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Abstract. We introduce a type of substitution operation inspired by errors occurring in biologically
encoded information. We derive the closure properties of language families in the Chomsky hierar-
chy under these substitution operations. Moreover, we consider some language equations involving
these operations and investigate decidability of the existence of solutions to such equations.
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1. Introduction

The subject of language operations is a classical topic in formal language theory [15], [7]. Some of
the related questions involve closure properties of language families in the Chomsky hierarchy under
such operations, as well as related language equations. Language equations involving the catenation
operation have been introduced and investigated in [2]. Language equations involving operations other
than catenation have been studied in [8], [11]. More recently, another language operation has been
studied in the context of error detection and error correction of information transmitted via a noisy
channel. The substitution operation represents a single error by a substitution of one character in a word
by another character. In this paper, a different type of substitution is studied. The difference is twofold.
On one hand, the substitution occurs only in a single location, i.e., only one subword of a word can be
replaced by a word of equal length. On the other hand, the substituted letters need not be distinct from
the original ones. This modification was inspired by the phenomenon of errors occurring in DNA strands
(mutations, insertions, deletions), wherein not all substituted nucleotides need to be different from the
original ones.

* Address for correspondence: Department of Computer Science, The University of Western Ontario, London, ON, Canada,
N6A 5B7
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The paper is structured as follows. First, the new word operations are introduced, together with their
inverses. Then, the closure properties of language families in the Chomsky hierarchy under these opera-
tions are studied. The paper concludes with the study of language equations involving these operations.

2. Preliminary Definitions and Notation

A binary word operation is a mapping ¢ : * x ©* — 2%, where 2% is the set of all subsets of X*.
For any languages X and Y, XY = U uv.
ueX,WwEY

Definition 1. ([8]) Let <> be an operation. The left inverse ! of <) is defined as
w € (zdv) iff z € (whv), forall v, z,w € X*,
and the right inverse " of < is defined as
w € (udy) iff y € (ud"w), forall u,y, w € X*.

Definition 2. Let <> be a binary word operation. The word operation <}’ defined by u{'v = vu is
called reversed <.

If z and y are symbols in {/,r,"}, the notation {>*¥ represents the operation ({*)¥. Using the
above observations, one can establish identities between operations of the form <*¥%. For example,
<>ll = O = <>” = ¢ and <>’l — <>r’ — <>lr_

Next we list a few binary word operations [7], [8].

Catenation:* u - v = {uv}.

Shuffle (or scattered insertion): « Il v = {ujvy - ugvgugrr | k > Liu = uy - upugyr,v =
vl Uk b

Language equations

The process of solving language equations has much in common with the process of solving algebraic
equations. For example, the equation XL = R is similar to the equation =z + 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
LOY = 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.

Theorem 1. Let L, R C >* be two languages and let < be a binary word operation. If the equation
XL = R (respectively LOY = R) has a solution, then the language X4, = (R°O!L)¢ (respectively
Yimaz = (LOTRC)C) is also a solution, namely one that includes all the other solutions to the equation.

\We shall also write uv for u - v.
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Next we consider two natural binary word operations related to scattered substitutions [9].

Definition 3. If u,v € 3*, then we define the substitution in u by v as
u X v = {ugviugve ... ugvgugs | k> 0, u = u1a1u2as . . URQRUEL1, U = V109 . . . Uk, Gj, U; €
Z,ISiSk,ai#Ui,Vi,lﬁiSk}.

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

Definition 4. If u,v € 3*, then we define the substitution in u of v as
ulv = {uraiugas ... ugapugy | k> 0, u = ugv1ugvs . . UgVRUEL1, U = V1V . .. Vg, G, Vj € X,
léigk,ai#vi,Vi,lﬁiSk}.

Lemma 1. The operation X is the left-inverse of A.

Next we look at the right inverses of X and A.

Definition 5. For any words u, v € ¥* of the same length and with Hamming distance H (u,v) = k, for
some nonnegative integer k, u > v is the set of words

biby...bg, b; € 2,1 <1 <k,
such that u = uiaq - - - UEAEUg 41, V = U1by - - Ukbkuk+1 and, forall 7,1 <1 <k, a; 75 b;.

In other words, u > v consists of the word b1bs - - - by, Where by, b, ..., by are the symbols of v that
are different from the corresponding symbols of . It should be clear that the set u t> v is empty when
and v have different lengths.

Example 2.1. If L1 = {a"b" | n > 1} and Ly = {b™ | m > 1}, then Ly > Ly = b*. (We can only
perform a™b" > b*" which gives b™.) On the other hand, L, > L; = a*. Hence, the operation > is not
commutative.

Note that t> is the right inverse of X, and the reversed > is the right inverse of A.

3. Block Substitution Operations and their Inverses

The substitution operation is a binary word operation, which is used to model an error in DNA-inspired
computation. In this section we define three new block substitution operations. We also examine their
left and right inverses.

Definition 6. If u,v € 3*, then we define the block substitution in u by v as
u Xy v = {ujvug | u = urugus, lug| = |v|,u; € *}.

Unlike the X operation, X, allows a letter to be replaced by any letter, not necessarily distinct. The
following example demonstrates that X, is not a special case of the X operation.

Example 3.1. Let u = aaba and v = bb. Observe that the word abba is in u Xy v but not in « X v. On
the other hand, the word babb is in u X v, but it is not in u X, v.
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Definition 7. If u,v € X*, then we define the block substitution of v in u as
ulNpv = {uraug | u = ujvug, |af = |v|,u;,v € X'}
Again, we can demonstrate that A, is not a special case of the /A operation.

Example 3.2. Let u = aabaaba and v = aba. Observe that the word aaaaaba is in u/Ayv but not in
u/Av. On the other hand, the word baaabba is in uAwv, but it is not in uApv.

Proposition 1. The operation X is the left inverse of A,,.

Proof:
Let w € u Xy v. Then u = wjugus, |us| = |v|,w = ujvug for some u; € £*, v € £*. This means
u € wAyv.

Conversely, let u € wApv. Then w = wivws, |v| = |af,u = wiaws. Thismeans w € u Xy v. O

Definition 8. For any two words u, v € 3* of the same length define

ubpv ={f|u=uauy,v=mufus,la = |0}
When |u| # |v]| the set u >, v is empty.
Proposition 2. The operation > is the right inverse of ;.

Proof:
Letw € u Xy y. Then u = wjugus, |us| = |y|,w = uiyug for some u; € *, y € £*. This means
Y € ulpw.

Conversely, let y € u >y w. Then u = uyaug, |y| = |a|, w = uiyus. Thismeansw € u Xy v. O

The next example shows that > is not a special case of the t> operation.

Example 3.3. Let u = aaaaa and v = ababa. Observe that the word bab is in u >, v but not in u > v.
On the other hand, the word bb is in u > v, but not in u >4 v.

We now show that left and right inverses of all related operations are as shown in Table 1.

Proposition 3. The operation 1>} is the right inverse of A,

Proof:

Let w € ul\py. Then u = wuiyus, w = ujaueg,|a] = |y|. This means that y € (w >4 u), hence
y € (u D>} w). Conversely, suppose that y € (u >} w). Theny € (w >y u),w = wiows,u =
wyywe, |a| = |y|. This means that w € (uApy). O

Proposition 4. The operation A} is the left inverse of .

Proof:

Suppose w € (u >y v). Then w = f,u = ujauz, v = uifus, |a| = |B|. Hence u € (vA,w) and
u € (wAjv). Conversely, suppose u € (wAjv). Then u € (vAyw),v = viwve, u = viaws, |af = |w|.
This means that w € (u >y v). O
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operation &  leftinverse of &  right inverse of

Xy JAVE Db
JAY) D, >
D> yayA Dy,
> b By
o >4 Ay
AV > M

Table 1. Substitution operations and their inverses

Proposition 5. The operation IX; is the left inverse of >}.

Proof:
w € (upyv) iffw e (v u) iffu € (v w) iffu e (wy o). O

Proposition 6. The right inverse of I is A

Proof:
w € (u My v)iffw e (v u) iffv e (whyu) iffv e (uAjw). O

4. Closure Properties of Block 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 [9] the operations of scattered substitution were in-
vestigated. In this section we investigate such closure properties for the block substitution operations,
namely X, Ay, .

Proposition 7. If L and R are languages over the alphabet X2, R a regular one, then LA, R is the image
of L through a \-free gsm.

Proof:
Let A = (S, X, s1, F, P) be an NFA that recognizes a regular language R over X. Construct the following
gsmg = (9", %, %, sg, F', P'), where

S = SU{so,ss}, and sy, s0 ¢ SUF,

F' = FU{Sf},

P = {spa—asg|a€Xx} 1)
U {spa — bs' | s1a — s’ € P;a,b € X} (2)
U {sa—bs'|sa— s € Pja,beX} (3)
U {sfa —ass|acX} 4)
U {sa —asy|a€X,scF} (5)
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Recall that u/AA,w is a block substitution of v in u by a word of equal length. The gsm g is constructed
from NFA A in a way that allows each transition of A to replace an input character by any character of
the alphabet, which is then outputted by the gsm. In addition, g has a new start state sy and an extra final
state sy, which are used to skip over any input prefix and/or suffix, outputting it without change. The
production rules P’ can be explained as follows. Rule (1) allows the gsm to output any prefix of its input
without change. Rules (2) and (3) are responsible for recognizing a subword of its input equal to a word
in R and substitution of that subword by an arbitrary word of the same length. Rules (4) and (5) allow
the gsm to output any suffix of its input without change. O

Corollary 1. The REG and CF families of languages are closed under A, with regular languages.
Proposition 8. CF is not closed under A\,,.

Proof:
There exist two context-free languages L, and L- such that L; A, Lo is not context-free. Let ¥ =
{a,b,¢,d, e} and consider the two context-free languages over 3

Ly ={a"b"c™d™ | n,m > 1},
Ly ={b"c" | n>1}.

Consider the language L defined as
L= (LlAbLQ) Na*e*d*.
Observe that . ‘
I = {an—l—zeQn—z—kdn—l—k | i 5,k > 1}’

which is not context-free. As CF is closed under intersection with regular languages, it follows that CF
is not closed under A\. O

Proposition 9. The family of CS languages is closed under Ay,

Proof:

Let L1, Ly be two context-sensitive languages over ¥ and let X/ = {a' | a € X}, X" = {d" | a € X}.

Let the gsm g be such that it transforms a nonempty subword of its input into its primed version.
Formally, g = (S, .Y u EI, sg, F, P), with S = {S(], S1, 82}, F = {81, 82}, and

P = {SUCL — asg, Spa — 0/81, s1a — a'sl, s1a — a'sz,

s1a — asg, S2a — asy | Va € L},

Let 4 be a morphism that changes each letter to its double-primed version, i.e., h : ¥ — X" h(a) =
a’;a € X. Also, let b’ : YUY UX' — X UX U{\} be a morphism that deletes all double-primed
letters, i.e., h'(a) = a,h'(a’) = d', W' (a") = A

Let ¢’ be a gsm that changes all primed letters of its input into any non-primed letters. Formally,
g = {s0},2UX, X, s0,{s0}, P), where

P = {spa — aso | Va € X} U {sga’ — bso | foranya,b e X}.
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We claim that
LiAyLy = ¢'{h'[[g(L1) 1T h(L2)] N R]},

where R is the regular language
R =3%( U a'a")*¥*.
a€y

Informally, R is the set of all strings where a primed letter is immediately followed by its double-
primed version and the unprimed letters appear only in the prefixes and suffixes of the words. The
intersection with R ensures that only words g(u) and h(v) are shuffled where v is a subword of u. Only
words where a primed letter is followed by an identical double primed letter are kept. Applying A’
erases the double primed letters, while ¢’ replaces the primed subword with any word (of equal length)
containing only unprimed letters.

The morphism A’ is a 2-linear erasing morphism with respect to the language it is applied to as it
erases at most half of each word. CS is closed under k-linear erasing as well as the other operators
involved, hence CS is closed under A,. O

Proposition 10. If L1, Ly C ¥*, Lo regular, then Ly X, L is the image of L, through a A-free gsm.

Proof:
Let A = (S,%, s, F, P) be an NFA that recognizes L, over X.. Construct the gsm g = (S’ %, %, sg, F',
P'), where

S = SU{s0,5¢},
F = FU{Sf},

P' = {spa—asp|a €T} (1)
U {sob—as'|sia— s € P;a,beX} 2
U {sb—as'|sa— s €Pjabex} (3)
U {sfa —ass|acX} 4)
U {sa —asy|a€X,scF}. (5)

The gsm g is constructed from NFA A in a way that allows each transition of A to replace any input
subword by a word from Lo of equal length. In addition, g has a new start state sq and an extra final
state sy, which are used to skip over any input prefix and/or suffix, outputting it without change. The
production rules P’ can be explained as follows. Rule (1) allows the gsm to output any prefix of its input
without change. Rules (2) and (3) are responsible for the substitution of a random subword of its input
by a string from Ly of the same length. Rules (4) and (5) allow the gsm to output any suffix of its input
without change. O

Corollary 2. The REG, CF and CS families of languages are closed under X, with regular languages.
Proposition 11. CF is not closed under .

Proof:
Let ¥ = {a,b,c,d, e} and take two context-free languages

Ly ={d"0"c™d™ | n,m > 1} and Ly = {e" f" | n > 1}.
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Let L = (Ly Xy Lo) Na*e* f*d* = {a™e* f*d™ | 2k > n + m,n + m even, k > 1}. Observe that L is
not a context-free language. O

Proposition 12. CS is closed under .

Proof:
Let Ly, Lo be two context-sensitive languages over ¥ and let ¥/ = {d/|a € X}, X" = {a" | a € X}.
Let g be the same gsm that was defined in Proposition 9 and that transforms a nonempty subword of its
input into its primed version. Let h : X — X be the morphism defined as h(a) = a”,a € 3. Let
R X UX UX" — X be the morphism defined as 4'(a) = a,h'(a’) = X\, W' (a") = a,a € 2.
We claim that
Ly My Ly = h'[[g(L1) T h(L2)] N R],

where R is as defined in Proposition 9.
Indeed, let v = uywuy € Ly and v € Lo, Where w = wq ... wy, v = v1...v, and u;, w; € X.
Then

/ / n n
uiwy ... wyug € g(Ly), vy ...v, € h(La),
o1 1N

ULWY V] WUy ... wyvpue € [g(L1) LT A(L2)] N R,
b (urwiv]whvl .. wlvliug) = urvivs .. vpus = uivug € u My v.
Note that 2’ is a 2-linear erasing morphism 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 X, O

Proposition 13. CF, REG are closed under t>; with regular languages.

Proof:

Let Lo be a regular language, A = (S, X, so, F, P) be a finite automaton, L(A) = Lo. Let X' = {d’ |
a € X}andleth: X' UX"” — 3 be the homomorphism defined by h(a’) = A, h(a”) = a. Construct the
gsmg = (S, %, X UXY, s, F, P'), where

P' ={pa—d'q|pa—qe PyuU{pb— a’q|pa— q€ P}.

In the above productions, a and b are not necessarily distinct. If u € Li,v € Lo, and |u| = |v],
then the first type of rules marks (with a single prime) subwords that are common between « and v. The
second type of rules outputs marked (with a double prime) subwords of v which may or may not be
common with u.

Observe that

Ly By Ly = h(g(Ly) N[()* (") (2)"]).

Recall that REG, CF are closed under gsm mappings and other operations used. Hence REG, CF are also
closed under r>; with regular languages. O

Proposition 14. The family of CF languages is not closed under >, .



L. Kari and E. Losseva/Block Substitutions and Their Properties 9

Proof:
Consider the languages

Li = {a"b*" | n > 1}, and

Ly = {a"c™d™a" | nym > 1}.

Then (Ly >4 Lo) N ctdtat = {c'd'a? | i+ jisevenand 1 < j < i}, which is not a context-
free language, and since CF is closed under intersection with regular languages, the statement of the
proposition follows. O

Proposition 15. The family of CS languages is not closed under t>,. In particular, there exists a regular
language R and a CS language L such that R >, L is not a CS language.

Proof:
The proof depends on a result from [16], which is Theorem 9.9 (p. 89). The statement of the theorem is
as follows.

Let L be a recursively enumerable language over the alphabet ¥ and let a, b ¢ ¥. Then there isa CS
language L; such that (i) L, consists of words of the form a’bP where i > 0 and P € L, and (ii) for
every P € L, thereisan 4 > 0 such that a’bP € L;.

Let L be some language over alphabet 32 which is recursively enumerable, but not context-sensitive.
Take L4 to be the CS language in the statement of the above result, i.e.,

Ly ={a'bu|i>0,uc L}, a,b¢ 3.

Let L = L$, where $ is a symbol not in ¥ U {a,b}. L) is also a CS language. Consider the regular
language .
R={a"#w#|i>0,we X"}, #¢XU{a,b},

where a, b are the special symbols mentioned above. Let 4 : X U {b,$} — X be the homomorphism
defined by
h(b) =X, h($) =X, h(c) = c forallc e X.

Then
L = h((R1>p L) NDX*S).

Notice that A is k-linear erasing with respect to the language it is applied to. This is because it only
erases at most two letters from any word, so we could say it is 2-linear erasing. Since the family of CS
languages is closed under linear erasing and intersection with regular languages, the statement of the
proposition follows. O

The following two examples illustrate that for an operation ) € {X,,>;} there exists a regular
language R and a context-free language L, such that R<$ L is not regular.

Example 4.1. There exists a regular language R and a CF language L, such that R X, L is not regular.
For instance, let R be the language ¢* and L be the language {a™0" | n > 1}. Then R X, L is the
language c*a™b"c*, which is not regular.
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Example 4.2. There exists a regular language R and a context-free language L, such that R >, L is not
regular. For instance,

R = c$({a} U{b})*$d,
L = {c#ad"b"#d | n > 1}.

Then (R >y L) N (#a*b*#) = #a™b"# , which is not regular.

To summarize this section, for {; € {X;, Ay, >} we have that REG and CF are closed under
with REG, while CF and CS are not closed under <$>;.

5. Language Equations

In this section we study language equations of the types XL = Rand LOY = R, where X and Y are
the unknowns and ¢ is one of the block substitution operations. We answer questions about the existence
of a solution to a given language equation.

We employ a result from [8] that uses the left and right inverse operations to solve language equations.

Theorem 2. Let L, R C ¥* be two languages and let & be a binary word operation. If the equation
XL = R (respectively LYY = R) has a solution, then the language X ... = (R°)L)¢ (respectively
Yinaz = (LOTRC)) is also a solution, namely one that includes all the other solutions to the equation.

Proposition 16. The problem “Does there exist a solution Y to the equation L X, Y = R?” is decidable
for regular languages L and R.

Proof:

For given regular languages L, R over an alphabet X define R’ = (L >, R¢)¢. From the above theorem

it follows that if there exists a solution Y C X* to the equation L X, Y = R, then L X, R’ = R.
Moreover, the regular solution R’ can be effectively constructed. The algorithm which decides the

problem begins by constructing R’ and then testing whether or not L X, R’ equals R. O

Proposition 17. The problem “Does there exist a singleton solution Y = {w} to the equation L X,
Y = R?”is decidable for regular languages L and R.

Proof:

Let L, R be nonempty regular languages over an alphabet X and let m be the length of the shortest word
in R. If there exists a word w such that L X, {w} = R, then it must satisfy the condition Ig(w) < m.
The algorithm for deciding the problem consists of checking whether or not L X, {w} = R for all
words w with [g(w) < m. This can be decided because L X; {w} is a regular language (by Cor. 2) and
set equality is decidable for regular languages. The answer of the algorithm is YES if such a word w is
found and NO otherwise. O

Proposition 18. The problem “ Does the equation I X, Y = R have a solution Y'?” is undecidable for
context-free L and regular R.
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Proof:
Let 3 be an alphabet and let # be a letter which does not occur in 3. There exists a regular language
R = #X* U #(X* 11 {#}) such that the problem of the proposition is undecidable for a context-free
language L.

Let L/ C X* be a context-free language and consider the language L = #L’. We claim that for all
languages Y’/ C X* the equation:

#L' M, (Y'#) = #57 U457 T {#})
holds if and only if Y/ = {A} and L' = £*. Indeed, suppose that Y’ = {\} and L' = £*. Then

#L My (Y'#) = #5°9, {#} = #T°UH#(Z" I {#}) = R.
For the other direction now, suppose that #L’ X, (Y'#) = R, where

R=#5  U#(S T {#)).

It must be that Y/ = {\}. Otherwise we could obtain a word in R that does not begin with #, which is
a contradiction. The fact that Y’ = {\} implies that L' = X*.

Hence the claim holds. If we could decide the problem of the proposition, we could also decide
whether for a given context-free language L, there exists a solution Y to the equation L X, Y =
#3* U #(X* 1T {#}). According to the claim proved above, this would in turn imply that we could
decide the problem “Is L' = X*?”, which is impossible for context-free languages. O

Noticing that in the above proof Y = {\} is a singleton language, the proof can be used to show
that the problem “Does there exist a singleton solution Y = {w} to the equation L X, Y = R?” is
undecidable for context-free languages L and regular languages R.

We now turn to examining the language equation X X, L = R. We can obtain the following result,
using the same method as in Proposition 16.

Proposition 19. The problem “Does there exist a solution X to the equation X X, L = R?” is decidable
for regular languages L and R.

Proof:
For given regular languages L, R over an alphabet X define R’ = (R® >, L)°. It follows that if there
exists a solution X C Y* to the equation X X, L = R, then R’ X, L = R.

Moreover, the regular solution R’ can be effectively constructed. The algorithm which decides the
problem begins by constructing R’ and then testing whether or not R’ X, L equals R. O

Proposition 20. The problem “Does there exist a singleton solution X = {w} to the equation X X,
L = R?” is decidable for regular languages L and R.

Proof:

Let L, R be nonempty regular languages over an alphabet . Observe that if such a solution X = {w}
exists, then all words of R must be of the same length, namely |w|, i.e. R is a block code. Hence if R
is infinite or not a block code, then the answer to the problem is NO. Otherwise, if R is a block code
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of length m, then the decision algorithm checks whether or not X X, L = R for all words w of length
m. This can be decided because X X, L is a finite language and set equality is decidable for finite
languages. The answer of the algorithm is YES if such a word w is found and NO otherwise. O

We now show that if L is a regular language, the existence of solution to the equation is undecidable.

Proposition 21. The problem “Does the equation X X, L = R have a solution X?” is undecidable for
context-free I and regular R.

Proof:

Let 3 be an alphabet and let # be a letter which does not occur in . There exists a regular language
R = ¥* such that the problem of the proposition is undecidable for context-free languages L. We assume
the contrary and show how to solve the problem “Is L' — L” = (7" for context-free languages L’ and
L". For given context-free L', L"”, define:

L=#(L-L"Yus"

We claim that there exists a language X such that X X, L = Riff L' — L"” = (), where L and R are
defined as above. Indeed, if L' — L” = ), then L = ¥* and X = ¥* isa solutionto X X, L = R. Onthe
other hand, suppose there exists X such that X X, L = R. Then L' — L" = (. Indeed, if L' — L" # 0,
then take u € (L' — L"), implying #u € L. Take w € X such that |w| > |#u/| (such w exists as X has
to be infinite to satisfy X X, L = X*). Then w X, (#u) € R, which contradicts the structure of R.

The problem “Is L' — L” = (7?7 is undecidable for context-free L', L”, hence the problem of the
proposition is undecidable. O

The operations A, and t>} are right-inverses of each other and so are the operations t>; and ;. The
family of regular languages is closed under all four of these operations.

Using similar reasons as in Proposition 16, we have the following results.

The problem “Does there exist a solution Y to the equation LAY = R (resp. L>, Y = R)?” is
decidable for regular languages L and R. If the solution Y exists, then R’ = (L >} R°)¢ (resp.R' =
(L ™y, R)€) is a solution as well. Moreover, R’ includes all other solutions of the equation.

Proposition 22. The problem “Does there exist a singleton solution Y = {w} to the equation LAY =
R?” is decidable for regular languages L and R.

Proof:
Similar to that of Proposition 17. 0

Proposition 23. The problem “Does the equation LAY = R have a solution Y?” is undecidable for
context-free I and regular R.

Proof:
Let 3 be an alphabet and let # and $ be letters which do not occur in 3. There exists a regular language

R= U aby*
a,beSU{#,$}
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such that the problem of the proposition is undecidable for context-free languages L. Let L’ C ¥* be a
context-free language and consider the language

L = #$L' U #X*$.

We claim that for all languages Y’ C ¥* the equation:

(#SL U#X*$) A, (#Y'9)= | abx
a,beXU{#,3}

holds if and only if Y/ = {A} and L' = X*. Indeed, suppose that Y’ = {A\} and L' = ¥*. Then

(#SL'U#T'S) Ay (#Y'8) = (#$T U#T'S) A, (#8)= ) abX* =R
a,beXU{#,%}

Suppose now that (#$L' U #X*$) A, (#Y'$) = R, where R is as defined above. It must be that
Y’ = {)\}. Otherwise, we could obtain a word in R that is of the form #w$, where w # A, which is a
contradiction. Indeed, if w # X isin Y’, then since we have #w$ € L, we obtain #w$ € R.

The fact that Y’ = {\} implies that L' = ¥*.

Hence the claim holds. If we could decide the problem of the proposition, we could also decide
whether for a given context-free language L, there exists a solution Y to the equation

LaY = | abm
a,beXU{#.$}

According to the claim proved above, this would in turn imply that we could decide the problem “Is
L' = ¥*?”, which is impossible for context-free languages. O

Noticing that in the above proof Y = {\} is a singleton language, the proof can be used to show
that the problem “Does there exist a singleton solution Y = {w} to the equation L X, Y = R?” is
undecidable for context-free languages L and regular languages R.

We now turn to examining the language equation X AL = R. We can obtain the following results,
using the same methods as in Propositions 16 and 20 respectively.

Proposition 24. The problem “Does there exist a solution X to the equation X A, L = R?” is decidable
for regular languages L and R.

Proposition 25. The problem “Does there exist a singleton solution X = {w} to the equation XA, L =
R?” is decidable for regular languages L and R.

Currently it is not known whether the problem “Does the equation X A, L = R have a solution X?”
is decidable for context-free L and regular R. (Probably undecidable.)
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