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Preface

The first workshop on Theory and Applications of Language Equations
(TALE 2007) was held in Turku, Finland on 2 July 2007 as a satellite event
to the annually held conference on Developments in Language Theory (DLT
2007).

The main topic of the workshop are equations with formal languages as un-
knowns. Such equations are among the most natural objects of formal language
theory and have been studied since its inception in early 1960s. The recent
renewal of interest in this fundamental subject prompted us to organize a work-
shop aimed to bring together researchers working on different aspects of different
variants of language equations and related formalisms. The scope of the work-
shop covers such subjects as decision problems for language equations, families
of languages defined by language equations, language equations with various op-
erations, different forms of language equations, identities on formal languages,
representation of applied problems by language equations, conjunctive gram-
mars, Boolean grammars, descriptional complexity of language equations and
set constraints.

The workshop programme consisted of 3 invited talks given by experts in
areas closely related to language equations, and of 6 contributed talks selected
by the programme committee, with each submission being reviewed by at least
three programme committee members.

We are grateful to all authors for their contributions to this event and to the
programme committee for selecting the workshop programme. The reviewing
process was conducted using EasyChair and this volume was typeset using TEX,
and we are grateful to Andrei Voronkov and Donald Knuth for their respective
systems.

We are indebted to the co-chairmen of DLT 2007, Tero Harju and Juhani
Karhumaki, for their support of our workshop. Let us thank all organizers of
DLT 2007, Vesa Halava in particular, for their help with local arrangements,
and Elisa Mikkola for secretarial assistance. We wish to thank our publisher,
Turku Centre for Computer Science, and the printing office, Painosalama Oy,
for an efficient production of this volume.

Finally, we are grateful to the Academy of Finland for generous financial
support to this workshop granted within project 118540, “Language equations”.

June 2007 Michal Kunc
Alexander Okhotin
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Workshop Programme

Monday, 2 July 2007

9:50 | Opening
10:00| Invited speaker: W. Kuich (joint work with Z. EsIK)
“Fixed points in semiring theory” (p. 5)
11:00| Coffee break
11:30| Invited speaker: W. Charatonik
“Set constraints and language equations” (p. 1)
12:30| M. DALEY, M. DOMARATZKI, K. SALOMAA
“On the operational orthogonality of languages” (p. 43)
13:00| Lunch
14:30| Invited speaker: N. Yevtushenko
(joint work with T. VILLA and S. ZHARIKOVA)
“Solving language equations over synchronous and parallel
composition operators” (p. 14)
15:30| J. CASSAIGNE, J. KARHUMAKI, P. SALMELA
“Conjugacy of finite biprefix codes” (p. 33)
16:00| O. Ly
“A constructive solution of the language inequation XA C BX” (p. 76)
16:30| Coffee break
17:00| V. KounTourioTis, C. NoMIKOS, P. RONDOGIANNIS
“Conjunctive macro grammars” (p. 67)
17:30| D. ZooK
“Multi-conjunctive grammars” (p. 85)
18:00| A. JEZ, A. OKHOTIN
“Language equations with positional addition” (p. 54)
18:30| Closing

All talks were held at the ICT building of the University of Turku (Jouka-
haisenkatu 3-5 B), in lecture hall Beta.
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Set constraints and language equations

Witold Charatonik

Institute of Computer Science, University of Wroctaw, Poland

Abstract. Set constraints are relations between sets of ground terms
over a given alphabet. Syntactically, they are conjunctions of inclusions
between expressions built over variables, constructors (constants and
function symbols from a given alphabet) and a choice of set operators
that defines a specific class of set constraints. They give a natural formal-
ism for many problems in program analysis, type inference, order-sorted
unification, constraint logic programming.

In this talk we briefly present the history of set constraints, the methods
of solving them and the complexity of their satisfiability problem. We
also give some examples of applications, in particular in solving restricted
classes of language equations over tree and word languages.

1 Introduction

Set constraints denote relations between sets of trees. Syntactically, they are
conjunctions of inclusions between expressions built over variables, constructors
(constants and function symbols from a given alphabet) and a choice of set oper-
ators that defines a specific class of set constraints. The main application domain
is set-based program analysis and type inference for functional, imperative and
logic programming languages, but they are also used in order-sorted languages
and in constraint logic programming.

Set constraints were studied from the logical and topological point of view and
also in domains different from the Herbrand universe. See [1,8, 9] for overviews
on set constraints.

1.1 Syntax and semantics

Syntactically, a system of set constraints is a finite conjunction of inclusions
E C FE’ (or, in the case of negative set constraints, also F ¢ E’), where E and
E’ are set expressions over a given finite signature X of function symbols, and
an infinite collection V of set-valued variables. Set expressions are generated by
the grammar

E:=1|T|a|EUE|ENE|E]| f(E,..E,) | fY(E)

where « is a set variable in V and f € Y. In different papers this grammar is
often restricted or extended by some specific set operators to obtain different
classes of constraints.

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
TUCS General Publication No 44, pp. 1-4, 2007.



2 Witold Charatonik

Semantically, the variables range over subsets of the Herbrand universe T’
over X, i.e., over sets of constant (ground) terms. A system of set constraints is
said to be consistent if there exists a mapping (called the solution of the system)
assigning sets of ground terms over X' to the variables in such a way that the
conjunction of inclusions evaluates to true. More formally, if o : V — P(Ty)
assigns to variables in V sets of ground terms in Ty, then we define

o =Ts\[E],
{f(tla”'atn) | i1 € [[El]]da"'tn € [[En]]d}
o = {tl | 3t1,...7ti,1,ti+17...,tn : f(t17~~~7tn) S [[E]]o-}

and say that o is a solution of A\, E; C E! if [E;], is a subset of [E], for all 4.

2 Set constraints as language equations

Here we formulate some results from the theory of set constraints in terms of
language equations, both for tree and word languages.

2.1 Tree languages

A tree language over a signature X' is any subset of the Herbrand universe T's;.
It is regular if it can be recognized by a finite tree automaton.

Theorem 1 ([3,4]). The satisfiability problem for systems of equations of the
form \_, E; = E!, where E; and E| are expressions generated by the grammar
in Section 1.1, is NEXPTIME-complete.

Now we consider equations in a form similar to a tree grammar. Formally,
we call a system of equations over tree languages definite if it is of the form
/\:,l:1 «o; = E; where a; are distinct variables and F; are expressions, generated
by the grammar in Section 1.1, that do not contain the complement symbol.
The emptiness problem for a system & of definite equations and a variable « is
a problem whether for every solution o of £ the set o(a) is empty. A solution o
is regular if for every variable a the set o(«) is a regular tree language.

Theorem 2 ([7,5,6]). Every system of definite equations is satisfiable and it
has both the least and the greatest solution. Both these solutions are reqular and
can be effectively computed in DEXPTIME. The emptiness problem for systems
of definite equations is DEXPTIME-complete.

This theorem remains true for languages of infinite trees, see [6] for details.
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2.2 'Word languages

Let A be a finite alphabet. Consider expressions generated by the grammar
E:=1|T|a|la|EUE|ENE|E|aE|a *(E)

where « is a variable in V and a € A, with the semantics given by

o= A*

|

|

lo = o()
[E1U E2], = [Er]s U [E2]s

|

|

|

I

o = [[El]]o' N IIE2]]0'
o= A* \ [[E]]o

where 0 : V — P(A*) is any assignment of languages over A to variables in V.

Theorem 3. The satisfiability problem for systems of equations of the form
A, E; = E!, where E; and E! are expressions generated by the grammar above,
is DEXPTIME-complete.

The proof of this theorem is an easy reduction to and from unary set con-
straints [2], combined with elimination of projection symbols that is possible in
the unary case.
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Fixed points in semiring theory™

Zoltan Bsik!2 and Werner Kuich?

1 University of Szeged, Hungary
ze@inf.u-szeged.hu
2 Rovira i Virgili University, Tarragona, Spain
3 Technische Universitat Wien, Austria
kuich@tuwien.ac.at

Abstract. We consider fixed point theory in continuous semirings and
discuss the Beki¢-De Bakker-Scott rule, the diagonal equation and the
parameter identity.

We show applications to formal power series theory: deleting linear terms
in an algebraic system; and a Kleene Theorem for algebraic power series.

1 Introduction and preliminaries

Fixed point theory plays a prominent réle in Theoretical Computer Science. Due
to a well-known fixed point theorem, complete partially ordered sets and contin-
uous functions have been used widely to give semantics to recursive definitions
(see Bloom, Esik [2], Guessarian [9]) and to achieve least solutions to algebraic
systems (see Ginsburg, Rice [7], Kuich [12]). This paper gives an introduction
to the latter application of fixed point theory.

The paper consists of this and three more sections. In Section 2, we quote
the fixed point theorem and three very important facts about fixed points of
continuous functions: the Beki¢-De Bakker-Scott rule, the diagonal equation and
the parameter identity.

In Section 3, we give the basics of algebraic systems and show how the fixed
point theorem yields least solutions to algebraic systems. In the last section,
we apply fixed point theory to algebraic systems (and hence, to context-free
grammars): deleting linear terms in algebraic systems; and a Kleene Theorem
for algebraic power series.

We now give some well-known facts about continuous semirings and complete
partially ordered sets.

A commutative monoid (A, +,0) is called ordered iff it is equipped with a
partial order < preserved by the + operation such that 0 < a holds for all a € A.
It then follows that a < a + b, for all a,b € A. In particular, a commutative
monoid (4, +,0) is called naturally ordered iff the relation C defined by: a C b
iff there exists a ¢ such that a + ¢ = b, is a partial order.

* Partially supported by Aktion Osterreich-Ungarn, Wissenschafts- und Erzichungsko-
operation, Projekt 686u2.

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
TUCS General Publication No 44, pp. 5-13, 2007.



6 Zoltan Esik and Werner Kuich

Recall that a non-empty subset D of a partially ordered set P is called
directed iff each pair of elements of D has an upper bound in D. Moreover, a
function f : P — @Q between partially orderet sets is continuous iff it preserves
the least upper bound of any directed set, i.e., when f(sup D) = sup f(D), for
all directed sets D C P such that sup D exists. It follows that any continuous
function preserves the order.

An ordered commutative monoid (A, +,0) is called a continuous monoid ift
each directed subset of A has a least upper bound and the 4+ operation preserves
the least upper bound of directed sets, i.e., when

a+supD =sup(a+ D),

for all directed sets D C A and for all a € A. Here, a+D is the set {a+z | z € D}.

It is known that an ordered commutative monoid A is continuous iff each
chain in A has a least upper bound and the + operation preserves least upper
bounds of non-empty chains, i.e., when a + sup C' = sup(a + C) holds for all
non-empty chains C' in A. (See Markowsky [14].)

Proposition 1.1 Any continuous monoid (A,+,0) is a complete monoid
equipped with the following sum operation:

Zai :sup{Zai | EC I, E finite},

i€l icE
for all index sets I and all families (a; | i € I) in A.

A semiring (A, +,-,0,1) is called ordered if (A,+,0) is an ordered monoid
and multiplication preserves the order. When the order on A is the natural order,
(A,+,-,0,1) is automatically an ordered semiring.

A semiring (A,+,-,0,1) is called continuous if (A,+,0) is a continuous
monoid and if multiplication is continuous, i.e.,

a-(supa;) =sup(a-a;) and (supa;)-a =sup(a;-a)
il iel i€l iel
for all directed sets {a; | i € I'}. It follows that the distribution laws hold for
infinite sums:

a'(Zai) = Z(awzi) and (Zai) ca= Z(ai-a)

el iel iel iel

for all families (a; | i € I).

A complete partially ordered set, or cpo, for short, is a partially ordered set P
which has a bottom element, usually denoted L, such that sup D exists for each
directed set D C P. Note that continuous monoids and continuous semirings are
cpo’s. When P and @ are cpo’s, a function f : P — @ is called continuous if f
preserves the least upper bound of directed sets (see also above). It is clear that
any composition of continuous functions is continuous, and any direct product
of cpo’s is a cpo equipped with the pointwise order. Moreover, when P,(Q are
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cpo’s, the set of continuous functions P — () equipped with the pointwise order
is also a cpo.

Suppose that P and Q;, i € I, are cpo’s and let [[,.; Q; denote the direct
product of the ;. Then for any j € I, the jth projection function [[,.; Qi — Q;
is continuous. Moreover, a function f : P — [[,.; Qi is continuous iff each
“component function” f; : P — @Q; is continuous. And when [ is finite, say
I={1,...,n}, then a function f : [[,.; @i — P is continuous iff it is continuous
separately in each argument, i.e., when

flar,...;supD,... ,a,) =sup f(a1,...,D,...,ay)

holds for each 1 < ¢ <n, a; € Qj, j # 4, and for each directed set D C Q).

2 Fixed points

The following well-known fixed point theorem plays a central réle in our consid-
erations, see, e.g., Bloom, Esik [2], Guessarian [9].

Theorem 2.1 Suppose that P and Q are cpo’s and f is a continuous function
P x @ — P. Then for each q € Q there is a least p € P with p = f(p,q), called
the least fixed point of f with respect to the parameter q. Moreover, the function
Q — P that takes q to the least fixed point p is continuous.

The function @ — P arising from Theorem 2.1 that provides the parameter-
ized least fixed point for a given continuous function f: P x @ — P is denoted

. (2,9).

We now recall three very important elementary facts about least fixed points
of continuous functions. Theorem 2.2 is independently due to Beki¢ [1] and De
Bakker, Scott [3]. For Proposition 2.3, see also Niwiriski [15].

Theorem 2.2 Suppose that f : PX QX R — P andg: Px Q X R — Q are
continuous functions, where P,Q, R are cpo’s. Let h : Px@Qx R — P x (@ denote
the “target pairing” of f and g, so that h(x,y,z) = (f(z,y,2),9(x,y,2)). Then

u(x,y).h(:&y,z) = (/m.f(:c,k(x,z),z)k:(;m.f(x, k(m,z),z),z))
where p(z,y).h(x,y,2) : R— P x Q and k(z,2) = py.g(z,y,2) : P X R — Q.

Proposition 2.3 Suppose that f : P x P x Q — P is a continuous function,
where P and Q are cpo’s. Then

px.py.f(x,y, z) = px.f(z, x, ).

Proposition 2.4 Suppose that f : P X Q — P and g : R — @Q are continuous
functions, where P,Q, R are all cpo’s. Then

p-f(x,9(2)) = h(g(2)),
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where h(y) = px.f(x,y).

We refer to the equation in Theorem 2.2 as the Bekié-De Bakker-Scott rule.
The equation in Proposition 2.3 is usually referred to as the diagonal equation,
or the double iteration equation. In the terminology of Bloom, Esik [2], Proposi-
tion 2.4 asserts that the parameter identity holds.

The above results describe three equational properties of the least fixed
point operation on continuous functions. For a complete description, we refer
the reader to Bloom, Esik [2], Esik [5]. Least fixed points of continuous func-
tions on cpo’s are also least pre-fixed points. In Esik [4], it is shown that the
equational properties of the least fixed point operation on continuous functions
on cpo’s are exactly the same as those of the least pre-fixed point operation on
order preserving functions on partially ordered sets in general.

3 Algebraic systems

We now define the basic notions concerning algebraic systems. In the sequel, A
denotes a continuous commutative semiring, 3’ denotes an alphabet of letters
and Y = {y1,...,yn} denotes a finite set of variables. An algebraic system (with
variables in Y = {y1,...,yn}) is a system of equations

Yi = Di, 1<i<n,

where each p; is a polynomial in A{((XUY)*). A solution to the algebraic system
y; = pi, 1 <1 <mn,is given by (01,...,0,) € (A(XZ*)))" such that

o; =pi(01,.-.,0n), 1<i<n.
A solution (o1, ...,0,) of the algebraic system y; = p;, 1 < i < n, is termed a
least solution iff
o; < T, 1<i<n,
for all solutions (71,...,7,) of y; =p;, 1 <i<mn.

Often it is convenient to write the algebraic system y; = p;, 1 < i < n, in
matrix notation. Defining the two column vectors

Y1 P1
y=1 : and p=| |,
Yn Pn

we can write our algebraic system in the matrix notation

y=ply) or y=p.

A solution to y = p(y) is now given by o € (A{(X*)))"” such that o = p(0). A
solution o of y = p is termed a least solution iff o < 7 for all solutions 7 of y = p.

The main result we refer to in this section will be that an algebraic system
has a unique least solution. This is due to the following observations.
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If the semiring A is a continuous commutative semiring then A{(X*)) is a
continuous semiring.

Moreover, for p € A((XUY)*), where ¥ NY = &, p induces a continuous
function p : A{(X*)) — A{(X*)) in the variables of Y. Let now p € (A{((X' U
Y)*))"*1, i.e., p is a column vector of polynomials. Then p induces a mapping
P (A(EZN)™ — (A(Z*))™ by (p(r1,...,m0)); = pi(r1,...,r0), 1 <i < n, e,
the i-th component of the value of p at (r1,...,r,) € (A{(X*))™ is given by the
value of the i-th component p; of p at (rq1,...,r,). It is then easily shown that
this mapping p : (A{(X*))™ — (A{(X*))™ is continuous.

Consider now an algebraic system y = p. The least fixpoint of the mapping
p is nothing else than the least solution of y = p.

Theorem 3.1 Let A be a continuous commutative semiring. Then the least
solution of an algebraic system y = p exists in (A(X*N)™ and equals

py-p(y) =sup(p’(0) [ j € N).

Proof. By Theorem 2.1. ad

Theorem 3.1 indicates how we can compute an approximation to the least

solution of an algebraic system y = p. The approzimation sequence o, o?,

o%,...,07,..., where each 07 € (A{(X*)))"*!, associated to an algebraic system

y = p(y) is defined as follows:
o =0, oIt = p(o7), j EN.

Clearly, (67 | j € N) is a chain and py.p(y) = sup (07 | j € N), i.,e., we obtain the
least solution of ¥y = p by computing the least upper bound of the approximation
sequence associated to it.

The collection of the components of the least solutions of all algebraic systems
is denoted by A& ((5*)).

4 Applications

Our first application considers algebraic systems of the form y = My + P.
By Proposition 1.1, all sums exist in A{X*)) and thus in the semiring
(A{Z*M)™=™ of all n x n-matrices over A{(X*)). When M is such a matrix,

M*:ZMi.

i<0

An algebraic system y; = p;, 1 < i@ < n, is called linear system if p; =
> 1<j<n Mijy; + Ri, where M;;, R; € A(X™). Let M € (A(X™))""" (resp. R €
(A(X*))"*1) be the matrix (resp. column vector) with entries M;; (resp. R;).
Then such a linear system can be written in matrix notation as y = My+ R. The
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approximation sequence 0,0t ,02,...,07,..., where each o/ € (A{(X*))"*!,
associated to the linear system y = My + R is given by:

o =0, oI+l = Z MR, j>0.
0<i<j

Hence, we have proved the following result.

Theorem 4.1 Let A be a continuous commutative semiring. Then M*R is the
least solution of the linear system y = My + R, where M € (A(X*))"*" and
R € (A(X*))nxL,

We will now consider a very useful transformation of an algebraic system. We
write an algebraic system in the form y = My + P, where M € (A(e))"™" and
supp(P;) C (Y UY)"—Y, 1 <i < n. Here the entries of My contain polynomials
of the form ay;, a € A, y; € Y.

Theorem 4.2 The least solutions of the algebraic systems y = My + P and
y = M*P, where M € (A(e))"*" and supp(P;)) C (Y UY)" —Y, 1 <i<n,
coincide.

Proof. We use the proof method of Esik, Leifl [6]. By the diagonal equation,
Proposition 2.3, and by Theorem 4.1:

ny.(My + P(y)) = py.pa.(Mz + P(y)) = py. M*P(y) .
O

Observe that the context-free grammar corresponding to the algebraic system
y = M* P has no chain rules, i. e., has no productions of the type y; — y;. (Com-
pare with Salomaa [16], Theorem 6.3; Harrison [10], Theorem 4.3.2; Hopcroft,
Ullman [11], Theorem 4.4.)

Our second application yields a Kleene Theorem for algebraic power series.
It is a generalization of a result of Gruska [8]. The presentation follows the lines
of Kuich [13].

In the sequel, Y, denotes an infinite alphabet and X denotes a finite sub-
alphabet of X',. All occuring symbols and variables are elements of X,. Our
basic semiring will be A{(X%)).

For the convenience of the reader, we formulate Theorem 2.2 (Beki¢-
De Bakker-Scott rule) and Proposition 2.4 in the setting of A{(X%))).

We introduce the following notation: Let r(y1,...,¥i, ... yn) € A{(ZE),
where y1,...,¥i,...,Yn are variables that may occur in r (besides, there may
occur also other variables).

Consider disjoint alphabets {y1,...,yn} and {z1,...,2zm} of variables and
let Yoo = Yoo —{Y1,-+ -, Yn, 21, -+, 2m - Let pi(z1, .oy 2m, Y1, -+ -3 Un), 1 <0 <
n, and ¢;(21,...,2m,Y1,--.,Yn), 1 < j < m, be power series in A(X%)) and
consider the system of equations

Zj:pj(zl7"'aZM7y1a"'7y'rl)7 ISJSm7
Yi = qi(215 oy Zms Y1y Yn), 1<i<mn.
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Let (t1(21,-- - 2m), - o tn(21,- - 2m)) € (A{(Zoo U {21, 2m})* )" and
(riye.oyrm) € (A(XZEN)™ be the least solutions of the sys-
tems y; = qi(Zlv'“aZmaylv"‘vyn)a 1 < i < n, and Zj =
P21, Zmy ti(21, s Zm)s st (21,0 2m)), 1 < j < m, respectively.
Then (r1,.. ., Pm,t1(r1,- o3 Tm)s -5 tn(r1, ..., 7)) is the least solution of the
original system.

In the next proposition we use a vectorial notation: z = (z1,...,2m), y =
(ylv cee 7yn)a p= (pl,' c apm)a q= (q17' . 'aqn)v etc.

Theorem 4.3 (Bekié¢-De Bakker-Scott rule) Consider the system of equations

z=p(zy), y=q(zvy).

Let t(z) and r be the least solutions of the systems y = q(z,y) and z = p(z,t(z)),
respectively. Then (r,t(r)) is the least solution of the system z = p(z,y), y =

q(2,y)-
Moreover, r is the least solution of the system z = p(z,t(r)).

We denote the least 0 € A((Xoo — {y:})*)) such that r(y1,...,0,...,yn) =0
by pyir (Y1, -y Yiy- -+, Yn), 1 < i < n. This means that o is the least solution of
the equation y; = r(y1,...,Yi,...,Yn) and py; is a fixed point operator. Observe
that /,Lyi.’/‘(yl, ey Yiy e 7yn) S A<<(Eoo — {yz})*»

Proposition 4.4 Let r(y1,...,yn,y) € A(X%L)) and 0, € A((X — {y})*),
1<i<n. Let s(y1,-..,yn) = pyr(Y1,- - Yn,y). Then

$(01,..oy0n) = pyr(o1, ..., 00, Y).

Proof. By Proposition 2.4. a

A subsemiring A of A{(X* ) is called equationally closed iff, for all r € A
and y € X, the power series py.r is again in A.

Let A{X*} = {r € A(X*) | ¥ C X finite} and A2{{XZ* 1} = {r €
A ((377)) | ) C X finite}. Denote by AU {{X* 1} the least equationally closed
semiring containing A{X7% }. We will prove in this section that A*"{X% }} =
AN}

Theorem 4.5 Let t(y1,...,yn), 05 € AT{EL N, 1 <j<n.
Then t(o1,...,0,) € A{ X% 1}

Proof. The proof is by induction on the number of applications of the operations
+, - and p to generate t(y1,...,Yn)-

(i) Let t(y1,...,yn) € A{Z%}, i e, t(y1, ..., yn) € A(X*) for some X C Y.
Since t(o1,...,0y,) is generated from oy, ..., 0, by applications of sum, product
and scalar product, we infer that ¢(oq,...,0,) € A*M{ X% }}.

(ii) We only prove the case of the operator p. Let o1, ...,0, € A{XZ* 1IN
A{X*)) for some X' and choose a y € Yo, that is not in XU{y1, ..., y, . Without
loss of generality assume that t(y1,...,yn) = py.r(y1,. .., Yn,y) (the variable y is
“bound”), where 7(y1, ..., Yn,y) € A*M{ X% }}. By induction hypothesis, we ob-
tain 7(oq,...,0p,y) € A*{XZ* }}. Hence, t(01,...,0,) = py.r(o1,...,00,y) €
A {{ X% 1} by Proposition 4.4. O
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Theorem 4.6 Ae{{X* 1} C Acau{{3* 1}

Proof. The proof is by induction on the number of variables of algebraic systems.
We use the following induction hypothesis: If 7 € (A&8{{X* }})* n > 1, is the
least solution of an algebraic system y; = ¢;(y1,..-,Yn), 1 < i < n, with n
variables y1, ..., y, where ¢; € A{X% }, then 7; € A { X% 1}

(1) Let n =1 and assume that r is the least solution of the algebraic system
2z =p(z). Then r = pz.p(z) € AM{I* }}.

(2) Let z,y1,...,Yyn be variables and p, g1, . .., g, be polynomials in A{X% },
and consider the algebraic system z = p(z,y), y = ¢(z,y), where y = (y1,...,Yn)
and ¢ = (qi,...,qn). Let t(z) € (AY{{Z%}})" be the least solution of
y = ¢(z,y). By our induction hypothesis we obtain ¢(z) € (A*{X* }})". Since
p(z,y) is a polynomial, it is in A*{{X%_}}. Hence, by Proposition 4.4, p(z,t(z))
is in A*{{X* }}. This implies pz.p(z,t(z)) € A*{X% }}. Again, by Propo-
sition 4.4, t(puz.p(z,t(z)) € (AM{XL})™). By Theorem 4.3, (uz.p(z,t(z)),
t(pz.p(z,t(z)))) is the least solution of the algebraic system z = p(z,y),
y = q(z,y). Hence the components of the least solution of this algebraic sys-
tem are in A®M{{X% }}. O

We now show the converse to Theorem 4.6.
Theorem 4.7 A°{X* }} C A2e{{x* }}.

Proof. We show that A*&{{X* 1} is an equationally closed semiring that contains
A{X% ). Clearly, A¥8{{X* }} is a semiring containing A{X* }. Hence we have
only to show that pz.r is in A¥8{X* 1} for all r € A2&{{X* }} and z € Y.
Let 7 € A¥8{{X* }} be the first component of the least solution of the
algebraic system y; = pi(y1,---,Yn,2), 1 < i < n. Then, by Theorem 4.3,
pz.r is the z-component of the least solution of the algebraic system z = y,
Yi = Di(Ys -+, Yn, 2), 1 < i <. O

Corollary 4.8 Let A be a continuous commutative semiring. Then
Asanf{n B = AM{{IL Y and AP {IL Y 0 A(YT) = AME(X7), ¥ C Y,
X finite.
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Abstract. Consider the problem of designing a component of a discrete
event system that combined with a known part of a system conforms
to a given overall specification. A key observation is that languages are
a suitable common framework for such applications, i.e., the problem
is reduced to solving an abstract equation over languages. In this pre-
sentation, we address the problem of solving synchronous and parallel
language equations. We study the most general solutions to language
equations defining the language operators needed to express them, and
also investigate restricted solutions to such equations. We show how an
equation can be effectively solved over regular languages. In particular,
we show that a solvable equation always has the largest solution, con-
sider the largest alphabet of actions over which a solution exists, and
briefly sketch how to compute the solution.

1 Introduction

Many problems over discrete event systems can be reduced to solving a language
inequality AQX C S or to solving a language equation AQX = S where X is
a free variable and @ is the composition operator. The applications range from
logical synthesis and supervisory control to logic verification and testing, from
model matching problem to discrete games. For different applications, appro-
priate equations were formulated and their solutions were investigated by vari-
ous researchers. Most papers are devoted to synchronous composition in Finite
State Machine (FSM) theory and to parallel composition in process algebra. Syn-
chronous composition corresponds to instantaneous communication of systems,
while parallel composition corresponds to communicating asynchronously allow-
ing arbitrary delay between communication events. Different types of languages
were considered when solving a language equation: e.g., regular and w-regular
languages, Petri net languages etc. A key point is to find a solution within the
same class, i.e., if we solve an equation over regular languages then the solution
should be a regular language too.

Similarly to other kinds of equations, the solution may not be unique; hence
there is also the problem of finding the “best” solution. Also subsets of solutions

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
TUCS General Publication No 44, pp. 14-32, 2007.
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that have appropriate additional properties might be required; thus, restricted
solutions to an equation are of interest also. To find optimal solutions with re-
spect to some criteria, one approach is first to find the largest solution containing
any particular solution, and then to extract a wanted solution from the largest
solution.

In this paper, we consider binary synchronous and parallel language inequali-
ties and equations and show that each solvable language equation has the largest
solution, whose property is that each solution is a subset of it; in particular, for
inequalities a language is a solution if and only if it is a subset of the largest
solution. We then discuss how the equations can be effectively solved for regular
languages based on operators over finite automata and consider some restricted
solutions which are of theoretical or practical relevance.

The paper is structured as follows. Section 2 deals with synchronous language
equations and discusses their largest and restricted solutions. Parallel language
equations are considered in Section 3. Effective algorithms for solving equations
over regular languages based on finite automata are presented in Section 4.
Section 5 briefly describes the related work and how the current paper unifies
the known approaches for solving equations over languages.

2 Synchronous equations over languages

In this section, we introduce the notion of a synchronous composition operator
over languages. To the best of our knowledge there was no such a notion before
our papers [1, 2]. However, a similar composition operator was defined for partic-
ular cases of the composition of Finite State Machines (FSM) (see, for example,
[3,4]) and for these particular cases, the language of the FSM composition co-
incides with the synchronous composition of component FSM languages, as it is
defined in the following section.

2.1 Synchronous composition operator over languages

An alphabet is a non-empty set of symbols. The set of all finite strings over a
fixed alphabet A is denoted by A*. A* includes the empty string €. A subset
L C A* is called a language over alphabet A. Standard operations on languages
are defined: union, intersection, complement and difference. We also introduce
some additional operators over languages. A substitution [5] f is a mapping of
an alphabet A into subsets of B* for some alphabet B. The substitution f is
extended to strings by setting f(¢) = € and f(Ba) = f(8)f(a).

Given a finite set I' = {4;, ..., Ag} of alphabets, a non-empty subset
I C I' and a language L over the Cartesian product A;x ... x A !, the
language L1 = {8,r1: B € L} where |y is the canonical mapping |pi:
Ay X.. . XAp — B ><F A;, is the projection of language L onto the set I7.

j€lt
1 Without loss of generality in this paper, we assume that each alphabet participates
in the Cartesian product only once.
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Given the Cartesian product x Aj, let f be the substitution such that
A el
fla)={a:a € x A; & ajr1 = ai} for all a; € x A;. Then given a
AjEF AjEFl

language L over the Cartesian product x Aj;, the language Ly = {f(0):
j€1h

B € L} is the lifting of language L over the set I'. By definition, the lifting of
the empty language is empty.

The following straightforward facts hold for the projection and lifting oper-
ators.

Proposition 2.1. Given non-empty subsets I and I of the set I', for each
sequence « over the Cartesian product of alphabets of the set I1 U I it holds
that

VB € ayr(Byri = apri and By = 0411“2)-2

Proposition 2.2. Given non-empty subsets Iy and I of the set I' and

languages L and M over the Cartesian products x A; and x A; corre-
Ajenn A€l

spondingly, for each sequence over the Cartesian product of alphabets of 17 U I
it holds that

o€ LTF1UF2 mMTFIUFZ if and only if apry € L and a rs € M.

Proposition 2.3. Given non-empty subsets Iy and I of the set I' and

languages L and M over the Cartesian products x A; and x A; corre-
Ajel A€l

spondingly, for each sequence « over the Cartesian product of alphabets of I, it
holds that

i un, € LTF1UF2 mMTHUFz if and only if ar € L and ar2 € M.

We now consider a so-called synchronous composition operator over lan-
guages. The synchronous composition operator corresponds to instantaneous
communication of discrete event systems. This composition operator general-
izes the synchronous composition operator introduced for languages over special
alphabets in [2, 6].

Let I' = {4y, ..., A} be a finite set of alphabets, I} and I'; be non-empty
subsets of I and 6 be a non-empty subset of I} U I's. Given two languages L
and Ly defined over the Cartesian product of alphabets of the sets I and I
correspondingly, the synchronous composition ey (L1,Ls), or simply Liey Lo, is
the language [Li1rur,N Lorrur,)je- The composition language is empty if one
component language is empty.

According to the definition, the above operator is commutative. We show
below that the operator also is associative.

Proposition 2.4. The synchronous composition operator is associative.

Proof. Consider non-empty subsets I, [ and I3 of theset I', I' = I U, U T3,
a non-empty subset § C I} U I and a non-empty subset p C I'3 U 6. We also

2 Use the fixed order of alphabets when lifting to I".
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consider three languages Ly, Ly and L3 where the language L; is defined over
the Cartesian product of alphabets of the set I, j = 1,2,3, and show that

[((Litryurs N Loyryurs)ie)1rsue N Latrguelip = [Litr N Lapr N Lagr] .
Part A We prove that
((L1tryurs N Lorryur)1e)1rsue N Lsrryue 2 Lipr N Lopr N Ly .
Let oo € Liyr N Loy N L3t . According to Propositions 2.2 and 2.3,
a € Liyp N Lot 0 Ly
if and only if
oyr, €Ly and oy, € Ly and oy, € L3
if and only if
ainurn € (Litnur, N Layrun,) and o), € Ls.
Therefore,
a9 € (Litrur, N Latrur )16 and o p, € L.
Thus, due to Proposition 2.2,
a € (Litryur N Larrur) e N Letnyue , iee.,
(L1t ryur, N Layryurs) 16 N Latryuel1p 2 [Liyr N Loy N Larr] | p-
Part B We prove that
[Litr N Loyr N Latr]yp 2 (Litryur, N Lorryurs )16 N Latryuel 1 p-

Consider sequence « € (Li1r,ur, N Larrur, )1 N Latryue-
According to Proposition 2.2,

a € (Litryur, N Latrurs) e N Latrue
if and only if
Qg € (LlTF1UF2 n L2TF1UF2)l9 and ar, € Ls.

Therefore, due to Proposition 2.1, there exists a sequence 3 over the Cartesian
product of alphabets of the set I" = I'; U Iy U I'3 such that

Brrors € Litryur, N Loyror, and B9 = ajg and By, = oy , Le.,
Bio=ayp
Due to PI‘OpOSitiOHS 2.1 and 2.2, ﬁ S LITF N LQTF n L3T[" ie.,

[(L1rryors 0 Latryors)1e)1rsue N Latrsuel 1 € [Larr N Lapr N Lagr]p.
0
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Consider the composition of two discrete event systems in Figure 1. The
language L; of the component S is defined over the Cartesian product I xU x V/,
and the language Ly of the component S5 is defined over the Cartesian product
UxVxO,where I ={I, U, V}, I ={U, V, O}, I' ={I, U, V, O} and the
set § = {I, V, O} describes the set of external ports of the composed system
S. The systems S; and Sy interact by executing the same words via common
channels. When the external symbols ¢ € I, 0 € O and v € V appear at the
external ports of the composed system, the latter accepts the triple (i,v,0) if
and only if there exists u € U such that (¢,u,v) € Ly and (u,v,0) € L. In other
words, a triple (a, 8,7) over (I xV x O)* can be executed at the external ports of
the composed system if and only if there exists a sequence n € U* such that the
triple (o, n, 8) € Ly and the triple (n, 3,7) € La. An example of the synchronous
composition of two regular languages represented by finite automata is shown in
Section 4 (Figure 2).

S5

%

S

S

Figure 1. Composition of two discrete event systems.

Since the synchronous composition operator is commutative and associative,
the definition can be naturally extended to a finite number of component lan-
guages.

Let I' = {4,4,... Ak} be a set of alphabets, I, ..., I},, 6 be non-empty

subsets of I" and ' = U I';. Given languages Lj, j = 1,...,m, defined over the
Cartesian product of alphabets of the set I'; correspondingly, the synchmnous

composition ey (L1,..., Ly,,) is the language [Lnr NLotrN...NLyir]e 3. The
composition language is empty if one component language is empty.

2.2 Solving synchronous language equations

Consider the composition of two discrete event systems in Figure 1. Suppose
that the language L; of the system S; and the language L of the composition
S are known. The problem is to determine a language Lo over the Cartesian
product U x V' x O such that the Li e(; o vy L2 = L. The problem is well known

3 Use the fixed order of alphabets when lifting to I".
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as “the unknown component problem” and can be solved through language
equation solving [2,7].

2.2.1 Binary synchronous language equations

Given aset '={ Ay, ..., Ai} of alphabets and non-empty subsets I'; and 0 of
the set I, let language L1 be defined over the Cartesian product of the alphabets
of the set I, while the language L be defined over the Cartesian product of the
alphabets of the set 6. The expressions L, 9 X C L and L, e9 X = L with a free
variable X that is a language over the Cartesian product of alphabets of a non-
empty set p C I'7 U6, are called a binary synchronous language inequality and
a binary synchronous language equation correspondingly. A language B, over
the Cartesian product of alphabets of the set p is a solution to the inequality
Lieg X C L (or to the equation L, ¢g X = L) if L, ¢g B, C L (correspondingly,
L, g B, = L). A solution S, over the Cartesian product of alphabets of the
set p is the largest solution to the inequality L, e¢g X C L (or to the equation
L, ey X = L) if each solution B, over the Cartesian product of alphabets of
the set p is a subset of S,. The following propositions state that an inequality
L1 ey X C L has always the largest solution; moreover, a solvable equation also
has the largest solution.

Proposition 2.5. The largest solution over the Cartesian product of alpha-

bets of the set p to the inequality L, e¢ X C L is the language S, = L; e, L.

Proof. A sequence «a over the Cartesian product of alphabets of the set p is not
in a solution to the inequality L, ¢g X C L if and only if L, ey {a} ¢ L and the
following chain of equivalences follows:

Lieg{a} ¢ L
if and only if
(Litryue N{e} pug)ie NL =2
if and only if
Litryue N {a}Trlue NLirue =2
if and only if
a ¢ (Lirrie N Lirue)le

if and only if

a€ Ly opf‘
O

Therefore, the largest solution to the inequality L, ey X C L is given by the

language S, = L o, L. According to the definition of synchronous composition
operator it holds that L, ey Ly C L and Lo C L3 implies L, ey L3 C L. Thus,
the following statement holds.
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Theorem 2.1. Given an inequality L, ¢g X C L, the language B, over the
Cartesian product of alphabets of the set p is a solution to the inequality if and

ounly if B, C Ly e, L. Thus, if the language L e, L is empty then the inequality
L, 9 X C L has a single trivial solution, namely the empty language.

As the above theorem states, the largest solution to a language inequality
can be considered as the “container” of all solutions to the inequality. In the
following theorem (Theorem 2.2) we state that a solvable language equation
L, 09 X = L also has the largest solution. When the equation is unsolvable there
always exists the largest subset M of the language L such that the equation
L1 e9g X = M is solvable and has the largest solution. However, not each subset
of the largest solution inherits the property to be a solution and we still lack
the complete characterization of the set of solutions to a synchronous language
equation. Since in general the number of subsets of the largest solution is infinite,
the characterization problem is not trivial.

Theorem 2.2. 1. Given a language equation L1 ey X = L,if L1egL; e, L=1L

then the language S, = L; e, L is the largest solution to the equation L,epX = L
over the Cartesian product of alphabets of the set p. However, not each subset
of the S, inherits the property to be a solution to the language equation.

2. If L eg L4 opf C L then the equation L, ¢g X = L is unsolvable and

the language My = Ly ¢y L1 », L is the largest subset of L such that the equa-
tion L9 X = My is solvable over the Cartesian product of alphabets of the set p.

Theorem 2.2 establishes necessary and sufficient conditions for the solvability
of a language equation L, ey X = L over a given set of alphabets. The existence
of a non-empty solution to the inequality as well as the existence of a solution
to the language equation significantly depends on the selected subset p C I3 U6.
The following theorems state that there exists the largest set H of alphabets
such that an inequality L e9 X C L has a non-empty solution if and only if such
a solution exists over the Cartesian product of alphabets of H. Similar to this,
an equation is solvable if and only if the equation is solvable over the Cartesian
product of alphabets of H.

Theorem 2.3. 1. If the largest solution to the inequality L; ¢g X C L over
the Cartesian product of alphabets of the set p C I'1 U6 is not empty then the
inequality has a non-empty solution over the Cartesian product of alphabets of
the set I7 U 6.

2. Given largest solution L oFlugf to the inequality L, e¢9 X C L over
the Cartesian product of alphabets of the set I'1 U 6, a language B, over the
Cartesian product of alphabets of the set p C Ij U@ is a solution to the
inequality if and only if Byrrus € L1 e ue L. If the language Li er, g L is
empty then the only solution to the inequality over the Cartesian product of
alphabets of any non-empty subset p C I3 U@ is the empty set.
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Theorem 2.4. 1. If the equation L; eg X = L is solvable over the Cartesian
product of alphabets of the set p C I} U8 then the equation has a solution over
the Cartesian product of alphabets of the set 17 U 6.

2. If the equation L; eg X = L has no solution over the Cartesian product of
alphabets of the set I'7 U6 then the equation L, 9 X = L is unsolvable over the
Cartesian product of alphabets of any non-empty subset p C I'7 U 6.

3. If the equation L ey X = L is solvable over the Cartesian product of
alphabets of the set I3 U6 and L e, g L is the largest solution to the equation
over this alphabet, then for each solution B, to the equation over the Cartesian

product of alphabets of the set p C I'1 U, it holds that B,ir,us € L1 er,us L.

Theorems 2.1 and 2.3 completely characterize all possible solutions to syn-
chronous language inequalities. As for language equations, Theorems 2.2 and
2.4 only establish necessary and sufficient conditions for the equation solvability
over the Cartesian product of alphabets of a given set p C I7 U 6.

2.3 Restricted solutions to language equations

Given a language inequality or a language equation, not each solution is of the-
oretical and practical interest. Additional research is necessary to reveal which
restricted solutions are useful for different applications. Currently, only some
straightforward restricted solutions have been identified. For example, the com-
posed system must be nontrivial at least. We also investigated special solutions
which are prefix closed, progressive [4] and compositionally progressive [8]. We
illustrate such restricted solutions for a synchronous language equation and for
the simplicity of presentation we assume that component languages are defined
over the Cartesian product of two alphabets.

The language L over alphabet A is prefiz-closed if each prefix of each word
is in the language L. A language L over alphabet A = I x O is I-progressive
ifae A*VielTJoeOlae Ll — a(i,o) € L]. A language L over alphabet
A =1x0is I-defined if L |; = I*. If a language over A = I x O is I-progressive
then it is also I-defined, but the converse does not hold. A progressive solution
ensures that the solution language is complete w.r.t. the alphabet I, i.e., for
each string # € I* there exists a word in the language with the projection .
Progressive solutions are used in logic synthesis, since physical devices usually
are input-enabled at each state, and especially are of interest when solving an
equation over Finite State Machines (FSM) [2,4]. Given a language L; over
alphabet I xU, a language B over alphabet O xU is I-compositionally progressive
(w.r.t. the language L) if the language Lq1(r.u,03 N Bi{r,u,0} is I-progressive.
When a solution to the language equation is compositionally progressive we
ensure that the corresponding composition does not fall into a deadlock when I
is the set of external inputs submitted by an environment.

Given language L; over alphabet I x U, language L over alphabet I x O,

ie., 6 ={I,0}, and p = {U,O}, let S, = L; o, L be the largest solution to the
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language equation L, eg X = L. It is interesting to investigate subsets of S, that
satisfy further properties, i.e., are prefix-closed, progressive etc.

If S, is prefix-closed then S, is the largest prefix-closed solution to the equa-
tion. However, not every solution to the equation is prefix closed. If S, is not
prefix-closed then denote by Pref(S,) the set obtained from S, by deleting each
string that has a prefix not in S,,.

Proposition 2.6. If L, ey Pref(S,) = L then Pref(S,) is the largest prefix-
closed solution to the equation L, g X = L. If L, ey Pref(S,) C L, then the
equation L, eg X = L has no prefix-closed solution.

If S, is defined over the alphabet U x O and S, is U-progressive then S, is
the largest U-progressive solution to the equation. However, not each subset of
S, inherits this property. If S, is not U-progressive then denote by Prog(S,)
the subset obtained from S, by deleting each string 3 such that for some u € U,
there is no o € O for which (u,0) € S,.

Proposition 2.7. If L, eg Prog(S,) = L then Prog(S,) is the largest pro-
gressive solution to the equation L, g X = L. If L, ey Prog(S,) C L, then the
equation L, eg X = L has no progressive solution.

We also studied compositionally progressive solutions over FSM languages
[8] and showed that if a synchronous FSM equation (FSM inequality) has a
compositionally progressive solution then the FSM equation (FSM inequality)
has the largest compositionally progressive solution.

3 Solving a parallel language equation

Synchronous composition of languages corresponds to instantaneous communi-
cation and usually describes modular compositions in hardware, while parallel
composition corresponds to communicating asynchronously, allowing arbitrary
delay between communication events and is used as a composition operator
in the process algebra. Despite of the fact that the restriction and expansion
operators differ from the projection and lifting operators used in synchronous
composition, synchronous and parallel language inequalities (synchronous and
parallel language equations) possess almost the same features. We also notice
that in the process algebra this kind of composition operator sometimes is called
synchronous, since an action can be executed if and only if both communicating
systems are ready to execute the action. However, in this setting, we use the
notion of the parallel composition operator.

3.1 Parallel composition operator

Let A be an alphabet, and a language L is defined over the alphabet A. Consider
a non-empty subset A; of the alphabet A and the substitution A defined as
h(a) = a for all @ € A; while h(a) = ¢ for all a € A\ A;, where ¢ is the empty
word. Then the language Ly4, = {h(8) : 8 € L} is the restriction of language L
onto the subset A;. For each word 8 € L that does not have symbols of alphabet
Ay the restriction of § is the empty word e.
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Let now language L be defined over alphabet Ay = A\ A;. Consider the
mapping 1) : Ay — 24" such that ¢(a) = {yaf: v, § € A}}. Then the language
Lya = {¥(B): B € L} is the expansion of language L over the alphabet A.
Here we notice that the mapping 1 is not a substitution and thus, ¥(¢) = {a:
a € A}, ie., if the language L = {e} is defined over alphabet A; then Lyg = Aj.
By definition, the expansion of the empty language is the empty language and
the following straightforward fact holds between the restriction and expansion
operators.

Proposition 3.1. Given an alphabet A and a non-empty subset A; of the
alphabet A, consider a language L defined over the alphabet A;. For each string
B € A%, it holds that Bya, € L if and only if 8 € Ly 4.

Given two languages L; and Lg, let the language L;,j = 1,2, be defined
over alphabet A;, A = A; U Ay and E is a non-empty subset of A. The parallel
composition (L1, L), or simply L1 gLs, is the language (Lig, N Loga)yp-
Similar to the synchronous composition, the language L g Lo is empty if one
component language is empty.

Similar to the synchronous composition the parallel composition operator
is commutative and associative, and therefore, the operator can be naturally
extended to k component languages, k > 2.

3.2 Parallel language equations

Given two languages L1 and L, let language Ly be defined over alphabet Ay, the
language L be defined over alphabet E, AjUFE = A and R is a non-empty subset
of A. Consider the language inequality L1 X C L and a language equation
L1$pX = L with a free variable X that is a language over alphabet R. A
language Br over the alphabet R is a solution to the inequality L1)pX C L
if LiopBgr C L. The language Bpg is a solution to the equation L1$pX = L
if LiopBr = L. A solution Sg over the alphabet R is the largest solution to
the inequality L1 OrX C L (to the equation L1 X = L) if each solution over
alphabet R is a subset of Sk. Similar to a binary synchronous equation, the
following results state that a parallel inequality as well as a solvable parallel
language equation has always the largest solution.

Proposition 3.2. The largest solution over the alphabet R to the inequality

Li$pX C L is the language Sp = L1 ORrL.

Proof. A sequence « over the alphabet R is not in a solution to the inequality
LiOpX C Lifand only if L1 Og{a} ¢ L and the following chain of equivalences
follows:

Li$p{a} ¢ L

if and only if

(Ligan{atya)ypNL =2
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if and only if
L1ﬂA N {a}ﬂA ﬂZﬂA =
if and only if

a ¢ (LigaNLya)yr

if and only if

o € L1<>Rf
O

Therefore, the largest solution to the inequality Ly $pX C L is given by the

language Sg = L1 rL. According to the definition of the parallel composition
operator it holds that L1 gLy C L and Ly C L3 implies L1 gLy C L. Thus,
the following statement holds.

Theorem 3.1. Given an inequality L1 $pX C L, the language Br over the
alphabet R is a solution to the inequality if and only if Bgr C L;{rL. Thus,
if the language L1 gL is empty then the inequality L;{rX C L has a single
trivial solution, namely the empty language.

As the above theorem states, similar to a synchronous language inequality,
the largest solution to a parallel language inequality can be considered as the
“container” of all solutions to the inequality. Correspondingly, the following the-
orem (Theorem 3.2) states that a solvable language equation L1 X = L also
has the largest solution. When the equation is unsolvable there always exists
the largest subset M of the language L such that the equation L1 X = M is
solvable and has the largest solution.

Theorem 3.2. Given a language equation L1$pX = L, if LiOL1OrL = L
then the language Sp = Li;{prL is the largest solution to the equation
L1 X = L over the alphabet R. However, not each subset of the Sg inherits
the property to be a solution to the language equation.

The following theorem states that if the equation has no solution over al-
phabet A then the equation has no solution over any subset R of the alphabet
A.

Theorem 3.3. If the equation L;)rX = L has no solution over the
alphabet A then the equation is unsolvable over any alphabet R that is a subset
of A. If the equation L1)rX = L is solvable over alphabet A, alphabet R is
a proper subset of A and a language Bg over alphabet R is a solution to the

equation then it holds that Brya C LiORL.

Similar to synchronous language equations, not each subset of the largest
solution to a parallel language equation inherits the property to be a solution
and the complete characterization of the set of solutions to a parallel language
equation is still an open issue.
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We illustrate a parallel language equation solving in Section 4 when solving
equations over regular languages.

4 Solving equations over regular languages

Given a language inequality or a language equation, the problem then is whether
we can operate algorithmically on given languages. Usually such languages are
presented through their corresponding mathematical machines. Different types of
mathematical machines are used to model components of a discrete event system.
The most commonly known are Finite Automata (FA), Finite State Machines
(FSM), Petri Nets (PN), Finite w-automata (w-FA). A key point is to find a
solution within the same class, i.e., if we solve an equation over regular languages,
then a solution must be a regular language too. Language equations can be solved
effectively when they are defined over languages that can be computed with finite
procedures. For example, we can operate on Finite Automata (FA) when solving
equations over regular languages [5].

A finite automaton is a quintuple S = (S, A, dg, so, Fs), where S is a finite
non-empty set of states with the initial state sp and a subset Fs of final (or
accepting) states, A is an alphabet of actions, and jg C A x S x S is a transition
relation. We say that there is a transition from a state s to a state s/ labeled
with an action a, if and only if the triple (a, s, s/) is in the transition relation
ds. The automaton S is called deterministic, if for each state s € S and any
action a € A there exists at most one state s/, such that (a, s, s/) € dg. If S is
not deterministic, then it is called nondeterministic.

Well-known results state that each regular language can be represented by
a deterministic finite automaton and that regular languages are closed under
the union, intersection and complementation. Regular languages are also closed
under projection, lifting, restriction and expansion. Below we sketch the con-
structions for the less known operations of projection, lifting, restriction and
expansion.

Projection (]) Given FA F that accepts language L over I x U, FA F|;
that accepts language L|; over I is obtained by replacing each edge ((4,u),s,s/)
in F by the edge (i,s,s!). 4

Lifting (T) Given FA F that accepts language L over I, FA Fj(;yy that
accepts language Ly(;y over I x U is obtained by replacing each edge (i,s,s/)
in F by the set of edges {((i,u),s,s!): u € U}.

Restriction ({}) Given FA F that accepts language L over A and a non-
empty subset V of A, FA F|;y that accepts language Ly over V is obtained by
replacing each edge (a,s,s’) in F, with a € A\ V, by the edge (,s,s/). °

Expansion (f}) Given alphabet A, a non-empty subset V of A, FA F that
accepts language L over V', FA F; 4 that accepts language L4 over A is obtained

4 Apply the subset construction to obtain an equivalent deterministic FA.
5 Apply the closure procedure to obtain an equivalent deterministic FA without e-
moves.
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by the following procedure: for each state s of FA F, Va € A\V the edge (self-
loop) (a,s,s) is added.

The procedures for projection, lifting and restriction guarantee the substitu-
tion property f(e) = e.

Given that all the operators used to express the solution of regular lan-
guage equations (Theorems 2.1 and 3.1) have constructive counterparts on finite
automata, we conclude that there is an effective (constructive) way to solve
equations over regular languages.

As an example, given a regular language equation LieyX = L, where L is
a regular language over alphabet I x U, L is a regular language over I x O, and
the unknown is a regular language X over U x O, an algorithm for building X
follows (if a solution exists).

Procedure 4.1 Deriving the largest solution over alphabet p to a regular
language equation LiepX = L (if a solution exists)

Input. Regular language L, over alphabet I x U, regular language L over
alphabet I x O, p = {U, O} and language equation Liep X = L

Output. The largest solution S, over alphabet U x O to the language equa-
tion (if the equation is solvable)

1. Derive finite automata F; and F which accept respectively regular lan-
guages L1 and L.

2. If F is a nondeterministic automaton then determinize F' by the subset
construction and obtain the automaton F by interchanging the sets of accepting
and non-accepting states of F.

3. Obtain the automaton Fij(; 0y by replacing each label (i,u) with all
triples (4,u,0), 0 € O.

4. Obtain the automaton FT{ r,u,03 by replacing each label (i,0) with all
triples (¢,u,0), u € U.

5. Build the intersection Fit(7y,03 N FT{17U7O}. The states of the obtained
automaton are pairs of states of Fi1(;,y,0} and FT{I,U,O}v the initial state is the
pair of initial states, and a state of the intersection is accepting if both states of
the pair are accepting.

6. Project Fiq1,v,0y NFr{1,0,03 to p={U, O} by deleting i from the labels
(i,u,0). The obtained automaton in general is nondeterministic; in this case,
determinize it by the subset construction and obtain the automaton Fje pf which
accepts the language L opf. Obtain the automaton S, which accepts the regular

language L, opf by interchanging the sets of accepting and non-accepting states
of F]_ .PF'
7. Derive the automaton (Fi1¢7,v,03 N Spr{1,v,0}) (1,0} If the automaton

accepts the language L then the regular language Llopf is the largest solution
over the alphabet U x O to the equation L,eyX = L. Otherwise, the regular
language equation L;ey X = L has no solution over the alphabet U x O.

We illustrate the procedure for automata shown in Figure 2 where accepting
states are shown in double lines. Automata Fy and F accept correspondingly
the languages L; and L over alphabets I x U and I x O. The automaton F
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(Figure 2c) accepts the language L. Figure 2d shows the automaton Fiirvo N
FT{I)U7O} that accepts the intersection Ly1{7,u,0} OZT{I7U7O}. Figure 2eﬁpresents
the deterministic automaton that accepts the projection of Li1¢7 v,0y N L1(1.0,0}
onto alphabet U x O, i.e., the synchronous composition L; '{U,O}fy while Figure

2f shows the automaton that accepts the largest solution S, = Llopf to the
equation Liesr 0y X = L over alphabet U x O.

(o) CO——~(D
i 10

25 .
by

a) b) ©)

\ 111101
i2M202 i U107

ihu101
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f)

Figure 2. Solving a synchronous equation over regular languages:
a) automaton Fi; b) automaton F’; ¢) automaton F; d) automaton Lie,L;
e) a deterministic automaton (Fi1{7,u,01 N F'1{1,v,0}) | {v,0} Which accepts the language

Lie(01L; f) the automaton which accepts the largest solution S, = Lie,L.

We also illustrate how a solution to a parallel language equation can be
derived when all the languages are regular. Given a regular language equation
L1$OpX = L where L is a regular language over alphabet A;, L is a regular
language over alphabet F, and the unknown language X is over alphabet R C
A1 UE, an algorithm to build X follows (if a solution exists).

Procedure 4.2. Deriving the largest solution over alphabet R to a regular
language equation L1 X = L (if a solution exists)

Input. Regular language L, over alphabet A, regular language L over al-
phabet £, A = AjUFE, an alphabet R C A and a language equation L1 OpX = L

Output. The largest solution Sgi over alphabet R to the language equation
(if the equation is solvable)

1. Derive finite automata F; and F' which accept respectively regular lan-
guages L1 and L.
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2. If F is a nondeterministic automaton then determinize F' by the subset con-
struction and obtain F' by interchanging the sets of accepting and non-accepting
states of F.

3. Obtain the automaton Fi44 by adding a self-loop (a,s,s) for each state s
of FA F; and each a € A\ A;.

Obtain the automaton Fy4 by adding a self-loop (a,f,f) for each state f of
FA F and each a € A\E.

4. Build the intersection Fiqa N Fya where states of Fipa N Fya are pairs
of states of Fipa4 and FﬂA.

5. Restrict F144 N Fya to the alphabet R and apply the closure construction

to obtain a deterministic automaton Sr which accepts the language L1 rL.
6. Derive the automaton (Figa N Srya)ye. If the automaton accepts the

language L then the regular language Li{rL is the largest solution over the
alphabet R to the equation L1{gpX = L. Otherwise, the regular language
equation L1<gX = L has no solution over the alphabet R.

If the regular language equation L1<{)pX = L is solvable over alphabet R
then the largest solution that is a regular language is obtained by Procedure 4.2.
However, the question whether a regular language equation can have solutions
that are not regular is open. If the language equation is unsolvable over alphabet
R then we can attempt to solve the equation over a larger alphabet. However,
if the equation is unsolvable over alphabet A = A; U E then the equation is
unsolvable over any non-empty subset of the alphabet A.

€1,€2,X ‘@ €1,62,X,1 ‘

b) ©)
Figure 3. Solving a parallel equation over regular languages:
a) automaton Fp; b) automaton F; ¢) automaton Sg.

As an example, consider finite automata represented in Figure 3 [9]. We
consider the automaton Fj defined over the alphabet A; = {ej, ea, i} and the
automaton F' defined over the alphabet E = {ej, es, #}. The automaton Sg
shown in Figure 3c is defined over alphabet R = {e1, es, i, } and accepts the

largest solution Sp = L1 gL to the equation L1y X = L.
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Here we notice that there exist effective algorithms based on operators over
finite automata for deriving largest restricted solutions [2, 4, 10]. Moreover, such
algorithms exist also for deriving the largest compositionally progressive solution
over regular languages [8,9].

5 Related work

Various contributions investigating partial aspects of the topic of this research
have been published in the past. The first results related to solving equations in
logic synthesis over series composition of FSMs were obtained in 1972 by Kim
and Newborn [11] and have been developed by the group of Brayton (Berkeley)
(see, for example, [4,12,13]). It has been shown, that for the synchronous in-
equality of FSM languages, the most general solution is a nondeterministic FSM
containing a behavior of each deterministic solution. The most general solution
can be obtained using a number of methods such as fixed-point computation,
WS1S logic, E-machine derivation, and simulation relation (see, for example, [4,
14]). The results were shown to be useful for the optimization of a component
implementation in a logic network, the design of a discrete controller, and in
finding the winning strategy of discrete games. The same results were obtained
independently by the scientific groups of Yevtushenko and Petrenko for testing
a component FSM of a complex system. In this case, the most general solu-
tion describes a behavior of the component that cannot be tested, due to lack
of observability or controllability. Parallel equations over finite automata have
been studied in process algebra. The solvability of a parallel language equation
over finite automata where each state is accepting was established by Merlin
and Bochmann [15]. The algorithm for deriving the largest solution for this case
was proposed by Qin and Lewis [16]. Later, the results were extended by Yev-
tushenko and Petrenko and other researchers to solve parallel FSM equations 9,
10,17].

Afterwards, the teams from Berkeley and Tomsk, led respectively by Bray-
ton and Yevtushenko, together with Petrenko from Canada and Villa from Italy,
became aware of the similarities of the results that they had obtained indepen-
dently To unify their results in a common frame, they proposed to model the
problem as solving equations over languages, specialized over different types of
languages and composition operators, according to different applications. The
results of these investigations were presented through a sequence of papers [1,
2,6,8,18-20] that dealt especially with language equations for synchronous and
parallel composition operators, and applied them to regular and FSM languages.
They obtained the most general solutions for the language inequalities and lan-
guage equations of the form A e X C Cand A X C C, for various composition
topologies. Moreover, restricted solutions of theoretical or practical interest were
characterized. The research is in progress for compositionally progressive solu-
tions, to obtain algorithms for deriving the largest compositionally progressive
solutions for synchronous and parallel regular (FSM) language equations (if such
a solution exists) [8,9].
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A related important research effort has been conducted in the supervisory
control community to study the problem of synthesizing discrete controllers (see,
for example, [21-25]). However, methods for language equation solving cannot
be directly used in supervisory control, and vice versa. Nevertheless, it is very in-
teresting to establish links between the supervisory control and equation solving.
The algorithm for solving equations over regular languages have an exponential
complexity in the worst-case. The reason is the complement operator over finite
automata, which requires a deterministic automaton as an input. The algorithm
in supervisory control applied to regular languages has a polynomial complexity,
even for partial controllability and observability. Therefore, on the one hand,
the equation solving approach seems to be more general as it can deal with ar-
bitrary topologies. On the other hand, the supervisory control approach has a
low worst-case complexity, and it helps to characterize the topologies for equa-
tion solving whose computational complexity is lower than in general case. Such
topologies are partly described in the papers [12,26]. However, the complete
characterization of such topologies is still an open issue.

6 Conclusion

The problem of solving language equations over synchronous and parallel com-
position operators has been studied. The most general (largest) solutions and
the largest alphabets over which a solution exists were characterized. It has been
shown that equations over regular languages can be effectively solved by compu-
tations over finite automata. Restricted solutions to equations were discussed.
The language approach seems to unify the previously reported techniques for
solving equations in logic synthesis and process algebra, and it appears to be
capable of modeling problems with various notions of composition operators
and language acceptance conditions, such as Petri nets, w-languages, etc. How-
ever, procedures for solving effectively equations over Petri net languages and
w-languages must face the problem that generally these languages are not closed
under complementation.

We notice that synchronous and parallel composition operators can be easily
extended to be defined over more than two languages, and thus, the same ap-
proach can be applied for solving multi component language equations [27] and
systems of language equations [28-30].
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Abstract. Two languages X and Y are called conjugates, if they satisfy
the conjugacy equation X Z = ZY for some non-empty language Z. We
will compare solutions of this equation with those of the corresponding
equation of words and study the case of finite biprefix codes X and Y. We
show that the maximal Z in this case is rational. We will also characterize
X and Y in the case where they are both finite biprefix codes. This yields
decidability of conjugacy of two finite biprefix codes.

1 Introduction

The conjugacy equation xzz = zy is a basic equation for words. Words = and y
are conjugates, i.e., they satisfy the conjugacy equation for some word z if and
only if z and y have factorizations = = pq and y = ¢p with some words p and gq,
and then the above z can be expressed as z = (pq)‘p.

For languages we say that languages X and Y are conjugates, if they sat-
isfy the conjugacy equation XZ = ZY for some non-empty language Z. For
empty set Z the conjugacy equation always holds. We also restrict our research
on languages X and Y which do not include empty word and namely we study
finite biprefix codes. We can also note, that not all biprefix codes X and Y are
conjugates. For example with X = {a} and Y = {b} the conjugacy equation
aZ = Zb does not have non-empty solution Z. The conjugacy equation on lan-
guages is not equally easy to solve as the same equation on words. Solutions
of conjugacy equation of words can be extended to languages simply by replac-
ing words z,y, z,p and ¢ by languages X,Y, Z, P and @, but in several cases
these are not all possible solutions. For example, as observed in [2], the solu-
tion X = {a, ab, abb, ba, babb}, Y = {a,ba,bba,bbba}, Z = {a,ba} is not of this
type. However, for some special classes of languages all solutions can be obtained
essentially as solutions of the word case. This is the topic of this note.

In this paper we first define so-called word type solutions of conjugacy equa-
tion on languages. The solutions for words can be expressed as = = (pq)*,y =

* Supported by the Academy of Finland under grant 203354 and Finnish Mathematical
Society International Visitors Program

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
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(gp)* and z = (pq)'p with some integers i,k and primitive word pq. This for-
mulation of solutions is equivalent to the one above. For language equations we
refer to solutions of form

X = (PQ)*,Y = (QP)*¥ and Z = | J(PQ)'P

with primitive languages PQ as word type solutions. This notion has been stud-
ied in [2] by Cassaigne, Karhuméki and Mafiuch, however, our notation is a slight
extension.

We prove our three results. First we define and study the greatest conjugator
of X and Y, that is the greatest language Z (with respect to the subset relation)
such that XZ = ZY. We show that for finite biprefix codes X and Y the
conjugator is rational. This is done by proving that the conjugator is always of
form X*U for some finite language U.

After this we characterize finite biprefix codes X and Y satisfying the conju-
gacy equation with some language Z. We show that these languages can always
be factorized as X = UV and Y = VU for some biprefix codes U and V. This
is achieved by not so obvious combinatorial analysis.

Our third result proves that the conjugacy problem for finite biprefix codes,
i.e., the problem, whether given finite biprefix codes X and Y are conjugates,
is decidable. This is shown as corollary of the previous result and the fact that
the set of all biprefix codes is the free monoid. In the case of arbitrary finite
language the problem is open, and does not seem to be easy.

2 Preliminaries

Let A be a finite alphabet, and A* the free monoid generated by A. Lowercase
letters are used to denote words, i.e., elements of A*, and uppercase letters
languages, i.e., subsets of A*. The empty word will be denoted by 1. For words
notation |w| means the length of word w and for languages | X| is the cardinality
of X. Language is uniform, if all its elements have the same length.

Notation Pref(X) is used for the set of all prefixes of words in X, and similarly
Suf(X) means all suffixes of words in X. Empty word and words in X are
included. We use also a shorthand L’ for the union of powers | J;.; L. Notation
L=" is a shorthand for | J,,.,, L. The language L is called primitive, if L = K*
implies L = K and ¢ = 1, i.e., if the language L is not a proper power of any
other language. If the language is not primitive it is imprimitive.

When we say that an element w in language L is prefix (resp. suffiz) incom-
parable, we mean that neither w is a prefix (resp. suffix) of any other word in L
nor any other word in L is a prefix (resp. suffix) of w. Sometimes this kind of
element is also called left (resp. right) singular in L. (see [5], [10] or [8]) The lan-
guage L is a prefix (resp. suffix) code or just prefix (resp. suffix), if all elements
in L are left (resp. right) singular.

If the language L is both prefix and suffix code, we say it is biprefix code or
just biprefix. It is also known, that the families of prefix, suffix and biprefix codes
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are free monoids [1], [9]. This means that each prefix (resp. suffix or biprefix)
code has unique factorization as catenation of indecomposable prefix (resp. suffix
or biprefix) codes. This means that each prefix (resp. suffix or biprefix) set can
be viewed as a word over a special alphabet. The free base of each of these
monoids is infinite, but in many cases only finite subset is needed.

We also note that for the conjugacy equation XZ = ZY we always have
Z C Pref(X*)NSuf(Y™*). This is clear, since obviously also X"Z = ZY™ for any
integer n and, for any words z € Z and y € Y there exists words z; € X and
2’ € Z such that zy/*l = z; .- 2),2’. This means, since [2| < |z1] + -+ + |24,
that z is a prefix of z1 -2, € X2l e, z € Pref(X*). Dually, z is also suffix
of some word in Y*.

3 Word type solutions

We recall that the conjugacy equation zz = zy for non-empty words has the
general solution

xz =2y < dp,q € X" st. x =pq,y = qp and z € (pq)*p. (1)

This motivates the notion of word type solution of conjugacy equation of the
languages. In [2] this has been straightforwardly defined as:

X =PQ,Y =QP and Z = (PQ)'P (I CN). (2)

We call these solutions word type 1 solutions.
However, there is also a slightly more general way to define word type solu-
tions. The condition (1), in the case of words, is equivalent to the condition

rz =2y < 3p,q € X" st. x = (pg)*,y = (qp)* and z € (pq)*p. (3)
This motivates to define, word type solution of languages as:
X = (PQ)*,Y =(QP)* and Z = (PQ)'P (I CIN). (4)

We call such solutions word type 2 solutions, clearly they include all word type
1 solutions.
These indeed are different notions as shown in the next example.

Ezample 1. Let X = BCBC and Y = CBCB for B = {b} and C = {c} (or
some other biprefix codes). Now both solutions

Pl = B7 Ql = CBC7
X=PQ, Y=Q1P, 7Z,=PQP=(BCBC)B

and

P2 = BCB, Q? = Ca
X = PQs, Y =QusPy, Zo= PoQoPs = (BCBC)BCB
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are of word type in the sense of (2), but their union Z; U Zo, = BCBCB U
BCBCBCB is not. However, if we would use (4) as the definition of word type
solution, we would have

P=B,Q=C,X=(PQ)?Y = (QP)? Z = (PQ)*P = (BC)*B,
P=B,Q=0CX = (PQ)?*Y =(QP)?* Z, = (PQ)*P = (BC)*B

and
Z=7,UZy = (PQ)Z3P

We choose (4) as our definition of word type conjugation of languages.

4 The maximal conjugator

For the commutation equation XY = Y X there has been active research on the
centralizer, that is on the greatest language commuting with given language X.
J.H. Conway asked in [4], whether the centralizer of given rational language is
rational as well. This so-called Conway’s problem has been solved negatively in
general [7], but has proven to have positive answers in several special cases.

For the conjugacy equation XZ = ZY we can similarly study the maximal
solution Z for given languages X and Y. The maximal solution exists and is the
unique greatest one. In the case that X and Y are not conjugates the maximal
(and only) solution is the empty set. If X and Y are conjugates, and conjugated
via all Z; for i in some index set I, then they are, by the distributivity of
catenation and union operations, conjugated also via the union J;.; Z;. Hence
the unique maximal solution is the union of all solutions Z. The special case
where X =Y gives us the centralizer of X.

We can ask the question similar to the Conway’s problem, namely whether
the maximal conjugator of given languages X and Y is rational. The general
answer is of course negative, since the original Conway’s problem has a negative
answer. However, we can again study some special cases. In what follows we use
similar reasoning for conjugacy as has been used for commutation in [6]. First
we need the following lemma.

Lemma 1 (Interchange lemma). If X and Y are finite languages, such that
Y has a suffiz incomparable element y and XZ = ZY for some language Z, then
for each word z € Z there exists an integer n and a word u € Pref(X)\ X such
that z = x1xo - - - xpu for some x; € X, and moreover X"u C Z.

Proof. Let X and Y be finite languages, y a suffix incomparable element in Y,
and Z such that XZ = ZY. Then for each z € Z there exists an integer n and
factorization z = 2125 - - - £u such that z; € X, u € Pref(X) \ X and

2yt = x1x9 - wpuy”t € ZY" = X7
with uy™ € Z. Then again

Pyl xhuy” € X"Z =2ZY"
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where z; are arbitrary elements from X. This shows that X"u C Z, since y is
suffix incomparable in Y.

Theorem 1. For finite languages X and Y, such thatY has suffix incomparable
element y, the maximal conjugator is rational.

Proof. Let X and Y be finite languages, y a suffix incomparable element in Y,
and Z their greatest conjugator. By Lemma 1 for each word z € Z we have
z € X™u C Z for some integer n and word u € Pref(X). Since X2Z = XZY
the language X 7 is included in the greatest conjugator Z. Hence also X*Z C Z
and X*X"u C Z.

Let U C Pref(X) be the set of all words u occurring in the above construc-
tions. Since the language X is finite, so is U. Now, for each u € U, there exists
minimal integer n, such that X*X™u C Z and each word z € Z is in one of
these sets. Hence we conclude that the maximal conjugator of X and Y is

Z:X*<U X"“u).

uelU

This set is rational, since the set U,cy X™u is finite. Note that if X and Y are
not conjugates, then Z is the empty set.

The proof of previous Theorem is not constructive, since it needs the maximal
conjugator to be given. Hence the result is noneffective.

In a suffix set all elements are suffix incomparable, therefore this result holds
in the case of finite biprefix codes X and Y.

5 Characterization of conjugacy of finite biprefix codes

In this section we characterize, when biprefix codes X and Y are conjugates.
In what follows, we assume that X and Y are finite biprefix codes such that
X7 = 7Y for some nonempty language Z.

Lemma 2. We have: For every integer n > min{|z| | x € X} there exist finite
biprefiz codes U, and V,, satisfying

XNAS" =U,V, NAS™  and (5)
Y NAS" =V, U, N AS™.

Proof. Let Xy, Yy, Zy be the sets of elements in X, Y, Z of minimal length and
no = min{|z| | * € X}. Then, since Xo,Yy and Z, are uniform languages,
XoZy = ZoYp holds and the solution is of word type, see [2]. This means that
Xo = UnyVay, Yo = Voo Uy, and Zy = (Up, Vi, )™ Up, for some unifor U,, and
Vi and integer m > 0. Hence (5) holds for n = nyg.

Let us choose ug € Uy, vg € Vi, and zo = (ugvg)™ug € Zo. We assume that
we have already constructed U; and V; for ng < i < n and next we construct U,
and V,, for n > ng, so that U,,_y C U, and V,,_1 C V,,.
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First we show that U,,_1V,,_1 N AS" C X and V,,_1U,,_1 N AS" C Y. Let
u € Up—1, v € V1 such that |uv| = n, if such elements exist. Then |uvg| < n
and |ugv| < n, 80 uvg, ugv € X and vou,vug € Y. Now zgvouvug € ZY? = X227
and by regrouping elements we have

20v0uvg(Voto)™ = (ugve) "™ uvzy € ZX™T? = XM 27

and since X is biprefix, we get uvzg € XZ. Hence uvzg = xz with x € X and
z € Z. Here |z| > |z0], i.e., x is a prefix of uv € Up,_1V,—1. If |2] < n, ie., x is
a proper prefix of uv, then also x € U, _1V,,_1 and this is a contradiction, since
U,—1V,—1 is a biprefix. Therefore || = n and = wv € X. Similarly vu € Y
and so U,_1V,,_1 NAS" C X and V,,_1U,,_1 NAS" C Y.

Next we deal with the words in XNA"\U,,—1V;,,—1 (and in XNA"\U,,_1V,_1)
and show that some words can be added to U,,_; and V,,_1 to form U,, and V,,.

If there exists © € X N A" \ U,,—1V,,—1, then

(uguo) ™ rzg = zovomug(voug)™ € X™T2Z = Zy™t?

and hence Y is biprefix, zgvgzug € ZY?2. Therefore Zyvozug = zyy’ for some
v,y €Y and z € Z,|z] > |2o|. See the Figure 1 for illustration. Now yy’ is suffix
of vozug and |ug| < no < || < Jvozugl — ly| =n +no — ly| < n. So y' = v'uo,
where v’ is a suffix of . We have two cases:

— If |y/| < n, then v = v'uy € V;,_1U,—1 and, since U,_1 is a biprefix, v’ €
Vi—1. Now z = v/v’, where v’ ¢ U,_1, and y is a suffix of vou'. For lengths
we have now ng < |y| < |vow'| = |vozug| — |y'| = n+no —|y’'| < n. There are
two subcases on the length of y:

o If |y| < m, then y = v"u” € V,,_1U,,— for v’ € V,_1,u” € U,_;. Now
[v"u"| < |vgu'|, since y = v"u” is a suffix of vou', and also |[v”] > |vg|.
Hence |[u”| < |u/| and u” is a suffix of «’. In fact «’ # u”, since v’ ¢ U, _1
and v” € U,,_1. Now u"v' € U,_1V,,_1 and, as we just proved above, by
its length

//| _

|u"v'| < |vozug| — |v lugl < m

also u’v" € X. This means that v”v' and x = u/v’ are both in X and
u”’v’ is a proper suffix of x = u’v’. This contradicts the fact that X is a
biprefix.
e On the other hand, if |y| = n = |z|, then |y'| = no, |2| = |20| and
y = vou’. In this case we add u’ to Uy, so that z € U, V,,,.
— If |¢/| = n, then x = «/'v' with |[u/| = |up| and |y| = |vozue| — |¥'| = no, so
y = vou’. Hence y € V,, Uy, and so v’ € Uy, . In this case we add v to V,, so
that z € Uy, V,.

We proceed similarly for y € YN A™\ V,,_1U,,—1. Note that by the construction
of U,, and V,, max,ev, |[v|+ min,ep, |u| < n and max,ecp, |u|+miney, |v] < n.

Now for each element u in U, \ U,—; there exist elements v' and v” in V,,
such that uv’ € X N A™ and v"u € Y N A". We have to show that uVy C X and
V()U - Y.
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Fig. 1. Illustration of equation zovozuo = zyy’.

Let v € Vj,,. Then vug € Y and upv € X. Since
(uovo) ™ upv" uvzg = 2o(v"u)(vug) (voue)™ € ZY™2 = X127,

there is ugv"uvzg € X2Z. Since ugv” € Up, Vi, € X we obtain uvzg € XZ, so
uvzg = x2.

If || < n = |uwl|, then x € U,_1V;,—1 C U,V, and z is proper prefix of
wv € U,V,,. However, this can not be the case, since U,, and V,, are both biprefix
codes (see below).

If |z| > n, then |z| < |zo| which contradicts the minimality of |zo|. Hence
|z] =n = |uwv| and x = uwv € X. Vi, is obtained dually.

Similarly, for each element v in V,, \ V,,_; there exist elements v’ and u” in
Uy such that v'v € X N A™ and vu” € Y N A™ and we can prove that U, v C X
and vU,, CY.

U, and V,, are biprefix codes: If v’ € U, is a proper prefix of u € U,, we
can assume that |u| = n — |vg| (otherwise we are in U, _1, which is a biprefix)
and u' € U,—_1. Then there exists such v € V,,, that v"u € Y, but then also
v"u’ € V,,,Up—1 CY. Since Y is biprefix, we have a contradiction.

Similar reasoning applies also, if v’ € U, is a proper suffix of u € U,,. Hence
U, is also a suffix code and therefore it is a biprefix.

Similarly V,, is a biprefix code.

Theorem 2. If finite biprefiz codes X and Y are conjugates, then X = UV and
Y = VU for some biprefiz codes U and V.

Proof. Applying Lemma 2 for n = max,ex || + maxyey |y| — no, we obtain:

for all u € Uy, uvg € X, so |u| < maxzex |z — |vol

<
for all v € V,,,vup € Y, so |v] < maxyey |y| — |uo] } so Juv| <n

Hence

U, V, NAS" = U, V,

VU, NAS™ = V,,U,
XNAS" =
YNAS" =Y

and we have X = U,V,, and Y = V,,U,.
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The theorem 2 deserves a few comments. It shows that if finite biprefixes X
and Y are conjugates, that is satisfy the conjugacy equation X7 = ZY with
nonempty Z, they can be decomposed into the form

X = PQ and Y = QP for some biprefixes P and Q.

Of course, the reverse holds as well, namely they satisfy the conjugacy equation,
e.g., for Z = P(QP)!, with I C IN. Hence the conjugacy in the case of finite
biprefixes can be defined equivalently in the above two ways. In general, these
definitions are not equivalent as discussed in [3].

To continue our analysis let us see what happens if the biprefixes X and Y
have two different factorizations

X=UV,Y=VU and X=UV.,Y=VTU'.

This indeed is possible, if X and Y are not primitive, as pointed out in Example 1.
We show that this is actually the only way this can happen. For this we need
the following simple lemma on words.

Lemma 3. All solutions of the pair of word equations
Y = uv
yr = vu
over some finite alphabet are of the form x = B(ap)?, y = (af)a, u = B(aB)*
and v = (afB)'a with i +j =k + 1.
Proof. If we assume that |u| < |z], the first equation implies that for some word ¢
T =ut

and hence
v =ty and yut = tyu.

The latter condition means that yu and ¢ commute, i.e., we can write
t=(ap), y=(ap)’a, and u = B(ap)*,

where «, 3 € A* and d, e, f > 0. This leads to the solutions

T = ﬁ(aﬁ)e+f
y = (af)’a
u = B(af)°

u = (af)ta

The case |z| < |u| is symmetric and solutions are the same up to renaming of z,
Yy, u and v.

Since biprefix codes can be viewed as words over the alphabet of all inde-
composable biprefixes, we conclude from Theorem 2 and Lemma 3 the following
theorem.
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Theorem 3. If finite biprefix codes X and Y are conjugates, then X = (PQ)*

and' Y = (QP)* for primitive languages PQ and QP and unique biprefix codes
P and Q.

Proof. The theorem 2 implies that X and Y have some factorization X = UV
and Y = VU with biprefix codes U and V. If X = UV =U'V' and Y = VU =
V'U’ are two different such factorizations of X and Y, then we can simply apply
the Lemma 3 for equations
uov =0V’
{VU =V'u -

Here biprefix codes are now viewed as words over the alphabet appropriate
finite set of indecomposable biprefix codes. This gives that always U = P(QP)7,
V = (QP)*Q, U’ = P(QP)" and V' = (QP)™Q for some integers j, k,l and m.
Then X = (PQ)" and Y = (QP)* for some integer i. Naturally P and @ can be
chosen so that PQ and QP are primitive roots of X and Y respectively.

Hence all different factorizations X = UV, Y = VU can be given in the form
above as products of the same biprefix codes P and Q. then

Now, we are ready to conclude our remarks. If X and Y are finite biprefixes,
which are conjugates, then there exist unique biprefixes P and @ such that
X = (PQ)" and Y = (QP)". Hence X and Y are conjugates in the form of word
type 2 as in formula 4. On the other hand the form of Z is still open and it is
not necessarily always Z = (PQ)! P. This needs to be examined more closely in
the future.

6 Conjugacy problem for finite biprefix codes

We will refer to the problem ”Are given finite languages X and Y conjugates?”
as the conjugacy problem. In general, the decidability status of this problem is
not known. Our results allow to answer it in the case of biprefix codes.

Theorem 4. The conjugacy problem for finite biprefix codes is decidable.

Proof. Let X and Y be finite biprefix codes. Languages X and Y have unique
factorizations as catenation of indecomposable biprefix codes. These factoriza-
tions can be found for example by finding the minimal DFA for these biprefixes.
Theorem 2 shows that if X and Y are conjugates, then X = UV and Y = VU
for some biprefix codes U and V. Since the prime factorizations of X and Y are
finite, there are only a finite number of candidates for U and V. If U and V can
be found, then equation XZ = ZY has at least word type solutions with given
X and Y. If on the other hand, suitable U and V' can not be found, then X and
Y are not conjugates.
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On the operational orthogonality of languages
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Abstract. Motivated by the applications of signal orthogonality in the
Code Division Multiple Access (CDMA) multiplexing scheme, we intro-
duce the generalized notion of orthogonality for languages relative to
any binary word operation. We consider basic algebraic and decision-
theoretic properties of orthogonal languages. We also consider the solv-
ability of language equations involving the orthogonal concatenation op-
eration.

1 Introduction

The Code Division Multiple Access (CDMA) multiplexing scheme used in ra-
dio communications allows for the simultaneous reception of transmissions from
multiple senders by assigning each sender a waveform which, when superimposed
with the waveforms of other senders, generates a signal which can be uniquely
decomposed back in to the original waveforms. This is possible due to the addi-
tive nature of interfering radio waves and the careful choice of waveforms which
are mutually orthogonal. In the case of binary signaling, we may represent wave-
forms as binary vectors of some finite size leading to a simple choice of those
waveforms which are represented by orthogonal vectors in the sense of traditional
linear algebra?.

The theoretical and practical properties of CDMA have been investigated
thoroughly in the engineering literature, including algebraic studies of CDMA
variants (see, e.g., [2]). These studies, however, principally concern themselves
with the details of radio communications, rather than abstract communications
channels. In this paper we seek to generalize the notion of orthogonality to
arbitrary word operations to perhaps facilitate the investigation of code-division
multiplexing schemes in the more general context of abstract coding theory.
Restrictions of operational orthogonality have been previously studied for the
concatenation operation in the formal language theory literature on language
equations. We present here a general framework for studying orthogonality in
the light of previous related work and demonstrate preliminary results for the
operations of concatenation and shuffle on trajectories.

* We refer the reader to [13] for an introductory text on CDMA.
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2 Preliminaries

In the following X is a finite alphabet. The set of all words over X is X* and X+

is the set of non-empty words over X. The length of a word w € X* is |w| and

¢ is the empty word. The set of symbols of X' occurring in a word w is alph(w).
For w € X* and L C X* we define

wl'L={ue X |wuecl), Lw'={ucX|uweclL).

R— ¢, - a; and

The reversal of a word w =a; - -an,a € X, i=1,...,n,is w
the reversal of a language L is L = {w'' | w € L}.

Let L C X*. The set of prefixes (respectively, proper prefixes) of words of
L is denoted pref(L) (respectively, ppref(L)). Similarly the sets of suffixes and
proper suffixes of words of L are suf(L) and psuf(L).

A nondeterministic finite automaton (NFA) is a four-tuple
A= (25Q7QO7F75)a

where X' is a finite alphabet, @ is a finite set of states, ¢y € @ is the start state,
F C @ is the set of accepting states and ¢ : @ x X' — P(Q) defines the transitions
of A. The automaton A is deterministic (a DFA) if for all ¢ € @Q and a € X,
16(g,0)] < 1.

In the standard way the transition function ¢ is extended to a function @ x
Y* — P(Q) and the language accepted by A is

L(A) = {w e X" | §(qo,w) N F # &}.

The nondeterministic and deterministic finite automata accept exactly the reg-
ular languages [15].

The notions associated with orthogonality have close connections to formal
power series and, for example, the proof of the main decidability result for or-
thogonal catenation [1] relies on power series. Here we do not discuss power
series in detail and the interested reader can find more information e.g. in [10].

To conclude this section we recall the notion of shuffle on trajectories oper-
ation originally introduced in [11].

A trajectory t is a word over the alphabet {0,1}. For x,y € X*, the shuffle
of z and y along a trajectory ¢, x1u; y, is defined inductively as follows.

If £ = a2, y=>by (with a,b € X)) and t = et’ (with e € {0,1}), then

~ Joa(z wy by') if e = 0;
T Y= blaa’ Ly o) if e = 1.

Ifex=ax' (a€X),y=cand t =et' (e € {0,1}), then

a(z' 1y e) if e = 0;
Xllep € = .
%] otherwise.
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Ife=ec,y=0by (be X)and t =et’ (e € {0,1}), then

[ bewp y)ife=1;
Ether Y = { %) otherwise.

Welet z .y = @ if {a,y} # {}. Finally, if t =y =¢, theneuye=cift =¢
and @ otherwise.
We extend shuffle on trajectories to sets T C {0,1}* of trajectories as follows:

TP Y = Uxmty.
teT

Further, for Ly, Lo C X*, we define

Liwr Ly = U Wy y.

x€Lq
yELo

3 Definition and Basic Properties of Orthogonality

We begin by introducing the notion of operational orthogonality. By a binary®
word operation on X* we mean a function o : (X*)2 — 2*". The operation o is
extended to languages Ly, Lo C X* as

LioLy = U Toy.

x€Ly,yEL>
Let L, Ly, Ly be languages over Y.

Definition 1. We say that L is an orthogonal o-composition of Ly and Lo,
denoted
L=1Li0) Lo,

if the following two conditions hold

(ORl) L:Ll OLQ, and
(OR2) (Vuj,v; € Lyiyi = 1,2) if (ug,us) # (v1,v2) then u; oug Nwy ovg = .

Given languages L; and Lo, we define their orthogonal o-composition as

LyoLy; if condition (OR2) holds,

Lyol Ly = {undeﬁned otherwise.

If Lio, Lo is defined, we say also that the languages L and Lo are o-orthogonal.
Note that in the above statement the order of the languages is significant since
the o-orthogonality relation is not symmetric.

For commutative word operations we can make the following observations:

5 All below notions can be extended in an obvious way for n-ary operations, n > 2.
For simplicity below we discuss only the binary case.
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Lemma 1. Let o be a commutative binary word operation. Then Ly and Lo are
o-orthogonal if and only if Ly and Ly are o-orthogonal.

Proof. Let o be a commutative binary word operation, and assume that L, and
Lo are o-orthogonal. Assume, contrary to what we want to prove, that Lo and
Ly are not o-orthogonal. Then there exists © € Ly o Ly with two factorizations
r €y o0z and T € Yo 0 29, Where y1,y2 € Lo and 21,29 € Li. But now since,
e.g., Y1 021 = 21 oY1, we have contradicted that L; and Lo are o-orthogonal. 0O

More generally, using the notation from Kari [7], let o® be the word operation
defined by z off y = y o 2. Then the following result is established

Lemma 2. Let o be a binary word operation. Then Ly and Lo are o-orthogonal
if and only if Ly and L1 are o®-orthogonal.

We note that the converse of Lemma 1 does not hold. In particular, if o is the
binary word operation defined by a o b = {ab} and z oy = & for (z,y) # (a,b),
then the operation o is not commutative, but any pair of languages L; and Lo
are o-orthogonal.

4 Concatenation Orthogonality

In the following we concentrate on the catenation operation. When we need
to use notation for orthogonality of the operation, we denote catenation by ©.
When we do not need notation for orthogonality we denote, as usual, catenation
of languages Ly and Ly simply as L Lo.

Let L C X* be a language. If L is a code then L ®, L is defined, i.e., L is
®-orthogonal with itself. However, the converse does not hold since

{a,b,ab} ® {a,b,ab} = {aa, ab, aab, ba, bb, bab, aba, abb, abab},

and hence {a, b, ab} is ®-orthogonal with itself.
By definition, a sufficient condition for languages L and L’ to be ®-orthogonal
is that

(i) L is a prefix code, or,
(ii) L' is a suffix code.

In particular, it follows that
L and X* are ®-orthogonal iff L is a prefix code, (1)

and,
X" and L are @-orthogonal iff L is a suffix code. (2)

The below result showing that the operation ® is associative for non-empty
languages follows easily from the corresponding well known property of formal
power series.
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Lemma 3. Let L;, i =1,2,3, be non-empty languages. Then
(L1 ©®1 L2) ©1 Ly = L1 ©1 (L2 ©1 L3).

The above equality includes the condition that the left side is defined iff the
right side is defined.

Lemma 3 needs the assumption on the non-emptiness of the languages. For
example, if L = {a,aa} then

(@@lL)QLLZQ

but @ ®; (L ®1 L) is undefined. In the statement of Lemma 3 it would be
sufficient to require that only L; and L3 are non-empty.

A natural question will be for which languages we can decide whether or not
the languages are concatenation-orthogonal.

Proposition 1. Given regular languages Ly and Lo, it is decidable whether or
not Ly and Lo are ®-orthogonal.

Proof. The result is well-known and follows also from Theorem 5 below since
catenation can be expressed as shuffle along the regular set of trajectories 0*1*.
O

As can be expected, the result of Theorem 1 cannot be extended for context-
free languages, not even in the case where only one of the languages L or Lo is
context-free. Since it is undecidable whether or not a given linear context-free
language is a prefix- (respectively, a suffix-) code [6], the observations (1) and (2)
give the following undecidability result.

Theorem 1. Given a linear language L and a reqular language R it is undecid-
able whether or not

(i) L and R are ®-orthogonal,
(ii) R and L are ®-orthogonal.

If L; and Lo are languages over a unary alphabet {a}, L; and Ly cannot be
®-orthogonal whenever they contain any two words in common. This relates to
the commutativity of unary concatenation. For commutative operations it may
be appropriate to consider a somewhat different definition of orthogonality. We
hope to return to this topic in later work.

4.1 Language equations

Here we consider language equations involving the orthogonal catenation opera-
tion. The result of Proposition 1 means that given regular languages L, L, and
Lo we can effectively decide whether or not the equation

L=L,®, Ly
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having no variables holds.
Next we consider one-variable equations

L=1L 0, X, 3)
or its symmetric variant

L=X®, Ly, (4)
and two variable equations

L=X0,Y. ()

Recall that the orthogonality property is not symmetric. However, we can
make the observation that if L; and Ly are ®-orthogonal then LE and Lf are
®-orthogonal and

(L1 O1 L) = L§ &1 L

Thus an equation . = X @, L; has a solution Xj if and only if the equation
L = L ©, X has a solution XJ*. This means, in particular, that when the
language constants are regular (or restricted to any language family that is closed
under reversal) an equation (4) can always be reduced to an equation (3). In the
following we restrict one-variable equations to be of type (3).

A two-variable equation (5) has always the solution

LZL@J_{E}Z{E}@J_L.

We say that these solutions are trivial solutions.

Without loss of generality we can assume that all solutions to equations (3)
or (5) must be over an alphabet X~ where X contains all symbols occurring in
words of L. The alphabet X' is usually not mentioned separately.

The following strong result is established by Anselmo and Restivo [1].

Theorem 2. [1] For regular languages L and Ly it is decidable whether or not
an equation (3) has a solution. A possible solution is reqular and can be effectively
constructed.

The solutions for one-variable language equations L = L1 X obviously do not
need to be unique if we do not impose the condition of orthogonality. The proof
of Theorem 2 in [1] implies that if (3) has a solution, it is unique. The proof
given in [1] uses formal power series and below we give an elementary proof of
the fact that one variable equations with orthogonal catenation have a unique
solution, even without assuming regularity of the languages L and L;.

Lemma 4. Let L and L1 be nonempty languages. If an equation L = L1 ®; X
has a solution for the variable X, the solution is unique.

Proof. For the sake of contradiction assume that there exist languages Lo # L
such that
L=Li0,L=L o, L (6)
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Let vo be a word of minimal length in the symmetric difference of Lo and L.
Without loss of generality we can assume that ve € Ly — L). Let u; be a word
of minimal length in L;. Now (6) implies that there exist v} € Ly and v} € L}
such that

u vy = Uy, (7)

If v}, € Lo, then the above equation would violate the ®-orthogonality of L and
Lo, and we can conclude that v} € L}, — Lo.

In particular, v # v2 and since vg is of minimal length in the symmetric
difference of Ly and L} it follows that |v| > |va|. Now by (7), |u}| < |ui| which
contradicts the assumption that u; is of minimal length in L;. a

It is known that any one-variable equation involving (ordinary) catenation
L=I1X (8)

has a minimal solution [9]. As a consequence of Theorem 2 or Lemma 4 we
observe that any solution to (3) has to be a minimal solution to the corresponding
equation L = L1 X involving ordinary catenation.

The analogy of Lemma 4 does not hold for two-variable equations (5). For
example, by considering decompositions of individual words it is easy to see that
solutions to (5) need not be unique.

For two-variable equations involving ordinary catenation

L=XY, 9)

where L is regular, the existence of non-trivial solutions is decidable [3,9,12].

For a given regular language L it is possible that the equation (9) has a
non-trivial solution but the corresponding two-variable equation with orthogonal
catenation (5) has only trivial solutions. As an example we can consider the finite
language {e,a,a?} = {1,a} - {1,a} where catenation is clearly non-orthogonal.

While any solution to (3) has to be regular, assuming that L and L; are
regular, it is noted in [1] that a regular language can be the orthogonal catenation
of two non-regular languages. For example,

* 21 2441

a* =12 (e +a* ) oL IX)(e+a* ). (10)

The unary language a* has different orthogonal decompositions into regular
components, however, in this case one of the components has to be finite.

Lemma 5. Let L be a regular unary language. If (5) has a solution (Lx, Ly)
where Lx and Ly are regular, then one of the languages Lx or Ly has to be
finite.

Proof. If Lx and Ly are infinite and regular, there exist mq, ms > 0 and nq,no >
1 such that a™*(a™)* C Lx and a™2(a™)* C Ly. This means that the word
a™tmztninz hag two different decompositions into words of Lx and Ly, and
the languages are not ®-orthogonal. ad
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From Theorem 2 it follows that in any solution for (5), where L is regular, if
the language for one of the variables X or Y is regular, also the language for the
other variable has to be regular. This property clearly does not hold for solutions
of equation (9) involving ordinary catenation.

Open problem 3. (i) Is it possible, for a regular language L, that (5) has non-
reqular solutions for X andY but no non-trivial reqular solution?

(ii) Given a regular language L is it decidable whether or not (5) has a non-
trivial solution (respectively, a non-trivial reqular solution)?

To conclude this section we show that existence of solutions for two-variable
equations is undecidable when the constant language is context-free.

Theorem 4. Given a linear context-free language L it is undecidable whether
or not the equation (5) has a non-trivial solution.

Proof. 8 Let Ipcp = (U1, s Um; V1, .- s Um), Ui v; € {a,b}F, 0 = 1,...,m,
m > 1, be an arbitrary instance of the Post correspondence problem (PCP).
Without loss of generality we assume that

Ul 7é V1. (11)
We denote

/ . — —
Ipep = (U1, - oy Uy U 13 V15« -« s Uy Ump1) WHETE Upyp1 = €, Uppy1 = CC

Now I p is a PCP instance over the alphabet {a, b, c}. The new elements w,, 11
and v,,41 have been added only for technical reasons and they clearly cannot be
used in any solution for I'p.p (because they have different length and no other
words of Ipqp contain occurrences of ¢). Thus

the instance I'pp has a solution iff the instance Ipcp has a solution.  (12)
We define
2={1,...,mym+1,#,a,b,c} and X = 2U {$}.

For notational convenience, the alphabet Y’ is allowed to depend on the given
PCP instance. Everything below works if we code the symbols 1,...,m+1 over a
fixed alphabet where the coding is chosen so that the first symbol of the encoding
of m + 1 is distinct from the first symbol of the encoding of 1.

We define a linear context-free language L C X*:

Ui iidfv, vy > 1,1 <, <m+1,5=1,...,k}-{$,88}.
First we establish some properties of any decomposition of L as a non-trivial
catenation of two languages (without imposing any orthogonality condition).

Then we show that (5) has a non-trivial solution if and only if the PCP instance
Ibop does not have a solution.

5 One of the referees has pointed out that Theorem 4 has a shorter proof that uses a
reduction to the equivalence problem of linear languages.
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Claim. If we can write
L= Ll : L23 (13)

where Ly # {e}, then Ly C {¢,$, $3}.

Proof. If the claim does not hold, then (since the symbols $ occur only at the
end of words of L) the language Ly contains a word y € 2 -{¢,$,$$}. If y € L,
then there cannot exist any nonempty word w such that wy € L. In other words,
if e € Ly then Ly = {e} which is a contradiction.

Hence we can conclude that ¢ € L; and (13) implies that there exist 21, 25 €
X* such that 1- 2, € Ly and (m + 1) - 25 € L;. However, only one of the words
1-2z1-yand (m+1)- 29 -y can be in L because 11, Uymt1 end with ¢ and uq,
v1 do not end with c.

This concludes the proof of the claim. a0

Claim. If we can write L = Ly - Ly where Ly # {c}, then $$ & L.

Proof. By Claim 4.1, we know that Ly C $*. Since 1#u; € L, it has to be the
case that 1#u; € Li. Now if $$ € Lo, then 1#u1$$ € L1 - Ly but 1#u,$8 € L
by the definition of L and (11). ad

Now we continue to show that I~ p has a solution if and only if the equa-
tion (5) does not have any non-trivial solution.

First assume that i,...,7; is a solution for I}DCP. Let L; and Lo be an
arbitrary non-trivial solution for X and Y in (5). By Claim 4.1 and Claim 4.1
we know that the only possibilities are that Ly = {$} or Ly = {¢,$}. The first
case is impossible, since there exist words in L which do not end with $. Thus,
we must have Ly = {¢, $}.

Since w1 =i - - - L1 F#u,, - - ug, € L, it follows that wy € L;. Since

ik-~-i1#vi1 Ulk$$ e,

it must be the case that wg = i ---i1#v;, ---v;,$ € L1. (Note that the word
i - L1V, - - 05,98 cannot be in Ly since L1$ C L.) Now the word wy-$ = wq-€
has two different decompositions and the languages L; and Ly cannot be ®-
orthogonal.

Second, assume that I~ p does not have a solution. We define

Ly ={ig--i1dug, -wy, [ E>1,1<i; <m+1,j=1,...,k}
U{ig--ai#tv, v, | £>1,1<i;,<m+1,7=1,...,k}-{$}.

We have L = Ly -{e, $} and we verify that L; and {e, $} are ®-orthogonal. If this
were not the case, there must exist r,s > 1land 1 < éy,...,%,J1,...,70s <m+1,
such that
by iU U, S = e AUy, ;.8 - €
The above implies that » = s, %, -+ - 41 = j, - - - 51 and u;, - - - u;,. = V4, -+ - v;,. This
is impossible since Ipp was assumed not to have a solution.
By (12) this concludes the proof of the theorem. O
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5 Shuffle on Trajectories Orthogonality

In this section we consider orthogonality modulo the shuffle on trajectories oper-
ation. We consider the question of the decidability of the orthogonality property
for this operation.

Theorem 5. Given regular languages L1, Lo C X* and a regular set of trajec-
tories T, it is decidable whether L1 and Ly are Lup-orthogonal.

Proof. " Let f; be the rational transduction defined by
fi={(u,v): v € u~r L;}

for i = 1,2. Here ~»r is the deletion along trajectories operation [4, 8]; the closure
properties of ~» easily show that f; is a rational transduction for ¢ = 1, 2. Let
L = Lywur Ls. Then Ly and Ly are up-orthogonal if and only if f;|7, is a function
for i = 1,2. Whether or not each f;|r, is a function can be decided by a result of
Schiitzenberger [14].

We note that Iwama [5] has proven that it is decidable whether L; and Lo
are L-orthogonal for regular languages Ly, Lo (i.e., the case of T = {0,1}*).

6 Conclusions

In this paper, we have considered orthogonality as a general concept of binary
operations. Our investigation is motivated by the concept of CDMA multiplexing
schemes. We have obtained new results for orthogonality related to shuffle on
trajectories and concatenation. Some questions are still open, including deciding
whether a regular language has an orthogonal decomposition with respect to
concatenation, and one-variable language equations with respect to orthogonal
shuffle on trajectories.
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Abstract. Language equations with an operation of adding numbers
written in a positional notation are considered. It is shown that this
operation together with union and intersection invests equations with
a sufficient expressive power to simulate every trellis automaton, as well
as to specify some languages not accepted by any trellis automaton. The
results have applications to conjunctive grammars over a unary alphabet
and the related families of language equations.

1 Introduction

Resolved systems of language equations of the general form

Xl = <P1(X1,-~-7Xn>
: )
Xn= <)071()(1a7)(n)

with different operations allowed in their right-hand sides are the oldest and
likely the most studied type of language equations.

As established by Ginsburg and Rice [3], if the allowed operations in (*) are
concatenation and union, then least solutions of such systems provide semantics
to the context-free grammars. If in addition the intersection operation may be
used, the resulting systems define the class of conjunctive grammars introduced
by Okhotin [9,10]; these grammars have attractive practical properties, such
as efficient parsing algorithms, and are surveyed in a recent article [14]. The
case of systems (*) using negation but neither union nor intersection was first
considered by Leiss [8] and recently studied by Okhotin and Yakimova [13]; by
their expressive power, these systems are incomparable with the context-free
grammars.

An important case of such equations is the case of a unary al-
phabet. In the case of union and concatenation, it is well-known that
the unary context-free languages are regular. In contrast, equations with
concatenation and complementation can specify the nonregular language

* Supported by MNiSW grant number N206 024 31/3826, 2006—2008.
** Supported by the Academy of Finland under grant 118540.

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
TUCS General Publication No 44, pp. 54-66, 2007.
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{a™ | the octal notation of n starts with 1, 2 or 3}, see Leiss [8]. As for equa-
tions with union, intersection and complementation, their expressive power over
a unary alphabet (or, equivalently, the expressive power of unary conjunctive
grammars) was one of the long-standing open problems in the area [9, 14], and
it was conjectured that only regular languages are can be obtained.

This conjecture has recently been disproved by Jez [6] who constructed a
conjunctive grammar for the language {a*" | n € N}. This grammar, written in
the form of a system of language equations, is as follows:

X, = (X2X2 ﬂXng) U a

Xo = (X12X2 NX1X7) U aa (1)
X3 = (X12X12 N X1X2) U aaa

X9 = (X3X3 N X1X2)

Its least solution is X; = {a’ | base-4 notation of £ is 50...0}, for i = 1,2,3,12.

The system (1) effectively encodes manipulations with the positional notation
of numbers. In order to continue the study of unary language equations, it would
be convenient to deal explicitly with numbers written in positional notation.
The subject of the present paper are equations on languages over alphabets
X =1{0,1,...,k—1}, in which every word is interpreted as k-ary notation of a
number. Instead of the concatenation operation we shall use addition of numbers
written in k-ary notation. Our goal is to establish the expressive power of such
equations and apply these results to unary language equations.

2 Languages of numbers written in positional notation

Fix a number k > 2 and consider the alphabet X, = {0,1,2,...,k — 1} of k-ary
digits. Words over this alphabet represent non-negative integers written in k-ary
notation. Let the empty word € € X} denote the number 0. No representation of
a number shall begin with 0, that is, the set of valid representations of numbers
is X} \ 02} . We shall consider formal languages over this alphabet, such as the
following language of binary notations of all powers of two: 10* C X3.

Define a word operation Hy : X} x X} — X7, which represents addition of
numbers in k-ary notation:

uwHg v = {the k-ary notation of i + j | w is the k-ary notation of i,

v is the k-ary notation of j}

The notation H will be used when the alphabet is clear from the context. We shall
use this operation in the language-theoretic rather than arithmetical context.
Then it can be said that u B v combines the corresponding symbols of u and
v and thus computes a certain word of length max(|ul, |v|) or max(|ul, |v|) + 1.
This, in particular, can be used to modify individual symbols of a word:

Ezample 1 (Modifying a digit). Let wiv € X} \ 0X}, let ¢ # k — 1. Then uiv B
10/Yl = u(i + 1)v, that is, one symbol has been modified.



56 Artur Jez and Alexander Okhotin

Note that such a modification is irreversible: there is no w € X}, such that
u(i + 1)v By w = wiv. Define the corresponding subtraction operator on words
as follows:

uBg v = {the k-ary notation of ¢ — j | u is the k-ary notation of i,

v is the k-ary notation of j, for ¢ > j} .

This operator is formally an inverse of Hy, since w B v = v if and only if
uHv =w.

Let us extend the operations of k-ary addition and subtraction to languages
in the standard way as KB L = {uBv|u € K,v € L} and KHBL = {uBv|ue€
K,v € L}. Then, for instance, for k¥ = 10 it can be said that 97 2 = 10*1 and
3"H1* = 3*2%,

By definition, this operation on languages is monotone with respect to the
partial ordering of languages by inclusion, that is, whenever K C K’ and L C L/,
it holds that KEHK’' C LHL’. It is also continuous, in the sense that for every two
increasing sequences of languages {K,}°2; and {L,}22,, the sequence {K,, B
Ly} has the least upper bound | |,. o Kn B Ly, = | |, Kn B[ ],5¢ Ln- These
properties are essential for considering language equations with this operator.
By the basic results on fixed points, every resolved system of equations X; =

vi(X1,...,X,) (1 = 1,...,n) using only monotone and continuous operations
(in particular B, U and N) has a least solution given by | |, ., ¢"(9,...,9),
where ¢ is a vector notation for (1, ..., ).

Our primary motivation for studying these equations is their correspondence
to language equations over an alphabet {a}. Define the bijection fj : X\ 02} —
a* as

fr(w) =a™, where w read as k-ary notation represents n.

Since fiu(u By v) = fiu(u) - fo(v) and f7 (@™ - a") = f;} (@) B f; (@), this
mapping is an isomorphism. Extend it to languages in a usual way as fr(L) =
{fr(w)|w € L}, obtaining an isomorphism between unary languages and subsets
of X3\ 0X}. This isomorphism extends to systems of language equations over X,
using Boolean operations and H, and language equations over {a} using Boolean
operations and concatenation: H is replaced with “.”, constants are mapped by
f, Boolean operations are preserved. The solutions of the systems correspond as
follows:

Lemma 1. Let X; = p;(X1,...,X,) be a system of language equations over the
alphabet {a} and let Y; = ¢;(Y1,...,Y,) be the corresponding language equations
over Xy. Then a vector of languages (fix(L1), ..., fx(Ln)) is a solution of the
former system if and only if the vector of languages (L1, ..., Ly) is a solution of
the latter system. In particular, least solutions are mapped to least solutions.

3 Known representations

Denote by Lﬁ A.m the family of languages that occur in least solutions of sys-
tems of equations Y; = ¢;(Y1,...,Y,,) over X}, with union, intersection and Hy.
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Clearly, for every ultimately periodic set of numbers X, f~1(X) is in Lﬁ Am- By
Lemma 1, the system (1) with a nonperiodic solution translates to the following:

Ezample 2. The following system of language equations over Xy = {0,1, 2,3}

X = (XQEBXQ n X1EE‘X3) U {1}

Xo= (X12BXo N X HX,) U {2}

X = (X12BX15 N X 8X,) U {3}

X12 = XgEXg N XlEXQ
has the least solution (10*,20*,30*, 120%).
Consider the equation for X; under this substitution: X, H X5 = 20" H 20* =
10T U 20*20* and X; @ X3 = 10* B 30* = 10T U 10*30* U 30*10*, and clearly
their intersection is 10T.

The construction of Example 2 generalizes to w0*, for any w € X} \ 02}, with
|w] = 1,2 [6, Thm. 3]. These results have the following important generalization:

Theorem 1 (Jez [6, Thm. 4]). For every k > 2 every regular language
L C X\ 0X} is defined by a resolved system of language equations with union,
intersection and By, that is, L € E@ @

We include this system for completeness; for the proof the reader is referred
to the cited paper. Let M = (X, @, qo, 6, F) be an NFA recognizing L?. We use
variables

{Xi,j,q7Xi,j 01 <i<1€, Ogj <k, QGQ}U{Y}7
with the goal that their least solution is
L(X;;) =1ij0", L(Xijq) =ijLm(q), L(Y)=L.

As mentioned above, X; ; can be defined by this type of language equations,
and so we focus only on equations for X ;.

3
Xijq= ( N Xi,nEHXj—m,q') U{ij: if g =qo}
n=0

for j > 3, every i, and every z, ¢ such that ¢ € §(¢’, ) ,

4
Xz',j,q = ( m Xi—l,j—&—nBHXk—n,x,q/) U {'L] pifg= QO}

n=1

for j < 4 and i # 1 and every x,q’ such that q € §(¢’, ) ,

4
Xl,j’q = ( m Xk,moaﬂXjJrn’m’q/) U {1] D ifg = qO}
n=1
for j < 4, every z,q’ such that ¢ € §(¢',z) ,
Y=LnZ)u |J X

,4,4:
§(q,ji)NF#2
Theorem 1 implies that regular constants in such systems of language equa-
tions can be effectively expressed via singleton constants. We shall use regular
constants below, assuming that they are expressed according to Theorem 1.



58 Artur Jez and Alexander Okhotin
4 Representing linear conjunctive languages

Let us improve the above result by representing a larger class of formal languages.
Linear conjunctive languages are defined by linear conjunctive grammars [9], or,
in other words, by resolved systems of language equations with U, N and linear
concatenation. This family of languages can be equivalently defined by one of the
simplest types of cellular automata [12]. These are trellis automata, also known
as one-way real-time cellular automata, which were studied by Culik, Gruska
and Salomaa [2], Ibarra and Kim [5], and others. Our argument will proceed by
simulating the computation of such automata.

Let us define and explain trellis automata following Culik et al. [2]. A trellis
automaton (TA), defined as a quintuple (X, Q, I, , F'), processes an input string
of length n > 1 using a uniform array of n(n+1)/2 nodes presented in the figure
below. Each node computes a value from a fixed finite set ). The nodes in the
bottom row obtain their values directly from the input symbols using a function
I : XY — Q. The rest of the nodes compute the function § : Q@ x Q@ — @ on
the values in their predecessors. The string is accepted if and only if the value
computed by the top node belongs to the set of accepting states F' C Q.

Definition 1. A trellis automaton is a quintuple M = (X,Q, 1,6, F), in which:
X is the input alphabet, Q is a finite non-empty set

of states, I : X — @ is a function that sets the initial

states, § : Q X Q — Q is the transition function, and C/

F C Q is the set of final states.

Extend § to a function § : QT — Q by §(q) = q and

0(qus -+ an) = 0(0(q1, -, 4n-1), (g2, -, qn)) » C/\C/\C/X)

while I is extended to a homomorphism I : X* — Q*.
Let Ly(q) = {w|d(I(w)) = q} and define L(M) = quF LM(q).

Theorem 2 ([12]). A language L C X7 is generated by a linear conjunctive
grammar if and only if L is recognized by a trellis automaton.

Linear conjunctive languages are known to be closed under all Boolean oper-
ations, concatenation with regular languages and quotient with singletons, but
under neither concatenation nor star [2,12]. In addition, it is known that linear
conjunctive languages over a one-letter alphabet generate only regular languages.
From this, the following simple result used in the following can be inferred:

Lemma 2. Let L be a linear conjunctive language over an alphabet 3., let u,v €
2" and a € X*. Then the language K = L Nua™v is regular.

Proof. The language K = {u}=1-K-{v}~! is linear conjunctive by the closure of
this family under quotient with singletons. Since K is a unary linear conjunctive
language, it is regular. Then K = uKwv is regular. O
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Let us now show how the computation of a trellis automaton can be simulated
by the class of language equations introduced in the previous section.

Lemma 3. For every k > 4 and for every trellis automaton M over Xy, such
that L(M) N 0* = &, there exists and can be effectively constructed a resolved
system of language equations over the alphabet Xy using operations U, N and
B and reqular constants, such that the least solution of this system contains a
component ((1-L(M))B1) - 10*.

Proof. In this proof we abuse the notation of B and B by allowing their argu-
ments and the result to have leading 0’es. We shall do this only for the second
argument equal to 1. Under these conditions we define the result to have the
same length as the first argument, e.g., 0100 Hyy 1 is deemed to be 0099. We
shall never use this notation in a context where these requirements cannot be
fulfilled, that is, for (k — 1)™ B 1 and for 0* H 1. This abused notation is used
only in the text of the proof, while language equations strictly adhere to the
definition.

For a given trellis automaton M = (X, @, I, 6, F') we define language equa-
tions with the set of variables X, for ¢ € @, and with an additional variable Y.
We will prove that their least solution is X, = Ly, Y = L, where

Ly =1((La(g) \ 07) B1)10* = {1wl0* | £

>0,wé¢ (k—1)"wB1eLy(q},
L=1((L(M)\ 0*)B1)10* = {1w10° [ £ >0

ywé (k=D wHB1le L(M)}.
Let us define expressions A; and pj, for 4,5 € X}, which depend upon the

variables X, and which we use as building blocks for constructing equations for
Xg. Let us also define constants R,, which are regular by Lemma 2.

R, =1 (((0*(2k \0) U (5, \ 0)0%) N Ly (q)) B 1) 10*

\(X) =185 0| ((X N 14 5*) B 10" N 2i' S} ) B (k +i— 2)0%, for i = 0,1
(X) =1zl (X 01727 8107 0205 ) B1( - 2)0° , for i > 2

i (X) = (((X N 1575/10%) B 10% N 12;]"20*) Bk+j— 2)10*>m

j/

N 157510% for j = 0,1 (2)
pi(x)=J (((X N1X;5'10%) B 10" N 12;;”20*) B1(j — 2)10*>m

j/

N15710" for 2 < j <k —2 (3)

p1(X) = (((X N1X;5'10%) B 10" N 12,:;"20*) M (k — 3)10*)m
j/

A 15} (k — 1)10* (4)
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Using this notation, the system of language equations is constructed as follows:

X,=R, U U M) npi(Xy) (forall g € Q)

7,4':8(¢".q")=q
1,5 €%

Y = UqEF Xq

The construction works as follows: the sets R, represent the starting part of X,
that we use to compose longer words. A word w € X22 belongs to Lys(q) iff
there are states ¢’, ¢’ such that 6(¢’,¢"”) = g and Ek_lw € Ly(q") and wZ’k_l €
Ly(¢"). And so a word 1(w B 1)10* should belong to X, if and only if there are
two witnesses belonging to X, and X, (with some additional constraints). This
is specified in p and A, respectively. These expressions represent adding digits
at some specific positions, so that selected digits in the original word could be
modified in the resulting word, while the rest of the digits remain the same. The
main technical difficulty is to force the addition of digits at proper positions.
This is achieved by adding the digits in two phases, and by checking the form of
intermediate and final results using intersection with regular constants.

Main Claim. The least solution of the system is (..., Lq,...,L).
Claim 1. For every word 1w10™ € 1X710* \ 1(k — 1)*10%,
A ({1w10™}) = {1iwl0™}.

Proof. Consider the expression \; for any 4. Let u = 1¢/w’10™. In the subexpres-
sion corresponding to i’ we add v’ = 10° for any ¢ > 0 and require that the result
has 2i’ as its first two digits. If the leading 1s in v and «’ are in the same position,
that is, if [¢/w'10™| = ¢, then the sum is 2i'w’10™ € 2’ X} . If the 1 in «’ is to the
left of the leading 1 from u then uEu’ begins with 1. If the leading 1 of v’ lands
to the right of the leading 1 of u, then either the result does not begin with 2 (if
there is no carrying into the first position), or the second digit is not ¢’ (if there
is such a carrying). These wrong combinations are filtered out by intersection
with 2¢' X}, Altogether we obtain ({1i'w/10™} B 10*) N 2¢' X} = {2¢'w'10™}.

The second addition in A; follows the same principle. Our analysis splits
depending on the value of i. Consider first ¢ € {0,1}. We start with v’ =
2i'w'10™, add v’ = (k +i — 2)0° to it and require that the result begins with
14. Since u” has 2 as the leading symbol, we must modify it to obtain a result of
this form. If the positions of 2 and (k+¢—2) are the same, that is, [¢'w’10™| = ¢,
then the result u” B v = 14'w'10™ is as intended. If we add k + 4 — 2 left of
2 in u”, then the leading digit is k +¢ — 2 € {k — 2,k — 1}, which is not 1,
since k > 4. If we add to the right, then the leading digit is 2 or 3. Therefore,
({2iw' 10} B (k + i — 2)0*) N 18 XF = {Lii'w'10™}.

Consider now ¢ > 2. If ¢ — 2 is at the same position as the leading 2 in u”,
then we obtain 17w10™, as intended. If we add i — 2 to the left of the leading
2 in u”, then the second digit from the left in the result is ¢ — 2. If the leading
1 is right of 2, then the leading digit in w B v B u” is not 1, (since k > 4). If
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the leading 1 hits the leading 2, then if we get 1 as a leading symbol, the second
symbol is 0 # ¢. Thus all unintended results are filtered by intersection with
11’ X}, and, as in the previous case, the result is {1ii'w'10™}. O

Claim 2. For every word u € 13,710 \ 1(k — 1)*10*,

) {1wj10m}, ifu=1wl0™t and j=k—1,
pi(tu}) = {1wj10™}, ifu=1(wB1)10™* and j #k — 1,
Proof. Consider the definition of p; for any j and let v = 1w’j'10™, where
w' € X and j' € Xk. As in Lemma 1, we add any v’ = 10 and use intersection
with 1.X%7'20* to require that wH v’ has j'2 as last non-zero digits. This can be
achieved only for m = ¢, and so v Hu' = 1iw’j'20™ for v’ = 10™. The analysis
splits depending on value of j.

Consider first j < 1 and (2). We add v’ = (k + j — 2)10" and require
that w H v’ B «” has j1 as last non-zero digits. If ¢ = m — 1, then we obtain
1(w B 1)j10m~! as intended. Suppose t # m — 1 and that we obtain a word
with j1 as last non-zero digits. The ending 1 comes from u”, since k > 4. Hence
m > 0. To obtain j as the second from the last non-zero digit we have to sum
up 2 and k + j — 2, otherwise it would be k 4+ j — 2 (again we use k > 4). And
so we obtain 1(w’j’ B 1)j10™~ L.

Consider now 2 < j < k— 2 and (3). We add v = 1(j — 2)10* and require
that « B «' B «” has j1 as last non-zero digits. Again for ¢ = m we obtain
1(w @ 1)j10m~1, as desired. Suppose m — 1 # t and we obtain word with ;1 as
last non-zero digits. Then the ending 1 must clearly come from u”, hence m > 0.
To get j as the second digit from the last non-zero digit we have to sum up 2
and j — 2, otherwise it would be j — 2. And so we obtain 1(w’j’ B 1)j10™~ 1.

Note that this means that for j # k — 1 (despite of the value of j') p;
transforms 1w10™ into 1(w B 1)j0™~1, or equivalently, 1wj10™~! is obtained
from 1(w EH1)10™.

Consider the case j = k — 1. We add v” = (k — 3)10° and require that
uwHB v Bu” has (kK — 1)1 as last non-zero digits. If ¢t = m — 1 then we obtain
1wj10™~1, as desired. Suppose t # m — 1 and we obtain word with (k — 1)1 as
last non-zero digits. Then the ending 1 must come from «”. In particular, m > 0.
To obtain k — 1 as the second digit from the last non-zero digit we have to sum
up 2 and k — 3, otherwise it would be k —3. And so we obtain 1w’j’(k—1)10m"1.

Note, that this means that py_; transforms 1w10™ into lw(k—1)10m~t. O

Claim 8. A\i(Lq) = 1(i(La(q) \ 0%) H1)10*.

Proof. Since A; is a superposition of U, N and B, Ai(Lg) = Uyer, Ai({w}).
Then, substituting elements of L, into Claim 1, we obtain that A;(L,) contains
all words 1iw10™, such that w € (La(q) \ 0*) B 1, which gives the requested
expression. 0

Claim 4. pj(Ly) = 1((La(g) \0*)(j +1 mod k) 5H1)10*.
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Proof. As in the previous proof, we use the property that p;(K) =
Uwer pi({w}) for any K. For j = k — 1, by the definition of L,

pr_1(Lg) = {1w(k — 1)10™ | lwl0™* € Ly} = 1((Las(q) \ 07) B 1)(k — 1)10",
which, by Claim 2, equals 1((Las(q) \ 0*)0 B 1)10*. For j # k — 1,
p;(Ly) = {lwj10™ | 1(w B1)10™™* € L,} = 1(Las(q) \ 0%)510*

according to the definition of L,, which is equal to 1(((Las(g) \0*)(j+1))B1)10*
by Claim 2. a

Claim 5. For the least solution (..., Sg,...) of the constructed system and for
every g € Q, Ly C S,.

Proof. Let 1wl0™ € Ly, that is, wB1 € Lys(q), where w € X;7\ (k—1)*. Using
induction on the length of w, let us show that 1w10™ € S,.

If wH1 € Ljs(q) has at most one non-zero digit, which is the first one or the
last one, then 1w10™ € R, C S; by the equation for X.

Otherwise, let w B 1 = duj, where ¢,j € X, u € X} and du,uj ¢ 0*. Since
iuj € Lpr(q), there exist states ¢/, ¢” € @, such that iu € Ly(q'), uj € Las(q")
and 6(¢’,q") = q. Since iu, uj ¢ 0*, we can define w” = ujB1 and v’ =iv B 1.
Then, according to the definition of (..., Ly, ...), 1w'10"*! € L, and 1w"”10" €
Ly». By the induction assumption, 1w/10"™! € S, and 1w”10" € S, We will
prove that

A ({1w10™}) N pj—1 mod &k ({1w'10"T}) = {1w10™} .

First consider A;(1w”10™). By Claim 1, A;(1w”10™) = {liw”’10™}. To see that
liw”10™ = 1w10™, consider that w ¢ (k — 1)*, and hence the first symbol of w
and of wH 1 are the same. Then w = iuj B 1 = i(uj B 1) = tw"”, which proves
that A;(1w”10™) = {1w10"}.

Consider now p;j_1(1w’10" 1) in the case j # 0. By Claim 2, it equals {1(w’H
1)(5 — 1)10™}. Now note that (w' B1)(j — 1) = (iu)(j — 1) = iuj B 1 = w, and
hence pj_; (1lw'10") = {1w10"}.

In the case j = 0, pr_1(1w'10"*!) = {1w'(k — 1)10"} by Claim 2. To see
that w’(k — 1) = w, consider that w = w0B1 = ((uB1)(k—1) = w'(k —1).
Thus pj—1 mod x({1w'10"T1}) = {1w10"} for each j.

The claim follows by the equation for Xj. ad

Claim 6. For every ¢ € Q, Lq D ¢q(..., Lg,...).

Proof. Consider any word 1w10™ obtained by intersection of A;(Lg~) and p;(Lg)
for some ¢, ¢"” such that 6(¢’,q¢”) = q. Then w ¢ (k — 1)*. By Claim 4, (w B
1)2,;1 € Ly(¢') and by Claim 3, Ek_l(wﬁﬂl) € Ly (q"). Hence, wHB1 € Ly(q),
and this yields the claim. ad
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The proof of the main claim proceeds as follows: By Claim 5,
(0@, )C (., Ly, ) (0,8, -1 4)

Since ¢ is monotone,

| ]e(.oo 0 | e Le )2 ] 9™ Sg--0)

n=0 n=0 n=0

Since (..., S, ...) is the least solution,

(s Sg) =0l Sg )= |e"(...@,..).

Also, by Claim 6, (..., Lg,...) C (..., Lg,...), and hence
(..;8,.-)C(..,Lg...)C(...,8,...) O

Lemma 4. For every k > 4 and for every trellis automaton M over Xy there
exists and can be effectively constructed a resolved system of language equations
over the alphabet Xy using the operations U, N and B and regular constants,
such that its least solution contains a component 1 - L(M).

Proof. For every j € Y, the language (L(M) - {j}~1) \ 0* is recognized by a
trellis automaton M; due to the closure properties of trellis automata. Since
L(M;)Nn0* = @, by Lemma 3, there exists a system of language equations, such
that one of its variables, Y;, represents the language

((1-L(M) - {7}~ \ 107) B1) - 10",

The languages (L(M) - {5}7!) \ 0* sum up to (L(M)- X,'')\ 0% and represent
the words in X} \ 0* X} accepted by M. In order to reflect the remaining words
from the set L(M) N 0* Xy, consider the language C' = 1. (L(M)N0*X}); as it
is regular by Lemma 2, it can be regarded as a constant.

Let us combine the above equations for all j into a single system and add a

new equation
k—1

Z=culJ;niZp)B(1j81)
7=0
The expression Y; N 121 evaluates to {(lwB1)1 |wj € L(M)\ 05}, and then
(Y; N1Xy1) B (15 B 1) equals {1wj | wj € L(M) \ 0*j}. The union of these
expressions for all 7 is {1w | w € L(M) \ 0* X}, and then, because of the union
with C, the value of Z is 1L(M). O

Theorem 3. For every k > 4 and for every trellis automaton M over Xy, such
that L(M) N 0X} = @, there exists and can be effectively constructed a resolved
system of language equations over the alphabet Xy using the operations U, N
and B and singleton constants, such that its least solution contains a component
L(M).



64 Artur Jez and Alexander Okhotin

Proof. For every i € X3, \{0}, the language {i} - L(M) is generated by a certain

trellis automaton. By Lemma 4, there is a system of language equations, such

that one of its variables, Z;, represents the language 1- ({i} =% - L(M)).
Combine these systems and add a new variable T with the following equation:

T=(@Mnzyuzv | ((Z,» N1 53 8 (i — 1)0* N m”zg)
i€ X \{0,1}
iIEEk
Consider any Z; for ¢ > 2. Substituting the value of Z; into the expression, one
first obtains

Z;N1'Sr =131 L(M)) N1’ S = {1i'w | it'w € L(M)}.

The next operations in the expression are the addition of (i — 1)0* and the
intersection with 2’ X*. Let us establish the following fact:

Claim. For all i € X\ {0,1} ¢/ € X}y and w € X},
(1w} B (i — 1)0* Nii' Zf = {ii'w}.

Consider 1i'w 8 (i — 1)0%. If ¢ = |i'w|, then the sum equals i'w € 'Y} If
£ > |i'w|, the result is in (¢ — 1)0*1i’w, and hence its intersection with i’ X}
equals &.

Suppose ¢ = |w|, then (i — 1)0° B 1i'w = i"i""w, and the second digit "’
equals (¢ — 1) + ¢ modulo k. Since i’ < i’ +i—1 < i +k, i"" # 4, and therefore
i""i""w is not in i1’ X} because of a mismatched second digit.

If £ < |wl|, there are two subcases. If the addition of (i — 1)0° to i’w results
in a carry, then 17w B (i — 1)0¢ = 2(i’ + 1 mod k)w, If there is no carry, then
1i'w B (i — 1)0* is in 1.2} and again cannot be in i’ X;. This concludes the case
study necessary to establish the claim, from which there follows

({1¢'w | it'w € L(M)} B (i — 1)0*) N’ X* = L(M) Nii' 2* (5)

Summing this up over i/, we obtain L(M)NiX™", and summing up the latter
over i and adding Z1, we obtain L(M)N(X>2\0X7). One-letter words are given
separately. Hence, the T-component of the least solution of the system is L(M).

The transition from regular to singleton constants is by Theorem 1. a

5 Separation from linear conjunctive languages

We have shown that every linear conjunctive language over a k-ary alpha-
bet is in Eﬁm,EE' We shall now establish that LG,O,EE is a proper superset
of the linear conjunctive languages. This is done by specifying the language
{17+102* +2"+1 | 5y > 0}, which is not linear conjunctive, as follows from Buch-
holz and Kutrib [1, Thms. 4.1, 5.5].

Proposition 1. The language L = {1"0%" 102" | n > 0} is linear conjunctive.
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To see this, consider the well-known fact that the language L; = {170%" |n > 0}
is recognized by a trellis automaton [5], that is, it is linear conjunctive. The
language Lo = {0m102m | m > 0} is linear conjunctive by the same construc-
tion. Then L = L;10* N 1*Ls is a linear conjunctive language by their closure
properties.

Lemma 5. Consider X4 = {0,1,2,3}. The language L' = {1""’1022”’2”+1 In >
0} C X5 isin LY -
Proof. Consider the above language L over Xy. It is in Lé A.m by Theorem 3.
Since L' = (L B, 370%) N 170*, the language L’ is in £} | g as well. O

k
u,n,H

us now consider the complexity of languages in £

from linear conjunctive languages. Let

k
u,n,@\*

This is sufficient to separate £

Lemma 6. The family Lﬁ Am contains an NP-complete language.

Proof. Consider the alphabet X7. It is known that the following language of
Boolean circuits evaluating to true on given values is linear conjunctive [11]:

L=Aaoy...0n | « €{4,5}", 0, € {1,2}", a is a description of a circuit

with inputs 1, ..., z,, which computes true on values z; = true iff o; = 2}

The exact form of the description « is irrelevant here; what is important that L
is in LE A.m- Next, consider the language

K= (L8{1,2}*)n{4,5}*3",
which is in EE A.m as well. It is easy to see that the language K equals

{a3" | a € {4,5}", a is a description of a circuit with inputs z1, ..., 2y,

which evaluates to ¢rue on some input values},
and its NP-completeness is obvious. a

Theorem 4. The family of languages 'Cﬁ,m,EE properly includes the family of
linear conjunctive languages. It is contained in EXPTIME and contains an NP-
complete language.

The EXPTIME upper bound follows from the P upper bound for conjunctive
grammars [9, 10] according to Lemma 1. The rest is given in Lemmata 5 and 6.

6 Conclusions and open problems

We have considered the expressive power of language equations over sets of posi-
tional notations of numbers. The new family was shown to be a proper superset
of linear conjunctive languages. It is contained in EXPTIME and includes some
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NP-complete languages. More precise estimations of its complexity are proposed
for future research.

Our motivation for the study of these equations came from the study of lan-
guage equations over a unary alphabet, and our results have strong implications
on conjunctive grammars, on which we elaborate in an upcoming paper [7]. Us-
ing the known linear conjunctiveness of the language of computation histories
of a Turing machine [4,12] together with Theorem 3, one can obtain undecid-
ability of emptiness and regularity for conjunctive grammars over {a}, as well
as construct languages that grow faster than a given computable function.

Irrespective of these connections, we believe we have demonstrated that lan-
guage equations over numbers in positional notation deserve attention on their
own.
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Abstract. We introduce conjunctive macro grammars, a formalism that
extends outside-in macro grammars to use conjunction in the right hand
side of macro definitions. We argue that this new class of grammars
is purely declarative: each such grammar can be seen as consisting of
a set of functional language equations. In particular, we demonstrate
that every conjunctive macro grammar has a unique least fixed point,
which can be taken as its declarative meaning (or as the least solution of
the associated set of language equations). The new formalism properly
extends the class of languages that can be produced by macro grammars.
We discuss several open questions that are related to the new formalism.

1 Introduction

In this paper we introduce conjunctive macro grammars, a new formalism that
allows the use of conjunction in the right hand side of macro definitions. In this
way, conjunctive macro grammars can be seen as a syntactic extension of both
macro grammars [Fisc68] as-well-as conjunctive grammars [Okh01]. The new
formalism can be understood in a purely declarative way: the meaning of an
n-ary macro is a function that takes as arguments n sets of strings and returns
a set of strings. In this respect, conjunctive macro grammars are very close to
functional and logic programming languages. In fact, every grammar can be seen
as defining a set of functionallanguage equations and the semantics of a grammar
can be seen as identifying the least fixed point (equivalently, least solution) of
the set of these functional equations.

The rest of the paper is organized as follows: Section 2 presents at an in-
tuitive level the basic concepts behind macro and conjunctive grammars and
outlines their capabilities. Section 3 introduces and motivates conjunctive macro
grammars. Section 4 develops the denotational semantics of conjunctive macro
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(IIENEA) and co-financed by National and Community Funds (75% from E.U.-
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grammars. Finally, section 5 presents open problems and gives pointer to future
work.

2 Preliminaries

The two main formalism that we will be dealing with in this paper are conjunc-
tive grammars [OkhO1] and macro grammars [Fisc68]. Intuitively, conjunctive
grammars extend context-free grammars by allowing conjunction in the right
hand side of rules. Formally:

Definition 1. A conjunctive grammar is a quadruple G = (X, N, P, S), where
X and N are disjoint finite nonempty sets of terminal and nonterminal symbols
respectively, P is a finite set of rules, each of the form

C— & &ap (m>1,C € N,a; € (X UN)")

and S € N 1is the start symbol of the grammar.

The basic ideas behind conjunctive grammars can be illustrated by the fol-
lowing example [OkhO4a]:

Ezxample 1. Consider the grammar:

S — SAb&CDH | b
A—aAle
C — bCaa | aC | baa

It can be seen that this grammar computes the (non context-free) language
{ba2ba*b - - - ba*~2ba®"b | n > 0}. O

Conjunctive grammars appear to be quite interesting in terms of expressive
power (while at the same time retaining a reasonable parsing time). In particu-
lar, conjunctive languages are different from the class of languages defined by the
intersections of context-free languages: while the intersections of unary context-
free languages are always regular, it has been recently shown that conjunctive
grammars on one symbol can define non-regular languages [Jez07]. Another issue
that makes conjunctive grammars very interesting is that they resemble a type
of logical formulas that are known as Horn clauses. In particular, Horn clauses
form the basis of what is usually called logic programming, a very interesting
and appealing type of programming. Actually, conjunctive grammars have been
recently extended to boolean grammars [OkhO4], an extension which has trig-
gered investigations regarding the relationship between these new grammars and
the theory of non-monotonic logic programming (see [Wro05,KNR06,NR07]. We
will not further consider boolean grammars in this paper (apart from a short
discussion in the concluding section).

Macro grammars [Fisc68] is a very elegant extension of context-free languages
that supports a form of functions:
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Definition 2. A macro grammar is a 6-tuple G = (X, F,V,p, P,S), where X
is a finite set of terminal symbols; F is a finite set of nonterminal or function
symbols; V is a finite set of argument or variable symbols; p is a function from
F into nonnegative integers (p(F') is the number of arguments that F takes);
S € F is the start symbol, with p(S) = 0; P is a finite set of productions of the
form:
F(zy,...,zpm) — T
where F' € F, x1,...,7,p) are distinct members of V, and 7 is a term over
27 {ZCl,...,l’p(F)},]:,p.
The set of terms over X, V,F,p is defined inductively:
— € 1is a term, a is a term for every a € X, and x is a term for every x € V;

— if 1 and T2 are terms, then Ty - T is a term;
—if F € F and 1,...,Ty(r) are terms, then F(7i,...,TyF)) is a term.

The basic ideas behind macro grammars are illustrated by the following ex-
ample:

Ezxample 2. Consider the grammar:

S — f(a,b,¢)
f(@,y,2) = f(za,yb, zc)
f(2,y,2) = wyz

The grammar generates the non context-free language {a™b"c" | n > 1}. Much
more demanding languages can be represented by macro-rules:

S — f(a,aaa)
f(@,y) = fzy,yaa) |z

which generates the language {a"2 | n > 1}. The trick is (see [Fisc68]) to generate
the n’th square as the sum of the first n odd numbers. For this reason, f keeps
a™ in the first argument position and a?”*! in the second. a

One issue that comes to mind when first encountering macro grammars is “what
is the order of evaluation of function applications when there exist nested func-
tion calls?”. This question is closely related to the calling conventions of modern
programming languages. Fischer proposed two modes of evaluation, namely the
Inside-Out or IO (first evaluate the argument and then apply the function) and
the Outside-In (expand the function call from the outside-in, taking the argu-
ments in their unexpanded state). These two conventions correspond to the call-
by-value and the lazy-evaluation calling approaches that are in use in modern
programming languages.

To demonstrate the difference between the two conventions, we present the
following example (taken from [Fisc68]):

Example 3. Consider the grammar:
S = flg(a))

f(@) = za
g(x) = za | zb
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Then, under the IO rule the language defined is {aaaa, abab} while under the
OI rule the language defined is {aaaa, aaad, abaa, abab}.

In the rest of the paper we will restrict attention to the OI convention since it
is purely denotational ([Ten91,Wad07]). It is worth noting that macro grammars
under the OI convention coincide (in terms of expressive power) with indexed
grammars [Aho68]; this result is proved in [Fisc68].

From the above discussion it comes as a natural question “what would be
the properties of a grammar formalism that amalgamates conjunctive and macro
grammars?”. In a sense, conjunctive macro grammars appear to be the first-order
extension of conjunctive grammars (see also concluding section).

3 Conjunctive Macro Grammars

The class of conjunctive macro grammars results from an integration of conjunc-
tive grammars [OkhO1] and macro grammars [Fisc68]. The syntax of this new
class of grammars can be formally defined as follows:

Definition 3. A conjunctive macro grammar is a 6-tuple G = (X, F,V, p, P, S),
where X is a finite set of terminal symbols; F is a finite set of nonterminal
or function symbols; V is a finite set of argument or variable symbols; p is a
function from F into nonnegative integers (p(F) is the number of arguments
that F takes); S € F is the start symbol, with p(S) = 0; P is a finite set of
productions of the form:

F(zy,...,z5m) — & &7,

where F' € F, x1,...,7,F) are distinct members of V, and 1, ..., Ty, are terms
over X {x1,...,x,m)}, F, p.
The set of terms over X, V,F,p is defined inductively:

— € is a term, a is a term for every a € X, and x is a term for every x € V;
— if 71 and T are terms, then 11 - o is a term;
—if F € F and 1,...,Ty(r) are terms, then F(7i,...,TyF)) is a term.

The macro grammars we consider can be “executed” with the outside-in (OI)
mode of derivation; intuitively, this means that only top-level occurrences of
function symbols can be rewritten at every step. The semantics we will shortly
defined express exactly this intuitive notion. In programming language terminol-
ogy, the semantics is lazy, ie., it does not evaluate the arguments of a function
except if this is absolutely necessary.

4 The Semantics of Conjunctive Macro Grammars

In this section we develop the denotational semantics of conjunctive macro gram-
mars. Incidentally, our presentation also applies to ordinary macro grammars
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and, to our knowledge, this is the first such semantics for this type of gram-
mars (since the standard approach [Fisc68] is based on derivations and is clearly
operational).

In the developments that will follow we will need some basic definitions from
domain theory (see also [Ten91]). We start by defining the notion of domain,
which is the basic tool used for developing the semantics of functional languages:

Definition 4. A partially ordered set (D, =) is w-complete if and only if, for
every chain d € DY, the least upper bound | |, d; exists in D. A domain is a
partially ordered set that is w-complete.

PEW

It is easy to see that if (D, <) is a domain, then the set D™ also defines a
domain for every n > 1. In this case the corresponding ordering for the product
domain is defined in a componentwise way.

The notion of monotonic and continuous functions on domains play an im-
portant role in the following:

Definition 5. Let (D, =) be a domain. Then, a function f : D — D is called
monotonic if f(d) < f(d') when d X d'. A function f is called continuous if for

every chain d € DY, f(| ;e di) = | J;c., f(ds).

We can now start developing the semantics of conjunctive macro grammars. We
start by the notion of interpretation of a grammar:

Definition 6. Let G = (X, F,V,p, P, S) be a conjunctive macro grammar. An
interpretation I of G is a function such that for every function symbol F' € F,
I(F) is a continuous function from (£*)°F) to X*. In particular, if p(F) = 0
then I(F) is a subset of X*.

We denote by L the interpretation which assigns:

— to every function symbol F', with p(F') = 0, the empty set;
— to every function symbol F', with p(F) > 0, the function which for every
input returns as a result the empty set;

In the following we will find very useful an ordering of interpretations:

Definition 7. Let G = (X, F,V,p, P,S) be a conjunctive macro grammar and
let 1,J be two interpretations of G. We write I X J if:

— for every function symbol F' with p(F) =0, I(F) C J(F);
— for every function symbol F' with p(F) > 0 and for all Ly, ..., L,y € X%,
I(F)(Lx,...,Lypy) € J(F)(L1,...,Lyr)).

The following lemma demonstrates that the set of interpretations of a given
conjunctive macro grammar forms an w-complete partial order under =<:

Lemma 1. Let G = (X, F,V,p, P,S) be a conjunctive macro grammar and let
T be the set of all interpretations of G. Then, (Z, =) is a domain.
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Proof. 1t is straightforward to show that =< is a partial order. To show that the
least upper bound of a chain of interpretations exists in the domain, simply
define:

(LI D @) (L1, Lory) = | IF) (L, L))

Ieu IeUu
From the above definition, the proof follows easily. a

An interpretation I can be recursively extended to apply to any term as-well-
as to the conjunction of terms, as follows:

Definition 8. Let G = (X, F,V,p, P, S) be a conjunctive macro grammar, let
I be an interpretation of G and let s be a function from V to 2~ . Then the
extension of I with respect to s is denoted by [-],(I) and is recursively defined
as follows:

— el (1) = {e}:
]]() {a}, for every a € X;

[a

[Fl,(I) = I(F), for every F' € F such that p(F') = 0;
- %IL( ) = s(x), for every x € V;

[

[

71 - 1o (1) =[] (1) o [r2] (1)
F(ri,. . m)l (D) = IF)([n1,(1), ., [l (D)
k- &Tm]] (D) =n], ()N O [l (1).

We can now define the notion of a model of a conjunctive macro grammar.
Intuitively, models are those interpretations which satisfy all the rules of a con-
junctive macro grammar. Notice that we are not interested in all the models of a
grammar. Instead, we are seeking a special model, one that is the least (in some
sense to be defined shortly).

Definition 9. Let G = (X, F,V,p, P,S) be a conjunctive macro grammar and
let I an interpretation of G. Then, I is called a model of G if for every rule
F(z1,...,2,) — 11& - &7y, in P and for every function s from V to 2%, it
holds that I(F')(s(x1),...,s(xn)) 2 [m& - &7 ], (1).

We can now define the semantics of conjunctive macro grammars. The basic
idea is as follows. We start from an interpretation which is the least possibly
defined (namely with L). Using this interpretation we evaluate the right hand
sides of all the rules of the grammars, getting in this way a better approximation
to the desired model. We continue this process with the new interpretation, until
we eventually get to a fixed point. The existence of this fixed point is guaranteed
since the operator we use in this process is monotonic and continuous (see below).
We start by defining the appropriate operator:

Definition 10. Let G = (X, F,V,p, P, S) be a conjunctive macro grammar.
Then, the operator Tg is a function which for every interpretation I of G, for

every n-ary function symbol F € F and for every function s from V to 2% is
defined as follows:

Ta(D)(F)(s(x1),...,8(xn)) = {w € X*| there exists F(x1,...,xn) — T1& - &Ti
in P such that w € [11& - - - &7, ] (1)}
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We will demonstrate shortly that Tz is monotonic and continuous. We first
need the following theorem:

Theorem 1. Let G = (X, F,V,p, P,S) be a conjunctive macro grammar, and
let s be a function from V to 2. Then, for every term T that appears in the
right hand side of a rule in P, the function [7], is monotonic and continuous.

Proof. By a structural induction on 7. a

Theorem 2. Let G = (X, F,V,p, P, S) be a conjunctive macro grammar. Then,
the operator Te is monotonic and continuous with respect to the < ordering of
interpretations.

Proof. Monotonicity follows directly from the monotonicity of [ -] (see Theo-
rem 1). We demonstrate continuity, ie., that

Te(| ] D =[] Ta)
IeU IeU

for every directed subset U of the set of all interpretations of G. Let F' € F,
Ly,...,Lyr) € 2" and w € X*. Then, we have:

we Ta(| | DF)(La, ..., L))
IeU

if and only if there exists a rule F(z1,...,2,p)) — 71& - - - &7,y € P such that
w € [n&---&7,m],(U;ey 1), where s(z;) = L;. But then, by Theorem 1 this
is equivalent to the fact that

w e U ﬂTl&-”&Tp(F)]]S(I).
IeU

By the definition of T this is equivalent to

we | | Ta(D).

IeU

This completes the proof of the theorem. a

Theorem 3. Let G = (X, F,V,p, P,S) be a conjunctive macro grammar. Then,
Te has a unique least fived point [T(;]Tw which is defined as follows:

T =1

[Te)" ! =T ([TG]M)

[TG] Tw = |_|n<w [TG]TTL

Moreover, T is a model of G.
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Proof. It is well-known (see for example [Ten91][page 96]) that if D is a domain
with a least element | and f : D — D is a continuous function, then f has a
least fixed-point given by | |, fi(L). The result then follows immediately. O

Having defined in a formal way the denotational semantics of conjunctive macro
grammars, we can now state the following theorem:

Theorem 4. The class of languages definable by conjunctive macro grammars
18 a proper superset of the class of grammars definable by ordinary macro gram-
mars.

Proof. Tt has been demonstrated [Fisc68] that macro languages under the OI
rule generate the same class of languages as the indexed grammars [Aho68]. It is
well-known that the indexed languages are not closed under intersection, from
which the result follows immediately. a

5 Future Work

We have defined the class of conjunctive macro grammars and have demonstrated
that they posses a simple denotational semantics. There are many aspects of this
work that we are currently investigating (some of which we hope to include in
the final version of the paper). We briefly describe some of these aspects:

Derivation Semantics: Ordinary macro grammars under the OI rule posses a
very simple derivation-based semantics [Fisc68]. The same is true for conjunctive
grammars (see [OkhO01]). It is a simple matter to define a derivation based seman-
tics for conjunctive macro grammars. Then, it shouldn’t be hard to demonstrate
the equivalence of the derivation semantics to the denotational ones defined in
this paper. Similar proofs are very common in the functional programming do-
main (see for example [Ten91][pagel04]).

Boolean macro grammars: It appears conceptually easy to extend the ideas in
this paper so as to obtain a syntactically broader class of grammars, namely
boolean macro grammars. At first sight it seems that the semantic ideas de-
veloped in [KNRO6] can be generalized to this case, but so far we have not
considered all the details. With the addition of conjunction and negation, macro
grammars appear to behave as a small programming language. For example, one
can define the set of prime numbers, as follows:

S —-A

A~ f(aa)

f(x) = f(za) | g(z)
g(x) — xg(z) | v

The non-terminal A defines the set of composite numbers (see [Fisc68]), and S
simply takes the complement of this set. It is interesting to investigate the power
that negation adds to conjunctive macro grammars.
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Properties of Conjunctive Macro Grammars: The most interesting questions re-
garding the extended macro grammars we have presented, concern their proper-
ties. For example, there does not seem to exist any obvious way to separate the
conjunctive grammars from the macro conjunctive ones (this is a more general
problem in the area of conjunctive languages, see [Okh04a] for details). Also, it
is not obvious how broad the class of conjunctive macro grammars is.

An Infinite Hierarchy of Macro Grammars: Since macro grammars are in fact
first-order, it seems possible to be able to extend them to higher-orders [Wad07)
(pretty much as in the case of functional programming). It is interesting to
investigate the expressive power of each level in this hierarchy (ie., the power
of first-order (conjunctive) macro grammars, second order ones, and so on). It
would be interesting if the various levels of the hierarchy corresponded to well-
known complexity classes (but possibly this is too much to hope for).

Acknowledgments: The third author would like to thank Bill Wadge for in-
troducing him to macro grammars and for many useful discussions on their
properties.
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Abstract. We consider the inequation XA C BX where A, B and
X are formal languages, X is unknown. It has been proved in [9] that
if B is a regular language then the maximal solution is also regular.
However, the proof, based on Kruskal’s Tree Theorem, does not give
any effective construction of the solution. Here we give such an effective
construction in the case where A and B are both finite and are such that
maxpep [b| < mingea |a|. Moreover, the complexity of our construction
is elementary.

Keywords: Automata, Games, Language Equations

Introduction

Language equations arise in a natural way in computer science. Let us just
think about Arden’s lemma for instance, or context-free languages which are
components of the least solutions of systems of polynomial equations.

However, even very simple questions may appear very difficult. For instance,
one can think about the equation XL = LX where X is unknown; this is the
long-standing Conway problem which asks whether the maximal language com-
muting with a given rational language is also rational or not ([2], see also [6, 1,
4,5]).

Many advances have been done in this domain this last few years ([6,4,
5]). But Conway’s problem has got a solution very recently, actually a negative
solution. It has been proved in [11] (see also [3]) that there exists a finite language
L such that the maximal solution of XL = LX is not recursively enumerable
even for some finite A and B. In addition, many natural classes of formal
languages have got characterizations in terms of equations (see [12,13]).

In [9], it has been proved that the maximal solution of XA C BX is regular
if B is regular, whatever A is. But the situation is tight: if one imposes to X
to be contained in some given star-free language, then the maximal solution of
XA C BX can become non recursively enumerable (see [8]). This is a variation
of the negative result of [11]. Besides, the proof that the maximal solution of
XA C BX is regular is based on the Kruskal’s Tree Theorem (see [7]). It is
non constructive, i.e., it does not give any effective construction of the maximal
solution.

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
TUCS General Publication No 44, pp. 76-84, 2007.
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In this article, we give such an effective construction in the case where A
and B are both finite and are such that maxyep |b] < mingea |al: we set up
an algorithm to construct an automaton recognizing the maximal solution of
XA C BX. Moreover, the complexity of our algorithm is elementary.

Like in [9], our proof takes the point of view of games. We consider a game
with two players: the attacker and the defender. Positions of the game are words.
The game consists of a succession of turns as follows: first, the attacker chooses
a word a € A and appends it to w, where w is the current position of the game.
If w.a has no prefix in B then the attacker wins and the game stops. Otherwise
the defender chooses a prefix of w.a which belongs to B, and cuts it from w.a,
driving the game to a new position b\w.a for next turn. The defender wins if
the game consists of infinitely many turns. Membership of the maximal solution
of XA C BX can be translated into the existence of a winning strategy for the
defender (see [9]).

The main ingredient of our proof is a shrinking lemma for words having a
winning strategy, it shall be detailled in the text (see Section 2). The hypothesis
on lengths of words of A and B is used only for it.

The author wants to thank Professor G. Sénizergues for very helpful dis-
cussions; and the anonymous referee for indicating large simplifications of the
proof.

Preliminaries

In all the paper, X' is a finite alphabet. A and B are finite languages over X such
that

max |b| < min |a

beB acA

Let w be a word, we denote by |w| the length of w. Let v be a prefix (respectively
a suffix) of w. We denote by v\w (respectively w/v) the unique word v such
that w = vv’ (respectively w = v'v).

The set of finite sequences of elements of A is denoted by T4, this is the
complete A-deterministic tree. “A-deterministic” because each node has one and
only one son associated to each a € A; the edge associated to this son can be
considered as a-labeled. The empty sequence, i.e., the root, is denoted by p.

1 The Game of XA C BX

In a classical way, the equation XA C BX can be translated into the game
framework as follows.

We are supposed to be given with two languages A and B. We consider a
game with two players: Attacker and Defender . The game consists in a possibly
infinite sequence of turns. At the beginning of each turn, the position of the
game is a word. One turn on a position w goes as follows:

1. Attacker chooses a word a € A and appends it to the right of w.
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2. If no prefix of w.a does belong to B, then Defender looses, the game stops
and Attacker wins. Otherwise, Defender chooses a prefix b of w.a belonging
to B and erases it from w.a. And the game continues in the position b\w.a.

So, Attacker wins if he manages to block Defender ; and Defender wins if the
game consists of an infinite number of turns in which he never looses. We say
that Defender has a winning strategy on a word w if he has a strategy which
makes the game starting on w continue forever whatever Attacker does.

Lemma 1 (Equation and Game). A word w belongs to the maximal solution
of XA C BX if and only if Defender has a winning strategy.

Proof. See [10].

2 A Shrinking Lemma on Attacker ’s Strategies

2.1 The Shrinking Lemma

Let us denote by S the set of strict prefixes of words of B, including the empty
word. Let us consider a word w. We say that some s € S is accessible through
w by Defender if w can be written as b;...b,s where all the b;’s are words of B.
The set of all elements of S which are accessible through w is called the wvisibility
of Defender through w. It is denoted by Vis(w).

Remark 1. If Vis(w) = & then Attacker has a winning strategy on w. But the
converse is false. Such a w is said to be terminal.

Definition 1 (B-relation). Let us be given with two words w and w'. We say
that w and w' are B-related, which is denoted by w < pg w', if there exist 4 words
v1, V2,03 and vy such that:

o w = v1v9v3 and W = vi1vhvs.
e For any s € Vis(vy), Vis(sve) = Vis(svh).
° |Ul| 2 Nl.

where we define

Nl — ,—2 (In.inaeA |a|)(maXb€B |b‘) (2|S|2 + 1)—|
minge 4 |a| — maxpep |b]

Let us note that w3 is superfluous in this definition. We just keep it for
convenience of notations.

Remark 2. For any two words w and w’, w < g w’ implies that Vis(w) = Vis(w’).

Lemma 2. The relation < g is a right congruence of finite index over the set
of words of length greater than Ni.
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Proof. To see that <> p is a right congruence, only transitivity is not straight-
forward: Let w < w’ and w < w”. Let us note according to the previous
notations:

— w = vyvy and w’ = v1v5 (here we omit v which is supposed to be added at
the right of vs).
— w' = 109 and w” = 0,0}

Let us assume that |01] > |v1|. Therefore, v; is a prefix of w”. Let us pick some
s € Vis(v1). Then Vis(svy) = Vis(sv}). Let S = Vis(s.(v1\v1)). Then Vis(sv}) is
the union of all the Vis(5t9) for 5 € S. Besides, any 5 € S belongs also to Vis(vy).
And so, by assumption, Vis(s)tvy = Vis(s)4. Thus, Vis(svz) is the union of all
the Vis(3v3) for 5 € S, which is in turn equal to Vis(s(v;\v1).75). This proves
that w and w” are B-related with v} = (v1\07).05.

To verify that < g is of finite index, it suffices to note that any sufficiently
large word is equivalent to a shorter word, prefix of it, and of bounded length.
To get that, one uses a simple counting argument, based on the fact that S is a
finite set and therefore has a finite number of subsets.

Let us mention that the congruence is computable.

Let o be a strategy for Attacker (respectively Defender) over a word w. A
finite o-sequence of plays in the game is a finite sequence of plays
(a1,b1), (a2, b2),...,(an,b,) where Attacker (respectively Defender) has play-
ed according to ¢. This means that each a; of the sequence has been chosen
according to the previous b; for j < ¢ and o. The b; are unspecified and variable.

A strong strategy for Attacker (respectively Defender ) is a strategy in the
game modified in such order that Attacker (respectively Defender ) can play
several words of A (respectively B) at the same turn. Formally, a strong strategy
for Attacker (respectively Defender ) is a strategy in the game defined by the pair
(AT, B) (respectively (A, B1)) instead of (A, B). Let us note that if Attacker has
a winning strong strategy, then he has a winning strategy, and this is the same
thing for Defender . Indeed, provided with a winning strong strategy, one can
win in the normal game by maintaining a (FIFO) queue of plays. We just use
the concept of strong strategy in order to be more comfortable when describing
winning strategies.

Lemma 3 (Shrinking Lemma). Let us be given with two B-related words w
and w', and a strategy o for Attacker over w. Then there exists an integer L and
a strong strategy o’ for Attacker over w' with the following property: Whatever
the plays of Defender, by following o', in less than L turns:

— FEither Attacker wins

— Or he drives the game from w' to a new word v' such that there ezists a
non-void finite o-sequence of plays driving the game from w to a new word
v which is B-related to v'.

The integer L and ¢’ depend on o, w and w'.
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Before going into its proof, let us state the main consequence of this result:

Theorem 1. Letw and w' be two B-related words. Then Attacker has a winning
strategy over w if and only if he has one on w'.

Proof. Indeed, let us suppose that Attacker has a winning strategy over w. We
can construct a winning strategy over w’ as follows:

Lemma 3 provides us a strategy o’ and an integer L. Let Attacker start
playing according to this strategy. According to the Lemma, after a finite number
of turns, less than L:

— Either Attacker wins. That is what we wanted and ¢’ stops here.

— Or else, he drives the game to a word v] and the lemma provides us o-
sequence of plays driving the game from w to a new word v; which is B-
related to vj.

The strategy o is still winning over this new word vy, we then start again the
process with the words v; and v}. And so on.

Following that, we construct a sequence vy, vs,...,vg,... of words which
are positions of a play in the game where Attacker follows o. Let us note that
each pair v;, v;41 are separated by at least one turn, and in fact, several turns.
In particular, when the game arrives to the word vy, at least k turns have been
played. Besides, let us observe that o, as a winning strategy of Attacker, is finite.
This implies that there exists an integer L, such that Attacker wins for sure in
less than L, turns from w. Therefore, k is also bounded by L,. This implies
that our process stops after at most L, cycles, which means that Attacker wins
within at most L, cycles.

In the proof of Lemma 3 we need the following concept:

Definition 2 (Waiting Loop). Let w be a word. We define a waiting loop to be
a decomposition w = wiywewswy of w in 4 factors such that for any s € Vis(wy),
Vis(swe) = Vis(swaws) and ws not empty.

Lemma 4 (Waiting Loops and B-Relation). Let w be a word, and let w =
wiwawswy be a waiting loop such that |wi| > Ny. Then w is B-related to any
word of wiwawiwy.

Proof. So, let w' = wwewkw, for some integer k. According to the notations of
Definition 1, let us define v; = wy, vo = waws, vh = w2w§ and vz = wy. First,
let us note that |v1| > Ny is true, it is an hypothesis of the lemma.

We prove that for any s € Vis(v1), Vis(sve) = Vis(svh) by induction on k.
For k = 0, there is nothing to prove: this is the hypothesis of the lemma. Let us
thus suppose that it is true for some k£ > 0. By induction, we just have to prove
that for any s € Vis(vy), Vis(swowh) = Vis(swowh ™).

So let s € Vis(v1). Let 8’ € Vis(swow}). Let us show that s’ € Vis(swow§t).
Let by, ...,b, € B be such that b ...b,s" = swow5. Let n’ be the greatest index
such that by ...b, is a prefix of swe. And let s” = by ...b, \sws; s” belongs



A constructive solution of XA C BX 81

to Vis(sws). Besides, by assumption, Vis(swg) = Vis(swows). Therefore, there

exists b1,...,b),, such that ] ...b), \swows = s”. Finally, we obtain that

Voo bhbprgs .. bns’ = swowswh = swowh ™!
which means that s € Vis(swowh ™). That is what we wanted. The converse is
similar.

Existence of waiting loop is given by the following simple result based on a
simple counting argument based on the fact that visibility sets are subsets of S.

Lemma 5 (Existence of waiting loops, Version 1). For any word w and
any prefiz wy of w such that the length of wi\w is greater than 2151, there exists
a waiting loop of form w = wiwawswy.

We actually will use a more precise version:

Lemma 6 (Existence of waiting loops, Version 2). Let w be a word, and let
W = c1C3 . .. Cn be a decomposition of w into n factors, where the ¢;’s are words.
Let ny be such that n —ny > 21S1*  Then w has a waiting loop w = wiwowswy
such that wy = cico...cn, and the other w;’s are concatenations of some c;’s.
Formally: fori=1,...,4, W, = Cn;_,+41---Cn;, where ng,na,ng and ng are such
that 0 < ny < ng <ng <n, ng=0 and ng = n.

Proof ( of Lemma 3).

We describe the strategy o’ from w’ turns after turns. In order to do that,
we describe a game G’ where Defender ’s plays are generic, and doing that we
describe turns after turns how Attacker has to play. During this description, we
shall use ¢ as an oracle to which we provide plays of Defender and which tells
us what o suggests for Attacker’s plays.

First of all, let us observe that Defender must play at least Lﬁ;wl_l
turns before completely erasing vy (here we keep notations of Definition 1 where
w = v1vevs and w’ = v1vhvs). And besides, from the definition of Ny and the
fact that minge 4 |a| > maxpep |b] we get:

Ny Ny

> 1225”41 1
maXpeB |b| MiNge A |a\ ( ) M

Let us define )
N; = Tmax b (251" +1)7
beB

There are 3 stages in the strategy:

1. Informally, the first stage starts at the beginning and goes on until the word
obtained by concatenating all plays of Attacker is sufficiently long, actually more
than N1 + N{

According to the preliminary remark, during this stage, plays of Defender
remains into vy, because vy is supposed to be great enough (see below). For
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these plays thus, there is no difference between w and w’ which both have v,
as a common prefix. Then §’ can be considered as a game § on w and Attacker
follows o.

So, precisely, the first stage consists of the n; first plays of the game
(a1,b1), (a2, b2), ..., (an,, by, ) where n; is such that |a1as ... an,—1| < N1+ Nj <
|aras ... an,|. Let us note that nj, i.e., the moment at which Stage 1 ends,
depends on the plays of Defender and on o which tells Attacker how to play.
However, we can say that n; < (Ny + Ny)/mingeca |a| + 1. This implies that

Ny

minaeA |a’|

m< N +meBW@wP+”§
minge4 |a|]  minge4 |al

+ol817 4

Together with Equation 1 of the preliminary remark, one can conclude that v1
has not been totally erased, and even more than that: It remains at least 2!° 2 +1
turns before that this means that there exists a word v of length greater than
maxpe g |b|(2|5| + 1) such that v; = bybs ... by, v. In particular, this justifies the
fact that Attacker can use o to play during this stage.

2. In Stage 2, Attackerlooks for a waiting loop. Formally: Attacker plays accord-
ing to o until Turn ny such that there exists nf, such that

[way ...an,|[an, 41 apyllan, 11 an,le

is a waiting loop. We choose no to be minimal for this propert NE Thanks to
Lemma 6, because the length of v is greater than maxye g |b].(2!5!” + 1), we are
sure that no occurs before v has been totally erased. In particular, Attacker can
still use o to play during this stage.

3. During Stage 3, Attacker no longer follows o. He plays the sequence

Apy41y- -+, any i loop until Defender has almost erased v}, i.e., until Turn ng
which is such that (b ...bn,)\v1.v5 € Vis(vy.v5) where byy41,...,b,, are all the
plays of Defender during Stage 3. In the following, (b; ... by, )\v1.v4 is denoted by
s’. Let us note that at this point, Attacker may be inside the loop, i.e., he maybe
playing some a; with n, + 1 < i < ny. Then whatever the plays of Defender ,
Attacker finishes the current loop. This drives the game to some Turn n4 such
that an, = an,.

Let us note that while Attacker is finishing his loop, which takes at most
9ls1? + 1 turns, it may happen that Defender erases v3 and starts erasing the
first plays of Attacker, i.e., the plays of Stage 1. However, Stage 1 above ensures
that the first ny plays of Attacker make a word of length greater than Ny + Nj.
Therefore, Defender must leave at least a word of length N; from ajas...ay,.

Now, the succession of plays which have been done is

(alvbl)a (a27b2)7 sy (anl,bnl), vy (anéabn’z)a ..

e (Gngybng)y ooy (Angs brg)s ooy (G, Dy )
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Let n§ be the greatest integer such that ny < nf < ng and (b; ... bné)\vl IS
Vis(v1). In the following (b1 ... by, )\v1 is denoted by s. We have that
(bnyg1---bng)\s.wy = s'. Therefore s’ € Vis(s.v3). Besides, by the definition of
B-relation, Vis(s.vh) = Vis(s.vz). Therefore s’ € Vis(s.v2), and thus there exist
b1,..., by such that by ...b,,s" = s.vs.

Now, let us consider the game G on w defined as follows: in this game, we
consider the sequence of Defender ’s plays defined by

D1,y bngs vy b Day e Doy bt - b

Let us consider the sequence of Attacker ’s plays corresponding to it according
to o: @y, ...,am where m’ = nf +m + ng — ng + 1. The first ny plays a;’s are
exactly the a;’s that we have been just defined for ¢’ in Stages 1 and 2, since in
these stages, Attacker actually used o.

Let us go back to the definition of ¢’ on the game G§’. Let us recall that we
are at Turn ny4 + 1, and Attacker is going to play. We define his play to be the
concatenation of @y,41...Gm, let us denote it by a,,+1. Let us recall that we
define o’ as a strong strategy. This means that Attacker plays in G just like if
it were in G. Let b,,,+1 be the next play of Defender .

Now, let us observe that if w’ has not been totally erased, it remains the
same word in § and in §’ to complete the pass, which is (b ... by, bp, 1)\, let
us denote it by wu.

The description of ¢’ ends here. To conclude, let us remark that if at some
point, Defender cannot play any more because the current word has no prefix in
B, then Attacker wins the game and ¢’ ends.

It remains to show that the positions of the games G and §’ are B-related
words. To see that, we apply Lemma 4.

Let us suppose that w’ has not been totally erased and that it remains the

word u defined as above. Altogether, we get for §’ a position of form:
wi w2

uai1ag ...apy Apg41 - - - ané cee

u); w4

v (g1 ny) (g1 - ny) o (A g1 Gny) Gy - Ty (2)

where 0 € ap, 41 -+ py(Gnyq1 - - - Gny) T I G we get a position of form:

— —/
UATAD -« . Qpy Qpy 41 - Ay Qg1 - - Gy g1 - o2 Gy (3)
—— —_—

w1 w2 w3 wq

The words wy, we, ws and wy defined above satisfy by construction the
condition of Lemma 4. They have been indeed chosen just in order to construct
a waiting loop. In addition, as we have seen during the description of ¢/, if w’
has been totally erased, then this part remaining from ajas...a,, is still of
length greater than Vy.

1
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To conclude the proof, we have to give a bound on the number of turns which
have been d(2)ne. Observe that during the 3 stages of plays, w’ can be erased and
at most 2!°1” 4+ 1 turns can be played after (in order to end the loop). This gives
the following bound:

!
L = M 42l 2 +1

min|b|
beB

3 Effective construction of the solution

To conclude, we consider the right congruence of Lemma 2 over words of length
greater than N7. It can be extended easily to a right congruence over all words
by setting any word of length less than N; equivalent to itself only. One gets
a new right congruence which still is of finite index. By Theorem 1, any two
congruent words both belong in the greatest solution of AX C X B or both do
not.

Let us consider an automaton associated to it; and let us select the largest
subset of states of this automaton such that if we consider this set as the set of
final states; then we get a language which is solution of AX C X B.
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Abstract. Context-Free Grammars (CFGs) are the current linqua
franca for the formal expression of programming language syntax. How-
ever every programming language also has contert-sensitive require-
ments, which are typically expressed as custom-coded actions added to
the grammar. Conjunctive Grammars introduce conjunction into CFGs
while maintaining cubic worst-case parsing time. Here we present an el-
egant generalization of Conjunctive Grammars called Multi-Conjunctive
Grammars (MCGs) which range over fixed-width tuples of strings. MCGs
provide context-sensitive parsing while remaining amenable to the well-
known (suitably generalized) null- and unit-elimination techniques.

1 Introduction

A Context-Free Grammar (CFG) G defines a (possibly infinite) set of strings
L(G) over some finite alphabet > . CFGs have many applications, including
specifying the syntax of programming languages. A variety of tools are available
for automatically converting a CFG G into an executable parser Pg(z), where
Pg(x) = true exactly when the string x € L(G). The CFG shown in Figure 1
defines the set of even-length strings over the alphabet {a,b} (a formal syntax
and semantics of CFGs if given below). For this grammar, L(G) = { "", "aa",
"ab", "ba", "bb", "aaaa", ... }.

CFGs cannot express context-sensitive properties such as string equality,
which are essential to defining programming language syntax (for example, in
Java the name of a class’s constructor must match the name of the class). A wide
variety of enhancements to the CFG formalism have been proposed. In particu-
lar, Okhotin has succeeded in introducing conjunction (Conjunctive Grammars)
[2001] and negation (Boolean Grammars) [2004] in such a way that a parser still
is able to check a string with worst-case time complexity (n®) — no worse than
required for a CFG.

Conjunctive Grammars can express string equality but the required formula
is non-obvious and therefore hard to use for ordinary language specifiers. Here we
explore a more general approach, called Multi-Conjunctive Grammars (MCGs),
based on the observation that equality can be naturally expressed using CFG-
like techniques against tuples of strings. For example, the grammar shown in
Figure 2 defines string equality (without conjunction) over the alphabet {a,b} (¢
is the empty string). In the example, each non-terminal N has a finite fixed arity

M. Kunc, A. Okhotin (Eds.): Theory and Applications of Language Equations
TUCS General Publication No 44, pp. 85-100, 2007.
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k, indicating that L(N*) C 3% (We will often write the arity as a superscript
on the non-terminal although this is not part of MCG syntax). In particular,
the non-terminal E has k = 2, as indicated by the form of its rule bodies,
where angle-brackets enclose two components separated by a comma. Also, an
important difference from CFG semantics is illustrated by the body of second
rule — the two occurrences of E, E.1 and E.2, are not independent, as they
would be in a CFG. Instead, they represent the first and second components
(respectively) of a single 2-tuple from L(E). This feature is the foundation of
the context-sensitive properties of MCGs.

MCGs can express properties that go well beyond the capabilities of Conjunc-
tive Grammars and Boolean Grammars. One example is whole number addition
of natural numbers, as shown in Figure 3 (natural numbers are represented as
strings of '1’s). In this example, conjunction is not even required. Using conjunc-
tion, even more complex grammars are possible, including whole number multi-
plication, as shown in Figure 4. (In the example, conjunction with E (equality)
is used in the definition of M to ensure that the number that gets "added” to
the end of the third component is equal to one of the other two components.)

A —¢

A—Aaa
A—Aab
A—Aba
A—Abb

Fig. 1. CFG for Even-Length Strings

E—(e,¢e)
E— (Ela E2 a)
E— (ELbE2b)

Fig. 2. MCG Example 1: String Equality

S— (e e¢)
S—(S11,582,831)
S—(S81,821,831)

Fig. 3. MCG Example 2: Addition
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M- (g¢¢)
M- (M11,M2&E1 M3E21)
M— (M1&EILM21,M3E21)

Fig. 4. MCG Example 2: Multiplication

2 Background

Over the last several decades, interest has grown in formalisms that capture
common complexity classes intrinsically, in the sense that the formalism does
not explicitly include a limitation on time or space resources. In particular, for-
malisms intrinsically capturing PTIME and LOGSPACE have been discovered.
For example, in the realm of programming languages, Neil Jones has presented
F., [1999], a first-order, cons-free functional language, which captures PTIME;
as well as the tail-recursive version F,.-, which captures LOGSPACE. In the
realm of database query languages, the logic programming language Datalog+
was shown by Papadimitriou [1985] to capture PTIME, and a restricted ver-
sion was shown by Graedel to capture LOGSPACE [1992]. In the realm of type
systems, Hoffman has shown that Linear types capture PTIME [2003].

In the realm of grammars, Groenink [1995] has shown that the SLMG’s
capture PTIME. This result is used below to show that MCG’s, which have
a certain structural similarity to SLMG’s, also capture PTIME. We are not
aware of any grammatical formalism that captures LOGSPACE. Furthermore,
we are not aware of any attempt to apply null- and unit-elimination techniques to
SLMG’s (or to F,,, Datalog+. or Linear types for that matter). We believe that
the MCG formalism makes applying these techniques relatively straightforward,
because the MCG syntax and semantics are straightforward generalizations from
CFG syntax and semantics.

3 Context-Free Grammars

We review the well-known facts of context-free grammars. To facilitate the de-
sired enhancements to the CFG syntax and semantics (and also because it is
interesting in its own right), we depart from the usual constructive description of
CFG semantics and provide a declarative description founded on first-order logic.
This foundation enables establishing some grammar re-writing rules, which in
turn shorten and illuminate proofs of various grammar properties.

3.1 Syntax

The syntax of a context-free grammar (CFG) starts with a tuple G =
(N, X, P, Ng) where: 1) N is a finite set of symbols called the non-terminal
symbols; 2) X is the alphabet of G — a finite set of symbols ( called the terminal
symbols) disjoint from N; 3) P is a set of production rules; and 4) Ng is an
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element of N called the start symbol. Since the details of rule syntax will be im-
portant below, we describe the CFG syntax as a CFG itself, as shown in Figure
5 (The rules for N (non-terminal symbol) and T (terminal symbol) are omitted
for brevity).

In addition, it should be noted that:

— The bodies of all rules with the same head are grouped together into a
disjunction (each sequence in the disjunction is an alternative)

— Terminal symbols are enclosed in single-quotation marks;

— A distinction is made between the appearance of a non-terminal symbol in
the head of a rule and the reference to it in the rule’s body.

In what follows, we use G, P, D, S, N, X, or R to designate an arbitrary
grammar, production rule, disjunction, sequence, non-terminal symbol, terminal
symbol, or non-terminal reference, respectively. Also, the general term grammar
expression (or just ”expression”) is used for either a disjunction, a sequence, a
terminal symbol or a non-terminal reference.

G—-P|PG

P — N’ — "D (Each N heads ezactly one rule.)
D—S|S’|’D

S —-U|US

U—-R|X]|e

R —N

G = Grammar

P = Production Rule

D = Disjunction

S = Sequence

U = Symbol

R = Reference to a non-terminal

N = Non-terminal symbol (any capital letter)
X = Terminal symbol (in single-quotes)

¢ = Empty string

Fig. 5. Syntax of a Context-Free Grammar

3.2 Semantics

The intention of a context-free grammar is to define a set of strings L(G) C
27 called the language of G. Traditionally, the language of a CFG is defined
”constructively” — a string x is in L(G) whenever z can be derived from the
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start symbol Ng by a finite number of substitutions of one of the non-terminal
references N with one of the alternatives from N’s rule. Here, we present the
semantics ”declaratively”, as a list of semantic equations, as shown in Figure 6.
Each construct within the grammar is given a grammar-specific language (set of
strings), defined in turn in terms of the languages of other constructs.

The well-known flaw in this declarative approach is that Equation S-IV intro-
duces a circularity, making straightforward structural induction fail. However,
the "naive” equations in Figure 6 can be straightforwardly converted into a set
of axioms of a first-order logic (FOL) M(G). (A translation function from a CFG
to a FOL is defined in Figure 7.) As is well-known, a FOL may have zero, one,
or more than one satisfying interpretations, called models. A FOL is canonical
over some domain if it has exactly one model over that domain. So the challenge
(using the language of logic) is to to prove that a given CFG G that M(G) is
canonical over the domain Y " (we assume that + has the usual meaning of string
concatenation). We call such a grammar well-defined, because the existence of
a unique model makes the question of the membership of a string x in L(G)
unambiguous. Proofs of well-definedness can be accomplished for some gram-
mars (but not all) using the well-known techniques of null- and unit-elimination.
In what follows, properties of these two techniques are proven using grammar
refactoring rules, whose correctness is proven using standard logical deduction.
The logical inference rules allow rewriting a FOL without changing the model(s)
which satisfy it.

SI  L(G) = L%Ns)
SII. LYN — D) =L%(D)
where N — D is a rule in G

S-III. LE(SID) = {s|s € LYS) or s € LD}
S-IV. LEU S) ={s |s—u+v

u € LEU),v € LY(S)}
S-V. LY(R) =L%R — D)

where R — D is a rule in GG
S-VI. LE(X) ={X}
S-VIL L (e) = {e}

Fig. 6. CFG Naive Semantics

3.3 Grammar Refactoring Rules

A grammar refactoring rule allows a grammar to be modified without changing
the model(s) of its logical semantics. Clearly, if a grammar G can be refactored
into a new grammar G’ which is provably canonical, then G is also canonical,
and therefore well-defined. Some basic grammar refactoring rules are shown in
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M-I.
M-II.
M-III.

M(P,..P,) =M(P)A..AM(P,)
M
M
M-IV. M
M
M

(

(N — D) =<Vz: N(z)< M(z,D) >

(S11..18n) = M(S1) V... VM(S,)

(U1.Un) =<3Fyt, e Ym iz =y1 + .. +ynA
M(1,Ur) A .. AM(m, Up,) >

B) =Rl

Fig. 7. CFG Logical Semantics

Figure 8. The correctness of these rules follows directly from the logical semantics
equations of Figure 7 using standard logical deduction.

R-1. (E1|E2) = (E2‘E1)
RIL (E )
R-III. (¢ E)

¢y
& &

Fig. 8. CFG Refactoring Rules

3.4 Null-Elimination

Definition 1.1 Two grammars G and H are equivalent (denoted G = H)
iff L(G) = L(H). Likewise, two expressions (that is, disjunctions, sequences
or references) E and F are equivalent in grammar G (denoted E =% F iff
LY (E) = LE(F). If E and F are equivalent in every grammar, then they are
Jjust equivalent (denoted E = F'.)

Definition 1.2 A nonterminal A is e-free in a grammar G iff LE(A) does
not contain €. Likewise, G is e-free iff every non-terminal in G except for the
start symbol is e-free in G. R

Theorem 1.2 For every CFG G, there is an e-free CFG G where L(G) =
L(G).

Proof For any expression F in G, define E to be an expression (if one exists)

such that L(E) = L(E) — {e}. The grammar refactoring rules in Figure 9 allow

an expression E to be rewritten to ”push the tilde down” to the subexpressions
of E. The refactoring rules completely cover the CFG syntax. So, for any rule

X

A — E in G, there is a new rule A — F where L¢(A) = LY(A) — {e} and

A

tildes appear only on non-terminals in the body of F. Now let G contain such
a rewritten rule for every rule in G. In addition, let the first rule in G be either
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Ag — ;1; if e € L(G); or Ag — ;1;|5 otherwise. So G is equivalent to G but
also e-free. QED.

This proof is constructive, and so it represents a guaranteed-to-terminate
procedure for null-elimination.

N-IIL S1].]S, = 5|5,
N-IV. S1||U1UIS|ST,2>51||U1 i
U:..5

|U..U;5|..|Sn

N-V. N = E, where N — E isin GG
N-VI. X = X
N-VIIL. £ =g

Fig. 9. CFG Null-Elimination Refactoring Rules

3.5 Unit-Elimination

Definition 1.3 In a CFG G, A unit is a sequence consisting of just one non-
terminal. A grammar is unit-free iff none of its rules contain any units. In any
CFG G, arule containing a unit has the form N — S;..|N’|..S,, and also G must
contain a rule N’ — S7|..|S/,. Either (Case 1) N’ is different from N or (Case 2)
it is the same. If different, then the body of N”’s rule may be substituted for the
reference to N’ in the body of N’s rule using the first refactoring rule in Figure
10. Then if any other units remain in G, the step can be repeated.

However, when N’ is actually the same as N, then the rule with the unit is
of the form: N — Si]..|N|..S,. The logic semantics for this rule is of the form:
N(s) = ..V N(s)V ... However, in any model of G, any set of strings can be
assigned to the predicate N(s) without endangering the satisfactoriness of the
model. Therefore, G is not well-defined in this case. Interestingly, by contrast, the
constructive semantics for CFG’s would allow N to be replaced with &, thereby
choosing one particular model (the minimal one). The constructive approach
has the advantage that every CFG can be transformed to have a unique model.
However from a declarative perspective, this choice of a model is arbitrary, and
so we terminate our unit-elimination procedure at this point.

Regardless of whether the grammar turns out to be well-defined, we want
the unit-elimination procedure to always terminate. To see that the procedure
must terminate, define a finite relation uses®(Ny, No), which is true iff the non-
terminal Ny is referenced by the body of Np’s rule in grammar G. There must
also exist finite uniquely defined relations dependsOn%(Ny, N3) — the transitive
closure of user®, and whortestPath®(N, N') which gives a unique positive in-
teger representing the number of edges in the shortest path (if any) from N to
N'.
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Clearly, uses® can be thought of as a finite directed graph. In particular, in
Case 1 above, there is an edge uses®(N, N'); and in Case 2, there is an edge
uses®(N, N). The substitution step described above shortens the length of all
paths containing the edge uses®(N, N’) by one, without increasing the length
of any paths. Since there are a finite number of edges and paths in the graph,
the procedure always terminates (although some grammars may prove to be not
well-defined). QED.

U-I. N — Si|..[N'[..|Sn =C N — Si]..|S1|..|S%]|..|Sx
N’ — Sil..|Sk

Fig. 10. CFG Unit-Elimination Refactoring Rules

3.6 Parser Generation

The value of the null- and unit-elimination techniques is highlighted by the
following theorem:

Theorem 1.4 Every e-free and unit-free CFG is well-defined.

Proof (sketch) Since the details are messy and the ideas used to establish
this theorem are well-accepted, we present only a sketch of the proof. The ap-
proach to the proof is to use induction, but the challenge, as mentioned above,
is to properly found the induction. So, the following cases can be considered:

1. Base Case: Clearly, rules M-VI, M-VII and M-VIII (Figure 7 clearly have
a unique model in any grammar.

2. Non-recursive: Call a grammar G recursive if dependsOn® (N, N) = true,
for any non-terminal N. If G is not recursive, then uses® forms a tree rooted
on the start symbol, and the induction can be founded starting at the leaves
and working up toward the root, which is the start symbol.

3. Non-unitary Let L% (V) be the set of strings of length n in Lg(n). If a
graph G is both e-free and unit-free, then for any rule N — E, the set LE (N)
is uniquely defined in terms of L% (V). So the uniqueness of the model can
be established for each n, and therefore for any set of finite-length strings.

For a well-defined CFG G, a parser may be generated in a target program-
ming language using well-known techniques.

4 Conjunctive Grammars

Having laid the groundwork above, the syntax and semantics for Conjunctive
Grammars can be reproduced in declarative style.
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4.1 Syntax

Conjunctive grammars allow a new binary operator: conjunction (’&’). For any
string z, v € LY(S1&S2) whenever 2 € LY(S;) and z € LY(S,). In the syntax,
the precedence of the conjunction operator lies below that of disjunction but
above that of sequences. The CFG syntax can be modified for conjunction by
changing one production rule and adding another one, as indicated in Figure 11
(compare to Figure 5).

D—-C|C'|'D
C—S[S&’C

C = Conjunction

Fig. 11. Syntax of a Conjunctive Grammar

4.2 Semantics

The semantics for Conjunctive Grammars is also straightforward: the disjunction
rule is modified slightly to refer to conjunctions instead of sequences; and a new
rule is added for conjunctions, as indicated in Figures 12 and 13.

S-III. LY(CID) = {z|x € L°(C) or =z € LY D}

S-VIIL LY(S&C) = {z|x € LY(S) and = € LYC}

Fig. 12. Conjunctive Grammar Naive Semantics

M-IIL. M(Cy1..1C) = M(Ch) V .. vV M(Cy)

M-VIIL M(S1&..&S5,) = M(S1) A .. AM(S,)

Fig. 13. Conjunctive Grammar Logical Semantics
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4.3 Null-Elimination

The Null-elimination procedure for Conjunctive Grammars is also a straightfor-
ward enhancement to the CFG procedure, as indicated in Figure 14. The N-II
refactoring rule now applies to conjunctions instead of sequences; a new rule
N-VIII is added to handle conjunctions of sequences; and the N-III rule grows
in complexity because the sequences are now buried inside two ”layers”, the
enclosing conjunctions, in turn enclosed within disjunctions.

NAIL Cil.|C. = Cil.|Cn

N-IV.  C1|.[S1&..& = C1|..|S1&..&U .. Us& S,

U,..U:S |51&..&U1..S&Sm,
&Sm|..Cn, 1S1&..&U1..U; 88 Sm|..|Cn

N-VIIL $,&. &S, = S1&..&S,,

Fig. 14. Conjunctive Grammar Null-Elimination Rules

4.4 Unit-Elimination

The required modifications to the Unit-elimination refactoring rules are also
straightforward — the definition of a unit remains valid for a Conjunctive Gram-
mar. The substitution rule must be modified to take into account the extra
”layer” of conjunctions, but is very similar to the corresponding rule for CFGs.
The new refactoring rule is shown in Figure 15.

U-L N — C1|..|S1&..&N"&..Sk|..|Cy = N — C4]..
N' = C}|.|Ch |S1&..&C) & .Sk

151&..&C), &S|
|C

Fig. 15. Conjunctive Grammar Unit-Elimination Rules

4.5 Parser Generation

Conjunction makes no essential difference to the definitions or theorem con-
cerning well-definedness presented for CFG’s. The key property in founding the
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induction in the proof is still the ability to define the model for L (N) in terms
of Ly H(N).

5 Multi-Conjunctive Grammars

By contrast with Conjunctive Grammars, whose languages are set of strings, the
languages of Multi-Conjunctive Grammars (MCG’s) are sets of tuples of strings.
An MCG G has a whole number k called the arity of G, which indicates the
width of the tuples in L(G). The syntax and semantics of MCG’s are intended
to be a straightforward generalization of Conjunctive Grammars to k-tuples.

5.1 Syntax

The syntax of an MCG is similar to the syntax of a Conjunctive Grammar
except that sequences are now replaced with tuples of sequences. A tuple is a
list of semi-colon-separated sequences, call the components of the tuple. The
changes required for the MCG syntax are shown in Figure 16 (The meaning of
”complete” will be given shortly).

In a MCG, each expression (disjunction, tuple, conjunction, sequence and
non-terminal) has an arity k — a whole number defined as follows:

. Sequences have arity 1.

. A Tuple with & components (i.e. sequences) has arity k.

. Conjunctions have arity 1.

. All subexpressions of a disjunction (or conjunction) must have the same arity
k, which in turn is the arity of the disjunction (or conjunction).

. A non-terminal has the same arity as the body of its rule.

6. A grammar has the same arity as its start symbol.

=W N =

t

A non-terminal with arity 1 is called simple; otherwise, it is complex. The
arity k of a non-terminal N is indicated by writing the non-terminal with a
superscript: N¥.

Importantly, a reference to a complex non-terminal N (with arity & > 1)
is written V.7, where i is a constant whole number indicating the desired com-
ponent of the non-terminal (see Figure 3 for an example MCG). An important
restriction is that, whenever a complex non-terminal NV is used within a Tuple,
every component of N be referenced in T. Such a tuple is called complete. As will
be seen later, completeness of Tuples is important for making PTIME parsing
possible.

5.2 Semantics

Multi-Component Grammars define languages over tuples of strings instead of
individual strings. To support this, the two main syntax changes, as previously
mentioned are: 1) the introduction of the Tuple expression; and 2) the intro-
duction of the non-terminal references occurring throughout the Sequences in
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C —=(T)|(T)’&’C
T —=8S|S5yT (C must be complete.)
R —=N7I

(T )= A Tuple
I = A Whole Number

Fig. 16. Syntax of a Multi-Conjunctive Grammar

a Tuple. The semantics must express that the references to the various compo-
nents N.i of a complex non-terminal N must come from a single tuple in LE(N).
The logical semantics is shown in Figure 17. The interesting rule is M-IX. The
quantifiers that previously appeared for each individual Sequence are pulled out
and range over the entire Tuple. This is the purpose of the Q function. Similarly,
the R function appends to the end of the logical statement an extra atom for
each non-terminal N appearing anywhere in the Tuple. The extra atom asserts
that all of the variables ufl corresponding to components N.j of the non-terminal
are in L(N) — that is to say, they are all part of the same tuple. These extra
atoms are the reason why the non-terminal itself in Rule M-V is mapped just to
true.

MI  M(Pi..P,)  =M(P)A. AMP,)

M-II. M(N — D) =<Vz: N(z)«< M(z,D) >
M-TII.  M(C11..1Cn) =M(C1) V..V M(Ch)
M-VIIL M(T1&.4T,) = M(T1) A .. AM(T,)

M-IX. M(<S1,,Sn>) =< Q(S1, ..,Sn) o

M(S1,1) A .. AM(Sn, n)A
R(S1,..,5%)

M-IV. M(U1..Upn,i) =<3y, yn 2T =91 + ..+ ynA
M(Uy,ub) A .. AM(U,,ul) >

M-V. M(R.l,u) = true (defer to end of tuple)
M-VI. M(X,u) =(u=X)

M-VIL. M(e,u) =(u=c¢)

Q-1. Q(S1,..,Sn) = 3ul,.. for each U in each S;
RI  R(S1,..,S) =_.AN(.,ub.)A.

for each N occurring in the S;’s
where u, occurs in position j
whenever Uj is N.j.

Fig.17. MCG Logical Semantics
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5.3 Null-Elimination

The enhancement to the null-elimination procedure starts by extending the def-
inition of e-free to complex non-terminals — every component of which must be
e-free. This is accomplished with the following definition.

Definition 2.2 A (complex) nonterminal A is e-free in a MCG G iff no
string-tuple in LE(A) contains € in any of its components. G is e-free iff every
non-terminal in G except for the start symbol is e-free in G.

We want to prove the corresponding theorem.

Theorem 2.2 For every MCG G, there is an e-free MCG G where L(G) =
L(G).

Proof For an expression of arity k, the definition of E¥ is expanded to
mean that e is not in the language of any of E’s components L%(E.i). The
refactoring rules presented for Conjunctive Grammars (Figures 9 and 14) for
”pushing down” tilde to the Tuple level remain correct when re-interpreted for
MCG’s and complex non-terminals, with the exceptions shown in Figure 18. Rule
N-VIII must be modified to show that conjunctions are now made up of Tuples;
Rule N-IV must be expanded again to handle the extra ”layer” of syntax; and
the new Rule N-IX must be added to handle pushing the tilde through a Tuple.

The subtlest Rule, however, is the shortest — Rule N-X. This Rule is justified
by the new semantics of references to complex non-terminals. The Rule works
because the semantics ”gathers up” the N.i’s into a single atom.

With these changes, the tilde can again be pushed down all the way to the
non-terminal references. Note that all of the references N.i to a compler non-
terminal are considered together, as indicated in the semantics, as the compo-
nents of a single instance of the non-terminal N. This is the import of Rule
XI. These refactoring rules allow the conversion of any grammar to an e-free
grammar.

(S1;.5 |T1&..&(Sl;.‘;Ul../U\i;..>&Tm
U1m |T1&&<517,U1§,>&Tm
:.5p) Ty &..&(S1; ..; Uy ..U, S; . )& T,
&Sm|..Cr [..|Cn

N-VIIL T0&. &Tn = Thde..&Th

N-IX.  (Sh,.,8) = (S1,..,5%)
N-X. Ni = N.i

Fig. 18. MCG Null-Elimination Refactoring Rules
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5.4 Unit-Elimination

The definition of a unit and of a unit-free grammar given for CFG’s and Con-
junctive Grammars is the same for MCG’s. Note that the import of the definition
is that no component of a Tuple will contain a unit. The unit-elimination pro-
cedure for MCG's is the same in broad outline as the procedure for Conjunctive
Grammars. The uses relation is redefined to be over the individual components
of non-terminals: uses®(Nj.i, No.j) means that the reference Ny.j appears in (a
Sequence within) the i*" component of a Tuple in the rule defining N;. However,
the procedure for substituting a non-terminal N’ into the rule for non-terminal
N is is significantly complicated by the need to simultaneously substitute more
than component at a time.

Case 1: N’ has arity 1: When the non-terminal being substituted has an
arity of 1, then the substitution procedure can be redefined is a straightforward
generalization of substitution for Conjunctive Queries, as shown in Figure 19. In
close analogy to the Conjunctive Grammar situation, this substitution shortens
the length of every path including the edge uses®(N.i, N’.j) — unless N is N’
and ¢ = j (in which case the grammar is not well-defined for reasons analogous
to the Conjunctive case).

Case 1: N’ has arity > 1: When N’ has k£ > 1 components, the substitu-
tion is complicated by the need to substitute in all k of N’s components. The
complication is that even though the unit reference in N’s rule to N’ may be
(say) to component N’.i, the other components may need to be substituted into
non-unit situations. In this case, the Tuple being substituted into is ” atomized”
— a new rule is introduced where each Symbol U within each Sequence in the
original Tuple is placed into its own component (see Figure 20. This has the effect
of making each reference N’.j to N’ into a unit. Then, the substitution can be
carried out as in Case 1, with all components being substituted simultaneously.

Unfortunately, the ”atomizing” procedure introduces new units (and also
new rules!) into the grammar, which would at first appear to be contrary to the
goal of eliminating all units. However, the new edges and vertices in the uses
graph can be discounted because have an important property: whenever a path
in the original graph contains a non-unitary edge, then the corresponding path
in the new graph also contains a non-unitary edge. So the introduction of the
new vertices and edges cannot introduce any new circularities. This property
allows the termination proof to go through.

5.5 Parser Generation

Parsing generation has some interesting complications. Following the logical
semantics, the parser must defer checking the components of a complex non-
terminal reference until they are all present. Then it makes one call to the pars-
ing function for that checks whether the tuple parses for that non-terminal. The
formalization of this procedure has been omitted here due to lack of space.
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U-IA. N — C1|..|Th &..&(S1; ..; N.1;..Sp)&.. Tin | .| Cr
N’ = (St &S )] (ST )& & (S )
= N — .. ’

q1

|Th&..(S1;..; 1% .5 Sp)&..&(Sh; s SiE s SV & T

|Th&..(S1; . S{p/; 5 Sp) & &(Sq; S;I,oll 5 Sp) & Ty

P

|.|Ch

99

Fig.19. MCG Unit-Elimination Refactoring Rules — Simple Case: N’ has arity =1

U-IB. N — C1|.|Ti&..&
(UL.U} s 5 ULLUE)
&.Tonl..|Cn
N’ — (S1)&e. & (S [(SF ) &e..&e(SLY )
N P
N — Ci].|T1&..&(N.1..N.r1; . )&.. Tin|..| Cn
N = Ci].|Th&..
&(UT; .5 U5 UL 5 UF,)
&..Trn|..|Cn
N’ — (unchanged)
=
]\7 i Cl|

|T1&..&(..; Si*; . ) &.. Ty, (Each Si* sub’d for N.i)

Ty &..&(.; S . )&.. T, (Bach S subd. for N.i)

.|C

Fig. 20. MCG Unit-Elimination Refactoring Rules — Complex Case: N’ has arity > 1
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