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ABSTRACT. Every language recognized by a non-deterministic finite automaton can be
recognized by a deterministic automaton, at the cost of a potential increase of the number
of states, which in the worst case can go from n states to 2" states. In this article, we
investigate this classical result in a probabilistic setting where we take a deterministic
automaton with n states uniformly at random and add just one random transition. These
automata are almost deterministic in the sense that only one state has a non-deterministic
choice when reading an input letter. In our model, each state has a fixed probability
to be final. We prove that for any d > 1, with non-negligible probability the minimal
(deterministic) automaton of the language recognized by such an automaton has more than
n? states; as a byproduct, the expected size of its minimal automaton grows faster than
any polynomial. Our result also holds when each state is final with some probability that
depends on n, as long as it is not too close to 0 and 1, at distance at least Q(%) to be
precise, therefore allowing models with a sublinear number of final states in expectation.

1. INTRODUCTION

A fundamental result in automata theory is that deterministic complete finite state automata
recognize the same languages as non-deterministic finite state automata. This result can
be established using the classical (accessible) subset construction [RS59, MF71, HU79]:
starting with a non-deterministic automaton with n states, one can build a deterministic
automaton with at most 2" states that recognizes the same language. This upper bound
is tight; there are regular languages recognized by an n-state non-deterministic automaton
whose minimal automaton, i.e. the smallest deterministic and complete automaton that
recognizes the language, has 2" states. The number of states of the minimal automaton of a
regular language is called its state complezity. Figure 1 shows two n-state non-deterministic
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automata with somewhat similar shape, but whose languages £, and £, have very different
state complexities. In both automata, there is only one non-deterministic choice, at the
initial state.

Figure 1: On the left, a non-deterministic automaton with n states recognizing the language
L, = Y*aX" 2. On the right, a non-deterministic automaton with n states
recognizing the language £, = ¥*a" . The minimal automaton of £, has 2"~!
states, whereas the one of £, has n states.

In this article, we address the following question: if we take a random n-state deter-
ministic automaton and add just one random transition, what can be said about the state
complexity of the resulting recognized language? Does it hugely increase as for Ly, or does
it remain small as for £,.?

From [BDS12], we know that with high probability, the state complexity of the language
recognized by a n-state deterministic automaton taken uniformly at random is linear. This
is important as it implies that the corresponding distribution on regular languages is not
degenerated: this contrasts with the case of random regular expressions where the expected
state complexity of the described regular languages is constant [KNR21], which means that
the induced distribution on regular languages is concentrated on a finite number of languages.

To be more precise, our formal setting in this article is the following. Let ¥ = {a,b,...}
be a finite alphabet with k > 2 letters. For any n > 1, we consider the uniform distribution
on deterministic and complete automata on ¥, with {1,...,n} as their set of states; the
initial state is picked uniformly at random, and the action of the letters on the set of states
are k uniform and independent random mappings. We also pick uniformly at random and
independently two states p and ¢, and add a transition p = ¢, if it is not already there.
Finally each state is final with a given fixed probability f € (0, 1), independently. Hence
in this model, the expected number of final states of an almost deterministic automaton is
f X n. Our results still hold if we allow the probability f of being final to depend on the
size n of the automaton, provided that f, has a distance to 0 and 1 in Q(ﬁ) This allows
us to consider probabilistic models in which random automata have an expected number of
final states that is as low as ©(y/n).

Our main result is that for any d > 1 there exists a constant ¢y > 0 such that the state
complexity of the language of such a random almost deterministic automaton is greater than
n? with probability at least ¢4, for n sufficiently large. That is, for any polynomial P, there is
a non-negligible probability that the state complexity of the language of a random automaton
is greater than P(n): we will say that the state complexity is super-polynomial with visible
probability. As a direct consequence, the expected state complexity is super-polynomial.

It should be noted that with the same random models for deterministic automata, one
cannot hope to replace visible probability in our results with a probability that converges
to 1 (i.e., with high probability). Indeed random automata have, with high probability, a
constant fraction of states that are not accessible from the initial state [Gru73]; if the source
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of the added transition is not accessible from the initial state, the added transition does
not impact the recognized language, whose state complexity is therefore at most equal to n.
Thus, we make no effort in the present article to optimize our probabilistic lower bounds.
See the conclusion for a more advanced discussion on this topic.

Related work. A subclass of almost deterministic automata has already been considered
in [BMO08] to study the worst-case complexity class for the non-deterministic minimization
problem for NFAs.

The study of random deterministic automata can be traced back to the work of Grusho
on the size of the accessible part [Gru73]: he established that, with high probability, a
constant proportion of the states are accessible from the initial state. He also shows that
with high probability there is a unique terminal strongly connected component! (SCC) of
size approximately vgn, for some vy > % that only depends on the size k of the alphabet.
More structural results on the underlying graph of a random deterministic automaton were
established in the work of Carayol and Nicaud [CN12], with a local limit law for the size of the
accessible part and an application to random generation of accessible determistic automata.
More recently, Cai and Devroye gave in [CD17], a fine-grained analysis of what is happening
outside the large strongly connected component. In [ABBPL20], Addario-Berry, Balle and
Perarnau gave a precise analysis of the diameter of a random deterministic automaton,
showing in particular that it is logarithmic. We will use some of these results in this article,
for instance that there is a unique largest terminal strongly connected component with high
probability. To deal with the restriction to states accessible from the initial state in the
powerset construction, we also use a result of [CD17] which yields that, with high probability,
there are no cycles of length Q(logn) outside this terminal strongly connected component.

All these results on random automata focus on the underlying graph of the transition
structures, without saying much about the recognized languages, or on the average complexity
of textbook algorithms on automata. Some results were established in this direction: the
probability that a random accessible automaton is minimal was studied by Bassino, David
and Sportiello [BDS12], the analysis of minimization algorithms by Bassino, David and
Nicaud [BDN12, Dav12], etc.

In another direction, more recently, several articles studied the synchronization of ran-
dom automata [Berl6, Nic19], until the very recent work of Chapuy and Perarnau [CP23],
establishing that most deterministic automata are synchronizing, with a word of length
O(y/nlogn) and Martinsson [Mar23] established that for any € > 0, there exists a synchro-
nizing word of length O(e~!y/nlogn) with probability at least 1 —e. We refer the interested
reader to the survey of Nicaud [Nicl4] for an overview on random deterministic automata.

To our knowledge, there is no well-established random model for non-deterministic
automata. It is not an easy task to obtain a satisfactory model: for instance, the uniform
distribution is degenerated and produces languages with state complexity one or two with
high probability (see the discussion in Section 10). Applying the powerset construction to
the mirror of a random deterministic automaton was studied by De Felice and Nicaud [FN13,
FN16], in order to analyze the average case complexity of Brzozowski’s state minimization
algorithm. As in the present article, they studied the determinization procedure of random
automata, but for a model that is very different from ours: they consider the mirror of a
uniform random deterministic automaton, obtained by reversing the transitions and swapping
the initial and final states. In particular, with high probability, there is a linear number

1A strongly connected component (SCC) is a set of vertices, maximal for inclusion, in which every vertex
is reachable for each other vertex. A SCC is terminal if no edge leave the SCC.
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of states having a non-deterministic choice in their setting. Another natural model would
be to use a critical Erd6s-Rényi [ER60] digraph for each letter, which would also result in
a linear number of states having a non-deterministic choice. In this article, we choose a
random model with the minimum amount of non-determinism by adding just one transition
to a uniform deterministic automaton, and establish that we likely have a combinatorial
explosion already in this case.

This article is the full version of the extended abstract published in the proceedings of
the STACS conference [CDKN23|. It contains all the omitted proofs. We also introduce the
notion of templates in Section 4 to simply handle computation under natural conditional
properties on automata, and reshape completely the most technical part, Section 5, to exhibit
an approximation by classical Galton-Watson processes. This last approach is interesting on
its own for future works on random automata.

2. DEFINITIONS AND NOTATIONS

The cardinality of a finite set E is denoted by |E|. For any n > 1, let [n] = {1,...,n}. If
z,y € R with x <y, let [x,y] = [x,y] N Z be the set of integers that are between = and y.
Let £ be a set equipped with a size function s from £ to Zx>, and let &, denote the elements
of £ having size n. A property X on & (that is, a subset of £ viewed as the set of elements
for which the property holds) holds with wisible probability if there exists some constant
¢ > 0 such that, for n sufficiently large, &, is non-empty and P(X) > ¢ for the uniform
distribution on &,. By a slight abuse of notation, if X is a random variable £ — Z>( we say
that for the uniform distribution on &, X is super-polynomial with visible probability when
for any d > 1, there exists a constant ¢y > 0, such that for n sufficiently large, &, # 0 and
P(X > n?) > ¢,

For any real number A > 0, we denote by Poi(\) the Poisson random variable of
parameter A\, whose support is Z>o and defined by P(Poi(\) = k) = /\k—];e*A, for all k € Z>o.

Recall that if v and v are two words on an ordered alphabet X, u is smaller than v
for the length-lezicographic order if |u| < |v| or they have same length and u <jex v for the
lexicographic order.

Throughout the article, the set of states of an automaton with n states will always be
[n], with the exception of the powerset construction recalled just below. The alphabet will
always be ¥ = {a, b}, except in the statement of our main theorem, where we allow larger
alphabets as it is trivially generalized to this case. Hence, in our setting, a deterministic
(and complete) automaton is just a tuple (n,d, F'), where F' C [n] is the set of final states
and 0 is the transition function, a mapping from [n] x ¥ to [n]. We will often write
s % t instead of d(s,a) = t, for 5,t € [n] and o € %, and call this an a-transition or
a transition. The transition function is classically extended to sets of states by setting
(X, a) ={d(s,a) : s € X}, for X C [n], and to words by setting inductively (s, w) = s if
w is the empty word € and (s, wa) = 0(d(s,w), «). We will not need to specify the initial
state until the end of the proof of Theorem 3.1; when we finally do, it will be generated
uniformly at random and independently in [n]. Final states are only used in the last part of
our proof, so to ease the presentation, we define a deterministic (and complete) transition
structure as being an automaton with neither initial nor final states: it is given by a pair
(n,d) where n is the number of states and § is the transition function.
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An almost deterministic automaton (n, 8, F,p % q) is a deterministic automaton (n, 8, F)
in which we add the additional a-transition p — ¢. Similarly, an almost deterministic
transition structure (n, o, p N q) is a deterministic transition structure (n,J) in which we add
the additional a-transition p — ¢. For any a € ¥ and any r € [n], the transition function
7 of an almost deterministic automaton (n,d, F,p = ¢) (or almost deterministic transition
structure) is therefore defined by v(r, ) = {(r, @)} if (r, «) # (p,a) and v(p, a) = {é(p,a), q}.
These automata or transition structures can be deterministic, in the case where d(p,a) = q.

The powerset automaton B of an almost deterministic automaton A = (n,d, F,p % q),
with a transition function v, is a deterministic automaton B with states in 2[*) and transition
function ~ extended to sets, as defined above. If we add an initial state ig to A, the initial
state of B is {ip} and B recognizes the same language as A when a state X of B is final if
and only if at least one of its element is final in .A. This construction can be restricted to
the states of B that are accessible from the initial state {ig} while still recognizing the same
language; we call this automaton the accessible powerset automaton of A.

Recall that two states r and s in a deterministic automaton A are equivalent if the
languages recognized by moving the initial state to r or to s are equal. The minimal
automaton of a regular language L is the deterministic complete automaton with the smallest
number of states that recognizes £. The number of states of the minimal automaton of L is
called the state complexity of L. We will use the following classical property, which follows
from the fact that the minimal DFA is obtained by merging equivalent states in any DFA
accepting the language [HU79, Theorem 3.11]:

Proposition 2.1. If there is a set of accessible states X in a deterministic automaton A
such that the states of X are pairwise non-equivalent, then A has state complexity at least
| X

3. MAIN STATEMENT AND PROOF OUTLINE

Our main result is that the state complexity of the language recognized by a random almost
deterministic automaton is super-polynomial with visible probability, when for each n, each
state is final, independently, with some probability f,, that is not too close to either 0 or 1,
as precised in the statement:

Theorem 3.1. Let X be an alphabet with at least two letters. Let f, be a map from Z>y
to (0,1) such that there exists a constant a > 0 such that fp > % and 1 — fp, > % for

n sufficiently large. Consider an almost deterministic n-state transition structure A on X
taken uniformly at random. Each state of A is then taken to be final with probability f,
independently of everything else. Then, with visible probability, the language recognized by A
has super-polynomial state complexity.

First, we observe that if ' C X are two non-empty alphabets and if £ is a regular
language on 3, then the state complexity of L is at least the state complexity of LNT™. As
a consequence, it is sufficient to establish Theorem 3.1 for a two-letter alphabet, and from
now on, we fix ¥ = {a, b}.

The proof of Theorem 3.1 consists in identifying a structure and several constraints
(see Figure 2) that guarantee that when performing the accessible powerset construction
and adding a random set of final states, we have sufficiently many pairwise non-equivalent
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the added random transition \
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Figure 2: Illustration of the proof sketch of Theorem 3.1. On the left, the h-backward
substructure from p that is detailed in Section 5. It has size ©(y/n) and contains
O(y/n) extremal leaves (i.e. leaves in its last level h) to be valid. In the center,
the forward tree from r, described in Section 6; it is a breadth-first traversal that
is valid if it hits an extremal leaf of the backward substructure before \/n states
are examined. On the right the b-threads introduced in Section 7, obtained by
reading b’s from the p;’s; they are valid if they are made of previously unseen
states and are pairwise disjoint until they cycle back on themselves, forming a

b-cycle of length in [\/n,2y/n].

states. At each step, we add a new constraint on top of those we already have, and we have
to ensure that these constraints are still satisfied by sufficiently many almost deterministic
transition structures. A convenient way to sketch the proof is to consider that we start
with n states and no transition, and add random transitions when needed, on the fly. More
precisely, our proofs can be seen as the description of an algorithm that tries to expose the
required structure by performing two types of queries on the set of still unknown transitions:
either we ask what the destination of a given transition is, or we ask for all the transitions
that have a given state as their destination. Thus, at any point in the algorithm, conditioned
on the results of all previous queries, the destinations of all still unexplored transitions are
independent and uniform among the set of states for which we have not performed the second
type of query. These constraints and associated conditional probabilities are formalized in a
unified way in Section 4, introducing and using the notion of templates.

We use this to handle the computations and establish that our algorithm has a non-
negligible probability of success. We also have two random states p and ¢ and the transition
p % ¢ will be added at some point. Let d > 1. We describe the main steps of the proof
below. In this high level description, recall that ¢ refers to the transition function of the
deterministic base of the almost deterministic automaton being generated.

(1) Generate r = 0(p, a), the target of the a-transition starting from p in the deterministic
transition structure. With visible probability, r # ¢ and there is a word w of length
©(logn) such that é(r,w) = p, which can be found by generating O(y/n) random
transitions. We also assume that the b-transition starting at p is still unset. This step is
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the most technical, we explore backward from p and forward from r until we reach a
common state.

(2) Assuming such a w is found, we iteratively generate the transitions starting from ¢ and
following the word w(aw)?!, and ask for the target of each such transition to be a state
that was not previously seen in the whole process. This happens with visible probability.

(3) Let po = p and p; = 6(q, w(aw)®~1) for i € [d]. At this point, if we add the transition
p = ¢, and denote § the resulting non-deterministic transition function, we have
5({p}, (aw)?) = {po, p1,...,pa}, and the outgoing b-transitions of the p;’s are still unset.
Then, for each p;, we iteratively generate the b-transitions d(p;, b), d(p;, bb), ... until we
cycle after \; steps. This process is considered successful if we do not use an already set
b-transition and if the d 4+ 1 cycles are pairwise disjoint. We furthermore require that
the \;’s are all in [24/n,3y/n]. All these properties happen with visible probability.

(4) The set {po,...,pq} is now composed of d + 1 different states, and reading b’s from each
p; eventually ends in a b-cycle of length ¢;. Given the \;’s, each ¢; is a uniform element
of [\;], and they are independent. Our precise requirements ensure that once met, the
¢;’s are uniform and independent elements of [v/n,2y/n]. We now require that the ¢;’s
are pairwise coprime, which also happens with visible probability.

(5) If everything worked so far, we can guarantee that {p} is accessible in the subset
construction, still with visible probability: we use the fact that with high probability, all
cycles with length in Q(logn) are accessible in a random deterministic automaton [CD17].
By construction the cycle around p labeled aw built at Step (1) has length O(logn),
hence p is accessible with high probability.

(6) Hence, at this stage, in the accessible powerset construction applied to the almost

deterministic transition structure there is a b-cycle of length H?:o l; = Q(n%) We
now randomly determine which states are final. If we consider a b-cycle alone in
the automaton, of length Q(y/n), its states are pairwise non-equivalent with visible
probability as soon as the probability f, that a state is final is not too close to either
0 or 1, which we assumed in our model. This property happens to be preserved when
building the product automaton for the union of one-letter cycles, provided their lengths
are pairwise coprime. Consequently, the large b-cycles in the powerset construction are
made of pairwise non-equivalent states with visible probability.

The first steps of the proof sketch are depicted in Figure 2. More details and notations will
be introduced in the next section.

We also state the following consequence for the expected state complexity of a random
almost deterministic automaton. Note this corollary is weaker than the result of Theorem 3.1.
Indeed, as its state complexity could be up to 2", a negligible proportion of automata could
still contribute sufficiently to have a super-polynomial expected state complexity.

Corollary 3.2. Under the conditions of Theorem 3.1, the expected state complexity of the
language recognized by A grows faster than any polynomial in n.

Proof. Let S be the random variable that maps a random automaton to the state complexity
of the language it recognizes. By Theorem 3.1, for n sufficiently large, P(S > n?) > c¢gn?
for some ¢4 > 0. Hence, E[S] > n? P(S > n?) > ¢4n?, concluding the proof. ]
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4. TEMPLATES

In this section we introduce the notion of templates, which will be used to describe families
of transition structures and will allow to handle the computations of conditional probabilities
in a unified way.

A template T is a pair (n, \), where ) is a function from [n] x ¥ to 2/, the subsets of
[n], such that for every (z, ) € [n] x ¥, A(z, ) is non-empty.

From their definition, templates could be identified as non-deterministic and complete
transition structures, but we only use them to encode restrictions. For o € ¥ and z € [n],
Az, @) is seen as the set of allowed targets for the a-transition outgoing from z.

We say that a transition structure A = (n,d) satisfies a template 7 = (n, \), denoted
by AE T, if for all (z,a) € [n] X X, §(z,a) € AN(x, «). In particular, if |A\(x,a)| = 1 for each
(z,a) € [n] x 3, then T = (n,A\) can be identified with the unique transition structure that
satisfies T.

The next lemma is used throughout the article to work with the uniform distribution on
transition structures conditioned on satisfying a template. It is obtained by direct counting.

Lemma 4.1. Conditioned on satisfying the template T = (n, \), the uniform distribution
on n-state transition structures (n,0) is distributed the same way as generating the image of
each 6(x, ) uniformly at random and independently in \(x, «).

In the sequel we define several sets of templates to capture the required properties at
every step, following the informal description given in Section 3. Without going into the
details at the moment, which will be given as needed, we will define:

e B, (p) as the templates that force the required conditions on the backward exploration
from state p, defined in Section 5;

e C,,(p) as the templates built from B,,(p) that furthermore force the existence of a small
cycle around p, defined in Section 6;

e T, (p,q) as the templates built from C,,(p) that furthermore force the existence of the
path starting at ¢ and of the b-threads, as depicted in Figure 2 and defined in Section 7.

5. BACKWARD SUBSTRUCTURE OF A RANDOM TRANSITION STRUCTURE

This section studies the shape of the backward substructure at logarithmic depth from a
state p € [n] in a random transition structure of size n. The backward substructure at depth
h from a vertex p, formally defined in Subsection 5.1, is obtained by restricting the transition
structure to the vertices that can reach p in at most h steps.

More precisely, we study the backward substructure at depth h := [logy v/n ] and we
want to show that with visible probability in a random transition structure, this backward
substructure contains at most dj/n vertices with at least day/n vertices at depth exactly h,
for some positive constants d; and ds. This result is formally stated in Proposition 5.6 and
its proof is the aim of this section.

For a fixed maximal depth m, Cai and Devroye [CD17] studied the stochastic process
giving the number of vertices at depth at most m in a random transition structure of size n
by providing a perfect coupling with a Galton-Watson process whose offspring distribution is
Bin(2n,1/n). As we work at logarithmic depth [log, /n ], we are not able to provide such
a tight description. However, inspired by their approach, we introduce in Subsection 5.2
a stochastic process Gy, that builds what we called backward multi-trees. Under certain
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natural restrictions, a backward multi-tree of height A can encode a backward structure
of depth h. In Lemma 5.2, we show that for every backward-structure of size at most %,
the probability that a random structure of size n has this backward structure at depth A is
lower-bounded by the probability that the process G; produces a multi-tree that encodes
this backward structure.

Thanks to this reduction, it only remains to show that with visible probability the
process G, produces a multi-tree encoding a backward structure satisfying the restrictions
on its total size and the number of nodes at depth h required in Proposition 5.6. A key
ingredient in obtaining this result is that the process Gy, is constructed in such a way that if
we only consider the number of vertices at each depth and not the structure of the multi-tree,
we are in fact studying a Galton-Watson process with offspring distribution Poi(2). This
model is well-studied and we derive the results necessary for our purpose in Subsection 5.3,
using standard techniques.

5.1. Backward substructure. Let A be a n-state deterministic transition structure and
p € [n]. For any state x € [n], let d, (z) denote the backward distance from p to z, that
is, the length of a shortest path from z to p in A. By convention, d, (x) = +o0 if p is not
reachable from z. For t > 0, the ¢-th backward layer of A from p is the set Li(.A, p) (simply
denoted by L or Li(.A) when the context is clear) consisting of the states at backward
distance ¢ from p: Li(A,p) = {z : d, (z) = t}.

For any integer h > 0, we define the h-backward substructure By of A from p as the
incomplete deterministic transition structure obtained by selecting the states at backward
distance at most h from p and the transitions that are part of their shortest paths to p.
Formally, if A = (n,¢), then By, = (n,~), where « is the partial transition function defined by
v(z,a) = y if and only if (7, a) =y and d,, (z) < h and d,, (y) = d,, (vr) — 1. The backward
support of By, denoted Supportg(By,) is UZZOLk, the set of states of Bj, which are either the
source or target of a transition, or just {p} in the special case of h = 0. When there is no
ambiguity on h and p, we sometimes write Supportg(A) instead of Supportg(By,).

For any n > 1, any p € [n| and any h > 0, denote by B,, ,(p) the set of all possible
h-backward substructures from p obtained from a n-state deterministic transition structure.

The template associated to By, = (n,v) € By n(p) is the template 7 = (n, A) defined for
every z € [n] and a € ¥ by:

(1) If y(z, a) is defined, then A(x, ) = {v(z, a)}.
(2) If y(z, ) is undefined and = € Supportg(By), then A(z, «) = [n] \ Uk:g Ly.
(3) Otherwise, if = ¢ Supportg(By), then A(z, a) = [n] \ UZ;(I)Lk.
This template is defined to precisely capture all n-state transition structures admitting
B;, as h-backward substructure.

Lemma 5.1. If T is the template associated to By, = (n,v) € B,n(p), then a n-state
transition structure A satisfies T if and only if its h-backward substructure is By,.

Proof. Suppose that A = (n, J) satisfies 7. A direct induction shows that for all t € {0,...,h}
we have Li(A) = Li(By). Moreover, if x € L; for t € {1,...,h}, then the conditions of
Case (2) in the definition of T yields that §(z,«) € L;—; if and only if v(x, @) is defined,
yielding 6(x, ) = y(z, ) as we must be in Case (1). Hence the h-backward substructure of
A is Bh.

Conversely, if the h-backward structure of A is By, then for every (z,a) € [n] x X:
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(1) If y(z, «) is defined, then 6(x, @) = y(z, @), thus §(z, ) € A\(z, a).

(2) If y(z, o) is undefined and x € Supportg(By), then d(z, a) cannot be in U‘z;(l)Lk, where
d = d, (x) in By, otherwise it would create a shorter path from z to p in A, and B,
would not be its h-backward substructure.

(3) If x ¢ Supportg(Bp,), using the same argument, §(z, &) cannot be in UZ;éLk.

This concludes the proof. []

Following the statement of Lemma 5.1, we write A = By, when A satisfies the template
associated with B;,. We further extend the notation to sets X of backward substructures:
A E X if A satisfies at least one element of X. Lemma 5.1 also allows us to define
Supportg(7) = Supportg(Bp), when T is the template associated with By, € B, 1(p).

5.2. Backward multi-trees, trees and processes. We define backward multi-trees which
are general trees and identify a subclass called backward trees that naturally encode backward
substructures. Using this view, we can consider a simpler stochastic process that produces
backward multi-trees instead of backward-substructures. In Lemma 5.2, we show that this
stochastic process can be used to give a lower-bound on the probability that a given backward
substructure appears in a random transition structure.

A n-backward multi-tree rooted at p is a finite general? tree whose root is labeled by p
and whose other nodes are labeled by pairs (z,a) € [n] x £. By a slight abuse of notation,
if a node N is labeled by (x, ), we say that x is the state that labels NV or that x labels N.
The name multi-tree underlines the fact that a state can label several nodes in the tree.

A n-backward tree is a n-backward multi-tree whose nodes are labeled by pairwise
distinct states. In particular, its labels are pairwise distinct. The notions of backward
multi-tree and of backward tree are illustrated in Figure 3, for n = 8.

O ®

B [l [a] (] [6.1] [7e]

Figure 3: On the left, a backward multi-tree which is not a backward tree because, for
instance, the state 2 labels two nodes. In the center, a backward multi-tree which
is a tree with its corresponding backward substructure on the right.

A n-backward tree T of depth at most h can be very simply transformed into a h-
backward substructure with n states, by starting with no transition then changing every
child—parent relation (x,a) — (y, 8) into the transition z % y, and (z,a) — p into z % p:
each letter is moved from its node’s label to the edge linking it to its parent, and the unused
states are added with no outgoing transition. We denote by A this map from a n-backward
tree to a n-state backward substructure.

2In a general tree, the children of each node are not ordered.
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We say that a n-backward multi-tree T' matches a backward substructure B when T is
a tree and A(T) = B. Let T,, denote the set of n-backward multi-trees that are trees, and
let T, 1 (p) be the set of backward trees that match a h-backward substructure at p:

Sn,h(p) = {T €%, A(T) S %n,h(p)}-

Observe that a backward substructure can be matched by a backward tree if and only if
every state in its support has exactly one outgoing transition, except p which has none. We
say that such a backward substructure is a tree.

For n > 1 and p € [n], we define a stochastic process (G)i>0, called the backward
multi-tree process of parameters n and p, which produces random n-backward multi-trees as
follows. At time ¢ = 0, the tree consists of a unique root node labeled p, which is at depth 0.
For t > 0, the tree G; 1 is built from G; in the following way. For every node N at depth ¢
in G;, we draw independent Poisson random variables X, ., of parameter %, one for every
x € [n] and for every a € ¥. If X , > 0, then we add X, o children labeled (z,®) to N, at
depth ¢ + 1.

The following lemma justifies the introduction of the multi-tree process (G¢)i>0 as we
will use it to lift some visible properties of a backward tree generated by this process to the
visible properties of the backward substructure of a random transition structures.

Lemma 5.2. Let B € B, ;,(p) such that [Supportg(B)| < § and the h-th layer of B is not
empty. Let A, denote a uniform random transition structure with n states, and (Gi)i>o be
the backward tree process of parameters n and p. Then P(A, = B) > P(G, matches B).

Proof. If B is not a tree then P(G, matches B) = 0 and the inequality trivially holds. So we
assume that B is a tree for the remainder of the proof.

Let 7 denote the template associated with B. We proceed by induction on the depth
h of B = (n,7). The claim trivially holds if ~ = 0. For the induction step, assume the
claim is true for depth h and consider a backward substructure B of depth h + 1. Let B
be the associated backward substructure of depth h, which just consists in removing the
outgoing transitions from the states of Lj1(B). Observe that B is also a tree, thus we have
P(G, matches B) > 0.

Let T denote the template associated with B. As |Supportg(B)| < [Supporty(B)| < L3

by induction hypothesis we have P(A, = T) > P(G, matches B).

T p
—
|
=
< o
~ 2 3
+ 2.3 s states
<= T
=11
5
o |Lp| = r states
M A AA PN MK .
\ \ / / \ < z transitions
7 from L to L
[ |Lp41] = = states ] s "

Figure 4: An illustration for the values of r, s and z in the proof of Lemma 5.2.
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Let 7 = |Ly(B)| = |Lyn(B)|, s = | Uz;é Li| and z = |Lp41(B)|. Observe that since B is a
tree, z is also the number of transitions from Lp.1 to Ly in B. They are the transitions we
removed to build B.

A transition structure A = (n,d) that satisfies 7 = (n, \) also satisfies 7 if and only
if for every x ¢ Supportg(B) and every o € ¥ we have (i) if y(x, ) is defined in B then

~

d(z,a) = v(x, ), and (ii) if y(z, ) is undefined in B then 6(z, ) ¢ Supportg(B). Since
A E T, for every & ¢ Supportg(B) and every a € ¥, Mz, o) = [n] \ UZ;éLk, hence
\X(w, a)| = n—s. Out of these n — s possible targets, only one is possible for the z transitions
of Case (i) and n — r — s are possible for the 2(n — r — s) — z transitions of Case (ii). Since

the other transitions have the same constraints in 7 and in 7A‘, by Lemma 4.1 we have

) 1 o 2(n—s—r)—
P(An#TIAn#T):(n_S)zX(n r 5) |

n—s

We rewrite this probability the following way:

R 1 r 2(n—s—r)

n—s

1
n
P(Poi(2) =1) = %e‘l/ " considering the 2nr possible transitions that ends in one of the r

On the other hand, by construction of the process and since P(Poi(+) = 0) = e~ /" and

vertices of the last layer in B:
—2r

A Z 2nr—z
P(Gp+1 matches B | G, matches B) = (161/”> X (efl/”> =

n n*

Let R be the ratio of these two probabilities, we have

P(An F T | Aq = T) - (1 o >2(“” o
P(Gp4+1 matches B | Gp, matches B) - '
As —log(1l —z) >z for z € (0,1), we have

R=

n—s

22
log R > 2(n — s)log <1— z >+ Tt
n—s

n—s
A basic study of the function z — log(1 — z) + z + 222 yields that for all z € [0, 3], we

have log(1 — z) > —z — 222, Moreover, r + 5 <r+s=[Supportg(B)| < %, hence r < "5*
Therefore, we have

log R > —2(n —s) (n i - " 4(n3i28)2> N nQiQS +9r = 2(7@7“2—5) > 0.
This yields that P(Ay, & T | Ay = T) > P(Ghy1 matches B | G, matches B). Therefore,
P(AnlzT):IP’<An|:TandAn|:7'>
_IP’(ANI=T|Anl=7'>P<AnI=T)
>P (th matches B | G, matches B) P (gh matches 8)
—P (th matches B and Gy, matches B)
P (Gp+1 matches B),
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concluding the proof by induction. []

5.3. Results in Galton-Watson processes of offspring distribution Poi(2). Let
(Gt)t>0 be a backward multi-tree process of parameters n and p. To each G; we associate the
quantity Z;, defined as its number of nodes at depth ¢. Since the sum of [X| - n independent
Poisson random variables of parameter % is a Poisson random variable of parameter |X|
and |X| = 2, each node at depth t in G; gives birth to Poi(2) children at time ¢ 4+ 1. Hence
(Zi)e>0 is exactly a Galton-Watson process of offspring distribution Poi(2), which is a well
studied branching process [Har63]. We tailor classical results on Galton-Watson processes
to our needs as follows.

Theorem 5.3. Let (Z;)i>0 be a Galton-Watson process of offspring distribution Poi(2).
There exist positive real numbers c, c1, co, c3 and a positive integer tg such that,

t—1
P (Vt Z to, 012t S Zt S 022t and ZZk S 032t> Z C.

k=0
Proof. As the expected value of the offspring law is 2 and its variance is finite, the sequence
of random variables (W}):>o defined by Wy = 2717, almost surely converges to a random
variable W with E[WW] = 1 (see [Har63, Theorem 8.1, p.13]). Since E[W] > 0, there must
exist a constant d > 0 such that P(|W —d| < 4) > 0: we can cover R>q with a countable
number of intervals (%d, %d)7 and W is in at least one of them with positive probability.

For tg > 1 and = > 0, we consider the following events:

e event Ay, : (2, Wi —W|< 4,

e cvent B: [W—d| <4,

e event Gy, 1 20 Z, < w(200 —1).

Our choice of d yields that ¢ := P(B) is positive. As (W;)¢>0 converges almost surely to

W, limy) o0 P(Ay) = 1. So we can fix a value for ¢ such that P(As,) > 1 — §. For this t,
lim; o0 P(Cty,2) = 1, s0 we can choose some value for 2 such that P(Cy, ) > 1 — §. For

these choices of tg and z, this yields, by the union bound, using X for the complement of X:
— — — c
P (At N BN Chye) 21 =P (Ay) =P (B) =P (Cryz) 2 5 > 0.
We finalize the proof as follows. Assume that the events A;,, B and Cy, , occur simultaneously.

For all t > tg, we have |[W; —d| < |[Wy — W|+ |W —d| < ¢+ 4 < 2. Hence, for all t > t,
%Qt < 7Z; < 3—2‘12t, and we can take ¢ = g and ¢y = 37‘1. Furthermore, for ¢t > ty, we have:

t—1 to—1 t—1 3 =L
— t k
D= Zn+ Yy Z<a@ -1+ 2k
k=0 k=0 k=to k=tg
which is at most c32! for ¢5 = max{x, 3d/2}, concluding the proof. ]

Lemma 5.4. Let (Z;)i>0 be a Galton-Watson process of offspring distribution Poi(2). The
probability that Z;:O Zi > 2%t/2 tends to 0 as t tends to infinity.

Proof. For all t > 0, we have E[Z;] = 2!. By linearity of expectation, E[S _, Z;] = 2!+ — 1.

Hence by Markov inequality, for all i > 0, P(3°F_, Z; > 2%/2) < (2;;1 /_21) which tends to 0

as t tends to infinity, concluding the proof. []
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5.4. Main result on backward substructures. The aim of this section is to conclude
our work on backward substructures, by proving Proposition 5.6 stated below.

Let © denote the set of backward multi-trees in which no node has two children with
the same label. For instance in Figure 3, the multi-tree on the left is not in ® as (3, ) has
two children with same label (4, a). We first show that with high probability the multi-tree
produced by the process is in 2.

Lemma 5.5. Let (Gi)i>0 be the backward multi-tree process of parameters n and p. With
high probability, G, € © for h := [logy\/n |.

Proof. A node has children with the same label if and only if at least one of the Poi(1/n)
used to construct its children values at least two.

The probability that such a random variable is at least two is 1 — e~ /(1 + 1/n) =
1/n%+40(1/n?). Thus if we consider a sequence of o(n?) such random variables, the probability
that at least one of them reaches two or more is o(1) by the union bound.

Let (&)i>1 be a sequence of i.i.d. Poi(1/n) random variables used for the construction
of Gy. By the union bound, as P (|Gs| > 230/2 and G, ¢ D) <P (|Gn] > 23h/2) we have

P(Gy ¢ D) <P (Gu > 22) +P (i € {1,...,2n [2/2 ]}, > 2).

The first probability tends to 0 by Lemma 5.4. The second probability also tends to 0 by
the above remark and the fact that n|23%/2| = ©(n7/*). This concludes the proof. []

For a multi-tree in ®, we define a notion of shape which intuitively corresponds to
drawing the multi-tree in the plane with the children ordered lexicographically and then
in removing all the labels. By definition of ®©, all children of a node have different labels,
hence this embedding is uniquely defined. The proof of Proposition 5.6 below consists in
showing that for a fixed shape S, given it has shape S, the probability that Gy, is a tree can
be bounded from below by some constant 7 independently of the shape S. We will then
conclude by the law of total probabilities.

Proposition 5.6. There exists cg,d1,ds > 0 such that, for any n sufficiently large and any
p € [n], the h-backward substructure B from p of depth h = [logy v/ | of a uniform random
n-states transition structure is such that |Supportg(B)| < div/n and |Lp(B)| > dav/n with
probability at least cg.

Proof. We choose some values for ¢, c1, co, c3 and ty that work with Theorem 5.3. We set
di = 2(ca + ¢3) and dy = ¢1. Let (G¢)i>0 be a backward multi-tree process of parameters n
and p, and let (Z;);>0 denote the number of nodes at depth ¢ in G; (and therefore in all Gy
for t' > t).

Let &, denote the set defined by:

h—1
@h = {Q €D Cl2h < Zh(g) < 022h and ZZk(g) < C32h} .
k=0

For n sufficiently large, h > ty and Theorem 5.3 applies. Hence, together with Lemma 5.5,
for n sufficiently large we have

P(Gy € &) > g (5.1)

as the intersection of a property with visible probability and a property with high probability.
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We start by showing that there is a visible probability that G; belongs to &) and is a
tree. To do so, we introduce the notion of shape of a backward multi-tree and bound from
below the probability at fixed shape.

To any G € ® we associate its shape s(G), a tuple of non-negative integers which is
inductively defined as follows:

e if G is reduced to a root node, then s(G) = (0),

e otherwise, if (G;)i=1,. r denote its k children ordered by their root labels (using the
lexicographic order), then s(G) = (k) ® s(G1) ® s(G2) ® - - - @ s(Gk), where ® denote the
concatenation of tuples: (z1,...,2Zm) ® (Y1, Yr) = (T1, -+ - s Tons Y1y - -+ Yp)-

So we compute s(G) by producing the sequence of the number of children in a depth-first
traversal of G, where the children of a node are taken in lexicographic order of their labels.
There is no ambiguity as in an element of ®, two siblings always have different labels. If
G ¢ 9, we set s(G) = L to indicate that no shape is defined.

The label sequence of G € ©, denoted by ¢(G) is computed as s(G), except that we
collect the labels of the nodes instead of their numbers of children. One can readily verify
that if both s(G) and ¢(G) are given, there is a unique element of © that matches them,
which is G: informally s(G) encodes the tree structure, and the nodes are labeled with ¢(G)
using a depth-first traversal. Let S, = {s(G) : G € &;,} be the set of shapes of elements of
&j,. Observe that if s(G) € Sp, then by definition G € © (otherwise s(G) = _L); moreover,
the shape of G determines the size of its layers, and therefore G € ;. Hence s(G) € Sy, if
and only if G € &,,.

The probability that G, = G is the same for any G having the same shape S € Sy.
Indeed, by direct induction on the steps of the depth-first traversal, each time we generate the
k children of the current node, the value of k being given by s(G), we draw 2n independent
Poi(1/n) out of which exactly k& must value 1 and 2n — k& must value 0. This happens with
probability that only depends on k, hence only on s(G).

So we can compute the probability that G is a backward tree, given its shape S, by a
counting argument. Indeed, to construct a backward tree with shape S = (s1,...,5s;), we
first need to choose the states labeling the s; children of the root (which is always labeled
by p) and for each child assign a letter in 3. This represents (";11)281 choices. Then we
need to choose the s9 states labeling the so children of the first child of the root. These so
states must be chosen in amongst the n — 1 — s1 not used so far. For each of these states,
which is uniquely identified by its label, we must choose a letter in X for a total number of
(”_51;51)232 choices (observe that the formula is also correct if s = 0). By repeating this
argument in the form of a direct induction, we have that the number of ways to build a
backward tree of shape & = (s1,...,¢) is

t—1
Tu(S) = ("7 W) (P T g e (T T 25 g
S1 S9 St

On the other hand, the number of way of labeling S to obtain an element of ® is

i () )+ (2)

as the only constraint is that the children of a node have different labels, amongst the 2n
possible ones. Recalling that ¥, denotes the set of n-backward trees, we just established

that P(Gp, € T, | s(Gn) =S) = %. We can easily bound from below as follows, using
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m =1+ 3'_, s; to denote the number of nodes:

_ m—1 m—1
T,8) > 2 o™ d Do) < BT
[Tizy si [Tizy s
Therefore, we have
P(Gh € Tu| 5(Gn) =) = (1- T)m.
B n

In particular, if S has at most diy/n nodes, then for n sufficiently large we have
1
B (Gr € Tu | 5(Gn) = §) 2 5 expl(— ), (52)

as limp, (1 — dy //n)BVe = =i

We can now finalize the proof by bounding from below the probability that G is a
n-backward tree and in &, as follows, for n sufficiently large. We first partition the elements
of &, according to their shape:

P(Gh € 6,NTp) = Y P(s(Gn) =S and G, € Tp)
SeSy

= Y P(Gh €T | 5(Gn) = S)P(s(Gn) = S).
SeSy
As Sy, is the set of shapes of the elements of &y, all the G such that s(G) € S; has at most
(c2 + ¢3)2" < 2(cg + c3)y/n = d1+/n nodes, Equation (5.2) applies and yields:
o -
5 > P(s(Gn) = 8) =
Sesy,

_ 2
ce” 4

By Equation (5.1), if we set cg = ““;—, then for n sufficiently large G, € &, N'T,, with
probability at least cg.

Recall that for G € T, A(G) denote the associated backward substructure. Let B C
B, n(p) denote the set of backward substructures B such that |Supportg(B)| < diy/n and
|Lp(B)| > day/n. As every structure in A(&;, N%,) is in By, we have

P(Ap b B) 2P (A EAG,NT,) = Y P4, EA®G)).
GeBRNT,

We used the fact that, by Lemma 5.1, two different elements of &; N T,, cannot be the
h-backward substructures of the same transition structure.
Moreover, by Lemma 5.2, for G € T,, we have

P(A, EA(G)) > P (G, matches A(G)) =P (G, =G).

(&

P(Gn e B,N%E,) >

IP’(Qh S Q5h).

Therefore,
P(ApEBr)> Y P(Gyn=6)=P(Gr € &, NT,) > c.
GeBRNT,
This concludes the proof. ]

For any n > 1 and p € [n], let B, (p) (or simply B,, when there is no ambiguity on p)
denote the set of templates associated with the [logy v/n |-backward substructures B from p
of the n-state transition structures such that [Supportg(B)| < diy/n and |Lp(B)| > dav/n.
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6. FORWARD TREE AND SHORT CYCLE AROUND p

In this section, we continue the construction started in Section 5 by performing a forward
exploration starting from d(p,a) in a random transition structure that satisfies By, (p).

More precisely, let 7 € By, (p) of depth h = [logy+/n]. For a transition structure
A = (n,d) that satisfies 7, we perform a breadth-first traversal of A from r := §(p, a):
the states are discovered in order ro = 6(r,e), r1 = d(r,a), r2 = 6(r,b), r3 = 6(r,aa),
rqg = 6(r,ab), ..., where the words are taken in length-lexicographic order. This process
halts as soon as one of the following events happens:

(1) 7 € Ly, where Ly, is the h-th layer of T, i.e. the states x of A such that d, (z) = h;
(2) 7 € Supportg(By) \ Ly, which is only possible for ro = d(p, a), as A satisfies T;

(3) 7 =r; with j < i, i.e. we have a collision with a state already seen during the process;
(4) i = [y/n], we force the process to halt after \/n steps.

We call this process the forward process from p, and say that it is a success if it halts because
Case (1) is triggered and it is a failure otherwise. It is deterministic for a given A, and we
will consider its probability of success for random transition structures.

Lemma 6.1. There exists a constant cp > 0 such that, for n sufficiently large, for any
p € [n], and for any T € B, (p), the forward process from p of a uniform random n-state
transition structure conditioned to satisfy T is a success with probability at least cp.

Proof. Let By, be the h-backward substructure from p associated to 7. By Lemma 4.1, in a
random transition structure A that satisfies 7, §(p, a) is a uniform random element of [n],
and for every x ¢ Supportg(7) and every a € X, d(x, ) is a uniform random element of
St := Lp(Bp) U ([n] \ Supportg(By)), every choice being made independently.

We simulate the evolution of the process by generating the target of the transitions one
by one according to the restrictions induced by 7, when needed, in the order of the traversal.

First, we want to upper bound the probability that the process fails because we reach
the threshold of \/n steps, i.e. it halts because of Case (4). As the first transition considered
is 0(p, a), and the process immediately fails when §(p, a) € Supporty(Bg) \ L, it continues

with probability 1 — [5uPPorts(Br)\La|

n
For1<i<[y/n]—-1,ifrg, ..., r_1 avoided the halting conditions, then r;, which is a
uniform element of S, also avoids the halting conditions with probability 1 — ZTsliTl’ as it

must be different from the previous r;’s and not belong to L;,. By independence, it yields
that the probability 7, that the process halts because of Case (4) is

[Vn]-1 . nl—
o= (1 SoperatB 2l (1_z+|Lh|>§<1_thl>W '

n Pl |ST] n

As T € B,(p), we have |Lj| > doy/n and thus m, < (1 — da//n)¥V"*~!. Moreover, since
lim,, (1 — da/\/n)V"~! = exp(—dy), for n large enough we have 7, < x by choosing, for
instance, x 1= 3(1 4 exp(—da)) € (0,1).

Secondly, if we condition the process to halt at some step i < [y/n] then r; is chosen
uniformly at random in {rg,...,r;—1} U Ly. Hence, given it halts at step 4, the probability
of success is

|Lp| - doy/m  do
i+ Lyl T Vn+divn 14+di’
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Finally, since this lower bound does not depend on ¢, the probability that it halts because of

Case (1), i.e. the process is a success, is at least 11%11 times the probability that the process

halts before [/n] steps. Hence, it is at least cp = 11—21(1 — k) > 0, concluding the proof. []

Let (u;)i>0 denote the sequence of words on ¥ in the length lexicographic order, so that
uyp = €, up = a, ug = b, ug = aa, ...For any n-state transition structure 4 = (n,J) that
satisfies a template 7 = (n,~) of B,,(p) and whose forward process is successful and halts,
at step i, we associate the template T4 = (n,\) as follows. For any x € [n] and a € X,

e for all j < i and all a € {a,b} such that ujo belongs {uo,...,u;}, AMz,a) = {d(z, )}
with z = §(p, au;),

e otherwise, \(z, o) = vy(z, ).

In other words, starting from the template 7, we force the targets of all the transitions

explored during the forward process. It is direct to establish that every transition structure

that satisfies .4 has the same [log, /1 |-backward substructure than A and exactly the same

forward process, which is successful.

Let C,(p) denote the set of templates T4 for the transition structures A that satisfy
T € B,(p) and that have a successful forward process from p. For such a transition structure
A whose process halts after i steps, define Supports(A) = Supportg(A) U {d(p, au;) : 0 <
j < i} be the set of states visited during the backward construction and the forward process.

The next lemma is a direct consequence of Lemma 5.1 and of the way we constrained
the forward tree in the construction of 74.

Lemma 6.2. Two n-state transition structures A = (n,0) and A" = (n,d’) satisfy the same
template T € C,(p) if and only if A and A" have same [logy \/n |-backward substructure
and the forward processes from p of both A and A’ halt successfully at the same step i, with
d(p,auj) = 0'(p, au;) for every j € {0,...,i—1}.

For T4 € C,,(p) a template associated to a transition structure A = (n,d) whose forward
process from p halts successfully after i steps, we let Support(74) = Supportc(A) denote
the set Supportg(A) U {d(p,au;) : 0 < j < i}, which we call the cycle support of T4 (or of
A). We added the states discovered during the process to Supporty(.A).

Finally, observe that the last step of a successful process builds a cycle around p as
d(p,au;) € Ly and as there is a path from any state of Ly to p, by construction. Let v be
the smallest word for the length-lexicographic order that labels a path from §(p, au;) € Ly,
to p, then au;v labels a cycle around p in A. Define w4 (p) := u;v, or just w4 if p is clear
from the context.

Moreover, this word only depends on T4 since it only uses transitions determined by the
template, by construction of the backward and forward traversals: two transition structures
A and A’ satisfying the same T € C,(p) are such that w4 = wy. So we can define this
word for a given 7 € C,(p) as wy := w4 with no ambiguity.

The properties we need in the sequel are summarized in the next statement.

Proposition 6.3. There exists ¢ > 0 such that for n sufficiently large and p € [n], a random
n-state transition structure satisfies Cp(p) with probability at least c.

Furthermore, any transition structure A that satisfies a template T = (n,\) € Cy,(p)
admits a cycle around p labeled by the word awr, which only visits states in Supportc(T)
and has length between h and 2h, where h = [logy v/n|. We also have |Support(T)| < (di +
1)y/n, and for any x ¢ Supportc(T) and any o € X, X, ) = Ly (T) U ([n] \ Supportg(T)).
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Proof. As both the h-backward substructure construction and the forward process are
deterministic, a given n-state transition structure can satisfy at most one template in Cy(p).
Hence, if we partition according to the elements of C,(p), the law of total probabilities and
Lemma 6.1 yield the first statement of the proposition.

The second part is a consequence of the construction of 74 and of the fact that if the
forward process is successful, it halts before y/n states are discovered, and thus after building
a forward tree of depth at most h. L]

7. FORMING THE b-CYCLES

From now on, we fix some integer d > 1. In this section, we consider a random transition
structure conditioned to satisfying a template T € C,,(p) with cycle around p labeled by
aw, with w := w7 and |w| € ©(logn). The statements of this part articulate as follows.

We consider the path P = ¢ ~ p; “5 py ~» --- % py depicted in Figure 2. We first
establish in Lemma 7.1 that with high probability it does not intersect the support of the
template 7 and it does not go twice through the same state.

Starting at state x, we grow what we call a b-thread by successively drawing the outgoing
b-transitions until we cycle back. Then in Lemma 7.2, we show that with visible probability
we can grow a b-thread from p and each p; such that these threads have size in O(y/n), do
not intersect the support of the template 7 nor the path P and are pairwise disjoint.

If we condition the cycles formed by the b-threads to have length in [/n,2y/n], we
furthermore establish that these lengths are uniformly drawn in this interval and that it still
happens with visible probability in Proposition 7.4.

7.1. Growing the b-threads. Let A = (n,d) be a n-state transition structure that satisfies
a template T € C,(p), for some p € [n]. For any ¢ € [n], we associate to A its starting
states tuple s(A, q) which is either a tuple of d + 1 states, or L in case the construction of
the tuple failed. To build s(A, ¢) consider the path labeled in A that starts at state ¢ and
labeled by the word
u = wa(awa)

where aw 4 labels the cycle around p in A defined in the previous sections. The word u has
length |u| = d|lwa| + d — 1, and go through all the states x; := 0(q, v;), where v; is the prefix
of length 7 of u and 0 < i < |u|. Letting X (A) = {x; : 0 < < |ul}, the construction fails
when X, (A) N Supportc(A) # 0 or | X4(A)| < |u|+1; in other words, it fails if the path uses
a state of Supportq(.A) or if it goes twice through the same state. If the construction fails,
we set s(A, q) = L, otherwise

s(A.q) = (p,0(q.w4).0 (g walawa)") ... 0 (. walawa)') ).

Lemma 7.1. For any € > 0, for any n sufficiently large, for all p € [n], if q is chosen
uniformly at random in [n], then for any T € C,(p) we have

P(s(A,q) #L|AET)>1—¢

Proof. Observe that the construction immediately fails for A = 7 if the starting state
of the path zp = ¢ is in Supportc(7), as Supporte(A) = Supporte(7). This happens
with probability |Supportc(7)|/n as ¢ is chosen uniformly at random in [n]. As stated in
Proposition 6.3, in a random A satisfying 7, the transitions starting from = ¢ Supportq(7)
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must arrive in S := Ly,(7T) U ([n] \ Supportg(7)). Furthermore their targets are all chosen
uniformly at random and independently in S, according to Lemma 4.1. For ¢ € {0,..., |u|},
let Y; := Support(7T) U{zo,...,x;}. Observe that for any i € {1,..., |u|}, if the path for
the first ¢ — 1 letters of u did not produce a failure, the target of a transition starting from
x;—1 is an element of S taken uniformly at random. Hence, we have, as |Support(7)N.S| <
Supporto(T)]:

[Supporto(T)[+4 _ . [Supporta(T)| + [u]

P($Z¢}/z—1|v']§l—]_,;p¢Y_1)21_ 21
T 5] ]
Combining with the probability that xo = ¢ ¢ Supports(7) this yields
S t lul+1
P(s(Aq) # L|AET) > (1_| uppor |%(|T)|+\UI) .

By Proposition 6.3, |u| < 2[logy /1] and |Supportg(7)| < [Supportc(T)| < (di + 1)v/n, so
that |S| > n — (d1 + 1)y/n and we have

(d1 + 1)/ + 2[logy /1| )Qflogwﬁwl
n—(di+1)y/n :

This concludes the proof, as it tends to 1 when n tends to infinity. []

P(s(A,q) #L | AET) > (1—

If A satisfies T and s(A,q) # L, we write s(A,q) = (po,p1,--.,Pa), with po = p by
construction. Let u; denote the i-th letter of the word u and let also Py(A) = x¢ o B

LN x|, denote the path labeled by u = ujus - - - uy, and starting from zp = q. Recall
that X,(A) is the set of states of Py(A).
We consider the thread process of A which, if successful, consists in building in order

the sets F; = {d(p;, &) : j > 0} for i € {0,...,d} as follows. For i from 0 to d we start with

E; = {p;} and then iteratively add §(p;,d’) for j > 0 until:
(1) 6(pi, V) € U?%Ek, in which case the process halts and is a failure;

(2) or d(p;, ¥') € Support(7T) U X, (A), in which case the process halts and is a failure;
(3) or §(p;,¥') € E;, in which case the process halts and is a failure if |E;| ¢ [2v/n,3v/n]. If
not there are two cases: if ¢ < d the process starts building F;41, and if ¢ = d it halts
with a success, as all the b-threads are successfully built.
Define (A, q) = (|Eol, |E1l, ..., |Eq4|) the tuple of the b-threads’ lengths if the process is
successful and A(A, ¢) = L if it fails. Observe that if successful, then the E;’s are pairwise
disjoint, and do not intersect Supportc(7) U X, (A).
The following statement is a variation on the classical Birthday Problem.

Lemma 7.2. There exists ¢y > 0 such that for any n sufficiently large, for any p € [n], for

any T € Cn(p) and for any path P = xg — x1 = ... BN |y labeled by u = wr (awr)4!

such that the x;’s are pairwise distinct and not in Supportc(7T) we have
P(A(A,20) # L | AT and Pyy(A) = P) > cx.

Proof. Conditioning by A = T and P,,(A) = P is exactly conditioning on satisfying the
template Tp = (n,yp) obtained from T = (n,~y) by setting yp(zi, uitr1) = {x;y1} for all
i €{0,...,|ul — 1}, and yp(x,a) = y(x, «) for all other transitions.

Let S := Ly(T) U ([n] \ Supporte(T)). For every i € {1,...,d}, by construction
Pi = Tijqwy|-1 and vp(pi, b) = v(pi, b) = S since a labels the transition outgoing from p; in
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P for i < d—1 and pq is the end of P. Also, vp(po,b) = v(po,b) = v(p,b) = [n], as the

template gives no constraint on p LN

So during the thread process, as long as we are adding a new state = = §(p;,b’) in E;,
the transition §(z,b) is a uniform element of S (or of [n] if i = j = 0), independently of the
previous steps. Hence if we are not in the case i = j = 0, out of the |S| possibilities, r; :=
| Ul_{, Ex| possibilities trigger a failure because of Condition (1), s := |S N Supporte(7T)| +
| X, (A)| possibilities trigger a failure because of Condition (2), and j possibilities complete
the process for E; because we cycle back on a previously seen element of E;. So for ¢ > 1 and
t < 3y/n, the probability m;(t) that neither Condition (1) nor Condition (2) were triggered
and |E;| = t, conditioned on the fact that E; were successfully built for all j < i is

S| —ri—s |S|—ri—s—1 IS|—7i—s—(t—2) t
i(t) = X X - X X —
m= 5] 5] 5]
~~ ~~ ~~~
choice of §(p;,b) choice of §(p;,b2) choice of §(p;,bt—1) cycling back
Hence

t—2 .

t rit+s+7
i) = [[(1-"—c—)
””|ﬂm< 5] >

For 2y/n <t < 3y/n we have

t n+s+3\/ﬁ)3ﬁ
() > |- OTESTOVIY
() |S|< 5|

Moreover, as at most d threads have been completed so far, r; < 3dy/n, and for n sufficiently
large, | X4(A)| < y/n and thus s < (d; + 2)y/n, by Proposition 5.6. Observe that we also
have |S| > n — (di +1)\/n, which is greater than in for n sufficiently large. Therefore, using
p = 2dy + 6d + 10 and the fact that lim,,(1 — p/m)™ = exp(—u), we have

3v/n -3

t 7 te °H

() > = 1—— > .
zig (1-7:) =%

This yields that

[3v/n] - [3v/n] _
Z mi(t) = Z t>7(L3\FJ [2v/n] +1) [2v/n].
t=[2v/n] t=[2/n]
As the limit of the right hand term is e =3# > 0, there exists x > 0 such that, for n sufficiently
large we have ZLSIJ (t) > k.

t=[2ym] T
For the case i = 0, as 7o = 0 and yp(po, b) = [n], we have almost the same formula:

”W:@@‘DEG‘%O'

With the same technique as before, we can find some positive constant kg such that

ZF’}QJ/—' mo(t) > Ko, for n sufficiently large. Combining the results we obtain that

P()‘xo(-A) # 1 | AT and Pxo(A) = 7)) > Ko ’idy
concluding the proof. L]
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We now write the conditions in terms of templates, by naming the states encountered
during the thread process and forcing the associated transitions. For n > 1 and p, q € [n],
let T),(p, q) denote the set of templates T = (n, ) such that:

e 7 satisfies a template T = (n,7) of C,(p), with a cycle around p labeled by the word aw7.
Hence Supportq(7) = Supportc (7') and, to simplify the notations, define w := wy = w4

e We write 29 = ¢ and for u = w(aw)® " = uyuy - - - u),|, there exist pairwise distinct states
T1, T2, ..., T|y| in [n] \ Supporte(7) such that for all i € {0,..., u| — 1}, y(zs, uiy1) =
{zi+1}. This determines the path starting at ¢ and labeled by u of any A that satisfies 7.
Let Xo(7T) = {z;: 0 <i <|ul}.

e We write po1 = p and pi,1 = Tjjq|—1 for 1 <i < d. For any i € {0,...,d}, there exists an
integer A; such that 2/n < A\; < 3/n and states p;2, ..., piy, in [n]\ (Support(7) U
X4(T)) such that:

— The p; ;’s are pairwise distinct.

— For all i € {0,...,d}, for all j € {1,...,X; — 1}, v(pij,b) = {pij+1}. This determines
the b-threads starting from po 1, ..., pa1. Let E; = {p;; : j € [N}

— For all i € {0,...,d}, v(pi»,,b) = Ej, to ensure we cycle back in each b-thread.

e For every other transition (z,a) we have vy(z,a) = §(z, a).

As the construction follows the constructions of the path and of the b-threads, we readily

have that A E T, (p, q) if and only if A E C,(n) and A(A,q) # L. As the constructions

are deterministic, for given p, q € [n], a given n-state transition structure .4 cannot satisfy
more than one template of T, (p, q¢). Moreover, all the transition structures A that satisfy

a given T € Ty (p,q) have same A(A,q) = (Ao, A1,...,Aq), which we can therefore write

AT, q) with no ambiguity.

Proposition 7.3. There exists cp > 0 such that, for n sufficiently large and for p € [n], if
q is a uniform random element of [n] and A is a uniform n-state transition structure, taken
independently, then P (A E Ty (p,q)) > cr.

Proof. We partition T, (p,q) according to the possible valid paths as follows. For given
T € Ty (p,q), the path P,(A) is the same for every A that satisfies 7, so we can define
Py(T) :=P4(A) for any such A. Let P,(n) denote the set of all possible paths:
Bg(n) ={Pe(T) : T € Tn(p,a)}-
We have
PAET.(p,q) = Y, Y, PAETand Py(T)="P).
PeBq(n) TETH(p,q)
Recall that A = T, (p, q) if and only if A F C,(n) and A(A, ¢) # L. This yields

PAET.(p.g)= >, Y P(AETand A(A,q)# L and Py(T) =7P).
PeBy(n) TECy(n)
For any 7 € C,(n) and any P € B,(n), by Lemma 7.2, for n sufficiently large we have
PAET and A(A,q) # L and Py(T) =P) > cxP(AE T and P,(T) = P).

By definition of s4(A), a given transition structure that satisfies 7 € Cp(n) has a path in
Bq(n) if and only if s4(A) # L. Thus

> PAET and Py(T) =P) =P(A = T and s4(A) # L).
PEPq(n)
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Moreover, taking ¢ = % in Lemma 7.1, for n sufficiently large we have

P(AET and s,(A) # 1) > = P(AET).

N

Putting all together yields

P(AF Tu(p.q)) = 5 Te%j( FUART)= SEAEGy(n)).

This concludes the proof by Proposition 6.3. L]

Let T € Ty(p, q) with A(T,q) = (Mo, ..., Aq). If A= T then at the end of each b-thread
from p; 1, the b-transition outgoing from p; ), ends in an element p; ; of E;, forming a b-cycle
of length ¢; = \; — j+ 1. Let (A, p,q) be the d + 1-tuple of the b-cycle lengths (£, ..., ¢y) if
all its coordinates are in [v/n,2y/n], and ¢(A, p,q) = L otherwise. We also set £(A,p,q) = L
if A does not satisfy T (p,q). If (A, p,q) = (Co,...,lq), we define ¢;(A) := ¥; to directly
access its coordinates.

Proposition 7.4. There exists ¢y > 0 such that for n sufficiently large and p € [n], if q is
taken uniformly in [n] and A is a uniform n-state transition structure taken independently
then P (L(A,p,q) # L) > ¢g. Moreover, conditioned on ¢(A,p,q) # L, the random variables
¢; are independent uniform integers of [\/n,2y/n].

Proof. By definition, we have ¢(A,p,q) # L only for transition structures A such that
A E T,(p,q). Let T € Ty(p,q), let s4(T) = (po,p1,---,pq) denote its tuple of starting
states and let A\y(7) = (Xo,...,\p) denote its tuple of b-thread lengths. If A = (n,d) is a
random transition structure conditioned on satisfying 7, then, by definition of T, (p, q), for
every i € {0,...,d}, 6(p;, ™) is a uniform element of F; = {6(p;,b’) : 7 > 0}, with |E;| = \;,
and they are all independent. Hence each b-cycle length ¢; is a uniform random integer in
[A:], and they are all independent.

By definition of T, (p,q), for every i € {0,...,d}, we have 2/n < \; < 3y/n. In
particular [v/n,2y/n] C [1,\;], and the probability that a uniform element of [1, A;] is in
[vr,2y/n] is at least I (it is lower-bounded by a quantity that tends to ). Hence the
probability that all the ¢;’s are in the valid range [/n,2y/n] is at least 4-9~1. Since this
lower bound does not depend on T € T,,(p, q), this proves by the law of total probabilities
that

PUU(Apq)#L)= > PUApq#LIAET)PAET) >4 P(AE Th(p.q)).

TeTn(p,q)

By Proposition 7.3, this yields P (£(A, p,q) # L) > ¢, with ¢, = 474 Ler.,

The second part of the statement is just a consequence of the fact that a uniform element
of [\;] conditioned to be in [/n,2y/n] is a uniform element of [\/n,2y/n]. And as direct
computation shows, the independence is preserved if we consider all the ¢;’s together. []

Proposition 7.4 is our main probabilistic result on random transition structures. It
states that our global construction succeeds with visible probability and produces d + 1
b-cycles of uniform and independent length in [/n,2y/n]. These cycles are linked to p in
a way that can be exploited during the accessible subset construction when we add the
transition p N q.
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8. SUPER-POLYNOMIAL GROWTH OF THE SUBSET CONSTRUCTION

A uniform n-state almost deterministic transition structure A = (n,d,p % ¢) is obtained
by choosing §, p and ¢ uniformly at random and independently. If we furthermore choose
the starting state ig uniformly at random and independently, we can use Proposition 7.4 to
establish that the accessible subset construction has a super-polynomial number of states
with visible probability. This is the focus of this section.

First, Grusho [Gru73] established that with high probability a uniform n-state transition
structure has a unique terminal strongly connected component. When there is only one such
strongly connected component, it is necessarily accessible from any state. We also rely on a
result of Cai and Devroye [CD17, Theorem 2], which ensures that with high probability there
are no cycles of length larger than ilog2 n outside this unique terminal strongly connected
component. More precisely, they show that the length of the longest cycle outside the unique
terminal strongly connected component of a random n-state transition structure is in O,(1)
with the notations of [JLR0O0]. By [JLROO, Remark 1.3], this in particular implies that for
any w(n) — oo, all the cycles outside the accessible part have length at most w(n) with high
probability.

Observe that if A = T,,(p, q), then it has a word aw 4 that labels a cycle around p of
length at most h = [logy /1 |. By Proposition 7.4, this happens with visible probability.
The conjunction of a high-probability event with a visible event being a visible event, we
directly have the following lemma.

Lemma 8.1. If A is a n-state transition structure, and p,q,ig are states in [n], all being
taken uniformly at random and independently in their respective sets, then with visible
probability, (A, p,q) # L and p is accessible from ig.

At this point, to prove our first theorem, on the accessible powerset construction applied
to a random transition structure with an added transition, we need a result of probabilistic
number theory. Téth in [T6t02] generalizes the folklore result that two independent random
numbers in [/V] are coprime with probability that tends to % to a fixed number of independent
random numbers.

Theorem 8.2 [T6t02]. For any k > 2, there exists some constant Ay > 0 such that k
integers taken uniformly at random and independently in [N] are pairwise coprime with
probability that tends to Ay as N tends to infinity, with

k
A= 1] (1+k1> <1—1> :
p prime p p

This theorem was proven using probabilistic arguments in [CB03, Theorem 3.3]. We
adapt this proof to obtain the following corollary.

Corollary 8.3. For any d > 1, d+ 1 integers taken uniformly at random and independently
in [v/n, 24/n] are pairwise coprime with probability that tends to Agy1 as n tends to infinity.

Proof. For any real x > 0, let P, be the set of prime numbers smaller than or equal to «:
P, ={p€Z>;:p <z and p prime}. For any n > 2, let i,, and z,, be defined by

in = max{i € Z>g : Hpg Yn} and =z, = H .
peEP; pEP;,

Observe that (i,)n,>2 and (xy,)n,>2 both tend to infinity as n tends to infinity.
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We now follow the idea of Cai and Bach [CB03]. We consider the uniform distribution
on [v/n,2y/n]%! and define the following events:
e F,: the d + 1 integers are pairwise coprime,
e for all prime p, Gh: at most one of the d + 1 integers is divisible by p,
e for all prime p, Bh: at least two of the d + 1 integers are divisible by p.

Notice that G, is the complement of By, and that Ej, = (,<s/m G- By separating the

p prime
cases p < i and p > iy, let us introduce the events R,, = () p<i, Gh and S, =) p>i, Gh,
_ p p_rime p prime
so that E, = R, NSy, and S, = |J p>i, Bh. Immediately, P(E,) < P(R,), and as

p prime

P(R,NS,) > P(R,) —P(S,), we have, using the union bound:

IP( N Gﬁ)— > P(Bg)gP(En)gP( N Gﬁ). (8.1)

p<in P>in P<in
p prime p prime p prime

The end of the proof consists in two steps. First, we show that > ,i, P (B}) tends to 0.
p prime

Then we show that IF’( N p<in Gﬁ) tends to A44+1. In an integer interval of length m there are
p prime

at most m/p + 1 multiples of p > 2. Hence, by the union bound, if m,, = [2y/n| — [v/n] +1
denote the length of [v/n,2y/n]:

[2v/7] 2
d+1 1 1 d+1 9
P(BP) < -+ —) < —
»oeens() 2 Gra) < () 2
P>in p=in+1 p>in+1
p prime p prime
as 2my, > p. The sum szin 41 p~2 is the remainder of order ,, — oo of a convergent series,
hence
. Dy _
nh_{go ‘ P(BPF) = 0.
p>in
For n > 1, let I, := [an, b,] be the largest interval of the form [iz, + 1, jz,] that is
included in [v/n, 24/n]:
a, = min{iz, +1:4 € Z>¢ and iz, + 1 > /n},
by, = max{jz, : j € Z>o and jz,, < 2¢/n}.

Observe that I,, # () for n sufficiently large, as after some point /n is less than /n/3.
For any non-empty integer interval I, we denote by X the random variable uniformly
distributed on I. Observe that for any set of prime numbers {p1,...,p;} € P;,_ , the number

of multiples in I, of the product p;...p; is exactly %. Then we have, by direct
counting
1 t
P (Vi € [t], p; divides X1,) =P (p1---p; divides X)) = P P (p; divides X7,,) .
i=1

Hence we built I,, so that there is no rounding effects, to avoid slight alterations of the
probabilities and get the independency. Moreover, for given p < i,, the probability that none
of the coordinates of a uniform random element of I, is divisible by p is (1 — 1/p)?*!, and
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that exactly one of them is divisible by p is (d+1)(1—1/p)?/p = (1 —1/p)™ 1 (d+1)/(p—1).
Hence, if we condition the integer vector to be in I¢*! we have:

(0 ) 1 ()" s)

p<in p<in
p prime p prime

d+1
As (1 — %) (1 + %) = 14 O(p~2), the product has a limit as n, hence i,, tends to

infinity, which we call Az;1 as in [T6t02]. Finally, observe that since we chose x,, < /n, for
a uniform vector of [v/n, 2y/n]%*! we have

d+1 d+1
—2 2
Bz (M) 2 ()
n

Therefore, P (I¢H1) =1 — O(n~1/%). By the law of total probabilities we have

IP’( N Gﬁ) _ p( N & 1:5“)1@ (Jg“) + IP’( N ain 1;;’“).
p<in P<in P<in
p prime p prime p prime

This concludes the proof by Equation (8.1) since

P( M Gﬁ'wl)?(fg“)mf‘dﬂ’

p<in
p prime
and
P( ﬂ GZ N I’rcf-i-l) <P (Ig-i-l) — O(n*I/G) —— 0.
o<in n—00
p prime
This concludes the proof. ]

If A= (ndp> q) is an almost deterministic transition structure, let D(.A) denote
its powerset transition structure, and let D(A,ig) denote its accessible powerset transition
structure from the unique initial state i9 € [n]. Observe that if ¢(A,p,q) # L, then
A E Cp(n), and the word aw 4 labels a cycle around p. Hence, using the word au = (aw4)?,
as in Section 6, we have §({p}, au) = {po,p1,...,pa}, where (po,...,ps) = s(A,q) is the
starting states tuple of A. Hence, if A satisfies a template in T), 4(n), for every j > 0, we have
§({po,p1;---,pa}, ) = {6(po,V’),...,5(pa,b")}. For j large enough, all the &(p;, b’ )’s are in
the cyclic part of their respective b-thread, forming a b-cycle of length lem(4y(A), ..., ¢4(A))
in D(A). Let Cy(A) denote this b-cycle, which is defined when ¢(A,p, q) # L.

Theorem 8.4. Let v be a positive integer. For the uniform distribution of almost deter-
ministic transition structures with n-states with an added initial state taken uniformly at
random and independently, the accessible powerset transition structure has more than n”
states with visible probability.

As a consequence, an algorithm that builds the accessible powerset automaton of a
random almost deterministic automaton has super-polynomial average time complezxity.

Proof. Let A = (n,0,p = ¢) be an almost deterministic transition structure such that
(A, p,q) # L, and p is accessible from iy € [n], which acts as its initial state. Then there
exists a word v € ¥* such that §({ip},v) = {p}, as v can be chosen so that the path
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labeled by v starting from i is simple and does not encounter p twice, and as p is the

only state with a non-deterministic transition. As a consequence, for u = w4 (aw4)?!,

we have §({ig},vau) = {po,p1,-..,pa}, and therefore, Cy(.A) is in D(A,ip). Recall that
ICo(A)| = lem(ly(A), ..., L4(A)), we have

P <|D(.A, io)| > n(d+1)/2> >P (Z(.A,p, q) # L and |D(A)| > n(d+1)/2)
2P (E(A,p, q) # L and lem(fo(A), ..., £4(A)) > n(dﬂ)/z)

By Proposition 7.4, given ¢(A,p,q) # L, (¢o(A),...,L4(A)) is a uniform random element of
[v/n,2y/n]%* . Hence Corollary 8.3 applies and yields that for some ¢ > 0 and n sufficiently
large,

P (lem(€o(A), -, LalA)) = 0D | (A, p,q) £ L) 2 c.
Therefore, we have

P (ID(A)] = n(*D/2) > c P(U(A,p,q) # 1),

Hence by Proposition 7.4, |D(A)| > n(@t1)/2 with visible probability. Since p is accessible
with high probability, we have, as in Lemma 8.1, that both properties hold with visible
probability. This concludes the proof. []

9. STATE COMPLEXITY

We are now ready to randomly select which states are final, and to state a result on languages
instead of on transition structures, by studying the state complexity of a language recognized
by a random almost deterministic automaton.

In our model, for every n, each state is final with fixed probability f,, which may depend
on n as long as it is not too close to either 0 or 1: we require that f, and 1 — f,, are in

Q(-L). Using a variant of the Birthday Problem again, this ensures that a uniform random
un

set of states of size O(y/n) contains both final and non-final states with visible probability.

In the proof of Theorem 8.4, we exhibited the existence with visible probability of d + 1
occurrences of b-cycles in a random almost deterministic transition structure, yielding a
large b-cycle when applying the powerset construction. We will focus on b-cycles in the
sequel, as it turns out to be sufficient to prove our main result. We rely on the notion of
primitive words, which we now recall.

Let T be a nonempty finite alphabet. If w € T'* is a word of length ¢, we write
w = wq - - -wy—_1 and use the convention that all indices are taken modulo ¢: for instance wy
is the letter wg. A nonempty word w is primitive if it is not a non-trivial power of another
word: it cannot be written w = z* for some word z and some k > 2. If w is primitive, it is
easily seen that every circular permutation of w is also primitive. See [Lot97] for a more
detailed account on primitive words.

Primitive words appear in our proof with the following observation. If C = (cg, ..., cr—1)
is a b-cycle of states starting at cg, its associated binary word is the size-£ word v = vy ... vs_1
of {0,1}¢ where v; = 1 if and only if ¢; is a final state. Recall that if we start the same cycle
elsewhere, at ¢;, the associated word v/ = v; -+ - vpvg - - - v;_1 is primitive if and only if v is
primitive: reading the associated binary word from any starting state preserves primitivity.
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A b-cycle is said to be primitive if one (equivalently, all) of its associated words is (are)
primitive. Our study is based on the following statement.

Lemma 9.1. Let A be a deterministic automaton on ¥ and o € X. If C is a primitive
a-cycle of A, then the states of C are pairwise non-equivalent: the state complexity of the
language recognized by A is at least |C|, the number of states in C.

Proof. Let A = (n,d) and let p and ¢ be two different states of C. Let z and y be the
associated binary words of C starting at p and ¢, respectively. Let k& be the smallest positive
integer such that d(p, a*) = ¢ and let u be the prefix of length k of 2, and v be the associated
suffix: x = uv. Then y = vu. Assume by contradiction that p and ¢ are equivalent. This
implies that x = y, as the automata obtained by placing the initial states either on p or ¢
recognize the same elements of {«}*. Hence uv = vu, and therefore u and v are the power
of the same word by a classical result on primitive words [Lot97, Prop. 1.3.2 page 8|. This
is in contradiction with the fact that C is primitive. []

9.1. A composition of binary primitive words. If w") and w® are two non-empty
words of respective lengths ¢; and ¢ on the binary alphabet {0, 1}, we denote by wh ©w®
the word w of length ¢ = lem(#1, ¢2) given by w; = 1 if and only if wgl) =1or w(2) =1
(recall that the indices are taken modulo the length of the word). We will see in the sequel
that this operation naturally happens when extending the notion of state equivalence from

each b-cycle to the corresponding b-cycle in the powerset construction.

Lemma 9.2. Let w() and w® be two primitive words on {0,1} of lengths at least 2 that
are coprime. Then the word wV) ® w® is primitive.

Proof. Let w = wW ®w®. Assume by contradiction that there exists some word z and some
k > 2 such that w = z*. Letting p be a prime number that divides k, we have w = (2*/P)P.
This yields that p divides £ = lem(¢1,f2) = {1 x {2 and that for every non-negative integer i,
w; = Wit/ (indices taken modulo £). Obviously, p divides either ¢1 or 2, but not both as
they are coprime. By symmetry, assume that it divides ¢1: ¢1 = pr and ¢/p = rls.

Since w® has length at least 2 and is primitive, there exists an index ig € {0,...,05—1}

such that w@) = 0. Define i; = ig + jl2, for any j7 > 0. As indices in w® are taken modulo

Ly, we have w( ) = 0 for all j > 0. Therefore, w( ) = 1 if and only if w;; = 1, so that

wi; = ( ) for all J = 0. As wi; = wj, 44, and ¢/p = rls, this yields that w( ) = wSJ)rMQ

all j > 0 Moreover, rfs is not a multlple of £1: let a > 1 be the largest mteger such that p
divides /1 = pr, then p® does not divide rfy, since p does not divide 5.

Let s := rfs mod ¢1, we just established that s # 0, so we have the non-trivial relation

w® = M
i, ijts
all the valueb modulo ¢; when j ranges from 0 to ¢; — 1. Hence, for all k € {0,...,¢; — 1},

(1) = wl(C +) ¢ for some 0 < s < /1. This is a contradiction with the fact that w® is primitive,

concludlng the proof. []

for

for all j > 0. Recall that i; = ig + jf2. As {1 and {3 are coprime, the i;’s take

Remark 9.3. Lemma 9.2 does not hold if the lengths are not coprime. For instance, if
w® =011111 and w® = 1011, then w™ ® w® = 1...1, which is not primitive.

12 times
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9.2. Primitivity of random words. From a probabilistic point of view, it is well
known [Lot97] that a uniform random word is primitive with exponentially high prob-
ability. We rely on the following finer result.

Lemma 9.4 [FN16]. Let u be a probability measure on {0,1}" such that p(0™) = u(1™) =0
and such that two words with the same number of 0’s have same probability. Then the
probability that a word is not primitive under i is at most %

We adapt it to our needs as follows:

Corollary 9.5. Let f, be a sequence of real numbers in (0,1) such that f, = Q(ﬁ) and

1—fn= Q(ﬁ) Consider the distribution on random words of length n where each letter is

chosen independently to be 1 with probability f, and 0 with probability 1 — f,. There exists
¢ > 0 such that, for n sufficiently large and for any integer ¢ > +/n, a random binary word
of length £ is primitive with probability at least c.

Proof. Let X be the event that w = 0° or w = 1°*. We have P(X) = f£ + (1 — f,)’. Since
changing the 0’s in 1’s and the 1’s in 0’s preserves primitivity, we can assume by symmetry

that f, < % By hypothesis, there exists some constant S > 0 such that % < fn and

1
% <1-— f, hence, as f,, < 5, We have
, 8 vn
- <(1--—2=) .
NG and (1 — f,)" < <1 \/ﬁ)
Since (1 — )Vn = ¢F 4 O(—\/lﬁ), there exists some constant § < 1 such that P(X) < §, for

NG
n sufficiently large.
Let W be a random word under our distribution. For any w € {0, 1}, the conditional

probability that W values w given that W ¢ {0%,1¢} is

_ 0 if w=0°"or w= 1,
POV =w [ X) = pov=u) otherwise
1-P(X) ~

Hence we are in the settings of Lemma 9.4, and the probability that w is not primitive,
given that w ¢ {0°,1°} is at most 2. Moreover, we have:

— = 2
P(w not primitive) = P(X) 4+ P(w not primitive | X)P(X) < J + 7

where ¢ + % < 1, for n large enough. This concludes the proof. []

9.3. Finalizing the proof of Theorem 3.1. If A = (n,J) is a transition structure such
that ¢(A, p,q) # L, recall that C(A) is the b-cycle of its powerset construction D(A) starting
from its set of starting states P = {po, ..., pq}. Let jo be a positive integer such that §(p;, b/°)
is in the b-cycle of its b-thread for all i € {0,...,d}, and let Py = (6(po, v°), ..., d(pa, b7°)).
We use a tuple for Py as it is easier for the upcoming arguments, but since the b-threads of A
are pairwise disjoint, and since we only read b’s from Py in the sequel, they can be identified

with the associated sets of D(A). Let us write ng) = 6(pi, ¥701) for all i € {0,...,d} and all
j > 0. The b-cycle C; of the i-th b-thread has length ¢;, so if 7 = j/ mod /¢;, then cg-i) = cﬁ.f).
Moreover, the b-cycle Cy(.A) is made of the (cg»o), e 7cg-d)) for j > 0.
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We now consider a set of final state F' C [n]. For this F', and for every ¢ € {0,...,d},
let w® denote the binary word associated to C;, starting at c(()z). Let w denote the binary
word associated with Cp(A), starting at Py. Since a state X in the powerset construction is

final if and only if one of its state is in F', by a direct induction we have
w=w® @w(l) ®... @w(d).
This is depicted in Figure 5 for two b-threads.

OO No=0

b

@50

Figure 5: On the left, two primitive b-cycles (accepting states are denoted by double circles)
whose associated words are 0011 (top) and 001 (bottom), starting at 0 and «,
respectively. On the right, the b-cycle of {0, a} of associated word 0011 ® 001 =
001101111011, which is primitive by Lemma 9.2.

To finish the proof of Theorem 3.1, we follow the proof of Theorem 8.4 and add the
independent choice of which states are final. By Corollary 9.5, all the b-cycles used to build
Cp(A) are also primitive, still with visible probability. Hence by Lemma 9.2, the product cycle
Cp(A) is also primitive with visible probability. This concludes the proof by Lemma 9.1.

10. REMARK ON DENSE RANDOM DFAS

In this short section, we illustrate the degenerate nature of dense random NFAs by considering
the model with a unique initial state and in which each transition is added independently
with a fixed probability p € (0,1). A uniform dense random NFA (with one initial state)
corresponds to p = % The following proof is very similar to the analysis of the diameter of
random dense undirected graphs [Bol01, Corollary 10.11].

Consider a random n-state NFA A under this model, with initial state i and transition
function §. Let w = wowi be any word of length 2 on ¥ and let ¢ be any state of A. We
bound from above the probability that g ¢ d(ig, w) as follows :

P(q ¢ 0(ip,w)) =P (Vr € [n], r & (i, wo) or q & d(r,wy))
<P (Vr € [n]\{io}, r ¢ d(ig,wp) or g & (r,wy))
= H P (r ¢ 0(ip,wp) or q ¢ d(r,w1))
r€[n]\{io}
= J] (-P(redio,wo) and g € 5(r,w1)))
r€[n]\{io}

= I a-»¥)=0a-»r"

ren)\{io}
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Thus, by the union bound we obtain that with high probability, the image of {ig} by any
word of length 2 is the set of all states of A. We therefore obtain the following statement,
which establishes the degeneracy of the dense model.

Proposition 10.1. The accessible subset automaton of a random n-state dense NFA with
one initial state has at most |X| + 2 states with high probability. Hence, with high probability,
the state complexity of the language is bounded by a constant independent of n and p.

11. CONCLUSION AND DISCUSSION

Our main theorem states that the state complexity of a random almost deterministic
automaton is greater than n with probability at least ¢g > 0 for n sufficiently large. One
can wonder how small the constant ¢g4 is and for which sizes the lower-bound holds. As we
said in the introduction, we did not try to estimate ¢y nor did we try to optimize its value
in this article. Since the powerset construction quickly generates very large automata which
would need to be minimized, a proper experimental study does not seem feasible. However,
we did generate 1000 almost deterministic transition structures with n = 100 states and
apply the accessible powerset construction: in 78.6% of the 1000 cases the output had more
than n3 states. This would lead us to guess that even if the constant c3 that can be derived
from our proof is very small, combinatorial explosion does occur frequently in practice.

Also, as noticed above, in our settings it is certain that the property does not hold with
high probability, as there is an asymptotically constant probability that the source of the
added transition is not accessible. However, this probability is roughly 20.4%, not too far
from what we obtained in our experiment on size-100 structures: it is very possible that if
we condition the source of the added transition to be accessible, then our result holds with
high probability. However, our proof techniques, based on an intensive use of the Birthday
Problem cannot prove this: completely new ideas are necessary to establish such a result.

It is natural to ask whether our result could be strengthen from super-polynomial size
to exponential size. We do not know if this generalization holds, but it seems out of reach of
the techniques developed in this paper.

Another natural direction is to consider the case when there are few final states, as
©(y/n) final states may be considered too large for a random deterministic automaton. The
extreme case is to allow exactly one final state by choosing it uniformly at random. If we do
S0, our analysis using primitive words fails: with high probability the b-cycles we built have
no final state at all, and neither has the associated b-cycle C in the powerset construction.
However, we are confident that our techniques can be used to capture this distribution: by
studying the paths ending in this final state, we should be able to find for each b-cycle C;
a word w; that maps exactly one state to the final state, and such that the w;’s are all
different. This would be enough to establish that the states of C are pairwise non-equivalent
and prove the conjecture. Completely formalizing and proving this idea is an ongoing work.
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