
Declarative Updates in Deductive Object-Oriented DatabasesMengchi Liu John ClearyDepartment of Math & Computer Science Department of Computer ScienceUniversity of Prince Edward Island University of WaikatoCharlottetown, Prince Edward Island Private Bag 3105, HamiltonCanada C1A 4P3 New ZealandAbstractUpdates are important database operations, butthere has not yet been a uniform logical frameworkthat accounts for them. This paper presents an ap-proach to deal with updates in the deductive object-oriented database setting. It incorporates tempo-ral information into update rules, so that di�erentversions of objects may be created at di�erent timepoints and can be identi�ed by the temporal informa-tion. The proposed update language has a simple andclear Herbrand-like declarative semantics, which canbe computed by a bottom-up evaluation using a tem-poral strati�cation.Keywords: Object-oriented database, rule-baseddatabase, and database updates1 IntroductionDeductive and object-oriented databases are twoimportant extensions of traditional database technol-ogy. Deductive databases extend the expressive powerof traditional databases by means of deduction and re-cursion. Object-oriented databases extend the mod-elling power of the traditional databases by using con-cepts such as object identity, complex objects, classes,and inheritance. The integration of deductive andobject-oriented databases has received considerableattention over the past few years and several deduc-tive object-oriented database languages have been pro-posed [1, 2, 3, 4, 5, 6].The theory of deductive databases without updatesis well established and a declarative semantics is char-acterized as one of its most important features. Sim-ilar declarative semantics have also been given toobject-oriented database languages without updates.

Updates are important database operations, how toincorporate them into deduction has been the focus ofactive research during the last few years and variousapproaches have been proposed [7, 8, 9, 10, 11, 12, 13].However, only a few of them take object-orientationinto account. Until now, there has been no uniformlogical framework that accounts for database updates.The major di�culty is that updates require controlfeatures that deviate from a pure declarative seman-tics.Because of this, several deductive database lan-guages, including DLP [13] and LDL [14], directly pro-vide explicit procedural update constructs and resortto dynamic logic to give procedural semantics to theupdate part of the languages.Recently, Kramer et al. presented an update lan-guage for deductive and object-oriented databasesbased on object versioning [12]. For a version v of anobject, an update on v creates a new version of the ob-ject represented by ins(v);mod(v), or del(v) depend-ing on the type of updates (insert, modify, or delete).Every version corresponds to a certain time step of theentire update process. The version of an object there-fore represents the history of the updates on the ob-ject. For example, the version ins(del(mod(ins(o))))indicates that the object o �rst experienced insertion,then modi�cation, deletion and �nally insertion, andthis version may then be used by other parts of theupdate program to generate new versions. At theend of the program, the last version of an object rep-resents the �nal updated objects. In this way, theuser exerts explicit control over the update processand update programs have Herbrand-like declarativesemantics. There are two major problems with thisapproach. First, it is the user's responsibility to makesure they refer to the proper versions in each updatetime step. Second versions of the same base objectmay be created that are not linearly ordered with eachother.



In this paper, we present an approach which di-rectly uses temporal information to identify objectversions. There are several advantages of using tem-poral information. First, time points are naturallylinearized. Second, updates are naturally associatedwith times. Using temporal information to identifyobject versions is easier for the user than using themethod proposed by Kramer et al. Most importantly,the proposed update language has a simple and cleardeclarative semantics.The update mechanism uses \updates in heads", incontrast to \updates in bodies" [7]. That is, a positiveliteral in the head of the rule is interpreted as inser-tion or modi�cation and a negative one as a deletion.Updates in heads were used in [6, 10, 3] for snapshotdatabases, but explicit control is used in [10], manualcontrol is used in [3], and a well-de�ned semantics isnot provided in [6].The importance of incorporating temporal infor-mation into databases has long been recognized.Many techniques for modelling and managing tempo-ral databases have been introduced (see [15] for a sur-vey). Most of them are based on the relational datamodel. There are also a few, such as OSAM*/T[16],which take object-orientation and deduction into ac-count, but well-de�ned logic-based semantics is stilllacking. The work presented here provides a clear log-ical account for such a temporal database system. Itcan also be e�ectively used for snapshot databases.The paper is organized as follows. Section 2 intro-duces the syntax of the update language. Section 3gives several motivating examples. Section 4 containsthe semantics. Section 5 describes the bottom-up com-putation. Section 6 gives a brief concluding discussionon how the update language can be used for traditionalsnapshot databases.2 SyntaxFor formal simplicity, we consider values as speci�cobject identi�ers in O. The set T is interpreted as alinear set, that is, there is a least element and for everypair of distinct elements ti and tj in T , either ti > tjor ti < tj . Without losing generality, we assume t0 tobe the least element of T . In the following examples,the set T is taken to be the set of positive integers.Similar to Kramer et al's approach, we distinguishextensional classes and attributes from intensionalclasses and attributes. Only extensional classes andattributes can be updated.There are two kinds of object terms: normal object

terms which do not include time points and temporalobject terms which do.Let O;O1; :::; On be variables or object identi�ers,p a class, and a1; :::; an attributes, then O : p(a1 !O1; :::; an ! On) is a normal object term, where n � 0.Let O;O1; :::; On be variables or object identi�ers,t a time point, p a class, and a1; :::; an attributes, thenO : p(a1 ! O1; :::; an ! On)@t is a temporal objectterm, where n � 0.An arithmetic comparison expression is an expres-sion using +, �, �, =, <, >, =, etc. in the standardway.Corresponding to the two kinds of object terms, wehave two kinds of rules: normal rules and update rules.A normal rule is an expression of the form A (L1; :::; Ln, n � 1, where the head A is a normal ob-ject term, and the body L1,...,Ln is a conjunction ofnormal object terms, negated normal object terms, orarithmetic comparison expressions.An update rule is of the form T ( T1; :::; Tn, n � 0,where the head T is a temporal object term, or anegated temporal object term, and the body T1,...,Tnis a conjunction of temporal object terms, negatedtemporal object terms, or arithmetic comparison ex-pressions.If the head of an update rule is positive (notnegated), then it is either an insertion rule used to in-sert objects into an extensional class or insert values ofextensional attributes of an object, or a modi�cationrule used to modify values of extensional attributes.If the head is negative, then it is a deletion rule whichis used to delete either the values of extensional at-tributes of objects or delete objects from their classes.An update fact is an update rule with an empty body.For syntactic clarity positive (temporal) terms in thehead of an update rule are indicated with a + andnegative ones with a �.As usual, we require that rules be safe in the sensethat all variables which occur in the head also occurin the body [17].A program P consists of two sets P = hRN ; RU i,where RN is the set of normal rules and RU the set ofupdate rules.A query has the form ?{ T1; :::; Tn, where T1,...,Tnare temporal object terms, negated temporal objectterms, or arithmetic comparison expressions.The language introduced so far can be considered asa restricted form of �rst order logic augmented withtemporal information. Classes correspond to unarypredicates and attributes to binary predicates. Forreasons of simplicity, we treat all attributes as multi-valued so that we do not have to consider consistency2



problems with respect to functionality of attributes.Also, we do not consider object creation, schema andinheritance, they are the topic of a separate paper [18].3 Illustrative ExamplesBefore giving formal semantics, we present severalexamples in this section. First, let us look at severalupdate facts. At time 1, insert an object tom, into theextensional class employee, and assign 3000 and shoeto the extensional attributes sal and works in respec-tively.+tom : empl(sal! 3000; works in! shoe)@1At time 3, modify the value of the extensional at-tribute works in of the object tom, from shoe to toy.+tom : empl(works in! toy)@3At time 4, delete the value of the extensional at-tribute salary of the object tom�tom : empl(sal! 3000)@4Delete the object tom, at the time point 5, from theextensional class empl�tom : empl@5Notice that the deletion of the object tom from theextensional class empl also deletes all values of theattributes de�ned on the class empl, such as sal.Now let us look at several update rules. At sometime point T , give each employee a 10% salary increaseand those in a managerial position an extra 200 1. Thenew values in the database at time T are calculatedfrom the values existing in the database at the pre-ceeding time T0. The object salary : update indicatesthe time at which the update should occur and is in-jected either by some other rule or externally by a userinterface.+E : empl(sal! S2)@T (salary : update@T ,T = T0 + 1;E : empl(sal! S1; works in! D)@T0;D : dept(manager ! E)@T0;S2 = S1 � 1:1 + 200:+E : empl(sal! S2)@T (salary : update@T;T = T0 + 1;E : empl(sal! S1; works in! D)@T0;:D : dept(manager! E)@T0;S2 = S1 � 1:1:Afterwards (one time point later) all employees who1This example is from [12]

make more than their bosses are �red.�E : empl@T (salary : update@T0;T = T0 + 1;E : empl(boss! B; sal! S1)@T0;B : empl(sal! S2)@T0;S1 > S2:The following are two normal rules which are usedto de�ne the attribute boss of the class empl, the classhighPaidEmpl.E : empl(boss! B)(E : empl(works in! D);D : dept(manager ! B),B 6= E.E : highPaidEmpl(E : empl(sal! S);S � 3000.Based on the rules above, we add the following up-date facts to make them a complete program whichwill be used as a running example through out thispaper.+toy : dept(manager! henry)@1+henry : empl(sal! 2800; works in! toy)@1+tom : empl(sal! 3000; works in! toy)@3+salary : update@44 SemanticsWe treat complex object descriptors as follows: ifo : p(a1 ! o1; :::; an ! on)@t 2 I where n � 1, thenit is synonymous with o : p@t 2 I and o : p(aj !oj)@t 2 I , 1 � j � n. In other words, o : p(a1 !o1; :::; an ! on)@t stands for the conjunction of o :p@t, o : p(a1 ! o1)@t; :::; o : p(an ! on)@t. Thetruth value of arithmetic comparison expressions arede�ned in the standard way.The truth of normal rules is de�ned in the usualway as follows. A normal rule is true i� all groundinstances of the rule A( L1; :::; Ln are true. That is,if all ground temporal instances L1@T; :::; Ln@T aretrue then A@T is true.The following two constraints on models give thesemantics of updates. The positive update constraintholds i� for every ground term A@t whenever +A@tis true and �A@t is false then A@t is true. The frameupdate constraint holds i� for every ground term A@twhenever �A@t is false and there exists t1 < t suchthat for all t2 where t1 � t2 < t, A@t2 is true thenA@t is true. (The frame update constraint can besimpli�ed in the case that T is the positive integers to:3



the frame update constraint holds i� for every groundterm A@t whenever �A@t is false and A@(t � 1) istrue then A@t is true.)Let P be a program. An interpretations I is amodelof P i� every rule in P is true and the two updateconstraints hold.It is easily veri�ed that for a model M each of theprojections M [t] is a model (in the usual sense) of thenormal rules in the database.The update rules are worthy of some comment.In standard cases they conform to intuitions about adatabase. If +A@t is true then A@t is to be added tothe database. If neither �A@t nor +A@t is true thenthe truth or falsity of A@t remains unchanged. In thecase when A@t is false then �A@t leaves the databaseundisturbed. Because we will seek minimal models asthe preferred ones a deletion �A@t functions by re-moving the necessity for A@t to be true. The singularcase when both +A@t and �A@t are true has beenresolved arbitrarily to delete A@t.It is possible to state these update constraints as ifthey were encoded in a constructive rule (this con-structive form will be used in the next section fora monotone mapping which leads to a least �xpointwhich is a minimal model): A@t must be true ifthere is no deletion �A@t1 since the last addition+A@t0. To be more precise: A@t must be true ifthere is some +A@t0; t � t0 and no other additionssince (+A@t1; t � t1 > t0) and no other deletions atthe same time or since (�A@t2; t � t2 � t0). In thelanguage described in [19] it is possible to write suchupdate rules directly in the language.The following interpretation M broken into the se-quence of point interpretations M [0], ..., M [6], ... canbe veri�ed as a model of the example program in thelast section.M [0] = fgM [1] = f+henry : empl(sal! 2800; works in! toy);henry : empl(sal! 2800; works in! toy);+toy : dept(manager! henry);toy : dept(manager ! henry)gM [2] = fhenry : empl(sal! 2800; works in! toy);toy : dept(manager ! henry)gM [3] = fhenry : empl(sal! 2800; works in! toy);+tom : empl(sal! 3000; works in! toy;boss! henry);tom : empl(sal! 3000; works in! toy;boss! henry);

+salary : update;salary : update;toy : dept(manager! henry);tom : highPaidEmplgM [4] = f+tom : empl(sal! 3300);tom : empl(sal! 3300; works in! toy;boss! henry);+henry : empl(sal! 3280);henry : empl(sal! 3280; works in! toy);toy : dept(manager! henry);tom : highPaidEmplhenry : highPaidEmplgM [5] = fhenry : empl(sal! 3280; works in! toy);�tom : empl;toy : dept(manager! henry);henry : highPaidEmplgM [6] = fhenry : empl(sal! 3280; works in! toy);toy : dept(manager! henry);henry : highPaidEmplgA program P may have an in�nite numbers of mod-els. By making proper restrictions on the programsimilar to those in traditional logic programs, we canguarantee that the program has a model. One distin-guished minimal and supported model can be chosenas the intended semantics of the program. We discussthis in the next section.5 Bottom-Up ComputationThe computation of a model of a logic programis usually done bottom-up by repeatedly applying amonotone mapping until a least �xpoint is reached. Inthe presence of negation, and in our case additions anddeletions, it is not always possible to construct such amapping. A solution to this problems can be achievedby constructing a local strati�cation on the program[20]. The aim of such strati�cations is to partition thebase into strata; bottom-up computation then is donestratum by stratum. The results of lower strata arethe input to the respective next higher stratum. Afterhaving processed all strata, a �xpoint of the programis reached.First we de�ne a mapping TP on the program whichwe will show under an appropriate local strati�cationwill give a least �xpoint. The mapping is the sameas the one traditionally given for logic programs plus4



extra terms to account for the update rules.TP (I) = fA@t j A@t ( L1@t; :::Ln@t is aground instance of a normal rule and each Li@t,1 � i � n, is true w.r.t. I g [fF@t j F@t( L1@t1; :::; Ln@tn is a groundinstance of an update rule and each Li@ti,1 � i � n, is true w.r.t. I g [fA@t j A@t is a ground term and there is some+A@t0 true w.r.t. to I , t � t0, and there is noterm +A@t1 true w.r.t. I , t � t1 > t0, andthere is no term �A@t2 true w.r.t. I ,t � t2 � t0 g.It is easily veri�ed that any �xpoint of TP is a modelin the sense de�ned above.Given this mapping we now wish to construct a lo-cal strati�cation to ensure that a suitable monotonicsequence is available to arrive at a least �xpoint. Alocal strati�cation is de�ned here as a countable se-quence of disjoint subsets of BP , H0; H1; ::: which sat-isfy the following conditions:(1) For each ground instance of a normal ruleA( B1; :::Bn;:C1; :::;:Cm.A@t 2 Hl implies that(a) for each i, 1 � i � n that Bi@t 2 Hk for somek � l(b) for each i, 1 � i � m that Ci@t 2 Hk for somek < l(2) For each ground instance of an update ruleF@t( B1@t1; :::Bn@tn;:C1@s1; :::;:Cm@smF@t 2 Hl implies that(a) for each i, 1 � i � n that Bi@ti 2 Hk for somek < l(b) for each i, 1 � i � m that Ci@si 2 Hk for somek < l(3) For each ground term A@t 2 Hl, then there issome m+ < l such that +A@t 2 Hm+ and thereis some m� < l such that +A@T 2 Hm� .Note that the strati�cation requires that all up-dated terms A@T follow their updating terms +A@T ,and �A@T in the strati�cation.Given such a local strati�cation it is easily veri�edthat the mapping TP is monotonic over the appropri-ately restricted lattices used in the constructions of[20] and [21]. Thus if there is such a strati�cation aminimal perfect model of P can be constructed.In general it is not possible to easily decide whethera program has a local strati�cation. However in thecurrent context if T is the integers then two simplerestrictions on P guarantee that a local strati�cationexists. It is built on a (�nite) strati�cation of thenormal rules and then a further constraint that the

update rules are causal. A strati�cation on the normalrules is de�ned to be a (�nite) ordering >N on classattribute pairs such that for any ground instance of anormal rule: A( L1; :::; Lnwhere A = o1 : p1(a1 ! o2) then Li = o3 : p2(a2 !o4) implies that hp1; a1i �N hp2; a2i and Li = :o3 :p2(a2 ! o4) implies that hp1; a1i >N hp2; a2i.Given such a �nite ordering it is possible to separateall ground (non-temporal) terms into a �nite series ofstrata N1; :::; Nk.Each time point t then generates a sequence ofstrata Ht;0; Ht;1; :::; Ht;k whereHt;0 = f all ground terms +A@t, �A@tg and Ht;i = fground terms A@t where A 2 Hig.The entire local strati�cation is the sequence H1;0,H1;1, H1;2, ... H1;k, H2;0, H2;1, ... H2;k, ... This leadsto a bottom-up computation where the database isevaluated at all points prior to t. The update terms+A@t and �A@t are then computed and �nally theupdate rules are used to compute the remaining termsA@t at time t.6 ConclusionThe primary intention of this research is to presentan update language for deductive and object-orienteddatabases with a clear declarative semantics. Such anobjective is achieved by separating normal rules fromupdate rules and by introducing temporal informationin update rules. The result of this investigation setsthe formal foundation for practical implementationsof update operations in both deductive and object-oriented temporal databases and traditional snapshotdatabases.For snapshot databases, the update rules can besimpli�ed into the form L ( L1; :::; Ln, n � 0 whereL is either a normal object term preceded by a +or �, L1, ..., Ln are normal object terms, negatednormal object terms, or arithmetic comparison ex-pressions. This simpli�ed form generalizes traditionaldatabase update operations. We can translate thisrule into the following explicit update rule L@T (T = T0 + 1; L1@T0; :::; Ln@T0. In this way, we coulduse the database state M [t] to perform the intendedupdate operation and obtain a new database stateM [t + 1]. Similarly, a query could be made only atthe current time and thus could be simpli�ed into theform ?- L1; :::; Ln where each Li, i = 1; :::; n is a nor-mal object term, a negated normal object term, or anarithmetic comparison expression. Used in this way,5
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