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Abstract

We use some ‘natural’ language operations, such as shuffle (scattered insertion) and scattered deletion to model
noisy channels, that is, nondeterministic processes transforming words to words. In this spirit, we also introduce
the operation of scattered substitution and derive the closure properties of the language families in the Chomsky
hierarchy under this operation. Moreover, we consider a certain type of language inequations involving language
operations and observe that, by varying the parameters of such an inequation, we can define families of codes such
as prefix and infix, as well as families of error-detecting languages. Our results on this type of inequations include
a characterization of the maximal solutions, which provides a uniform method for deciding whether a given regular
code of the type defined by the inequation is maximal.
© 2004 Published by Elsevier Inc.
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1. Introduction

Language operations, such as catenation, shuffle (scattered insertion) and scattered deletion, have been a
classical topic of study in formal language theory. In particular, the closure properties of language families
in the Chomsky hierarchy under such operations are one of the central themes in this theory [14,7]. More
recently, also the topic of language equations involving language operations other than catenation has
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been of interest [8,10] (see [2] for language equations involving the catenation operation). In this work,
we observe that certain language operations—in particular shuffle and scattered deletion—can be used to
model noisy channels (in the sense of [ 12]). In this spirit we introduce another ‘natural’ language operation,
the operation of scattered substitution, and derive the closure properties of the language families in the
Chomsky hierarchy under this operation. We also observe that a certain type of language inequations can
be used to define code-related properties of languages. More specifically, consider the inequation

XOL € X6 with X C M, *)

where X is the unknown language, X¢ is the complement of X, L and M are fixed languages, and <> is a
binary language operation. Depending on the choice of <, L, and M, the solution set of such an inequation
could be the family of all prefix codes, hypercodes, infix codes, etc. (see [5] for such families of codes).
Moreover, the pair (<>, L) can be used to define a noisy channel, which we denote by [<L;]. With this
interpretation, the solution set of the inequation is the set of all languages that are error-detecting for the
channel [$L;]. Following certain ideas in [8,10] about language equations, we obtain a characterization
of the maximal solutions of the inequation (x), when (x) is of type (c)—see Section 6. This yields a
method for deciding whether a given regular code of the type defined by the inequation is maximal. We
note that uniform methods for deciding code-related properties of regular languages have been considered
in [6,4]. However, to our knowledge, there is no analogous uniform method for deciding the maximality
property.

The paper is structured as follows. In the next section we provide the basic notation and background
about formal languages, binary relations, word operations, language equations and error-detection. In
Section 3 we give examples to demonstrate that certain code-related properties are definable via language
inequations of type (). For the case of error-detection properties we need the concept of noisy channel.
We show how to model certain channels using language operations in Section 4. In Section 5, we study
the closure properties of language families in the Chomsky hierarchy under the operations involved
in modelling channels with substitution errors. In Section 6 we point out the connection between error-
detecting languages and the solutions of the above inequation and establish basic results about the maximal
solutions of this inequation. When the inequation is of type (c) we obtain a necessary and sufficient
condition for whether a given solution is maximal-—see Corollary 6.7. In the last section we discuss
some special cases and applications of our results. In particular, we show that (i) for certain inequations
with finitely many maximal solutions there is a method for obtaining those solutions; (ii) the problem of
whether the inequation has a solution of at least k elements, for some given k, is NP-complete; (iii) there
are simple and efficient algorithms for deciding whether a given regular prefix code, or finite bifix code,
or finite infix code, or fixed-length 1-error-detecting code is maximal.

2. Definitions, notations and background
2.1. Alphabet, word, language, automaton, binary relation
An alphabet is a finite and nonempty set of symbols. In the sequel we shall use a fixed alphabet 2. The

set of all words (over 2) is denoted by X*. This set includes the empty word A. The length of a word w is
denoted by |w|. For a nonnegative integer n and a word w, we use w” to denote the word that consists of
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concatenated copies of w. The Hamming distance H (u, v) between two words u and v of the same length
is the number of corresponding positions in which u and v differ. For example, H (abba, aaaa) = 2.

A language L is a set of words, or equivalently a subset of 2*. A language is said to be A-free if it
does not contain the empty word. For a language L, we write L to denote L U {/}. If n is a nonnegative
integer, we write L" for the language consisting of all words of the form w - - - w, such that each w;
is in L. We also write L* for the language L° U L' U L? U --- and L™ for the language L* — {2}. The
notation L€ represents the complement of the language L; that is, L¢ = X* — L. For the classes of regular,
context-free, and context sensitive languages, we use the notations REG, CF and CS, respectively.

A nondeterministic finite automaton with A productions (or transitions), a A-NFA for short, is a quintuple
A = (S, 2, so, F, P) such that S is the finite and nonempty set of states, sq is the start state, F'is the set of
final states, and P is the set of productions of the form sx — ¢, where s and ¢ are states in S, and x is either
a symbol in X or the empty word. If there is no production with x = 4, the automaton is called an NFA.
If for every two productions of the form sx; — #; and sx» — 1> of an NFA we have that x; # x; then
the automaton is called a DFA (deterministic finite automaton). The language accepted by the automaton
A is denoted by L(A). The automaton is called trim if every state is reachable from the start state and can
reach a final state in F' (when F' # ). The size | A| of the automaton A is the number | S| + | P|. Note that
the number | S| of states of a trim automaton is at most 1 4 | P|; therefore, the size of such an automaton
is |A| = O(|P]).

A finite transducer (in standard form) is a sextuple T = (S, X, 2’, 5o, F, P) such that 2’ is the output
alphabet, the components S, so, F' are as in the case of 1-NFAs, and the set P consists of productions of
the form sx — yr where s and ¢ are states in S, x € XU {/} and y € 2" U {4}. If x is nonempty for
every production then the transducer is called a gsm (generalized sequential machine). If, in addition,
y is nonempty for every production then the transducer is called a A-free gsm. The relation realized by
the transducer T is denoted by R(T'). The concept of a trim transducer is the same as that in the case of
automata. The size |T'| of the transducer 7 (in standard form) is |S| + | P|. Again, when the transducer is
trim its size is |T| = O (| P]).

A binary relation y, say, over 2 is a subset of 2* x 2*, The domain of 7, denoted dom (), is the set of all
words u such that (u, v) is in y for some word v. We shall use the notation y(u) for the set {v | (u, v) € y}.
This notation is extended to languages L as follows: y(L) = U,cry(u). The symbol y~1 represents the
inverse of the relation y, which is equal to {(v, u) | (#, v) € y}. The composition y; o y, of two binary
relations y; and y, is the binary relation {(«, v) | (u, z) € y, and (z, v) € y;, for some word z}. A relation
is called rational if it can be realized by a finite transducer.

We refer the reader to [15] or [17] for details on automata and formal languages.

2.2. Binary word operations

A binary word operation is a mapping <> : 2* x 2* — 22" where 2% is the set of all subsets of X*. The
domain of <>, denoted dom (<), is the set of all pairs («, v) of words such that the set u<>v is not empty.
The left domain of <& is dom 1 (>) = {u : (u, v) € dom (<) for some word v}. Similarly, the right domain
of &isdom () = {v : (u, v) € dom (<) for some word u}. The image of <> is im () = Uu,uez* u>v.
The characteristic relation of <> is

Co = {(w,u,v) :w e udv}.
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For any languages X and Y, XY = (U, cx yey #<v. It should be noted that every subset B of Z* x 2 x 2*
defines a unique binary word operation whose characteristic relation is exactly B.

Definition 2.1 (Kari [8]). Let <> be a operation. The left inverse <! of <> is defined as
w e (x$v) iff x € (wolv), forall v, x, w € Z*,
and the right inverse <" of <> is defined as

w e woy) iff y € ud"w), forallu, y, w € 2*.

Definition 2.2. Let <> be a binary word operation. The word operation <’ defined by u<'v = véu is
called reversed <>.

It should be clear that, for every binary operation <>, the triple (w, u, v) is in C¢ if and only if (#, w, v)
is in Cy if and only if (v, u, w) is in Cer if and only if (w, v, u) is in C¢y. If x and y are symbols in
{, r," }, the notation <>*Y represents the operation (<*)Y. Using the above observations, one can establish
identities between operations of the form <Y For example, ¢!/ = &7 = & = Gand &' = o7 = ol

Next we list a few binary word operations together with their left and right inverses [7,8].

Catenation: ' u - v = {uv}, with -/ = —> g and " = —y.

Left quotient: u — 4 v = {w} if u = vw, with —>§q = -"and —>l’q =—>q.
qu = -and —>;q

Insertion: u <— v = {uyvuy | u = ujuz}, with «<—' = — and «—" = =/,

Deletion: u —> v = {uqup | u = ujvus}, with —l =« and —" = =.

Dipolar deletion: u = v = {w | u = viwvy, v = viv3}, with ==« 'and =" = —>.

Shuffle (or scattered insertion): u v = {uvy - - - ugvgugsy | k=1, u =uy - ugg41, v = vy - - - v},
withI! = ~and I" = ~'.

Scattered deletion: u~~v = {uy - - - ugpr1 | k=1, u = ujvy - - - upVEUg41, v = vy - - - Vg }, with sl =
I and ~" = ~-.

Right quotient: u —> 4 v = {w} if u = wv, with —
l

= —)]q.

2.3. Language equations

The process of solving language equations has much in common with the process of solving algebraic
equations. For example the equation X<>)L = R is similar to the equation x + a = b, where a, b are
constants. In both cases, the unknown left operand can be obtained from the result of the operation and the
known operand by using an “inverse” operation. In the case of addition, this role is played by subtraction.
In the case of a binary word operation, which usually is not commutative, the notion of left inverse has
to be utilized. Similarly, the notion of right-inverse will aid in solving equations of the type LY = R,
where the unknown is the right-operand. We recall now a result from [8] that uses the left and right inverse
operations to solve language equations.

1 'We shall also write uv for u - v.
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Theorem 2.3. Let L, R C X* be two languages and let <> be a binary word operation. If the equation
XL = R (respectively, LOY = R) has a solution then the language Xmax = (REO!L)C (respectively,
Ymax = (L RE)C) is also a solution, namely one that includes all the other solutions to the equation.

For example consider the case of scattered deletion and shuffle. The fact that the left inverse of scattered
deletion is shuffle and viceversa helps us solve equations of the type

X~L =R, XUL=R.

By Theorem 2.3, the maximal solutions to these equations, if they exist, are Xax = (R LI L)€, respec-
tively, Xmax = (R°~~L)‘. As REG is closed under scattered deletion [7] and shuffle [14], these maximal
solutions are regular and can be effectively constructed in case R is regular. Note that the same languages
are also solutions to the inequations X~~L € R and X LI L C R, respectively, as a consequence of the
following lemma, which can be shown using the same arguments as in the proof of Theorem 2.3.

Lemma 2.4. If S is a solution to XL C R (respectively, LY € R) then also (REONL)C (respectively,
(LT RY) is a solution, which includes S.

2.4. Channels and error-detection

We recall the concepts of channel and error-detection from [12]. A channel is a binary relation 7 that
is domain preserving, that is, y € X* x X* and (u, u) is in y for all u € dom (y). The fact that (u, v) is in
y means that the word v can be received when u is transmitted via the channel y. If, moreover, u # v we
say that v can be received from u with errors. The requirement that y is domain preserving ensures that
error-free communication via y is possible. A channel y is called rational if the relation y is rational.

A language L is error-detecting for y if no word in L ; can be received from a different word in L via y.
More formally, a language L is error-detecting for a channel v iff for all words u and vin L, if (4, v) € y
then u = v.

Remark 2.5. A language is error-detecting for y if and only if it is error-detecting for y~1.

Next we list a few channels involving substitution, insertion, and deletion (SID) errors—see [13] for
additional channels of this kind. We note that the subscript ‘s’ indicates scattered errors as opposed to
burst errors [13].

0g(m, 00): consists of all pairs (u, v) such that v is obtained by deleting up to m symbols from u.

15(m, 00): consists of all pairs (u, v) such that v is obtained by inserting up to m symbols in u.

as(m, 00): consists of all pairs (u, v) such that v is obtained by substituting up to m symbols of u with
different alphabet symbols. Equivalently, this channel consists of all pairs (u#, v) such that |u| = |v| and
the Hamming distance H (u, v) is at most m.

(0 ® d)s(m, 00): consists of all pairs (u, v) such that v is obtained by performing a total of up to m
substitutions and deletions in u.

(0 ® 1)s(m, 00): consists of all pairs (u#, v) such that v is obtained by performing a total of up to m
substitutions and insertions in u.
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3. Code-related properties as solutions to language inequations

A language K is said to be a (uniquely decodable) code, if every word w in K* has a unique factorization
over K, that is, there is only one sequence of words wi, ..., w, in K, for some n >0, such that w =
wp -+ - wy. A language property, say P, can be viewed as the set of all languages having that property.
Using this interpretation, many natural code-related properties can be viewed as solution sets to language
inequations involving binary word operations. We provide in the following several examples. The reader
is referred to [16] or [5], for instance, for details on codes.

Example 3.1. A language K is a prefix (respectively, suffix) code if ux € K (respectively, xu € K)
implies x = A, for all words u € K and x € X*. Let P be the “prefix-code” property. Then P is the
solution set of (X —>,, 1) € X¢ with the constraint X € >*. Similarly the “suffix-code” property is
the solution set of (X —>, 2T7) € X“ with X € 2.

Example 3.2. A language K is an infix code if xuy € K implies x = y = A, for all words u € K and
x,y € 2*. Itis an outfix code if ujuy € K and u1xur € K implies x = 2, for all words uy, uz, x € 2*.
Let P be the “infix-code” property. Then P is the solution set of (X = XT) C X¢ with X C ™.
Similarly, the “outfix-code” property is the solution set of (X —> XT) C X¢ with X C 7.

Example 3.3. A language K is a hypercode if u € v LI 2* implies u = v, for all words u, v € K. The
“hypercode” property is exactly the solution set of (X II 1) € X¢ with X C X7,

The next examples show how certain “error-detection” properties can also be modelled in terms of
solution sets to language equations. Let y be a channel. We write P, for the “y-error-detecting language”
property, that is P, is the class of all languages that are error-detecting for ;.

Example 3.4. Let y be the channel 6s(m, 00), i.e., (u,v) € v iff v is obtained from u by at most m
deletions. Then P,, the set of all languages which are error-detecting for y, is exactly the set of solutions
of X;~(J...lU2™) € X§.Indeed, let X € P,. Consider z € x~y withx € X; and y € X% with
|y| <m. We want to show z ¢ X;. As z is obtained from x using at least 1 and at most m scattered
deletions, it follows that (x, z) is in y and x # z. Hence z ¢ X,. Conversely, suppose X satisfies the
inequation but X ¢ P,. Then there are two different words x and z in X; such that (x, z) € y. This implies
ze€ X;~(2J...lJ2™) and, therefore, z € X{—a contradiction. Hence, X € P,.

Example 3.5. Letybeaninsertionchannely = i5(m, 00),1i.e., (u, v) € yiffvisobtained from u by at most
m insertions. We have that P,, the set of all languages which are error-detecting for y, is exactly the set of
solutions of XII(Z' | J...(J 2™) € X¢, orequivalently, the set of solutions of X, ITI(Z' | J ... J 2™) € X§.

4. Using word operations to model channels

Let < be a binary word operation and L be a language. The pair (<>, L) plays an important role in the
sequel.
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Definition 4.1. Let L be a language and let <> be a binary word operation.
(i) The binary relation [<>L] consists of all pairs (#, v) of words such that v € u<>L.
(i) The operation <> is called L-rational if [<>L] is a rational relation.

Recall that, for a binary operation y C 2* x X* and a word u € 2*, we defined y(u) = {v | (u, v) € y}.

Lemma 4.2. (i) For every binary operation <> and languages K and L, one has that [GL](K) = K<L.
(i) For every binary operation <> and language L, [OIL] =[Ol ).
(iii) For every binary relation vy, there is a binary operation <> and a language L such that y = [<L].

Proof. (i) Follows easily from the above definition.

(ii) We have (u, v) € [O!L]iff v € u®'L iff u € vOL iff (v, u) € [OL]iff (1, v) € [OGL]!.

(iii) There are many ways to define <> and L from 7. For example, consider the relation B = {(v, u, z) :
z € 2*and (u, v) € y}. Then y = [OX*], where < is the binary operation whose characteristic relation
isB. O

From the examples in Section 3 we understand that there is a close connection between channels and
pairs of the form (<, L). For example, the channel d,(m, 00) is equal to [~(Z% U --- U 2™)] and the
channel 15(m, 00) is equal to [L(Z0U---U ™). As L is the left inverse of ~+, the above lemma implies
that the channel os(m, 00) is the inverse of the channel i5(m, 00). By Remark 2.5, this in turn implies that
a language is error-detecting for ds(m, 0o) if and only if it is error-detecting for i5(m, 00).

Next we consider two natural binary word operations related to channels with substitution errors.

Definition 4.3. If u, v € X* then we define the substitution in u by v as u><v = {ujviuavy . . . U Vg4 |
k>0,u =ujajuzas ... upari41, v = 0102..., a;, v; € X, 1<i<k, a; # v;, Vi, 1 <i <k}.

The case k = 0 corresponds to v = 4 when no substitution is performed.

Example 4.4. Lety = o5(m, 00). Then P, is the solution set of the inequation X=<(2 ... [J 2") € X¢.
Moreover, the channel o¢(m, 00) is equal to [<(ZOU .- U ™).

Definition 4.5. If u, v € 2* then we define the substitution in u of vas uAv = {ujajusray . . . ugagip+ |
k>0, u = uiviugvy ... UgVEUg+1, V = V102 ... Vk, @, V; € X, 1<i<k, a; # v;, Vi, 1 <i <k}.

Lemma 4.6. The operation > is the left-inverse of A.

Proof. Let w € us<w. Thenu = ujajusray ... updgip4+1, v = v1v2 ... v and W = U VIULVY . . . Uk VkULK+]
for some u; € X*, a;, v; € X, a; # v;, 1 <i <k.This means u € wAv.

Conversely, let u € (wAv). Then w = wivjwrvy - - - WrVp W41, ¥ = v V2 ...V and u is equal to
wiaiwaay - - - Wrag w41 for some w; € X*, a;, v; € X, a; # v;, 1 <i <k.This means w € (u><wv). O

By Theorem 2.3 the equations X< = R, XAL = R have as maximal solutions (if any) Xmax =
(RCAL), respectively, Yiax = (R>aL)C.
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The operations A and =< have a closer relation when the right operand is a length-closed language. A
language L is length-closed if, for every n >0, when a word of length #n is in L then all words of length n
are in L. An example of such a language is X°U - -- U 2",

Remark 4.7. For every length-closed language L, [AL] = [~L]. Therefore, o(m, 00) = [ACOU---U
2.

Next we define the right inverses of < and A.

Definition 4.8. For any words u, v € 2* of the same length and with Hamming distance H (u, v) = k,
for some nonnegative integer k, ut>v is the set of words

biby...by, b € X, 1<i<k,

suchthat u = ujay - - - ugaxug41, v = u1by - - - upbrur1 and, for all i, 1 <i <k, a; # b;.

In other words, ut>v consists of the word b1b, - - - by where by, b, . .., by are the symbols of v that are
different from the corresponding symbols of u. It should be clear that the set u>v is empty when u and v
have different lengths.

Example 4.9. If L| = {a"b"|n>1} and L, = {p"|m>1}, then L{1>L, = b*. (We can only perform
a"b">b*" which gives b".) On the other hand, L,t>L1 = a*. Hence, the operation > is not commutative.

Example 4.10. In general, if L € X* and a € X then L>a* C a*, La™ = {a!=Iwla |y e L}, where
|w|, is the number of a’s occurring in the word w.

Note that > is the right inverse of o<, and the reversed > is the right inverse of A. Consequently, by
Theorem 2.3, the solutions to the equations LY = R and Li>Y = R (if any) are Yax = (L>R)S,
respectively, Yiax = (R°>L)°.

To model more complex channels we need the concept of composition of two word operations. We
shall assume that the symbol ;’ is not in the alphabet X.

Definition 4.11. Given two binary operations <>; and <>, define the binary operations (<>1<>;) and
(<15 <) as follows:

For all words u, w, v € 2* w € u(<$>1<2)v if and only if w € (ud1v1)<>2v2 for some words vy and vy
with v = vjvy. Forall words u, w € X*and v € X*; 2*, w € u(<$1; $p)vifandonlyifw € (udiv)<rv2
for some words v; and vy with v = v;; vy.

Next we provide some observations concerning the two composition operations.
A language L is commutative, if xy € L < yx € L for all words x and y.

Proposition 4.12. Let L, L, L, be languages over X. The following statements hold true.
() (LO1L1)<O2Ly = L(O1; O2) Ly Lo
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(i) [(>1502) L1 Lol = [2L2] o [O1L1].
(iii) [(©1:O2) Ly; Lol = [(Oh; &) Lo Ly
(iv) If L is commutative then [($>1<$2) L] = [(<>12<>11)L].

Proof. (i) Follows easily from the definition of composition.

(i1) We have that (i, v) € [($Oq;<O2) Ly Lol iff v € (u1L1)< Ly iff there is a word z such that
z € u1Ly and v € z<$Op Lo iff there is a word z such that (u,z) € [<1L1] and (z,v) € [{OpLp] iff
(u, v) € [CoLo] o [O1Lq].

(iii) We use part (i) and Lemma 4.2: [(1;<2) Li: La] = [(O1:02) L1 La]™h = [O1L1] 7! o
[G2Lo]™! = [QYL1] o [Q4La] = [(Oh; O Lo; L]

(iv) Similar to the above. [

One can verify that the channel (¢ O d)s(m, 00) is equal to [(~p<) (29U --- U 2™)], and the channel
(6 ©® 1)g(m, 00) is equal to [(ALL) (29U - ..U 2™)]. Hence, the following result holds.

Corollary 4.13. The inverse of the channel (6 ® J)s(m, 00) is (¢ © 1)s(m, 00); therefore, a language is
error-detecting for (o O 0)s(m, 00) if and only if it is error-detecting for (o ® 1)s(m, 00).

We note that analogous results for the property of error-correction have been obtained in [11] using
different tools. Now let y; = ags(m1, 00) @ Jds(m2, 0o) be the channel consisting of all pairs (u, v)
such that v is obtained from u using at most m, deletions and at most m substitutions. Let y, =
as(my, 00) @ 15(my, 0o) be the channel consisting of all pairs («, v) such that v is obtained from u using
at most m» insertions and at most m substitutions. Then, it follows that

p = (i) (20U U ™) (20U U T,
72 = [(A; I—I)(ZO U-.-u 2™y, (ZO U--- U 2™y,

Corollary 4.14. The inverse of the channel as(my, 00) @ ds(mo, 00) is the channel o5(my, 00) @ 15
(my, 00); therefore, a language is error-detecting for the channel os(my, 00) @ds(m,, o0) if and only if
it is error-detecting for as(m1, 00) @ 15(my, 00).

5. Closure properties of substitution operations

The closure properties of language families in the Chomsky hierarchy under the operations of scattered
insertion and deletion were first studied in [7]. In this section we investigate such closure properties for
the scattered substitution operations, namely s, A, [>.

Proposition 5.1. If L and R are languages over the alphabet X, R a regular one, LAR is the image of L
through a J-free gsm. Moreover, the gsm realizes the relation [AR].
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Proof. Let A = (S, X, so, F, P) be an NFA that recognizes a language R over X. Construct the following
gsmg = (2,2, 8,50, F, P') where

P' ={sa — as|s € S,a € YU {sa — bs'|sa — s' € P,a # b}.

It is clear that g(ujvy - - - ugvgugy1) = {uray---ugarur+; | v = vy---vx € R and a; # v;} and
therefore g(L) = LAR for any language L C X, Moreover, it follows that (u, u’) is in [AR] if and only
if u’ € g(u), for all words u and u’. [

Corollary 5.2. REG and CF are closed under A with regular languages.
Proposition 5.3. There exist two linear languages L1, Ly such that L1AL» is not context-free.

Proof. Let X = {a, b, ¢, d, f, $} and consider the two context-free languages over X
Ly ={a"(bo)"$(df)"In,m>1},
Ly = {"d"|n>1]}.

Then
(L1AL) Na*b*Sf* = (a"b*'$ [ |n>1)

As CF is closed under intersection with regular languages it follows that L1 AL; is not a context-free
language. O

Corollary 5.4. CF is not closed under A.
Proposition 5.5. CS is closed under A.

Proof. Let L, L be two context-sensitive languages over X and let 2’ = {a’| a € 2}, 2" = {d"| a € X}.
Considerthe gsm g = (S, 2, 2UZ', 5o, F, P),with S = {so} = F, P = {spa — aso, soa — a'sola € X},
that transforms some letters in their primed versions. Consider now the morphisms 4 : ¥ — 2", h(a) =
a’,aeX,andh XU UY h(a)=a,h(d)=ad, ha") =

We claim that LiALy = g/{h'[[g(L1) U h(L2)] N [U,cx Z*a’a” 2*1*]} where g’ is the gsm g’ =
(8§, 2U2, 2, s/, F',PYand S' ={s'} = F', P = {s'a — as’la € Z}U{s'a’ — bs'|a # b, a,b € X}.

Indeed, given a word u = ujviugvy ... upvkg+1 € Liandv = viva...vx € Lo,v; € X, u; €
>*1<i <k,

[g@) LhIN[| J 2*a'a" ="
aeX

produces 1V v{u05V5 . .. UV U Uk
The intersection with (|5 2*a’a”2*)* ensures that only words g(«) and i (v), where v is a sub-
word of u, are shuffled, and only words where a primed letter is followed by an identical double
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primed letter are kept. Applying &’ to uv|v{u2vivy ... ugv v uiyy erases the double primed letters
producing u1viuavj . .. ugvi g1, while g’ replaces every primed letter with a different one, resulting in
uraiuray . .. urdggy+1 € uAv, as a; # v;, 1<i <k.

A morphism £ is termed a k-linear erasing with respect to L iff, for each w € L, |w|<k|h(w)|. Note
that 2’ is a 2-linear erasing with respect to the language it is applied to, as it erases at most half of each
word. The proposition now follows as CS is closed under k-linear erasing as well as all the other operators
involved. O

Proposition 5.6. If L, Lo C X*, Ly regular, then Li<Lj is the image of L through a -free gsm.
Moreover, the gsm realizes the relation [<L3].

Proof. We have that L L, = [L>](L1) = [A'L2(L1) = [AL>1"Y(L1) = g~ (L1), where g is the
gsm realizing [AL,]—see Proposition 5.1. The claim follows when we recall that g~! is obtained from
g by simply replacing every production sa — bt of g with the production sb — at [17]. O

Corollary 5.7. REG, CF and CS are closed under v with regular languages.
Proposition 5.8. CF is not closed under <.

Proof. Use exactly the same languages L and L, as in Proposition 5.3 for the operation A and the
language

(Ly>aLy) Na*c*$d* = {a"c?'$d™ | n > 1}. O

Proposition 5.9. CS is closed under <.

Proof. Let L, L, be two context-sensitive languages over X and let 2" = {a'|a € X}, 2" = {d"|a € X}.

Construct the gsm ¢ = (S, 2,2 U Y, 59, F, P) where § = {so}, F = {so}, P = {sa — as|a €
2} U {sa — da’sla € X}. The nonerasing gsm g nondeterministically changes some letters into their
primed versions.

Consider now the morphism z : ¥ — X", h(a) = d”,a € X, and the morphism A’ : U YUY — ¥
defined as h'(a) = a,h'(a’) = A, W (") =a,a € X.

We claim that Li<L, = h'[[g(L1) L h(L>)] N [Ua,bezﬁa#b(Z*a/b”z*)]*].

Indeed, let us consider a word u = ujajuzas...urarux+1 € Lyandv = viva... v € Ly, a; #
vi, 1<i <k.

We have that

wUre)Nl | b2
a,beX,a#b

produces words of the form ujajviuzabvy ... uxa viugys.
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The intersection with [|,, ,c5 4 £b >*a'b"” 2*]* ensures that only those words g () and & (v) are shuffled
where each letter of v is different from a letter in u, and only those words are kept from the shuffle in
which the letters in & (u) and their “different” counterparts are adjacent. The morphism 4’ afterwards
erases all the primed letters and transforms the double primed letters into ordinary ones, resulting in
ULVIUQVD . . . UEVEUK+]1 € UV,

Note that i’ is a 2-linear erasing with respect to the language it is applied to, as it erases at most half
of each word.

As CS is closed under linear erasing homomorphisms, intersection with regular languages, shuffle, it
follows it is closed also under <. [J

Proposition 5.10. If L, L, C X*, L regular, then there exists a gsm g with erasing such that g(L) =
Li>Ly. Moreover, the gsm realizes the relation [>L5].

Proof. Let L, be a regular language, A = (S, X, so, F, P) be a finite automaton, L(A) = L;. Construct
thegsmg = (S, 2, 2, 50, F, P) where P’ = {sa — s'|sa — s’ € P}U{sa — bs'|sb — s’ € P,b # a}.

Then g(L1) = Li>L». Indeed, consider u = ujay ...uraxug+1 € L1, v = uibiuzbs ... upbrugyy,
a; # b;, 1<i<k.

The gsm g applied to u works as follows. Rules of the type sa — s" € P erase subwords u; that are
common between u and v. Rules sa — bs’ where sb — s’ € P, b # a read the letters a where words u
and v differ and replace them with the corresponding letters in v.

The fact that the set of final states is F, the set of final states of A, ensures that only words w € u>v, v €
L, reach a final state. Moreover, it is evident that g realizes the relation [>L,]. [

Corollary 5.11. CF, REG are closed under > with regular languages.

Proof. It follows as REG, CF are closed under gsm mappings. [

Proposition 5.12. CS is not closed under > with regular languages.

Proof. Let L be arecursively enumerable language over X and let a, b be different symbols not in X. Then,
[15, p. 89] there exists a CS language L such that (i) L consists of words of the form altbw,i>0,w € L,
and (ii) for every w € L, there is an i >0 such that albw € L.

Let Y = {¢/| ¢ € 2} and 2" = {¢”| ¢ € 2}. Consider now the morphism 4 on X U {a, b} defined by
h(a) =a, h(b) =b, h(c) = cc’ forallc € 2.

We claim that 1 (L) = K, where

K = [h(Ll)Da*b(U cc)* 1N (Z7)*
ceX

and iy : ¥ —> X" is the morphism defined as 11 (c) = ¢” for all ¢ € X. We leave it to the reader to verify
that every word in /1 (L) also belongs to K. Now take a word w € K. Then there exist words u € h(L1),
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v € a*b({J,cx cc”)* such that w € u>v. The words u, v are of the form u = aibalaiazaé ...agay
respectively v = ajbblb/l’bzb’z’ ...byb), for some i, j, m, k>0.

If i # j then w would contain letters a or b which contradicts w € (2”)*. Consequently, i = j. As |u]
=|v|, it follows that m = k.

If there would exist 1 </<k with @; # b; then the word w would contain the letter b; € X which
contradicts w € (2”)*. Consequently, for all 1</<k, aj = b;. We can easily see now that, following
these considerations, w = b{'bj ... b} with bib; ... by € L, and the claim follows.

It follows then that the class CS is not closed under > with regular languages, as this class is closed under
nonerasing morphisms, intersection with regular languages and, if L is a noncontext-sensitive language
h1(L) will have the same property. (If /21 (L) were context-sensitive then L, which equals the image of
h1(L) through a nonerasing morphism that transforms all double primed letters into normal ones, would
also be context-sensitive.) [

Proposition 5.13. The family CF is not closed under r>.

Proof. Let X = {a, b, c, e, f, g, x, v, z} and consider the languages
Ly = {(ax)' (by) (c)¥| i,k=0}, Lo = {(ex)'(fy)"(g2)"| I, m=0}.
Then [(ax)' (by)! (cz)*t>(ex) (fy)™(gz)™] N e* f*g* = {e' fig'|i >0} which is not context-free. [J

6. Error-detection and the inequation X<>L C X with X C M

The examples provided in Sections 3 and 4 reveal the following pattern: many natural code-related
properties can be reduced to the property of error-detection by varying the channel involved. At the same
time, for many channels the property of error-detection can be studied via the inequation

XOL C XS with X € M (%)

by varying the operator <> and the languages L and M. More specifically, consider the case where the pair
(<, L) satisfies the condition

Forallu € 2*,u € u$oL and u € udi C(, L).

When condition C(<, L) is satisfied, the relation [<>L;] is a channel and it follows that a language is
error-detecting for [$L,] if and only if it is a solution of (%) with M = X*. With this interpretation of the
inequation (x), we have that a language is a prefix code (respectively, suffix, infix, outfix, hypercode) if
and only if it is error-detecting for the channel [—,, 2*] (respectively,[—> q 2%, [= 2*], [— 2%,
[LIZ*]).

Definition 6.1. Inequation (x) is of type (c), if condition C(<>, L) is satisfied.

In this section, we provide some observations and obtain general statements about the solutions of the
inequation (x) which are meaningful to error-detection, hence also to the code properties reducible to
the error-detection property. In particular, in Corollary 6.7 we obtain a characterization of the maximal
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solutions of a type (c) inequation, which yields a method for deciding whether a given regular solution
is maximal—see Proposition 6.14 and the discussion following that proposition. A consequence of this
result is that one can use the same method to decide whether a given regular prefix code, or suffix code,
or infix code, or error-detecting language is maximal because each of these code properties is definable
via an inequation of type (c), as shown in Section 3.

An important concept in our considerations is the residue of a solution.

Definition 6.2. Let S be a solution of (x). The residue of S is the language M — (S U SOL U SOYL).

Proposition 6.3. (i) If S is a solution of (x) then every subset of S is also a solution of (x).
(1) Every solution of (x) is included in a maximal solution of (x).
(iii) If the equation (x) is of type (c) then {w} is a solution of (x), for every word w in M.

Proof. (i) Let S| be a subset of S and let w be a word in S{<OL. As S1<L is a subset of SOL, it follows
that w € §¢, hence also, w € S7.

(i1) Let ‘P be the solution set of () and let S = {S; : i € I} be any totally ordered subset of P. We
show that the upper bound [ J;.; S; of S is a solution of (x) as well; then the claim follows by Zorn’s
lemma. Let z € s<Ou for some s € (JS; andu € L. Then s € S;, for some j € I.If also z € [ S; then
z € S; forsome i € I. Let k = max{i, j}. Then z, x € S and (Sx<L) () Sk # @, which contradicts the
fact that Sy is a solution of (x).

(i11) Obvious. O

The following is based on the proof of Theorem 2.3.
Lemma 6.4. For any languages X, Y, Z and for any binary operator <,

XOY CZ & X C(Z9OY) & ¥ (X9 Z9°.

Proof. We consider only the first equivalence: “=>" Let x € X, but suppose x € Z°!Y; then x € 1Y
for some ¢ € Z¢, which implies t € x$Y and r € XY C Z; a contradiction.
“" Let z € x$Y, for some x € X, but suppose z € Z€. Then x € zO'Y € Z6OHY . As (Z601Y) €
X, x € X acontradiction. O
Corollary 6.5. (i) Eq. (x) is equivalent to
XO'X CLwithXC M (k)
which in turn is equivalent to

XX Cdoma(Q) — L with X € M.

(ii) A language is a solution of (x) if and only if it is a solution of X'L € X€ with X € M.
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Proof. X<>L C X€ is equivalent to L € (X<" X)¢ which is equivalent to X" X C L€ Asim (') =
dom 7 (<), X< X € dom »(<>) and the claim follows. The second part can be shown analogously. [

Proposition 6.6. Let S be a solution of (x).
(i) If the residue of S is empty, then S is a maximal solution of (x).
(1) If () is of type (c) and the solution S is maximal, then the residue of S is empty.
(ii1) If () is of type (c), then S U {w} is a solution of (x) for every word w in the residue of S.

Proof. (i) Assume M C S U SSL U SOLL, but suppose there is w € M — S suchthat T = SU {w}is a
solution of (). As w is not in S, at least one of the following holds.

(a) wis in SOL. In this case, w € z<OL for some z € S, which implies z € wOlL = 7 € TOL =
z€T= z ¢S, acontradiction.

(b) wisin SO L. In this case, w € z<! L for some z € S, which impliesz e TOL = z€T = z¢38,
a contradiction.

Hence, S must be maximal.

(i1) This is a consequence of (iii), which we prove next.

(iii) Assume (x) is of type (c) and consider any word w € M such that w is not in S U SGL U SOUL.
Let T = S U {w}. We show that T<L C T€. Let z € T<OL. We consider two cases.

(a) z € SOL. As S is a solution of (x), z &€ S. Also, if z = w then w € SSL, which contradicts our
choice of w. Hence, z ¢ S U {w}.

(b) z € wOL. Then w € zOML. If 7z € S then w € SO!L, which is impossible again. Hence, z ¢ S. If
z = w then w € w<$ L, which contradicts condition (¢). Hence, z # w. It follows again that z ¢ 7. O

Corollary 6.7. Let S be a solution to an inequation of type (c). Then S is maximal if and only if the residue
of S is empty.

Corollary 6.8. If S is a solution of the equation X<>L = M — X, then S is a maximal solution of (x).
Proposition 6.9. If S is a solution of the inequation X>X C R with X C M, then also each of the
languages

M m (RCOZS)C m ((RC<>IS)C<>I‘RC)C
and

M N (S<>FRC)C N (RC<>1(S<>FRC)C)C
is a solution, which includes S.
Proof. Assume S is a solution of the given inequation and let P be the language (R S). As S is a

solution of X<>S C R, one has that also P is a solution which includes S. Hence, P<{S € R. Now this
implies that S is a solution of the inequation P<>Y C R; therefore, also the language (P<" R€)€, call it
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0, is a solution which includes S. Hence, P<Q C R and, as (P N Q)$(P N Q) is a subset of POQ,
it follows that the language P N Q satisfies the inequation X<>X < R. As every subset of P N Q also
satisfies this inequation, we have that M N P N Q is a solution of X<>X C R with X € M. The statement
about the second language can be shown analogously. [

Definition 6.10. Let L be a language. The set of left (respectively, right) quotients of L with respect to <
is the set of languages of the form L!W (respectively, W< L), where W is a subset of Z*.

Using the fact that AN B¢ = A — B, for any languages A and B, Proposition 6.9 implies the following,
where an expression of the form M — A — B is shorthand for (M — A) — B.

Corollary 6.11. If S is a solution of the inequation X<>X C R with X C M then there is a left quotient
Py and a right quotient Py of R with respect to <> such that each of the languages M — P; — (P <" R)
and M — P, — (R°! PY) is also a solution which includes S.

Using the above results and the fact that &'/ = ol for all binary operations <>, also the following
holds true.

Corollary 6.12. Every maximal solution of (x) is of the form M — P; — (P <L) and of the form M —
P, — (Pf OUL), where Py and P, are left and right, respectively, quotients of L with respect to <.

We are interested in algorithms whose input involves equations of the form (x). More specifically, we
shall assume that (x) is such that <> is L-rational and M is regular. In this case, the equation is given
effectively by a finite transducer realizing [<>L] and a finite automaton accepting M.
The following result provides a uniform polynomial time algorithm for deciding properties of regular
languages that are definable via an equation of the form (). For the proof of this and other results
involving constructions and sizes of automata and transducers, we shall use the following notation—see
also [17,12].
Notation: Let A and B be two trim A-NFAs and let 7 be a trim transducer (in standard form).

A N B is atrim A-NFA of size O (]A||B|) accepting the language L(A) N L(B).

A U B is a trim A-NFA of size O(]A| + | B]) accepting the language L(A) U L(B).

If A and B are DFAs then AL B is a trim DFA of size O (|A||B]) accepting the language L(A) U L(B).
If A is a DFA then A€ is a trim DFA of size O(]A]) accepting the language L(A)°.

Ar is a trim A-NFA accepting the language R(T)(L(A)) = {z € 2* | (w,z) € R(T), w € L(A)}.
T~ is a trim transducer of size O(|T|) realizing the relation R(T)~ L.

Proposition 6.13. The following problem is decidable in time:
O(AP|T|+ |A||B).

Input: A trim A-NFA A, a DFA B, and a trim transducer T (in standard form) realizing [ K], for some
binary operation <> and language K.
Output: Y /N depending on whether L(A) is a solution of X>K C X€ with X C L(B).
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Proof. Testing whether L(A) C L(B) is equivalent to testing whether L(A)NL(B)¢ = (. This is possible
when we construct the automaton A N B¢ of size O(|A||B]|), and test whether there is a path from the
start state to a final state, which takes time linear with respect to the graph of the automaton using depth
first search, for instance.

Now consider the problem of deciding whether L(A)<>K is a subset of L(A)“. By Lemma 4.2, this
is equivalent to testing whether [GKJ(L(A)) € L(A)C. As the relation [ K is realized by T, one has
that [GK](L(A)) = L(ATt). Hence, the problem is whether L(A7) N L(A) is empty. As before, one
constructs the automaton A7 N A of size O(|A|?|T|) and tests whether there is a path from the start state
to a final state. [

The assumption that B is a DFA as opposed to a A-NFA is essential as, otherwise, computing the
complement of a A-NFA requires to convert it to a DFA, which in general would be of exponential size.
In practice, however, the automaton B and possibly the transducer T are fixed and, therefore, not part of
the input. In such cases the algorithm would require time O (|A 1|T1), or simply O (]A |2) when 7 is fixed.

Proposition 6.14. The following problem is computable:

Input: A -NFA A, a A-NFA B, and a transducer T realizing [>K ], for some binary operation < and
language K, such that L(A) is a solution of XK € X with X € L(B).

Output: A 1-NFA accepting the residue of L(A).

Proof. Consider the language
W = L(A) U L(A)$K U L(A)OK.

By Lemma 4.2, Wis equal to L(A) U [GKT(L(A)) U [OK]1~Y(L(A)). As T realizes the relation [{K]
and T~! realizes the relation [GK]™!, the problem can be solved if we first construct the .-NFA C =
AU AT U Ap-1 accepting the language W, and then construct the -NFA B N C¢ accepting the language
L(B) — W, which is equal to the residue of L(A). O

A consequence of the above is that one can decide whether the given solution L(A) is maximal by
testing whether the residue of L(A) is empty, provided the equation is of type (c¢)—see Corollary 6.7.
Moreover, the examples in Section 3 imply that one can decide whether a given regular prefix code, or
suffix code, or infix code, or error-detecting language is maximal.

In the proof of the preceding proposition, even if A is a DFA the automaton A7, or Ay—1, might be
a A-NFA. In this case, computing C¢ would require to convert C to a DFA. Thus, the above algorithm
might require exponentially many steps. On the other hand, one hopes that when the given transducer is
of a certain particular type (or even fixed), the residue of a solution can be computed in polynomial time.
This possibility is explored in the next section.

7. Special cases and applications

7.1. Languages with finitely many quotients

Recall that, by Corollary 6.5, the inequation (X<>L) C X¢, (%), is equivalent to (X<" X) C L€. We
want therefore to be able to solve inequations of the form XX C R, for a given language R C X* and
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unknown X. In [10], it is shown that if both the sets of left and right quotients of R¢ with respect to <> are
finite one can identify all the maximal solutions of the equation X<>X = R. The same argument can be
applied also for solving the inequation X<>X C R. Here we improve this result by showing how to identify
all the maximal solutions of our inequation when one of the quotient sets is known to be finite. Indeed,
suppose that the set of left quotients of R¢ with respect to <> is finite: Py, ..., P,. According to Corollary
6.11, the following method would produce all the maximal solutions of the inequation X<>X C R with
X CM:
(i) Foreachi = 1,...,n, let T be the language P N (PR If TOT is a subset of R then add
T N M in the list of solutions.
(ii) Remove from the list any solutions that are proper subsets of other solutions.
It should be clear that, if the set of right quotients of R€ is finite, then we can use a similar method for
producing all the maximal solutions of our inequation. As an example, consider the insertion operation.
Recall that the right inverse of insertion is the operation of reversed dipolar deletion, and the left inverse
of insertion is deletion. Moreover, [7,8] for every regular language F there exist finitely many languages
that can be obtained from F by dipolar deletion, and finitely many languages that can be obtained from F
by deletion. This implies that the sets of left and right quotients of F' with respect to insertion are finite.
Hence, the above method can be applied to solve the inequation X <— X € R with X € M when R is
regular. For example, consider the inequation

X = {aa} C X°.

Using the facts ='=<«—"and ==« wecan verify that the set {{aa} = W | W C X*} consists of all
the right quotients of =" andis equal to the set of all subsets of {4, a, aa}. Moreover, for each such quotient
P,, say, we can compute the set 2* — P, — ({aa} — Pf), which is equal to 2* — P, — ({aa} =1 Pf)
using the fact ="T—=r" This process produces two maximal sets, {a, aa}¢ and {4, a}¢, which are the
maximal solutions of the above inequation—see Corollary 6.12.

7.2. Finite operations

A binary operation is finite if its characteristic relation is finite. Finite operations can be obtained by
restricting the domain of other operations that are infinite, in general.

Example 7.1. For any positive integer n, let (—>,4), be the restriction of — ., as follows: (w, u, v)
is in the characteristic relation of (—>,4), if and only if it is in the characteristic relation of —,, and
lu|<n and |v| > 0. Then dom >(—>,4), is equal to 2 U --- U X". Moreover the solution set of the
inequation X (— ) Xt C X¢with X € YU---U 2" is the set of all prefix codes whose longest word
is of length at most n.

Example 7.2. For any positive integers n and m with n > m, let =, ,, be the restriction of >« as follows:
(w, u, v) is in the characteristic relation of e, ,, if and only if it is in the characteristic relation of = and
|u| = n and m > |v| > 0. Then dom 2 (>, ,,,) is equal to X U - - - U 2. Moreover the solution set of the
inequation X<y, , X7 C X¢ with X C X" is the set of all subsets of X" that are error-detecting for the
channel o4(m, 00).
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In the above examples, the inequation X<>L C X with X € M is such that dom,(<>) € L. By
Corollary 6.5, such an inequation is equivalent to the equation

XX =0 with X € M. (G * x)

When the operation <> and the set M are finite there is an algorithm to test whether (x * ), hence also
(%), has a solution of cardinality k for some given k > 1—the operation <> is given as input by simply
listing the elements of C¢. The problem, however, is NP-complete.

Proposition 7.3. The following problem is NP-complete.

Input: a finite operation <, a finite language M and a positive integer k.

Output: Y/N, depending on whether the equation XX = ) with X C M has a solution of
cardinality k.

Proof. Firstly, we note that the problem is in NP. Now suppose X is the alphabet of the problem. We shall
reduce to this problem the following NP-complete problem.

Input: a graph G and a positive integer k.

Output: Y/N, depending on whether G has a clique of & vertices.

Let G = (Vg, Eg) and k constitute an instance of the clique problem, where Vi is the set of vertices
and E¢ is the set of edges. Suppose Vg = {1, ..., m)}, for some m>1, where v denotes the |2|-ary
representation of the integer v using symbols from 2. Define the finite operation <>¢ whose characteristic
relation consists of all triples (4, u, v) with u, v € Vg and u# # v and (i, v) is not an edge in Eg. Then
the graph G has a clique C of k vertices if and only if C is a solution of the equation X$g X = ¢ with
X C V. This follows by the definition of <> and the fact that, for every binary operation <> and language
S, §&S =Y if and only if (s, ¢) ¢ dom () forall sand rin S. O

7.3. Decidability of maximality

We discuss now the problem of deciding whether a code of a certain type is maximal using the ideas
developed in Proposition 6.6.

The residue of a prefix code S (see Example 3.1)is 2+ — (SU S —>rg 2 TUSXT) and can be computed
in time O(|Al), when S is given by a trim DFA A. This can be done as follows. First, construct a DFA
B of size O(|A|) such that L(B) = SX*. This is possible by adding in A a new state g, which would be
the only final state of B, and transitions fa — g for every a € X and for every (old) final state f of g. As
L(A) is a prefix code, the automaton B would be a DFA. Now let C be the DFA, of size O (] A|), obtained
from B by making all states of B final. Then, it follows that L(C) = SU (§ —>,4 ITHYUSIt. AsCisa
DFA, we can construct the automaton Ay+ N C¢ in time O(|A|), where A+ is the two-state automaton
accepting 2. The claim follows now, as L(Ay+ N C¢) is the residue of S. Hence, we have shown the
following consequence of Proposition 6.6.

Corollary 7.4. The following problem is decidable in linear time:
Input: a DFA A.
Output: Y /N depending on whether the language L(A) is a maximal prefix code.
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We now turn to the problem of whether a given finite suffix (respectively, bifix, infix) code S is a
maximal suffix (respectively, bifix, infix) code. As in [3], we assume that the code S is given by listing
the words comprising S and, therefore, the size of S, which we denote by ||S||, is equal to ), ¢ |u|. In
our discussion, the trie Ts of the finite language S plays an important role. This is the trim DFA

({lp1 | p € Pref (5)}, 2, [4], {[s]|s € S}, P)

accepting S [3], where P = {[pla — [pa] | p € Pref (S), a € X, pa € Pref (S)} and Pref (S) is the set

of all prefixes of S. Note that each state [ p] represents the prefix p of the input word that has been read so

far by the automaton. We shall use the following facts about tries [3] (the alphabet X is considered fixed

in our paper):

e Given S, the trie T is of size O(]|S||) and can be constructed in time O (|| S])).

e Given S, one can use the trie Ts to construct a trim DFA Dy, of size O (]| S]|), in time O (||S]|) accepting
the language X*S. The DFA Dy is called the dictionary-matching automaton of S.

First suppose S is a finite suffix code. Then the set S’ consisting of the reverses of the words in S is a

prefix code. Moreover, S is a maximal suffix code if and only if S’ is a maximal prefix code. Hence, to

test whether S is a maximal suffix code, one constructs the trie Ty and tests whether L(7) is a maximal

prefix code using Corollary 7.4. Now suppose that S is a bifix code—this is a code that is both prefix and

suffix. By [1], S is a maximal bifix code if and only if it is a maximal prefix code and a maximal suffix

code. Hence, the following holds.

Corollary 7.5. The following problem is decidable in linear time:
Input: a finite language S.
Output: Y /N depending on whether S is a maximal suffix, or bifix, code.

Consider now the case where S is a finite infix code. The residue of S is

SUS=23TUS «—' xH)°
=lSUS=TusSuzt «— 9°
—(S=3*Us* « 9)°
= (Fact (S) U Z*§3™)¢,

where Fact (S) is the set of all factors of S. Given S, one can construct the factor automaton Fg of S that
accepts the language Fact (5). This automaton is a minimal DFA of size O(||S||) and can be constructed
intime O(||S])) [3]. We also need to construct a DFA Eg accepting the language 2*SX*. For this, consider
the dictionary-matching automaton Dy. This has the same states as the trie 7's does, the same final states,
and includes all the productions of Ts. In addition, for each state [ p] of Dg and for each symbol a € X,
if there is no production of the form [p]a — [pa] in Ts then we add in Dy the production [pla — [u]
where u is the longest suffix of pa that is also a prefix of S (hence, [#] would be a valid state of 75 and
Dy). To obtain the desired DFA Eg we modify slightly the construction of Dg from Ty as follows:

e Add the new productions [p]a — [u] as specified above, unless [ p] is a final state.

e Add an extra final state G in Eg and the productions Ga — G, for all @ € X. Moreover, for every

(existing) final state [w] and for every symbol a € X, add the production [w]a — G.

We argue now that L(Eg) = 2*SZ*. First consider any word z in 2*SX*. This word can be written as
xy with x € X*S. Thus, there is a successful computation of the automaton Dg on x which involves the
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sequence of states [ug], [u1], ..., [un], say, where ug = 4. Let [uy] be the first occurrence of a final state
of Dy in the above sequence of states, and let & be the computation of Dg corresponding to the sequence
[uo], - .., [ur]. In this computation the automaton reads a prefix x; of x and, therefore x is of the form
x1x2. By the construction of Eg, £ must be a computation of Eg as well and, as [uz] is a final state, the
word x>y will be accepted by Eg when [uy] is used as the start state. Hence, x1x2y would be accepted
by Es when [1] is used as the start state.

Now consider a word z in L(Eg). There is a computation of Eg that involves a sequence of states

q0, 41, - - -, gn With go = [1]. Moreover, there is a unique state ¢; that is a final state of Dg such that all
states qo, . . ., g; are different from G and, if i < n, all states g; 41, ..., g, are equal to G. Then in the
computation £, say, that corresponds to the states qo, . .., g; the automaton reads a prefix x; of z. But ¢

is also a computation of Dg which implies that x; € X*S and, therefore, z € X*S2* as required.

We return now to the original question of computing the residue of S. According to the above, the
residue of S is the language accepted by the automaton (Fs U Eg)¢, which is of size O (]| S [1>). Hence, we
have shown the following.

Corollary 7.6. The following problem is decidable in quadratic time:
Input: a finite language S.
Output: Y /N, depending on whether S is a maximal infix code.

We conclude the paper with the following consequence of Corollary 6.7.

Corollary 7.7. The following problem is decidable in time O(]|C| log||C])).

Input: Fixed-length code C that is error-detecting for the channel o4(1, 00).

Output: Y /N, depending on whether C is a maximal subset of X" with the property of being error-detecting
for the channel o4(1, 00), where n is the length of the words in C.

Proof. By Example 4.4, the above problem is equivalent to deciding whether the solution C of
XX € X¢ with X C 2"

is maximal, and by Lemma 4.6 and Remark 4.7, the residue of the solution C is equal to X — Cs<(20U %).

Moreover, as Ce<(2° U X) C 3" it follows that C is maximal if and only if the cardinality of Co<(2% U X)

is ¢", where g = |2].

Now note that, if C is maximal, then it must be the case that |C| 4 |C|(g — 1)n >¢". This follows from
the fact that Cs<(2° U 2) is equal to C U ({J,,cc w==<X) and the cardinality of each we<X is (¢ — 1)n.
This implies that, if |C|(1 + (¢ — 1)n) < ¢", then C is not maximal. Based on these observations, we
have the following decision procedure.

(i) Let n be the length of the words in C and let ¢ be the cardinality of the alphabet.

(i) If |C|(1 + (¢ — )n) < ¢" then output N and quit.

(ii1) Initialize a set of words S to C and a counter to |C|.

(iv) Foreach word w in C, compute the (¢ — 1)n words of we<2 and insert them in S. Moreover, increment
the counter by one each time a new word is inserted in S. If the counter becomes ¢" output Y and
quit.

(v) Output N.
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Obviously, the worst case time complexity of the algorithm is dominated by steps 3 and 4. We can
implement S as a trie 7, which is initialized to T¢. The cost of inserting a word of length » in a trie is
©(n). Hence, the cost of steps 3 and 4 is

O(Cl) +e(C| x (g = Dn x n),

which is equivalent to @ (||C||(g — 1)n) using the fact that ||C|| = n|C]. Also, in these steps we have that
q" <|C|(1 4+ (g — 1)n), which implies

q"<IClgn = q"~'<|C|| = n — 1< log, ||C]|

and the claim of the corollary is established. O
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