
Answers about validity and completenessof data: formal de�nitions, usefulness andcomputation techniqueRobert DemolombeONERA-CERT-DTIM2 Avenue E. Belin, B.P. 402531055 Toulouse CedexFrancee-mail: Robert.Demolombe@cert.fr.AbstractWe present here a continuation of our work presented in [Dem97] .We recall de�nitions of valid subsets or complete subsets of a database,and the modal logic that is used for reasoning about assumptions onvalidity and completeness, in order to characterise subsets of a standardanswer that are either valid or complete. We formally de�ne severalforms of answers that are either extensional or intensional. Then, weanalyse which kinds of anwers are really useful for users. Finally, wepresent an automated deduction method to compute these answers.This method is based on SOL-deduction, which has been designed forclassical logic, and we show how it can be adapted to our modal logic.1 IntroductionIn this paper is presented a continuation of a work that has already beenpublished in [Dem97] (see also [CDJ94, DJ94, Dem96]). We have consideredsituations where databases, or distributed database, or information sources,in general, may, or may not, be reliable in regard to stored data. Here wehave restricted the scope to databases.It is assumed that some parts of the database are valid or complete[Mot86, Mot89]. If we consider, for example, a database that contains dataabout bank agencies: their location, the fact that they are open or close, that1



accounts are negative, etc, it can be assumed, for example, that data aboutopen agencies are valid, and data about downtown agencies are complete.Property of validity intuitively means that if it is stored in the databasethat some bank is open, then this fact is \guaranteed" to be true. Propertyof completeness means that if it is \guaranteed" that some bank agency islocated downtown, then this fact is stored in the database.In this situation, if some user asks to the database what are agencies notlocated downtown, it is not obvious to see how assumptions about validityand completeness can be combined to characterise what parts of the answerare guaranteed to be either valid or complete.For that purpose a formal modal logic has been de�ned in [Dem97] whichis brie
y recalled in section 2. In section 3 we analyse di�erent forms ofanswers about validity and completeness, and circumstances where they areuseful. Finally, in section 4 is presented an automated deduction techniquethat has been implemented to compute that kinds of answers.2 Background on validity and completeness of dataIn [Dem97] we have de�ned a modal logic (see [Che88]) that has been usedto give a formal de�nition to the fact that a given subset of a database isreliable either in regard to validity or in regard to completeness of data. Inthis section we brie
y recall these de�nitions.In the axiomatic de�nition of our logic we have all the axiom schema ofclassical propositional calculus, and the inference rule Modus Ponens.To characterise database content we use the modal operator B, andsentences of the kind Bp, where p is a sentence of a classical propositionalcalculus language, intuitively mean that p is a consequence of sentencesstored in the database. The axiomatic of B is de�ned by the followingaxiom schemas:(K1) B(p! q)! (Bp! Bq)(D1) :((Bp) ^ (B(:p)))and inference rule of necessitation (Nec) ` p` Bp .To characterise what the system which manages the database believes,we have introduced another modal operator K, and sentences of the kindKp intuitively mean that the system \strongly believes" p. We do not say2



that the system knows p because we consider that we are in a context whereno information can be taken as true in an absolute sense. However, wewant to be able to make a distinction between beliefs, for which we acceptthat they may be wrong beliefs, and strong beliefs for which we have thesame behaviour as for knowledge. That is, strong beliefs are irrevocablyconsidered as true beliefs. This intuitive meaning is formally expressed byaxiom schema (T'). The axiomatic for K is de�ned by the following axiomschemas:(K2) K(p! q)! (Kp! Kq)(D2) :((Kp)^ (K(:p)))(T 0) K(Kp! p)and inference rule of necessitation (Nec) ` p` Kp .The fact that strong beliefs are a particular kind of beliefs is expressedby the axiom schema:(KB) Kp! BpFinally, we have two axiom schemas (OBS1) and (OBS2) to expressthe fact that the database system has a complete knowledge of databasecontent. That is, he knows what is, and what is not, in the database.(OBS1) Bp! K(Bp)(OBS2) :Bp! K(:Bp)Notice that these two axioms do not imply that database content is acomplete representation of the world.In the following we extend the language used to represent database con-tent from propositional calculus to �rst order calculus. However, we acceptthe Domain Closure Axiom, as it is usually the case in database context,and quanti�ed formulas can be seen as ground conjunctions or ground dis-junctions. Then, from a theoretical point of view, we are in fact in the �eldof propositional calculus.The two modal operators we have presented in previous paragraph canbe used to de�ne the notions of reliable data in regard to validity or inregard to completeness. Sentence RV (p(x)) means that the database systemstrongly believes that every sentence of the form p(x) which is believed by thedatabase is true in the world. Sentence RC(p(x)) means that the databasesystem strongly believes that every sentence of the form p(x) which is truein the world is believed by the database. In formal terms we have:3



RV(p(x)) def= K(8x(Bp(x)! p(x)))RC(p(x)) def= K(8x(p(x)! Bp(x)))A given database state db is represented by a set of �rst order formulas,and a set of assumptionsmdb about subsets of the database that are reliablefor validity or completenes is represented by a set of sentences of the formRV (p(x)) or RC(p(x)). From db we de�ne dbb that represents databasecontent in terms of beliefs. We have:dbb = fBp : ` db! pg [ f:Bp : 6` db! pg3 Di�erent sorts of answersFrom a formal point view we can de�ne several kinds of answers that informusers about parts of the answers that are either valid or complete. In thissection we �rst present these formal de�nitions, and then we analyse whichones are really useful for users.3.1 Formal de�nitions of answersStandard answersThe standard answer s to query q(x) is de�ned by:s = fa : ` dbb! Bq(a)gThe standard answer is the set of individuals such that the databasebelieves that they satisfy q(x).Extensional answer about validityThe extensional answer about validity ev to query q(x) is de�ned by:ev = fa : `mdb^ dbb! Kq(a)gThe answer ev is the set of individuals such that the database stronglybelieves that they satisfy q(x). 4



Intensional answer about validityThe intensional answer about validity iv to query q(x) is de�ned by:iv = fq0(x) : ` mdb! RV (q0(x))g and` 8x(q0(x)! q(x)) andq0(x) is maximal for implicationgThe answer iv is a set of sentences that characterise valid parts of thestandard answer in terms of properties instead of a characterisation in termsof a set of individuals.The condition \q0(x) is maximal for implication" could be reformulatedin more formal terms, it means that for every q0(x) in iv there is no othersentence q00(x) in iv such that q00(x) logically implies q0(x).If q0(x) is in iv, by de�nition of RV we have (1) 8xK(Bq0(x) ! q0(x)).Since we have ` 8x(q0(x) ! q(x)) we also have ` 8xK(q0(x) ! q(x)), andfrom (1) we can infer (2) 8xK(Bq0(x)! q(x)).Then, if for some individual a we have Bq0(a), by (OBS1) we haveKBq0(a), and from (2) we can infer Kq(a), and from (KB) we infer Bq(a).That means that a is in s and it is also in ev.Intensional answer about completenessThe intensional answer about completeness ic� to query q(x) is de�nedby: ic� = fq0(x) : ` mdb! RC(q0(x))g and` 8x(q0(x)! q(x)) andq0(x) is maximal for implicationgThe answer ic� gives an intensional characterisation of subsets of thestandard answer that are complete.If q0(x) is ic�, by de�nition of RC we have (1) 8xK(q0(x) ! Bq0(x)),and from ` 8x(q0(x) ! q(x)) we have (2) ` 8x(Bq0(x) ! Bq(x)) and (3)` 8xK(Bq0(x)! Bq(x)). Then from (1) and (3) we have (4) 8xK(q0(x)!Bq(x)), and, by contraposition we have (5) 8xK(:Bq(x)! :q0(x)).Then, if for a given individual a we have :Bq(a), from (OBS2) we haveK:Bq(a), and by (5) we have K:q0(a).The intensional answer about completeness ic+ to query q(x) is de�nedby: 5



ic+ = fq0(x) : `mdb! RC(q0(x))g and` 8x(q(x)! q0(x)) andq0(x) is minimal for implicationgThe answer ic+ gives an intensional characterisation of supersets of thestandard answer that are complete.If q0(x) is in ic+, by de�nition of RC we have (1) 8xK(q0(x)! Bq0(x)),and from ` 8x(q(x)! q0(x)) we have (2) ` 8xK(q(x)! q0(x)). Then, from(1) and (2) we have (3) 8xK(q(x) ! Bq0(x)), and, by contraposition, wehave (4) 8xK(:Bq0(x)! :q(x)).Then, if for a given individual we have :Bq0(a), from (OBS2) we haveK:Bq0(a), and by (4) we have K:q(a).Extensional answer about completenessThe extensional answers about completeness ec� and ec+ give the ex-tension of intensional answers about completeness. Their de�nitions are:ec� = fa : ` dbb! Bq0(a)g and q0(x) is in ic�gec+ = fa : ` dbb! Bq0(a)g and q0(x) is in ic+ g3.2 Useful answersValidity answersThere is no doubt about usefulness of extensional answers about validity.For intensional answers we have to analyse the point more carefully.Let's consider an example where predicate \agency(x)" means that x is abank agency, \open(x)" means that the agency x is open, and \bank(x; y)"means that x is an agency of bank y. We consider a user who is looking foran open agency and asks the query q1(x) below:q1(x) = agency(x)^ open(x)which means: what are open bank agencies?. Suppose that in the intensionalanswer about validity iv we have q01(x) below:q01(x) = agency(x)^ open(x) ^ bank(x;BE)which means: the answer is valid for all the agencies of Bank of Europe.In fact, as we have shown in previous paragraph, we have Bq01(a) implies6



Kq1(a), which means that the answer is guaranteed valid not for agenciesthat are agencies of the Bank of Europe, but for agencies such that thedatabase believes that they are agencies of the Bank of Europe. So, if auser ignores what are these latter agencies stored in the database he cannotmake use of the intensional answer. Except, if the database is complete forBank of Europe agencies, and the user knows what are these agencies.In more formal terms, if the intensional answer is of the form q1(x) ^cond(x), it is useful only if we have RC(cond(x)) and the user knows theextension of Kcond(x).Completeness answersWe �rst consider the extensional answers. If the standard answer to aquery is s = fa; b; c; d; e; fg and an extensional answer about completenessis ec� = fa; c; dg, what does it means that ec� is complete? In fact thenotion of completeness for a set is de�ned with respect to another set. Here,completeness means that for some intensional answer q0(x) in ic�, all theelements that are guaranteed to satisfy q0(x), in the sense Kq0(x), are inec�. So, if the user ignores what is the sentence q0(x), he cannot know withrespect to what ec� is complete.For instance, for query q1(x) we may have in ic� the sentence q001(x) =q1(x)^downtown(x). In that case, ec� is useful only if the user knows thatec� contains all the open agencies that are downtown.The conclusion here is that extensional answers about completeness haveto be completed with corresponding intensional answers about completeness.The same conclusion holds for answers of the kind ec+.Let's analyse now usefulness of intensional answers.We consider the same query q1(x) and we assume that q01(x) is in ic�.From formal results shown in previous paragraph, if there is an agency, forinstance g, which is not in the standard answer, that is such that we have:Bq1(g), then we have K:q01(g). That means that for g user is guaranteedthat it is not an open agency of the Bank of Europe. This information aloneis not really useful, because it may be that g is not open, or that g is notan agency of the Bank of Europe. However, if in addition user knows thatg is an agency of the Bank of Europe, then he can infer that g is not open.In general, if q01(x) = q1(x)^ cond(x) is in ic�, for an individual a whichis not in s (i.e. :Bq1(a)), if the user knows that cond(a) is true , he isguaranteed that a does not satisfy q1(x), in the sense K:q1(a).7



Let's consider now the query q2(x) = agency(x)^open(x)^bank(x;BE).If we have in ic+ the sentence q02(x) = agency(x)^open(x), which guaranteesthat the database is complete for all the open agencies, from previous formalresults, if some agency g is not in s, and the answer to the query q02(g) is\no" (i.e. :Bq02(g)), then user is guaranteed that g does not satisfy q2(x)(i.e. K:q2(g)). Here again this information is useful only if user knows thatg is an agency of Bank of Europe.Notice that the di�erent kinds of answers about completeness allow toinfer reliable negative information.4 Automated deduction technique to compute an-swersSOL-deductionIn this section is presented the automated deduction technique calledSOL-deduction which is used to compute several sorts of answers. Thistechnique has been de�ned for �rst order classical logic, but we shall seehow it can be used for the modal logic presented in previous sections.SOL-deduction is based on SOL-resolution, an inference rule designed byK. Inoue [Ino91, Ino92a, Ino92b] to generate logical consequences of a �rstorder theory represented by a set of clauses �. One of the most importantfeatures of this inference rule is that it allows to concentrate consequencegeneration on clauses that satisfy some given property. For instance, togenerate clauses formed only with positive literals, or clauses whose numberof literals is less than or equal to a given �xed value.We have no room here to give a formal presentation of SOL-resolution,so it will be presented through semi-formal de�nitions and examples (formalde�nitions can be found in [Ino92a]).The property that can be used to restrict consequence generation has tocharacterise a \stable production �eld". A \production �eld" P is a pair <L;Cond > , where L is a subset of the literals of a given �rst order language,and Cond is a certain property to be satis�ed by clauses. For instance Lmaybe the set of literals formed with two given predicate symbols. A production�eld is stable if for two any clauses C and D such that C subsumes D, Dbelongs to P only if C belongs to P.We can check that the production �eld mentionned before is stable.8



Indeed, if D only contains the two �xed predicate symbols, and C subsumesD, then C also only contains these predicate symbols. At the opposite if theproperty would be that a clause contains at least one literal formed with agiven predicate symbol, then the production �eld would not be stable.To de�ne SOL-derivations K. Inoue introduces the notion of \structuredclause". A structured clause is a pair < P; ~Q >, where P is a set of literalsand ~Q is an ordered set of literals. SOL-derivations are lists of structuredclauses that start with a clause of the form < �; ~C > and end with a clauseof the form < S;� >, and such that < Pi+1; ~Qi+1 > can be generated from< Pi; ~Qi > by applying one the of the following rules:a) if l is the leftmost literal in ~Qi:1) if Pi [ flg is in the production �eld P, then Pi+1 is Pi [ flgand ~Ri+1 is obtained by removing l from ~Qi,2) if there is a clause Bi in � [ fCg that containsa literal which can be resolved with l with mgu �, thenPi+1 is Pi�, and ~Ri+1 is obtained by concatenating ~Bi�to ~Qi�,removing the reduced literal in Bi�, and framing l�,3) if i) Pi or ~Qi contains an unframed literal k di�erent from lor another occurence of l, orii) ~Qi contains a framed literal :k,and l and k are uni�able by mgu �,then Pi+1 = Pi� and ~Ri+1 is obtained from~Qi� by deleting l�,b) ~Qi+1 is obtained from ~Ri+1 by deleting everyframed literal not preceeded by an unframed literal.The intuitive idea is to isolate in the part P of structured clauses thesubset of the literals in a standard clause that satis�es property Cond. Atthe end of a derivation, since part ~Q is empty we obtain a consequence Pthat satis�es Cond.Application of SOL-deduction to compute answersWe �rst consider computation of intensional answers about validity. Weare looking for formulas q0(x) such that ` mdb ! RV (q0(x)), and q0(x)implies q(x), and q0(x) is maximal for implication.Since, for every sentence in mdb and for RV (q0(x)), sentences are in thescope of the modal operator K, in virtue of properties of K we can remove9



these occurences of K. Let's call mdb0 the set of sentences obtained frommdb after removing K. Then, the problem is equivalent to �nd q0(x) suchthat: ` mdb0 ! 8x(Bq0(x)! q0(x))wheremdb0 is a set of sentences of the form 8x(Bf(x)! f(x)) or 8x(g(x)!Bg(x)) 1.Then, the problem is to �nd sentences f1; : : : ; fi and g1; : : : ; gj such that8x(Bf1(x) ! f1(x)), ... , 8x(Bfi(x) ! fi(x)), 8x(g1(x) ! Bg1(x)), ... ,8x(gj(x)! Bgj(x)) are in mdb0, and we have:` 8x((f1(x)^ : : : ^ fi(x) ^ :g1(x)^ : : :^ :gj(x))! q(x))Indeed, in that case we have:` 8x(Bf1(x) ^ : : :^Bfi(x) ^ :Bg1(x) ^ : : :^ :Bgj(x)! q(x))So, if we accept the Closed World Assumption, as people do in the con-text of Relational databases when answers are computed by using relationalalgebra, or SQL like languages, we have :Bg equivalent to B:g, and there-fore we have:` 8x(Bf1(x) ^ : : :^Bfi(x) ^B:g1(x) ^ : : :^ B:gj(x)! q(x))and` 8x(B(f1(x) ^ : : :^ fi(x) ^ :g1(x)^ : : :^ :gj(x))! q(x))That means that q0(x) = f1(x)^ : : :^ fi(x)^:g1(x)^ : : :^:gj(x) is anintensional answer about validity.To use SOL-deduction we �rst consider modal operator B as a �rstorder predicate believes(x), and we transform sentences into clauses. Letthe clausal form of f(x) and :g(x) be de�ned by:` 8x(f(x)$ c1(x)^ : : : cs(x)) ` 8x(:g(x)$ d1(x)^ : : :^ dt(x))where the cis and djs are clauses. We de�ne � as the following set of clauses:- if 8x(Bf(x)! f(x)) is in mdb0, the set of clauses:believes(f(x))_ c1(x), ... ,:believes(f(x))_ cs(x) is in �,- if 8x(g(x)! Bg(x)) is in mdb0, the set of clausesd1(x) _ believes(g(x)), ... ,dt(x) _ believes(g(x)) is in �,and there is no other clause in �.1Notice that 8x(g(x)! Bg(x)) is equivalent to 8x(:Bg(x)! :g(x)).10



We consider the production �eld where L is the set of literals formedwith the predicate believes(x), and the property Cond is that every literalin a clause is formed with the predicate believes(x). We can easily checkthat this production �eld is stable.For the top clause < �; ~C > we have C = :q(x0), where x0 is a Skolemconstant.If, at the end of a SOL-deduction we get the clause < D;� >, the clauseD is of the form :believes(f1(x0))_: : :_:believes(fi(x0))_believes(g1(x0))_: : :_ believes(gi(x0)), and we have:� ` 8x(believes(f1(x0))^ : : :^believes(fi(x0))^:believes(g1(x0))^ : : :^:believes(gi(x0))! q(x))Moreover, if consequences obtained by SOL-deduction which are sub-sumed by other consequences are removed, the intensional anwer we get ismaximal for implication.Now, if we consider the computation of extensional answers about valid-ity, we just have to compute the answer to the following query q0(x):q0(x) = f1(x) ^ : : :^ fi(x) ^ :g1(x)^ : : :^ :gj(x)For the computation of intensional answers about completeness ci+ thatare a super set of the query, we can use SOL-deduction in a similar way.The property ` mdb ! RC(q0(x)) is reformulated into ` mdb0 !8x(q0(x) ! Bq0(x)), which is equivalent to ` mdb0 ! 8x(:Bq0(x) !:q0(x)). We also have property ` 8x(q(x) ! q0(x)) which is equivalentto ` 8x(:q0(x) ! :q(x)). Then, we have to �nd sentences q0(x) such that` mdb0 ! 8x(:Bq0(x)! :q(x)). Here again, if we accept that :Bg is equiv-alent to B:g, the property is equivalent to ` mdb0 ! 8x(B:q0(x)! :q(x)), which is of the same form as property that characterises intensional an-swers about validity and can be computed in the same way from the topclause C = q(x0).5 ConclusionWe have shown that not every kind of answer is useful for users. Exten-sional answers about validity ev are always useful. Usefulness of intensionalanswers depends on what user knows, and extensional answers about com-pleteness are useless if they are not completed by their intensional corre-spondants. 11



A prototype of SOL-deduction has been implemented by Laurence Cholvy[CD97a, CD97b] which we have used to test our method on several exam-ples. Response times range from 0.130s to 2.450 s. For intensional answer ofthe kind ic� we cannot use the method presented in section 4 and we haveto investigate this issue in future works.Acknowledgements. This work has been supported by Centre Na-tional d'Etudes des T�el�ecommunications (CNET) in the context of contractCNET/ONERA-CERT 96 1B 317.References[CD97a] L. Cholvy and R. Demolombe. G�en�eration de r�eponses non-standard dans le contexte d'un dialogue coop�eratif. Phase 1.2 D�e�ni-tion et caract�erisation des proc�edures �el�ementaires et g�en�eriques perme-ttant de calculer les r�eponses coop�eratives. Technical Report 2, ONERA-CERT-DTIM, 1997.[CD97b] L. Cholvy and R. Demolombe. G�en�eration de r�eponses non-standard dans le contexte d'un dialogue coop�eratif. Phase 1.3 Mise enoeuvre des proc�edures �elabor�ees lors de la phase 1.2. Technical Report 3,ONERA-CERT-DTIM, 1997.[CDJ94] L. Cholvy, R. Demolombe, and A.J.I. Jones. Reasoning aboutthe safety of information: from logical formalization to operational def-inition. In Proc. of 8th International Symposium on Methodologies forIntelligent Systems, 1994.[Che88] B. F. Chellas. Modal Logic: An introduction. Cambridge UniversityPress, 1988.[Dem96] R. Demolombe. Validity Queries and Completeness Queries. InProc. of 9th International Symposium on Methodologies for IntelligentSystems, 1996.[Dem97] R. Demolombe. Answering queries about validity and complete-ness of data: from modal logic to relational algebra. In T. Andreasen,H. Christiansen, and H. L. Larsen, editors, Flexible Query AnsweringSystems. Kluwer Academic Publishers, 1997.12
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