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1. Introduction

Automatic sequences form an important class of infinite sequences over a finite alphabet; roughly speaking it is a first
regular class going beyond ultimately periodic sequences. They have been extensively studied, in particular in the book [1]
by Allouche and Shallit that serves as the main reference for research in this area. More recent references on the topic
include [12,7].

Automatic sequences depend on a base k > 1, with special interest for k = 2. Two well-known 2-automatic sequences are
the Thue-Morse sequence and the regular paper folding sequence, to be defined in Section 2. Automatic sequences admit
several equivalent characterizations, many of which are closely related to the following two. In the first one the ith element
a; of the sequence a is the output of a DFAO when taking as input the k-ary expansion of i. The second one is similar, but
then the reverse of the k-ary expansion of i is taken as input. It is natural to consider the minimal size of a corresponding
DFAO as the complexity measure of the automatic sequence, for both variants, and we denote them by |a|; and |a]| ,’f.
These complexity measures are the main topic of this paper, they differ from other complexity measures like the one from
[11]. We show how our complexity measures relate to other characterizations of automatic sequences; in particular, ||a||,§
is closely related to the size of the kernel of a, and |a||; is closely related to the size of the smallest alphabet needed to
describe a as a morphic sequence with respect to a k-uniform morphism. In doing so, we follow constructions as presented
in [1], for which we investigate the precise effect on the measures |a||; and ||a||,’f.

A first result states that there is an exponential gap between both measures: there exist families of automatic sequences
a for which ||a||l’f is exponential in ||al|x, and families for which ||a||x is exponential in |\a||,’§.
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A next natural question is about the effect of taking basic operations on sequences. For instance, for any sequence
a its tail tail(a) is obtained by removing its first element. We show that ||tai|(a)||lf < 2||a||,’f and |tail(a) |l < (llallx)? for
all k-automatic sequences, and that the last inequality is sharp. Similar results hold for adding an initial element rather
than removing it. Other operations are also considered, such as pointwise combining two sequences and taking arithmetic
subsequences. The main observation about all of these basic operations f is that their sizes do not increase more than
quadratically: [|f (@)l < (lall)? and [|f@|If < (llall})? for all a. For cases where the bounds are quadratic, we show that
these are sharp.

Another interesting question is what happens for periodic sequences. We derive a quadratic upper bound for ||| ,'f and a
linear upper bound for ||-||x, so opposite to the effect of tail. We also show that these upper bounds are reached if k and the
period are relatively prime.

This paper can be seen as an extension of the paper [14] at LATA2020,' where it was honored by the best paper award.
Compared to [14], the paper more than doubled in size. A main extension is the extensive combinatorial analysis of periodic
sequences by the second author (Section 8). Other new contributions include a precise analysis of the length of the initial
part of an automatic sequence to be inspected to determine the precise values of the complexity measures (Theorem 8),
and a bound for arithmetic subsequences (Theorem 20).

This paper is organized as follows. In Section 2 we give the basic definitions and present two standard examples of
2-automatic sequences: the Thue-Morse sequence and the paper folding sequence, that will serve as the basis of many
examples throughout the paper. In Section 3 we present our general techniques to compute the complexity in specific
cases: upper bounds typically are given by constructions of automata, and we give a general lemma for proving lower
bounds. Moreover, we discuss how SAT/SMT solving serves for computing the complexity measures of specific sequences.
In Section 4 we investigate the exponential gap between |-||; and ||~||,'§. In Section 5 we define the kernel of an automatic
sequence and investigate its relationship with ||-|| 1}5 . In Section 6 we present how to define automatic sequences as morphic
sequences with respect to uniform morphisms, and investigate the relationship with |-||;. In Section 7 we investigate the
effect of the basic operations mentioned above on the complexity measures. In Section 8 we give the bounds for both
complexity measures for periodic sequences and show that they are sharp. We conclude in Section 9.

2. Basic definitions

Let k>2 and X, ={0,1,...,k—1}.
The set of infinite sequences a = apaiazas--- over a finite alphabet ¥ is denoted by N,
A DFA M with output (DFAO) is a tuple M = (Q, X, 8, qo, I', T), where

Q is the finite set of states,

¥ is the finite input alphabet,

§:Q x ¥ — Q is the transition function,
qo € Q is the initial state,

I is the finite output alphabet,

T :Q — I is the output function.

DFAOs are depicted as arrows between states just as is usual for DFAs; the extra information that 7(q) = x is denoted by
writing q/x in the state q.

As in DFAs, § extends to § : Q x X* — Q by 8(q, €) =q, 8(q, xu) =68(5(q, x), u). A DFAO M defines a function fy;: ¥* — T
defined by fu(u) = t(8(qo, u)). A function f : X* — I' is called a finite state function if a DFAO M exists such that f = fy.
For every finite state function f there exists a unique (up to renaming of states) DFAO M with a minimal number of states
such that f = fy.

A DFAO of which the input alphabet X is equal to ¥, ={0,1,...,k — 1}, is called a k-DFAO.

Every natural number n has a unique representation (n), € ;;, where (0), =€ and

(M =dody -+ -dy < n=dok" +dik" "+ +d,_1k+d; Adg >0

for n > 0. So (0); =€ and (13); = 1101, for the decimal number 13 = (13)19. Note that non-empty strings of which the
leftmost symbol is 0 do not occur as (n), for any number n.
Conversely, every u € E;‘; represents a number [u]:

[dod1 ---dilx = dok” +dik™™ ' + - +dr_1k +d..

For any ¥ and any string u € £* the reverse is (ujuy - cu)R =upup_q - ug.
An infinite sequence a € T'Y is called k-automatic if a k-DFAO M = (Q, %, 8, qo, T, T) exists such that apwy, =
7(8(qo, w)) for all w € ;. According to Theorem 52.1 from [1] a is k-automatic if and only if a k-DFAO M =

1" Although the actual conference was postponed due to Covid-19, the proceedings appeared properly.
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(Qm, =k, 8m.qo, T, Tv) exists such that Ty (8p(qo, (k) = a; for all i € N. According to Theorem 5.2.3 from [1] a is k-
automatic if and only if a k-DFAO M = (Qu, Xk, M, qo, I', Ty) exists such that Ty (8p(qo, (i),’f)) =gq; forallie N,

Now we are ready to define the two natural measures |.||k, ||.||,’<2 for k-automatic sequences that we investigate in this
paper.

Definition 1. For any k-automatic sequence a = apaiaxas - - - its

e size ||a||k is the size of a smallest k-DFAO M = (Qm, =k, M, qo, I, Tv) such that Ty (m(qo, (i)k)) =a; for all i € N,
o reversed size ||a||,‘§ is the size of a smallest k-DFAO M = (Qu, Xk, M, qo, I, Tv) such that Ty (8pm(qo, (i),’f)) =q; for all
ieN.

Conversely, every k-DFAO M = (Qum. Xk, M, qo, ', Tv) defines two infinite sequences seq, (M) and seq,’f(M) over I':

seqi(M); = T (8m(qo, (k) and seqf (M); = T (8m(qo, (1))

for all i € N. From the above definition it is immediate that ||seq,(M)|lx <|Qm| and [lseqf (M)[IR < Quml.

Example 2. The Thue-Morse sequence thue = 0110100110010110--- is defined by thue; = 0 if the number of 1s in (i) is
even, and thue; = 1 if the number of 1s in (i); is odd, see, e.g., [1] Section 1.6, or OEIS A010060. We have |thue|, =
[thue||X = 2, both realized by the DFAO below.

Minye: 1

58

0 0

Example 3. The regular paper-folding sequence paper = 001001100011011---, also called dragon curve sequence, is defined by
paper; = m mod 2 for every i > 0 for the unique representation i = (2m + 1)2/ — 1, see, e.g., [1] Example 5.16., or OEIS
A014577. We have |paper|2 = ||paper||§ =4, respectively realized by the following two DFAOs.

1
1 ol )

The sequences thue and paper serve as leading examples throughout the paper.
3. Computing complexity

In this section we investigate techniques for bounding and computing ||a||; and ||a|| ,’f for specific sequences a. Throughout
the paper we give several theorems providing upper bounds for specific operations. All of them are constructive: the bound
is obtained by defining a DFAO and proving that it describes the intended sequence. If the DFAO is minimal, that is, all
states are reachable and no two states are equivalent, then the size of the DFAO is not only an upper bound, but gives
the exact value. Here two states q,q’ are equivalent if 7(8(q, u)) = t(8(q’,u)) for all u € *. This observation is similar
to the well-known Myhill-Nerode theorem for DFAs. For our application a subtle complication is that we do not need
T(8(q,u)) = t(8(¢’, u)) for all u € *, but only for u that correspond to (i) or (i),'f for some i € N, so do not start or end
in 0. This has been elaborated in [13].

The following lemma is a basic tool for proving lower bounds on ||a||; and ||a||l’f.

Lemma 4. Let a be a k-automatic sequence, and my, ..., my € N such that for every i # j there exists v; j € X} satisfying
Apmievijle 7 Am)yevi e then llall = n.
Let a be a k-automatic sequence, and my, ..., mp € N such that for every i # j there exists v; ; € X satisfying apy; ;m ) 7

Arv; j(mj)ilr then “a”II} Zn.
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Proof. For the first claim let M = (Qu, Zk, M, qo, ', Tv) be a smallest k-DFAO such that tp; (8p(qo, (i)k)) =a; for all i € N.
For i=1,2,...,n define q; = 8um(qo, (M;)x). For i # j from the assumption we obtain Ty (8m(qi, vi,j)) # TM(Sm(qj, Vi j)), SO
q; #q;. This shows |Q| >n, so [la]lx >n.

The proof of the second claim is similar. O

A direct application of this lemma is a lower bound for periodic sequences.

Definition 5. A sequence a is periodic if it is of the shape a = u® = uuuuu---. It has period n if n = |u| and u cannot be
written as u = v' for some i > 1.

It is well-known ([1], Theorem 5.4.2) that every periodic sequence is k-automatic.
Corollary 6. Let a be a periodic sequence of period n, for which k, n are relatively prime. Then ||a||;, > n and ||a||,’f >n.

Proof. Let a = u® for u = uguy---uy—1. Note that a; = ujmeqn for every i > 0. If for 0 <i < j <n we would have
U(i+x) mod n = U(j+x) modn this would contradict the assumption that a has period n, so we conclude that

VO<i<j<n:30=<X<N: UGtx modn 7 U(j+x) mod n (%)
For proving |lallx > n by Lemma 4 we choose mq,...,m, to be numbers that are all distinct modulo n. Choose p such
that n < kP. For x obtained from property (x) we choose v =k? + x, by which a1, = U kp+1 4x- SINCE M1, ..., My are
all distinct modulo n and n, k are relatively prime, also the n numbers mikP+1, mokP+1, . mukP*! are distinct modulo n.
Now the condition of Lemma 4 holds by the property (x), proving ||a||y > n.
The proof of ||a||,’f >n by Lemma 4 is similar: then we choose my,...,m, all having the same length in k-ary nota-
tion. O

In Section 8 we will investigate periodic sequences in more detail.

To apply Lemma 4 for proving a lower bound for ||al|; or ||a||,’f one has to choose specific numbers my, ..., m, and prove
corresponding properties, which does not serve for automation. A completely different approach to prove lower bounds for
llallx and ||a||l'<2 is the following. By definition |la||y > n means that no k-DFAO (Q, X, §,qo, I, T) exists such that |Q|=n
and t(8(qo, (i)k)) =a; for all i € N. So, if for some N we prove that no k-DFAO (Q, %k, 8, qo, I, T) exists such that

|Q|=nand t(8(qo, ()x)) =a;forall0 <i < N (%)
then we may conclude that ||al|; > n.
For a fixed number N and known values ag, aq, ..., ay—1, the property (x) is easily expressed in a formula in SMT format,

and if a corresponding solver like Z3 [5] proves that it is unsatisfiable, then ||a||x > n may be concluded. Proving ||a|\,f >n
is done similarly with the only difference that the k-ary representation of i is reversed.

For instance, we may prove ||paper||> > 3 for paper = 001001100011011--- as follows. Choose N = 11 and declare d0, d1 :
{1,2,3} - {1,2,3} and 7 : {1, 2,3} — {0, 1}. Here we identify qo € Q = {1, 2, 3} with go =1, and use dO for §(-,0) and d1
for §(-, 1). Now the requirements t(5(qo, (i)x)) = paper; for i=0, 1, ..., 10 are described by the following formula

T(1)=0 A T(d1(1)) =0 A T(d1(dO(1))) =1 A T(d1(d1(1)))=0A
T(d1(d0(d0(1)))) =0 A T(d1(dOd1(1)))) =1 A T(d1(d1(d0(1))) =1 A
T(d1(d1(d1(1)))) =0 A T(d1(d0(d0(d0(1))))) =0 A
T(d1(d0(d0(d1(1))))) =0 A T(d1(d0(d1(d0(1))))) = 1.

Putting this formula in SMT syntax and applying the SMT solver Z3 yields that this formula is unsatisfiable, so indeed
|lpaper|lx > 3 may be concluded. By choosing N = 10, so omitting the requirement t(d1(d0(d1(d0(1))))) = 1, then the
formula is satisfiable, so N =11 is the smallest value that does the job. With N =11 and n =4 the formula is satisfiable,
and the satisfying assignment exactly describes the DFAO for paper we presented.

Current SMT solvers like Z3 easily deal with large values: building and solving formulas as above for N ~ 10* is no
problem at all. For n < 10 typically satisfiability or unsatisfiability is established in a fraction of a second, and with slightly
more computation time the approach is still feasible for n =10, 11, 12. All claims on values of ||a||; and ||a||,’f for particular
non-periodic sequences a in this paper have been checked in this way by Z3. This is done by a tool that starts by building
the formula as above for n =2 and then applies Z3, and as long as unsatisfiability is reported, the formula is built for
n=3,4,5,..., until the smallest value n is found for which the formula is satisfiable, that is, describes a DFAO satisfying
the requirement for the first N elements of a.

An alternative approach to prove that the property (x) is unsatisfiable for the binary case is using Angluin’s algorithm
[2]. Then T expresses whether a state is accepting or not. Then using an oracle stating whether a string is accepted or not,

4
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the minimal DFA is constructed for which for all strings from some finite set (S U S.X).E it is known whether they are
accepted or not. Then for n < the size of this DFA and N = 2¥ for k being the length of the longest string in (S U S.X).E,
the property () is unsatisfiable. Exploiting this approach is a topic of further research.

It is a natural question for which number N the requirement for a; has to hold for all i < N such that we can safely
conclude that it holds for all i € N. The key notion to deal with this question is equivalence of states in a DFAO with respect
to a language. In a DFAO (Q, %, 8,40, ', T) two states q,q' € Q are called equivalent with respect to a language L C ¥*,
denoted by q =L ¢’ if T(8(q, u)) =1(8(¢q',u)) for all u € L. For n € N two states q,q' € Q are called n-equivalent with respect
to L, denoted by q E,ﬁ q if T(8(q,u)) =t(8(q',u)) for all u € L with |u| <n. It is clear that E,.L is an equivalence relation for

every i € N, and ¢ EiL+1 q’ implies g =; ¢’ for every q,q’ € Q, i € N. For L = £* we often omit L in the notation =L and
_L

i

Part (a) of the following lemma is an improvement of [8], Corollary 3.1 (page 59), stating that = and =;_; coincide for
n=1|Q| and L = ¥*. For DFAs only it appears as Proposition 6.1 of Chapter IIl in [6]. We need it to prove parts (b) and (c)
in which L consists of strings occurring as (i), (i),’f, respectively.

Lemma 7. Letn=|Q|.

(a) IfL = %* then =L and =L _, coincide.
(D) IfY CSandL={e}U{xu|xe ¥ Aue =*} then =L and =,_; coincide.
() IfYCcTandL={e}U{ux|xe X Aue =*} then =L and =,_, coincide.

Proof. First we prove part (a), so L = ¥*, and we omit L in the notation. If =¢ has only one equivalence class, then
7(q) = t(q’) for all q,q' € Q, hence q =g’ for all q,q' € Q, for which part (a) trivially holds. So =p has at least two
equivalence classes.

Next assume that =; and =;,1 coincide for some i € N, and q =;,1 q'. Exploiting §(q, xu) = §(5(q, x), u) and |xu| = |u|+1
for x € ¥, u € ¥* we obtain

d=i12q < q=i11q9 AVx€ X:58(q,X) =it+138(q,X)
& q=iq AVXeX:6(q,X) = 8(q,x)
= q=it1q

for all q,q" € Q. Hence also =;;1 and =;;, coincide, so =; and =; coincide for all j > i, from which we conclude that =;
and = coincide.

From the above we conclude that for increasing i, either =;;1 has strictly more equivalence classes then =;, or =;
coincides with =. As =¢ has at least two equivalence classes and all equivalence relations including = have at most |Q | =n
equivalence classes, at most n — 2 strict increases are possible, proving part (a) of the lemma.

Next we prove part (b). Assume that g =, _; q’; we have to prove g =l ¢’. From q =;_, q' and the definition of L follows
that for every x € ¥’ and every u € ¥* with |u| <n — 2 we have t(8(5(q, x), u)) = t(8(8(q’, x), u)). So 8(q,x) =n_2 8(q', X).
From part (a) we conclude 8(q, x) = §(¢/, x). Since this holds for every x € ¥, by the definition of L we obtain q=.q'.

It remains to prove part (c). For every x € ¥’ we define a modified DFAO obtained by replacing t by tx defined by
Tx(q) = T(8(q, x)); for the corresponding equivalence relations with respect to the language ¥* we write =* and =*. From
the definitions we obtain

q=t ¢ <= ¥xe¥ :q=' ,q;
now part (c) follows from part (a) applied to the modified DFAOs. O
Lemma 7, part (a), can not be improved on, in the sense that =,_3 and = may not coincide, for every n > 3, as is shown

by the following example of a DFAO consisting of a cycle of length n. Take Q ={1,2,...,n}, X ={0}, 6(i,0)=i+1 fori <n,
8(n,0)=1, t(n)=1, (i) =0 for i <n. Then

e =( has two equivalence classes {n}, {1,2,...,n—1},

e =7 has three equivalence classes {n}, {n — 1}, {1,2,...,n—2},

o -

e =,_3 has n — 1 equivalence classes {n}, {n — 1}, ..., {3}, {1, 2},

e = coincides with =,_» and has n equivalence classes, all being singletons.

Also Lemma 7, parts (b) and (c) are sharp: in the above example, extend X to {0, 1} and define §(q, 1) =q for all ¢ € Q. Then
for ¥’ = {1} the equivalence relations =¢ and =1 coincide, and =,_, has n—1 equivalence classes {n}, {n—1}, ..., {3}, {1, 2},
and does not coincide with = having n equivalence classes all being singletons.

Theorem 8. Let M = (Q, X, 8, qo, I', T) be a k-DFAO and a be a k-automatic sequence.

5



H. Zantema and W. Bosma Information and Computation 288 (2022) 104710

If T(8(qo, () = a; for i < kNal+QI=1 then 7(8(qo, (i)r)) =a; foralli e N.
If T(8(qo. HF) =a; fori < Klalé+1Q1=1 then 7 (8(qo, HF) =aj foralli e N.

Proof. For the first claim let M’ = (Q’, X, &', q, T, T’) such that |Q’| = ||allx and T/(8'(qy, (i)k)) = a; for all i € N. Now we
take the disjoint union of M and M’ of size n = |lallx +Q|. Let ¥’ = Z; \ {0} and L ={e} U {xu | x € &' Au € Z}}. Observe
that the strings (i), for i < klalk+1Q=1 exactly coincide with the strings in L of length <n — 1. So from the assumption we
conclude qg Eﬁ_l qp- Now Lemma 7, part (b), yields qqo =L qg, proving the theorem.

The proof of the second claim is similar, using Lemma 7, part (¢). O

For both claims in Theorem 8 the bound is sharp in the sense that the condition can not be weakened to 7(8(qo, (i)x)) =
a; for all i < kl4l+1Q1=2 This is shown by the following example. Define a by a; = 1 if the number of 0s in (i), is n — 2
modulo n, and a; = 0 otherwise. Then ||al|, = ||a||,’f =n. Define Q ={1,2,...,n—1}, §(q,00=q+1 forqg<n—1, §(n —
1,00=1,48(q,j)=q forall qe Q,0<j<k, tn—2)=1, t(q) =0 for i #n — 2. Then t(8(qo, (i)x)) = a; for all i for
which (i), or (i)f contains fewer than 2n — 3 = ||allx + |Q| — 2 zeros, and every i < kl9l+121=2 has strictly fewer than
2n—3=|a|lx +1Q| — 2 zeros.

For a concrete sequence a for which we know |al|;y <m or ||a|\,’§ <m, we may conclude that |a|ly =n or ”‘1”1}5 =n by
Theorem 8 by showing satisfiability of the formula expressing 7 (8(qo, (i)x)) = a; or T(5(qo, (i),’f)) =a; in a DFAO of n states
for all i < N for N = k"*™~1, This is the default way we follow for claims of the shape |a|lx =n or ||a||,’f =n for particular
sequences a throughout the paper.

4. The exponential gap

The following theorem shows that there can be an exponential gap between ||a||;, and ||a||,’§, in both directions. Its proof
is inspired by the folklore result that the language (0 + 1)*1(0 + 1)"~! has an NFA of size n + 1, and its reverse has a DFA
of size n + 1, but its smallest DFA has size at least 2". We found it in [10], Section 3.2, page 67, exercise 3. Many similar

results on state complexity are known, e.g., in [9] it is proved that all values up to 2" can be reached as sizes.

Theorem 9. For every n > 1 there exist k-automatic sequences a, b such that ||a||, <n+k and ||a||,’f > (k—1k" 1, and |b ||,’f <n-+k
and ||b|l > (k — Dk,

Proof. Define a by a; =0 for i < k", and a; = j if and only if the nth digit of (i), is j, for j=0,1,...,k—1, i > k™. The
following DFAO satisfies ta(8m(qo, (i)r)) = a; by construction:

Here all unlabeled arrows are assumed to be labeled by all symbols 0,1, ...,k — 1. Since this DFAO has n + k states we
obtain |lally <n+k.
To prove [la||f > (k — k"~ we apply Lemma 4. For i =1,2,..., (k — Dk""! define m; =k" +i — 1, so the numbers m;

are exactly the numbers of k-ary length n, starting in a digit # 0. For any two distinct such numbers m; and m; there is a
position p on which they differ, so by choosing v =1""P, the strings v(m;)x and v(m;), differ in their n-th position. So the
condition of Lemma 4 holds and we conclude ||a||,’f > (k — 1)k 1.

Define b by b; =0 for i <k", and a; = j if and only if the nth element of (i),’f is j,for j=0,1,...,k—1,i>k". A similar
argument using the same automaton proves the claim for b. O

5. The k-kernel
For j € X we define pj(a) = ajar4jaxjask+j--- by (pj(@)i = ajj for all i € N. So for k=2 we have po(a) =
even(a) =apaza4--- and pq(a) = odd(a) =aiasas---.

For an infinite sequence a = agajazas --- over I' we define its k-kernel Ky (a) to be the smallest set Ky (a) < ' such that

6
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e ae Kig(a),
o for every b € K(a) and every j € X we have p;(b) € Ki(a).

We recall from [6], Prop. V.3.3, or [1], Theorem 6.6.2, that a is k-automatic if and only if Kj(a) is finite.
For a k-automatic sequence a = apaiaas--- over the alphabet I' its k-kernel Ky(a) has a natural DFAO structure: the
DFAO Ky(a) = (Kg(a), Xk, 8,a, T, T), where

the input alphabet is Xy,

Ky (a) is the set of states,

8 : Ki(a) x Xy — Q is defined by 8(q, j) =p;(@),

a is the initial state,

the output alphabet is T,

the output function 7 : Ky (a) — Xy is defined by t(bob1by---) = bo.

Recall that for k =2 we have pg =even and p; = odd, so in Ky(a) the O-steps describe even and the 1-steps describe
odd. For thue (Example 2) the 2-kernel exactly coincides with the DFAO My, given in Section 2, in which g coincides
with thue and q; coincides with the sequence obtained from thue by swapping symbols 0 and 1. For paper (Example 3) the
2-kernel exactly coincides with the given DFAO Mp,pek, in which go coincides with paper, ¢ with (01)® =010101---, g3
with 0 =000--- and g3 with 1° =111---.

The following theorem is straightforwardly proved by induction on i:

Theorem 10. For every k-automatic sequence a = apajaas --- and every i € N we have t(8(a, (i)l’f)) = a; where t,8 refer to
Kr(@) = (K (@), X, 8,a,T, 7).

As a consequence, by only giving the DFAO Ky (a) the sequence a is fully defined.
Theorem 11. Up to isomorphism, the DFAO K (a) is the unique DFAO of minimal size such that T (5(a, (i),’fOf)) =aj foreveryi, j € N.

Proof. Let Ky(a) = (Kg(a), =, 8,a, ", 7). Combining Theorem 10 with the fact that 7(q) = t(6(q, 0)) for all g € K (a) yields
T(58(a, (i),’fOf)) =q; for every i, j € N. Assume it is not of minimal size with this property. Then there are two distinct states
q.q' such that 7(8(q,u)) =t(8(q’,u)) for all u e X Since q.q  are sequences over X, applying Theorem 10 to Kj(q) and
Ki(q') yield q; =gq; for all i € N. But then q, q" are equal as sequences, contradicting that they are distinct. O

Recall that ||a||,’f is the minimal size |Q | for which a DFAO M = (Q, %, 8, qo, I, T) exists such that t(5(qo, (i),’f)) =aq; for
every i € N. We observe that a DFAO with this property does not need to be unique. For instance, for a = 01 the DFAO
K (a) is a minimal DFAO with this property, having two states a and b = 1%, and §(a,0) =a, §(a,1) =8(b,0) =58(b, 1) = b,
t(a) =0, t(b) = 1. But the DFAO with the same two states a,b and &§(b,0) =a,8(a,0) =6(a,1) =68(b,1) =b, t(a) =0,
t(b) =1 produces the same sequence a = 01%.

In the following example we observe that ||a||,'(2 can be strictly smaller than |Ky(a)|, the size of the state space of Ky (a).

Example 12. Define a; = 1 if the number of zeros in (i); is odd, and a; = 0 if this number is even. Clearly it admits the
following DFAOQ, in which as usual t(q) = x is denoted by g/x in the state q:

;0/0; 0 4/1 )1

0

Hence ||a||,’f < 2; we obtain ||a||,’f =2 since the sequence contains both 0 and 1. However, |Ki(a)| = 4, since Ki(a) is the
following DFAO:
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The sequences a, b, c,d are as follows:

a=001001101---, b=010110010-- -,
¢=110110010---, d =101001101--- .

Observe that a and d differ only at the first position,
and similarly for b and c. The next lemma states that
this always occurs if |Ki(a)| is greater than ||a||,’f.

Lemma 13. Let Ky (a) = (Ky(a), X, 8,a, T, T) be the kernel of sequence a over I" and let (Q, =k, M, qo, I, Tv) be such that
™ (6m(qo, (i),’f)) =aq; for alli € N. Assume that 8y (qo, u) = Sm(qo, v) foru, v € Xj. Then

8(a,u); =4(a, v); foralli> 0.

Proof. Let i > 0. For any w € X} define the numbers my, by (my) = (i)xwR; this is possible since (i)ywR does not start in
0 since i > 0. For any b € Ky(a) we obtain b; = t(8(b, (i),’f)) by considering Xy (b). Hence

8(a, w)i =T w), (HH) =T@@ wid) =t6@ mw)) = an,.
We obtain: §(a, u)i =am, = tmm(qo, (My)F))

= tm(Bm(qo. uf))

= tm(Gmm(Go. w), (D))

= tm(mGm@o. v), (DY)

= tBmqo. (M)P) =am, =8, v)i. O

Theorem 14. Let a be a k-automatic sequence over an alphabet T". Then

lallf < IKe(@] < T [lallf.

Moreover, if a is periodic then ||a||,’f = |Kg(a)|.

Proof. The inequality ||a||l’<2 < |Kk(a)| holds since the automaton K (a) satisfies 7(5(a, (i)l’f)) =aq; for every i € N. For the
other inequality let M = (Q, %, §, qo, ', ) be a DFAO of minimal size ||a||,'f such that 7 (§(qo, (i),’f)) =a; for every i € N. For
every b € Ki(a) choose u, € X} such that b =4(a, up). Define ~ on Ky(a) by b~ ¢ <= m(qo, up) = Sm(qo, Uc).

According to Lemma 13 b ~ ¢ implies that b; = c; for all i > 0, so the difference between b and ¢ may only be caused
by bg # co. Hence every equivalence class of ~ has at most |I'| elements, while the number of equivalence classes is
|Q | = llall§. This proves |Ki(@)| < IT|- [lall¥.

In case a is periodic then all elements of Ky(a) are periodic too, and b; = ¢; for all i > 0 implies b = c. Hence in that case
all equivalence classes consist of a single element, proving ||a||f§ =|Ky(@)|. O

6. Morphic sequences

Recall that ||a|ly = |Qum| for the smallest Qp being the set of states of a DFAO M = (Qpu, Xk, dm,qo, ', Tv) for which
v (8m(qo, (D)) = a; for every i € N. Again this DFAO of minimal size is not unique: for a = 01® the DFAO Ky (a) as given
above also satisfies Ty (8pm(qo, (i)x)) = a; for all i € N, but after changing §(a, 0) =a to §(a, 0) = b this property still holds,
since (i)y never starts by 0.

Just like ||a||,’f is strongly related to the kernel of a as described in Theorem 14, ||a||; is strongly related to the number
of symbols needed to describe a as a morphic sequence with respect to a k-uniform morphism. Morphic sequences are
defined as follows. For a morphism h: A — A* and some x € A satisfying h(x) = xu we observe that the string hi(x) equals
xuh(u)h?(u) ---hi=1(u) for every i > 0, so yielding a limit h® (x) = xuh(u)h®(w)h3(u)-- -, typically being an infinite sequence
which is a fixed point of h.

A sequence a over an alphabet I" is called morphic with respect to a morphism h: A — A* and a coding 7: A - T
if a=1(h“(x)) for some x € A satisfying h(x) = xu. The morphism h: A — A* is called k-uniform if the string h(y) € A*
has length k for every y € A. It is well-known (Cobham [4], see also [1] Theorem 6.3.2) that a is k-automatic if and only
if it is morphic with respect to a k-uniform morphism. For instance, for the examples from Example 2 and Example 3
we have thue = h®(0) for h(0) = 01, h(1) = 10, and paper = 7(g*(0)) for g(0) = 02, g(1) =31, g(2) =32, g(3) =01,
T0)=12)=0,7(1)=t(3)=1.
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Theorem 15. Let a be a k-automatic sequence. Let d(a) be the minimal size of the alphabet A such that a = T (h® (x)) for a k-uniform
morphismh : A — A* and a coding T : A — T". Then ||a||, <d(a) < |la|l, + 1.

Proof. The k-DFAO M = (A, %, 8, qo, I, T) with qo = x and 8(q, y) = h(q)y, where we write h(q) =h(q)o - - - h(q)k—1, satisfies
T(8(qo, (i)k)) = a; for all i >0 as is showed in the proof of Theorem 6.3.2 of [1]. As |la||x is the smallest size of a k-DFAO
with this property we obtain |a||;, < d(a).

Conversely, if M = (Qum, 2k, 3m, qo, I, Tm) is a k-DFAO of size ||al|, with Tty (8p(qo, (I)k)) = a; for all i > 0, then by choos-
ing a fresh state q;, and defining Q = Qum U {qq}, 8(q, ¥) =8m(q, y) for q € Qum, 8(qy, 0) =qq, 6(qy, ¥) = 8m(qo, ¥) for y #0,
7(qp) = t™m(qo), T(q) = Tm(q) for q € Qu, we obtain the k-DFAO (Q, X¢. 8, qq. T, T) of size llallx + 1 with T(8(qp, (k) = a;
for all i > 0. Using the fact that §(qp, 0) = q;, we obtain a = 7 (h®(qy)) for h defined by h(q) =8(q,0)8(q,1)---8(q,k — 1) as
is shown in the proof of Theorem 6.3.2 of [1]. Hence d(a) < |lally +1. O

7. The effect of basic operations
For any sequence a = apaia,as --- we define its tail tail(a) = ajapasas - -- by (tail(a)); = aj41 for all i € N.

Theorem 16. For any k-automatic sequence a we have || tazil(a)||l'<2 < 2||a|\l’f and |tail(@) ||k < (llallx)?. For every n > 1 there exists a
k-automatic sequence a such that |ja||, = n and | tail(a) || = n>.

Proof. For the first claim take a DFAO M = (Q, %, J,qo, I, T) of size ||a||,’f with t(8(qo, (i),’f)) =aqj for all i > 0. Let m be
the smallest number m > 0 such that there exists j < m such that §(gg, 0™) = §(qo, 0’). Since there are ||a||,’§ states we
obtain m < ||a||,’f. Introduce fresh states rg, ..., rm—1 and define the DFAO M’ = (Q U {ro, ..., m-1}, 2, 8,10, , T") by

8'(q,x) =68(q,x)forqe Q,xe %y,

i k—1)=rigfori=1,...,m—2,

8'(rm—1,k — 1) =rj for j < m with 8(qo, 0™) = 8(qo, 0/),
8'(ri, x) :8(q0,0"(x+1)) fori=0,....m—1,x<k—1.

By construction we have &' (ro, (k — 1)x) = 8(qo, 0'(x + 1)) for all i e N, x <k — 1. So by defining t/(q) = 7(q) for g € Q and
T/(rj)) = 1(8(qo, 0")) for i=0,...,m — 1 we obtain

/(8 (ro, (vx(k — HHR)) = 7(8(q0, (v(x + 1)0HF))

and

/(8 (ro, (k — 1)) = T(8(qo, (10H %))

for all i e N, v e 3. Since [vx(k — 1)y + 1= [v(x+ 1)0'], and [(k — 1)']x + 1 =[10'];, and every number in N is either of
the shape [vx(k — 1)/ or [(k — 1)1, this proves that M’ is a DFAO for tail(a). Since |Q U {ro, ..., m—1}| <2|Q| this yields
Itail@I§ <2fallf.

For the second claim take a DFAO M = (Q, X, 3, qo, I, ) of size |a|l, with 7(8(qo, (i)r)) = a; for all i > 0. Define the
DFAO M = (Q x Q, .3, o, I, T) of size (||a|i)? by

qo=(q0.8(qo. 1)), T(q.4)=1(q),
5((q,94). k—1)=(8(q.k—1),8(q', 0)),
5((q.9),%) = (8(q,%),8(q, x+ 1)),

for all q,q' € Q, x <k — 1. For every i € N we have either (i)y = (k — 1)™ or (i), = vx(k — 1)™, for some m >0, v € &7,
x < k—1. In the first case we have (i+1); = 10™, in the second case (i+ 1), = v(x+1)0™. The DFAO M has been constructed
in such a way that T(5(qo, (k — 1H™)) = T(8(qo, 10™)) and T3 (qo, vx(k — 1)™)) = T(8(qo, v(x + 1)0™)). Hence for all i € N
we have T(8(qo, ()x)) = T (8(qo, (i + 1)k)) = aj,1 = tail(a);, proving the second claim.

As |tail(a)||, < n?, for the last claim it suffices to prove |tail(a)|x > n®. We define a by a; = 1 if the number of zeros
in (i) is divisible by n, and a; = 0 otherwise. A DFAO consisting of a single n-cycle easily produces a, so |la|x <n, and
since a smaller one is not possible we obtain |a||; =n. Let b = tail(a), so b; =a;,; for all i ¢ N. We prove |tail(a)||; > n?
by Lemma 4. Choose mq,my,...,m, to be the numbers [10P(k — 1)7]; for p,q=1,...,n. Let m; = [10P(k — 1)9]; and
mj = [107' (k — 1)7 | for i # j, then (p,q) # (p', q").

First we consider the case where p+q and p’+¢’ are distinct modulo n, choose r such that p+q+r—1 is divisible by n
and p’+q'+r—1 is not. Choose v = (k—1)". Then by, vy, = A[amyyvi+1 = Apiop-1100+ry, = 1 7 0= ap100-11004r}, = bimppvie-

9
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In the remaining case p +q and p’ + q' are equal modulo n, and since (p,q) # (p’,q’) we obtain that p and p’ are
distinct modulo n. Choose r such that p+r is divisible by n and p’+r is not. Choose v = 0"+, then by, v}, = A[am)vi+1 =
a[10p (k—1)4071], = 1#£0= Ar1o0’ k=170, = b[(mj)kV]k'

So the conditions of Lemma 4 hold, and |tail(a) |y > n%. O

For our examples thue and paper from Example 2, 3, we have |tail(thue)|; =4, ||tai|(thue)||§ =3, ||tail(paper)|; = 8 and
|Itail(paper) || = 6.

For any sequence a = apajazas--- over I', and x € I" the sequence x - a = xapajazas --- is defined by (x-a)p = x and
(x-a); =aj_q for all i > 0. The next theorem states that the effect of this operator x- adding an initial element x is similar
to the operator tail.

Theorem 17. For any k-automatic sequence a over ', and x € I" we have ||x - alll’f < 2||a||,'<2 and ||x-ally < (||a||k)2. For everyn > 1
there exists a k-automatic sequence a such that ||a|ly = n and ||x - al|; > n2.

Proof. Similar to the proof of Theorem 16, with the roles of the symbols 0 and k — 1 swapped, exploiting the property
[vx0'ly — 1 =[v(x—1)(k — 1)!] for any string v and any x> 0. O

For our examples thue and paper from Example 2, 3 we have ||0-thue| =4, ||O-thue|\§ =4, ||0-paper|; =4 and
10 - paper||§ = 4.
Recall that for j € X the operator p; on sequences a is defined by (p;(a)); = aj4; for all i € N.

Theorem 18. For any k-automatic sequence a and j € X we have ||p (@)l < llallx and |\pj(a)||,’f < ||a||,’f.

Proof. Let M = (Q, Xk, 8,qo, ', T) be a DFAO of size |a||; with t(8(qo, (i)x)) =a; for all i > 0. Define M’ = (Q, Z¢, §, qo,
I',t') by 7/(q) = 1(8(q, j)) for all g € Q. Then

(Pj(@)i = ayi+j = T(8(qo, (D)) = T(8(8(qo, (Dk), ) = T'(8(qo. (D)

for all i € N, so M is a DFAO of size ||a|lx producing p;(a), so [[pj(@llk < llallk.
For the other claim let M = (Q, %, d,qo, ', T) be a DFAO of size ||a||,’<2 with 7(8(qo, (i),’f)) =aq; for all i > 0. Define
M'=(Q, %, 8,8(qo, j), T, T). Then

(Pj(@)i = i+ j = T(8(qo, jDK)®) = T(8(5(qo, j), D)D)

for all i € N, so M’ is a DFAO of size ||a\|,’f producing p;(a), so [[pj@llk < llallk. O

For our examples thue and paper from Example 2, 3 we have |even(thue)|, = 2, ||odd(thue)||§ =2, ||leven(paper)|2 =2
and [Jodd(papen) ¥ = 4.

When applying an operator f :I'1 x I'y — I'3 on two sequences a € F%\I, be F%N, by f(a,b) € F;N we mean the se-
quence defined by f(a, b); = f(a;, b;) for all i € N. For instance, A applied on boolean sequences denotes the elementwise
conjunction of the two boolean sequences. Corollary 5.4.5 from [1] states that if a and b are k-automatic, then f(a,b) is
k-automatic.

Theorem 19. For any two k-automatic sequences a € F%\], be Fé\l and every function f : 'y x 'y — I's we have || f(a,b)||x <
lallk - [Ibllk and || f (@, bYIR < [lallf - IbIE.

Proof. Let (Q1, Xk, 81,¢10, '1, T1) be a DFAO of size ||al|, with 71(81(q10, (i)k)) =a; for all i > 0. Let (Q2, Zk, 82, 420, ['2, T2)
be a DFAO of size |b|, with 72(82(q20, (i)k)) = b; for all i > 0. Then (Q1 x Q2, Xk, 8, (10, q20), '3, T) for §, T defined

by §((q1,92),X) = (81(q1, %), 82(q2, %)) and 7(q1,q2) = f(T1(q1), T2(q2)) for all g1 € Q1,92 € Q2,x € %, is a DFAO of size
llallk - lIbllx for f(a,b). The proof for the reversed version is similar. O

Combining our examples thue and paper from Example 2, 3 we have |thue A paper|; =8 and |thue A paper||§ =7. This
is proved by our SMT approach. The latter can be proved in two ways. The first is by Theorem 8 for which we need to
consider the first 214 = 16384 elements of the sequence. The second way is by observing that the DFAO of size 8 from the
construction of Theorem 19 has two equivalent states that can be shared yielding a DFAO of 7 states, while for the SMT
approach much less elements are needed to conclude that it can not decrease further.

A next issue is taking arithmetic subsequences. For n > 0,m > 0 and any sequence a we define the sequence a[m, n] by
a[m, n]; = @jp4m for all i > 0. Theorem 6.8.1 from [1] states that if a is k-automatic, then so is a[m,n]. So it is a natural
question what is the complexity of such an arithmetic subsequence. The next theorem gives an answer for ||-|| ,’f.

10
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Theorem 20. Let a be a k-automatic sequence and 0 <m < n. Then

R R
lafn, mlll; < n-llali.

Proof. Let M = (Q, X, 8,qo, ', T) be a DFAO of size ||a||,’§ with 7(8(qo, (i)l’f)) =gq; for all i > 0. The goal is to construct a
DFAO M’ of size n|Q | representing a[n, m].
For g € Q we define the sequence a9 by a? =T1(8(q, (i),’f)) for all i > 0. We define

M =(Q x{0,1,...,n =1}, %, 8, (qo.m). T, T")
for &', v/ defined by

8'((g. %), j) = (8(q. (jn+x) mod k), (jn +x) + k),
7'(q.%) = af,
for all 0 < j <k, 0 <x<n, where as usual mod, + are defined by y =k(y ~k) + (y mod k) and 0 < (y mod k) < k, for all
y > 0. Note that §’ is well-defined since 0 < jn+x <kn, so 0 < (jn+x) +~k <n.
Now the theorem follows from the following property

Ginsm = T'(8'((qo, m), (D))

for all i > 0, which is proved by induction on i of the more general property

aj = 76" (q@.%. D)

forall 0<x<n, qe Q. For i =0 we have

al = 7'@q.x) = T'¢(q.%. ) = T (%), (0.

For i > 0 we write in+x=(i'/n+x)k+y fori'n+x=(in+x) ~k and y = (in+x) mod k and 0 <X <n. So i’ =i+ k and
X' = ((i mod k)n + x) ~ k.
Since 0 <i’ <i we may apply the induction hypothesis on i’. We obtain

= TG, (in+xf)

T(3(q. (('n+ Xk + y)F))

T(8(q, y(in+x)f))

T(8(5(g, y), (I'n+x)F))

a?,;qujz (IHon i)
T/(8'((5(a, 1), X), @HR))

T/(8'(8(q, ((i mod k)n +x) mod k, ((i mod k)n + x) = k), (i’)¥))
= 7/(8'(8'((q, %), (i mod k)), ("N X))

= 7/(8'((q. %), (i mod k)(i){))

= 7/(8'((q. %), (i mod k) (i +k)F))

= 7/(8'((q, %), )F)).

concluding the proof. O

If k and n are relatively prime then the bound of Theorem 20 tends to be sharp. For instance, ||thue||§ =2 and
llthue[3, 0||¥ = 6 and ||thue[5, 0]]|% = 10.

If n and k are equal then Theorem 18 gives a much better bound than Theorem 20. We expect that for n and k not
relatively prime, the bound of Theorem 20 is never sharp.

It is a natural question whether the same bound of Theorem 20 also holds for |a|; rather than ||a||,’f. The answer
is negative: we have [thue[5, 0], = 11 while |thue|; = 2. For a from Example 12 we even have |a[5,0]|; = 12 while
lall2 = 2.

Apart from the operations considered in this section for many other operations on sequences the effect on the complexity
measures can be investigated. Of particular interest are operations only changing the first n elements of a sequence without
shifting positions. These can be obtained by combining the basic operations tail and adding initial elements, and hence yield
a polynomial upper bound too. These polynomial bounds can be improved strongly as is shown in [13]. In particular, if b is
obtained from a by only changing the first n elements, then ||b||x < |la|lx +n and ||b||,’f < ||a|\,’<2 + kan1

11
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8. Periodic sequences

In this section we analyze both types of complexity for periodic sequences as defined in Definition 5. Recall that a
sequence a is called n-periodic if a;1, = a; for every natural number i. The set of all n-periodic sequences is denoted Pj.
Note that the period of a (by definition the least positive integer p for which a is p-periodic) will be a divisor of n, which
may be, but is not necessarily, the same as n. For an n-periodic a we write a = (apay - - - a,—1)®. First we give general upper
bounds for both complexity measures.

Theorem 21. Let a be an n-periodic sequence. Then ||a||x <n and ||a|\l’§ <nn-1).

Proof. We obtain a; = aj meqn for all i € N. Define (Q, Z¢,8,q0,,7) by Q ={0,1,...,n—1}, go =0, 8(q,x) = (kq + x)
mod n, T(q) =aq, for all g € Q,x € . Then by induction on the length of (i), one proves that §(qo, (i)x) = (i mod n) for
every i € N. Hence t(8(qo, (i)x)) = (i mod n) =a; modn = a; for all i € N, proving that |a||, <n.

For the other claim we prove that |Ky(a)| <n(n — 1), then the result follows from Theorem 14. The states of Ki(a) are
sequences b for which there are numbers q, j such that b; = @jraj = A(ika+j) mod n for all i € N. We have to show that there
are at most n(n — 1) such sequences b. This follows from the fact that this only depends on the n values for (j mod n) and
the at most n — 1 values for (k9 mod n). The latter follows since if k, n are relatively prime, then the values of (k¢ mod n)
are among the n—1 values 1,...,n — 1, and otherwise there is some p > 1 dividing both n and k, and the values are among
the n/p multiples of p modulo n. O

In order to improve this result and get exact values for |al|; and ||a||,’<2 if k,n are relatively prime, we will use some
properties of the integers modulo n. By Z/nZ we denote the set of n residue classes x mod n, which becomes a group
under addition modulo n. The multiplicative group modulo n is denoted by (Z/nZ)*; its elements are the residue classes
x mod n for x coprime to n, and they form a group of ¢(n) elements under multiplication, where ¢ is the Euler indicator.
Any residue class x in (Z/nZ)* has a finite order ord(x, n) in this group, which will be a divisor of the group order ¢ (n),
and is by definition the smallest positive integer d for which x? =1 mod n. It is also useful to recall that ¢ is a multiplicative
function on the natural numbers, with ¢ (p*) = (p — 1)p*~" for any prime p and exponent k > 1, and in particular ¢(n) <n
for every n > 1, while ¢(n) =n — 1 holds for prime n only.

Since finding equivalent states, and therefore minimal DFAOs, as well as finding kernels, requires finite calculations for
periodic sequences, these are well-suited for complexity calculations with a computer algebra system. The computations for
which a small part is shown in this section were all done with our implementation in Magma [3].

8.1. Complexity |a]|

The complexity of a k-automatic sequence a of period n depends on both k and n. In our first step towards determining
the minimal size of a DFAO that produces a = (apa; - --a,—1)® we construct a universal automaton Uy, of n states. The
states of Uy, will correspond to the n different residue classes modulo n, and the transition maps are given by §(x, j) =
k-x+ jmodn, for any x€ Z/nZ and 0 < j <k.

Example 22. To illustrate the concept of the universal n-automaton, we exhibit U3 g, with which we will construct some
examples further on in this chapter. In the picture the states have been labeled by the residue classes, and we have not
specified the output yet.

12
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We call U the universal automaton, because any n-periodic sequence can be produced by this automaton by simply adapting
the output function t.

A minimal automaton for given a, and hence the complexity ||a|lx, may now be found by merging equivalent states of
Uk,n (identifying the corresponding nodes in the directed graph) until no further equivalences exist.

As we already saw in Lemma 4, no equivalences can exist if gcd(k,n) =1.

Theorem 23. ||a||x = n for k-automatic sequences of period n coprime to k.

Proof. Consider the universal automaton Uy p; let the initial state be 0 mod n and let the output function be given by
T(X) = Gy mod n- It Will be clear that Uy, will produce a: since (k -z + j); will be the concatenation of (z), and j for
0 < j <k, reading the k-ary expansion of any index x will lead to the state for x mod n and hence to output aymodn as
required. Since Uy has n states, |la|ly <n.

By Corollary 6 we know |la|y >n. O

Corollary 24. | tail(a) || = ||a||k for any k-automatic sequence of period n coprime to k. O

Our next goal was to relax the condition in Theorem 23 that gcd(k, n) = 1. Suppose that integers r and s exist such that
n=k"-s with s coprime to k. Note that this is equivalent to gcd(k, n) being either 1 or k. And also that this always holds if
k is prime (hence in particular for 2-automatic sequences).

Although numerous computations confirm the following two results, we were not able to find a general proof, due to the
intricacies of keeping track of all equivalences that arise. Therefore we present them as conjectures, generalizing Theorem 23
and Corollary 24.

Conjecture 25. For any k-automatic sequence a of period n with gcd(k, n) € {1, k}:

r+s=<llalk=<n,
where n = k" - s, with s coprime to k. Moreover, for every t with r + s <t < n there exist k-automatic sequences a of period n with
lallk =t.
Conjecture 26. ||tail(a) || = ||a|lx for any k-automatic sequence of period n for which gcd(k, n) € {1, k}.

For the remaining case, where 1 < gcd(k,n) <k it is not clear exactly what the lower bound for ||a||; should be.

Remark 27. For any t with r+s <t <n it is usually not difficult to exhibit a k-automatic n-periodic sequence a of complexity
equal to t. For the lower bound in Conjecture 25 it should be possible to prove that ||(10")®||, =r + s, with hypotheses
and notation as in the theorem, and that this period is of least complexity. The upper bound is trivially attained by the
period 01---n — 1 over an alphabet of n letters. Usually a considerably smaller alphabet will suffice.

Example 28. Here we use the 6-uniform automaton from Example 22 to show that every complexity t with 3 <t <6 is
assumed for 3-automatic sequences of period length 6. So in this case k=3, n=6,r=1 and s =2.

13
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For period 100000 the complexity equals 3, as observed in Remark 27; the residues that are 1 mod 2 correspond to equiv-
alent states that will be merged for the minimal automaton, while the class 0 mod 2 is split into the class of 0 mod 6 and
the class containing both 2 mod 6 and 4 mod 6, which correspond to equivalent states. The resulting minimal automaton is
shown on the left.

For period 110000 we find complexity 4, and the inequivalent states correspond to the residue classes 0 mod 6, 1 mod 6
and the pairs of equivalent states corresponding to 3,5 mod 6 and 2,4 mod 6, as shown on the right.

It turns out that in this case sequences of complexity 5 and 6 cannot be created over an alphabet of 2 letters. But with a
3-letter alphabet, the sequences with periods 211000 (on the left) and 221100 (with its minimal automaton shown on the
right) give complexity 5, respectively 6.

8.2. Reversed complexity ||a|| ,’f

We now move to the reversed complexity, that is, according to Theorem 14, to determining the size of the kernel, for
purely periodic sequences.

As before, denote by p;, for 0 <i < k the operation on a k-automatic sequence a of taking the subsequence pi(a) =
(@i, @j+k, iyok - --). The main proofs of this section use properties of the action of these operations on the set P, of n-
periodic sequences. The kernel Ki(a) of any k-automatic sequence a is obtained by repeatedly applying the various p;.

The result of applying p; o p; to a will be the subsequence (a,-+jk+mkz)%°:0. Thus, the p; under composition form a non-
commutative semigroup S = (p; : 0 <i < k), with the empty product as identity element 1. Moreover, if n is coprime to k,
then for each i we have p? =1 for d = ord(k,n), and d is the smallest positive integer with that property. Hence, for n
coprime to k again, p?’l = pi’1 and so G = (p;:0<i<k) is a finite group.

We derive a few more properties of the group G, in the case that k and n are coprime. First of all, one immediately
checks that

p1(a) = (a1Gx+102k+1 - - -) = po(tail(apaiaz - - -)),
and more generally p;j = p;_1 otail for i =1, 2, ...,k — 1. But this implies on the one hand that tail = pa1 o p1 € G, while on
the other hand p; = pg o tail’, and thus p; € (po, tail), the subgroup of G generated by tail and po.

Lemma 29. If k and n are coprime then G = (p; : 0 <i < k) is a group acting on the set of n-periodic sequences. Moreover, tail € G
and G is generated by po and tail, so G = (po, tail), which satisfy tailo pg = po o taif; finally the order of G equals ord(k, n) - n.

Proof. Using the relations given before the statement of the theorem, every generator p; of G can be written as py o tail’,
and hence every element of G as product of such elements. But the relation tail o pg = pg o tail¥ is clear from the action on
any n-periodic sequence a:

. ik

tail o po(a) = (axazask - - ) = po(akAr+1ak+2 - - ) = po o tail" (a).
Using this relation, every element of G can be rewritten in the form p§ otail?, for certain positive integers a, b. As tail clearly
has order n and po has order d = ord(k,n) as we saw before, the proof is complete by noting that the elements p§ o tail?

for 0 <a <ord(k,n) and 0 <b <n are all in G and all act differently on a sequence of period n, since tail’® acts as a cyclic
permutation of the period. O

14
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We are now in a position to draw conclusions for the reversed complexity of periodic sequences if gcd(k,n) = 1. We use
that for periodic sequences the reversed complexity is equal to the size of the kernel, by Theorem 14.

Theorem 30. If a is a periodic k-automatic sequence of period n, with n coprime to k, then n < ||a\|,’f < ord(k, n) - n, where the upper
bound is a divisor of ¢ (n) - n; in particular

R
n<lally <m-1-n

Proof. To compute ||a\|,§ we compute the size of the kernel Kj(a). Now note that Ki(a) consists of the sequences obtained
by applying all possible compositions of the elements p;, for 0 <i <k, to a. By Lemma 29, these elements form a group,
generated by tail and po. Clearly, Ky(a) is the size of the orbit of aC.

If n is the period of a, the n images of tail'(a) for 0 <i <n will all be different, and hence the size of the kernel is at
least n.

On the other hand, the size of the orbit a® is at most #G, the order of G, which is ord(k, n) -n by Lemma 29. O

The ultimate upper bound (n — 1) - n in Theorem 30 can only be attained for pairs k,n with n prime and k a primitive
root modulo n. For every prime n such primitive root (of order n — 1) exist, and Artin’s conjecture states that a given k will
be primitive root for infinitely many primes n. This conjecture has only been proved under the assumption of a generalized
Riemann hypothesis.

The following theorem implies that for every n > 8 and every k > 1 the bounds n and ord(k, n) -n in Theorem 30 will be
attained for certain sequences.

Theorem 31. Suppose that k,n > 2 and gcd(k,n) = 1.
Ifb is the n-periodic k-automatic sequence b = (10"~ 1), then ||b ||,'} =n.
If ¢ is the n-periodic k-automatic sequence ¢ = (10110"%)® and n > 9 then ||c||,’§ =ord(k,n) -n.

Proof. It is clear that tail' (b) = (0:110"i=1)® and these give n different elements in Kj (b). But with ged(k, n) =1 it will also
be clear that p;(b) is n-periodic with period of ‘weight’ 1: there will be exactly 1 non-zero in the period. Therefore p;(b)
will be among the n shifts obtained already, so Ky (b) consists of n elements, for every n > 2 coprime to k.

Now consider ¢ = (10110"#)® for some n > 9 coprime to k. Note that

pb(a) = AoAyiQypiAgyi - -

for every positive integer i and any a. If we apply this to ¢, and use that it is n-periodic, we obtain that p{)(c) is non-zero
exactly at the three positions 0, 2 - k', 3- k! modulo n, and tailjpf) at positions j, 2-k' + j, 3-k' + j modulo n.

The remainder of the proof consists of a verification that these triples are distinct for 0 < j <n and 0 <i < ord(k, n),
showing that the orbit ¢ consists of ord(k, n) - n different elements.

So suppose, on the contrary, that tailf o p{)(c) and tail' o pgi(c) coincide, that is, the sets {j,2 - ki +j,3-ki + j} and
{I,2-k™+1,3-k™+1} contain the same residues modulo n. Then these sets of residues may be permutations of each other,
so we consider the following six cases (where all residues are modulo n, unless stated otherwise):

() j=L2-K+j=2-k"" 41 and 3-k 4+ j=3 k™ +1 modulo n;
in this case j=1,3-k'=3-k™ and 2-k' =2-k™, so we ki =k™ and we immediately find i = m mod ord(k, n). Thus the
two triples are the same.

(i) j=1,2-k+j=3-k"+1,and 3-k' + j=2-k™ +1 modulo n;
use that k is invertible modulo n, then 2 -ki~™ =3 and 3 - ki~™ =2 from which (by subtraction) ki~™ = —1, whence

= —3 mod n, contradicting n > 9.

(iii) j=2-k™m+1,2-ki+j=I and 3-ki + j=3-k™ +1 modulo n;
the first two imply that 2(ki + k™) = 0, while the first and third imply that k™ = 3 -ki. Together this gives 8k’ =0 mod n,
conflicting with the assumptions on n and k.

(iv) j=2-k"+1,2-k'+j=3-k"+1, and 3-ki + j =1 modulo n;
here the first and the second imply that k™ =2 - ki, while first and third combine to 3 - ki + 2 - k™ = 0. Together these
yield 7 - ki =0 mod n, contradicting the assumptions.

(v) j=3-k"+1,2-k+j=1and 3-k' + j=2-k™ +1 modulo n; the first and second imply 2k’ + 3k™ = 0, and the first
and third give k™ = —3ki. But combined this implies —7k’ = 0, which is impossible.

(vi) j=3-k"+1,2-k'+j=2-k"+1,and 3-ki + j=I modulo n;
from the first and the second we see that k™ = —2k!, and from first and third that 3k! + 3k™ = 0. Together they imply
—3ki =0 mod n, contradicting gcd(k,n) =1 and n > 8.

We conclude that for n > 8 coprime to k the positions can only coincide in the very first case, when j=1[modn and
i =m mod ord(k, n), and thus there are ord(k, n) - n different images in c¢. O
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Example 32. Here, by way of example, is a scheme for the case that k=2 and n=9; ord(2,9) =6 = ¢(9) and there are 54
different elements in K, (c):

{0,2,3} {1,3,4 {2,45} {356} {467 {578 {068 {017} (1,28}
{0,4,6} {1,5 7} {2,6,8} {0,3,7} (1,48} {025} {1,3,6} (2,47} {358}
{0,3,8 {0,1,4} (1,25} {2,3,6} (3,47} { }
{0,6,7} (1,78} {0,2,8 {0,1,3} {1,2,4}) {2,3,5} {3,46} {4538} ({05 6}
{
{

—~

{0,3,5} {1,46} {257 {368} {047}
0,1,6} {1,2,7} {2.3,8 {0,3,4} {1, 4,5

The positions where a 1 in the period appears are listed: the top left entry thus encodes the initial sequence ¢ =
(101100000)® and to its right all applications of tail to it. Below it ¢ we find pg(c) = (100010100)®, below that
p%(c) = (100100001)® etc. It is always the case that pg(a) for a sequence a in row i can be found in row i+ 1.

About the upper bound for n < 8 the following applies.

The sequence c given does also work for n =6, and for any k coprime to 6.

For n=3 and k =2 mod 3 it is necessary to enlarge the output alphabet: (0, 1, 2) is the simplest period for which the
reversed complexity 6 is attained.

For n =4 and k =3 mod 4 the period (2,0, 1, 0) is the simplest case where the bound 8 for the complexity is reached.

Similarly, for n=5 and k=2, 3,4 mod 5 the bound ord(k, n) - n is only attained over an alphabet of at least 3 letters.

For n =7 there do exist 2-automatic sequences over an alphabet of 2 letters for which the reversed complexity equals
ord(2,7) -7 =21, such as [1,0,0,0,1,0,0], but the sequence c is not one of them. On the other hand, for k = 3 reaching
ord(3,7) - 7 =42 requires at least 3 letters.

For n =8 sequence c¢ does attain the bound for some odd k but not for all.

Only scattered values between the lower bound n and the upper bound ¢(n) - n can be attained, namely only the
multiples of n dividing ¢ (n) - n.

For cases where k and n are not coprime, we do not have complete results. For k =2 and n =2"s with s > 7 odd, we
can recursively find an upper bound ||a||,’f <ord(2,s)-n+2"—1 (which is slightly larger than the bound in Theorem 31, see
also Example 33 below). This could probably be generalized for arbitrary k dividing n; but this upper bound will not always
be attained. A sharp lower bound and sharp bounds when 1 < gcd(k, n) <k are also lacking.

Example 33. A general strategy to create an element of P,rg with maximal kernel size, is to start with 2" ‘different’ elements
of Ps and to use the zip operation repeatedly to create a single element of P,rs. The elements of Ps have to be sufficiently
different to prevent any collisions under the action of S.

Let a, b, c, d, for example, be the four 9-periodic binary sequences

a = (110100000)®, b = (111010000)®, ¢ = (111101000)®,d = (111110100)®

from Pg; each of these have the maximum size 54 for the orbit under S, much like that in Example 32. Moreover, the
weights of the periods of these sequences, as of all those in their orbits, are 3,4, 5, 6, respectively, which implies that all
four orbits are disjoint. As a consequence, the orbits of the sequences zip(a, b) and zip(c, d) in P1g contain the maximum of
108 elements, and the orbit of z = zip(zip(a, b), zip(c, d)) contains 218 different elements, namely the previous orbits as well
as zip(a, b) and zip(c, d) themselves. Together with z itself this gives the maximum number of 219 elements in the kernel
of z.

Finally we give an illustration of the fact that (when k divides n) there exist periodic sequences a for which ||a|\,’§ > |\a||i.

Example 34. For the 2-automatic, 36-periodic sequence

a=(110000010110100010111000010111100010)®
we find ||allz =13 and [a]|§ =192 > 132.

9. Conclusions and open questions

We investigated two natural complexity measures for a k-automatic sequence a: ||a||y closely related to the alphabet
size required to present a as a morphic sequence with respect to a k-uniform morphism, and ||a||,’f closely related to the

size of the kernel of a. We saw how there can be an exponential gap between |a|; and \|a||,’f, but basic operations like

tail, adding an element in front, or applying a binary operator elementwise, never increases |-||; or ||~||l'f by more than a
quadratic factor. For combinations of these operations and many other operations the effect on the complexity measures is
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still open. For instance, for arithmetic subsequences a[n, m] we proved |a[n, m]||,’<2 <n- ||a||,’f for 0 <m < n, but for a bound
for ||a[n, m]||x we only know from examples that it should be weaker. We did not investigate these measures for m > n.

For purely periodic sequences we focus on the case where the period and k are relatively prime; many open problems
arise where this does not hold, like Conjectures 25, 26. It seems that reversing the period does not affect the complexity
of a periodic sequence; this is certainly not true for just any permutation of the period. Also, the exact dependence of the
complexity on the size of the output alphabet is not entirely clear; what is the minimal size of the alphabet to reach the
complexity bounds?

Apart from these purely periodic sequences we did not consider ultimately periodic sequences; this would also be natural
to consider.
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