Gral: An Extensible Relational Database System for Geometric ApplicationsRalf Hartmut G�tingFachbereich Informatik, Universit�t DortmundD-4600 Dortmund 50, West GermanyAbstract: We describe the architecture of a relationaldatabase system that is extensible by user-defined data typesand operations, including relation operations. The centralconcept is to use languages based on many-sorted algebra torepresent queries as well as query execution plans. This leads toa simple and clean extensible system architecture, eases thetask of an application developer by providing a uniformframework, and also simplifies rule-based optimization. As acase study the extensions needed for a geometric databasesystem are considered.1. IntroductionMuch of the database research of recent years was aimed atproviding a better support for non-standard applications suchas office information systems, geographic informationsystems, CAD databases, etc. A common need of theseapplications is the representation and manipulation of morecomplex objects than those representable by a tuple of arelation in the traditional relational model, for example, anoffice form, a complete map or a river, say, in a geographicinformation system, or the design of a VLSI circuit.A fundamental choice for the representation of a complexobject is whether its structure should be visible or hidden at thelevel of the data model. Speaking in terms of the relationalmodel, for representation the question is whether the objectshould be described by a collection of tuples from variousrelations, or by a single attribute value from a specific domainfor this kind of objects. For manipulation, the distinction iswhether the internal structure is accessible to the generalfacilities of the query language (selection of subobjects, forexample) or only to domain-specific operations. The two waysof handling complex objects have been called structural andbehavioural object orientation, respectively [Di86].Both approaches are obviously needed and are appropriatefor certain applications. For example, one should be able todefine the internal structure of an office document within thedata model and to access it through the query language. On theother hand, a river can well be represented as an atomic value ofan abstract data type LINE with suitable operations, forinstance, a function returning the length.A lot of work has been done to support the modeling ofvisible object structures. Enhancements to the relational modelhave been proposed by linking together tuples to represent anobject either explicitly [Co79, HaL82] or implicitly, throughthe use of nested relations [ScS86]. Most of the more recentdata models and system proposals do also support structuralobject orientation, for example [MaD86, CaDV88, PiT86].The idea of allowing application-specific abstract datatypes as base types, or attribute domains, of a database systemwas perhaps first put forward in [StRG83]. Since base typesneed to be implemented in a programming language and becausethey are application-specific, a user must be able to implementsuch a type and to add it to a database system. This observationhas led to efforts by several groups to construct extensibledatabase systems. Two directions can be distinguished. One isto select a data model and to implement for this data model asystem with well-defined interfaces for user extensions. This isthe approach chosen by the POSTGRES [StR86] and Starburst[Schw86] projects, based on the relational model, and withinthe PROBE project [Daya87] for an extended functional datamodel. A different view is taken in the EXODUS [Care86] andGENESIS [Bato86] projects where a collection of powerfultools for building a database system is provided. In this case anapplication developer (�users� providing extensions have alsobeen called �database implementor� [Care86] or �databasecustomizer� [Lo88]) implements the whole database system,aided by the tools. With this approach there is more flexibilityfor the application even to select a specific data model.In this paper we describe an (implemented and running)relational database system, called Gral1, extensible by user-defined data types and operations. This means that anapplication developer (AD) can-add data types and operations to the query language,-add the representation of a type to the system,-add new relation representations or index structures tosupport type-specific storage or searching,-add the implementation of type-specific operations, and-add rules to the system to describe the implementation of anew query language operation and to support optimization forthis operation.The key concept embodied in Gral, which distiguishes itfrom other work, is many-sorted algebra. Gral uses many-sortedalgebra as a query language and also as an executable languageto describe query plans (access plans). The whole system iscentered around this formal concept and we show that this leadsto a very simple and clean extensible system architecture. Forexample, there is a layer in the system corresponding to thesorts of the executable algebra and another layer correspondingto the operators.

1 Gral stands for �Geo-Relational Algebra� which is the querylanguage of the Gral system.

Algebraic query languages have been used before [Gr84] andare perhaps now viewed as old-fashioned. However, they haveclear advantages for the use in an extensible system, becausethey are inherently modular and extensible. SQL- or QUEL-likelanguages accomodate easily new functions or predicates fornew atomic types (e.g. in where-clauses). Yet it is awkward toadd new relation operators to such languages. As we shall see,non-standard applications do require special relation operations(see also [OsH86]). Many-sorted algebra and the Gral systemallow to add any kind of user-defined relation mapping. Theparticular kind of algebra that we use includes very powerfulretrieval operations such as selection or join with an arbitraryalgebra expression as condition and the embedding of derivedvalues (described by algebra expressions) into relations.The optimizer translates query language expressions toquery execution plans. In Gral both are algebraic languageswith the same structure. This eases considerably the applicationdeveloper«s task who needs to be familiar with both languagelevels. In particular it makes it relatively easy to formulate therules driving the query optimizer.The Gral project started with the goal of building anefficient database system for geometric applications. Whilethis is still our goal, the need for extensibility was soonrecognized and the focus shifted initially to provide a clean andsimple extensible architecture. We find that having in mind aspecific application is quite helpful to see clearly what kind ofextensibility is required.We consider an extensible system to have a model and asystem part and, orthogonally, an application-independent andan application-specific part. We use the followingterminology. The application-independent parts are called theGral model frame and the Gral kernel system. Speaking ofapplication extensions in general we use the terms Gralapplication model and Gral application (system). Finally, therunning Gral prototype is one specific application; its datamodel is geo-relational algebra and we call it the Gral system.The following three sections describe Gral’s query language, itsexecutable language, and the system architecture. Related workis mentioned in Section 5.2. An Extensible Data Model and Query LanguageBasically Gral uses an extended relational algebra as a querylanguage. More precisely, Gral’s data model and query languageare based on the formal concept of a many-sorted algebra. Amany-sorted algebra is a collection of sets and functionsbetween these sets; it is described by an S-sorted signature Swhere S is a set of sorts (names for the sets) and S a family ofsets Sw,s of operator symbols (names for the functions), wherew ˛ S* and s ˛ S describe the functionality of operators in Sw,s[GoTW78]. For Gral, this algebra has one sort for relations andfurther sorts for atomic data types; the operations includerelational operators such as selection or join and operations onatomic data types such as integer multiplication or a testwhether two polygons intersect. More precisely, again, thestructured data objects in Gral are not relations (sets of tuples)but sequences of tuples, or ordered relations. This allows, forexample, to include sequence and sorting operators in thealgebra.Since Gral is an extensible database system together withone specific extension we can distinguish between theapplication-independent model frame and the application-specific data model called geo-relational algebra. The modelframe describes any application as a many-sorted algebra; itdefines the application-independent sorts and operators and isabstract with respect to the application-specific sorts andoperators. The set of sorts is S = {s1, � , sn} with s1˚=˚RELand s2˚= BOOL. The collection of operators (signature) of themodel frame is S = S G ¨ SA (G for �general�, A for�application-specific�) of which SG is defined within the modelframe. Some operators of SG are shown in the following table.REL · REL fi RELunion, product,join, c o n c a t _ _ #REL fi RELselect, project,extend, ord, head_ #RELfi ATOMextract( _ # )BOOL · BOOLfi BOOLand, o r ( _ # _ )BOOL fi BOOLn o t # ( _ )The model frame contains sorts for relations (sequences oftuples) and Boolean values and their associated operations. Therightmost column shows the syntax for using an operatorwithin an expression (a query); �_� denotes an operand and �#�the operator, parentheses are to be used as indicated. Forexample �rel1 rel2 union� and �(x and (y or z))� are well-formed expressions. Some operators take parameters whichappear in square brackets behind the operator symbol, as, forexample, in �cities select [cpop > 500000] project [cname,cpop]�, for a �cities� relation with attributes for city name andpopulation.The set of sorts S has a subset ATOM = {s2, � , sn} whichcontains the atomic data types. The model frame provides also aset ORD ˝ ATOM containing the atomic data types that areone-dimensional ordered domains so that a relation can besorted by attributes of such a type.Any application-specific database system must specify itsatomic data types and may provide within SA any operationson these atomic types, but also operations involving relations.Standard types such as integer, real, and string with suitableoperations are likely to occur in most applications. Sorts INT,REAL, and STR are also part of the geo-relational algebratogether with the following operations:STDi · STDifi BOOL=, „, <, £, ‡, >( _ # _ )INT · INTfi INT+, -, *, div, mod( _ # _ )INT · INTfi REAL/( _ # _ )REAL · NUMfi REAL+, -, *, /( _ # _ )NUM · REALfi REALRELfi INTc o u n t ( _ # )NUM*fi REALa v g ( _ # )NUMi* fi NUMisum, min, m a x ( _ # )In this listing some abbreviations are used. STD and NUMdenote sets of sorts, namely, STD = {INT, REAL, STR} andNUM = {INT, REAL}. The notation Xi with such a set identifiermeans that Xi is to be consistently replaced by the sameelement of set X. So the first line allows comparisons of anytwo operands of equal type. The notation X* denotes a relationoperand where an attribute of type X is specified, or, intuitively, a set of X values. The attribute is given as aparameter of the operator, for example, �(cities avg [cpop])�returns the average population of cities (within the citiesrelation) as a real number. The last line is also an abbreviationfor two lines with the functionalities INT*˚fi˚INT and REAL*fi REAL.We can now illustrate the operators of the model frame by afew examples.(1)Determine the five cities with the highest populationnumbers.cities ord [cpop -] head [5]The ord operator sorts cities descending by population; fromthe resulting sequence head returns the first five tuples.(2)Add to each city tuple an attribute giving its population inpercent of the maximal population.citiesextend [(cpop/(cities max [cpop]))*100 {percent}]The extend operator takes a list of algebra expressions asparameters, each expression is followed by a new attributename. For each expression, the relation will have a newattribute whose value is determined for each tuple by evaluatingthe expression.(3)Find pairs of cities whose population number differs byless than 50000.cities cities {*->*2} join [(cpop - cpop2) < 50000]For the second operand relation, the attributes are first renamed(appending a suffix �2�) before the join operator is applied.Note that the select as well as the join operator take arbitraryalgebra expressions with Boolean result as parameters.(4)How many people live in Dortmund, in thousands?(cities extract [cname="Dortmund"; cpop]) div 1000The extract operator allows one to extract from a relation asingle atomic value which is then available for furtheroperations. Parameters of extract are an algebra expression(as a selection condition which must return exactly one tuple)and an attribute name.An application may decide to choose the collection ofstandard types and operators shown here �from the shelf�.However, since all atomic types, except for BOOL, areconsidered application-specific, it may instead also use verylong integers, text fields containing formatting instructions,etc.An application will then introduce its own more specificdata types. Gral’s data model, the geo-relational algebra, isdesigned to support geometric applications in the plane,perhaps with a bias towards supporting geographic informationsystems. Gral has therefore types for points, lines, and regionsin the plane. A line is conceptually a finite sequence of straightline segments. A region is a hole-free, non-selfintersectingpolygon. Actually there are two types of regions called PGONand AREA; for type AREA the restriction holds that no twopolygons that are attribute values of the same relation mayintersect. Type AREA is used to model subdivisions of theplane as they often occur in maps. So the complete set of sortsof the geo-relational algebra is S = {REL, BOOL, INT, REAL,STR, POINT, LINE, PGON, AREA}. To simplify the signaturethere is also a hierarchy within the geometric types: REG ={PGON, AREA} (regions), EXT = {LINE} ¨ REG (extendedobjects), and GEO = {POINT} ¨ EXT (any geometric object). Aselection of the operators is shown below:GEO · REGfi BOOLi n s i d e ( _ # _ )EXT · EXTfi BOOLi n t e r s e c t s ( _ # _ )LINE* · LINE*fi POINT*i n t e r s e c t i o n _ _ #LINE* · REG*fi LINE*PGON* · REG*fi PGON*POINT* · POINTfi RELc l o s e s t _ _ #POINT · POINTfi REALd i s t # ( _ , _ )LINEfi REALl e n g t h # ( _ )REGfi REALperimeter,area# ( _ )The inside operator tests whether any kind of geometricobject is wholly contained within a region. The intersectsoperator checks extended objects for intersection. Theintersection operator (with functionality LINE* · LINE* fiPOINT*) is applied to two relation operands; for each operandan attribute of type LINE is specified. It returns a relation which�looks like� the cartesian product of the operand relationsextended by a POINT attribute. To be precise, the result relationcontains one tuple for each intersection point of a line of thefirst operand with a line of the second operand. This tupleconsists of all attributes of the (tuple with the) first line, allattributes of the second line, and the intersection point.Intuitively, the functionality should be read �The intersectionof two sets of lines is a set of points�. Forming the intersectionof lines is embedded in this way into a relation operationbecause even the intersection of two single lines is generally aset of points, so one cannot define an atomic operator withfunctionality LINE · LINE fi POINT. The intersectionoperator can be applied similarly to a set of lines and a set ofregions, or two sets of regions. The closest operator is givena relation with a point attribute specified, and a (query) point; itreturns the tuple (or those tuples) of the operand relation whosepoint attribute has minimal distance to the query point.Finally, our selection shows operators to compute the distancebetween two points, the length of a line, and perimeter and areaof a region. Some example queries, based on relationsrepresenting cities, states, rivers, and highways of WestGermany, illustrate the use of these operators.citiescnamecentercpopSTRPOINTINTstatessnameregionspopSTRAREAINTriversrnamerouteSTRLINEhighwayshnamewaySTRLINE(5)Associate with each city the state containing it.cities states join [center inside region]project [cname, sname](6)Find rivers passing through the state of Bayern (Bavaria).states select [sname="Bayern"] rivers join [route intersects region] project [rname](7)Which city with more than 100000 inhabitants is closestto the point where highway A1 passes the Rhine?(rivers select [rname="Rhein"]highways select [hname="A1"]intersection [route, way, {crossing}] extract [true; crossing]) {crosspoint};cities select [cpop > 100000] crosspointclosest [center]The query consists of two steps. In the first step theintersection point of river Rhine and highway A1 is computedand made available as a POINT object named �crosspoint�. Inthe second step the closest operator is applied to the citieswith more than 100000 inhabitants, and the point�crosspoint�.(8)Sort cities by distance from M�nchen (Munich).(cities extract [sname="Muenchen"; center]) {Munich};cities extend [dist (center, Munich) {MunDist}] ord [MunDist +]By a data model we mean a mathematical model for data andoperations on data. In this sense, the Gral model frame is a datamodel; its structured objects (sequences of tuples) andoperations have been formally defined in [G�88b]. Theessential part of the semantics definition is the treatment ofnested algebra expressions (since an operator, for exampleselect, join, extend may have an algebra expression as aparameter); this and most of the operator definitions can alsobe found in [G�ZC88]. For the application-specific extensiongeo-relational algebra semantics have also been formallydefined in [G�88b], that is, a model for LINE and PGON objectsis given and the operations shown above (as well as theremaining operators) have been defined in terms of these objectmodels. Geo-relational algebra as such is discussed in moredetail and illustrated by examples in [G�88a].The Gral model frame is extensible in that new sorts foratomic data objects as well as new operators involving old ornew atomic data types and relations can be added. To performsuch a data model extension an application developer shouldprovide a mathematical model for a new data type. For operatorsthe functionality and allowed parameters must be specified andthe mapping associated with the operator be defined. Thiscorresponds to a formal specification of a program to beimplemented. In many cases application developers will omitthe specification of extensions at the level of the formal datamodel and just implement new types and operators. However, incase of more complex data types, and to be able to check thecorrectness of the implementation, it is advisable to alsoextend the formal model.We have seen that the algebra is used rather directly as aquery language. To extend the query language, besidesintroducing new types and operators, one needs to specifysyntactical aspects such as a pattern for using the new operator,e.g. �( _ # _ )�, and the structure of the parameter list, if theoperator has parameters. To make the query language somewhathomogeneous and to allow the Gral system parser to analyzeexpressions, certain rules have to be followed:(A)Use postfix notation whenever an operator takes at leastone relation as an operand.(B)Put parentheses if and only if the resulting object isatomic.There is a lot of flexibility in the allowed syntacticalpatterns:(1)Prefix outside parentheses# ( _ ), # ( _ , _ ), �(2)Prefix or infix in parentheses( # _ ), ( # _ _ ), �( _ # _ )( _ # _ _ ), ( _ _ # _ ), �(3)Postfix in parentheses( _ # ), ( _ _ # ), �(4)Postfix without parentheses_ #, _ _ #, �Parameter lists may also have a fairly general structure,basically a parameter list may consist of several sublists,separated by semicolons, where each list may have a fixed orvariable number of items, separated by commas. Howsyntactical patterns and the structure of parameter lists are madeknown to the parser is discussed in Section 4.3.3. Descriptive and Executable AlgebraBefore describing the Gral system architecture it isimportant to introduce the distinction between descriptive andexecutable algebra. In any Gral application a query isformulated as an expression of the application-defined many-sorted algebra. It should be clear that such a query is to beunderstood as the user’s specification of some data object(relation or atomic object) that the system should return; thisdata object is described by a hypothetical series of applicationsof operators to the stored objects. It is the task of the optimizerto translate this query to an executable query plan and, in fact,to select among many available query plans the most efficientone.In an extensible database system it is necessary that theapplication developer understands this �language of queryplans� since obviously it must also be extensible. A centralidea of the Gral system is that the language of query plansshould also be an algebra, with the same syntactical structure,although with different sorts and operators, as the querylanguage algebra. This simplifies the task of the applicationdeveloper since he/she needs to understand only a singleformalism; it is surely preferable to introducing a quite differentway of describing query plans. The optimization process canthen be understood (and partially be formulated) by theapplication developer as a translation from one algebraexpression to another one. To distinguish, we call the querylanguage algebra the descriptive and the �language of queryplans� the executable algebra.Whereas for the descriptive algebra the foremost designgoals are expressive power and simplicity, and efficiency playsno role at all, the major issue in the design of an executablealgebra is efficiency. On the other hand, because of therequirement of extensibility the executable algebra should stillbe as simple as possible, so a reasonable balance betweenefficiency and simplicity must be found.Some important ideas to achieve efficiency at the level ofthe executable algebra are the following:-Use index structures (access paths).-Support processing in �tuple mode�, that is, as far aspossible perform a series of operations on a single tupleinstead of copying the relation for each operation.-Use complex operators. That means, whenever anoperator needs to process a relation, it should do as much aspossible during this access. For example, a sorting operatorshould include a selection condition to eliminate tuples beforesorting, and allow to process each tuple further after sorting.These are well-known strategies for the implementation ofrelational database systems. We show how they can beincorporated into the design of an executable algebra.In the descriptive algebra a sort is associated with a set ofobjects and an operator with a function; neither is arepresentation specified for the objects nor an algorithm forcomputing the function. In contrast, in the executable algebra asort corresponds to a specific object representation within thesystem and each operator has associated a fixed algorithm or procedure in the system. Generally for a Gral applicationsystem the set of sorts will consist of the following subsets andspecific sorts:-REL - each sort in REL describes one kind of physicalrepresentation (primary index) of a relation.-INDEX - each sort describes one specific secondaryindex structure.-TUPLE - a sort describing a tuple in memory.-TIDSEQ - a sort describing a collection of tupleidentifiers (through which tuples represented in one of the RELrepresentations can be accessed).-ATOM - these are the sorts for atomic objects that arealso present in the descriptive algebra.In the currently running Gral prototype there is only asingle sort SREL in REL corresponding to a simple sequentialrepresentation of a relation. Primary and secondary indexstructures will be added soon. To illustrate the general approachwe describe an executable algebra already containing indexstructures. In this design we haveREL = {SREL, STIDREL, BTREE}SREL is a sequential representation used, for example, fortemporary relations during the processing of a query.STIDREL is a permanent representation providing tupleidentifiers; a relation represented in this way can beaccessed sequentially or through a secondary index. BTREEis a B*-tree representation ordered by one of the attributes.It can be accessed through the primary index, through asecondary index, or sequentially. Let TIDREL = {STIDREL,BTREE} be the structures accessible through a secondaryindex.INDEX = {SBTREE, SGRID, SMLGRID}All of these structures allow to obtain a collection of tupleidentifiers. SBTREE is a B*-tree used as a secondary index,SGRID a grid file [NiHS84], supporting geometric searcheson a set of points in the plane, SMLGRID a multi-layer gridfile [SiW88] supporting searches on a set of rectangles inthe plane. The stored rectangles in an SMLGRID index arethe bounding boxes of extended objects such as lines orpolygons.Sorts TUPLE and TIDSEQ are also present and we haveATOM = {BOOL, INT, REAL, STR, POINT, LINE, PGON,RECT}The executable algebra has an additional sort for rectangleswhich are needed as bounding boxes of LINE and PGONobjects.The set of atomic types with ordered domains is ORD ={BOOL, INT, REAL, STR}.A subset of the operators of the current Gral executable algebraextended by some operators for index structures is shown inFigure 3-1.___________________________________________________________________________RELfi SRELs c a n , s o r t _ #REL · RELfi SRELp r o d u c t , s m j o i n , i n s i d e _ j o i n _ _ #RELfi ATOMe x t r a c t ( _ # )TUPLEfi TUPLEsel, proj, e x t e n d _ #BTREE(ORDi) · ORDi fi SRELe x a c t m a t c h _ _ #BTREE(ORDi) · ORDi · ORDifi SRELrangescan_ _ _ #SGRID(POINT) · RECTfi TIDSEQg e o _ r a n g e _ s e a r c h _ _ #SMLGRID(RECT) · RECTfi TIDSEQg e o _ i n t e r s e c t i o n _ s e a r c h _ _ #TIDSEQ · TIDRELfi SRELt i d s c a n _ _ #EXTfi RECTb b o x # ( _ )POINT · PGONfi BOOLp r _ i n s i d e ( _ # _ )___________________________________________________________________________Figure 3-1: Operators of the Executable AlgebraThe executable algebra contains also atomic operations onstandard types; these are as in the descriptive algebra. Alsooperators for SBTREEs have been omitted; they are similar tothose on primary BTREEs but return sets of tuple identifiers.The scan operator has a parameter list of the form [E1;˚E2]where E1 is an algebra expression of result type BOOL and E2an expression of result type TUPLE. This operator scans arelation given in any of the REL representations. E1 is a filterexpression which is evaluated for each tuple of the operandrelation; those tuples passing the filter are then made availableto the second expression E2 by the keyword tuple to whichtuple operators can be applied. So E2 allows processing in�tuple mode�. For example, the query �List the names of bigcities� looks in descriptive (D) and executable (E) algebra asfollows:Dcities select [cpop > 500000] project [cname]Ecities scan [cpop > 500000; tuple proj [cname]]The sort operator realizes the o r d operator of thedescriptive algebra but has also an input filter expression and atuple expression applicable to tuples after sorting. Similarlythe binary relation operators have two input filter expressionsand a tuple expression to be applied to the concatenated tuplesresulting from the operation. For example, the productoperator computes the Cartesian product of the operandrelations and has a parameter list of the form [E1, E2; E3] whereE 1 and E2 are the filter expressions and E3 is the tupleexpression. It can be used to answer query (5) from Section 2�Associate with each city the state containing it�:Dcities states join [center inside region] project [cname, sname]Ecities states product [true, true; tuple sel [center pr_inside region] proj [cname, sname]]The selection operator on tuples sel either returns theoperand tuple or a special object called notuple; any tupleoperator receiving notuple as an operand also returns notuple. The same query could also have been realized usingthe inside_join operator. This operator can be applied to (arelation with) a set of points and (a relation with) a set ofregions; it performs a plane-sweep [PrS85] to join tuples of thetwo operand relations where the point is contained in theregion. We consider a slightly more complicated example querywith this operator �List for big cities their population numberas a percentage of their state’s population�:Dcities select [cpop > 500000] statesjoin [center inside region]extend [(cpop/spop)*100 {percent}]project [cname, percent]Ecities states inside_join [cpop > 500000, true; center, region;tuple extend [(cpop/spop)*100 {percent}] proj [cname, percent]]The smjoin operator performs a sort/merge join. Itsparameter list has the form [E1, E2; E3 cop E4; E5]. E1, E2 andE5 are filter and tuple expressions, as before. E3 and E4 areexpressions involving only attributes of the first and secondoperand relation, respectively, and c o p is one of thecomparison operators {<, £, =, >, ‡}. The two operand relationsare first sorted by the value of their respective expression E3 orE4 and then merged according to the comparison operator. - Theextract operator of the executable algebra has no parameters;it can be applied to a relation with a single tuple and a singleattribute and returns the attribute value as an atomic object ofthe attribute’s type (see the example below).Access to primary or secondary index structures is alsorealized by executable operators. A BTREE is organized byattribute values of one of the ordered data types and can beaccessed with a single value of the same type or a range of suchvalues through the exactmatch and rangescan operators.These operators also have filter and tuple expressions like thescan operator to impose additional restrictions on the returnedtuples and to process these tuples further. For the followingexamples we assume that relations and index structures areorganized as follows:cities:BTREE(STR) ordered by the cname attributecpop_index:SBTREE(INT) on the cpop attributecenter_index:SGRID(POINT) on the center attributestates:BTREE(STR) ordered by the sname attributeregion_index:SMLGRID(RECT) on the region attributeThe query �Retrieve the tuple representing the city Essen�can then be formulated as:Dcities select [cname = "Essen"]Ecities "Essen" exactmatch [true; tuple]An SGRID index stores a set of points; thegeo_range_search operator returns the tuple identifiersbelonging to points inside a search rectangle given as thesecond operand. Similarly an SMLGRID index stores a set ofrectangles; the geo_intersection_search operator returnsthe tuple identifiers belonging to rectangles intersecting asearch rectangle. The returned tuple identifiers can be processedfurther through the tidscan operator which accesses theoriginal relation and allows to filter and process tuples. As anexample we consider the query �Find cities in Bayern!�:D(states extract [sname = "Bayern"; region]) {Bayern};cities select [center inside Bayern]E(states "Bayern" exactmatch [true;tuple proj [region]] extract) {Bayern};center_index bbox (Bayern) geo_range_searchstates tidscan [center pr_inside Bayern; tuple]Let us reconsider the executable algebra from the point ofview of extensibility. The Gral kernel system will containgenerally useful relation representations such as those givenabove in REL and, say, SBTREEs as a secondary index structure,as well as sorts TUPLE, TIDSEQ, and BOOL. It will haveexecutable operators needed to implement the descriptiveoperators of the model frame, for example scan, sort,s m j o i n , p r o d u c t , extract, e x a c t m a t c h , tidscan, etc.Standard types such as INT, REAL, STR together with theiroperations will be available as a module. A Gral applicationsystem may then add its own special types such as POINT,LINE, PGON, and provide operators for these types as well asspecial index structures such as SGRID, SMLGRID with suitableoperators for searching these structures.This distinction between Gral kernel system and Gralapplication system arises from a practical point of view. Note,however, that the Gral architecture to be described next isabsolutely uniform with respect to all sorts and operators. Forexample, scan and smjoin are brought into the systemthrough the same extension mechanism as any other operatorand they might as well be application-defined. Parser, queryevaluator, and optimizer handle these operators in the same wayas any application-defined operator. We believe that only inthis way a clean architecture can be achieved.4. An Extensible System Architecture4.1. SurveyThe Gral system prototype has been implemented during thelast two years in a project at the University of Dortmund. Theimplementation language is Modula-2; the system runs on Sunworkstations under UNIX. The interactive interface usesSunWindows and SunCGI for window management and graphicrepresentation of geometric objects; this interface is mostlywritten in C. The system currently offers the followingfunctionality:-Database operations: create, destroy, open, close, savea database, that is, a collection of relations.-Relation operations: create, destroy a relation; insert atuple into a relation.-Load/unload: move a relation out of the system into aUNIX text file and load it from such a text file. This is currentlythe only way to change the contents of a relation (through astandard text editor).-Show: display the contents of a relation. Attribute typesthat are textually representable are shown in a text window;types that are graphically representable (such as geometrictypes) are shown in a graphics window. The text window showstuples and their attributes sequentially; one can scroll forwardor backward or access directly any position within this textualrepresentation of the relation. The graphics window shows asection of the real cartesian plane which can be selected by theuser; geometric objects occurring as attribute values of thedisplayed relation are visible as far as they intersect this section. It is possible to overlay the graphical representationsof several relations.-Query: enter a query either in descriptive or inexecutable algebra. The resulting relation or atomic object isthen displayed. The descriptive algebra implemented so far is asubset of the geo-relational algebra described in [G�88a].Note that the interactive interface offering thisfunctionality is entirely data type independent. For example,the program that displays a relation does not know how todisplay any attribute value. Instead, it calls through the typemanager a type-specific procedure to display a value of thistype which was provided by the implementor of this type. Sothis program is prepared to handle any attribute type that willbe added to the system in the future. According to thephilosophy of the Gral model frame the only object type builtinto the system is that of relations.In this section we focus on the layered architecture for queryevaluation and emphasize and explain extensibility at thevarious layers. This architecture is shown in Figure 4-1.

Optimizer/Query-Compiler

Parser/Query-Evaluator

Operators

RelationRepresentationsIndexStructuresData Types

Storage andBuffer ManagementOperator ImplementationsExecutable AlgebraDescriptive AlgebraPrimitive Operations on Relations and Index StructuresAccess to Components of Atomic Type Representation

System CatalogFigure 4-1: Architecture for Query EvaluationAlthough query processing proceeds top-down, thearchitecture of the system is best explained bottom-up. Thebottom layer provides rather traditional storage and buffermanagement except that page sequences are available to holddata objects occurring as attribute values (it is generallyassumed that �atomic� data objects may have arbitrary size) andfacilities for fixing page sequences in the buffer. Currently wesee no need for this layer to be extensible. The second layerprovides representations for the sorts of the executable algebra;the implementation of relation representations and indexstructures uses the functions offered by the storage managementlayer. The second layer provides also a higher levelrepresentation of a tuple in memory with suitable operationsand a scan component offering uniform scanning operations forall relation representations. This layer is extensible by atomicdata types, index structures, and relation representations.The third layer consists of implementations of executableoperators. These are based on the primitive access operationsoffered by relations or index structures and the representation ofatomic types realized by the layer below. For example, thescan operator of the executable algebra uses the scancomponent of the representation layer. A �point insidepolygon� test operator (p r _ i n s i d e ) accesses therepresentations of point and polygon objects implemented inthat layer. Each executable operator is implemented by twoprocedures. One of these describes the schema transformation(ST) performed by the operator (for example, the productoperator creates a new relation schema by concatenating thetwo operand schemas). The second procedure implements theoccurrence transformation (OT), that is, the mapping of therelation instances or atomic data objects. There are two separateprocedures because the ST procedure is already called during theparsing of an executable algebra expression whereas the OTprocedure is called during query evaluation, after parsing iscompleted. This layer is, of course, extensible by operatorimplementations.The next layer contains the parser and query evaluationcomponents. Given an executable algebra expression, theparser produces an operator tree representation in memory. Forthis purpose it accesses information in the system catalog, inparticular the �Operators� table which contains for eachoperator its name (or symbol), the functionality, and adescription of the parameter list structure, if there is one. Asmentioned before, the parser also calls an operator’s STprocedure to apply the operator to an operand schema (whichmay in turn be the result of parsing a subexpression). Theparser has no built-in knowledge of any operator. The same istrue for the query evaluator. This component �understands�,however, the structure of the operator trees which the parserbuilds. The query evaluator traverses the operator tree,computes bindings for the leaves, representing objects, andcalls for each operator represented by an internal node the

corresponding OT procedure. The query evaluator takes(references to) the operand objects from the tree and passesthem to the procedure as parameters; it receives the resultingobject from the procedure and links it into the tree. This layer isextensible by operator descriptions being entered into thesystem catalog.Up to this layer we have a complete system capable toevaluate queries in executable algebra. As mentioned before, inthe Gral system this capability is present at the user interface,that is, a user can enter queries in executable algebra. It isnecessary to expose this interface to an application developerso that he/she can test new operator implementations in queriesfor correctness and performance. The knowledge gained inperformance tests can subsequently be built into optimizationrules.The top layer consists of the optimizer/query compilercomponent. The optimizer calls the parser of the layer below toanalyze a given descriptive algebra expression and to producean internal tree representation; the parser again receives thenecessary information from the �Operators� table in the systemcatalog. The same parser can be used because descriptive andexecutable algebra have the same syntactical structure. Theinformation needed for optimization and query translation itselfcomes from a text file �OptimizationRules�. This file containsvarious classes of optimization/translation rules in a specificsyntax and order. When the Gral system is started the contentsof the file are analyzed and represented by internal datastructures so that patterns occurring in rules can be matchedefficiently against parts of the tree representing the query. Howthe optimizer works is described in some more detail in Section4.4. The result is an expression in executable algebra which canbe shown in text form to the user, if desired. For furtherprocessing of the query, however, it is passed to the queryevaluator directly in internal form, so it need not be parsedagain. The top layer is extensible by descriptive operators andoptimization/translation rules.In the following three subsections extensibility by datatypes, executable operators, and descriptive operators isdiscussed in a little more detail.4.2. Extensibility by Data TypesThe implementation of a data type in Gral consists of:(1)A Modula-2 type, usually opaque, together with operationsfor building an object accossiated with a variable of this type,and operations to access the components of an object. This partconstitutes the Modula-2 implementation of an abstract datatype.(2)Three classes of procedures:IProcedures for storing and loading an object. Theseconvert the object representation in a variable to a bytestringand store the object as an attribute value in a relation and vice-versa. Whenever possible the bytestring representationproduced by the Modula-2 compiler is used so that noconversion is necessary. Optionally there may be procedures toload an object only partially.IIProcedures for interactive input/output. For example, aprocedure to read a string value from the keyboard or a procedureto display a polygon on the graphics screen.IIIProcedures to convert from/to textual form.There exist two different kinds of programs using a datatype: programs written before the type was implemented andthat do not �know� the type, and programs written afterwardswith knowledge about the type. An example of the first class isthe program displaying a relation at the screen. An example ofthe second class is a program testing two polygons forintersection. Programs of the first class access a type throughthe type manager. This module provides a generic procedure foreach task within classes I - III above; the generic procedure justswitches to the type-specific procedure provided by the typeimplementation. The generic procedure is implemented inModula-2 by an array of procedure indexed by the type.Hence, to add a data type to the Gral system, an ADimplements the type as described under (1) and (2) above,usually in a module for the type. Then the type manager moduleis extended: the procedures in the type module are imported andfor each generic procedure in the type manager thecorresponding component of its array of procedure is assignedthe type’s procedure. Finally a procedure �InsertType� is calledto enter the name of the type and some other information (e.g.whether the type is sortable, can be displayed textually,graphically, etc.) into the system catalog and the systemrelation about types.Similar ideas for providing type extensions have beenreported in [StRG83, Ong84, OsH86] although the detailsdiffer. For example, in Gral types are not defined within thesystem’s data definition language to avoid inconsistencies withthe source code which must be present in the system anyway.What is perhaps new about our treatment of types is thepossibility of partial loading. Since we generally assume thatobjects may be arbitrarily large it is useful to allow to load onlysome part of an object into memory. For example, a polygon isrepresented by a record with fields for the bounding box, thearea, the perimeter, and the vertices (given as an array). Anoperator testing two polygons for intersection may initiallyonly load the bounding boxes and only load the vertices later ifthe bounding boxes intersect.

4.3. Extensibility by Executable OperatorsAdding an executable operator to the system consists ofthree steps. First, one implements its schema and occurrencetransformation procedures, using the primitives of therepresentation layer. (That layer contains also a module�SchemaTransformations� providing a data structure torepresent a schema and operations on schemas such asconcatenating schemas, adding an attrribute, etc.). The newoperator then needs to be linked into the �OpManager� module.The OpManager has separate arrays of procedure for ST and OTprocedures, one array for each arity of an operator. So thesecond step is to assign the new procedures to appropriate arraycomponents. Through the OpManager these procedures canthen be called by parser and query evaluator.The third step in adding an operator is to make its name,functionality, syntax, and parameter list structure known in thesystem catalog where this information is then available for theparser. Similar as for types this is achieved by calling aprocedure �InsertOp� with text parameters containingcorresponding descriptions. The system catalog (and thesystem relation about operators) has four entries for eachoperator:(1)Operator name or symbol.(2)A description of functionality and syntax in the formpattern fi result type. For example, for the s c a n andpr_inside operators the descriptions are:REL scan -> REL(POINT pr_inside PGON) -> BOOL(3)A description of the parameter list if there is one,otherwise the word �None�. Parameter lists may be either instandard form or irregular. To be in standard form means that aparameter list may be structured into a fixed number of sublists,separated by �;�, each sublist may have a fixed or variablenumber of items, separated by �,�. An item may have a fixednumber of parts, separated by blanks or user-defined delimiters.Parts may be recognizable for the system parser or not.Recognizable parts are constants of some atomic type, attributenames, (re)namings, and algebra expressions of specified resulttype. In Gral these rules are built into a grammar which definesthe allowed parameter list descriptions and thus the allowedparameter lists. Parameter list descriptions for scan and proj,for example, are as follows:s c a n : [Expr(BOOL); Expr(TUPLE)]p r o j : [Attrname *]If a parameter list is irregular, a procedure for parsing theparameter list must be provided by the AD with the operatorimplementation. In the current Gral system this was nevernecessary.(4)The last entry is either �Executable� or �Descriptive� sincedescriptive operators are described in exactly the same way andappear also in the operator table.The parser transforms a parameter list encountered in analgebra expression according to the description in (3) to anested list data structure and connects this representation to theoperator’s node in the operator tree. When a parameter listcontains an algebra expression, the parser recursively parsesthis expression and builds an operator tree which it links intothe nested list structure. In this way nested algebra expressionsare represented in the operator tree. During query evaluation,the nested list representation of a parameter list is passed to theoperator’s OT procedure. The implementor of this procedure (theAD) relies on the parser having built the right structure; thusthe description (3) serves as an interface definition betweenparser and OT procedure. When an OT procedure has to processan algebra expression occurring as a parameter it simply callsthe query evaluator on the tree representation of thisexpression. This is an important point: A user-defined OTprocedure calls the system’s query evaluator to handle nestedalgebra expressions, as they occur, for example, in scan orextend operators.4.4. Extensibility by Descriptive Operators and Optimization/Translation RulesIn this section we briefly sketch how the optimizer/querycompiler works and how rules are described and arranged in thefile �OptimizationRules�; a detailed report is to follow[BeG89]. The translation of a given descriptive algebraexpression proceeds in the following stages:---Descriptive multistep query---1 . Normalize: In a multistep query names of objectsresulting from expressions can be replaced by theseexpressions without changing the semantics. This is doneto obtain a single expression which can be optimizedfurther as a whole.---Descriptive expression---2 . Decompose: Certain operators, such as selection, join,extend, are decomposable. For example, a selection withseveral and-connected conditions can be transformed intoseveral selections with simple conditions. Decomposableoperators are taken apart, so that their parts (e.g. simpleselections) can move freely.3 . Improve: Change the order of operators according toheuristics (classical algebraic optimization).4 . Compose: Put subsequent operators together (forexample, a series of selections).5 . Eliminate constant and common subexpressions.---Final descriptive multistep query---For each expression in the multistep query:---Descriptive expression---6 . Translate descriptive subexpressions to executablesubexpressions. (During this stage, the optimizer works ona mixed descriptive and executable expression.)---Executable expression---7 . Combine sequences of executable operators into asingle operator.---Final executable expression (and multistep query)---All stages except 1 and 5 are supported by rules; these aregiven in the file OptimizationRules which is structured roughlyaccording to the stages into sections. In the first stage a queryformulated by a user in several steps is transformed (byembedding expressions for names) into a single expression(normal form) so that optimization of the whole query ispossible. The steps selected by the user might otherwiseprevent certain optimizations. Stage 2 (Decompose) issupported by a corresponding section in OptimizationRules:

DECOMPOSING RULES�RULE REL_1 select [BOOL_1 and BOOL_2] -> REL_1 select [BOOL_1] select [BOOL_2].RULE REL_1 REL_2 join [BOOL_1] -> REL_1 select [BOOL_1] REL_2 product if BOOL_1.attr c REL_1.attrnames, -> REL_1 REL_2 select [BOOL_1] product if BOOL_1.attr c REL_2.attrnames.�ENDA rule consists in general of a pattern followed by one ormore replacement patterns each of which may have anassociated condition. The condition may involve properties ofthe expression, such as the attribute names occurring, andproperties of the involved objects, such as the number of tuplesin an operand relation or the physical sizes of attributes oratomic objects, etc. A rule may be preceded by a specificationpart to simplify notation within the rule. Each rule described inthis way can be viewed as a collection of rules of a productionsystem [Ni80]. For most stages an irrevocable control strategyis used and rules are applied until no further rule is applicable.In these stages the first replacement pattern whose condition isfulfilled is selected to replace the original pattern in theexpression. Different control strategies which explorealternatives are used in stages 3 and 6.The goal of stage 3 is to arrange operators in an order whichis �good� according to heuristics. For this purpose it ispossible to specify a partial order on descriptive operators toindicate a desired order of operators in the expression - whetherthat order can be achieved is another matter. This is a generalfacility to formulate such familiar heuristics as �selection andprojection should be done as early as possible�. The partialorder is given by a section �OPERATOR ORDER�. Howoperators may actually be exchanged to achieve a good order isdescribed in the section �IMPROVING RULES�, one example isshown:SPEC op_1 in {select, project, ord};RULE REL_1 op_1 [Param_1] select [BOOL_1] -> REL_1 select [BOOL_1] op_1 [Param_1].The control strategy for stage 3 attempts to arrangeoperators according to the partial order in such a way that thenumber of �runs� (ordered subsequences) is minimized. By asuitable definition of operator order and rules, one can let a runcorrespond to a single operator of the executable algebra and sominimize the number of executable operators needed. Thesection �COMPOSING RULES� contains rules for stage 4 (noexample is shown). Together, stages 2 - 4 realize the classicalalgebraic optimization.No rules are necessary to support stage 5 (Eliminate). Aconstant subexpression is one that is evaluated once for eachtuple of a relation but does not depend on the tuple’s attributevalues. In query (2) of Section 2 �(cities max [cpop])� is aconstant subexpression. Stage 5 translates this to a two-stepquery where the constant subexpression is evaluated only onceinitially:(cities max [cpop]) {Constant_1};cities extend [cpop/Constant_1 {percent}]The next section contains rules for the translation ofdescriptive to executable subexpressions. This is the pointwhere descriptive operators are associated with their executablecounterparts.TRANSLATING RULES�RULE REL_1 select [Attrname_1 = Const_1] -> REL_1 Const_1 exactmatch [true; tuple] if ReprIs (REL_1, Attrname_1, BTREE), -> Index (REL_1, Attrname_1) Const_1 indexexactmatch REL_1 tidscan [true; tuple] if ExistsIndex (REL_1, Attrname_1, SBTREE), -> REL_1 scan [Attrname_1 = Const_1; tuple].RULE REL_1 REL_2 join[Attrname_1 inside Attrname_2] -> REL_1 REL_2 inside_join [true, true; Attrname_1, Attrname_2; tuple] if Attrname_1 in REL_1.attrnames and Attrname_2 in REL_2.attrnames and REL_1.size > 100, -> REL_1 REL_2 product [true, true; tuple sel [Attrname_1 pr_inside Attrname_2]].�ENDThe first rule describes how a simple selection can beimplemented either by access through primary or secondaryindex structures, if present, or otherwise by a relation scan. Thesecond rule shows how the inside operator of the descriptivealgebra, defined on atomic objects, can actually beimplemented by a plane-sweep algorithm which is (undercertain conditions) the most efficient way to realize this kind ofgeometric join. This example shows how the systemarchitecture does indeed support the efficient processing ofgeometric queries, which was one of the initial goals of the Graldevelopment. The rule is also a simple example of how theoptimizer can switch between various implementations: forsmall sets of points (here up to 100 points) forming thecartesian product with subsequent selection is preferable.The last section �COMBINING RULES� of the fileOptimizationRules contains rules for combining executableoperators. The previous translation stage which replacesdescriptive operators independently of each other by executableoperators may, for example, have produced series of scanoperators, or scan followed by product, etc., which can nowbe combined into one:RULE REL_1 REL_2 product [BOOL_1, BOOL_2; TUPLE_1] scan [BOOL_3; tuple] -> REL_1 REL_2 product [BOOL_1, BOOL_2; TUPLE_1 sel [BOOL_3]].We have given here only a rough survey of the Gralextensible optimizer; most details and the more sophisticatedtechniques have been left out. For example, the optimizer canbe advised by rules to search systematically all permutations ofn and-connected simple conditions, within a selection or join, say, and for the translation stage (6) each replacement patternin a rule can be assigned a numeric expression. The replacementpattern can then be selected according to the value of thatexpression. These facilities allow one to search thepossibilities for implementing a single operator, such as acomplex selection, exhaustively, and to make a good choiceamong these. For example, a simple condition supported by anindex structure will be evaluated first. These techniques aredescribed in more detail in [BeG89].It is now obvious how a descriptive operator is added to thesystem: Its name, functionality and syntax, and parameter liststructure are entered into the system catalog as for executableoperators. The descriptive operator is then �implemented� by acollection of rules in the file OptimizationRules. Of course,rules can be added to or removed from the file at any timeindependently from adding operators.5. Related WorkWe have described the query processing architecture of anextensible relational database system based on many-sortedalgebra and shown some of the specific extension mechanismsused in the Gral system. Obviously much of the previous workon extensible database systems is related in some way; some ofit can be associated with specific layers of our architecture.Extensibility by relation representations and index structuresand in particular the interaction between these two in updateprocessing have been studied in [LiMP87]; their work fitsnicely into our representation layer. Methods for adding atomictypes, functions, and predicates have been studied in [StRG83,OsH86]. The RAD system [OsH86] uses also a query languagebased on relational algebra and in principle allows relationmappings (called �transformations�). However, these have notbeen implemented and no extension mechanisms are described.Techniques for adding operator implementations have also beenstudied in [St86, GrD87]. In contrast to our approach, in theINGRES [St86] or POSTGRES [StR86] project the architectureof the database system is not affected as a whole byextensibility. That is, there is a collection of built-in typeswhich are treated differently from user-defined types; also allthe standard parts of the query language are implemented in atraditional way and user-defined operations are handledseparately. These are essentially restricted to simple functionson atomic types; relation mappings are not foreseen. Theapproach of adding interfaces to a traditional architecture showsin the way how user-defined operations need to specify whethercertain methods of the fixed part of the system are applicable,e.g. whether hash-join is feasible for this operator. In Gral,hash-join could in principle as well be a user-defined operation.Rule-based optimization has also been studied by Freytag[Fr87] and in the EXODUS project [GrD87]. Our techniques havesome similarity to Freytag’s proposal. Differences are that hedescribes only the translation stage, so there is no algebraicoptimization before or after translation, and that his rulesdescribe how to generate all possible query execution plans butno strategy for selecting a good one. Gral contains a completeextensible optimizer which actually produces a good queryplan. Generally one could say that we have filled in manydetails to his proposal and implemented a relatively completequery language including aggregate functions, sorting, andgeometric operators. Freytag considers essentially onlyselection and join. Graefe and DeWitt [GrD87] focus on theaspect of heuristically searching the space of query plans tofind a good one quickly. In their relational test implementationthey also consider only selection and join. Another approachto extensible query optimization using the rules of a grammarto construct query plans is described in [Lo88]. - We shallcompare the methods for extensible optimization in more detailin [BeG89].AcknowledgmentPast and present members of the Gral development team areLudger Becker, Thadd�us Behnke, Anja Huesmann, DirkMarkert, Rainer Matenia, Stefan P�lt, Markus Schneider,Norbert Suchhart, Jacqueline Teschner, Reinhilde Uphaus,Bernd Vielhauer and Leonhard Wawrzinek. Their contribution tothe design and implementation of the Gral prototype isgratefully acknowledged.References[Bato86]Batory, D., J. Barnett, J. Garza, K. Smith, K.Tsukuda, C. Twichell, and T. Wise, GENESIS: A ReconfigurableDatabase Management System. University of Texas at Austin,Dept. of Computer Science, Report TR-86-07, 1986.[BeG89]Becker, L., and R.H. G�ting, An Optimizer for anExtensible Geometric Database System. Universit�t Dortmund,Fachbereich Informatik, Manuscript, 1989.[Care86]Carey, J.M., D.J. DeWitt, D. Frank, G. Graefe, M.Muralikrishna, J.E. Richardson, and E.J. Shekita, TheArchitecture of the EXODUS Extensible DBMS. In [Di86], 52-65.[CaDV88]Carey, J.M., D.J. DeWitt, and S.L. Vandenberg,A Data Model and Query Language for EXODUS. Proc. ACMSIGMOD 1988, 413-423.[Co79]Codd, E.F., Extending the Database RelationalModel to Capture More Meaning. ACM Transactions onDatabase Systems 4 (1979), 397-434.[Daya87]Dayal, U., F. Manola, A. Buchman, U.Chakravarthy, D. Goldhirsch, S. Heiler, J. Orenstein, and A.Rosenthal, Simplifying Complex Objects: The PROBEApproach to Modelling and Querying Them. In: H.J. Schek andG. Schlageter (eds.), Proc. BTW 87, Springer 1987, 17-37.[Di86]Dittrich, K.R., Object-Oriented Database Systems:the Notion and the Issues. Proc. of the IEEE/ACM InternationalWorkshop on Object-Oriented Database Systems, PacificGrove, California (September 1986), 2-4.[Fr87]Freytag, J.C., A Rule-Based View of QueryOptimization. Proc. ACM SIGMOD 1987, 173-180.[GoTW78]Goguen, J.A., J.W. Thatcher, and E.G. Wagner,An Initial Algebra Approach to the Specification, Correctness,and Implementation of Abstract Data Types. In: R. Yeh (Ed.),Current Trends in Programming Methodology, Vol. IV,Prentice-Hall 1978, 80-149.

[GrD87]Graefe, G., and D.J. DeWitt, The EXODUS OptimizerGenerator. Proc. ACM SIGMOD 1987, 160-172.[Gr84]Gray, P.M.D., Logic, Algebra, and Databases. EllisHorwood Ltd., Chichester, 1984.[G�88a]G�ting, R.H., Geo-Relational Algebra: A Model andQuery Language for Geometric Database Systems. In: J.W.Schmidt, S. Ceri, M. Missikoff (eds.), Proc. EDBT 1988, 506-527.[G�88b]G�ting, R.H., Modeling Non-Standard DatabaseSystems by Many-Sorted Algebras. Universit�t Dortmund,Fachbereich Informatik, Report 255, 1988.[G�ZC88]G�ting, R.H., R. Zicari, and D.M. Choy, An Algebrafor Structured Office Documents. Universit�t Dortmund,Fachbereich Informatik, Report 254, 1988, to appear in ACMTransactions on Office Information Systems (Jan. 1989).[HaL82]Haskin, R.L., and R.A. Lorie, On Extending theFunctions of a Relational Database System. Proc. ACMSIGMOD 1982, 207-212.[LiMP87]Lindsay, B., J. McPherson, and H. Pirahesh, A DataManagement Extension Architecture. Proc. ACM SIGMOD1987, 220-226.[Lo88]Lohman, G.M., Grammar-like Functional Rules forRepresenting Query Optimization Alternatives. Proc. ACMSIGMOD 1988, 18-27.[MaD86]Manola, F., and U. Dayal, PDM: An Object-OrientedData Model. In [Di86], 18-25.[NiHS84]Nievergelt, J., H. Hinterberger, and K.C. Sevcik,The Grid File: An Adaptable, Symmetric Multikey FileStructure. ACM Transactions on Database Systems 9 (1984),38-71.[Ni80]Nilsson, N.J., Principles of Artificial Intelligence.Tioga Publ. Company, Palo Alto, CA, 1980.[Ong84]Ong, J., D. Fogg, and M. Stonebraker,Implementation of Data Abstraction in the Relational SystemINGRES. ACM SIGMOD Record 14, No. 1 (March 1984), 1-14.[OsH86]Osborn, S.L., and T.E. Heaven, The Design of aRelational Database System with Abstract Data Types forDomains. ACM Transactions on Database Systems 11 (1986),357-373.[PiT86]Pistor, P., and R. Traunm�ller, A Database Languagefor Sets, Lists, and Tables. Information Systems 11 (1986),323-336.[PrS85]Preparata, F.P., and M.I. Shamos, ComputationalGeometry: An Introduction. Springer 1985.[ScS86]Schek, H.J., and M.H. Scholl, The Relational Modelwith Relation-Valued Attributes. Information Systems 11(1986), 137-147.[SiW88]Six, H.W., and P. Widmayer, Spatial Searching inGeometric Databases. Proc. IEEE Data Engineering Conf. 1988,496-503.[St86]Stonebraker, M., Inclusion of New Types inRelational Data Base Systems. Proc. 2nd Intl. Conf. on DataEngineering (Los Angeles, CA, February 1986), 262-269.[StR86]Stonebraker, M., and L.A. Rowe, The Design ofPOSTGRES. Proc. of the 1986 SIGMOD Conf. (Washington,DC, May 1986), 340-355.[StRG83]Stonebraker, M., B. Rubenstein, and A. Guttmann,Application of Abstract Data Types and Abstract Indices toCAD Databases. Proc. 1983 ACM Engineering DesignApplications, 107-114.[Schw86]Schwarz, P., W. Chang, J.C. Freytag, G. Lohman, J.McPherson, C. Mohan, and H. Pirahesh, Extensibility in theStarburst Database System. In [Di86], 85-92.