INFERRING UNIQUELYTERMINATING REGULARLANGUAGES FROMPOSITIVE DATAErkki M�kinenDEPARTMENT OF COMPUTER SCIENCEUNIVERSITY OF TAMPEREREPORT A-1996-9

UNIVERSITY OF TAMPEREDEPARTMENT OF COMPUTER SCIENCESERIES OF PUBLICATIONS AA-1996-9, NOVEMBER 1996INFERRING UNIQEULY TEMRINATINGREGULAR LANGUAGES FROM POSITIVEDATAErkki M�kinenUniversity of TampereDepartment of Computer ScienceP.O. Box 607FIN-33101 Tampere, FinlandISBN 951-44-4060-9ISSN 0783-6910

1INFERRING UNIQUELY TERMINATING REGULARLANGUAGES FROM POSITIVE DATAErkki M�kinenDepartment of Computer Science, University of Tampere,P.O. Box 607, FIN-33101 Tampere, FinlandE-mail: em@cs.uta.fiAbstract. We define a new subclass of regular languages, called uniquelyterminating regular languages, which can be inferred from positive data. The class ofuniquely terminating regular languages and the previously known subclasses ofregular languages inferable from positive data are incomparable.Key Words and Phrases: regular language, grammatical inference, identificationin the limit.1. IntroductionRegular languages cannot be inferred from positive data only [5]. This negativeresult has initiated a search for subclasses of regular languages having the desirableinference property. The found subclasses include, among others, k-reversiblelanguages [1], strictly regular languages [10], locally testable languages in the strictsense [4], Szilard languages of regular grammars [7], and regular code languages[3]. This paper introduces still another subclass of regular languages inferable frompositive data. The new class of languages is called uniquely terminating regularlanguages. This class of languages and the previously known subclasses of regularlanguages inferable from positive data are incomparable.2. Uniquely terminating regular languagesWe assume a familiarity with the basics of formal language theory and grammaticalinference as given e.g. in [6] and [2], respectively. As inference criterion we use"identification in the limit" [5,2].If not otherwise stated we follow the notations and definitions of [6]. The length of astring w is denoted by lg(w), and the left-quotient of L and w byTL(w) = { v | wv ˛ L }.

2We consider here regular grammars only. A production of the form Afib, where bis a terminal, is said to be terminating; otherwise a production is said to becontinuing. A continuing production has the form AfibB, where b is a terminal andB is a nonterminal. Other forms of productions are not allowed.Definition 1. A regular grammar G = (V,S,P,S) is uniquely terminating if theproductions in P fulfil the following conditions for each nonterminal A in G:1. AfiaB and AfiaC imply B = C; i.e. the right hand sides of continuing A-productions start with unique terminals,and2. A has a unique terminating production; i.e. each nonterminal has exactlyone terminating production and the terminals appearing in the right hand sidesof terminating productions are all different. $Notice that the right hand side b of a unique terminating production Afib mayappear in the right hand side of any continuing production, but not in the right handside of any other terminating production.A regular language L is said to be uniquely terminating (utr-language for short) ifthere is a uniquely terminating grammar generating L.Nondeterminism does not increase the computational power of finite automata. Interms of regular grammars this means that each such grammar can be transformed tofulfil condition 1 of Definition 1. This transformation increases the number ofnonterminals in the grammar, and conditions 1 and 2 are, in general, not attainablesimultaneously. This means that utr-languages form a restricted subclass of regularlanguages. On the other hand, utr-languages are not included in any of the knownsubclasses of regular languages inferable from positive data only.Example 1. Consider a regular grammar with productions Sfi aA, Sfi bB,AfiaA, AficC, BfiaB, BficC, Sfia, Afib, Bfic, and Cfid. Condition 1 ofDefinition 1 holds for the continuing S-, A-, and B-productions, and eachnonterminal has a unique terminating production. Hence, the grammar is a uniquelyterminating grammar. It produces the language { a } ¨ { anb | n ‡ 1 } ¨ {˚ancd |n˚‡ 1 } ¨ { bamc | m ‡ 0 } ¨ { bamcd | m ‡ 0 }. $Recall that a regular language is k-reversible if and only if whenever u1vw and u2vware in L and lg(v) = k, then TL(u1v) = TL(u2v) [1]. The language of Example 1 is

3not k-reversible for any k. Namely, we may choose u1 = a, u2 = b, v = ak, andw˚=˚cd. Now, TL(u1v) = TL(ak+1) + TL(bak) = TL(u2v). On the other hand, it iseasy to find k-reversible languages (even with k = 0) which are not utr-languages. Itis also easy to give similar examples with strictly regular languages, locally testablelanguages in the strict sense, Szilard languages of regular grammars, and withregular code languages showing that these classes of languages and utr-languagesare incomparable.3. The inference algorithmSuppose we are given a set of sample words { w1, w2,..., wn } from a uniquelyterminating regular language. We can give the corresponding derivations in the formS � wi1Ai1 � ... � wi1...wikAik � wi1...wikwik+1where wi = wi1...wikwik+1, for i = 1,..., n, with the appropriate length k + 1. Wecan take the following steps when merging nonterminals Aij in the inferencealgorithm:1. If two sample words have a common proper prefix w, we know bycondition 1 of Definition 1 that the common proper prefix is produced byusing the same productions in both derivations. This means that we can mergethe corresponding nonterminals.2. By the uniqueness of terminating productions (condition 2 of Definition 1),we can merge the last nonterminals of derivations producing words which endwith the same terminal. For example, if the sample contains words b andcdbab, we know that the last nonterminal appearing in the derivation of thelonger sample word is the start symbol of the grammar in question.Example 2. Consider a sample { abcd, abef, ab }. In order to apply step 1 above,we store the sample words in a trie structure as shown in Figure 1. Double circlesindicate final nodes where a sample word ends. All the corresponding derivationsstart with the same production SfiaA (the names of the nonterminals are naturallyarbitrary). Two derivations (for abcd and abef) continue with the production AfibB,while the third derivation terminates with production Afib. There are two differentB-productions, BficC and BfieD. The unique terminating C-production is Cfidand the unique D-production is Dfif. If the sample is incremented with the wordccf, we obtain new productions SficE, EficD, and Dfif. Notice that we canindeed merge the nonterminals so that D is in the right hand side of the only E-production. $

4abcdefFigure 1. The trie corresponding to the sample { abcd, abef, ab }.The output grammar obtained in Example 2 is not a uniquely terminating grammar,because some of the nonterminals (S, B, and F) do not have their unique terminatingproductions. Hence, the hypothesis space of our algorithm is the class of regulargrammars fulfilling condition 1 of Definition 1. When the algorithm receives moresamples, it will find more and more unique terminating productions, and finally,also condition 2 of Definition 1 will be fulfilled.The inference algorithm for utr-languages reads its sample words and stores them inthe trie. Each trie node (excluding the leaves) has an associated nonterminal. Theroot of the trie has S (the start symbol) associated with it. Figure 2 shows the trie ofFigure 1 with its nodes augemented with the associated nonterminals. If a nodelabelled by b has B associated with it and A is the nonterminal associated with itsparent, then we take the production AfibB to the resulting grammar.If a node is associated with A and has a child labelled with b such that the child is afinal node, then we take the production Afib to the resulting grammar. (This is thecase in the trie of Figure 2.) The parents of all appearances of a leaf with the samelabel must have the same nonterminal associated with them. When the originalsample { abcd, abef, ab } was incremented in Example 2 with the new word ccf, wehad two words ending with f. The corresponding terminating production is Dfif.After the incrementation, the trie has two nodes associated with D. Notice thatalthough a node in a trie can have as many children as there are terminals in thealphabet, only one of the children can be a final node.

5abcdeSABDCfFigure 2. The augmented trie corresponding to the sample { abcd, abef, ab }.The inference algorithm can be given as follows:Algorithm UT;1. for each word in the sample do1a. store the word in the trie; insert associated nonterminals to the new nodes;1b. if there are nodes having children which are equally labelled final nodesthen merge the associated nonterminals of these nodeso d 2. output the productions of the resulting grammar from the trie:2a. if a node is associated with A and its child labelled with b is associated with B then take AfibB to the grammar;2b. if the child of a node associated with A is a final node labelled with bthen take Afib to the grammar;Since each nonterminal has a unique terminating production, the desired uniquelyterminating grammar will be eventually found. Terminating productions expose theuse of the nonterminals in the derivations.UT clearly produces a new conjecture using only a polynomial time in the size of theresulting grammar and in the length of the sample words. However, UT is not a"polynomial-time inference algorithm" in the original strong sense of Pitt [9], sincethe number of implicit errors of prediction is not polynomially bounded by the size

6of the resulting grammar. Notice that the class of Szilard languages of regulargrammars has a polynomial-time inference algorithm in the sense of Pitt [8].We can formulate our results as follows.Theorem. Utr-languages can be inferred from positive data such that a newconjecture is always produced in polynomial time.References[1] Angluin, D., Inference of reversible languages. J. ACM 29 (1982), 741-765.[2] Angluin, D., and Smith, C.H., Inductive inference: theory and methods. ACMComput. Surv. 15 (1983), 237-269.[3] Emerald, J.D., Subramanian, K.G., and Thomas, D.G., Learning code regularand code linear languages. In: Proceedings of ICGI-96, Lecture Notes inArtificial Intelligence 1147 (1996), 211-221.[4] Garcia, P., Vidal, E., and Oncina, J., Learning locally testable languages in thestrict sense. In: Proceedings of the First International Workshop on AlgorithmicLearning Theory, 1990, 325-338.[5] Gold, E.M., Language identification in the limit. Inform. Contr. 10 (1967),447-474.[6] Harrison, M.A., Introduction to Formal Language Theory. Addison-Wesley,1978.[7] M�kinen, E., The grammatical inference problem for the Szilard languages oflinear gramamrs. Inf. Process. Lett. 36 (1990), 203-206.[8] M�kinen, E., A family of languages which is polynomial-time learnable frompositive data in Pitt’s sense. Intern. J. Computer Math. 61 (1996), 175-179.[9] Pitt, L., Inductive inference, DFAs, and computational complexity. In:Proceedings of 2st Workshop on Analogical and Inductive Inference, LectureNotes in Artificial Intelligence 397 (1989),18-44.[10] Tanida, N., and Yokomori, T., Polynomial-time identifiacation of strictlyregular languages in the limit. IEICE Trans. Inf & Syst. E75-D (1992), 125-132.