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Abstract

The aim of this paper is to design the polynomial construction of
a finite recognizer for hairpin completions of regular languages. This
is achieved by considering completions as new expression operators and
by applying derivation techniques to the associated extended expressions
called hairpin expressions. More precisely, we extend partial derivation of
regular expressions to two-sided partial derivation of hairpin expressions
and we show how to deduce a recognizer for a hairpin expression from its
two-sided derived term automaton, providing an alternative proof of the
fact that hairpin completions of regular languages are linear context-free.

1 Introduction

The aim of this paper is to design the polynomial construction of a finite recog-
nizer for hairpin completions of regular languages. Given an integer £ > 0 and
an involution H over an alphabet I', the hairpin k-completion of two languages
Ly and Ly over T is the language Hy (L1, L2) = {aSyH(B)H(a) | o, B,y € T* A
(aBvH(B) € L1V ByH(B)H(ar) € L2) A|B| = k} (see Figure[ll). Hairpin comple-
tion has been deeply studied [2} 6] O} [T0L 111 T2 T3] 14l 16, 18, 19l 20, 211, 22} 23].
The hairpin completion of formal languages has been introduced in [9] by reason
of its application to biochemistry. It aroused numerous studies that investigate
theoretical and algorithmic properties of hairpin completions or related opera-
tions (see for example [14} 18, 21]). One of the most recent result concerns the
problem of deciding regularity of hairpin completions of regular languages; it can
be found in [I1] as well as a complete bibliography about hairpin completion.
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Figure 1: The Hairpin Completion.

Hairpin completions of regular languages are proved to be linear context-free
from [9]. An alternative proof is presented in this paper, with a somehow more
constructive approach, since it provides a recognizer for the hairpin completion.
This is achieved by considering completions as new expression operators and by
applying derivation techniques to the associated extended expressions, that we
call hairpin expressions. Notice that a similar derivation-based approach has
been used to study approximate regular expressions [g8], through the definition
of new distance operators.

Two-sided derivation is shown to be particularly suitable for the study of
hairpin expressions. More precisely, we extend partial derivation of regular
expressions [I] to two-sided partial derivation of regular expressions first and
then of hairpin expressions. We prove that the set of two-sided derived terms
of a hairpin expression E over an alphabet I' is finite. Hence the two-sided
derived term automaton A is a finite one. Furthermore the automaton A is over
the alphabet (I' U {¢})? and, as we prove it, the language over ' of such an
automaton is linear context-free and not necessarily regular. Finally we show
that the language of the hairpin expression E and the language over I' of the
automaton A are equal.

This paper is an extended version of the conference paper [7]. It is organized
as follows. Next section gathers useful definitions and properties concerning au-
tomata and regular expressions. The notion of two-sided residual of a language
is introduced in Section Bl as well as the related notion of I'-couple automaton.
In Section[d] hairpin completions of regular languages and their two-sided resid-
uals are investigated. The two-sided partial derivation of hairpin expressions
is considered in Section [B] leading to the construction of a finite recognizer. A
specific case is examined in Section

2 Preliminaries

An alphabet is a finite set of distinct symbols. Given an alphabet X, we denote by
> the set of all the words over ¥. The empty word is denoted by €. A language
over X is a subset of ¥*. The three operations U, - and * are defined for any
two languages Ly and Ly over Z by: L1iULy ={w e€X* |we Ly V w € Ly},
L1-L2:{w1w2 ex* | wy € L1 N wo ELQ}, L’{ z{s}U{wl---wk ex* |Vj S
{1,...,k},w; € L1}. The family of regular languages over ¥ is the smallest



family F closed under the three operations U, - and * satisfying ) € F and
Va € 3, {a} € F. Regular languages can be represented by regular expressions.
A regular expression over ¥ is inductively defined by: E =a, E = ¢, E = (),
EFE=F+G, E=F- -G, E= F* where a is any symbol in ¥ and F' and
G are any two regular expressions over X.. The width of E is the number of
occurrences of symbols in F, and its star number the number of occurrences of
the operator *. The language denoted by E is the language L(FE) inductively
defined by: L(A) = {a}, L(e) = {e}, L(0) = 0, L(F + G) = L(F) U L(G),
L(F-G) = L(F) - L(G), L(F*) = (L(F))*, where a is any symbol in ¥ and
F and G are any two regular expressions over ¥. The language denoted by a
regular expression is regular.

Let w be a word in X* and L be a language. The left residual (resp. right
residual) of L w.r.t. w is the language w™(L) = {w’ € ¥* | ww' € L} (resp.
(Lyw™! = {w’ € ¥* | w'w € L}). It has been shown that the set of the left
residuals (resp. right residuals) of a language is a finite set if and only if the
language is regular.

An automaton (or a NFA) over an alphabet ¥ is a 5-tuple A = (3,Q, I, F, )
where ¥ is an alphabet, @ a finite set of states, I C @ the set of initial states,
F C @ the set of final states and § the transition function from Q x ¥ to 2.
The domain of the function & can be extended to 29 x ¥* as follows: for any
word w in ¥*, for any symbol a in 3, for any set of states P C @, for any state
p€Q,d(Pe)=P,d(p,aw) =0(5(p,a),w) and 6(P,w) = J,cp d(p, w).

The language recognized by the automaton A is the set L(A) = {w € T* |
§(I,w) N F # (0}. Given a state ¢ in Q, the right language of q is the set
L(q) ={w e ¥* | §(q,w)NF # 0}. It can be shown that (1) L(A) =, f(z),
(2) L(a) = {e | ¢ € F}U Uses pealal - L) and (3) a7 (L(g) =

Upea(q,a) f(p)

Kleene Theorem [15] asserts that a language is regular if and only if there
exists an NFA that recognizes it. As a consequence, for any language L, there
exists a regular expression E such that L(E) = L if and only if there exists an
NFA A such that L(A) = L. Conversion methods from an NFA to a regular
expression and vice versa have been deeply studied. In this paper, we focus on
the notion of partial derivative defined by Antimirov [1.

Given a regular expression F over an alphabet ¥ and a word w in ¥*, the left
partial derivative of E w.r.t. w is the set % (E) of regular expressions satisfying:
Upreo () L(E") =w (L(E)).

Thls set is inductively computed as follows: for any two regular expressions
F and G, for any word w in ¥* and for any two distinct symbols a and b in ¥,

_()—{E}aa_():ai()__(m)—m

Z(F+G) = Z(F)U §G>6a< ) =g () F
pr={ O CUR@ 1oL

1Partial derivation is investigated in the more general framework of weighted expressions
in [17].



o (F) = 3= ((F)), &£(F) = {F},

where for any set & of regular expressions, for any word w in X*, for any
regular expression F, %(8) = Upes %(E) and £ - F = Ugeell - F}. Any
expression appearing in a left partial derivative is called a left derived term.
Similarly, the right partial derivative of a regular expression F over an alphabet
Y w.r.t. a word w in ¥* is the set (E)% inductively defined as follows for any
two regular expressions F' and G, for any word w in ¥* and for any two distinct

symbols a and b in X,

(@) ={e}, ) = ()5 = D)5 =0,
(F+G)g = (F)EU(G) g, (F )5 = F* - (F)4,
F-(GQ)FuF)E ifee L(G),
(F'G>8% _{ F.(G)Zi; > otherwise,
(Fa = (F)§) 55, (F)g = {F},

where for any set £ of regular expressions, for any word w in ¥*, for any
regular expression F, (8)% = UEeg(E)% and F'- & = JpeelF - E}. Any
expression appearing in a right partial derivative is called a right derived term.
We denote by Dg (resp. Dg) the set of left (resp. right) derived terms of
the expression E. From the set of left derived terms of a regular expression F
of width n, Antimirov defined in [I] the derived term automaton A of E and
showed that A is a k-state NFA that recognizes L(E), with k <n + 1.

A language over an alphabet I' is said to be linear contezt-free if it can be
generated by a linear grammar, that is a grammar equipped with productions
in one of the following forms:

1. A — xBy, where A and B are any two non-terminal symbols, and z and
y are any two symbols in T' U {e} such that (z,y) # (g, ¢),

2. A — ¢, where A is any non-terminal symbol.

Notice that the family of regular languages is strictly included into the family
of linear context-free languages. In the following, we will consider combinations
of left and right partial derivatives in order to deal with non-regular languages.

3 Two-sided Residuals of a Language and Couple
NFA

In this section, we extend residuals to two-sided residuals. This operation is the
composition of left and right residuals, but it is more powerful than classical
residuals since it allows to compute a finite subset of the set of residuals even
for non-regular languages, which leads to the construction of a derivative-based
finite recognizer.

Definition 1. Let L be a language over an alphabet T' and let u and v be
two words in T'*. The two-sided residual of L w.r.t. (u,v) is the language
(u,v)"H(L) = {w € T* | uwv € L}.



As above-mentioned, the two-sided residual operation is the composition of
the two operations of left and right residuals.

Lemma 1. Let L be a language over an alphabet T' and u and v be two words

in T*. Then: (u,v) (L) = (v Y(L))v™! =u=t((L)v™1).

Proof. Let w be a word in I'*.
we (w L)t e w euw (L) & uvwv e L & (u,v)"H(L)
< uwv € L s uwe (L ! e weu (L)1)
O

Corollary 1. Let L be a language over an alphabet T' and u and v be two words
in T*. Then: € € (u,v) (L) & uv € L.

It is a folk knowledge that NFAs are related to left residual computation
according to the following assertion (A): in an NFA (¥,Q,1,F,d), a word
aw belongs to L(q) with ¢ € @ if and only if w belongs to a=*(L(q)) =
Uges(ga) L (@) Since a two-sided residual w.r.t. a couple (z,y) of symbols in
an alphabet I' is by definition the combination of a left residual w.r.t.  and of a
right residual w.r.t. y, the assertion (A) can be extended to two-sided residuals
by introducing couple NFAs equipped with transitions labelled by couples of
symbols in I'. The notion of right language of a state is extended to the one
of I'-right language as follows: if a given word w in I'* belongs to the I'-right
language of a state ¢’ and if there exists a transition from a state ¢ to ¢’ labelled
by a couple (x,y), then the word zwy belongs to the I'-right language of q.

More precisely, given an alphabet I, we set Xp = {(z,y) | z,y e T U {e} A
(x,y) # (e,e)}. We consider the mapping Im from (Xr)* to I'* inductively
defined for any word w in (Xr)* and for any symbol (z,y) € Ep by: Im(e) =¢
and Im((x,y) - w) = z - Im(w) - y. Notice that this mapping was introduced by
Sempere [24] in order to compute the language denoted by a linear expression.
Linear expressions denote linear context-free languages, and are equivalent to
the regular-like expressions of Brzozowski [3].

Definition 2. Let A = (X,Q,1,F, ) be an NFA. The NFA A is a couple NFA
if there exists an alphabet T' such that X C Xp. In this case, A is called a T'-
couple NFA. The I'-language of a I'-couple NFA A is the subset Lr(A) of T*
defined by: Lr(A) = {Im(w) | w € L(A)}.

The definition of right languages and their classical properties extend to
couple NFAs as follows. Let A = (3,Q, I, F,J) be a E;couple NFA and ¢ be
i}state in Q. The l"-rig_hj language of q is the subset L(g) of I'* defined by:
Lr(q) = {Im(w) |w e L(q)}.

Lemma 2. Let A ng,Q,I, F,0) be a I'-couple NFA and q be a state in Q.
Then: LF(A) = Uie] LF(’L)

Proof. Trivially deduced from Deﬁnit_ig)n Bl from definition of I'-right languages
and from the fact that L(A) = U,c; L (7). O



Lemmi> 3. Let A= (%2,Q,1,F,6) be a I'-couple NFA_fmd q be a state in Q.
Then: Lr(q) ={c|q€ F}UUpu yesyesa@ynizt Lrld@)-{y}

Proof. Trivially deduced_) from Definition 2] from definition of l"-ﬁ;ght languages
and from the fact that L(q) ={c| ¢ € F}UU,ex yesqaiat - L (@) O
Corollary 2. Let A = (2,Q,1,F,J) be a_l:-couple NFA, (z,y) be a couple in
Y1 and q be a state in Q. Then: (x,y) " (Lr(q)) = Uy et f1‘(11/)-

The following example illustrates the fact that there exist non-regular lan-
guages that can be recognized by couple NFAs.

Example 1. Let T' = {a,b} and A be the automaton of the Figure [2 The
I-language of A is Lr(A) = {a™b™ | n € N}.

H (a,b)

Figure 2: The Couple Automaton A.

As a consequence there exist non-regular languages that are recognized by
a couple NFA. In fact, the family of languages recognized by couple NFAs is
exactly the family of linear context-free languages.

Proposition 1. The I'-language recognized by a I'-couple NFA is linear context-
free.

Proof. Let A= (X,Q,1,F,0). Let us define the grammar G = (X,V, P, S) by:
e X =T, the set of terminal symbols,
o V={A,]q€Q}U{S} the set of non-terminal symbols,

e P={S = A, |qgeltU{A; - e | qge F}U{4A; - aAyB | ¢ €
d(q, (a, B))}, the set of productions,

e S, the axiom.

1. Let w be word in I'*. Let us first show that w belongs to the language
generated by the grammar G, = (X,V, P, A,) if and only if it is in L r(g),
by recurrence over the length of w.

(a) Let us suppose that w = . By construction of G4, A, — ¢ if and
ﬁ
only if g € F, i.e. € € Lp(q).
(b) Let us suppose that w = aw’f with (a, 3) # (g,¢). By definition

of L(Gy), w € L(Gy) if there exists a symbol Ay, in V such that
Ay = aAy B and w' € L(Gy). By recurrence hypothesis, it holds



that w' € L(Gy) & w' € Z)p(q’). Since by construction A, —
ady B < ¢ €6(q, (o, B)) and since according to Lemma [3] f)p(q) =
{e 1 a € FyUlUuypesaesa@yni®t - Lr(d) - {y}, it holds that
w € L(Gy) & w e Lr(q).

2. Since L(G) = Uyjs_, 4, L(Gy), it holds from (1) that L(G) = U,c; Lr(9),

that equals according to Lemma 2l to L(A).

Finally, since the I'-language of A is generated by a linear grammar, it is
linear context free. O

Proposition 2. The language generated by a linear grammar is recognized by
a couple NFA.

Proof. Let G = (X,V, P,S) be a linear grammar. Let us define the automaton
A = (E, Q7 I7 F7 5) by:

o X=Xy,
*Q=V,
. 1— {5},

e F={BecV|(B—¢) € P},
e B' €4(B,(z,y)) & (B — zBy) € P.

For any symbol B in V, let us set Gg = (X, V, P, B). Let w be a word in X*.
ﬁ
Let us show by recurrence over the length of w that w € L(Gg) < w € L x(B).

1. Let w =€. Thene € L(Gp) if and only if (Gp — €) € P. By construction,
it is equivalent to B € F and to € € L x(B).

2. Let us suppose that w is different from . Then by recurrence hypothesis
and according to Lemma [3t
w e L(GB)
< J(r,y) e x,w €e X* B eV]w=awyA(B—zBy)ec PANuw € L(Gp/)
< Iz,y) €eEx, 0w € X* B eV ]w=aw'yAB €dB,(z,y) \w € fX(B’)
< we Lx(B)

Finally, since L(G) = L(Gs) = fS(B), it holds from Lemma [ that L(G) =
L(A). O

Theorem 1. A language is linear context-free if and only if it is recognized by
a couple NFA.

Proof. Directly from Proposition [l and from Proposition 21 O



We present here two algorithms in order to solve the membership problenﬁ
via a couple NFA. The Algorithm 2] checks whether the word w € I'* is recog-
nized by the I'-couple NFA A. It returns TRUE if there exists an initial state
such that its I'-right language contains w. The Algorithm [I] checks whether the
word w € I'* is in the I'-right language of the state q.

Algorithm 1 IsInRightLanguage(A,w,q)
Require: A = (%, 0, I,E}, ) a I'~couple NFA,| w a word in I'*, ¢ a state in @
Ensure: Returns (w € Lr(q))

1: if w = ¢ then
2: P(—(QEF)

3: else

4: P+ FALSE

5. for all (¢, (o, 8),¢') €0 | w = aw's do

6: P + PV IsInRightLanguage(A, w', ¢’)
7. end for

8: end if

9: return P

Algorithm 2 MembershipTest(A4,w)
Require: A= (%,Q,1,F,0) a I'-couple NFA, w a word in I'*
Ensure: Returns (w € Lr(A))
R + FALSE
for allv €I do
R + RV IsInRightLanguage(A, w, 1)
end for
return R

Proposition 3. Let A = (X,Q,I,F,)) be a T-couple NFA, q be a state in Q
and w be a word in I'*. The two following propositions are satisfied:

1. Algorithm [ IsInRightLanguage(A, w, q) returns (w € fp(q)),
2. Algorithm [A: Membership Test(A,w) returns (w € Lp(A)).
Proof. Let w be a word in I'*.

1. Let us show by recurrence over the length of w that the algorithm IsIn-
RightLanguage(A, w, q) returns (w € L1(q)).
fw=e, P=TRUE & qe F e L(q).

Let us suppose now that [w| > 1. Then P =V, , 5) o) esjwmaws 1SI0-
RightLanguage(A4, w’, ¢'). If there is no transition (g, («,),q') € 9,

2@iven a language L and a word w, does w belong to L?



then trivially w ¢ Z)p(q). For any (¢, (o, 8),q’) € 0, let us notice that
(o, B) € Zr. As a consequence, the length of any word w’ satisfying
w=oawpB A (g (a,p),q) € § is strictly smaller than |w|. Let w’ be a
word satisfying w = aw’8 A (¢, (a,5),q¢) € 6. According to recurrence
hypothesis, IsInRightLanguage(4, w’, ¢') returns (v’ € f)p(q’)). Hence
P =V (4.(a.8).a")8lw=awp (W € Lr(q')). Finally, according to Lemma[3]
P=(we Lr(q))

2. Since R = \/,; IsInRightLanguage(A, w, i), it holds as a direct conse-
quence that R = \/,.;(w € Lr(i)). Hence, according to Lemma [2} it
holds that R = (w € Lr(A)).

O

The following sections are devoted to hairpin completions and their two-
sided residuals. It turns out that hairpin completions are linear context-free
languages. Hence, we show how to compute a couple NFA that recognizes a
given hairpin completion.

4 Hairpin Completion of a Language and its Resid-
uals

Let " be an alphabet. An involution f over I is a mapping from I to I satisfying
for any symbol a in T, f(f(a)) = a. An anti-morphism p over T'* is a mapping
from I'* to T'* satisfying for any two words w and v in IT'* u(u-v) = p(v) - p(u).
Any mapping g from IT" to I" can be extended as an anti-morphism over I'* as
follows: Va € T, Vw € T*, g(e) = ¢, gla - w) = g(w) - g(a).

Definition 3. Let I' be an alphabet and H be an anti-morphism over I'*. Let L,
and Lz be two languages over T'. Let k > 0 be an integer. The (H, k)-completion
of Ly and Ly is the language Hy (L1, L2) defined by:
Hy. (L1, L)
{apyH(B)H(a) | a, B,7 € T A (afyH(B) € L1V SyH(B)H(e) € L2) A |B| = k}.
The (H, k)-completion operator can be defined as the union of two unary

operators ﬁ‘k and I—{Z
Definition 4. Let I' be an alphabet and H be an anti-morphism over I'*. Let
L be a language over T'. Let k >_O> be an integer. The right (resp. left) (H,k)-
comple_ti>0n of L is the language Hi(L) (resp. f{_k(L)) defined by:

(L) = {afrH(A)H(a) |0, B,7 €T* A afyH(8) € LA|B| =k},

W(L) = {aByH(B)H(0) | 0,8, €T* A BrH(B)H(a) € LA |5] = £}.
Lemma 4. Let T be an alphabet and H be an anti-morphism over T'*. Let Ly

and Lo be two languages over I'. Let k > 0 be an integer. Then:
T i1
Hy (L1, Lo) = Hi(L1) UHR(L2).



Proof. Let w be a word in I'*.
w = afyH(B)H(a)
w € Hy(Ly, Lo) & /\|(o<|ﬁ7H(B) € L1V pyH(B)H(e) € Lo)
ANB|l =k
" { (w = aByH(B)H(a) A afyH(B) € Ly A |B] = k)
V(w = apyH(B)H(a) A BYH(B)H(a) € Ly A |8 = )
S w e Hk(Ll) Vw e k(Lg) S w e Hk(Ll) U k(Lg).
O

When H is an involution over I', the (H, k)-completion of L; and Lo is called
a hairpin completion [9]. Even in the case where H is not an involution, we will
say that languages such as }—IZ(L), ﬁ‘k(L) or Hy(L,L’) are hairpin completed
languages and we will speak of hairpin completions. We first establish formu-
lae in this general setting in order to compute the two-sided residuals of the
completed language of an arbitrary language. The following operator is useful.

Definition 5. Let I" be an alphabet and H be an anti-morphism over I'*. Let L
be a language over an alphabet T'. Let k > 0 be an integer. The language H} (L)
is defined by: H) (L) = {ByH(B) € L | B,y € T* A || = k}.

We split the computation of two-sided residuals of a completed language
w.r.t. (z,y) couples: the first case is when both z and y are symbols.

Lemma 5. Let I" be an alphabet and H be an anti-morphism over I'*. Let L be
a language over an alphabet T'. Let k > 0 be an integer. Let L' be a language in
{E(L), IT;(L),H;c (L)}. Let w a word in T'*. Then:

wel = |w >k A Jael',F €T, w=awH(a).

Proof. Trivially deduced from Definition @ and Definition O

Corollary 3. Let I' be an alphabet and H be an anti-morphism over I'*. Let L
be a language over an alphabet T'. Let k > 0 be an integer. Let L' be a language

in {H(L), Hi (L), Hy(L)}. Then: I’ = U, cpda} - (2, Hx) ™ (1) - {H(z)}.

Proposition 4. Let T' be an alphabet and H be an anti-morphism over I'*. Let
L be a language over I'. Let (z,y) a couple of symbols in I' x I'. Let k > 0 be
an integer. Then:

IR 0, if y # H(x),
()7 (He(L)) = ¢ Hi(a™H(L) U () (L) ify=Hx) A k=1,
Hy(z= (L)) UH,_;((z,y)" ' (L)) otherwise,
0 ify # H(x),
(.y) " ((1) = § Ha((Z)y™) U () (2) fy=H) A k=1,
E((L)y‘l) UH), ,((z,y)"Y(L)) otherwise,
0 if y # H(x),
(z,y) " (H (L)) = { Hi_y((z,y)"H (L)) fy=H(x) A k>1,
(z,9)" (L) otherwise.



Proof. Let w be a word in I'*. According to Lemma B any word u in }—IZ(L) U
m(x_l(L)) U HJ (L) can be split up into avb with b = H(a). As a conse-
quence, whenever y # H(x), it holds that (z,y)~ (Hu(L)) = (z,y) " (He(L)) =
(z,y) ' (H,(L)) = 0. Let us suppose now that y = H(z).
(I) Let us define the languages L; and £2> by:
L L= (),
L= { g (e (L)) UMy (29)7 (D) ik > 1,
Hy(z7 (L)) U (z,y)~Y(L) otherwise.
Then:
we€ L1 & zwy € Hk(L)
o | (ewy =zabyH(B)H(a)y Ay = H(z) A zaByH(B) € LA |5 = k)
V(zwy = zH(B)y Ay = H(z) AxpyH(B)y € LA [B] =k —1)
o | (w=apyH(B)H(a) Ay = H(z) AapyH(B) € 27 (L) A |B] = k)
V(w = ByH(B) Ay = H(z) A BYH(B) € (2,y)” L) AIBl =k —1)
(w = 0By H(A)H(a) Ay = H(z) Aw € Fr(e—(L)))
&\ V(w=pvH(B) Ny =H(z) ANwe Hy_,((z,y) (L)) Nk #1)
Viw=~vyAy=H(x)Aw € (z,y) Y (L) ANk =1)
S w € Lo.
(IT) Let us set:
Ll (e, 9) " (HR(L)),
1

(o ) UHL (e 07D k> L
E (x~ L (x,y)" (L) otherwise.
Then
weE L] & xwy € ﬁ
G waﬁWH(B)H(G)y Ay =H(z) A yH(B)H(a)y € L A [B| = k)
V(zwy = zpyH(B)y Ay = H(z) AapyH(B)y € LA[B| =k —1)
o | (w=aByH(3)H(a) Ay = H(z) A S7B(B)H() € Ly~ A|5] = k)
V(w = BAH(8) Ay = H(z) A ByH(B) € (,5)~ (L) A |B] =k — 1)
(w = aByH(BH(a) Ay = H(w) Aw e He(L)y ™))
& 3 Viw=ByHE) Ay = H(z) Aw € Hy_((@y)" (E) Ak #1)
Viw=vyAy=Hz)Awe (z,y) (L) ANk=1)
S w € L.
(TIII) Let us set:
Ly = (2,y)" (H(L)),
Ly =T, () (L),
Ly = (,9)-M(L).
Then:
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w € Ly & zwy € H (L)

rwy = xByH(B)y

Ay = H(z)

AzByH(B)y € L

NSl =k—1

w = ByH(B)

Ny = H(z)

NBYH(B) € (z,y) (L)
ABl =k 1

(w = BYH(B) Ay = H(z) Aw € Hy_, ((z,9) " (L)) Ak > 1)
V(w € (z,y) " (L)Ak=1)
(we LaANk>1)

\/(’LU c L3Nk = 1)

=

O

The problem of two-sided residuals of an hairpin completion w.r.t. couples
(x,y) with either = or y equal to € is that they add one catenation that has to
be memorized. It can be checked that this may lead to infinite sets of two-sided
residuals.

Proposition 5. Let T' be an alphabet and H be an anti-morphism over I'*. Let
L be a language over an alphabet T'. Let k > 0 be an integer. Let L' be a
language in {ﬁ—k(L), IT;:(L),H;C(L)} Let x be a symbol in T'. Then:
(z,6)" (L) = (z, H(x))"H(L') - {H(2)},
(£,2) "M (L) = Userpsy=o 12} (2,2)THI).

Proof. Directly deduced from Lemma [I] and from Corollary [Bl O

Let L be a language over an alphabet I'. The set Ry, of two-sided residuals
of L is defined by: Ry, = J,~, R%, where
i = [ {@y)7HL) | (@,y) € Tr} itk =1,
L {(z,y) " (L) | (z,y) € Xr A L' € RE™'} otherwise.
From now on we focus on hairpin completion of regular languages. Let us
recall that such a completion is not necessarily regular [9].

Lemma 6. The family of regular languages is not closed under hairpin comple-
tion.

Proof. Let T' = {a,b,c}, k > 0 be a fixed integer and H be the anti-morphism
over I'* defined by H(a) = a, H(b) = ¢ and H(¢) = b. Let L' = }TIZ(L(a*bkck)).
Let us first show that L' = {a"b*cFa™ | n > 0}. Let w be a word in T'*.
w e L' & w=afyH(B)H(a) A aByH(B) € L(a*bFcF) A Bl =k
& w = afyH(B)H(a) Aa € L(a*) AH(B) = F A3 = bk
o w = a"bFFa™ with n > 0.
For any integer j > 0, let us define the language L;- by:

L,:{L' if j =0,

J a”'(L}_,) otherwise.
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Consequently, it holds L’ = {a"7b*c*a™ | n > j}. Finally, since for any
two distinct integers j and j/, the word b¥cFa’ belongs to L3\ L%, it holds that
for any two distinct integers j and j', L # L/, and (a/)"'(L') # (a?)~1(L).
As a consequence, the set of left residuals of L’ is infinite. O

The set of two-sided residuals of a hairpin completion of a regular language
may be infinite, but the restriction to residuals w.r.t. couples (z,y) of symbols
is sufficient to obtain a finite set of two-sided residuals and a finite recognizer.

5 The Two-Sided Derived Term Automaton

The computation of residuals is intractable when it is defined over languages.
However, derived terms of regular expressions denote residuals of regular lan-
guages. We then extend the partial derivation of regular expressions [I] to the
partial derivation of hairpin expressions.

A hairpin expression E over an alphabet T' is a regular expression over I' or
is inductively defined by: E = ﬁ‘(F) E = Hk(F), E =H|(F), E=G1+ Gy,
where H is any anti-morphism over I'*, £ > 0 is any integer, F' is any regular
expression over I', and (G; and G5 are any two hairpin expressions over 3.
If the only operators appearing in F are regular operators (+, - or *), the
expression F is said to be a simple hairpin expression. The language denoted
by a hairpin expression E over an alphabet I' is the regular language L(E) if
E is a regular expression or is inductively defined by: L(Hy(F)) = %;(L(F)),
L(H;(F)) = H(L(F)), L(H(F)) = Hy(L(F)), L(G1 + G2) = L(G1) U L(Ga).
where H is any anti-morphism over I'*, £ > 0 is any integer, F' is any regular
expression over I', and G; and G5 are any two hairpin expressions over I'.

Definition 6. Let E be a hairpin expression over an alphabet I'. Let (x,y)

be a couple of symbols in Xr. Let k > 0 be an integer. The two-sided partial

derivative of E w.r.t. (z,y) is the set 6(8 )(E) of hairpin expressions defined
Y

by:
(F)5 ife=e¢
g (F) =14 5 (F) ify=ce,
v UF’eai(F) (F')a—ay otherwise,
0, if y # H(x),
» )(}—IZ(F)): Hi (- (F)) U 52=(F) fy=H) A k=1
! }—IZ(%(F)) UH 1( 9 )(F)) otherwise,
0 ify # H(x),
) = OB U2 iy =Ha) A k=
’ ﬁ_k((F)a%) UHg_l(%(F)) otherwise,
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0 if y # H(z),

o (H(F) = { Hia (575 () if kot
| %(F) otherwise
6(: —(G1+G2) = 57— (G1) U 5. —(Go),

where H is any anti-morphism over F* k > O zs any integer, F is any
reqular expression over I', G1 and G2 are any two hazrpm ETPTessions over

I, and for any set H of hairpin expressions: ILT;( H) = {Hk( ) | H € H},
(M) = {1, (H) | H € HY, B, (1) = {(Hy,(H) | H € H}.

Let E be a hairpin expression over an alphabet I'. The se(t_?}; of two-sided
derived terms of the expression E is defined by: ﬁ}; = Up>1 D%, where:

—> d o7
Dk — { Uewesr (@,y) (E) if k=1,
k=

(eg)eEr, E’eD<—{’“* 8(1 m (E") otherwise.

Derived terms of regular expressions are related to left residuals. Let us show
that derived terms of hairpin expressions are related to two-sided residuals.

Proposition 6. Let E be a hairpin expression over an alphabet T'. Let (x,y)
be a couple of symbols in T2. Then: UFe -(B) L(F) = (x,y)"Y(L(E)).

Furthermore, if E is a reqular expresswn the proposition still holds whenever
(x,y) is a couple of symbols in Xr.

Proof. Trivially proved by induction over the structure of F, according to Propo-
sition [ O

Determining whether the empty word belongs to the language denoted by a
regular expression E can be performed syntactically and inductively as follows:
ed¢ La), e ¢ L), e € L(e),
€€ L(Gl Gg) S ee L(Gl) N €€ L(Gg),

e € L(G1 4+ G2) & e € L(G1) V € € L(G2), € € L(GY).
This syntactical test is needed to compute the derived term automaton since
it defines the finality of the states. We now show how to extend this computation
to hairpin expressions.

Lemma 7. Let F' be a regular expression and Gy and Gy be two hairpin ex-
pressions. Then:
— ijl‘ ,
€ ¢ L(Hy(F)), € ¢ L(Hi(F)), € ¢ L(H,(F)),
e € L(G1 4+ Gs) & e € L(G1) V € € L(Gy).

Proof. Trivially proved according to Definition dl Definition Bl and definition of
languages denoted by hairpin expressions. O

The following example illustrates the computation of derived terms. For
clarity, in this example, we assume that hairpin expressions are quotiented w.r.t.
the following rules: e- E ~ E, - E ~ (). Moreover, sets of expressions are also
quotiented w.r.t. the following rule: {0} ~ 0.
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Example 2. Let ' = {a,b,c} and H be the %Lti-morphism over I'* defined by
H(a) = a, H(b) = ¢ and H(c) = b. Let E = Hy(a*be). Derived terms of E are
computed as follows:

6((?,11 (E) = {E};
9 —
a(b,c) (_E>) ={H Q75}7
o (1 () = {TL ().
Other partial derivatives are equal to . Furthermore, it holds that € is the
only derived term F of E such that € belongs to L(F).

I

In the following we are looking for an upper bound over the cardinality of
the set of two-sided derived terms, thus we apply no reduction to the regular
expressions. Notice that this cardinality decreases whenever any reduction is
applied.

Lemma 8. Let E and F be two regular expressions over an alphabet I'. Then
the three following propositions hold:

1. Dpir c DrUDS,

2. Dpp cDg-DruDRUDS,

3. Pl c Dy E*UE*-DpUDpU(Dp-E*) - DpUDg - (E*-Dp).
Furthermore, D, = Dy = 0 and D, = {¢} for any symbol a in T

Proof. Basic cases (¢, § and a in T') are trivially proved directly applying Defi-
nition

By induction over the structure of the set of two-sided derived terms. Sup-
pose that F and F' are two regular expressions over an alphabet I'. Let (z,y)
be a couple of symbols in Xr.

1. Let us first show that 2 —~(E+F) C E;UE; According to Definition [G]

(z,y)
it holds:
%(E + F) ify=c¢,
ﬁ(E—!—F): (E—I—F)a% ifx=¢,
UGG%(EJFF)(G)% otherwise.
2(B)U 2 (F) ity = <.
= (E)Q%U(F)% ifr=c¢,

UGG%(E)(G)a_ay U UGG%(F)(G)% otherwise.
Notice that the three following conditions hold:
2 (E)U L (F) c DpUDy c DuuUDL,
—
(B)Z U (F)& c Dy uDy  Dr UDr,
d o _ _ 9 )
Uce 2 (5)(G)g; Ylee 2 (m) (&g, = o (B) VU ey (F)

As a consequence, %(E +F)C ﬁg U E;

Sl

uDs.
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Furthermore, since b%()ieﬁnition of the sets of two-sided derived terms, for
any expression G in Dg (resp. in E;), %(G) C E) (resp. %(G) C
E;), the proposition is satisfied.

2. Let us setgzﬁl)—;uﬁguﬁp.
(a) Let us first show that
gy (B F) C F-(B) - (F) & U 525 (B) U gr25 (F) C €.
According to Definition [6] 1t holds:

Z(E-F) if y =,
8(%1})@ F) = (E~F)% ifx =e,
UGE%(E,F)(G)Q% otherwise.
Z(E)- FUL(F) ify=¢c Ae€ L(E),
() F ify=c Ae¢ L(E),
(E)a%uE-(F)a% ifzx=¢ Ae € L(F),
= E~(F)8% ifx=e¢ ANeg L(F),
Uce 2 (E).F(G)a% U UGG%(F)(G)(% ifz,yel A eeL(E)
UGG%(E)_F(G)(% otherwise.

Notice that the three followmg conditions hold:
2(E)-FuL (F) cDp- DFUSD_},

(E)ZUE-(F)2 c byuby- Dy Dr.
UGE%(F)(G)gy = _a(f_,y) (F) C Dy

Moreover,
U @)L = Uceg ) G (F)g UlUgez (i) (G)5, ife € L(F),
o UG€ 2 (B) G- (F)a% otherwise.
Finally. since Uge g sy G+ () = £(B) - () © D - Dr and

since UGeai(E)(G)% = a(fy) (E) C Dg, the proposition is satisfied.
(b) Let us now show that for any expression G in &, %(G) Cé.

i. if G belongs to ﬁg (resp. to E)), by definition of the set of two-
sided derived terms it holds %(G) C ﬁg (resp. %(G) C
D).

i. It G belongs to ‘D‘ Dr, then 1 G = (1 - Gy and from (2a) it

holds that 37— C F Dg, U T U S G,- According to
definition of the set of two-sided derived terms, the four follwong

onditions hold;
C Dy E%’ D, De, Dy and D, C Dy

As a consequence, the proposition is satisfied.

3. Let us set & = Dy - E* UE* - DpUDpU(Dp - E*)-DpUDy, - (B - Dp).
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(a) Let us first show that (E*) C €. According to Definition [0] it

( )

holds:
(E*) ify=e,
o] x\ * o —
(B ={ ()8 e
UGGE(E*)( )@ otherwise.
+(E)- E* if y =e,
={ E*. (E)% ife=e,
UGe (G- E” )—y otherwise.
Notice that £ (E) - B by B and that B* (E)Z C E* - Dp.
Moreover,

UGE%(E)(G ’ E*)ag
:UGE%(E)(G)%UG'( »
=Uges (@& UG (B - (B)L)
= UGG%(E)(G)% UlUgez s G- (B (E)Z)
Finally, since the two following conditions hold:

o _ _o D
Uce 2 (@), = ammn(E) C De
—

(
and Uge () G+ (B° - (E) ) = () - (B (B)§}) < D (B* - D),

: o] *

(b) Let us now show that for any expression G in &, %(G) Ccé€.

i. if G belongs to F by definition of the set of two-sided derived
terms it holds 8( m C Dg.
ii. if G belongs to ﬁE - E*, then G = Gy - E* and from (2a) it holds
that:
—a(jy) (G) i(Gl) ’ ( *)i U a(jy) (Gl) U a(iy) (E*)
Moreover, since from (3a) e )(E*) C €&, since %(Gl) - E;
and since 8( G1 - F it holds that:
0
5te (@)
cﬁp(E*-(E)a%)uﬁus
cﬁ-(E*-ﬁ)uﬁus
_C &
iii. if G belongs to E*-Dg, then G = E*-G; and from (2a) it holds
that:
7€) € £(E) (G0 U e (B) U i (1)
Moreover, since from (3a) e )(E*) C 5, since (G1)§ C

—
Dg

and since 8( 57(G1) C Dg:

e (G)
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. E*)-DpUEUD
cé .
iv. If G belongs to (ﬁE -E*)-Dg, then G = (G1 - E*) - G2 and from
(2a) it holds that:
a(g,y) (@) C %(Gl BT - (G2) 2y a(z, y)(Gl -E*) U a(x, y)(G2)
Since ag(Gl E*) Ca (Gl) E*u i(E*), it holds that:
5 (G- E*) - (Ga) g € (§-(Gh) - E7) - (G2) 5p U (5 (B) - E) - (G2) -
(G1 *) C &, it holds:

C (Z(E) E")-DrUEUDy
c (Ds

Finally, since from (3b11) 8(6

z,y)
o(z, _(>G
c(@ E*)-DEUEU(D—Bz
cé

v. If G belongs to ﬁE -(E*-Dg), then G = Gy - (E* - G3) and from

) (2a) ita holds that: )
3w (G) € 5,(G1) - (7 - G2)E 5037 (G1) U g7 (B - Ga).
Since (E* - Ga)§- C (E*)§- U B - (Ga)-, it holds that:
5-(G1) - (B* - Ga)§- C 5-(Gh)- (E*) T U (G) - (B (G2)F).
Finally, since from (3biii) 8 ( -G2) C &, it holds:

(@)
cDp-(E*-Dp)uEUDy
cé&

As a consequence, the proposition is satisfied.

O

Proposition 7. Let E be a regular expression of widthn > 0 and of star number
h. Let us set m = n+ h. Then the three following propositions hold:

1. Card(E) <mn,

2. Card(Dp) <

2mx (m+1) X (m+2)
-5 %

3. Card(ﬁg)

IN

Proof. For the set of left derived terms, the proposition is proved in [1], where
it is shown that the cardinality of the set {E’ | 3w € ¥1 E' € %(E)} is less
than n. This bound still holds for the set of right derived terms.

Let ny (resp. ng) be the width of a regular expression F' (resp. G) and hy
(resp. hz) be the star number of F' (resp. G). Let us set my; = ny + hy and
mg = ng + hg. For E = F 4+ G and for E = F - G, we have n = ny + no,
h = hi + ho and m = mq +ms. For E = F*, we have n =n1, h = h; + 1 and
m=mq + 1.

According to Lemma B we get:
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1. Dpro C DrUDE,

2. Dp.g C ﬁ Dg U F FG,

3. Dp. c Dp - F*UF* - DpUDRU(Dr - F*) - DpUDE - (F* - Dp).
As a consequence, we get:

1. Card(Drya) < Card(Dg) + Card(De),

2. Card(Dp.o) < Card(Dg) + Card(Der) + nins,

3. Card(Dp) < Card(Dp) + 21 (n1 + 1).

On the one hand the cardinality of m is strictly greater than the cardinality
of g) although F' and F* have the same width n;; we therefore substitute the
parameter m1 = nq + hy to ni, so that F* is associated with m; + 1.

On the other hand, the maximal increase of the cardinality of F (w.r.t. m)
occurs in the star case; we therefore consider the function ¢ such that:

1. ¢(0) =0 and ¢(1) =
2. p(k+1)=o¢(k)+2xkx (k+1),

and we show that FE < ¢(m) for any regular expression E.
According to Lemma B and by induction hypothesis, it holds:

1. Card(Dpic) < ¢(mi) + d(ms),
2. Card(Dp.c) < ¢(m1) + d(ms2) + n1 x na,
3. Card(ﬁj) < ¢(m1) + 2n1(ng +1).

It can be checked that:
d(m1) + ¢(ma) < d(m1) + ¢(mz) +n1 x ng < G(my + ma).
As a consequence, it holds:

1. Card(SFJrg) < ¢p(my + ma),
2. Card(m) < @¢(m1 + ma).

Furthermore, by definition of ¢ and since mi > nq, it holds:
d(m1) +2n1(n1 + 1) < p(my) + 2(mq1)(my + 1) = d(my + 1)
and consequently Card(ZSF*) < ¢(my1 +1).
Finally, since Y25 j(j + 1) = 2H042) ¢ holds for all integer k > 1:
_ 2k(k+ D) (k+2)
pk) = 2L g .

Proposition 8. Let FE be a regular expression over an alphabet ', H be an
antimorphism over I'* and k > 0 be an integer. Then:
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1. Card(gH;c(E)) <kx Card(ﬁg),
2. Card(Dm, ) < Card(Dp) + k x Card(Dp),

Hy (E)

3. Card(Dyr_ ) < Card(Dp) + k x Card(Dp).

Proof. Let E be a regular expression.

(1) Let us set &€ = {H|,(E") | E' € FE A K <k}uU E; Let us show that

H,(B) C E.

(a) According to Definition[d] for any couple (z,y) in X, 3. )(H' (E)) CE&.

(b) Let us show that any derived term of an expression G in £ belongs to
E.

(i) if G belongs to FE, so do its derived terms.

(i) if G € {H,,(E') | E' € D A K <k}, then G = H,(G,) with G, € Dy
and from Definition [ it holds:

572 (G) C {H},,(Ga) | Ga € Dy A K </c'}u§3_>
By definition of G, Fci C F Consequently 7= )(G) cé&.

(c) Finally, since Card(€) = (k—1) x Card(F)—l—Card(ﬁg), the proposition
holds.

(2) Let us set € = {H,(E') | E' € Dg}U{H,, (E') | E' € Dp A K < k}UDg.
Let us show that e C £.

(a) According to Deﬁmtlonlﬁl, for any couple (z,y) in Xr, 6(1 m (Hk( ) CE.

(b) Let us show that any derived term of an expression G in £ belongs to
E.

(i) if G belongs to {Hy(E') | E' € D} then G = Hy(Gy) with Gy € Dp
and from Definition [6]it holds that:

9_(G) C {Hy(Go) |Gzeb—}u{H',02 |Go e De. A K <k}UDg,.

(Suz)ce by definition of G, F F and F ﬁ it holds: 6—)(G) cé.
(ii) if G belongs to {H,,(E') | E' € F A k' < k},then G = H;,(G1) with
G, € %) and from Definition [6] it holds:
o (G) C {Hy (Ga) | Ga € Da, A K < K} UDe,.
By definition of G, ng F Hence W(G) Ccé&.

(iii) if G belongs to E;, so do its derived terms.
(c) Finally, since Card(&) = Card(ﬁE) + (k—1) x Card( F + Card ﬁ)
the proposition holds.

(3) The proof is similar as for case (2), with DE playing the role of ﬁ
O

The index of a hairpin expression E is the integer index(FE) inductively
defined by:
index(F) =0,
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index(IT; (F)) = k, index(H, (F)) = k, index(H, (F)) = k,
index(G1 + G2) = max(index(G1), index(G2)),
where H is any anti-morphism over I'*, £ > 0 is any integer, F’ is any regular
expression over I'; and (G; and G2 are any two hairpin expressions over I'.

Proposition 9. Let E be a hairpin expression over an alphabet I'. Then Eg) is
a finite set the cardinal of which is upper bounded by k x (w —3)+n,
where k is the index of E, and m = n—+h with n its width and h its star number.

Proof. Directly deduced from Proposition [[land from Proposition [ for the non-
sum cases. Whenever E = G + Ga, let us set for ¢ € {1,2}, n; the width of Gj,
h; its star number, k; its index and m; = n; + h;. Without loss of generality
suppose that k1 > ky. Let ¢ be the function defined by:
0 if k=0,
o(k) = { 2k(k+173)(k-|r2) — 3 otherwise.
It can be checked that the following proposition P holds:
P(k1 + k2) > ¢(k1) + ¢ (k).
By induction and from P it holds:
Card(Dg. ) + Card(Da,) < k1 x d(m1) + ny + kagp(ma) + no
< k1 x (¢(ma) + ¢(m2)) +n
< ki x ¢(my +ma) +n
O

This finite set of two-sided derived terms allows us to extend the finite de-
rived term automaton to hairpin expressions.

Definition 7. Let E be a hairpin expression over an alphabet I'. Let A =
(Xr,Q,1,F,0) be the NFA defined by:

e Q={E}UDs,
o I ={E},
e F={F e€Q|ceL(E)},

o ¥(z,y) € S0, VE' € Q, 6(E', (1,9)) = 52 ().

The automaton A is the two-sided derived term automaton of E.
By construction, A is a I'-couple NFA where I' is the alphabet of E.

Example 3. Let E be the hairpin expression of Example[d The derived term
automaton of E is the automaton presented in Figure [3.

(a;a)

O % o)

Figure 3: The Derived Term Automaton of the Expression E.
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Proposition 10. Let E be a hairpin expression over an alphabet I’ and A be
the two-sided derived term automaton of E. Then: L(E) = Lr(A).

Proof. Let A = (2,Q,1,F,§), let w be a word in T'* and let E’ be a state in
Q. Let us show that the following proposition (P) is satisfied: w € fr (E") &
w € L(E"). By recurrence over the length of w.

(I) It fw=e, then:

w e LF(E’)

< E' € F (Lemma[3)

< ¢ € L(E') (Construction of A)

< w e L(E).

(IT) Let us suppose that |w| > 0. Then 3(z,y) € Ep, Jw’ € I'* such that
w = zw'y.

(a) If E’ is a simple hairpin expression, then

zw'y € Lp(E’)

s w' e (z,y)7 ! Lr EJ (Definition [))

v €Upresp (o, y))_l;r( ") (Corollary [2)

s w e UE”Emz,y) 5y Lr(E") (Construction of A)

Gure UE"Gmf,y)

& w' € (z,y) Y (L(E")) (Proposition [])

< zw'y € L(E'") (Definition[Il) & w € L(E").

(b) If E' € {H4(F), Hy(F), H,(F)}, then it holds w € L(E') = y = H(x)
(accordlng to Lemma []). Consequently, if y # H(x),0(E', (z,y)) =0 and w ¢
LF(E’) Hence, since w ¢ L(E’), proposition is satisfied. Let us now suppose
that y = H(z). Since (e,¢) ¢ ¥p, (z,y) € T x T

zw'H(z) € Lr(E)

< w' € (z,H(z))” (Z)F(E’) (Definition [II)

< w' € Uprespr (o n( Z) (E") (Corollary 2))

e w' € Ugnc (E") _> E") (Construction of A)
s w e UE”GB( g( () L(E") (Recurrence hypothesis)
& w' € (z,H(x)) ' (L(E")) (Proposition )

< zw'H(z) € L(E") (Definition [

< we L(E)

Finally,

Lr(4) = Uer Lr(i) (Lemma )

= Lp(F) (Construction of A)
= L(FE) (proposition P). O

(5ry L(E") (Recurrence hypothesis)

)
L(

é)(:E,H(I))

Theorem 2. Let A be the two-sided derived term automaton of a hairpin expres-
sion E over an alphabet T and let k be the index of E. Then Lr(A) = L(E).

Furthermore A has at most k x (w —3) 4+ n+ 1 states where
m =mn + h, with n the width of E and h its star number.
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Proof. Corollary of Proposition [I0] and of Proposition O

Finally, the computation of the two-sided derived term automaton provides
an alternative proof of the following theorem.

Theorem 3. The language denoted by a hairpin expression is linear context-
free.

Proof. According to Theorem [Tl and to Proposition O

6 The (H,0)-Completion

In the literature, the case where & = 0 is usually not considered. Neverthe-
less, this case is interesting since the associated derivation computation yields
a recognizer with a linear number of states w.r.t. the width of the expression.

Let Ly and Lo be two languages over an alphabet I' and H be an anti-
morphism over I'*. The (H, 0)-completion of Ly and Ls is the language Ho(L1, L2) =
{ayH(a) | a,y €T* A (ay € L1 V yH(a) € La)}. As in the general case, the
(H, 0)-completion can be defined as the union of two unary operators Hy and
H.

The left (resp. right) (H,0)-completion of a language L over an alphabet T’
is the language pEO(L) ={avH() | @,y € T* A ~vH(«) € L} (resp. ﬁO(L) =
{ayH(a) | a,y €T* A ay € L}).

Let E be a regular expression over I' and H be an anti-morphism over I'*.
The left (resp. right) (H,0)-completion of E is the expression Ho(E) (resp.
Ho(E)) that denotes Ho(L(E)) (resp. Ho(L(E))).

Lemma 9. Let T" be an alphabet and H be an anti-morphism over I'*. Let L be
a language over I'. Then the two following conditions are satisfied:

OEEﬁO(L)(:)EEL,

oseﬁo(L)@aeL.

Proof. Trivially proved from the definitions of left and right (H, 0)-completions.
O

We now consider the construction of a recognizer for the (H, 0)-completion of
a regular expression F. On the opposite of the general case, it is not necessary
to consider the whole computation of partial derivatives. We show that it is
sufficient to consider one-sided partial derivatives of regular expression.

Definition 8. Let I' be an alphabet and H be an anti-morphism over I'*. Let
F be a regular expression over I'. Let E = ﬁO(F) (resp. E = ﬁO(F)) The
effective subset associated with F is the set defined by:
¢ = Ho(Dr) U Dr,
(resp. € = Ho(Dr) UDy).
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Definition 9. Let I" be an alphabet and H be an anti-morphism over I'*. Let
F be a regular expression over T'. Let E = ﬁO(F) (resp. E = ﬁO(F)) Let
E be the effective subset associated with E. Let A = (Xp,Q,I,F,d) be the
couple NFA defined by: Q = {E}UE, I ={E}, F ={F € Q |e€ L(E")},
V(z,y) € Xr,VE' € Q,

(Z(E") ify=H(z) A E' = Ho(E"),

0
S )= FE)  y=e n B =THo(E"), |
Z(E/) ify=¢e N E'is a reqular expression,
1] otherwise,
Ho(E"2) ify=Ha) n B =Ho@"),
resp. 0(E', (x,y)) = (E”)% foz=e N E'= ﬁO(E”>’
(E’)% ifr=¢ AN E' is a reqular expression,
) otherwise.

The automaton A is said to be the effective automaton of E.

Theorem 4. Let F' be a regular expression over an alphabet T'. Let A be the

effective automaton of the expression E = ﬁO(F) (resp. E = ﬁO(F)) Then
Lr(A) = L(E). Furthermore A has at most 2n + 1 states where n is the width
of E.

Proof. Let us set A= (Zr,Q, 1, F,J).
(I) Let us show now that Lp %

(a) Let us suppose that E = Let w be a word in I'*. Let us show
by recurrence over the length of w that for any state E' in Q, w € L(E') &

w e fr(El) -

1N Hfw=e,wel(E')s FEF cF<we Lp(E).

(2) Let w be a word different from e.

(i) If E’ is a regular expression, a }(L(E")) = UE,,EE)@(E,) L(E"). Hence
since there exists a in I and w’ in I such that w = aw’, it holds:

aw' € L(E') & w' € a Y (L(E')) & v € UE,,e o (B) L(E 2!

<~ ’LU < UE”G F2) (E’) LF(EH)

s w e UE”eé(E',(a,s)) f (E") (Recurrence Hypothesis)

ﬁ

< aw' € Lr(E).

(i) If B/ = Ho(E") then:

w e L(Ho(E")) & Ja,y eI, (w=ayH(a) A ay € L(E"))

sdaelyel o el (w=y ANvyeL(E")) V (w=advH(a/)H(a) A
aa/y € L(E"))

SJael,yel*, o el w el (w=aw A w €a(L(E")) V (w=
aa/yH(a/)H(a) A o'y € a” (L(E"))))

sdaelyel* o el v el (w=aw AW € UE,,E%(E,) L(E")) v
(1w = a0y H(@)H(a) A 'y € Upre g 5y L(E™)
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SJael,yel* o e w e, (w=aw AW € UE//GBQ(E/) fp(E”)) \Y
(w=ad/vH(a/)H(a) A o'y € UE”e%(E’) BF(E”))) (Recurrence Hypothesis)
ﬁ
SJael,yel*, o eT*w el (w=aw AW € UE”Gé(E’,(a,s)) Lr(E")V

(w = a0y H(@)H(@) A 'y € Upreq ooy Lr(E")

Swe fp(E’).

Finally since L(A) = z)p(E) and since L(E) = fF(E), then L(A) = L(E).

(b) The case where E = H((F') is based on the same reasoning.

(IT) Let € = ﬁo(ﬁ‘) U E be the effective subset associated with F (resp.
&= ﬁo(D—;) u D—F>) Since Card(ﬁp) < n (resp. Card(’D—>F) < n), the number
of states of A is at most 2n. Finally, since Q@ = £ U {E}, it holds that A has at
most 2n 4 1 states. (|

Example 4. Let H be the anti-morphism defined in Example [A. Let E =
Ho(a*bc). Notice that %a*bc = {a*bc,c,e}. Hence the effective subset associated
with E is the set {}T(J)(a*bc),lﬁ(c),lﬁ(a),a*bc, cel.

The effective automaton A of E is given Figure[])

It can be checked that L(A) = {a"bc | n € N}U{a"bca™ | n € N} U{a"beca™ |
n € N} U {a"bcbea™ | n € N} that is exactly L(E) (see Table[d).

(a,¢)

(a,€) (b, ) (c,€)

a*be o) © ) @

Figure 4: The Effective Automaton of the Expression F
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7

Conclusion

This paper provides an alternative proof of the fact that hairpin completions
of regular languages are linear context-free. This proof is obtained by consid-
ering the family of regular expressions extended to hairpin operators and by
computing their partial derivatives, a technique that has already been applied
to regular expressions extended to boolean operators [4], to multi-tilde-bar op-
erators [5] and to approximate operators [§]. Moreover it is a constructive proof
since it is based on the computation of a polynomial size recognizer for hairpin
completions of regular languages. We also proved that it is possible to compute
a linear size recognizer for (H,0)-completions of regular languages.
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