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Kleene fREL & 1%, EMHEHZ —BILLZRERTH Y 3 DDA : fil. #E. DKLU (Kleene star) & 2D
DOER : IOHAIIE, FEEOHAIT »okb, " BOEL” FHEOREPETFTNVOMEE2RET 5 ETHEAR
MiEETH 0, & ITFHEBRIEICB VTR R RTHN S, Kleene Rﬁsu_ 175 EEAHIL LTSN
OFEEDIEFMC ZTHBROBIEL H 0. BRABCCRRMERIE (WX, SiimaE, sodind,. MHiHmE) 2o
BENH 5, £z, TOFEAME (W5, IERKFOEAM M ERME) | iPSPACE mﬁf&mi ETH D, Kif
X [Computational Complexity of Several Extensions of Kleene Algebral Tld, Kleene %% JK5R L 72(AR D
FREROITE A HEMES L CFHBEEME I OVWTHERT %, RiiE. bODENPSRIEERLTHY., F
E [Introduction] ¢#E [Concluding Remarks| DIEHLATRD 3 DDEEN 525,

#8 2 F [Preliminaries] AT TiE, U DITRFEREIZET 2 EARNLREHEBR72H L. Kleene REUIZH
TRFOMRD S bEAN LM ECEE L ME % —HBEROMIE X SFEOMEIZ T TRNT 2, ZHBR
DOEEIZBWTIE, & IZBIRAE L OBIRMEPBRAKIC B I 2 BAN LB 2 BN T 5, SFEOMEICE
WTIE, A— b~ b & ORI ERRBEOMS (derivatives) IZD\WTHIHT 5, BEDb D TIESFEOME
EE _HBEROMETENTNER I N2 EXM RN —HT 5 2 L& 20FEXMinORBN L ABIIZONT
AT 5,

% 3 & [Derivatives for Kleene Allegories] : A= Tld, “IHBAROFEIZ BT % Kleene AEIZDWT 2D
OFEE (B, ¥R 2MA 7R (Kleene EHE & IT ;c:hé) D% AR AY EXPSPACE 2 TIREARETH 2
Z e %mRT, ARREIK, LICS 15 1I28\WT open L INTWETH 5, Kleene EEIZH 1) 2 F L
727 MO 77 7HERBIMHEREE U TREOT o s, EfErE2 xR EE L LT, Antimirov IZ &
5 (FHEFFIZHTE) XFH EOWH%E2 TS 7128 WTHEFTTEBLSIZTHIELES S 7 LOWS % Hi7-
AT S, ZOMSEHAVDZ LT, Kleene BEDEREH2 2 DDOHMA — b~ b OV E I
BETE L, THUZXD Kleene BB DE NI GFRAREAIRETH D H°D EXPSPACE IZJET 5 Z LRI s,
EXPSPACE IR#TH 5 Z & i3, HEEN S FHRARROLTEEHEMELZ HWTREI N5,

24 % [Kleene Algebra Under Weak Equivalences| :ARE T, SiEOMEIZE T 5 Kleene I (H1H,
EHRE) OFMMEDOREDTFH T ONTERT S, &<IC 200N p-FAETHE] Z%, [EX n
DLFHND > +ou\—g“‘m#ﬂ‘m%%%c:@&}:'?éﬁ@ﬁm%ﬂAiﬁ n - oo THHAMIZ 0 IZEDL ] & LTER
U. p-H ﬁlﬁ@?“(@ﬁﬁ%@ﬁi (REAh M /5 M/ 22 VR E R D) D FH N DRI 24T - 72, T DM IX
BRET VBT 2HHEEM (almost-sure validity) % —fDRHED S XFFOEICHIET 2 Z 2 THELN
%, ARFET| ﬁﬁﬁ%i@@%?éb% DORDEELRETI (EHRI, ARA— b by, UREBESGE) 615@‘[/
T, EUZBIN &R U7z 1 (1) p-FAMED T DLl /8 kM1 2 FIIE . 3l G Mt/ M E FRE D 35
CRUEREYZ 7 A UTRE, (2) (TUT7 7y hOEEH 2 {HU EOBFE) p-RAMED T TDZE Wzﬂmf’ﬂ
B, BEOEEMEHEMEOBE A UHERE S S AR L TRe, FHEED LRI OWTIE, p-REED
RFERIRA SN 2 A - P P UBEICH L TER S Z 8 T GERETABHERBOMEZRHLT) R,
THROFEHD FEREH o %, @EOEBEEHEREN» S p-REO T ot/ S efEADRE %25 2
HZEit& DR Uz, R UT, XURARSGECR L TIZ GBH =M HERMENRETRETH S —HT) p-
FED T TOZEEHEMENPERTREIC 8D Z L 2R Uz, REOKD D Tk, ARETFIVinOMEEMIC
oK (Es, —HBEROMEIZB T 5) Kleene AEID p-RIEEEAL, 220 p-FEIZHEAT 2 K%,

7%« FSCEE L, FI3C 2000 52 & 3030 300 5E % 1 #9TOIRIT 5, b L<IF2E30 800 fF4 1 #p#H L T 2&Eu,

Note : Thesls Summary should be submitted in either a copy of 2000 Japanese Characters and 300 Words (English) or 1copy of 800
Words (English).
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Kleene algebra is an algebraic generalization of regular expressions, which consists of two binary
operations, union and concatenation, two nullary operations, the identity of union and the identity of
concatenation, and one unary operation, iteration. Iteration is a basic operation for expressing behaviors of
programs or expressing properties of models. Language semantics and relational semantics are two of
principal semantics in Kleene algebra. Relational semantics of Kleene algebra is related to relation algebra
and modal logic. The equational theory of Kleene algebra is decidable and PSPACE-complete. This thesis
“Computational Complexity of Several Extensions of Kleene Algebra” consists of five chapters including the
chapter of introduction and the chapter of concluding remarks. The other three chapters are outlined as
follows:

Chapter 2 “Introduction”: In this chapter we give some fundamental results of Kleene algebra in relational
semantics and language semantics. In the section for Kleene algebra in relation semantics, we show that it
has relation to relation algebra and first-order logic and we introduce fundamental results of relation
algebra. In the section for Kleene algebra in language semantics, we introduce derivatives for regular
expressions. Actually the two equational theories of Kleene algebra defined in relational semantics and
language semantics are equivalent.

Chapter 3 “Derivatives for Kleene Allegories”: In this chapter we show that the equational theory of Kleene
algebra with relational intersection and relational converse in relational semantics (called Kleene
allegories) is decidable and EXPSPACE-complete. This problem was open in LICS ’15. For showing
decidability, we introduce derivatives on graphs based on derivatives on strings for regular expressions
introduced by Antimirov. The lower bound is proved by the EXPSPACE-hardness of the universality
problem for regular expressions with intersection.

Chapter 4 “Kleene Algebra Under Weak Equivalences”: In this chapter we study the equivalence problem
for Kleene algebra in language semantics under weak equivalences. In particular, we introduce p-
equivalence defined as follows: two languages are p-equivalent if and only if the limit of the density of the
symmetric difference of them is 0. We give several logical characterizations for p-equivalence and give the
complexity upper bounds by the results of descriptive complexity theory. For lower bound, we show that
each language problem under p-equivalence is not easier than the one under normal equivalence in several
cases. In particular, for context-free grammars, the emptiness problem under p-equivalence is undecidable,
whereas the emptiness problem under the normal equivalence is decidable. Finally, we introduce p-
equivalence for Kleene algebra in relational semantics and compare the two p-equivalences.
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