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Abstract. We study weighted automata from both an algebraic and a
coalgebraic perspective. In particular, we consider equations and coequa-
tions for weighted automata. We prove a duality result that relates sets
of equations (congruences) with (certain) subsets of coequations. As a
consequence, we obtain two equivalent but complementary ways to define
classes of weighted automata. We show that this duality cannot be gen-
eralized to linear congruences in general but we obtain partial results
when weights are from a field.

1 Introduction

Weighted automata are a generalization of non-deterministic automata intro-
duced by Schiitzenberger [14]. Every transition is associated with an input let-
ter from an alphabet A and a weight expressing the cost (or probability, time,
resources needed) of its execution. This weight is typically an element of a semi-
ring. The multiplication of the semiring is used to accumulate the weight of a
path by multiplying the weights of each transition in the path, while the addition
of the semiring computes the weight of a string w by summing up the weights of
the paths labeled with w [11]. In this way, the behaviour of weighted automata
is given in terms of formal power series, i.e. functions assigning a weight to each
finite string w over A.

Weighted automata may have a non-deterministic behaviour because differ-
ent transitions from the same state may be labeled by the same input letter,
with possibly different weights. However, they can be determinized by assigning
a linear structure to the state-space using a generalization of the powerset con-
struction for non-deterministic automata [5]. As such, determinized weighted
automata are typically infinite-state, but determinization allows us to study
weighted automata both from an algebraic perspective and a coalgebraic one.
From the algebraic perspective, a (determinized) weighted automaton is just an
algebra with a unary operation for each input symbol, whereas coalgebraically,
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a weighted automaton is a deterministic transition system with output weights
associated to each state.

In this context, and building on the work by [3] on ordinary determinis-
tic automata and on the duality between reachability and observability [2,4,6],
we study equations and coequations for weighted automata. In general, equa-
tions characterize classes of algebras called varieties [7], whereas coequations
characterize classes of coalgebras, so-called covarieties [13]. Using the algebraic
perspective, an equation for a weighted automaton is just a pair of words (u,v).
Satisfaction becomes reachability: a weighted automaton satisfies an equation
(u,v) if from any state, the linear combination of states reached after reading u
is the same as the one reached after reading v [3].

Dually, the coalgebraic perspective allows us to define coequations for weighted
automata as subsets (or predicates) of power series. A weighted automaton M
satisfies a coequation S if for any function associating an output weight to each
state, the behaviour of M from any initial state is a power series in S.

Our main result is a duality between sets of equations called congruences
and sets of coequations called closed subsystems. More precisely, we prove that
the classes of weighted automata defined by congruences are in a one-to-one
correspondence with classes of weighted automata defined by closed subsystems.
This allows, for example, to give equational characterizations to some specific
subsets of power series and, vice versa, to define the least subset of power series
specified by a set of equations.

In the second part of the paper, we retain the linear structure of the transi-
tions of the determinized weighted automata, allowing for a more general kind
of equations, called linear. In general, a full duality result does not hold any-
more, but when the weights come from a field, we still have one direction of it:
a variety defined by a linear congruence can be recovered from a corresponding
covariety. As an example, we show that linear congruences (under certain condi-
tions) are finitely generated by a set of equations, using the fact that by Hilbert
basis theorem [10, VIII, Theorem 4.9], linear congruences correspond to ideals
of polynomials.

We will proceed as follows. After some mathematical preliminaries, in Sect. 3
we show how to construct the set of equations and coequations for a given weighted
automaton. In Sect. 4, we give the duality result between congruences and closed
subsystems. In Sect. 5, we move from Set to vector spaces and linear equations.
We conclude, in Sect. 6, with a discussion of related work.

2 Preliminaries

In this section, we will define the main concepts and notation used in this paper.

Given two sets X and Y we define YX = {f | f : X — Y}. For a function
f € YX, we define the kernel and the image of f by

ker(f) = {(z1,22) € X x X | f(21) = f(x2)} Im(f) ={f(2) | = € X}.

For any set A we denote by A* the free monoid on A, its identity element
will be denoted by e. Given an element f € X4 and w € A*, we define the right
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derivative f,, of f with respect to w and the left derivative ., f of f with respect
to w as the elements  f, fu € X4~ such that for every u € A*,

fuw(u) = f(wu), and y f(u) = f(uw).

Let A be an alphabet (not necessarily finite), a deterministic automaton on
Ais a pair (X, a) where o : X x A — X is a function. We can add an initial state
xo € X or an output function ¢ : X — O to get a pointed automaton (X, xg, «)
or a Moore automaton (X, ¢, «) with outputs in O, respectively. For any = € X
and u € A* we define u(z) inductively as e(z) = z and wa(z) = a(w(x), a).

We have that pointed automata are F-algebras for the endofunctor F' on Set
given by FI(X) =1+ (A x X). By using the correspondence o : X x A - X &
o' : X — XA given by a(z,a) = o/(z)(a), Moore automata with outputs in O
are G-coalgebras for the endofunctor G on Set given by G(X) = O x X4. The
initial F-algebra is (A*,¢€,7), where the transition function 7 is concatenation,
that is 7(w, a) = wa, for all w € A* and a € A, and for any pointed automaton
(X, zg, @) the unique F-algebra morphism r,, : (A*,¢,7) — (X, zo, @) is given
by 74, (w) = w(xo). Dually, the final G—coalgebra is (04", ¢,7), where é(f) =
f(e) and 7(f)(a) = fa, and for any Moore automaton (X,c,a) with outputs
in O, the unique G-coalgebra morphism o, : (X, ¢, o) — (04", ¢,7) is given by
0.(z) = Aw.c(w(z)) € O,

A semiring S is an algebra S = (S, +,-,0,1), where + and - are binary oper-
ations and 0 and 1 are nullary operations, such that (S,4,0) is a commutative
monoid, (5,-,1) is a monoid, - distributes over 4+ on the left and on the right,
and 0-s = s-0 =0 for every s € S. Given a semiring S, a semimodule over
S, or S—semimodule, is a commutative monoid R = (R, +,0) together with an
S-left-action - : S x R — R such that

(s+8) r=s-r+s-r 0-r=0 l-r=r
s-(r+r)y=s-r+s-1 5-0=0 s-(s-r)y=(s-8)-r

for any s,s’ € S and r,r’ € R. We will often write sr instead of s - r. For an
alphabet A and a semiring S, elements in S4” are called power series. Given
a set X, the free S—semimodule on the generators X, denoted by V(X), is the
S-semimodule whose underlying set is V(X) = {¢ € SX | supp(¢) is finite},
where supp(¢), the support of ¢, is defined as supp(¢) = {z € X | ¢(z) # 0}.
Addition in V(X)) is component-wise, 0 € V(X)) is the constant function with 0
as its value, and the action of S over V(X)) is multiplication of a constant by a
function. For ¢ € V(X)) we have the correspondence ¢ < sy -1+ -+ 85, - Ty,
where supp(¢) = {z1,...,z,} and ¢(x;) = s;, i = 1,...,n. Notice that we are
using formal sums here. According to this correspondence there is a copy of X
in V(X), namely « +— 1 - z; in this case, 1 -2 will be simply denoted as z.

A linear map between S—-semimodules S; and S, is a function h : S; — S5
such that for any x,y € S; and ¢,d € S, h(cx + dy) = ch(z) + dh(y). Let S
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be an S-semimodule, X a set, and f: X — S a function. We define the linear
extension of f as the linear map f: V(X) — S given by

fler w4+ Fen-an) =cif(@) +-- -+ cnf(an)

A weighted automaton with input alphabet A and weights over a semiring S
is a pair (X, a), where X is a set (not necessarily finite) and a : X — V(X)4
is a function. We can add an initial state ¢ : 1 — V(X) and/or a final state
function, or colouring, f: X — S, yielding the following situation:

1 i T S
NS
V(X)

v(x)A

Notice that if we remove f we have a pointed automaton, and if we remove i
we have a Moore automaton with outputs in S. In particular, every weighted
automaton (X, a) gives rise to a deterministic automaton (V(X), @).

An equation is a pair (u,v) € A* x A*, sometimes also denoted by u = v.
Given a weighted automaton (X, «) and an equation (u,v) € A* x A*, we define

(X, a) E (u,v); and say (X, «) satisfies the equation (u,v), as follows:

(X,0) | (u,0) & Vo e V(X) u(¢) =v(¢),

recall the definition of w(z) at the beginning of this section. For any set of
equations E C A* x A* we write (X,a) E E if (X,a) E (u,v) for every
(u,v) € E. Observe that since & is the linear extension of «, the condition
Vo € V(X) u(¢) = v(¢) is equivalent to Vo € X u(x) = v(z). In other words,
u = v is satisfied if the linear combination of states in V(X)) reached after u
from every x € X is equal to that reached after v.

A set of coequations is a subset D C SA". We define (X,a) = D; and say
(X, @) satisfies the set of coequations D, as follows:

(X,0) ED & VfeS* ¢eV(X) of(¢) € D

The power series 07(¢) is the behaviour of the state ¢ in (X, ) with respect to
the colouring f. According to this, (X,a) E D means that D includes all the
possible behaviours for the automaton (X, ).

An equivalence relation C on A* is a congruence on A* if for any ¢, u,v,w €
A*, (t,v) € C and (u,w) € C imply (tu,vw) € C. If C is a congruence on
A*, the congruence quotient A*/C has a pointed automaton structure A*/C =
(A*/C,[e], [r]) with transition function given by [7]([w],a) = [r(w,a)] = [wa],
which is well defined since C' is a congruence.
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3 Free and Cofree Construction for Weighted Automata

In this section we will show how to construct the maximum set of equations
and the minimum set of coequations satisfied by a weighted automaton (X, «)
(thereby generalizing the approach of [3, Sect.5]). We use the notation free,, and
cofree,, to distinguish between the free and cofree construction for weighted
automata from the construction free and cofree for deterministic automata
defined in [3], respectively.

To get the maximum set of equations of (X, ) we are going to construct the
pointed deterministic automaton free,, (X, «) by taking the following steps:

1. Define the pointed deterministic automaton [[(X,a) = ([[,cx V(X), A4, &)
where & is the product of & | X| times, that is &(0)(a)(z) = @(f(x))(a), and
A€ [[,ex V(X) is given by A(x) = 2. Then, by initiality of A* = (A%, ¢,7),
we get a unique F-algebra morphism 74 : A* — [[(X, «).

2. Define free, (X, a) and Eq,,(X, ) as

free,, (X, a) := A" /ker(ra) and Eq,, (X, @) := ker(ra)
By construction, we have the following theorem.
Theorem 1. Eq,, (X, «) is the mazimum set of equations satisfied by (X, a).

Ezample 2. Consider the weighted automaton with input alphabet A = {a,b}
and weights on the semiring (field) Z3 given by the following diagram:

a,1;b,2 a,1;0,1
b,1

n_ > 0
:E\_/y

b, 2
According to the definition free,, (X, «a) = A*/ker(ra) = Im(ra), so in order to
construct free,, (X, «) we only need to construct the reachable part of [[(X, @)
from the state A = (z,y). By doing that we get the automaton:

a a a,b
no, N N

Thus Eq,, (X, «) is the congruence generated by {a = e,bb = bbb} and
free,, (X, a) is the automaton with states [¢] = a*, [b] = a*ba*, and [bb] =
a*ba*b(a + b)*. O

Now we will show how to get the minimum set of coequations satisfied by (X, «).
First some notation: for any family of sets {X;};c; we denote by [[,.; X; the
disjoint union (coproduct in Set) of the family which is given by [[;,.; X; =
Uierti} x X;. We will construct the Moore automaton cofree,, (X, a) by taking
the following steps:
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1. Define the Moore automaton [[(X, @) = ([[;cgx V(X),®, &) where & and @
are given by G(f.6)(a) = (f.a(¢)) and &(f.¢) = F(¢). Then, by finality of

S4” = (S , € ’7') we get a unique G-coalgebra morphism og : ]_[(X a) — SA7.
2. Define cofreew(X a) and coEq,, (X, «) as

cofree, (X, a) = coEq,, (X, ) := Im(og).

Similarly as in the case of equations we have the following theorem.

Theorem 3. coEq,, (X, a) is the minimum set of coequations satisfied by (X, a).

4 Duality Between Equations and Coequations

In this section, we will use the free and cofree construction given in [3, Sect. 5],
to show a duality result between equations and coequations (here the we are
going to use the semiring S as a set of colours on the coalgebraic side). In the
sequel S will be a fixed semiring.

Proposition 4. For every congruence quotient A*/C,
cofree(A*/C) = {f € S | C C ker(f)}.

Observe that the previous proposition is a generalization of [3, Proposition 14].
As a consequence, we have:

Theorem 5. For any congruence quotient A*/C, freeocofree(A*/C) = A*/C.

Now we will define one of the main concepts that will lead us to the duality.
A subset S C SA” is called a closed subsystem if

(i) S is closed under left and right derivatives.
(ii) B(S) f ({supp(f)|f € S},N, (), A*) is a complete atomic Boolean
algebra.
(iii) Let At(B(S)) be the set of atoms of B(S), then

= {f eS| VP e At(B(S)) flp is constant}.

Notice that condition i) implies that in fact S is a subsystem of S47) ie. a
subcoalgebra. For the case of the Boolean semiring, that is S = B, the notion of
closed subsystem coincides with that of preformation of languages defined in [3],
which was one of the reasons and motivations to state the previous definition in
its final form. We can think of closed subsystems as S-colourings of the atoms of
B(S), according to condition iii), which in the case of preformations of languages
are only 2-colourings, but we also need those colourings to be well-behaved in
the sense of being closed under left and right derivatives to get a subsystem
of the final coalgebra S4”, and also to induce a congruence defining the system
in the following sense.
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Theorem 6. Let S be a subset of ™. S is a closed subsystem if and only if
S = cofree(A*/C) for some congruence quotient A*/C.

Observe that by Theorem 5, the congruence C' of the previous theorem is unique.

Ezample 7. Let S C S*” be the set S = {f eSY | Ywe A f(w) = f (b‘w“)},
where |w]|; is the number of b’s in the word w. Then one can verify that S is
a closed subsystem in which At(B(S)) = {a*,a*ba*, a*(ba*)?, a*(ba*)3,...} and
S = cofree(A*/C), if we take for C' the congruence generated by {a =€¢}. O

Corollary 8. For any closed subsystem S of SA”, cofree o free(S) = S.

Ezample 9. Consider the congruence quotient A*/C = {[¢],[b], [bb]} from
Example 2, that is A = {a,b} and C is the congruence generated by {a =
€,bb = bbb}. If S = Z3, then by Proposition 4 we know that

cofree(A*/C) = {f € (Zs)*" | V[w] € A*/C, fljw] 1s constant },

that is cofree(A*/C) has 27 elements. For any partition A = {[w;] | 1 <14 <
n} of A* and ¢; € S we define the function c1X[w,] + -+ + cnX[w,] € SA" as
(C1X[wy] +  + EnXwn))(w) = ¢; if and only if w € [w;], which is well-defined
since A is a partition of A*. Using the previous notation, we have that every
element in cofree(A*/C') is of the form cix(q + caXp) + c3xppy), ¢i € Zs. Here
are some examples:

(i) Consider the colouring ¢ : A*/C — Z3 given by c([e]) = 0, ¢([b]) = 1, and
¢([bb]) = 2, then we get that o.([b]) € (Z3)?" is given by

oc([b)) (w) = {1 fw € o

2 otherwise.

That is, oc([0]) = x[q + 2X[5] + 2X[b0]-
(ii) For any ¢; € Zs, the reader can easily verify the following identities for left
derivatives
a (C1X[e] + caXp) + CSX[bb]) = c1X[¢ + c2X[p] + Ca3X[bb]
b (c1X + caxp) + e3X[pe)) = C2X[g + C3X[b] T C3X[bb-
O

Next we define the category C of congruence quotients and the category KC of
closed subsystems, for a fixed semiring S, as follows:

objects(C) = {(A4*/C,[r]) | A*/C is a congruence quotient}
arrows(C) = {e: A*/C — A*/D | e is an epimorphism}
objects(K) = {(K,a) | K is a closed subsystem of $4"}

arrows(K) = {m : K — K’ | m is a monomorphism}

By Theorem 5 and Corollary 8, we have the following.
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Theorem 10. cofree: C = K°P : free

Ezample 11. Let C; be the congruence generated by {a = €,bb = bbb} and let Cy
be the congruence generated by {a = €,b = bb}. Clearly we have that C; C Co,
A*/Cl = {[6]1, [b]l, [bb]l}, and A*/CQ = {[6]2, [b]g} where

€] = [e]2 = a” [b]: = a*ba*
[bb]; = a*ba*b(a+b)* [blo = a*b(a + b)* = [b]; U [bb];.

By the duality, we have the following situation:

a a a,b
n,on, 0
[eli = [b]1 = [bb]y {eixqa, + caxp), +esxpy), | ¢i €S}
cofree
e m
free
N, 0
[6]2 — [b]g {Cl)([f]? + C2X[b]2 ‘ c; € S}

where the epimorphism e : A*/Cy — A*/Cs is given by e([w];) = [w]2, and the
monomorphism m : cofree(A*/Cy) — cofree(A*/C1) is given by m(c1x(q, +
C2X[pla) = C1X[e]y T C2X[b], T C2X[bb]; -

There is also the following consequence of the duality, which basically tells us
that we can either work with congruences or closed subsystems in weighted
automata.

Theorem 12. Let S C SA” be a closed subsystem, C' a congruence on A*, and
(X, ) a weighted automata. Then

(i) (X,a) = C if and only if (X, ) = coEq(A*/C).
(i) (X,a) =S if and only if (X, a) = Eq(S5).

Ezample 13. (Example 7 continued) Let A = {a,b}. We showed the correspon-
dence between the congruence C' on A* generated by {a = €} and the closed
subsystem S C S4" given by S = {f es4 | Yw e A* f(w) = f (b|w|b)}, that is
cofree(A*/C) = S or, equivalently, free(S) = A*/C. In this case, we have, for
a weighted automaton (X, a) on A

(X,o)EC & (X,a)ES & Ve e Xa(r,a) == O



452 J. Salamanca et al.

5 Linear Equations and Coequations

In this section, we work with a more general kind of equations and a more
general kind of automata. In the previous sections we defined equations to be
pairs (u,v) € A* x A* and we said that an automaton (X, «) with weights in
S satisfies (u,v) if for any z € X, u(z) = v(z). Since u(z) € V(X) (the free S-
semimodule generated by X) for any u € A*, it makes sense to define expressions
like

(s1wy + -+ 4 spwp) () = sqwr(x) + -+ - + spwy(x)

for elements s; € S and w; € A*, that is, for any ¢ = Y I | s;w; € V(A*)
and z € X we get an element ¢(x) € V(X). In this case we can ask whether
o(x) = ¢¥(x) holds or not for some given ¢,1 € V(A*) and x € X. A pair
(p,1) € V(A*) will be called a linear equation, and note that this is now a more
general kind of equation since A* C V(A*). We write (X,a) | (¢,v); (X, a)
satisfies the equation (¢, ), if for every = € X, ¢(x) = ¢(x).

Ezample 1. Let (X, «) be the weighted automata on A = {a, b, ¢} with weights
on Zs given by the following diagram:

a,1;0,1 a,1;b,1

f) a,1;b,2;¢,1 (3}

T

Then one easily verifies the following linear equations are satisfied by (X, «):
ac=c,a+c=>, and 2c + b = b>.
We have that free,, (X, ) is the following automaton:

[e] < a,b a,b,c
%H ‘ [01

blla b c cc
[a]¥/‘b//

Hence, Eq,, (X, «) is the congruence generated by

{2 =0 =¢d®

=e€,ab=¢,ba=¢€,ac=c,bc=c,ca=c,cb=c}.
Observe that none of the linear equations a + ¢ = b nor 2¢c + b = b? can be
deduced from Eq,, (X, a), even though (X, «) satisfies both of them. O

As the previous example shows, equations of the form (¢, ) € V(A*) x V(A*)
that are satisfied by (X, ) are interesting. We now turn to define the notion of
linear automata.
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For a field K, let Vecg denote the category of vector spaces over K with linear
maps as morphisms. A K-linear automaton, or Veck automaton, on an alphabet
A is a pair (S, a), where S is an vector space and « : S — S4 is a linear map.
As in weighted automata, we can have an initial state s € Vecg(K, S) and/or a
colouring ¢ € Veck (S, K). Notice that sg is completely determined by its value
at 1, so we can identify sg with the element sg := s¢(1) € S. Observe that every
weighted automaton over a field K yields a Veckx automaton and conversely.
A pointed Veck automaton (S, sg,«) is a H-algebra for the endofunctor H :
Vecg — Veck given by H(S) = K+ A x S (formally, H(S) is the sum of the
space K and A copies of the space S), and a coloured Veck automaton (S, ¢, a)
is an I-coalgebra for the endofunctor I : Vecx — Veck given by I(S) = K x S4.

The initial H-algebra is (V(A*),e,7) where 7 is given by 7 (> s;w;) (a) =
>~ si(w;a), and for any pointed Veckg automaton (.5, sg, ) the unique H-algebra
morphism rg, @ V(A*) — S is given by 75, (O] s;wi) = > s;wi(sp). Dually,
the final I-coalgebra is (]KA*7€, ), where é(f) = f(e) and 7(f)(a) = fa, and
for any coloured Veck automaton (S,¢,a) the unique I-coalgebra morphism
0. : S — KA is given by o.(s)(w) = c(w(s)).

A Vecg automaton (5, «) satisfies the linear equation (¢, ¢) € V(A*)xV(A*),
denoted by (S, a) [= (¢,v), if for any s € S we have that ¢(s) = (s).

An equivalence relation C on V(A*) is a linear congruence on V(A*) if:

(i) (21,%1), (@2,%2) € C imply (@1 + 1,91 + ) € C.
(i) (p,%) € C, k € K, and w € A* imply (kp, k), (wp, wip), (pw,yw) € C.
Where, for ¢ = Y1 | kyw; € V(A*), k¢, wep, and ¢w are defined as

k¢ = z”; kk,w;, wo= z"; kiww;,  ¢ow = z"; k;w;w

Observe that if C is a linear congruence on V(A*) then the set V(A*)/C has
the structure of a Vecg pointed automaton.

Similarly to the case of weighted automata, we will define free;(S,«) and
Eq; (S, ) by taking the following steps:

1. Define the pointed Vecg automaton [[(S,«) =
product of «, |S| times, that is &(x)(a)(s) =
is given by A(s) = s. Then, by initiality of (
H-algebra morphism 74 : V(A4*) — ](S, a).

2. Define free;(S, a) and Eq;(S, «) as

S, A, &) where & is the

)(a), and A € Hses
€,T), we get a unique

sE

(ITses
a(z(s)
V(A7)

i

free; (S, «) := V(A")/ker(ra), and Eq,;(S, a) := ker(ra).
Notice that Eq;(S, «) is a linear congruence on V(A*).
Theorem 15. Eq,(S, «) is the mazimum set of equations satisfied by (S, «).

A set of coequations is a subspace D C KA. We define (S,a) = D, and say
(S, a) satisfies the set of coequations D, as follows:

(S,a) ED & Ve e Vecg(S,K),s € S oc(s) € D.
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For a family {S;};cr of vector spaces, we denote the coproduct of that family by
[;c; Si- The minimum set of coequations satisfied by (S, a) is obtained by the
following construction:

1. Define the coloured Veck automaton [[(S, ) = ([ .evec,(sx) - ¢ &) where
& is the coproduct of the morphism «, | Veck (S, K)| times in Vecg, that is
a (> (e, i) (a) = > (ei,a(sy)), and ¢ is the coproduct of all ¢ € Veck(S, K)
which is given by &(3(c;, 8;)) = 3 ci(s;). Then, by finality of (K4, ¢, 7), we
get a unique I-coalgebra morphism oz : J[(S, o) — K4™.

2. Define cofree;(S, @) and coEq, (5, «) as

cofree; (S, a) = coEq; (S, @) = Im(oz).
Theorem 16. cofree; (S, «) is the minimum set of coequations satisfied by (S, «).
From the previous constructions we get the following result.
Theorem 17. For alinear congruence C, freejocofree;(V(A*)/C) = V(A*)/C.

The inclusion from right to left above does not hold in general when considering
semimodules (over a semiring) instead of vector spaces. Let N be the semiring
of natural numbers with the usual sum and product, A = {a,b}, and let C be
the linear congruence on V(A*) associated to the partition {{0}, V(A4*) \ {0}}
of V(A*). Then V(A*)/C = B, the Boolean semiring, where the action of N on
B is given by n-a = 0 if and only if n = 0 or x = 0. However, one can verify that
cofree;(V(A*)/C) has only one element and therefore it satisfies any identity.
It follows that V(A*)/C cannot be a subset of free; o cofree;(V(A*)/C) = 1.

Similarly to the case of weighted automata we can show that for a Vecg
automaton (S, «) and a linear congruence C' we have that

(S,a) = C if and only if (S, a) = coEq;(V(A4*)/C).

Ezample 18. Let A = {x,y}, and let C' = (zy = yzx) be the linear congruence
generated by the equation zy = yz. Then the Veckg automaton V(A*)/C is
isomorphic to K[z, y|, the ring of polynomials on indeterminates  and y with
coefficients in K. Here the transition function on K[z, y] is (right) multiplication,
that is, for a polynomial p(z,y) € K[z, y] we have that z(p(z,y)) = p(z,y)z, and
y(p(x,y)) = p(z,y)y. Then, cofree; (V(A*)/C) is the set

{£ext [vanun(fuale = sl Alurly = ualy = fwn) = ) |

where |w|, is the number of z’s in the word w € A*. We can go a little bit
further and notice that cofree; (V(A4*)/C) = KMEPv) where M(K[z,y]) are
the monic monomials in K[z, y]. O
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Ezample 19. Let A = {x,y}, and, for a fixed k € K, let C = (zy = yx,y—k = 0)
be the linear congruence generated by the equations zy = yx and y — k = 0.
Then the Veck automaton V(A*)/C is isomorphic to K[z,y|/{y — k) = K[z],
where (y — k) is the ideal generated by y — k. A similar calculation as in the
previous example shows that cofree; (V(A4*)/C) = K{#}" = KN, O

Ezample 20. Let A be a finite alphabet, and C a linear congruence on V(A*)
such that for any x,y € A, (xy,yz) € C. We claim that C' = (Cp) for some
finite Cy C C. In fact, if A = {z1,...,2,} then V(A*)/C = K[zy,...,2,]/]
for the ideal I of K[x1,...,z,] given by I = {¢ — ¢ | (¢,%) € C}, which is an
ideal of K[z1,...,x,] since C is a linear congruence (here ¢ — v is calculated
as in K[zq,...,2,]). Then by Hilbert basis theorem we have that I is finitely
generated, say I = (@1, ..., om). It follows that

C={zizj=zjz; | 1<i<ji<n}U{p=0]1<I<m}).
([

Proposition 21. Let S C KA" be a set that is closed under left derivatives.
Then (S, a) C cofree; o free;(S, a).

To complete a duality result in this case we still need to characterize systems S
of the form S = cofree;(V(A*)/C) for some linear congruence C. The previous
proposition is a first step, but a full duality result is an open problem.

6 Conclusion

All the results we proved concerning weighted automata can be easily adapted
to the case of probabilistic automata, that is, we can replace V(X) by D(X),
where D(X) = {f : X — [0,1] | supp(f) is finite and >° .0 p) flz) = 1},
and replace the semiring S by the real interval [0,1] to get similar results. In
fact, the linear extension @ : V/(X) — V(X)# of a function a : X — V(X)4 is
well-defined if we replace V(X) by D(X) and the elements 0 and 1 in S are the
elements 0 and 1 in [0, 1], respectively. In the future we plan to study other types
of automata such as tree automata. Furthermore, we also want to understand
the duality for linear weighted automata.

The closest related work is [3] which can be considered as a special case of our
study here. While we allow automata with infinite sets of states, other dualities
have concentrated on the finitary case [1,8,9,12]. Another difference with those
approaches is that we present a local duality, in which the alphabet is (possibly
infinite but) fixed, while [8,9,12] consider all finite alphabets at the same time.
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