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Abstract. The hairpin completion is a natural operation of formal lan-
guages which has been inspired by molecular phenomena in biology and
by DNA-computing. The hairpin completion of a regular language is
linear context-free and we consider the problem to decide whether the
hairpin completion remains regular. This problem has been open since
the first formal definition of the operation.

In this paper we present a positive solution to this problem. Our solu-
tion yields more than decidability because we present a polynomial time
procedure. The degree of the polynomial is however unexpectedly high,
since in our approach it is more than n'*. Nevertheless, the polynomial
time result is surprising, because even if the hairpin completion H of a
regular language L is regular, there can be an exponential gap between
the size of a minimal DFA for L and the size of a smallest NFA for H.

1 Introduction

The origin of this paper is motivated by biological and DNA-computing. But
although our motivation is based on biological phenomena, the present paper is
more about an interesting decidability result on regular languages. Let us explain
the background first and the connection to Formal Language Theory later.

Single-stranded DNA (ssDNA) are composed by nucleotides which differ from
each other by their bases: A (adenine), G (guanine), C (cytosine), and T (thymine).
Therefore each ssDNA may be viewed as a finite string over the four-letter
alphabet {A,C,G,T}. Two single strands can bind to each other forming the
secondary structure of DNA if they are pairwise Watson-Crick complementary:
A is complementary to T', and C to G. The binding of two strands is also called
annealing.

An intramolecular base pairing, known as hairpin, is a pattern that can occur
in single-stranded DNA and, more commonly, in RNA. Hairpin or hairpin-free
structures have numerous applications to DNA computing and molecular ge-
netics. In many DNA-based algorithms, these DNA molecules cannot be used
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in the subsequent computations. Therefore, it is important to design methods
for constructing sets of DNA sequences which are unlikely to lead to “bad” hy-
bridizations. This problem was considered in a series of papers, see e.g. [2I3/4I7[g].

In [IIT2] a new formal operation on words is introduced, namely the hair-
pin completion. It consists of three biological principles. Besides the Watson-
Crick complementarity and annealing the third biological phenomenon is that of
lengthening DNA by polymerases. In our case the phenomenon produces a com-
plete molecule as follows: one starts with hairpins which are here single strands
such that for each of them one end is annealed to a part of itself by Watson-Crick
complementarity; and a polymerization buffer with many copies of the four nu-
cleotides. Then polymerases will concatenate to the hairpin by complementing
the template.

What happens in this situation is, informally, best explained in Fig.[Il In that
picture as in the rest of the paper we mean by putting a bar on a word (like a)
to read it from right-to-left in addition to replacing a by a for letters.

B B
>y a B o annealing  &| |® lengthening
N X A E N A ANAANANANANANA
?\
strand hairpin hairpin completion

Fig. 1. Hairpin completion of a strand

This is a good starting point to translate the biologically inspired motivation
to a purely abstract formalism. On that level, we have just a finite alphabet X
together with an involution. This is a bijection : X — X such that a = a for
all a € X. In the concrete situation above ¥ = {A,C,G,T} and A = T and
C = G. We extend the involution to words a1 ---a, by a1---a, = a, ---ay .
(Just like taking inverses in groups.)

We start with a (formal) language L C X* (the set of strands). Then hairpin
completion can arise in one-sided way. The right-sided hairpin completion of L
is formally defined by the set of words vyafBa v with yafBa € L being the strand
and yafBa~y being the completion, see again Fig. [Il Still inspired by biological
facts, a binding in a hairpin can be stable, only if « is long enough, say |a| > 10.
Formally we fix a (small) constant k and ask |«| > k. The left-sided hairpin
completion can be defined analogously.

Clearly, the hairpin completion of a finite language is finite. If L is regu-
lar then, sometimes the right/left-sided k-hairpin completion is regular again,
sometimes it is not. But then it is a linear context-free language as the reader
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will immediately recognize. For example, if L = ab*b*cb*, then the right-sided
k-hairpin completion is not regular, but linear context-free, because it is:

{abmbkcbkb"a ‘ m > n} .
This leads to a first natural decidability problem:

Problem 1. Is it decidable whether the right-sided k-hairpin completion of a
regular language is regular again?

We can see directly from the hairpin picture that it is not always natural
to distinguish between left and right. Therefore we consider the two-sided case,
too. The (two-sided) hairpin completion of L is therefore defined by the set of
words yafSay with either yafBa € L or afa~y € L or both. If we simply speak
about the hairpin completion we always mean the two-sided case. As above
we see two possibilities, and, moreover, we see that the behaviors are different.
Let us consider L = ab*b*chb* U b*cb*b*a. The right- and left-sided k-hairpin
completion is still not regular, but the two-sided is.

However, if we consider L = atb*cb ¥, then neither the right- nor the two-sided
k-hairpin completion is regular. They are identical and equal to:

{a"bkcbka" | n > 1} .
This leads to a second natural decidability problem:

Problem 2. Is it decidable whether the k-hairpin completion of a regular lan-
guage is regular again?

The initial work [I] has been followed up by several related papers [GI9TOJTTITZ],
where both the hairpin completion as well as its inverse operation, namely the
hairpin reduction, considered as formal operations on strings and languages were
further investigated. But the decidability status of Problems 1 and 2 remained
open. Actually, the difficulty in solving Problems 1 and 2 is perhaps not that
surprising since we are immediately confronted with decidability questions on
linear context-free languages. Every linear context-free language is a weak code
image of an hairpin completion of some regular language. (A weak code is a
homomorphism which is the identity on a subset of letters and maps the other
letters to the empty word.) To see this let us quote a theorem from [IJ:

Theorem 1. A language is linear context-free if and only if it is the weak-code
image of the hairpin completion of a regular language.

Natural problems well-known to be undecidable for context-free languages are
already undecidable for linear context-free languages, see e.g. [5] for a classical
reference. In particular it is undecidable whether linear context-free languages
are universal or equal to a given regular language or whether a linear context-free
language is regular.

Thus, Problems 1 and 2 are problems about a subclass of linear context-free
languages where no general results were known to solve them. In this paper we
give positive answers to both problems. Actually, they are decidable in polyno-
mial time (if the input size is given as the size of a DFA for L plus the size of a
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DFA accepting the reversal language of L. Clearly, there might be an exponential
gap between these sizes.)

The history of the solution shows several steps. First we solved Problem 1
and we realized that, retrospective, it was not difficult to find the solution, but
we had no good estimation for the complexity. The solution to Problem 2 was
much more difficult, and it became rather technical. The complexity was again
unclear. A very rough estimation led us to something like triple exponential,
but we worked in syntactic monoids and raised, whenever possible, elements to
idempotent powers. So it was clear that there was room for improvement, and
the intermediate results were never published.

The present solution is more ambitious. We prove a polynomial time result,
which is more than expected when we started our work. What we find also quite
amagzing is the following: We treat natural problems about regular languages
which we now know to be decidable in polynomial time. But the degree for the
polynomial as we present the algorithm here might be about 20. So it is very
high. With more efforts we were able to bring the degree down to 14, but this
is not shown here. Such a huge time complexity is however no indication that
for real life examples the problem is difficult. For most regular languages L it is
probably very easy to decide whether the k-hairpin completion is regular again.
Being regular is the exception and puts many constraints on L as we will see
below. The formal statement of our result is in Section Bl

2 Notation

We assume the reader to be familiar with the fundamental concepts of formal
language theory, context-free grammars and automata theory, see [5]. We also
use syntactic monoids, but very little of this rich theory. What we use is the
following elementary fact. If L is a regular language then there is a constant
s € N such that for all words x,y, z we have xy*z € L if and only if xy?*z € L.
Note that this implies xy*z € L if and only if x(y*)*2 C L.

We use non-deterministic finite automata (NFA) and deterministic finite au-
tomata (DFA). Whenever convenient we use that all states are reachable and
co-reachable. Thus, if g is a state then there is a path from the initial state to g
and a path from g to some final state.

An alphabet is a finite set of letters. Here the alphabet is Y. The set of words
over Y is denoted X*, as usual, and the empty word is denoted by 1. Given a
word w, we denote by |w| its length. If w = zyz for some z,y,z € X*, then
x,y, z are called prefiz, factor, suffiz, respectively. For the prefix relation we also
use the notation z < w. By a proper factor y of w we mean a factor such that
x # w, but in our paper we allow = = 1.

As said above, X' is equipped with an involution such that a = a for all letters
a € X. The involution is extended to words by 1 = 1 and uv = vu, thus the
involution reverses the order as well. Due to this law some authors call it an anti-
involution, but we prefer our convention (which is also the more standard one).
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If L is a language, then its reversal language is given by reading words right-
to-left, i.e. by the set of words a, ---a; where a;---a, € L and a; € X. Note
that a DFA of minimal size for the reversal language yields also a DFA for
L ={w € X* | w € L} of exactly the same size, and vice versa.

We intend to solve Problem 1 and 2 simultaneously, therefore we introduce a
more general notion of hairpin completion.

Throughout the paper L and R denote two regular languages and k > 0 is a
positive integer. We define the hairpin completion H(L, R, k) by

H(L, R,k) = {yaBa~ | (vafa € LV afay € R)Alal =k }

Note that the definition does not change if we replace |a| = k by |a| > k . For
simplicity of the presentation we treat k as a (small) constant.

3 Main Result

Note that the right-sided k-hairpin completion is nothing but H(L, @, k), whereas
the two-sided version appears as H(L, L, k). Thus, the notion H(L, R, k) is
adopted to treat both cases simultaneously.

Problem 3. Input: A DFA accepting L of at most n states and a DFA accepting
the reversal language of L (or for L) of at most n states.

Question: Is the hairpin completion H(L, R, k) regular?
The purpose of this paper is to prove the following theorem.

Theorem 2. Let X' be a fizved alphabet and k > 0 be a constant. Let L and R be
regular languages. Then it is decidable whether the hairpin completion H(L, R, k)
s reqular.

As we have explained above, Problem 3 is more general than Problem 1 and 2.
Obviously, for Problem 1 we do not need a DFA for the reversal language.

An NFA of minimal size accepting the hairpin completion may have exponen-
tially more states than a DFA for L and L . Thus, although we have a polynomial
time decision algorithm there is no time to construct the NFA (in plain form).

Indeed let

L, = {bva®ba* | v € {a,b}"}.

Then we have H(Ly,, 0, k) = H(Ly, Ln, k) = {bva*ba*vb | v € {a,b}"}.

Thus, the sizes of a minimal DFA accepting L,, and L,, are in O(n). But every
NFA accepting H(Ly, ?, k) must keep track of v and thus its size is in 2(2").

The proof of Theorem [2] is quite technical and relies on some non-standard
constructions for finite automata and context-free grammars.

The key idea is to use a linear grammar which produces exactly those yaSa vy
where |y| is minimal. We show that, due to the minimality of ||, the context-
free grammar has either a very special structure or the hairpin completion is not
regular. This leads to a series of decidable conditions for the regularity of the
hairpin completion which are either sufficient or necessary. The last test in this
series yields the result.
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3.1 An NFA for L and R

Regular languages can be specified by deterministic finite automata (DFA). A
DFA is essentially a finite set ) together with a monoid action of X* on the right.
The action is written as a product ¢ - © with the usual laws ¢ - uwv = (¢ - u) - v
and ¢ -1 = ¢q, where ¢ € Q and u,v € X*. By 1 we denote the empty word
and the neutral element in other monoids. The action is defined by a function
QO x X* — Q. In the following we assume that the regular language L is specified
by a DFA with state set Qr, qo,;, € Qr as initial state, and F;, C 9y, as final
states. We fix ny, = |Qp| to be the number of states. For R we need however a
DFA reading R from right-to-left. Such an automaton is essentially equivalent
to a DFA accepting the reversal language of R.

We start with a finite set Qg and a left-action of X*. For simplicity we use a
product sign again, but we write it on the left: u - ¢ satisfying uwv-g=1u- (v - q)
and 1-¢ = q. We choose Qr, qo,r € Qr and Fr C Qp such that

R={ueX"|u-qnr€Fr}.

Let ng = |Qg|. For the rest of the paper we fix n = ny + ng. We view n as
input size for our decidability problem (stated in Theorem [2) to test whether
the hairpin completion H(L, R, k) is regular.

What we are really interested in is the product automaton with state space

Q=91 x QOpr.

Although we started with deterministic automata, we content to read Q as the
state space of a non-deterministic automaton which accepts L reading words
from left-to-right and accepts R reading words from right-to-left. Since this con-
struction is crucial, we make it precise: Let P = (p1,p2), @ = (q1, ¢2) be states of
Q and a € X be a letter. We define an arc (P,a,Q),if p1-a=¢ and ps = a-qo.
Note that P may have several outgoing arcs labeled by a because for each ps
and each a there might be several g2 with ps = a - ¢s.

Let u € X* be a word. Then for each pair (p, ) there is a unique pair (r,s) €
Qr x Qp such that there is u-labeled path in the NFA from (p,r) to (s,q).
Moreover the path is uniquely defined. This is easily seen by induction on the
length of u.

In particular, w is in L if and only if there is such a path from (go r,7) to
(s,q0,r) with s € Fr. By symmetry, v is in R if and only if r € Fg for that
path.

Now for each pair (P,Q) € Q x Q we define a regular language R[P, Q] by

RI[P, Q] = {u € X* | There is a u-labeled path from P to Q}.

There are at most n* such regular languages and for each of them we can test
emptiness in polynomial time. For P = (p,r) and @ = (s, ¢) we obtain

RIP,Q={ueX|p-u=sAr=u-q}.
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3.2 A First Linear Context-Free Grammar

We continue with the same notations. In addition we view each symbol [P, Q]
with (P,Q) € Q x Q as a variable of a context-free grammar. First we define

productions of the form
[Pu Q] — a[Rv S}a’

with a € X. We do so for all [P,Q],[R, S] and a, where (P,a, R) and (S,a,Q)
are arcs in the NFA above. For example, let P = (p1,p2) and R = (r1,72), then
we must have p; -a =171 and ps = a - 3.

Moreover, we introduce chain rules

[PaQ] I RO[PaQ]u

where R;[P, Q] denotes a variable for 0 < i < k; and Ry[P, Q] denotes a new
terminal symbol. Of course, the idea is that we are free to substitute Ry[P, Q)
by the regular language R[P, Q).

The index ¢ can be viewed as a level where we produce the words o and «
used in the hairpin. This idea leads us to the third type of productions. These
productions are of the form

Ri_l[P, Q] — a’Ri[R, S]a

where 1 < i < k and again a € Y. In order to have rules of the third type we
impose again that (P, a, R) and (S, a,Q) are arcs in the NFA above.

We obtain a linear grammar with variables [P, Q], R;[P,Q], 0 < i < k, and
terminal symbols a, a, and Ry [P, Q] with a € ¥, and R;[P, Q] as above. Note
that the symbols Ry[P, Q] produce finite languages of the form aRy[R, S]a with
|a] = k. In particular, replacing the symbol Ry [R, S] by the language R[R, S],
the symbol Rg[P, Q] produces a regular language, too.

Consider next a derivation

[P,Q] = vRi[R, S]y.

Let P = (p1,p2), @ = (q1,¢2), R = (r1,72), S = (81, 52) be states in the NFA
and w € R;[R, S] be a word.
This implies:

p1-Yy="7T1, P2=7-T2
r-w S1, ro =W - 89,
S1 - q1, S22 =7 Q2.

2
|

In particular, we have

p1-ywy =4q1, p2=7wWY -Qq2.

For the other direction, assume we have p; - ywy = ¢ and p2 = Yywy - ¢
with |y| > k. Then, for each 1 < i < k, there are uniquely defined symbols
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[P, Q], Ri[R, S] with P = (p1,p2), @ = (q1,92), R = (r1,72), S = (51,52) and a
word w € R;[R, S] such that we find a derivation:

[P,Q] = vRi[R, S]y.

In the next step we fix six states Py = (p1,p2), Qo = (¢1,¢2), Ro = (r1,72),
So = (s1,82), Io = (i1,12), and Jy = (j1, j2), with the following properties:

1.) p1 = qo,r is the initial state in the DFA above accepting L.

2.) q2 = qo,r is the initial state in the right-to-left DFA above accepting R.
3.) Either s; € F, or ro € Fg or both.
4.) There is a k-step derivation Rq[Ro, So) LN aRi|lo, Jo].

The number of possible ways to choose these six states is bounded by n? -n%,

hence at most n'?. By symmetry we assume in addition that we have s; € F,
thus whenever [Py, Qo] == YRo[Ro, So]y and w € R[Ry, So], then we know
yw € L.

We continue as follows: We choose the variable [Fp, Qo] to be the single ax-
iom of the linear grammar Gy we are going to define. We restrict the terminal
alphabet to be the set X U {Ry[lo, Jo]}

Next, we remove more productions and variables. On level 0 we only keep
one single variable, namely Ro[Ry, So]. Thus, all terminal derivations admit the
form:

[1307 Qo] :*> ’YR()[RQ, So}’}/ :k> ’}/O/R,k [Io, Jo]Oz v -

So far, the productions can be assumed to be of three types:

[P,Q] — alR, S]a,
[Ro, So] — Ro[Ro, Sol,
7-\’,1;1 [P, Q] — CLRZ‘ [R7 S}a

Now we remove all productions [P,Q] — a[R,S]a where P = (p1,p2) and

Q = (q1,q2) with either ¢1 € Fy, or ps € Fr or both. Let us call this new linear
grammar Gg. Derivation in the grammar G look as follows.:

[Py, Qo] = 71 [P, Qly1 == vRo[Ro, Soly == yaR[Io, Jolor 7 -

Now let 8 € Ry, Jo] and w = affer, then we know that either yw = yafa € L
or wy = afa ¥ € R or both, but every prefix of yw~y belonging to L is a prefix
of yw and every suffix belonging to R is a suffix of w-.

As usual, the generated language is called L(Gyp). By H(Go) we mean the
language where we substitute the terminal symbol Ry[lo, Jo] by the (non-empty)
regular language R[I, Jo]. Thus,

H(Go) = {’yaﬁa ~ ‘ [Po, Qo] %ﬁ yaR Lo, Jola v A B € Ry, Jo]}.
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By the very construction H(Go) C H(L, R, k). Moreover, every word in the
hairpin completion H(L, R, k) belongs to one of these H(Gp). Thus, H(L, R, k)
is regular if and only if for all these H(Gg) we find regular languages R(Gy) such
that H(Go) € R(Go) C H(L, R, k).

Thus, it is enough to show that we can decide in polynomial time whether
there is such a regular language R(Gp) for a given grammar G as above.

Note that we can test in polynomial time whether L(Go) C X*Ry[Io, Jo] X* is
finite. In the case that L(Gy) is finite, we are done, because H(Gy) is obtained by
substituting R [Io, Jo] by a regular language. So we can choose R(Go) = H(Gy).

In the spirit of an algorithm we could also say:

Test 1. Check whether L(Gy) is finite. If yes, we construct the next grammar
of this type.

We continue with the linear grammar Gy under the assumption that L(Gy) is
infinite and that the grammar is reduced. This means all symbols are reachable
and productive. Since L(Gy) is infinite there must be variables of the form [P, Q]
and non-trivial derivations:

P.Ql = [P.Ql.

There are at most n* such symbols. They are called self-reproducing symbols in
the following. Let us fix one self-reproducing symbol and denote it by [P, Q’].
We define a linear context-free grammar G; and a language L(G1) given as the
following set:

4
{77704721@[]0, Jola ym | [Py, Qo] §G=n> 7P, Q'|r % myaRy[lo, Jola y } .
0 0

This gives us at most n? grammars G of polynomial size such that L(G) is,
up to finitely many elements, the union of languages L(G1). Note also that each
language L(G1) is infinite by construction.

As above, we also have a linear context-free language H(G1) by defining:

H(G1) = {myafa v m | myaRg[lo, Jola ym € L(G1) A B € R[Iy, Jo]} -

This reduces the proof of Theorem [2 to the following statement: We can
decide in polynomial time whether there is a regular language R such that
H(G1) CR CH(L,R, k).

For [P’, Q'] we compute two words 7 and p with length 0 < |7/, |p| < n* such
that we have:

[Po, Qo) % 7P, Q'|r % mp[ P, Q'lp 7.
1 1

N.B., there are perhaps many choices for 7 and p, but we content to fix one
pair (m,p) for each [P/, Q’]. As we will see below, the solution to Problems 1
and 2 can be based on these fixed pairs!
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The main idea is from now to investigate the effect of pumping the word
p under the assumption that the hairpin completion is regular. This means we

consider derivations [Py, Qo] % [P, Q'lp® 7, where s is huge and H(L, R, k)
1
is regular.
Consider some § € R[Iy, Jo| and mvaRy[lo, Jo]Ja vm € L(Gy). The choice of
the word p implies [P/, Q'] % p[P’,Q']p and hence, for all s € N we have
1

zs = mpvafa vp®r € H(Gy)

and the word mp°vafa is the longest prefix of zs in L; and moreover, if a suffix
of z4 belongs to R, then it is a suffix of afa vp® 7.

Assume for a moment that H(L, R, k) is regular, then we find s > 0 such that
p® is idempotent in the syntactic monoid of H(L, R, k). However, this means
that mp*¥vafa vp®n € H(L, R, k) where s is perhaps large, but y can be taken
as huge as we need. Now, for the hairpin we do not have the option to build it
on the right, because afa vp® 7 is too short compared to length of the whole
word (it must cover more than half of the length). Thus, we must use the longest
prefix mp*YvafBa in L for the hairpin. But this implies that va is a prefix of some
power of p.

This leads to the following lemma:

Lemma 1. Let H(L, R, k) be regular. Then va is a prefiz of some power of the
word p for all derivations [P, Q'] % vaRy Lo, Jola v.
1

Proof. This is clear, choose some 3 € RI[ly, Jp] and derivation [Py, Qo] %

1
mvafa v and argue as above.

We have also the following complexity result:

Lemma 2. There is a polynomial time algorithm which checks whether for all
derivations [P, Q'] % vaR[lo, Jo]a v if we have that va is a prefix of some
1

power of p.

Proof. This follows from a standard construction. For the language
X = {wRk[lo, JoJw' € Z*Ry[lo, Jo]X* | w is no prefix of a word in p* }

we find a DFA with |p| 4+ 3 states. Therefore we can check in polynomial time
whether the following intersection is empty:

XN {vaRk [Io, Jola v € X*Ru[lo, Jo)X* | [P, Q] ? vaRy[lo, Jo]o v }

The intersection is empty if and only if for all derivations

[P, Q'] % vaR[lo, Jo]a v
1

we have that va is a prefix of some power of p.
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This gives a non-trivial necessary condition.

Test 2. We check for all self-reproducing symbols [P’, Q'] the condition in
Lemma 2

If one of the test fails, we know that the hairpin completion H(L, R, k) is
not regular. Thus, in the following we assume that all self-reproducing symbols
[P’, Q'] passed this test.

3.3 Candidates

Thus by Test 2, for the rest of the proof we assume that all self-reproducing
symbols [P’, Q'] produce only terminal words of the form p*p’aRy[Io, Jo]ap’' p*®
where s > 0 and p’ < p and p'« is a prefix of some power of p. This condition
remains valid if we replace p by some fixed power, say p*. In particular, we
may assume henceforth that |p| > k and therefore o becomes a prefix of some
conjugated word ¢ = p”’p’ with p = p'p”.

We use all these (at most n*) symbols [P/, Q'] and we collect all words p and
all their conjugates ¢ = p”p’ in a list of candidates C. This list contains at most
n® words, and ¢ € C defines a word « of length k such that o < q.

We now need the reference to specific states in the DFAs. We have Py =
(go,r,p2) and P' = (p},p5) and hence qo 1 - # = p} and p} - p = p}. Let ¢ =p"p’
with p = p'p” and ¢ € Qf, such that ¢ = p] - p’. Then we have ¢ ¢ = ¢, too.

Moreover, let Jy = (j1,j2) and f = ji - @, then we know that f € Fj and
(starting in f) reading any non-empty prefix of a word in ¢ Tp’ m cannot take
us back to a final state. For the symmetric consideration we content that if
d=p'm-q,r € Qr,thend=g¢q -d.

The next step is to create a list £ of tuples

(c,d,e, f,g,h,q) € QL x Qr x Qr X Qr x Qp X Qr x C,
which satisfy the following additional conditions:

1.) f € Fi and reading any non-empty prefix of a word in ¢ * cannot take us
back from f to a final state.

2)c=c-qandd=gq -d.

3)e-gq=cand f-q" =e.

4) g=q-gand g=q" - h.

There are at most n'4 elements in £. We consider (c,d, e, f,g,h,q) one after
another. For each tuple we define @ < ¢ by || = k. We define a finite (!)
language IT by all words m € X* satisfying the following conditions:

1) |7 <2n* + k.

2.) qo,L-m=c,and d =7 - qo,R,

3.) For all n <7 we have e-n ¢ Fr.

4.) For all suffixes o of m we have ¢ - g ¢ Fg.

Note that an NFA of polynomial size for IT can be constructed in polynomial
4
time, but the size of IT can be exponential, |II| < |E\2n *F We also define a
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(possibly infinite) regular language B by all words 8 € X* satisfying c¢-afa = f,
h = afa -d, and qa is not a prefix of af. Again, an NFA of polynomial size for
B can be constructed in polynomial time.

The idea behind this definition is as follows. Assume 7q¢'q"oBa ¢™q® 7 is in
the hairpin closure, then we see these states as follows:

©  4¢'q" aBa . ¢" q° w
g, —c—c— f—e—e—

T qt qn (xﬂ(x qnqs T
—ge—gc—h+e—d+— d—qr

Let
H(c7d,e7f7g7h,q):{7rqta5a q’w ‘ wEH/\ﬁEB/\Ogsgt}.

Then obviously, H(c,d, e, f,g,h,q) € H(L, R, k) because mqtafBa € L. We
claim that for the grammar G as above and all words w € H(G1) there exists
at least one tuple (¢, d, e, f,g,h,q) € L such that w € H(c,d,e, f, g, h,q).

The crucial observation here is that we have introduced the states h and g
just for the following purpose: We can write a word w = af'a as w = ¢afa
such that qa is not a prefix of a3. Then let h = afa - d. The words w which
play a role for H(G1) are of the type that if we are during the right-to-left run
in state h after reading afa, then for some perhaps huge ¢ we reach the state
g=q" h with g = ¢-g. Indeed, we can use g = p - py where P’ = (p},p}). But
this means g = ¢" - h, too. We obtain a symmetric statement for e and f.

Thus, H(L, R, k) is regular if and only if for all (¢,d, e, f,g,h,q) € L we find
regular languages R such that H(c,d, e, f,g,h,q) CR C H(L, R, k).

Note that for mq'afa ¢ in H(e,d, e, f,g,h,q) the longest prefix in L is the
word mq'aBa, but we lost the control over the suffixes which are in R.

Clearly,

{thaﬂaqsw ‘ WEH/\ﬂEB/\0§5<n/\8§t}QH(L,RJ{)

is a regular language because II is finite and B is regular. Thus all we will have
to show is the following.

Proposition 1. Let
HzH(c,d,e,f,g,h,q,n)z{ﬂ'qtaﬁa q°m | WEH/\ﬂEB/\nSSSt}.

Then we can decide in polynomial time whether there is a reqular language R
such that H C R C H(L, R, k).

For the proof of Proposition [I] we start with the following test.

Test 3. Check in polynomial time whether there exists a suffix o of ¢" such that
o -h € Fgr is a final state for R.
If Test 3 yields yes, then we can put

Rz{wqtaﬁaqsﬁ ’ WGH/\ﬂEB/\ngs/\ngt}.
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The set R is regular and satisfies H C R C H(L, R, k).

Thus, for the rest we assume that Test 3 is negative. Then the language H
has some additional special features.

For z; s = mq¢taBa gt € H withm € Il and 3 € Bandn < s < t we
know that the prefix 7'q*aBa belongs to L and it is the longest prefix with this
property. If a suffix of z; s belongs to R, then it is a suffix of afa ¢®m, due
to Test 3. Moreover, gqa is not a prefix of a8 which was the main purpose of
defining B in such a way.

Let us assume that H(L, R, k) is regular, then there exists some x > n such
that ¢* is idempotent in the syntactic monoid of H(L, R, k). Consider ¢t + 1 =
s = 2.

Consider z; = m¢*afBa ¢t 7 with 7 € IT and 8 € B. As ¢% is idempotent
and 7'¢*aBa ¢t 7' € H(L, R, k) we see that z; € H(L, R, k), too. Since qa
is not a prefix of a3 the longest prefix in L becomes too short to create a hairpin
completion for m¢taBa ¢t*! 7; we must use a suffix in R for that purpose. The
longest suffix in R has the form du € R with |§] = k, and it is a suffix of
afa q' Tt . Moreover as |a| = |§| we see that mg'a must be a prefix of u.

Thus, we must be able to write

afaq = vowd v

such that dJwdvqlr € R. Now consider some huge y, say y > |z|. Then
nq'aBa ¢ 1w € H(L, R, k), too. Similar to an earlier observation this says
that we can write vd = ¢™¢’d with m > 0 and ¢’J is a proper prefix of qa. But
we cannot have m > 0, since, again, ga is not a prefix of af.

Thus, if H(L, R, k) is regular, then vd < ga and afBaq = véudv such that
oudv -d € Fg.

This leads finally to another necessary condition. If H(L, R, k) is regular, then
it must pass the following test:

Test 4. Check in polynomial time whether for all 5 € B there exist v,§ with
6] = k, vd < qov and afaq = véw with |w| > |vé| and dw - d € Fg.
In order to perform a test in polynomial time we start with any NFA accepting
the language
{afaq | B € B}.

Then we may take e.g. the cross product with the NFA constructed in Section[31]
which, in particular, knows the state in Q. This means if, in the new automaton,
state @ knows r € Qg and if we can reach via a word z a final state, then we
may infer r = z-d. (This is because we may assume that in the right-to-left DFA
d is an initial state for the right quotient R(q™r)~!.) Recall that whenever we
investigate properties of NFA, we first do a clean-up. Thus, we assume that all
states are reachable and co-reachable.

We continue to modify the new NFA as follows. We duplicate each state @
several times so that each state becomes the form [i, Q, j] with i € {0, ...,]|q|, *}
and j € {0,...,|q| + 2k, *}, where * is a special symbol standing for integers
greater than |q|, respectively greater than |q| + 2k.
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After a transformation we may assume that if the NFA accepts a word uz
with |u| = ¢ and |z|] = j, then we are sure that reading u we reach some state
[i,Q,j]. Vice versa if we reach after reading u a state [i, @, j], then |u| = i and
|z| = j for every word z which takes [¢, @, j] to some final state.

We duplicate the states again, and we introduce upper and lower states. We
start in the upper part, but as soon as we deviate from reading a prefix ga we
switch to the lower part. We switch also to the lower part if 7 < k. Once we are
in the lower part we remain there. Note that the last k states on an accepting
path are lower.

On every accepting path there is exactly one upper state U where the next
state is a lower state.

Remember that our NFA of Section BTl transfers the following property: If we
accept now a word uz with |u| =4 and if after reading u we reach [, Q, j], then
we know the state z - d of the right-to-left DFA for R. Let us mark all upper
states [i,Q, j] as good, if both z-d € Fr and i + 2k < j.

It is clear that every accepting path must go through some good upper state,
otherwise Test 4 fails. This can be decided via a reachability algorithm. Finally
consider all accepting paths and compute the set of good upper states [i, @, j]
which are seen first on such paths. For each such states all outgoing paths of
length k must stay in the upper part, otherwise Test 4 fails. If no such [i, @, j]
leads to a failure, Test 4 is positive.

Now, all tests have been performed; and we get our result due to the following
conclusion: Assume Test 4 is positive. Then we have for all s,¢ > n the following
fact:

25 =7nq aBaqq®t € H(L, R, k)

Indeed for ¢ > s this holds because mq¢'aBa € L. For n < t < s we use
that there exist v,d with |§| = k, vd < pa, and afaq = véw with |w| > |vé],
and dwr - qo,r € Fr. Thus z; s = m¢'véudvq*t and 2z s € H(L, R, k) because
dudvq®m € R.

Open problems

We conclude with four questions which might be interesting for future research.

Question 1. What is the complexity of our decision algorithm in terms of n, if
we start with a finite monoid of size n recognizing both L and R?

Question 2. What is the practical performance of our decision algorithm?

Let us define the partial hairpin completion of L by the set of words yafBa '
where 7/ is a prefix v and yafBa € L or v is a prefix v/ and afa~y’ € L. (In
particular, L becomes a subset of its partial hairpin completion.)

Question 3. Is it decidable whether the partial hairpin completion applied to
a regular language is regular again?
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Given a language L we can iterate the (partial) hairpin completion and can

define the iterated (partial) hairpin completion as the union over all iterations.

Question 4. Is it decidable whether the iterated (partial) hairpin completion
applied to a regular language (finite language resp.) is regular again?
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