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Abstract

Nondeterministic finite automata (NFA) with at most one accepting computation on every input string are
known as unambiguous finite automata (UFA). This paper considers UFAs over a one-letter alphabet, and
determines the exact number of states in DFAs needed to represent unary languages recognized by n-state
UFAs in terms of a new number-theoretic function g. The growth rate of g(n), and therefore of the UFA—
DFA tradeoff, is estimated as e®( VaIn®n) The conversion of an n-state unary NFA to a UFA requires UFAs
with g(n) + O(n?) = etoM)vninn gtates where g(n) is the greatest order of a permutation of n elements,
known as Landau’s function. In addition, it is shown that representing the complement of n-state unary
UFAs requires UFAs with at least n?~°(1) states in the worst case, while the Kleene star requires up to
exactly (n —1)% + 1 states.

Key words: Finite automata, unary languages, ambiguity, descriptional complexity, state complexity,
Landau’s function

1. Introduction

This paper is concerned with a noteworthy family of automata located between deterministic finite
automata (DFA) and nondeterministic finite automata (NFA): the unambiguous finite automata (UFA),
that is, NFAs that have at most one accepting computation for every string. Apparently, this family was
first studied by Schmidt [32], whose unpublished thesis contains an interesting method of proving lower
bounds for UFAs based upon the rank of certain matrices, and a 22V lower bound on the tradeoff
between UFAs and DFAs. These methods were further elaborated by Leung [I7, 18] and by Hromkovi¢ et
al. [11], who studied degrees of nondeterminism in finite automata. In particular, Leung [I8] established a
precise 2" — 1 UFA-DFA tradeoff. Computational complexity of testing properties of UFAs was studied by
Stearns and Hunt [34] and recently by Bjorklund and Martens [4].

In the special case of a unary alphabet ¥ = {a}, finite automata are known to have succinctness properties
much different from the general case. Lyubich [I9] and Chrobak [5] have shown that the DFA-NFA tradeoff
in the unary case is g(n) + O(n?), where

g(n) = max{lem(py,...,pr) | k=1, pr+... +pp <n} = ellFo@))vninn

is the maximum order of an element in the group of permutations of n objects, known as Landau’s func-
tion [16]. As a matter of fact, the periodic behaviour of an n-state NFA is exactly described by the definition
of g(n), while the initial non-periodic segment of the language contains strings of length at most n2. Suc-
cinctness of two-way automata over a unary alphabet has received particular attention in the works of
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Figure 1: An 11-state unary UFA and the 13-state minimal equivalent DFA.

Chrobak [5], Mereghetti and Pighizzini [22], Geffert et al. [6] and Kunc and Okhotin [I4], [15]. For a de-
tailed survey of descriptional complexity of finite automata, the reader is referred to a paper by Holzer and
Kutrib [10].

Turning to unary UFAs, their non-triviality was first noted by Ravikumar and Ibarra [29], who obtained
a superpolynomial lower bound e& *?n o1 the UFA-DFA tradeoff. An upper bound g(n) + O(n?) follows
from the NFA-DFA tradeoff. However, these bounds are far apart, and neither of them is exact. This paper
undertakes to establish the precise tradeoff between UFAs and DFAs, and to explain the combinatorial
essence of unary UFAs in the same way as NFAs were explained by Lyubich [I9] and Chrobak [5].

To begin ab ovo, consider the smallest example of a non-trivial UFA, presented in Figure [I} left. This
automaton is unambiguous, because only strings of even length are accepted in the first cycle, and only
strings of odd length are accepted in the second cycle. The UFA has 1+4+6 = 11 states, while the smallest
equivalent DFA shown on the right requires 1 + lem(4,6) = 13 states.

This example is unlike the known lower bound examples for unary NFAs and for two-way automata [5],
in which the cycles are chosen to be relatively prime, in order to maximize their least common multiple.
For instance, an 11-state NFA can use three cycles of length 2, 3 and 5, as well as a dedicated initial state,
so that any equivalent DFA would require 1 + lem(2,3,5) = 31 states. This maximizes the least common
multiple, as in the definition of Landau’s function: consider that ¢g(10) = g(11) = lem(2,3,5). However,
such an NFA is bound to be ambiguous. In contrast, in the example given in Figure|l] the common divisor 2
of the lengths of the cycles reduces the value of their least common multiple, but this is necessary to ensure
the unambiguity of the automaton.

The above reasoning can be extended to unary UFAs in general. First, an arbitrary unary NFAs is
transformed to the Chrobak normal form [5], in which there is one tail of states, ending with transitions
into one or more disjoint cycles. As proved by Jiang, McDowell and Ravikumar [I3, Thm. 2.2], any UFA
can be transformed to this normal form without increasing the number of states, and hence, for all state
complexity purposes, one can consider only automata of this form. Furthermore, as established in Section
the accepting states in a normal form UFA have to obey the same kind of restriction as in Figure [} for every
two accepting states from two different cycles, their offsets must be distinct modulo the greatest common
divisor of the lengths of these cycles. This requirement can be embedded in the definition of Landau’s
function, leading to the following new variant of this function:

g(n) :max{lcm(pla"'apk) } k Z ]-7 p1+...+pk < n,
there exist such offsets fi,..., fr with f; € {0,...,p; — 1}, that

for all 4, j (with i # j), f; # f; (mod ged(pi, p)))},
where f1,..., fr stand for the positions of some accepting states of a UFA in their respective cycles. In the

next Section [3] the worst case of the UFA-to-DFA transformation is reformulated in terms of g(n) as follows:
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transforming an n-state UFA with a unique initial state to a DFA requires maxj<s<, g(n—¥¢)+¢ states in the
worst case, and if a UFA may have multiple initial states, the tradeoff function equals maxogo<n g(n—£€) +4£.
Both functions are asymptotically equivalent to g(n),

The growth rate of g(n) is studied in Section Reaching the maximum value of lem(py, .. ., pr) under the
conditions in the definition of g(n) is an optimization problem of balancing the following two requirements.
On the one hand, the cycle lengths pq,...,px should have as few common divisors as possible, so that
their least common multiple is greater. On the other hand, having common multiples and letting them be
sufficiently large is necessary for the offsets fi,..., fr to be distinct modulo those common multiples. The
key part of the given estimation is showing that the condition of the existence of such fi,..., fr implies
the inequality p; + ... + px > %k?’ Ink — %k3m. The latter inequality is then used to establish an

upper bound g(n) < e(*+o() VaVnn?n, Inferring a fairly close lower bound g(n) > e(**o(1) YEVnin?n g o
relatively simple task, carried out by choosing each p; to be k times the i-th prime, and using the well-known
estimations of the sum and the product of the first k& primes. This leads to the approximation of g(n) as

90 (Vnn? ") and this approximation also applies to the UFA-DFA tradeoff for unary languages.

A close lower bound on the tradeoff between NFAs and UFAs is established in the next Section [5 using
the matrix methods of Schmidt [32]. The tradeoff is found to be of the order of the original Landau’s
function, that is, e(1te()Vninn,

The question of how the basic operations on languages affect the number of states in unary UFAs is
approached in Sections [(H7] The state complexity of operations on unary DFAs was first studied by Yu,
Zhuang and K. Salomaa [36], and later elaborated by Pighizzini and Shallit [27]; similar questions for unary
NFAs were answered by Holzer and Kutrib [9]. In this paper, the complexity of complementing UFAs is
addressed in Section [6] and a family of such n-state unary UFAs is presented, that any UFAs for their
complements require at least n?>~°(1) states. This for the first time shows that the complement of a UFA
sometimes requires additional states (which is an unsettled problem mentioned by Hromkovi¢ et al. [I1]).
In the last Section m the methods of Yu et al. [36] are applied to show that the Kleene star of an n-state
UFA can be represented by a UFA with (n — 1)? + 1 states, and that this number of states is necessary in
the worst case.

2. Chrobak normal form for unambiguous automata

A nondeterministic finite automaton (NFA) is a quintuple 4 = (£,Q, Qo, 9, F'), where ¥ is an input
alphabet, Q is a finite non-empty set of states; Qo C @ is the set of initial states; 6 : Q x ¥ — 29 is
the transition function; F C @ is the set of accepting states. The automaton A is said to accept a string
w = aj...a, if there exists a sequence of states ro,...,r, € @, in which rq € Qo, r; € 6(r;—1,a;) for all
i, and 7, € F. The language recognized by an NFA | denoted by L(A), is the set of all strings it accepts.
The transition function is extended to § : 292 x ¥* — 29 by 6(q,¢) = {q}, d(q,aw) = 0(q, w) and
5(S,w) = U,es0(q, w).

In some literature, NFAs are defined with a unique initial state, that is, with Qo = {qo}. Every NFA
can be converted to an NFA with a unique initial state by adding a new initial state.

A deterministic finite automaton (DFA) is an NFA with a unique outgoing transition from each state
by each symbol (|6(g,a)| =1 for all ¢,a) and with a unique initial state (|Q¢] = 1). An NFA A is a partial
DFA, if |Qo| = 1 and |6(g,a)| < 1 for all ¢ and a. All these variants of finite automata define the same
family of languages, known as the regqular languages.

An intermediate family of unambiguous finite automata (UFA) is defined as follows. An NFA is said
to be unambiguous, if for every string w € L(A), the corresponding sequence of states ro,..., 7, in the
definition of acceptance is unique.

The first lower bound argument for UFAs was given by Schmidt [32, Thm. 3.9] in his proof of a 2%(v™)
lower bound on the NFA-UFA tradeoff. The following general statement of Schmidt’s lower bound method
is due to Leung [18]:

q'€4(q,a)
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Figure 2: Chrobak normal form of a unary NFA.

Schmidt’s Theorem [32, 18]. Let L C X* be a regular language over any finite alphabet ¥, and let
{(u1,v1), ..., (Un,vn)} with n > 1 and u;,v; € X* be a finite set of pairs of strings. Consider the integer
matrix M € Z"*"™, defined by
_ 1, Zf UV € L;
N 0, otherwise.
Then every UFA recognizing L has at least rank M states.

This theorem can be effectively applied to some particular languages and well-chosen sets of pairs, for
which the matrix is of such a fortunate form, that its rank is evident: this was done by Schmidt himself [32],
by Leung [I8] and by Hromkovi¢ et al. [II], and this method shall be employed again in Section |5| of the
present paper. However, Schmidt’s Theorem cannot be used as a general method of determining the state
complexity of an arbitrary given language. Even in the case of a unary alphabet, the matrix M; ; belongs
to the class of circulant matrices, and the problem of determining the rank of a circulant matrix of Os and
1s, studied by Ingleton [12], is surprisingly hard in the general case.

This paper considers finite automata over a unary alphabet ¥ = {a}. Regular languages over a unary
alphabet are equivalent to ultimately periodic sets of natural numbers: that is, for every regular L C a*,
there exist such integers £ > 0 and p > 1, that a™ € L if and only if a®™? € L for all n > /; the least such
values of ¢ and p are known as the tail and the period of the language L.

The study of UFAs over a unary alphabet undertaken in this paper begins with the following normal
form of NFAs.

Definition 1 (Chrobak [5]). An NFA over the alphabet ¥ = {a} is said to be in Chrobak normal form, if
its set of states is {qo,-..,qe—1} U Ule Ry, with€ >0, k>0, Ry = {ri0,...,Tip—1} and 1 < p1 < pa <

... < pg, the unique initial state is qo if £ > 1, or there is a set of initial states {r1,0,...,760} if £ =0, and
the transitions are:
6(qi7a’) = {qi+1} (0 < 1 g {— 2)7
d(qe—1,a) = {r1,0,72,0,- -+ Tk,0} (if £>1),
5(7"i,jaa) = {Ti,j+1 mod Pi} 1<i<k 0<j<pi—1).

The set of accepting states may be arbitrary.
The states {qo,...,qe—1} are called the tail of the NFA, and each R; is called a cycle.

It is known from Chrobak [5] that every NFA with n states can be transformed to an equivalent NFA in
this normal form, with the tail of length £ = O(n?) and with Ele pn < n total states in the cycles. The

growth in the number of states is thus at most quadratic.
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In the special case of finite unary languages, NFAs can be transformed to a much simpler form without
increasing the number of their states:

Proposition 1 (Mandl [20]). For every NFA recognizing a finite language over a one-letter alphabet there
exists a partial DFA with the same number of states recognizing the same language.

Turning to unary UFAs, in this case the transformation to the Chrobak normal form can always be done
without increasing the number of states:

Proposition 2 (Jiang, McDowell, Ravikumar [13, Thm. 2.2]). For every UFA over a unary alphabet there
exists (and can be effectively constructed) a UFA in Chrobak normal form with the same number of states
recognizing the same language. Furthermore, if the original UFA has a unique initial state, then so does the
resulting UFA.

Once a UFA is converted to the Chrobak normal form, the following key restriction of unambiguous
automata is exposed:

Criterion of Unambiguity. An NFA ({a},@Q,qo,d, F) in Chrobak normal form recognizing an infinite
language over a unary alphabet is unambiguous if and only if for every two accepting states r; g, rvj s € F
with © # j, the offsets f and [’ are different modulo ged(p;, p;).

The same property was independently established by Anselmo and Madonia [I, Prop. 7], who presented
it for arbitrary automata, not necessarily in the Chrobak normal form.
The proof uses the Chinese Remainder Theorem in the following formulation:

Chinese Remainder Theorem. Let p,p’ > 1 and i,i’ > 0 be any integers with i =i’ (mod ged(p,p’)).
Then there exists an integer n > 0 with n =i (mod p) and n =i’ (mod p’).

Proof of the Criterion of Unambiguity. & Let the automaton be unambiguous and suppose there exist two
states 7,75 € F with i # j and f = f' (mod ged(p;,p;)). The latter condition makes a generalized
version of the Chinese Remainder Theorem applicable to f, f’, p; and p;, and it asserts that there exists
a number n > 0 with n = f (mod p;) and n = f’ (mod p;). Then the string a**" has two accepting
computations, one in the component R; and the other in R;, which contradicts the assumption that the
automaton is unambiguous.

& Assume that the conditions on accepting states hold, and suppose that the automaton is ambiguous.
Then there is a string a’*” with n > 0, accepted in two different cycles, R; and R;; more precisely, in
some states r;  and rj . Accordingly, n = f (mod p;) and n = f’ (mod p;), and therefore f =n =
f’ (mod ged(p;, pj)), which contradicts the condition. O

The Criterion of Unambiguity, in particular, implies that the lengths of the cycles cannot be primes
(unless there is a unique cycle), and that ged(p;, p;) > 2 for any two distinct cycles. For example, the UFA
in Figure [1] in the introduction has ged(4,6) = 2, and accepting states are separated by the parity of their
offsets.

3. UFA-DFA tradeoff

An upper bound on the number of states in a DFA needed to represent a unary language recognized by
an n-state NFA has been established by Lyubich [I9]. It is asymptotically equivalent to the maximum order
of a permutation of n elements:

g(n) = max{lem(py,...,px) [k =1, p1+... +pp <n}.

This function is known as Landau’s function, as its e(!te()vninn orowth rate was determined by Lan-
dau [I6], see also Miller [23] for a more accessible argument and Szalay [35] for an even more precise
estimation.

5



Twenty years after Lyubich, an asymptotically matching lower bound on the unary NFA to DFA tradeoff
was obtained by Chrobak [5], who also gave a new, combinatorial proof of Lyubich’s upper bound. These
results can be stated as follows:

Proposition 3 (Lyubich [19], Chrobak [5]). For every n-state unary NFA there exists a DFA recognizing
the same language, with the tail of length at most n*> +n and the cycle of length at most g(n). Conversely,
for every n there is a language recognized by an n-state NFA, such that every equivalent DFA must have a
cycle of length g(n).

The essence of this result is a natural correspondence between unary NFAs and Landau’s function. The
numbers py, ..., px in the definition of g(n) correspond to lengths of cycles of an NFA in Chrobak normal
form, the sum p; + ...+ pi represents the number of states in an NFA, and an equivalent DFA has to have
lem(py, ..., px) states.

This analysis of NFAs can be extended to UFAs, if the additional constraints on their Chrobak normal
form given in the Criterion of Unambiguity are embedded into the definition of Landau’s function. This
leads to the following variant of this function:

g(n) = max { lem(py, ..., px) ‘ E>1,p1+...+pe <n,
there exist such offsets fi,..., fr with f; € {0,...,p; — 1}, that

for all 4, j (with i # j), fi # f; (mod ged(pi, p;))},

For n up to 9, the value of g(n) is n. The next value is §(10) = 12, given by k =2, p1 =4, p2 =6, f1 =0
and fy = 1 with 0 # 1 (mod gcd(4,6)). The growth rate of this function can be estimated as e®( Vinin? ),
and this estimation will be the subject of the next section. Now the task is to express the tradeoff between
UFAs and DFAs using this function, which is done in the following theorem.

Theorem 1. For every n > 1, the following number of states is sufficient and in the worst case necessary
for a DFA to recognize a unary language recognized by an n-state UFA with multiple initial states:

n+1, ifn <9
fura-pra(n) = max gn—4£€)+ 4, ifn>10
0<l<n

For UFAs with a unique initial state, the tradeoff function takes the following form:

n+1, if n < 10
fura,pra(n) = § | . Gn—0+0 ifnz11
1<l<n

For n < 9, Theorem (1] states that UFAs are not yet any more powerful than partial DFAs, and thus can
be simulated by DFAs with n + 1 states, with the lower bound witnessed by a finite language. Once there
are sufficiently many states to reach the first non-trivial values of g, one can encode the periods and the
offsets from the definition of g within a witness language; this is done in Lemma [I| below, which establishes
the lower bounds on fura_pra(n) and fura,-pra(n). The matching upper bounds are given in the next
Lemma [2| There results are put together in the proof of Theorem [I} presented after Lemmata

The first lemma gives a lower bound on the UFA-DFA tradeoff by constructing a witness UFA for all
appropriate n and ¢, so that every DFA for the same language would require g(n — £) + ¢ states.

Lemma 1. Let k> 2, >0, p1,...,px = 2 and f1,..., fr 2 0 with 0 < f; < p; be any integers satisfying
the following three conditions:

(a). f; # f; (mod ged(pi,p;)) for alli,j with 1 <i < j <k,
(b). lem(p1, ..., Pi—1,Pit+1,---,Dk) 8 not divisible by p; for all i with 1 <i < k, and
(c). fi =pi —1 for some i.



Then the language
k
L=ad" U afi(api)*
i=1

has a UFA with £ 4+ p1 + ...+ pi states, while the smallest DFA for this language has £ 4 lem(py, ..., pm)
states.

Proof. The construction of a UFA in Chrobak normal form recognizing L is entirely obvious: it has a
tail of length ¢ and cycles of length pi,...,pg, each with a unique accepting state at the offset f;. As
fi # f; (mod ged(pi,pj)) by assumption, the condition of the Criterion of Unambiguity is satisfied.

Let p = lem(py,...,pr) and consider a DFA with the tail of length ¢ and the cycle of length p, which
recognizes the language L. To see that there is no smaller DFA for L, it is sufficient to prove that for every
two distinct states ¢ = 6(qo, a™) and ¢’ = d(qo, am'), with 0 < m < m' < £+p, there exists a string accepted
from one of these states and not accepted from the other. If m’ —m = 0 (mod p), then m < ¢, and the
string a*~1=™ is not accepted from g, for the reason that a’~! ¢ L. At the same time, a®~1=™ is accepted
from ¢', because a’TP~! € L by the condition (c).

It remains to consider the case of m’ —m # 0 (mod p). Then the length of one of the cycles in the UFA
does not divide m’ — m; assume, without loss of generality, that m’ — m is not divisible by p;. It is claimed
that there exists a number n € {0,...,p — 1} equivalent to f; +m’ — m modulo p;, such that the string
attptn=(m'=m) isin I, but a’*P*t" ¢ L. This would prove the statement, because the string a‘+?+m=m" ig
then accepted from ¢ and rejected from ¢'.

Suppose, for the sake of contradiction, that there is no such number. Then, for every number n equivalent
to ny = f1 + m’ —m modulo pi, the string a’*" is in L. Let

Li=a"-al" - (aP)",

so that L = Ly U...ULy. Since m’' —m is not divisible by p1, m’ —m £ 0 (mod p;), hence ny £ f1 (mod p1),
and accordingly a‘™™ € Lo U...U Ly. A contradiction is derived by applying the following statement k — 1
times:

Claim 1. Let 2 < i < k and let n;—1 be a number with 0 < n;—1 < lem(py,...,pi—1). Assume that

atr e LU Liy1U...ULyg for all n > 0 equivalent to n;—1 modulo lem(py,...,p;—1). Then there exists a
number n; with 0 < n; < lem(py,...,pi—1,pi), such that a’™ € Liy1 U...U Ly for every number n > 0
equivalent to n; modulo lem(py, ..., pi—1,D:)-

Indeed, the first application of the claim, for i = 2, gives a number ns, such that o™ € Ly U...U L
for every n with n = ny (mod lem(py, p2)), the second application yields n3 with a’™ € Ly U ... U Ly for
n = ng (mod lem(py, p2, p3)), and so on. Finally, for i = k the claim leads to the conclusion that there is a
number ny, such that a’*™ € @, which is a contradiction.

It remains to prove the claim. Consider two numbers, n;_1 and n;—1 + lem(py,...,p;—1). It is known
that lem(py,...,pi—1) is non-zero modulo p; (otherwise p; would divide lem(py,...,p;—1), contradicting
assumption (b)). Then n;—1 # n;—1 + lem(py,...,pi—1) (mod p;), and therefore at least one of these
numbers must be different from f; modulo p;; denote this number by n;.

Since n; = n;—1 (mod lem(py,...,p;—1)), all numbers equivalent to n; modulo lem(py, ..., p;) are equiv-
alent to n;_; modulo lem(py,...,pi_1), and thus, for every such number n, the string a‘*" must be in
L;UL;y1 U...ULyg by assumption. But since none of these numbers are equivalent to f; modulo p;, none
of the corresponding strings belong to L;. Therefore, all these strings are in L;y; U...U Lg, which proves
the claim and completes the proof of the lemma. O

The matching upper bound is implied by the following lemma. This lemma performs a straightforward
deconstruction of a UFA, from which one can extract suitable values of periods and offsets matching the
definition of g.

Lemma 2. For every n-state UFA in Chrobak normal form with a tail of length £ > 0, there exists a DFA
with at most £ + g(n — £) states recognizing the same language.
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Proof. Let p1, ..., pr be the lengths of the cycles in this UFA. Then it is well-known that there is an
equivalent DFA with lem(py,...,px) + £ states [5, Thm. 4.4].

Consider one accepting state from each cycle: 71 ¢,,72.¢,,...,7k f, € F. By the Criterion of Unambiguity,
fi # fj (mod ged(p;,p;)) for all i # j. Then these numbers satisfy the definition of g, and accordingly
lem(py,...,pk) < g(n — £), which shows that the above DFA has at most g(n — ¢) 4 ¢ states. O

The theorem is now established as a consequence of the above lemmata.

Proof of Theorem [l Note that g(10) = lem(4,6) = 12, and therefore, for every n > 11, g(n —€) + ¢ > n+1
for £ = n — 10. Furthermore, the numbers 4 and 6 are the smallest two numbers with a common divisor and
with their least common multiple larger than either of them, and accordingly, g(n) = n for n < 10. Then
the function stated in the theorem can be equivalently expressed as follows:

fura-prA(n) = max (n + 1, Oréléazcng(n -0 +2).

The first claim is that every m-state unary UFA can be transformed to an equivalent DFA with
fura-pra(n) states. If the UFA recognizes a finite language, then, by Proposition [1} this language is
recognized by an n-state partial DFA, and hence by an (n 4 1)-state complete DFA. If the language recog-
nized by the UFA is infinite, then, according to Proposition [2] one can assume that the UFA is in Chrobak
normal form; let ¢ be the length of the tail. Then a DFA with g(n — ¢) + ¢ states recognizing the same
language exists due to Lemma In both cases, the number of states is at most fura_pra(n).

To prove the lower bound, fix n > 1. The language {a" '} has a partial DFA (and hence a UFA) with
n states, but every complete DFA for this language requires n+ 1 states, and therefore fupa_pra(n) = n+1.
It remains to prove that fupa pra(n) = g(n —£€) + £ for every £ € {1,...,n — 1}.

Choose ¢, so that the number g(n — £) + ¢ is the greatest possible, and consider the number g(n — £),
which is given by lem(py,...,px) forsome k > 1, p1,...,pr = 2and f1,..., fr 2 0withpi+...+ppr <n—¢
and f; # f; (mod ged(p;,p;)) for all ¢ # j. Furthermore, the number lem(pi,...,px) is by definition the
greatest among all numbers k, p; and f; meeting the above constraints.

It is claimed that every cycle length p; contributes something to the least common multiple, that is,
lem(py, ..., Pi—1,Pit1,---,Pk) is not divisible by p;. Indeed, if lem(py,...,pi—1,Pit1,---,Pk) is a multiple
of p;, then lem(py, ..., pi—1,Pit1,---,Pk) = lem(py, ..., px), and accordingly g(p1 + ... +px) =g(p1 + ...+
pr — Di), which implies that g(n — € —p;) + £+ p; > g(n — £) + £. Then ¢/ = ¢ + p; leads to a greater value
g(n — ")+ ¢, which contradicts the choice of £.

The next claim is that the offsets f1,..., fx can be adjusted, so that f; = p; — 1. It is sufficient to add
the number p; — f1 — 1 to all offsets, that is, to redefine the offsets as f/ = f; + p1 — f1 — 1. The condition
fi # fj (mod ged(pi,pj)) is preserved, because f] — fi = f; — f; (mod ged(pi,p;))-

It has thus been demonstrated that all conditions of Lemma (1| are satisfied, and hence there exists a
language representable by an n-state UFA, for which every DFA must have lem(py,...,px)+€=g(n—£)+¢
states. O

The values of g(n) for small values of n, calculated by an exhaustive search, are given in Table |1} along
with the computed lengths of cycles p1,...,pix. The next columns of the table give the precise number of
states in a DFA needed to simulate an n-state UFA over a unary alphabet, as well as witness languages, on
which this bound is reached. The last two columns contain similar results for UFAs with a unique initial
state. These languages and their state complexity are determined on the basis of the values of g(n) according
to Lemma [1

4. Estimations of g

The function g characterizes the expressive power of unary UFAs, and estimating the growth rate of
this function, especially in comparison with g, is essential to understand the power of ambiguity in finite
automata over a one-letter alphabet. The values of these two functions for small values of their argument
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UFA to DFA UFA; to DFA

n g(n) f(n) witness language J1(n) witness language

1 1 2 {e} 2 {e}

2 2 3 {a} 3 {a}

3 3 4 {a?} 4 {a?}

4 4 5 {a3} 5 {a3}

5 5 6 {a%} 6 {a%}

6 6 7 {a®} 7 {a®}

7 7 8 {a%} 8 {a%}

8 8 9 {a"} 9 {a"}

9| o9 10 a8} 10 {a®}
10 | 12 = lem(4,6) 12 a3(a)* Uat(ab)* 11 {a®}
11 12 = lem(4,6) 13 a*(a?)* Ua®(ab)* 13 a(a?)* Ua®(a%)*
12 12 = lecm(4,6) 14 a®(a*)* Uab(ab)* 14 a®(a*)* Uab(ab)*
13 13 15 ab(a*)* Ua"(a%)* 15 ab(a*)* Ua"(a%)*
14 24 = lecm(6,8) 24 a®(a%)* Uab(a®)* 16 a’(a*)* UaB(a®)*
15 24 = lem(6,8) 25 ab(a®)* Ua’(a®)* 25 ab(a%)* Ua”(a®)*
16 30 = lem(6,10) 30 a®(a®)* Uab(al®)* 26 a’(a%)* UaB(ad®)*
17 30 = lem(6,10) 31 a%(a®)* Ua”(al®)* 31 a%(a®)* Ua’(al®)*
18 40 = lem(8,10) 40 a”(a®)* Ua®(alf)* 32 a”(a%)* Ua®(al®)*
19 40 = lem(8,10) 41 a®(a®)* Ua’(al®)* 41 a®(a®)* Ua®(al®)*
20 | 42 = lem(6,14) 42 a®(a%)* U ab(al?)* 42 a®(a®)* Ualf(alf)*
21 | 42 = 1cm(6,14) 43 ab(ab)* Ua’(a')* 43 ab(a®)* Ua’(a')*
22 | 60 = 1cm(10,12) 60 a®(a'%)* Ualf(al?)* 44 a”(a%)* Uad(al*)*
23 | 60 = lcm(10,12) 61 a'%(a'®)* Uall(al?)* 61 a'%(a'®)* Uall(al?)*
24 | 70 = lcm(10,14) 70 a9( 10)* Ualf(al)* 62 a'l(a'%)* Ual?(al?)*
25 70 = lem(10,14) 71 a'®(al%)* u all(a14)* 71 a'®(a'0)* Uall(al*)*
26 | 84 = lcm(12 14) 84 a'l(a'?)* Ua'?(a'?)* 72 a'l(a'®)* Ual?(a'?)*
27 | 84 = lcm(12,14) 85 a'?(a 12) Ual3(a'®)* 85 a'?(a'?)* Ual3(al?)*
28 | 90 = lcm(10,18) 90 a®(a'®)* U alO(aIS)* 86 a'3(a'?)* Ual4(al?)*
29 90 = Ilecm(10,18) 91 10( 10)* U all(a'®)* 91 a'(a'%)* Uall(al®)*
30 | 120 = 1cm(8,10,12) 120 7(a )* Ua®(a®)* Ua(al?)* 92 a'l(a'0)* Ual?(al®)*
31 | 120 = lem(8,10,12) 121 a8(a®)* Ua®(al®)* ual®(al?)* 121 a8(a®)* Ua®(al®)* U al®(al?)*
32 | 126 = lcm(14,18) 126 a'3(a™)* Ual*(al®)* 122 | a®(@@®)* Ual®(@'®)* Uall(al?)*
33 | 126 = lem(14,18) 127 a'*(a'*)* Ua'®(al®)* 127 a'*(a'*)* Ual'®(al®)*
34 | 168 = lem(8,12,14) 168 a’(a®)* Ua?(a'?)* UaB(al?)* 128 a'®(a'*)* Ualf(al®)*
35 | 168 = lem(8,12,14) 169 a®(a®)* Ual®(a'?)* Ua®(al?)* 169 a®(a®)* Ual®(al?)* Ua®(al?)*
36 | 180 = lem(9,12,15) 180 a8(a®)* Ua®(al?)* U a'®(ald)* 170 a®(@®)* Uall(a'?)* Ual®(al)*
37 | 180 = lem(9,12,15) 181 a®(a®)* Ual®(a'?)* Uall(al®)* 181 a®(a®)* Ual®(a'?)* Uall(al®)*
38 | 240 = 1em(10,12,16) 240 a®(a'®)* U a8(a12)* Ualf(alt)* 182 | a'%a%)* u all(a12)* Ua'?(al®)*
39 | 240 = 1em(10,12,16) | 241 a10(a10)* Ua®(a'?)* Uall(al®)* 241 | a'%(a'®)* Ua®(a'?)* Uall(alf)*
40 | 240 = 1em(10,12,16) | 242 | a'l(al®)* Ual®(al?)* Ual?(al®)* 242 | a'l(a'%)* Ual®(al?)* Ual?(al®)*
41 | 240 = 1cm(10,12,16) | 243 | a'2(a!%)* Uall(al?)* Ual®(al)* 243 a12(a10) Uall(al?)* Ual?(al)*
42 | 336 = lem(12,14,16) | 336 | a'l(a'?)* Ua'?(a'®)* Ual®(al®)* 244 | a'3(a'%)* Ua'?(a?)* Ual*(al®)*
43 | 336 = lem(12,14,16) | 337 | a'?2(a'®)* Ua'3(a')* Ual*(a'®)* 337 | a'?(a'?)* Ua'3(al?)* Ualt(al®)*
44 | 336 = lem(12,14,16) | 338 | a'3(a'?)* Ual'*(a'*)* Ual®(a'®)* 338 | a'3(a'?)* Ua'*(a'®)* Ual®(alf)*
45 | 336 = lem(12,14,16) | 339 | a'*(a'?)* Ua'®(a'?)* U alb(al®)* 339 | al*(a!?)* Ual®(al*)* Ualb(alf)*
46 | 420 = 1cm(12,14,20) | 420 | a'l(a'?)* Ual?(at?)* Ual®(a20)* 340 | a'®(al?)* Ualtb(al?)* UalT(al®)*
47 | 420 = lem(12,14,20) 421 | a'2(a'?)* Ua'3(a'®)* Ual*(a?0)* 421 a12(a12) Ual3(a®)* Ualt(a?0)*
48 | 420 = lem(12,14,20) | 422 a13(a12) Ua14(a 4) Ua15(a 0% 422 | a'3(a'®)* ua'*(a'*)* Ual®(a0)*
49 | 420 = lem(12,14,20) | 423 | a'*(a! ) Ua'®(a'4)* u a?0)* 423 | a'*(a'?)* Ua'®(a'*)* Ual®(a20)*
50 | 560 = 1lcm(14,16,20) | 560 | a'®(a'*)* Ua'?(al®)* U a14(a20)* 424 | a'®(a'?)* Ualb(al?)* Ual?(a?0)*

Table 1: UFA-DFA tradeoff with witness languages.




n g(n) g(n)
4 4 4
5 6 = lem(2,3) 5
6 6 = lem(2,3) 6
7 12 = lem(3,4) 7
8 15 = lem(3,5) 8
9 20 = lem(4,5) 9
10 30 = lem(2,3,5) 12 = lecm(4,6)
11 30 = lem(2,3,5) 12 = lem(4,6)
12 60 = lem(3,4,5) 12 = lem(4,6)
13 60 = lem(3,4,5) 13
14 84 = lem(3,4,7) 24 = 1cm(6 8)
15 105 = lem(3,5,7) 24 = lem(6,8)
16 140 = lem(4,5,7) 30 = lem(6,10)
17 210 = lem(2,3,5,7) 30 = lem(6,10)
18 210 = lem(2,3,5,7) 40 = lem(8,10)
19 420 = lem(3,4,5,7) 40 = lem(8,10)
20 420 = lem(3,4,5,7) 42 = lem(6,14)
21 420 = lem(3,4,5,7) 42 = lem(6,14)
22 420 = lem(3,4,5,7) 60 = lem(10,12)
23 840 = lem(3,5,7,8) 60 = lem(10,12)
24 840 = lem(3,5,7,8) 70 = lem(10,14)
25 1260 = lem(4,5,7,9) 70 = lem(10,14)
26 1260 = lem(4,5,7,9) 84 = lem(12,14)
27 1540 = lem(4,5,7,11) 84 = lem(12,14)
28 2310 = lem(2,3,5,7,11) 90 = lem(10,18)
29 2520 = lem(5,7,8,9) 90 = lem(10,18)
30 4620 = lem(3,4,5,7,11) 120 = lem(8,10,12)
31 4620 = lem(3,4,5,7,11) 120 = lem(8,10,12)
32 5460 = lem(3,4,5,7,13) 126 = lem(14,18)
33 5460 = lem(3,4,5,7,13) 126 = lem(14,18)
34 9240 = lem(3,5,7,8,11) 168 = lem(8,12,14)
35 9240 = lem(3,5,7,8,11) 168 = lem(8,12,14)
36 13860 = lem(4,5,7,9,11) 180 = lem(9,12,15)
37 13860 = lem(4,5,7,9,11) 180 = lem(9,12,15)
38 16380 = lem(4,5,7,9,13) 240 = lem(10,12,16)
39 16380 = lem(4,5,7,9,13) 240 = 1lem(10,12,16)
40 27720 =  lem(5,7,8,9,11) 240 = lem(10,12,16)
7 9699690 = lem(2,3,5,7,11,13,17,19) 1848 = lcm(22 24,28)
78 12252240 = lem(5,7,9,11,13,16,17) 2520 = lem(15,18,21,24)
79 19399380 = lem(3,4,5,7,11,13,17,19) 2520 = lcm(15,18,21,24)
80 19399380 = lem(3,4,5,7,11,13,17,19) 2520 = lcm(15,18,21,24)
117 | 2677114440 = lem(5,7,8,9,11,13,17,19,23) 11880 = 1cm(24,27,30,33)
118 3375492120 = lem(5,7,8,9,11,13,17,19,29) 11880 = lem(24,27,30,33)
119 | 3375492120 = lem(5,7,8,9,11,13,17,19,29) 11880 = lem(24,27,30,33)
120 5354228880 = lem(5,7,9,11,13,16,17,19,23) 14040 =  lem(24,27,30,39)
157 | 209280511440 = lem(5,7,9,11,13,16,17,19,29,31) | 55440 = 1cm(16,18,30,42,44)
158 | 209280511440 = lem(5,7,9,11,13,16,17,19,29,31) | 65520 = lem(16,18,30,42,52)
159 | 232908956280 = lem(5,7,8,11,13,17,19,23,27,29) | 65520 = lcm(16,18,30,42,52)
160 | 232908956280 = lem(5,7,8,11,13,17,19,23,27,29) | 65520 = lem(16,18,30,42,52)
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are compared in Table [2] which also includes the expansions of g(n) and g(n) as least common multiples of
some cycle lengths py, ..., pk.

One can see that the extra condition in the definition of g(n), that of the existence of offsets f1,..., fk,
of which every two f;, f; are distinct modulo ged(p;, p;), leads to a significant reduction of the least common
multiple. Furthermore, note that the cycle lengths p1, ..., pr have to become larger in order to accommodate
their common divisors, and therefore fewer of them can be fit with the same upper bound on their sum: for
example, for n = 160, the value g(n) is reached using ten different cycles, while the definition g(n) allows
only five. The latter observation turns out to be crucial in the analysis of the function g, and the first step
towards determining its growth rate is estimating the maximum number of cycles k for a given sum of cycle
lengths.

Lemma 3. Let k > 1 and let my,..., 7 > 2 be any integers, for which
(a). there exist fi,..., fr € N with f; # f; (mod ged(m;,7;)) for all i # j, and
(b). lem(7y, ..., Mie1, Tit1,-- ., Tk) is not divisible by m;, for each 1 < i < k.

Then m + ...+ 7 > %kglnk — %kgx/lnk.

As in Lemma [1} the condition (b) of each cycle contributing something to the least common multiple is
essential: if it is lifted, then taking k cycles each of length k gives >_ m; = k2, and the statement does not
hold.

. 1
For each i, let r; = cm (..., )

lem(7ry .., g1, Tiq 15000y Tk )
multiple, and let s; = % Then the numbers rq, ..., r, are pairwise relatively prime, each of them is at least
2 by the condition (b), and hence ged(m;, ;) = ged(s;, s;) for ¢ # j. In this notation, the statement of the

lemma can be equivalently reformulated as follows:

be the contribution of the i-th cycle to the least common

a 4 8
min min E ris; > —k>Ink — —k3VIn k.
T1yeeeyTE 22 S1,...,5,EN: . 9 27
relatively prime 3f1,....fr€EN i=1

fiZf; (mod ged(si,s;))

The proof proceeds by simplifying the expression in the left-hand side, decreasing its value, but in the
end still obtaining a value greater than %k3 Ink — %kgm. The first simplification step is replacing
the combinatorial condition on si,..., s, involving the numbers fi,..., fr with the following numerical
consequence of this condition:

Claim A. Let k > 1 and s1,...,8, = 2 be any such numbers, that there exist offsets f1,..., fr with
fi €{0,...,s; — 1}, satisfying f; # f; (mod ged(s;,s;)) for all i # j. Then i +...+ i <1.

Proof. Let s =lem(sy, ..., sg). Ani-th cycle is said to cover a number n € {0,...,s—1}, if f; = n (mod s;).
Then each i-th cycle covers exactly 2 different numbers, and, in total, Zle < numbers are covered.
Suppose Zle si > 1. Then Zle = > s, that is, more than s numbers in {0,...,s — 1} are covered.
Accordingly, some number n must be covered by two different cycles, that is, f; = n (mod s;) and f; =
n (mod s;). Therefore, f; =n = f; (mod ged(s;, s;)), which contradicts the assumption. O

In order to obtain the smallest values of the sum Y r;s;, the numbers s; should be as small as possible,
but too small values are not allowed by Claim [A] For example, for k = 3 and ry =2, r; = 3, r; = 7, the
smallest possible values of s; are s1 = s9 = s3 = 3 or s1 = s = 4, s3 = 2. The former choice leads to the
sum 2-3+3-3+7-3 = 36, while the latter gives 2-4+3-447-2 = 34. Note that taking any smaller values
of s; would violate the condition of Claim [A] while any greater values would increase the sum; therefore,
the least value of > r;s; for the given k and r; is 34.

Aiming to estimate this minimum, it is convenient to allow the values of s; to be any positive real
numbers. This will slightly reduce the value of the minimum, but will make it analytically calculable as
follows:
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Claim B. Let ay,...,a, > 0 be any positive real numbers. Then

min Zaxz: \/ch—&—..,_,_\/(Tk)Q

Z1,e.,0p ERY 4

=1t
and the minimum is reached at the point x; = w

Proof. This is an exercise in analysis. Eliminating one of the variables as

Tk = 1 1

the task is to find the minimum of the following function:

ag

f($17~-~,$k—1)=a1$1+-~-+ak—1$k—1+1 T i
- H — ... Tho1
Its partial derivative by z; is
of ak
— =a; — 5
' 2 1 1
Ox; 2Z2(l-& - —35)

Taking the necessary condition of an extremum, % = 0 for all 4, and assuming new variables y; = x% leads
to the following system of equations:

i % for1<i<k—1)
= — (for i —1).
(1_y1_--~_yk—1)2 Q. =0
Since both y; and 1 —y; — ... — yip_1 are positive, this system can be reformulated as
Yi = JE (for1<i<k—1)
T—y1— . —yr ay

Now each variable y; with 2 < i < k — 1 can be expressed through y; by dividing the i-th equation by the

first one:

Yo JY (for2<i<k—1).

Y1 ai

Substituting y; = y1 4 /Z—;‘ in the first equation results in

/al
a
] 1y1\/a7] k

1
A .
Zj:l %

and therefore
Y1 =

Returning to the original variables, f attains its minimum at x; = Z?zl %, and its value at this point is
Zle Z?Zl Vaia; = (\/a1 + ...+ \/ax)?, which proves the claim. O

Therefore, there is a lower bound (/71 + ...+ /7x)? on the sum E?Zl r;Si, and the next task is to
estimate the least value of this sum for all applicable r;, that is, for every choice of pairwise relatively prime
r1,...,7% = 2. In fact, the minimum is achieved by taking the first k primes.

12



Claim C. Let 2 <ri < ...<r be any pairwise relatively prime natural numbers. Then p; < r;, where p;
is the i-th prime.

Proof. Suppose that r; < p; for some ¢. Each r; with j < 7 is less than r;, and hence r; must have a prime

factor 7% < p;—1. Since the primes 77,...,7;_; must be pairwise distinct, it follows that {ry,...,ri_;} =
{p1,...,pi—1}, and thus every prime factor of r; must belong to this set, which contradicts the assumption
that rq,..., 7, are relatively prime. O

Therefore, the sum is decreased (or unaltered) by replacing each r; with the i-th prime:

Writ. .+ V)2 (Ve + -+ Vo)

In order to estimate the sum Zle Di, consider the following known fact:
Proposition 4 (Rosser [30]). p, > nlon for alln > 1.

It remains to calculate the resulting sum:
Claim D. Y% Vnlnn > 2kvEkInk — 2kVE for all k > 1.

Proof. For k up to 3, the inequality can be verified by direct calculations, so assume k > 4. The idea is to
approximate the sum 2224 vnlnn with the integral fgk valnxdx. Integrating by parts,

1 1
/\/aclnxd:c:x\/xlnx—/xd\/xlnx:xv:vlnx—/x&dx:
2vVxInx

1 1
=x\/aclna:—f/\/a:1nxdx—f/ idx,
2 2 Inz

and solving the resulting equation gives

2 1
/lenxdx:fx\/aclnx—f/ idw.
3 3 Inx

Then, using the facts that f(z) = vz lnz is increasing on [e, +00), and that /1= </ for all z > e,

k k k
Z\/nlnn = \/21n2—|—\/31n3—|—2\/nlnn > \/21n2—|—\/31n3+/ Vzlnzdr =
n=4 3

n=1

k k
:\/2ln2+\/3ln3+§k\/klnkf§3\/3ln3—é/ ,/lidx>\/21n27\/31n3+§k\/k1nkf§/ Vzds =
3 nx 3
2 2 P
= gk\/klnk - §k\/E+ §3¢§+ V2In2 — v3In3.

To show that the latter value is greater than %k\/kln — %k\/@, as desired, it is left to demonstrate that
the constant terms sum up to a positive value. First, note that %\/g > 1 is equivalent to 2 > /3, which is

true. The second term is estimated as v/2In2 > 1, which is equivalent to another true statement 22 > e.
For the third term, v/31In3 < 2 holds if and only if 3% < e* ~ 55, which is true as well. Altogether,

2
g\/§+\/21n —V3ln3>1+1-2=0,

which completes the proof. O

With all these auxiliary results established, Lemma [3|is proved by the following chain of inequalities.
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Proof of Lemmal[3

min min E riS; = min min E T;S; =
Ty Tk 22 81,...,8,EN ‘ Tl TR 22 81,...,8, EN
relatively prime If1,..,fkEN i=1 relatively prime L+ 4L 1 <1 1=1
fi#f; (mod ged(si,s;))
: s «
Cl . 2 Cld
> min min E rir; = min (\/7“1 +...+ \/7“73) =
T1yeeey T 22 T1,..., R, ERYL 4 T1yeeesTh 22
relatlvely prime LJF 4 1 <1 i=1 relatively prime

k .
= (VP +-..+ PR (Z\/z ni) o (%k\/klnkfgk\/E)Q

i=1

4 8
3 Ink— —k>VInk.
Z gl gpvin

The next lemma reformulates this estimation by giving a lower bound on k as a function of n.

Lemma 4. Under the assumptions of Lemmaﬁ, k< \3[ m, where n = m; + ...+ 7 = 55.

The condition that n > 55 > e? is needed to ensure that the denominator of the fraction under the cubic
root is positive.

Proof. Suppose k > 3%/1 3 m Then k3 > 2471 — 2\/7 and Ink > %(lnn—ln(lnn—%/lnn)—i—ln %7),

and since the function f(k) = §k%Ink — £k3VInk = k*VInk(§vInk — 5-) is increasing,

4 8

K Ink— —k*Vink >

gt Tt v
247~%'%(hln—ln(lnan\/lnn)+ln%)—%~2%'%\/lnnfln(lnan\/lnn)Jrln%

=Zn =
Inn —2vInn
Inn —In(lnn —2vInn) +In 2f — —\/lnn n(lnn —2vInn) 4 In 2
n

Inn—2vInn

>

Inn—Inlnn+1-— %\/lnn—l—Q
Inn—2vInn

where the last inequality is established by showing that 2v/Inn > Inlnn—1+ %\/ Inn + 2 for all applicable
values of n. Substituting = v/Inn, consider the function h( =2z —2lnzx+1-— %\/aﬂ + 2. Tt is easy to

calculate that h(2) > 0 and to verify that A'(z) =2 — 2 — 7 7o > 0 forall 2 > 2. Hence, the function
is positive for all > 2, and accordingly the inequality holds for all n > e*.
It has thus been shown that %k;3 Ink— %k?’ vVInk > n, contrary to Lemma The contradiction obtained

proves the lemma. 0

>n

>n,

The following upper bound of g(n) can be inferred from this bound on k.
Theorem 2 (Upper bound). g(n) < e V2n?n(140(1))

The proof of the theorem, which is presented below, relies only on the upper bound on k, and otherwise
ignores the additional constraints in the definition of g as compared to g. Using further properties of g in
this proof might have led to a better bound.
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The first step is to simplify the model by replacing the least common multiple of the cycle lengths, as
in the definition of g, with the product of these cycle lengths, and then allowing them to be real numbers.
Then, as it is well-known, the maximum of the product is reached for all factors being identical:

Proposition 5. max  x1...x% = (£)* for every k € N and z € Ry
T14... T <o

Another fact about elementary functions is that (%)* reaches its maximum at k = 2, and since the

values of k allowed by Lemma [] are much smaller, one should choose k as large as possible to obtain the
greatest value of (%)

Proposition 6. The function f(y) = (%)y increases on 0 <y < 2, has a mazimum at y = 2 and decreases

onggy.

Proof of Theorem[4 The upper bound is proved by the following chain of inequalities, which uses Lemma
Proposition [ and Proposition[6 In the first three lines, the condition of the existence of appropriate offsets

fi,--+, frx from the definition of g is abbreviated to an ellipsis.
g(n):rilaiqlcm(m,...,?rk)|7r1—|— A7 <nand (...)} =
>
= max{lem(my,...,m) | T + ... + 7 < 1, fem(my, ..., ™) >2 and (...)} =

k>1 lcm(ﬂ'l,... 7Ti_1,7TZ'+1,...7Tk,)

= max {lem(my,...,m) |71+ ...+ 7 <nand (...) } <

I<k< 32 Y b
< max {m ... |m+...+m<n} <
1<k< 3= ¥ b
k _.
< max Inax]R Hzi = ma; (—) <
1<k< 5= ¥ o v ;f;"’i’;igﬁ 1 1<k< 5= ¥ rnavin

3

n Bz \/111n—2\/1nn %

< —_— = e Vi
B3 s/ n
\3/21 Inn—2vInn

3 3/ m 33 3 ¥m 3/ _Tmn (2 N
<e {”/Z%/lnn—zmln (nd lnn) 63—\/1 7= G/m(glnn-&-glnlnn) o

e — 3 2
ﬁml (%n§ g 1nn—2\/1nn)

CH

3 _¥n 3 2vInn 2 Inlnn i
— ¢ Vi Vn W*m T2 inn(1+p2) _ V2 ¥n(nn) 8 (140(1))

O

The second task is to establish a lower bound on g. The argument is based upon the following known
facts about primes. Let p; denote the i-th prime.

Proposition 7 (folklore; see Bach and Shallit [2], OEIS [24, A007504]). Zle pi=(140(1)3k*Ink.

Proposition 8 (Rosser [31]; OEIS [24, A002110]). [[_, p; = ebInk+kinnk —k+o(k) — (1+o(1)kink
Using these facts, the following lower bound on g(n) shall be established:

Theorem 3 (Lower bound). g(n) > e V3 VninTn(14o(1)

Proof. For any k, consider the numbers kp; with ¢ € {1,...,k}. These numbers satisfy the definition of §
with f; =47 —1 for each i. Let s, = k Zle p; be the sum of these numbers. Then the value of g on s, must
be at least lem(kp1, ..., kpy) =k Hle ;-
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By Proposition [7] the argument of g is estimated as

k—kZpl— ) Lk,

Note that

(k+123In(k+1)
k3 Ink

— (14 0(1))%/&”(111 B (1+ O](C]f)) (1+ h;:g )=+ 0(1))%]63 In k.

spr1 = (14 0(1))%(1@ + 13k +1) = (1+ 0(1))%k3(ln k)

Let f: N — R be the infinitesimal function, for which s;1 = (1 + f(k))1k®*Ink. Fix any n and consider
the greatest number k with s < n. Then

n < spyr = (1+ f(k;))%k:?’ In k. (1)

Using Proposition [§[ to estimate the product of the first k primes, the above lower bound on g(n) is

k
k l_[p7 _ 6(lJro(l))kln k.

=1

From the inequality (1), one can infer a lower bound on klnk of the form (1 4 o f In In n. This
is proved as follows:

{2t < {2 TR TR gk (014 70 3R =
:\S/gmkm(?,lnkﬂn(uf(k))ﬂ M)%:
Ink 2
e I O (Rt (I LS

3lnk 3lnk

Altogether, the above calculations lead to the following lower bound on g(n):

p; = e(Ho()kink o e(1+o(1))€/§§/ﬁ1n% n

Q)
v
-

According to Theorems the values of the function g are confined within the following bounds:
e V3 VnIn? n(14+0(1) 3(n) < o V2Vn I n(140(1))

Corollary 1. g(n) = eG(W).

Improving this estimation is an interesting theoretical question. Perhaps it could be proved that g is of
the order ¢C Vnin? n(1+o(1)) for some constant C' with 0.605 < f/g < C < /2 < 1.260. In anticipation of

such a result, it is worthwhile to elaborate on the constants obtained in the above proof.

The first function estimated in the proof is the least number n = n(k), for which k cycles may be used
in the definition of g(n). Lemma [3] gives a lower bound of (1 + o(1))k*Ink. At the same time, the proof
of Theorem |3 contains an example with the sum (1 + o(1 ))k3 In k. Possibly, the actual function here could
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be represented as C’(1+ o(1))k*Ink for § < C’ < 1. The gap between C’ = & and C’ = 3 reflects several
essential simplifications made in the course of the proof, and narrowing this gap might require an entirely
different argument.

Suppose the least number n = n(k) allowing k cycles were estimated as C’(1 + o(1))k®Ink. Then an

accordingly revised Lemma || would give k < (1 + o(1)) {/ % 3/ m, which would in turn modify the

E 3
upper bound on g(n) given in Theorem to eV aer Vnin® n(1+o(1)) - pProvided that examples with n = C'(1+

o(1))k?Ink are also constructed in Theorem (3} the lower bound on g would become e V567 Vninn(1+0(1)
The exponents in these bounds differ by a factor of 2, which is another measure of inefficiency of the
arguments in this section.

Returning to the UFA-DFA tradeoff, note that the tradeoff function satisfies g(n) < fura-pra < g(n)+n,
while in the case of UFAs with a unique initial state, g(n — 1) < fura,-pra < g(n — 1) +n. Therefore, both
functions asymptotically behave as g¢:

Corollary 2. The number of states in a DFA sufficient and, in the worst case, necessary to represent
languages recognized by n-state UFAs, with a multiple initial states or with a unique initial state, is

3,
fura—pra(n) =g(n) + O(n) = e@(M)7
O(VnnZn)

Jura,-pra(n) = g(n) +O(n) = e )

5. NFA-UFA tradeoff

By the results of Lyubich [19] and Chrobak [5] mentioned above as Proposition [3) an n-state NFA can
be transformed to an equivalent DFA with g(n) + n? states. The transformation begins by converting an
n-state NFA to the Chrobak normal form with a tail of length O(n?) and with at most n states in the cycles,
and then proceeds by determinizing the cycles, making at most g(n) states. A close lower bound is given
by a family of n-state NFAs, for which the equivalent DFA requires g(n) states. Though the exact values of
the NFA-DFA tradeoff function are not known, these two bounds are asymptotically tight.

Consider the transformation of an n-state NFA to an equivalent UFA. It can obviously be achieved
simply by transforming the given NFA to a DFA. It turns out that for some NFAs no better transformation
is possible:

Lemma 5. For all k> 1 and p1,...,px = 2, the language
k
L={c}Ua U{e,a,az, oo aPi T2 aP)* = {a" | n # 0 (mod lem(py, ..., px)) } U {e}
i=1

has an NFA with 1+ ZLI p; states, while the smallest UFA for L needs at least 1+ lem(py, ..., pg) states.

Proof. The NFA for L is in Chrobak normal form, with the tail of length 1 and with & cycles of length
P15 Dk-

The smallest DFA for L contains an accepting initial state and a cycle of length lem(py, ..., pk), which
has a non-accepting last state, with the rest of the states being accepting. It remains to show that there does
not exist any smaller UFA recognizing this language. This can be done using the method of Schmidt [32].

Let n = lem(py,...,px) and consider the strings u; = v; = a’~! for 1 < i < n + 1. The corresponding
(n+1) x (n+ 1) matrix M is defined by

0, ifi+j=n+4+2orifi=j=n+1,
M;; = :
1, otherwise.
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Then its determinant can be calculated by first subtracting the first row from the rest of the rows, and then
by adding each row to the first row:

11 1 ... 1 1 O 1 1 1 1 1 0

11 1 ... 1 0 1 0 0 0 0 -1 1

r 1 1 ... 0 1 1 o o0 o ... -1 0 1

detM=1|: : + - ¢ oo o= =

1 1 0 1 1 1 0 0 -1 ... 0 0 1

1 0 1 1 1 1 0 -1 0 0 0 1

o 1 1 1 1 0 -1 0 0 0 0 0
0 0 0 0 0 n—1
0 0 0 0 -1 1
0 0 0 -1 0 1 )

= : . : : : = (_l)bJ (n—1)

0 0 -1 ... 0 0 1
0 —1 0 0 0 1
-1 0 0 0 0 0

Since the determinant is non-zero, the matrix has full rank n + 1, and accordingly, by Schmidt’s Theorem,
every UFA for this language must have at least n + 1 states. O

The above lemma gives a g(n) lower bound on the NFA-UFA transformation, while the g(n) +n? upper
bound is obtained by transforming an NFA to a DFA. This leads to the following theorem.

Theorem 4. For every n > 1, the number of states in a UFA sufficient and, in the worst case, necessary
to represent languages recognized by n-state NFAs is g(n) + O(n?) = e(1+o())vnlnn,

6. Complementing unary UFAs

For any n > 1, let f(n) be the least such integer, that for every n-state UFA over a unary alphabet, the
complement of the language it recognizes is representable by an f(n)-state UFA. The function f: N — N is
called the state complexity of complementation for unary UFAs, and the language L,, representable by an
n-state UFA, the complement of which requires f(n) states, is called the witness language.

The complexity of complementing DFAs and NFAs is well investigated. Complementing a DFA is trivial,
because it is sufficient to complement its set of accepting states: hence, for DFAs, the state complexity
of complementation is n. Representing the complement of an n-state NFA over a two-letter alphabet, as
shown by Birget [3], may require an NFA with up to 2" states; for unary NFAs, Holzer and Kutrib [9] proved
that the state complexity of complementation is g(n) + O(n?). In both cases, complementing some NFAs
basically requires determinizing them, and the witness languages are very similar to those for the NFA-DFA
transformation.

The situation with UFAs is rather complicated. Consider the following facts. For alphabets with at
least two letters, the UFA-DFA tradeoff is 2™ [I8], that is, the same as the NFA-DFA tradeoff; for a unary
alphabet, the UFA-DFA tradeoff is §(n) + O(n) = €®( Vi ln? ™), which is more or less comparable to the
NFA-DFA tradeoff, g(n) + O(n?) = e(t+eM)vVrinn - However, for all known languages that witness these
UFA-DFA tradeoffs—those that have small UFAs, but require large DFAs—one can change the sets of
accepting states in their small UFAs and obtain UFAs for their complements. Up to date, not a single
example of a UFA is known, which would require a larger UFA to represent its complement.

The results on unary UFAs obtained in this section represent the first attempt at analyzing the complexity
of complementing UFAs. On the one hand, for a substantial class of UFAs, a UFA for their complement can
be constructed by changing the set of accepting states, like in the case of DFAs. On the other hand, it shall
be proved that complementing some specially constructed UFAs requires additional states.

To begin with, the following subclass of UFAs allows efficient complementation.

Lemma 6. Let A = (X,Q, qo, 9, F) be a unary UFA in Chrobak normal form recognizing an infinite language,
and assume that there exists a number p that divides the length of every cycle, and the offsets f, [’ of every
two accepting states r; ¢, ;0 € F with ¢ # j are different modulo p. Then there exists and can be effectively
constructed a set F’, such that A’ = (£,Q, qo, 9, F') is a UFA recognizing L(A).
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Proof. Under these assumptions, the set {0,...,p — 1} is partitioned into disjoint sets Sy, ..., Sk, such that
a state r; r may be accepting only if the number f modulo p is in S;. The set S; is thus the “domain of
expertise” of the i-th cycle. In other words, a string a‘*™ may be accepted only in the (uniquely determined)
i-th cycle with (n mod p) € S;.

Then the new set of accepting states is defined as follows:

F'={qi|q¢ FYU{ris|(f modp)eS; ri;¢F}

The conditions of the Criterion of Unambiguity are still met for the new automaton (that is, it remains a
UFA), because its cycles have the same “domains of expertise” as in the original UFA.

To see that the new UFA recognizes the complement of the language of the original UFA, consider a
string a“*™, let i be the number n taken modulo p and let f be n taken modulo p;. Then a‘*" is accepted
by the original automaton if and only if r; € F. At the same time, by the construction, this string is
accepted by the new automaton if and only if r; ¢ F. O

In particular, this lemma is applicable to all UFAs with k = 2 cycles, such as the one in Figure [I} But
for k > 3, the lengths of the cycles need not be all divided by a single common divisor, which gives examples
of UFAs not covered by the above lemma. Sometimes the lengths of the cycles may have a single common
divisor, yet this common divisor is not enough to separate the accepting states as per the Criterion of
Unambiguity, and the separation is based on larger geds of individual pairs of cycles. The following example
illustrates the latter case.

Example 1. Let k = 3 and consider cycle lengths p1 = 8, pa = 10 and ps = 12, where ged(8,10) = 2,
ged(8,12) = 4 and ged(10,12) = 2. Then the numbers f1 = 7, fo = 8 and f3 = 9 satisfy the condition in
the Criterion of Unambiguity, as 7 # 8 (mod 2), 7 # 9 (mod 4) and 8 # 9 (mod 2). This leads to a UFA
with 1+ 8 + 10 + 12 = 31 states recognizing the language a®(a®)* U a®(a'®)* U a'®(a'?)*, which is a witness
language for furpa-pra(31) =lem(8,10,12) +1 = 121.

However, ged(8,10,12) = 2 and 7 = 9 (mod 2), and thus Lemma@ 1s not applicable to this UFA, and
would not be applicable for any choice of offsets fi, fa, f3.

The next lemma considers the case of three cycles that have no common divisor. It turns out that
representing the complement of such a language requires a UFA with a greater number of states.

Lemma 7. Let p1,p2, ps be any three pairwise distinct primes. Then the language L = L1 U Ly U Lg, where

Ly = a{am,a?pl7 o ,a(mfl)m}(aplpz)*’
Ly = a{aP?,a®2,. .. aPs= P2} (gP2P3)*  gnd
Ly = a{ap3,a2p3, o ,a(prl)pg}(amps)*’

has a UFA with pi1ps + paps + pips + 1 states, while every NFA for L contains at least p1paps states.

Proof. The construction of the UFA for L is straightforward. It has a tail of length 1 and three cycles of
length p1pa, paps and p1ps, with accepting states ri ¢, ,, for €4 € {1,...,pa—1}, 12 0,p, for bo € {1,...,p3—1}
and 73 g,p, for 3 € {1,...,p1 — 1}. Such a UFA for p; = 3, po = 4 and p3 = 5 is presented in Figure|3| To
see that the condition of the Criterion of Unambiguity is satisfied, consider the offsets of accepting states in
the cycles, taken modulo pi, p2 and ps:

‘ (mod p1) ‘ (mod p2) ‘ (mod p3) ‘
{apl,a%l,...,a(”*l)m} (mod pip2) 0 {1,...,p2 — 1} anything
{aP?,a%2, ..., P>~ VP2} (mod paps) anything 0 {1,...,ps — 1}
{a?3,a%P3, ... a®1=YP3} (mod pip3) | {1,...,p1 — 1} anything 0

Now the offsets of accepting states in the first and the second cycles are different modulo p; =
ged(p1pa, paps), the second and the third cycles are separated modulo p; = ged(paps, p1p3), and the first
and the third cycles have the offsets inequivalent modulo p; = ged(p1p2, p1p3)-

In order to show that no NFA for L can have fewer than pipsps states, it is sufficient to establish the

following statement:
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Figure 3: A 48-state unary UFA that requires a 60-state UFA for its complement.

n

Claim 2. Consider any infinite reqular subset of L that contains at least one string a'*™ with n =

0 (mod p1paps) in its periodic part. Then the period of the subset is divisible by pi1paps.

Let p be the period of this subset. By the symmetry, it is sufficient to prove that p is a multiple of p;. In
order to obtain a contradiction, suppose that p # 0 (mod p;). Let a'*™ be any string in the periodic part
of this subset that satisfies n = 0 (mod pipap3). Then the string a' ™" +PP3 belongs to this subset as well. It
is claimed that n 4 pp3 Z 0 (mod p;): indeed, n = 0 (mod p;) by the assumption, and pp3 Z 0 (mod p;),
because ps is relatively prime with p;, and p is not divisible by p;. On the other hand, n+pps = 0 (mod p3).
Therefore, a't"+PPs ¢ L4, which contradicts the assumption that a'T"*PPs ¢ L. The contradiction obtained
completes the proof of Claim

Consider any NFA recognizing the language L, and the equivalent NFA in Chrobak normal form. It is
sufficient to prove that one of the cycles in the normalized NFA must be of length at least pypops. Since, by
Proposition [3] the combined length of the cycles in the new NFA cannot exceed the total number of states
in the original NFA, the latter must have at least pypops3 states.

Since the language L contains infinitely many strings a!*” with n = 0 (mod pipaps), any NFA in
Chrobak normal form recognizing this language must have a cycle containing at least one accepting state, in
which such a string a'!*" is accepted. The set of strings accepted in this cycle forms a subset of L meeting
the conditions of Claim[2] Then the claim asserts that the length of this cycle must be a multiple of p1paps,
which completes the proof of the lemma. O

In particular, applying this lemma to p; = 3, p; = 4 and p3 = 5 gives a language recognized by a UFA
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with 48 = 12 + 20 + 15 4 1 states given in Figure [3] while its complement requires a UFA with at least
60 =3 -4 -5 states.
Witness languages of the form constructed in Lemmal[7]lead to the following fairly modest lower bound.

Theorem 5. The state complexity of complementation for UFAs over a unary alphabet is greater than
Snyvn (for all n > 867) and at most fupa-pra(n).
Proof. The upper bound is immediate, since every UFA can be determinized and then complemented.

The proof of the lower bound relies on a result of Ramanujan [28] that for every m > 17 there are at

least three primes between 2 and m. Let n be any number greater than 3 - 172 = 867. Then there exist

2
12 pl 2 FS X 3'

By Lemma [7] there is a language L recognized by a UFA with

n n n
p1p2 + p2ps +p1ps +1 <3 3(\/g—2>+1=n—6\/g+1<n

states, while every UFA for L needs to have at least

() = () v g
P1P2pP3 12 ~\12 nyn 4271 n

states, as claimed. O

Better lower bounds can be obtained from the following generalization of Lemma [7] to any odd number
of cycles:

Lemma 8. Let k > 1 and let p1,...,pak+1 be any pairwise relatively prime numbers. Then the language
2k+1
L =J;2] Li, where

Li = {a'™ | n# 0 (mod p;), n =0 (mod p;11---pisr) }

(with all arithmetic in subscripts done modulo 2k + 1), has a UFA with 1 + Z?i?lpipiﬂ - Pitk States,

while every NFA for L contains at least py - - - papy1 states.

Proof. A UFA for L has a tail of length 1 and 2k+1 cycles, with each i-th cycle of length m; = p;pi+1 - - Pitk
containing accepting states i, ,..p,, for £ € {1,...,p; —1}.

To see that the condition of the Criterion of Unambiguity is satisfied, consider any i-th and any j-th
cycles with ¢ # j. Since the difference of i and j modulo 2k + 1 is at most k, either the number p; is
in {pj41,...,pj+r}, or p; belongs to {piy1,...,pitr}. Assume, without loss of generality, that the former
is the case. Then p; is a common divisor of m; and 7;, and for every two accepting states 75 ¢p, . .-.p;..
and 7 p/p; 1 1..p; i the number £p;yy -+ piip is non-zero modulo p;, while £'p;, 1 ...pj4 is divisible by p;.
Therefore, €pi1 - piyk Z £'Djr1--.pjrr (mod ged(m;, m))).

A lower bound on the size of any NFA recognizing L is based upon the following property:

Claim 3. Ewvery infinite reqular subset of L with its periodic part containing any string a'™™ with n =
0 (mod py - - - par+1) has period divisible by py - - Pagt1-

The proof of the claim generalizes that of Claim [2] in the previous argument. If p is the pe-
riod of such a subset and it is not divisible by some p;, for any ¢ € {1,...,2k + 1}, then the string
w = g!tnHPPiPic1Piti- P21 helongs to this subset as well. The claim is that n+pp; - - “Di—1Pit1 " P2k4l F
0 (mod p;). First, n = 0 (mod p;) by the assumption, and secondly, since each p; with j # i is relatively
prime with p; and p is not divisible by p;, the number pp; - - - p;—1pi41 - - - D2k+1 is non-zero modulo p;. At
the same time, n 4 pp1 - - - Pi—1Pit+1 - - - P2k+1 = n = 0 (mod p;) for every j # i. Therefore, the string w must
belong to L;, which contradicts the assumption that w € L.
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Now consider that an NFA for the language L should accept all strings in a(aP"P2++1)* and hence, as
in the proof of Lemma [7] above, the equivalent NFA in Chrobak normal form must accept infinitely many
of these strings in a certain cycle. Applying the above claim to the subset of L accepted in that cycle
shows that the cycle’s length must be a multiple of py - - - pag+1. Therefore, the original NFA has at least
D1 - - - Pak41 States. O

Lemma 9. Let k > 1. Then, for alln > (2k+1)(4(2k +1) In4(2k +1))*T1, the number of states in an NFA

necessary to represent complements of n-state UFAs over a unary alphabet is at least m ==

Proof. Let r; denote i-th Ramanujan prime, that is, the smallest integer, such that for every m > r;

there are at least ¢ primes between 5 and m. The existence of such a number for every 7 was proved by

Ramanujan [28)], and the first values are r; = 2, ro = 11, r3 = 17, r4 = 29, r5 = 41, ¢ = 47, r7 = 59.
Let n be any number greater than (2k + 1) - (ror1)*! (for k = 1, 2, 3, ..., this means that n > 867,
344605, 84821527, ...). Then there exist 2k 4+ 1 primes p, ..., par+1 with

1 n n
— kil < < ... < <k+1 .
2 \aok+1 o™ P2k+1 V2K +1

According to Lemma [§] there exists a language L recognized by a UFA with

2k+1 k
n n kF+1 n
1 Dt pin < (2 +1) (7) —2) Fl=n-22k+1) ) 1<
+;pzpz+1 Pivk < (2k +1) 2k+1( ST >+ n—2(2k+1) TSR

states, but every UFA for L must have at least

1 2h+1 1 2k+1 1
prepkt+1 2 | 5 ) z = nET >~ p?E
2 2k+1 92k+1 (2% + 1) 51 22k+1(2k 4 1)2

states, which proves the lower bound.

It remains to estimate the least n, to which the above argument applies. The following bounds on
Ramanujan primes were recently obtained by Sondow [33]: 2i1n2i < r; < 4iln4i. Then (2k+1)-(rory1)* ! <
(2k 4+ 1)(4(2k + 1) In 4(2k + 1))+ +1. O

Theorem 6. The state complexity of complementation for UFAs over a unary alphabet is at least n?>—°(1)

and at most furpa-pra(n).

Proof. According to Lemma [9] the function f(n) defined by

! P2 - max n?o R o108 (22 (264+D)?)

f(n) - k: rgi}g(k) 22k+1(2k/’ + 1)2 . k:n>ng(k) ’

where ng(k) = [(2k+1)(4(2k +1) In4(2k +1))**+1], is a lower bound on the state complexity of complemen-

tation. Define a new function h(n), so that f(n) = n?>~"(). The goal is to prove that lim, .. h(n) = 0.
th=|

Fix an arbitrary real number £ > 0 and set k = [ 1], so that %ﬂ < e. Let n = max(ng(k),n1(k)), where
1

ni(k) = (226+1(2k 4 1)2)°~ %1 . Then, for every n > 7, since n > ng(k),

F(n) > n? e os, G @R

At the same time, n > ny (k) implies that n°~ 71 > 225+1(2k+1)2, and hence e~ 51 = log, (2211 (2k+1)?).
Accordingly,
f(n) > p2-et(e—ggy)—log,, (221 (2k+1)%) > n2e

)

and therefore h(n) < e. O
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It is interesting to note that the witness languages constructed in this section, such as the UFA in
Figure 3] use a significantly larger overlap between the prime factorizations of their cycle lengths than
required by the definition of a UFA. This is done in order to avoid the case described in Lemma [f] for
which the complementation is efficient, as well as any variants of that case. On the other hand, the hardest
languages for the UFA-DFA tradeoff presented in Table [1} which, by their nature, have the least possible
overlap between the cycle lengths, can all be complemented by changing the set of accepting states (even
though Lemma@is not general enough to cover all cases of direct complementation). This suggests that the
complexity of complementing unary UFAs is probably much lower than the UFA-DFA tradeoff. Narrowing
the gap between the lower bound and the upper bound given in Theorem [6] is suggested for future research.

7. State complexity of intersection and Kleene star

Consider the state complexity of intersection of two UFAs, and of the Kleene star of a single UFA. These
two operations can be handled by the known methods developed for other kinds of finite automata.

Intersection has state complexity mn both for DFAs [21, B6] and for NFAs [9], and both over unary and
larger alphabets. It maintains the same complexity for UFAs:

Lemma 10. For every alphabet ¥ and for all m,n > 1, the intersection of any two UFAs over ¥ with m
and n states is recognized by a UFAs with mn states.

The proof is by the standard direct product construction, which always produces a UFA for UFA argu-
ments.
A matching lower bound for select values of m,n is already known:

*

Proposition 9 (Holzer, Kutrib [9]). For all relatively prime m,n > 2, the language (a™™)* = (a™)* N (a™)
requires an NFA with at least mn states.

Theorem 7. The state complexity of intersection for UFAs over a unary alphabet is at most mn. This
bound is reachable for all relatively prime m,n.

The last operation to be considered is the Kleene star, L* = Uk>0 LF: its state complexity for unary
DFAs is (n — 1)? + 1, obtained by Yu, Zhuang and Salomaa [36, Thm. 5.3]. Their result extends to the
UFAs, in spite of the differences between the two models.

Lemma 11 (Yu, Zhuang and Salomaa [36]). For every language L C a* recognized by an n-state NFA with
n > 2, there exists a DFA for L* with (n — 1) + 1 states.

Strictly speaking, Yu, Zhuang and Salomaa [36] established this result for L represented by a DFA.
However, with a minor adjustment, their argument proves Lemma [11| as stated. The proof is included for
completeness.

Proof. Let A = ({a},Q,Qo,d, F) be any NFA, and assume that it accepts any non-empty string: if it
doesn’t, then L* = {e} has a 2-state DFA. Let a™ be the shortest non-empty string in L. Then m < n. If
m = n, then A is a simple cycle with Qo = F = {qo}, and therefore L = L* and A is an n-state DFA for
L*. Hence, assume m < n — 1 and construct an NFA B = ({a}, @, Qq, ¢, F) for the language L+ by adding
e-transitions from each state in F' to each state in QQp. It remains to demonstrate that applying the subset
construction to B yields a DFA with at most (n — 1)? + 1 states, and that this DFA can be modified to
accept e (and thus recognize L*) without exceeding this number of states.

Since a™ € L(A), the set 6(Qo,a™) C @ contains an accepting state ¢ € F', and accordingly §'(Qq, a™)
contains @)y as a subset, reached by e-transitions from g. Based on this fact, it is claimed that the sets of
states 6'(Qo, a'™) with i > 0 form an ascending chain:

Qo = 8'(Qo,) € &'(Qo,a™) € '(Qo,a®™) C ... C'(Qo,a™) C ... (2)
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The first inclusion has already been proved, and every next inclusion is inferred from the previous one as
follows. Assume that ¢ (Qg,al""D™) C §'(Qo,a’™), that is, §'(Qo, a’™) = &' (Qo,a""D™) U Q for some set
Q C Q. Then

§'(Qo, aTV™) = &' (8'(Qo, ™), ™) = &' (¢'(Qo,a" V™ UQ, a™) =
= 8 (8'(Qo,al"V™), a™) U (Q, a™) 2 &(Qo, a’™),

which proves the induction step and establishes the chain of inclusions .

Let k be the least number with §'(Qo, a*™) = §'(Qq, a'*T1)™), so that the sequence of sets is strictly
increasing up to §'(Qo,a*™), and the rest of its elements are the same as §'(Qo, a*™). Since all these sets
are subsets of ) with |Q| = n, every i-th element has cardinality |6'(Qg,a"™)| = i+ 1, and hence the number
k is at most n — 1.

Consider first the case when the sequence converges to the set of all states, that is, 6'(Qq,a*™) =
Q. Then the transition from this set by a leads to the same set of (all) states, because ¢'(Q,a) 2
§'(8'(Qo,a*™~1),a) = Q. Therefore, the DFA for the language L*, obtained by the subset construction,
has a tail of length km and a cycle of length 1 (and hence LT is co-finite). As long as k > 0, the initial
state of this DFA is guaranteed to be outside of the cycle, and can be set as accepting to obtain a DFA for
L* with the same number of states. The total number of states in this DFA is km+1< (n—1)(n—1) + 1,
as claimed. If kK =0, then L = o™, and the language L* = L has a 1-state DFA.

If §'(Qo, a¥™) # Q, then | (Qg,a*™)| < n—1 and k < n — 2. Accordingly, the DFA for L* obtained by
the subset construction has a tail of length km and a cycle of length m, so that the total number of states is
kE(m+1) < (n—2)n = (n—1)2—1. Now, if k > 1, then the initial state of the DFA can be set as accepting,
so that it recognizes L*; and if kK = 0, then the DFA for L* contains m < n — 1 states, and an extra state
can be added to obtain an n-state DFA for L*. O

As in the case of DFAs, lower bounds on the star of UFAs use witness languages with a co-finite star. It
turns out that for co-finite unary languages, UFAs are no more succinct than DFAs.

Lemma 12. Let L C a* be a co-finite language, let a™ be the longest string not in L. Then the smallest
NFA in Chrobak normal form for L contains m + 2 states and coincides with the smallest DFA for L.

Proof. The construction of an (m + 2)-state DFA is obvious.

Let A = ({a},Q,qo, 6, F) be any NFA in Chrobak normal form recognizing L. Let it have a tail of length
£ and k > 1 cycles of length p1,...,px. It is claimed that every string of length ¢ or more is accepted by A.

Let n > ¢ and consider the string aft™1em®1.Pk) " which is longer than a™ and hence is in L. Let this
string be accepted in an i-th cycle, that is, in the state 7; ¢4 m-1cm(py,...,px)> Where the arithmetic is modulo
p;. Since this is the same state as r; ,_¢, the string a” is accepted in that state as well.

As the string a” should not be accepted by A, the number m is at most £ — 1. Therefore, the tail of A
contains at least m + 1 states, while the cycles consist of at least one state, which proves the lower bound
of m + 2 states. U

Theorem 8. For every n > 1, the Kleene star of every n-state UFA is representable by a UFA with
(n —1)% + 1 states, and this number of states is necessary in the worst case.

Proof. The upper bound is given in Lemma

For the lower bound, consider the language L = a"~*(a™)*. As noted by Yu, Zhuang and Salomaa [36],
its star L* is co-finite, and the longest string not belonging to it is a(®~2". Then, by Lemma every UFA
for L* requires at least (n — 2)n + 2 = (n — 1)? + 1 states. O

8. Future work

The investigation of unary UFAs with the largest equivalent DFAs has led to a new variant of Landau’s
function, and this function deserves a further study. In particular, it remains to understand the form of
24



cycle lengths, on which the maximum least common multiple is achieved. It would also be interesting to

3
obtain a more precise approximation than the given g(n) = e®(Vnln®n)

g(n) = e¢ VnIn?n(1+o(1) - Another question of interest is to determine an efficient method of computing the
values of §: the brute-force calculations carried out by the author to fill Table [2| were sufficient to calculate
the values of g(n) only for n up to 165.

The complexity of operations on UFAs—in particular, the complexity of complementing them—is left as
the main open problem. It would be a surprise, if the complement of an n-state UFA could always be repre-
sented using as few as n? states; but it is also unlikely to require as many as fura.pra(n) states. Obtaining
any tighter bounds requires a deeper analysis than provided in this paper, and a better understanding of
unary UFAs. This is a goal for future research.

, perhaps an estimation of the form
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