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Abstract. The state complexity of a regular language L., is the number
m of states in a minimal deterministic finite automaton (DFA) accepting
L.,. The state complexity of a regularity-preserving binary operation
on regular languages is defined as the maximal state complexity of the
result of the operation, where the two operands range over all languages
of state complexities < m and < n, respectively. We consider the deter-
ministic and nondeterministic state complexity of pseudocatenation. The
pseudocatenation of two words z and y with respect to an antimorphic
involution 6 is the set {xy, z6(y)}. This operation was introduced in the
context of DNA computing as the generator of pseudopowers of words (a
pseudopower of a word u is a word in u{u, 8(u)}*). We prove that the
state complexity of the pseudocatenation of languages Ly, and Ly, where
m,n > 3, is at most (m —1)(2*" —2"T1 +2) +22"72 2"~ 1 1. Moreover,
for m,n > 3 there exist languages L., and L, over an alphabet of size
4, whose pseudocatenation meets the upper bound. We also prove that
the state complexity of the positive pseudocatenation closure of a regular
language L, has an upper bound of 22"~ — 2" + 1, and that this bound
can be reached, with the witness being a language over an alphabet of
size 4.

1 Introduction

In the context of DNA computing, the fact that one can consider a DNA strand
and its Watson-Crick complement “equivalent” from the point of view of their
information content led to several natural, as well as theoretically interesting,
extensions of notions in combinatorics of words and formal language theory
such as the pseudo-palindrome [21], pseudo-commutativity [18], or pseudoknot-
bordered words [19]. In this context, Watson-Crick complementarity has been
modelled mathematically by an antimorphic involution 6, i.e., a function that is
an antimorphism, 0(uv) = 0(v)f(u), Yu,v € X*, and an involution, 8(0(x)) = x,
Vx € X*. For example, in [10], a word w is called a 0-power or pseudopower if
it is of the form w € u{u,0(u)}*, and the related notions of #-periodicity and
f-primitivity can be analogously defined. The static notions of the power and
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period of word are intrinsically connected to the word operation that dynamically
generates that power. In the case of the classical notion of power and period of a
word, that operation is catenation, and in the case of #-power and #-periodicity,
that operation is f-catenation, defined and studied in [17]. Here we continue the
investigation of §-catenation, defined by x ©% y = {zy, 20(y)}, by studying its
state complexity.

The state complexity of a language operation is a complexity measure based
on the number of states of the machine that recognizes the result of the language
operation, expressed as a function of the size of the machines recognizing the
operand languages. Operational state complexity has been studied since the early
90s and continues to be an active area of research [12, 26]. Recently, there have
been several investigations of state complexity for operations modelling biological
phenomena, such as hairpin completion [16], inversion [6], duplication [5], and
overlap assembly [3].

The state complexity of combinations of operations has also been studied
extensively, as many language operations can be expressed as a combination of
several basic operations. While one can obtain an upper bound for the state com-
plexity of multiple operations by simply composing the state complexities of each
operation, in many cases, the exact state complexity of the combination of oper-
ations is much lower than the bound obtained in this fashion [23]. Furthermore,
the exact state complexity of a combination of operations is undecidable [24],
thus motivating further study in this direction [1,2,7-9,13, 14, 20].

In this paper, we consider the deterministic and nondeterministic state com-
plexity of the pseudocatenation and positive pseudocatenation closure operations
with respect to an antimorphism 6. We note that for our constructions, # need
not be an involution. We fix notation and definitions in Section 2. In Section 3,
we consider the state complexity of the pseudocatenation operation. In Section 4,
we consider the positive closure of a language with respect to pseudocatenation.
We conclude in Section 5.

2 Preliminaries

Let X' be a finite alphabet. We denote by X* the set of all finite words over X,
including the empty word, which we denote by €. We denote the length of a word
w = ajag - - ap by |w| = n. The reversal of a word w = ajas - - a, is denoted by
wf =a, ---aga;. If w = xyz, then we say that z is a prefix of w, y is a factor or
subword of w, and z is a suffix of w. For a word u € X*, we denote the number
of occurrences of u as a factor of w by |w/,.

A deterministic finite automaton (DFA) is a tuple A = (Q, X, 6, s, F') where
Q is a finite set of states, X' is an alphabet, § is a function 6 : Q@ x X — Q, s € Q
is the initial state, and F' C @ is a set of final states. We extend the transition
function § to a function Q x X* — @ in the usual way. A DFA A is complete if 0
is defined for all ¢ € Q and a € X. We will also make use of the notation ¢ — ¢’
for 6(q,w) = ¢’ whenever convenient.
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A word w € X* is accepted by A if d(s,w) € F. The language recognized
by Ais L(A) = {w € X* | §(s,w) € F}. A state ¢ is reachable if there exists
a string w € X* such that §(s,w) = ¢. Two states p and ¢ of A are equivalent
if 0(p,w) € F if and only if §(¢,w) € F for every word w € X*. A DFA A is
minimal if each state ¢ € @ is reachable from the initial state and no two states
are equivalent. The state complexity of a regular language L, denoted sc(L) is
the number of states of the minimal complete DFA recognizing L [25].

A nondeterministic finite automaton (NFA) is a tuple A = (Q,X,4,1, F)
where Q is a finite set of states, X is an alphabet, § is a function § : Q x X — 29,
I C Q is a set of initial states, and F' is a set of final states. The language
recognized by an NFA A is L(A) = {w € " [ U,¢;0(q;w) N F # 0}. The
nondeterministic state complexity of a regular language is the minimum number
of states for any NFA which accepts L. We denote the nondeterministic state
complexity of L by nsc(L).

A set of pair of strings S = {(z1,91),--, (Tm,Ym)} with z;,y; € X* for
1 <i <mis a fooling set for a regular language L if z;y; € L for 1 <i < m and
for all 1 < ¢ < j < m, either z;y; € L or z;y; ¢ L. If L has a fooling set S, then
nsc(L) > |S| [15].

Let 60 : ¥ — X be a mapping. We say 6 is a morphism if for u,v € X*, we
have 0(uv) = 0(u)0(v). We say 6 is an antimorphism if we have 0(uv) = 6(v)6(u).
The mapping 6 is an involution if for all words u € X*, we have 6(6(u)) = u.
For example, if X' = {A,C,G, T} we can define Watson-Crick complementarity
for DNA as an antimorphic involution 6 by 8(A) = T, 6(C) = G, 0(G) = C,
and 6(T) = A. Then the Watson-Crick complement of a DNA string w is given
by 0(w).

Definition 1. Let 0 be an antimorphic involution and x,y € X*. We define the
6-catenation operation ©Y, also called pseudocatenation with respect to 6, by

x o’y = {xy, 20(y)}.
We can define 60-catenation for languages by
Ll ®0 L2 = {acy,a:&(y) | T e Llay € L2}

This operation can be extended to an iterated variant by Lo = {e}, LOf = L,
and LO% = [©®n—1 ®Y L. Then we can take the positive 0-catenation closure by

L% = J L%,

i>1

Although f-catenation is defined for both morphisms and antimorphisms, we will
consider only the state complexity for antimorphisms. For morphic 6, many state
complexity results are the same as the state complexity of combined operations
studied previously. Furthermore, we note that the condition that # be involutive
is not strictly necessary in our constructions.

We will make use of the following notation for the NFA recognizing 6(L(A))
for a given DFA A and antimorphism 6. Let A = (Q, X, 0, s, F) be a DFA. Let
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P C Q be a set of states of Q. We denote by P = {q | ¢ € P}. Then define the
DFA A = (Q, X,6',F,{s}), where the transition function 61 : Q x X — 2@
is defined for g € Q and a € ¥ by 6-1(g,a) = {7’ | 6(¢,0(a)) = ¢}. In other
words, every transition of A is reversed and relabeled according to 6 in A. Then
L(A) = 6(L(A)).

3 State Complexity of #-Catenation

We will consider the state complexity of the #-catenation of two regular languages.
It was shown in [17] that the class of regular languages is closed under 6-catenation.
This is easy to see from the following expression for the 6-catenation of L and
Lo, which follows directly from the definition.

Proposition 2. Let Ly, Ly C X* be languages and 6 an antimorphism. Then
L1 @ Ly = Li(Ly UO(Ly)).

First, we consider an NFA for recognizing L, ®? Ly and its nondeterministic
state complexity.

Proposition 3. For m,n > 1, let A and B be NFAs defined over an alphabet X
with m and n states and let 8 be an antimorphism. Then there exists an NFA
that recognizes L(A) ®% L(B) with at most m + 2n states and this bound can be
reached.

The proof of Proposition 3 makes use of the following construction for
an NFA C that recognizes L(A) @ L(B). Let A = (Qa,X,64,14,F4) and
B = (Qp,%,0p,Ip,Fg). We denote by B the NFA for §(L(B)), defined B =
(Qp,%,65", Fp,1p). We define an NFA C = (Qc¢, ¥, d¢, Ic, Fc) where Q¢ =
QaUQRpUQEB, Ic = I4, Fo = Fg U Ig, and the transition function §¢ :
Qc x X — 29¢ is defined for ¢ € Q¢ and a € X by

(sA(qa a) if qe QAa
0B(q,a if g€ ,
belga) = 4 20 Hae o
63 (q7a) lfqe QB7

6A(q,a) Ulg UF73 if (5A(q,a) ﬁFA) 75 0.

From this construction, it follows that C' has most m + 2n states, and this bound
is also reachable.

We will now consider the deterministic state complexity of #-catenation. We
note again that L(A) ®’ L(B) = L(A)(L(B) U#(L(B))). By directly computing
the state complexity of the union (L(B) U 6(L(B)) and composing it with the
state complexity for the catenation L(A)(L(B)U6(L(B))), we obtain an upper
bound of m27%" — 272" 1 states for L(A) ®@% L(B). This is clearly incorrect, since
determinizing the NFA from Proposition 3 gives at most 2™+2" states. Instead,
we apply a construction similar to the one from [7] to L(A)(L(B) U 6(L(B))).
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Proposition 4. Let m,n > 3, 6 be an antimorphism, and A and B be DFAs
defined over an alphabet X with m and n states, respectively. Then there exists
a DFA that recognizes L(A) ®° L(B) with at most (m — 1)(22" — 2! 4+ 2) +
22n=2 _ o=l 1 1 states.

Proof. We will define a DFA C that recognizes L(A) ®? L(B) given two DFAs A
and B. Let A= (Qa,X,04,84,F4) and B=(Qp, X, 0B, sp, Fg). We define the
DFA C = (Q¢, ¥, dc¢, sc, Fe) by the set of states

Qc ={(¢,P,R) | g € Qa — Fa, P €297 — {0}, R € 297 — {0}}
U{<q,®7®> | q € QA _FA}
U{{q,PU{sp}, RUFg) | q€ Fa,P 295 158} R co@n-Fn}

the initial state
{mm if 54 ¢ Fa,
S =

(sa,{sp}, Fp) otherwise,

the set of final states Fo = {(¢, P,R) € Q¢ | (PUR)N(FU{s5}) # 0}, and the

transition function ¢ ({q, P, R),a) = (¢, P, R/> for a € X where ¢’ = 04(q,a),

P {Upep&s(p, a)U{sp} ifq € Fa,
Upep 08(p; a) otherwise,
= {6BI(R,Q)UFB if ¢ € Fy,
65 (R

5 (R,a) otherwise.

Informally, the DFA C operates as follows. The states of C' are 3-tuples
{q, P, R), where q is a state of A, and P and R are subsets of states of B. The
first component ¢ denotes the current state of a computation on A, the second
component P denotes a set of states corresponding to the current states of com-
putations on B, and the third component R denotes a set of states corresponding
to the current states of computations on B, the NFA recognizing 0(L(B)).

Upon reading a symbol a € X, the computations advance one step to
(¢,P',R). If ¢’ is a final state of A, then in addition to updating the sets
P and R’ to advance one step in computation, the initial state sp of B is added
to P’ and the set of initial states Fg of B, the NFA recognizing 0(L(B)), is added
to E/.

We will now consider the size of Q¢, the state set of C. Let kg = |F4| and
kp = |Fp|. We have

(Qol = (m = ka)(2" = 1)(2" = 1)+ (m — ka) + ka(2")(2" 7).

However, note that since B is a complete DFA, we have 5;1(@, o) = Qp for
all 0 € Y. Then for all states ¢ € Q4, P C @p, and symbols o € X, we have
5c¢({g, P,Qp),0) = (¢, P',Qp). Since 5 € Qp, any state of the form (g, P,Qp)
is a final state. Thus, for all states ¢ € Q 4, P C @, and words w € X*, we have
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dc({q, P,Qg),w) € Fo. Therefore, all states with the third component R = Qp
are equivalent and indistinguishable and we revise our upper bound down to

(m—ka)(2" —1)(2" = 1) + (m — ka) + ka2 1) (2" 7% —1) + 1.
This value is maximized when k4 = 1 and kg = 1, giving a total of (m —1)(2?" —
2ntl 4 9) 42202 _ 9n—1 4 1 gtates. 0
We will now show that this bound is reachable.

Lemma 5. For m,n > 3, there exist an m-state DFA A, an n-state DFA B,
and an antimorphism 0 over an alphabet of size 4 such that

sc(L(A) @Y L(B)) > (m — 1)(2%® — 2! 4 2) 4 22n=2 _on=1 1 1

The main idea of the proof of Lemma 5 is to demonstrate that the bound
from Proposition 4 is reachable by using the witness W, (a,b, ¢, d) defined by
Brzozowski [2]. Let X' = {a,b,¢,d} and let 6 : ¥* — X* be the Watson-Crick
antimorphism defined by

fa)=d 0(0b)=c 6(c)=b 0(d) =a.
We set A = W,,(a,b,c,d) with m states and B = W, (a,b, ¢,d) with n states.

Then we define B = W,(a,b,c,d). That is, L(B) = 0(L(Wh(a,b,c,d))) =
LW, (d,c,b,a))®. The DFA Wjs(a, b, c,d) is shown in Figure 1 and the DFA
B and the NFA B are shown in Figure 2.

b,c,d d c,d

start —( 4o

Fig. 1. The DFA Ws(a, b, c, d)

Proposition 4 and Lemma 5 are summarized in the following theorem.
Theorem 6. For m,n > 3, reqular languages L, and L, with sc(L,,) = m and
sc(Ly) = n, and antimorphism 6,

s¢(Ly @7 Ly) < (m —1)(22" — 2" 4 2) 422772 _9n=1 4
and this bound can be reached in the worst case.

Furthermore, observe that the witnesses used in Lemma 5 belong to the same
family of DFAs W, (a,b,c,d). Setting m = n gives us the same DFA and we
obtain a tight bound for the state complexity of the pseudosquare of L, LQg7 via
Lemma 5.
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B b4 b,d be,d cd
a a a a @ a,b
start —( 4o q1 q2

Fig. 2. The DFA B = W,(a,b,c,d) and the NFA B = W, (a, b, c, d)

Corollary 7. Forn >3, let L,, be a reqular language with sc(L,) = n and let 0
be an antimorphism. Then

6
se(L5?) < (n—1)(22" — 2" 4 2) 422072 _gn1 4

and this bound can be reached in the worst case.

4 State Complexity of #-Catenation Closure

In this section, we consider the f-catenation closure of a regular language. This
is analogous to the positive Kleene closure, but with respect to #-catenation. It
was shown in [17] that the positive closure of a regular language with respect to
f-catenation is also regular. The following equality follows from the definition.

Proposition 8. Let L be a language and let 6 be an antimorphism. Then the
positive O-catenation closure is LO% = L(LUO(L))*.

It is important to note that the positive closure with respect to f-catenation
is not (LUBA(L))™, as words w € L% have the form w = uvyvy - - ve_; where
we Land v; € LUO(L) for 1 < i <k [17], whereas (L U6(L))" also contains
words of the form 6(u)vivg - - vg_1.

We will first consider an NFA for recognizing L% and its nondeterministic
state complexity.

Proposition 9. Forn > 1, let A be an NFA with n states defined over an
alphabet X and let 6 be an antimorphism. Then there exists an NFA that recognizes
L(A)Qi with at most 2n states. Furthermore, this bound can be reached in the
worst case.
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The proof of Proposition 9 defines an NFA A’ that recognizes L(A)Qe#. Let
A= (Q,X,51,F) be an n-state NFA. We denote by A the NFA recognizing
O(L(A)), A= (Q, X, 1, F,T). We will define an NFA A’ which recognizes A%
with respect to an antimorphism by A’ = (Q’, X, &', I', F'), where Q' = Q U Q,
I'=1, F' = FUT, and the transition function ¢’ : Q' x X — 29" is defined for
g€ Q@ and a € X by

8(q,a) if ¢ € Q,

6 g, a) if ¢ € Q,

5(g,a)UTUF if g € Q and (6(q,a) N F) # 0,
6 Hq,a)UITUF ifqge @ and (67%(q,a)NI) #0.

§'(q,a) =

From this construction, it follows that A’ has at most 2n states, and this bound
is also reachable.

We will now consider the deterministic state complexity of the positive 6-
catenation closure. In [23], it was shown that the state complexity of (L; U Lo)*
was much lower than the straightforward upper bound of 2"~ +2m"=2 Tndeed,
the bound obtained from the NFA of Proposition 9 is already 22" states. We will
show that the state complexity of #-catenation closure is still lower than this.

Proposition 10. Forn > 3, let A be a DFA defined over an alphabet X with
n states and let 8 be an antimorphism. Then there exists a DFA that recognizes
L(A)®% with at most 2271 — 2" 4+ 1 states.

Proof. We define a DFA A’ that recognizes L(A)ng given a DFA A. Let A =
(Q, X,0,s,F). We define the DFA A" = (Q', X,d',s', F’) with the set of states

Q =((PR)|0#PCQ-F.RCQ-{5}}
U{(PU{s},RUF) CQx Q| (PUR)N(FU{s}) # 0},

the initial state

L[t tser
({s},F) ifseF,

the set of final states F’ = {(P,R) C Q x Q | (PUR) N (F U {5}) # 0}, and the
transition function for a state (P, R) and symbol a € X with P’ = §(P,a) and
R = §71(R, a) is defined by

Sp R < [P UERRUT) i (PURIN(FU () £,
GRS <P’,R/> otherwise.

Informally, DFA A’ operates by first simulating a computation of A, since by
definition, we have L(A)Qi = L(A)(L(A) UG(L(A)))*. Once the computation
reaches a final state of A, an initial state for A and A is added to the current
state set and the computation continues. Whenever the current state of A’
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contains a final state of A or A, the initial states of both machines are added.

The computation continues until the input is read and accepts if and only if a

final state of A or A is contained in the state of A’ when the input has been read.
Now let us consider the state set Q" of A,

Q' =Q1UQo,
Qi={(PR)|0£APCQ—-FRCQ-{s}},
Q:={(PU{s},RUFYCQxQ|(PUR)N(FU{s}) #0}.

The size of Q' will depend on k and whether or not s € F. We will consider each
term. Let k = |F|.

First, ()1 is the set of states with components that do not contain any final
state of A or A. There are 2"~% — 1 nonempty subsets of Q — F and there are
271 subsets of @ — {5}. This gives us |Q1| = (2% — 1)(2"~1).

Then, Q5 is the set of states of the form (P, R) with P C Q and R C Q such
that (P U R) N (F U{3}) # (. That is at least one of a final state of A is in P or
3isin R. Then s € P and F' C R. This gives up to (2"71)(2"*) states.

This count may include states such that s € P and F C R but (PUR) N
(FU{s}) =0, depending on whether or not s € F. If s € F, then there are no
such states, since s € F and s € P implies that (PUR) N (F U {5}) # 0.

However, if s ¢ F, there are up to (2"~ 17%)2 states (P, R) such that s € P,
F CR,and (PUR)N (FU/{3}) = 0 which must be removed from the total,
resulting in at most (27~1)(2"7F) — (27717%)2 states when s ¢ F.

Finally, we must account for states of the form (P, Q). Since A is a complete
DFA, we have 6 1(Q,0) = Q for all ¢ € . Since 5 € Q, we have (P, Q) for all
P C Q and therefore &' ((P, Q),w) € F’ for all P C Q and w € X*. Thus, all such
states are equivalent and indistinguishable. Since 5 € Q, for all states (P, Q), we
have s € P and thus there are 2"~! such states to be merged into a single state.

Thus, in total, we have

|Ql| < (2n7k: _ 1)(27171) + (277,71)(271716) _ 2n71 + 1 if s c F,
— (2n7k _ 1)(21171) + (27171)(27171@) _ (2n717k)2 _ 27171 +1 if s ¢ F.

From this, we can see that the size of )’ is maximized when k =1 and s € F.
Thus, @’ has size at most (2"~ —1)2n~1(2n=1)2—2n-141 =22n"1_9ony1 O

Lemma 11. Let n > 3. Then there exists an n-state DFA A and an antimor-
phism 0 over an alphabet of size 4 such that

se(L(A)®%) > 221 _9m 4 1,

To prove Lemma 11, we demonstrate that the upper bound from Proposition 10
is reachable via the following witness. Let X' = {a,b,c,d} and let 6 : ¥ — X be
the antimorphism defined by

Oa)=b 0(b)=a O(c)=d 6(d) =c.
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A d b,d b,d
a,b,c c a,c
start = O 1 2 S

b,d b,d

Fig. 3. The DFA A and the NFA A

We define a DFA A, shown in Figure 3 together with the NFA A which recognizes
the language 0(L(A)).

From Proposition 10 and Lemma 11, we can summarize our results in the
following theorem.

Theorem 12. Forn > 3, a regular language L with sc(L) = n, and an antimor-
phism 0,
0
sc(LO+) <2271 _9n 41

and this bound can be reached in the worst case.

5 Conclusion

We have given tight bounds for the deterministic and nondeterministic state
complexity of pseudocatenation and positive pseudocatenation closure. The
deterministic state complexity bounds for each operation differ from those for the
corresponding classical operations, catenation and star, and the bounds derived
from combined operations. A comparison between the bounds is given in Table 1.
One question that arises is to consider variants of the pseudocatenation
operation. The definition of ®? on two words u and v was defined by Kari and
Kulkarni [17] to be the set comprising uv and uf(v). This definition coincides with
f-powers and #-primitivity as defined by Czeizler et al. [10]. However, a definition
of f-catenation that incorporates f(u)v also makes sense to consider from the
biological point of view, since it is the Watson-Crick complement of uf(v).
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Operation State complexity
Ly ®° Ly (m—1)2% -2t 4 2) 422 _9"~1 L1 Thm. 6
LmLn m2" — 2n! [26]
Ly(LnULp)  (m—1)(2"P — 2™ — 2P 4 2) 4 2"+P~2 (7]

0
L2 (n—1)(2%" —2"*tt 4 2) 42272 _9n"L 11 Cor. 7
L2 n2" —2n~! [22]

]
Lo+ 92n=1 _9n 4 Thm. 12
L 2n~1l 4 gn—2 [26]
(L ULy)*  2mtnl _gm=1 _on=l 41 [23]

Table 1. A comparison of the deterministic state complexity for each operation

There are also further questions considering the state complexity of the
current pseudocatenation operation ®Y. We can consider the state complexity of
pseudocatenation for sub-regular language classes, such as finite languages. We
also noted earlier that as a result of our choice of witnesses in Lemma 5, we were
also able to obtain the state complexity for the pseudosquare LO3 (Corollary 7).
Domaratzki and Okhotin [11] gave a tight state complexity bound for the cube
of a language L3, which was improved by Caron et al. [4]. Asymptotic state
complexity bounds for the kth power of a language L* are also given in [11]. A
natural next question to consider is the state complexity of pseudocubes and
pseudopowers with respect to 6.
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A  Appendix

Here we include proofs that were omitted in the paper due to the limitation on
the number of pages.

Proposition 3. For m,n > 1, let A and B be NFAs defined over an alphabet
X with m and n states and let 6 be an antimorphism. Then there exists an NFA
that recognizes L(A) @ L(B) with at most m + 2n states and this bound can be
reached.

Proof. Let A = (Qa, %, 5A,IA,FA) d B = (Qp,X,0p,Ip,Fg). We denote
by B the NFA for §(L(B)), B (QB7 ,05", Fp,I). We define an NFA C =
(Qc, X, 6¢,Ic, Fo) where Qo = QaUQpUQp, Ie = 14, Fo = Fp U Ip, and
the transition function é¢ : Q¢ x X — 29¢ is defined for ¢ € Q¢ and a € X by

04(q,a) if g € Qa,
oplq,a ifge ,
65 (g,a) if g € Qp,

Sa(q,a) UIg U Fg if (§a(q,a) N Fa) # 0.

We claim that L(C) = L(A) @ L(B). Indeed, suppose we have a word

w € L(A)®Y L(B). We can write w = uv where u € L(A) and v € L(B)U(L(B)).

Then é¢c(Ic,w) = dc(6c(Io, u),v). Since u € L(A), we have (64(1a,u)NFa # 0)
and therefore Iz U Fg C dc(Ic,u). Since v € L(B) U §(L(B)), we then have
(6c(6c(Ic,u),v) N (Fp UIg) # () and therefore w € L(C).

Suppose now that w € L(C). This means that a computation of w on C
reaches a final state of B or B. However, these states are only reachable from
an initial state of B or B and such states can only be reached when a final
state of A is reached. Therefore, there must be a prefix of w, say u such that
dc(Ic,u) N Fy # (. But this means that u € L(A). Then the suffix of w from
this state, say v is an accepting path on B or B by definition. Therefore, we have
w = uv with u € L(A) and v € L(B) U L(B) and thus w € L(A) @ L(B).

From this construction, C' has most m + 2n states. To see that this bound
is reachable, we consider languages L,, = b™~1(b™)* and L, = (a" 1b)* over
a binary alphabet {a,b} and let 6 be the identity antimorphism 6(a) = a for
all a € ¥. The NFA that recognizes L,, is shown in Figure 4. We will define a
fooling set S for L,, @Y L,.Let S=5,US,U S3, where

- Sl = {(bi7b2m717i) | 0<i<m-— 1}v
— Sg — {(bm—lan—lban—l—i’aib) | 0 < i <n-— 1}7
_ ‘5'3 = {(bmflbanflbanflfivai) | 0<i<n-— 1}.

Let j > ¢ and consider pairs (z;,y;) and (z;,y;) in Si. We have z,;y; =
prm-1l=i4i ¢ 1, % L, since j —i > 0. Similarly, for pairs (z;,y;) and (z;,y;) in
Sa, we have z;y; = bt lbg"~1=*ip & L, @Y L, and for pairs (z;,y;) and
(zj,y;) in S3, we have z;y; = b™1ba" " tba" 17" & L,,, @ L,,.

(p- 4)
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Fig. 4. The NFA recognizing L, = (a™ 'b)* and its reverse

Now let (z;,y;) € S1 and (z;,y;) € Sa. Then
Y = prlgntpgn gttt @0 L.
Similarly, if (x;,y;) € S3, we have
Ty = b pa Lo I g L @0 L.
Finally, if (z;,vy;) € S2 and (x;,y;) € S3, we have
Ty = bt b 1"ad & L, @7 L.
Thus, we have shown that S is a fooling set of size m + 2n for L,, ®° L,,. O

Proposition 4. Let m,n > 3, 0 be an antimorphism, and A and B be DFAs
defined over an alphabet X with m and n states, respectively. Then there exists
a DFA that recognizes L(A) % L(B) with at most (m — 1)(22" — 27+ 1+ 2) 4
22n=2 _on—1 1 1 states.

Proof (Correctness of construction). We will define a DFA C that recognizes
L(A) @ L(B) given two DFAs A and B. Let A = (Qa,X,04,54,F4) and
B =(Qp,X,05,s5, Fg). We define the DFA C = (Q¢, X, dc, sc, Fc) by the set
of states

Qo ={(¢,P,R) | g€ Q4 — Fa, P €292 — {0}, R c 297 — {0}}
U{(q,0,0) | g€ Qa — Fa}
U{{q,PU{sp}, RUTg) | q€ Fa,P 295155} | 2@s-Fn}
the initial state

{(SA,@,@ if s4 & Fa,
S¢ =

(sa,{sp}, Fp) otherwise,
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the set of final states Fo = {(q, P, R) € Q¢ | (PUR)N(FpU{s5}) # 0}, and the
transition function dc({(q, P, R),a) = (¢, P',R/) for a € X where ¢ = 04(q,a),

P {Upep 6p(p,a)U{sp} ifq' € Fa,
)

Upep dp(p,a otherwise,
—  Jo5'(R,a)UFE ifq € Fy,
B 5; (R, a) otherwise.

Informally, the DFA C operates as follows. The states of C' are 3-tuples

{(q, P,R), where ¢ is a state of A, and P and R are subsets of states of B.

The first component ¢ denotes the current state of a computation on A, the
second component P denotes a set of states corresponding to the current states
of computations on B, and the third component R denotes a set of states
corresponding to the current states of computations on B, the NFA recognizing
0(L(B)).

Upon reading a symbol a € Y, the computations advance one step to
(¢',P',R). If ¢’ is a final state of A, then in addition to updating the sets
P and R’ to advance one step in computation, the initial state sp of B is added
to P’ and the set of initial states F'z of B, the NFA recognizing 6(L(B)), is added
to &t .

We will now formally show that L(C) = L(A) @’ L(B). First, we will show
that L(A) ®° L(B) C L(C). Consider a word w = uv € L(A) @’ L(B), with
u € L(A) and v € L(B) U(L(B)). We claim that there exists a computation
path in C

sc 5 (¢, P,R) % (¢, P, R).
Since u € L(A), there exists a path in A from s4 to ¢ € F4. Then by definition,
we have sp € P and Fg C R. Now, if v € L(B), there exists a path in B from
sp to a state in Fp and we have Fg C P’. Similarly, if v € §(L(B)), then there
/

exists a path in B from Fg to a state containing 55 and we must have 55 € R .

In either case, such a computation path in C' exists and we have that w = uv is
accepted by C and L(A) & L(B) C L(C).

Next, we will show that L(C) C L(A) @ L(B). Consider a word w € L(C).

Then there is a computation path in C' on the input word w from s¢ to a state
(¢, P, §/> where either Fg NP’ # () or 55 € . However, this implies that there
exists a state (¢, P, R) with ¢ € Fa, sp € P, and Fg C R on the path. Then
we can write w = wjws, with dc(s4,w1) = (g, P,R) and 6c((q, P, R), ws) =
(q’,P’,§/>. But this means that d4(sa,w;) € Fa and either dp(sp,ws) € F or
65 (Fp,ws) N {55} # 0. Thus, wy € L(A) and wy € Lp U L(B), and we have
w € L(C) C L(A) &% L(B).

Thus, L(C) = L(A) @ L(B). 0

Lemma 5. For m,n > 3, there exist an m-state DFA A, an n-state DFA B,
and an antimorphism 0 over an alphabet of size 4 such that

se(L(A) ©° L(B)) > (m — 1)(22" — 271 4 2) 4 2272 _gn=l 4,
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Proof. To demonstrate that the bound from Proposition 4 is reachable, we will
use the witness W, (a, b, ¢, d) from [2]. Let X' = {a,b,c,d} and let 6 : ¥ — X be
the Watson-Crick antimorphic defined by

fa)=d 0(b)=c O6(c)=b 0(d)=a.

We set A = W,,(a,b,c,d) with m states and B = W, (a,b,c,d) with n
states. Then we define B = W,,(a, b, ¢, d). That is, L(B) = (L(Whx(a,b,¢c,d))) =
L(W,(d,c,b,a))®. We will define A, B, and B explicitly.

Let A = (QA,E,(SA,SA,FA) with Q4 = {po,...,pmfl}, sA = po, Fa =

{Pm—1}, and the transition function d4 is defined by

= 64(Pi, @) = Pit1 mod m for 0 <i <m —1,

(pi,b) = pi for 0<i <m —3, 64(Pm—2,b) = Prm—1, 64(Pm—1,b) = Pm_o,
(pivc):pi fOI'’1120,2,...,77’1*17 5A(p1’c):p0,

(pi,d) =p; for 0 <i<m —1.

04
64
04

Let B = (@p,X,05,s5,Fp) with Q@ = {qo,..-,¢n-1}, B = qo, Fp =
{gn-1}, and dp is defined by

53((1@‘,@) = {i+1 mod n for 0 S 1 S n— 1,

0B(qi,b) = q; for 0 <3 <n—3,08(¢gn—2,0) = Pn—1, 0B(¢n-1,0) = qn—2,
— 0p(gi,¢c) =q; for i =0,2,...,n—1, dp(q1,¢) = qo,

05(¢i,d) =¢q; for 0 <i<n-—1.

Finally, let B = (Qp,Y,65", Fp, {55}), which recognizes 8(L(B)), where the
transition function 5;1 :Q x ¥ — 29 is defined by

— 05 @, d) = {G—Tmoan) for 0<i<n—1,

o 61;1(@’ C) = {E} for 0 S [ S n— 3a 6]51(Qn—27c) = dn—1, 5]51((171—170) = (dn-2,
— 0" (@,b) = {@} for 1 < i <n—1, 65" (@) = (@, @1},

— 6, @ a) =g for 0< i <n—1.

The DFA Wj(a, b, c,d) is shown in Figure 1 and the DFA B and the NFA B
are shown in Figure 2.
We begin by showing these states are all reachable. First, we consider states

of the form (p;, 0, 0). We have (pg, 0, () a (pi,0,0) for 1 < i < m — 2. Then

a(ac2)7L72

(Pm-2,0,0) = Pm-1,{a0} AT—1}) —— Po, {an—1}, {Ga=1})-

There are m — 1 such states.

Next, we consider states (p, P, R), where P and R are not empty. We first
consider states (pg, {gn_1}, R) with R C Qp and show that all such states are
reachable by induction on the size of R. First, we have

dn—l—z

(pos {@n—1}A{Gn—1}) —— o; {gn—1}. {@})

for 0 <i <n —1 and thus all states with |R| < 1 are reachable.
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Now, suppose that every state (po, {qn—1}, T) with |T)| < £ is reachable. We
will show how to reach (po, {gn—1}, R) with [R| = £+ 1. Let R = {qj,,..., T, }
@p withn —12>jo > - > j, > 0.

If jo =0 and j,—; = 1, then R is reachable from a set of size ¢ as follows,

__ b __ _
<p0a {qn—1}7 {Qjo7 e GG _os q0}> — <p07 {Qn—l}a {qjoa -5 4q5,_5590, QI}>
If jo =n—1and j; = n — 2, then R is reachable from a state of size £ 4 1
containing gg and g7, which we have just shown is reachable, as follows,

<p0a {Qn—l}v {%a qu Qjo—Qa ceey Qj[72—2}>
d? . .
— (D0, {tn—1}AT—1:Tn—2,Tjo> - - Tjo_a })-

Then all other states with sets R of size £+ 1 are reachable from a set of size ¢+ 1
containing ¢,_1 and ¢,_2, which we have just shown is reachable, as follows,

<p07 {Qn—l}; {Qn—l, qn—2;4js+n—2—j1s - - - ;Qj¢+nf2fj1}>

(de)fo—d1—1
—><p07 {%4}, {anh Qj14+n—1—jos Qja+n—1—j5¢s -+ 7Qj1z+n717j0}>

gn—1-3o0

—><p07 {Qn—l}’ {qjio’ tee 7@}>

Thus, we have shown that all states (po, {qn—1}, R) are reachable.
Now, we consider states of the form (po, P, R) for P C Qp and R fixed. First,
we must set R appropriately. To do this, set

Rfo = {Qn—h Gj14+(n—1—jo)s -+ > ng+(n717j0)}~
From above, we know that (pg, {gn,_1}, Ro) is reachable. Then we have

— a(ac®)y™=2 _—
<p07 {Qn—l}a RO> —_— <pm—17 {QO}7 RO>
We will show that states (pg, P, Rg) are reachable by induction on the size of
P. First, for 2 <¢ < n —1, we have

Dot (a0} Fo}) % (oo {1 Fod) 2 (po. {ai}. T}

Thus, we have reached states (pg, P, Rg) with |P| = 1.

Next, we will show that if states (p,,—1,{qo}UT, Ro) with T C {q1,..,qn-1}
and |T| = k are reachable, then the state (pg, P, Rg) with P C Qp and |P| = k+1
is reachable. Let P = {qi,, @iy, ---»qi, } With ig < i3 < -+ < ii. There are two
cases to consider. First, if 79 = 0, we have

a(ac?)in—!

_ ) —_
<pm71» {qu Qig—iys -+ - ,(]ikﬂ'l}, R0> — <p07 P, R0}>~

Secondly, if ig > 0, then

—> a(ac?)to—t

<pm71, {QO7 qilf(igfl)a ceey qikf('igfl)}a RO <p07 Pa R70>
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Now, we will show that states (py—1,{qo} UT, Ro) are reachable. Recall that
{pm-1,{qo}, Ro) was shown to be reachable above. Then we consider |T| > 1
with g € T and we have

am—l

<p07 {qil—(m—l)7 v 7qik—(m—1)}7R70> — <p'm717 {qu Qivy- s sz}7PTO>
There are (2"~ 1)2 such states.
Finally, for0<i<m—1land 0 <i; < --- < i <n—1, we have

i

(Po, {Gio—i» Gir—is - -+ Qi —i }» Ro) — (pi, P, Ro).
Then to reach R as originally intended, we have
<p27P7R70> u> <p7,7PaE>
There are (m — 1)(2" — 1)2 such states. Thus, we have shown that all states of
the form (p;, P, R) are reachable and there are (m — 1) + (2"71)% + (2" — 1)2
such states.

Now, we will show that these states are pairwise distinguishable. Consider
two states (g, P, R) and (¢/, P, R ).

We first note that for R = Qpg, we have that 6c((q, P,@Qg),w) € F¢ for all
q € Qa, PC Qp, and words w € X*. Thus, any states with R = R = Qp are
indistinguishable. There are 2"~ ! such states which can be merged into a single
state.

Then, we consider when R # R'. There exists some state q; € R and T ¢ .
Then R and R are distinguishable via the word d’. Similarly, suppose that
P # P’. Again, there exists a state ¢; € P and ¢; ¢ P’. Then P and P’ are
distinguishable by the word a®~!~%. Note that these two cases can be dealt with
independently, since a does not change R and R and d does not change P and
P

Finally, suppose ¢ # ¢’ and let ¢ = p; and without loss of generality let ¢’ = p;
with i < j and consider the states (p;, P, R) and (p;, P, R).

— If j <m —1, we have

(ba)™ =17

<pi7P? E) E— <pi—j+m—1aplvﬁl>v

(ba)™ =1

(pj, P,R) 21— (p1, {00} UP" {G: T} UR)).

These states can be distinguished because the second component of each
state are distinguishable as previously shown.
— Similarly, if ¢ <m — 2 and j = m — 1, we have

a(ba)m72—i

(i, PR 22— (pr 1, {a0} UP {Gn 1} UR),

a(ba)'m,72—i

<pm,1,P,R> —_— <pkaP/7E/>

for some k < m — 1. Again, the second components are different and may be
distinguished.
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— Finally, if i =m — 2 and j = m — 1, applying the word a sends both states
to states which fall under the case immediately above.

Thus, there are (m—1)4(2"~1)24 (2" —1)? reachable states, of which 2"~ ! are
indistinguishable. This gives a total of (m — 1)(227% —2n+1 4.2) 4 22n=2 _9n—1 49
states which are reachable and pairwise distinguishable as desired. a

Proposition 9. Forn > 1, let A be an NFA with n states defined over an
alphabet X and let 8 be an antimorphism. Then there exists an NFA that recognizes

L(A)Qi with at most 2n states. Furthermore, this bound can be reached in the
worst case.

Proof. Let A = (Q,X,6,I,F) be an n-state NFA. We denote by A the NFA
recognizing §(L(A)), A = (Q,X,6 , F,I). We will define an NFA A’ which
recognizes A®% with respect to an antimorphism 6 by A’ = (Q', X, ', I', F’),
where Q' = QUQ, I’ = I, F’ = FUI, and the transition function ¢’ : Q' x X — 2@
is defined for ¢ € Q" and a € X by

6(q, a) ifgeq,

d7*(q,a) if g € Q,

§(g,a) UTUF if g € Q and (6(q,a) N F) # 0,
5 Yg,a)UTUF ifqe@ and (671(q,a)NT) # 0.

§'(g,a) =

We claim that L(A") = L(A)Qi. To see this, suppose we have a word w €
L(A)@i. We can write w = uq - - - ug, for uy € L(A) and u; € L(A)UO(L(A)) for
2 < i < k. Since u; € L(A), there is a path in A from I to a final state of A
and so there is also such a path in A’. But every transition to a final state also
reaches the initial states I and F of A and A, respectively. We can repeat the
process for each u; and the computation on w ends on a final state of A or A.
Thus, w € L(A').

Now suppose that w € L(A’). We claim that since w reaches a final state
of A’, there must be a prefix u of w which reaches a state in F' on A. Suppose
otherwise. Since w cannot reach a state in F, it must reach a state in I, a final
state of A. However, such states are unreachable in A’ from an initial state in
I, since I' = I and only contains initial states of A. Thus we can write w = uv
with v € L(A).

Now, we will show that v € (L(A) U L(A))* by induction on |v|. If v = ¢,
then it is clear that this holds and we have w = u € L(A4) C L(A)@i. Now
let |v| = n and assume that for all words v' € X* with |v'| < n, we have v’ €

(L(A)U L(A))* pref(L(A) U L(A). We can factor v = v1vq. Since |v1| < |v] = n,

vy € (L(A) U L(A))* - pref(L(A) U L(A) by our assumption. However, we can

clearly choose v; to be shorter so that vy € (L(A) U L(A))*. Then there is a
computation on v; which ends in a final state of A or A. Then by definition,
this computation also ends on an initial state of A or A. Since v, continues a

computation from these states, it is a prefix of a word recognized by either A or

(p.7)
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A. Then if vy reaches a final state of A or A, it must be a word recognized by
either A or A. Thus, we have vy € L(A)UL(A). This gives us v € (L(A)UL(A))*
and therefore, w € L(A)®%.

From this construction, A’ has at most 2n states. Now, we will show this bound
is reachable. Let L, = a"~2b(a™ 1b)* and let 6 be the identity antimorphism
with 6(a) = a for all a € X. This language is recognized by the n-state NFA

]
shown in Figure 5. We will show that a fooling set S of size 2n exists for LS*

with respect to 6. Let S =57 U Ss U S3 where

- S ={(a",a"?7) |0 < i <n-—2}
— Sy = {(a"2bba’, a2 |0 < i <n—2},
— S3 = {(a""2b,e), (a"2bba™ "1, ba""?)}.

Fig. 5. The NFA recognizing L, = a™ 2b(a" 'b)* and its reverse

Let ¢ < j and consider pairs (2;,y;) and (zj,y;) in Si. Then z;y; =
a2ty ¢ Lgi since j — ¢ > 0. Similarly, for pairs (z;,y;) and (z;,y;) in
Sy, we have x;y; = a" 2bba" 271 ¢ L,?i. Next, consider pairs (z;,y;) € S1
and (z;,y;) € So. Then z;y; = a*t" 277 ¢ Lgi.

Now, consider the two pairs in Ss. First, it is clear that " 2bba" ! ¢ Lgi.
Then for pairs (z;,y;) € S; and (a"2b,€), we have z; - ¢ = a’ & Lgi. For pairs
(wi,9;) € S1 and (a"2bba" "1, ba"~2), we have z; -ba" 2 = a’ba" "2 ¢ Lgi. Simi-
larly, taking (z;,y;) € Sz and (a™2b,¢), we have a"2b-y; = a" 2ba" 2% ¢ Lgi
and with (a"~2bba"™ !, ba""2), we have a"2bba" "1 - y; = a"2bba" " la" 271 ¢
L,

Thus, S is a fooling set of size 2n for L,?i. ad

Proposition 10. Forn > 3, let A be a DFA defined over an alphabet X with
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n states and let 0 be an antimorphism. Then there exists a DFA that recognizes
6
L(A)®+ with at most 2?"~1 — 2" + 1 states.

Proof (Correctness of construction). Let A = (Q, X, 9, s, F). We define the DFA
A =(Q,X,d, s, F') with the set of states

Q ={(P,R)|0£PCQ-FRCQ - {35}}
U{(PU{s},RUF)CQxQ|(PUR)N(FU{s}) # 0},

the initial state

J_Jusho itseF
(s}, F) ifscF,

the set of final states F” = {(P,R) C Q x Q | (PUR) N (F U {5}) # 0}, and the
transition function for a state (P, R) and symbol a € ¥ with P’ = §(P,a) and

R = 87 1(R, a) is defined by

§((P,R),a) = 2
(P R),a) (P’,R/> otherwise.

— {(P’ U{s},RUF) if (P’UR)N(FU{s}) #0,

Informally, DFA A’ operates by first simulating a computation of A, since by
definition, we have L(A)Gi = L(A)(L(A) UG(L(A)))*. Once the computation
reaches a final state of A, an initial state for A and A is added to the current
state set and the computation continues. Whenever the current state of A’
contains a final state of A or A, the initial states of both machines are added.
The computation continues until the input is read and accepts if and only if a
final state of A or A is contained in the state of A’ when the input has been read.

First, we will show that L(A)®% C L(A’). Let w € L(A)®%. We can write
w = ujug---u for k > 1, where u; € L(A) and u; € L(A) UO(L(A)) for
2 < i < k. We claim that there exists a computation path for w in A’,

s X5 (P, Ry) 22 (Py, Ro) =% -+ ™5 (Py, Ry).

Since u; € L(A), there must exist a path in A from s to a final state ¢ € F. Then
q € Py, and by definition, we have s € P; and F C R;. Then we observe the same
argument holds for 2 < i < k: since s € P;_; and F C R;_1, if u; € L(A), there
exists a path in A beginning at s such that F N P; # () and if u; € 6(L(A)), then
there exists a path in A starting at F' such that 5 € R;. Then by definition s € P;
and F C R;. Furthermore, we have (P, URy,) N (FU{3}) # 0. Thus, (Py, Ry) is a
final state of A’ and the above computation path exists and therefore, w € L(A").

Next, we will show that L(A") C L(A)Qi. Let w be a word that reaches a state

(P,R) in A’. We claim that we can factor w = uv such that u € L(A)Qi U{e}
and v € pref(L(A) UO(L(A))). We will consider two cases.
First, suppose that we have u = £. We claim that in this case, v € pref(L(A)).

To see this, we observe that if B # (), then there must be a state (P',R)
with F C R reachable on some prefix of v. However, such a state is only
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reachable from s’ if it is a final state A’. In other words, we have v = v vy with
v; € L(A) C L(A)Qi, a contradiction. Then the only states reachable from s
are states ({¢},0) with ¢ € Q and thus, v € pref(L(A)) C pref(L(A) UO(L(A)))
as desired.

Now consider u # ¢. Then there exists a computation path s’ = (P’ ,§/> N
(P, R) such that (P’,§/> is a final state of A’. To see this, we observe that if
7 # (), some prefix of w must have entered a final state of A’, as argued above.
Otherwise, we have the case u = ¢. Therefore, w € L(A)Gi and <P’,§/) is a
final state of A’. Then by definition, we have s € P/ and F C R and thus,
v € pref(L(A) UO(L(A))).

Then since w € L(A)QZ -pref(L(A) UB(L(A))), if w reaches a final state of
A’, we can write w = uv such that u € L(A)Qi U{e} and v € L(A) UO(L(A)).
Thus, we have w € L(A)Qi and we have shown L(A’) C L(A)Qi and therefore,
L(A") = L(A)®%. O

Lemma 11. Letn > 3. Then there exists an n-state DFA A and an antimorphism
0 over an alphabet of size 4 such that

se(L(A)®%) > 221 _9m 4 1,
Proof. Let ¥ ={a,b,c,d} and let 6 : X — X' be the antimorphism defined by
fa)=>b 0(b)=a 6(c)=d 0(d) =c

Let A = (Q,X,4,s,F), with @ = {0,1,...,n — 1}, s = 0, F = {0} and the
transition function § : Q x X — @ is defined by

— 0(iya)=i+1modnfor0<i<n-—1,

d(i,b) =i for1 <i<n-—1,06(0,b) =1,
—0(i,e)=i+1for0<i<n-—1,dn—1,¢)=1,
0(iyd) =i for0<i<mn-—1.

Then we have the NFA A = (Q, %, 5‘1,E {5}) which recognizes §(L(A)), where
the transition function 5! : Q x X — 29 is defined by

— 5 Ga)={i}fori=2<i<n-1,01%1,a) = {0,1},

— 64, b) ={i—1modn} for 0 <i<n-—1,

— 6 Mi,e)={i} for0<i<n-—1,

-0 id)={i—1}fori=2<i<n-1,61,d) ={0,n—1}.

The DFA A and the NFA A are shown in Figure 3.

Let A’ be the DFA which recognizes L(A)Qﬂr, which we obtain by following
the construction from Proposition 10. We will show that all states of A’ are
reachable.
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First, we will show that all states (P,() with 0 € P C @ are reachable by
induction on the size of P. For |P| = 1, from the initial state s’ = ({0}, {0}), we

have
-1

s 5 ({11,0) “— ({i}.0)
for 1 < i < n—1 and thus every state with |P| = 1 and 0 ¢ P is reachable.
Now, let S = (P,0) with P = {i1,...,i,} where 1 <i3 <--- <ip<n—1and
assume that all states (P’,0) with |P’| < k are reachable. We will show that P
is reachable. First, observe that for any state (P’, (), if ¢ = max P’, then

(P',0) <=5 (P, {0))

such that P C @ with 0 € P” and |P”| = |P’|. Consider the set {0,i5 — (iz —
i1 —1),...,ik — (ia — 41 — 1)} of size k — 1. We have

(0,5 — (i2 — i1 — 2), .. ik — (iz —ir — 2)}, {0
Lo{1,ig — (ia — i1 — 1), . ig — (ia — i1 — D)}, {n = 1})
T iy — i,is — i,k —ir ), (R 1))
Y 0, — vy in — i1}, {O)
L i igs ik} 0).

Thus, we have shown that P is reachable and therefore all states of the form
(P,0) with 0 ¢ P are reachable. There are 2"~ — 1 such states. This also shows
that all states of the form (P, {0}) with 0 € P are reachable.

We will now show that all states (P, R) with P C @ and R C @ are reachable
by induction on the size of |R|. First, we will show that states (P, R) with |R| = 1
are reachable. From above, all states (P,{0}) with 0 € P are reachable. Let
P = {i1,i2,...,i5} be a set of size k with 1 <i; <iy < -+ <i; <n— 1. Then
forl1<j<n-1,

({0,iy — i1, ..., ix — i1}, {O})
Y1y —ir+1,... i —i + 1} {n=1})
(

ip—1

L iy, g, in ) {n— 1))
E}<{i1,i27 e ,ik}v {3}>

Thus, every state with |R| = 1 is reachable.

Now, let S = (P, R) with |R| = ¢ and suppose that all states (P, EI> with
|ﬁ/| < £ are reachable. Let P = {iy,...,ix} where 0 <i; < -+ <ip <n—1 and
R={j1,...,je} wheren —1>j; >--- > j; > 0. -

First, we consider how to reach states with 0 € P and 0 € R. That is, we set
i1 = 0 and j, = 0. There are two cases. First, if i3 > 1, we can reach S from a
state with |[P'| =k, |R| = ¢ — 1,

(P RY=(n—1,is—1,.. i —1}{J1,. .. Jo1}) & 8.
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If i3 = 1, we can reach S from a state with |P’| = k, \E/\ ={—1by
(PR =({n—1io—2,... ik — 2}, {J0,- .-, Je1}) 25 S.

Thus, we have shown how to reach states (P, R) with 0 € P and 0 € R There
are (2"~1)? such states. o -

Now, we will show how to reach states (P, R) with 0 ¢ P and 0 ¢ R. That is,
iy > 0 and j; < 0. We can reach a state (P, R) with0€ P, 0€ R, |P'| =k
and [R| = ¢ as shown above. Then we can reach S by

i1—1lpn—1—j
(PR = ({0,in — i1, . vip — i1}, {0, e —Ja - Je —jea }) 2 s,
Thus, we have shown how to reach states (P, R) such that P and R do not
contain any final states. There are (2"~! — 1)? such states. Together, we have
shown that there are (2"71)2 4 (27~ — 1)2 4 2"=1 — 1 reachable states in A’.

We will now show that each of these states is pairwise distinguishable. First,
we note that any state (P, Q) is indistinguishable, since for every P C @ and
w € X*, we have §'((P,Q),w) € F'. There are 2"~! such states which can be
merged into a single state.

Now consider two states (P, R) and (P',§/> with R, ok £Q.If R# E/, then
there exists a state j € R and j ¢ R'. These two states can be distinguished by
the word 7.

Next, suppose P # P’ and assume that & = R , since otherwise, the two states
can be distinguished as above. Then there exists a state i € P and i ¢ P’. Without
loss of generality, if 0 € P and 0 ¢ P’, then the two states are distinguishable by
the empty word €.

Otherwise, either 0 is in both P and P’ or it is in neither. In this case, if
1 ¢ R, then the two states can be distinguished by a”~%. Otherwise, if 1 € R,
then there is some state j € Q — R which is not in R, since R # Q. We have

(P, R) L (PU{0}, R)
(PR L pru{o), R

such that 1 ¢ R’. Then the two states can be distinguished by a™~* as above.
Then there are (2771)2 4 (27~ — 1)2 + 27~ — 1 reachable states, of which

2"~1 are indistinguishable. This gives a total of 227~! — 2" 4 1 reachable and

pairwise distinguishable states as desired. ad



