Integrating Complex Objects and Recursion

Harald Schöning

University Kaiserslautern P.O.-Box 3049 6750 Kaiserslautern Federal Republic of Germany

The molecule-atomdata model (MADmodel)supports the management of complexobjects indatabases. Itallowsforthe dynamicdefinitionofcomplex object structures at query time. Since these structures may be recursive, transitiveclosure computations are supported ina natural way.The results ofthese computations do not onlycontain the elements belongingto a closure: structured representations ofthe transitiveclosure graph showingthe path used to reach each node can be derived,too. Furthermore,path problems can be solved by appropriate operator combinations.The integration of the notionof complexobjects withrecursion makes the MADmodel appropriate formany enhanced applicationssuch as VLSIdesign, CAD/CAM and deduction.

1. Introduction

In recent years, many efforts have been made to integrate recursion into database management systems (DBMS).One maindirectionwas the developmentofdeductive DBMSwhich use recursion for reasoning and knowledge representation purposes (e.g. [1]).Less attention was paid to the need ofrecursion in DBMSforso-called enhanced applications (e.g. CAD/CAMand VLSI-design).These applications typically operate on complexobjects (incontrast to the flatobjects ofclassical database applications). Such complexobjects may have a tree-likeor a network-likestructure often definedbymeans ofrecursion.Examplesare “slicingtrees”inVLSIdesign (describing a so-called floorplanby recursivelypartitioningthe chip surface) and parts explosion in CAD. Furthermore, a version concept can naturally be modeled recursively [2].

As a consequence, DBMSdeveloped for enhanced applications should support the notionof complexobjects to enable an adequate modelingof the applicationobjects withinthe DBMS.Operations inthese systems should handle entire complexobjects, in: Proc. 1st Int. Conf. on Deductive and Object-Oriented Database Systems, Kyoto, Dec. 1989, pp. 535-554 allowingforstructure-orientedprojectionand selection even in the case of recursive object structures.

There are manyproposals foralgorithmshandlingrecursion(e.g. inthe formofa transitiveclosure computation)in DBMS(see [3]foran overview),but less attention has been paid to the integrationofrecursion intodata models and query languages. Nevertheless, simple formsof recursion have been proposed forsome query languages. QBE,forexample,onlyknowsrecursion forbinaryrelations[4].Hornclause languages forDBMSallowthe formulationofrecursion [5,6].These languages, however,are tailoredforuse indeductive DBMS,but complexobject handlingis not considered by them. Onthe other hand, data models designed to support complexobjects (e.g. NF^2 [7])are oftenbased on a staticobjectstructure.Therefore,extensions ofthese models allowingforrecursionare not capable ofa structured representation ofrecursivecomplexobjects [8],i.e., there is a discrepancy inthe handlingofrecursiveand non-recur-sive complex objects. POSTGRES [9]supports transitiveclosure computations and does not requirestaticallypredefinedstructures forcomplexobjects. However,itdoes not combine these twofacilitiesto enable a structuredrepresentation ofa recursively definedcomplexobject.AnotherQUELextension [10]integrates transitiveclosure operations restricted to direct recursion on hierarchical structures into the query language withoutsupportinga structured representation oftheirresults. The data model of[11]allowsfordirectrecursion in so-called configurationsconsistingofa hierarchy ofcomplexobjects, thus permittinga simpletransitiveclosurecomputation.However, it remains unclear, whether or not the result can be furtherprocessed withthe data model’s operations. Although[4]states the need forfacilitiesto compute path problems as wellas transitiveclosures, most of the models presented up to now concentrate on transitiveclosures. Incontrast to that, our model is capable ofcomputingthe transitiveclosure as wellpath problems. Furthermore,recursion is not limitedto directrecursion. The molecule-atom model integrates the notion of complex objects withrecursion, in that it supports the structured representation of recursively defined complex objects, and handles recursive and non-recursive complex objects in a uniform way. In the next chapter, we formulaterequirements forthe integrationof recursion intoa DBMSmanipulatingcomplexobjects. Thethirdchapter presents basic concepts ofthe MADmodel. The recursion handlingfacilitiesofthis model are presented inchapters 4 and 5. Chapter 6 shows some examples of the widerange of applicationsthat can be modeled with these facilities.

2. Recursion in a Complex Object Environment

As mentioned above, complexobject structures are often defined recursively.Amachine, forexample, consists ofits parts, oftheirsubparts, and so on. Thus, there is a relationshipbetween parts. The “top-down”directionofthis relationshipis called consists-of and the “bottom-up”directionhas the name is-used-in. Since the depth of a parts explosionis not knowninadvance, determiningallparts (at alllevelsofthe hierarchy)requires a transitiveclosure computation.Inmost proposals, the result ofsuch a computationis an unstructured listof tuples, representing onlyone of the relationship’sdirections(as infigure1b).Thisissufficienttodetermine,whethera specificpart is contained in the machine, but does not answer the question, where itis used and whichsubparts ofthe machine depend on this part. Inother words,a structured representation ofthe transitiveclosure showingboth the directionsofthe relationshipis required (figure 1a).

Some algorithmsproposed for transitiveclosure computations workon all data, i.e. compute the transitiveclosure ofa wholerelation.Itis worthmentioningthat ina complex object environment transitive closure operations commonlydo not need to be computed over all data, but are performed selectively starting at a given root point (“partialtransitiveclosure”,incontrast tomanyrecent discussions about transitiveclosure computations, e.g. [12]).

Anotherproblem arising withrecursive complexobject structures is the computation ofaggregate values fromthe objects’structures, i.e. not onlyto compute the transitive closure, but to derive values describing some properties of the transitive closure’s structure. This kindof problemis commonlyreferred to as generalized transitiveclosure [4].Regardingthe transitiveclosure as a graph, the generalized transitiveclosure computationcorresponds to the so-called path-problems [13].Thisclass ofproblems can be characterized bya combinationoftwooperators: a concatenator combines the values withinone path (consistingof several sections), and an aggregator computes the result fromthe values of allpaths. Table 1 lists some path problems and the appropriateoperator combinations.Tocompute the shortest path withina graph, forex-

Table 1: Some path problems and appertaining operator combinations [13, 4]

Application Property Aggregator Concatenator

shortest path length or time duration min + critical (longest) path length or time duration max + maximal capacity path capacity max minimum most reliable path reliability max * bill of materials item count + * list all paths edge name ∪ concatenation list any path edge name choose any concatenation propositional deduction proposition choose any concatenation ample, one has toadd the lengths ofthe sections withinone path (concatenator +)and has to find the path with the minimal length (aggregator MIN).

On the other hand, a complex object is always defined by its components and their relationships to one another, even in the case of recursive object structures. Therefore, the recursion to be dealt withcan be limitedto the connections established by existing relationships among components (basic objects).

is used in

Sprocket

Bicycle

Wheel Seat Chassis

Tire Axle Drive Assembly Frame

Chain Crank Gears

Rod Bolt

CONSISTS_OF (MAJOR_PART, MINOR_PART)

(BICYCLE, WHEEL) (BICYCLE, SEAT) (BICYCLE, CHASSIS) (WHEEL, TIRE) (WHEEL, AXLE) (AXLE, ROD) (AXLE, BOLT) (CHASSIS, DRIVE ASSEMBLY) (CHASSIS, FRAME) (DRIVE ASSEMBLY, CHAIN) (DRIVE ASSEMBLY, CRANK) (DRIVE ASSEMBLY, GEARS) (CRANK, BOLT) (CRANK, SPROCKET)

(BICYCLE, TIRE) (BICYCLE, AXLE) (BICYCLE, ROD) (BICYCLE, BOLT) (BICYCLE, DRIVE ASSEMBLY) (BICYCLE, FRAME) (BICYCLE, CHAIN) (BICYCLE, CRANK) (BICYCLE, GEARS) (BICYCLE, SPROCKET) (WHEEL, ROD) (WHEEL, BOLT) (CHASSIS, CHAIN) (CHASSIS, CRANK) (CHASSIS, GEARS) (CHASSIS, BOLT) (CHASSIS, SPROCKET) (DRIVE ASSEMBLY, BOLT) (DRIVE ASSEMBLY, SPROCKET) a) Structured view of a parts explosion (transitive closure of “consists-of”) [10]

b) The CONSISTS_OF relation

Figure 1: Structured and unstructured (relational) view of a transitive closure additional tuples derived by a transitive closure computation consists of

Upto this point,the notionofcomplexobjects was used withoutfurtherdefinition.For the followingconsiderations, we definea complexobjectas a coherent, directed, and acyclicgraph witha root. The nodes of this graph are basic objects, the edges are formedbyone directionofthe relationshipsamong these basic objects. Infigure1, for example, the complexobject (graph) is a bicycle’sparts explosion,the basic objects (nodes) are of type part, and the directionof the relationship formingthe edges is consists_of. Alternatively,the is_used_in directioncouldhave been used to construct a complexobject withthe semantics depends on part. The requirement forthe graph to have a rootand to be coherent and acycliccorresponds directlyto the intuitiveview ofa complexobject.Complexobjects are not restricted to trees, but may be networks (as shown in figure 1). Thus, our definition is adequate.

Itshould be stressed that a transitiveclosure computationalong one directionofa relationshipwithone starting pointformsa complexobject according to the above definition.E.g., allcitieswhichcan be reached fromNewYorkby railwayforma complex object (assuming a relationship“has_railroad_connection_to"among “towns”).Staticallypredefined object structures are not sufficientinthis case, since the depth ofrecursion can not be predicted.

Inthe next chapter, we present some basic features ofthe molecule-atomdata model (MADmodel),whichsupports dynamicallyconstructed complexobjects according to the above definition.The recursion handling facilitiesof this model are discussed in chapter 4 and 5.

3. Basic Concepts of the MAD Model

The MADmodel [14]supports retrievaland manipulationoperations on complexobjects (calledmolecules).Thestructureofthese moleculesisdefinedat query-time,i.e., the objects are builtdynamicallyat executiontimerather than stored witha fixedstructure. Inputas wellas output ofthe MADmodel operations are sets ofmolecules, i.e., the result of a query consists of structured objects rather than of flattuples as in the relational model.

Moleculesconsist ofatoms, whichare comparable to tuples inthe relationalmodel,in that they consist ofa set ofattributevalues and belong to one atom type (corresponding to a relation). Attribute values need not be defined for all attributes of an atom.

Each atom typehas exactlyone attributeoftypeIDENTIFIERwhichis used touniquelyidentifythe atoms (system defined surrogate). Binaryattribute-freerelationshipsof types 1:1, 1:n, and n:m can be directlyexpressed by attributes oftype REFERENCE (repeatinggroups ofIDENTIFIERvalues, incontrast toe.g. [15,where References are single-valued):Ifthere is a relationshipbetween atom type Aand atom type B, then A contains a REFERENCEattribute A_to_B, and B contains a REFERENCEattribute

B_to_A, whichare pointingtoone another. Ifthere is a relationshipbetween twoatoms a (of type A) and b (of type B), A_to_Bof a contains the IDENTIFIERvalue of b, and B_to_Aofb contains the IDENTIFIERvalue of a. The values of the REFERENCEattributepairs define edges ofa graph whose nodes are atoms (atom network).Analogously,there is a corresponding undirected graph at the type level.The natural symmetryofreal worldrelationshipsis automaticallymapped to the MADmodel schema, because each direction of the relationship is mapped to a REFERENCE attribute.

The example used to demonstrate the characteristics of the MADmodel throughout the paper is chosen with respect to three requirements:

• The number ofatom types involvedshould be smallenough to make the examples attractive, but large enough to show relevant aspects.

• The semantics ofthe example must not require any special knowledgeofa sophisticated application (such as CAD or VLSI design).

• The example’s structure must be very general. Ideally, almost all applications should use structures which are special cases thereof.

For these reasons, we have chosen the highwayexample shown infigure2 (typelevel), whichrepresents non-hierarchicalreal worldobjects. Hierarchicalstructures are just special cases thereof. A simple entity relationshipdiagram modelingcities with theirconnectionsbysections ofinterstate highwaysas wellas the correspondingMAD model schema are depicted. A highwayobviouslyconsists of a set of highwaysections.We consider onlya fewattributes ofthe atom types (see figure2). The IDENTI- FIERattributeof each atom type is called Id forsimplicitypurposes; of course, other names are allowed.Cardinalityrestrictionscouldbe added foreach REFERENCEattribute,buthave been omittedhere. One aspect ofthe MADmodelnotrepresented by

attributes:

Id : IDENTIFIER Id : IDENTIFIER Id : IDENTIFIER Name : String Length : INTEGER No : INTEGER interstate_connections: Exits: REFERENCE TO (City) has_sections:

REFERENCE TO belongs_to : REFERENCE TO (Highway_Section) REFERENCE TO (Highway) (Highway_Section)

Figure 2: An entity relationship diagram and the corresponding MAD schema

sample entity relationship diagram

corresponding atom type network

City Highway_Section Highway

City Highway_Section Highway

2 m 1 n

our example is a network-liketype structure. We can neglect ithere, since itdoes not influence the recursion handling facilities, which form the focal point of this paper. Figure3b shows a sample atomnetworkforthe schema offigure2, representing some Texan cities and some interstate highways connecting them (figure3a). The edges among the atoms represent the connections established between two atoms by the values of their REFERENCEattributes. For this reason, the values of REFERENCE attributesare not shown explicitly.Similarly,IDENTIFIERattributesare not listed.The atom representing San Angelois not connected to any other atom, since there is no highway leading to San Angelo in our example.

The data manipulationlanguage (DML)ofthe MADmodelallowsforthe dynamicdefinitionofmoleculetypes based on atom type networks.For this purpose, atom types are selected, and a directionis given to edges connecting them, yieldinga directed coherent graph witha root (the so-called molecule type graph). In a molecule definition, the directed relationships are represented by “-”preceded by the name of the REFERENCEattributeused, whilethe atom types are identifiedbytheirname. Forexample, the molecule type definition corresponding to figure 4 is City.interstate_connections-Highway_Section.

Figure 3: A sample map and its representation as atom network

El Paso

Dallas Austin

San Angelo San Antonio Houston

571 199

35

202 80

10

241

35

Dallas

San Antonio

Austin

El Paso

San Angelo

Houston 10

45

10 35

202

80

241

199 571

a) Some Texan cities and their interstate highway connections

b) atom network

City

Highway_Section

Highway 45

Since the directionofthe relationshipis specifiedat query time,Highway_Section-Cityis also a validmoleculetypedefinition.Ifthere isonlyone relationshipbetween twoatom types, the name of the corresponding REFERENCEattributemay be omitted.Thus, City-Highway_Sectionis sufficientin the above moleculetype definition.Ramificationis also possible, and is indicatedbybrackets and commas separating the branches. For example, Highway_Section-(Highway,City)corresponds to the moleculetype graph offigure 5.

Anatom type may be includedmore than once ina moleculetype graph. Inthiscase, each occurrence of the atom type must be identifiedby a so-called role name. If,for example, the starting and ending points ofa highwaysection are to be distinguished, one could define the molecule typestarting(City)-Highway_Section-ending(City). In summary, molecules belonging to a molecule type can be described as follows: • Each atom of the root atom type (root atom) induces one molecule. • Atomsofother types belong to a molecule,ifthey can be reached transitivelyfrom its root atom using the specified directed relationships.

• Thus, a moleculeis a coherent directed subgraph ofthe atom networkstartingwith the root atom.

Hence, a molecule consists of a number of atoms together withthe appropriate attributes and of structure informationdescribing the molecule’sshape. This structure informationis depicted byarrowsina graphicalrepresentation ofmolecules.The molecule typedefinitionHighway-Highway_Section-Cityappliedtothe atom networkoffigure 3, for example, yields the molecules shown in figure6. Althoughthe molecule type graph is a tree, the molecules have a network-likestructure due to the fact that some highway sections share the same city.

City

Highway_Section

Figure 4: Molecule type graph for City.interstate_connections-Highway_Section

Highway City

Highway_Section

Figure 5: Molecule type graph for Highway_Section-(Highway,City)

Inthe following,wewillconcentrate on the descriptionofretrievalstatements, because theyare sufficienttoshow allconcepts involvedinthe followingdiscussions. Aretrieval statement (query)consists of a projectionclause (SELECT), a moleculetype definitionclause (FROM),as described above, and a restrictionclause (WHERE).The restrictionclause contains conditionsto restrict the set of molecules in the result. The projectionclause specifies the atoms and the attributes ofthe atoms whichare to be includedin a result molecule. However,the coherency of the molecule must be preserved. The attributes to be projected can be specified in several ways: • atom type: all attributes of this atom type are to be projected • atom type (listof attributes): the listed attributes are to be projected. The listmay contain attributenames and so-called virtualattributes defined by assigning an expression.

• atom type (): no attributes of this atom are projected

ALLis a short formfora listofallatom types appearing inthe moleculetypedefinition. ALLBUT (list of atom types) excludes the atom types listed from projection.

For explanation purposes, we introduce the followingsimple evaluation model for MADmodel queries. Ofcourse, this model does not correspond to an optimizedimplementationof moleculeprocessing. The FROMclause is evaluated first,delivering allmolecules ofthe specifiedtype. Then the WHEREclause is used to restrictthisset of molecules according to the conditionspecified. Finally,the structure of the molecules is modifiedas specifiedin the SELECTclause. The language is complete, i.e., a query is allowedwherever a moleculetype definitionis allowed,even withina molecule structure definition (FROM clause).

The question: “Howfar are the next highwayexits fromSan Antonioon the different highways?”, for example, can be formulated as follows:

SELECT Highway_Section(Length), Highway(No), City(Name) FROM Highway_Section- (Highway,City) WHERE EXISTS City: City.Name= ’San Antonio’

and has the result set shown infigure7. Itis also possible to group the highwayexits to one moleculeinstead ofspecifyinga set ofmolecules as above, using the following query:

El Paso Houston Dallas Austin

San Antonio

10

San Antonio Houston Dallas

571 199 35 202 80 45 241

Figure 6: Molecules of typeHighway-Highway_Section-City

SELECT starting(Name), Highway_Section(Length),

Highway(No), ending(Name) FROM starting(City)- Highway_Section- (Highway,ending (City)) WHERE starting.Name= ’San Antonio’

The result set consists ofone single element (figure8). Here, the projectionofstarting is necessary to maintain molecule coherency. However,there is no need to project any attribute of starting. Thus, starting()is valid,too. The execution strategy is as follows:fromSan Antonio,three highwaysections are found.Fromeach ofthem, all cities indicatedby the REFERENCEattributeExitsofHighway_Sectionsare includedinthe molecule, as well as the corresponding highway.

Now,San Antonioappears once in role startingand once in role ending. Thisis not exactlythe result one wants to see. The appearance ofSan Antonioinroleendingcan be suppressed by the so-called qualifiedprojectionwhichincludes onlythose sub-mole-cules in the resulting molecules whichfulfilthe restrictionclause. The keywordRE- SULTin the molecule type definitionclause of the qualifiedprojectionindicates that the workisperformedon submolecules ofthe moleculesderivedfromthe appertaining query. Atomsprojected outside the qualifiedprojectiondo not belong to the scope of the qualifiedprojection.Inthe followingquery,whichcuts offSan Antonioinroleending, the scope of the qualified projection is the one-atom submoleculeending.

Figure 7: Distances to the next highway exits from San Antonio

El Paso

10 San Antonio Houston

10 San Antonio Austin

35 San Antonio

571 199 80

Figure 8: Distances to the next highway exits from San Antonio

El Paso

Austin Houston

San Antonio

35 10

San Antonio

80 571 199 starting

ending

Highway_Section

Highway

qualified projection

SELECTstarting(Name),Highway_Section (Length), Highway(No), ( SELECT ending (Name)

FROM RESULT WHERE ending.Name <>’San Antonio’) FROM starting(City)- Highway_Section- (Highway, ending(City)) WHERE starting.Name= ’San Antonio’

Qualifiedprojectionmust, of course, maintain the coherency of the resulting molecules. Similarly,qualifiedprojectioncould exclude the appearance of San Antonioin each of the molecules of figure 7.

Inadditiontothe features presented previously,there are some built-infunctionswork-ing on lists such as SUM,AVG,etc. The functionVALUEconverts set of molecules (each consistingofone atom witha single attribute)intoa list.MOLAGGaggregates the value ofan attributeover allatoms ofone type withinone molecule.The following example illustratesthe use ofMOLAGGand VALUE:“Whichis the highwayconnecting the highest number of cities and how long is it?”

SELECT Highway(No, Total := SUM(MOLAGG(Highway_Section.Length))) FROM Highway- Highway_Section- City WHERE COUNT(MOLAGG(City.Id)) = MAX(VALUE( SELECTNumber_of_cities:= COUNT(MOLAGG(City.Id)) FROM Highway- Highway_Section- City))

The query in the WHEREclause delivers one molecule consisting of a single atom withthe attribute Number_of_citiesforeach highwayin the database. Number_of_citiesis an example ofa virtualattribute,computed fromvalues ofthe molecule’scomponents whichare aggregated to a listby MOLAGG.Inorder to be able to compute the maximumover thisset ofmolecules, the result set has to be converted to a listbyVALUE.

Afterthis short introductionof some query facilitiesin the MADmodel, we now concentrate on recursion handling in this data model.

4. Recursion in the MAD Model: Transitive Closure

The specificationofrecursion along a relationshipis straightforwardinthe MADmodel: One ofthe directed relationshipsused formoleculetype definitionis used to form a cycleinthe typestructure (indicatedbythe keywordRECURSIVE),thus allowingfor an unlimiteddepth of recursion. The subgraph withinthis cycle is called component molecule type. Moleculesof a recursive type are called recursive molecules. Such a molecule is derived from the atom network in analogy to non-recursive molecules: Startingfromthe rootatom, the moleculeis builtup neglectingrecursion(the resulting root molecule forms recursion level 0). Then, molecules of the component molecule type are appended to the rootmoleculeas specifiedbythe recursionformingdirected relationship.Inordertoguarantee termination,a componentmoleculebelongs toa recursivemoleculeexactlyonce: Ifa componentmoleculeisalreadyinthe resultingmolecule, itis not includedagain (cf.figure9). Thisleads to the realizationofa transitive closure computationwithone starting point:Amaximaldirected acyclicsubgraph of the atom networkis formed (same approach as in [8]to avoid loops). The recursion levels can be addressed by indexing the names of the components. Furthermore, LASTand ALLREC can be used to reference the end ofa recursion path or allrecursion levels,respectively.RECDEPTHis a built-infunctiondeliveringthe recursionlevel of its argument. In the highwayexample, recursion can be used to solve queries such as: How can other cities be reached from San Antonio by highway?

TherecursionformingdirectedrelationshipisHighway_Section-City,the componentmolecule type is City-Highway_Section.The result set is shown in figure 9.

Since recursion terminationis definedinterms ofcomponent molecules, the highway sections belongingto the citiesinthe recursive moleculeare alwaysincluded,even in the last recursion level.

Itshould be stressed that the result does not onlycontain the informationas to which citiescan be reached, but also, howthey can be reached, i.e. a structured viewofthe transitive closure is derived rather than the flat view generated by many other approaches. Analogouslyto the starting point,defined ina verynatural wayinthe MAD model approach, there may be the wishto specifystopping criteriaforthe recursion, e.g.

SELECT ALL FROM City- Highway_Section RECURSIVE Highway_Section- City WHERE City(0).Name= ’San Antonio’ City

Highway_Section molecule type graph

571

Figure 9: Transitive closure ofinterstate_connections starting with Houston

Dallas

San Antonio

Houston

Austin

City(0)

Highway_Section(0)

City(1)

Highway_Section(1)

City(2)

Highway_Section(2)

199 241

199 571 202

80

241

Houston Houston

Dallas

San Antonio

End of recursion because the

80

El Paso

202

included in the result component molecule is already

• limit the depth of the recursion or • stop when a certain node is reached or • stop when the paths used do not fulfil a certain condition.

For these purposes, the UNTILclause can be used, whichhas the followingsemantics:Acomponent moleculeis notappended tothe recursivemolecule,ifthe condition ofthe UNTILclause turnsouttobe TRUEafteritsinclusion.Forthe formulationofconditionson a singlecomponentmolecule,weintroducethe keywordCURRENTtoidentifythe componentcurrentlyindoubt.Thequestion:“Whichroutes can be chosen from Dallas without touching San Antonio?” can be expressed as follows:

SELECT ALL FROM City- Highway_SectionRECURSIVE Highway_Section- City UNTIL City(CURRENT).Name = ’San Antonio’ WHERE City(0).Name= ’Dallas’

To enable path-dependent conditions, the keywordPREVIOUSidentifiesthe direct (already included)predecessor of the current component molecule as the following example shows: “Whichcitiescan be reached fromElPaso withoutchangingthe highway?”

SELECTstarting(Name), Highway_Section(ALLREC)(), Next(ALLREC)(Name) FROM starting(City)- Highway_Section- (Next(City), Highway) RECURSIVE Next- Highway_Section UNTIL Highway(CURRENT).No <>Highway(PREVIOUS).No WHERE starting.Name= ’El Paso’

Untilnow, we have discussed transitiveclosure computationin the MADmodel. As mentionedinchapter 2, enhanced applicationsalso requirefacilitiesto cope withpath problems. Chapter 5 shows the embedding of constructs allowingforthe handlingof path problems in the MAD model.

5. Solving Path Problems with the MAD Model

The transitive closure representing molecules derived fromqueries witha RECUR- SIVEclause contains only minimalpaths (concerning number of traversed relationships). These paths, however, are not sufficientfor the computation of some path starting

Next

Highway corresponding molecule type graph: Highway_Section problems. For this reason, we introduce the REC_PATHclause whichgenerates all (concerningnumber oftraversed relationships)maximalcycle-freepaths accordingto the specified directed relationship.This is achieved by followingonlyone value of a REFERENCEattributeat a time,instead offollowingallofthem inthe case ofthe RE- CURSIVEclause. Each ofthe paths generated this way formsa moleculeofits own. In order to continue the construction strategy of the path molecules, the atoms of a component moleculeare includedonlyifthey directlybelong to the recursive path or iftheirtype does not contributeto recursion at all(likeHighwayin the previous example).Thisis the reason, whyonlyone Highway_Sectionis present at each recursionlevel inthe followingexample. The question “Findallpaths fromHouston to ElPaso” illustrates the differencebetween the clauses RECURSIVE(cf.figure9) and REC_PATH and yields the result shown in figure 10. SELECT ALLBUT (Highway_Section (LAST)) FROM City- Highway_Section REC_PATH Highway_Section- City WHERE City(0).Name= ’Houston’ AND City(LAST).Name= ’El Paso’

The moleculesderivedbyREC_PATHcan be directlyused tocompute path problems incombinationwithMOLAGGand VALUE.Table2 shows the appropriateMADmodel operators for aggregation and concatenation (cf. table 1).

Figure 10: The result of the REC_PATH query

This path is not contained in the result, if RECURSIVE is used El Paso Austin

Houston

San Antonio

El Paso

Houston

San Antonio

Dallas 199

571

241

202

80

571

City

Highway_Section

the dashed arrow indicates REC_PATH

molecule type graph:

instead of REC_PATH

Since molecules are already structured, there is no need fora concatenator inthe last three lines of table 2. AREC_PATHquery withoutrestrictionclause yieldsallpaths. Thus, an aggregator for“Listallpaths”is not necessary. Similarly,each moleculerepresents a path, makingan explicitchoose any operator superfluous. In these cases, MOLAGG can be used to “flatten” the structure of a molecule.

Wegivean exampleforthe problem“shortestpath”:“Howlongisthe shortest distance from San Antonio to Dallas?”

Thisquery illustratesthe completeness ofthe query language (cf.chapter 3). We discuss its semantics step by step: The molecules specified by the inner FROMand WHERE clauses are shown in figure 11a. The inner SELECT concatenates the lengths ofthe highwaysections byadding them, thus yieldingthe totalpath length(as virtualattributepathlength). Each value derived this wayforms,together withthe destination (To) ofthe corresponding path, a new atom. Allnew atoms are grouped to one molecule withthe starting cityas the root atom (figure11b). The qualifiedprojection withinthe aggregation selects the twosubmolecules withTo=’Dallas’fromthis molecule. Finally, the minimum of their pathlength values is computed.

Application Property Aggregator Concatenator

shortest path length/duration MIN(VALUE...) SUM(MOLAGG...) critical (longest) path length/duration MAX(VALUE...) SUM(MOLAGG...) maximal capacity path capacity MAX(VALUE...) MIN(MOLAGG...) most reliable path reliability MAX(VALUE...) MULT(MOLAGG...) bill of materials item count SUM(VALUE...) MULT(MOLAGG...) list all paths edge name [MOLAGG] list any path edge name [MOLAGG] propositional deduction proposition [MOLAGG]

Table 2: MAD model operators for path problems

Aggregation

Concatenation

SELECTstarting(miles:=MIN(VALUE(SELECT pathlength FROM RESULT WHERE To = ’Dallas’)))) FROM (SELECTstarting(),

New := (pathlength:=SUM(MOLAGG(Highway_Section(ALLREC).Length)), To := ending(LAST).Name) FROM starting(City)- Highway_Section- ending (City) REC_PATH ending- Highway_Section UNTIL ending(PREVIOUS).Name= ’Dallas’ WHERE starting.Name= ’San Antonio’ )

6. Further Comments on Functionality and Applications

The structure of a component moleculetype is not limited,i.e., the component molecules themselves may be recursive. Anapplicationof this nested recursion facilityis sketched in the followingexample: Imagine,you want to knowhow to reach allcities and not onlythose touched by an interstate highway.Inthis case, one has to include other roads intothe model. Figure 12 shows a map withsome additionalroads (connecting San Angeloto the other cities) and one way to model this map in the MAD model. The question: “Showme ways fromHouston to San Angelostarting on an interstate highway” can be formulated as follows: SELECT ALL FROM starting(City)- Highway_Section- (Highway, ending(City)- Roads := (SELECTALL

FROM Road_Section - (C (City), Road) REC_PATH C- Road_Section UNTIL C(PREVIOUS).Name= ’San Angelo’ WHERE C (LAST).Name= ’San Angelo’) REC_PATH ending- Highway_Section UNTIL EXISTS Roads (PREVIOUS) WHERE starting.Name= ’Houston’ AND EXISTS Roads(LAST)

El Paso 571 Austin

Dallas 202

80 Houston

Dallas 241

199

cut by UNTIL clause

a) Molecules described by innerFROM and WHERE

571, El Paso 440, Dallas

282, Dallas

b) Result of innerSELECT

Figure 11: Illustration of the sample shortest path query

San Antonio San Antonio

San Antonio

The inner recursion deliversallconnections leading fromthe current exitofthe interstate highway to San Angelo by other roads.

Of course, it is interesting to consider how far the recursion handlingfacilitiesof the MADmodelcan be used fordeductivedatabases. Deductivedatabase systems based on the relationalmodel commonlyrealize predicates as relations, and facts as tuples in this relation.In order to store the fact “Johnis parent of Mary”,forexample, there must be a relationparent , where a tuple (John, Mary)is stored. Rightsides ofrules combiningpredicates are transformedintojoinsoverthe appropriaterelations.Recursion in these rules cannot be handled withinthe pure relationalmodel, and therefore has to be realized on top ofitby a program, or must be integrated as an extension of the relational model.

Inthe MADmodel,predicates are expressed by relationships.If,forexample, a predicate Bisrepresented bya REFERENCEattributeB, then the factB(a, b)isrepresented by a relationshipbetween the twoatoms a and bviaan appropriate value ofa’sat-

35

Dallas

San Antonio

Austin

El Paso

San Angelo

20

Houston

10

10

45

10 35 Sonora

Abilene

277

277

corresponding atom type network City

Road

Figure 12: Adding other roads to the city/interstate highway map

Highway_Section

Road_Section

Highway

Highway_Section

Road_Section

Highway starting

ending

road C corresponding molecule type graph:

tributeB. Thus, the structure B(x,z), C(z, y)corresponds to x.B-z.C-y. The above example “Johnis parent ofMary”wouldbe realized bya REFERENCEattributeis_parent withinthe atom type Personand is_parentof the atom representing John containingthe IDENTIFIER value of the atom representing Mary . Recursiverules are mapped ontorecursivemoleculetypes. Aset ofrules representing the ancestor relationship

corresponds to the molecule type definitionx.Parent-y RECURSIVEy.Parent-y. Deductionbased on the MADmodel is furthersupported by its facilitiesfordynamic schema modifications(allowingforthe introductionof new predicates) and molecule type pre-definition.The further discussion of these topics, however, is beyond the scope of this paper. Here, we stress onlytwo aspects: Predicates are automatically bidirectionalinthe MADmodel:The definitionofa predicate is_parent impliesthe definitionof has_parent. As already mentioned, the natural symmetryof real worldrelationshipsisdirectlymapped intothe model.Furthermore,multiplerelationshipsamong atom types may be united, as the followingexample illustrates:Adistinctionbetween has_father and has_mother does not impose problems forthe computationofthe ancestor relation. In the followingquery, the ancestor relation is given in a structured view:

Thus, the MADmodel also supports rule processing in deductive applications.Additionally,knowledgebase management systems can be based on the MADmodel as it was shown in [14].

7. Conclusions

The need for recursion is obvious in many database applications, particularlyin enhanced applications such as CAD/CAM.Here, recursion is required in combination withthe notionofcomplexobjects. Usingthe MADmodelas example,wehave shown, how these two aspects can be integrated into a data model and a query language. Transitiveclosure as wellas path problems can be computed employingthese facilities. Incontrast tomanyother approaches, the structure ofeven recursiveobjects can

Ancestor (x,z) :- Parent(x, y),Ancestor(y,z) more naturally expressed by : Ancestor (x,y) :- Parent (x, y) Ancestor (x,?) :- Parent (x,?)^+

SELECTALL FROM P:=(SELECTName, parents :=has_father&has_mother FROM Person) RECURSIVE P.parents- P P

be represented withinthe data model, i.e., recursive and non-recursive objects are handled ina uniformway.Thus, manyapplicationswhere objects ofthistypeare used (e.g. VLSIdesign and CAD)are supported bythe MADmodel.Furthermore,the MAD model can be used for deduction in a natural way.

Wedidnotaddress questions ofimplementation,butconcentrated on data modeland query language aspects. The language constructs to express recursion may appear quitecomplexinthe case ofpath problems.Thisis caused bythe generalityofthe language. This complexitycan be broken down by the introductionof specialized language constructs like“Shortest_Path (Dallas, San Antonio,City-Highway_Section)”, which can be expanded automatically to the queries discussed above.

The RECURSIVEclause has been implementedinthe PRIMAproject[16,17];a second version of PRIMA also offering the REC_PATH clause is under implementation.

8. Acknowledgments

I wouldlike to thank T. Härder and A. Sikeler for reading an earlier version of this manuscriptand forhelpfulsuggestions toimprovethe presentation, as wellas I.Littler for preparing the manuscript.

9. References

[1] Bayer,R.:Database TechnologyforExpertSystems, in:Wissensbasierte Systeme, Informatik Fachberichte 112, Springer, pp. 1-16.

[2] Klahold,P., Schlageter, G., Wilkes,W.: A General Modelfor VersionManagement in Databases, in: Proc. 12. Int. Conf. on VLDB, Kyoto, 1986, pp. 319-327.

[3] Bancilhon,F., Ramakrishnan, R.: AnAmateur’sIntroductionto Recursive Query Processing Strategies, in:Proc. ACMSIGMOD,Washington,DC,1986, pp. 16- 52. [4] Dayal,U., Smith,J.M.:PROBE:AKnowledge-OrientedDatabase Management System, in: Brodie, M.L.,Mylopoulos,J. (eds.): On Knowledge Base Management Systems, Springer, 1986, pp 227-257.

[5] Raschid, L.,Su, S.Y.W.:AParallelProcessing Strategy forEvaluatingRecursive Queries, in: Proc. 12. Int. Conf. on VLDB, Kyoto, 1986, pp. 412-419.

[6] Ullman:Implementationof LogicalQuery Languages for Databases, in: ACM TODS, Vol. 10, No. 3, 1985, pp. 289-321.

[7] Scheck, H.J.,Scholl,M.H.:The RelationalModelwithRelation-ValuedAttributes, in: Information Systems, Vol. 11, No. 2, 1986, pp. 137-147.

[8] Linnemann, V.: Non First Normal Form Relations and Recursive Queries: An SQLBased Approach,in:Proc. 3rdIEEEInt.Conf.on Data Engineering,LosAngeles, Feb. 1987, pp. 591-598.

[9] Stonebraker, M., Rowe, L.A.: The Design of POSTGRES, in: Proc. ACM SIGMOD, Washington, DC, 1986, pp. 340-355.

[10] Tillquist,J., Kuo,F.-Y.:AnApproach to the Recursive RetrievalProblem in the Relational Database, in: CACM, Vol. 32, No. 2, 1989, pp. 239-245.

[11] Kim,W.,Chou, H.-T.,Banerjee, J.: Operations and Implementationof Complex Objects, in: Proc. 3rd IEEE Int. Conf. on Data Engineering, Los Angeles, Feb. 1987, pp. 626-633.

[12] Agrawal,R., Jagadish, H.V.:DirectAlgorithmsforComputingthe TransitiveClosure ofDatabase Relations,in:Proc. 13. Int.Conf.on VLDB,Brighton,1987, pp. 255-266 [13] Carré, B.: Graphs and Networks, Clarendon Press, Oxford, 1979. [14] Mitschang,B.: Towards a UnifiedViewof Design Data and KnowledgeRepresentation, in: Proc. 2nd Int. Conf. on Expert Database Systems (EDS), Tysons Corner, Virginia, 1988, pp. 30-50.

[15] Lorie,R.; Plouffle,W.:ComplexObjects and TheirUse in Design Transactions, in: Proc. Data Base Week, San Jose, 1983, pp. 115-121.

[16] Härder,T.,Meyer-Wegener,K.,Mitschang,B.,Sikeler,A.:PRIMA-ADBMSPro-totype Supporting Engineering Applications,in: Proc. 13. Int. Conf. on VLDB, Brighton, 1987, pp. 433-442.

[17] Härder, T. (ed.): The PRIMAProject - Design and Implementationof a Non- Standard Database System, Research Report 26/88, SFB 124, UniversityKaiserslautern, 1988.