesWHERE Contains(resume, ’sql or quel and programming’) AND dept = ’Marketing’;DataBlades for OCR, time series, and isochronous (real-time) data are under development.The latter DataBlade will include a special storage manager to optimize data delivery.The API for the Illustra server is called LibMI. It is used for the development ofapplications which access data stored in a Illustra database from the client or the server.LibMI also provides a direct access interface which bypasses the Illustra query processor,executor, and optimizer. This interface can be used by sophisticated developers who arefamiliar with LibMI and database access methods.The basic tasks of a LibMI program are to send SQL command strings to the Illustra serverfor execution and to process results returned by the Illustra server to the application. TheseSQL commands can, in turn, invoke user-defined methods stored in the database. Thus,the architecture provides the ability to develop user-defined data types in the database, butwithout the tight coupling of the database objects to the application programming languagefound in many of the OODBMSs described in Section 3.Applications can run on either the client or the server. Both client and server LibMIapplications can support up to 32 connections to the same database. In a client applicationthese connections can be to different servers or the same server. In a server application allthe connections are to the same server.A LibMI application can be executed from a server as well as from a client with little or nomodification to the application code. Any function which does not require interactive inputfrom the user application can be written as a server function. Since a server applicationruns as part of a Illustra server process, the application must be careful to not do anythingthat might negatively affect the running of the server, such as exiting.Unlike a client application, which can simultaneously connect to several databases, a serverapplication executes in the context of a server process which already has a database openand is inside a transaction.A C function can be created as an untrusted function by using the untrusted modifierwith the create function statement, as described above. An untrusted function isone which is run on the client rather than the server. Untrusted functions are usedwhenever the user wants the function to execute in the client process (e.g., because it isbeing debugged, or is a display function, and is dependent on the client’s windowmanager). When a function is registered as untrusted, it is not linked into the server code.When the function is invoked by the DBMS, it is actually executed by the client, whichreturns the results to the DBMS.

125Illustra provides a number of built-in facilities for handling large objects (BLOBs). Objectsthat are larger than approximately 8K can be stored as instances of one of Illustra’s built-inlarge object types, external_file, large_object, or large_text. Externalfiles are useful for situations in which an object, such as a picture or video, is created andaccessed frequently, but is rarely or never updated through Illustra. External files can beaccessed quickly, but the cost of this speed is that they have no support for transactionrollback, crash recovery, or multi-user protection (concurrency control). External files canalso be accessed by applications other than Illustra. A large object is stored using theIllustra DBMS facilities. It has all the database properties of any Illustra object. Severalrows in a database can point to a single large_object. Illustra retains reference countinformation on how many rows refer to the object. An object with zero references to it isautomatically deleted when the database is vacuumed, unless it is specified as beingarchived, in which case it is moved to archival storage (these Illustra facilities are discussedfurther in Section 6.5).When a user selects a large_object from a table, the returned value is a handle to thelarge object. A handle is a character string which represents the object. When a userselects an external_file from a table, the returned value is the pathname of the file.When a user selects a large_text from a table, the returned value is the textual contentsof the file.LibMI contains an interface for manipulating large objects. Examples of the operationsdefined for large objects include:mi_large_object_create()--Create a large_object or external_filefrom a file given a file name, and return a handle to the object (this handle can be usedimmediately, or stored in a column of a table as a persistent reference to the object).mi_large_object_open()--Opens an external file or large object for processing,given a handle to the object or file. A large object must be open to be accessed.mi_large_object_gethandle()--Given the name of an external file, returns ahandle which can be passed to mi_large_object_open.mi_large_object_info()--Returns a pointer to a predefined structure whichcontains information about the large object or external file referenced by the specifiedhandle.mi_large_object_seek()--Set the position for the next read or write operation to orfrom an external file.mi_large_object_read()--Read data from an external file or large object from thecurrent position.mi_large_object_readwithseek()--Read data from an external file or large objectfrom the specified offset.mi_large_object_write()--Write data to an external file or large object from thecurrent position. Currently, writing to objects of type large_object is limited to writesof empty large objects (appending is not currently supported) [Mon93].

126Illustra also implements a general rules and alerters system. Rules may be placed on dataretrieval as well as on data modification statements. Alerters can be used to signal otherprocesses when a rule has fired [Ube94]. Details of these mechanisms can be found in[Mon93].4.3 UniSQL/XUniSQL, Inc. offers a suite of integrated object-oriented database system and applicationdevelopment products which can be used separately or together. The UniSQL productsuite includes the UniSQL/X Database Management System; the UniSQL/M MultidatabaseSystem; the UniSQL/4GE Application Development Environment; interfaces to C++, C,UniSQL’s Object SQL (SQL/X), Smalltalk, and ODBC; and database interfaces to Ingres,Oracle, Sybase, UniSQL/X, and EDA/SQL [ES94, Fin93, Kim94, OFAQ93, Uni91].UniSQL/X runs on Unix workstations from Sun, HP, and IBM; the UniSQL/X client isavailable on Windows 3.1.UniSQL was founded in May 1990 by Dr. Won Kim, President and CEO, delivering theUniSQL/X DBMS in March of 1992. Many of the concepts involved were developed inconnection with the ORION prototype ODBMS developed at MCC in a project headed byKim [KGBW90, KBCG89, KBC+88]. (The ORION prototype is also the basis of theITASCA ODBMS described in Section 3.5).UniSQL/X is a client/server DBMS that attempts to unify the relational and object-orienteddata models. Access to UniSQL/X is provided by SQL/X, an optimizable database querylanguage developed by extending ANSI SQL. UniSQL/X uses an object-oriented base,and implements a relational/object-oriented model that provides upward-compatibleextensions to the conventional relational model and SQL that allow management of complexand unstructured data types. Users can build relational databases without using any ofUniSQL’s object-oriented features, or use these extensions, as they prefer. If only SQL89or ODBC capabilities are used, UniSQL/X will behave like a pure relational DBMS.4.3.1 Object ModelUniSQL/X takes the approach of generalizing the relational model in specific ways toprovide object-oriented facilities. The basic generalization is that a table becomes an objectclass definition, and rows from that table become instances of that class. This effectivelyallows users to define the data type of a column to be a table, and the value of the column tobe either a single row or multiple rows from that table. For example, in the table definitionbelow [ES94]:CREATE TABLE Employee(namechar(20),positionchar(15),locationCityState,skillsSet-of Skills,employed_byCompany);the value of the Employee table’s location field is defined as a row (object instance) ina CityState table (class). This also defines a referential integrity constraint between thetwo tables. Similarly, the value of the Employee table’s skills field is defined as a setof rows in a Skills table. Sets in UniSQL are not restricted to instances in tables. A setcan also be a set of scalar values stored in a single column. Sets can be defined to contain

127unique values only, or maintained in a specified order of entry. The Employee tableabove could also have been defined using the syntax CREATE CLASS, with the same"column" definitions. The meaning is the same; the CREATE TABLE syntax is retainedfor compatibility with standard SQL.The reference from the location field to the CityState table is through a uniqueobject identifier (OID) associated with each row, and does not rely on the table having aunique key. In addition to sets, multisets (bags) and lists are also supported as aggregatevalues. Some of the descriptions of UniSQL/X would refer to CityState in the exampleabove as a "nested table". However, the "table" is not really "nested"; the CityStaterows referred to by Employee exhibit true object "reference" semantics, and can beshared with other tables. In fact, the documentation refers to "instances" or "objects",rather than "rows".Since tables (classes) referred to by other tables are different from joined tables, it isnecessary to introduce new SQL syntax to navigate these relationships. UniSQL’s SQL/Xlanguage uses a path expression to navigate through such relationships. For example, thefollowing query finds all employees located in California:SELECT name, skill, stateFROM EmployeeWHERE Employee.location.state = "California"Path expressions are easier to use than joins, especially if many such references to otherclasses exist. However, descriptions of the product suggest that it is possible to usestandard SQL outer-join syntax to perform the same functions.When Set-of relationships are involved, a special nested cursor mechanism is used to stepthrough the one-to-many relationship, as in:DEFINE CURSOR C-Employee ASSELECT name, CURSOR A-Skill SkillsFROM employeeWHERE Skill = "COBOL"C-Employee opens a cursor for the Employee table, and the A-Skill cursor opens acursor on the referenced table (attribute) Skills.UniSQL/X enhances the performance of navigating such table (class) references by usinghashed index pointers to link referenced rows. Rather than joining tables using indexsearches, UniSQL uses direct pointers to navigate related rows. The use of direct pointersmakes it feasible to "nest" tables many levels deep and still maintain good performance.This technique is especially important for "pointer-chasing" applications such as managingCAD data, and for scientific problems that use vectors and matrices. Recursiverelationships such as bill-of-materials explosions (assembly-subassembly relationships) canalso be modeled using tables in this way.Continuing the extension of relational tables into object classes, UniSQL/X allowsprocedures (methods) as part of class (table) definitions. Methods are programs written inC (or any other language callable from C) which are associated (registered) with a table.Procedures can manipulate data in the associated table, access any other table, requestoperating system services, or call other programs and procedures. These procedures canbe invoked from within SQL/X. Procedures can be used to free users from the complexity

128of manipulating complex data structures, or to provide special behavior for complex datatypes, as in any other ODBMS. An example schema from [ES94] illustrates a table with amethod.CREATE CLASS Library(card_#integer UNIQUE,book#integer UNIQUE,patronstring NOT NULL UNIQUE,overdue_amtmonetary)METHOD CLASS add_borrower(card_#, patron) integerFUNCTION newborrowFILE "$UNISQLX/app/bin/cpgm02.o";The METHOD definition specifies the operator name used to invoke the procedure fromwithin SQL/X queries, and its input and output types. The FUNCTION name is the nameof the routine within the code that will be invoked to perform the operator. The FILEdefinition specifies the name of the file containing the actual code. In this case, thekeyword CLASS specifies that the method is a class method, meaning that it operates onthe class object, or on multiple instances of the class. If CLASS is omitted, the method isan instance method, meaning that it applies to an individual class instance. In addition toexplicitly-specified methods, procedures for reading and updating the value of each definedcolumn are implicitly available for each table. A planned enhancement involves the abilityto define a column as a procedure which performs a function (e.g., computing the value ofthe column) when the column is referenced in a SQL/X command.While UniSQL/X allows methods to be associated with class definitions, it does not atpresent (based on the limited documentation available to us) support a distinction betweenpublic and private attributes.UniSQL/X also allows the use of inheritance to implement database subtypes. Forexample, the following syntax defines Employee as the parent (supertype) of permanentand temporary employees:CREATE TABLE Employee...CREATE TABLE Perm_emp AS SUBCLASS OF Employee...CREATE TABLE Temp_emp AS SUBCLASS OF Employee...The subtype tables automatically inherit all of the attributes (columns) of the Employeetable, as well as having additional fields that are unique to each subtype. Methods definedfor the parent table are also automatically inherited by the subclasses. Each subclass canhave its own procedures, which are allowed to share the same name (overloading); e.g.,the supertype and each subtype could have its own procedure called tax_deductionsthat calculates the withholding taxes for each employee. The user could invoke thetax_deductions procedure on a collection of instances of these types, and theappropriate calculation would be invoked automatically. Multiple inheritance is supported.All instances (rows) in the database inherit from a built-in class Object.Classes and subclasses referred to from within other tables require special treatment. Pathexpressions that target parent tables (for example, Employee) also automatically search allsubclasses (e.g., Perm_emp). It is thus possible to move row instances from thePerm_emp table to the Temp_emp table without making changes to code. In addition,

129UniSQL’s SQL/X syntax has been extended to include an ALL qualification in the SQLFROM clause. For example, the statementSELECT * FROM Employeewould cause UniSQL/X to search the Employee table, but not any of its subclasses,whileSELECT * FROM ALL Employeewould cause UniSQL/X to search subclasses of Employee as well as the parent table.UniSQL/X also comes with a set of system-defined tables called generalized large objects(GLOs), which are organized in a hierarchical (parent/child) inheritance relationship tosupport a variety of multimedia data types. One leg of the hierarchy is devoted tosupporting various image types, another supports different audio types, and so on. Eachsubtype in the GLO hierarchy has methods that can be invoked to retrieve, insert, update,and delete, as well as manipulate the multimedia data. User-defined subclasses of GLOtables, with specialized methods, can be defined to deal with custom requirements.Examples of methods on multimedia data include ones that set the volume orplay_time for an instance of audio data. GLO data can be stored in UniSQL/X tables orin external files. The UniSQL Multimedia Framework also provides for seamlessintegration of multimedia devices such as fax machines, CD jukeboxes, satellite feeds,image compression boards, etc.4.3.2 Architectural FeaturesUniSQL/X supports a client/server architecture, with the initial version providing supportfor multiple clients working with a single server. The architecture consists of threeprincipal components:¥the Object Management Component is designed to address the performancedemands of compute-intensive applications on memory-resident objects,and supports the management of a large number of memory-resident objectsthat have been transferred from the database¥the Storage Management Component includes various access methods, suchas B+ tree indexing, extensible hash indexing, and signature files designedto speed up database retrieval.¥the Transaction Management Component implements a two-phase lockingprotocol for concurrency control, a deadlock resolution mechanism, and alog-based recovery protocol for recovery from system crashes and user-initiated transaction aborts.The Object Management Component runs on the client machine, together with SQL/Xbased applications and UniSQL/4GE application development tools. The StorageManagement Component runs entirely on the server. The Transaction ManagementComponent runs on both the server and the client. In this implementation, the clientprocess supports a significant portion of the Transaction Management component, andallows most transaction-related work to be off-loaded from the server. The client supportsone process, but the UniSQL/X server supports multiple processes, one per client.

130UniSQL/X applications can also be implemented in a stand-alone, single workstationenvironment.UniSQL/X uses object-oriented features internally. The object storage manager and lockmanager, for example, accommodate user-defined classes, complex and composite nestedcomplex objects, as well as traditional RDBMS data types. Within the database, rows(objects) are referenced by object identifiers (Oids) instead of being referenced by a keyvalue.Like OODBMSs that are designed to make object-oriented programming language objectspersistent, UniSQL/X provides client workspace management facilities to automaticallymanage a large number of objects in memory. UniSQL/X automatically converts thestorage format of objects between the database format and the memory format, converts theOids stored in objects to memory pointers when objects are loaded from the database intomemory, and automatically writes objects updated in memory to the database when thetransaction that updated them commits.The UniSQL/4GE Application Development Environment provides tools which help userswith schema definition, prototype development and refinement, and production applicationdeployment via a visual editor and multimedia-style editor. The UniSQL/4GE VisualEditortools provide users with the ability to view and edit schema information and data storedwithin the database. Functionally, it provides developers and end users with a GUI-basedvisualization of the SQL/X data definition and manipulation language. The UniSQL/4GEMediaMaster tools format the result of an SQL/X query into a report. The tools support aWYSIWYG style editor which allows end users to manipulate output and to save theresulting document as a template for reuse in other applications or for use in subsequentUniSQL/X sessions. The UniSQL/4GE ObjectMaster is a visual application developmenttool that allows developers, without programming, to create GUI-based applications withbuilt-in flexible transaction management facilities, multimedia support, and integration withnon-UniSQL applications, tools, and network services.The UniSQL/M Multidatabase System enables developers to manage a collection of multi-vendor databases -- Ingres, Oracle, Sybase, DB2, UniSQL/X, and others -- as a singlefederated database system with full object-oriented capabilities. UniSQL/M is derived fromUniSQL/X. UniSQL/M users can query and update the global database using the SQL/Xdatabase language. UniSQL/M maintains the global database as a collection of viewsdefined over relations in attached relational databases and classes (relations) in attachedUniSQL/X databases. UniSQL/M also maintains a directory of attached database relationsand classes, attributes, data types, and methods, that have been integrated into the globaldatabase. Using this information, UniSQL/M translates queries and updates to equivalentlocal queries and updates for processing by the attached database systems. The results ofthese local operations are passed back to UniSQL/M for format translation, merging, andany necessary postprocessing. UniSQL/M also supports distributed transactionmanagement over attached databases.In September 1992, UniSQL was selected by the Petrotechnical Open SoftwareCorporation (POSC) to provide database technology which is being used by POSC in theirdevelopment of a new data management specification for the oil and gas industry. Alsoduring 1992, because of its powerful multimedia capabilities, UniSQL was selected by theMIT AthenaMuse Consortium on multimedia as the consortium’s multimedia databasesystem.UniSQL is pursuing a number of joint development activities with other DBMS vendors.For example, Versant and UniSQL are jointly developing a SQL/X interface layer for the

131VERSANT ODBMS (see Section 3.4), which Versant will market, sell, and support("Executive Brief", Object Magazine, 3(6), Feb. 1994, p.8). Cincom and UniSQL are alsojointly developing technology to allow integration of Cincom’s Supra relational DBMSwith UniSQL/X. Initially, Cincom will remarket UniSQL/X to customers requiring anODBMS. Later, an interface will be developed allowing users to access and update Supradata from within the UniSQL/X ODBMS. Other joint development activities betweenCincom and UniSQL are also possible (ComputerWorld, July 25, 1994, p. 67).4.4 Other Object/Relational DevelopmentsIn addition to the ORDBMSs described in the previous sections, some other relationalsystems are beginning to include what might be considered object facilities, or at least thebeginnings of them. As discussed in Section 5.2, some object features are likely to beincluded in the next SQL standard, although it is not yet clear how extensive these featureswill be (and which features will be included in the next standard, versus which features willbe deferred to subsequent standards). In some cases, the extensions to these relationalsystems may be in anticipation of these forthcoming additions to the SQL standard, inaddition to their general usefulness. It is safe to say, however, that, as object-orientedfeatures are added to the SQL standard, relational systems will implement them. Moreover,as relational DBMSs implement object features, they will approach being, if not actually be,object/relational DBMSs (depending, of course, on how "object/relational" is defined orunderstood).For example, [Pir94] describes object-oriented features planned for the next version ofIBM’s DB2 Client/Server. These features include:¥user-defined types (UDTs)¥user-defined functions (UDFs)¥large objects (LOBs)¥constraints and triggersAs described in [Pir94], these facilities are similar to the corresponding facilities in theObject/Relational systems already described in the previous sections. For example, UDTs,together with UDFs, allow users to define new data types, which can then be used todefine columns in tables, be referenced in query expressions, etc., in the same way asbuilt-in types. UDFs are integrated into query optimization, which can take into accountthe semantics and execution costs of the UDFs.Things are less clear with other relational vendors, with the exception of ASK’s Ingres,which has a number of Object/Relational features already (partly based, like those inIllustra, on work done in the POSTGRES project). Relational vendors generally supportBLOBs, and stored procedures, but not object identity, inheritance, encapsulation, and thefull integration of user-defined types into SQL queries. Oracle and Sybase are known tohave object-oriented projects in progress. Sybase is supposedly implementing a newdatabase engine that implements object capabilities directly. For Oracle 8, Oracle is said tobe integrating an object layer into its architecture, to run on top of a relational engine, ratherthan build a new ODBMS from the ground up (ComputerWorld, May 30, 1994). Oracle 8is supposed to provide object facilities that are upward-compatible with relational facilities.Users can use either a conventional relational API, or an object API, which will provide"object windows" onto relational data (Infoworld, June 27, 1994, p.22).

132Some of the delay by relational vendors in offering more complete object facilities mayinvolve the vendors being unwilling to go public with specific features until the SQL3object facilities become more solid. However, it is also likely that vendors are finding itdifficult to add object features to an existing relational engine. (In some respects, thismirrors the difficulty the SQL standards groups are having adding object features to anexisting relational standard). Fully-integrated object/relational databases comparable inmaturity to the current RDBMS products in essence require both the maturity of theRDBMSs in their relational capabilities, and the maturity of the OODBMSs in their objectcapabilities. Achieving this may take some time, and may require fundamental changes tothe underlying DBMS engine. Implementation issues are discussed further in Section 6.A simpler and nearer-term approach to providing mixtures of object and relational facilitiesis that of building an object layer on top of a relational DBMS, as discussed above inconnection with Oracle 8. This technique is used in the HP OpenODB and Odapterproducts discussed in Section 4.1. Of particular interest in this context is the ability ofOdapter to run on top of Oracle, and possibly other (non-HP) relational DBMSs in thefuture. Odapter thus serves as an example of this general strategy for migrating fromrelational DBMSs to object facilities.A different (but somewhat related) approach to integrating object and relational capabilitiesis provided by Persistence [KJA94, OFAQ93]. Persistence is an application developmenttool which provides object-oriented access to existing relational databases. Persistenceuses an automatic code generator to convert object definitions into C++ classes whichknow how to read and write themselves to a relational database. By generating themethods to convert relational data into objects, Persistence saves developers from having towrite these methods for each class. Applications built with Persistence can work side-by-side with legacy systems that use these relational databases.The general architecture used by Persistence is shown in Figure 4.4.

133 ObjectSchemaPersistence GeneratorCustom CodeGenerated Classes PersistenceObject Cache

RelationalDatabase

Figure 4.4 Persistence ArchitectureIn this architecture, the Persistence Database Interface Generator converts object schemasinto C++ classes. Each class generated by Persistence maps to a table or view in thedatabase. The user can specify the primary key attributes for each table, or ask thegenerator to create and maintain a unique OID for each instance. The resulting database canbe queried using ANSI SQL or attribute values. Custom code can be added to thegenerated classes. This code can be preserved when the object model changes, and reusedin the updated classes. Persistence supports inheritance of attributes, methods, andrelationships in the object model (but not multiple inheritance). Superclass queries arepropagated to subclasses. Virtual methods can be used for polymorphism. Persistencemaps associations to foreign keys in the relational database. Each generated class hasmethods to access any related classes via these associations. Referential integrity betweenclasses can be preserved using these associations (e.g., associations can have deletionconstraints specified for them).The Persistence Runtime Object Management System caches objects during transactionsand ensures data integrity. In the object cache, Persistence converts (swizzles) foreign keyattributes into memory pointers, which improves traversal of object references byapplications. Persistence supports a number of different kinds of transactions, includingread-without-locks, consistent-read, write-immediate, and write-on-commit. As data isaccessed or updated by an application, the runtime system places the locks appropriate tothe type of transaction on the corresponding relational tuples using the database’s lockingmechanism. When a transaction is committed, Persistence walks through the object cacheand writes out changes to the database, and releases the necessary locks.Persistence will support major Unix platforms (support for Intel/NT is planned for thisyear). Persistence supports major C++ compilers, and integrates with GE’s OMTool,

134allowing developers to go directly from an object model to a running C++ application.Code generated by Persistence is database independent. The developer can choose from anumber of relational DBMSs at link time, increasing application portability. Persistencesupports Oracle, Sybase, Ingres, and Informix (planned for 1994), with ODBC supportalso planned for this year. Persistence also has an interface with the Objectivity/DBOODBMS (see Section 3.6), which provides a migration path to object databases.Persistence recently joined the Object Database Management Group (ODMG), andannounced that it plans to comply with the ODMG-93 specification (see Section 5.1) bymid-1995 [Per94]. [Per94] also described plans to modify Persistence to provide linksbetween relational databases and object applications built with ODMG and ObjectManagement Group (OMG) standards. Basically, the Persistence Database InterfaceGenerator will be modified to read ODMG Object Definition Language (ODL) schemas.The Generator will also be modified to output classes that use OMG Object Request Broker(ORB) calls to send database requests to an ORB. On the database end, the Persistenceobject manager will be modified to accept messages from an ORB, rather than directly fromthe application. This will allow object applications to route database requests via an ORBto a remote Persistence object manager (and relational database).Persistence product literature describes the development of cellular billing software fortelecommunications applications by Cincinnati Bell Information Systems, using Persistenceto provide an object-oriented interface to the Oracle relational DBMS and the Tuxedotransaction monitor. A key motivation for using Persistence was the desire to use object-oriented development in building the system, while using a relational DBMS to handle theperformance requirements of the large volume of billing transactions for which the systemwas designed. Part of the project involved tuning Persistence specifically for Oracle. Theproject developers also built a utility to extract information from the Oracle data dictionaryfor use as the basis of their object definitions.