in: ZRI-Bericht 6/94, University Kaiserslautern, 1994.

Capturing Abstraction Relationships’ Semantics

for Concurrency Control in KBMSs

Fernando de Ferreira Rezende and Theo Härder

Department of Computer Science - University of Kaiserslautern P.O.Box 3049 - 67653 Kaiserslautern - Germany Phone: +49 (0631) 205 3274/4031 - Fax: +49 (0631) 205 3558 E-Mail: {rezende/haerder}@informatik.uni-kl.de

November 1994

Abstract

KnowledgeBase Management Systems (KBMSs)are a growingresearch area findingapplicability in several differentdomains. On behalf of this increasing applicability,the demand forever-larger knowledgebases (KBs)isgrowingmore and more.Insidethiscontext,knowledgesharing turns out to be a crucial point to be supported by KBMSs.In this paper, we propose a way of controlling knowledge sharing, i.e., we present a concurrency control(CC) technique tailored for the KBMS environment.Weshowhowweobtainserializabilityoftransactions providingmanydifferentlocking granules, whichare based on the semantics ofthe abstraction relationships.We discuss the main challenges to be coped withbya CC technique forKBsand expose our solutionto them. The main benefit of our technique is the higher degree of potentialconcurrency, whichmay be obtained by means ofa logicalpartitioningofthe KBgraph and the provisionofmany locktypes to be used on the basis ofeach one ofthe partitions.Bythis way,we capture more ofthe semantics contained in a KBgraph, through an interpretationof its edges grounded in the abstraction relationships, and make feasible a fullexploitationofallinherentparallelismina knowledgerepresentation approach.

___________________________

Financiallysupported bythe CNPq(NationalCouncilforthe Scientificand TechnologicalDevelopment)ofthe Secretary for Science and Technology of Brazil.

1. Introduction

KBMSsare a new product generation whichis findingever more applicabilityin many differentareas, like medicine,geology,engineeringdesign, robotics,etc. Asexpected due to a growingapplicability,the use of KBMSsis becoming more and more widespread and, accordingly,the demand forever-larger KBshigher and higher.The mainchallenge ofthe research inthe directionofKBMSsnowadays is to trythe successful adaptation ofsuch systems to real-lifeproductionenvironments[MB90].However,the completesuccess of those systems inthe market depends, among other things, oftheirpotentialforapplicability.For instance, itwouldbe veryinefficientto obligateusers ofsuch systems to access valuable resources and information inmutualexclusion.Moreover,itwouldbe neither viable(due to economicalreasons) nor desirable (due to restricted accesses) to have some KBbeing accessed by just one user at a time.On the contrary,KBMSs shouldreceive queries and updates inan interleavedfashionand controltheirconcurrentexecutionagainst some KB.Consequently,multipletransactions shouldbe able torunat the same timeforbetter performance ofsuch systems. Finally,itis exactlyinthispointthat CCtechniques forKBMSsplaya crucialrole,because they are among the most important means for allowing large, multi-user KBs to be widespread.

The main goals

As a matter of fact, arbitraryconcurrent accesses to a resource can lead to many inconsistencies in the stored and retrieved information.Allof that is because they can interferewitheach other due to the interleavingofoperations. Thisinterleavingcan cause programs tooperate incorrectly,even iftheyare free from errors and no component ofthe system fails.The mainobjectiveofany CC technique is the coordinationof actions that operate in parallel,access shared data, and doing so potentiallyinterfere witheach other. In the context of Database Systems (DBSs), CC has been studied extensively by the database (DB) community^1, and there is a vast amount of literaturein this area. Unfortunately,CC has not received the attention of the Artificial Intelligence (AI) community.

In this paper, we present our approach for CC in KBMSs.The main objective we have in mind is the provisionofserializabilityforACIDtransactions. Withserializabilitywe mean that ourtechnique is governed by the SerializabilityTheoryof Gray et al. [GLPT76],whichstates that ifan execution produces the same output and has the same effect on the DBas some serial execution of the same set of transactions, it is correct, because serial executions are assumed to be also correct. WithACIDtransactions we mean that the transactions running in our system have the properties of conventional ones, the ACID(atomicity, consistency, isolation,and durability)properties pointed out by Härderand Reuter [HR83].Inother words, our protocolneither treats the semantic knowledgeoftransactions inorder to allownon-serializableexecu-tionstobe produced, norcopes itwithlong-durationtransactions (infact,the transactions mayspan minutes and even hours, but are not in terms of days or months).

Approaches for concurrency control

Among the most important classes of CC algorithms are locking, timestamps, and serialization graphs [BHG87].There are also a great bodyofvariationsofthese classes based on multipleversions, multi-level, optimisticmethods, etc. In particular,the class of locking-based algorithmshas shown its practicalityand performance. Additionally,locking-based algorithms have special solutions for graph structures, the abstractions forKBsthat appear to be the most appealing [CHM92,Ch93].Consequently, we have chosen to develop our CC technique for KBs based on locking.

Withrespect tolocking,wecouldconsider several alternativestoourdevelopment.Ata firstsight,predicate locks [EGLT76]seem to be the best solutionand the most desirable one. Amongthe reasons forthat we could mention that predicates offer very appropriate lockinggranules for each particular transaction. In addition, we could try to use the predicates of knowledge languages in order to buildthe predicates for

1. [BHG87] presents a well-summarized consolidation of such studies.

locking.Atlast, withthe appliance ofpredicates we couldalso locknon-existingobjects, inother words,we wouldelegantly avoid phantoms. Nevertheless, predicate lockinghas some substantial drawbacks which lead toa lackofapplicability.Forexample, itis notcomputationallyefficienttocheck overlapbetween predicates. In addition, to maintain a predicate lock table is also very costly. Mohan [Mo90]advocates that comparing a new predicate against a predicate lock table of some reasonable size (e.g., containing100 expressions) is justprohibitive.Grayand Reuter [GR93]state that predicate satisfiabilityis knowntobe NPcomplete (the best algorithms for it run in time proportionalto 2^N, where N = number of predicates). Therefore,althoughbeing verydesirable, itseems to be impossibleto determine a reasonable solutionfor the appliance of predicate locks in KBMSs.

Followinganother possible alternative,we couldconsider the most simplesolutionwhere every referenced object is explicitlylocked on demand. The two-phase locking(2PL)protocolof Eswaran et al. [EGLT76] represents a well-knownrealizationofsuch a strategy. Thisalternativeissignificant,however,forstructures where the objects have the same meaning, likeforexample records in a file.Unfortunately,this approach does notmake any assumption about the structureofthe underlyingdata, and forstructures likeKBgraphs, where nodes have differentmeanings and edges represent differentabstraction relationships,itproffersa too simple solution.It wouldcause transactions to require too many locks, what wouldraise a great and unnecessary overhead for the lock manager. In addition, it does not offer the possibilityof lockingnonexisting objects, and therefore phantoms are not at all avoided.

As another alternative,we couldconsider the KBgraph as a structure withdifferentgranules oflocks,and applyexplicitlockson its nodes. Inaddition,we couldstate that a lockon a node wouldimplicitlycomprise lockson itsdescendants, whatwouldminimizethe number oflockstobe acquired and managed. However, to the correct behavior of such implicitlocks, we would need to mark the ascendants with some tag indicatingthatobjects are beinglockedat a lowerlevel.Such a signwouldrepresent an intentiontoset locks at a finergranularityand shouldprevent implicitorexplicitconflictinglockson the ancestors. Inother words, we could consider the granular locks protocol(GLP,for short) of Gray et al. [GLPT76]for controllingthe concurrent accesses in a KB.Granular locks are knownto be meaningful,because they providetransactions the possibilityofchoosing, among differentlockinggranules, the most appropriate one to accomplish their tasks. In addition,the use of implicitlocks significantlyminimizesthe number of locks to be set by transactions. Thisprotocol(and some extensions ofit)has been a verypopularapproach inObject-Oriented Database Management Systems (OODBMSs) (among others, examples are ORION [Ki90]and O_2 [BDK92]).These are some ofthe reasons whichlead us to hope to be able to use the powerand elegance of granular locks also in the KBMS environment.

This paper is organized as follows.Afterprovidingsome particular CC issues in KBMSs(Sect. 2), we discuss some importantchallenges of a CC technique forKBs,where we criticizerelated works(Sect. 3). Thereafter, we introduce our protocolfor allowingand above all controllingknowledge sharing (Sect. 4). After the exposition of our proposal, we finally conclude the paper (Sect. 5).

2. Particular Concurrency Control Issues in KBMSs

2.1 The Abstraction Concepts

Indescribingthe real world,people organize theirknowledgeinsuch a formwhichnormallyembodies some abstractions. These abstractions permit the suppression of specific details, while emphasizing those pertinent to the informationto be described. Thus, abstractions turned out to be fundamental tools for knowledgeorganization.Morestringently,Mattos [Ma88]advocates that the abstraction concepts are the most importantconstructs to be supported by any data or knowledgerepresentation model. Such abstractions are expressed as relationshipsbetween objects, and have as main purpose the organizationofsuch objects in some form.Particularly,one can findtwomain kinds ofcompositionprincipalsin the real world.

The firstinvolvessimple objects in order to builda composite object, creating an one-levelhierarchy.The second involvescompositeobjects inorder to builda more complexcompositeobject.This,inturn,may be appliedrecursively(ntimes),creatingso an n-levelhierarchy.Inthe following,weprovidea briefdescription ofthe abstraction concepts ofclassification,generalization,association, and aggregation. Inorder to illustrate these concepts, we use as example a restaurant application^2.

2.1.1 Classification

Classificationis the most important,and probablythe best understood formofabstraction. Itis achieved by groupingsimpleobjects (calledinstances) that have commonpropertiesintoa newcompositeobject(called class) for which uniform conditions hold [Ma88].Classification establishes an instance-of relationship between instances and class. Hence, it creates an one-level hierarchy. For example, suppose our restaurant offersfourkindsofwines,namely,bordeaux, cote-du-rhone, schwarzekatz, and liebfraumilch. In such a case, we can congregate the commonproperties ofallkindsofwinesintoa compositeobjectcalled, for example,wines (Fig. 1).

2.1.2 Generalization

Generalizationis the complementaryconcept of classification.Itallowsa more complexcomposite object (called superclass) to be defined as a collectionof less complex composite ones (called subclasses). In other words, it extracts from one or more given classes, the description of a more general class that captures the commonalitiesbut suppresses some ofthe detailed differencesinthe descriptionofthe given classes [Ma88].Generalizationestablishes a subclass-of relationshipbetween subclasses and superclass. Since it may be applied recursively,it creates an n-levelhierarchy. Exemplifying,suppose our restaurant offers,besides wines, also some aperitifs(pernod, champagne, and cointreau) and liquors(cointreau and chantre). In this case, we can generalize these objects, creating a superclass named, for example, beverages (Fig. 1).

Figure 1: Example of classification and generalization.

Since the properties described inthe superclasses are generalized properties oftheirsubclasses, there is no need to describe over again these properties in the subclasses. This observation builds the most important characteristic of generalization, namely inheritance, by means of which the properties of the superclasses are reflectedinthe subclasses. Thisalso holds forclassification,i.e., the instances inheritthe properties of their classes, which inherit from their superclasses, and so forth.

2.1.3 Association

There are two types of association, namely element- and set-association [Ma88].Element-association allowsthe introductionof an object (called set) to describe some properties of a group of objects (called elements). Itsuppresses the detailsofthe element objects whereas emphasizingthe propertiesofthe group as a whole.Hence, element-association creates an one-levelhierarchy,and between elements and set an element-of relationship is established. For example, we could group the objects bordeaux and cote-du-rhone of our restaurant application into a set representing french-wines, and schwarzekatz and liebfraumilch into a set representing rhine-wines (Fig. 2).

2. Thisrestaurant example to be used throughoutthe paper is a simplificationofthe firstapplicationmodeled by means of the KBMS prototype KRISYS [Ma89].

pernod champagne cointreau chantre aperitifs liquors sc sc sc

i i i i i sc: subclass-of i: instance-of

Notation: beverages

bordeaux cote-du-rhone schwarzekatz liebfraumilch i i i i wines

On the other hand, set-association buildsa more complexset object(calledsuperset) inorder to represent properties of a group of set objects (called subsets). Set-association establishes a subset-of relationship between subsets and superset. In addition, it may be applied recursively, thereby buildingan n-level hierarchy.Exemplifying,inourrestaurant application,wecouldgroupthe sets french-winesand rhine-wines into a superset representing wine-origins (Fig. 2).

Figure 2: Example of element- and set-association.

2.1.4 Aggregation

Aggregationcorresponds to the notionofpropertyinthe sense ofcomposition.Likeabove, itinvolvestwo types of objects: Simple and composite [Ma88].Simple,atomic objects (called elements or parts) are the ones which cannot be further decomposed. When they are aggregated in order to represent parts of a higher-level,composite object (calledcomponent), we are applyingthe element-aggregation concept, and the relationshipbetween the parts and the component objectis calledpart-element-of(orpart-of, forshort). Element-aggregation builds an one-level hierarchy. In turn, component objects (called subcomponents) may be used to builda more complexhigher-levelobject (calledsupercomponent). Thischaracterizes the component-aggregation concept, and between subcomponents and supercomponent, a subcomponent-of relationship is established. Since this concept may be applied recursively, it creates an n-level hierarchy.

However,aggregation is more stringentlyinthe sense that itis used to express the idea that an objectmust have some necessary properties inorder to exist consistently.For example, suppose our restaurant offers mousse-au-chocolat as a dessert. In turn, we could express that mousse-au-chocolat is composed of mousse and cream (Fig.3). Clearly,itis hard to imaginea mousse-au-chocolat withouteither the mousse or the cream. This characteristic makes aggregation quite different from the other concepts.

Figure 3: Example of element-aggregation.

2.1.5 An Example Knowledge Base

The above explanations lead to the conclusionthat KBMSsmanage complexand structured objects, and also differenttypes ofabstraction relationships.Infact,one ofthe most importantaspects ofKBMSsis that objects can play differentroles at the same time. Consequently, the KBsfeatures can be visualizedas a superpositionofthe generalization,classification,association, and aggregation hierarchies (infactgraphs), buildingaltogether the so-called KBgraph. Inorder to illustrateone such a KBgraph, inFig.4 we provide a more detailed example, complementing the ones we have seen, of the restaurant application.

Inorder to restrictthe KBto a rooted and connected graph, we have added the objects global, the onlyroot of the wholegraph, sets, the root of the association graph, classes , the root of the classification/generalizationgraph, and finallyaggregates , the rootofthe aggregation graph. We providesuch objects inorder to have an adequate environmentforthe appliance of our protocol.In addition,we assume that allschemas are directlyor indirectlyrelated to the root global. When a schema is neither a class/instance, nor a set/ element, nor a component/part,itis connected as a directinstance ofglobal. Inturn,allclasses/instances, sets/elements, and components/parts are directlyor indirectlyrelated to the predefined schemas classes, sets, and aggregates , respectively.Moreover,we assume that the KBgraph automaticallystays inthisform bordeaux cote-du-rhone schwarzekatz liebfraumilch wine-origins

french-wines rhine-wines e ss ss e e e ss: subset-of e: element-of

Notation:

mousse cream mousse-au-chocolat p p p: part-of

Notation:

(rooted and connected) as changes undergo over time^3. At last, we use this KB throughout the paper.

Figure 4: The restaurant knowledge base.

2.2 Methods

In the last years, there have been considerable effortsin order to increase concurrency by means of the semantic knowledge of transactions [Ga83, Ly83,FÖ89]. The main idea behind this use of transactions’ semantics is to allownon-serializable schedules, whichpreserve consistency and are acceptable to the system users. Withrespect to KBMSs,the methods couldbe a startingpointto the applicabilityofsuch an approach. Methods are used in KBMSsin order to describe the operational aspects of objects’attributes, i.e., they characterize the behaviorofthe real worldentity.Hence, the semantics ofuser- orsystem-defined methods couldbe considered inorder to allowmore general, non-serializableschedules oftransactions to be produced. Such a semantic knowledge use could decrease the transaction response time, and could then be usefulwhen the cost ofproducingonlyserializableinterleavingsis unacceptably high.Atthe actual pointofourwork,we didnotmake any considerations about the semantics ofmethods yet.Inparticulardue to the high cost and difficultyof determining the commit order of methods’operations. This research directionwillbe considered byus, inourfuturework,as soon as we get the basis ofourprotocolwell-estab-lished and robust. Therefore,methods currentlycompete forlockslikeany other transaction request inour protocol (the same holds for the use of demons and rules).

3. Related Work

3.1 Some Important Challenges

UnlikeconventionalDatabase Management Systems (DBMSs),KBMSsimpose some new and different

3. This representation and behavior are very similar to the ones used by KRISYS [Ma89] to represent KBs.

turtle-soup bouillabaisse greek-salad salade-nicoise fish-plate shrimp-cocktailsteak-au-poivre veau-au-vin soups salads cold-dishes mousse cream crepe-suzette mousse-au-chocolat appetizers main-courses desserts sunday-menu dishes menus

bordeaux cote-du-rhone schwarzekatz liebfraumilch pernod champagne cointreau chantre aperitifs liquors beverages foods offers classes aggregates sets

wine-origins

french-wines rhine-wines wines c

ss

e sc sc sc

sc sc sc sc sc

sc sc sc sc sc sc sc c c

p

p p p p ss ss

e e e sc ss

i i i i i i i i i

i i i

i p p p

i i i i i i sc: subclass-of i: instance-of ss: subset-of e: element-of p: part-of

Notation: c: subcomponent-of global

c

i challenges to be coped withby CC techniques. The most of them is more or less related to the structure builtby the objects ina KB(KBgraph). Inthe following,we discuss fourmain points to be thoughtofwhen designing a CC technique for KBs.

Different granules of lock

In KBMSs,accesses normallyrefer to differentand variable granules. Sometimes a transaction accesses just an object, be it for the manipulationof its slots, methods, aspects or whatever. However, it is also commonto have accesses involvinga set ofobjects. Nevertheless, such sets are not necessarily constant. On the contrary,they may span an object and its instances, or its elements, or parts, or even alldescendants. Thus, a CC technique for KBMSsshould provide the possibilityof lockingdifferentgranules of objects.

Large number of objects

Real worldapplicationsrequirethe use oflarge amounts ofknowledgeforsolvingproblems[Ma90].Inturn, the larger the amount ofknowledge,the larger the number ofobjects ina KB.Thislarge number ofobjects maycause problemstoa CCprotocol,due tothe also large numberoflockstobe managed. Hence, itwould be useful to have some mechanism to minimizethe number oflocksto be set by transactions, and consequentlythe number oflocksto be managed by the lockmanager. Such a mechanism mightbe realized by means ofthe well-knownhierarchicallyorganized lockstructure ofimplicitlocks[GLPT76].Therefore,a CC technique for KBMSsshould make use of implicitlocks in order to improve the overall performance, in particular the one of the lock manager.

Multiple abstraction relationships to objects

As already discussed and exemplified(Fig. 4), the objects in a KBform a complex and dynamic graph structure. The complexityof such a structure is embodied by the many objects and relationships with differentsemantics composingit,whereas itsdynamicsis characterized byitsflexibilityinincorporatingand dissimilatingat any timeobjects and relationships.Therefore,itis possible to have multiplepaths to objects at any time.This,inturn, imposes an extra overhead forprotocolswhichforexample want to make use of implicitlocks,because an object withmultipleparents may be accessed viaa path that does not have any lockson it,thus violatingthe implicitlocksand leadingtoinconsistencies. ACCtechniqueforKBMSsshould pay attention to such particularities.

Semantics of the relationships between objects

The relationshipsbetween objects ina KBare based on the abstraction concepts. Inturn,each abstraction concept has a particular and special semantics. This semantics should be used by a CC technique for KBMSs,simplybecause itcan increase the concurrency.Forexample,a user that wants tomodifyan object and its instances does not necessarily stay inconflictwithanother one manipulatingthe elements or parts ofthissame object.Such a conflictwouldexistifand onlyifsome instance ofthisobjectis at the same time an element or a part ofit.However,as longas such a situationdoes not happen, the instances, elements, and parts of an object builddistinctand disjointsets of objects. Thus, there is no pointto prohibitparallel access to such sets. Therefore, a CC technique for KBMSsshould interpret the semantics of the many relationships,and not at allgeneralize allofthem as being merelystructuralconnections between objects.

3.2 Existing Techniques and Respective Solutions

DDG policy

To the best of our knowledge, there is only one CC technique specially designed for KBMSsalready published, namely the DynamicDirected Graph (DDG)policy[CHM92,Ch94]. It is an extension of the lockingprotocolfor hierarchicalDBSs of Silberschatz and Kedem [SK80].Whereas the formeris able to cope withcycles and updates inthe underlyingstructure, this is not considered by the latter. Due to space limitations,we willnot provide an exhaustive discussion of this protocolhere^4. Nevertheless, among the main drawbacks of this protocol, we can cite [Re94]: First, no difference is made between different abstraction relationships, i.e., it does not treat, for example, neither a class and its instances, nor an aggregate and its components, etc., as a single lockableunit.Hence, the semantics ofthe KBgraph is not at allexploitedto improvethe concurrency,and by this waya fullexploitationofthe possible parallelismis not reached. Second, no kindofimplicitlocksis defined.Thus, using the DDGprotocol,to locka class with thousands ofinstances, thousands oflockswillbe necessary. Thismay jeopardizethe overallperformance ofthis protocol,and, inaddition,lead the locksystem to run out ofstorage. Third,phantoms are not taken intoconsideration.Aslongas phantoms mayhappen, inconsistentresults maybe obtained bytransactions.

Summarizing,withrespect tothe mainchallenges pointedoutinthe last subsection, the DDGpolicyneither provides differentgranules oflock,nor does itcope wellwithlarge number ofobjects, nor does itinterpret the semantics of the relationships between objects. Finally,multiplepaths to objects are handled by it, whereina transaction followingthe DDGpolicymust start lockingthe dominator^5 ofthe set ofnodes to be ever accessed, and it,before lockingany node, must have already lockedallascendants ofthisnode inthe past and currentlyholds a lockon a least one of them. Althoughnot being an elegant solution,because it may require a very large number of unnecessary locks whenever an object is likelyto have many ascendants, it avoids the problem of multiple paths leading to an object.

Now,due tothe lackofpublicationsinthisarea, letus analyze some CCprotocolsofa related area, namely OODBMSs. Again, we willnot provide extensive discussion of these protocols here^6, yet just some comments. Let us start with ORION.

ORION

The CC mechanism ofthe OODBMSORION[BCGKWB87,KBCGW89,KGBW90]supports lockson three differenttypes of hierarchy,namely the so-called granularityhierarchy forlogicalentities, the class lattice hierarchy,and the composite objects hierarchy.Thus, ORIONextended the GLP of Gray et al. [GLPT76] and by this way,itprovidesimplicitlocks[GK88,KBG89,KBCGW87].Nevertheless, the restricted number oflocktypes used by ORIONdoes not providea teeming utilizationofthe parallelism.Inaddition,ORION does not allow,forexample, a subclass ofan objectand an element ofthe same objectto be writtensimultaneously, not even a read on a class to be performed in parallel with a write on an instance of it.

Withrespect to the main challenges, ORIONpartiallysupports differentgranules of locks in the sense we discussed. Itapplies the lockmodes and lockingprotocolfora granularityhierarchyto a class lattice.Butit does not providegranules oflockingbased on an object and its elements, forexample. Alarge number of objects is also onlypartiallywellhandled by ORION.Itprovides implicitlocks forthe instances of a class, but not, forexample, forthe subclasses ofa class, or elements ofa set. Multiplepaths to objects are coped withby ORIONby means of basically two proceedings. The firstone is a restrictionon its model, which prohibitsan objectofbeing instance ofmany classes at the same time.Thiseliminatesthe problemforthe instances inthe class lattices, but wouldbe hardlyapplicableto KBMSs.Inturn,classes may have several directsuperclasses, and hence the problemappears forclasses, and is solved withthe requirementthat for a query involvinga class and its descendants, and fora schema change operation on a class, a lockmust be set not onlyon the class, but also on each ofits subclasses. Insummary, allsubclasses ofa class must be explicitlylocked in such cases. Lastly,the semantics of the relationships between objects is also not completelyconsidered byORION,whichinterpretsthe semantics ofclassificationand aggregation, but not

4. The reader is asked to see [Re94] for a detailed discussion and critical analysis of this protocol. 5. Adominatorofa set ofnodes inthe KBgraph is the one such that allpaths fromthe root node to each node of this set of nodes pass through it. For more details, the reader is referred to [CHM92].

6. The reader is asked to see [Re94a] for a more detailed discussion of OODBMSCC techniques and their behavior in the KBMS environment.

the ones of association and generalization.

O_2

The CC technique used in the OODBMSO_2 [BDK92,CF92, Dx90,Dx91]is based on a classificationof methods. In O_2, methods are classified according to whether they are performed on a class or on an instance, and as a reading or a writingmethod. Inadditionto this classificationofmethods, O_2 also distinguishes the type of access a transaction requires to an object. There are the so-called real and virtual accesses [CF92].The mainbenefitofthisclassificationis that reading (butnotwriting)a class is compatible witheither reading or writingany of its instances. Implicitlocks on instances of a class are also provided. Nevertheless, O_2 lacks of some concepts. Aggregates and sets are not taken into consideration. Thus, writeson a component or element ofan objectmust be made inmutualexclusion,althoughnot necessarily conflicting. In addition, no kind of implicit locks is provided for subclasses of a class.

O_2 supports onlypartiallythe mentionedchallenges. Itprovidesdifferentgranules oflocksforinstances, but not for classes, sets, and aggregates. Implicitlocks are also considered by O_2 for instances, but not for classes, sets, and aggregates. Multiplepaths to objects are handled by O_2 in a similar manner as by ORION,withthe inclusionofthe distinctionbetween real and virtualaccesses whichmay be also used for detecting conflicts.Finally,O_2 takes intoconsideration the semantics of classification,but not of generalization, aggregation and association.

GemStone

TheOODBMSGemStone [MSOP86,PS87, BMOPS+89,BOS91]protects itsconcurrenttransactions using a combinationof optimisticand pessimistic CC techniques. Particularly,the choice of whether to use the optimisticor pessimistic technique depends on the degree of contention of an object. Using an optimistic access, the objects do not need to be locked, being controlledby a shadowing mechanism. Instead, at committime,existingconflictsare detected. Finally,locksare used tocontrolthe pessimisticaccesses. First of all,optimisticmethods may show very poor performance due to, among other things, the possiblyhigh percentage oftransactions that must be aborted when, at committime,conflictsare detected [Hä84,PR83, Mo92].In turn, the pessimistic method of GemStone does not provideimplicitlocks, and so transactions may need to acquire a great number oflocks,whatcan cause problems to the lockmanager. Moreover,its limitednumber oflocktypes restricts the parallelism,and itis unaware about the semantics ofthe relationships between objects. Therefore, GemStone pays no attention to any of the challenges we pointed out.

ObjectStore

The CC mechanism of the OODBMSObjectStore is similar to those used in conventional DBMSs. It provides2PLwitha read/writelockforeach page, i.e., the lockinggranularityis on a per-page basis. Every timea user needs to access an object,the correspondingpage is transferred to the workstationand locked in the server in either exclusive or shared mode [LLOW91].Therefore, ObjectStore does not show any improvementwithrespect to CC. Finally,the many drawbacks ofa page-based CC applied to OODBMSs, and even many more if they would be applied to KBMSs, will not be discussed in the scope of this paper.

4. The LARS^7 Protocol

4.1 Generalization of Granular Locks

Granularlockswere firstintroducedby Gray et al. in[GLPT76].The basic idea ofthe GLPcomes fromthe choice of differentlockable units, whichare locked by the system to ensure consistency and to provide

7. Locks using AbstractionRelationships’Semantics.

isolation.Whenchoosingthe lockableunitsforimplementingthisprotocol,one willbe alwaysfaced withthe dichotomy:Concurrencyversus overhead. On one hand, concurrency is increased by a finelockableunit (e.g., a record ora field).Such a unitis appropriateforsmalltransactions whichaccess fewunits[GLPT76]. On the other hand, a finelockinggranule is costlyforcomplextransactions whichaccess a large number of granules. Such transactions wouldhave to acquire and maintain a large number of locks [GR93],which impliesa larger overhead. Thus, a coarse lockinggranule (e.g., a file)wouldbe more convenient forsuch transactions. However,a coarse granule discriminatesagainst transactions whichonlywant to locka fine granule ofthe file[GLPT76].The mainbenefitofthe GLPis that itsatisfies bothofthese situations,allowing lockableunits of differentgranularitiesto coexist in the same system. Moreover,this protocolcreated the notionof implicitlocks, stating that by puttinga lockon a granule, all descendants of it become implicitly lockedwithoutthe necessity ofsetting furtherlocks. Lastly,this protocolintroducedthe so-called intention locks in order to prevent locks on the ancestors of a node whichmightimplicitlylockitin an incompatible mode. Those locks are used to sign the intentionof a transaction to set locks at a finergranularity.Thus, the GLPhas a basic set oflockscomposed ofthe IS (IntentionShare), IX(IntentioneXclusive),S (Share), SIX(Share IntentioneXclusive),and X(eXclusive)modes, whichare then applied to the nodes in a lock graph (a hierarchy or a Directed Acyclic Graph (DAG)) (Fig. 5) [GLPT76].

Figure 5: A lock graph for granular locks.

Notwithstanding,a protocollikethe GLPis designed fora singleorganizationhierarchy,extended to DAGs incase ofindexstructures. Ifwewoulddirectlyapplythe GLPtoa structurerichinsemantics likeKBgraphs, we wouldnot at allbe able to interprettheiredges. To put itanother way, using the GLP,when a shared/ exclusivelockon a node is granted to a transaction, alldescendants ofthisnode are implicitlylockedinthe same mode, independently of the relationship the descendants have to the ascendant. With such a behavior, many objects may be lockedunnecessarily, because itis not possible to preciselyspecifywhich kind of descendants should be implicitlylocked, and thus the overall concurrency may be affected negatively. This is the main reason why we refute todirectly apply the GLP to KBs without modifications.

4.2 The Lock Modes

As we have seen, a KB graph is built through the superposition of the classification/generalization, association, and aggregation hierarchies (or in fact DAGs).However,many accesses in a KBare directed to a particularhierarchy,and not to the KBgraph as a whole.Due to that, we are goingto logicallypartitionthe KBgraph into those three main hierarchies. As a result, we obtain a combinationof differentabstraction hierarchies, and we plan to apply hierarchicallockschemes on each one of them. Bysuch a way, on one hand we acquire a minimizationofthe locks incomparison withforexample a conventionalapproach with shared and exclusivelockmodes, whereeverytouched objectmustbe locked.Onthe otherhand, wedefine more preciselythe granule oflocktobe accessed bya transaction, allowingittolockjustthe objects itreally needs to access.

Thus, we create three differentlogicalviewsfromthe wholeKBgraph. These are called the classification (whichincludes also generalization),association, and aggregation graphs. Obviously,these logicalviews are based on the abstraction relationshipsthat are (orat least should be) providedbyKBMSs.Bythisway, we provide users withthe possibilityof lookingat a KB,and abstracting fromit just the viewpointto be workedout. Inaddition,this logicaldivisionis mirroredineach object ofthe KB.Inorder to exemplifyit,let us recall our restaurant KB(Fig. 4). Suppose there are three transactions running on it. Transaction T1 wants to access all sets and elements of the KB,whereas T2 the object menus as a class and all its database

files indices

records areas instances, and finally,T3 the object menus as a component and all its parts. In such a case, the three transactions are provided with respectively the viewpoints a), b), and c) illustrated in Fig. 6.

Figure 6: Different transactions’ viewpoints. Followingthese logicalpartitions,we have created three distinctsets of locktypes. Hence, similarto the GLP,we have a basic set oflockmodes, named: IR(IntentionRead), IW(IntentionWrite),R (Read), RIW (Read IntentionWrite),and W(Write).However,we have this basic set of lockmodes to each one of our logicalpartitions,i.e., to the classification(recognized by a subscript c (_c) followingthe lockmode), association (_s), and aggregation (_a) graphs, and not to the wholestructure as inthe GLP.We named those locks as pertainingrespectivelyto the sets of C_type, S_type, and A_typelocks (ingeneral, we callthem typed locks). In Table 1, we present the semantics of each one of them.

4.3 The Lock Compatibilities

Twolockrequests forthe same objectbytwodifferenttransactions are said to be compatibleifthey can be granted concurrently[Gr78].Withrespect to the compatibilityofthe above mentioned locktypes, we have two distinct situations to cope with. These are discussed in the next subsections.

4.3.1 Compatibility of locks on the same sets of objects (equal types) First,ifthe locksrequested and granted giverespect to the same set ofobjects (eitherC_type vs. C_type, or S_type vs. S_type, or A_typevs. A_type),then the compatibilitymatrixto be followedis the same ofthe GLP known from the literature [GLPT76, Gr78] (Fig. 7).

Figure 7: Compatibility matrix for typed locks of the same type. Inorder to illustratethe meaning ofthe compatibilitymatrixofFig.7, let us thinkoftwoconcurrent transactions operating inour restaurant KB(Fig.4). Transaction T1 wants to read the object appetizers and allits subclasses and instances. Eventually,itmay also need to update some ofthose descendants. Inthiscase, T1requests an RIW_c lockon appetizers, and then itautomaticallyreceives read access rightsto thisobject and to allitssubclasses and instances, being also allowedto request W_c lockson those, sometime. Inturn, T2 wants to read the object cold-dishes and its instances. Inorder to accomplishthat T2 needs to request an R_c lockon cold-dishes, but before doing that it must sign in the object appetizers its intentionto read some descendants ofit.Thus, itmust request to the lockmanager an IR_c lockon appetizers. Receivingthis request, the lockmanager compares the lockalready holdby T1 on appetizers against the one requested byT2withrespect tothe compatibilityofboth.Aslongas bothlocks,requested and granted, are compatible, bordeaux cote-du-rhone schwarzekatz liebfraumilch sets

wine-origins

french-wines rhine-wines ss

e ss ss e e e appetizers main-courses desserts sunday-menu menus i p p p menus

Result: the whole association graph Result: the classification Result: the aggregation graph w.r.t. menus

i: instance-of ss: subset-of e: element-of p: part-of

Notation:

a) T1: Lock (all sets) b) T2: Lock (instances of menus) c) T3: Lock (parts of menus)

graph w.r.t. menus

[ c | s | a ]

Requested Mode

Granted Mode [ c | s | a ] IR IW R RIW W IR IW R RIW W they may be conceded simultaneously, what is true in this case. This example is illustrated in Fig. 8.

Figure 8: Concurrent transactions operating on the same set of objects.

Table 1: Typed locks’ semantics.

IR_c gives intentionshared access to the requested object and allowsthe requester to explicitlylock both directsubclasses of this object in R_c or IR_c mode, and direct instances in R_c mode.

IW_c gives intentionexclusiveaccess to the requested objectand allowsthe requester to explicitlylock both direct subclasses of this object in W_c, RIW_c, R_c, IW_c or IR_c mode, and direct instances in W_c or R_c mode.

R_c gives shared access to the requested object and implicitlyto all direct and indirectsubclasses and instances of this object.

RIW_c gives shared and intentionexclusiveaccess to the requested object (i.e.,implicitlylocksalldirect and indirectsubclasses and instances ofthisobjectinshared mode and allowsthe requester to explicitlylockboth direct subclasses in W_c, RIW_c, R_c or IW_c mode, and direct instances in W_c or R_c mode).

W_c gives exclusiveaccess to the requested object and implicitlyto alldirectand indirectsubclasses and instances of this object.

IR_s gives intentionshared access to the requested object and allowsthe requester to explicitlylock both directsubsets of this object in R_s or IR_s mode, and direct elements in R_s mode.

IW_s gives intentionexclusiveaccess to the requested objectand allowsthe requester to explicitlylock both directsubsets ofthisobjectinW_s, RIW_s, R_s, IW_s or IR_s mode, and directelements inW_s or R_s mode.

R_s gives shared access to the requested object and implicitlyto alldirect and indirectsubsets and elements of this object.

RIW_s gives shared and intentionexclusiveaccess to the requested object (i.e.,implicitlylocksalldirect and indirectsubsets and elements of this object in shared mode and allows the requester to explicitlylockboth directsubsets inW_s, RIW_s, R_s or IW_s mode, and directelements inW_s or R_s mode).

W_s gives exclusive access to the requested object and implicitlyto all direct and indirectsubsets and elements of this object.

IR_a gives intentionshared access to the requested object and allowsthe requester to explicitlylock both directsubcomponents of this object in R_a or IR_a mode, and direct parts in R_a mode.

IW_a gives intentionexclusiveaccess to the requested objectand allowsthe requester to explicitlylock both directsubcomponents ofthis object inW_a, RIW_a, R_a, IW_a or IR_a mode, and directparts in W_a or R_a mode.

R_a gives shared access to the requested object and implicitlyto all direct and indirectsubcomponents and parts of this object.

RIW_a gives shared and intentionexclusiveaccess to the requested object (i.e.,implicitlylocksalldirect and indirectsubcomponents and parts of this object in shared mode and allowsthe requester to explicitlylockboth direct subcomponents in W_a, RIW_a, R_a or IW_a mode, and direct parts in W_a or R_a mode).

W_a gives exclusiveaccess to the requested object and implicitlyto alldirectand indirectsubcomponents and parts of this object.

turtle-soup bouillabaisse greek-salad salade-nicoise fish-plate shrimp-cocktail soups salads cold-dishes appetizers sc sc sc i i i i i i sc: subclass-of i: instance-of

Notation: T1 : RIW_c T2 : IR_c

T2 : R_c read access right by T1

read access right by T1 and T2

4.3.2 Compatibility of locks on distinct sets of objects (different types)

Thesecond situationwithrespect tothe compatibilityofthe typedlocksisthe one where bothare ofdifferent types (either C_type vs. {S_typeor A_type},or S_type vs. {C_typeor A_type},or A_typevs. {C_typeor S_type}).Inthiscase, the compatibilityofthe lockmodes is notthe same as above, because we are dealing withdistinctsets ofobjects. Letus tryto buildsuch a compatibilitymatrix.To do that, we need to compare pairs oflockmodes inorder to findout whether conflictsmay happen or not when both are granted simultaneously. Letus use as example an extreme case, IWand Wlockmodes. Inthe GLP,these lockmodes are incompatible,because if,forexample, we set a Wlockon a file,we automaticallyreceive (implicit)W locks on allrecords of such a file.Therefore, there is no reason to allowanother transaction to set an IW lockon this filebecause allrecords of itare already implicitlylocked in a conflictingmode, and hence the transaction may not access any records anyway.The same observation holds inthe LARSprotocolforIW and W locks of the same type, of course due to the same reasons.

However,let us analyze a situationwhere twotransactions require IWand Wlocks ofdifferenttypes on a same object,say menus. Suppose wehave a physicalrepresentation ofmenus likethe one sketched inFig. 9. As we can see, allrelationshipsof menus are represented in a bidirectionalway. Letus consider these relationshipstop-down,likethe way the transactions are going to request locks. Suppose T1 comes from aggregates and wants to write^8 the object menus and allits parts, namely desserts , appetizers, and maincourses. T1must requirethen, inadditionto an IW_a on aggregates , a W_a lockon menus. Suppose no other transaction is actuating on menus inthe moment,so that thislockmay be immediatelygranted to T1.Once granted, T1 is able to writethe object menus and allits parts, accordinglyto the semantics ofW_a. Consideringonlythe objectmenus inFig.9, we can say that T1is able towritethe fieldsofmenus from9 untilend. The fields1-8mayneitherbe accessed nortraversed byT1withitscurrentlock,justbecause the semantics of a W_a lockdoes not comprise the objects pointed by those fields(see Table 1). In other words, T1 may writeno descendants ofmenus, but onlyits parts. Letus go ahead withanother transaction, T2. Suppose T2comes fromthe objectfoods to menus. Inaddition,suppose T2sets an IW_c on foods and tries to set an IW_c on menus, inorder to set, further,a W_c lockon sunday-menu, an instance ofmenus. Ifwe analyze the semantics of IW_c, we notice that this lockrepresents an intentionto writesubclasses and instances of an object. In our example, it represents an intentionto writethe object sunday-menu. Using Fig. 9, we may notice that T2 wants to traverse only the fields 1-4 of menus, the ones pointingto its subclasses and instances. Therefore, although T1 has an W_a lockon menus, the lockmanager may grant this IW_c to T2, because both transactions are accessing differentfieldsofmenus, and so they may not stay inconflictwith one another^9. Therefore, when applied to distinctsets of objects, intentionwriteand writelockmodes are compatible.

Ourdiscussion has shownthat conflictinglockmodes appliedtorequests ofthe same abstraction hierarchy may become compatiblewhen issued fordifferentabstraction hierarchies, e.g., IW_c and W_a. In the same manner, the remaininglockmodes ofFig.10 may be shown to be compatibleaccordingto the giventable. We leave this task forthe reader. In Fig. 10, we can clearlysee that our technique allowsa much higher parallelismthan the originalGLP.The boxes marked withdarker shadows are where our technique offers more concurrency, all of that due to the consideration given to the semantics of the edges in a KB graph.

8. Inthe scope ofthis paper, we use the term ‘towritean object’as meaning an update operation inan existing object.Forinsertand delete operations, weexplicitlyuse the terms ‘toinsertan object’and ‘todelete an object’, respectively.

9. Noticethat ifT2wouldrequirea W_c on menus, itwouldconflictwithT1,because T2wouldbe able to writenot only the fields 1-4, but also the ones after 12, i.e., the objectmenus itself.

Figure 9: Physical representation of the objectmenus.

Figure 10: Compatibility matrix for typed locks of distinct types.

4.4 Accessing Implicitly Locked Objects

InSect. 3.1, we have brieflydiscussed that multipleabstraction relationshipsto an objectina KBmay lead to problems withthe implicitlocks, so that the isolationproperty of transactions [HR83]may be seriously corrupted. As a matter of fact, an interference arises whenever an object withmultipleparents is implicitly locked via one of them. From now on, we call these objects withmultipleparents bastards, in contrast to purebreds, objects with only one parent.

Toillustratethisproblem,letus referto Fig.11. There, bothtransactions T1and T2requiredan IW_c lockon beverages. Both were granted because they are compatible.Thereafter, T1 followedthe path to aperitifs and lockeditinW_c mode. Then, itreceived automaticallywriteaccess rightnot onlyto aperitifs, but also to its instances (pernod, champagne, and cointreau). Followinganother path, T2 locked liquorsin W_c mode, and received also writeaccess rightsto its instances too (cointreau and chantre). T1 and T2 may get into troubles withone another, and forexample a lost update may happen inthe objectcointreau. The problem here is that none of the transactions knows a prioriwhichare the instances of those objects due to the dynamism of the KBgraph; hence, both requested an explicitlockon a node in the hope that its descendants were locked as a whole implicitly.

Figure 11: The problem with implicit locks in a graph structure.

schema-name: menus 8: /7: /6: /5: /4: /3:2:1: /

schema-name: sunday-menu ...4:...

schema-name: foods ...1: schema-name: aggregates ...9:...

schema-name: desserts ...12:...

schema-name: appetizers ...12:...

schema-name: main-courses ...12:...

1: has-subclasses 2: subclass-of 3: has-instances 4: instance-of

5: has-subsets 6: subset-of 7: has-elements 8: element-of

9: has-subcomponents 10: subcomponent-of 11: has-parts 12: part-of

12: / 11: 10: 9: / <object data>

[ s or a | c or a | c or s ]

Requested Mode

Granted Mode [ c | s | a ] IR IW R RIW W IR IW R RIW W

pernod champagne cointreau chantre aperitifs liquors beverages sc sc i i i i i sc: subclass-of i: instance-of Notation:

write access right byT1 write access right by T2

T2 : IW_c

T1 : IW_c

T2 : W_c

T1 : W_c

object implicitly locked in conflicting modes

Inordertofindoutpossible conflictswithimplicitlylockedobjects, wemayaccess allascendants ordescendants ofan object.Forthispurpose, allrelationshipshave tobe represented ina bidirectionalway.Wecould follow basically five possible approaches. Let us discuss all of them separately.

4.4.1 Lock all referenced objects

The firstand most simple approach is to explicitlylockallreferenced objects. In the example of Fig.11, if eitherT1or T2locksallobjects explicitly,the interferenceincointreauis detected. Thispracticallyvanishes the semantics of implicitlocks, but it solves the problem^{10}. Nevertheless, this method leads to a great overhead, since many locks are required. In addition, it extinguishes the implicitlocks, but as we have discussed we do want to use them in the KBMSenvironment due to their nice properties and potential advantages.

4.4.2 Search for conflicts

The second approach is, before accessing any implicitlylocked bastard, to climbup the structure in order to findout possible conflicts.Inthis case, a conflictis detected ifsuch a bastard is already implicitlylocked byany other ascendant ina conflictingmode. Inthe above example (Fig.11), T1needs to upwardtraverse the other path coming in cointreau in order to lookfor conflicts.In this particularcase, it soon realizes a conflictin liquors. This alternative requires less locks to be held than the firstone, because it does not consider explicitlockson allreferenced objects, and stillmakes use ofimplicitlocks,but itrequires testing locks. In turn, italso leads to some substantial drawbacks. Ofcourse, itis very expensive ifan object has several parents, which in turn have several parents, and so on. In such a case, a transaction needs to traverse verylongpaths inordertofindoutpossible conflicts.Afterall,itmayhappen that there isno conflict at all.Inaddition,too many deadlocks may happen withthis approach. Inthe current example (Fig.11), a deadlock easily happens ifT1 and T2 climbup the structure at nearly the same time.Lastly,this approach is too pessimistic inthe sense that the object, although being implicitlylocked,may be not updated yet, or even not be updated at all, what slackens the conflictand frees the transaction from any obligationof detecting it.

4.4.3 Analysis of all descendants

The thirdapproach is, before setting any explicitlockon an object,to analyze alldescendants ofthisobject and explicitlylockthe bastards^{11}. Aslongas one proceeds so, any possible conflictis immediatelyavoided, because the objects where potential conflictsmay happen, are already explicitlylocked. In the current example (Fig.11), this means that when transaction T1 sets a W_c lockon aperitifs, itneeds also to set the same lockon cointreau, the onlybastard descendant ofaperitifs. When followingthe same proceeding, T2 detects the conflict and must then wait until T1 terminates. This alternative is better than the previous one, but itstillis too expensive. Inthis case, the lockmanager, always before grantingan explicitlock,needs to downwardtraverse allpaths affected by this explicitlockand to set an explicitlockon allbastard descendants. In addition,this alternativeis also somewhat pessimistic, because the transaction may not need to access all those descendants. Atlast, itmay also lead to many deadlocks, likein the previous approach.

4.4.4 Lazy evaluation strategy

The fourth approach is to add to the previous one a kind of lazy evaluation strategy for lock conflict resolution. In this approach, a transaction may request and be granted an explicitlock withoutfurther proceedings. However,before effectivelyaccessing an implicitlylockedbastard, itmust verifywhether this object is already lockedina conflictingmode by another transaction or not. Ifso, itmust waituntilthis lock

10. This alternative is followed by ORION for its class lattices (see Sect. 3.2). 11. This alternative was pointed out by Garza and Kim[GK88]forthe class lattices in ORION,implemented for test purposes, but discarded.

is released. Ifnot, itsets an explicitlockon this object, signallingthat ithas accessed it.Thislockacts like a tag in the bastard indicating that it has been already accessed via another parent of it.

The main differenceofthis alternativeto the previous one is that a transaction needs to explicitlylockonly those bastard descendants whichitactuallyaccesses, leavingthe others forthe concurrentaccess byother transactions. Inthe currentexample (Fig.11),the W_c lockon aperitifsbyT1is immediatelygranted. T1can access pernod and champagne withoutproblems, but if,and onlyif,itaccesses cointreau, itneeds then to set an explicitlockon this object. On the other side, T2performsa similarproceeding, and itonlyneeds to set an extra lock ifit wants to access cointreau. In this case, ifthe lock on this bastard by T1 is already released, forexample because T1has already modifieditand committed,T2can receive the lock,but ifT1 stillholds the lock,T2 must wait.This proceeding is certainlymore precise than the others. In addition,it involvesless overhead because onlythe bastard descendants effectivelyaccessed need to be explicitly locked. Those whichare not accessed are not locked, what minimizesthe overhead of the lockmanager and increases the concurrency because they may be accessed by other transactions in the meanwhile. Hence, implicitlylocked bastards not touched via some parent may be accessed via another one. Apparently, this approach also leads to deadlocks (to be discussed in Sect. 4.8.3). Let us summarize: This approach requires, ina set ofalready implicitlylockedobjects, explicitlocksonlyforthose objects that are actuallyaccessed and that belong to more than one parent. For these reasons, this is the best alternative to solve the problem withimplicitlocks in graph structures, and therefore we are going to followit in the LARS protocol.

4.4.5 Semantic optimizations

As a last pointfordiscussion, we brieflymentiona fifthapproach, whichrepresents an improvementinthe previousone, bymeans ofthe additionofsome semantic optimizations.Forexample, ifwe state that when all possible paths to an implicitlylocked bastard are already explicitlylocked by a transaction, this transactiondoes not need to set an explicitlockon thisbastard when accessing it.Infact,allpaths reaching this bastard should already be covered by this transaction withexplicitlocks on its parents, and therefore the potentialconflictswouldbe alreadydetected. Thisproceedingmaybe cheap inspecial cases, butingeneral it is too difficult to be realized and too expensive.

4.5 The Locking Rules

Havingpresented the general linesofthe LARSprotocol,we are finallyable to expose itscomplete rules to be followed by transactions when requesting locks on objects in a KB (see Table 2).

4.5.1 The starting rule (1)

The firstruleis clear whenitstates that transactions are allowedtodirectlyset locksinthe rootobjectinany mode, without further requirements.

4.5.2 The rules for requesting typed locks (2-6)

The second rule, inturn, states that an intentionread lock(fromthe C_type, S_type, or A_type)on a nonrootobjectmust be preceded byeither intentionread or intentionwritelocks(fromrespectivelythe C_type, S_type, or A_type)on at least one parent ofthis object, and so recursivelyuntilthe root object is reached. The thirdrule has a similarmeaning, but forthe intentionwritelocks,requiringthat they must be preceded by intentionread or read intentionwritelocks on at least one path fromthat object to the root object. The fourthrulestates, firstofall,that a read lock(fromthe C_type,S_type, orA_type)on a non-rootobjectmust be covered by intentionread or intentionwritelocks (fromrespectivelythe C_type, S_type, or A_type)on at least one path fromthis object to the rootobject. Thereafter, itrequires that a transaction must explicitly lockthe bastard descendants^{12}. Thisisbasicallyrequiredforavoidingconflictswithimplicitlylockedobjects. Thus, as already discussed, the LARSprotocolmakes a kindof lazy evaluationto detect conflictsin such objects. Ifsuch an object is already locked in a conflictingmode via another parent of it, this transaction must waituntilthislockis released. Ifnot, the transaction is granted the requiredexplicitlockon thisobject, and no other transaction willbe able inthe meanwhileto access itina conflictingmode. The fifthand sixth rules have a similar meaning, but for read intention write and write locks, respectively.

Wenowprovidean example (Fig.12)using again ourrestaurant KB(Fig.4).Suppose T1wants to read the objectturtle-soupas a part ofthe objectsunday-menu. Todo that itmust followrules 2 and 4 forrequesting, respectively,IR_a locks on the parents of turtle-soup, and an R_a lockon it. On the other side, T2 wants to writethe object appetizers together withits subclasses and instances. In turn, itmust followrules 3 and 6 forrequesting IW_c lockson the ascendants ofappetizers and a W_c lockon it,respectively.However,when tryingto access the object cold-dishes, T2 realizes that this object is a bastard, and, as stated by the rule 6, itrequests a W_c lockon this object,and is granted because this objectwas free. The same may happen forthe objectturtle-soupas longas T2tries to access it.Whentryingthis,eitherT2must wait,ifthe R_a lock on this object is still held by T1, or it may be granted, if T1 has already terminated.

Figure 12: Avoiding conflicts with implicitly locked objects.

12. There maybe situationswhere a descendant mayhave twoedges pointingto the same ascendant. Forexample, when an objectis at the same timeinstance and element ofthe same object.Insuch situations,the object is considered to be a bastard, no matter whether the parents are the same object.

Table 2: Locking rules. 1 The root object can be locked directly in any mode. 2 Beforerequesting an IR_{c|s|a} mode lockon a non-rootobject, the requester must holda path to the root in IR_{c|s|a} or IW_{c|s|a}.

3 Beforerequesting an IW_{c|s|a} mode lockon a non-rootobject, the requester must holda path to the root in IW_{c|s|a} or RIW_{c|s|a} mode.

4 Before requesting an R_{c|s|a} mode lockon a non-rootobject, the requester must hold a path to the root in IR_{c|s|a} or IW_{c|s|a} mode. In addition,before accessing any implicitlylocked bastard descendant, the requester must set an R_{c|s|a} lock on it.

5 Before requesting an RIW_{c|s|a} mode lockon a non-root object, the requester must hold a path to the root in IW_{c|s|a} or RIW_{c|s|a} mode. In addition, before accessing any implicitlylocked bastard descendant, the requester must set either a) an R_{c|s|a} lock on it, if it is a leaf object, or b) an RIW_{c|s|a} lock on it, if it is a non-leaf object.

6 Before requesting a W_{c|s|a} mode lockon a non-root object, the requester must hold a path to the root in IW_{c|s|a} or RIW_{c|s|a} mode. In addition, before accessing any implicitlylocked bastard descendant, the requester must set a W_{c|s|a} lock on it.

7 Release all locks as soon as the transaction terminates (either commits or aborts).

dishes foods offers classes aggregates c sc sc sc sc c sc sc: subclass-of

i: instance-of

p: part-of

Notation:

c: subcomponent-of global T2 : IWc T2 : IW_c

T2 : IW_c

T2 : IW_c

T2 : IW_c

T2 : W_c

T1 : IR_a

turtle-soup bouillabaisse greek-salad salade-nicoise fish-plate shrimp-cocktail soups salads cold-dishes appetizers sc sc sc i i i i i i sunday-menu p T2 : W_c

T1 : IR_a

T1 : IR_a

T1 : R_a write access right byT2 read access right by T1 predefined schemas

signs the existence of other paths

The most importantbenefit of explicitlylockingbastard descendants, besides guaranteeing serializability, is the slackness ofthe originalrequirement ofthe GLPofcoveringallpaths untilthe root, and as a consequence all ascendants, with intentions before granting an exclusive lock [GLPT76].This is a serious limitationwhen an object has several ascendants and is likelyto be used via many of them. For example, consider an aggregation relationshipin our restaurant KB.An object, say rice, could be used in a large amountofthe menus, allofwhichwouldbe itsparents. Insuch situations,itisveryinefficienttoset intention lockson allthe parents [HDKRS89],and as a consequence on allpaths tothe root,because toomanylocks are required,and a transaction mayend up lockinga large portionofthe KBfora possiblysimpleoperation, decreasing seriously the concurrency and increasing the overhead. Therefore, our approach significantly limitsthe overhead of the whole process of setting locks, and stillprovides, to a limitedextent, a minimization of the number of locks to be set by transactions, through the use of implicit locks.

4.5.3 The commit rule (7) The seventh rule is responsible foralways producingstrictexecutions [BHG87],when itrequires the locks of a transaction to be released only at its end.

4.6 Correctness Concerns

The goal of the LARSprotocol is to ensure that distinct transactions never hold conflicting(explicitor implicit)lockson the same object.Inthissection, we deliberate on aspects concerningcorrectness. Before passing on to the proof of the LARS protocol, we need some definitions. Definition 1: Adirected acyclic graph (DAG),G, is a finiteset ofnodes N,and a set ofarcs A(a subset ofNx N).The set ofarcs Ais dividedintothree disjointsubsets A_c, A_s, and A_a (A_c ∩ A_s = A_c ∩ A_a = A_s ∩ A_a = ∅ ). A_c contains the set ofarcs ofthe classificationand generalization abstraction concepts, A_s the set ofarcs ofthe element- and set-association concepts, and, at last, A_a the set of arcs of the element- and component-aggregation concepts.

Definition 2: A nodep is a parent of node c, and c is a child of node p, if <p, c>∈ A. Definition 3: Anode withno parents isa root. There isalwaysonlyone rootinG,namely,the predefined node global.

Definition 4: Anode withno childrenis a leaf. To consider a node a leaf, one must pay attentionto the set of arcs A_c, A_s, and A_a separately. For example, a node may be a leaf withrespect to A_c, but not necessarily with respect to A_s or A_a.

Definition 5: Apath is a set of arcs of A, a_1 . . . a_n, where a_i = <b_i, b_{i+1}>, and b_i ∈ N. Definition 6: Node b is an ancestor of node c ifb = c or b lies in some path from the root to nodec. Definition 7: Node b is a proper ancestor of node c ifb is an ancestor other than c itself. Definition 8: Node c is a descendant ofnode b ifb is not a leaf and either c = b or c lies in some path fromb to some leaf.

Definition 9: Node c is a proper descendant of node b ifc is a descendant other than b itself. Definition 10: Abastard is any node which has more than one parent. Definition 11: Apurebred is any node which has only one parent. Theorem 1: Suppose alltransactions obey the LARSprotocolwithrespect toa givenlockgraph, G,that is a DAG.Ifa transaction owns an explicitlock on a bastard node of G or an explicitor implicitlockon a purebred node ofG, then no other transaction owns a conflictingexplicit lock on that bastard node or a conflicting explicit or implicit lock on that purebred node.

Proof: In theorem (1), we may notice that implicitlylocked bastards are excluded, i.e., only explicitlylocked bastards are referenced. This observation comes fromthe fact that rules (4),(5),and (6)require,forthe eventuallyimplicitlylockedbastards, explicitlockson those before the access may take place. Hence, any eventual implicitlockconflictson bastards may be immediatelydiscarded by the provided compatibilitymatrices, when those are turned on to explicitlocks. Therefore, conflicts on bastards are obviously impossible.

It is sufficient to prove the theorem for leaf nodes, because if two transactions held conflicting(implicitor explicit)locks on a non-leafnode, they wouldbe holdingconflicting implicitlocks on allpurebred descendants as wellas explicitlocks on alltouched bastard descendants and, in particular,all leaf descendants of this non-leaf node. Suppose that transactions Tiand Tjownconflictinglockson an object,say O.There are fifty-fourdifferent possibilitiesofconflicton O, whichcan be grouped, per similarity,infivecases (see Table 3, where i stands for implicit ande for explicit locks).

Table 3: Possible conflicts on an object O.

Case 1. Undercase (1)are classifiedallpossible conflictsinvolvingconflictingimplicitlocks ofthe same type. We use as example the assumed conflict:Tiholds implicitR_c [O]and Tj holds implicitW_c [O].Since O is implicitlylocked by Tiin R_c mode, Tiowns an explicitR_c lockon some proper ancestor YofO and, additionally,explicitR_c lockson the set ofnodes Z, ancestors of O and proper descendants of Y,whichare bastards (rule (4)).Since O is implicitlylockedby TjinW_c mode, Tjowns an explicitW_c lockon some proper ancestor Y’ ofO and, additionally,explicitW_c locks on the set ofnodes Z’,ancestors of O and proper descendants ofY’,whichare bastards (rule(6)).There are three subcases: (a) Z= Z’= ∅ , (b) (Z≠ ∅ ∨ Z’≠ ∅ ) ∧ Z ∩ Z’= ∅ , and (c) Z ∩ Z’≠ ∅ . Subcase (a) has in additionthree subcases: (a1) Y= Y’,(a2) Yis a proper ancestor ofY’,and (a3) Y’is a proper ancestor of Y. Subcase (a1) is excluded by the given compatibilitymatrices, therefore impossible, because Tiand Tjare holdingconflictingR_c and W_c locks(respectively)on Y=Y’.Subcase (a2) is impossible,because Tjmust ownIW_c [Y],whichconflictswithR_c [Y].Subcase (a3) is impossible, because Timust own IR_c [Y’],whichconflictswithW_c [Y’].Subcase (b) is iR_c eR_c iW_c eW_c iR_s eR_s iW_s eW_s iR_a eR_a iW_a eW_a

iR_c 1 2 3 4 3 4

eR_c 2 5 4 5 4 5

iW_c 1 2 1 2 3 4 3 4 3 4 3 4

eW_c 2 5 2 5 4 5 4 5 4 5 4 5

iR_s 3 4 1 2 3 4

eR_s 4 5 2 5 4 5

iW_s 3 4 3 4 1 2 1 2 3 4 3 4

eW_s 4 5 4 5 2 5 2 5 4 5 4 5

iR_a 3 4 3 4 1 2

eR_a 4 5 4 5 2 5

iW_a 3 4 3 4 3 4 3 4 1 2 1 2

eW_a 4 5 4 5 4 5 4 5 2 5 2 5

T r a n s a c t i o n Ti

Transaction Tj obviouslyimpossible because ifneither Z nor Z’are empty, they must have at least one common node, otherwise, it would be impossible to implicitlylock O from two different paths. Subcase (c)is impossiblebecause Tiand Tjwouldbe holdingconflictingR_c and W_c (respectively)lockson a same node z ∈ (Z∩ Z’).Thus, the assumed conflictis impossible. The other conflictslistedas case (1) are similarto this one, and followtherefore the same arguments. Case 2. Undercase (2)are classifiedallpossible conflictsinvolvingan implicitlockand an explicitlock, both of the same type. We use as example the assumed conflict:Ti holds implicitR_c [O]and Tjholds explicitW_c [O].Since O is implicitlylockedby TiinR_c mode, Ti owns an explicitR_c lockon some proper ancestor Yof O and, additionally,an explicitR_c lockon every node Z, ancestor ofO and proper descendant ofY,whichis a bastard (rule (4)).Since O is explicitlylocked by Tjin W_c mode, Tjowns IW_c locks on a path fromO to the root (rule(6)).There are three subcases: (a) Tjholds IW_c [Y],(b)Tjholds IW_c [Z],and (c)Tjholds bothIW_c [Y]and IW_c [Z].Allofthem are impossiblebecause the locktypes IW_c and R_c conflict.The other conflictslisted as case (2) are similarto this one, and follow therefore the same arguments. Case 3. Under case (3) are classified all possible conflicts involvingimplicitlocks of differenttypes. We use as example the assumed conflict:Tiholds implicitR_c [O]and Tj holds implicitW_s [O].Since O is implicitlylocked by Tiin R_c mode, Tiowns an explicitR_c lockon some proper ancestor YofO, whichliesina path p (p ⊂ A_c) fromO to the root(rule (4)). Since O is implicitlylocked by Tjin W_s mode, Tjowns an explicitW_s lockon some proper ancestor Y’of O, whichlies in a path q (q ⊂ A_s) fromO to the root (rule (6)). By definition(1),A_c ∩ A_s = ∅ , therefore p ≠ q. Bydefinition(10),O is a bastard. Byrule(4),Ti must own R_c [O]before accessing O. Byrule (6), Tjmust own W_s [O],what is impossible because Tiowns a conflictinglockon O (namely,R_c [O]).Hence, the assumed conflictis impossible.The other conflictslistedas case (3)are similartothisone, and followtherefore the same arguments. Case 4. Undercase (4)are classifiedallpossible conflictsinvolvingan implicitlockand an explicitlock, both of differenttypes. We use as example the assumed conflict:Ti holds implicitR_c [O]and Tjholds explicitW_s [O].Since O is implicitlylockedby TiinR_c mode, Ti owns an explicitR_c lockon some proper ancestor Yof O, whichlies in a path p (p ⊂ A_c) fromOtothe root(rule(4)).Since Ois explicitlylockedbyTjinW_s mode, TjownsIW_s locks on a path q (q ⊂ A_s) fromO to the root(rule(6)).Bydefinition(1),A_c ∩ A_s = ∅ , therefore p ≠ q. Bydefinition(10),O is a bastard. Byrule (4),Timust ownR_c [O]before accessing O, what is impossible because Tj owns W_s [O], which conflicts with R_c [O]. Hence, the assumed conflictis impossible.The other conflictslistedas case (4)are similarto thisone, and follow therefore the same arguments. Case 5. Under case (5) are classified all possible conflictsimmediatelyexcluded by the compatibility matrices. All of them are obviously impossible.

4.7 Coping with Insert and Delete Operations - The Phantom Problem

Thus far, we have considered a KBas a fixedset ofobjects, whichcan be accessed by reads and writes. Mostreal KBscan dynamicallygrowand shrink.Therefore,inadditiontoreads and writes,we must support operations to insert new relationships and objects and delete existing relationships and objects. These operations are supported by the following complementary rules (Table 4).

Table 4: Locking rules for insert and delete operations.

4.7.1 The rules for insertion and deletion of objects (8-9)

The eighth rule copes withthe insertionofobjects inthe KB.Beforeexplainingthis rule, itis convenient to notice that firstly,we assume that an object is always inserted withat least one relationship (when no relationshipis providedbythe user, the objectis considered to be an instance ofglobal, see Sect. 2.1),and secondly,whenthe user specifiesmorethan one relationship,the LARSprotocoltreats such cases as being an insertionof an object withone relationship,followedby as many insertions of edges (governed by rule 10) as asserted by the user. Hence, the eighth rule must always handle the object and its single parent. Finally,itstates that before insertingan object,its parent must be held inat least intentionwritemode (and so recursivelyuntilthe root object is reached). The type of such an intentionwritemode is dictated by the abstraction relationshipbeing inserted, i.e., C_typeforclassification/generalization,S_type forassociation, or A_typeforaggregation. Fig.13 providesan example ofthe lockrequests needed forinsertingan object. Suppose transactionT1wants toinsertthe objectcote-de-provence as an instance ofwines. Toaccomplish thistask, T1must request an IW_c lockon wines, the parent ofcote-de-provence. Inturn,thisIW_c lockmust be covered by IW_c locks on the parents of wines untilthe root global. Just after holdingthose locks, T1 is then able to insert the objectcote-de-provence. Assoon as cote-de-provence is inserted, the lockmanager grants a W_c lockon this object to T1, whichholds ituntilitterminates. Animportantpointto be considered here is the possible occurrence of phantoms in this operation. Phantoms are discussed in Sect. 4.7.3.

Inturn,the ninthruledeals withdeletionofobjects ina similarway,withthe extra requirementthat the object itselfmust be held inwritemode. Noticethat such a writelockimpliesintentionwritelockson a parent, on a parent of the parent, and so forthuntilthe root is reached. Alsosimilarto the insertion,when an object withseveral parents is to be deleted, the LARSprotocol treats such cases as many deletions of edges (governed byrule11) as necessary, untilthe objecthas onlyone parent. Finally,the type ofsuch writeand intention write locks are dictated by the abstraction relationship in question.

Figure 13: Locks for the insertion of an object.

4.7.2 The rules for insertion and deletion of edges (10-11)

The tenth rule copes withthe insertion of edges in the KBgraph, i.e., the creation of new relationships between objects. Itstates that forinsertingan edge, the object must be held inwritemode, and the parent in at least intentionwritemode, according to the abstraction relationshipbeing inserted. Fig.14 illustrates the use ofthisrule,complementingthe last example. Suppose that T1wants toconnect the recentlycreated

8 Before inserting an object, the requester must hold the parent in IW_{c|s|a}, RIW_{c|s|a} or W_{c|s|a} mode. 9 Before deleting an object, the requester must hold it in W_{c|s|a} mode. 10 Beforeinsertingan edge, the requester must holdthe descendant inW_{c|s|a} mode, and the parent in IW_{c|s|a}, RIW_{c|s|a} or W_{c|s|a} mode.

11 Before deleting an edge, the requester must hold the descendant in W_{c|s|a} mode.

sc global

cote-de-provence

Notation:

T1 : IW_c

object inserted byT1 predefined schemas

T1 : IW_c

T1 : IW_c

T1 : IW_c

beverages offers classes

wines sc sc sc i sc: subclass-of

i: instance-of

T1 : IW_c

T1 holds W_c after insertion objectcote-de-provence as an element offrench-wines. Followingthe rule10, T1must request a writelock on this object, preferentiallya W_s lock,since itis applyingthe association concept. However,this object is not an element ofany other object yet, what makes impossiblethe acquirement ofa W_s lockon it.Insuch particularcases, a transaction is allowedto acquire a writelockofanother type. Since cote-de-provence is an instance of wines, T1 requires a W_c lockon this object, and is granted because itin fact already holds such a lockdue to the proceedings ofthe last example. Thereafter, T1must require an IW_s lockon frenchwines, the new parent ofit.Inturn,this intentionlockrequires intentionon the parents, recursively.Finally, afterholdingallthe requiredlocks,T1creates the new relationship.Aswe can see, the insertionofan edge is a bitmore complicatedoperation, because the transaction does not knowa prioriwhichare the roles of the object itselfand its parent inthe current state ofthe KB.The same does not happen forthe deletionof an edge, whichis treated by the rule 11. In such cases, the transaction does knowthe current role of the objects, and by this way the path it must traverse for requesting locks.

Figure 14: Locks for the insertion of an edge.

4.7.3 The Phantom Problem

Asstated byBernsteinet al.[BHG87],the phantomproblemis the concurrencycontrolproblemfordynamic databases. Granular locks provide physical locks, and being so we have problems with the so-called phantoms also inthe LARSprotocol.Phantoms are characterized byinserted ordeleted objects whichmay seem to appear or disappear to some concurrent transactions likea ghost. The phantom problemwas first introducedbyEswaran et al. in[EGLT76],whichalso proposed the predicate locksforelegantlycopingwith such situations. Since we do not have predicates in the LARSprotocol,we must deal withthem in some other manner.

The most reasonable solutionwe found is to delegate to the transactions the decision about toleratingor not phantoms. Ifa transaction decides to avoidphantoms at all,itmust then request exclusivetyped locks on the object inthe next higherlevelofthe graph itis currentlyworkingon (whatis foreseen by the locking rules). Takingthis measure accordingly,no phantoms may happen because no other transaction is able to access any descendant of such an object, with respect to the working graph. Exemplifying, if a transaction wants to insert an instance of some class, it must request a W_c lock on the class. Thereafter, any other transaction may neither read nor writeany instance of this class, due to the W_c lockhold by the inserting transaction on it, and hence no phantom appears. On the other hand, such a measure may significantly decrease the concurrencybecause the object as wellas a certain subset ofits descendants stay inaccessibletoothertransactions forthe timethe insertordelete transactionisrunning.Therefore,due tosuch pros and cons, we decided to delegate to transactions the choice among either greater concurrency with phantoms or lower concurrency without phantoms.

sets

wine-origins

french-wines ss

e ss global

cote-de-provence ss

Notation:

T1 : IW_s

predefined schemas

T1 : IW_s

T1 : IW_s

T1 : IW_s

ss: subset-of e: element-of

T1 : IW_c

T1 : IW_c

T1 : IW_c

T1 : IW_c

beverages offers classes

wines sc sc sc i sc: subclass-of i: instance-of

T1 : IW_c sc

T1 : W_c new edge inserted by T1

4.8 Final Considerations and Future Work

4.8.1 Including Indices in the KB Graph

Thusfar,wehave pretended thatallaccesses against a KBtake place throughthe abstractionrelationships. However, the examination of KBMSssuggests otherwise. Hash tables, trees, sorted and unsorted lists, arrays, access sequences, etc., are normallyused to speed up the access to objects inKBs.Therefore,we must expand the LARSprotocolto workforKBgraphs withindices. Adaptingthe main ideas of the GLP withrespect to indices to the KBMSenvironment,we firstcome to the followingobservations, whichcould be used as a starting point for a solution:

(1) The indices couldbe treated as rootnodes. Hence, we wouldhave several roots inthe KBgraph, and not onlyone as supposed so far. The main root wouldstillbe the predefined schema global (global root), and all indices would build other roots (index roots).

(2) Typedread (R_{c|s|a}) lockson a node wouldrequire that allnodes on at least one path fromthat node to at least one (any) root be covered by typed intention read (IR_{c|s|a}) locks.

(3) Typed write(W_{c|s|a}) locks on a node wouldrequire that allnodes, first,on at least one path fromthat node to the globalroot, and, second, on allpaths fromthat node to allindexroots be covered bytyped intention write (IW_{c|s|a}) locks.

Thisis the simplest adaptation ofthe GLPto our environment.On one side, the acquirement ofread locks is made easier, because lockingjustone path to any indexrootinintentionread mode suffices,and such a path ispotentiallyshorter than one tothe globalroot.Onthe otherside, writelocksare costlytobe acquired, because allpaths to allindexroots must be lockedinintentionwritemode, beyond a path to the globalroot itself.Unfortunately,this topicis more complicatedthan it may seem. First of all, special index structures must be tailoredforthe KBMSenvironment,and thereafter the CC protocolmust be adapted to correctly workwithsuch structures. Atthe actual pointofour work,we have not made enough considerations about thistopic,so that tomake a reasonable and concrete proposal here. Weare workingon thistopic,and leave such a proposal for a later publication.

4.8.2 Multiple Inheritance

The multipleabstraction relationships to an object may lead to a particularsituation where a transaction requests incompatiblelocks on the same object. When multipleinheritance is allowed,this situationmay happen even morefrequently.Suppose the simplescenario sketched inFig.15. There, transactionT1holds a W_c lockon object O4, whichwas granted viathe path O1-O2-O4.Afterholdingsuch a lock,T1traverses the path O1-O3-O4,and requests again a W_c lockon the same objectO4. Insuch cases, the lockmanager must be aware ofwhichtransaction is requesting the incompatiblelock.Ifthe requesting transaction is the same one whichholds the incompatiblelock,then the lockmanager must simplygrant the lockto itagain. On the other side, ifthe lockmanager just checks whether the object is already locked in an incompatible mode ornot,itmayproduce situationswhere a transactionmust waitforitself,and even worst,a transaction may get deadlocked with itself. Therefore, the lock manager of the LARSprotocol verifies, in case of conflictinglockrequests on the same object,whichparticulartransactioniscurrentlyholdingthe lock.Ifboth transactions are the same, such a lockrequest is treated as beinggranted, ifnot,the requesting transaction must wait until the conflicting lock is released.

4.8.3 Deadlocks

Deadlocks happen whenever there is a cyclicalsequence of transactions each waitingfor the next to release a lock it must acquire (T1 T2 ... T1). As a matter of fact, granular locks are subject to deadlocks. Thus, the LARSprotocolis also susceptible to deadlocks. However, it suffers froma kind of deadlockwhichdoes nothappen inthe GLP,namely,deadlocks with(implicitlylocked)bastard objects. The differenceis that the rules 4, 5, and 6 of the LARSprotocolrequire also explicitlocks on those implicitly locked bastards, what is not done by the GLP.

Figure 15: Incompatible lock requests by the same transaction via different paths.

Fig.16 illustratesa scenario where such a deadlockoccurs. There, T1lockedthe objectdishes inW_c mode, and, accordingto the semantics ofthis lock,allits subclasses and instances were implicitlylocked.Hence, T1 starts performingsome modifications.But when accessing turtle-soup, it realizes that this object has another parent (sunday-menu), and requires then a W_c lockon this object, whichis granted because this object is free. In the meanwhile, T2 locked the object sunday-menu in W_a mode, and by this way all its subcomponents and parts implicitly.Ina similarway,when accessing steak-au-poivre, T2detects that this object has another parent (main-courses), and requests thus a W_a lockon it,whichis granted. Thereafter, T2triestoaccess the objectturtle-soup. Inthe same manner, itmust request a W_a lockon it,due toitsother parent. Thislockisnotgranted because T1holdsa lockon thisobjectwhichconflictswiththe one requested by T2.T2must then waituntilT1terminates. On the other side, T1goes ahead and requests a W_c lockon the objectmain-courses, also due to itsother parent, whichis granted. Thereafter,itsimilarlyrequests a W_c lockon steak-au-poivre. Unfortunately,T1 must waituntilT2 terminates because a conflictinglockon this object is held by T2.Therefore,ifno correctivemeasures are taken insuch a situation,T1 and T2 willwait for each other forever, what characterizes a deadlock.

Figure 16: Deadlocks with bastard objects.

Withrespect to deadlocks, Gray and Reuter [GR93]advocate that these are very, very rare events, and Härder[Hä84]states that there are no general purpose deadlock-freelockingprotocolsthat alwaysprovide a highdegree ofconcurrency.On the other side, Yannakakis[Ya82,Ya82a]holds the opinionthat itis very easy toconstructscenarios where deadlocks arise, and Silberschatzand Kedem[SK80]state that deadlock detectionand recoveryingeneral is an expensive task and should be avoided whenever possible. Anyway, our technique unfortunatelydoes not avoiddeadlocks, and so we willhave an extra overhead fordetecting and resolvingthem. There are a lot of strategies to detect deadlocks. One of them is timeout, where the system, findingthat a transaction is waitingtoo longfora lock,just guesses that there may be a deadlock involvingthistransaction and simplyaborts itand restarts itlater again (althoughimpreciseinthe detection of deadlocks, it works).Waits-for-graph[Ho72]is another strategy, where the system maintains a graph

O1 O2 O3

O4

O5 O6

T1 : IW_c

T1 : IW_c

T1 : W_c

O1 O2 O3

O4

O5 O6

T1 : IW_c

T1 : IW_c

T1 : W_c

T1 : IW_c

T1 : IW_c

T1 : W_c

T1 requests incompatible W_c locks on O4

global classes aggregates

sunday-menu

turtle-soup steak-au-poivre sc c

i i p p c sc sc sc

T1 : IW_c T1 : IW_c

T1 : W_c

T1 : W_c

T1 : W_c

T2 : IW_a

T2 : IW_a

T2 : W_a

T2 : W_a

T1 requests W_c on T2 requests W_a on deadlock

Notation:

predefined schemas sc: subclass-of i: instance-of

p: part-of c: subcomponent-of

signs the existence of other paths dishes

soups main-courses showing which transactions are waitingfor other ones. When a cycle is found in this graph, it means precisely that the transactions in the cycle are deadlocked. The system then chooses one of them as a victim^{13}, aborts it,obliteratingits effects fromthe database, and restarts itlater again. Particularly,we feel that timeoutdoes notalwaysofferan optimalsolutiontodeadlocks. Althoughbeingveryeasy toimplement, the number of transactions that may be unnecessarily aborted and restarted again may be unacceptably high, due to the impreciseness of this technique. On the other side, waits-for-graphshows a very good precision forallkinds of transactions, independentlyof their duration.Animplementationand comparison between both techniques is subject of our future work.

4.8.4 Lock Conversion

Animportantconcept covered bythe GLPislockconversion[GLPT76].Lockconversionsare normallyused toincrease (upgrade) the access mode a transaction has toan object(forexample, ifa transaction has read some objectand wants to modifyitafterward,itcan request to the system to upgrade its lockon thisobject from shared to exclusive mode). Thus, all the system must do is a comparison between the currently granted lockmode ofthe requester to the resource and the newlyrequested lockmode. The new mode will be either the most restrictive between the old and the requested mode, or a combination of both.

Inthe LARSprotocol,lockconversions are handled accordinglyto the type oflock.Toput itanother way,a transaction may upgrade a C_type lockto another one of this same C_type, but not to one of A_typeor S_type, forexample. Fig. 17 shows the lockconversion table fortyped locks. To give an example, ifone has an IW_c lock on an object and requests an R_c lock on it, then the new mode is RIW_c.

Figure 17: Lock conversion table.

4.8.5 Lock Escalation

Another important issue with respect to granular locks is lock escalation [GR93, BHG87]. A system employinggranular locks must decide the level of granularityat which transactions should be locking. Generally,a fine-granularitylockingis used as default,unless the system has some hintthat the transaction is likelyto access several lockableunits covered by the current lockmode^{14}. Insuch cases, they may get a single,coarse-granularitylock.The past historyofa transaction’sbehaviorcan be also used topredictthe need forcoarse-granularitylocks[BHG87].Afterthe transaction has acquired more than a certain number of locks (usually set to 1000 according to Gray and Reuter [GR93])of a given granularity,the system executes some kindofheuristictoconvertfine-granularitylockstocoarse locks,requesting locksat the next higher level of granularity.This process of trading fine-granularitylocks for coarse ones is called lock escalation. Albeitit may cause waitingor lead to deadlocks, it is an important aspect for improvingthe performance of the CC protocoland forpreventingthe locksystem to run out of storage when millionsof locks are acquired.

13. Thischoice is not alwaysa simpledecisiondue to another problem,worse than deadlock,because itis harder to detect and wastes resources, named livelock. Livelocksare situations where each member of the livelock set may soon want to wait for another member of the set, resulting in another abort and restart [GR93].

14. Asan example ofa hint,insome implementationsofSQL,there is an SQLstatement toexplicitlylockan entire table. With such a hint, the system can immediately try to lock the whole table.

Old Mode

Requested Mode [ c | s | a ] IR IW R RIW W IR IR IW R RIW W IW IW IW RIW RIW W R R RIW R RIW W RIW RIW RIW RIW RIW W W W W W W W

[ c | s | a ]

Lockescalation isalso taken intoconsiderationbythe LARSprotocol.Bymeans ofit,forexample,ifa transactionhas acquired an IW_c mode lockon a class, and starts requesting toomanyW_c lockson itsinstances, the LARSprotocolwilltrytogranta W_c locktothistransactionon thisclass, implicitlylockingallitsinstances and alleviatingits task of requesting so many explicitlocks. Nevertheless, there is an aspect we must still cope with.Asstated bythe lockingrules 4, 5, and 6 ofthe LARSprotocol,the transaction must request also explicitlockson implicitlylockedbastards. Due to this requirement, a lockescalation inthe LARSprotocol alleviates the transaction fromrequesting locksjust on purebred descendants, but the same is not true for the bastards, because the transaction, obeyingthe lockingrules, must stillrequest lockson those objects. Webelievethisaspect willnot prejudicetoo much the performance oflockescalation inthe LARSprotocol. Notwithstanding,if the LARSprotocol is likelyto be faced withsituations like, for example, a class has thousands ofinstances and allofthem are bastards, then itmay laborunder difficulties,because even with a lockescalation, a transaction requesting a lockon this class willbe forced to request thousands oflocks on itsinstances, due totheirother parents. Apossible solutiontothisproblemis toprovidea lockescalation coveringallthe parents ofthe objects beinglocked,and notonlyon the parent the transaction has acquired an intentionlock.Inthis case, withallparents being explicitlylocked,theirdescendants couldbe accessed withoutfurther synchronization needs. However, this proceeding, besides the possibilityof being very costly,could also decrease the concurrency, because too many objects wouldbe explicitlylocked by just one transaction. Adetailed investigationofthis aspect is also another pointwe willtake intoconsideration in our future work.

5. Conclusions

KBMSsare a growingresearch area findingapplicabilityinmany differentdomains. The higheritsdemand, the greater the necessity forknowledgesharing. Inthe near future,KBMSswillbe applied more and more in real world applications. As a matter of fact, the research for CC techniques tailored to the KBMS environmentplays a crucialrole to this applicability.Moreover,itassumes a paramount importanceas the demand for ever-larger KBs grows.

Followingthis research direction, we have presented a CC technique tailored for KBMSs. The most importantcharacteristicofour technique is the partitionofthe KBgraph intomany logicalones, allowingby this waytransactions to concurrentlyaccess such partitionsthroughdifferentpoints ofview.Thereafter, to each one ofthese partitions,we have applied granular locks,providingthus many differentlocktypes and takingthe necessary precautions withrespect to the dynamismof the KBgraph. In this manner, we have captured moreofthe semantics containedinthe KBgraph inthe sense thatwedo notconsiderdescendants ofan objectas beingsimplydescendants ofit,but,on the contrary,descendants withspecial characteristics and significance,whichare based on the abstraction relationshipsofgeneralization,classification,association, and aggregation. This is the most important point of our technique, by means of which we can really obtaina highdegree ofconcurrency,witha fullexploitationofallinherentparallelismina knowledgerepresentation approach.

In addition,we have enumerated and commented some importantchallenges to be coped withby a CC technique for KBMSs.First, the LARSprotocol offers differentgranules of locks. Second, it considers implicitlocks,alleviatingthe task ofmanagingtoomanylocksdue tothe highnumberofobjects inreal world applications. Thirdly,it copes well with multipleabstraction relationships to objects, by means of the requirement of explicitlylockingbastards, which,in turn, relaxes the necessity of coveringallpaths to the rootwithintentions,reducingitto onlyone path. Fourth,itinterprets the relationshipsbetween objects with respect to theirsemantics, providingtyped locksforallabstraction concepts. Finally,such power,flexibility, and parallelism are by no means proffered by the related works we criticized.

Atlast, we have also discussed some topicsofour futureworkinthe finalconsiderations. Allthose aspects are going to be considered in the implementationof our technique. Particularly,we are going to use the

KBMSprototypeKRISYS[Ma89],developed at the Universityof Kaiserslautern, as a practicalvehiclefor the implementation.Of course, we shall not forget that the fundamental attribute of each successful CC mechanism implementationis performance. Therefore, in our implementation,we are going to take into account whatever aspect we can to improvethroughputand decrease response time.Wehope, inthe near future,tohave the opportunityofpreparinganother paper withdetailedaspects ofthe implementationofour technique, considering pros and cons of the concepts and realization strategies we follow.

Acknowledgments

WewouldliketothankJ. Reinertforthe helpfuldiscussions about the correctness concerns ofourprotocol.

References

[BCGKWB87]Banerjee, J., Chou, H.-T.,Garza, J.F., Kim,W.,Woelk,D.,Ballou,N.:Data ModelIssues forObject-Ori-ented Applications.ACMTransactions on OfficeInformationSystems, Vol.5, No.1, Jan. 1987. pp. 3-26.

[BDK92] Bancilhon,F., Delobel, C., Kanellakis,P. (Eds.).: Buildingan Object-OrientedDatabase System: The Story of O_2. Morgan Kaufmann Publishers, San Mateo, CA, USA, 1992.

[BHG87] Bernstein,P.A.,Hadzilacos,V.,Goodman,N.:ConcurrencyControland RecoveryinDatabase Systems. Addison-Wesley Publishing Company, MA, USA, 1987.

[BMOPS+89]Bretl,R., Maier,D.,Otis,A.,Penney, J., Schuchardt, B.,Stein, J., Willians,E.H.,Willians,M.:The Gem- Stone Data Management System. In:Kim,W.,Lochovsky,F.H.(Eds.), Object-Oriented Concepts, Databases, and Applications, ACM Press, New York, USA, 1989. pp. 283-308. (Chapter 12).

[BOS91] Butterworth,P., Otis,A.,Stein, J.: The GemStone ObjectDatabase Management System. Communications of the ACM, Vol. 34, No. 10, Oct. 1991. pp. 64-77.

[CF92] Cart, M., Ferrié, J.: Integrating Concurrency Control into an Object-Oriented Database System. In: [BDK92]. pp. 463-485.

[Ch93] Chaudhri,V.K.:On the Performance ofa Multi-UserKnowledgeBase Management System. InternalReport, University of Toronto, Toronto, Canada, Dec. 1993.

[Ch94] Chaudhri,V.K.:Transaction SynchronizationinKnowledgeBases: Concepts, Realizationand Quantitative Evaluation. Doctor Thesis, University of Toronto, Toronto, Canada, 1994.

[CHM92] Chaudhri,V.K.,Hadzilacos, V.,Mylopoulos,J.: ConcurrencyControlforKnowledgeBases. In:Proc. of the 3rd Int. Conf. on Principles of Knowledge Representation and Reasoning, Cambridge, USA, 1992.

[Dx90] Deux,O. et al.: The StoryofO_2. IEEETransactions on Knowledgeand Data Engineering, Vol.2, No.1, March 1990. pp. 91-108.

[Dx91] Deux, O. et al.: The Story of O_2. Communications of the ACM, Vol. 34, No. 10, Oct. 1991. pp. 34-48. [EGLT76] Eswaran, K.P.,Gray, J.N., Lorie,R.A.,Traiger,I.L.:The NotionsofConsistency and Predicate Locksin a Database System. Communications of the ACM, Vol. 19, No. 11, Nov. 1976. pp. 624-633.

[FÖ89] Farrag, A.A.;Özsu, M.T.:Using Semantic Knowledgeof Transactions to Increase Concurrency. ACM Transactions on Database Systems , Vol. 14, No. 4, Dec. 1989. pp. 503-525.

[Ga83] Garcia-Molina,H.: Using Semantic Knowledgefor Transaction Processing in a DistributedDatabase. ACM Transactions on Database Systems, Vol. 8, No. 2, June 1983. pp. 186-213.

[GK88] Garza, J.F., Kim,W.:TransactionManagement inan Object-OrientedDatabase System. In:Proc. ofthe ACM SIGMOD Int. Conf. on Management of Data, Chicago, USA, June 1988. pp. 37-45.

[GLPT76] Gray, J.N., Lorie,R.A.,Putzolu, G.R., Traiger,I.L.:GranularityofLocksand Degrees ofConsistency in a Shared Data Base. In:Proc. ofthe IFIPWorkingConference on ModelinginData Base Management Systems, Freudenstadt, Germany, Jan. 1976. pp. 365-394.

[GR93] Gray, J.N., Reuter, A.:Transaction Processing: Concepts and Techniques. MorganKaufmannPublishers, San Mateo, CA, USA, 1993.

[Gr78] Gray, J.N.: Notes on Database Operating Systems. In: Operating Systems: An Advanced Course, Springer Verlag, Berlin, 1978. (Lecture Notes in Computer Science No. 60).

[Hä84] Härder,T.:Observations on OptimisticConcurrencyControlSchemes. InformationSystems, Vol.9, No. 2, 1984. pp.111-120.

[HDKRS89] Herrmann, U., Dadam, P., Küspert, K.M.,Roman, E.A.,Schlageter, G.: A LockTechnique for Disjoint and Non-DisjointObjects. TechnicalReportNo.TR.89.01.003,IBMHeidelbergResearch Center, Heidelberg, Germany, Jan. 1989.

[Ho72] Holt,R.C.: Some Deadlock Properties in Computer Systems. ACMComputingSurveys, Vol.4, No. 3, Sep. 1972. pp. 179-196.

[HR83] Härder,T.,Reuter, A.:PrinciplesofTransaction-OrientedDatabase Recovery.ACMComputingSurveys, Vol. 15, No. 4, Dec. 1983. pp. 287-317.

[KBCGW87] Kim,W.,Banerjee, J., Chou, H.-T.,Garza, J.F., Woelk,D.:CompositeObjects Support inan Object-Ori-ented Database System. In:Proc. ofthe 2nd Int.Conf.on Object-OrientedProgramming,Systems, Languages and Applications (OOPSLA’87), Orlando, Florida, USA, Oct. 1987.

[KBCGW89] Kim,W.,Ballou,N., Chou, H.-T.,Garza, J.F., Woelk,D.:Features ofthe ORIONObject-OrientedData-base System. In: Kim,W., Lochovsky,F. (Eds.), Object-OrientedConcepts, Databases, and Applications, ACM Press, New York, USA, 1989. pp. 251-282. (Chapter 11).

[KBG89] Kim,W.,Bertino,E., Garza, J.F.: CompositeObjects Revisited.In:Proc. ofthe ACMSIGMODInt.Conf. on the Management ofData, Portland,Oregon,USA,1989. pp. 337-347.ACMSIGMODRecord, Vol.18, No. 2, June 1989.

[KGBW90] Kim,W.,Garza, J.F., Ballou,N.,Woelk,D.:Architectureofthe ORIONNext-GenerationDatabase System. IEEE Transactions on Knowledge and Data Engineering, Vol. 2, No. 1, Mar. 1990. pp. 109-124.

[Ki90] Kim,W.:Introductionto Object-OrientedDatabases . MITPress, Cambridge,MA,USA,1990. (Series in Computer Systems).

[LLOW91] Lamb,C., Landis, G., Orenstein, J., Weinreb,D.:The ObjectStore Database System. Communications of the ACM, Vol. 34, No. 10, Oct. 1991. pp. 50-63.

[Ly83] Lynch,N.:MultilevelAtomicity- ANew Correctness CriterionforDatabase Concurrency Control.ACM Transaction on Database Systems, Vol. 8, No. 4, Dec. 1983. pp. 484-502.

[Ma88] Mattos, N.M.:AbstractionConcepts: The Basis forData and KnowledgeModeling.In:Proc. of the 7th Int. Conf. on Entity-Relationship Approach, Rom, Italy, Nov. 1988. pp. 331-350.

[Ma89] Mattos,N.M.:AnApproachto KnowledgeBase Management - Requirements, KnowledgeRepresentation, and Design Issues. Doctor Thesis, Universityof Kaiserslautern, Kaiserslautern, Germany, April 1989.

[Ma90] Mattos,N.M.:Performance Measurements and Analyses ofCouplingApproaches ofDatabase and Expert Systems and Consequences to theirIntegration.In:Proc. ofthe 1st Workshopon InformationSystems and Artificial Intelligence, Ulm, Germany, Mar. 1990.

[MB90] Mylopoulos,J., Brodie,M.:KnowledgeBases and Databases: CurrentTrends and Future Directions.In: Proc. of the Workshop on Artificial Intelligence and Databases, Ulm, Germany, 1990.

[Mo90] Mohan, C.: ARIES/KVL:AKey-ValueLockingMethodforConcurrency Controlof MultiactionTransactions Operatingon B-TreeIndexes. In:Proc. ofthe 16th Int.Conf.on VeryLarge Data Bases, Brisbane, Australia, Aug. 1990. pp. 392-405.

[Mo92] Mohan,C.: Less OptimismAboutOptimisticConcurrencyControl.In:Proc. ofthe 2nd Int.Workshopon RIDE: Transaction and Query Processing, Tempe, Feb. 1992.

[MSOP86] Maier,D., Stein, J., Otis, A.,Purdy, A.:Developmentof an Object-OrientedDBMS.In:Proc. of the Int. Conf.on Object-OrientedProgramming,Systems, Languages and Applications(OOPSLA’86),Portland, Oregon, USA, Sep. 1986. pp. 472-482.

[PR83] Peinl,P., Reuter, A.:EmpiricalComparisonofDatabase ConcurrencyControlSchemes. In:Proc. ofthe 9th Int. Conf. on Very Large Data Bases, Florence, Italy, 1983. pp. 97-108.

[PS87] Penney, D.J., Stein, J.: Class Modificationinthe GemStone Object-OrientedDBMS.In:Proc. ofthe Int. Conf.on Object-OrientedProgramming,Systems, Languages and Applications(OOPSLA’87),Orlando, Florida, USA, Oct. 1987. pp. 111-117.

[Re94] Rezende, F.F.: ConcurrencyControlTechniques and the KBMSEnvironment:ACriticalAnalysis.Submitted to:Journal of Theoretical and Applied Informatics (RITA), Porto Alegre, Brazil, 1994.

[Re94a] Rezende, F.F.:Evaluatingthe SuitabilityofOODBMSConcurrencyControlTechniques tothe KBMSEnvironment. Submitted to:Journal of theBrazilian Computer Society(JBCS), Campinas, Brazil, 1994.

[SK80] Silberschatz, A.,Kedem, Z.: Consistency in HierarchicalDatabase Systems. Journal of the ACM, Vol. 27, No. 1, Jan. 1980. pp. 72-80.

[Ya82] Yannakakis,M.:Freedom fromDeadlockofSafe LockingPolicies.SIAMJournal ofComputing, Vol.11, No. 2, May 1982. pp. 391-408.

[Ya82a] Yannakakis,M.:ATheoryof Safe LockingPolicies in Database Systems. Journal of the ACM, Vol.29, No. 3, July 1982. pp. 718-740.