Temporal Queries to Complex Objects

Wolfgang Käfer, Harald Schöning University Kaiserslautern Germany email: {kaefer, schoenin}@informatik.uni-kl.de

Abstract

Support fortemporaldata continues to be a requirement posed by many applicationssuch as VLSIdesign and CAD,butalso inconventionalapplicationslikebankingand sales. The strong demand forcomplex-objectsupport is knownas an inherent fact in design applications,but it also holds foradvanced “conventional”applications.Thus, new advanced database management systems should includeboth features, i.e. should support temporal complex-objects.We show that such a system can be efficiently implementedon top ofa (non-temporal)complex-objectdata model. The central notionofthe temporal complex-objectdata modelisa timeslice, representing one state ofa complexobject.Timeslices cannot be directlystored, ifnon-disjunct(i.e.overlapping)complexobjects are allowed.Weexplainthe mapping oftimeslices onto the complexobjects supported bythe MADmodel.Operations on temporalcomplexobjects are easily transformed intoMADmodel operations. Furthermore, we reduce the huge storage requirements usually arising from temporal databases.

1. Introduction

Allhuman activitiesare embedded intime.Hence, the modelofthe worldwhichis used to describe relevant facts in a database also should be capable of includingtemporal aspects. However,commercial databases lackthis feature, and instead onlyshow the latest state ofthe world.Concerninga temporal extension to the relationaldata model,there is plentyofliterature,e.g. [SK86,Sn86, Ta86, Ga88].Generally,these proposals do not represent the historyofan entityas a whole,but rather cut itintoseveral pieces (separate tuples). The implementationof a temporal data support forthe relationaldata model presented in[KRS90]overcomes thisrestrictionbytreatingthe historyofan entity(represented bya relationaltuple) as a complex object. This allowsforpowerfulyet simple retrievaloperations and foran efficient implementation of the system by mapping it onto a complex-object database system. Havingfounda satisfyingsolutionforthe temporalextension ofthe relationaldata model,we nowraise the question ofwhetherthere is a similarsolutionwhichallowsfora temporalextension even ofthe complex-objectdata model itself,whichin [KRS90]was used onlyto realize the relationalextension. The request forcomplex-objectsupportingdatabase systems originatesfromvariousdesign areas. Inorder to employdatabase systems fortheirapplications,designers need powerfulmodellingfacilities.One of the most importantrequirements is that ofmodellinga design object as one (complex)object inthe database, whichcan be accessed as a whole.However,complex-objectdata models are useful not only in these areas, but also in almost all areas, where the relationalmodel has been successful. This fact willbe illustratedbyour runningexample whichmodels a smallpart ofthe business world,consistingof some companies withtheiremployees. Furthermore,design environments(and also almostallother ap-

in: Workshop Tolouse, 1991

plicationareas) are characterized by a continualdevelopment of theirdata. Thisposes at least tworequirements to database systems supporting these areas successfully: • The database system has to supplythe notionofa version, whichis a state ofdesign whichthe designer wants to fixexplicitly,in order to be able to refer to it later on or to pass it to a cooperating designer. These aspects of temporal data are covered in [KS91] and [Kä91].

• The database system has to supplythe notionofthe historyofa complexobject, e.g. inorder to enable the reviewingof a design process or to keep track of the development of a company withits projects and employees etc. Thisis orthogonalto the previouslymentioned versioningconcept, because here nobodyknowsinadvance, whichfacts inthe historyofthe complexobjects willbe ofany interest inthe future.Furthermore,the semantics ofa version (i.e. a distinguished(intermediate)result or unit of cooperation) do not apply to the history aspect.

Inthispaper, we deal withhistorymanagement forcomplexobjects. Wechoose the molecule-atomdata model(MADmodel)[Mi88],whichis a general complex-objectdata modelallowingforoverlappingcomplexobjects, to serve both as the data modelto be extended by a temporaldimensionand as the basis for the implementation of this extension.

2. Motivation

We willimplementthe temporal extended MADmodel (forshort the TMADmodel) by mapping it onto the MADmodel,i.e. by performingtransformationsas depicted inFigure1. The MADmodelitselfis implemented inthe PRIMAsystem [HMMS87].The approach oftransformingtemporaldata modelobjects and operations has already shown tobe an efficientmeans forthe implementationofa temporalextended relationalmodel, whichis described in [KRS90].However,we face new difficultieshere whichare caused bythe highercomplexityofthe objects to be dealt withand the dynamisminthe objecttype definition provided by the MAD model. • Incontrast to tuples ofthe relationalmodel,the (complex)objects we deal withinTMADare defined at query time (and not in the database schema).

• Whenever a tuplechanges, we can store the new tupleand preserve the oldone (perhaps, applying some differencetechniques inorder to save storage space). The change to a complexobject, however, cannot be determined,because complexobjects mayoverlapdue tothe dynamismoftheirdefinition. The only thing we can record is the change to tuples (and the links among them).

Figure 1: The mapping of the temporal data model to the complex-object data model temporal queries on complex objects complex objects withhistory temporal database management system

operations on (non temporal ) complex objects non-temporal complex object transformed to modelled by realized using

system

(molecules) complex objects database management

Our approach may be characterized as follows.Whenever a complexobject change is performed,this is recorded as a change to tuples and links.The retrievalprocedure is much more complicated.Itbases on the notionof time slices. Atime slice is defined as a time intervalwhichcontains onlyone state of each tuple ofthe complexobject. For each timeslice, the corresponding complexobject is builtup. Afterwards, the specifiedconditionsand timerestrictionsare checked inorder to identifythe qualifyingobjects. Ifsuch objects exist, a projectionis evaluated on the wholehistoryof the complexobject, i.e. all its timeslices. We introducean additionallayer on top ofthe MADmodel (calledtemporallayer)which is responsible forthe transformationof the database schema and queries of the temporal data model intothose ofthe MADmodel.Furthermore,thislayerhas to constructtimeslices fromthe molecules delivered by the MAD model.

Sectionthree givesa briefdescriptionofthe MADmodeland introducesourrunningexample. The query facilitiesofthe model are exemplifiedon a smallsample database.Section fourdeals withthe temporal extensions ofthe MADmodelthereby definingthe TMADmodel.The implementationofthe TMADmodel by means ofthe MADmodelis shown insection five.We close witha short summary and some conclusions.

3. The MAD model

Beforewe start withthe introductionofthe main concepts ofthe MADmodel, we depict a small part of a business world,whichwillserve us as a runningexample throughoutthe paper. Companies organize theirworkinProjects, whichmay be shared withother companies. Employees are assigned to at least one project.Each projecthas a singlemanager. Furthermore,there are sport clubswhichare sponsored by the companies and therefore are open onlyto their employees. In this small world,we can identify several complex-objecttypes: Aprojectcorresponds to a complex-objecttype consistingofproject-spe-cificinformationand allemployees assigned to that project.Obviously,instances ofthis type overlap,if an employee is assigned tomore than one project.Acompanyalso formsa complex-objecttype,including projects and employees.

Anotherexample of a complex-objecttype is the club (consistingof members and club-specificdata). Even employee can be seen as a complex-objecttype, consistingofpersonal data, projectassignment, and clubmembership. Fromthisenumeration,one can concludethat complex-objecttypes belongingto the same mini-worldare non-disjointand that itis not predictable whichofthe possible complex-object types serve the specificneeds ofan application.Acomplex-objectdata modelreflectingthese observations is the Molecule-AtomData Model(MADModel)[Mi88],whichallowsfordynamiccomplex-object type definitions at query time.

Thus, the database schema consists of a networkof buildingblocks (called atom types) whichdirectly reflects an entity/relationshipmodel of the mini-world^†. Such a schema whichdescribes the mini-world introduced above is shown in Figure 2. Relationships are modelled by pairs of attributes of type REF_TO.For example, the relationshipbetween Club and Employee is modelled by the REF_TOattributes Club.members and Employee.club. REF_TOattributedefinitionsmay be augmented by cardinalityrestrictionswhichindicatethe minimaland the maximalnumber ofidentifierscontained inthe attribute’svalue. A*indicates “norestrictionon the maximalnumber of identifiers”.For example, a club must have at least four members, and an employee works exactly for one company according to the

† with binary attribute-free relationships schema depicted inFigure2. Each instance ofan atom type (calledatom)has a unique system-control-led identifier.Avalue ofa REF_TOattributeconsists ofa set ofsuch identifiers.To indicatethat atoms a and b are related (linked),the REF_TOattribute of a whichpoints to b’stype contains b’sidentifier, and additionally, the value of the corresponding REF_TO attribute ofb contains a’s identifier.

Figure 2: Database schema of the sample database

Usingthe MADmodel’squery language MQL,one can retrieve the complex-objectcompany “Cheese” (including projects and employees) by the following query:

SELECT ALL FROM Company.projects-Project.employees-Employee WHERE company_name = “Cheese”

The query is evaluated by searching qualifyingCompanyatoms, adding allProject atoms whose identifiersare contained inthe projects REF_TOattribute,and adding the Employeeatoms whose identifiers are elements of their employees REF_TO attribute.

The SELECTclause specifies whichparts ofthe complexobjectshall be shown (projectionclause), the FROMclause describes the complex-objecttype to workon, and the WHEREclause is used to specify which complex objects of that type qualify.

The query onlyincludes informationabout the employees, but not about the managers of the projects. We can change the query to obtain this informationby followingtwopaths to Employee. To be able to distinguishthe twooccurrences ofEmployeeinthisquery, we assign so-called rolenames (Eand M)to them:

SELECT ALL FROM Company.projects-Project-( .employees-E(Employee), .managed_by-M(Employee)) WHERE company_name = “Cheese”

CREATE ATOM_TYPE Company (co_id: IDENTIFIER,
                 company_name: STRING,
                 employees: REF_TO (Employee.company) (1,*),
                 projects: REF_TO (Project.companies) (1,*));
CREATE ATOM_TYPE Employee (emp_id: IDENTIFIER,
                 employee_name: STRING,
                 salary: INTEGER,
                 company: REF_TO (Company.employees) (1,1),
                 works_for: REF_TO (Project.employees) (1,*),
                 manager_of: REF_TO (Project.managed_by) (0,1),
                 club: REF_TO (Club.members) (0,*));
CREATE ATOM_TYPE Project (proj_id: IDENTIFIER,
                 project_name: STRING,
                 employees: REF_TO (Employee.works_for)(1,*),
                 managed_by: REF_TO (Employee.manager_of) (1,1),
                 companies: REF_TO (Company.projects) (1,*));
CREATE ATOM_TYPE Club (club_id: IDENTIFIER,
                 club_name: STRING,
                 club_desc: STRING,
                 members: REF_TO (Employee.club)(4,*));

Figure 3: Sample database (valid at the first of June, 1988)

Asample database is shown in Figure 3. The “bubbles”represent atoms, whereas the lines represent the linksbetween them. Regarding thisdatabase, we noticethat the query shown above willincludethe projects “cheese crackers”and “lightcheese” and the employees “Mary”,“Bob”,“Ann”and “Jim”intothe complexobject“Cheese”.Ifwe wanttoincludeonlythose projects,whichexclusivelybelongtothe company, we have to rewrite the projection clause (to perform a so-called “qualified projection”):

SELECT Company (ALL),SELECT Project(ALL), Employee(ALL) FROM RESULT WHERE COUNT(Project.companies) = 1 FROM Company-Project.employees-Employee WHERE company_name = “Cheese”^†

The keywordRESULTindicates that the corresponding SELECTquery refers to the result obtained by the surroundingquery.ALLleads tothe projectionofallattributesofthe correspondingatom type.Thus, thisquery selects onlythose projects whichbelong to exactlyone company (i.e.to the company we had started with).

Furthermore, the MADmodel can handle recursivelystructured complexobjects. The expanded database schema as shown inFigure7 contains twoadditionalattributesofthe REF_TOtype foreach atom type of the originalschema: past and future are used to establish a chain of atoms of the same atom type. We can retrieve these recursively structured molecules by the following query:

SELECT ALL FROM Employee REC_PATH Employee.past-Employee UNTIL salary< 3000 WHERE Employee(FIRST).employee_name= “Mary” AND Employee(FIRST).future = EMPTY;

† The name of a REF_TOattributemay be omitted,ifthere is onlyone such attributeconnecting the two atom types.

Bicycle club “Fat Boys”

Company.Employees- Employee.Company

Company.Projects- Project.Companies or Project.Employees- Employee.works_for

Project.managed_by- Employee.manager_of

Employee.club- Club.members apple pie cheese crackers light cheese

Bob Mary Ann Bruce 1000 2000 1700 1500 Jim 2500

Jane 3000

Cake

Cheese

The keywordREC_PATHforces the constructionofrecursive complexobjects, whichis stopped when the conditioncontained in the UNTILclause wouldbe fulfilled.The algorithmstarts withan Employee atomfulfillingthe conditionsindicatedinthe WHEREclause^†. Employee(FIRST)names the firstEmployee atom inthe molecule(i.e.the rootofthe molecule).Then, the Employeeatom referenced bythe past attributeofthe rootis includedintothe molecule.Its past attributeis used to findthe next levelofrecursion, and so on, untilthe UNTILclause is evaluated to be TRUEor the past attributeis empty^‡. Thus, in ourexample,the recursionterminates whenevera salary less than 3000isencountered orwhenthe past attribute is empty.

Figure 4: Changes applied to the sample database during the year 1989

We cannot detailthe MADmodel’spowerfuloperations here. The interested reader is referred to [Mi88, Schö89].

Obviously,the complex objects as depicted in Figure 3 are subject to changes: new employees are hired,salaries are raised, projectassignments change, etc. We have recorded some changes inFigure 4. Unfortunately,the MADmodel discussed so far is capable onlyofshowingthe latest state ofthe database. Figure 5 shows the database state after all these changes have been performed.

Figure 5: Sample database (valid at December 31 of 1989)

† Employee(FIRST).future= EMPTYensures, that the recursion process starts withthe most recent Employee atom.

‡ Inour application,the atom chain established by the past/future references is cycle-free.Otherwise, the recursion would terminate whenever a cycle would appear in the molecule.

2/1/1989: Mary earns 2000 3/1/1989: Mary quits from project “cheese crackers” 4/1/1989: Ann quits company “Cheese” and joins “Cake” John joins company “Cheese” and is assigned to Project “light cheese” 5/1/1989: Bob becomes Manager of “cheese crackers” instead of Jim 6/1/1989: Bob becomes member of bicycle club “Fat Boys” 7/1/1989: A new project “lemon tart” is created by company “Cake” Bruce changes its project to “lemon tart” and becomes its manager Ann is assigned to “lemon tart” and “cheese crackers”

Bicycle club “Fat Boys”

Employee.club- Club.members apple pie cheese crackers light cheese

Bob Mary 1000 2000 Jim 2500

Jane 3000

Cheese

lemon tart

Bruce 1500

John 3000 Ann 1700

Cake

There is no support fora temporal dimension whichwouldallowforqueryingthe historyof a complex object. Many applications, however, require just this feature. Typically, queries like the following occur:

• “How did companyCheese look like at 3/2/1989?”

• “Which clubs had members of companyCheese in the year 1989?”

• “Who has ever been employee of companyCheese ?”

• “For which projects did Mary work during the whole year 1989?”

In the following,we present a temporal extension to the MADmodel and MQL,whichsupports these kindsofqueries. Then,wewilldiscuss howthisextension can be implementedon topofthe MADmodel.

4. The Temporal Model

As mentioned above, the MADmodel’sUPDATEoperation workslikein other non-temporaldatabase management systems by overwritingthe previous values withthe new data. Thus, the database represents onlythe actual data ofthe related mini-worldlikea snapshot. Allearliersnapshots ofthe database are lost and cannot be retrieved. In contrast to that, temporal databases preserve allsnapshots of the database and allowa widevarietyofretrievalfacilitieson the actual and historicaldata. Inthe following, we willdescribe the extensions to the schema definitionwhichare necessary to capture allsnapshots of the database, and the operations whichare necessary to handle the historicaldata. We record each state ofan atom bystoringthe attributevalues ofeach atom’sstate together withthe timeintervalofthe state’svalidity.For thispurpose, we add the attributes valid_fromand valid_untilto each atom type definition.Furthermore,allstates ofan atom are connected to one another bythe attributespast and future (cf.Figure7).Inthe sequel, wewilluse the term“temporalatom”forthe collectionofallstates ofan atom.

Figure 6: Schema extension of the database in order to capture the historical data

Temporal Databases and Updates

Inorder to preserve the previous values ofthe data whichis usuallyoverwrittenby an UPDATEoperation,we have to redefine the semantics of this operation. The new operation T_UPDATE^† has to work ina differentway.Instead ofoverwritingthe previousvalues, T_UPDATEcreates a copy ofthe original atom, changes the related values and inserts the modifiedatom intothe database. Nowwe have to con-

† We precede all operations of our temporal model with T_.

CREATE ATOM_TYPE Company(co_id: IDENTIFIER,
                 company_name: STRING,
                 employees: REF_TO (Employee.Company) (1,*),
                 projects: REF_TO (Project.Companies) (1,*),
                 valid_from: TIME(DAY),
                 valid_until: TIME(DAY),
                 past: REF_TO (Company.future) (0,1),
                 future: REF_TO (Company.past) (0,1));
CREATE ATOM_TYPE Employee(...
CREATE ATOM_TYPE Project(...
CREATE ATOM_TYPE Club (...

sider twopoints, because these twoatoms logicallyrepresent one atom. Firstly,we have to mark each atom with its validity interval. Secondly, we have to combine the atoms which build one temporal atom.

We accomplish the first task by assigning appropriate values to the attribute pair valid_fromand valid_until^† ofthe atom. The T_UPDATEoperationhas toensure that the valid_fromattributeofthe new atom contains the same value as the valid_untilattributeofthe previous atom in order to avoid“holes” inthe historyofthe atom. The user has tospecifythe validitytimeinthe T_UPDATEstatement, because thistimereflectswhenthe associated factwillbe validinthe mini-world.There isalso the notionoftransactiontime,whichrepresents the time,when a factis recorded inthe database. Inthe following,we consider only the validity time, because the transaction time can be handled analogously.

Inorder to accomplishthe second task mentionedabove, we have to combineallatoms constitutingthe historyofone (temporal)atom. Wedo thisbycreating a timeordered chain ofthese atoms viaREF_TO attributes (named past and future). Thus, each atom representing a part ofa historycontains inits past attributethe identifierofthe previouslyvalidatom and initsfutureattributethe identifierofthe nextnewer atom, respectively. In the following, we call such a chain of atomsTime Sequence (TS) [KRS90].

Figure 7: History of Mary Asan example, Figure7a shows the TS representing Mary’shistoryaccordingtoourmini-world.The TS of Maryconsists of three atoms. The most recent atom contains no reference in its future attribute, whereas the oldest atom contains no reference inits past attribute.Furthermore,Figure7b reflects the factthat Mary’shistoryisonlyone part ofthe database and thereforethe atoms are connected withother atoms ofthe database constitutingthe so-calledcomplexobjects (the wholedatabase isshowninFigure 8). RaisingMary’ssalary to 2000 at the 1st ofFebruary 1989 forces the insertionofa new atom intothe database as described bythe T_UPDATEoperation.Thus, allreferences (i.e.allvalues ofthe REF_TOtype attributes) are copied intothe new atom connecting itto allpreviouslyreferenced atoms. In order to guarantee referentialintegrity,the database system modifiesthe referenced atoms makingthem reference also the new atom of Mary’shistory(i.e. of Mary’sTS) [Schö90].Please notice, that this is the onlyreal update operationinourscenario^‡. Ofcourse, we couldreflectthe modificationstothe REF_TO attributes by creating a new atom as we do forother updates. Then, references to the new atom would

† valid_untilcontains a special NULLvalue,ifwedon’tknowhowlongthe data willbe validinthe future. ‡ Obviously,ourapproach leads to differentdatabases representing the same mini-world.If,forexample, Bob joins the bicycleclub “FatBoys”,this can be seen as a change to Bob’sstate (creating a new atom representing Bob and updating the references of the “FatBoys”atom). Or itcan alternativelybe seen as a change to “FatBoys”,creating a new atom ofthe bicyclecluband updatingBob’s references. The retrievalprocedure discussed insection 5, however,constructs the same resultfrom both databases for each query.

works_for manager e2 2/1/89 3/1/89 emp_id e2 Mary 2000 c1 p1, p2 p1 2/1/89 3/1/89 e1 e3 e3 Mary 2000 c1 p1 p1 3/1/89 — e2 — e1 Mary 1000 c1 p1, p2 p1 1/1/88 2/1/89 — e2 name salary company

valid_from valid_until past future e1 1/1/88 2/1/89 e3 3/1/89 —

p1 1/1/88 — p2 1/1/88 — c1 1/1/88 —

a) The TS of Mary b) The TS in the context of the database

Cheese cheese crackers light cheese have tobe added toallatoms referencingit.Thus, a snowballeffectwouldbe initiated,whichinthe worst case could generate a new copy of almost the whole database.

As a consequence ofour approach, cardinalityrestrictionshave to be reconsidered. The upper bounds may not longerhold,ifforan atom references to more than one atom ofthe same TS exists. For example,inthe database showninFigure8, the REF_TOattributemanaged_by of“cheese crackers”contains 3 identifiers,althoughinthe originalschema the cardinalityrestrictionwas (1,1).Hence, we remove the upper bounds when transforming the original schema.

Summarizing,we should stress that the extension ofeach atom type definitionofthe database schema bytwoattributepairs(valid_from/valid_untiland past/future)and the modificationofthe update operation is sufficientforstoring the historicaldata along withthe actual data in the database. Now,we have to (re)define the semantics of the retrieval operation.

Retrieval in Temporal Databases

Asa firstobjective,we have to guarantee that retrievaloperations referringonlyto the actual data have to show the same behaviour in the temporal database and in the non-temporaldatabase. As a second objective,we want to have powerfulretrievaloperations workingon the historicaldata. These queries can be differentiatedaccordingto the kindoftemporalqualificationthey use inthe WHEREclause. Before we investigate these differentkinds of temporal queries, we give a short overviewof the syntax of the retrievalstatements. Ingeneral, we use the syntax ofthe introducedMQLwithsome slightmodifications.

T_SELECT projection_list[temporal_projection] T_FROM object_definition T_WHERE non_temporal_conditiontemporal_selection

temporal_selection ::= AT <time_point>| {SOMETIMES | ALWAYS} DURING [time_point, time_point]

temporal_projection ::= CORRESPONDING | AT time_point | DURING [time_point, time_point]

In the following,we willdiscuss several kinds of temporal queries. We illustratethem by runningsome sample queries against our database as depicted in Figure 8. Since Figure 8 shows onlya part of the database, most ofthe atoms have a validityintervalfromthe firstofJanuary 1988 untilnow.The atoms connected by a bold edge are atoms constitutingone TS. The TS reflectthe changes to the database as showninFigure4. Duringthe discussion ofthe querytypes, we neglect the temporalprojectionwhich we will discuss in a following step.

juncture query

Thiskindofquery refers to the database state validat a single pointin time,likein the query “Howdid company Cheese looklikeat the 2nd ofMarch1989?”.Perhaps, this is the most obviousway how the historicaldata can be accessed, i.e. we refer to a certain recent state of the database. The condition given in the WHEREclause is evaluated on the data validat the given pointin time^†. Using the introduced syntax, we get the following temporal query:

† Thus, the company would also be retrieved, if it had changed its name after this date.

Figure 8: Sample database (representing all states of the data according to Figure 4)

Emplo yee.club-

Club

.members

1/1/88-NULL

Cheese cheese cr ackers1/1/88-NULL light cheese

7/1/89-NULL lemon tar t1/1/88-NULL apple pie

4/1/89-NULL

John

2000

3/1/89-NULL

Mary2000

6/1/89-NULL

Bob2000 Ann 1700

Bruce1500

Jane3000

2/1/89-3/1/89

1/1/88-2/1/89

Mary1000

5/1/89-6/1/89

1/1/88-5/1/89

4/1/89-7/1/89

1/1/88-4/1/89

Jim2500

1/1/88-7/1/89

5/1/89-NULL

Cake1/1/88-NULL

Bicycle club

“Fat Bo ys”Company.employees-

Employee.company

Project.managed_by-

Employee.manager_of

Company.projects-

Project.companies orProject.employees-

Employee.works_for

(1) T_SELECT ALL

T_FROM Company-Project-(.employees-E(Employee), .managed_by-M(Employee)) T_WHERE company_name = “Cheese” AT 3/2/1989

This query selects the values of allattributes of the companies (“Cheese”),the projects (“lightcheese” and “cheese crackers”),their employees (“Mary”,“Bob”,“Jim”and “Ann”),and their managers (“Mary” and “Jim”) valid at the 2nd of March 1989.

As a special case, we can use the timefunctionNOWwhichcomputes the actual date and time.Thus, the clause “AT NOW” retrieves the actual data from the database^†.

existential interval query

The intervalqueries refertoan intervalintimecorrespondingtoone orseveral states ofthe data. Incase of the existentialintervalquery, the conditiongiven in the WHEREclause has to hold at least forone pointintimeincludedinthe giveninterval.For example, the query “Whichclubs had members ofcompany Cheese in the year 1989?” results in the following temporal query:

(2) T_SELECT club_name

T_FROM Club-Employee-Company T_WHERE EXISTS Company: company_name = “Cheese” SOMETIMES DURING [1/1/1989, 12/31/1989]

Thequeryretrievesallclubswhichhave at least one member whoworkedforcompany“Cheese”at least forone pointin time (withinthe given interval).In our sample database, we wouldget the bicycleclub “Fat Boys”, because Bob joined the club at the 1st of June 1989.

universal interval query

Inthiscase, the givenconditionhas toholdforallstates ofthe database validinthe giveninterval.Thus, the sample query (2)^‡ wouldhave an empty result, because Bob wasn’tmember of the bicycleclub in the firsthalfofthe year 1989. Foranother example, we couldask “ForwhichprojectsdidMaryworkduring the whole year 1989?”:

(3) T_SELECT project_name

T_FROM Project.employees-Employee T_WHERE EXISTS Employee: employee_name = “Mary” ALWAYS DURING [1/1/1989, 12/31/1989]

In our sample database, the query retrieves only project “light cheese”.

Afterhavingdetailed the semantics oftemporalselections, we have to take a closer lookto the result of those queries.

Results of Temporal Queries

Aquery in the MADmodel yieldsa set ofmolecules as its result. Analogously,a temporal query yields a set of molecule histories, whichin turn are constituted of sets of molecules, each representing one

† We use this clause as default, if the query contains no explicit temporal selection. ‡ Of course, modified by changing SOMETIMES to ALWAYS.

state ofthe complexobject validforsome intervaloftime(whichwe willspecifylater on). We callsuch a moleculetogether withthe validityintervaltimeslice(orshortlyTSL).Atimeslicecontains at most one state of each atom. As a consequence, the validityintervals of all atoms included in a time slice are equal. Asan example, Figure9 shows the timeslices derivedfroma sample database ofthree temporal atoms. Obviously,each timesliceequals tothe resultofa correspondingnon-temporalqueryfroma nontemporal database, asked at a point in time during the validity interval of the TSL.

Figure 9: Example of a time slice (TSL) construction

Inthe case ofthe juncturequerywiththe timeselection “ATNOW”discussed above, each moleculehistoryconsists ofexactlyone timeslice.Thus, the firstrequirement(queries referringto the actual state of the database generate the same result as in non-temporal MAD databases) is fulfilled.

However,the resultoftemporalqueries becomes more complex,ifwe take a more general view:Selectingdata at one special pointin time(i.e. via a juncturequery) does not necessarily mean that we want to get onlythe data validat this special pointin time. For example, we can ask forthe actual salary of those employees whohad workedforproject“cheese crackers”at the 15th ofFebruary 1989. Thus, we have to applya temporalprojectionwhichworkslikethe qualifiedprojectionofthe MADmodel,i.e., the temporalprojectionselects those TSLfromthe resultofa temporalquerywhichare requiredbythe user. For this purpose, we can applyan “AT”clause and a “DURING”clause in the temporal projection. The “CORRESPONDING”clause^† leads tothe selectionofthose TSLwhichwere validduringthe timespecificationgiven in the WHEREclause. The followingexample of a juncturequery illustratesthe effectof the different temporal projection clauses.

(4) T_SELECT employee_name, salary

T_FROM Project.employee-Employee

† We use this clause as default, if no explicit temporal projection is applied.

1/1/90-1/31/91

1/1/89-2/1/90 3/1/90-3/31/91 2/1/90-3/1/90

2/3/90-2/1/92

This is a sample molecule as is would be derivedby MADwithoutthe temporal component. Each represents an atom. The differentshadings show different atom types.

1/1/89-2/3/90

1/1/90-2/1/90

1/1/90-2/1/90

First TSL:the validity times are adjusted. The atom does not fitinto this TSL.

2/1/90-2/3/90

2/1/90-2/3/90

2/3/90-3/1/90

2/1/90-2/3/90 Second and third TSL: the validity times ofthe atoms forcethe creation of two TSL.

1 2 3

1 2 2/3/90-3/1/90

2/3/90-3/1/90 2

2 3

2 3

3/1/901/31/91

3/1/90-1/31/91

Fourth TSL: No atoms available

3

T_WHERE project_name = “cheese crackers” AT 2/15/1989 • Using “CORRESPONDING”as temporal projectionwouldretrieve “Mary2000”,“Bob2000”,“Ann 1700”, and “Jim 2500”.

• Using“AT1/15/1989”as temporalprojectionwouldretrievea salary of1000 forMaryinstead of2000 as shown above.

• Using “DURING[1/15/1989, 3/15/1989]”as temporal projectionwould retrieve two TSL for Mary:

“1000 for [1/15/1989, 31/1/1989]” and “2000 for [2/1/1989, 2/28/1989]”. So far, we have introducedthe TMADmodel as a powerfuldata model forhandlingtemporal complex objects. We have detailed various kinds of temporal queries and temporal answers. In the following chapter, we will discuss the implementation of the TMAD model as a layer on top of the MAD model.

5. Implementation of the Temporal model

Inorder to safe as much implementationworkas possible, we decided to implementthe temporalcomplex-objectdata model (TMAD)by an additionallayer on top of the MADmodel. Thereby, we want to delegate as much work as possible to the MAD model. We describe the mappingprocess beginningwiththe buildingblocksofthe TMADmodel, the temporal atoms. Asalready mentioned,there have tobe the additionalattributesvalid_fromand valid_untilas well as the previous and the next REF_TOattribute. Thus, each user-defined temporal atom type is transformedto a MADatom by adding these fourattributes and omittingthe upper bounds ofthe cardinality restrictions.Manipulationoftemporalatoms has already been described. Onlythe handlingofretrieval statements has still to be discussed. Wetransformeach TMADquerytoa MADquerywhichdefines one moleculeforeach moleculehistory.

juncture query

Juncture queries are easy to transform:we onlyhave to findone timeslice byevaluatingthe valid_from and valid_until attribute (Example 1) T_SELECT ALL T_FROM Club-Employee T_WHERE employee_name = “Mary” AT 3/1/1989 is transformed to SELECT ALL FROM Club-Employee WHERE employee_name = “Mary” AND Club.valid_from≤ 3/1/1989 AND ((Club.valid_until> 3/1/1989) OR IS_NULL (Club.valid_until)) Example 1: Transformation of a juncture query Itis sufficientto ask onlyforthe valid_fromand valid_untilattributes of the root atom type, because it contains all references which were relevant in the intervalformed by valid_fromand valid_until. The valid_until attribute may have a NULL value, if the atom is representing the actual state.

universal interval query

Inthis case, we have to retrievea set oftemporalmolecules, each ofthem representing a sequence of differentstates of the molecule validduringone intervalin time. For this purpose, we firstretrieve the MADmolecule whichrepresents the latest state of the temporal molecule as referenced in the query. We then append allstates untilwe reach the lowerbound ofthe timeintervalby using the MADmodels recursion facility.Hence, we use the next and previousattributes ofthe rootatom type ofthe molecule. Example 2 illustrates our approach.

T_SELECT ALL T_FROM Company-Employee T_WHERE company_name = “Cake” ALWAYS DURING [2/1/1989, 5/1/1989]

is transformed to

SELECT ALL FROM (Company-Employee) RECURSIVE Company.previous-Company UNTIL Company.valid_until< 2/1/1989 WHERE Company(0).valid_from≤ 5/1/1989 AND (Company(0).valid_until> 5/1/1989 OR IS_NULL (Company(0).valid_until)) AND Company(LAST).valid_from≤ 2/1/1989 AND FOR ALL Company(ALLREC): Company(ALLREC).company_name = “Cake”

Example 2: Transformation of a universal interval query.

TheUNTILclause stops the constructionofthe recursivemoleculewhenthe intervalisoverstepped. The condition“Company(Last).valid_from≤ 2/1/1989”guarantees that the complexobjectexisted duringthe whole interval.

Here, the conditionisincludedintothe MQLquerybecause itonlyrestrictsthe rootatomtype.Ingeneral, the conditioncannot be evaluated by MADbecause itis timespecific.For example, consider the condition“SUM(salary)<8000”added to the above query. The moleculeconstructed by the MADquery contains twoatoms of“Ann”.Thus,regardingthe molecule,the conditionwouldbe violated,althoughitholds for each time slice.

existential interval query

Inthe case ofan existentialintervalquerythe condition“Company(LAST).valid_from≤ 2/1/1989”isomitted and the “FORALL”is replaced by“EXISTS”.The remarks concerningthe evaluationofthe condition by MAD hold also for this kind of queries.

construction of time slices

The result ofsuch queries is a set ofrecursive molecules each belongingto one complexobject. Each recursionlevelofsuch a moleculecorresponds toone state ofthe complexobject,startingwiththe most recent state withinthe specifiedinterval.These molecules have nowto be transformedintoa set oftime slices foreach complexobject.Thisis done bythe temporallayer.First,the validityintervalsofthe time slices have tobe computed.Allvalid_from(orvalid_until)attributesinthe molecule,whichdo notexceed the intervalspecifiedbythe queryare sorted. Inthissorted list,each twoadjacent values formthe validity intervalsofa timeslice^†. For each timeslice, the correspondingrootatom is determined. The constructionmechanism ofthe timeintervalsforeach TSLguarantees that each timeslice contains at most one state of each temporal atom. From the root atom, the linksare followed,thereby discarding all atoms whichdo not overlapthe timeintervalofthe TSL.The validitytimeofallatoms ofa TSLis set to that of the TSLitself.Assoon as the TSLare constructed, the conditionswhichcouldnotbe transferred toMAD must be tested. In the case of an existentialintervalquery the conditionhas to hold forat least one of the TSL, in the case of a universal interval query for all TSL.

Untilnow,we implicitlyrequired the projected timeto be a sub-intervalofthe timeofthe “timeselection clause”.

Thismakes the mappingprocess easier, butis nota necessary restriction.Wecan use the methods discussed in [KRS90] to overcome it.

Alternatively,the temporallayer may performits workintwosteps inthe case where the projected time is not a sub-intervalofthe timeofthe timeselection clause. Ina firststep, the qualifyingmolecules are computed as described above and the identifiersofthe rootatoms are memorized.Then, a second query withthe onlycondition“Recursivemolecule contains one of the identifiersmemorized in step 1”is used to retrieve the final result.

Asmentionedabove, duringthe constructionofa timeslice,atoms whichare notvalidduringthe validity intervalofthe timeslice, are discarded. Hence, atoms whichare outside ofthe intervalspecifiedin the temporal selection clause are always discarded by the temporal layer. Obviously,the MADqueries as described above deliver a couple of such atoms, as the following example illustrates:

temporal query:

T_SELECT ALL T_FROM Company-Employee T_WHERE company_name = “Cheese” AT 5/1/1989

MAD query:

SELECT ALL FROM Company-Employee WHERE Company.Company_Name = “Cheese” AND Company.valid_from ≤ 5/1/1989 AND (Company.valid_until> 5/1/1989 OR IS_NULL (Company.valid_until))

Example 3: Sample juncture query transformation

Inoursample database, there isonlyone Companyatomrepresenting Cheese . Hence, thisatomas well as allreferenced employees includingAnnare retrieved. However,Anndoes not belong to Cheese at 5/1/1989. The corresponding atom could be discarded by the additionaltemporal layer. We prefer discarding italready in the MADquery by using the concept of qualifiedprojectionforeach atom type involved. Thus the optimized transformation result is:

† The firstand the last value of the listforman intervalwiththe corresponding bounds of the interval specified in the query.

SELECT Company, SELECT ALL FROM Employee WHERE Employee.valid_from≤ 5/1/1989 AND (Employee.valid_until> 5/1/1989 OR IS_NULL(Employee.valid_until)) FROM Company-Employee WHERE Company.Company_Name = “Cheese” AND Company.valid_from≤ 5/1/1989 AND (Company.valid_until> 5/1/1989 OR IS_NULL (Company.valid_until))

Analogously,forintervalqueries, allatom types except the rootatom type undergo the qualifiedprojection.

6. Conclusion and Outlook

Comparison to the TMQL model

In[KRS90]we presented a temporalextension to the relationalmodel.There, we added onlyone “valid” attribute to the relations (having the semantics of valid_from). valid_untilwas represented in the next atom of a time sequence. This prevents “holes”in the time sequence already by the way of modelling. Furthermore, the insertion of a new state of an atom did not force an explicitchange of an attribute (valid_until) of the previous atom. However,retrievalqueries become more complex.Inorder to stress the complex-objectaspects ofour approach presented inthis paper, we have chosen the more intuitive approach of both attributes. Nevertheless, there is no reason whythe approach of [KRS90]cannot be applied here. Also, the storage saving techniques presented there are applicable.

Conclusion

We have shown that itis possible to extend a complexobjectdata modelbya temporaldimensionwithout a huge amount ofoverhead. Wecoulduse allfacilitiesofthe underlyingcomplex-objectdata model, and had onlyto restructure the results ofqueries to thismodel.One temporalquery corresponds to only one non-temporalqueryortotwoqueries ifthe less sophisticated methodofhandlingprojectionsoutside the selection interval (cf. section 5) is chosen.

The basic idea ofourapproach is nottorepresent a change toa complexobjectbystoringthe new state of the wholecomplexobject, but rather by representing onlythe new state of the buildingblockwhich had changed. This is a prerequisite forincorporatingdynamiccomplexobject definitionsat query time intothe temporalcomplex-objectdata model.Furthermore,this approach does not require a huge storage overhead, even without additional compression techniques like the ones presented in [KRS90].

Noticethat the concept of a unique identifierforeach temporal atom is not automaticallysupported by our approach. We do not see the need forsuch an identifier(because itcan neither be used forreferences nor is itnecessary to group the various states ofa temporalatom by such an identifier,because they are already linked to one another by the REF_TO attributes past and future). Nevertheless, a unique identifiercould be computed by the temporal layer at the creation time of a temporal atom and mightbe added to the atoms’sschema definition.For the underlyingMADdatabase, itwillappear as a normal attribute.

Asa furtherwork,we willconsider whether there are any other classes oftemporalqueries whichmake sense in the complex-objectcontext (perhaps the “coincidence”queries of [KRS90]).Furthermore, we have to investigate inwhichcase conditionswhichdo not onlyrestrictthe rootatom type may be transferredtothe MADquery.Wewillalso have tostudythe impactofclusteringmechanisms on the performance ofour temporaldatabase system. Obviously,we cannot cluster allstates ofa moleculephysically. We have to investigate whether there are any tailored access paths for our approach.

We claimthat the temporal extension presented in the context of the MADmodel is also possible for similarcomplex-objectdata models. Asa result ofour work,we conclude that implementinga temporal complex-objectdata model quite efficientlyis not much harder than implementinga non-temporalcom-plex-object data model.

References

Ar86: Ariav,G.:ATemporallyOrientedData Model,ACMTODS,Vol.11, No.4, 1986, pp. 499-527. AS85: Ahn,I., Snodgrass, R.: ATaxonomyof Timein Databases, Proc. ACMSIGMODInt.Conf.

on Management of Data, Austin, 1985, pp. 236-246. AS86: Ahn,I., Snodgrass, R.: TemporalDatabases, IEEECOMPUTER,Vol.19, No. 9, 1986, pp.

35-42. BK85 Batory,D.S., Kim,W.:ModellingConcepts forVLSICADObjects, in:ACMTODS,Vol.10, No. 3, 1985, pp. 322-346.

DL88 Dittrich,K.R., Lorie, R.A.: Version Support for Engineering Database Systems, in: IEEE Transactions on Software Engineering, Vol. TOSE-14 (1988), No. 4, pp. 429-437.

DLW84: Dadam, P., Lum,V.,Werner,H.-D.:IntegrationofTimeVersionsintoa RelationalDatabase System, Proc. 10th Int. Conf. on VLDB, Singapore, 1984, pp. 509-522.

Ga88: Gadia, S.-K.:AHomogeneous RelationalModeland QueryLanguage forTemporalDatabases, ACM TODS, Vol. 13, No. 4, Dec. 1988, pp. 418-448.

Hä88: Härder,T.:Overviewofthe PRIMAProject,in:Härder,T.(ed.):The PRIMAProject- Design and Implementationofa Non-Standard Database System, Research Report No.26/88, University Kaiserslautern, 1988, pp. 1-12.

HMMS87:Härder,T.,Meyer-Wegener,K.,Mitschang,B.,Sikeler,A.:PRIMA- ADBMSPrototypeSupportingEngineering Applications,in: Proc. Int. Conf. on VeryLarge Data Bases VLDB’87, Brighton, 1987, pp. 433-442.

Kä91: Käfer,W.:AFrameworkforVersion-based Cooperation Control,Proc. of the 2nd Int.Conf.

on Database Systems for Advanced Applications (DASFAA), Tokyo, Japan, 1991. KRS90: Käfer,W.,Ritter,N.,Schöning,H.:Support forTemporalData byComplexObjects, in:Proc.

Int. Conf. on Very Large Data Bases VLDB’90, Brisbane, Australia, 1990, pp. 24-35. KS91: Käfer,W., Schöning, H.: Mappinga Version Modelto a Complex-ObjectData Model,Research Report No. 22/91, University Kaiserslautern, 1991.

Lu84: Lum,V.,Dadam, P., Erbe, R., Guenauer, J., Pistor, P., Walch,G., Werner, H., Woodfill,J.:

DesigningDBMSSupport for the Temporal Dimension,Proc. ACMSIGMODInt. Conf. on Management of Data, Boston, 1984, pp. 115-130.

Mi88: Mitschang,B.:Towardsa UnifiedViewofDesignData and KnowledgeRepresentation, Proc.

2nd Int. Conf. on Expert Database Systems, Tysons Corner, 1988, pp. 33-50. Mi89: Mitschang,B.:Extendingthe RelationalAlgebrato Capture ComplexObjects, Proc. 15thInt.

Conf. on VLDB, Amsterdam, 1989, pp. 297-305. Schö89: Schöning, H.:IntegratingComplexObjects and Recursion, Proc. ofthe 1st Int.Conf.on Deductive and Object-Oriented Database Systems, Kyoto, Japan, 1989, pp. 535-554.

Schö90 Schöning, H.:Preserving Consistency inNested Transactions, in:Proc. 23rd AnnualHawaii Conf. on System Sciences, HICSS23, Vol. II, IEEE, 1990, pp. 472-480.

SK86: Shoshani, A., Kawagoe, K.: Temporal Data Management, Proc. 12th Int. Conf. on VLDB, Kyoto, Japan, 1986, pp. 79-88.

Sn86: Snodgrass, R.: Research Concerning Time in Databases: Project Summaries, ACMSIG- MOD RECORD, Vol. 15, No. 4, 1986, pp. 19-39.

Ta86: Tansel, A.-U.:AddingTimeDimensionto RelationalModeland ExtendingRelationalAlgebra, Information Systems, Vol. 11, No. 4, 1986, pp. 343-355.