
Approximate Reasoning in Semi-strutured DatabasesG�osta Grahne and Alex ThomoConordia UniversityEmail: fgrahne,thomog�s.onordia.aAbstratWe give a general framework for approximate reasoning in semi-strutureddatabases. For approximate querying, the user will speify a regular path query,and a regular transduer (or weighted regular expression) for the allowed se-quenes of elementary "distortions" that keeps a word within an approximationof an original word. The transduer also de�nes a funtion for the distane be-tween two words. We show that approximate answers to regular path queries areomputable, and give an eÆient algorithm for the task.In our framework for approximate reasoning we also allow data instanes toapproximately satisfy a shema suh as a Data Guide. We redue the problemof approximate satisfation to the limitedness problem in Hashiguhi distaneautomata. We further show that in the ommon ase where the regular transdueris pre�x-losed, the limitedness problem an be solved in polynomial spae.1 IntrodutionAlmost all the query languages for semi-strutured data provide the possibility for theuser to query the database through regular expressions. These queries are in essenegraph patterns and the answers to the query are subgraphs of the database that maththe given pattern [MW95, C+99, GT00, GT01℄. For example, for answering the queryQ = ( � � artile) � ( � � ref � � � (ullman+ widom))one should �nd all the paths having at some point an edge labelled artile, followedby any number of other edges then by an edge ref and �nally by an edge labelled withullman or widom.However, we are often willing to live with strutural information that is approx-imate. In other words the semistrutured data represented by a graph database anbe an approximation of the real world rather than an exat representation. On theother hand the user herself an have an approximate idea and/or knowledge aboutthe world, and this has as a onsequene a need for non exat information to be ex-trated from the database. In both ases the onlusion is that we need to deal withapproximate queries and databases, and give approximate answers to the user queries.If we onsider the database graph to be the Web-graph then the urrent searhengines already deal with approximate mathing of spei� words or sentenes againstthe HTML text of the nodes. The result is usually ranked with regard to the degree of1



proximity and then presented to the user. However, onsider a senario as in [MMM97℄where the links in the HTML pages are labeled by some prediates and we like to �ndnot only spei� HTML pages ontaining some given text, but also we want thesepages to be linked by a path on whih the link label sequene onforms to a givenlanguage. Current searh engines do not give the user the option to approximatelyquery the Web-graph through regular expressions. The same is true also for thequery languages for semistrutured data; they do provide means to speify paths ofedge labels through regular expressions, but they do not have apabilities to speifyapproximate paths.The similar problem of �nding approximate patterns in sequene databases istreated in depth in [JMM95℄. There, Jagadish, Mendelzon and Milo formalized avery powerful rule-based system through whih a user an speify the possible allowedtransformations of a string to some other string. The rule-based system ontains in ad-dition a \ontrol sequene" regular expression that spei�es all the allowed sequenesof appliations of the rules.However, the power of these transformation rules omes with a prie to pay: Itis undeidable to say, in the general ase, if a string s1 an be transformed intoanother string s2 given a set of transformation rules and a regular expression speifyingthe possible ontrol sequenes. Speial, deidable ases, suh as star-free rules and\atomi" transformation rules are presented in [JMM95℄.It is worth noting here that for the free appliation of the three lassial editoperations, insert, delete, and substitute, whih an easily be modeled as rules in theformalism of Jagadish et al. the transformation problem is deidable. Atually, as isthe ase of edit operations, some rules an be thought to orrespond to a transduer.Extending this idea, instead of transformation rules and ontrol sequene expressionswe onsider as a model for string transformation or distortion a regular transduer. If,instead of a single string we have a regular language L of strings, then the set of allthe possible distortions from the language L will be the set of all transdutions of theL words through T .The motivation for onsidering transduers as a transformation model is similarto the motivation for using regular expressions for querying reursive graph patterns.Sine the queries are reursive in their generality, a reursive mehanism is neededfor transforming them. Of ourse, a rule based formalism equipped with reursiveontrol sequenes is also a reursive way to transform queries, but in pratie, toahieve deidable optimization problems et, we are ontent with a more limited formof reursion. This is in analogy with the fat that we are using regular expressionsfor mathing reursive graph patterns and not the more powerful formalisms suh asontext-free rule-based grammars. As an example of the use of transduers for trans-formation models onsider the query Q above. Suppose we are willing to substituteartile by book at no ost, and we are willing to substitute ullman by abiteboul at ost1, and by banilhon at ost 5. Then the desired distortion transduer an be spei�edby the following extended regular expression:(�; 0;�)� � ((ullman ; 0; ullman) + (ullman ; 1; abiteboul ) + (ullman ; 5; banilhon))This regular expression is de�ned over triplets (R; i; S), where i is the ost of sub-2



stituting R by S, and (�; 0;�) is a shorthand for PR2�(R; 0; R), with � being theunderlying (�nite) alphabet. It is easy to see that suh extended regular expressionsexatly orrespond to regular transduers.Now, imagine a user query Q expressed by a regular expression, a database graphDB and (an extended regular expression for) a transduer T , desribing the tolerabledistortions to the query. Intuitively, �rst we distort the query Q into Q0 and thenissue Q0 against the database DB. The result will be the approximate answer for thequery Q. Hene, the transformation problem for transduers is solvable. 1The seond part of the paper deals the with the other point of view about theapproximate representation of the world through a database. We suppose that wehave a perfet desription of what the world an be; this is the data guide [B+97,GW97, ABS99℄. On the other hand we have non-perfet database instanes.We again suppose that the user spei�es a distortion transduer T , through whihwe an distort the data guide through allowed elementary distortions and then test ifthe database onforms to the distorted data-guide. If the database indeed onformsto the distorted data guide, we are interested in \how far" the database is from theoriginal data guide. We have then, for eah path in the database, a set of words in thedata guide that have been transdued by T into this path. We are interested in �ndingthe losest one. Then, as a quantitative measure of approximate satisfation, weonsider the largest among these losest distanes. If this largest distane is boundedby some k 2 N we say that the database k-satis�es the data guide. We prove thatthe problem of the k-satisfation annot be easier than PSPACE. We then present aonstrution by whih the problem of �nding the above largest distane is redued tothe problem of limitedness in Hashiguhi distane automata [Has82℄.The problem of limitedness in distane automata was shown to be deidable byHashiguhi in [Has82℄. This means in turn that our problem of k-satisfation is deid-able. However, the deision proedure of [Has82℄ requires exponential spae, and theproblem of a tighter lower bound is still open [Has00℄. We prove that if the distaneautomata is pre�x losed, i. e. if all states are �nal, then the limitedness problem anbe deided in polynomial spae. This sublass of distane automata orresponds toa large pratial sub ase of the k-satisfation problem, that is when the data guideand the distortion transduer with have all the states �nal. Indeed, if we examinethe origin of a data guide [N+97℄, we an onlude that the assumption made aboutthe all states being �nal in the data guide automaton is quite reasonable. In fat, thedata guide an be onsidered as a DFA onstruted in a bottom up fashion from a seta sample databases, through the well-known subset onstrution. But the databasesonsidered as automata always have all their states �nal, and as a onsequene, theorresponding DFA will have all states �nal. Regarding the assumption that the dis-1Of ourse, regular languages are losed under transdutions, i. e. for any regular language Q andregular transduer T , the language T (Q) is regular. Why would the user not then write down theexpression for T (Q) diretly then, instead of giving Q and T . The �rst point is that it is not alwayseasy to do. The seond point is that the user might previously have issued Q, and wants to \relax" orbroaden Q without having to rewrite the whole query. The third point is that the user is interested inreeiving the answers ranked aording to their proximity of the query. If the transdution is foldedinto the query, the \distane" between words and their transdutions is lost.3



tortion transduer onsists of �nal states only, we note that any edit transduer ful�llsthis requirement, as does also for instane any transduer spei�ed by a �nite set ofweighted substitutions of the form ullman 57! banilhon.
2 Graph Databases, Queries and Approximate AnswersLet � be a �nite alphabet, alled the database alphabet. Elements of � will be denotedR;S; T;R0; S0; : : : ; R1; S1; : : :, et. We onsider a database to be an edge labeled graph.This graph model is typial in semistrutured data, where the nodes of the databasegraph represent the objets and the edges represent the attributes of the objets, orrelationships between the objets.Formally, we assume that we have a universe of objets D. Objets will be denoteda; b; ; a0; b0; : : : ; a1; b2; : : :, and so on. A database DB over (D;�) is a pair (N;E),where N � D is a set of nodes and E � N ���N is a set of direted edges labelledwith symbols from �. If there is a path labelled R1; R2; : : : ; Rk from a node a to anode b we write a R1:R2:::Rk�! b.A query Q is a �nite or in�nite regular language over �. Let Q be a query andDB = (N;E) a database. Then the answer to Q on DB is de�ned asans(Q;DB) = f(a; b) : fa; bg � N and a W�! b for some W 2 Qg:A regular transduer T = (S; I;O; �; s; F ) onsists of a �nite set of states S, aninput alphabet I, an output alphabet O, a starting state s, a set of �nal states F , anda transition-output funtion � from �nite subsets of S� I� to �nite subsets of S�O�.The transition-output funtion � an be also onsidered as relation � � S�I��S�O�.Returning to the regular transduer T = (S; I;O; �; s; F ), for a given word U 2 I�,we say that a word W 2 O� is an output of T for U if there exists a sequene(s; U1; q1;W1) 2 � , (s1; U2; s2;W2) 2 � , . . . , (sn�1; Un; sn;Wn) 2 � of state transitionsof T , suh that qn 2 F , U = U1 : : : Un 2 I�, and W = W1 : : :Wn 2 O�. We writeW 2 T (U), where T (U) denotes the set of all outputs of T for the input word U .For a language L � I�, we de�ne T (L) = SU2L T (U). We will often need to refer tothe relation indued by a transduer T . This relation is a subset of I� � O�, and isde�ned as RT = f(U;W ) : U 2 I�;W 2 T (U)g:Relations indued by regular transduers are also alled rational relations in the liter-ature. For our purposes, we also need to know that rational relations are losed underinverse and union [Yu97℄.A regular transduer (S; I;O; �; s; F ) is said to be in the standard form if � is afuntion from S � (I [ f�g) to 2S�(O[f�g). Intuitively. the standard form restrits theinput and output of eah transition to be only a single letter or �. It is known that anyregular transduer is equivalent to a regular transduer in standard form (see [Yu97℄).4



As disussed in the introdution there are two plaes where approximations mightbe alled for: the database itself an be an approximate representation of the \realworld," or the query issued by the user an be an approximation of the \real query"the user would have submitted, had she known the struture of the database exatly.In both ases we need a mehanism for desribing the tolerable \distortions" throughwhih a query or a database an be transformed. Observe that the notion of distortionsis similar to the notion of transformations in [JMM95℄. We desribe the set of tolerabledistortions by a regular transduer. In this paper we will fous on distorting the query;the treatment where the database is distorted is analogous. Given a query Q and atransduer T , the query Q an be distorted to the query Q0 = T (Q). The set ofT -approximate answers to a query Q in a graph database DB, given a set of tolerabledistortions desribed by a regular transduer T is de�ned asansT (Q;DB) = ans(T (Q);DB):A graph database an be seen as an NFA where the graph nodes are the automatonstates and all states are both initial and �nal. In the \lassial" ase, omputingans(Q;DB) given an automaton AQ for Q and ADB for the database then essentiallyamounts to onstruting the Cartesian automaton AQ�ADB and outputting the pair(a; b), if and only if there exists, in the Cartesian automaton, an initial state ( ; a)leading to a �nal state ( ; b). (see [HSU77, MW95, ABS99℄).We show next that for omputing ansT (Q;DB) we an onstrut an automatonfrom the produt of AQ, T , and ADB. The approximate answer an then be readfrom this automaton, similarly to the \lassial" ase.Theorem 1 Let Q be a query, DB a graph database and T a distortion transduer.Then a Cartesian transduer C an be onstruted suh that (a; b) 2 ansT (Q;DB), ifand only if there exists, in C, an initial state ( ; ; a) leading to a �nal state ( ; ; b).Proof Sketh. Let AQ = (SQ;�; �Q; s0Q ; FQ) be an �-free NFA that aepts Q, andlet T = (ST ;�;�; �T ; s0T ; FT ) be the distortion transduer in standard form. Con-sidering the database DB as another �-free NFA, ADB = (SDB;�; �DB ; SDB ; SDB),we onstrut the transduer C = (S;�;�; �; S0; F ), where S = SQ � ST � SDB ,S0 = s0Q � s0T � S0DB , F = FQ � FT � FDB , and transition relation � is de�ned by,for (p; q; s) 2 S and R1; R2 2 � [ f�g,� = f((p; q; s); R1; (p0; q0; s0); R2) : (p;R1; p0) 2 �Q and (q;R1; q0; R2) 2 �T and (s;R2; s0) 2 �DBg [f((p; q; s); �; (p; q0; s0); R2) : (q; �; q0; R2) 2 �T and (s;R2; s0) 2 �DBg [f((p; q; s); R1; (p0; q0; s); �) : (p;R1; p0) 2 �Q and (q;R1; q0; �) 2 �T gFrom the above theorem we now know that the approximate query answeringis deidable. Reall that the orresponding problem for the rule based formalismproposed in [JMM95℄ is undeidable in its full generality.5



Ranking the approximate answersSo far we have onsidered ansT (Q;DB) as a pure set. The way the distortions arede�ned, it makes sense to de�ne distanes between words in the relation RT . Thewell known edit distane is an example of suh a distane. Observe that if we rule outtransitions of the form �=� from a transduer, sine suh transitions are useless for anydistortion, then eah transition in the transduer orresponds to an edit operation.Namely, transitions of the form �=R orrespond to insertions, R=� orresponds todeletion, and R=S, where R 6= S orresponds to substitution. Eah transition ofthe above forms is alled an elementary distortion. It is easy to see that regulartransduers an be extended by attahing non-negative weights to the transitions.Di�erent insertions, deletions, and substitutions an be given user spei�ed weights inthis fashion. Transitions of the form R=R are alled mathes and they an be weighted0. Given a path p in a transduer, we de�ne the distortion Æ(p) indued by this pathas the sum of the weights along this path. Given two words U andW , and a distortiontransduer T , the T -distane dT (U;W ), is de�ned asdT (U;W ) = � inf fÆ(p) : p is an aepting path in T ; in(p) = U; and out(p) =Wg1 otherwisewhere in(p) is the word of input symbols labeling the path p and out(p) is the wordof output symbols labeling the path p.Suppose we have a query Q, a database DB and a distortion transduer T . Foreah pair (a; b) of database objets in the T -approximate answer of the query Q, wedenote with DBa;b the regular language of words labeling the database paths betweena and b (f. [MW95℄). Then, in order to rank the pair (a; b) we need to �nd the losestwords U 2 Q and W 2 DBa;b with respet to the distane dT . Formally, given aquery Q, a database DB, and a distortion transduer T , the rank is a funtion fromall pairs of database objets to N [ f1g de�ned byrank(a; b) = inf fdT (U;W ) : U 2 Q;V 2 DBa;bg:Obviously (a; b) 2 ansT (Q;DB) if and only if rank(a; b) 6=1.The ranking problem for ansT (Q;DB) is to order the set with respet to the rank-funtion.Theorem 2 The set ansT (Q;DB) an be ranked in time O((jAQj � jDBj � jT j)3),where jAQj is the number of states in an �-free automaton for Q, jDBj is the numberof database objets, and jT j is the number of states in the distortion transduer.Proof. Consider the Cartesian transduer C onstruted in the proof of Theorem1. We an view C as a direted weighted graph. The weight of an edge is a naturalnumber when when the edge is labeled by a transition of the form R=�, �=R, or R=S,where R 2 � and R 6= S. The weight is 0 for R=R-labelled edges. Then the rankof a pair (a; b) is equal to the shortest path between an initial state ( ; ; a) and a�nal state ( ; ; b). For shortest paths, both Dijskstra's algorithm and Floyd-Warshall6



algorithm (see e.g. [AHU74℄) have the asymptoti worst-ase running time mentionedin the laim.Although the running times for both Dijkstra's and Floyd-Warshall algorithms areasymptotially the same, perhaps Dijkstra's algorithm is better suited in our senario.First, in pratie the user might be interested in omputing only objets reahableby Q-paths only from a limited number of objets, for example when we have arooted database graph. In suh a ase the running time of Dijkstra's algorithm isO((jAQj � jDBj � jT j)2), and we don't need to ompute the shortest paths betweenall pairs of objets, as in the Floyd-Warshall algorithm. The seond reason has to dowith a natural generalization of the approximate answering of a query. Most of thetimes the user is interested only in the top k-answers. Then Dijkstra's algorithm isthe ideal hoie: It proesses the nodes in the order of their distane from the soure.Obviously, we an onstrut the transduer C on the y and stop the exeution ofthe algorithm when the �rst pair (a; b) of objets, ranked as k+1 in ansT (Q;DB), isprodued.3 Approximate Satisfation of Data GuidesData guides were originally introdued in the Lore projet as a onise and auratesummary of a given database graph [GW97, N+97℄. The data guide is a shema, andwe want the database to onform to this shema. However, sometimes we are willingto onsider databases that approximately onform to a given data guide.In suh ases we would like to have some quantitative estimation of the approx-imate onformation of the database to the data guide. Usually, both the databaseDB and the data guide DG are onsidered to be edge labelled graphs. The questionof whether DB satis�es DG is determined by whether there exists a simulation orbisimulation from DB to DG. If we onsider both DB and DG as automata, thensimulation orresponds to L(DB) � L(DG), and bisimulation orresponds to theequality of these languages (see e.g. [ABS99℄).Without loss of generality, we only onsider language inlusion (not equality) inthis paper. We again suppose that the user spei�es a weighted distortion transduerT , through whih we an distort the data-guide through allowed elementary distortionsand then test if the database DB onforms to the distorted data-guide T (DB), inother words, if L(DB) � L(T (DG)).If the database indeed onforms to the distorted data guide, we are interested in\how far" the database is from the original data guide.Suppose that indeed L(DB) � L(T (DG)). Then for eah word W 2 L(DB) thereexists a set of words U 2 L(DG), suh that W 2 T (U). For eah W we want to �ndthe losest suh U , and the distane between L(DG) and L(DB) is then the largestamong these losest distanes (like the diameter of a graph). To formally apture thisdistane between languages, we need the following de�nitions.Given a distortion transduer T , letW be a word in the seond olumn of RT , andL be the set of words appearing in the �rst olumn of RT . The T -distane between7



L and W is de�ned as dT (L;W ) = inf fdT (U;W ) : U 2 Lg:Then let L1 be the set words appearing in the �rst olumn of RT , and L2 thoseappearing in the seond olumn. The T -distane between L1 and L2 is de�ned asdT (L1; L2) = supfdT (L1;W ) : W 2 L2g:Now we an say that a database DB k-satis�es a data guide DG if1. L(DB) � L(T (DG)), and2. dT (T (DG); L(DB)) � k,where T (DG) is the subset of words in L(DG) that appear in the �rst olumn of RT .We are going to prove the following lower bound:Theorem 3 Given a data-guide DG, a database DB, a distortion transduer T , andan integer k 2 N, the problem of deiding whether or not dT (T (DG); L(DB)) � k, isPSPACE-hard, even if L(DB) � L(T (DG)).For the upper bound of we need the notion of a distane automata [Has82℄. Adistane automaton A = (S;�; S0; �; F; !) is an automaton with positive weights onits transitions. Formally, the weight is a funtion ! : S���S ! N [f1g, suh that!(s;R; t) 2 N when (s;R; t) 2 � and !(s;R; t) = 1 when (s;R; t) 62 � . The weightfuntion ! is extended to ! : S � �� � S ! N [ f1g as follows: for any s; t 2 Q,W 2 �� and R 2 �,1. !(s; �; t) = � 0 if s = t1 if s 6= t2. !(s;WR; t) = inf f!(s;W; t0) + !(t0; R; t) : t0 2 Sg.Then, the distane of a word W aepted by this distane automaton is de�ned asd(W ) = inf f!(s;W; t) : W 2 L(A); s 2 S0 and t 2 FgWe also need the following de�nition. Let A = (S;�; �; S0; F; !) be a distaneautomaton. Then A is said to have limited distane if there is k 2 N suh thatk � supfd(W ) :W 2 L(A)g.We will show in Theorem 5 that the problem of the k-satisfation of a data guideDG by database DB through a distortion transduer an be asted to the problem oflimitedness in distane automata. The problem of limitedness in distane automata isshown to be deidable [Has82℄. This means in turn that our problem of k-satisfationis deidable. However, the deision proedure of [Has82℄ is in EXPSPACE and theproblem of a tighter lower bound is still open [Has00℄. In the next theorem we provethat for the sublass of distane automata with all the states �nal, the limitednessproblem an be deided in PSPACE. As we disussed in the Introdution, this sublassof distane automata orresponds to pratial subproblems of k-satisfation.8



Theorem 4 Given a distane automaton with all states �nal, i.e. A = (S;�; �; S0; S; !),the problem of deiding whether or not the automaton A has limited distane is inPSPACE.We now turn to the redution of the k-satisfation problem into the problem oflimitedness in distane automata. Consider a data-guide DG, a database DB, and adistortion transduer T . In the following we will show a onstrution for a distaneautomaton suh that the language aepted by it, is exatly the language of thedatabase paths and the ost of eah DB path will represent the smallest T -distaneof this path from the set of words related through the transdution, and inluded inthe data-guide language.Let ADG = (SDG; �; ÆDG; S0DG ; FDG) be an �-free data-guide automaton, ADB =(SDB ; �; ÆDB ; S0DB ; FDB) the database automaton, and �nally, let C = ADG � T �ADB = (S; �; �; �; S0; F ) be a Cartesian transduer onstruted as in the Theorem1.Lemma 1 For U 2 T (DG) and W 2 L(DB) we have thatdT (U;W ) = dC(U;W )From the transduer C we will onstrut another \distane equivalent" transduerC0, with �-free output automaton, and with the same set of states, as follows.Consider the graph derived by C onsisting of the edges with � output only. Callit EC . The edges of EC will be labeled and weighted with same label and ost as theorresponding transitions in C. We shall use �� CLOSURE(s), similarly to [HU79℄,to denote the set of all verties t suh that there is path from s to t in EC .Obviously, all the transitions with non-� output of C will be present in the trans-duer C0, that we are onstruting. Furthermore, we will introdue a transition withoutput labeled R 6= � in C0 from a state s to a state t whenever there is a path fromvertex s to a vertex v in EC , and a transition with R labeled output in C, from thestate v to the state t. Formally, if C = (S; �; �; �; S0; F ), then C0 = (S; �; �; � 0;S0; F 0), where F 0 = F [ fs : s 2 S0 and �� CLOSURE(S0) \ F 6= ;g and� 0 = f(s;R0; t; R) : (v;R0; t; R) 2 � and R 6= �g [f(s;W; t;R) : 9v 2 �� CLOSURE(s) suh that,there is a transition (v;R0; t; R) 2 �; where R 6= �gwhere W will be a word labeling the(a) heapest path from vertex s to vertex v in EC .Also, the ost of a new transition (s;W; t;R) will be the ost of the(a) orrespondingheapest path from s to v in EC , plus the ost of the(a) heapest transition with outputlabeled by R, from state v to state t in C.Lemma 2 Let C0 be an �-free output Cartesian transduer onstruted as above. Thenthe following are true.1. out(C0) = out(C) 9



2. in(C0) � in(C)3. RC0 � RCLemma 3 Let W 2 out(C) = out(C0). Then dC(in(C);W ) = dC0(in(C0);W )If we now eliminate the input from the transitions in C0 we obtain an �-free distaneautomaton A = (S;�; � 00; S0; F; !), where� 00 = f(p;R; q) : (p;W;R; q) 2 � 0 for some Wg;and the weight ! of a transition in A is given by the ost of the(a) orrespondingheapest transition in the transduer C0. Now, we an state the following theorem.Theorem 5 Let DG be a data-guide, DB a database, and T a transduer of alloweddistortions. Compute the �-free output Cartesian transduer C0 and onsider the dis-tane automaton A onstruted as previously. Then, dist(A) = dT (T (DG); L(DB)).Referenes[Abi97℄ S. Abiteboul. Querying Semistrutured Data. Pro. of ICDT 1997 pp.1{18.[ABS99℄ S. Abiteboul, P. Buneman and D. Suiu. Data on the Web : FromRelations to Semistrutured Data and Xml. Morgan Kaufmann, 1999.[AHU74℄ A. Aho, J. E. Hoproft and J. D. Ullman. The Design and Analysis ofComputer Algorithms. Addison-Wesley 1974.[B+97℄ P. Buneman, S. B. Davidson, M. F. Fernandez and D. Suiu. AddingStruture to Unstrutured Data. Pro. of ICDT 1997, pp. 336{350.[C+99℄ D. Calvanese, G. Giaomo, M. Lenzerini and M. Y. Vardi. Rewriting ofRegular Expressions and Regular Path Queries. Pro. of PODS 1999,pp. 194{204.[C+00b℄ D. Calvanese, G. Giaomo, M. Lenzerini and M. Y. Vardi. AnsweringRegular Path Queries Using Views. Pro. of ICDE 2000, pp. 389{398[CP97℄ C. Cho�rut and G. Pighizzini. Distanes Between Languages and Re-exivity of Relations. Pro. of MFCS 1997, pp. 199{208[FS98℄ M. F. Fernadez and D. Suiu. Optimizing Regular path ExpressionsUsing Graph Shemas Pro. of ICDE 1998, pp. 14{23.[GW97℄ R. Goldman, J. Widom DataGuides: Enabling Query Formulation andOptimization in Semistrutured Databases. Pro. of VLDB 1997, pp.436{445. 10



[GT00℄ G. Grahne and A. Thomo. An Optimization Tehnique for AnsweringRegular Path Queries Informal Pro. of WebDB 2000 pp. 99{104.[GT01℄ G. Grahne and A. Thomo. Algebrai rewritings for optimizing regularpath queries. ICDT 2001, pp. 303{315[Has82℄ K. Hashiguhi. Limitedness Theorem on Finite Automata with DistaneFuntions. J. Comp. Syst. Si. 24, 1982 pp. 233{244.[Has00℄ K. Hashiguhi. New upper bounds to the limitedness of distane au-tomata. Theoretial Computer Siene 233(1-2), 2000 pp. 19{32.[HU79℄ J. E. Hoproft and J. D. Ullman. Introdution to Automata Theory,Languages, and Computation. Addison-Wesley 1979.[HRS76℄ H. B. Hunt III, D. J. Rosenkrantz, and T. G. Szymanski, On theEquivalene, Containment, and Covering Problems for the Regular andContext-Free Languages. J. Comp. Syst. Si. 12(2) 1976, pp. 222{268[HSU77℄ H. B. Hunt III, T. G. Szymanski, and J. D. Ullman. Operations onsparse relations. Comm. ACM 20(3), 1977, pp. 171{176[JMM95℄ H. V. Jagadish, Alberto O. Mendelzon, Tova Milo. Similarity-BasedQueries. Pro. PODS 1995 pp. 36{45.[MW95℄ A. O. Mendelzon and P. T. Wood, Finding Regular Simple Paths inGraph Databases. SIAM J. Comp. 24:6, (Deember 1995).[MMM97℄ A. O. Mendelzon, G. A. Mihaila and T. Milo. Querying the World WideWeb. Int. J. on Digital Libraries 1(1), 1997 pp. 54{67.[N+97℄ S. Nestorov, J. D. Ullman, J. L. Wiener, S. S. Chawathe. RepresentativeObjets: Conise Representations of Semistrutured, Hierarhial Data.Pro. of ICDE, 1997, pp. 79{90.[Yu97℄ S. Yu. Reqular Languages. In: Handbook of Formal Languages.G. Rozenberg and A. Salomaa (Eds.). Springer Verlag 1997, pp. 41{110

11


