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Kleene Theorems for skew formal power series*

Werner Kuichf

Abstract

We investigate the theory of skew (formal) power series introduced by
Droste, Kuske [5, 6], if the basic semiring is a Conway semiring. This yields
Kleene Theorems for skew power series, whose supports contain finite and
infinite words. We then develop a theory of convergence in semirings of skew
power series based on the discrete convergence. As an application this yields
a Kleene Theorem proved already by Droste, Kuske [5].

1 Introduction and preliminaries

The purpose of our paper is to investigate the skew formal power series introduced
by Droste, Kuske [5, 6]. These skew formal power series are a clever generalization
of the ordinary power series and are defined as follows.

Let A be a semiring and ¢ : A — A be an endomorphism of this semiring. Then
Droste, Kuske [5] define the ¢-skew product r ©, s of two power series r, s € A>T
Y an alphabet, by

(rogs,w) =Y (ru)e(s,v)
Uv=w
for all w € ¥*. They denote the structure (A¥", 4, ©4,0,1) by A, (X*)) and prove
the following result.

Theorem 1 (Droste, Kuske [5]). The structure A, {(X*)) is a semiring.

They call A, ((¥*)) the semiring of skew (formal) power series (over ¥*).

In the sequel, we often denote ®, simply by - or concatenation and A, ¢ and
> denote a semiring, an endomorphism ¢ : A — A and an alphabet, respectively.

The paper consists of this and four more sections. In this section we give a
survey on the results achieved by this paper and then define the necessary al-
gebraic structures: starsemirings, Conway semirings, semimodules, starsemiring-
omegasemimodule pairs, Conway semiring-semimodule pairs, complete semiring-
semimodule pairs and quemirings. These algebraic structures, due to Elgot [8],
Bloom, Esik [2] and Esik, Kuich [9] give an algebraic basis for the theory of power
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series, whose supports contain finite and infinite words. At the end of this section
we refer to some examples for these algebraic structures.

In Section 2 we prove that the semiring of skew power series over a Conway
semiring is again a Conway semiring. Moreover, we prove two isomorphisms of
certain semirings defined in connection with Conway semirings.

In Section 3, the results of Section 2 are applied to finite automata. A Kleene
Theorem over quemirings defined by skew power series over Conway semirings and
the usual Kleene Theorem over Conway semirings are shown.

In Section 4, we consider a semiring-semimodule pair defined by skew power
series and prove that under certain conditions this pair is complete. This gives rise
to another Kleene Theorem that is then applied to a tropical semiring and yields a
result already achieved by Droste, Kuske [5].

In the last section we develop a theory of convergence in semirings of skew power
series based on the discrete convergence. We show that important equations, which
hold in Conway semirings, are valid under certain conditions also in semirings of
skew power series over an arbitrary semiring. As an application this yields then
another Kleene Theorem proved already by Droste, Kuske [5].

We assume that the reader of this paper is familiar with the theory of semirings
as given in Sections 1-4 of Kuich, Salomaa [14]. Familiarity with Esik, Kuich 9,
10, 11] is desired.

Recall that a starsemiring is a semiring A equipped with a star operation * :
A — A. The Conway identities are the sum-star equation and the product-star
equation

—
IS}
_|_
=
~—~
*
Il

(a*b)*a”
(ab)* = 14 a(ba)*b.

A Conway semiring is a starsemiring satisfying the Conway equations. Note that
any Conway semiring satisfies the star fized point equations

ac*+1 = a*

a*fa+1 = a*,
as well as the equations

a(ba)* = (ab)*a
(a+b)* = a*(ba*)".

Suppose that A is a semiring and V is a commutative monoid written additively.
We call V' a (left) A-semimodule if V' is equipped with a (left) action

AxV — V

(s,v) — sv
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subject to the following rules:

s(s'v) = (ss')
(s+sw = sv+sv
s(v+v) = sv+sv

v = v
Oov = 0
sO = 0,

for all 5,8’ € A and v,v" € V. When V is an A-semimodule, we call (4,V) a
semiring-semimodule pair.

Suppose that (A, V) is a semiring-semimodule pair such that A is a starsemiring
and A and V are equipped with an omega operation “ : A — V. Then we call
(A, V) a starsemiring-omegasemimodule pair. Following Bloom, Esik [2], we call a
starsemiring-omegasemimodule pair (A, V) a Conway semiring-semimodule pair if
Ais a Conway semiring and if the omega operation satisfies the sum-omega equation
and the product-omega equation:

(a+b)* = (a*b)” + (a*b)*a®
(@) = a(va)”,
for all a,b € A. It then follows that the omega fized-point equation holds, i.e.,

aa’ = a“,

for all a € A.
Recall that a complete monoid is a commutative monoid (M, +,0) equipped
with all sums ), _; m; such that

o= 0

i€
E m = m
je{1}
E m; = M1+ me
i€{1,2}
2 m o= ), m
jeJiel; 1€Ujegl;

where in the last equation it is assumed that the sets I; are pairwise disjoint. A
complete semiring is a semiring A which is also a complete monoid satisfying the
distributive laws

S

i€l i€l

(Z si)s = Z 8i8,

el i€l

»
)
»
&
S—
Il
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for all s € A and for all families s;, i € I over A. Esik, Kuich [9] define a complete
semiring-semimodule pair to be a semiring-semimodule pair (A, V) such that A is
a complete semiring, V' is a complete monoid and an infinite product operation

(s1,82,...) — Hsj
J=1

is given mapping infinite sequences over A to V with

i€l iel
( E sijv = E S0,
i€l iel

for all s € A, v € V, and for all families s;, i € I over A and v;, 7 € I over V and
with the following three conditions:

Hsi = H(Smfﬂrl """ Sm)

i>1 i>1
i>1 i>1
H Z Sij = Z Hsija
j>lijel; (i1,i2,) €L X Ia X §>1
where in the first equation 0 = ng < n; < ng < ... and Iy, Is,... are arbitrary

index sets. Suppose that (A, V') is complete. Then we define

S* — E 57,
i>0

Y = Hs,

i>1

for all s € A. This turns (A,V) into a starsemiring-omegasemimodule pair. By
Esik7 Kuich [9], each complete semiring-semimodule pair is a Conway semiring-
semimodule pair. Observe that, if (A, V) is a complete semiring-semimodule pair,
then 0¥ = 0.

A star-omega semiring is a semiring A equipped with unary operations * and
“: A — A A star-omega semiring A is called complete if (A, A) is a complete
semiring-semimodule pair, i.e., if A is complete and is equipped with an infinite
product operation that satisfies the three conditions stated above.

Consider a starsemiring-omegasemimodule pair (A, V). Then, following Con-
way [4], we define, for all n > 0, the operation * : A"*"™ — A™*" by the following
inductive definition. When n = 0, M* is the unique 0 X O-matrix, and when n = 1,
so that M = (a), for some a in A, M* = (a*). Assuming that n > 1, let us write

M as
v (o)
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where ais 1 x 1 and d is (n — 1) x (n — 1). We define

v (2)

where a = (a + bd*c)*, 8 = a*bd, v = d*ca, 6 = (d + ca*b)*.

Following Bloom, Esik [2], we define a matrix operation ¥ : A"X" — ynx1
on a starsemiring-omegasemimodule pair (A,V) as follows. When n = 0, M* is
the unique element of V°, and when n = 1, so that M = (a), for some a € A,
M*“ = (a®). Assume now that n > 1 and write M as in (1). Then

Mw

(((obor ooy )

(d + ca™b)® + (d + ca*b)*ca”

Following Esik, Kuich [11], we define matrix operations “* : A™*" — ynx1
0 < k < n, as follows. Assume that M € A™*™ is decomposed into blocks a, b, ¢, d
as in (1), but with a of dimension & x k and d of dimension (n — k) x (n — k). Then

M= (d*(g(jﬁci)*;*)z)“> )

Observe that M“° =0 and M“~ = M%.
Suppose that (A,V) is a semiring-semimodule pair and consider T' = A x V.
Define on T the operations

(s,u)-(s',v) = (ss',u+ sv)

(s,u) +(,0) = (s+5,u+v)

and constants 0 = (0,0) and 1 = (1,0). Equipped with these operations and
constants, T satisfies the equations

(x4+y)+2z = o+ (y+2) (5)
r+y = y+o (6)
z+0 = (7)

(z-y)-z = z-(y-2) (8)
x-1 = =z 9)
loz = x (10)

(@+y)-z = (@-2)+ (- 2) (11)

0-z 0. (12)

Elgot[8] also defined the unary operation § on T (s,u)q = (s,0). Thus, q selects
the “first component” of the pair (s,u), while multiplication with 0 on the right
selects the “second component”, for (s,u) -0 = (0,u), for all w € V. The new
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operation satisfies:

- (y+z2) = @9y + @9 2) (13)
x = 294+ (z-0) (14)

z9-0 = 0 (15)
(@+y) = 29+y9 (16)
(z-9)] = 29-y9. (17)

Note that when V' is idempotent, also
z-(y+z) = z-y+ax-z

holds.

Elgot[8] defined a quemiring to be an algebraic structure T' equipped with the
above operations -, +, 9§ and constants 0,1 satisfying the equations (5)—(12) and
(13)—(17). A morphism of quemirings is a function preserving the operations and
constants. It follows from the axioms that 299 = z9, for all x in a quemiring T.
Moreover, z§ =z iff z-0=0.

When T is a quemiring, A = T9 = {29 | z € T'} is easily seen to be a semiring.
Moreover, V.= T0 = {z -0 | « € T} contains 0 and is closed under +, and,
furthermore, sz € V for all s € A and z € V. Each x € T may be written in
a unique way as the sum of an element of T and a sum of an element of T0 as
x = 294+ x-0. Sometimes, we will identify A x {0} with A and {0} x V with V. It
is shown in Elgot [8] that T is isomorphic to the quemiring A x V' determined by
the semiring-semimodule pair (A, V).

Suppose now that (A4,V) is a starsemiring-omegasemimodule pair. Then we
define on T'= A x V a generalized star operation:

(5,0)® = (s%,5%+5") (18)

for all (s,v) € T. Note that the star and omega operations can be recovered from
the generalized star operation, since s* is the first component of (s,0)® and s¥ is
the second component. Thus:

(5*,0) = (850)®1I
0,8) = (5,0)®-0.

Observe that, for (s,0) € A x {0}, (s,0)® = (s*,0) + (0, 5*).

Suppose now that 7" is an (abstract) quemiring equipped with a generalized star
operation ®. As explained above, T as a quemiring is isomorphic to the quemiring
A x V associated with the semiring-semimodule pair (A, V), where A = T and
V = T0, an isomorphism being the map x — (z9,2-0). It is clear that a generalized
star operation ® : T — T is determined by a star operation * : A — A and an
omega operation ¥ : A — V by (18) iff

29 = (29)%9q (19)
2.0 = (@)% - 0+2°9-2-0 (20)
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hold. Indeed, these conditions are clearly necessary. Conversely, if (19) and (20)
hold, then for any 9 € T we may define

@) = (@D (21)
(@9)* = @N®-0. (22)

It follows that (18) holds. The definition of star and omega was forced.

Let us call a quemiring equipped with a generalized star operation © a general-
ized starquemiring. Morphisms of generalized starquemirings preserve the quemir-
ing structure and the ® operation.

We now refer to some examples for the algebraic structures defined in this
section. All the following semiring-semimodule pairs are complete. Hence, they are
starsemiring-omegasemimodule pairs and Conway semiring-semimodule pairs, and
by (18) give rise to a generalized starquemiring.

(i) The pair (P(Z*), B(X¥)), where ¥ is an alphabet and P denotes the power
set, is a complete semiring-semimodule pair. The first component of this pair is the
set of formal languages over finite words over X, the second component is the set of
formal languages over infinite words over X. (See Esik, Kuich [10], Example 3.2.)

(ii) The pair (N*°((¥*)), N> (£¢))), where N> = NU{oco} denotes the complete
semiring of nonnegative integers augmented by co with the usual operations, is a
complete semiring-semimodule pair. The first component of this pair is the set
of power series with coefficients in N> over the finite words over X, the second
component is the set of power series with coefficients in N°° over the infinite words
over ¥. This pair is used if ambiguities of the formal languages in (i) are considered.
(See Esik, Kuich [10], Example 3.3.)

(iii) The pair (R3¢ (X)), R (X)) is a complete semiring-semimodule
pair. It is defined before Corollary 30.

(iv) The clock languages of Bouyer, Petit [3] give rise to a complete semiring-
semimodule pair. (See Esik, Kuich [11].)

2 Skew power series over Conway semirings

Let A be a starsemiring. Then, for r € A,{(X*)), we define r* € A, (X*)), called
the star of r by

(re) = (re),

(7“*, w) = (7", 5)* : Z (7’, u)w‘ul(r*v 1)) .

uv=w, uFe

Moreover, we define r* € A, ((X*)) by r* = rr*. We prove now the result that the
structure (AZ*,—i—,@@, *,0,1), again denoted by A,((X*)), is a Conway semiring
if A is a Conway semiring. The proof of this result is a generalization of the
proofs of Theorems 2.19, 2.20, 2.21 of Aleshnikov, Boltnev, Esik, Ishanov, Kuich,
Malachowskij [1]
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Theorem 2. Let A be a Conway semiring, ¢ : A — A be an endomorphism and
Y be an alphabet. Then the sum-star equation holds in A, {(X*)).

Proof. Let r,s € A,((X*)). Then we prove by induction on the length of w € X*
that ((r 4+ s)*,w) = ((r*s)*r*,w). The case w = ¢ is clear. Assume now w # e.
Then we obtain ((r +)*,w) = ((r +5)*,€) X pmr. wze (T + 5, u)l ((r 4 s)*,v) =
(F+8)"8) X i, e (1 W)@ (1 8)*,0) +((r45)",8) 2y, e (55w ((r+
$)*,v). We call the first and second of these terms L; and Lo, respectively. More-
over, we obtain

((r8) 1™, w) = 3y (778) " w01 )1 (7 ) =
((r*s)*,e)(r*,w) + Zw1w2=w, wl;és((r*s)*awl)wlw”(r*vu&) =
((res)",e)(r*, w) +
((r"8)™:8) X ws wzum wn, unge (178, un) @l (% 5)* o) @l (1% wg ) =
((rms),e)(r", w) + ((r"s)",€) 2oy wa—w 2
(5 w3 )3 (s, w4 )50‘“1‘((7“ s)s v (1 ws) =
((5)", ) (r*, w) + ((rs)", ) -
Zwl'uu:w Zulvlzwl, ul#s(r*75)(8a u1)<p|UI|((r*5)*7Ul)wlwll(r*a w2) +
((7“ S) aE) Zw1w2=w me:wl Zw3w4=u17w3¢€
(™, w3) sl (s, wa) It 1 (7% 5)* w1 )l (1 ).

ULVl =W, U FE Ew3w4:u1

We call the first, second and third of these terms Ry, R and Rj3, respectively.
Eventually, we obtain

Ro = ((r+s)*,¢) Zmz:w, ul#e(s,ul)sp\ul\((r*s)*r*’z) =
((r+s)*¢) Zmz:w’ ul#s(s,ul)dml((r +38)*,2) = Lo

and

Ri+ Ry = ((r"s)",e)(r",€) X vomuw, uspe(T u)ga‘“'(r*,v) +
((r"8)",€) 2y wamw Douro w > sy (7€)
S remns, sote (1 02)018 (1 02) 011 (5, g 1 (*5), w1 )2 () =
((r+8)",8) X uomw, upe(Ts u)@'“‘(r ;v)+
((F +5)",8) Yoo, wpmpe (15 u2) "2 (1 8) T, 2) =
((’I“ + S)*a 5) Zuzz:w, uz;és(r u2)<p|u2|((r S) r )
((T—FS)*,&) Zuzz:w, uz;és(r ’lj,g)(plu2|((7“+5) ) =1L:.

Hence, L1 + Ly = Ry + Ry + R3 and the sum-star equation holds in A, (¥X*)). O

Theorem 3. Let A be a Conway semiring, ¢ : A — A be an endomorphism and
Y be an alphabet. Then, for r € A,(X*)), the following equation is satisfied:

r*=c+rr*.
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Proof. We prove by induction on the length of w € ¥* that (r*,w) = (e + rr*, w).
The case w = ¢ is clear. Assume now w # €. Then we obtain

(E + 7, w) = Zwlwzzw (’I“, w1)<p|’w1|(7~*7 w2) =
(7“, 5)(T*7 w) + Zw1w2=w, w17$e(ra wl)solwl | (T*v w2) =
(7", 6) (T*7 6) Euv:w7 u#e (T’ U)sﬁ‘ul (7"*’0) + Ewlwgzw, wiFE (T) ,U‘Jl)splw1 ‘ (r*v U)Q) =
(r+7 6) Euu:w, u;és (T’ U)sﬁ‘ul (7"*’0) + Ew1w2=w, wl;ég(r? wl)w‘wll(r*) 'UJQ) =
(7"*, E) Zuv:w, u#e (7", u)solu‘ (T*’U) = (T* ) w) .
O

Theorem 4. Let A be a Conway semiring, ¢ : A — A be an endomorphism and
¥ be an alphabet. Then, for r,s € A,{(E*)), the following equation is satisfied:

r(sr)* = (rs)"r.

Proof. We prove by induction on the length of w € ¥* that (r(sr)*,w) =
((rs)*r,w). The case w = ¢ is clear. Assume now w # €. Then we obtain

" ) Zwle w(r wl) |w1|((87~) w2)

(8 )W) + 3wy mw, wn e (T wl)@'“’”((”) ywa) =

(57)",2) S, ae (57 0 (57)", 0) +
Eunwz:w, wﬁée(ra w1)<p|’w1|((57«) an) =

(F(S7)",8) Yrrmaw, urte Dowguwamn (5> w3) " (r, wa) "l ((577)*,0) +
Eunwz:w, wyFe (’I“, w1)<p|’w1|((57«)*,w2) =

(F(S7)",) X muw, e (55 €) () ol ((s7)*, 0) +
(F(S7)"1€) X umw Dowgwam, waste (5 w3)!3! (o wa) ol (s7)*, 0) +
Zw1w2:w: w1 #e (’I“, w1)<p|’w1|((57«)*,w2) =

((r8) 7€) X, e (15 )0 (57)", 0)+
(F(57)"1€) X Dowgwac, woe (8 w3)!™2 (o wa) ol (sr) ", 0) +
Zw1w2=w, wiF#e (Ta w1)¢|WI|((ST)*aw2) =

((r8)7,€) Do, we (1w ((57)7,0) +
(F(S7)"1€) Yy o, wye (5, w3) @ (1 (s7)", 2)

(

and

((rs) r,w) = Yo,y ((r8)7, w1t (r,w2) =
((rs)",€)(r, ) + Xy, wy e (78)" 1)t (r, w2) =
((rs)*,e)(r,w) +
wrwa—w((78)58) Moy, upe (8, w)" ((r8) ", )0 (r, w2) =

((rs)™, e)(r,w) + 30wy —w ((75)", €) -

Zuv:wl, ute Zw3w4=u(r’ w3)¢|w3\(s’ w4)¢|u‘((rs)*vv)¢‘wll(rv ws) =
((rs)™,e)(r, w) + 320wy ((18)", ) -

Do, upe(1E) (5, W)l (rs)™, v) @) (r, w2) + Zwlwzz ((rs)”,e) -

D v Swswimu, wae (15 W3) @ (5,00) 0" (r5)*, )l (r, w2) =
((rs)",€)(r,w) + ((rs)"1,€) 2oy, e (8,0l (rs) "1, 2) +

((rs)™, ) 2yzmw, wyre (T wa)sﬂ‘wg'((sr)ﬂZ) =
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((rs)*, e)(r,w) + ((r8)1,€) Xusmuy, e (W) ()", 2) +
((8)",€) Xy e, warte, e (rws) el ((s7)", 2) +
((rs)*,e)(r,w)e!!((s7)F ) =

((rs)*7,) L, upee (5 W)@ (rs)™r, 2) +
((18)"1€) Mgemw, ware (13 w3)p s ((s7)", 2).

Hence, (r(sr)*,w) = ((rs)*r,w). O

Corollary 5. If A is a Conway semiring, ¢ : A — A is an endomorphism and %
is an alphabet then A, {(E*)) is again a Conway semiring.

Proof. The equations of Theorems 3 and 4 hold iff the product-star equation holds.
O

Corollary 6 (Bloom, Esik [2]). If A is a Conway semiring and ¥ is an alphabet
then A{(X*)) is again a Conway semiring.

In the next corollary we consider A7*"((¥*)). Here ¢ : A" — A"X" is the
pointwise extension of the endomorphism ¢ : A — A. Clearly, the extended ¢ is
again an endomorphism. Note that the set A"*™ of n x n-matrices is equipped
with the usual matrix operations addition and multiplication.

Corollary 7. Let A be a Conway semiring, ¢ : A — A be an endomorphism, %
be an alphabet and n > 1. Then (A, (X)) " and AL*"(X*)) are again Conway
Semirings.

Theorem 8. Let A be a Conway semiring, ¢ : A — A be an endomorphism, %
be an alphabet and n > 1. Then (A (X*)"*™ and ALX"(¥*)) are isomorphic
starsemirings.

Proof. We will prove that (A, ((X*)))"*" and AZ*"((X*)) are isomorphic by the
correspondence of M € (A, (X*)"*" and M" € AZ*"((X*)) given by (M;;, w) =
(M w)j, we X%, 1<4,5<n.

We prove only the compatibility of multiplication and star. Let M;, My €
(A (X*))™*™ with corresponding M7, M; € AZ*™((X*)), respectively. Then, for
all w € ¥* and 1 <4,j < n, we obtain

(MM, w)i5 = (3 (M1, w) " (M3, 0))i5 =
Zuv:w Elgkgn(Mivu)ikQOlu‘((Mé; U)kj) =

S i<ken Douvmw (M1)ik, w) ! (My) gz, v) =

2 1<wen((M1)ie(M2)ij, w) = (M1 Mz);,w) -

Let now M € (A, ((¥*)))"*™ correspond to M' € AZ*™((X*)). We assume that M
is partitioned as usual into blocks

a b
u=(a)
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where a € (A (BN, b € (A (XD ¢ e (A (Z )11, d e
(Ay () m=Dx(=1)  We first show by induction on the length of w € ¥* that
((M*)llﬂw) = ((a’ + bd*c)*ﬂw) a‘nd (M/*ﬂw)ll = ((M/*,E) Zuu:w, u;ée(M,7u) !
@‘“'(M’*,v))n coincide. The case w = ¢ is clear. Assume now w # ¢. Then we
obtain

(M*)11,w) = (a+bd*c,e)" 3, uzpela+bd e, w)pl®((a 4 bd*c)*,v) =
(a+bd*c,e)" 3 e, upe(@s u)e!((a + bd*c)*,v) +

(@+bd*c.e)" Y e, uste Doy zp—u (04", 21)p1%1 (¢, 22) 0" ((a + bd*c)*,v) =
(a+bd*c,e)* Yy, upe(@,w)e!" ((a+bd*c)*,v) +
(a+bdc,e)" 3 e, upe(bd™,€)(c, w)pl ((a + bd*c)*,v) +
(@ D00, 2) T Yo, e (b 2101 (0, 22) 0 (0 + 70", 0).

We call the first, second and third of these terms L1, Ly and Ls, respectively.
Moreover, we obtain

(M™ w)11 = 31 ci jen (M 010 Yy uze (M w)igp! " (M*,0) 1) =
S icijen((M)16:6) Yoy, e (Mij, )@ (M*)j1,0) =

(@ +bd¢)*,€) X ey, e (@ )" (@ +bd*c)*,0) +

((a+bd"c)*,€) X, uze (b5 u)!™ (d*c(a + bd*c)*

(@ +bd*e)*bd*, &) 3, e (€ W)@ (@ + bd*c)*
((a + bd*c)*bd*,e) >

7U) +
7U) +
(d,u)e"!(d*c(a + bd*c)*,v).

uv=w, uFte

We call the first, second, third and fourth of these terms Rp, Re, R3 and Ry, re-
spectively.

It is clear that L; = Ry and L, = Rj3. Hence, we have only to prove that
L3 = Ry + R4. We obtain

Ls = ((a + bd*C)*, 5) Zuv=w Zzlzgzu, z17#€ ZZ3Z4=21
(b, 23)90|23| (d*, 24)50‘21‘ (c, ZQ)SOW‘ ((a+bd*c)*,v) =
(@ +Bd)8) Ty Comram Loy (0 20)0 (0 ) -
Euwl:m, uy#e 50‘23‘ (da u1)<p|23u1|(d*7 'Ul)@lzll(ca ZQ)SO‘M((@ + bd*c)*a U) =
((a + bd*c)*v 5) Zuv:w Zzlzzzu(ba 6)(d*a 5) ’
Euwl:zl, uy#e (d’ ul)¢|u1|(d*7 01)90'21'(0’ ZQ)SD‘H| ((a + bd*c)*a ’U) +
(CERTZ5ENSD ST SIS S WP (S METT (AR
S aroron, e 50 (s} (G o1l e 22) e (a4 b)),

We call the first and second of these terms L4 and Ls, respectively.
We now obtain

L4 = ((a + bd*C)*bd*, 5) Zuv:w ZZ1Z2:u Zulvl:zl’ ui#e
(d7 ul)@‘ul‘(d*7 ’Ul)@‘zﬂ (C7 ZQ)QOW‘ ((a + bd*C)*, U) =
((a’ + bd*C)*bd*, 5) Euv:w Zulzgzu, uyF#€
(d, ul)ga‘“l‘(d*c, zg)go‘“' ((a+bd*c)*,v) =
((a 4+ bd*c)*bd*,e) > (d, u1)<p|“1|(d*c(a +bd*c)*,z4) = Ry .

UL Z4=W, UlFE
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Eventually, we obtain

L5 = ((a + bd*c)*’ 6) Zuv:w Zzlzgzu 22324=21, 23756
(bv 23)90|Z3| (d*a 24)90"21 | (Cv 22)90|u‘ ((a‘ + bd*C)*, ’U) =
((a’ + bd*C)*, 6) Zuv:w 22325=u, z3F#€
(b, 25)%1 (d°, 28) " (0 b 03" 0) =
((a+bd*c)*,e) EZ:;Z(;:’LU, zg;ée(b, 23)pl%8l(d*c(a + bd*c)*, z5) = R .
Hence, Ls = Ly + Ls = R4y + Ro.

Next, we prove by induction on the length of w € ¥* that the (1,2)-blocks of
M* and M"™ correspond to each other: ((M*)12,w) = (M'*,w)12. Here we have
(M*)12,w) = ((a + bd*c)*bd*, w) and (M"™, w)i2 = (M",€) 3, wpe(M' ) -
@l (M"*,v))12. The case w = ¢ is clear. Assume now w # . Then we obtain

((M*)Ua w) - Ezlzzzw((a + bd*C)*, Z1)<p|21|(bd*a 22) =
(a + bd*c,e)*(bd*, w) + ZleFw(a + bd*c,e)* Zm}:zl’ ke

(a + bd*c, u)gp‘“'((a + bd*c)*, v)<p|21|(bd*, 29) =
((a+bd*c)* e)(bd*,w) +
Y wvza—w, upe((@+bd )" ) (a,u)l"((a + bd*c)*, v) " (bd*, z) +
Euvzz w, u;és((a_’_bd* )*a )(bd*7 )(C U’)@lu‘((a+bd*c)*7v)¢‘uv‘(bd*722) +
Ezlzsz((a’ + bd*C)*, 5) Euv:zl 22324 u, z3F#€e

(bd”, z3)0% (¢, z4) 1" ((a + bd*c)*, v) 1 (bd*, 22) .

We call the first, second, third and fourth of these terms Ly, L1, L and Ls, respec-
tively.
Moreover, we obtain

(M w)12 = Y12 jen (M, 0)1 Yo, e (M w)ig o (M) j2) =
Elgi,j<n(( N1ir€) D w, u;ée(MU7 )‘Pl ‘((M*)JQ v) =

((a+bd*c)" ) 3 e, u#(a W)™ ((a+bd*c)*bd*,v) +

((a+bd*c)*,€) Xy, ure (bs )" ((d + cab)*,v) +
((a+bd*c)*bd*,€) 3 e, upe(Cs u)@!™((a + bd*c)*bd*, v) +

((a + bd*c)* bd*, €)Y v, upe (s 2! ((d + ca*b)*, v).

We call the first, second, third and fourth of these terms Rp, Ro, R3 and Ry, re-
spectively.

It is clear that L; = R; and L, = Rs. Hence, we have only to prove that
Lo+ Lz = Ry + R4. We obtain

*,E)Zzﬂz w(b 21)p ‘Zl‘(d*7z2)+

) D nnw, zare (07, 23)¢1% (c(a + bd™e) *bd*, 2z5) =

a+ bd*c)*,e)(b, e)(d*w) +

D mamw, sane (020 (A7 22) +

*,5) ZZ3Z5 w, 23765(17’6)(d*az3)§0|23‘(c(a’+bd*c)*bd*7z5)+
>

a+ bd*c 2325 =W 2627=23, 26FE
(b, z6)pl*o(d*, 27 )30‘23‘( (a+ bd*c)*bd*, z5) =
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((a +bd*c)",e)(b,e)(d",€) Xy, upe(dsu)!(d*,v) +
(@480, 2) s 2rpe(bs 1) (07, 22) +
((a+bd*c),e)(b,8) X (0 8) Esy i

(d, u)@ll(d*, v)pl*3! (c(a + bd*c)*bd*, z5) +
((a+bd"c)*,€) 3 e zg e (05 26)pl%l (d*c(a + bd*c)*bd*, z5) =
((a +bd*c)*bd",€) Y-y e (d w0 (d", 0) +
(a4 bd*e)*bd*,€) 30— e (ds )" (A" c(a + bd* ) *bd*, z) +
((a+bdc)", e )Ezlzzzw, ape(by 21) Pl (d" 20) +
(@ +bd*0)*,8) X, i, zge (0 26)91%0 (4" ¢(a + bd*€)*bd™, z8) = Ra + Ry
Here we have used in the last equality the equation (d + ca*b)* = d* + d*c(a +
bd*c)*bd*.

The equality of the (2,1)- and (2,2)-blocks is proved by symmetry: interchange
1 and 2, a and d, b and c. O

Corollary 9. Let A be a Conway semiring and X be an alphabet. Then
(A((E*}))"X” and A™*™({(E*Y) are isomorphic starsemirings.

Let ¢, : A — A be endomorphlsms Then we define the mapping ¢t :
A (E7) = A7) by (Gl w) = @(rw), v € A, for all w € X,
Moreover7 © and ¢’ are commuting if, for all @ € A, o(¢'(a)) = ¢'(¢(a)).

The next theorem is a special case of Theorem 4.3 of Droste, Kuske [5].

Theorem 10. Let ¢, ¢’ : A — A be commuting endomorphisms. Then ¢f, :
A (%) — A (3*)) is an endomorphism.

Proof. Clearly, ¢ (0) = 0 and ¢% () = €. Let now r1,r2 € Ay (X*)). Then, for all
w € X7, (p5(r1 +r2),w) = ¢'(r +r2,w) = @' (r,w) + @' (r2, w) = (05(r1), w) +
(P (ra),w), L.e.

P (1 +712) = 95 (r1) + ¢ (r2)
and (¢5(r1 Oy r2),w) = ¢'(r1 Op re,w) = @'(Ewlwzzw(m,wl)go‘“”'(rg,wg)) =
S s @ (1w (@ (2, w2)) = X, @ (1 w) @ (P (2, w2)) =
> = (95 (1), 1) (8 (r2), w2)) = (95(11) ©p 5 (r2), w), i.e.,

Px(r1 Oy 1r2) = @5(r1) O P5(r2) .

Corollary 11. Let ¢ : A — A be an endomorphism. Then s : Ay(X*) —
A (E*) and s : A(E")) — A(X*)) are endomorphisms.

Corollary 12. Let A be a Conway semiring, ¢ : A — A be an endo-
morphism, and 1,55 be alphabets. Then (A (S1))os, (Z5): (A6 (ZINIS),
(A(ZT D) es, (B3)) and (A(X])(X3)) are again Conway semirings.

Theorem 13. Let A be a Conway semiring, ¢, : A — A be commuting endomor-
phisms and X1, Y5 be alphabets. Then (A (X7))ys, (33)) and (Ayp((33)))ps, (X7)
are isomorphic starsemirings.
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Proof. We will prove that (A (31))s, (23)) and (A (53))es, (31)) are isomor-
phic by the correspondence of r € (A, (X7)))ys, (X3)) and ' €

(Ay((Z5)) s, (E1)) given by ((r,w2), wi) = ((7’ w1),wz), wy € X7, wy € X3,
We prove only the compatibility of multiplication and star. Let 71,73 €

(Ap((X7) s, (33)) with corresponding 77,75 € (Ay(X3)))ps, (X7)), respectively.
Then, for all wy € ¥7 and wy € 35, we obtain

((rllrévwl)an) = (Evlvzzwl (7“/1,1)1) Ops, (7“/2,’02),’(1}2) -

3 onoa oy (P 012 (1, v3) w2) =

3 s t0r sty g (1 01), w1 (2 (), 02), uz) =
e (et o) 11 (I8 (7, 03), 1)) =

> st s vamy ((11,111), w0 )17 (1991 ((r ). 05)) =

> s s oroeaoy (1,11 ), 01 )@l (Pl (g, ), 0) =

> g (P w8 (2 w2) w1 ) = ((ri72, w2), 1)

v1|

Let now € (A4 (Z1))ps, (T3 correspond to ' € (Ay(T3))ps, (S1). We
show by induction on |wi| + |we|, w1 € Ei, wy € X3, that ((r*,wa),wy) =
((r"™*,w1),wz). The case |wi| + |wa| = 0, i.e.,, wy = &, we = ¢, is clear. As-
sume now |wi| + |wz| > 0. Then we consider the three cases (i) w1 = &, we # &,
(i) w1 # €, we =€ and (iii) wy # €, we # €.

(i) We obtain

((7*,02):€) = (g, e (1) ()0 (1 ug) ) =
Y s u—wa, unze((7%5),€)((ryun), ) (17, ua), )

and
((r"™, ), w2) = (', )", w2) =
Ezuuz:wz, ulsée((r ,5),5)*(( ! 5),u1)w|ul|((7~’,5)*,uQ) =
((r*,€),e)((ryun), )y (1, uz), €) -

(ii) By the substitution wy < wa, ¢ < ¥, r < ', 1 < Xy, the proof of the
equality ((r*,e),w1) = ((r"*,w1),€) is symmetric to the proof of (i).
(iil) We obtain

UlUZ =Wz, UlFE

(" 02), 1) = (g, e (€))% uz), o) =
Ul U2=W2, Ul FE Zvlvgv;;:wl
(), vn) @l ((ry un ), v2) 2 (1 (1% un) 03)) =
Ul U2=W2, Ul FE 21)11)21}3 =wi, V17
((r,€), o)l ((ry un), 02)@”1”2‘(1/1'“”((7’ uz),v3)) +
Ul U2 =Wz, U1A£E Zv2v3:w1, vz#s((r ,6),6)((7“, U'l)a’UQ)QOlwl(w‘ul‘((r*?U'2)7U3)) +
Zuluziwz, ul#g((r*,a),a)((r,ul),e)w‘ul‘((r*,ug),wl).

2
2
2

We call the first, second and third of these terms Li, Lo and Ls, respectively.
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Moreover, we obtain
(" w1, w2) = 3 i e (7,0 22) 5] (17 2), w2) =
Zx1$2=w17 T17#E Zywzys:w
((T* ) yl)v g)wlyll((rv y2)a x1)<p|l’1|(w\y1y2| ((T* ) y3)7 xQ)) =
Zx1$2=w17 zT1FE Zy1yzy3=w2, y17€
((7’* ) yl)v g)wlyll((rv y2)a x1)<p|x1|(w\y1y2| ((7’* ) y3)7 xQ)) +
EI1I2:’LU17 T1#€E Zy2y3:w2, yz?fs((r* ) E)a 6)((7“, y2)a xl)@'“'(iﬁ‘”‘ ((T* ) y3)v xQ)) +
Ez1z2:w17 xl#e((r*v 5)7 E)((’I“, 6)) xl)@lxll((r*v w2)a $2) :

We call the first, second and third of these terms R;, Ro and Rs, respectively. It
is clear that Lo = Ro. We will prove that Ly = R; and L; = R3. We obtain

L3 = Zulugsz, u1#e, usFe Zt1t2=w1, t17#e
((r,2), ) (. un), ) (7%, ) (7 11 ) @) (7% £2), w2) +
((T*v 6)7 5)((Ta w2)7 €)¢|w2|((7ﬂ*, E)a wl) =
ULU2=W2, UIFAE, U2FE tita=wiy, t17#€ S18283=U2
((T*, 5)7 E)((’I“, ul)? E)wlul‘ (((T*, 81)7 5)w|31|((rv 52)a tl)@‘tll(w‘8182‘ ((T*, 53)) tQ)))
Zntz:wh t1766((r*7 5)7 E)((’I“, wQ)a g)w\wQ\ (((T* ) 6)5 5)((T7 5)7 tl)@‘tl | ((’I“* ) 5)) tQ))

U1815283=w3z, UIFE Ztltziwh t1#€

((’I“*, 5)7 E)((’I“, ul)? E)wlu” ((’I“*, 81)7 E)wWISl | ((’I“, SQ)) tl)‘:oltll(w‘ulslszl ((7”*, 53)7 tQ))

and

I+

Ry = mez:wh T17€E Ep1p2y2y3:w2, p17#€
((r5e),e)((r, p1), )P (1 p2), )PPl ((r, y2), @1 )l =2 (1p1PrP2v2] (1% y3), 20))

Hence, L3 = R;.
We now write L; and Rs in an other form, using the isomorphism of the induc-
tion hypothesis. Then we obtain

L, = Zulugsz, uyFe ZUN}QU:;:’UM, vy #£E
(7', 01), €)@l (1 vg), un )@lore2 (1l (% 03), ug))

and
R3 = meg:wl, xlaée((r,*v 5)7 E)((’I“’, xl)a €)<p|9’31|((7~/*,$2), w2) .

By the substitution 1 < w1, T2 < U2, V1 < Y1, V2 < Y2, U3 < Y3, W] < Wa,
¢ P, r 1, 81 — B9, L — R, the proof of the equality L; = R3 is symmetric
to the proof of the equality Ry = Ls. O

Corollary 14. Let A be a Conway semiring, ¢ : A — A be an endomorphism and
31, 2 be alphabets. Then (A, (E7))es, (55)), (A(ET)es, (E5)), (Ap(E7))(25)
and (A(ET))(E5), and (Ax(X3)epx, (1), (Ap(XEN) (XN, (A(Z5))es, (X1)

and (A(Z3)) (1) are isomorphic starsemirings, respectively.
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3 Finite automata and Kleene Theorems over
Conway semiring-semimodule pairs

In this section we consider finite automata over semirings and quemirings and prove
some Kleene Theorems.

By (A, (X*)), +, 0) we denote the set of skew power series ), v (s, v)v, (s,v) €
A, with pointwise addition. We define a (left) action ®, : A, (X*)) x A, (E9)) —
A<P <<Ew>>a (7’, S) =T ®Lp S, by

(r®ys,v) = Z (r,w)!! (s, u), veEXY.

WEX*, uEXY, wu=v

Theorem 15. Let A be a complete semiring, o : A — A be an endomorphism
of complete semirings and ¥ be an alphabet. Then A, (X)) is a (left) Ay (X*))-
semimodule.

Throughout this section, A is a Conway semiring, such that (A, {(X*)), A, (X))
is a starsemiring-omegasemimodule pair (see Elgot [8], Esik, Kuich [9]). Moreover,
we assume 0 = 0. Furthermore, we use the notation A,(XUe) = {ac+)_ . @z |
a,a; € A}, Ap(E) = {D ,ex ta | ap € A}, Ay(e) = {ac | a € A}.

A finite automaton over the semiring A,{(X*))

A= (n,I,M,P)
is given by
(i) a finite set of states {1,...,n}, n > 1,
(i
(i
(i

The behavior of A is a skew power series in A, ((X*)) and is defined by

)
) a transition matric M € (A, (X Ue))™*",
) an initial state vector I € (A,(e))* ™,

)

v) a final state vector P € (A, (e))™* 1.

||| = IM*P.

(See Conway [4], Bloom, Esik [2], Kuich, Salomaa [14].)
A finite automaton over the quemiring A, {(X*)) x A, (2“)

A= (n,I,M,P,k)
is given by
(i) a finite automaton (n,I, M, P) over A,{(X*)),

(i) a set of repeated states {1,...,k}, 0 < k < n.
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The behavior of 2 is a pair of skew power series in A, (X*)) x A, (X)) and is
defined by
|24|| = IM* P + IM*“" .

(See Bloom, Esik [2], Esik, Kuich [11].)

Observe that, if A = (n, I, M, P) is a finite automaton over A, (¥X*)) and A" =
(n,I,M,P,0) is a finite automaton over A,((3*)) x A, ((X¢)) without repeated
states, then ||| = ||21]].

A finite automaton A = (n,I, M, P) over A,(X*)) or A" = (n,I, M, P, k) over
A (X)) x Ay ((E¢)) is called e-free if the entries of M are in A,(X).

A subsemiring of A, (£*)) is rationally closed if it is closed under the operations
+,-,*. A subquemiring of the generalized starquemiring A, {(X*)) x A, {(X%)) is
w-rationally closed if it is closed under the operations +,-,9,®. By definition,
A" (resp. w-Rat(Ay (X Ue))) is the smallest rationally (resp. w-rationally)
closed semiring (resp. quemiring) that contains A (X U e).

Since A is a Conway semiring, we can specialize the Kleene Theorem (Theo-
rem 3.10) of Esik, Kuich [11].

Theorem 16. Let (A (X)), A,(X¥) be a starsemiring-omegasemimodule
pair, where A is a Conway semiring and 0¥ = 0. Then the following statements
are equivalent for (r,s) € Ay, (E*)) x A (X))

(1) (r,s) = |||, where A is a finite automaton over A,({(X*)) x A, (X¢)),
(i1) (r,s) € w-Rat(A,(EUz¢)),
(iii) r € AZH(E"), 8 = D1 jarm Ujv§ with uj,v; € AZH(E")).

Proof. By Theorem 3.10 of Esik, Kuich [11] and by Corollary 5. O

Moreover, Conway [4], Bloom, Esik [2], or Aleshnikov, Boltnev, Esik, Ishanov,
Kuich, Malachowskij [1] imply at once the following generalization of the Kleene-
Schiitzenberger Theorem.

Theorem 17. Let A be a Conway semiring. Then the following statements are
equivalent for r € A, (%) :

(1) = |||, where A is a finite automaton over A, {(X*)),

(i1) v = ||2A||, where A is an e-free finite automaton over A,{(X*)),

(iii) r € Afpat {(=*).
Proof. Theorems 3.2 and 3.3 of Aleshnikov, Boltnev, Esik, Ishanov, Kuich, Mala-
chowskij [1]. O

This theorem can also be seen to be a specialization of Theorem 16 for finite
automata over A, ((X*)) x A, {(X*)) with empty repeated states set.
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4 Cycle-free finite automata and a Kleene Theo-
rem over complete semiring-semimodule pairs

We first prove that, for a complete star-omega semiring A and an endomorphism
¢ : A — A compatible with infinite sums and products, (A, {(X*)), Ax (X)) is a
complete semiring-semimodule pair.

Then, for a subsemiring A’ of A, such that, for any cycle-free ¢ € A’(X Ue), ¢*
is in AL, ((3¢)), we consider cycle-free finite automata over the quemiring Af, (X*)) x
Al {(X*)) and prove a Kleene Theorem.

We then show that the star-omega semiring R
then the Kleene Theorem of Droste, Kuske [5].

Assume that A is a complete star-omega semiring, i.e., there exists an infi-
nite product subject to three conditions appearing in the definition of a complete
semiring-semimodule pair. Then we define an infinite product for skew power series
in the following way:

(rirase) o [T € 4p(E2),  ry € A(SY), j =1,

Jj=1

o0

o« is complete. This implies

where, for all v € X¢,

(L roy= X TLeM i),

j>1 v=v102... j>1

Observe that now, for r € A, (%)),

Theorem 18. Let A be a complete star-omega semiring, @ : A — A be an endo-
morphism compatible with infinite sums and products and 3 be an alphabet. Then
(A (X)), A (X)) is a complete semiring-semimodule pair satisfying (ag)” = 0
forae A.

Proof. We only prove the equation

M= 3 IIn  meddsy. i1

i>1 el (i1,i2,... )JED X T2 x... j>1

We obtain, for v € 3¢,

(Hle(zijezj i), v) =

D vminvn o1 @0 (0 e, (i 0) =

szvlvg... Z(il,ig,... Yeli xIzX... Hj21 @lvl“’vrll(rjv vj) =

E(il,iz,...)eh xIaX... Zv:vlvz... sz1 ‘Plvl"'vj_ll(rjvvj) =
(31,82,... )€1 ngx...(Hle rjvv) =

(E(il,iz,...)ellxlzx... Hfg Tj, ).
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Consider now, fora € A, v € X¥, (H;.P21 ag,v) = Zv:vlmm HjZl w\vl---vj—l\(ae, vj).
Then infinitely many of the v; are unequal to . Hence, (ag,v;) = 0 for infinitely
many j and ([[7, ae,v) = 0. O

In the sequel, we often denote ®, simply by - or concatenation.

Corollary 19. Let A be a complete star-omega semiring, ¢ : A — A be an endo-
morphism compatible with infinite sums and products and ¥ be an alphabet. Then
(A (E*), Ao (E29)) is a Conway semiring-semimodule pair satisfying (ag)” = 0
forae A.

Proof. By Theorem 3.1 of Esik, Kuich [9]. O

Corollary 20. Let A be a complete star-omega semiring, ¢ : A — A be an endo-
morphism compatible with infinite sums and products and ¥ be an alphabet. Then,
forn > 1, ((Ax{(Z*N)™*", (A (B))™) is a complete semiring-semimodule pair
satisfying (Me)* =0 for M € A™*"™.

Proof. By Esik, Kuich [9] and an easy proof by induction on n. O

Corollary 21. Let A be a complete star-omega semiring, ¢ : A — A be an endo-
morphism compatible with infinite sums and products and ¥ be an alphabet. Then
the following statements are equivalent for (r,s) € A {(E*)) x A (X“):

(i) (r,s) = |||, where A is a finite automaton over A (S*) x A,(S2),

(ii) (r,s) € w-Rat(A, (S Ue)),

(iii) T € ATH(S*N, 8 = 31 < i uv? with uj,v; € ABH(E*).

(iv) (r,s) = |||, where A is an e-free finite automaton over A, {(S*) x A, (5).
(v) (r,s) € @-Rat(A (S Ue)),

(vi) r € Af’?t((E*», 5 = Zl<j<m uvy with uj,v; € Af’?t((Z*» where (uj,e) =0,
(vj,e) = 0. o

Proof. Since (A, {(X*)), A, {(X*))) is a complete semiring-semimodule pair, it is also
a Conway semiring-semimodule pair by Corollary 19. Moreover, (ag)¥ = 0 for
a € A. Hence, the corollary is implied by Theorems 16 and 17. O

A semiring A is called zerosumfree if, for all a;,as € A, a3 + as = 0 implies
a; = 0 and a2 = 0. A semiring A is called positive if A is zerosumfree and if, for
all aj,as € A, whenever s; - so = 0 then s; = 0 or sy = 0 (see Eilenberg [7]). An
element a € A is called nilpotent if there exists a k& > 1 such that a® = 0. The
following lemma is from Esik, Kuich [10].
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Lemma 22. (i) Let A be a complete positive semiring. Assume that

M = < Z Z ) € A" where a € AV, d e AnTDx(n=1)

If M is nilpotent then a + bd*c = 0.
(i) Let A be a zerosumfree semiring. Assume that

M = ( i Z > € A™", wherea € A™*™M, de A™*™ ni+ns=n.

If M s nilpotent then a, d, bc and cb are nilpotent.

A skew power series 1 € A, ((X*)) is called cycle-free if there exists a k > 1 such
that (r,e)* = 0, i.e., if (r, €) is nilpotent. A finite automaton A = (n, I, M, P) (resp.
A= (n,I,M,Pk)) over A,{(£*)) (resp. A, {(E*) x A (X)) is called cycle-free if
M is cycle-free.

For the rest of this section, A is a complete star-omega semiring and ¢ : A — A
is an endomorphism compatible with infinite sums and products.

Theorem 23. Let A be a positive complete star-omega semiring, p : A — A be an
endomorphism compatible with infinite sums and products and ¥ be an alphabet. Let
A" be a subsemiring of A such that, for any cycle-free ¢ € Al,(XUe), ¢¥ € AL(XY)).
Assume that M € (A, (X Ue))"*™ is cycle-free. Then M € (AL {(X“))".

Proof. The proof is by induction on n. The case n = 1 is clear. Assume now that
n > 1 and partition M as usual into blocks a,b,c,d, where a € AL(¥ Ue) and
d € (A(SUe))m=Dx(n=1) " Consider (M*); = (a+ bd*c)* + (a + bd*c)*bd*. By
Lemma 22, (a + bd*c,e) = 0 and d is cycle-free. Hence, (a + bd*c)* € AL ({(X¥))
and d* € (AL ((X“))""'. Moreover, (a + bd*c)* € AL((X*)). This implies that
(M“), € AL((X“)). By application of the omega-permutation-equation (see Bloom,
Esik [2]) we obtain that M® € (AL {(S“))". O

By definition, Rat(A,(X Ue)) C A,(E*)) is the smallest semiring containing
A (X Ue) such that, for ¢ € Rat(A, (X Ue)) where (¢,e) = 0, ¢* is again in
Rat(A,(EUe)).

Theorem 24. Let A be a positive complete star-omega semiring, p : A — A be an
endomorphism compatible with infinite sums and products and ¥ be an alphabet. Let
A" be a subsemiring of A such that, for any cycle-free ¢ € Al,(XUe), ¢¥ € AL(XY)).
Assume that M € (AL(X Ue))"*™ is cycle-free. Then, for 1 <i<mn, 1<j<m,
there exist u;j,v;; € Rat(A, (X Ue)), where (u;j,e) = 0, (vij,e) = 0, such that
(Mw)’i = Zlgjgm uijvz-

Proof. The proof is by induction on n. The case n = 1 is clear. Assume now
that n > 1 and partition M as usual into blocks a,b,c,d, where a € A,(¥ U¢)

and d € (A,(X U g))(n=x(=1) " The entries of a + bd*c, (a + bd*c)*b and d
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are in Rat(A,(X Ue)). Hence, by Lemma 22 , there exist t € Rat(A,(X U e)),
u € (Rat(Ay(X Ue)))*(m=D where (t,e) = 0, such that (M¥); = t* + ud” =
Y + u(d*) = ¥ + ud*(d*)* for all k > 1. Here the second equality follows by
Corollaries 4.3 and 4.2. Since d is cycle-free there exists a k > 1 such that (d¥,e) =
0. Let now (ud®); = u;, (d*)¥ = v;. By induction hypothesis, v; = doi<j<m u V',
where (uj;,€) = 0, (vj;,€) = 0. Then (M“)1 =t + 37 i, D 1<j<m wiui; v’y
where (t,¢) = 0, (ui,e) = 0, (uj;,e) = 0, (vj;,€) = 0. The omega-permutation-
equation proves the theorem for (M%);, 2 <i <n. O
Theorem 25. Let A be a complete semiring and A’ be a subsemiring of A. Let
A = (n,I, M, P) be a cycle-free finite automaton over the semiring Aj,{(¥*)). Then

24| € AL(E)-

Proof. Since % is cycle-free, (M,e)* € A", Let My = Y o(M,z)x. Then,
since ((M,e)*My,e) =0,

M* = ((M,e)" My)" (M, )" € (A (=)™

(Here we have applied already the forthcoming Theorem 38.) Hence, ||| €
ALY, 0

Theorem 26. Let A be a positive complete star-omega semiring, ¢ : A — A be
an endomorphism compatible with infinite sums and products and 3 be an alpha-
bet. Let A’ be a subsemiring of A such that, for any cycle-free ¢ € AL (¥ Ue),
q* € AL(E®). Let % = (n,I,M, P k) be a cycle-free finite automaton over the
quemiring AL (X)) x AL(E“). Then ||| € A (")) x AL(XY)).

Proof. By the proof of Theorem 25, M* € (A ((¥*)))"*". By Theorem 23, M* €
(AL ((3=2)". Hence, ||2A]] € AL(E")) x AL (%) O

Theorem 27. Let A be a positive complete star-omega semiring, p : A — A be an
endomorphism compatible with infinite sums and products and ¥ be an alphabet. Let
A" be a subsemiring of A such that, for any cycle-free ¢ € AL, (XUeg), ¢¥ € AL {(E¥)).
Then the behaviors of cycle-free finite automata over AL {(X*)) x AL (X)) form a
subquemiring T,, of AL(E) x AL((E?)) containing Al,(Y¥Ue), such that forr € T,,

where (r9,e) =0, r® is again in T,.

Proof. Inspection of the proofs of Theorems 3.3-3.8 of Esik, Kuich [11] shows that
all constructed finite automata are again cycle-free. This is seen by the proofs of
Lemmas 3.15-3.17 of Esik, Kuich [10]. Hence, Theorem 26 proves our theorem. [J

Theorem 28. Let A be a positive complete star-omega semiring, p : A — A be an
endomorphism compatible with infinite sums and products and ¥ be an alphabet. Let
A" be a subsemiring of A such that, for any cycle-free ¢ € AL,(XUe), ¢© € AL (E¥)).
Then the following statements are equivalent for (r,s) € AL {(X*)) x AL{(X“)):

(i) (r,s) = [|A||, where ™A is a cycle-free finite automaton over AL ({(X*)) x
A=),
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(ii) (r,s) € G-Rat(AL (S Ue)),

(i) r € Rat(Ap(XUe)) and s = >, o, uvy with uz,v; € Rat(A,(E Ue)) and
(uiye) =0, (vi,e) = 0.

Proof. (i) = (iii): By Theorems 24 and 25.

(iii) = (ii): Since r € Rat(Ay (X Ue)) and s € w-Rat(A,(X Ue).0, we obtain
(r,8) € 0-Rat(A, (X Ue).

(ii) = (i): By Theorem 27. O

We now want to prove the Kleene Theorem of Droste, Kuske [5]. We first
consider the complete semiring

RX ={a>0|a€cR}U{—00,00}, max, +,—00,0).

max

Here the operations are as usual, with —oo+ 00 = —o0, infinite sums are defined by
Z;el a; = sup{a; | € I} and infinite products are defined by ngl ai = > i
Here -, a; denotes sup{>_,.,.,,a; | n > 1}. We now show that this infinite
product satisfies the three laws of a complete star-omega semiring.
(i) Let @; > 0 and 0 = ng < my < ng < ... and define b; = an, ,411...an;, =
!

Doni 1+1<j<n; @ © = 1. We have to show that HQZI ai = [[;5; bi- We obtain
H;21 bi = 2121 bi = 2121 Eni,lJrlSani aj = 2121 a; = H;z1 ;-

(i) Let a; > 0, i > 1. Then we obtain a; + [[}s; @it1 = a1 + 3 ;o) aiy1 =
ZiZl a; = H;21 ;.

(iii) Let a;; > 0, 4; € I;, j > 1. Then we have to show that H;Zl Z;jelj a;; =
Z/(il,iz,...)ellxlzx... H;21 ai;. We obtain H;21 Z;jelj i; = EjZl SuP{a/@'j | i

I} = sup{zj21 a; | (i1,i2,...) € x I x ...} = El(ilyiz,m)EhXIzX.“ sz1 ai,.

Hence, we have proved the next theorem.

Theorem 29. R

max

m

is a complete star-omega semiring.

The only endomorphisms of RS are of the form ¢(a) = ¢ - a for some ¢ € R,

q > 0. (See Droste, Kuske [5], Lemma 5.1.) Denote (R, ), (X)) by Ree,.  (X*)

max,q

and (R, ), (X)) by R, (X« if ¢ is defined as above, and observe that the

max,q

multiplication +4 in R {((X*)) is defined by

max,q
(r1 +4 re, w) = max{(ry,w;) + ¢t (ry, wo) | wyws = w},

where r1,r2 € R (X*), w € ¥*.

max,q

Corollary 30 (Esik, Kuich [10]). (R, (), RX. (X)) is a complete

semiring-semimodule pair. med max,q
Let Rpnax be the following subsemiring of R :
Rmax = ({a > 0] a € R} U{—o0}, max, +, —0c, 0) .
Denote (Rumax ) (Z%) by Runasx,e (Z*) and (Rumax)p (E°) by Ronax.q(5).
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Theorem 31 (Droste, Kuske [5]). The following statements are equivalent for
(T; 5) S Rmax,q«z*» X Rmax,q<<2w>>7 0 S q< 1:

(i) (r,s) = |||, where A is a cycle-free finite automaton over Ruyax o (X*) X
Rmax,q (3)),

(i) (r,3) € O-Rat(Rpmax ¢ (X Ue)),

(iii) r € Rat(Rpmax,q(X Ue)) and s = max{u; +qv; | 1 < i < m} with u;,v; €
Rat(Rpax,q(X Ue)) and (u;,e) = —o0, (v5,€) = —o0.

Proof. By Theorem 28. O

5 Skew power series over arbitrary semirings

We assume that the reader is familiar with the axiomatic theory of convergence
considered in Section 2 of Kuich, Salomaa [14]. We also use the notations and
isomorphisms used there.

In this section we define a convergence in the semiring A, ((¥*)). This is done
mainly for the purpose to define the star of a cycle-free power series in A, (X*)).
If A is a starsemiring, these considerations on a convergence are not necessary.
Hence, we assume that A is not a starsemiring. (Or, if A is a starsemiring, we do not
consider explicitly the star operation in A.) We then show variants of the sum-star-
equation, the product-star-equation and the matrix-star-equation. Eventually, we
prove a Kleene Theorem due to Droste, Kuske [5] by application of these equations.

By (A, (X*))N we denote the set of sequences in A, ((X*)). We denote by o and
n the sequences defined by o(n) = 0 and n(n) = e, n > 0. For ay,az € (A, (Z*))N
we define a1 + az and o ©p az in (AL (ZN)N by (a1 + a2)(n) = a1(n) + az(n)
and (1 Oy a2)(n) = ai(n) Oy ag(n), n > 0. For a € (AL(E*MY, r € AL (),
we define r ®, a and a @, r in (AL(E*)N by (r ©p @)(n) = r ®p a(n) and
(@ ®y r)(n) = a(n) ®y 7, n > 0. Observe that ((A,(Z*)N,+,@p,0,m) is a
semiring, the full Cartesian product of w copies of the semiring A, (X*)). In the
sequel, we often denote @, by - or by concatenation.

Consider a € (A, (E*))N and r € A,(E*)). Then a;, € (A, (X*))N denotes
the sequence defined by «,(0) = r, a.(n + 1) = a(n), n > 0. Moreover, for a
sequence 3 € AN, () is the sequence in A defined by ¢(8)(n) = p(B(n)), n > 0.

By D (%) C (A,(Z*))N we denote the set of sequences o : N — A, ((X*))
such that for all w € X* there exists an ng,. > 0 with (a(new + k), w) =
((na,w),w) for all k& > 0. Let Dg be the set of convergent sequences of the
discrete convergence in A. Then a € D, ((X*)) iff (o, w) € Dy for all w € £*.

We now will show that D, ((X*)) is a set of convergent sequences. Hence, we
have to prove that the following conditions are satisfied:

(D1) 5 € D, (=),

(D2) (i) if aq, a2 € Dy ((3*)) then a1 + a2 € Dy, (X)),

(ii) if @ € D, ((E*) and 7 € A, (EX*)) then r Oy o, O, r € D, {(X*)),

(D3) if @ € D, (%)) and r € A, (%)) then o, € Dy, (X*)).
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Lemma 32. D, ((X*)) is a set of convergent sequences in (A, (X*)N.

Proof. We only prove (D2)(ii), i.e., we prove that for o € D, ((X*)), r € A, (X*)),
the sequences r ©, @ and a @, r are again in D, ((X*)). We obtain, for all w € ¥*,

(rogaw) =Y (rw)e (o, w)

wlwz=w

and
(@ @y rw) = Z (v, wl)golwl‘(r, wa) .

w1 w2=w

Since @l“tl(a, wo) and (o, wy) are in Dy, these sequences 7 ®p a and a O, 1 are in

Dy ((X7)).
The rest of the proof is analogous to the proof of Lemma 2.10 of Kuich, Salo-
maa [14]. O

We now will show that the mapping lim : D,(X*)) — A, (¥X*)) defined by
lima =} . limg(a, w)w, a € Dy ((¥7)), is a limit function on D, (X*)). Here
limg : Dy — A is the limit function of the discrete convergence in A defined by
limg 8 = B(ng) if 5 € Dy with B(ng + k) = B(ng) for all k£ > 0. Hence, we have to
prove that the following conditions are satisfied:

(liml) limn =1,

(lim2) (i) if o, a2 € D, ((X*)) then lim(a; + a2) = lima; + lim ay,

(ii) if @ € D, ((E*) and r € Ay, (%)) then lim(ra) = rlim o
and lim(ar) = (lim a)r,
(lim3) if @ € D,(X*)) and r € A, (X*)) then lim o, = lima.

Theorem 33. The mapping lim : D, (X*)) — Ay(X*)) defined by lima =
Y wes limg(a, ww, a € D,(X*), is a limit function on D,{(¥X*)).

Proof. We only prove (1im2)(ii). Let r € A, {(X*)), o € D, (2*)) and w € £*. Then
(limra, w) = limg(ro, w) = Mma(Q ., 4, —w (7 wi )l (o, wy)) =

> wrwgmw (1 w1) img @l (a wg) = 37— (ryw )l (limg (o, we)) =

wywa—w (T wi) el (lim o, wy) = (lim o, w)

and

(lim ar, w) = limg(ar, w) = hmd(wam:w (av, w1)<p|w1|(7n7 wa)) =
Ewlwzzw hmd(a7 wl)@‘wl | (T7 w2) =
Zw1w2:w (hmaa w1)<p|w1 | (Ta w2) = ((hm 04)7“, U)) .

We now obtain

lim(ra) = Z limg(ro, w)w = Z (rliimea,w)w = rlima
wes* we*
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and

lim(ar) = Z limg(ar, w)w = Z ((lim a@)r, w)w = (lim a)r .

wen* wen*

The rest of the proof is analogous to the proof of Lemma 2.11 of Kuich, Salomaa [14].
O

We make now the following conventions throughout the rest of this paper: In A
we use always the discrete convergence; in A, ((3*)) we use always the convergence
defined in Theorem 33; in A™*™ we use always the discrete convergence; and in
A" (¥*)) (and isomorphically in (A, ((¥*)))"*") we use always the convergence
defined in Theorem 33.

If, for 7 € Ay (X*)) the sequence (3°7_(77) is in D, ((X*)) then we write
lim,, o0 E;L:O rJ = r* and call r* the star of r.

Clearly, a skew power series r € A, ((X*)) is cycle-free iff lim,, . ((r,€),€)" = 0.
A proof analogous to the proof of Theorem 3.8 of Kuich, Salomaa [14] yields the
next theorem.

Theorem 34. Ifr € A,(X*)) is cycle-free then there exists a k > 1 such that

(T(n+1)k+j7 w) =0

for allw € ¥*, |w| =n, and j > 0. Furthermore, r* exists and

(n+1)k—1

(r*,w) = Z (rf,w), weX*.

J=0

Corollary 35. If r € A (X")) is cycle-free then lim, .o ™ = 0 and r* ezists.
Moreover,

=+t =e+r'r.
Proof. The second statement follows from Kuich, Salomaa [14], Theorem 2.3. O

Theorem 36. Letr,s € A, (X*)). Then rs is cycle-free iff sr is cycle-free and, in
this case,

s(rs)* = (sr)*s.

Proof. If rs is cycle-free there exists a k > 1 such that ((rs)¥,e) = 0. This implies
that ((sr)**1,e) = (s(rs)Fr,e) = 0. Hence, s is cycle-free iff sr is cycle-free. Now
apply Theorem 2.7 of Kuich, Salomaa [14]. O

Recall that, in case of a Conway semiring A, for r € A, (X*)), r* is defined by
a formula given in Section 1. In case of a cycle-free skew power series we can prove
the validity of that formula in arbitrary semirings.
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Theorem 37. Ifr € A (X*)) is cycle-free then
(r*,e) = (r,e)"

and, for all w € X%, w # ¢,

(r*,w) = Z (r*,e)(r,u)(r*,v).

uv=w, uFe

Proof. Analogous to the proofs of Lemmas 3.3, 3.4 and Theorem 3.5 of Kuich,
Salomaa [14]. O

The next theorem shows that the sum-star-equation and the product-star-
equation are valid for certain skew power series.

Theorem 38. Let r,s € A (X*). If r is cycle-free and (s,e) =0, or (r,e) =0
and s is cycle-free then
(r+s)*=(r*s)"r*.

If rs or sr is cycle-free then
(rs)* =e+r(sr)s.

Proof. If r is cycle-free (resp. (r,e) = 0) and (s,e) = 0 (resp. s is cycle-free) then
r+ s is cycle-free. Hence, lim,—.o(r +$)" = 0 and (r + s)* exists by Corollary 35.
Moreover, (1*s,€) = 0 (resp. (r*s,e) = (s,€)). Hence, r*s is cycle-free and (r*s)*
exists by Theorem 34. Eventually, r* exists, again by Theorem 34. Now, Theo-
rems 2.8 and 2.7 of Kuich, Salomaa [14] prove the first statement of our theorem.

By Corollary 36, s(rs)* = (sr)*s. Hence, € + rs(rs)* = € + r(sr)*s. By
Corollary 35, we obtain the equality (rs)* = e + rs(rs)*. O

Corollary 39. Let r € A,(X*) be cycle-free and ro = (r,e)e, 1 =
Y wess, wee(msw)w. Then

r* = (ro+m1)" = (rirm)*rg.

We now turn to matrices M € AZ*"((¥*)). In Theorem 40 and Corollary 41,
we partition M and M™* into blocks

M11 M12 * M*(nl,nl) M*(nl,ng)
M= d M*=
(M21 M22> an (M*(ng,nl) M*(ng,ny) )

where n; + ne = n, M1, M*(n1,n1) € AZle((E*» and Moo, M*(ng,n2) €
A2 ((3*)). The next theorem shows that, under certain conditions, the matrix-
star-equation is valid.
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Theorem 40. Let M € AgX"«Z*» and assume that My, and Mo are cycle-free
and (Ma1,e) = 0. Then M is cycle-free and

M*(ny,m1) (M1 + Mo M35 Moy )™,
M*(ny,m2) = (M1 + MyaM3oMay)* Mo M3,
M*(ng,n1) = (Mag+ Moy My, Mi2)* Moy My,
M*(ng,n2) = (Mo + Moy My Mi2)*.

Proof. In the proof of Theorem 4.22 of Kuich, Salomaa [14] it is shown that, for
Jj=1

i Mie) 35 (M, e (Mg, ) (Ma, )
(Mref = ( 0 ' (Mag, )’ ) '

Since Mj; and May are cycle-free there exist ki, ko > 1 such that (Mpq,e)" =0
and (Mag, )k = 0. Hence, (M, e)k1tk2+1 = 0 and M is cycle-free.

Let now
a; = M 0 and a9 = 0 My
! 0 Mo 2 My 0

and consider the matrix

(Mu,E) 0
0 (MQQ,E)

((Mfl,a) (Mg’g))((M%’e) <M§2,e>)(<M3,e> (MIS’E))'

Since (Ma1,e) = 0 this matrix equals (a1,€). Since a; + a2 = M, and a; and
a1 + azajas are cycle-free, we can apply Theorem 2.9 of Kuich, Salomaa [14]:

(a1 + azalag,e) =

(a1 + a2)* = (a1 + agaja2)* (1 + agay) .

Computation of the right side of this equality yields the equations of our theorem.
O

Corollary 41. Let M € A" (")) and assume that My and Maz are cycle-free
and Moy = 0. Then M is cycle-fee and

ar — ( Min My MiaMs,
0 M3, '
Corollary 42. Let M € A7ZX"((X*)) be of the form
My Mz Mg

0 My My |,
0 0 Ms33

M =



746 Werner Kuich

where My1, Mao and Mss are square blocks and assume that these blocks are cycle-
free matrices. Then M is cycle-free and

My, My MigMgy My My My Moz Mz + My Mz My
M* = 0 M3, M3y Moz M3y
0 0 Mz,

Theorem 43. Let M € (A (X*)™*™ and M’ € (Ay(X*))">*™ . Then MM’
is cycle-free iff M'M is cycle-free and, in this case,

(MM')*M = M(M'M)* .

Proof. 1f MM’ is cycle-free there exists a k > 1 such that ((MM’)* ¢) = 0. This
implies that ((M'M)**! ) = (M'(MM')*M,e) = 0. Hence MM’ is cycle-free iff
M'M is cycle-free.

We now distinguish three cases: n; = na, n1 > ns and n; < no.

(i) If ny = ng then Theorem 36 proves our theorem.

Cbl , M’ = (a’ ), where a,a’ € (A, (X*)))™>*"2.
/ /
Denote My = (a 0 ), My = (a ¢ ) and observe that MyM| =

b 0 0 0
/
MM’ and M{M, = ( MOM 8 ) Moreover, by Corollary 41, (M{My)* =

/ *
(Mé%) g We now apply Theorem 36 and obtain, by (MoMg)*My =

Mo(M{My)*, the equation (MM')*M = M(M’'M)*.
/
, where a,a’ € (A, (X*)))™*"2.

(ii) If nq > no, write M =

a
b/

/
>7 M = <a 0) and observe that MoM) =

(iil) If ng > nq, write M = (a ¢), M’ =

a ¢

0 0

Denote My = ( Y0

(MM’ 0

0 0 ) and M{My, = M'M. Moreover, by Corollary 41, (MyM])*

1\ *
( (ij) g We now apply Theorem 36 and obtain, by (MoM{)*M, =

Mo(M{My)*, the equation (MM')*M = M(M’'M)*. O
We now show part of the Kleene Theorem of Droste, Kuske [5], Theorem 3.6.
Before, some auxiliary results are necessary.

A finite automaton A = (n, I, M, P) over A, ((X*)) is called normalized if n > 2
and

(1) I1:€,Ii:0,2§i§n;
(ii) P, =6, P,=0,1<i<n-1,
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Theorem 44. Let A be a cycle-free finite automaton over Ay,(X*)). Then there
exists a normalized cycle-free finite automaton A’ over A, (X*) with ||| = ||2]].

Proof. Let 2 = (n,I, M, P). Define
0

0 I 0
A=01+n+1,{ 0 M P |, (c00),]| 0 ]).
0 0 0 €

Then 2’ is normalized. Moreover, by Corollary 42, 2’ is cycle-free. Applying
Corollary 42 yields the proof that |||| = ||]]. O

Theorem 45. Let 2y and As be cycle-free finite automata over A, {(X*)). Then
there exist cycle-free finite automata Ay + Ao and A1 ™As over A, (E*) with ||Ar +
Ao|| = (124 ]| + [[Aa]] and [[2:2A2]] = [[Aa || ]|2A]]-

Proof. Let U; = (n;, I;, M;, P;), i = 1,2. Define

My O P,
Ql1 +Q[2 = (nl +n27 ( 01 MQ ) ;(Il 12); ( P; ) )
M, PI 0
A = (TL1 +n2,( 01 ]\1422 ) ,(I1 0),( Py > .
Then, by Corollary 41, 201 + 2, and ;2[5 are cycle-free. Applying Corollary 41
yields the proof that [|; + Aa|| = ||1]]| + |[|A2|| and [|A1™Aa|] = [|1]] ||™Az]]- O

A finite automaton A = (n, I, M, P) over A,{(X*)) is called e-free if (M,e) = 0.

Theorem 46. Let A be a cycle-free finite automaton over Ay,(X*)). Then there
exists an e-free finite automaton A’ over A, (3*)) with ||| = |||

Proof. Let 2 = (n, I, M, P). Define
A = (n, I, Mg My, M P),

where My = (M,e) and My = (M, z)x. Then ' is e-free. We now apply the
sum-star-equation of Corollary 39: ||2U|| = I(MGM)*MiP = I(My + Mq)*P =
IM*P = ||| O

Theorem 47. Let A be an -free finite automaton over A, (3*)). Then there exists
a cycle-free finite automaton A* over A, (X*)) with ||2A*|] = ||]*.

Proof. Let 2 = (n,I, M, P). Define
At = (n,I,M + PI,P).

Since 2 is e-free, we obtain IP = 0. Hence, (PI)?> = 0 and 27 is cycle-free. We
now apply Theorems 38 and 43: ||A"|| = I(M + PI)*P = I(M*PI)*M*P =

IM*P(IM*P)*.
Consider now the e-free finite automata 2. = (1,¢,0, ) and A* = A, + A+ over
A ((X*)) with ||| = ¢ and ||*|] = ||||*. Here the second equality is obtained

by Theorem 45 and Corollary 35. O
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Theorem 48. Given r € A, (X Ue), there exists a cycle-free finite automaton A
over A, (X*)) with ||U[| = 7.

Proof. For a € A, the finite automaton 2, = (1, ae,0,¢) has behavior ||2,]| = ae.
For x € ¥, the finite automaton

-0 (g ) (2)

has behavior ||2,|| = .
Since each r € A, (X U¢) is generated from ae, a € A, and z, x € X, by addition
and multiplication, Theorem 45 proves our theorem. O

Corollary 49. Ifr € Rat(A,(XUe)) then there exists a cycle-free finite automaton
A over A, {(X*)) such that ||2A|| = r.

Theorem 50. Let M € (A (X*)™*™ with (M,e) =0. Then M* € (Rat(A, (XU
E>))?’LXTL.

Proof. An easy proof by induction on n using the matrix-star-equation of Theo-
rem 40 proves our theorem (see Theorem 8.1 of Kuich, Salomaa [14]). O

Theorem 51 (Droste, Kuske [5]). Let A be a semiring, ¢ : A — A be an endo-

morphism and X be an alphabet. Then the following statements are equivalent for
re A (X))

(1) v =], where A is a cycle-free finite automaton over A, ((X*)),
(11) v = ||||, where A is an e-free finite automaton over A, {(X*)),
(i) r € Rat(A, (X Ueg)).

Proof. (i) = (ii): By Theorem 46. (ii) = (iii): By Theorem 50. (iii) = (i): By
Corollary 49. |

Droste, Kuske [5] introduce generalized weighted automata. This model of a
finite automaton is captured by our next definition.

A generalized finite automaton A = (n,I, M, P) over A,{(X*)) is defined as a
finite automaton over A, ((X*)), except that M € (Rat(A (X Ue)))"*". If M €
(Rat(A,(XUe)))™*™ with (M, e) = 0, then we obtain by an easy proof by induction
on n using the matrix-star-equation of Theorem 40 that M* € (Rat(A,(XUe)))"*"
(see Theorem 8.1 of Kuich, Salomaa [14]). This together with a generalized version
of Theorem 46 yields the following result, due to Droste, Kuske [5].

Theorem 52 (Droste, Kuske [5]). Let A be a semiring, ¢ : A — A be an endo-
morphism and ¥ be an alphabet. Then the following statements on r € A, (3*))
are equivalent to the statements of Theorem 51:

() r=||A]|, where A is a cycle-free generalized finite automaton over Ay, {(X*)),

(v) r = |||, where A is an e-free generalized finite automaton over A, {(X*)).
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