Department of Foundations of Computer Science

RESEARCH IN THEORETICAL COMPUTER SCIENCE

Zoltán Ésik

I. ITERATION THEORIES AND THE AX- IOMATIZATION OF THE FIXED POINT OPERATION IN COMPUTER SCIENCE

The purpose of the work carried out from 2000 to 2004 was to obtain complete, but simple, descriptions of the properties of the fixed point or iteration operation in computation. Previous work by Bloom, Ésik and others has resulted in a complete description of the equational laws satisfied by the iteration operation. This description takes the form of the axioms for Iteration Theories [10], certain (enriched) Lawvere algebraic theories, which capture important features of many classes of structures of interest in the theory of computation involving ordered and metric structures, functors and 2-categories, trees and synchronization trees, and others. In [12], we have introduced iteration 2-theories that are a 2-categorical generalization of iteration theories. We have described the structure of the free iteration 2-theories.

One of the axiom systems of iteration theories involves an identity associated with each finite group. In [26], we studied the independence of the groups identities and described the structure of the free theories satsifying the Conway equations and any subcollection of the group identities. In [11], we have shown that iteration theories cannot be axiomatized by a finite number of equation schemes. In [27], we described all iteration theories of boolean functions.

II. APPLICATIONS OF THE EQUATION- AL LOGIC OF FIXED POINTS

As major beneficial corollaries of the general theory of fixed points, we have obtained relatively simple sets of equational and implicational axioms for the binary supremum operation on continuous functions [28] and the concurrent behavior of processes with respect to several behavioral equivalences [28, 32, 7]. For a survey, see [31].

Using only equations involving fixed points, we established several Kleene-type theorems for power series, tree series, semi-additive categories [39, 15, 13]. For a survey on tree series, see [45].

We gave pure equational proofs of some fundemantal results of language theory including Parikh’s theorem and the Greibach normal form theorem for context-free languages, cf. [6, 47, 48].

III. SEMIRINGS

In [41], we have defined inductive^∗-semirings that are partially ordered semirings with a star operaion satifying Park’s induction axiom. We have established several basic properties of inductive^∗-semirings and related them to the Kleene algebras of Kozen. In [42], we studied a subclass of inductive^∗-semirings in which certain infinite sums exists. We have completely described the structure of free rationally additive semirings. Several basic properties of locally closed semirings have been studied in [43].

IV. TROPICAL SEMIRINGS

In a series of papers, we studied the equational theory of the tropical semirings. We established several axiomatizability and decidability results and described the structure of the free algebras in the corresponding varieties. See [4, 1, 2, 3, 5].

V. AXIOMATIZING REGULAR LANGUA- GES AND RATIONAL POWER SERIES

In [22], we proved that the equational theory of regular languages with concatenation and Kleene star is nonfinitely based. This solves a problem of Bredikhin. In [40], we extended Kozen’s axiomatization of the equational theory of regular languages to rational power series with coefficients in any finite commutative ordered semiring. In [21], we proved that the equational theory of Kleene algebras of binary relations with relational inverse is not finitely based.

VI. THE SHUFFLE OPERATION AND POMSET MODELS OF CONCUR- RENCY

In earlier work, we extended the study of the equational theory of the regular operations on languages to include the shuffle operation which, in the interleaving model of concurrency, is used to model parallel execution of processes. We showed that the equational theory of the shuffle operation is intimately related to the theory of pomsets equipped with variants of the series and parallel composition operations. In [33], we studied equational theory of the true concurrency model together with some behavioral preorders.

VII. STRUCTURE THEORY OF AUTOMATA

In [25], we gave a simple proof of the Krohn-Rhodes decomposition theorem for finite automata. In [24], we have shown that there is a Letichevsky automaton not complete with respect to homomorphic representation by the ν2-product. (On the other hand, it is known that every Letichevsky automaton is complete with respect to homomorphic representation by the ν3-product.) We have obtained a similar result for the homomorphic simulation, cf. [23].

VIII. HIGHER DIMENSIONAL AUTOMATA

In [49, 50], continuing the work started in [29], we defined automata on higher dimensional words and extended several basic results of the theory of automata to this setting including the equivalence to algebraic recognizability and monadic second-order definability. The results were obtained in collaboration with Z. L. Németh, Department of Foundations of Computer Science.

I-2

Department of Foundations of Computer Science

IX. ALGEBRAS FOR ASYNCHRONOUS CIRCUITS

We have proposed a family of algebras to study hazards in asynchronous circuits, cf. [18, 19, 20]. These algebras are commutative De Morgan bisemigroups and are a generalization ternary algebras. In [30], we gave a geometric description of the free (commutative) De Morgan bisemigroups and De Morgan bisemilattices.

X. REGULAR WORDS

Regular words are those words isomorphic to the frontier of regular trees. We gave a polynomial time algorithm to decide whether a regular word is scattered, cf. [14]. Regular words are natuarally equipped with the “scattered operations” of concatenation, omega power and its opposite; and the “shuffle operations”. In [16], we solved a longstanding open problem of B. Courcelle by providing a set of simple equational axioms for the scattered operatuions. We also showed the nonexistence of a finite axiomatization. In [17], we gave equational axioms for both the scattered and the shuffle operations. Moreover, we proved that the equational theory is decidable in polynomial time.

XI. LOGIC AND AUTOMATA

In [38], we have extended first-order logic and linear temporal logic on finite words with a sort of modular counting. We have charaterized the expressive power of these logics by an extension of the notion of aperiodicity. In [46], we have associated a generalized quantifier with any regular word language and used the double semidirect product of finite generated monoids to describe the expressive power of the resulting logics. In [34], we have studied a related extension of linear temporal logic using semidirect prodicts of finite generated monoids and obtained several algebraic characterizations. Some of the results of [46] have been extended in [51] to finite trees using the newly introduced notion of double semidirect products of preclones.

XII. CONFERENCES AND EDITORIAL WORK

In addition to a large number of other conference presentations, Zoltán Ésik was invited speaker at the following workshops and conferences: Words, Languages and Combinatorics (Kyoto, 2000), Category Theory (Como, 2000), Developments in Language Theory (Vienna, 2001), Fixed Points in Computer Science (Florence, 2001), Workshop on Max-Plus Algebras (Prague, 2001), Expressiveness in Concurrency (Aalborg, 2001), 6th Int. Conf. Discrete Mathematics and Applications (Banska, 2001), Developments in Language Theory (Kyoto, 2002), Workshop on Weighted Automata and Applications (Dresden, 2002), Workshop on Automata, Concurrency, and Logic (Madras, 2003), Coalgebraic Methods in Computer Science (Warsaw, 2003). He served on the steering committee of the Fundamentals of Computer Science conferences and on the program committee of the workshops and conferences Fixed Points in Computer Science (Paris, 2000), Fixed Points in Computer Science (Florence, 2001), Fixed Points in Computer Science (Copenhagen, 2002, co-chairman), Automata and Formal Languages (Debrecen, 2002), Developments in

Language Theory (Szeged, 2003, co-chairman), Fundamentals of Computation Theory (Malmö, 2003). Fixed Points in Computer Science (Warsaw, 2003, cochairman), Expressiveness in Concurrency (Marseille, 2003), Process Algebra: Open Problems and Future Directions, (Bertinoro, 2003). Zoltán Ésik co-edited the proceedings of FICS 02, FICS 03, DLT 03, Process Algebra: Open Problems and Future Directions 2003, and served as an editor of the journals Theoretical Computer Science, Theoretical Informatics and Applications, Discrete Mathematics and Theoretical Computer Science, Acta Cybernetica. He was a member of TC1 of International Federation for Information Processing. In 2003, he was elected to the Council of the European Association for Theoretical Computer Science. He held visiting positions in Aizu, Bordeaux, Paris, Kyoto, Waterloo, Aalborg, Dresden.

ACKNOWLEDGMENTS

The above research has been supported by various grants from the National Foundation of Hungary for Scientific Research, the Ministry of Education of Hungary, the National Science Foundation, the Japan Society for the Promotion of Science, the Humboldt Foundation, the Austrian-Hungarian Action Foundation, the French-Hungarian Bilateral Fund BALA- TON, and the Austrian-Hungarian Research and Development Program.

REFERENCES

[1] L. Aceto, Z. Ésik and A. Ingólfsdóttir, On the two-variable segment of the equational theory of the max-sum algebra of natural numbers, in: proc. STACS 2000, Lille, LNCS 1770, Springer- Verlag, 2000, 267–278

[2] L. Aceto, Z. Ésik and A. Ingólfsdóttir, Axiomatizing tropical semirings, in: Foundations of Software Science and Computation Structures, Genova, 2001, F. Honsell and M. Miculan editors), Lecture Notes in Computer Science 2030, Springer-Verlag, April 2001, 42–56.

[3] L. Aceto, Z. Ésik and A. Ingólfsdóttir, Nonfinitely Based Tropical Semirings, in: Max-plus Algebras and Their Applications to Discreteevent Systems, Theoretical Computer Science, and Optimization, 27-29 August, 2001, Prague, (S. Gaubert and J. J.Loiseau editors), IFAC (International Federation of Automatic Control) Publications, Elsevier Science, 2001, pp. 29–34.

[4] L. Aceto, Z. Ésik and A. Ingólfsdóttir, The maxsum algebra of natural numbers has no finite equational basis, Theoretical Computer Science, 293(2003), 169–188.

[5] L. Aceto, Z. Ésik and A. Ingólfsdóttir, Equational theories of tropical semirings, Theoretical Computer Science, 298(2003), 417–469.

[6] L. Aceto, Z. Ésik and A. Ingólfsdóttir, A fully equational proof of Parikh’s theorem, Theoretical Informatics and Applications, 36(2002), 129–154.

[7] L. Aceto, Z. Ésik and A. Ingólfsdóttir, Equational axioms for probabilistic bisimilarity, in: Proceedings of Algebraic Methodology and Software Technology, AMAST 2002, Reunion, LNCS 2422, Springer, 2002, 239–253.

I-3

Department of Foundations of Computer Science

[8] L. Aceto, Z. Ésik, W. J. Fokkink, A. Ingólfsdóttir, Eds., Process Algebra: Open Problems and Future Directions, PA ’03, Bologna, Italy, 21–25 July 2003, BRICS Notes Series, NS 03-3, 2003 . [9] S.I. Aleshnikov, Ju. F. Boltnev, Z. Ésik, S.A. Ishanov and W. Kuich, Formal languages and automata I: Conway semirings and finite automata (in Russian), Vectnik, Kaliningradckogo gocudarctvennogo universiteta, Seria Informatika and telekommunikacia, 3(2003), 7–38.

[10] S.L. Bloom and Z. Ésik, Iteration Theories: The Equational Logic of Iterative Processes, EATCS Monographs on Theoretical Computer Science, Springer–Verlag, 1993.

[11] S.L. Bloom and Z. Ésik, There is no finite axiomatization of iteration theories, in: proc. LATIN 2000, Punta del Este, Uruguay, LNCS 1776, Springer-Verlag, 2000, 367–376.

[12] S.L. Bloom, Z. Ésik, A. Labella and E.G. Manes, Iteration 2-theories, Applied Categorical Structures, 9(2001), 173–216.

[13] S.L. Bloom and Z. Ésik, Unique guarded fixedpoints in an additive setting, in: Proceedings of Category Theory and Computer Science, CTCS 2002, Ottawa, ENTCS, vol. 69, Elsevier, 2002 16 pages (electonic).

[14] S.L. Bloom and Z. Ésik, Deciding whether the frontier of a regular tree is scattered, Fundamenta Informaticae, 55(2003), 1–21.

[15] S.L. Bloom and Z. Ésik, An extension theorem with an application to formal tree series, J. of Automata, Languages and Combinatorics, 8(2003), 145–185.

[16] S.L. Bloom and Z. Ésik, Axiomatizing omega and omega-op power on words, Theoretical Informatics and Applications, to appear.

[17] S.L. Bloom and Z. Ésik, Axioms for regular words, in: Proc. FST&TCS 03, Mumbai, LNCS 2914, Springer, 2003, 50–61.

[18] J. Brzozowski and Z. Ésik, Hazard algebras, in:

Half Century of Automata Theory, London, ON, 2000, World Scientific, Singapore, 2001, 1–19.

[19] J. Brzozowski and Z. Ésik, Hazard algebras, Formal Methods in System Design, 23(2003), 223– 256.

[20] J. Brzozowski, Z. Ésik and Y. Iland, Algebras for hazard detection, in: 31st IEEE International Symposium on Multiple-Valued Logic, 22-24 May 2001, Warsaw, Poland, IEEE Computer Society, Los Alamitos, California, 2001, 3–12.

[21] S. Crvenković, I. Dolinka and Z. Ésik, The variety of Kleene algebras with conversion is not finitely based, Theoretical Computer Science, 230(2000), 235–245.

[22] S. Crvenković, I. Dolinka and Z. Ésik, On equations for union-free regular languages, Information and Computation, 164(2001), 152–172.

[23] P. Dömösi and Z. Ésik, Homomorphic Simulation and Letichevsky’s Criterion, J. of Automata, Languages and Combinatorics, 6(2001), 427–436.

[24] P. Dömösi and Z. Ésik, A note on completeness of the ν3-product, Publ. Math., 60(2002), 539–550.

[25] Z. Ésik, A new proof of the Krohn–Rhodes decomposition theorem, Theoretical Computer Science, 234(2000), 287–300.

[26] Z. Ésik, The power of the group identities for iteration, Int. J. Algebra and Computation, 10(2000), 349–373.

[27] Z. Ésik, Iteration theories of boolean functions, in: proc. Math. Found. of Computer Science, Bratislava, 2000, LNCS 1893, Springer-Verlag, 2000, 343–352.

[28] Z. Ésik, Axiomatizing the least fixed point operation and binary supremum, in: proc. Computer Science Logic, Munich, 2000, LNCS 1862, Springer-Verlag, 302–316.

[29] Z. Ésik, Free algebras for generalized automata and language theory, in: proc. Algebraic Systems, Formal Languages and Computation, RIMS Kokyuroku 1166, Kyoto University, 2000, 52–58.

[30] Z. Ésik, Free De Morgan bisemigroups and bisemilattices. Algebra Collquium, 10(2003), 23– 32. [31] Z. Ésik, The equational theory of fixed points with applications to generalized language theory, Developments in Language Thoery, Wien, July 2001, LNCS 2295, Springer-Verlag, 2002, p. 21– 36. [32] Z. Ésik, Continuous additive algebras and injective simulations of synchronization trees, J. Logic. Comput., 12(2002), 271–300.

[33] Z. Ésik, Axiomatizing the subsumption and subword preorders on finite and infinite partial words, Theoretical Computer Science, 273(2002), 225–248.

[34] Z. Ésik, Extended temporal logic on finite words and wreath product of monoids with distinguished generators, in: Proc. DLT 02, Kyoto, LNCS 2450, 43–58, Springer, 2003.

[35] Z. Ésik and Z. Fülöp, Eds., Developments in Language Theory, 7th International Conference, DLT 2003, LNCS 2710, Springer, 2003.

[36] Z. Ésik and A. Ingólfsdóttir, Eds., Fixed Points in Computer Science 02, Copenhagen, Proceedings, BRICS Notes Series, NS-02-2, 2002.

[37] Z. Ésik and A. Ingólfsdóttir, Eds., Fixed Points in Computer Science 02, Copenhagen, Special issue of Theoretical Informatics and Applications, 37(2003), 271–391.

[38] Z. Ésik and M. Ito, Temporal Logic with Cyclic Counting and the Degree of Aperiodicity of Finite Automata, Acta Cybernetica, 16(2003), 1–28.

[39] Z. Ésik and W. Kuich, A Kleene theorem for Lindenmayerian algebraic power series, J. of Automata, Languages and Combinatorics, 5(2000), 109–122.

[40] Z. Ésik and W. Kuich, A generalization of Kozen’s axiomatization of the equational theory of the regular sets, in: Words, Semigroups, and Transductions, World Scientific, 2001, 99–114.

[41] Z. Ésik and W. Kuich, Inductive^∗-semirings, Theoret. Comput. Sci, to appear.

[42] Z. Ésik and W. Kuich, Rationally additive semirings, J. Universal Computer Science, 2(8) 2002, 173–183.

I-4

Department of Foundations of Computer Science

[43] Z. Ésik and W. Kuich, Locally closed semirings, Monatshefte Mathematik, 137(2002), 21–29.

[44] Z. Ésik and W. Kuich, Conway-Halbringe als Grundlage für eine mathematische Automatentheorie. In: Doklady meschdunarodnogo matematitscheskogo seminara k 140-letiju so dnja roschdenija Davida Gilberta iz Kenigsberga i 25-letiju matematitscheskogo fakulteta (Vorträge des internationalen mathematischen Seminars zum 140. Geburtstag David Hilberts aus Königsberg und zum 25 - jährigen Jubiläum der mathematischen Fakultät), (S.I. Aleschnikov, S.Ju. Piljugin, Ju.I. Schevtschenko, Herausgeber), Universität in Königsberg, 2002, 240-246.

[45] Z. Ésik and W. Kuich, Formal tree series, J. of Automata, Languages and Combinatorics, 8(2003), 219–285.

[46] Z. Ésik and K.G. Larsen, Regular languages defined by Lindstöm quantifiers, Theoretical Informatics and Applications, 37(2003), 179–242.

[47] Z. Ésik and H. Leiss, Greibach normal form in algebraically complete semirings, in: Proceedings of Computer Science Logic, CSL 2002, Edingurgh, LNCS 2471, Springer, 2002, 135–150.

[48] Z. Ésik and H. Leiss, Algebraically complete semirings and Greibach normal form, Annals of Pure and Applied Logic, to appear.

[49] Z. Ésik and Z. Németh, Automata on seriesparallel biposets, in: Developments in Language Theory, 5th Int. Conf., LNCS 2295, Springer, 2002, 217–227.

[50] Z. Ésik and Z. Németh, Higher dimensional automata, J. of Automata, Languages and Combinatorics, to appear.

[51] Z. Ésik and P. Weil, On logically defined recognizable tree languages, in: Proc. FST&TCS 03, Mumbai, LNCS 2914, Springer, 2003, 195–106.

I-5