Transitive Closure and the LOGA +-Strategy for its Efficient Evaluation

W. Yan Central South University of Technology, Changsha, China current address: Department of Computer Science, University of Kaiserslautern P.O. Box 3049, 6750 Kaiserslautern, West Germany

N. Mattos Department of Computer Science, University of Kaiserslautern

Abstract

One ofthe keyproblems when extendingrelationaldatabase query languages to includedeductivecapabilities,is to providethem withefficientmethods foranswering recursive queries. Duringthe last fewyears many algorithmshave been proposed to deal withtransitiveclosure computationofa relation.Inthispaper, we discuss some importantcriteriafordevelopingtransitiveclosurealgorithms.Afterpresenting these issues, wedescribe an algorithmfortransitive closure computation and show some results of performance measurements comparing several algorithms.

1. Introduction

Inthe last fewyears the support ofdeductivecapabilityindatabase systems (DBS)has been extensivelyrequiredby the increasing number of so-called "non-standard"applications. One of the most promisingapproaches to support thisrequirementis to extend DBSto includethe wholefunctionalityunderlyingthe theoreticalfoundationoffirstorder logic.Inso doing,a user ofsuch a DeductiveDBS(DDBS)[GMN84]can descriptivelyexpress his queries as wellas his integrityconstraints infirstorder logic.AtraditionalDBSuser, on the other hand, has to implementsuch deductions by means of application programs embedding DB-calls. In general, DDBSconsist of a set of base relations (ExtensionalDB:EDB)withexplicitlystored tuples and a set of rules definingvirtualrelations (IntensionalDB:IDB).The tuples of a virtualrelationare derived fromthe clauses of the IDBand fromthe tuples containedinthe EDB.Such a derivationcan be achieved bythe dynamicviewmechanism of relationalDBS,however, onlyto a certain extent: this mechanism cannot handle recursivelydefined virtualrelations. Inthe last fewyears thisproblemhas received growinginterest inthe DBresearch area, leadingto several proposals of strategies to efficientlyevaluate recursion in logicalqueries. Anoverviewand analysis of some of the strategies can be found in [BR86,HL86,Ya87].Mostof the existingstrategies have been developed to deal withall types of recursion.However,due to the existence ofdifferenttypes ofrecursion,itis almost impossibleto develop a universal strategy whichhandles alltypes ofrecursions and at same timeworksefficiently.For this reason, researchers have concentrated on a special type of recursion - transitiveclosure problem (TC-problem),since most of the recursion problems occurringinreal worldapplicationsare ofthis type [HQC88,LMR87].Furthermore,some large classes of recursive queries, e.g. linear and nonlinear recursive queries, can be translated intoa TC-problemproceeded and followed by relational algebra operations [JAN87, ZY87, IW88]. Inthispaper, we givethe reader an introductionto the TC-problem.Section 2 discusses some issues that are important criteriafordevelopingalgorithmsto evaluate the TCofa relation.Section 3 presents an algorithmaccording to

in: Proc. 2nd Symposium on Mathematical Fundamentals of Database Theory, Visegrad, Hungary, June 1989, pp. 415-428

these criteria.Section4 providesthe results ofsome performancemeasurements comparingdifferentrecursionstrategies.

2. The TC-Problem and its Evaluation

2.1 Definition Using notation of Horn clauses the TC-problem can be defined as follows: CLOSURE(X,Y)← BASIS(X,Y) CLOSURE(X,Y)← CLOSURE(X,Z), BASIS(Z,Y) Where BASIS(X,Y)is the base relation,whose transitiveclosure should be computed and held inthe virtualrelation CLOSURE(X,Y) after evaluation. The arguments X, Y and Z have the same value domain. Inadditionto this Hornclauses notation,the transitiveclosure can be represented by means ofa directed graph. In this representation, we can viewa binaryrelationas a directed graph, where the nodes express attributevalues of the relationand edges express the tuples. Ifwe consider BASISas a base graph, then its transitiveclosure is also a directed graph withthe same set of nodes as BASIS.Anedge in form<a, b> means that the node b is able to be reached from the node a in the base graph. The recursion depth of a relation is defined as the length of the longest path in the base graph .

2.2 Primitive Solution for TC-Problem The simplest and most directalgorithmforevaluatinga transitiveclosure ofa relationis the NaiveEvaluation[Ba86, BMSU86].InNaiveEvaluation,the rules are compiledintoan iterativeprograminwhicha composition(that is, a join witha subsequent projection)is carried out to generate new tuples. They are then added to the result relationCLO- SURE,whichhas previouslybeen initiatedwithBASIS.The process is repeated untilno new tuplecan be generated. The followingrelational algebra program (RA-program)describes the Naive algorithm[BR86].For simplicity,attributes of the relations have been omitted. CLOSURE := BASIS While "generating new tuples " begin

AUX := CLOSURE o BASIS CLOSURE := CLOSURE + AUX end Here o stands forcompositionand + forthe union operation. AUXis an auxiliaryrelationwhichcontains the newly generated tuples that are appended stepwise to CLOSURE in each iteration. AlthoughNaiveEvaluationmay providethe correct transitiveclosure of a relation,itgives a very bad performance. Inthe following,wediscuss some problemsthat arise whenprocessing the TC-problembymeans ofNaiveEvaluation and analyze them, in order to point out some improvements that have influencedthe development of our efficient strategy. • Avoidanceofredundant workRedundantworkoccurs whenrulesare evaluated morethan once based onthe same data, i.e., operations are repeated senselessly [Ba86,BR86].Primarily,there are twopossible causes forit.One is the existence ofcyclicdata that directs the evaluationback to itsstart point(thiswillbe discussed insome detail later).The other lies inthe awkwardness ofan algorithm.Thisis justthe case ofNaiveEvaluation,since the computationofan i-thiterationrepeats entirelywhat was done by the last iteration.Followingthe lines ofthe RA-pro-gram given above we illustrate this problem as follows. "i" is used for expressing a loop index. In the i-th iteration we have:

1) AUX i = CLOSUREi-1 o BASIS 2) CLOSUREi = CLOSUREi-1 + AUX i and in the i+1-th iteration 3) AUX i+1 = CLOSUREi o BASIS 4) CLOSUREi+1 = CLOSUREi + AUX i+1 from 1) and 2): 5) CLOSUREi = CLOSUREi-1 + CLOSUREi-1 o BASIS from 2) and 3): 6) AUX i+1 = (CLOSUREi-1 + AUX i) o BASIS

= CLOSUREi-1 o BASIS + AUX i o BASIS from 4) and 6): 7) CLOSUREi+1 = CLOSUREi + CLOSUREi-1 o BASIS + AUX i o BASIS

We see clearlythat the part CLOSUREi+1o BASIS,whichwas generated when computingAUXiand was added to CLOSUREinthe i-thiteration,is again computed when evaluatingAUXi+1. Thispart is then unnecessarily appended to CLOSUREi+1 causing an expensive elimination of duplicate tuples.

It is obvious that such redundant workdirectlyaffects the efficiencyof a strategy. For this reason, it should be avoided as far as possible.

• Efficient evaluation of queries with constants Uptillnowwe have viewedthe TC-problemas a wholeTC-evaluation,e.g., "ancestors ofallpersons contained in a base relation".However,most queries arisinginpractice referonlyto parts ofthe transitiveclosure, e.g. "ancestors ofMelina".Such queries are denoted queries withconstants or partialtransitiveclosure whichinvolveselections on the underlyingrelations.The set ofdata whichis necessary forevaluatingeach one ofthem is called relevant data of the query. There are basicallytwodifferentmethods foranswering such queries. The firstone, whichis also the method that is used byNaiveEvaluation,computes the wholetransitiveclosure and adds an extra selection at the end inorder to pickout the relevant part. The other method confines the computationto the relevant data fromthe verybeginningby using the query constants to generate a kindof"query-relatedtransitiveclosure"[HQC88],thereby avoidingsuperfluous computations. Thismethod corresponds to a veryimportantheuristicused in query optimization, "perform selections as early as possible ", which creates better results in most cases. Infact,constants represent a powerfulfilterthat qualifiesonlythose data relevantto the query.There are twopossible types ofsuch filtersfora query withconstants: the start filterwhichlays downa start pointforthe evaluation ofthe query (e.g. "ancestors ofJohn"),and the stop filter,whichspecifies a conditionfora break criterion,i.e., the evaluationshould be stopped as soon as the conditionis reached. Acombinationofboth kindsoffilteris also possiblebydeterminingwhetherthere exists a path between twospecifiednodes (e.g. "isMaryan ancestor ofJohn?"). When evaluatingqueries containingconstants, the second method takingboth filtersintoaccount is certainlythe most appropriate due to its better performance.

• Handling set oriented queries

Set orientedqueries are those involvingmore than one constant, e.g. "ancestors ofJohn and Melina",so that they can be expressed as combinations(and, or,etc.) ofisolatedqueries containingconstants, thiscorresponds tofinding nodes that are reachable from a set of nodes rather than from a single specified node. There are three ways to evaluate them. The firstis to compute the wholeTCand then to performa selection dependent on the combinationof constants. Thismethod whichis used in NaiveEvaluationis obviouslyinefficient, because the constants are nottaken intoconsiderationfromthe verybeginning.Inthe second method, a queryfor each constant is separately processed and then the results combined in an appropriate manner. Itshows better performancethan the firstmethod,butis,however,stillinefficient,since the combinationofconstants isconsidered ina later stage. The thirdmethod whichis inallcases more efficientpays attentionto allconstants and theircombination, so that the evaluation is performed only once right from the beginning.

• Processing cyclic data

Cycles are paths whichoriginateand end at the same node ofa graph. They occur veryoften indata ofpractical applicationsas forexample intrafficconnections. Here, one can generallyleave a cityand returnto itbyfollowing different paths. The processing ofcyclicdata creates an additionaldemand on a strategy. Since the evaluationreturns tothe startingpoint,a strategy mayrepeat the evaluation,thereby doinga considerable amount ofredundant work,and even gettingintoa endless loop. To prevent this, one can either identifycycles in advance and handle them appropriately or develop a strategy, that terminates evaluation of cycles once a node is reached twice. Itis quite difficultand expensive to identifycyclicdata in advance. Furthermore, new checks are required every timechanges on the data are performed.For this reason, the second solutionseems to be the onlypracticalone. Astrategy should not be restricted to specificclasses ofdata, but should workcorrectlyon alltypes ofdata structures. Actually,this problem is not presented by Naive Evaluation,since the "newlygenerated tuple"are determined duringthe evaluation.Bydoingthis, cyclicdata leads the evaluationto the startingpoint,but generates no new tuples.

• Fast convergence

The convergence factorofa strategy can be expressed by the number ofiterationsnecessary to compute a transitive closure. Observe the RA-programofNaiveEvaluation,the search forreachabilityina graph is performedbyrelationalDBoperations in a breadth firstfashion. Therefore, when computingthe transitiveclosure, the attained path length normallygrows monotonicallywiththe number of iterations. In Naive Evaluation,for example, the computation progresses byone step along the recursion depth ineach iteration.Inthissense, itpresents a linearconvergence factor.Inother words,forcomputinga transitiveclosure, NaiveEvaluationneeds as many iterationsas the recursion depth of the base relation. However,the convergence factor of a strategy does not always have to be linear. Apossibilityforimprovingthe efficiency of a strategy is to increase its convergence factor thereby speeding up its evaluation process.

3. The LOGA+ Strategy

3.1 The Algorithm

Based on the discussion ofsection 2, we nowpresent a new strategy called LOGA+. Inthis strategy, highefficiency is achieved mainlyby speeding up the evaluation process, as wellas by dealing withqueries containingconstants appropriately.Inouralgorithm,a temporaryrelation,DELTA,whichisjoinedwithitselfduringeach iteration,has been introduced.Thisjoindoubles the recursiondepth ofDELTA(1,2, 4, 8, 16, . . .)ineach iteration,so that the evaluation process reaches the recursion depth very quickly.Additionally,before entering the iterationprocess, a selection on the basis ofthe query constants is performedso that onlythe relevant data is qualifiedand furtherpropagated (use ofa start filter).Evaluationterminates as soon as the completeanswer has been found,whichmayconsider the specification of a stop filter.

The LOGA+ can be formulated as the following iterative program : DELTA := BASIS

CLOSURE := Selection1 {BASIS} repeat AUX := CLOSURE o DELTA CLOSURE := CLOSURE + AUX DELTA := DELTA o DELTA until (No generation of new tuple in CLOSURE) or (DELTA =∅ ) or "Stop filter condition satisfied" CLOSURE := Selection2 {CLOSURE} Inthe program,BASISrepresents the inputrelationand CLOSUREthe result. Atfirst,DELTAis initializedto BASIS, and CLOSUREis builtby selecting its relevant data fromBASIS.That is, ifthe queries require the wholetransitive closure, CLOSUREcontains all tuples of BASIS;ifthere are constants in the queries, these are considered by the selection already mentioned.AUXholds the newlygenerated tuples ineach iterationthat are then appended to CLO- SURE. Duringthe computation,CLOSUREinitiallyholds the intermediateresults but at the end holds the complete answer forthe query.The process terminates eitherwhenCLOSUREstabilizesorDELTAbecomes emptyorthe end filter condition expressed in the query is satisfied. The result of a whole TC-computation is given stepwise as follows: After the first iteration:

AUX1 = CLOSURE0 o DELTA0 = BASIS1 o BASIS1 = BASIS2 CLOSURE1 = CLOSURE0 + AUX1 = BASIS1 + BASIS2 DELTA1 = DELTA0 o DELTA0 = BASISo BASIS = BASIS2 After the second iteration:

AUX2 = CLOSURE1 o DELTA1 = (BASIS1 + BASIS2) o BASIS2 = BASIS3 + BASIS4 CLOSURE2 = CLOSURE1 + AUX2 = BASIS1 + BASIS2 + BASIS3 + BASIS4 DELTA2 = DELTA1 o DELTA1 = BASIS2 �o BASIS2 = BASIS4 After the k-th iteration

AUXk =

CLOSUREk =

DELTAk = So log2N iterations for a base relation with recursion depth N are necessary.

In the following we display some characteristics of LOGA+: 1. LOGA+ is easily understood and can be effectively implemented by tailored operations in a DB-environment. 2. Itpresents a very high convergence factorby means of whichonlylog2Niterationsare necessary fora base relation with recursion depth N, while most of the existing strategies need N or even 2N times.

3. Redundant work is greatly reduced by generating non identical tuples of DELTA in each iteration.

∑ 2k i=2k-1

BASISi +1 ∑ 2k i=1 BASISi

BASIS2 k

4. Queries withconstants are efficientlyprocessed byperformingan earlyselectiontopickoutrelevantdata as well as by using query constants as termination conditions to finish the evaluation as soon as possible.

5. Set-oriented queries are also efficientlyevaluated by appropriatelyselecting the relevant data duringinitialization. It is obvious that LOGA+ is adequate for computing a whole TC as well, if a user wishes it.

6. Termination is guaranteed even in the case of cyclic data by determining the stability of CLOSURE.

Here, we should mentionthat the proposed algorithmmightseem to be similarto the smart algorithmwhichwas described by means ofan operator model in [Io86].However,the smart algorithmhas been developed mainlyconsidering the complete computationof a TC, and furthermore,[Io86]makes no explicitstatements about the conditions fortermination.LOGA+, on the other hand, also aims at the evaluationofqueries withconstants, presenting an acceptable performance in these cases (See section 4.2).

3.2 The Proof of the Correctness of the Algorithm Inthis section, we wouldliketo prove that LOGA+ produces the rightand the complete answer fora query independent ofthe data beingprocessed. Forsake ofsimplicity,we demonstrate thisbymeans ofthe computationofa whole TC. Firstlywe introduce the notionof "path class" and "distance class" from[He86](Noticethat the symbol"+"is interchangeably used as an arithmetical operation and as DB operation). Definition:

(1) W[j] := Bj(path class)

Thisis a relationthat contains couples composed ofa start node and an end node inthe graph havingthe path length j.

(2) A[j] := Bj / (B1+B2+ . . . Bj-1) (distance class)

Thisis a relationcontainingallcouples ofa start node and an end node inthe graph havingjas the lengthofthe shortest path between them.

(3) W[i . . .j] := W[i] + W[i+1] + . . . W[j]

Thisis a relationthat contains allcouples ofstart and end nodes ina graph havingpaths withthe lengthLand i < L< j .

(4) A[i . . .j] := A[i] + A[i+1] + . . . A[j]

Thisis a relationthat contains allcouples ofstart and end nodes ina graph havingthe shortest paths withlength L and i< L< j.

Fromthe definitionsabove, properties ofthe path class and distance class are derivedin[He86].We listtwoofthem that are necessary for our proof: (5) (W[a] + W[b]) o W[c] = (W[a] o W[c]) + (W[b] o W[c]) (6) W[i] o W[j] = W[i+j] The following invariant holds during the evaluation: CLOSURE i = W[1 . . . 2i], DELTAi = W[2j] Proof by induction on i: i = o :

CLOSUREo = W[1], DELTAo = W[1] i ---> i + 1 AUXi+1 = CLOSUREi o DELTA i = W[1 . . . 2i] o W[2i] = (W[1] + W[2] + . . . + W[2i]) o W[2i] from (3) = (W[1] o W[ 2i]) + (W[2] o W[ 2i]) + . . . + (W[ 2i] o W[ 2i]) from (5) = W[ 2i+1] + W[ 2i+2] + . . . W[ 2i+1] from (6) = W[( 2i+1),( 2i+2) . . . 2i+1)] from (3) DELTA i+1 = DELTAi o DELTA i = W[ 2i] o W[ 2i] = W[ 2i+1] from (6) CLOSUREi+1 = CLOSUREi + AUXi+1 = W[1 . . . 2i] + W[(2i +1),(2i+2) . . . 2i+1] = W[1] + W[2] + . . W[ 2i+1] from (3) = W[1 . . . 2i+1] from (3) Thatis, afterthe i+1thiterationCLOSUREcontains allpaths oflengthLwhere L<2i+1. Finally,CLOSUREholds the transitive closure of the base relation; i.e., all reachable nodes for each node in the base graph.

4. Performance Comparison

Inorder to show the features ofLOGA+notonlytheoretically,we have done some performancemeasurements comparingitwitha number ofproposed strategies, inorder to provideus witha quantitativeestimate forthe performance of LOGA+ relative to the others. For this comparison, we have chosen the following strategies:

Naive Evaluation (ne) [Ba86], Semi Naive Evaluation (sne) [Ba86], Delta Transformation (dt) [Ba85], Recursive Query/Subquery (rqsq) [Vi86], Static Filtering (sf) [KL86, BR86], Generalized Magic Sets (gms) [BMSU86, BR88b], Generalized Counting (gc) [SZ87, BR88b], Generalized Supplementary Magic Sets (gmsc) [BR88b] and Generalized Supplementary Counting (gsc) [BR88b].

Noticethat some ofthe above strategies can also be used forevaluatingmorecomplexrecursivequeries. Ananalysis ofsuch queries is howeverbeyond the scope ofthispaper. Inthissection, we firstlydescribe our measurements and then givean interpretationofthe results. Itisimportanttomentionthat wehave considered specifiedconstants, "moving"them in the evaluation, when computingrecursive queries withthe Semi Naive and Delta Transformation.Although such consideration cannot be generalized to more complexrecursive queries, itis possible forTC-problem, and is, for this reason, significant for our measurement purposes.

4.1 Framework of the Measurements

In our context, we have chosen some typicalrules defininga TC-problemand a query witha constant whichoften occurs in practical application. Hence, we have the following workload: rules: CLOSURE(X,Y)← BASIS(X,Y) CLOSURE(X,Y)← CLOSURE(X,Z), BASIS(Z,Y)

query: ?CLOSURE(const, X)

Inour performance evaluation,we assume that the base relationis binary.Areal relationmay not be binary,but for most transitiveclosure queries, onlytwoattributes are involvedinthe iterativeprocessing. Therefore, itis beneficial to obtain a projection of the relation on these two attributes, before iteratively processing the relation . Asalready mentionedinsect. 1, the discussed recursionstrategies are primarilyused inthe contextofa DBSinorder toextend itsfunctionstothat ofa DDBS.Thereforewehave chosen a DBSforthe executionofthe variousstrategies. The DBconsisted ofa single relation;its size was determined to capture the essential effects ofthe algorithmsrunning on the differentstructure types. We didn’taim at measuring the I/Obehavior of our algorithmsas a functionof the problemsize. Werather focussed on the investigationoftheirruntimeina DBenvironmentwhere a large portion (oreven all)ofthe data is kept inthe DBbufferto avoiddata replacement as much as possible. Since the size ofthe DBbufferremained fixedforallmeasurements, we derivedcomparable results forallalgorithmsto be processed on a given structure type. The actual measurements were performedon the commercialDBSINGRES[Da87]insingle-user mode under UNIX. The differentrecursion algorithmswere implemented in C withembedded EQUEL-statements(simulatingthe RAoperators). The DBbuffersize was chosen to be 23 pages (defaultsize) where a page of 2048 bytes is the unitof transfer between the DB buffer and external memory. We have characterized the test data by the following parameters:

N_{edge}: number ofthe edges inthe base graph, equallyrepresenting the cardinalityofthe base relation.

L: the lengthofthe longest path inthe base graph, expressing the recursiondepth ofthe base relation.

N_{edge}/N_{node}: ratioofthe number ofthe edges and the number ofthe nodes, defininginsome sense the complexity of the graph.

Structures likelist,cycle,fullbinarytree and random graphs were used to constructthe graphs forthe measurement. The parameters in Table 1 characterize such structures:

Toconstructthe graphs, that is, the tuples withthe correspondingrelationships,we developed a graph generator that accepts the above parameters as inputand randomlycreates attributevalues witha uniformdistribution,according to the specifiedparameter values. Moreover,isolated nodes ina graph are excluded, but (n:m)- relationships,cyclic and asynchronous data are considered. Hence, the result is a relationmanaged byINGRESwhichreflectsthe structure type unter consideration. The varyingranges ofthe parameter values are listedinparentheses inTab.1, where the number ofthe tuples inthe base relationvaried max. to 2046. Inthe cases ofListand Cycle,the size ofDBwas chosen to be verysmall,but it can turned out to be sufficient to demonstrate the behavior of the strategies depending on the parameter chosen.

4.2 Results and Interpretation Inthis textwe focus on the performance behaviorofLOGA+ and therefore do not pay so much attentionto the other strategies. A detailed analysis of them can be found in [Ya89]. Withthe firstmeasurement we investigated the dependence of the algorithm’sefficiencyon the recursion depth of the data. Therefore,inthis case, the test database contained a listwitha lengthvaryingfrom5 to 40 insteps of8. A constant forthe queries was alwaysthe head element ofthe list.Figure1 shows the results ofthisexperiment.Notice that LOGA+ is not as sensitive to the recursion depth as the other strategies. That is, withan increasing recursion depth LOGA+ shows a better performance behaviorincomparison to the other strategies. Thisis due to it’sconvergence factor. Instead of N or even 2N iterations that are necessary in most strategies, LOGA+ needs onlylog2N iterations for TC-computation of a relation having recursion depth N.

Structure type Parameters Remarks

List

Cycle

Full binary tree

random graph

List length (5 to 40)

Cycle length (5 to 40)

tree depth (2 to 10) and number of tuples (6 to 2046)

complexity of a graph N_{edge}/N_{node} (0.6 to 1.4)

N_{edge} = N_{node} , L = N_{edge}

N_{edge} = N_{node} - 1, L = N_{edge}

N_{edge} = N_{node} -1 N_{edge} = 2L+1 - 2 each node in the graph has 1/2 N_{edge}/N_{node} entering edges and leaving edges on average.

Tab. 1: Data characterization

The second experimentexplored,inparticular,the behaviorofthe algorithmswhen dealing withcyclicdata. For this reason, the test database was initializedwitha cycle havinga variablepath length. Except forexistence of a cycle, the set ofdata is similarto the one used inthe firstexperiment.Because ofthis,figure2 looksjust likefigure1, however withslightlyincrease ofcost caused by a larger number oftuples that are kept inthe temporaryrelationsdue to the cyclic data. The next experiment studied the sensitivityof the algorithmsto the amount of data being processed. We initialized ourtest database witha fullbinarytree, havingitsheightas the recursiondepth, because queries were alwaysstated at the root of the tree. Since the number of tuples increase exponentiallywiththe height of the tree, the amount of data plays a keyroleinthiscase. Figure3 shows the resultofthisexperiment(Fig.3.2 is an enlargement ofthe shadow part in Fig 3.1). It has been demonstrated that LOGA+ stillshows a good behavior, however not differingfrom other strategies (dt,sf, sne) as much as inFig.1 and Fig.2. Thisis due to the fact that LOGA+ accelerates the evaluationbyan exponentialconvergence factorbuthas todeal, however,withmoretuples ineach iteration.Thisisclearly shown in the case of large amounts of da- ta.

Fig. 1: Comparison of the strategies depending on the recursion depth

10 9 8 7 6 5 4 3 2 1 gc gms gsc gsms ne

sne rqsq

sf

5 10 15 20 25 30 35 40 dt

LIST

depth loga+

10 9 8 7 6 5 4 3 2 1 dt gc gms

gsc gsms ne

sne rqsq

sf

5 10 15 20 25 30 35 40 loga+

depth Fig. 2: Comparison of the strategies depending on cyclic data

CYCLE

cpu-time

[10000ms]

cpu-time

[10000ms]

dt gc gms gsc gsms ne

sne rqsq sf

BINARY TREE

loga+

depth

1 2 3 4 5 6 7 8 9 10

8 7 6 5 4 3 2 1

Fig. 3.2: Comparison of the strategies depending on the amount of data dt gc gms gsc gsms ne

sne rqsq

sf loga+

BINARY TREE

depth

1 2 3 4 5 6 7 8 9 10

8 7 6 5 4 3 2 1

Fig. 3.1: Comparison of the strategies depending on the amount of data cpu-time

[10000ms]

cpu-time

[100000ms]

Anotherexperiment studied the case of queries withconstants in whichthe part of relevant data varied. Figure 4 illustrates its result. The test database held a binarytree having a fixedheight of 10, but we have stated the queries at differentsubtrees ofthe base relation.Bydoingthis, the amount ofrelevant data varied from100 % to 0.2 %. We see fromFig.4 that LOGA+ is not verysensitive to the variationofthe amount ofrelevant data. Thisis because the computationofDelta= Delta*Deltaalways considers the entire data ofthe base relation,inspite ofthe selection for CLOSUREbeforethe iteration.Noticethat wedidnotmeasure NaiveEvaluationinthisexperiment,since itcomputes in all cases the whole TC and then selects the correct answers.

The last experimentgives a comparison ofthe algorithmsinterms ofthe connectivityofthe data. The test database was loaded withrandomlygenerated graphs havinga variablerelationshipbetween edges and nodes bykeepingthe number ofedges fixed,and the recursiondepth ofthe relationequal to 10 (figure5). Wesee that LOGA+ is relatively sensitive to the complexityof a graph. Afterthe relationshipN_{edge}/N_{node} is greater than 1, the cost of LOGA+ is not very low. Our emphasis was on a uniformenvironmentforallstrategies to be compared. Therefore the relativeperformance differencein Fig.1 to Fig.5 are indicativeforthe qualityof the differentstrategies. Anevaluationof their"absolute" performance behaviorwouldhave required the considerationofmuch more parameters (e.g. differentDBbuffersizes) which was beyond the scope of our study. Finallyto be noticedis that the groupofthe optimizationstrategies includinggms, gc, gsms and gsc gives worse performance behavior in some cases than NaiveEvaluation.These strategies tryto optimizeby means ofa search for the relevant data using the specifiedquery constant and then compute the wholeTCofthe relevant data. Inour experiments (Fig.1, 2 and 3) alldata is relevant to the query, thus a search forrelevant data brings nothingbut a rise in cost. This is further discussed in [Ya89].

5. Conclusion and Outlook

Transitiveclosure operation has been widelyrecognized as a necessary extension to relationalquery languages. In this paper, we have discussed some importantaspects to be considered when developingan algorithmforthe computationofthe transitiveclosure ofa relation.These are referred to as the fast convergence, the preventionofredundant work,processing of queries withconstants includingset-oriented ones, and handlingof cyclicdata. Following, we presented the LOGA+ algorithmforTC-computationand the results ofa set ofmeasurements, comparingitwith

8 7 6 5 4 3 2 1 gc gms gsc gsms

sf

0.2 0.4 0.8 1.6 3.1 6.2 12.5 25 50 100

( )

dt sne rqsq

loga+

Fig. 4: Comparison of the strategies depending on the relevant data rel. data [%]

BINARY TREE

(depth 10)

cpu-time

[100000ms]

dt gc gms

gsc gsms ne

sne rqsq

sf

5

4

3

2

1

GRAPH

loga+

Fig. 5: Comparison of the strategies depending on the complexity of graphs

0.6 0.8 1.0 1.2 1.4 Nedge/Nnode

cpu-time

[100000ms]

some other strategies. LOGA+ is an improvementon NaiveEvaluationthat can be effectivelyused as an algorithm forTCcomputation.Itshows good performance, particularlyfordata withlarge recursion depth. Certainly,some further improvementsare necessary in order to make italso very efficientin processing data witha high degree of interconnection. Froma practicalpointofview,manyrecursivequeries refernotonlytopure reachabilitycomputationbutalso tosome additional informatione.g. the shortest paths in a graph. Such queries are called generalized transitive closure [DB86],and their processing deserves extra attention on some issues, e.g. loss of path informationby mergingimmediate results of computation. Solving such kind of problems is also a topic that deserves some further research.

Acknowledgment

We wouldliketo thank Prof. T. Härder forhis helpfulcomments whichcontributedto clarifyand improvethe ideas presented inthispaper. Alsoacknowledgedare the carefulreadingand usefulhintsofS. Deßlochas wellas the measurements performed by N. Ritter.Finally,we wouldliketo express our thanks to the anonymous referees fortheir helpful comments on the paper.

References

[AJ87] Agrawal,R., Jagadisch, H.:DirectAlgorithmsforComputingthe TransitiveClosure ofDatabase Relations, in: Proc. of the 13th VLDB Conference, Brighton 1987, pp. 255-266.

[Ba85] Bayer, R.: Database Technologyfor Expert Systems, in: Proc. GI-Conferenceon Knowledge-Based Systems, Informatik-Fachbereichte 112, Springer-Verlag, Munich, Oct. 1985, pp. 1-16.

[Ba86] Bancilhon,F.: Naive Evaluationof RecursivelyDefinedRelations, in: On KnowledgeBase Management Systems - IntegratingDatabase and AISystems, (Ed:Brodieand Mylopoulos),Springer-Verlag, 1986, pp. 165-178.

[BMSU86] Bancilhon,F., Maier,D.,Sagiv,Y.,Ullman,J.: MagicSets and OtherStrange WaystoImplementLogic Programs, in: Proc. of the FifthACMSIGACT-SIGMODSymposium on Prinziples of Database Systems, Cambridge, Massachusetts, March,1986.

[BR86] Bancilhon,F.,Ramakrishnan,R.:AnAmateur’sIntroductiontoRecursiveQueryProcessing Strategies, in:Proc. ofSIGMOD’86,Inter.Conf.on Management ofData, SIGMODRecord, Vol.15, No.2, June 1986, pp. 16-52.

[BR88a] Bancilhon, F., Ramakrishnan, R.: Perfoemance Evaluation of Data Intensive Logic Programs, in: "Foundations of Deductive Databases and LogicProgramming"(Ed: Minker,J.), Morgan Kaufmann Publishers, 1988, pp. 439-511.

[BR88b] Beeri,C., Ramakrishnan, R.:On the Power ofMagic,ComputerSciences TechnicalReport #770, University of Wisconsin-Madison, to appear in the Journal of Logic Programming.

[Da87] Date, C.J.: A Guide to INGRES, Addison-Wesley Publishing Company,1987. [DS86] Dayal,U., Smith,J.: PROBE:AKnowledge-OrientedDatabase, in:On KnowlegeBase Management Systems (Ed: Brodie and Mylopoulos), Springer-Verlag, 1986, pp. 227-257.

[GMN84] Gallaire,H.,Minker,J., Nicolas,J.M.:Logicand Databases: ADeductiveApproach,in:ACMComputing Surveys, Vol. 16, No. 2, June 1984, pp. 153-186.

[He86] Heigert,J.: EfficientAlgorithmsforRelationalDatabase Systems SupportingRecursion (inGerman), TUM-18613, TU Munich, July 1986.

[HL86] Han, J., Lu, H.: Some Performance Results on Recursive Query Processing in RelationalDatabase Systems, in: IEEE Proc. of Inter. Conf. on Data Engineering, Los Angeles, Feb. 1986.

[HQC88] Han, J., Qadah, G., Chaou, C.: The Processing and EvaluationofTransitiveClosure Queries, iin:Advances inDatabase Technology- EDBT’88,Inter.Conf.on ExtendingDatabase Technology,Venice, Italy, March 1988, Sringer-Verlag, pp. 49-75.

[Io86] Ioannidis,Y.:Onthe Computationofthe TransitiveClosureofRelationalOperators, in:Proc. ofthe 12th VLDB Conference, Kyoto, 1986, pp. 403-411.

[IW88] Ioannidis,Y.,Wong,E.:TransformingNonlinearRecursiontoLinearRecursion,in:Proc. ofthe Second Inter. Conf. on Expert Database Systems, EDBS ’88, Tysons Corner, Virginia, Apr. 1988.

[JAN87] Jagadish, H.,Agvawal,R.,Ness, L.:AStudyofTransitiveClosureas a RecursionMechanism,in:Proc. of ACM SIGMOD 1987 Annual Conference, San Francisco, May 1987, pp. 331-344.

[KL86] Kifer,M.,Lozinskii,E.: AFrameworkforan EfficientImplementationofDeductiveDatabases, in:Proc. of Advanced Database Symposium, Tokyo, 1986.

[LMR87] Lu,H., Mikkilineni,K.,Richadson, J.: Design and Evaluationof Algorithmsto Compute the Transitive Closure of a Database Relation,in:Proc. of the ThirdInter.Conf.on Data Engineering,Los Angeles, Feb. 1987, pp. 112-119.

[SZ87] Sacca, D.,Zaniolo,C.:MagicCountingMethods,in:Proc. ofACMSIGMOD1987 AnnualConference, San Francisco, May 1987, pp. 49-59.

[Vi86] Vieille,L.:Recursive AxiomsinDeductiveDatabases: the Query/SubqueryApproach,in:Proc. ofFirst Inter. Conf. on Expert Database Systems, Charleston, 1986, pp. 179-193.

[Ya87] Yan,W.:AnalysisofDifferentStrategies forthe Processing Recursive Queries inDeductiveDatabase Systems (in German), Technical report, University of Kaiserslautern, Nov. 1987.

[Ya89] Yan, W.:AnOverviewof ExistingStrategies forthe Evaluationof Recursive Queries (inGerman), Internal Report, University of Kaiserslautern, in preparation.

[ZY87] Zhang, W., Yu,C.: ANecessary Conditionfora DoublyRecursive Rule to be Equivalentto a Linear Recursive Rule, in: Proc. of ACMSIGMOD1987 AnnualConference, San Francisco, May1987, pp. 345-356.