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Abstract. For all natural numbers a,b and d > 0, we consider the
function fq5,4 which associates n/d with any integer n when it is a
multiple of d, and an 4 b otherwise; in particular f3 1,2 is the Collatz
function. To realize these functions by transducers (automata labelled by
pairs of words), the coding in reverse base d is generally used. For the
Collatz function, it gives a simple 5-state transducer but it is not suitable
for the composition and so far, no one has been able to specify, for all
integers p, a generic transducer computing its composition p times.
Coding in direct base ad with b < a, we realize the functions f4 .4 by
synchronous sequential transducers. This particular form makes explicit
the composition of such a transducer p times to compute ff,b,d in terms
of p and a,b,d. We even give an explicit construction of an infinite
transducer realizing the closure under composition of f, p.q4.

1 Introduction

Many functions on integers have been described by automata (transducers) as
word functions using an integer base. In general, the properties of sequences
produced by transducers are studied [2] but, in this work, we adress mainly
properties of the realized functions themselves.

In this paper, we are interested in the family of functions f,, : N — N defined

for all natural numbers a,b and any integer n > 0 by

Z if n is even,

fap(n) = {2

an + b otherwise.

In particular, f3 1 is the Collatz function [5]. The Collatz conjecture states that,
for any integer n, there exists p > 0 such that the composition of the Collatz
function p times applied to n equals 1: f:fyl(n) = 1. This conjecture remains
open despite recent progress [12]. A new conjecture on this function has been
proposed [3]. In this paper, our aim is to give an explicit deterministic transducer
realizing the p-th power f(’;’b in terms of p.

Basic arithmetic operations have already been described by transducers [7].
To realize the function f,;, the transducer must compute the operations of
division by 2, multiplication by a and addition of b. A first natural approach
is to take the base 2 with the least significant digit to the left to see right away
if the input is even in which case the first digit is 0 which is removed at the
output, and if the input is odd, we realize multiplication by a and addition of b
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from the left. Thus, the Collatz function can be realized by a 5-state sequential
transducer. Introduced by Ginsburg, sequential transducers compute functions
deterministically. Their transitions are labelled by a letter in input and a word
in ouput with the input-determinism condition: no two transitions of the same
input letter from the same source. Furthermore, there is only one initial state and
each final state is associated with an output word [8]. The sequential transducer
in reverse base 2 for the Collatz function can be composed a few times to realize
fg,l, fg;il and so on, but so far, no one has been able to specify, for all integers p,
a generic transducer computing its composition p times.

To solve this problem, we chose the direct base 2a. When b < a, which is
the case of the Collatz function, we obtain a 2-state deterministic sequential
transducer realizing f, . This new transducer, which in addition is letter-to-
letter, can be composed to get an explicit transducer realizing f?, in terms
of p. The difficulty in defining its terminal function has been overcome using a
key lemma given in [1].

For all natural integers b < a and d > 0, we generalize the previous trans-
ducers for the functions f, 4.4 : N — N defined for any integer n > 0 by

ﬂ if n is a mutiple of d,
funatm) = {1

an + b otherwise.
Using the base ad, and for all integer p, we obtain a generic transducer compu-
ting f, , in terms of p. Finally, for any natural numbers a,b,d with b < a # 1
and d #70, we give an explicit construction of a transducer realizing the closure
under composition of fq 1 4.

2 Transducers in reverse base 2

In this section, we first recall basic definitions. Then, we look at transducers real-
izing the functions f,; using the reverse base 2. Although this approach seems
natural, we notice that those transducers are not appropriate for composition.

Let N be a finite alphabet. We denote by N* the set of words over letters
of N, and we write ¢ for the empty word.

A transducer T = (T,1,F) is a graph defined by a finite edge subset T of
QxN*xN*xQ, called transitions, where (@ is a finite set of states, plus a set
I C @ of initial states and a set F' C @ of final states. So a transducer is a
finite automaton labelled by pairs of words. Any transition (p,u,v,q) € T can

be also denoted by p u—/U>T q or by p u—/v> q when T is understood; u and v
are respectively the input and the output of the transition.

A path pg uivf PLeePrn_1 uL/q;n pn with v = wui..up, and v = v1...v,

is labelled by u/v and is denoted by po gT Pn- A path is successful if it
leads from an initial state to a final one. A pair (u,v) € N*xN* is recognized
by a transducer if there exists a successful path labelled by w/v. The set of
recognized pairs is the relation (7) realized by T and called a rational relation.
For instance, the following transducer:
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l 1/00
0/1C.*>l01/oo

with a unique initial state on the left and a unique final state on the right realizes
the relation { (0™1™, 1™0%") | m > 0,n >0 }.

Note that the inverse R~! of a rational relation R is rational, and the image
R(L) by R of a regular language L is regular since R(L) = ma(R N LxN*).

To realize the functions f,; in reverse base 2, we only need synchronized and
deterministic transducers.
A transducer T = (T,I,F) is synchronized if T is letter-to-word in the fol-
lowing sense: T C QxNxN*x@ i.e. the inputs are only letters.
Given synchronized transducers 7 = (T,I,F) and 7' = (T',I', F’), their
composition is the following synchronized transducer:
ToT = (ToT IxI',FxF’)
where T.T" = { (0.7') % (0.4) | 3u (0 Lor g ' L ) )

realizing the composition of the relation realized by 7 with that by 7":
(ToT" =A(T) o AT") = { (u,w) | v (u,v) €{T) A (v,w) € (T") }.

A synchronized transducer 7 = (T,I,F) is deterministic if it has a unique
state i.e. |I| =1, and its graph T is input-deterministic in the following sense:
/ /

(pa—%q/\pﬂm“) = (u=v Ag=r).
A deterministic synchronized transducer realizes a function.
A synchronized transducer 7 = (T,1,F) is complete if its graph of vertex
set @ is input-complete in the following sense:

Vpe@Q,Vae N, Jue N*,JqgeQ pﬂq.

A deterministic and complete synchronized transducer realizes an application.

Let 8> 1 be an integer and B = {0,...,8 — 1} be the alphabet of its digits.
Any word u € B* is a (respectively reverse) representation in base [ of the
integer [u], (respectively ,[u]) defined by [e]; = 0 = gle] and

[cp- - colg = P jeBt = slco- - -cp]

for any p > 0 and co,...,c, € 3; the position of the index g is that of the
least significant digit co . Representations of integers are extended to relations.
A relation R C *xf8* is a (resp. reverse) representation in base [ of the fol-
lowing binary relation [R]; (respectively 5[R]) on N:

[Rlg = { ([ulg:[v]g) | (w,v) € R} and 4[R] = { (4[u].4lv]) | (w,v) € R}
The functions f,;, on integers can be seen as relations on words and defined
by transducers. First, let us see what transducers can be obtained for the func-
tions f,, using a coding in reverse base 2. For some simple functions such
as fi,1, we get a transducer for the composition p times using a shortcut. This
is not possible in the general case. Consider the function f;;:N — N defined
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for any integer n > 0 by

z if n iseven,

fra(n) = {73+ 1 otherwise.

The first natural approach is to take the base 2 with the least significant digit
to the left. In reverse base 2, fi,; is represented by the following word function:
Ou — u for any binary word u

lu — 0(u+1)
This word function is realized by the deterministic synchronized 3-state trans-
ducer:

00 11

ole 0110 — 110

—_— . — > ¢ —»

1101 —= 0011
N T o 110 —= 001
L]
w0

Fig. 1. Transducer realizing fi,1 in reverse base 2.

Taking the product p times with itself, we can construct an automaton for fﬁl
having 3P states but we do not know how to define it in terms of p. To solve
this problem, for any natural integers a,b of same parity, we consider the short-
cut fC’L’b defined for any natural number n by

n . .
) = 1 if n iseven,
ab{" %H) otherwise.

In the particular case of f{,l, we get the property below.

Lemma 1. For all n,p >0, f{pl(n) = [%].

Proof. By induction on p > 0

p=20: Forall n>0, f (Q”—OW
p>0:1If niseven then f1 1( ) fi f)l 1 (2%] by induction hypothesis.
Otherw1se n is odd i.e. n = 2Pk +r for some k>0 and 0<r < 2P odd. So

hn) = RN = [ = k4[] = k1= k4 [5] = [2]. «

So for any n,p > 0,

£7(n) = 35 if n is a multiple of 2P,
1,1 n) = Ln .
2—pJ + 1 otherwise.

In reverse base 2, we get the function

0Py — wu for any u € {0,1}*

vu — u+1 for [v| =p and v # 0P
which is realized by the following transducer:
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00 11
0/e 0/e 0/e
e i I il —— i —_—— — * — = ¢ —P
1/e 1/e 1/e ‘ 0/1
¢ —> 0 — — — & —>
0,1/¢ 0,1/e
1/0

p edges

. . Ip .
Fig. 2. Transducer realizing fi7 in reverse base 2.

In this case, the shortcut breaks the exponential number 37 of states into the
linear number 2p + 1. Let us try to do this for the Collatz function:

z if n is even,

fuatm) = {2

3n+ 1 otherwise.
Using the reverse base 2, we get the following deterministic and complete syn-
chronized transducer C among others [6, 10].
o0 11 1 0/0
o Ole 10 o 0/0 o1 o
—0«—‘—»‘ @ QO—O—=0O—

1/0 1

Fig. 3. A transducer realizing the Collatz function in reverse base 2.

The states 0, 1, 2 manage the carry of the multiplication by 3.

From such a transducer, it follows a property to describe the behaviour of the
Collatz function by automata [9].

Precisely, and for any integer n, we denote by

An) = {p|f5:(n) odd and f3,(n) #1 for 0<q<p}|

the total of odd numbers (rises) of the orbit of f3; from n until 1 is possibly
reached. In particular A=1(0) is the set of powers of 2. For any i > 0, let

Li = {uwe{0,1}"10{e} [ A([u]) =i}
be the set of reverse binary representations of A7!1(i) with non null rightmost
digit. In particular
Lo = 0*1U{e} is a regular language.
This regularity remains true for all languages.
Lemma 2. For any i« > 0, L; is a reqular language.

Proof.
Let f:{0,1,2}* — {0,1,2}* be the application realized by the transducer of
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Figure 3:
foloful) = S (w)] for any u e {0,1,2)".
The proof is done by induction on i > 0. We have
u < Li+1

< u € {0,1}*1 and A(,[u]) = i+1

< 1 €{0,1}*1 and I p,q¢ >0 (,[u] = 2Pq A godd A X(f3,1(q)) = 1)

< Jove {1} U 1{0,1}*1 (u € 0*v A A(,[f(v)]) = i)

< Jv e (170)*1T (u € 0*v A f(v) € L; 0%)

= uwe 0" (f71(L; 0%) N (1*0)*1T).
For L; regular, Ly = 0*(f~'(L;0%) N (1*0)*17) is a regular language. <«
By Lemma 2, the reverse { v € 1{0,1}*U{e} | A([ul,) = i } of L; is a regular
language [9]. For all i, a regular expression defining L; can be constructed in
exponential in 4 [11].
Let us return to the transducer C of Figure 3. Its composition twice CoC is
11 l
0/0 0/0

V1
O Ole }O// \:UE\O 0/0 0/1 O
1/0 =

-+ ¢ ——~—— ¢ * —p
_

1/0 1

Fig. 4. A transducer realizing the power of 2 of the Collatz function.

where the states (2,8) and (,2) are identified since they are equivalent: C
realizes the same function from each one. This last transducer realizes
1 if ne 4N
ffi(n) = {32 i ne 4N + 2

bl if p is odd.

By identifying equivalent vertices of the composition 3 times of C, we get the
following transducer:
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Vi

0/0 1 0/0

Ow wOw 0l
-+ ¢ =« ——— 6 ————— 3 o [ o —p

R R
————— ———
1/0 1/1
Ole e Ole
O/e
—_— V1
Vs Ve 11 1/0
O Ul o0
0/0 1/0 0/1

® - — 6 =« —— 6 —————— > o

11 0/0 o
11
—_—
0/0 C . R o1
o1
ol 10
/1

Fig. 5. A transducer realizing the power of 3 of the Collatz function.

The heaviness of this transducer comes from the fact that it performs each of
the cases of the function

03 if ne8N

”4“ if ne8N+1 or n€8N+5
f&i(n) = ¢ 32 if ne8N+2 or ne8N+6
9n2+5 if nc8N+3 or n€8N+7

sntd if e SN+ 4

Thus and contrary to the function fi;, we cannot get a transducer in reverse
base 2 for f§ in terms of p, not even for its shortcut f37 .
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3 Transducers for the Euclidean division

Before giving other transducers to realize the functions f,;, we recall how to
realize an Euclidean division by a transducer.

We only need transducers that are both synchronous and deterministic.
A transducer T = (T,I,F) is synchronous if T is letter-to-letter in the fol-
lowing sense: T C QxNxNx(@ i.e. the inputs and outputs are only letters.
Note that for synchronous transducers 7 = (T,I,F) and 7' = (T',I', F’),
the composition T'oT" can be expressed more simply as follows:

alc a/b b/c
ToT = { (0p) 5 (0,¢) 136 (0 Lrgnp 2Lsr ) ).

We realize the division by d > 0 in base a > 1 with remainder r < d by the
following standard deterministic synchronous transducer:

/a,d,r = (El\v ‘a,d {0}7 {T})

where

.b/ . . . .. -~ ~
wqJ if da+b=cd+j forall i,j€ d and b,c€ a.

The division :4,4 by d in base a is illustrated below.

i j
/\ )
input: ia+b d
output: j c

Fig. 6. Division by d in base a for a digit b with a carry 1.

This illustration is extended from digits to numbers.

carry: i j
YA
input: u iaM+py, | d
output: Y j [VIa Jul = |v|

Fig. 7. Division by d in base a for a number [u], with a carry 1.

We thus extend the transitions of the division to its paths.

Lemma 3. Forall i,j € d and u,v € a*, we have

u/v

i =, < id¥+u), =],d+j and |u|l =0l

Proof. Each implication can be checked easily by induction on |u| > 0.
= As :44 is a subset of dxaxaxd, |u| = |v|.
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Let us check the equality by induction on |u| > 0.
|u| =0: We have u=¢ =v and ¢ = j hence the equality.

Let i "2 j with b,c € @ and the implication true for u. There exists k such
that i “2 & /S j. Thus dal*l +[u], = [v],d+k and ka+b = cd+ j. Hence
ial" + [ub], = b+ (ia"l +[u],)a = b+ (v],d+k)a = [v],da+ (ka+b)

= [v] da+cd+j [vc] , d+j.

<= : by induction on |u| > 0.

|lu| =0: We have u =¢ =wv and ¢ =j hence Zu:/gj

Suppose the implication true for [u| and ial*!+[ub], = [vc],d+j with [u] = |v]
and 0 < b, ¢ < a. So, we have (ial*! + [u] )a + b= [v] ,ad + cd + j.

By Euclidean division of c¢d + j by a, we have c¢d + j = ka + b with b < a.
As b < a, we have b=1V hence ial"l + [u], = [v],d+ k.

As |u| = |v| and by induction hypothesis, 4 Y .

As cd+ j = ka+ b, we get kﬁj hence iuigcj. |

Thus /q,q,r realizes the binary relation

{ (w,v) [u,ve @ A |ul=| A [u], = [v]d+r}

a

Here is a representation of /32, .

oo
0/0 0/1
e ok
Fig. 8. Division by 2 in base 3 with remainder O.

For a same base a, the composition :44 o :q,4 is in bijection with the rela-
tion :4 ¢ by coding any vertex (i,4) where 0 <i < d and 0 <1 <d by the
integer ,[(4,i")] = i 44'd.

Lemma 4. For all a > 1 and d,d" >0, ;[:q,a o :a,a’] is equal to :q qq -

Proof. For all 0 <i,j <d and 0 <7, 5 <d, we have

.. b ..
i) LS vonn o ()

. b . . .
30 <e < a such that 4 ﬁpad J and i g;ad, 7'

30 <e<a such that ia+b = ed+j and Va+e = cd + 5
ia+b = (cd +j —ia)d+j
(t+id)a+b=cdd +j+jd

G S, G ).

11117
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Let us propose a way to visualize these transducers to highlight basic symmetries.
The d integers of the vertex set d = {0,...,d — 1} of :, 4 are equidistant on
a counterclockwise circle in a way that the diameter between 0 and d — 1 is
horizontal with 0 at the top right. Here is a representation of the transducer in
base a = 2 for respectively d = 1,2,3,4:

0/0
21 22
- O

0/0

O

Fig. 9. Visualization of the division.

By associating a color with each digit, any transition H is replaced by an
unlabeled two-colored arrow: the start of the arrow is with the color of input b,
and the end of the arrow is with the color of output c.

In base 3, we color 0,1,2 with blue, green and red respectively. This gives the
representation below of division by 8 in base 3.
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S
C ‘//\\/\\A 9,

C. D
S =

Fig. 10. Division by 8 in base 3.

We can then notice that

_ the horizontal diameter is axe of symmetry where we exchange 0 with 2 in
input and output, leaving 1 unchanged,

_ the vertical diameter is axe of symmetry where we exchange in input 0 with 2,
in north output 0 with 1, and in south output 1 with 2,

_ the center of the circle is center of symmetry where the input remains the
same and for the output, we exchange 0 north with 1 south, 1 north with 2
south, 2 north with 0 south.

Let us point out that we do not know how to characterize powers of 2 in base 3.
In particular, there is the Erdds conjecture [4] stating that these powers from 9
have at least a 2 in base 3:

u ¢ {0,1}* for [u], = 2" with n >8
which translates for the Euclidean division :39-» by 2" in base 3 that the ele-
mentary cycle in 0 with output in 0*1 has its input having at least one 2:

0...01 .
u ¢ {0,1}* for O A igon 0 With n > 8.
Thus, we consider the composition closure of the division by d in base a to be
. ¥ — .n
‘a,d T UnZO ‘a,d
the reflexive and transitive closure under composition of : g .

This infinite relation, of vertex set c?*, can be described by the paths of a finite
relation.

Let T C MxNxNxM be a letter-to-letter transition set whose vertices are let-
ters in an alphabet M. The dual of T is the transition set T" C NxMxMxN
defined by

bp—/q>fc — pﬁT(] for any p,q € M and b,c € N.
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Here is a representation of the dual of :35.
1 1/0
0/0 Q@:@:@Q U1
0/1 0/0
Fig. 11. Dual of the division by 2 in base 3.

The composition closure of T is the transition set
T* = U0 T" © M*xNxNxM*.
This infinite set is described by the paths of the finite set T.
Lemma 5. For any T C MxNxNxM over alphabets M and N, we have
T HT*y — b igf c forany x,y € M* and b,c € N.
Proof. Tt suffices to check by induction on n > 0 that
x %Tn y <= b igf ¢ for any z,y € M™ and b,c € N.

n=0:v=y=c Thus ¢ Bpoe < b=c < bL_c

n = n+1: Forany z,y € M" and p,q € M, we have
xp%)TnH yq < dee N ac%mwy and pgTq
< dee N bigfe MT:C
= b zigqf c. 4
We can extend Lemma 5 to the composition closure of the dual.

Lemma 6. For any T C MxNxNxM over alphabets M and N, we have
U gf* v = igp y forany x,y € M* and u,v € N*.
Proof. 1t suffices to check by induction on n > 0 that

U giﬁ v = ng*y for any x,y € M* and u,v € N™.

n:O:u:v:s.ThussigTOs = r=y = $€:/€>T*y.
n = n+1: Forany z,y € M* and u,v € N" and b,c € N, we have

ub x:/'g~

Fni1 V€ = dz € M" uii~ v and bZ:/‘iéfc

Tn
b
<— dJze M* xg;r* z and Z£>T* y by Lemma 5
b
= =z u:/gcT* y.
We will now see that the dual of a division is a multiplication.
Let us recall how to realize a multiplication by a transducer.

The set #*,4 of transitions for the multiplication by d in reverse base a
defined by

iK*M]’ if bd+1i = ja+c forall i,j € d and bce a

which is illustrated below.

12

is
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input: b bd +i a
output: c c j

Fig. 12. Multiplication by d in reverse base a for a digit b with a carry 1.

Thus, we have

b . . c/b , L —~
Zﬁua,dj = jina’dz for any 4,5 € d and b,c € a.

The paths of *, 4 are deduced from Lemma 3.
Corollary 1. For all ¢,5 € d and u,v € a*, we have
5/a

PG e i e Judti= ] +id and Ju = |u].

a,

In particular, we have

w/v

0 =.,,0 <= _[uld= [v] and |u|= |v].
The multiplication by d in reverse base a is then realized by the following syn-
chronous sequential transducer:

Xad = (d, *aq,{0},{0})

From Figure 8, we obtain the following representation of X3

 w
0/0 O 1/0
172 C i o1 212

Fig. 13. Multiplication by 2 in reverse base 3.

e.g. this transducer realizes (02120,01021) which in reverse base 3 gives (69, 138).
The dual of the division by d in base a is the multiplication by a in reverse
base d.

Lemma 7. We have g4 = #q4 for any a,d > 1.

Proof. For any b,c € a and i,j € (i we have
bﬂ)mc <= Z‘%;aﬁdj
— ia+b=cd+j
= b H*M c. 4
Thus, Figure 11 is also the transition set of the multiplication by 3 in reverse
base 2. We can now realize the Collatz function and its powers with simple
transducers.
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4 Transducer for f,; in base 2a

For any 0 < b < a of same parity, we give a transducer in base a realizing the
shortcut f! . Since fop = f5, 9, We obtain a transducer in base 2a for f, .

We will realize these functions by deterministic synchronous transducers
where each final state is associated with an output word.
A sequential transducer [8] is a deterministic synchronized transducer 7 =
(T,i,w) whose the set of final states is extended to a partial terminal function
w: @ — N*:its domain dom(w) is the set of final states.
We denote by ¢ — when ¢ is a final state such that w(q) = w.
Such a transducer realizes the binary relation

(T) = { (w,ow) | Fiel, qecdom(w) (i u=/1)>T qg-%)}

For instance, the following synchronous sequential transducer 75 ; :

1/0
0/0 Q Q 1
0/1
11
Fig. 14. Transducer realizing f> 1 in base 2.

realizes the following word function (7z.1):
eE—e€

u0 — Ou  for any u € {0,1}*
ul — Oull
which is, in direct base 2, a representation of fo1 d.e. fo1 = [(T2,1)]5-

Given two synchronous sequential transducers 7 = (T,4,w) and T’ = (T',i,'),
their composition is the following synchronous sequential transducer:

ToT =TT, (i,i'),wow’) where

wow'((p,p")) =v.w'(¢') for any p € dom(w), ¢’ € dom(w’), p’ "2!;/ q.

For instance, the transducer 7'221 is represented as follows:
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€

0 ——

el e

}OO—»
0l o -

0111

J ‘ 1*’11 0111
u } 10 1

’ l O%j_ﬂ

€

O;»

o1 1~
(i)j;:) 11 1=t o }
1111 L } . o
11 -
1 11/11 1

Fig. 15. The composition twice of the previous synchronous sequential transducer.

and realizes the function
if ne 4N

I
fAn) = ¢n+1 if n€4N + 2
4n + 3 if n is odd.

For any 0 < b < a of same parity, we can realize the shortcut f(;,b by adding a
terminal function to the transducer of the division by 2 in base a.

Proposition 1. For all 0 <b<a with a>1 and a,b of same parity,
7:1/,1; = (:&2707‘*’:1,&7) with w;’b((]) =¢ and W;,b(l) _ a;b

is a synchronous sequential transducer for a representation in base a of f!,

Proof. The relation :, o is input-deterministic and input-complete: for all p €
{0,1} and b € @, there exists a unique transition starting from p of input b.
Thus for all u € @*, there exists a unique v € @* and j € {0,1} such that

0 g:a,z j. By Lemma 3, we have [u], = 2[v], + J.

For j =0, [u], is even and [v], = @ = fup([uly)-

a+b

For j =1, [u], is odd and since < a, we have

a u] —1 a alu] +b
[, (1], = alo], + %5 =a% oot = Mt g ) ). -

Thus 757 = (:3,2,0,w3 1) with w3 ,(0) =€ and wj (1) = 2 realizes in base 3
the shortcut f3, of the Collatz function. A representation of 731 is then ob-
tained from that of /3.2,0 given in Figure 8 by adding output 2 to vertex 1.
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l 1/0
0/0 C Q 0/1
2/11 2 2/2
2
Fig. 16. Shortcut of the Collatz function in base 3.

Translating this transducer in a word rewriting system, we get a variant of the
system defined by [13]. Finally, the transducer 7g , realizes in base 6 the Collatz
function f31 = f5,:

5/2
3/1

0/0 l 1/0 13
an (O 4_(?0 34
42 03 5/5
2/4 4
4/5
Fig.17. The Collatz function in base 6.

More generally for any 0 < b < a, the function f,, = féa,zb is represented in
base 2a by the synchronous sequential transducer 7'2’a’2b .

/ .
5 Transducer for f.°, in base a
9

By composition p times of the previous transducer in base a realizing the short-
cut f!,, we obtain a synchronous sequential transducer realizing ;p b

By Lemma 4, the graph of 7;'5 is isomorphic to the division :42» by 2P in
base a: each vertex = € {0,1}? is in bijection with ,[z] € {0,...,2P —1}. So such
a transducer realizes the function ;ﬁ), first by doing division by 2P and then
by performing the numerator with a terminal function wqp : {0,1}? — @* to
be specified in terms of a, b, p.

For example, below is the 3 times composition of 7})”1 given in Figure 16; it is
the transducer of Figure 10 completed with the terminal function ws 3, and

which can be compared with that of Figure 5.
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>
2

yz

)

N\

( 110

C.. w D

L <.

7/
ﬁ/\\

N\

Fig. 18. Another transducer realizing the power of 3 of the Collatz function.

So ws,1,3(100) = 02. It remains to express ws1,(z) in terms of p and z.
Lemma 8. For all p>0 and 0 <b<a#1 with a,b of same parity,
Wabp(@)], = i (5la])
alverr @l = 020 + y[2]) — f5,(la]) for any = € {0,1}7.

Proof.
i) Let us check the first equality.
Let u € @* such that [u], = ,[z].

Jul
As [u], < 2P, we have 0P AN =

Thus fo5,([2]) = Fo5([ul,) = [0"wasp(2)], = Wapp(@)],-
ii) Let us check the second equality.

Wa,b,p(T)
— .

Let y € {0,1}? and b € @ such that y ﬂ;avzp x. Thus ,[yla+b = 2P +,[z].

As in (i), let u € @* such that [u], = ,[y].

Hence 07 /:O> raop ¥ and [ub], = alu], +b = 2P + ,[x]. Therefore and by (i),

P2+ gla]) = wasp(@)], = fh M) +alers@l. <

To determine wqpp(x), we compute [wqpp(2)], but also |wap,(x)| because
possible zeros on the left are significant for a terminal function.
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Using the property below [1], we will express this length as 74, (,[%]) where

Napp(n) = {0<i<plfol(n)odd }

is the number of odd integers (rises) among the first p powers of f; , applied
from n. For instance 731 3(1) = 2 since the first three powers of f3; starting
from 1 are given by the cycle 1 — 2 — 1.

Note that for any integers ¢ and r,

fop2q+7) = {

q+3 if r is even

aq—+ %er otherwise

hence f; ,(2¢+71) = ganava(n) 4 fap(r)-
This equality has been extended to powers of f; , [1].
Lemma 9. For all natural numbers a,b,p,q,r with a,b of same parity,

f;ﬁ)(q2p +r) = gamee) 4 lez,pb(r) and  Na,b,p(q2° +1) = Napp(r).

Proof. By induction on p > 0.
p=0: ngp,0 is the constant mapping 0 and f[l% is the identity.
p = p+1: For r even, we have

FA G ) = L) = T )
= gamesr(3) 4 f(’lj‘;(g) = gaMabvor(r) 4 f(’lfz+1(7")

and Ua,b,p+1(q2p+1 +7) = Napp(g2P + %) = na,bm(%) = Na,bp+1(7)-
For r odd, we have

£ @@t ) = fR(fL (@20 ) = £ (aq2r + 25t
= f;g(aqu + f1,(r) = ga'tmars(fo() 4 f,;ﬁ;( L ()
— qana,b,p+1(7’) + f;i‘;jrl(r)

and

Nabp+1(@2P T+ 1) = 14 0app(fo (0207 + 1)) = 1+ 10,5,5(aq2? + f7 (7))

=14 Nabp(fo(r) = Na,b,p+1(7). A
From Lemmas 8 and 9, it follows that

|wa,b,p(T)] = Nabp(sx]) for any z € {0,1}P.
Lemma 9 is illustrated below for an accepting path of 7;”; .

input: u [ul, =0q2P+r

output: v w Ma=a ad [w], =fz,()
-
na,b,p(r)

Fig. 19. Terminal function of 7;/1;

We denote by 2[71%] the transducer where each vertex x € {0,1}? is replaced
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by the integer ,[z]. Then 2[7;";] is the transducer of division by 2P in base a
with a terminal function defined by the 2P first values of ;’; . For any vertex,
the length of its final word is the number of odd numbers yamong the first p
values of its orbit.

Theorem 1. For all p >0 and 0 < b < a #1 with a,b of same parity, the
function f;fz is recognized by the transducer

2[7::,11:] = (:a72p’07w:1.,b,p)
of division by 2P in base a with for any 0 < i < dP, w,(i) € @* is defined by
Wb, D, = L5060  and |w),,(0)] = 10,,(0)-

Proof. Let us give another proof of this theorem which will be useful later.
By induction on p > 0. We denote wy, , , by wj,.

p=0: T/ = {eL5e|cealew with we) = e

p = p+1: we have ’7;'};“ = 7;’7,)0 7;’7’;.

By Lemma 4, the relation ,[:42 o :q,20] is equal to :, op+1 .

We have to show that w),,; is the terminal function of 2[7;/’1,;4'1].

As w,,(0) = ¢, we get w1 (5[0u]) = wy(,[u]) for any u € {0,1}P hence

wp1(21) = wy(i) forall 0 <7< 2P (1)
By induction hypothesis, we get

[whe1 (2], = lwp(D)], = f25(0) = £57(20) and

lwp 1 (20)] = lw, (D) = Nap,p(i) = Nabp+1(20).
Similarly wy, ,(1) = %“b and for any 0 < ¢ < 2P, there exists unique j and ¢

atb
such that 4 —2>;a62p j thus

whi1(2i41) = cwy(j) forall 0<i< 2P with ai+ %2 = c2P4j5.  (2)
Moreover f;,(2i+1) = ia+ atb = 2P 4.
By Lemma 9 and induction hypothesis,
(w1 (20 + D], = lewh ()], = ca Ol 4 [ (7)),
= cqllab.p(d) + f(/lf’;(j) — f(’lf’;(CQP +])
= fh(2i+1)

a

and
|wpe1 (20 + 1) = 14 |wp,(5)] = 1+ 7a,(5)
= 1+ Napp(c2P +7) = 1+ napp(fy (20 +1))
= 77a,b,p+1(2i +1). «

Thus the terminal function wy, () of any vertex 0 <47 < 27 is fully determined

by the prefix of length p of its orbit:

. . —1. . .
i — fop(i) — ... — ;’; (i) — (’112(@) = W)y,
|wf, 4 ,(8)] = number of odd integers

Here is a representation in base 5 of f§% by the transducer 777 :
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0/1 a1

101 011 _—

4/ 3 0/ 3

Fig. 20. Transducer realising fé?’l in base 5.

20

Finally, the function f”, is realized in base 2a by the synchronous sequential

transducer 77, = T,% ., -
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6 Transducer for f?,, in base ad

For all natural numbers a,b,d with d # 0, we consider the functions fu 44 :
N — N defined for any integer n > 0 by

5 if n is a mutiple of d,
fapaln) = .
an + b otherwise.

S0 fap = fap2. For b < a, we generalize the previous transducers realizing f, 4 .
We define a synchronous sequential transducer realizing f, 54 from the trans-
ducer computing division by d in base ad.

Proposition 2. For all 0 <b<a#1 and d > 0, the synchronous sequential
transducer
Tavd = (Cadd,0,wap)
with wep(0)=¢ and YV O0<j<d, wep(j) =aj+0b

realizes a representation in base ad of fap.d -

Proof.
If an initial path ends to the state j, the input represents an integer n multiple
of d plus j and the output represents “—Z. The final digit in j # 0 is aj +b

since ad%j +aj+b=an+b= fopq(n). 4

For all integers a,b,d,p,n > 0 with d # 0, 7g5 (1) is generalized to the number
Habdpn) = {0<i<p] faiybyd(n) not multiple of d }|

of integers that are not multiples of d among the first p numbers of the orbit

from n of f,4.q4. Let us adapt Lemma 9 to the powers of f, 5.4 -

Lemma 10. For all natural numbers a,b,d,p,q,r with d # 0, we have
faljb,d(qdp +r) = Q(ad>“”’b’d’p(r) +faljb,d(r) and  pa,b,d,p(qd? +1) = fabdp(r)-

Proof. By induction on p > 0.

p = 0: immediate because pqp.q4,0 is the constant mapping 0 and ff;b)d is the
identity.

p = p+ 1: For r multiple of d, we have

fazj;r,cli(qdp+1 +r) = fazjbvd(fa,b,d(qdml +r) = fﬁ@d(qdp +4)
=q (ad)l‘a,b,d,p(%) + falib,d(g) q (ad)lia,b,d,p+l(r) + fp:(li(r)

a77

and
Lab,dp+1 (@dPTE+7) = papap(@d +5) = papdp(5) = fabdps (7).
For r not multiple of d, we have
fa]fzr,tli(qdpﬂ +7) = flpa(fapalgd?tt +7))
f(fb,d(aqcl”“‘1 +ar +0b)
ap.a((qad)d? + fopa(r))
= gad(adyro oo 4 12, o)
= qladynon®) 4 fIA)
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and
Pabdpt1(qdPT +1) = 1+ pgpap(agdP™ 4+ ar +b)
= 1+ ptap,ap((qad)d” + fop,a(r))
= 1+ ptap,dp(fap,a(r))
= ,Ua,b,d,;v-i-l( )

Similarly to Theorem 1, we get an explicit description of the transducer T}, ,
realizing fF, , for all p.

Theorem 2. For all integers p > 0 and 0 < b < a # 1 and d > 0, the
function fr p.a 18 realized by the synchronous sequential transducer

dThd = Cadar,0,wapdp)
with for any 0 <i < dP, the word wy,(i) over {0,...,ad — 1} is defined by
[Wa,b,d,p(D)]0q = 5,b,d(i) and  |wap,dp(i)| = Hap,dp(i)-

Proof. By induction on p > 0. We denote wgp,q4,p by wp.

p=0: 7;?b’d = ({e /s elce C/L-C\l},{-j,w) with w(e) = e.

p = p+1: we have 7;bd = 7-01’b’d07:117)b7d.

By Lemma 4, the transition relation ,[:qd.d o :ad,ar] is equal to :qq ge+1 .

We have to show that wyy; is the terminal function of [7;’” b+ 7]

As wa5(0) = €, we get wypi1(,4[0u]) = wy(yu]) for any u € v ie.
wp+1(di) = wp(i) forall 0 <i<dP.

By induction hypothesis, we get

w1 (dD)] g = [wp(Doq = fLya(D) = FI3a(di)
and fuper (@) = [y = Happli) = fopapr(d).
Let 0<i<dP and 0<j<d.So wep(j) =aj+b<ald—1)+b < ad.
There exists unique k and ¢ such that 4 ﬂb/dcdp k thus wpy1(di+j) = c.wp(k).

Moreover fgp.a(di+j) = tad+aj+b = cd” + k.
By Lemma 10 and induction hypothesis,
[wp+1(di + J)] g = [c-wp(k)] g
C(ad)‘wp(k)l + [Wp(k)}ad
¢ (adysoras® 4 £7, (k)
apb,d(Cdp +k)

p+1 di .

— Ja,b, d( 1+ j)

and
wpr1(di+ )| = 1+ |wp (k)]
L+ ptapdp(k)
= 1+ papap(cd’ +k)
1+ ptap,dp(fapa(di+ 7))
Ha,b,dpt1(di + 7).



On the powers of the Collatz function 23
*
7 Transducer for fa,b, d

We present a simple infinite synchronous sequential transducer realizing the
composition closure f* ; = Up>0 fapb g of fapa for b<a#1 and d> 0.

We start by defining a transducer to realize f% with b < a. We just have to
add to the composition closure :;, of the d1V1Slon by 2 in base a, the set 0* of
initial states and a terminal functlon defined according to b_by length induction
that is from the vertex set d” of ‘a9 into the vertex set dr=1 of : 25 1.

Proposition 3. For all 0 <b<a with a>1 and a,b of the same parity,
the relation fL’L*b is realized by the transducer

Tab = (a2,0%w), ) where for all u € {0,1}",
wﬁlwb(Ou) = w;)b(u) and w;,b(lu) = c.w(’lﬁb(v) for 1lu K:;,z Ov.

Proof.
Equations 1 and 2 in the proof of Theorem 1 stipulate that for all p > 0, the
terminal function wj,,; of 7;’7’,3“ is defined recursively for all 0 < ¢ < 2P by
Wi (20) = W)
a+b/
wp1(2i4+1) = cw,(j) for i =, 121_7'

and we have
a+b/

iﬂa”] = Za+a+b =c2P 4+
— (2i+1)a+b= 2Pt +2j

— 2i+1%5 2j. <

a,2p+1

We visualize 7 ; by a cone with ¢ at the tip and circular sections.

Fig. 21. The composition closure f,% in base a.
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The p-th section is the previously given representation of the Euclidean divi-
sion 7, of initial state 0P. The terminal function wy, , is represented as follows:

with a transition Ou — u from any node starting by 0, and a transition 1lu — v

from any node starting by 1 for the transition 1u H Ov of the division by 2/%/+1

in base a. Note that these transitions of the terminal function can only be used

at the end of an accepting path.

Similarly to Proposition 3, we get an explicit description of a transducer realizing
aba for b<a.

Theorem 3. For all integers 0 < b < a # 1 and d > 0, the relation fS, ; 15
realized by the transducer

Tava = Craar0%wapa) with for all u € d* and 0 <i<d,

. . bd/
Wa,b,d(0U) = wep.alw) and wepa(in) = cwqpqa(v) for iu —f:;de Ov.

Theorem 3 states that under the condition b < a # 1, we realize the composi-
tion closure of fq 44 by taking the union :;; ; of the divisions :P. 4 of initial

states 0P, plus a recurrent terminal function.

8 Conclusion

This work focuses on the description of functions on integers and their powers
by deterministic transducers. This has been possible for the functions fg 4
by the choice of the base ad but only under the restriction that b < a. The
generalization to any integers a and b requires a new approach.

For any natural numbers a,b,d with b < a # 1 and d # 0, we have given
an explicit construction of a transducer realizing the closure under composition
of fap,q- In its geometric representation, the disposition of the vertices is well
appropriate for both the transitions of the Euclidean divisions and those of the
terminal function. It might be a new approach to consider the circularity of

lv]
the functions f, .4 namely the existence of paths 07 uv/=O> “ 2 where v is

the terminal word of the vertex z in the transducer of the division by dP in
base ad. However, the circularity of the Collatz function is already considered
as a difficult subproblem of the Collatz conjecture.
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