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Abstract: A language L is the orthogonal concatenation of languages L; and Lo if
every word of L can be written in a unique way as a concatenation of a word in L4
and a word in Lo. The notion can be generalized for arbitrary language operations.
We consider decidability properties of language orthogonality and the solvability of
language equations involving the orthogonal concatenation operation. We establish a
tight bound for the state complexity of orthogonal concatenation of regular languages.
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1 Introduction

The Code Division Multiple Access (CDMA) multiplexing scheme used in ra-
dio communications allows for the simultaneous reception of transmissions from
multiple senders by assigning each sender a waveform which, when superimposed
with the waveforms of other senders, generates a signal which can be uniquely
decomposed back in to the original waveforms. This is possible due to the addi-
tive nature of interfering radio waves and the careful choice of waveforms which
are mutually orthogonal. In the case of binary signaling, we may represent wave-
forms as binary vectors of some finite size leading to a simple choice of those
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waveforms which are represented by orthogonal vectors in the sense of traditional
linear algebral.

The theoretical and practical properties of CDMA have been investigated
thoroughly in the engineering literature, including algebraic studies of CDMA
variants (see, e.g., [Castaing and De Lathauwer 2004]). These studies, however,
principally concern themselves with the details of radio communications, rather
than abstract communications channels. In this paper we seek to generalize the
notion of orthogonality to arbitrary word operations to perhaps facilitate the
investigation of code-division multiplexing schemes in the more general context
of abstract coding theory. Restrictions of operational orthogonality have been
previously studied for the concatenation operation in the formal language theory
literature on language equations.

We present here a general framework for studying orthogonality of opera-
tions on formal languages and demonstrate preliminary results for the opera-
tions of concatenation and shuffle on trajectories. In section 4 we consider lan-
guage equations involving orthogonal concatenation. Concatenation is a fun-
damental operation on formal languages. The inverse operation of language
decomposition and the computation of irreducible (or prime) components are
important theoretical tools used in data classification [Czyzowicz et al. 2003],
however, the complexity of language decomposition is not yet properly under-
stood [Wood et al. 2007, Mateescu et al. 2002, Salomaa 2008]. For orthogonal
concatenation the situation is even worse, and even the decidability status of
the question whether a regular language has an orthogonal decomposition with
respect to concatenation remains open.

In section 5 we study the state complexity of the orthogonal concatenation
operation. The orthogonality condition may appear quite restrictive and, at first
sight, one could expect that the state complexity is significantly lower than in the
case of unrestricted concatenation [Jirdskova 2005, Maslov 1970, Yu et al. 1994,
Yu 1997]. However, we show that the worst-case state complexity of orthogo-
nal concatenation differs from the state complexity of ordinary concatenation
precisely by a factor of two.

The state complexity of a related, but essentially different, operation of
unique concatenation was investigated by [Rampersad et al. 2009]. Whereas or-
thogonal concatenation is defined only for pairs of orthogonal languages, the
unique concatenation of any two languages is defined to consist of those words
that can be written in a unique way as a concatenation of words from the com-
ponent languages [Rampersad et al. 2009].

A preliminary version of parts of this work was presented at TALE’07
[Daley et al. 2007] and at DCFS’08 [Daley et al. 2008].

! We refer the reader to [Rao and Dianat 2005] for an introductory text on CDMA.
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2 Preliminaries

In the following X is a finite alphabet. The set of all words over X is X* and X+
is the set of non-empty words over X. The length of a word w € X* is |w| and
¢ is the empty word. The set of symbols of X' occurring in a word w is alph(w).
We write u <, v if u is a proper prefix of v, u,v € X*. The powerset of a set A
is P(A).

For w € X* and L C X* we define

wlL={ue X |wuel}, Lw'={uecX*|uweclL}.

R—gq, - -a; and

The reversal of a word w =ay1---ap,a € X, i=1,...,n,is w
the reversal of a language L is LT = {wf' | w € L}.

The notions associated with orthogonality have close connections to formal
power series and, for example, the proof of the main decidability result for or-
thogonal concatenation [Anselmo and Restivo 1996] relies on power series. Here
we do not discuss power series in detail and the interested reader can find more
information e.g. in [Kuich and Salomaa 1986].

A deterministic finite automaton (DFA) is a five-tuple
A:(Q72767q07F)7 (1)

where X' is a finite alphabet, @) is a finite set of states, gy € @ is the start state,
F C @ is the set of accepting states and  : Q x X — @ defines the transitions
of A. In the standard way the transition function J is extended to a function
Q x X* — Q. Further, for a set P C @ and a € X, we use the shorthand
d(P,a) ={0(q,a) : q€ P}.

We say that a state ¢ is reachable from a state p if there exists w € X* such
that 0(p, w) = q. A dead state is a state ¢ € Q — F such that only ¢ is reachable
from q. States ¢1, g2 € Q are said to be equivalent if for any w € 2™,

0(q1,w) € Fiff §(ge,w) € F.

A DFA A = (Q,X,9,q0, F) is a permutation automaton if, for each b € X,
the function §(-,b) : @ — @ is a permutation of the set of states Q.

The language recognized by a DFA A as in (1) is L(A) = {w € X* |
5(go,w) € F }. Deterministic finite automata accept exactly the regular lan-
guages [Wood 1987, Yu 1997]. Any regular language has a unique DFA with a
minimal number of states. In a minimal DFA all states are reachable from the
start state and pairwise inequivalent.

For all unexplained notions concerning finite automata we refer the reader to
[Wood 1987, Yu 1997]. More information on state complexity and references can
be found in [Goldstine et al. 2002, Holzer and Kutrib 2009, Wood et al. 2004,
Yu 2001].
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To conclude this section we recall the notion of shuffle on trajectories oper-
ation originally introduced in [Mateescu et al. 1998].

A trajectory ¢ is a word over the alphabet {0,1}. For z,y € X*, the shuffle
of x and y along a trajectory ¢, x i y, is defined inductively as follows.

If = ax’, y = by’ (with a,b € X) and t = et’ (with e € {0,1}), then

- a2 wy by') if e = 0;
v ¥ = blax'wy y')if e = 1.
Ifrx=ar' (a€X),y=cand t =et’ (e € {0,1}), then

e a(x’ wp €) if e = 0;
CET0 otherwise.

Ifx=ey=0by (be X)and t =et' (e €{0,1}), then

Ll _ fb(ewp y)ife=1;
¥ = 0 otherwise.

We let xwi.y = 0 if {z,y} # {€}. Finally, if s =y = ¢, then euiy e =€ if t = ¢
and () otherwise.
We extend shuffle on trajectories to sets T C {0, 1}* of trajectories as follows:

Twry = U T g Y.
teT
Further, for L1, Lo C X*, we define

LluU*LQZZ LJ Trwry.

x€eLlq
yEL2

3 Definition and Basic Properties of Orthogonality

We begin by introducing the notion of operational orthogonality. By a binary?
word operation on X* we mean a function o : (X*)? — 2%, The operation o is
extended to languages L1, Lo C X* as

Lioly = U roy.
z€L1,y€Ll2

Definition 1. Let L, Ly, Ly be languages over Y. We say that L is an orthogonal
o-composition of Ly and Ls, denoted

L=1Lyoy Lo,

if the following two conditions hold

2 All below notions can be extended in an obvious way for n-ary operations, n > 2.
For simplicity below we discuss only the binary case.
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(OR1) L =Lq0 Ly, and
(OR2) (Yui,v; € Ly, i =1,2) if (u1,u2) # (v1,v2) then uy o ug Ny ovy = 0.
Given languages L; and Lo, we define their orthogonal o-composition as

LioLy if condition (OR2) holds,

L Ly =
1oL 2 {undeﬁned otherwise.

If Lyo, L is defined, we say also that the languages L, and Lo are o-orthogonal.
Note that in the above statement the order of the languages is significant since
the o-orthogonality relation is not symmetric.

Example 1. Let X' be an alphabet containing symbols 0 and 1. For x = x1 - - - 24y,
€ X i=1,...,m,m >0 and y € X* define the marked concatenation of
words x and y as

zeoey=1x10---2,011y.

Any languages L1, Ly C X* are e-orthogonal.

Ezample 2. Let o be the marked concatenation from Example 1 and consider the
operation o : (X*)2 — 2% defined by setting

zoy={zey,yex}, xzyeci

Languages L1, Ly C X* are o-orthogonal if and only if L; N Lo has at most one
word. Note that for any distinct words 21,20 € L1 N Lo, 210 22 N22 0 21 # B,
resulting in a violation of the condition (OR2). However, if Ly N Ly = {2}, the
pair (z, z) does not violate (OR2) although z¢z contains a word that is a marked
concatenation of a word of L, with a word of Ly, and vice versa.

For commutative word operations we can make the following observations:

Lemma 2. Let o be a commutative binary word operation. Then Ly and Ly are
o-orthogonal if and only if Lo and L1 are o-orthogonal.

Proof. Let o be a commutative binary word operation, and assume that L; and
L5 are o-orthogonal. Assume, contrary to what we want to prove, that Lo and
Lq are not o-orthogonal. Then there exists z € Lo o Ly with two factorizations
T €y 0z and T € Yo 0 z9, where y1,y2 € Lo and 21,20 € Li. But now since
Yi 0 2; = z; oy, © = 1,2, we have contradicted that L, and Lo are o-orthogonal.

O

More generally, using the notation from [Kari 1994], let o be the word op-
eration defined by = off y = y o 2. Then the following result is established:
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Lemma 3. Let o be a binary word operation. Then Ly and Lo are o-orthogonal
if and only if Ly and L1 are o®-orthogonal.

We note that the converse of Lemma 2 does not hold. In particular, if o is the
binary word operation defined by a o b = {ab} and z oy = @ for (z,y) # (a,b),
then the operation o is not commutative, but any pair of languages L1 and Lo
are o-orthogonal.

4 Concatenation Orthogonality

In the following we concentrate on the concatenation operation. When we need
to use notation for orthogonality of the operation, we denote concatenation by
®. When we do not need notation for orthogonality we denote, as usual, con-
catenation of languages Ly and Lo as Ly - Lo, or simply as LqLs.

Let L C X* be a language. If L is a code then L ®, L is defined, i.e., L is
®-orthogonal with itself. However, the converse does not hold since

{a,b,ab} ®, {a,b,ab} = {aa,ab, aad, ba, bb, bab, aba, abb, abab},

and hence {a, b, ab} is ®-orthogonal with itself.
By definition, a sufficient condition for languages L and L’ to be ®-orthogonal
is that

(i) L is a prefix code, or,
(ii) L’ is a suffix code.
In particular, it follows that

L and X* are ®-orthogonal iff L is a prefix code, (2)

and,
Y* and L are ®-orthogonal iff L is a suffix code. (3)

The below result showing that the operation ©@ is associative for non-empty
languages follows easily from the corresponding well known property of formal
power series.

Lemmad4. Let L;, : =1,2,3, be non-empty languages. Then
(L1 ®1 L2) ®1 L3 = L1 ®1 (L ®1 Lg).

The above equality includes the condition that the left side is defined if and
only if the right side is defined.
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Lemma 4 needs the assumption on the non-emptiness of the languages. For
example, if L = {a,aa} then

oL L))o, L=0

but © (LG, L) is undefined. In the statement of Lemma 4 it would be sufficient
to require that only L; and L3 are non-empty.

A natural question will be for which languages we can decide whether or not
the languages are concatenation-orthogonal.

Proposition 5. Given regular languages L1 and Lo, it is decidable whether or
not L1 and Ly are ®-orthogonal.

Proof. The result is well-known and follows also from Theorem 12 below since
concatenation can be expressed as shuffle along the regular set of trajectories
0*1*. D

As can be expected, the result of Proposition 5 cannot be extended for
context-free languages, not even in the case where only one of the languages
L1 or Ly is context-free. Since it is undecidable whether or not a given linear
context-free language is a prefix- (respectively, a suffix-) code, see e.g.
[Jiirgensen and Konstantinidis 1997], the observations (2) and (3) give the fol-
lowing undecidability result.

Theorem 6. Given a linear language L and a regular language R it is undecid-
able whether or not

(i) L and R are ®-orthogonal,

(ii) R and L are ®-orthogonal.

If Ly and Ly are languages over a unary alphabet {a}, L; and Ly cannot be
®-orthogonal whenever they contain any two words in common. This relates to
the commutativity of unary concatenation. For commutative operations it may
be appropriate to consider a somewhat different definition of orthogonality. We
hope to return to this topic in later work.

4.1 Language equations

Here we consider language equations involving the orthogonal concatenation
operation. The result of Proposition 5 means that given regular languages L, L
and Lo we can effectively decide whether or not the equation

L=Li® L
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having no variables holds. Next we consider one-variable equations

L=L,&; X, (4)
or its symmetric variant

L=X®, Ly, (5)
and two variable equations

L=X0,Y. (6)

Recall that the orthogonality property is not symmetric. However, we can
make the observation that if Ly and Ly are ®-orthogonal then L2R and L{% are
®-orthogonal and

(L 0y L)t = Lo, LE.

Thus an equation L = X ®, L; has a solution Xy if and only if the equation
L = LE ®, X has a solution X{*. This means, in particular, that when the
language constants are regular (or restricted to any language family that is closed
under reversal) an equation (5) can always be reduced to an equation (4). In the
following we restrict one-variable equations to be of type (4).

A two-variable equation (6) has always the solution

L=Lo,{e={}0o.L L

We say that these solutions are trivial solutions.

Without loss of generality we can assume that all solutions to equations (4)
or (6) must be over an alphabet Y where X' contains all symbols occurring in
words of L. The alphabet X' is usually not mentioned separately.

The following strong result is established in [Anselmo and Restivo 1996].

Theorem 7. [Anselmo and Restivo 1996] For regular languages L and Ly it is
decidable whether or not a one-variable equation (4) has a solution. A possible
solution is reqular and can be effectively constructed.

The solutions for one-variable language equations L = L X obviously do not
need to be unique if we do not impose the condition of orthogonality. The proof
of Theorem 7 in [Anselmo and Restivo 1996] implies that if (4) has a solution,
it is unique. The proof given there uses formal power series and below we give
an elementary proof of the fact that possible solutions for one-variable equations
with orthogonal concatenation are unique, even without assuming regularity of
the languages L and L;.

Lemma 8. Let L and Ly be nonempty languages. If an equation L = L1 ®; X
has a solution for the variable X, the solution is unique.
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Proof. For the sake of contradiction assume that there exist languages Lo # Lj
such that
L=L,0) Ly =1Ly &, L. (7)

Let v9 be a word of minimal length in the symmetric difference of Lo and L.
Without loss of generality we can assume that vy € Ly — L}. Let u; be a word
of minimal length in L;. Now (7) implies that there exist u} € Ly and v} € L}
such that

uve = Uy V). (8)

If v} € Lo, then the above equation would violate the ®-orthogonality of Ly and
Lo, and we can conclude that vy € L} — Lo.

In particular, vy # vy and since ve is of minimal length in the symmetric
difference of Lo and L it follows that |v5| > |va|. Now by (8), |u}| < |u1| which
contradicts the assumption that u; is of minimal length in L;. O

It is known that any one-variable equation involving (ordinary) concatenation
L=LX 9)

has a minimal solution [Kari and Thierrin 1996]. As a consequence of Theorem 7
or Lemma 8 we observe that any solution to (4) has to be a minimal solution to
the corresponding equation L = L1 X involving ordinary concatenation.

The analogy of Lemma 8 does not hold for two-variable equations (6). For
example, by considering decompositions of individual words it is easy to see that
solutions to (6) need not be unique.

For two-variable equations involving ordinary concatenation

L=XY, (10)

where L is regular, the existence of non-trivial solutions is decidable
[Conway 1971, Kari and Thierrin 1996, Mateescu et al. 2002].

For a given regular language L it is possible that the equation (10) has a
non-trivial solution but the corresponding two-variable equation with orthogonal
concatenation (6) has only trivial solutions. As an example we can consider the
finite language {¢,a,a®} = {1,a} - {1,a} where concatenation is clearly non-
orthogonal.

While any solution to (4) has to be regular, assuming that L and L, are
regular, it is noted in [Anselmo and Restivo 1996] that a regular language can
be the orthogonal concatenation of two non-regular languages. For example,

)- (11)

Above we denote by ﬁf:oOLi the set consisting of infinite products of words

o =IZ(e +a*) O TZy(e+a*

w; € L, 1 =1,2,..., where for all but finitely many indices ¢ € IN, w; = €. This

means that the infinite product ]AYf:OOLi denotes a set of finite words.
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The unary language a* has different orthogonal decompositions into regular
components, however, in this case one of the components has to be finite.

Lemma9. Let L be a regular unary language. If (6) has a solution (Lx,Ly)
where Lx and Ly are regular, then one of the languages Lx or Ly has to be
finite.

Proof. If Lx and Ly are infinite and regular, there exist my, ms > 0 and ny,no >
1 such that a™(a™)* C Lx and a™2(a™)* C Ly. This means that the word
am™itmztminz hag two different decompositions into words of Lx and Ly, and
the languages are not ®-orthogonal. O

JFrom Theorem 7 it follows that in any solution for (6), where L is regular,
if the language for one of the variables X or Y is regular, also the language
for the other variable has to be regular. This property clearly does not hold for
solutions of equation (10) involving ordinary concatenation.

Open problem 10 (i) Is it possible, for a reqular language L, that (6) has non-
reqular solutions for X and Y but no non-trivial reqular solution?

(ii) Given a regular language L is it decidable whether or not (6) has a non-
trivial solution (respectively, a non-trivial reqular solution)?

Note that the result of Theorem 7 cannot, at least not directly, be used to
enumerate all possible regular solutions for two-variable equations (6) because
there is no known state complexity upper bound for regular solutions for X and
Y as a function of the state complexity of L.

To conclude this section we show that existence of solutions for two-variable
equations is undecidable when the constant language is context-free.

Theorem 11. Given a linear context-free language L it is undecidable whether
or not the equation (6) has a non-trivial solution.

Proof. Let Ipcp = (U1, .y Um; V1, .-, Um), Ui, v; € {a,b} T, i=1,....,m, m >
1, be an arbitrary instance of the Post correspondence problem (PCP). Without
loss of generality we assume that

uy # v1. (12)
We denote
!/
Ipop = Uty e o s Uy Ut 13 V1,5 -+« Uy Upnp1) WHETE Upyp1 = €, U1 = CC.

Now I p is a PCP instance over the alphabet {a, b, c¢}. The new elements ty,11
and v,,4+1 have been added only for technical reasons and they clearly cannot be
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used in any solution for I p (because they have different length and no other
words of Ip.p contain occurrences of ¢). Thus

the instance I p has a solution iff the instance Ipcp has a solution.  (13)
We define
N={1,...,mym+1,#,a,bc} and ¥ = QU {$}.

For notational convenience, the alphabet Y is allowed to depend on the given
PCP instance. Everything below works if we code the symbols 1,...,m+1 over a
fixed alphabet where the coding is chosen so that the first symbol of the encoding
of m 4 1 is distinct from the first symbol of the encoding of 1.

We define a linear context-free language L C X*:

Lz{ik---il#uil---uik|kZ1,1§ij§m+1,j:1,...,k}-{e,$}
U {ig - d1#tvi, -4, |k21,1§l;§m+1,]:1,,k}{$,$$}

First we establish some properties of any decomposition of L as a non-trivial
concatenation of two languages (without imposing any orthogonality condition).
Then we show that (6) has a non-trivial solution if and only if the PCP instance
I p does not have a solution.

Claim 1 If we can write
L=1L- Lo, (14)

where Ly # {e}, then Ly C {e,$,$$}.

Proof. If the claim does not hold, then (since the symbols $ occur only at the
end of words of L) the language Ly contains a word y € 2 -{¢,$,$$}. If y € L,
then there cannot exist any nonempty word w such that wy € L. In other words,
if e € Ly then Ly = {¢} which is a contradiction.

Hence we can conclude that e ¢ L; and (14) implies that there exist 21, 20 €
X* such that 1- 2, € Ly and (m + 1) - 22 € L;. However, only one of the words
1-z1-yand (m+1)-22-y can be in L because tpm+1, Um+1 end with ¢ and wuq,
v1 do not end with c.

This concludes the proof of the claim. O

Claim 2 If we can write L = Ly - Ly where Ly # {c}, then $$ & Lo.

Proof. By Claim 1, we know that Ly C $*. Since 1#u; € L, it has to be the case
that 1#u, € Ly. Now if $$ € Lo, then 1#U1$$ € Li-Ls but 1#’U,1$$ € L by the
definition of L and (12). O
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Now we continue to show that I, p has a solution if and only if the equa-
tion (6) does not have any non-trivial solution.

First assume that i1,...,4 is a solution for Iprp. Let L1 and Ls be an
arbitrary non-trivial solution for X and Y in (6). By Claim 1 and Claim 2 we
know that the only possibilities are that Ly = {$} or L = {e,$}. The first case
is impossible, since there exist words in L which do not end with $. Thus, we
must have Ly = {¢,$}.

Since w1 = ik - - - 11F#U4, - - - Uy, € L, it follows that wy € Ly. Since

i - - 11V, ~"Uik$$ €L,

it must be the case that we = ig---i1#v;, -+ v, $ € Li. (Note that the word
i - i17vi, - - v;, 38 cannot be in Ly since L1$ C L.) Now the word wy-$ = wq-€
has two different decompositions and the languages L; and Lo cannot be ®-
orthogonal.

Second, assume that I p does not have a solution. We define

le{ik--~i1#ui1~-~uik |k21,1§ij§m+1,j:1,...,k}
U{ik"'il#vil"'vik |k21,1§2]§m+1,j:1,,k}{$}

We have L = Ly -{e, $} and we verify that Ly and {e, $} are ®-orthogonal. If this
were not the case, there must exist r,s > land 1 <iq,...,%,J1,...,7s <m+1,
such that

ir...il#uil ...uir ~$:js...j1#’l}j1 ...’Ujs$.€.

The above implies that r = s, 4, -+ - 41 = - - - j1 and uy, - - - u;, = v4, - - v;,.. This
is impossible since Ipp was assumed not to have a solution.
By (13) this concludes the proof of the theorem. O

4.2 Shuffle on Trajectories Orthogonality

In this subsection we consider orthogonality modulo the shuffle on trajectories
operation. We consider the question of the decidability of the orthogonality prop-
erty for this operation.

Theorem 12. Given regular languages L1, Lo C X* and a regular set of trajec-
tories T, it is decidable whether L1 and Lo are Lup-orthogonal.

Proof. ® Let f; be the rational transduction defined by

fi={(u,v) v € u~r L;}

3 We are grateful to an anonymous referee of an earlier version of this paper who
suggested this construction.
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for i = 1,2. Here ~»r is the deletion along trajectories operation

[Domaratzki 2004, Kari and Sosik 2005]; the closure properties of ~»p easily
show that f; is a rational transduction for ¢ = 1,2. Let L = Ly w Lo. Then L,
and Ly are Lup-orthogonal if and only if f;|z is a function for ¢ = 1,2. Whether
or not each f;|r, is a function can be decided by a result of [Schiitzenberger 1976].

We note that [Iwama 1983] has proven that it is decidable whether L; and
Lo are 1u-orthogonal for regular languages Ly, Lo (i.e., the case of T = {0,1}*).

5 State Complexity

Recall that the concatenation of languages recognized by an m-state DFA A
and an n-state DFA B needs at most m - 2" — 2"~ ! states and there exist worst-
case examples where the bound can be reached [Jirdskova 2005, Maslov 1970,
Yu et al. 1994, Yu 1997]. The worst-case examples given in the above references
that reach this bound are clearly not orthogonal. State complexity of concate-
nation of prefix-free and suffix-free languages was investigated in

[Wood et al. 2009(a), Han and Salomaa 2007]. Pairs of prefix- and suffix-free
languages are necessarily orthogonal. For prefix-free languages state complex-
ity of concatenation is linear in m and n, but the situation is not symmetric for
suffix-free languages.

Here we establish a tight bound for the state complexity of orthogonal con-
catenation. First we show that the state complexity of the concatenation orthog-
onal languages recognized, respectively, by an m state DFA A and an n state
DFA B can reach m2"~! —2"~2 in cases where B has a dead state. On the other
hand, if B does not have a dead state, orthogonality places restrictions on the
DFA A that give a corresponding upper bound for the state complexity.

In the following let

A:(Q7276A7q0;FA)7 B:(P527535p0;FB) (15)

be two DFAs. First without making any assumptions on orthogonality, we recall
from [Yu 1997] the construction of a DFA

C:(R,E,’Y,T'(),FC) (16)

that recognizes L(A)L(B).

We choose R =Q x P(P)— Fa x P(P—{po}), 70 = (q0,0), Fo = {(¢,X) €

R | X N Fp # (0} and the transitions of v are defined by setting for ¢ € @,
XCP,aeX v((¢g,X),a)=(6a(g,a),Y), where

Y — {6B(X7G)U{p0} if(SA(Qaa) GFAa (17)

(X, a) if 64(q,a) € Fa.
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This construction gives the upper bound for the state complexity of con-
catenation by choosing A to have one accepting state [Yu 1997]. Also, assuming
that B has a dead state pgead, we note that in the DFA C states (¢, X) and
(¢, X — {Pdead}) are always equivalent. This gives the following upper bound.

Lemma13. Let A and B be (minimal) DFAs with m and n states, respectively,
and we assume that B has a dead state. Then the state complexity of the language
L(A)L(B) is at most

m2n~t — 2n—2, (18)

The next lemma establishes that the upper bound of Lemma 13 can be
reached by a pair of orthogonal languages.

Lemma 14. Let m,n > 3. There exist a DFA A with m states and a DFA B with
n states such that B has a dead state and the state complezity of L(A) ©1 L(B)
is m2n—t —an=2,

Proof. Let X = {a,b,c,d} and for A and B we use notations as in (15).
We choose @ ={0,1,...,m —1}, g0 =0, F4 = {m — 2}, and the transitions
of 4 are defined by setting

1. 64(0,a) =0, 04(m —2,¢) =0,

2. 64(i,0) =i+1,i=0,1,...,m— 3,

3. 0a(t,d)=1i+1,i=0,1,...,m —4, 6a(m —2,d) =0,

4. all transitions not listed in the above cases go to the dead state m — 1.

The DFA A is depicted in Figure 1.
For the DFA B we choose P = {0,1,...,n — 1}, pop = 0, Fg = {1}, and ép
is defined by setting

1. 6p(i,a)=i+1,i=1,...,n=3,6p(n —2,a) =1,

4. 0g(i,d)=1,1=0,1,...,n — 2,
5. all transitions not listed in the above cases go to the dead state n — 1.

The DFA B is depicted in Figure 2.
We show that L(A) and L(B) are concatenation orthogonal. For the sake of
contradiction, assume that there exist u; € L(A), v; € L(B), i = 1,2, where

U1V = ugve and uy <p Us. (19)
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: A@ o @Q\

Figure 1: The DFA A. The figure does not show the dead state m — 1 and the

transitions into it.
b,c d /) b.c.d
(2) 2 (3
a a

TR N
<o) |

Figure 2: The DFA B. The figure does not show the dead state n — 1.

Thus there exists w € X1 such that v; = wos.

Since vy € L(B), we can write vo = d'cz, i > 0, z € X* and the number of
symbols a in z has to be of the form j, - (n — 2), j, > 0. This follows from the
observation that in the cycle of B the transitions on symbols other than a are
self-loops and the only accepting state is 1.

Now uo = wjw and w cannot end with a symbol d since A does not accept
any words ending with d. This means that after reading w, the DFA B cannot be
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in the start state. Hence the computation of B on v; = wd’cz cannot be in state
1 after reading the prefix wd’c (since the only c-transition entering 1 is from the
start state). After reading the following j,(n — 2) a-transitions the computation
cannot end in an accepting state of B.

We have seen that (19) produces a contradiction and, consequently, L(A)
and L(B) have to be orthogonal.

Since B has a dead state, by Lemma 13, we know that the state complexity
of L(A)®, L(B) is at most m2"~* —2"~2 and hence it is sufficient to show that
this value is also a lower bound.

Let C = (R, X,~,ro, Fc) be the DFA constructed from A and B as in (16).
We denote by R; the subset of R that consists of all elements (¢, X) € R where
n—1¢ X. Since Ry has m2"~1 — 272 states, it is sufficient to show that all
states of Ry are reachable and pairwise inequivalent in the DFA C.

Claim 3 All states of Ry are reachable.
Proof. First we consider a state
(0,X), where X C {1,...,n—2}. (20)

Using induction on | X| we show that (0, X) is reachable. As the base case, (0, 0)
is the start state of C'. Consider then

X={j,...jo} 1Sh<...<jp<n-—2, r>1. (21)

By the silent inductive assumption the state ro = (0, {ja—j1+1,...,jr—j1+1}) is
reachable. We note that in the DFA B, b-transitions on the statesin {1,...,n—2}
are self-loops. Hence

Y(ro, 0™ ) = (m —2,{0,52 — j1 + 1, ..., jr — j1 +1}).

Then by applying one c-transition and shifting the second component by (j; —1)
a-transitions we get the state (0, X) where X is as in (21).
Next if Y = {0} U X where X C {1,...n — 2} we note that

7((0, X),b™2d) = (0,Y).

Finally, from a state (0,2), Z C {0,1,...,n — 2} we get any state (i,2), 1 <
i <m—3ori=m—1 using only d-transitions. Note that d4(m — 3,d) is the
dead state m — 1. Assuming that 0 € Z, we have v((0, Z),d™3b) = (m — 2, Z).
Recall that (m —2,2) ¢ R, if 0 & Z.

This concludes the proof of Claim 3. O

Claim 4 All states of Ry are pairwise inequivalent.
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Proof. Let (i1, X1) and (i2, X2) be two distinct states in R;.

First we consider the case where X; # Xo; without loss of generality let
r € X1 — Xo. If x € {1,...,n — 2} we note that v((i1, X1),a""'7%) € Fo
since the a-transitions in B take x to the accepting state 1. For the same reason
v((i2, X2),a""17%) ¢ Fc. Note that the a-transitions of A keep iz unchanged or
take it to the dead state and hence the a-transitions of C' do not create any new
elements in the second component.

If 2 = 0, then applying the letter ¢ takes (i1, X1) to a final state. However,
since only the state 0 in B has a transition labelled ¢ which enters the final state
1, (i2, X2) is not mapped to a final state by c.

Second we consider the case where X1 = X5 and 0 < i1 < i <m — 1.

(i) First consider the case where i; < m — 2. Now v((i1, X1),b™ 27%¢) = (0,Y)
where 1 € Y and hence (0,Y) € F¢. Note that m — 2 —i; > 0 and the
transitions along b™ =274 take (iz, X2) to a state (m — 1,7) where 0 & Z.
We observe that the last c-transition cannot take (m — 1, Z) to an accepting
state of C.

(ii) The only remaining case case is i1 = m — 2, io = m — 1. Now in A the
word ¢b™~2 takes the state i; (= m — 2) to the accepting state m — 2
and hence v((i1, X1),cb™ 2¢c) = (0,Y’) where 1 € Y’. On the other hand,
v((i2, X2),cb™2) = (m—1, Z') where 0 ¢ Z’ and hence y((ia, X2),cb™ 2c) &
Fe.

This concludes the proof of Claim 4 and the proof of Lemma 14. O
O

We note that the DFA B used in the proof of Lemma 14 has a dead state
and, by Lemma 13, the result is tight for this type of automata.
Next we consider the situation where B does not have a dead state.

Lemma15. Let A and B as in (15) be minimal DFAs such that L(A) and L(B)
are concatenation orthogonal. If B does not have a dead state, then no accepting
state of A can be reachable from itself along a nonempty word.

Proof. For the sake of contradiction assume that there exists ¢ € F4 where
5a(q,u) = q, da(q0,w) = g, for some w € X* and u € XT.

Since B does not have a dead state, there exist 0 < i < j such that
d5(po,u’) = dp(po,uw’) = p and 6p(p,v) € Fp for some v € ¥*. Thus, the
words w and wu’/~* are in L(A) and the words u/v and u’v are in L(B). Since
w-uwv =wu " - ulv this would imply that L(A) and L(B) are not orthogonal.

O
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Now if B does not have a dead state, and assuming that L(A) and L(B) are
orthogonal, we can define an anti-reflexive partial ordering of accepting states
of A,

<aceC F4 X Fy4 such that p; <acc po iff po is reachable from p;. (22)

Furthermore, we know that if p € F4 is maximal with respect to <, the only
state reachable from p is the dead state, using also the fact that A is minimal.
Note that these conditions do not restrict L(A) to be finite.

Under the above conditions, if we construct C' as in (16), more than m2"~1 —
27~2 states of C' can be reachable only if A has at least n accepting states. To
see this, note that if (¢, X) is a state of C, where ¢ € Q, X C P, and (g, X)
is reachable along a word w, then the computation of A on w has to enter
an accepting state at least |X| times. Since the reachability relation between
accepting states of A is an anti-reflexive partial ordering and A has a dead state,
it is easy to verify that if n > m, at least half of the states of C' constructed as
in (16) must be unreachable.

Corollary 16. If n > m > 3, the worst-case state complexity of the orthogonal
concatenation of an m-state and an n-state DFA is m2n—1 — 272,

However, assuming m > n, the above observations do not directly prevent the
state complexity of orthogonal concatenation from exceeding the bound m2" ! —
27~2 in cases where B does not have a dead state. In order to cover also these
cases we need to look more carefully at the restrictions that orthogonality places
on A in the situation where the second DFA B does not have a dead state.

In the following of this section, unless otherwise mentioned, A and B are
always minimal DFAs with notations as in (15), where A has m states and B
has n states. Furthermore, we assume that

(A1) L(A) and L(B) are orthogonal, and,
(A2) B does not have a dead state.

In particular, by Lemma 15, we know that the accepting states of A can be
ordered by a relation <, as in (22). Also, C is the DFA constructed from A
and B as in (16).

Lemmal7. Let p1,ps € P, p1 # po. If
there exists b € X such that dp(p1,b) = dp(p2,b), (23)

then for any set {p1,p2} € X C P and any q € Q, the state (g, X) cannot be
reachable in C.
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Proof. Recall that the start state of C'is (o, ) and new states can be added to
the second component according to the rule (17). Thus, if X occurs as a second
component of a reachable state there exist w1, us € X* and us € X7 such that
04(qo,u1) € Fa,0a(qo,u1uz) € Fa, dp(po,uzus) = p1 and dp(po, u3) = po. Here,
due to symmetry, we can assume that the predecessor of p; is first generated by
rule (17) after reading u1, and the predecessor of py is generated after reading
U1U.

Denote p = 0g(p1,b) = dp(p2,b) where b is as in (23). Since B does not have
a dead state, there exists w € X* such that 0g(p,w) € Fp.

With the above assumptions we note that A accepts u; and ujus. On the
other hand, B accepts ususbw and uzbw. This means that the word ujususbw
would have two different decompositions as a concatenation of words in L(A)
and L(B), respectively. O

For any distinct states p; and ps satisfying the assumptions of Lemma 17 we
know that p; and ps cannot both occur in the second component of a reachable
state of C. Also, we note that if g1 € F4 is a minimal state with respect to <acc,
the only reachable state of C' with first component ¢; is (g1, {po}), and these
observations give the following corollary.

Corollary 18. Let A and B be DFAs with m and n states, respectively, such
that L(A) and L(B) are orthogonal, and, B does not have a dead state. Then
the state complexity of L(A) ® 1 L(B) can exceed m2"~' —2"~2 only if the DFA
B is a permutation automaton.

Note that two states as given in the statement of Lemma 17 exist if and only
if B is not a permutation automaton.

For a state ¢ € Q, by the wvalid second components of ¢ we mean the sets
X C P such that (¢, X) is a reachable state in C.

Lemma 19. Assume that B is a permutation automaton. Then for every q € Q
such that an accepting state is reachable from q along a monempty word, there
exists p; € P such that p, is not in any valid second component of q.

Proof. Let g € @ be such that
6A(qa w) S FA (24)

for some w € X7T. Since B is a permutation automaton we can choose as Pg €Q
the state with the property

0B(pg, w) = po. (25)

Now assume that p, occurs in some valid second component of ¢g. Recalling

that the transitions of C' are defined by (17), this means that there exist uy, us €
X* such that 04 (qo,u1) € Fa, da(qo, uru2) = q, and dp(po, u2) = py-
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Choose v to be any nonempty word in L(B). Now using (24) and (25) we
note that A accepts the words u; and ujusw. On the other hand, B accepts
the words uswv and v. Since w # e, this produces a contradiction with the
orthogonality of L(A) and L(B). O

Combining all of the above we can prove the following upper bound.

Lemma 20. Let m,n > 4. Let A and B be DFAs with m and n states respectively
such that L(A) and L(B) are orthogonal and B does not have a dead state. Then
the state complexity of L(A) ® 1 L(B) is at most m2"~! — 2"=2,

Proof. We give an upper bound estimate for the number of reachable states in
C. By Corollary 18 we can assume that B is a permutation automaton.
Let q1, g2, 93 € F4 be such that ¢; is minimal with respect to <,.. and

q1 <acc 92 <acc G3-

Note that if <,.. does not admit a chain of length three, the valid second com-
ponents of any state ¢ € Q would have cardinality at most two, and the claim
holds trivially. Without loss of generality we can choose g2 to have distance at
most one from any minimal element of F)4 in the ordering <,.., and similarly g3
to have distance at most two from any minimal element.

Now the only valid second component of ¢; is {pg}. Since any computation
reaching ¢o can have passed at most one accepting state, the possible valid second
components of ¢o are of the form {pyp} UY where Y is a singleton or the empty
set. Also since ga <ace g3, by Lemma 19, there exists some element of P that
cannot occur in Y. This means that there exists at most (n — 1) possibilities for
the valid second component of ¢s.

By Lemma 15, we know that A has a dead state gqeaq and an upper bound
for the number of valid second components of ggeaq is 2.

If ¢ € @ — Fj4 is not the dead state, then some accepting state must be
reachable from ¢ along a nonempty word. Thus, by Lemma 19, an upper bound
for the number of valid second components of ¢ is 27 1.

If ¢ € Fsx —{q1,q2}, we know that any valid second components of ¢’ must
contain pg and an upper bound for the number of valid second components is
again 2771,

Thus, an upper bound for the number of reachable states of C' is

I+n—1+2"4(m-3)-2"" 1
When n > 4 the above value is bounded above by the value of m2"~1 — on—2. O

Now we can state the main result of this section.
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Theorem 21. For m > 3 and n > 4, the worst-case state complexity of the or-
thogonal concatenation of, respectively, an m-state and an n-state DFA language
is m2n—t —2n=2,

Proof. This follows by Lemma 13, Lemma 14, Corollary 16 and Lemma 20. O

Note that the lower bound construction of Lemma 14 assumes m,n > 3 and
the result of Theorem 21 does not cover some small values of m and n. Also, the
construction given in Lemma 14 uses an alphabet with 4 letters and the precise
state complexity remains open for alphabets of size 2 or 3.

5.1 Nondeterministic State and Transition Complexity

We briefly consider the nondeterministic state complexity of orthogonal concate-
nation. The state complexity of concatenation was studied by

[Holzer and Kutrib 2003], who showed that if Ly (resp., L2) has nondeterminis-
tic state complexity nq (resp., ne) then there is an NFA for their concatenation
with n; 4+ no states, and this bound is tight. For prefix-free languages the tight
bound is ny + ny — 1 [Wood et al. 2009(b)]. The languages used to show the
tightness of the bound in [Holzer and Kutrib 2003] are (a™*)* and (b™2)*, which
are obviously orthogonal. Thus, we get immediately the following result:

Theorem 22. The worst-case nondeterministic state complexity of the orthog-
onal concatenation of, respectively, an m-state and an n-state NFA language is
precisely m + n.

The same witness languages are also used for lower bounds on the transition
complexity of regular languages [Domaratzki and Salomaa 2007], and thus the
bounds for transition complexity are also unaffected by orthogonality.

5.2 State Complexity: Conclusions

We have investigated the state complexity of orthogonal concatenation. The
worst-case (deterministic) state complexity of orthogonal concatenation is pre-
cisely half that of ordinary catenation. However, the nondeterministic state com-
plexity and transition complexity remain unchanged.

We note that the upper bound known for state complexity of unique concate-
nation [Rampersad et al. 2009] is markedly different compared to the bound of
Theorem 21 and, in fact, larger than the worst-case bound for ordinary concate-
nation. The tight bound for the state complexity of unique square of an n-state
DFA is n - 3" — 3"~ 1[Rampersad et al. 2009]. We can intuitively explain the dif-
ference by noting that in the case of unique concatenation, it is the automata
that are responsible for excluding those words which have multiple factorizations.
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However, for orthogonal concatenation, the languages are known beforehand to
obey the appropriate uniqueness restriction. Thus, the bound is considerably
lower in the latter case.

The situation for nondeterministic state complexity is similar: for orthogonal
concatenation the nondeterministic state complexity is the sum of sizes of the
NFAs for the the component languages, while in the unique concatenation case
it is at least exponential [Rampersad et al. 2009].

The state complexity of powers of regular languages was recently investi-
gated in [Domaratzki and Okhotin 2009]. The state complexity of the orthogonal
square of a regular language is still open.
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