APlan-Operator Concept for Client-Based Knowledge Processing

J. Thomas, S. Deßloch University of Kaiserslautern, CS Department P.O.Box 3049, 6750 Kaiserslautern, Germany e-mail: {thomas | dessloch}@informatik.uni-kl.de

Abstract In knowledge processing frameworks for advanced DBMS (such as OODBMSor KBMS)suitable forclient-serverarchi-tectures, the efficient realization of client-based, mainmemory query processing represents a promising and important step towards an effective support of application processing. Inthispaper we present a plan-operatorconcept developed along these lines as part of an algebraic queryprocessing framework for the KBMS KRISYS [24]. We motivatethe maingoals (supportofextensibility,client-based queryprocessing, and dynamicqueryoptimization)as wellas the resulting design objectives followedand give a detailed description of the specification and implementation of the resulting plan-operator concept. It can be characterized as highlymodular and orthogonal w.r.t.the overallfunctionality and allowsa flexibleand extensive utilizationofprecompiled code fragments. Additionally,we sketch the advantages of the concept w.r.t.our design objectivesand pointout that the presented ideas are not limitedto KRISYSbut also applyina more general setting.

1. Introduction

Effective support of non-standard applications such as engineeringand design, multi-media,orofficeautomationnot onlyrequires efficientlymanaging large amounts ofdata, but also calls for a representational framework with sufficient expressive powertoadequately modelthese applications.To this end, Object-OrientedDatabase Systems (OODBMS)[2] [20] [25] [28] as well as Knowledge Base Management Systems (KBMS)[3] [24] [30] feature an object-oriented knowledge model and an associated query language. In analogy to conventionaldatabase systems (DBMS),both types ofsystems can employan algebraicapproach forquery processing [5] [31] [33], furthermore called knowledge processing . Inthisapproach, a queryis firstlymapped intoan algebraicrepresentation, whichis then successively rewritten and transformed into an execution plan consisting of plan operators, before it is actually performed. An adequate concept for query processing, and for plan executioninparticular,issubject toa numberofrequirements originatingfromboth the properties inherentinthe underlying data modelor query language and the processing characteristics of the (potential) applications.

(1) Extensibility: To satisfy specific needs of advanced applications, extensibility must be supported at differentlevels [11][12][13]:To cope withlater extensions either ofthe query language (e.g., due to new requirements arisingfromadvanced applications) or ofevaluationmethods (such as improvedjoinalgorithms), a plan-operator concept must exhibitflexibilityand followa modular design that clearly separates the overall planexecution functionality into orthogonal parts. This requirement is also emphasized by the general goal of a simple, streamlined design of the execution framework.

(2) Client-Based Knowledge Processing: Non-standard applications are often long-runningactivities which exhibit a sufficiently high degree of locality of reference. Measurements [23] strongly advocate for the maintenance of a main-memory application buffer that supports localityofprocessing, the accumulationofupdates/ changes, and an enhanced representation of objects for efficientapplication processing (e.g., through the materializationofobject references). Such an approach is especially required in the scope of client/server-environments (also called workstation/serverenvironments)to minimizecommunicationtrafficbetween differentsystem components located on separate machines [7] [14] [18]. Since the expressive power ofthe query language should be availablenot onlyfor loading/unloadingthe buffer(i.e., check-out/check-inopera-tions), but also for knowledge processing tasks withinthe application(inthe scope of the buffer),main-memory based query processing has to be supported in an efficientmanner [8].Besides the need tocope withthe enhanced objectrepresentation inthe buffer,the execution ofplan operators inthis scope must avoidthe introductionofredundancies withinthe buffer, both for efficiency and for consistency reasons. Additionally,the use of main-memory indices should be

Permission to copy without fee all or part of this material is granted provided that the copies are not made or distributed for direct commercial advantage, the VLDB copyright notice and the title of the publication and its date appear, and notice is given that copying is by permission of the Very Large Databse Endowment. To copy otherwise, or to republish, requires a fee and/or special permission from the Endowment.

Proceedings of the 19th VLDB Conference, Dublin, Ireland, 1993.

in: Proc. 19th Int. Conf. on Very Large Database Systems,Dublin, August 1993, pp. 555-566.

supported as a means to cope with application buffers of increased size.

(3) Dynamic Query Optimization

Query optimizationinconventionalDBScan usuallybe done at compiletime.Thisis in some cases not guaranteed in the scope ofobject-orientedquery languages [27].For example, if the names of classes or collections (i.e., sets of objects independent fromthe extensions of classes) are allowedas parameters ofmethods (and queries contained),optimization must be carried out at run-time. Additionally, run-time dispatch of methods must be performed, if overriding of methods occurs. Also,ifwe relyon the main-memorybased query-processing approach described above, itis oftenmore efficienttodefer some ofthe optimizationtasks. Forexample, ifthe knowledge about main-memoryindices wouldhave to be compiledintothe code ofmethods that containembedded queries, a flexibleand dynamiccreationofsuch indicescould not be supported, since they could not be exploited by methods or wouldrequire extensive recompilations.For the same reason, a main-memoryindexthat needs to be builtup and maintained only for a specific applicationto support its individual processing characteristics could either not be exploited in the processing of methods shared with other applications, or such methods wouldhave to be individually recompiled for specific applications. For these reasons, an adequate plan-operator concept has to support an efficient executionofplanoperators also incase the execution plan is completely known only at run-time . Hence, there is a need for dynamic query optimization.This means that either an efficientinterpretationora fast compilationofexecutionplans needs to be provided,whichshould to a large extent relyon (pieces of)precompiledcode that can later on be combined in an effective and efficient manner.

The goal of this paper is to present the specification and implementationof a plan-operator concept that meets these requirements. It has been realized in the framework of KRISYS [24], a Knowledge Base Management System (KBMS)developed at the Universityof Kaiserslautern. Sect. 2 gives an overviewofKRISYS,i.e., ofits knowledgemodel, its query language and its processing model. In Sect. 3, we willoutline the conceptual and operational requirements for the plan operators, and subsequently, in Sect. 4, we will discuss their implementation.In Sect. 5, we willvalidate the realizationw.r.t.the initialrequirements,and wewillshowthat itis feasible not onlyforthe implementationalenvironmentof KRISYS, but also for a more general setting. Besides a resume ofthe main ideas ofthe paper, Sect. 6 also gives an overview over current and future development activities.

2. An Overview of KRISYS

2.1 Knowledge Model and Query Language The knowledge model of KRISYSis comparable to objectoriented data models [4][19].Anobject is uniquelyidentified by a name (i.e., object-identifier),and contains a set of attributes to describe its characteristics. Attributescan be of two kinds: slots are used for representing properties of an object and relationships to other objects; methods are used for expressing object behavior. Moreover,attributes can be furtherdescribed by aspects , defining,e.g., the cardinalityof a slot. For object structuring,our knowledgemodel supports the abstraction concepts of classification, generalization, association, and aggregation [22][26].The special semantics of these relationships is guaranteed by the system (e.g., inheritance along the classification and generalization relationships).Fig. 2.1 shows an example hierarchy and the overall structure of one of the objects contained.

In contrast to DBMS,KRISYSdoes not distinguishbetween schema-informationand instance-information- both is represented using the concept of objects (a similar approach is taken in [20]). Objects can therefore represent instances, classes, sets, elements, aggregates, etc. In additionto the above described concepts, the knowledge modelofKRISYSprovidesvariousother features not usually foundinobject-orientedmodels, as, e.g., integrityconstraints and rules. Forthe scope ofthispaper, an in-depthdiscussion of these concepts is not necessary (see [24] for details on rules and [6] for details on integrity constraints). Retrievaland modificationof knowledgebase (KB)contents is supported by KOALA[9] [24], a descriptive, set-oriented language constituting the user and application interface of KRISYS.KOALAfeatures two powerfuloperations, ASKto query the KB,and TELLto change the state of the KB.The followingASKstatement retrievesinstances ofred sportscars and the persons being the driversofthe cars (i.e.,referenced via slot ‘driver’).

(car2

instance-of(sedans) color (red) price (50,000)

{unit(US$)} driver (paul) .......)

object level attribute level

aspect level

Fig. 2.1: Example hierarchies and an object structure cars

sedans sportscars car_3 persons

paul adults sc

inst inst sc sc

inst inst inst inst car_1 car_2 car4 car_5

sc: subclass relationship inst: instance relationship

(ASK ((?driver SLOTS age) (?car SLOTS price)) (AND(IS-INSTANCE ?driver persons) (IS-INSTANCE ?car sportscars) (EQUAL (SLOTVALUE color ?car) red) (EQUAL ?driver (SLOTVALUE driver ?car))))) Symbols witha leading question mark are query variables, similarto table variables inSQL,to denote the informationto be retrieved. These variables may also appear in the projectionclause (the firstclause in the ASKstatement). In our example, the projectionclause states that (inadditionto the object names) slot age forpersons and slot price forcars is to be includedinthe result ofthe query. We willcome back to this example query in subsequent parts of this paper.

2.2 Knowledge Processing in KRISYS - the Main Ideas KRISYSwas conceived to support knowledgeprocessing in a client/server environment, which can be seen as the dominatinghardware environmentforcomplex,non-standard DB applications. In such environments, applications run on dedicated clients having access to a central server component responsible for an integrated and effective management ofinformation.For the purpose ofthis paper, it is sufficienttotake a more general viewon the KRISYSarchitecture, shown in Fig. 2.2. (see [8] for more details). The overallarchitecture is motivatedby the followingprimary goals, necessary to achieve efficientknowledge processing in client/server environments. • Application-oriented processing at the client side: To exploit the processing capabilities of the client components and keep the server componentfrombeingoverloaded, application-oriented processing must be performed at the client side. The server component may concentrate on the effective and efficient management of data [16]. • Loose coupling: For efficiencyand reliability,a loose coupling of client and server components that reduces communicationefforts and dependencies between both sides must be achieved [14]. The firstmeasure taken in order to fulfilthese requirements was the introductionofa system-controlledapplicationbuffer (called working-memory,WM)at the client side. It allows to exploit the applications’locality of reference. By storing currentlyreferenced knowledge,the WMserves to minimize the number of calls to the server DBMS.Thus, ifthe application onlyrefers to informationalready residing in WM,no calls to the DBMS have to be issued at all. The second measure taken is motivated by the expressiveness of the modelingconcepts providedby KRISYS.As already mentioned, the knowledge model offers various concepts suitable for modeling application-oriented processing tasks. Consequently, the system components involvedinthe executionofthese constructs must be located at the clientside - otherwise the server wouldbe overloaded withapplication-orientedprocessing tasks. Thisholdsalso for the processing of KOALAstatements, the fundamental operational basis of the above mentioned concepts, and for significantparts ofthe knowledgemodel(thesemantics ofthe abstraction concepts) whichare directlyrequiredforthistask. Thus, onlya part of the processing related to the evaluation ofa query, we denote itdata processing , is performedbythe server DBMS(the DBMSkernel PRIMA[15]is employed for thistask). The remaining,more complextasks are carriedout by the knowledge-processing component itselfon the client side. (A detailed discussion can be found in [6] [8] [24].)

Knowledge processing in KRISYS thus involves both the server DBMSand the system components of the client. If informationreferenced by a query must be fetched fromthe server, the mappingcomponent is invoked.Its main purpose is to conceal details ofhowknowledgeis actuallymapped to the primitivesof the underlyingDBMS^1 to make the upper system components independent ofit.Queries can be posed to the mapping component in a meta language supportinga subset of the functionalityof the knowledge model. The mapping component then translates such queries intoa (set of) queries formulated in the query language of the server DBMS,since the knowledge model of KRISYScannot be mapped directlyto the data model of the server component. Results cominginfromthe server DBMSconsequently have to be transformed into the representation of the knowledge model. Thus, except for the mapping component itself, all processing in the client refers directly to the knowledge model, and not to the actual representation in the DBMS.

2.3 Working-Memory Management and Representation The above described architecturaldecisions clearlyindicate, that a purely enumerative description of the buffercontents (based on object-identifiers)as wellas server requests based

1. E.g., the relation(s)actuallyemployed for representing an object class, indices defined over those relations, etc.

management

working-memor y

ser ver DBMS mapping component working-memor y

KOALA PROCESSING SYSTEM

Fig. 2.2: Overall architecture of KRISYS knowledge processing

data processing

Knowledge-based Application

End User

Knowledge Engineer or on object names are not sufficient for our tasks. While a navigational style of processing (i.e., followingobject references viaobjectnames) wouldbe directlysupported bysuch an ‘object-faulting’approach, the processing of associative queries apparent inmethods or inherent inthe processing of rules and integrity constraints could not exploit the buffer contents in a satisfactory way. Consider our example query presented above, where red sportscars are involved.Even if a previousqueryhad already caused the installationofallred sportscars in WM,this fact could not be exploitedbecause it is not knownto the system. To evaluate the query predicate ‘color= red’,all sportscars (or at least those not already present in WM) would be unnecessarily transferred to WM. For this reason, KRISYS must be able to relate the knowledge required by a given KOALAquery to the objects already stored in WM.This is achieved by definingthe WM contents descriptively,similarto the way KOALAallows to specify collectionsof objects (e.g., the WMcontains ‘allred sportscars’).Thus, the problemdescribed above can be dealt withby performingsubsumption tests, comparing the predicates of the query withthe ones describing the buffer.The results of these tests, whichmust be performed at run-time, are then used fordecidingwhichparts ofa query are directly performed in WM,and whichones have to be delegated for execution to the server DBMS.The component of KRISYS which is responsible for maintaining the buffer description and performingthe tests is calledworking-memory manager [29]. Discussing the mechanisms incorporated in this component is beyond the scope of this paper. We leave this issue to a further publication. The representational frameworkofthe WM(i.e., howobjects are actuallystored) directlyreflects the characteristics of the knowledgemodelofKRISYS.Thismodeldefines three types ofrelationshipsforobjects. Firstly,there are the relationships withinan object,consistingoflinksfromthe objectname toits attributesand theirdescriptions(cf.Fig.2.1).Secondly,there are the relationships among objects. The most importantof these relationships are the abstraction concepts, forming abstraction hierarchies whichare frequentlytraversed during knowledge processing. Both types of relationships are materialized in WM using main-memory pointers, thereby providingfast access to the required information.Moreover, we need to support efficient access to and set-oriented processing of arbitrary collections of objects, e.g., intermediate results in query processing. This is provided by the concept of so-called access structures (AS). In their basic form, AS are organized as lists of objects and comprise operations for traversing an AS based on a cursor concept. However,ASmay also be organized as trees or hash tables, thereby taking the role of main-memoryindices. (Ofcourse, additionalfunctionalityfor associative access is provided in this case.) Main-memoryindices (or AS in general) may be introduceddynamicallyand temporarily(e.g., inthe scope of a singlequery)inorder to speed up query processing. Thus, knowledgeresidinginWMisorganizedas showninFig.2.3^2. The central idea of the data structures chosen forthe representation of these three types of relationships is to avoid redundancy whenever possible. Consequently, no copies of objects are created duringquery processing as intermediate or finalresults. Instead, pointer structures are maintained to provide the access, thereby drastically reducing space overhead for temporary processing results and providinga consistent basis forupdate operations, whichdo not have to worry about the possible existence of replicated objects^3.

2.4 KOALA Processing System Knowledge processing is performed by the KOALA Processing System (KPS). KPS realizes an algebraic processing model that allows conventionalalgebraic optimizations to be used to a large extent [27].Thus, the overall steps of knowledge processing proceed in a similarfashion as the well-knownsteps of data processing in relational DBMS[13]:first,an algebra graph representing the query is generated and subsequently optimized,i.e.,rewritten;then, a plan-operatorgraph isconstructed;finally,executable code is generated, and the query is actuallyevaluated. Queries are transformed into an algebra graph that supports the operations inherent to the knowledge model. On one hand, it consists ofalgebra operators showinga functionalitythat can also be found in conventional relational algebras (e.g., SELECT or JOIN). On the other hand there are operators specific for knowledge processing in KRISYS (e.g., for unnesting/nesting of object structures). Withoutdiscussing the KOALAalgebra in detail, we want to give an impression ofhowa query is translated intoan algebra representation in

2. In addition to the depicted organizational structures, a global hash-table allows the localization of objects via object names.

3. Redundant information occurs for example in generalizationhierarchies, where subclasses may share attributes withtheir superclasses . Representing such attributes only once for all classes involved is an important goal of the data structures for the WM.

object and its internal levels collection of objects (AS)

relations defined by abstraction concepts Fig. 2.3: The organization of knowledge in WM

(ASK ((?driver SLOTS age) (?car SLOTS price)) (AND (IS-INSTANCE ?driver persons) (IS-INSTANCE ?car sportscars) (EQUAL (SLOTVALUE color ?car) red) (EQUAL ?driver (SLOTVALUE driver ?car))))

SELECT

“red

JOIN

“by object reference of slot driver” corresponding

Fig. 2.4: An example query and the corresponding algebra representation

KOALA query:

SELECT

“instances

PROJECT

“age of persons, algebra graph:

sportscars” of persons” B. INDEX

B. INDEX

B. SEQ

BUFFER price of sportscars”

plan operator graph:

“instances of persons”

“red sportscars”

PROJECT

JOIN

SELECT SELECT

Fig.2.4 using the sample queryalready introducedasking for “all persons driving a red sportscar” (as for example Paul). The algebra (and plan-operator) graph of Fig. 2.4 also contains predicates to further “guide”the application of the algebra operators. These predicates, which we call base predicates , define the actual semantics of KOALA,i.e., the predicates to evaluate while executing the algebra operations. The base predicates must be mapped to the representational frameworkof the underlyingknowledge model. For example, to fulfillthe predicate “instances of persons”, an object must be either a direct instance of persons or a direct instance of a subclass of persons (e.g., adults ). These relationships can be verified by the (chain of) references definedbythe slots instance-of and subclass-of ofthe object. Atcompiletime, the algebra graph is optimizedaccording to algebraic and non-algebraic criteria. When transformingan algebra graph into a plan-operator graph, the KPS must exploitthe architectural characteristics of KRISYS.(For this reason, most of the transformationscan be done onlyat run time.) It first has to communicate withthe working-memory manager to identifythe informationthat is already installedin WM. The remaining knowledge must be fetched from the server, to which end specific plan operators (called DBSoperators) are used to interact withthe mapping component and installthe results of the delegated subquery in WM.All subsequent tasks of query evaluation are then performed in WM.Since the scope of this paper is determined by clientbased query processing (i.e., execution of plan-operators on the buffer), we have not introduced DBS-based planoperators in our sample query. In the following,we assume that (supersets) ofthe informationrequired forthe selections in our query are already contained in WM. Summingup, the optimizationeffortsmust take intoaccount clientprocessing as wellas server processing. Ifall objects referenced bya queryare already installedinWM,itis clearly more efficientto evaluate the query inthe client.Inthis case,

KPS exploits existing main-memory indices and chooses appropriate plan-operators (in our example, we have assumed the existence ofan indexon the ‘color’-attributefor sportscars). If,however,a subset ofthe requiredobjects must be fetched fromthe server, the costs forperformingthe query in either client or server component become relevant. The costs related to the client are dominated by the efforts necessary to fetch the missing objects and to propagate the changes back tothe server DBMS;those related tothe server component are heavily influenced by the existence of database indices. Such information is maintained by the mapping component and supplied to the KPS.

Changes ofobjects are accumulated in WMand propagated to the server DBMSas wellas to allcontexts affected by the changes at appropriate points of time [29].This problem is even more complexifmultipleclientsoperate simultaneously on a KB.Since this is a problem sphere apart fromthe one under discussion, we do not consider concurrency in this paper.

Inthe nextsection, wewilltake a closer lookat the conceptual and implementational requirements of plan operators for knowledge processing in KRISYS.

3. Requirements for the Plan-Operator Level

Since the realizationofknowledgeprocessing inKRISYSis a prototypicalone, we aim at a maximumdegree of freedom, concerning both later extensions of the conceptual design and the actual use of the concepts. This division into conceptual and operational issues is also reflected in the requirements forthe plan-operatorlevelofKRISYSwhichwe willpresent subsequently. For the considerations following, we willconcentrate onlyon the operators to be performedon the contents of the WM.Those plan operators hosting tasks to be delegated to the server DBMSbasicallyconsist ofcalls to the mapping component and are therefore much less complex than those for the WM.

3.1 Conceptual Requirements A Simple Processing Paradigm for Plan Operators Asimpleyethighlyflexibleprocessing ofplanoperators is the basis for effective knowledge processing. This can be achieved by an easy realizationof the flowof both data and controlthrough the plan operators. To this end, we see plan operators as functional units accepting one or more input streams and producingexactly one result stream. The input is read and processed untilit is exhausted. Thus, the plan operators followan open-next-close paradigm to be foundin many query-processing systems, e.g., [12]. Extensibility at the Plan-Operator Level As already pointed out inthe introduction,extensibility must be supported at differentlevels to meet the specificrequirements of advanced applications. Extensibility,in the context ofplan operators, means providingnew evaluationstrategies for algebra operators by specifyingnew plan operators, as, e.g., new joinalgorithms.On one hand, this requires a welldefined structure (“template”)for the plan operators which can be used forembedding the desired new functionality.On the other hand, new plan operators must also be integrated into non-algebraic optimization. This can be achieved by providingheuristics describing the applicabilityof the new operators. As optimizationis a problem apart from the one under consideration, we will not discuss it in this paper. Extensibility of the Query Language Extensibilityof the query language is importantto ensure a maximumand optimallyadjusted support of the applications by KRISYSand its query-processing facilities.Ifthe applications can tailor the interface to their special needs, the amount of processing to be done by the applications themselves (expressed in a programminglanguage withan interface to KRISYS)is minimized.This means that - based on the representational frameworkof the knowledge model and the semantics ofASKand TELL- itshould be possible to replace or augment the predicates and functionsapplicable, yet affecting the realizations of the algebra level, the plan levelorthe code generation as littleas possible. Thus, extensibilitymayforexample compriseenhancing the semantics of inheritance or including new, system-defined relationships and theirsemantics intothe user interfaceofKRISYS.Unlike EXODUSor Volcano[11][12],we do not want to generate a new optimizerfor each dialect that comes into existence by extending KOALA,nor do we aim at extensibilityofthe datamanagement facilities, as done in Starburst [13].

3.2 Operational Requirements Efficiency of Dynamic Query Optimization Knowledge processing in KRISYSrequires dynamic query optimization,since many related decisions can onlybe taken at run time. Amaximumfreedom of choice can be achieved by an interpretativeapproach to query evaluation. However, generating executable code should require as littlecompilation effort as possible, calling for a compilative solution where any modificationof a plan-operator graph inevitably means recompilation.Althoughboth requirements seem to contradict each other, they are equally importantfor a good system performance, since they facilitateplan construction and code generation, thus reducing the time required for both.

Flexible Units of Execution

Each plan operator can be seen as a separate unit of execution. This is, however, not very efficient,since some kindof execution controlis required for each plan operator. Plan operators may be combinedina singleunitofexecution according to their processing characteristics. We distinguish tuple-oriented plan operators and set-oriented ones^4. A sequence of tuple-orientedplan operators can be seen as a pipelinethat is activated foreach inputtuple.Thus, a uniform execution controlcan be defined forthis operator sequence. Additional criteria may be applied to construct units of execution, e.g. to prepare different forms of parallelism [32].

Efficient Data Flow between Plan Operators

The WM is the operational platform on which knowledge processing is performed.Usingup as littlespace as possible forthis task is a prerequisite foran effectiveuse of the WM. Thiscan onlybe achieved ifintermediateresults that must be materialized during the evaluation of a query can be kept small. In certain scenarios, however, a materialization of intermediate results is desirable. This is the case each time several plan operators have the same predecessor. As this plan operator (likeany other plan operator)produces a single output stream, the subsequent consumers can onlyshare it, if it is physicallyexisting in WMand distinct access paths (e.g., cursors) can be maintained, one for each reader. Anotherexample where intermediateresults must be materialized might be the input to the join operator. If the join is realized via a nested loop, it must access the inner input several times. Hence it is advantageous to have the tuples physically represented in WM.

On the other hand, for a sequence of tuple-oriented plan operators, it is desirable not to materialize any intermediate results but just the inputs to the firstplan operator and the output of the last plan operator of the subgraph.

4. Ifa plan operator can work on each inputtupleseparately, we call ittuple-oriented . Aplanoperator works set-oriented , ifitcan exert its functionalityina reasonable fashion onlyifthe complete set of input tuples is available (as for example a sort operator).

4. Implementational Issues

4.1 Basic Structure of Plan Operators Subsequent plan operators in a plan-operator graph are in a producer/consumer relationship. To get new input, a plan operator issues callstoitspredecessors. Those, inturn,reply by producing a new output tuple. The consumer should not have tocare about howitsnextinputis generated, norshould the producers have to worryabout how their output willbe consumed. An important objective for our implementation thus is that plan operators must workindependently of their position.Thelocationofa planoperator withina planoperator graph must not matter, nor may the preceding/succeeding plan operators have an impact on its processing behaviour. Moreover,to minimizethe number of control calls between plan operators, plan operators ask fornew inputuntilthe next valid output (w.r.t. some qualification condtion) can be generated, or the end of the input is reached. The resultinggeneric processing scheme forobtaininga new output of a plan operator (e.g., a selection) is shown in Fig. 4.1. It comprises the communication with the preceding/ succeeding plan operators (“get”,“write”)and the actual functionalityof the plan operator itself(“process”and qualification conditions).Both tasks are embedded into a control structure guidingtheir application(while-loop).As soon as a plan operator needs inputfromitspredecessors, itcallsthem to produce their next output tuples, and execution controlis passed on tothe correspondingplanoperators. Togetherwith their answers, they return execution control back to the calling plan operator. There, the input is processed, and a (possibly existing) qualificationcondition is applied to the result. The process outlinedabove is repeated untilthe next valid output tuple has been produced or the input is exhausted.

The qualificationconditionis stated in terms of base predicates with which the plan operator is supplied upon activation.Moreover,the interface includes the sources from where to get the inputand the destination where to writethe output to. For both purposes we can employ the concept of AS introduced in Sect. 2. Reconsidering the plan-operator graph ofFig.2.4, we can imagineeach arc between twoplan operators to be replaced by an AS.The ASserves as output destination for the preceding plan operator and as input resource for the succeeding one. Yet, this approach has a disadvantage that advocates for its refinement. As pointed out in Sect. 3, we distinguishtuple-orientedand set-oriented planoperators. Sequences oftuple-orientedoperators can be regarded as pipelines that are activated separately foreach inputtuple. From a logicalpointof view,there is no need to materialize any intermediate results inside the pipelines. Exactlythis,however,is done byemployingASas communication channels between the operators of the pipeline.Each intermediateresult wouldhave to be installedinan ASofthe WM. To avoid this, we introduce the concept ofblocks .

4.2 Blocks Blocks are units of execution comprisinga number of plan operators withthe same processing characteristics. Just like plan operators, blocksaccept one or more inputstreams and produce exactly one output stream. Seen from outside, blocks work in a set-oriented way, yet internallythey may operate tuple-wise, depending on the plan operator(s) contained. Blockscommunicate among each other via WM, employingaccess structures forinputand output.Bydefining the appropriate number ofcursors overthe same AS,several blocks can use an ASas common inputsource. The state of a blockis definedbythe states ofthe ASat its beginningand at its end (i.e., the position of their cursors). Inside blocks, intermediate results are kept temporarily.To this end, we need an internaldata structure forblocks and a mechanism to generate it fromor to transform it into an AS. In addition, the controlflowbetween plan operators of a block must be realized. Both topics are addressed in the following.

4.2.1 Communication within Blocks One important aspect to the communicationwithina block concerns the data structures by which knowledge is exchanged among the plan operators contained. A data structure suitable for the representational framework of KRISYS must support the relevant functionalities of the knowledgemodel, i.e., allthe operations defined on a single object, as for example the insertion/deletionof an attribute. Plan operators do not need operations over collections of objects, since they map such functionalitiesto sequences of operations on single objects. Moreover, the data structure should be easy to generate from the representational frameworkofthe WM,the AS.Forthese reasons, wedecided to use as internaldata formata representation similarto the one ofAS.Todistinguishboth representations but to indicate their similarity,we named the internal data format logical access-structures (LAS),opposed to the “physical”ASofthe WM.Structurally,LAScorrespond to their“physical”counterparts, yet, only very few plan operators require the full functionality available on the “physical”AS. Most plan operators process their input sequentially and thus must be able to access the next tuple, the actual tuple and possibly plan-operator(input_sources, output, base_predicates) while {not end of input_sources} do input ← get({new_input}); result ← process(input); if {qualification conditions apply to result} output(result, output_destination); stop end Fig. 4.1: Processing scheme for a plan operator the first of the input (e.g., in the inner loop of a join). Moreover, for plan operators that are intended to exploita sorted input, it is desirable being able to directlyaccess the next tuple having either the same value as the one last considered or havinga differentvalue. Therefore,the access modes next-with-same-value and next-with-new-value are necessary as well.Thisprotocolmust also applytothose plan operators thataccess an AS(rememberthe implementational objectivethat planoperators be independent fromtheiractual position within a graph). Therefore we introduced two “pseudo”plan-operators read and write , realizingexactlythis interface either for the AS to be read or for the one to be writtenand thus mask the existence ofphysicalAS belowor above them. Hence, a block consists of read operators supplying its input, the plan-operator subgraph to be executed in the scope of the block and exactly one write operator forthe output of the block.All“real”plan operators withina blockaccess theirrelevant informationviathe opennext-close interface of the LAS (cf. Fig. 4.2 (a)).

Plan operators that workina set-oriented fashion(e.g., sort), might also be content with this simple open-next-close protocol, which, however, may restrict the flexibilityof their implementation.Moreover,since certain operations on entire AS (i.e., sets of tuples) are already available as part of the functionalityofAS(e.g., duplicateelimination),we decided to have the set-oriented operators workdirectlyon AS and the corresponding interface. For this reason, the read and write functionsare onlysketched inFig.4.2 (b),showingthe basic structure of a set-oriented plan operator.

Employingthe concepts described so far, the plan-operator graph showninFig.2.4 is transformedintoa plan-levelrepre-sentation as depicted in Fig. 4.3. We assume the plan to be partitionedintotwoblocks.Bothblockscommunicate viathe (physical) access sequence AS_3.

Besides forthe transmission ofdata, we employLASalso for actuallyorganizingthe controlflowamong the plan operators of a block. In addition to the name of the underlying plan operator and its parameters, a LASthus also possesses the entries actual-value and buffer . The formeris used to store the value last computed by the underlying subgraph. It is necessary toavoidrepeated activationsofthissubgraph. The latter entry (buffer ) is indispensable, since several output tuples mayresultfroma singleinvocationofa subgraph (e.g., a single invocation of an index select may return a set of tuples matching the selection), yet onlyone result tuple can be processed at a time.Aslongas the bufferis notyetempty, the entry actual_value is refilledwith tuples of the buffer, before issuinga new calltothe planoperator below.Bydoing so, the LASalso tellsthe underlyingplanoperator whichtuple itcurrentlyneeds, e.g., the actual , the next or the first . The planoperator inturnhas toprovideitsinput,beforebeingable to start working.For this purpose, it addresses the corresponding LAS with their respective access modes via the function get-entry-from , that realizes the open-next-close interface described above. In the next section we will consider the processing of blocks in more detail.

4.2.2 Processing of Blocks In the following,we willdiscuss the way in whicha block is actuallyprocessed. Forthispurpose, wetake a more detailed lookat the leftblockofFig.4.3. Itis depicted inFig.4.4 which also shows the basic structure ofLASand ofplan operators. We abbreviated the names of the plan operators by PO_i. Since a blockis supposed toworkina set-oriented waywhen seen fromoutside, a blockcontrolis needed that repeatedly activates the subgraph contained in the block,untilits input AS have been processed entirely. In Fig. 4.4, this block control is represented as a simple loop, yet other, more complex evaluation strategies may be desirable^5. Before a block can actually start executing, some initialization measures must be taken. They relate, e.g., to the way in which the input AS are used by the read operators of the block.Ifan inputAS is referenced exclusivelyby one block, the manipulations to be performed might be carried out “in place”, i.e., directly modifyingthe input AS. If this access

(a) (b)

AS

READ

WRITE

AS

AS READ

WRITE AS

plan operator

Fig. 4.2: Basic structures of blocks plan operator

5. Thisissue is currentlybeing investigated; we willdiscuss itbriefly in the outlook.

AS_4

WRITE

B. PROJECT

LAS_7

READ

LAS_6

B. INDEX JOIN

AS_3

AS_2

READ

WRITE

B. SORT-SELECT

LAS_2

LAS_5

LAS_4 LAS_3

Fig. 4.3: Modified plan-operator graph of Fig. 2.4

AS_1

READ

B. SEQ-SELECT

LAS_1

AS_3 log-access-structure: LAS_1 function: PO_1 parameter: (.. LAS_3 .. LAS_4 ..) actual-value .. buffer (..)

log-access--structure:LAS_3 function: PO_2 parameter: (.. LAS_1 ..) actual-value .. buffer (..)

Output:

(defun PO_1 (..<as-1><mode-1>.. ..<as-2><mode-2>..) ... (get-entry-from <as-1><mode-1>) (get-entry-from <as-2><mode-2>)

(defun PO_2 (..<as><mode>..) ... (get-entry-from <as><mode>) ...)

(defun PO_3 (..<as><mode>..) ... (get-entry-from<as><mode>) ...)

AS_3

function call referencing a LAS log-access--structure: LAS_2

function: read-entry parameter: (..AS_2 ..) actual-value.. buffer (..)

WRITE

LAS_5

READ

AS_2

Fig. 4.4: The communication protocol within a block

(defun “block_control” ... (loop ... (get-entry-from LAS_1 ‘next) ... write(output,.....)

until end-of-access-structure)

Input:

READ

AS_1

LAS_3

LAS_1 LAS2

(1)

(2)

(4) (5)

LAS_4 (3)

method either is not suitable or impossible due to several blocksreading this AS,the read functionshave to copy each input tuple before passing it on to their succeeding plan operators. Hence, initializingthe read functionsof a blockis a prerequisite for correct processing. Moreover,the cursors defined over the input AS are set to the beginning of these AS.Athirdinitializationmeasure pertains to the LASwithina blockand invalidatesthe entries actual_value and buffer for all LAS. Now the block can start processing.

ByactivatingLAS_5, the blockcontrolissues calls to the planoperator graph inside. LAS_5, in turn, looks up the name and the parameters ofthe plan operator itmust invoketo answer the request comingfromabove. Ithas to callPO_1 ((1))which has as inputLAS_3 and LAS_4. Withthis information,PO_1 can callits leftand rightinputLAS((2),(3))referringagain to the onlyinterfacefunctionget-entry-from . Thus, the activationis propagated down the plan-operator graph, until the read operators are reached ((4),(5)).Theyaccess theirunderlying physical AS according to the decisions taken in the initialization phase. Ifthe read has received its input,controlstarts flowingback up to the root of the plan-operator graph. As soon as the next validresult has been produced, itis inserted into the output AS by calling thewrite operator.

5. Validating the Implementation

The overall plan-operator approach involves the concepts shown inFig.5.1: the plan-operatortemplates, the (physical) AS,the base predicates and the LAS.Inthe following,we will validate the goals put up in Sect. 3 by pointing out those (combinations of) concepts that guarantee their fulfilment.

5.1 Validation of Goals To meet the firstobjective(“ASimple Processing Paradigm for Plan Operators”),we chose an open-next-close protocol thatisreflectednotonlyinthe processing strategy ofthe planoperator templates but that is also an importantpart of the functionalityofthe LAS.Byintroducingthe LAS,wewere able to completely isolate the plan-operator templates from the communicationpaths to be installed at run time. This information is supplied via parameters, just like the base predicates. Inaddition,the simplerealizationofthe plan operators is guaranteed by resorting to the functionality of AS. By fulfillinggoal 1, defining new plan operators basically involves creating a template with the appropriate interface and specifying the desired functionalitywhich to a large extent can be builtfromalready existingfunctionsand predicates. Hence, also the second conceptual goal, the extensibilityat the plan-operator level, could be met. As already pointed out, this does not pertain to information on the relevant characteristics of the new plan operator for optimization, i.e., its applicability, benefits, and disadvantages. As outlined in Sect. 2, the actual features of KOALAare independent from the basic operations of the knowledge model of KRISYS, which are represented by the plan operators. By introducingthe base predicates as a concept orthogonal to all other concepts of our plan-operator approach, extending the query language only affects the base predicates themselves, facilitatingthis task as far as possible.

Ourimplementationalso meets the requirements ofthe fourth goal that calls for efficiencyof dynamic query optimization. On one hand, a plan operator consists of functionalities independent of the query actually at hand, that therefore remain invariant (plan-operator templates and the required functionalityof AS). On the other hand, there are those constituents that either depend on the contextofa query (the base predicates) or that can onlybe knownat run time (the LAS). By supplying the variable parts via parameters, the invariantparts can be precompiledwithouttakingthe riskofa later recompilation.Moreover, the base predicates can be suppliedina compiledformsince theyare assumed toremain unchanged in the course of a query evaluation. The only constituents that have to be generated dynamicallyat run timeare the LAS.Since they are generallynot verycomplex, itmaybe less costlynottocompilethembutrather tointerpret them whenexecutingthe query.Thisoptimizationdecisionis, however, left completely optional by our approach. Substitutinga plan operator for a new one onlyinvolveschanging the respective piece of code and modifyingthe LAScalling thisplanoperator. Thus, replacingthe BUFFER-INDEX-JOIN in the left block of Fig. 4.3 for a nested-loop realizationjust requires to insert the appropriate function name for the symbolic name PO_1 (cf. Fig. 4.4). InSect. 4.2.1 we introducedblocks as the units ofexecution communicating among each other via AS. Internal processing, however,is keptindependent fromthisrepresentational frameworkwiththe help of transformationfunctions (read , write ) and is based upon separate data structures, the LAS.In addition,a facilityis needed to controlthe execution of a block. Establishing a block therefore comprises positioningthe read /write operators, generating LASforthe plan-operator graph contained and constructing the block control. Thus, the blocks of Fig. 4.3 can be integrated by - discarding AS_3, the corresponding read and write , and LAS_5, - changing the parameter entry for B.SEQ-SELECT in LAS_7 to the new input LAS_6, and - creating a single blockcontrol(e.g., by choosing the one of the former block1).

The outcome of this process is shown in Fig. 5.2. Buildinga block is a comparatively easy task. This holds for the necessary overall modificationsof the plan-operator graph, but also when considering the amount of code that might have tobe (re)compileddue tothe changes. Usually,onlythe LAS must be generated and may be subject to (run time) compilation.Hence the concept ofblocksallowsflexibleunits of execution withina plan-operator graph (cf. objective 5). Moreover, since no intermediate results of blocks must be permanently installed in WM,also the sixth goal (efficient realization of data flow between plan operators) is met.

5.2 A Technical Perspective In this section, we willjudge the implementationof our planoperator concept from a technical point of view, i.e., concerning its efficiencyand feasibility,both withrespect to our programmingenvironment[1]and incomparison to other programming platforms as for example C-like languages. AlthoughLISP is a language that can be interpreted, it is desirable to use precompiledcode whenever possible. There are four “packages”of functions necessary to realize planoperator graphs: functions realizing the plan operators themselves, base predicates, LAS,and the blockcontrol.The base predicates can be precompiled,as they do not have to be modified at run time. It must, however, be possible to supplythe planoperators withvariablebase predicates at run time.Yet,due to our implementation,this does not implythat the plan operators cannot be precompiled. Since the base predicates are part ofthe parameters ofa plan operator, they can be “inserted”into their program code in this way. Here, weexploiteda characteristicfeature ofLISP.TheLASconsist

Fig. 5.1: The constituents of our plan-operator concept

(physical) AS plan-operator

plan-operator

base concept

predicates template LAS of the mere data structures and of functionsdefined on this representation. Whilethe latter remain constant and hence can be precompiled, the data structures can only be establishedat runtime,whichbasicallymeans todefinethe correct number of structures (in other programminglanguages they are called records) with differentnames. At last, the block controlmust be built.Itcontains allthe constructs mentioned before and for this reason also cannot be precompiled. Insummary,most ofthe code makingup a blockneed not be modifiedany more at run time, onlythe data structures and the blockcontrolmust be built.These parts, however, make up onlya fractionofthe overallcode ofa block,hence the runtimeeffortspent is infact verysmall.Ifthe blockcontrolis as simple as in Fig. 4.4, it might not even be worthwhile compilingthe LISPcode forthe block,yet, ifthe controlfacilitiesbecome more complex,a compilationmay be desirable. This freedom of decision is another big advantage of LISP.

The design and realizationof our plan-operator concept are not restricted to the environmentin whichKRISYShas been developed. Except forthe possibilityto interpretthe variable parts of a block at run time, the same implementational mechanisms can be exploited using other programming platforms, as for example C.

6. Summary and Outlook

In this paper we presented a plan-operator approach for client-based knowledge processing which we discussed in the framework of the KBMSKRISYS. The design of this approach is motivatedbya number ofconceptual and operationalrequirements stemmingfromthe processing characteristics of KRISYS.The fundamental objective is to employ a simple processing paradigm forplan operators to guarantee theireasy realizationand use. Based on this, we also aimed at extensibility both of the query language and at the planoperator level, concerning internal evaluation strategies. Since knowledge processing in KRISYS is largely based upon decisions to be taken onlyat run time,a minimization of run-time effort (e.g., code generation and compilation)is indispensable. Moreover,onlyan optimal exploitation of the buffer contents ensures effective knowledge processing.

We partitioned these objectives into four orthogonal implementationalconcepts whichwerealizedina modularfashion. Firstly, the general execution logic of plan operators is supplied by templates that can be filled with the specific functionalityofthe operators. Weimplementedthe communication between plan operators by logical access-structures . They support both the flowof control and data and render plan operators independent of their position in a planoperator graph. The basic functionalityof the plan operators is covered bythe access structures makingup the thirdimplementational concept. Finally,the specific semantics of the query language is captured by a set of base predicates . The objectives of our approach, although presented in the frameworkofthe KBMSKRISYS,also applytoother systems intended for non-standard applications. The locality of reference typicalfor those applications requires facilitiesfor client-based knowledgeprocessing, most importantofwhich an application buffer with a suitable representational framework.To exploit this localityof reference and due to concepts such as methods whose extension can often be known only at run time, KBMSas well as OODBMSneed dynamic query optimization. Moreover, to meet specific needs of advanced applications, extensibility has to be supported at different levels. Given the architecture of KRISYS and the different representational frameworks in clientand server, our approach to knowledgeprocessing can be placed somewhere in between OODBMSpursuing mere server processing, leaving the maintenance of the client buffer to the application programs [10], and OODBMS performing main-memory query processing, having, however, the same data model in client and server [21] Finally,itis importantto pointout that our approach not only fits the special characteristics of KRISYSand of the implementationalenvironment(LISP),but that itis feasible inother query-processing scenarios as well. The currentstate ofthe implementationis such that the transformationofa query intoan algebraic representation and the subsequent rewriteare already realized. Moreover,most of the plan-operator levelhas been implemented,includingthe LAS.Althoughwe can already providea simpleblockcontrol, we are currentlyworkingon a more flexibledesign for this concept. One of the primary goals in this development process is to make blocks powerful enough to cope with different processing environments ranging from singleprocessor workstationsover multiprocessor architectures to distributed settings. This involves the development of a

AS_4

WRITE

B. PROJECT

LAS_7

LAS_6

B. INDEX-JOIN

AS_2

READ

B. INDEX-SELECT

LAS_2

LAS_4 LAS_3

Fig. 5.2: A plan-operator graph in a single block

AS_1

READ

B. SEQ-SELECT

LAS_1 processing scheme for entire plan-operator graphs, especially for inter-block communication.

Acknowledgments We wouldlike to thank T. Härder and B. Mitschang for the helpful comments on the revision of this paper.

References [1] Austin Kyoto Common Lisp, Version 1.605, 1991. [2] Atkinson,M.,et.al.: The Object-OrientedDatabase Manifesto, Proc. 1st Int.Conf.on Deductiveand Object-Ori-ented Databases, 1989, Kyoto, Japan, 40-57.

[3] Brodie,M.L.,Mylopoulos,J. (eds.): On KnowledgeBase Management Systems (IntegratingArtificialIntelligence and Database Technologies),TopicsinInformationSystems, Springer-Verlag, New York, 1986.

[4] Cattell, R. (ed.): Next Generation Database Systems, Special issue of Communicationsof the ACM,Vol.34, No.10, 1991.

[5] Cluet, S., Delobel,C., Lecluse, C., Richard, P.: Reloop, an AlgebraBased QueryLanguage foran Object-Orient-ed Database System, Proc. 1st Int. Conf. on Deductive and Object-Oriented Databases, Kyoto, Japan, 1989, 294-313.

[6] Deßloch, S.: HandlingIntegrityin a KBMSArchitecture for Workstation/ServerEnvironments, Proc. GI-Fachta-gung "Datenbanksysteme inBüro,Technikund Wissenschaft",Kaiserslautern,March1991, ed. H.-J.Appelrath, Informatik-Fachberichte 270, Springer-Verlag, 89-108.

[7] DeWitt,D.J., Futtersack, P., Maier,D.,Velez,F.:AStudy ofThree AlternativeWorkstationServer Architecturesfor Object-Oriented Database Systems, Proc. 16th VLDB Conf., Brisbane, Australia, 1990.

[8] Deßloch, S., Härder,T., Leick,F.J., Mattos,N.:KRISYS - a KBMSSupportingthe Developmentand Processing of Advanced Engineering Applications, Bayer, R., Härder, T., Lockemann, P.C. (eds.): Objektbanken für Experten, Springer (Informatik Aktuell) 1992.

[9] Deßloch, S., Leick,F.J., Mattos, N.M.:A State-oriented Approach to the Specificationof Rules and Queries in KBMS,ZRI-Report 4/90, Universityof Kaiserslautern, 1990.

[10]Deux,O. et al: The Story of O2: IEEE Transactions on Knowledgeand Data Engineering,Vol.2, No. 1, March 1990, 91-108.

[11]Graefe, G, DeWitt,D.:The EXODUSOptimizerGenerator,Proc. 1987 ACMSIGMODConference, San Francisco, 1987, 160-172.

[12]Graefe, G.: Volcano, an Extensible and Parallel Query Evaluation System, Universityof Colorado at Boulder, Technical Report No. 481, 1990.

[13]Haas, L.,Freytag,J.C., Lohman,G.,Pirahesh. H.:Extensible Query Processing in Starburst, Proc. of the ACM SIGMOD Conf., Portland, 1989, 377 - 388.

[14]Härder, T., Hübel, C., Meyer-Wegener, K., Mitschang, B.: Processing and Transaction Concepts for Cooperationof EngineeringWorkstationsand a Database Server, Data and KnowledgeEngineering, Vol.3, 1988, 87- 107.

[15]Härder, T., Meyer-Wegener, K., Mitschang, B., Sikeler, A.:PRIMA- ADBMSPrototype SupportingEngineering

Applications, Proc. 13th VLDB Conf., Brighton, UK, 1987, 433-442.

[16]Härder, T., Reuter, A.: Database Systems for Non- Standard Applications,Proc. Int.ComputingSymposium on ApplicationSystems Development (ed. H.J. Schneider), Nuremberg, Germany, March 1983, Report 13 of the German Chapter ofthe ACM,Teubner Verlag,Stuttgart, 452-466.

[17]Jarke, M.,Koch,J.: QueryOptimizationinDatabase Systems, Computing Surveys, Vol.16, No. 1, June 1984, 111-152.

[18]Küspert,K.,Dadam, P., Günauer, J.: CooperativeObject BufferManagement in the Advanced InformationManagement Prototype, Proc. 13th VLDBConf., Brighton, England, Sept. 1987, 483-492.

[19]Kim, W.: Introduction to Object-Oriented Databases, Computer System Series, MIT Press, 1991.

[20]Kim,W., Lochovsky,F.H. (eds.): Object-OrientedCon-cepts, Databases, and Applications,ACMPress, New York, 1989.

[21]Lamb,C.,Landis,G.,Orenstein,J., Weinreb,D.:TheObjectStore Database Management System, Special issue of Communicationsof the ACM,Vol.34, No. 10, 1991, 50-63.

[22]Mattos, N.M.:AbstractionConcepts: the Basis for Data and KnowledgeModeling,7th Int.Conf.on Entity-Rela-tionship Approach, Rome, Italy, Nov. 1988, 331-350.

[23]Mattos, N.M.:An Approach to DBS-based Knowledge Management, 1st Workshop on Information Systems and ArtificialIntelligence,D. Karagiannis (ed.), Lecture Notes in Computer Science 474, Springer-Verlag,127- 152.

[24]Mattos, N.M.:KRISYS- a KBMSSupporting Development and Processing of Knowledge-based Applications in Workstation/Server Environments, ZRI-Report5/91, Universität Kaiserslautern, submitted for publication.

[25]Mattos,N.M.,Meyer-Wegener,K.,Mitschang,B.:Grand TourofConcepts forObject-Orientationfroma Database Point of View,to appear in: Data and KnowledgeEngineering.

[26]Mattos, N.M.,Michels,M.: Modelingwith KRISYS:the Design Process ofDBApplicationsReviewed,Proc. the 8th Int.Conf.on Entity-RelationshipApproach,Toronto- Canada, Oct. 1989, 159-173.

[27]Pirahesh, H.,Mohan,C.:EvolutionofRrelationalDBMSs toward Object Support: a Practical Viewpoint(invited talk),Proc. GI-Fachtagung"Datenbanksysteme in Büro, TechnikundWissenschaft",Kaiserslautern,March1991, ed. H.-J. Appelrath, Informatik-Fachberichte 270, Springer-Verlag, 1991, 16-37.

[28]Schek, H.-J., Scholl,M.H.:Evolutionof Data Models,in Database Systems ofthe 90's,LectureNotes inComputer Science 466, (Ed. A.Blaser), Springer Verlag,1990, 135-153.

[29]Strobel, M.:Conception of a Component forDeclarative BufferManagement inthe KBMSKRISYS(inGerman), Undergraduation Final Work, Universityof Kaiserslautern, Kaiserslautern, June 1992.

[30]Schmidt, J.W., Thanos, C. (ed.): Foundations of Knowledge Base Management, TopicsinInformationSystems, Springer-Verlag, 1989.

[31]Shaw, G.M.,Zdonik,S.B.:AQueryAlgebraforObject-OrientedDatabases, Proc. Int.Conf.on Data Engineering,LosAngeles, 1990, 154-162.

[32]Thomas, J., Mitschang,B., Mattos, N., Deßloch, S.: KnowledgeProcessing in Workstation/ServerEnvironments- The KRISYS Approach, ZRI Report 7/92, University of Kaiserslautern, 1992.

[33]Vandenberg, S.L.,DeWitt,D.J.: AlgebraicSupport forComplexObjects withArrays,Identity,and Inheritance,Proc. ACM SIGMOD Int. Conf. on Management of Data, Denver, Colorado, 1991, 158-167.