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Abstract

We say that a deterministic finite automaton (DFA) A is composite if there are
DFAs Ay, ..., A such that L(A) = ('_, L(A;) and the index of every A; is strictly
smaller than the index of A. Otherwise, A is prime.

We study the problem of deciding whether a given DFA is composite, the number
of DFAs required in a decomposition, decompositions that are based on abstractions,
methods to prove primality, and structural properties of DFAs that make the problem
simpler or are retained in a decomposition. We also provide an algebraic view of the
problem and demonstrate its usefulness for the special case of permutation DFAs.
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1. Introduction

Compositionality is a well motivated and studied notion in computer science [2].
By decomposing a problem into several smaller problems, it is possible not only to
increase parallelism, but also to sometimes handle inputs that are otherwise intractable.
A major challenge is to identify problems and instances that can be decomposed.

Consider for example the LTL model-checking problem [11]. Given a system S and
a specification 1, checking whether all the computations of S satisfy i) can be done in
time linear in S and exponential in . If 1) is a conjunction of smaller specifications,
say ¥ = (1 A - -+ A @y, then it is possible to check instead whether S satisfies each of
the ¢;’s.! Not all problems allow for easy decomposition. For example, if we wish to
synthesize a transducer that realizes the specification i above, it is not clear how to use
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The ability to decompose the specification causes the systems, which are much bigger than the sub-
specifications, to be the computational bottleneck in the model-checking problem. Thus, a different big
challenge is to decompose the system [12].
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the decomposition of v into its conjuncts. In particular, it is not clear how to compose
a transducer that realizes v from ¢ transducers that realize ¢1, . .., @+ [8].

In the automata-theoretic approach to formal verification, we use automata in order
to model systems and their specifications. A natural question then is whether we can
decompose a given automaton A into smaller automata Ay, .. ., A; such that L(A) =
Mi_, L(A;). Then, for example, we can reduce checking L(S) C L(A) to checking
whether L(S) C L(A;) forall 1 <i <t.

The automata used for reasoning about systems and their specifications are typi-
cally nondeterministic automata on infinite words [13]. As it turns out, however, the
question of automata decomposition is open already for the basic model of determinis-
tic automata on finite words (DFAs). Studying DFAs also suggests a very clean mathe-
matical approach, as each regular language has a canonical minimal DFA recognizing
it. Researchers have developed a helpful algebraic approach for DFAs that offers some
very interesting results on DFAs and their decomposition. To the best of our knowl-
edge, however, the basic question of decomposing a DFA into smaller DFAs is still
open. In the algebraic approach, a DFA A is matched with a monoid. > The members
of this monoid are the actions of words in >* on the states of .A. That is, each member
is associated with a word and corresponds to the states-to-states transition function in-
duced by the word. In particular, e corresponds to the identity element. The product of
two such transition functions is their composition. A DFA is called a permutation DFA
if its monoid consists of permutations. A DFA is called a reset DFA if its monoid con-
sists of constant functions and the identity function. A wreath product of a sequence
A1, As ..., A; of DFASs is a cascade in which the transition function of each DFA A;
may depend on the state of .4; as well as the states of the DFAs preceding .A; in the
sequence.

The algebraic approach is used in [7] in order to show that every DFA A can be
presented as a wreath product of reset DFAs and permutation DFAs, whose algebraic
structure is simpler than that of A. Specifically, the monoid associated with each of
the permutation DFA factors in the wreath product is a group. This group divides a
subgroup of the monoid DFA of A.

The algebraic approach is based on a syntactic congruence between words in >*:
given a regular language L C ¥*, we have that x ~, y, for words x,y € ¥, if for
every w, z € X*,itholds thatw-x -z € Liff w-y-z € L. Thus, the congruence refers
to extensions of words from both right and left. In the context of minimization, which
motivates the practical study of decomposition, one is interested in a right congruence.
There, x ~p y iff for all words z € ¥*, we have that x - z € Liffy- 2z € L. By
the Myhill-Nerode theorem [9, 10], the equivalence classes of ~, constitute the state
space of a minimal canonical DFA for L. The number of equivalence classes is referred
to as the index of L. We say that a language L C X* is composite if there are languages
Ly,...,L; such that L = 02:1 L; and the index of L;, for all 1 < 4 < ¢, is strictly

2 A semigroup is a non-empty set S coupled with an associative binary operation - : S — S. A semigroup
M is called a monoid if there exists an identity element e € M such that for every € M it holds that
z-e=e -z = Amonoid G is called a group if for every = € G there exists an element z~1 € G such

thatz -z =21 . z=e



smaller than the index of L. Otherwise, we say that L is prime>. The definitions apply
also to DFAs, referring to the languages they recognize.

For example, for ¥ with |X| > 1 and w € ¥*, let L,, = {w}. Clearly, the index
of Ly, is |w| + 2. We claim that if w contains at least two different letters, then L,, is
composite. To see this, we show we can express L,, as the intersection of two DFAs of
index at most |w|+ 1. Let o be some letter in w, and let m be its number of occurrences
in w. By the condition on w, we have that 1 < m < |w|. Itis easy to see that L,, is the
intersection of the language w*, whose index is |w| + 1, and the language of all words
in which o appears exactly m times, whose index is m + 2 < |w| + 1. On the other
hand, if w consists of a single letter, then L,, is prime. One of our goals in this work is
to develop techniques for deciding primality.

The decomposition of L,, described above is of width 2; that is, it has two fac-
tors. The case of decompositions of width 2 was studied in [3], where the question of
whether one may need wider decompositions was left open. We answer the question
positively; that is, we present a language that does not have a decomposition of width 2
but has one of width 3. We conjecture that there exist composite languages of arbitrar-
ily large width. For compositions of width 2, the question of deciding whether a given
DFA is composite is clearly in NP, as one can guess the two factors. In the general case,
the only bound we have on the width is exponential, which follows from the bound on
the size of the underlying DFAs. This bound suggests an EXPSPACE algorithm for
deciding whether a given DFA is composite.

Consider a DFA 4. We define the roof of A as the intersection of all languages
L(B), where B is a DFA such that L(A) C L(B) and the index of B is smaller than
that of A. Thus, the roof of A is the minimal (with respect to containment) language
that can be defined as an intersection of DFAs whose language contain the language
of A and whose index is smaller than the index of A. Accordingly, A is composite
iff L(A) = roof (A). We use roofs in order to study primality further. In particular,
if A is prime then there exists a word w € roof (A) \ L(A). The word w is called a
primality witness for A. Indeed, A is prime iff it has a primality witness.

Let us go back to the language L,, from the example above. We wish to prove that
when w = ¢" for some letter o, then L,, is prime. Let [ > n be a natural number such
that for every p < n+1itholds that n =1 mod p. The existence of [ is guaranteed by
the Chinese remainder theorem. In Section 2, we prove that o' is a primality witness
for L,, and conclude that L,, is prime. We use the notion of a primality witness to
prove the primality of additional, more involved, families of languages.

We then turn to study structural properties of composite and prime DFAs. Each
DFA A induces a directed graph G 4. We study the relation between the structure of
G 4 and the primality of .A. We identify cases where primality (with a short primality
witness) is guaranteed. An example to such a case are co-safety languages, whose DFA
contains one rejecting strongly connected component from which an accepting sink is
reachable, We also study structural properties that can be retained in a decomposition
and prove, for example, that a composite strongly connected DFA can be decomposed

3We note that a different notion of primality, relative to the concatanation operator rather than to inter-
section, has been studied in [4].



into strongly connected DFAs.

Recall that a decomposition of a DFA A consists of DFAs that contain the language
of A and are still of a smaller index. A simple way to get a DFA with the above
properties is by merging states of A. A simple decomposition of A is a decomposition
in which each of the underlying DFAs is a result of merging states of A. Simple
decompositions have also been studied in [5] in the context of sequential machines.
It follows from [3] that some DFAs have a decomposition of width 2 yet do not have
a simple decomposition. We characterize simple decompositions and show that the
problem of deciding whether a given DFA has a simple decomposition is in PTIME.

Finally, we develop an algebraic view of DFA decomposition and primality. As
[7], our approach is based on the transition monoid of .A. First, we show that once
we fix the set of accepting states, the question of primality of a DFA A depends only
on A’s transition monoid, rather than its transition function or alphabet. We then fo-
cus on permutation DFAs. Given a permutation DFA A we construct a new DFA,
termed the monoid DFA, such that compositionally of A can be reduced to simple-
compositionality of its monoid DFA. Driven by observations about monoid DFAs, we
show a PSPACE algorithm for deciding the primality of .A. We also show that compos-
ite permutation DFAs can be decomposed into permutation DFAs.

2. Preliminaries

A deterministic finite automaton (DFA) is a 5-tuple A = (Q, 3, qo, J, F'), where Q
is a finite set of states, X is a finite non-empty alphabet, § : @ X ¥ — @ is a transition
function, go € @ is an initial state, and F' C () is a set of accepting states. For ¢ € @,
we use A7 to denote the DFA A with ¢ as the initial state. Thatis, A7 = (Q, 3, q, 6, F').
We extend § to words in the expected way, thus § : @ x X* — (@ is defined recursively
by 0(q, €) = g and §(q, wrws - - - wy) = 6(0(q, wiws -+ - Wp_1), Wp).

The run of A on a word w = ws ...w, is the sequence of states sg, s1 ... Sy
such that sp = go and for each 1 < ¢ < n it holds that §(s;—1,w;) = s;. Note that
$n = 6(qo,w). The DFA A accepts w iff 6(qo, w) € F. Otherwise, A rejects w.
The set of words accepted by A is denoted L(.A) and is called the language of A. We
say that A recognizes L(A). A language recognized by some DFA is called a regular
language.

A DFA A is minimal if every DFA B that has less states than A satisfies L(B) #
L(A). Every regular language L has a single (up to DFA isomorphism) minimal DFA
A such that L(A) = L. The index of L, denoted ind (L), is the size of the minimal
DFA recognizing L.

Consider a language L C ¥*. The Myhill-Nerode relation relative to L, denoted
~1,1s a binary relation on >* defined as follows: For x,y € ¥*, we say that x ~, y if
forevery z € X* itholds that x - z € X" iff y - z € ¥*. Note that ~, is an equivalence
relation. It is known that L is regular iff ~, has a finite number of equivalence classes.
The number of these equivalence classes is equal to ind(L).

Definition 2.1. [DFA decomposition] Consider a DFA A. For k € N, we say that A4 is
k-decomposable if there exist DFAs A1, ..., A; such that for all 1 < ¢ < ¢ it holds that



ind(A;) < kand (._, L(A;) = L(A). The DFAs are then a k-decomposition of A.
The depth of A, denoted depth(.A), is the minimal k such that A is k-decomposable.

Obviously, every DFA A is ind(.A)-decomposable. The question is whether a de-
composition of A can involve DFAs of a strictly smaller index. Formally, we have the
following.

Definition 2.2. [Composite and Prime DFAs] A DFA A is composite if depth(A) <
ind(A). Otherwise, A is prime.

We identify a regular language with its minimal DFA. Thus, we talk also about a
regular language being k-decomposable or composite, referring to its minimal DFA.
Similarly, for a DFA A, we refer to ind(L(.A)) as ind(A).

Example 2.1. Let ¥ = {a} and let L, = (a*)*. We show that if k is not a prime
power, then Ly, is composite. Clearly, ind(Ly) = k. If k is not a prime power, then
there exist 2 < p, ¢ < k such that p and ¢ are coprime and p - ¢ = k. It then holds that
Ly = L, N L,. Since ind(L,) < k and ind(L,) < k, it follows that L, is composite.

In Example 3.1, we will show that the above condition is necessary and sufficient,
thus, Ly is prime iff k is a prime power.

Let A be a DFA. We define:
a(A) = {B : Bis aminimal DFA such that L(A) C L(B) and ind(B) < ind(A)}.

That is, «(\A) is the set of DFAs that contain .4 and have an index smaller than the
index of A. As with other notations, we also refer to «(L), for a regular language L,
and we identify (L) with «(A), for the minimal DFA A for L. The roof of A is the
intersection of the languages of all DFAs in a(A). Thus, roof (A) = (\gea(a) L(B)-
Clearly, L(A) C roof (A). Also, if A is composite, then «(L) is an (ind(A) — 1)-
decomposition of 4. We thus have the following.

Theorem 2.2. A DFA A is prime iff L(A) # roof (A), unless L(A) = ¥*.

The PRIME-DFA problem is to decide, given a DFA A, whether A is prime. A
more general problem is, given a DFA A, to compute depth(.A).

We now prove an upper bound on the complexity of PRIME-DFA. We first need
the following lemma.

Lemma 2.3. Let A be a DFA and let n = ind(A). Then, |a(A)| = 200 Zlosn) qpq
ind(roof (A)) < 227 =

PROOF. Note that a DFA of size smaller than n has an equivalent DFA of size n. Thus,
|a(A)| is at most the number of DFAs of index n. A DFA with a state space () and
alphabet X can be characterized by a function f : @ X ¥ — @ describing the transition
function, a starting state and an accepting state set. Therefore | (L)| < n™!*l.n-2" =
20(n-\2|~log n)

A DFA for roof (A) can be built using the product DFA construction. As each DFA
in (L) is of size less than n, the size of A’ is at most nl(L)l = 920 =" “ppg
bound is doubly-exponential in n. Since ind(roof (A)) is at most the size of A’, we
are done.



Combining Theorem 2.2 and Lemma 2.3, we have the following.
Theorem 2.4. The PRIME-DFA problem is in EXPSPACE.

PRrROOF. We present a NEXPSPACE algorithm that decides the complementary lan-
guage. Given a DFA A, our algorithm computes a DFA A’ such that L(A") = roof (A)
using the product DFA construction. The algorithm now checks whether L(A’) C
L(A) and accepts or rejects accordingly. Note that L(A") C L(.A) iff A is prime.

Let n = ind(A). From the proof of Lemma 2.3, we have that the size of A’
is at most = 2277 The question of whether L(A’) C L(A) can be non-
deterministically decided in space logarithmic in the number of states in A and A’.
The relevant parts of the transition function of A’ can be computed on-the-fly so that
A’ needs not be explicitly computed. Therefore, our algorithm indeed decides the
problem in NEXPSPACE.

The lower bound we are able to show for the PRIME-DFA problem is much lower:
Theorem 2.5. The PRIME-DFA problem is NLOGSPACE-hard.

PROOF. We show a reduction from the problem of deciding the emptiness of a given
DFA, known to be NLOGSPACE-hard [6].

Let C be a minimal composite DFA with a decomposition L(C) = (,_, C;, where
ind(C;) < ind(C). For simplicity, we assume that C does not have a rejecting sink
state. The DFA from Example 3.1 can serve as our C.

Given a DFA A, we construct a DFA B such that L(.A) is empty iff /3 is prime. Let
3 be the alphabet of A and let # be a letter not in . The DFA B then accepts the
L(A)-# - L(C). Itis not hard to see that 3 can be generated in logarithmic space — we
only have to add # transitions from .A’s accepting states to C’s initial state.

We prove that indeed L(.A) is empty iff B is prime. Assume first that L(A) = 0.
Then, L(B) = L(A) - # - L(C) = 0, which is indeed a prime language.

For the other direction, assume that L(.A) # (). We claim that then, L(B) is com-
posite, with the decomposition (;_, L(A) - # - L(C;). Clearly, L(A) - # - L(C) =
ﬂle L(A) - # - L(C;), thus it is left to prove that for every 1 < i < ¢, it holds that
ind(L(A) - # - L(C;)) < ind(L(A) - # - L(C)). To show this, we distinguish between
two cases. If L(.A) = ¥*, then

ind(L(A) - # - L(C)) = ind(C;) + 1 < ind(C) + 1 = ind(L(A) - # - L(C)),
satisfying the inequality. If L(A) # X*, then
ind(L(A)-#-L(C;)) = ind(A)+ind(C;)+1 < ind(A)+ind(C)+1 = ind(L(A)-#-L(C)),

again satisfying the inequality. Hence, L(B) = L(A) - # - L(C) is composite, and we
are done

We note the big gap between the upper bound given in Theorem 2.4 and the lower
bound given in Theorem 2.5. Tightening these bounds is currently an open problem.



3. Primality Witnesses

Recall that a minimal DFA A is prime iff roof (A) ¢ L(A). We define a primality
witness for A as a word in roof (A) \ L(A). Clearly, a DFA A is prime iff A has a
primality witness.

Let A be a DFA. By the above, we can prove that A is prime by pointing to a
primality witness for A.

The following example utilizes this approach to introduce a family of prime lan-
guages. It complements Example 2.1.

Example 3.1. Let ¥ = {a} and let L;, = (a*)*. We show that if k is a prime power,
then Ly is prime. Let p,r € N U {0} be such that p is a prime and k = p". Let
wi, = a®+VP"" Note that wy, ¢ Lj. We claim that wy, is a primality witness for Ly,
and conclude that Ly, is prime.

Clearly, ind(Lj) = k. Consider a language L' € «(L). We show that wy, € L'.
Assume by contradiction that wy ¢ L’. Let A’ be a DFA for L'. Since ind(L') <
ind(Lg) = k and |wy| > k, the rejecting run of A’ on wy, must traverse at least one
cycle. Let t be the length of such a cycle, and note that 0 < ¢t < k. Note that for all
i > 0, we have that ¢+ @+ ™" is not accepted by A’, and hence, gttt ¢
L’. On the other hand, since ¢ # 0 mod k, there exists z > 0 such that it = —p"_1
mod k. For this value of 4, we have a®*®+DP"™" ¢ [\ I/, and thus, L ¢ L', in
contradiction to the assumption that L’ € a(L). Therefore, wy, € L and we are done.

As another example, consider the language L,, = {w}. In Section 1 we argued
that L., is prime iff w is over a single letter. We now provide the complete proof.

Example 3.2. For w € ¥*, let L,, = {w}. Assume first that w is not of the form ™.
Set w = wy ... w,. Note that ind(L) = n + 2. Let 0 = w; and let m be the number
of times that o appears in w. Since w # ¢, we have that m < n. Now, set L; = w*
and Lo = {z € ¥* : The letter o appears in z exactly m times}.

Note that ind(L;) = n + 1 and that ind(Ls) = m + 2 < n + 2. Therefore
L = L; N Ly is a decomposition of L.

For the other direction, assume that w = o™ for some 0 € ¥ and n € NU {0}.
We claim that L,, is prime. Let ! > n + 1 be a natural number such that for every
p <n+ 1litholds that » =1 mod p. The existence of [ is guaranteed by the Chinese
remainder theorem. Now, let z = ¢!. We claim that z is a primality witness for L.
Note that ind(L,,) = n + 2. Let K € a(L). Note that w € K and ind(K) < n + 1.
By pumping, there exists 1 < p < n + 1 such that 0" " € K for every i € NU {0}.
Since n =1 mod p, there exists an ¢ such that [ = n + ¢p. Therefore, z € K, proving
that z is indeed a primality witness for L and therefore, that L is prime.

We continue to study primality witnesses and focus on their lengths. For a DFA A,
we define min_witness(.A) as follows.

min_witness(A) = min{|w| : w is a primality witness for A}.

Likewise, for a language L with minimal DFA A, we define min_witness(L) =
min_witness(A).



Proposition 3.3. A prime DFA has a primality witness of length doubly exponential.

PROOF. Letn = ind(.A) and let A’ be the minimal DFA of roof (A). From Lemma 2.3,

we have that ind(A’) < 920 lzltos ) Using the product construction, we define a
DFA A” such that L(A") = roof (A) \ L. The DFA A" is a product of A and A’
and therefore, ind(A") < ind(A) - ind(A’). Note that L(.A”") contains exactly all the
primality witnesses for A.

Since A is prime, the language of A" is not empty. Let w € 3* be the shortest word
in L(A"). The word w is the shortest primality witness for 4. Since w is the shortest
word in L(A"), the run of A” on w is simple (that is, has no cycles). Therefore,

jw| < ind(A”) < ind(A) - ind(A”) < n- 227" 7
which is doubly exponential in ind(.A), and we are done.

Proposition 3.3 implies a naive algorithm for PRIME-DFA: Given an input DFA A,
the algorithm proceeds by going over all words w € £ of length at most 22”""**™
and checking, for each B € «(A), whether w € L(B). While the algorithm is
naive, it suggests that if we strengthen Proposition 3.3 to give a polynomial bound on
min_witness(A), we would have a PSPACE algorithm for PRIME-DFA. The question
of whether such a polynomial bound exists is currently open.

The following examples introduce more involved families of prime languages.

Example 3.4. Forn € N, let K,, = {ww : w € ¥} and L,, = comp(K}}); that is,
L, = ¥*\ K. Let w, be a concatenation of all words of the form ss for s € X" in
some arbitrary order. Note that w,, ¢ L,,. We prove that w,, is a primality witness for
L,,, and conclude that L,, is prime. Furthermore, min_witness(L,,) is polynomial in
ind(L).

We first describe the Myhill-Nerode equivalence classes of L,,. These consist of
the following types of classes.

1. Classes of the form K - {z} for every x € ¥* such that 0 < || < n. There are
2™ — 1 such classes.

2. Classes of the form K -{z-y-z : x € ¥* and || = n—k} forevery 0 < k <n
and y € X*. There are 2"+ — 2 such classes.

3. The single accepting sink class {x € ¥* : forevery y € X* it holds that = - y ¢
K,}.

Overall, we have ind(L,) =3-2" — 2. Let A, = (@, %, qo, 9, F') be the minimal
DFA for L,,. Consider a language L’ C ¥* with ind(L’) < ind(L,,) such that w,, ¢
L'. To prove that w, is a primality witness for L,,, we need to show that L,, ¢ L'.
Let A = (Q', X, q}, 0, F') be the minimal DFA for L'. It is not hard to see that for
every ¢ € () other than the accepting sink, there exists a prefix x of w,, such that
0(qo,x) = q. Since ind(L') < ind(L,), there exist two prefixes x, y of w,, such that
0(qo, z) # d(qo,y) but & (g}, z) = (g}, y). Assume without loss of generality that
x is shorter than y and let z be such that w,, = yz. It then holds that 6’(g}, xz) =
0’ (¢, wn) ¢ F’ and therefore zz ¢ L’. We claim that xz € L,, implying that
L, g L'. In order to verify that zz € L,,, we need to distinguish between 3 cases:



1. The case |x| # |y| mod 2n. Then, |zz| #Z 0 mod 2n, and therefore xz € L,,.

2. The case = y mod 2n and  mod 2n < n. Then,z € K -wandy € K} -w'
for some 0 < k < n and w,w’ € XF such that w # w’. Assume that z =
21+ Zm With z; € X. Then it holds that z,, g1 - -2, = w’ # w. Therefore,
zz € Ly,.

3. The case * = y mod 2n and x mod 2n > n. Then, there exist 0 < k < n,
w=wi- - w, € X*mandw’ = wj ... w) suchthatx € K -w-w; ... wy and
y € K -w'-wj - wj, and such that wy_ | - - - w;, # Wgy1 -+ - Wy Assume that
z = 21+ 2y With 2; € X. Then, it holds that 2y -+~ 2z, x = wy_ ;- w;,
W41 * - - Wy. Therefore, zz € L,.

We have shown that L,, ¢ L', implying that w,, is indeed a primality witness for L,,.
Note that |w,,| = 2"*1-n = O(ind(L,,)-log(ind(L,,))), proving that L,, has primality
witnesses of length polynomial in ind(L,,).

Example 3.5. Consider words s = s1 - -+ 8,, and w = ws - - - wy, both over the same
alphabet 3. If there exists an increasing sequence of indices 1 <11 < io < - <1z < m
such that for each 1 < j < t it holds that w; = s;,, we say that w is a subsequence of
s. If w is a subsequence of s and w # s, then we say that w is a proper subsequence
of s.

Let w € X*. Consider the language L, = {s € ¥* : w is a subsequence of s}.
We claim that L., is prime, and furthermore, that min_witness(L,,) < 2 - ind(Ly,).

If w = e then L,, = ¥* and the claim is trivial. Thus, we may assume w # e.

Let n = |w| and w = w; - - - wy,. Note that ind(L,,) = n + 1. The Myhill-Nerode
equivalence classes defined by the language L., are as follows:

e Forevery 0 < k < n, the set {s € ¥* : wy -+ wy, is a subsequence of s but
wy - - - W41 18 not a subsequence of s} is an equivalence class. There are n such
sets.

e The set L,, itself is an equivalence class.
We first prove the following claim.

Claim 3.6. Let w = wy...w, € X* withn > 0. There exists a word s € ¥* such
that the following hold:

1. w is not a subsequence of s.
2. For every word ¢ € X¥* such that |c| < n and c is a subsequence of w, it holds
that c is a subsequence of s.

Furthermore, there exists such a word s for which |s| < 2|w|.

PROOF. Foreach 1 <i <n — 1, we define x; and y; as follows:

® Tj = Wi41-

_Je ifw=wiy,
® Y= .
(o 1fwi 7é Wi41-



Define s =1 -y1 -T2 - Y2+ Tp—1 - Yn—1. We show that s satisfies the requirements
in the lemma. We claim that for every ¢, the longest prefix of w that is a subsequence
ofx1-y1 -2 -yo2---x;-y;is the word wy - - - w;. This claim can be easily verified by
an induction on 7. Symmetrically, we claim that for every 7, the longest suffix of w that
is a subsequence of x;.y; . .. Lp—1.Yn—1 1S Wiyt1 - .. Wy. This claim can be verified by
an induction on n — <.

From the first claim, the longest prefix of w that is a subsequence of siswy ... Wy _1.
Therefore, w is not a subsequence of s, implying that s satisfies the first requirement.

Let ¢ € X! be such that c is a subsequence of w. To show that s satisfies the
second requirement, it is enough to show that c is a subsequence of s. Assume that c is
of the form ¢ = wy - - - w;—1 - w;41 - - - wy, for some ¢. From the above claims about s,
we know that wy ... w;_; is a subsequence of z1y; ...x;—1y;—1 and that w;y; ... w,
is a subsequence of x; - y; - - - ,, - Y. Therefore, c is a subsequence of s.

We have shown that s satisfies both requirements. Finally, clearly, |s| < 2n.

We now continue to complete the claim on the primality of L,,. Let w = w; ... w, €
>* and let s be the string guaranteed by Claim 3.6. We claim that s is a primality
witness for L,,.

Let L € a(L,) and let A = (Q, X, qo, 0, F') be a minimal DFA for L. Let ¢ € ¥*
be a proper subsequence of w. Note that s € L.. Therefore, to show that s is a primality
witness for L,,, it is enough to show that there exists a proper subsequence c of w such
that L. C L.

Foreach 0 < i < m,let Q; = {qg € Q : L(AY) C Ly, ,...w,}- Note that
L, = ¥* - L. Hence, every reachable state in A is in ()y. Since A is minimal, all
states are reachable and so () = (). Note that for every 1 < ¢ < n, and for every word
« that contains the letter w;, it holds that 6(Q,;—1,z) C Q.

Now, forevery 0 < i <nlet R; = Q; \ Q;+1 and R, = Q. Thesets Ry ... R,
are a partition of @) into n + 1 disjoint sets. Since A has at most n states, one of these
sets must be empty. It is impossible to have R, = Q,, = 0 since d(qo,w) € R,.
Therefore, there exists 0 < ¢ < n such that R; = (). Setc = wy ... w;w;y2... Wy,
We now claim that L. C L. Let x € L.. We can write x as a concatenation of words
T =1 T T Tiyo - Ty such that for each j # ¢ + 1, the word x; contains the
letter w;. Set ¢ = &(qo,x1 - x2--- ;). It holds that ¢ € Q;, but since R; = 0, this
implies ¢ € Q;41. Therefore, L(AY) C Ly, 5..,» 50 Zit2 ... Ty € L(A?). Hence,
x € L(A) = L as required. We have shown that L C L., which proves that s is
indeed a witness for the primality of L,,. Furthermore note that s is of length at most
2n+1 < 2-ind(Ly,).

4. The Width of a Decomposition

Languages that can be decomposed into two factors have been studied in [3], where
the question of whether one may need more than two factors was left open. In this
section we answer the question positively. Formally, we have the following. Let A be a
DFA. If there exist DFAs Ay, As ... A, € a(A) such that A = (-, L(A;), we say
that A is m-factors composite. Assume that A is composite. Then, width(L) is defined
as the minimal m such that A is m-factors composite. Clearly, for every composite A,
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it holds that width(A) > 2. The question left open in [3] is whether there exists a
composite A such that width(L) > 2. Such a language is presented in the following
example.

Example 4.1. Let ¥ = {a,b,c} and let L = {w € ¥* : w is a prefix of a word
in ¢*.(at.b".cT)*}. We show that the language L is composite with width(L) = 3.
Consider A4, the minimal DFA for L, described in Figure 1. A decomposition of A is
given by the DFAs described in Figure 2. Note that all three factors are of index 3,
while A is of index 4. Missing edges lead to a rejecting sink, hence the additional state
in the index.

Figure 1: The DFA A is of width 3.

a b
be(C@__@De @@

b

«b (@ @D-e

Figure 2: A decomposition for .A.

It can be verified by a case-by-case analysis that L is not 2-factor composite.

Example 4.1 motivates us to conjecture that the width of composite languages is
unbounded. That is, that width induces a strong hierarchy on the set of composite
languages.

On the other hand, given a composite L C ¥*, we wish to provide an upper bound
on width(L). We conjecture that there exists a polynomial f such that width(L) <
f(ind(L)) for some polynomial f. If this is true, the algorithm given in the proof
of Theorem 2.4 can be improved to a PSPACE algorithm by going over all subsets
of D C «(A) such that |D| < f(ind(A)), and checking for each such D whether

MNsep L(B) = L(A).
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5. Structural Properties

Consider a minimal DFA A and a DFA B € a(A). Recall that L(A) C L(B) and
ind(B) < ind(A). Thus, intuitively, in B, fewer states have to accept more words.
In this section we examine whether this requirement on 53 can be of help in reasoning
about possible decompositions.

The DFA A = (Q, %, qo, d, F') induces a directed graph G4 = (Q, E), where
E ={(q,q) : 3o € ¥ suchthat 6(¢q,0) = ¢'}. The strongly connected components
(SCCs) of G 4 are called the SCCs of A. We refer to the directed acyclic graph (DAG)
induced by the SCCs of G4 as the SCC DAG of A. A leaf in G 4 is a SCC that is a
sink in this DAG. A DFA A is said to be strongly connected if it consists of a single
SCC.

Let A= (Q,X, qo,0,F) and B = (S, 3, s0,7,G) be DFAs. Letg € Q and s € S.
If there exists a word w € ¥* such that §(go, w) = ¢ and 7(sp, w) = s, then we say
that q touches s, denoted ¢ ~ s. Obviously, this is a symmetric relation.

Lemma 5.1. Let A and B be DFAs such that L(A) C L(B) and let q and s be states
of A and B, respectively, such that q ~ s. Then, L(A?) C L(B®).

PROOF. Let A = (Q, X, qo,0, F) and B = (S, %, 59,71, G) be DFAs. Let w € ¥* be
such that 6(qp, w) = ¢ and n(sg, w) = s. Let x € L(A%). Since w -2 € L(A) and
L(A) C L(B), we have that w - © € L(B), and thus, € L(B*). Hence, L(A?) C
L(B9).

For each s € S, consider the subset of () consisting of the states that touch s. Recall
that |S| < |Q|. Intuitively, if one attempts to design B so that L(B) over-approximates
L(.A) as tightly as possible, one would try to avoid, as much as possible, having states
in S that touch more than one state in (). However, by the pigeonhole principle, there
must be a state s € S that touches more than one state in (). The following lemma
provides a stronger statement: There must exist a non-empty set Q° C @ relative to
which the DFA B is “confused” when attempting to imitate .A.

Lemma 5.2. Let A= (Q, X, qo, 6, F)and B = (S, %, so,n, G) be minimal DFAs such
that B € «(A). Then, there exists a non empty set Q' C Q such that for every q1 € Q'
and s € S with q1 ~ s, there exists g2 € Q' such that q1 # q2 and g ~ s.

PROOF. Since A and 5 are minimal, all states in () and S are reachable. Therefore, ev-
ery state in () touches some state in S. We now construct two sequences (g, @1, Q2 . . .
and Sy, S1, S5 . .. as follows.

First, Qo = @Q and Sy = S. Now, if there exist ¢ € @); and s € S;, fori > 0,
such that s touches g and s touches no other state in Q;, we set Q;+1 = Q; \ {¢} and
Sit1 = Si \ {s}. We repeat this step until no such ¢ and s exist. If no such ¢ and s
exist, we are done.

This process eventually terminates, since the sequence |@;| is decreasing. Assume
that the process terminates after m iterations. Set Q' = Q.,,. We claim that Q' satisfies
the lemma’s conditions. First, note that since |S| < |Q)|, then for every ¢ >= 0 it holds
that | S;| < |Q;| and therefore Q" # 0.
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Now, let g1 € @ and let s € S such that s touches ¢;. If there exists 7 such that
s € S; \ Sit1, then there exists ¢ € @; \ Qi1 such that s touches ¢ but doesn’t
touch any other member of );. However, ¢; € @); is also touched by s, leading to
contradiction. Therefore, s € .S,,, and since the process halts after m iterations, there
must exist gz € Q' such that s touches ¢o. This proves that Q’ satisfies the lemma’s
conditions.

We are going to use Lemma 5.2 in our study of primality of classes of DFAs. We
start with safe and co-safe DFAs.

A language L C ¥* is a safety language if for every w ¢ L there exists a prefix x
of wsuchthatz -y ¢ L forall y € ¥*. A language L C ¥* is a co-safety language if
comp(L) is a safety language. That is, L is co-safety if for every w € 3* there exists
a prefix x of w such that x - y € L for all y € X*. The word « is called a good prefix
of L [1].

Let A = (Q, X, qo, 6, F') be a minimal DFA such that L(A) # 2*. It is easy to see
that L(.A) is co-safety iff A has a single accepting state s, which is an accepting sink.
Obviously, the singleton {s} is a SCC of A. If @ \ {s} is a SCC, we say that A is a
simple co-safety DFA. For example, it is not hard to see that for all w € ¥*, if |X] > 2,
then the language L., of all words that have w as a subword is such that the minimal
DFA for L,, is a simple co-safety DFA.

Example 5.3. Fix ¥ such that |X| > 3. Forw € ¥*,let L, = {v € ¥* : wisa
substring of v}. It is easy to verify that for all w € ¥*, the minimal DFA for L,, is a
simple co-safety DFA.

We prove that simple co-safe DFAs are prime, and they have short primality wit-
nesses. We first need the following lemma.

Lemma 5.4. Let A be a simple co-safe DFA of index k. For every word x € ¥* such
that © ¢ L(A) and DFA B € a(A), there exists a word yg € X* such that |yg| <
k2+k, z-yg ¢ L(A), and x-ys-X* C L(B). Furthermore, given x € X%, it is possible
to choose the words yg for x and for each B € a(A) so that |{ys : B € a(A)}| < k%

PROOF. Let A = (Q, X, qo, 9, F'). Denote the two SCCs of A by Cy and Cs, where
(Y, is the singleton accepting sink. Assume that B = (S, X, s0,7, G). Let w € L(A).
Note that for every y € 3* it holds that w - y € L(A). Since L(A) C L(B), it also
holds that w - y € L(B). Therefore, the state 1(so, w) is an accepting sink of B. Since
B is minimal, it only has a single accepting sink. Let 5 € S be this accepting sink.

Let Q' C @ be the set of states of A guaranteed by Lemma 5.2, with respect to .
Note that |Q’| > 2. Let ¢’ € @’ be such that the set L(.A?') is minimal relative to the
containment partial order. For every ¢’ # ¢’ € Q' it holds that L(A?") ¢ L(A?).
Obviously, ¢’ € C;.

Given z, let ¢ = 0(qo, ). Since x ¢ L(A), we have ¢ € Cy. Since ¢ € C1,
there exists a word w € X* such that §(¢,w) = ¢ and |w| < k-2 = |C1] — 1.
Let s = n(sg,z - w). Note that s ~ ¢’, and therefore, there exists a state ¢” € Q'
such that ¢ # ¢/ and s ~ ¢”. Furthermore, there exists z € L(A?") \ L(A?). Let
yg = wz and we have 6(qo,z - yg) = 0(qo, - w - 2) = d(q,w - 2) = d(¢’,2) ¢ F.
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Therefore, x - yg ¢ L(A). Let 2/ € ¥* be a word such that 6(go,2’) = ¢” and
n(so,z’) = s. Note that §(qo, 2’ - z) = §(¢",z) € F. Therefore, 2’ - z € L(A). Tt
follows that n(sg,x - y) = n(se,z - w - z) = n(s,z) = n(s,2’ - z) = 3. Therefore,
x - yp - L* C L(B) as required.

We now show that there exists z € L(AY") \ L(A?) such that |z| < k2, and
conclude that |ys| = |w| + |z2| < k? + k. Let z be a string of minimal length in
L(AY")\ L(AY). Letz = 2 - - - z. Assume by way of contradiction that ¢ > k2. For
each 0 <4 < ¢, define a; = 0(¢’,21---2;) and b; = §(¢", 21 ...z2;). For every i, we
have that (a;,b;) € Q% and |Q?| = k?. Since t > k?, there exist 0 < i < j < ¢
such that (a;, b;) = (aj, b;), but then we have z; - - - z; - 2j 11 - - - 2 € L(A®) \ L(A%),
contradicting the minimality of |z|. Therefore, |2| < k% and |ys| < k2 + k.

Note that yz is only dependent on ¢’ and ¢”. Therefore, by making y5 a function
of ¢’ and ¢”, we have |{ys : A’ € a(A)}| < |Q x Q| = k2.

Theorem 5.5. Every simple co-safe DFA is prime with a primality witness of polyno-
mial length.

PROOF. Given a simple co-safe DFA A, we define the primality witness for L(.A) as
w =Y Y1--- Y, Where yo, y1, ...,y is the finite sequence of words over X* defined
by the following algorithm:

1. Let Dy = a(A).

2. Letyg =e.

3. To define y; 11, setx = yo - y1 - - - y;. Let B € D;. By Lemma 5.4, there exists a
word yp € X* such thatx-yp ¢ L(A) and z-yg-X* C L(B). Furthermore, it is
possible to choose the words 3 such that [{ys : B € a(A)}| < k2. Therefore,
there exists a subset D C D; such that |D}| > |€i| and y is identical for every
B € Dj. Let y; 41 be this yg, and let D,y = D; \ D..

4. Repeat Step 3, increasing i, until D; = (.

We claim that w is a primality witness for L(.A). Let B € «(L). There exists 0 < i <t
such that B € Dj. Note that y; 1 = yp. Therefore, yo - y1 - - - yi+1 - X* C L(B). Since
WE Yo Y1 Yit1 - 5, we have w € L(B). On the other hand, w ¢ L(.A), making it
a primality witness.

. ; 27
Now, note that for every ¢ it holds that [Diga]| ~ k21

D S TR . Therefore,
k2

K O(k-log k-|%|)
()" < la(A)] < 200toski=D,

Hence, ¢ is bounded by a polynomial in k. Now, note that for every ¢ it holds that

lyi| < k? + k. Therefore, |w| < t - (k? + k) is also bounded by a polynomial in k.

The requirement on A being simple is essential. For example, consider the DFA A
appearing in Figure 3. While A is co-safe, it is not simple: It has two SCCs C and
Cs5 such that no path exists either from C; to C5 or from Cs to Cy. In such a case, A
can be decomposed into DFAs A4; and Ay as in the example in Figure 3. On the other
hand, consider a non simple co-safety DFA in which the SCCs are linearly ordered by
a path that traverses all of them. In this case, the question of primality remains open.

14



Figure 3: The DFA A can be decomposed into A1 and As.

Our main result about the structural properties of composite DFAs shows that
strong connectivity can be carried over to the DFAs in the decomposition. Intuitively,
let A; be a member of a decomposition of .4, and let B; be a DFA induced by a leaf of
the SCC graph of A;. We can replace A; by B; and still get a valid decomposition of
A. Formally, we have the following.

Theorem 5.6. Let A be a strongly connected composite DFA. Then, A can be decom-
posed using only strongly connected DFAs as factors.

PROOF. Let A = (Q, X, qo,0, F). Since A is composite, there exist A; ... A, €
a(A) such that L(A) = -, L(A;). Let A; = (Qi, 2, ¢, 0;, F;). We recursively de-
fine a sequence of words wj . .. w,, as follows. Let ¢* = 0;(gj, wy - - - w;_1). Consider
the SCC DAG of A;. Let w; be a word such that the state &;(g*, w;) is in a leaf of the
SCC DAG.

Now, let ¢ = 0(qo, w1 + - - wyy,), and let w’ be a string that satisfies d(q, w’) = qo.
Such a string exists since A is strongly connected. Finally, define w = wy - wa - + - Wy, -
w’. Note that 6(qo, w) = qo.

Let 1 < i < m. Note that the run of A; on the string w, ends inside a leaf of the
SCC DAG of A;. Let B; be a DFA consisting only of the states of that leaf, with the
initial state &;(gj, w). Note that B; is strongly connected, and that ind(B;) < ind(A;).
We claim that L(A) = (", L(B;), showing that A can be t-decomposed into strongly
connected DFAs.

Let z € ¥*. Recall that §(gg, w) = qo. Therefore, z € L(A) iff w - z € L(A).
Recall that the initial state of B; is &;(q, w). Therefore, for every 1 < i < m, it holds
thatw - z € L(A;) iff z € L(B;). We conclude that z € L(A) iff z € (-, L(B"), and
we are done.

We find the result surprising, as strong connectivity significantly restricts the over-
approximating DFAs in the decomposition.
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6. Simple Decompositions

Consider the task of decomposing a DFA A. A natural approach is to build the
factors of .A by merging states of A into equivalence classes in such a manner that the
transition function of A respects the partition of its states into equivalence classes. *
The result of such a construction is a DFA B that contains A and still has fewer states.
If A has a decomposition into factors constructed by this approach, we say that A is
simply-composite. In this section, we formally define the concept of a simple decom-
position and investigate its properties. In particular, we show that it is computationally
easy to check whether a given DFA is simply-composite.

Consider DFAs A = (Q, %, qo, 6, F) and B = (S, %, 59,7, G). Recall that ¢ ~ s
if there exists w € ¥* such that 6(qp,w) = ¢ and n(sg, w) = s. We say that B is an
abstraction of A if for every g € (@) there exists a single s € S such that ¢ ~ s. An
abstraction B of A is called a miser abstraction of A if L(A) C L(B), and the set G
of B’s accepting states cannot be reduced retaining the containment. That is, for all
s € G, the DFA By = (5,3, 50,1, G \ {s}) is such that L(A) € L(Bs). It is not
hard to see that L(A) C L(B) iff for every ¢ € F and s € S such that ¢ ~ s, it holds
that s € GG. The above suggests a simple criterion for fixing the set of accepting states
required for an abstraction to be miser.

Simple decompositions of a DFA consists of miser abstractions. Let L C X*.
Clearly, if L is simply-composite, then it is composite. The opposite is not necessarily
true, as shown by the following example.

Example 6.1. Let A be the minimal DFA for the singleton language { “ad” }. Accord-
ing to Example 3.2, the DFA A is composite. However, one can go over all the miser
abstractions of its 4-state DFA and verify that A is not simply-composite.

Figure 4: The language of the DFA A is {“ab”}. The DFA B is a miser abstraction of .A, obtained by
merging the states g2 and g3. Had we changed the accepting state set of 13, it would have been an abstraction
of A, but not a miser abstraction.

Consider a DFA A = (Q, X, qo, 9, F) and t € N. We use v;(.A) to denote the set
of all miser abstractions of A with index at most ¢. Let ceiling,(A) = Nge., 4y L(B)-

4Note that a naive merge of states introduces nondeterminism. Here, merging states implies also a merge
of their successors, thus determinism is retained.
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Note that A is simply decomposable iff L(A) = ceiling,(A) for t = ind(A) — 1. Our
next goal is an algorithm that decides whether a given DFA is simply-composite.

Fort € N, a t-partition of Q isaset P = {Q1,...,Qu} of t' < t nonempty and
pairwise disjoint subsets of () whose union is Q). For ¢ € @, we use [¢] p to refer to the
set (); such that ¢ € @Q;.

Definition 6.1. Let A = (Q, %, qo, 9, F') be a DFA. A t-partition P of @ is a good
t-partition of A if § respects P. That is, for every ¢ € Q, 0 € X, and ¢’ € [q]p, wWe
have that §(¢’, o) € [6(q,0)]p.

A good t-partition of A induces a miser abstraction of it. In the other direction,
each abstraction of A with index at most ¢ induces a t-partition of 4. Formally, we
have the following.

Lemma 6.2. There is a one-to-one correspondence between the DFAs in v:(A) and
the good t-partitions of A.

PROOF. Consider a DFA A = (Q, %, qo, J, F') such that every state of A is reachable.
Let P be a good ¢-partition of A. Define Bp = (P, %, [qo] p, 1, G), Where 7 is naturally
induced by § and G = {Q; € P : Q; N F # ()}. Note that Bp is a miser abstraction of
A and furthermore, that Bp € ~;(.A). It is not hard to verify that the function from P
to Bp is one to one and onto y;(A).

Let A=(Q,%,qo,6,F)beaDFAandletq € Q\ F. Let P be a good partition of
A. If [q]p N F = (), we say that P is a g-excluding partition.

Lemma 6.3. Let A = (Q, X, qo, 6, F) be a DFA such that every state of A is reachable
and F # Q. Then, the DFA A is t-simply-decomposable iff for every state ¢ € Q \ F
there exists a q-excluding t-partition.

PROOF. Assume that for every ¢ € Q\ F, there exists a g-excluding ¢-partition P,. Let
B, € v.(A) be the DFA associated with the good partition P, as in Lemma 6.2. Note
that ind(B,) = |Py| < t. Itis straightforward to verify that L(A) = (,co\p L(Bg)
and therefore, that A is ¢-simply-decomposable.

For the other direction, assume that A is ¢-simply-decomposable. Then, L(A) =
ﬂBevt(A) L(B). Letq € Q \ F and let w € ¥* be such that §(go, w) = ¢g. Note
that such a word w exists since every state of A is reachable. Since w ¢ L(.A), there
exists a DFA B = (S,%, 50,1, G) € v:(A) such that w ¢ L(B). Let P be the good
partition of A defined by B. Note that |P| < ind(B) < t. Let s € S be the unique
state of B satisfying s ~ ¢. Since 7;(A) contains only abstractions of A, the state is
indeed unique. Note that n(sg, w) = s, thus s ¢ G, which implies that [¢]p N F = (.
Therefore, the partition P is a g-excluding partition, and we are done.

For two partitions P and P’ of @, we say that P’ is a refinement of P if for every
R € P there exist sets R} ... R, € P’ suchthat R = | J._, R}.

Let ¢,q’ € @ be such that ¢ # ¢'. Let P be a good partition of A. If [¢]p = [¢] p,
we say that P joins q and q'.
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It is not hard to see that good partitions are closed under intersection. That is, if
P and P’ are good partitions, so is the partition that contains the intersections of their
members. Thus, there exists a unique good partition of A, denoted P, , such that if
P is a good partition of A that joins ¢ and ¢, then P, , is a refinement of P. The
following lemma states that the partition P, o can be computed efficiently.

Lemma 6.4. Given a DFA A = (Q,X, qo,0,F) and q,q' € Q such that ¢ # ¢, the
partition Py o can be computed in polynomial time.

PROOF. We present a polynomial time algorithm to compute P, ;. The algorithm
iteratively computes a sequence Py, P, ... P, of partitions of A. In the partition Py,
the states g and ¢’ belong to the same set, and all other sets are singletons. In the i-th
iteration, the algorithm searches for s, s € @ and o € ¥ such that [s]p, = [s] p, but
[6(s,0)]p, # [6(s',0)]p,. If such s, s, and o exist, the partition P, is identical to
the partition P;, except for the sets [d(s, o)]p, and [§(s’, 0)] p,, which are replaced by
their union in P;;. If such s, s’, and o do not exist, the algorithm sets m = 7 and
returns P, as Py .

First, note that the stopping condition of the algorithm implies that the partition P,,
is a good partition of A. Let P be a good partition of 4 such that [¢|p = [¢']p. Let
s, € Q be such that [s]p,, = [s']p, . We claim that [s]p = [¢'] p. This can be easily
proven by induction on the minimal index 7 such that [s]p, = [s'] p,. We have shown
that P, is a refinement of P. Therefore, P = P, ..

To see that the algorithm runs in polynomial time, note that m < |Q| and that each
iteration runs in time polynomial in |Q| and |X|.

Using Lemmas 6.3 and 6.4, we can now prove this section’s main result.

Theorem 6.5. Given a DFA A, it is possible to decide in polynomial time whether A
is simply-composite.

PROOF. Let A = (Q, X, qo, d, F') and k = ind(A). According to Lemma 6.3, the DFA
A is simply-composite iff for every s € @Q \ F there exists an s-excluding (k — 1)-
partition. Let P be a good (k — 1)-partition. Since A has k states, there must exist
q,q € Q such that ¢ # ¢’ and [¢]p = [¢/]p. The partition P, , is thus a refinement
of P. Therefore, if P is an s-excluding partition then P, 4 is an s-excluding partition.
On the other hand, note that |Pq7q/| < k — 1. Therefore, there exists an s-excluding
(k — 1)-partition iff there exists an s-excluding partition of the form P, , for some
7,¢ €Q.
We now present a polynomial time algorithm to decide whether A is simply-composite.
1. For each ¢, q" € Q, proceed as follows.
(a) Compute F; 4.
(b) Forevery s € Q \ F,if P, 4 is an s-excluding partition, then mark s.
2. If all members of @ \ F have been marked, then return true. Otherwise, return
false.

The correctness of the algorithm is obvious from the above. Note that P, . can be com-
puted in polynomial time based on Lemma 6.4, thus the algorithm runs in polynomial
time.
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Note that the above algorithm can be generalized to decide whether A is (ind(A) —
t)-simply-decomposable in time exponential in ¢.

7. Algebraic Approach

In this section we use and develop concepts from the algebraic approach to au-
tomata in order to study the DFA primality problem. Utilizing this approach, we asso-
ciate with every DFA A, a monoid M (A), and relate the properties of M (.A) with the
primality of 4. We then focus on permutation DFAs — those for which the transition
monoid is a group. By analyzing their transition monoid, we are able to show a simpler
algorithm for checking the primality of permutation DFAs and to prove that composite
permutation DFAs can be decomposed into permutation DFAs.

7.1. Definitions and notations

A semigroup is a set S together with an associative binary operation - : $ x.S — S.
A monoid is a semigroup S with an identity element e € S such that for every x € S it
holds that e - x = = - e = z. Let S be a monoid with an identity element e € .S and let
A C 5. Let A* be the smallest monoid such that A C A* ande € A*. If A* = S we
say that A generates S.

Consider a DFA A = (@, X, qo,d, F). Forw € ¥* let §, : @ — @ be such
that for every ¢ € @, we have 0,,(q) = 0(¢q,w). For wi,ws € £*, the composition
of d,, and &y, is, as expected, the operation 0,,..p, @ @ — Q With dyy.0, () =
0(g,wa - w1) = by, (G, (q)). The set {5y, : w € 3*}, equipped with the composition
binary operation, is a monoid called the transition monoid of A, denoted M (A). Its
identity element is d., denoted id. Note that M (.A) is generated by {0, : 0 € L}.

7.2. A monoid-driven characterization of primality

The following theorem and its corollary show that in order to decide whether a DFA
is composite, we only need to know its state set, set of accepting states, and transition
monoid. Thus, interestingly, changing the transition function or even the alphabet does
not affect the composability of a DFA as long as the transition monoid remains the
same.

Theorem 7.1. Let A and A’ be two DFAs with the same set of states, initial state, and
set of accepting states. If M(A) = M (A’), then depth(A) = depth(A’).

PROOF. We prove that M (A) C M(A") implies that depth(A) < depth(A’). We
then conclude that M (A) = M (A’) implies that depth(A) = depth(A’).

We parametrize the definition of a(A) by a bound ¢ on the index of the DFAs in it.
Thus, o (A) = {B : B is a minimal DFA with ind(B) < ¢t and L(A) C L(B)}.

Let A = (Q,%,q0,0, F) and A" = (Q,Y’, qo, ¢, F'). Consider the set ds; = {J, :
o € L} that generates M (A). Since M (A) C M(A), it holds that §; C M (A").
Therefore, there exists an encoding function f : ¥ — X* such that for every o € X,
we have 6, = 5} ()" We can extend the function f to the domain ¥* as follows: For

W= wy Wy, With w; € X, define f(w) = [[;~, f(w;). Itis trivial to verify that for
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every w € X%, it holds that §,, = 5}(w), so the run of A on w ends in the same state as

the run of A’ on f(w). Since A and A agree on the set of accepting states, it follows
that w € L(A) iff f(w) € L(A).

Now, let t = depth(A) + 1, and let w be a t-primality witness for L(.A). That
is, w € (NBea,(a)L(B)) \ L(A). We claim that f(w) is a t-primality witness for
A’, thus proving the theorem. From the above, w ¢ L(A) implies f(w) ¢ L(A’).
Consider a DFA B’ € oy (A’). Let B = (S,%',s0,7', G). We define the function
n:Sx3 — Sbyn(s,o) =n(s, f(o)). From the definition of the extension of
f to X*, it follows that for every w € ¥*, we have n,, = n}(w). We now define
the DFA B = (S, %, 50,7, G). Clearly, for every w € X*, it holds that w € L(B)
iff f(w) € L(B'). Specifically, for every w € ¥*, we have that w € L(A) implies
f(w) € L(A’). Then, as B’ € a(A’) we have that f(w) € L(B’), implying that
w € L(B). So, L(A) C L(B) and B € a;(.A). Since w is a ¢-primality witness for
L(A), we have that w € L(B), and therefore f(w) € L(B'), proving that f(w) is
indeed a ¢-primality witness for A’

Let ¥ and X' be the alphabets of A and A’, respectively. The fact M (A) C M (A")
enables us to “encode” every letter in X by a word in X/ that acts the same way on the
set of states. By expanding this encoding, we can encode every word over X by a word
over X'. In particular, a primality witness for A is encoded into a primality witness for
A

Theorem 7.1 suggests that we can relate the properties of a DFAs transition monoid
to the question of its primality. In the next section we do so for the family of permuta-
tion DFAs.

7.3. Permutation DFAs

Let A = (Q,X,qo,0, F) be a DFA. If for every ¢ € X, it holds that J, is a
permutation, then A is called a permutation DFA. Equivalently, A is a permutation
DFA if the monoid M (.A) is a group. It is easy to verify that the two definitions are
indeed equivalent.

Note that a permutation DFA is strongly connected, unless it has unreachable states.
From here on, we assume that all permutation DFAs we refer to are strongly connected.

Example 7.2. [The discrete cube DFA]: Let n € N. Consider the DFA A, =
(Zy,7%,0,6,Z% \ {0}), where 6(x,y) = = + y. Recall that Z5 = (0,1)". See,
for example, the DFA A, that appears in Figure 5.

The language of A,, is the set of all words wy . . . w,, with w; € Z% and 27;1 w; #
0. Itis easy to see that .A,, is a permutation DFA of index 2" and that it is minimal. We
now prove that A, is prime.

Consider a word w = wy . .. w,, that satisfies the following two conditions:

e w¢ L(A,). Thatis, >\, w; = 0.

e The run of A,, on w visits all the states of A,,.
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Since A,, is a permutation DFA, such a word w exists. For example, for n = 2, one

such possible word is
((17 0)’ (17 1)7 (1’ 0)7 (17 1))

We claim that w is a primality witness for A,,. Let B € a(A,) and set B =
(Q,7Z%,q0,n, F). Since B has less than 2" states, and since the run of A on w vis-
its all the states of A, there exist 1 < i < j < m such that (i) 6(0,w; ... w;) #
0(0,wy ... wj)but (i) n(go, w1 ... w;) =n(go, w1 ... wj). Letz =wi ... w; ... Wj41 ... W
From (ii), we have that n(qgo, w) = 1(qo, 2), thus w € L(B) iff z € L(B). From (i), we
have

0(0,2) = 6(0,w)—(0, wit1 - .. w;) = 6(0,w)+(0, wq ... w;)—6(0,wy ... w;) # §(0,w) = 0.

Therefore, z € L(A,,). Since L(A,) C L(B), we have that z € L(B) and w €
L(B), proving that w is indeed a primality witness for A,,.

Figure 5: The discrete cube DFA Aj.

We start working towards an analogue of Theorem 5.6 for permutation DFAs. Thus,
our goal is to show that a composite permutation DFA can be decomposed using only
permutation DFAs as factors. We first need some notations.

Let A = (@, X, qo,d, F) be a DFA and let f € M(A). The degree of f, denoted
deg(f), is | f(Q)]. The degree of A is deg(A) = min{deg(f) : f € M(A)}.

The following are simple observations about degrees.

Proposition 7.3. Ler A = (Q, %, qo, 6, F') be a DFA.
1. The DFA Ais a permutation DFA iff deg(A) = |Q)|.
2. Letw,l,r € ¥*. Then, deg(d,,) > deg(dj.w.rr)-
3. Letw € ¥*. If deg(dy,) = deg(A), then deg(d,.,p.1) = deg(A) forallr,l € ¥*.
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We can now prove a variant of Theorem 5.6 with permutation DFAs replacing
strongly connected ones.

Theorem 7.4. Let A be a permutation minimal DFA and lett € N. If A is t-decomposable
then it can be t-decomposed using only permutation DFAs as factors.

PROOF. Let A = (Q, %, qod, F'). Since A is decomposable, there exist A; ... Ay,
with indices at most ¢, such that L(A) = (-, L(A;). Let A; = (Qi, X, ¢}, 0", F}).
Foreach 1 < ¢ < m, let w; € ¥* be a word such that deg(diui) = deg(A;). Let
w’ € X* be a word such that 0., ..,...w,, - 1S the identity function on Q). Such a word
w’ exists since M (A) is a group. Let w = w; - wy - - - wy, - w’. Note that for every
1 <4 < m, it holds that deg(d?,) = deg(A;).

Now, for every 1 < i < m, define the DFA B; = (S;,%, 8! (¢i),n%, F; N S;),
where S; = 6',(Q;) and n°(q, z) = d*(g, 2 - w). Note that B; is well defined, that it is
a permutation DFA and that ind(B;) < ind(A;). We claim that L(A) = (-, L(B;),
proving that .4 can be t—decomposed using only permutation DFAs as factors.

Let z € ¥* and assume that z = z;---2z; where z; € X. Consider the word
T=w-21-wW- 29 -w---w- 2 -w. Note that for every 1 < ¢ < m, we have that
x € L(A;) iff z € L(B;). On the other hand, note that z € L(A) iff z € L(A).
Therefore, we have that z € L(A) iff z € (-, L(B;), and we are done.

Beyond its theoretical interest, Theorem 7.4 implies that when checking the primal-
ity of a permutation DFA, we may consider only permutation DFAs as candidate fac-
tors. We now use this result in order to develop a more efficient algorithm for deciding
the primality of permutation DFAs. We first need some observations on permutation
DFAs.

7.3.1. Observations on permutation DFAs

Let A = (Q, 3, qo, 6, F') be a permutation DFA. We say that A is inverse-closed
if for every o € 3 there exists a letter, denoted 0~ € ¥, such that §,-1 = (§,) L.
When A is not inverse-closed, we can consider the inverse-closure of A, which is the
DFA A’ = (Q,Y', qo,d', F), where ¥ = X U {o~ ! : 0 € ¥} and

6/(q 7—) — 6(Q77—) 1f7- E Z,
’ (0,)7Y(q) ifT=0""forsomeo €.

Recall that A is a permutation DFA, and thus (d,) ! is well-defined.

Lemma 7.5. Let A be a permutation DFA and let A’ be the inverse-closure of A. Then,
depth(A) = depth(A").

PROOF. Let A= (Q,X, qo,0, F)andlet A" = (Q,>’, qo,¢’, F). Theorem 7.1 implies
that it is enough to prove that M (A) = M (A’). Clearly, M (A) C M(A’). We need
to show that M (A’) C M(A). Let 7 € ¥'. Note that it is enough to show that 0 €
M(A). If T = o for some o € %, then 8. = 6, € M(A). If 7 = o~ forsome o € %,
note that §, € M(A). Since M (A) is a group, we have that §. = (J,)~* € M(A),
and we are done.
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From now on we assume that the permutation DFAs that we need to decompose are
inverse-closed. By Lemma 7.5 we do not lose generality doing so.

Given an alphabet 3, we use F¥; to denote the group generated by X U {o~ ! : 0 €
¥} with the only relations being o - 01 L. o = e forevery o € ¥. We note that
the group F¥; is also known as the free group over X.

Given a permutation DFA A = (Q, X, qo, 0, F'), we can think of Fy, as a group
actingon Q. Let 7 € YU {0~! : ¢ € &}. We describe the action of 7 on () by means
of a function §, : @ — @ defined as follows. If 7 = o € X, then 6, (q) = 0,(q). If
7 =01 witho € %, then §,(q) = 6, (q). Let w € Fx be such that w = 7y - - - Tp,..
The action of w on @ is then 6,, = d., -+ 0r,.

The stabilizer subgroup of q is the group G(q) = {w € Fx : 6u(q) = q}. Let
w € Fy. The set G(q) - w is called a right coset of G(q). The index of G(q) in Fx,
denoted [Fy; : G(q)], is defined as the number of right cosets of G(q).

=0

Proposition 7.6. Let A = (Q, X, qo,0, F') be an inverse-closed permutation DFA of
index n.

1. Let w,z € Fx. Then, 6(qo,w) = 0(qo, 2) iff w and z belong to the same right
coset of G(qo).

2. [Fg : G(qO)] =nNn.

3. Let q,q € Q. Then, the subgroups G(q) and G(q') are conjugate. That is,
there exists w € Fx, such that G(q) = w - G(q') - w™ . The opposite holds as

well. That is, for every ¢ € Q and w € X there exists some q' € Q such that
Glg) =w-G(q¢) - w™"

PROOF. Let w,z € Fx. Note that w and z are in the same right coset of G(qo) iff
w- 271 € G(qo), which is true iff §,,..-1(go) = go, which is equivalent to §,,(qo) =
0(qo). This proves the first claim in the proposition.

Let ¢ € Q. Since A is strongly connected, there exists a right coset of G(gg) of
words w € Fy, with 6,,(go) = g. This proves the second claim in the proposition.

To prove the third claim, consider ¢,¢’ € Q. Since A is strongly connected, there
exists w € £* such that (¢, w) = ¢’. We claim that G(q) = w - G(¢') - w™!. Since
G(q) and w - G(q') - w™! are both subgroups of index n, it is enough to show that
w-G(¢)-w! C G(q). Let z € G(¢'). We claim that w - 2z - w™! € G(q). Note that
Sgw-z-w)y=6(¢,2-wt)=68¢,wt)=q

On the other hand, let ¢ € @ and w € Yp. Let ¢ = 0,(g). We claim that
G(q) = w-G(q') - w™!. Again, it is enough to show that w - G(¢') - w™! C G(q).
Let z € G(q'). We claim that w - z - w™! € G(q). Indeed, 6(q,w - 2z - w™?t) =
5((]/72 : w_l) = 5(q,7w_1) =4q.

Fix ¥ and let G be a subgroup of Fx; such that [Fx : G] = n. Let C be the
set of right cosets of G and let D C C. The pair (G, D) induces the DFA A =
(C,%,G, 6, D), where §(0,G - w) = G - w - 0. Note that A is well defined, that it
is a permutation DFA, and that ind(A) = n. Consider a word w € ¥*. Note that
w € L(A) iff the coset G - w is a member of D. Finally, note that the stabilizer set of
the initial state of A is equal to G. Accordingly, we have the following.
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Lemma 7.7. There is a one to one correspondence between permutation DFAs and
pairs (G, D), where G is a subgroup of Fs, of the DFA’s index and D is a set of right
cosets of G in Fx.

Let G be a group and let H be a subgroup of GG. The subgroup H is said to be a
normal subgroup of G if for every g € G itholds thatg - H - g~ = H.

Let A = (Q, %, qo, J, F') be a permutation DFA. Consider the subgroup G(qo). If
G(qo) is a normal subgroup of F, we say that A is a normal DFA. From Proposi-
tion 7.6, we have that .4 is normal iff for every ¢, ¢’ € Q, it holds that G(q) = G(¢').
Equivalently, A is normal iff for every w € F such that §,, has a fixed point, it holds
that d,, is the identity function on Q.

Normal DFAs form a small fragment even within the set of permutation DFAs.
We introduce them now, so that we can later use them in our algorithm for primal-
ity checking of general permutation DFAs. Our first step is to better understand the
decomposability of normal DFAs.

Lemma 7.8. Let A = (Q,%,qo,9, F) be a normal permutation DFA and let B =
(S,%, 80,m, G) be a permutation DFA. Let q1,q2 € Q and s1,82 € S be such that
q1 ~ 81, q1 ~ S2, and gz ~ s1. Then, go ~ s3.

PROOF. Let C be the product DFA of A and 5. Since C is a product of permutation
DFAs, it is itself a permutation DFA. By the assumption that ¢; ~ s; and g1 ~ s,
there exists w € X* such that the run of C on w starting in state (g, s1) ends at
(g1, s2). Therefore: 0(q1,w) = ¢1 and 7(s1,w) = sa. Since A is normal, we also have
0(g2,w) = qo. Therefore, the run of C on w starting in state (go, s1) ends at (go, s2)
and we are done.

The following example shows that Lemma 7.8 does not hold if we remove the
assumption that .4 is normal.

Example 7.9. The DFAs A and B appearing in Figure 6 are connected permutation
DFAs that are not normal and for which Lemma 7.8 does not hold.

a,b

Figure 6: Lemma 7.8 does not hold for .4 and 3, which are not normal.

Lemma 7.10. Let A be a normal permutation DFA and 3 be a permutation DFA such
that L(A) C L(B). Then, there exists a permutation DFA C such that L(A) C L(C) C
L(B), C is an abstraction of A, and ind(C) < ind(B).

24



PROOF. Let A = (@, %, 0,6, F) and B = (S, X, s9,n, G) be DFAs. For a pair of

states s, s’ € S, we use s ~ 4 s’ in order to indicate that there exists ¢ € () such that

q ~ sand g ~ s’. From Lemma 7.8, it follows that ~ 4 is an equivalence relation.
Now, define C = (5", %, s, 7, G') where:

e S’ is the set of equivalence classes of ~ 4 .
e 5 is the equivalence class of sg.

e 7/’ is the transition function induced by 7 on S’. It is easy to verify that 7’ is well
defined.

e '={se8:5 G}

It is now easy to verify that L(C) C L(B) and that C is an abstraction of .A. Clearly,
ind(C) < ind(B), and so, we are done.

Using Lemma 7.10, we can now prove the following theorem about decompositions
of normal DFAs.

Theorem 7.11. Let A be a normal t-decomposable permutation DFA. Then A is t-
simply-decomposable.

PROOF. From Theorem 7.4, we have that A has a decomposition L(A) = (~, L(B;),
such that for each 1 < ¢ < m, it holds that 3; is a permutation DFA and ind(B;) < t.
From Lemma 7.10, there exists, for every 1 < ¢ < m, a permutation DFA C; such that
L(A) C L(C;) C L(B), the DFA C; is an abstraction of A, and ind(C;) < ind(B) < t.

m

Therefore, the decomposition L(A) = (,_, L(C;) is a t-simple decomposition of A.

Theorem 7.11 motivates us to replace a permutation DFA A by a normal permu-
tation DFA. Let A = (Q, X, qo, 0, F') be a DFA. We denote the monoid DFA of A by
Ay = <M(.A),E, id,éM,FM), with 6]V[(f7 w) = 0y - f and Fy; = {f S M(A) :
f(qo) € F'}. The following are simple observations about the monoid DFA. In partic-
ular, they show that the monoid DFA is normal, meeting our goal.

Proposition 7.12. Let A = (Q, X, qo, 0, F') be a DFA and let Aps be A’s monoid DFA.

L(Apr) = L(A).

depth(Anr) = depth(A).

Every state in Ay is reachable.

Letn = |Q|. Then, |M (A)| < n™

If every state in A is reachable then n < |M (A)|.

If A is a permutation DFA, then Ay is a normal DFA.

AR N e

PROOF. Claims 1-5 are easy to verify. We will prove claim 6. Assume that A4 is a
permutation DFA and let 7 € M (A). Let w € Fx such that §,,(7) = 7. Recall from
the definition of Ay, that d,,(7) = d,, - 7. Therefore, we have d,, - m = m. As M (A) is
a group, this implies that d,, = id. Thus, if J,, has a fixed point, then it is the identity
function, implying that .4, is normal.
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Let A = (Q, X, qo,0, F') be a permutation DFA. For each ¢ € @, let G(q) be the
stabilizer subgroup of ¢ in A. Let m € M (.A) and let G () be the stabilizer subgroup
of 7 in Apy. It holds that Gy (7) = (1, G (). For an arbitrary ¢, this group, the
intersection of all members of a subgroup conjugacy class, is called the normal core of

G(q)-

7.3.2. Deciding primality of permutation DFAs

The following theorem shows an immediate use of the transition monoid to prove
the primality of a family of languages. Note that Example 7.2 is a special case of this
more general theorem.

Theorem 7.13. Let A = (Q, X, qo, 9, F') be a permutation DFA of index n. If |F| =
n — 1, then A is prime.

PROOF. Assume by way of contradiction that |F| = n — 1 but .4 is composite. By
Theorem 7.4, A can be decomposed using permutation DFAs. We show that all permu-
tation DFAs in «(A) are trivial. That is, for every B € a(.A) it holds that L(B) = X*.
This leads to contradiction. Suppose that B € «(.A) is a permutation DFA, and assume
that B = (Q, X, qo, 0, F') has at least 1 rejecting state. Then, the set of strings in Fy;
rejected by B contains a right coset G(qo) - w of index strictly smaller than n. However,
the set of rejected strings comp(L(.A)) in Fy, is a coset of index n. A coset of index n
cannot contain a coset of index smaller than n. Therefore, comp(L(.A)) cannot contain
G(qo) - w, so B ¢ a(A), which is a contradiction.

We can now conclude with the following.
Theorem 7.14. Deciding the primality of permutation DFA can be done in PSPACE.
PROOF. Recall the following notation from the proof of Theorem 7.1.
at(A) = {B: B is a minimal DFA with ind(B) < t and L(A) C L(B)}.

Given A, let n = ind(A). The primality checking algorithm first checks whether .4
has unreachable states and removes them. Let Ay, = (M (A), X, id, dpr, Far) be the
monoid DFA of A. From Proposition 7.12, we have that depth(A) = depth(Aps).
Hence, A is composite iff depth(Apr) < n — 1 holds. From Theorem 7.11, we have
that depth(Apr) < n—1iff Ay is (n — 1)-simply-decomposable. Therefore, in order
to decide whether A is composite, our algorithm only needs to decide whether A, is
(n — 1)-simply-decomposable. This is done as follows:

1. Forevery f € M(A)\ Fys and for each DFA B € ,,—1 (Apnr):

(a) LetC be the product DFA of Aj; and B. Check whether there is a reachable
state in C of the form (f, s), where s is an accepting state of 5. If there is
no such reachable state, mark f.

2. Ifevery f € M(.A) has been marked, accept. Otherwise, reject.
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Assume that A, is (n — 1)-simply-decomposable. Then, according to Lemma 6.3,
every f € M(A)\ F has an excluding (n—1)-partition P. Let B € ~,,_1(Aps) be the
DFA corresponding to P. Note that on the iteration in which the algorithm considers
B, it marks the state f. Therefore, the algorithm accepts Aj;.

For the other direction, assume that the algorithm accepts .4,;. Then, for every f €
M (A)\ Fa there exists By € ay,—1(Aar) such that the state f was marked on the itera-
tion in which the algorithm considered the DFA By. We claim that () ;¢ y/( )\ r,, L(By) =
L(Anr). Obviously, (e s ap ry L(Br) € L(Anr). Now, letw € (e prap ry, L(Br)
and let f € M(A) be such that 0,/ (id, w) = f. Assume by way of contradiction that
f ¢ Fu. Let s be the state in which the run of B on w ends. Since f € L(By),
we have that s is an accepting state. Let C be the product DFA of A;; and Bj.
Note that the run of C' on the word w ends in the state (f,s), where s is an accept-
ing state of By. This is in contradiction to our definition of By. Therefore, it holds
that (s arap e L(Bg) = L(Anr), and so, Ay is (n — 1)-decomposable. As we
have seen, this implies that Ay, is (n — 1)-simply decomposable, thus the algorithm is
correct.

Since, by Lemma 7.12, it holds that ind(Ay;) < n™, and the computation of .4y
can proceed on-the-fly, the algorithm requires polynomial space.

8. Discussion

The motivation for this work has been compositional methods for LTL model
checking and synthesis. Much to our surprise, we have realized that even the basic
problem of DFA decomposition was still open. Not less surprising has been the big
gap between the EXPSPACE and NLOGSPACE upper and lower bounds for the pri-
mality problem.

This article describes our struggle and partial success with the problem and this
gap. While the general case is still open, we managed to develop some intuitions and
tools that we believe to be interesting and useful, to develop helpful primality-related
theory, to identify easy cases, and to develop an algebraic approach to the problem.

Our initial work focused on finding interesting examples for prime or composite
families of regular languages. Some of these examples are presented in Sections 2
and 3.

In our attempt to develop a theory of DFA decomposition, we introduced two mea-
sures for the “decomposition complexity” of a composite regular language. These are
the depth and the width. We also introduced the notion of a primality witness, whose
minimal length is a complexity measure for the primality of a prime regular language.
We conjecture that both the width and the minimal witness length have non-trivial up-
per bounds. The existence of such bounds could imply that there is a better upper
bound than the one currently known for the primality problem.

While looking for an efficient algorithm for the general primality problem, we gath-
ered interesting observations about certain fragments. Sometimes, these observations
led to a more efficient algorithm for that fragment. Our results about simple co-safe
DFAs where discovered while attempting to develop a primality checking algorithm
based on the partition of the DFA into strongly connected components.
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The notion of simple decomposition resulted from the natural idea of a decompo-
sition algorithm that creates factors for a given DFA by merging states. It soon became
clear that such an algorithm would be unable to express the full power of a DFA de-
composition as we defined it. However, the notion of a simple decomposition turned
out to be both interesting in its own right, and useful to us later when dealing with
permutation DFAs.

The idea that we should consider primality of permutation DFAs as a fragment
of the general DFA primality problem came after we studied the Krohn-Rhodes de-
composition of DFAs [7]. Considering their decomposition, the immediately apparent
difference is that Krohn and Rhodes seek to decompose a DFA into factors with a
simpler algebraic structure (smaller transition monoid), while we seek to decompose
a DFA into factors with a simpler combinatorial structure (less states). Searching for
special cases where these two notions could be related, we started looking at permu-
tation DFAs, as they have the benefit that their transition monoid is a group. Since
the motivation for studying permutation DFAs came from their algebraic structure, it
made sense to treat them with an algebraic approach. Indeed, this approach yielded
several interesting results, including a PSPACE algorithm for primality checking of a
permutation DFA.

8.1. Directions for Future Research

A challenge that has guided us through out this work was to determine the compu-
tational complexity of the DFA primality problem. There is still a wide gap between
our lower and upper complexity bounds, and so, this problem remains open.

Our future work involves both further investigations of the theory and tools de-
veloped here and a study of richer settings of decomposition. In the first front, we
seek results that bound (from both below and above) the length of a primality witness
or bound the width of decompositions. Such results can give tighter bounds on the
complexity of the primality problem.

Another approach is to try and bound the number of prime DFAs of length at most
n. Since every composite DFA can be decomposed using only prime DFAs as factors,
such a bound could lead to a bound on the width of composite DFAs. Furthermore
such an insight about the density of prime DFAs within the set of all DFAs would be
interesting in its own right.

In the second front, we study richer types of automata, mainly automata on infinite
words (as with nondeterministic automata, an additional challenge in this setting is the
lack of a canonical minimal automaton), as well as richer definitions of decomposition.

During this work, we have considered different notions of decomposability. One
obvious decomposition is the union decomposition, in which we take the union of the
factors instead of their intersection. Our results can be trivially dualized for union
decomposition. Of greater interest is the union-intersection decomposition, in which
one may apply not only intersection but also take the union of the underlying automata.
This is a strongly stricter notion of decomposition than ours. Many of our results, for
example primality checking of permutation DFAs, apply also in this stronger notion.
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