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MINIMAL DIGIT SETS FOR PARALLEL ADDITION IN
NON-STANDARD NUMERATION SYSTEMS

CHRISTIANE FROUGNY!, EDITA PELANTOVA? AND MILENA
SVOBODOVA 2

Abstract. We study parallel algorithms for addition of numbers having
finite representation in a positional numeration system defined by a base
[ in C and a finite digit set A of contiguous integers containing 0. For a
fixed base 3, we focus on the question of the size of the alphabet allowing
to perform addition in constant time independently of the length of
representation of the summands. We produce lower bounds on the size
of such alphabet A. For several types of well studied bases (negative
integer, complex numbers —1 + 2, 2:, and 2v/2, quadratic Pisot unit,
and the non-integer rational base), we give explicit parallel algorithms
performing addition in constant time. Moreover we show that digit sets
used by these algorithms are the smallest possible.

1991 Mathematics Subject Classification. 11A63, 11R04, 68W10.

1. INTRODUCTION

Since the beginnings of computer science, the fact that addition of two numbers
has a worst case linear time complexity has been considered as an important draw-
back, see in particular the seminal paper of Burks, Goldstine and Von Neumann [5].
In 1961, Avizienis gave a parallel algorithm to add two numbers: numbers are rep-
resented in base 10 with digits from the set {—6,—5,...,5,6}, which allows no carry
propagation [3]. Note that already Cauchy in 1840 considered the representation
of numbers in base 10 and digit set {—5,...,5}, and remarked that carries have
little propagation, due to the fact that positive and negative digits are mutually
cancelling in the addition process, [6].

Since the Avizienis paper, parallel addition has received a lot of attention, be-
cause it is the core of some fast multiplication and division algorithms, see for in-
stance [8]. General conditions on the digit set allowing parallel addition in positive
integer base can be found in [23] and [19].

A positional numeration system is given by a base and by a set of digits. The
base 3 is a real or complex number such that |3| > 1, and the digit set A is a finite
alphabet of real or complex digits. Non-standard numeration systems — where the
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base 3 is not a positive integer — have been extensively studied. When ( is a real
number > 1, this is the well known theory of the so-called (-expansions due to
Rényi [26] and Parry [24]. Special attention has been paid to complex bases, which
allow to represent any complex number by a single sequence (finite or infinite) of
natural digits, without separating the real and the imaginary part. For instance, in
the Penney numeration system every complex number can be expressed with base
—14 and digit set {0, 1}, [25]. The Knuth [18] numeration system is defined by the
base 2¢ with digit set {0,...,3}. Another complex numeration system with digit
set {0, 1} is based on 11/2, see [22].

For designing a parallel algorithm for addition, some redundancy is necessary. In
the Avizienis or Cauchy numeration systems, numbers may have several representa-
tions. In order to have parallel addition on a given digit set, there must be enough
redundancy, see [21] and [19]. Both the Avizienis and the Cauchy digit sets allow
parallel addition, but the Avizienis digit set is not minimal for parallel addition, as
the Cauchy digit set is.

When studying the question on which digit sets it is possible to do addition in
parallel for a given base (3, we restrict ourselves to the case that the digit set is an
alphabet of contiguous integer digits containing 0. This assumption already implies
that the base (3 is an algebraic number. In a previous paper [12], we have shown
that it is possible to find an alphabet of integer digits on which addition can be
performed in parallel when 3 is an algebraic number with no algebraic conjugates
of modulus 1. This digit set is not minimal in general, but the algorithm is quite
simple, it is a kind of generalization of the Avizienis algorithm.

In this work we focus on the problem of finding an alphabet of digits allowing
parallel addition that is minimal in size. The paper is organized as follows:

We first give lower bounds on the cardinality of the minimal alphabet allowing
parallel addition. When f is a real positive algebraic number, the bound is [£].
When £ is an algebraic integer with minimal polynomial f(X), the lower bound is
equal to |f(1)|. This bound can be refined to |f(1)| + 2 when [ is a real positive
algebraic integer.

Addition on an alphabet A can be seen as a digit set conversion between alpha-
bets A + A and A. In Section 4, we show that the problem of parallel addition
on A can be reduced to problems of parallel digit set conversion between alphabets
of cardinality smaller than the one of A + A, Proposition 4.2. We also give some
method allowing to link parallel addition on several alphabets of the same cardi-
nality, namely to transform an algorithm for parallel addition on one alphabet into
algorithms performing parallel addition on other alphabets.

We then examine some popular numeration systems, and show that our bounds
are attained. When (3 is an integer > 2, our bound comes to 8+ 1, and it is known
that parallel addition is feasible on any alphabet of this size, which is minimal,
see [23] for instance.

In the case that the base is a negative integer, 5 = —b, b > 2, the lower bound
we obtain is again equal to b+ 1. We show that parallel addition is possible not
only on the alphabet {0,...,b}, but in fact on any alphabet (of contiguous integers
containing 0) of cardinality b + 1.

We then consider the more general case where the base has the form § = \k/l_),
beZ,|b| >2 and k € N, k > 1. We show that parallel addition is possible on
every alphabet (of contiguous integers containing 0) of cardinality b+ 1. If b > 2,
then this cardinality is minimal (assuming that the expression of § = V/b is written
in the minimal form). We use this result on several examples: The complex base
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B = —1 4 satisfies * = —4, and the minimal alphabet for parallel addition must
have 5 digits, in fact it can be any alphabet (of contiguous integers containing 0) of
cardinality 5. With similar reasoning, also for the Knuth numeration system, with
base 8 = 21, parallel addition is doable on any alphabet (of contiguous integers
containing 0) of cardinality 5. Analogously, in base 8 = 11/2 parallel addition is
doable on any alphabet (of contiguous integers containing 0) of cardinality 3.

We then consider S-expansions, where [ is a quadratic Pisot unit, i.e. the largest
root of a polynomial of the form X2 —aX +1, with a € N, a > 3, or of a polynomial
of the form X2 — aX — 1, with a € N, a > 1. Such numeration systems have been
extensively studied, since they enjoy a lot of nice properties. In particular, by a
greedy algorithm, any positive integer has a finite S-expansion, and it is known that
the set of finite B-expansions is closed under addition [4]. In the case 3% = a3 — 1,
any positive real number has a -expansion on the alphabet {0,...,a—1}. We show
that every alphabet (of contiguous integers containing 0) of cardinality « is sufficient
to achieve parallel addition, so the lower bound |f(1)] + 2 is reached. In the case
(3% = af3+1, any positive real number has a (-expansion on the alphabet {0,...,a}.
We show that parallel addition is possible on any alphabet (of contiguous integers
containing 0) of cardinality a + 2, which also achieves our lower bound |f(1)| + 2.
In both cases, we provide explicitly the parallel algorithms.

One case where the base is not an algebraic integer, but an algebraic number,
is the rational number +a/b, with @ > b > 2. When 8 = a/b our bound is equal
to [a/b], which is not good enough, since we show that the minimal alphabet has
cardinality a +b. We prove that parallel addition is doable on {0,...,a+b—1}, on
the opposite alphabet {—a —b+1,...,0}, and on any alphabet of cardinality a + b
containing {-b,...,0,...,b}. In the negative case, 5 = —a/b, our results do not
provide a lower bound. We show that the minimal alphabet has cardinality a + b,
and any alphabet of such cardinality allows parallel addition.

The question of determining the size of minimal alphabet for parallel addition in
other numeration systems remains open.

2. PRELIMINARIES

2.1. NUMERATION SYSTEMS

For a detailed presentation on these topics, the reader may consult [13]. A po-
sitional numeration system (3, A) within the complex field C is defined by a base
[, which is a complex number such that |3 > 1, and a digit set A usually called
alphabet, which is a subset of C. In what follows, A is finite and contains 0. If a
complex number z can be expressed in the form >, ; 37 with coefficients z; in
A, we call the sequence (z;);<n a (3,.A)-representation of x.

The problem of representability in a complex base is far from being completely
characterized, see the survey [13]. However, when the base is a real number, the
domain has been extensively studied. The most elaborated case is the one of repre-
sentations of real numbers in a non-integer base 3 > 1, the so-called greedy expan-
sions, introduced by Rényi [26]. Denote by T' a transformation 7' : [0,1) — [0,1)
given by the prescription

T(z) = fx — D(x), where D(x) = |Sx].

Then

for any = € [0,1).
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Since T'(z) € [0,1) as well, we can repeat this process infinitely many times, and
thereby obtain a representation of x € [0,1) in the form

D(T(w) | DI*@) | DI , "

B B B s
This representation is called the Rényi expansion or greedy expansion of x and
denoted (x)s. Since the coefficients are D(x) = |z and = € [0, 1), the alphabet of
the Rényi expansion is Cg = {0,1,..., [G] —1}. We will refer to this alphabet as the
canonical alphabet for § > 1. A sequence (x;);>1 such that (z)3 = 0ez zoxs - - - for
some x € [0,1) is called B-admissible. If this sequence has only finitely many non-
zero entries, we say that x has a finite Rényi expansion in the base 3. Let us stress
that not all strings in the alphabet Cg are -admissible. For characterization of
[B-admissible sequences see [24]. If the base ( is not an integer, then some numbers
have more than one representation on the canonical alphabet Cg. It is important
to mention that the Rényi expansion (x)g is lexicographically the greatest among
all representations (x)g over Cg.

In order to find a representation of a number x > 1, we can use the Rényi
transformation 7' as well: At first we find a minimal & € N such that y = z37% €
[0,1), then we determine (y)s = 00 y1y2ys - - - and finally we put (z)g = y1y2- - yr ®
Yk+1Yk+2 - - - If the base § is an integer, say 3 = 10, then the Rényi expansion is
the usual decimal expansion. The Rényi expansion of a negative real number x is
defined as —(|z|) g, which means that one additional bit for the sign =+ is necessary.
In the Rényi expansion of numbers (analogously to the decimal expansion), the
algorithms for addition and subtraction differ.

Since the Rényi transformation 7" uses the alphabet Cg, we can represent any
positive real number z in this alphabet as an infinite word z,, 2, _1 -+ - To®T_17_9 - -.
The numbers represented by finite prefixes of this word tend to number x.

Let us now consider an integer m satisfying m < 0 < m+[]—1, and an alphabet
Am ={m,...,0,....,m+ [F] — 1} of cardinality [3]. Let

E

T = [%, o+ 1).

@

We describe a transformation T, : J,, — J, which enables to assign to any real
number z a (8, A, )-representation. Put

Tn(z) = Bz — Dy (x), where Dy, (z) = | Bz — %J
Since T () — 5% = fr— g2 — Lﬁx—%J € 10,1), we have Tp,, (x) € [%, %—H)
for any z in J,,, and therefore T, maps the interval J,, into J,,,. Moreover, any x
from the interval J,,, satisfies
B e < By +1) ~ 2 =m B and fro gy o m—m

and thus m < |fBz — %J < m+ [B] — 1, d.e. the digit D,,(x) belongs to A,,.
Therefore, each x in J,,, can be written as in (1). Since for any z in R there exists a
power n in N such that BL" is in J,,, all real numbers have a (3, A,, )-representation.

This already implies that the set of numbers having finite (3, .4)-representation is
dense in R.

Let us mention that, if we consider an alphabet A such that A = — A, we can
exploit instead of T}, a symmetrized version of the Rényi algorithm introduced by

Akiyama and Scheicher in [2]. They use the transformation S : [-3,4) — [-3, 1)
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given by the prescription
S(z) = Bz — D(z), where D(z) = Bz + 1].
This expansion has again the form (1), but the digit set is changed into
A=7Z0 (-5, ).

Since the alphabet is symmetrical around 0, it has an odd number of elements. In
general, it can be bigger than the canonical alphabet Cg, but not too much, because
[B] +1 > #A > [B] = #Cs. On the other hand, the Akiyama-Scheicher repre-
sentation has an important advantage: the representation of —z can be obtained
from the representation of = by replacing the digit a by the digit —a. Therefore,
an algorithm for subtraction can exploit an algorithm for addition, and clearly, no
additional bit for indicating the sign is needed.
A more general construction including our T, is discussed in [17].

In the case of base [ being a rational number of the form a/b, with a > b > 1,
a and b co-prime, the greedy algorithm gives a representation on the alphabet
{0,...,[a/b] — 1}, but another algorithm — a modification of the Euclidean divi-
sion algorithm — gives any natural integer a unique and finite expansion on the
alphabet {0,...,a — 1}, see [11] and [1]. For instance, if 8 = 3/2, the expansion of
the number 4 is 21.

Also the negative bases have been investigated. Already in 1885, negative inte-
ger base was described by Griinwald, see [14]. When [ is a real number, (—f)-
expansions have been introduced in [16]. Negative rational bases of the form
8 = —a/b, with a > b > 1, a and b co-primes, have been studied in [11]. Any
integer can be given a unique and finite expansion on the alphabet {0,...,a — 1}
by a modification of the Euclidean division algorithm, so this system is a canonical
numeration system, see [13] for properties and results.

2.2. PARALLEL ADDITION

We consider addition and subtraction in the set of real or complex numbers from
an algorithmic point of view. Similarly to the classical algorithms for arithmetical
operations, we work only on the set of numbers with finite representation, i.e. on
the set

Fina(3) = { S 44 |ICZ, I finite, z; € A}. 2)
JeI
Such a finite sequence (z;);er of elements of A is identified with a bi-infinite string
(z;)jez in AZ, wherein only a finite number of digits z; have non-zero value. The
index zero in bi-infinite strings is indicated by e. So if = belongs to Fin4(53), we
write

(x)g, A =“0xpTp_1--T1T0@T_1T_2---T_s0%
with z = Z;i’is x; 3.
Let z,y € Fina(8), with (y)g,4 = “0ynYn—1---y1Y0 ® Yy—1y—2 - - - y—s0¥. Adding
x and y means to rewrite the (3, A 4 A)-representation

wo(xn + yn) T (xl + yl)(wo + yO) ° (x—l + y—l) T (x—s + y—s)Ow

of the number = + y into a (3, .A)-representation of = + y.
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A necessary condition for existence of an algorithm rewriting finite (3,4 4+ A)-
representations into finite (3, .A)-representations is that the set Fin4(5) is closed
under addition, i.e.

Fina(0) + Fina(B) C Fina(8). (3)
Let us point out that we are not specifically discussing in this paper whether or not
the inclusion (3) is satisfied by a numeration system (3, .4); however, the numera-
tion systems studied in that paper satisfy this inclusion.

As we have already announced, we are interested in parallel algorithms for addi-
tion. Let us mathematically formalize parallelism. Firstly, we recall the notion of a
local function, which comes from symbolic dynamics (see [20]) and is often called a
sliding block code.

Definition 2.1. A function ¢ : A — BZ is said to be p-local if there exist two
non-negative integers r and t satisfying p = r + ¢+ 1, and a function ® : A? — B
such that, for any u = (u;);ez € A% and its image v = p(u) = (v;)jez € BE, we
have v; = ®(ujyy - uj_p) * for every j in Z.

This means that the image of u by ¢ is obtained through a sliding window of
length p. The parameter r is called the memory and the parameter ¢ is called the
anticipation of the function ¢. We also write that ¢ is (¢,r)-local. Such functions,
restricted to finite sequences, are computable by a parallel algorithm in constant
time.

Definition 2.2. Given a base § with |3| > 1 and two alphabets A and B containing
0, a digit set conversion in base 8 from A to B is a function ¢ : A% — BZ such that
(1) for any u = (u;j)jez € A” with a finite number of non-zero digits, v =
(v;)jez = @(u) € BE has only a finite number of non-zero digits, and
@) Y 0,0 = Y u.
JEZ JEL
Such a conversion is said to be computable in parallel if it is a p-local function for
some p € N.

Thus, addition on Fin4(3) is computable in parallel if there exists a digit set
conversion in base 3 from A + A to A which is computable in parallel. We are
interested in the following question:

Given a base 8 € C, which alphabet A allows parallel addition on Fina(3) ?

If we restrict ourselves to integer alphabets A C Z, then the necessary con-
dition (3) implies that § is an algebraic number, i.e. [ is a root of a non-zero
polynomial with integer coefficients. In [12], we have studied a more basic ques-
tion: For which algebraic number § does there exist at least one alphabet allowing
parallel addition? We have proved the following statement.

Theorem 2.3. Let 3 be an algebraic number such that |5] > 1 and all its conjugates
in modulus differ from 1. Then there exists an alphabet A C Z such that addition
on Fing(B) can be performed in parallel.

The proof of this theorem is constructive, the obtained alphabet has the form of
a symmetric set of contiguous integers A = {—a,—a+1,...,—-1,0,1,...,a — 1,a}
and, in general, a is not minimum.

In this article, we address the question of minimality of the alphabet allowing
parallel addition. In the whole text we assume:

e the base (3 is an algebraic number such that |5 > 1,

LCareful! Indices of Z are decreasing from left to right.
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e the alphabet A is a finite set of consecutive integers containing 0 and 1, i.e.
A is of the form

A={m,m+1,...,0,1,... M —1,M}, wherem <0< M and m,M € Z. (4)

Remark 2.4. Despite the usual requirement that a base § is in modulus bigger
than one, we can define the set Fin4(8) even in the case || < 1 and ask whether
addition in this set can be performed in parallel. Since for any 5 € C\ {0}, it holds

Fina () = Fina(3),

a p-local function performing parallel addition can be found either for both the sets

Fin4(8) and FinA(%), or for none of them.

Remark 2.5. Let 8 and v be two different algebraic numbers with the same min-
imal polynomial and o : Q(3) — Q() be the isomorphism induced by o(3) = v. If
A C Z, then

Finy(v) = {o(z) [z € Fina(8)}
and, for any integers a;, b;, c¢;, and for any finite coefficient sets I, I, C Z,

D aj+b)F = ¢ = > (g +b)y = e

Jjenh JEI2 Jje€n JEl2

Therefore, a p-local function performing parallel addition exists either simultane-
ously for both the sets Fin4(7y) and Fin4(f5), or for none of them.

3. LOWER BOUNDS ON THE CARDINALITY OF ALPHABET ALLOWING
PARALLELISM

In this section, we give two lower bounds on the cardinality of alphabet A allowing
parallel addition in the set Fin4(/f3).

Theorem 3.1. Let 8 be a positive real algebraic number, 3 > 1, and let A be a
finite set of contiguous integers containing 0 and 1. If addition in Fing(8) can be
performed in parallel, then #A > [3].

Proof. For any alphabet B, denote

Zp = Zg(p) = {Zsjﬁj | s; e Byne N}.

=0

At first we recall a result from [9]. For an integer ¢ > 0, let Q, = {0,1,...,¢}.
Erdos and Komornik proved the following: If § < ¢ + 1, then any closed interval
[, & + 1] with o > 0 contains at least one point from Zg_, i.e. [a,a+1]NZg, # 0
for any a > 0.

We use the notation m = minA4A < 0 and M = max.4A > 1. Suppose, for
contradiction, that #4 = M —m + 1 < (. In particular, this assumption implies
that, for any n € N:

n—1 n
Ty = "+ Z mB >0 and y,:= ZMﬁj < gt (5)
izo =0

We can see that, for any n € N, y,, > z,, and, additionally, since =, — y,—1 =
p" = Z;Z&(M —m)p > W > 0, we have

T <Y1 <x2<Y2 <23 <Yz <Tqg<Yg<---
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Consider an element x from Z4 = Z4(8). It can be written in the form z =
Zf:o a;j#, with a; € A, where ay # 0. If the leading coefficient a; < —1, then
x = Zﬁ:o a;j¥ < —62—1—25;(1) M 37, and, according to (5), the number x is negative.
It means that any positive element z € Z 4 can be written as x = Zﬁ:o aj 37, where
ag > 1, and, clearly,
Te ST S Yo

Thus, the intersection of Z4 with the open interval (y,_1,z,) is empty for any
n € N, or, equivalently, y,_1 and z, are the closest neighbors in Z4. The gap
between them is x,, — y,—1, and it tends to infinity with increasing n.

The existence of a p-local function performing addition in Fin4(8) implies that,
for any x,y € Z4, the sum z + y has a (3, A)-representation x + y = Z?ifp 2
with z; € A, or, equivalently,

1
ZA+ Za C @ZA.

As 1 € A, for any positive integer ¢ we obtain

1
ZQQCZ_A'F"""ZACWZA (6)
q times

Let us fix ¢ = |3]. Since ¢ +1 > 3, then, according to the result of Erdés and
Komornik, the gaps between two consecutive elements in the set Zg, are at most
1. The set ﬁ%Z A is just a scaled copy of Z 4 and thus ﬁ%Z 4 has arbitrary large
gaps. This contradicts the inclusion (6). O

Remark 3.2. The inequality #A > [3] guarantees that Fin4(3) is dense in R* or
in R, depending on the fact whether the digits of A are non-negative, or not. This
property is very important as it enables to approximate each positive real number
(resp. real number) by an element from Fin 4(3) with arbitrary accuracy.

Using Remarks 2.4 and 2.5 we can weaken the assumptions of Theorem 3.1.

Corollary 3.3. Let 3 be an algebraic number with at least one positive real conju-
gate (possibly (3 itself) and let A be an alphabet of contiguous integers containing 0
and 1. If addition in Fin4(8) can be performed in parallel, then

#A > max{[y]| v or vy is a positive conjugate of (}.

When ( is an algebraic integer, and not only an algebraic number, we can obtain
another lower bound on the cardinality of alphabet for parallelism:

Theorem 3.4. Let 3, with |8| > 1, be an algebraic integer of degree d with minimal
polynomial f(X) = X%—aq 1 X ' —ag X2~ ..—a; X —ag. Let A be an alphabet
of contiguous integers containing 0 and 1. If addition in Fin4(f3) is computable in
parallel, then #A > |f(1)|. If, moreover, 5 is a positive real number, 3 > 1, then
#AZ[f(1)]+2.

Firstly, we prove several auxiliary statements with less restrictive assumptions
on the alphabet than required in Theorem 3.4.

In order to emphasize that the used alphabet is not necessarily in the form (4),
we will denote it by D. We suppose that addition in Finp(5) is performable in
parallel, which means that there exists a p-local function ¢ : (D + D)? — DZ?
with memory r and anticipation ¢, and p = r + t + 1, defined by the function
® : (D + D)? — D, as introduced in Definitions 2.1 and 2.2. We work in the set
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Z[B) = {bo + b1B+b28% + -+ +bg_184"1 | b; € Z}. Since 3 is an algebraic integer,
the set Z[(] is a ring.

Let us point out that the following claim does not assume that the digits are
integers:

Claim 3.5. Let § be an algebraic number, and let D be a finite set such that
0 € D C Z[B]. Then, for any z € D + D, the number ®(2?) — x belongs to the set

(8 = 1Z[B].

Proof. Let us denote y := ®(2P). For any n € N, we denote by S,, the number
represented by the string

“Og---x gxx-- -zox e x---x0%. (7)
—_—
t times n times r times

After the conversion by function ®, we obtain the second representation of the
number S,,:

wOU]pflw;D72 < W2 W yyy e yyy [ @1@2 e iUVp710W7 (8)
—_——

n times
where
w; = o(0’xP ) €D and w; =@ I0)eD for j=1,2,....,p—1. (9)
Put W :=w,_1P" 2+ +wz+w; and W=, 872 +- A+ Wp_o S+ Wp_1. Let

us stress that neither W nor W depend on n. Comparing both the representations
(7) and (8) of the number S,,, we obtain

n+t—1 n—1
Su=w Y H =W +yY F WA,
j=-r 7=0
i.e.
ﬁn-{-t ﬁn

1
+WpBP* for any neN. (10)

S Z B =Wg"+y

j=-—r

B -
Subtracting these equalities (10) for n = £+ 1 and n = ¢, we get
BB = W W+ ys = (@ - ) =W(E-1)+y—z  (11)

Since gt — 1= (8- 1)(B"t +---+ B+ 1), the number y — x can be expressed in
the form (8 — 1) >, w};. A" with w), € Z. 0

A technical detail concerning the value of W in the course of the previous proof
(Equation (11)) will be important in the sequel as well. Let us point out this detail.

Corollary 3.6. Let 8 be an algebraic number, & C Z[B] and D C Z[S] be two
alphabets containing 0. Suppose that there exists a p-local digit set conversion & :
E% — D” defined by the function Z:EP — D, p=r+t+1. Then

p—l t_ =D
ZE 0l xP=7)pi~t xﬁﬂiul(x) forany xe€f.
j=1
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Claim 3.7. Let 8 be an algebraic integer and let D be a finite set of (not necessarily
contiguous) integers containing 0. Then

®(2P) =2 mod |f(1)] for any z € D+ D.

Proof. According to Claim 3.5, the number 3—1 divides the integer ®(af)—z = y—=x
in the ring Z[f], i.e.

y—x=(B—-1(co+cif+-+cq 1841 for some co,ci,...,cq1 € Z.

As B = a4 18 +ag_2872 + -+ + a18 + ag and powers 3%, 81, 5%, ..., 3971 are
linearly independent over Q, we deduce

Yy—x = —Co+ci—1a0
0 = co—c1+cg1aq
0 = c—ca+cgara2
0 = cqg—3—cCa—2+cCa-1aq-2
0 = cqg—2—C4—1+cqg—10g9-1

Summing up all these equations, we obtain
y—ax=—-cg1(l—ap—ay - —aq_1) = —cqg—1f(1),

which implies Claim 3.7. O

The following claim again allows a more general alphabet, but the base must be
a positive real number.

Claim 3.8. Let 3 be a real algebraic number, 8 > 1, and let D be a finite set,
such that 0 € D C Z[f]. Denote A = minD and A = maxD. Then ®(AP) # A and

D(AP) £ A.

Proof. Firstly, let us assume that ®(AP) = A. Put z = A and y = A into (10) and
use (11) for determining W. We get

ﬁnﬂ Lia Z 3= <A—t—/\ﬁ—>6"+/\6; 11+Wﬂ s

After cancellamon of the same terms on both sides, we have to realize that =

B 1
Z(;o 1 ﬁj , all digits in W are at least A, and our base 3 > 1. Therefore, we obtain
L =1
- _ =7 > _ _
SIS S R
j=r+1 j=1 Jj=p

which yields a contradiction, as the left side is negative, but the right one is non-
negative.

The proof of ®(AP) #£ A is analogous. O

Claim 3.9. Let 3 be a real algebraic number, 8 > 1, and let D be a finite set,
such that 0 € D C Z[3]. Denote A = minD and A = maxD. Then ®(AP) # A. If,
moreover, A # 0 then ®(\P) # \.
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Proof. We prove the claim by contradiction. Let us assume ®(A?) = A. For any
g € N, denote T, the number represented by

OA---A oA A (20)(2A)--- (2A)(2A) 0. (12)
t times r times q times

After conversion by the function ®, we get
YO0Wp—1Wp—2 - - WoW] ® 2122 - Zpyiyq 07, (13)

where w; are defined in (9) for # = A and z; € D. The value W = 3707, wjﬁjfl

computed by (11) is now W = A% =A E;:é 7. Using the representations (12)
and (13) for evaluation of the number T, and the fact that z; < A for any j, we
obtain

—r—1 r+t+q r+it+q )
D SETEND SRS SETEETV S ST
j=-r j=—-r—gq j=1
and thus
—r—1 —r—1 o]
Ay o ZﬁquﬂJ = > M< X 87
j=-r Jj=-r—q Jj=-T—q j=q+r+1
Summing up both sides of the last inequality, L ﬁ;:ll < Bqlﬂ ﬁ for all

q € N, thus a contradiction.
The proof of ®(A\P) # X is analogous. O

Now we can easily deduce the statement of Theorem 3.4:

Proof. Let A={m,m+1,...,M —1, M} be a set of contiguous integers containing
Oand 1, s.e. m <0< M.

Firstly, consider the base 3 as any algebraic integer of modulo greater than 1. If
|f(1)] = 1, there is nothing to prove. Therefore, suppose now that | f(1)| > 2. Since
M+1 € A+ A, then, according to Claim 3.7, the digit ®((M+1)?) < M is congruent
to M +1 modulo |f(1)|. Therefore, necessarily, M +1—|f(1)| = (M +1)?) = m
This implies the claimed inequality #4 =M —m+ 1 > |f(1)].

Now suppose that § > 1. According to Claims 3.8 and 3.9, the digits M, m, and
O (MP) are distinct, i.e. the alphabet A contains at least three elements. Therefore,
for the proof of #.A > |f(1)|+2, we can restrict ourselves to the case |f(1)] > 2. As
M > ®(MP) > m and ®(MP) = M mod |f(1)], we have M — |f(1)| = ®(MP) >
m + 1. It implies the second part of the claim, namely that #4 =M —m +1 >
[F ()] +2. O

The assumptions of the previous Claims 3.7, 3.8, and 3.9 are much more relaxed
than the assumptions of Theorem 3.4. Therefore, modified statements can be proved
as well. For instance, the following result holds.

Proposition 3.10. Given 8 > 1 an algebraic integer with minimal polynomial
f(X), let D be a finite set of (not necessarily contiguous) integers containing 0,
such that gcd D =1 and minD < 0 < maxD. If addition in Finp(B) is computable
in parallel, then #D > |f(1)| + 2.

Remark 3.11. Exploiting Remarks 2.4 and 2.5, we may also strengthen Theo-
rem 3.4.
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(1) If a polynomial f(X) € Z[X] of degree d is the minimal polynomial of
B, then g(X) = de(%) is the minimal polynomial of %, and, moreover,
f(1) = g(1). Therefore, the assumption “g is an algebraic integer” in
Theorem 3.4 can be replaced by “f or % is an algebraic integer”.

(2) Even the second part of Theorem 3.4 can be applied to a broader class of
bases. The lower bound #A4 > |f(1)| + 2 remains valid even if 3 is an
algebraic integer and one of its conjugates is a positive real number greater
than 1.

4. ADDITION VERSUS SUBTRACTION AND CONVERSION

As we have already mentioned, addition in the set Fin4(3) can be interpreted
as a digit set conversion from alphabet A + A into alphabet A. Let us point out
that, if addition of two numbers can be performed in parallel, then addition of
three numbers can be done in parallel as well, and the same holds for any fixed
number of summands. This implies that, if {—1,0,1} C A, then subtraction of two
numbers from Fin 4(3) can be viewed as addition of fixed numbers of summands, and
therefore, no special study of parallelism for subtraction of (3, .4)-representations
is needed.

On the other hand, if the elements of A are non-negative and the base 3 is a real
number greater than 1, then the set Fin4(3) C [0, +00) is not closed under subtrac-
tion. We may investigate only the existence of a parallel algorithm for subtraction
y—x for y > x. But even if Fin4(f) is closed under subtraction of y — x for y > =,
it is not possible to find any parallel algorithm for it. Let us explain why: Suppose
that subtraction is a p-local function ¢. Then ¢ must convert a string with a finite
number of non-zero digits into a string with a finite number of non-zero digits. It
forces the function ® associated with ¢ (see Definition 2.1) to satisfy ®(0P) = 0.
Therefore, the algorithm has no chance to exploit the fact that y > z, when the
(8, A)-representation of y is “010™ e0* and the (3, .A)-representation of = is “01e0“.

Therefore, we are going to focus only on addition of (3, A)-representations. We
start with setting some terminology:

Definition 4.1. Let 8 with |3] > 1 be fixed, and consider ¢ and K from Z, K > 2.
The parameters ¢ and K must be such that 0 is always an element of the considered
alphabets (both before and after the conversion).

e Smallest digit elimination (SDE) in base (3 is a digit set conversion from
{¢,...;c+ K} to{c+1,....,c+ K}.

o Greatest digit elimination (GDE) in base (3 is a digit set conversion from
{¢,...;c+ K} to{c,....,.c+ K —1}.

The following result enables to replace the alphabet A+ A entering into conver-
sion during parallel addition by a smaller one. When looking for parallel algorithms
for addition on minimal alphabets, we will separately discuss the case when an
alphabet contains only non-negative digits.

Proposition 4.2. Let A={m,m+1,...,M —1, M} be an alphabet of contiguous
integers containing 0 and 1 and let 3 be the base of the respective numeration system.

(1) If m =0, then addition in Fin4(8) can be performed in parallel if, and only
if, the conversion from AU{M + 1} into A (greatest digit elimination) can
be performed in parallel.

(2) Suppose that {—1,0,1} C A. Then addition in Fina(5) can be performed
in parallel if, and only if, the conversion from AU{M + 1} into A (greatest
digit elimination) and the conversion from {m — 1} U A into A (smallest
digit elimination) can be performed in parallel.
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Proof. 1. Consider x and y from Fing(3), and let z = x 4+ y. The coefficients of
z are in {0,...,2M}, so z can be decomposed into the sum of 2’ with coefficients
in {0,...,M + 1} and 2" with coefficients in {0,...,M — 1}. According to the
assumption of Statement 1, 2’ is transformable in parallel into w with coefficients
in A. So w+ 2" has coefficients in {0,...,2M — 1}. We iterate this process until
the result is on A, knowing that we have to repeat M such iterations (i.e. a finite
fixed number of iterations).
2. Analogous to the proof of Statement 1; and, again, the number of such iterations
is finite and fixed, this time at max{M, —m}.

O

In the sequel we will discuss only questions about parallel addition on Fin4(3).
Nevertheless, parallel addition is closely related to the question of parallel conversion
between different alphabets.

Corollary 4.3. Let A and B be two alphabets of consecutive integers containing 0.

(1) Suppose that {—1,0,1} C A and addition on Fina(8) can be performed in
parallel. Then conversion from B into A can be performed in parallel for
any alphabet .

(2) Suppose that conversion from B to A and conversion from A to B can be
performed in parallel. Then parallel addition on Fin4(8) can be performed
in parallel if, and only if, parallel addition on Fing(B3) can be performed in
parallel.

Proof. 1. Possibility of parallel addition on Fin4(/3) implies that conversion

from A+A+---+A into A
—_—
k times

can be made in parallel for any fixed positive integer k. Any finite alphabet B is a
subset of A+ A+ --- 4+ A for some k. This proves Point 1.

k times
2. Let us assume that parallel addition is possible on Fin4(8). To add two num-
bers x and y represented on the alphabet B, we at first use parallel algorithm for
conversion from B to A, then we add these numbers by parallel algorithm acting on
Fin4(8) and finally we use parallel algorithm for conversion back from A to B. O

We now show how a parallel algorithm acting on one alphabet can be modified
to work on another alphabet. First we mention a simple property.

Proposition 4.4. Given a base § € C, B an algebraic number, and two alphabets
A and B containing 0 such that AUB C Z|S]. Then conversion in base 3 from A to
B is computable in parallel by a p-local function if, and only if, conversion in base
B from (—=A) to (=B) is computable in parallel by a p-local function.

Proof. Let ¢ : AZ — B” be p-local, defined by ® : A? — B. Conversion from the
alphabet (—A) = {—a|a € A} to (—B) is computable in parallel by the p-local
function ¢ : (—A)%? — (—B)” which uses the function ® : (—A)? — (—B) defined
for any x1,z2,...,z, € (—A) by the prescription

(I)($1I2 e 'Ip) = —(I)((_Il)(_'rl) e (_IZD)) )

which implies that ®(07) = —®(0?) = 0. O

The next result allows to pass from one alphabet allowing parallel digit set con-
version to another one. First we set a definition.
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Definition 4.5. Let A and B be two alphabets containing 0 such that AUB C Z[f].
Let ¢ : A — BZ be a p-local function realized by the function ® : A? — B. The
letter h in A is said to be fized by ¢ if ©(“h e h*) = “h e h¥ or, equivalently,
®(hP) = h.

Theorem 4.6. Given a base € C, 5 an algebraic number, and two alphabets A
and B containing 0 such that AUB C Z|[f)], suppose that conversion in base 3 from
A to B is computable by a p-local function ¢ : A — BZ.

If some letter h in A is fized by ¢ then conversion in base 3 from A’ = {a—h|a €
A} to B ={b—h|be B} is computable in parallel by a p-local function.

Proof. Let & : AP — B be the function realizing conversion from A to B, with
memory 7 and anticipation ¢ satisfying p = r + ¢ + 1. It means that for any
u = (uj) € A? such that u has only finite number of non-zero entries, we have after
conversion the sequence v = ¢(u) such that

e v = (v;) € BZ has only finite number of non-zero entries;
o v = @(ujﬂ S UG UGU -uj_y) for any j € Z;
* Xien il =3 e v

For any z1,...,zp € A" we define
U(z1@o- - ap) = ®((@1 + h)(z2 + h) - (xp + h)) — h. (14)

It is easy to check that W : (A")? — B’. Denote by 1 : (A')% — (B')% the p-local
function realized by the function ¥. We will show that the function v performes
conversion from A’ to B’.

As ®(hP) = h we have U(0P) = ®(h?) — h = 0. Consequently, v' = 1(u’) has
only a finite numbers of non-zero digits of the form

v‘;:‘y(u;‘+t'.'u;—.'.u;‘7'f‘)

for any u' € (A’)” with a finite number of non-zero entries u. It remains to show
that
T SPE LT
= ez ez

Before verifying the previous statement, we deduce an auxiliary equality. Put L :=
max{j € Z|u} # 0} and define u = (u;) € A” as

ui+h if j<L
uj = h if L<j<L+p-1
0 if j=>2L+p

As ¢ realizes conversion from A to B, we have

NN WIE IR S THNRIAE S e

J<LAp—1 J<L JEL JEL JEL

Let us split the last sum into three pieces

L+p+r—1
P1 = Z ’Ujﬁ], P2 = Z ’Ujﬁj and P3 = Z ’Ujﬁ] .
i=L+p+r j=L+r+1 F<L+r
In the first sum, v; = ®(0P) = 0, as for j > L+p+r, all arguments wjy¢, ..., uj, ..., Uj—r

of the function ® are zeros, i.e., P = 0.
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In the second sum P, the first coeflicient is vp4rq41 = P(up4p - Ur41) =
D (0hP~1), the second one is vr 4o = P(uripr1 - - urt2) = P(0?AP~2), ete. Using
Corollary 3.6, we obtain

p—l 4 o gt —1
Py = Mty a0/ hr )BT = gL+T+1h—6 —

Jj=1

Since EjeZ v; 37 = P; + Py + P3, we may calculate the value of P; using (16)

Zuﬂj-i-h Z B — 6L+r+1h _Z ﬁj—t—hZﬁj (17)

J<L J<L+p—1 J<L J<L+r

All coefficients v}s in the sum Py are of the form v; = ®((u},, +h)--- (u}_, + h)).
We have thus shown that

ST (W +h) W, +R)F =D Wi R Y B (18)

J<L+r J<L J<L+r

Let us come back to the task to show (15). In the right sum of (15), all arguments
Wiy Why o uf_ o of Woare zero for j > L+ r, and therefore v} = W(0P) =
®(hP) —h = 0. In the left sum of (15), all coefficients u; are for j > L equal to zero

as well. So we have to check whether

Z%ﬁa — Z \I/(u;+tu;u;_T)6J

J<L G<LAr

Because of the definition of ¥ in (14), this relation is equivalent to Equation (18).
O

Remark 4.7. For deduction of (16), we have applied the mapping ¢ to the word
u="“0Ur4p_1UL4p—2 " Up®U_1U_2--- with infinitely many non-zero entries. Let

us explain the correctness of this step. Denote by 1™ the word “OUL4p—1UL4p—2 - -~ UQ®
u_1---u_np0¥. Since u(™ has only a finite number of non-zero digits, we know that
the value corresponding to ¢(u(™)) equals the value corresponding to v(™) = @(u(™).
Clearly u,, — u and @(u(™) — p(u) as n — oo in the product topology. The same

is true for the numerical values represented by these words.

In the following sections, we give parallel algorithms for addition in a given base
on alphabets (of contiguous integers) containing 0, of the minimal cardinality K
While doing so, we favour the method of starting with an alphabet containing
only non-negative digits, and writing a parallel algorithm for the greatest digit
elimination, Algorithm GDE(3), converting representations on {0,1..., K —1, K}
into representations on {0,1..., K — 1}. By Proposition 4.2, parallel addition is
thus possible on {0,1..., K —1}. In order to show that parallel addition is possible
also on other alphabets (of the same size), we use the following corollary.

Corollary 4.8. For K,d € Z, where 0 < d < K — 1, denote

Ag=1{—d,...,0,.... K —1—d}.

Let ¢ be a p-local function realizing conversion in base 3 from Ag U{K} to Ag. If
both letters d and K — 1 — d are fixed by ¢, then parallel addition is performable in
parallel on A_4 as well.



16 TITLE WILL BE SET BY THE PUBLISHER

Proof. According to Theorem 4.6, conversions from {—d,...,0,..., K—1—d, K —d}
into {—d,...,0,...,K —1—d} and also from {-K +1+4d,...,0,...,d+ 1} into
{—-K—1+d,...,0,...,d} are performable in parallel. According to Proposition 4.4,
conversion from {—d —1,...,0,..., K — 1 —d} into {—d,...,0,..., K —1—d} is
performable in parallel, as well. Using Proposition 4.2 Point (2), addition on the
alphabet A_4 can be made in parallel. O

5. INTEGER BASE AND RELATED COMPLEX NUMERATION SYSTEMS

In this section, we consider some well studied numeration systems, where the
base is an integer, or a root of an integer. Parallel algorithms for addition in these
systems can be found in [10], but the question of minimality of the alphabet was
not discussed there.

5.1. POSITIVE INTEGER BASE

If the base [ is a positive integer b > 2, then the minimal polynomial is f(X) =
X — b, and Theorem 3.4 gives #A > |f(1)] +2 = b+ 1. It is known that parallel
addition is feasible on any alphabet of cardinality b + 1 containing 0, in particu-
lar on alphabets A = {0,1,...,b} and A = {—1,0,1,...,b — 1}, see for instance
Parhami [23]. In the case that b is even, b = 2a, parallel addition is realizable on
the alphabet A = {—a,...,a} of cardinality b + 1 by the algorithm of Chow and
Robertson [7].

5.2. NEGATIVE INTEGER BASE

If the base ( is a negative integer, 3 = —b, b > 2, then the minimal polynomial
is f(X) = X + b, and Theorem 3.4 gives the bound #.A4 > |f(1)| = b+ 1. In this

section we prove

Theorem 5.1. Let § = —b € Z, b > 2. Any alphabet A of contiguous integers
containing 0 with cardinality #A = b+ 1 allows parallel addition in base B = —b
and this alphabet cannot be further reduced.

Any alphabet of contiguous integers containing 0 which has cardinality b+ 1 can
be written in the form

Ag={-d,...;0,...,b—d} for 0<d<b—1.

For proving Theorem 5.1, we firstly consider the alphabet consisting only of non-
negative digits, i.e., the alphabet Ag.

Algorithm GDE(-b): Base § = —b, b > 2, parallel conversion (greatest digit
elimination) from {0,...,b+ 1} to {0,...,b}.

Input: a finite sequence of digits (z;) of {0,...,b+ 1}, with z =3 2,;47.
Output: a finite sequence of digits {0,...,b}, with z = 2,47,

for each j in parallel do

zj=b+1 L
1. case{ 2 =b and z_, =0 } then ¢; :=1

if zj=0 and z;_1 20 then ¢; := —1
else q =0
2. Zj =25 — bq7 —qj—1
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new

Proof. Let wj = zj — bg;, and 27° = w; — q;—1 after Step 2 of the algorithm.
o If z; =b+1, then w; = 1. Thus 0 < z‘?ew <2<
e For z; = b and z;_1 = 0, we get w; = 0. Since gj—; < 0, the resulting
27w € {0,1}.
e For z; =b and z;_; # 0, we obtain w; = b. Since g;_1 # —1, the resulting
zpe € {b—1,b}.
e When z; = 0 and z;_; > b, then w; = b, and b — 1 < zgmw < b, because
qj—1 = 0.
e When z; = and z;_1 < b —1, then w; = 0. Since ¢;—1 # 1, we obtain
0< 27 < 1.
o If 1<z <b—1,then 0 < 21" < b, as ¢; € {—1,0,1}.
Note that we obtain ¢; # 0 only if z; itself or its neighbor z;_; are different from
zero; it means that the algorithm is correct in the sense that it does not create a
string of non-zeros from a string of zeros. The input value z equals the output value
z thanks to the fact that the base 3 satisfies f7+! + 037 = 0 for any j € Z. This
parallel conversion is 3-local, with memory 2 and anticipation 0, i.e. (0,2)-local
since 2}/ depends on (zj, 21, 2j-2). O

Let us prove Theorem 5.1.

Proof. Proposition 4.2 and the previous Algorithm GDE(—b) imply that parallel ad-
dition is possible in the alphabet Ay = {0,1,...,b}. Moreover, Algorithm GDE(—b)
applied to the infinite sequence u = “h e h* gives the infinite sequence p(u) =
“h e h* for any h € {0,1,...,b}. Therefore, d and b — d are fixed by ¢ for any
d € {0,1,2,...,b}. Corollary 4.8 gives that parallel addition is possible on any
alphabet A_; = {—d,...,,b—d} for d € {0,1,2,...,b}. The minimality of the
alphabet A_4 follows from Theorem 3.4. 0

5.3. BASE /b, b INTEGER, |b| > 2

Here we will use that 3 is a root of the polynomial X* —b, but this not in general
the minimal polynomial.

Proposition 5.2. Let § = /b, b in Z, |b| > 2 and k > 1 integer. Any alphabet
A of contiguous integers containing 0 with cardinality #A = b+ 1 allows parallel
addition.

The proof follows from the fact that v = ¥ = b and the results of Sections 5.1
and 5.2 applied to base 7.

For the sake of completeness we give below the algorithms for the greatest digit
elimination in base 8 = ¥/b, b > 2 and in base 8 = /=b, b > 2.

Algorithm GDE(/b): Base § = ¥/b, b > 2, parallel conversion (greatest digit
elimination) from {0,...,b+ 1} to {0,...,b}.

Input: a finite sequence of digits (z;) of {0,...,b+ 1}, with z =3 2;37.
Output: a finite sequence of digits {0,...,b}, with z = 2,47,

for each j in parallel do

1. case{ 2 =b and zj_j, > b } then ¢; :=1

else g =0
2. zj = z; — bqj + qj—x
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Algorithm GDE(/—b): Base 3 = v/—b, b > 2, parallel conversion (greatest digit
elimination) from {0,...,b+ 1} to {0,...,b}.

Input: a finite sequence of digits (z;) of {0,...,b+ 1}, with z =3 2,;37.
Output: a finite sequence of digits (z;) of {0,...,b}, with z =" 2,37,

for each j in parallel do

zj=b+1 L
1. case{ 2 =b and zj_j, =0 } then ¢; :=1

if zj =0 and zj_p >b then ¢; := —1
else g =0
2. Zj =25 — bq]' —qj—k

Note that in general, we cannot say that the minimal cardinality of an alphabet
for parallel addition is equal to b+ 1, since the polynomial X* —b might be reducible.
But we have the following result. We say that § = /b is written in the minimal
form if b # " where k' > 2 divides k. Otherwise, 3 could be written as 8 = *\/c
with k& = K'k".

Lemma 5.3. Let § = /b, with b € N, b > 2 and k positive integer, be written in
the minimal form. Then the polynomial X* — b is minimal for 3.

Proof. Let us suppose the opposite fact, i.e. that the polynomial

k1 it
XF_p= H(X—e ; %)
=0

is reducible. One can write X* — b = f(X)g(X), where f(X) and g(X) are monic
polynomials belonging to Z[X], the polynomial f(X) is irreducible and its degree
m satisfies 1 <m < k. Let f(X) = X"+ fr 1 X™ L+ + f1X + fo. All m roots
of f are roots of X* — b as well, i.e. of the form Vb times a complex unit. The
product of roots of f(X) is equal to (—1)™ fy, so we have

’

fol = (VB)" =¥ =¥

where 7t = ’;j—,l and m’ and k" are coprime. Let |fo| = p{* -+ p®" be the decompo-
sition into product of distinct primes p1,...,p,. Then
bm, = plf/al .. .pk,a"'
ks
and thus m' divides k’cy; for all j = 1,2,...,7. Since k' and m’ are coprime, m/

divides a; and therefore a; = m'a’;. We can write

0/1 o K 1’4
b=(p1 ---pﬂ) =:c’.

As 1> 7 = ’,?—/, the number &’ > 2 and k' divides k — a contradiction with the
minimal form of (. O

Corollary 5.4. Let 3 = /b, b in N, b > 2 and k > 1 integer, written in the
minimal form. Parallel addition is possible on any alphabet (of contiguous integers)
of cardinality b+ 1 containing 0, and this cardinality is the smallest possible.
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Proof. Since f(X) = X* — b is the minimal polynomial of 3, the lower bound of
Theorem 3.4 is equal to |f(1)] +2=b+ 1. O

We now present several cases of complex bases of the form § = /=b, b in N,
b>2.

The complex base 3 = —1 + 1 satisfies % = —4. Its minimal polynomial is
f(X) = X?+42X +2, and the lower bound on the cardinality of alphabet allowing
parallel addition (from Theorem 3.4) is |f(1)| = 5. It has been proved in [10] by
indirect methods that parallel addition on alphabet A = {—2,...,2} is possible;
and, due to Theorem 3.4, this alphabet is minimal.

Corollary 5.5. In base 3 = —1+1, parallel addition is possible on any alphabet of
cardinality 5 containing 0, and this cardinality is the smallest possible.

Remark 5.6. With a more general concept of parallelism (k-block p-local function,
see [19]), there is a result by Herreros [15] saying that addition in this base is
realizable on {—1,0,1} by a 4-block p-local function.

The complex base 8 = 22 has X2 +4 for minimal polynomial, so the lower bound
given by Theorem 3.4, equal to 5, is attained.

Corollary 5.7. In base 8 = 21, parallel addition is possible on any alphabet of
cardinality 5 containing 0, and this cardinality is the smallest possible.

Similarly the complex base 8 = 2v/2 has X? + 2 for minimal polynomial, so the
lower bound given by Theorem 3.4, equal to 3, is attained.

Corollary 5.8. In base 3 = /2, parallel addition is possible on any alphabet of
minimal cardinality 3 containing 0.

6. QUADRATIC PISOT UNITS BASES

6.1. BASE 8 ROOT OF X2 =aX — 1

Among the quadratic Pisot units, we firstly take as base § the greater root of the
polynomial f(X) = X? —aX + 1 with a > 3. Here, the canonical alphabet of the
numeration system related to this base by means of the Rényi expansion (greedy
algorithm) is the set C = {0,...,a — 1} of cardinality #C = a.

The numeration system given by this base (, alphabet C, and the Rényi ex-
pansions is restricted only to representations x = 3 y x;37, where not only the
digits must be from the alphabet C, but also the representations must avoid any
string of the form (a — 1)(a — 2)"(a — 1) for any n € N. With this admissibility
condition, the numeration system has no redundancy. In order to enable parallel
addition, we always have to introduce some level of redundancy into the numera-
tion system. In this case, we prove that it is sufficient to stay in the same alphabet
A:=C=1{0,...,a— 1}, we only need to cancel the restricting condition given by
the Rényi expansion, so that all the strings on C are allowed.

The lower bound on the cardinality of alphabet for parallel addition given by
Theorem 3.4 for this base is equal to |f(1)] +2 = a, which is just equal to the
cardinality of C. We show below that the canonical alphabet C = {0,...,a — 1}
already allows parallel addition. At the same time, the cardinality of this alphabet
C is equal to [#] = a, and thus this example demonstrates that also the lower bound
given by Theorem 3.1 cannot be further improved in general.

According to Proposition 4.2, we know that, for parallel addition on the alphabet
A =1{0,...,a — 1}, it is enough to show that parallel conversion (greatest digit
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elimination) from {0,...,a} to A is possible. To perform conversion from A + A
to A, we then use several times greatest digit elimination (GDE). However, the
repetition of GDE may increase the width p of the sliding window in the resulting
p-local function. To illustrate this phenomenon, we provide below the complete
algorithm for parallel addition, which uses GDE just once and then in Remark 6.2
we compare the value of the width p for both approaches.

Algorithm A: Base 3 satisfying 3% = a3 — 1, with a > 3, parallel conversion from
{0,...,2a—2} to {0,...,a}.

Input: a finite sequence of digits (z;) of {0,...,2a — 2}, with z =" z;47.
Output: a finite sequence of digits (z;) of {0,...,a}, with z =3 2,;37.

for each j in parallel do

Zi = a
1. case 7z then ¢; := 1
{ zj=a—1 and zj41 2 a and 2;_1 = a 4

else q; =0
2. Zj 1= 2zj — agj + gj+1 + ¢j—1

Proof. For correctness of Algorithm A, we have to show that the value z7°* =
zj —aq; +¢j+1+q;—1 belongs to the alphabet {0, 1,...,a} for each j. Let us denote
wj 1= zj — agj, t.e. ziY = wj + qj41 + ¢j-1-
o If z; €{0,...,a—2}U{a,...,2a—2}, then w; € {0,...a—2}, and therefore
27 =w; + ¢j+1+¢qj—1 € {0,...a}.
e When z; = a — 1 and both its neighbors z;+1 > a, then w; = —1 and
¢j+1 = ¢j—1 = 1. Thus 27 = 1.
e lf 2; =a—1,and zj_1 < aor zj11 < a, then w; = a —1 and gj4; or
gj—1 = 0. Now 27" € {a — 1,a}.

The output value z equals the input value z thanks to the fact that 712 —qpi+! +
37 = 0 for any j € Z. Besides, it is to be noted that z; = 0 implies ¢; = 0, and
therefore, the algorithm cannot assign a string of non-zeros to a string of zeros. [

We then realize the greatest digit elimination in parallel. Let us denote by 8~
the root larger than 1 of the equation X2 =aX — 1, a > 3.

Algorithm GDE(37): Base 3 = 3~ satisfying 3% = a8 — 1, with a > 3, parallel
conversion (greatest digit elimination) from {0,...,a} to {0,...,a — 1} = A.

Input: a finite sequence of digits (z;) of {0,...,a}, with z =" 2;37.
Output: a finite sequence of digits (z;) of {0,...,a — 1}, with z = z;47.
for each j in parallel do

Zj =a

zj=a—1 and (zj+1 Zza—1 orzj_ 2@—1)

1. case { Zj=a—2 andzj;1=a and z; 1 =a

zj=a—2 and zj41 =a and z;_1 =a—1 and 2;_9 >2a—1
zj=a—2 and zj_1=a and z;41 =a—1 and zj,9 > a—1

zj=a—2 and zj4+1 =a—1 and zj40 2 a—1
then g; :=1

else qj =0
2. Zj 1= Zj — agj + gj+1 + ¢j—1

Proof. Let us denote again wj := z; — aq;, i.e. 27" = w; + qj+1 + gj—1-
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o If z; € {0,...,a — 3} U {a}, then w; € {0,...a — 3}, and therefore 27" =
w;j +gj+1+¢j—1€1{0,...a—-1} = A

e When z; =a—1,and z;_1 2 a—1or zj41 > a—1, then w; = —1 and
¢j+1+qj-1 € {1,2}. Thus 27" € {0,1} C A.

e When z; = a — 1 and both its neighbors 241 < a—1, then w; = a—1 and
gj+1 =¢j—1 =0. Now 27" =a - 1€ A

o If z; =a —2 and ¢; = 1, then necessarily gj+1 = 1. Since w; = —2, we get
2 =0€e A

o If z; = a—2 and g; = 0, then necessarily ¢;_1 or ¢;4+1 equal 0, and therefore
gj+1+qj—1 € {0,1}. As wj = a—2, the resulting 27" € {a—2,a—1} C A.

Again, the equation 712 — a3/t 4+ 37 = 0 for any j € Z ensures that the output
value z equals the input value z. For z; = 0 we always have ¢; = 0, so the algorithm
cannot assign a string of non-zeros to a string of zeros. O

Now we can proceed by summarizing the algorithm for parallel addition:

Algorithm I: Base 3 satisfying 82 = a8 — 1, with @ > 3, parallel addition on
alphabet A = {0,...,a — 1}.

Input: two finite sequences of digits (z;) and (y;) of {0,...,a—1}, with z = > ;3
and y = > y; 0. _
Output: a finite sequence of digits (z;) of {0,...,a—1} such that z = z+y = Y z;47.

for each j in parallel do

0. v =T + Y

1. use Algorithm A with input (v;) and denote its output (w;)

2. use Algorithm GDE(8~) with input (w;) and denote its output (z;)

Theorem 6.1. Let 3 > 1 be a root of X2 =aX — 1, witha >3, a €N, and let A
be the canonical alphabet A = {0,...,a — 1} associated with this base 3. Addition
in Fina () is a p-local function with p = 11. The alphabet A is the smallest one
for parallel addition.

Proof. In Algorithm A, the output digit z7“ depends on input digits (Zj+2,- -, 2j—2),
so it is a (2,2)-local function. In Algorithm GDE(3™) the output digit 27" depends
on input digits (zj43,...,2j—3), and thus it is a (3, 3)-local function. Algorithm I is
a composition of Algorithms A and GDE(™), so the resulting function is a compo-
sition of the two local functions, (2,2)-local and (3, 3)-local. Overall, the addition in
base (3, fulfilling 32 = a3 —1 for a > 3, as performed by Algorithm I, is a (5, 5)-local
function, i.e. 11-local. O

Remark 6.2. According to Proposition 4.2, we need only Algorithm GDE(3™) for
performing parallel addition on A = {0,...,a — 1} in the base 5% = a8 — 1, with
a > 3. In order to obtain the sum z + y, we would apply Algorithm GDE(5™)
repeatedly (a — 1)-times. The function performing parallel addition in this way
would then be (3a — 3,3a — 3)-local. On the other hand, Algorithm I, exploiting
firstly Algorithm A and then only once the Algorithm GDE(37), reduces the size
of the sliding window, i.e. the parameters of the local function are only (5,5).

Now we are going to show that parallel addition for base 3% = af — 1, with
a > 3, a € N, is feasible also on any alphabet of contiguous integers of cardinality a
containing {—1,0,1}, of the form A_4 = {—d,...,0,...;a—1—d},for 1 < d < a—2.
Let us observe that Algorithm GDE(87) applied to the bi-infinite sequence u =
“heh* gives the bi-infinite sequence p(u) = “heh* = u for any h € {0,...,a—2},
and thus for any d € {1,...,d — 2}, both letters d and a — 1 — d are fixed by ¢.
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Corollary 4.8 therefore implies that the alphabet A_4 = {—d,...,a — 1 —d} allows
parallelization of addition for any such d € {1,...,d — 2}. This fact, together with
Theorem 3.4, Proposition 4.4, and Theorem 6.1 enable us to conclude this section
with the following theorem.

Theorem 6.3. Let 3 satisfy 3% = a8 — 1, with a € N,a > 3. Parallel addition is
possible on any alphabet of contiguous integers containing 0 of cardinality a, and
this cardinality is minimal.

6.2. BASE 8 ROOT OF X% =aX +1

Let us now study the numeration systems with base a quadratic Pisot unit with
minimal polynomial f(X) = X2 —aX — 1, with @ > 1. The canonical alphabet
of the numeration system related with this base by means of the Rényi expansion
(greedy algorithm) is C = {0,...,a}, of cardinality #C = a + 1. The numeration
system given by this type of quadratic base 3, alphabet C, and the Rényi expansions
is restricted only to such representations z = 3 j z;(37, where the digits are from
the alphabet C, but the representations must avoid any string of the form al. This
admissibility condition makes the numeration system non-redundant.

It is known, for bases 3 satisfying 32 = a3 + 1 with a > 1, that the set of real
numbers with finite greedy expansion (z)s is closed under addition and subtrac-
tion [4]. Therefore,

{z 20| (x)g is finite } = Finya(f) forany ACN, ADC
and
{z € R | (|z|)p is finite } = Finy(5) forany ACZ, ADCU{-1}.

In order to obtain an algorithm for parallel addition, we must have some redun-
dancy in the numeration system. As shown in Section 6.1, for the cases of base
3 satisfying #%2 = a8 — 1, it was sufficient to drop the one admissibility condition
(given by the Rényi expansion), and parallelization was already possible (without
adding any more elements into the alphabet C). The situation is not that simple
for the bases satisfying 32 = a3 + 1. Nevertheless, addition in these two families of
quadratic units is connected.

Proposition 6.4. Let 3 > 1 be a root of the polynomial X? —aX — 1 with a > 1,
and let v > 1 be a root of the polynomial X? — (a® +2)X + 1. If there exists an
alphabet A and a p-local function performing in Fin4(vy) addition in parallel, then
there exists a (2p — 1)-local function performing in Fina(8) addition in parallel.

Proof. Tt is enough to realize that v = 32, and to apply Theorem 1 from [10]. [

Remark 6.5. According to the previous Section 6.1, we know that addition in base
7, the root of the polynomial X2 — (a? 4+ 2)X + 1, can be performed in parallel on
alphabet {—d,...,a%> +1 —d} for any d € {0,...,a%}. Therefore, we immediately
obtain an upper bound a? 4+ 2 on the cardinality of the alphabet allowing parallel
addition in base /3, the root of the polynomial X2 — aX — 1.

In general, the upper bound given in Remark 6.5 is too rough. But for a = 1, i.e.
for the base the golden ratio, it gives the precise value of cardinality of the minimal
alphabet for parallel addition in this base, namely the cardinality #.4 = 3.

Corollary 6.6. Let § = 1"'2—‘/5 be the golden ratio, root of X% — X — 1. Addition
in this base B can be performed in parallel on alphabet A = {0,1,2}, and also on
alphabet A = {—1,0,1}. Both these alphabets are minimal.
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Let us mention that this result for the alphabet {—1,0, 1} is already stated in [12].
Non-sufficiency of the alphabet {0, 1} for parallel addition is stated in [10].

In the sequel, we are going to consider only parameters a > 2. The lower bound
on the cardinality of the alphabet of contiguous integers allowing parallel addition,
given by Theorem 3.4 for bases 3 being roots of equations X2 —aX — 1, is equal to
|f(1)] + 2 = a + 2. We show that, in these cases, parallel addition is doable on any
alphabet of contiguous integers containing 0 of cardinality a + 2.

For short, the positive root of X? —aX — 1 is denoted by 8.

Algorithm GDE(S71): Base 8 = 37 satisfying 3% = aB+1, a > 2, a € N, parallel
conversion (greatest digit elimination) from {0,...,a + 2} to A= {0,...,a + 1}.

Input: a finite sequence of digits (z;) of {0,...,a+ 2}, with z =3 2;47.
Output: a finite sequence of digits (z;) of {0,...,a+ 1}, with z = 2z;47.

for each j in parallel do

zj =a+2
1. case { zj=a+1 and (2j41 =0 or zj_; > a+1) then ¢; =1
zj=a and zj41 =0 and zj_1 2 a+1
if zj=0and zj41 2a+1and z;_1 <a then ¢, :=—1
else q =0
2. =z —agj — g+ + g
Proof. Let us denote again w; = z; — ag;, and 27 = w; — gj+1 + gj—1.

o If z; = a+ 2, then w; = 2. Since gj4+1 > 0, we have —gj41 + ¢j—1 €
{=2,...,1}, and consequently, 27" € {0,...,3} C {0,...,a+ 1} = A,
using the fact that a > 2.

e For z; = a+1and zj41 = 0, we get w; = 1. As gj41 = 0, then 27" €
{0,1,2} C A.

e For zj =a+1 and z;_1 > a+ 1, we obtain again w; = 1. Since g;_1 > 0,
then —g;11 +¢j—1 € {—1,...,2}, and consequently, 27" € {0,...,3} C
{0,...;a+1}=A as a > 2.

o Ifz; =a+1and z;41 > 1 and z;_1 < a, then w; =a+1, ¢j—1 <0 and
gj+1 = 0. Therefore, 27" € {a — 1,a,a+ 1} C A.

e In the case of z; = @ and z;;; = 0 and 2z;_; > a + 1, we obtain w; = 0.
Since gj+1 < 0 and g;—1 > 0, the resulting 27'“ € {0,1,2} C A.

e When z; = a and zj;1 > 1, then w; = a. Since gj41 > 0 and ¢j_1 > 0, we
obtain 27 € {a — 1,a,a + 1} C A.

e When z; = a and z;_; < a, then again w; = a. This time, gj_; = 0, so
consequently, 27" € {a —1,a,a + 1} C A.

o If z;, =0 and 241 > a+ 1 and z;_1 < a, then w; = a. Since gj4+1 > 0 and
gj—1 = 0, we obtain 27** € {a — 1,a,a + 1} C A.

e For z; = 0 and zj41 < a, we get w; =0, ¢j41 <0, and gj—1 > 0. Therefore,
the resulting 27" € {0,1,2} C A.

o If z;, =0 and zj_1 > a+ 1, then w; = 0 and ¢;—1 = 1. Consequently,
27 € {0,1,2} C A

e For the cases when z; € {1,...,a — 1}, we have ¢; = 0 and ¢;—1 > 0, so
consequently, 27 € {0,...,a+ 1} = A.

Note that, for z; = 0, we can only obtain ¢; # 0 when its neighbor z;;; is greater
than zero. Therefore, it is ensured that the algorithm cannot assign a string of
non-zeros to a string of zeros. The output value z is equal to the input value z
thanks to the fact that the base [ satisfies the equation 3772 = af7+! + 37 for
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any j € Z. The output digit z'*“ depends on input digits (zj42,.-.,%j—2), so this
conversion from {0,...,a+2} to A ={0,...,a+ 1} is a (2,2)-local function. [

Using Proposition 4.2 we can conclude that addition in Fin 4 () can be performed
in parallel on the alphabet {0,1,...,a+ 1}.

Let us now consider alphabet containing positive and negative digits. For any
de{l1,...,a}, denote

A_g={~d,....0,...;a—d+1}.

The previous Algorithm GDE(37) applied to the infinite sequence v = “h e h¥
gives the infinite sequence p(u) = “h e h* = u for any h € {0,...,a}. Thus, for
any d € {1,2,...,a}, both letters d and a + 1 — d are fixed by ¢. According to
Corollary 4.8, the alphabet A_; allows parallelism of addition. Summarizing this
reasoning, together with Algorithm GDE(S7), Corollary 6.6, and Proposition 4.4,
we obtain the following result.

Theorem 6.7. Let 3 satisfy 3° = a8 + 1, with a > 1,a € N. Parallel addition is
possible on any alphabet of contiguous integers containing 0, such that its cardinality
is a + 2. The cardinality a + 2 is minimal.

7. RATIONAL BASES

Let us now consider the base § = +a/b, with a, b being co-prime positive integers
fulfilling @ > b > 1. When b = 1, we obtain the case of positive integer base
08 =a € N, a> 2 orthe case of negative integer base § = —a € N, a > 2 with
the minimal cardinality of alphabet for parallel addition being equal to a + 1, see
Sections 5.1 and 5.2. For b > 2, the base 3 is an algebraic number which is not an
algebraic integer, so Theorem 3.4 cannot be applied here to establish a lower bound
on the cardinality of alphabet for parallel addition. Theorem 3.1 can be used for
8 = a/b, however it is not very useful here either; the lower bound given there is
equal to [a/b], which is too low for parallel addition, as is shown below.

In general, an alphabet A allows parallel addition only if the numbers with finite
representation are closed under addition, in particular, any non-negative integer
must have a finite representation. This requirement already forces the alphabet to
be big enough. By a modification of the Euclidean division algorithm, any non-
negative integer can be given a unique finite expansion in base 8 = a/b, and any
integer can be given a unique finite expansion in base 8 = —a/b, on the alphabet
C={0,...,a—1}, see [11] and [1].

As we shall see, even this alphabet is to small. For both positive base 5 = a/b
and negative base = —a/b, the cardinality of alphabet actually needed for parallel
addition is at least a + b. In the alphabet A ={0,1,...,a+b— 1}, we can perform
parallel addition in the base 5 = a/b and § = —a/b as well.

But surprisingly, these two types of bases differ substantially if we consider al-
phabets containing {—1,0,1}.

7.1. POSITIVE RATIONAL BASE

Proposition 7.1. Parallel addition in base 8 = a/b, with a and b co-prime positive
integers such that a > b > 1, is possible on A =1{0,...,a+b—1}.

Proof. We give a parallel algorithm Algorithm GDE(a/b): {0,...,a+b} — {0,...,a+
b — 1} for greatest digit elimination.
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Algorithm GDE(a/b): Base 8 = a/b, with a > b > 1, a and b co-prime posi-
tive integers, parallel conversion (greatest digit elimination) from {0,...,a + b} to
{0,...,a+0b—1}.

Input: a finite sequence of digits (z;) of {0,...,a + b}, with 2 = 3" z;37.
Output: a finite sequence of digits (z;) of {0,...,a+b— 1}, with z =) 2;37.

for each j in parallel do

1. ifa<z;<a+b then gj :=1
else q; =0

2. zj 1= z; —aq; +bgj_1

Denoting w; := z; — agq;, we clearly obtain 0 < w; < a — 1. Thus, after Step 2
of the algorithm, 27 = w; + bg;—1 belongs to {0,...,a+b— 1}. This algorithm
assigns ¢; # 0 only in the cases of z; # 0, so it cannot produce a string of non-zeros
from a string of zeros. The output value z equals the input value z thanks to the
fact that b3/t —apB? = 0 for any j € Z. So the algorithm is correct.

Thus the result follows from Algorithm GDE(a/b) and Proposition 4.2. O

Proposition 7.2. In base 3 = a/b, with a and b co-prime positive integers such
that a > b > 1, parallel addition is possible on any alphabet of cardinality a + b
Ag={-d,...;0,...;,a+b—d—1} withb<d<a-—1.

Proof. Algorithm GDE(a/b) applied to the bi-infinite sequence u = “h e h* gives
the bi-infinite sequence p(u) = “h e h¥ for any h € {0,...,a — 1}. Thus for any
de{b,b+1,...,a—1}, both letters d and a + b — 1 — d are fixed by . According
to Corollary 4.8, the alphabet A_; allows parallelism of addition. O

So the question is now: what happens for alphabets A_; whend > aord < b—17
First recall a well known fact.
Fact 1. Let “Ocg - --cgec_1---c_p0¥ and “0dy - - - dged_1 ---d_,0%, k, £ > 0, be two
representations in base 3 = a/b of the same number in Z[3]. Then the polynomial
(ck —dp)X*+--- 4 (co—do) + -+ (c_y —d_¢) X" is a multiple of bX — a. Thus

there exist sg—1,Sk—2,...,50,5-1,.-.,5—¢ € Z such that
Cr — dk = bSk,1 5 (19)
¢j—dj=—as;j+bsj_1 foranyk—1>j>—L+1, (20)
C_y — d_g = —Aas_y. (21)

Lemma 7.3. Let D ={m,...,0,...,M} withm < —1 and M > 1, be an alphabet.
If M < b then the greatest digit elimination from DU {M + 1} to D is not a local
function; if m > —b, then the smallest digit elimination from {m — 1} UD to D is
not a local function either.

Proof. Suppose that M < b and that the greatest digit elimination from DU{M +1}
to D is a p-local function . Consider the digit M + 1, and suppose that M + 1
has a representation on D, of the form “0dy - --dyed_1---d_,0¢, with 0 < k, 0 < £
(the values dj, = 0 and d_p = 0 are not excluded). By Fact 1, there exist integers
s; such that

dOZM—i—l—FCLSO—bS,l

forléjék—l, dj:CLSj—ij,1

dk = —bSk,1

for1<yj<l—-1,d_j=as_j—bs_j_4

d_g = as_—y.
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Since d, = —bs_1 € D and M < b, sp_1 > 0. Then dp_1 = asp_1 — bsp_o >
—bsg—2 € D implies that sx_o > 0. Similarly, sxz—3 > 0, ..., so > 0. Since
M>2dy=M+1+asg—bs_1 > M+ 1—>bs_1, we must have 1 — bs_1 < 0, hence
s_1 = 1. On the other hand, b > d_y = as_y € D implies that s_, < 0. Then
b>d_¢11=as_g+1 —bs_y = as_gq1 implies s_p41 < 0. Similarly, s_g40 <O, ...,
s_1 < 0, a contradiction.

The case m < —b is analogous. O

Corollary 7.4. In base 3 = a/b, with a and b co-prime positive integers such that
a > b > 1, parallel addition is not possible on alphabets of positive and negative
digits not containing {—b,...,0,...,b}.

Note that in [12] we have given an alphabet of the form {—d,...,0,...,d} on
which parallel addition in base a/b is possible, with d = [%51] + b.

Proposition 7.5. Let a and b be co-prime positive integers such that a > b > 1.
The minimal alphabet of contiguous non-negative integers containing 0 allowing

parallel addition in base §=a/bis A={0,...,a+b—1}.

Proof. Let us suppose that this statement is not valid, it means that there exists
a p-local function ¢ : A% — B% which performs conversion in base 3 from A to B,
where B={0,...,a+b— 2}.

Let us fix n € N and ¢ € N such that n > p and (%)q > Z—fg. Then the image of
“0O(a —1)™ @ 0¥ by ¢ can be written in the form

¢(“0(a —1)" 0 0%) = “Owpwp—1wo ® W_1wW_2 ... wW—_g0", (22)

where wy, >0, w_p >0 and £ > 1.

Consider now the string “0(a—1)" e (a+b—1)(a+b—2)20%. Since ¢ is a p-local
function and n > p, the image of this string coincides on the positions j > p with
the image of the string “0(a — 1)™ e 0¢. Therefore we can write

o(“0(a—1)"e(a+b—1)(a+b—2)0%) = “0vpvn_1v0 ® V_1V_2 ... v_n 0%, (23)

where wp, = v, >0, v_p,, = 0and m > g+ 1.
We will discuss the value of the index h in the above equalities.

Case h > n: At first we focus on the equality (22) and apply Fact 1 to the
string “0(a—1)" 0% in the role of “Ocy, - - - cpoc_1 - - - c_¢0* and to the string
“Owpwp_1wo ® w_1w_g - -w_g0¥ in the role of “0dy ---dy e d_q1---d_,0%
with & = h. As both strings belong to B%, we obtain 0 > —wj, = bsj,_1
which gives s,_1 < —1. By the same reason, we have for all j such that
—0+ 1< j < h—1 the inequality

a—12>c;—dj =—as; +bs;_1
which gives the following implication
s5;< -1 = sj1<—-1, for —4+1<j<h—1.
In particular, s_, < —1. Together with (21), we have
0> —d_y=—as_y >a - a contradiction.
Case h <n—1: Now we focus on the equality (23) and apply Fact 1 to

the string “O(a —1)" e (a +b — 1)(a + b — 2)?0% in the role of “Ocy ---co ®
c_1-+-c_¢0% and to the string “Ovpv,_1v9@v_1V_9 - - v_,,,0¢ in the role of
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“Odg ---dped_q---d_y0° with k =n—1and £ =m > ¢+ 1. For the index
j =n—1, Equality (19) implies —=b+1 < a—1—d,,—1 = bs,,_o and thus
Sn—2 = 0. For indices j, where n — 2 > j > 0, Equality (20) gives

—b+1<a—-1-dj=—as;+bsj_1 <a-—1.
From the above inequality, we can derive the implication
5,20 = s;_120, for 0<j<n—-2.
In particular, s_; > 0. For the index j = —1, Equality (20) gives
1<a+b—-—1—d_1=-as_1+bs_o andthus s_o>1.
For indices —2 > j > —q — 1, we obtain
0<a+b—2-dj=—asj+bsj-1 = sj_12>78;.

In particular,

s—q2> (§)"s2 > (3)" (24)
On the other hand, for the index —¢ < —g—1, Equality (21) sounds —as_;, =
—d_p > —a—b+2, and thus s_, < 1. For indices j with —/+1 < j < —¢—2,
one can deduce

—a—b< —dj =—as;j +bs;_1 <0 = Sj<1+g+§8j_1.
The last inequality enables us to show by induction that

55 < Z—fi for all j satisfying —¢<j< —q—2. (25)
Indeed, s_, <1< Z—sz and for all j=—¢+1,—¢+2,...,—q— 2, we have

s;<1+b+bs <14l bathatb

Combining (25) for j = —¢ — 2 and (24), we get

Z—J_FZ >S5 g2 2 (%)q , a contradiction with the choice of q.
Both discussed cases lead to contradiction, therefore a p-local function ¢ converting
in base (8 from the alphabet A to B cannot exist.

O

Proposition 7.6. In base § = a/b, with a and b co-prime positive integers such
that a > b > 1, parallel addition is not possible on any alphabet {—d,...,0,...,a+
b—d—2} for1<d<a+b-3, of cardinality a +b— 1.

Proof. If parallel addition was possible on {—d,...,0,...,a + b — 2 — d}, then,
by Proposition 4.2, the conversion ¢ from {—d —1,...,0,...,a+b—1—d} to
{=d,...,0,...,a4+b—2— d} would be a p-local function for some p. The proof is
then analogous to that of Proposition 7.5, by considering the words “0(a—1—d)" e
(a+b—1—d)(a+b—2—d)0* and “0(a — 1 — d)" e 0°. 0

Summarizing the results for both the cases of alphabets, either with non-negative
digits only, or with positive as well as negative digits, we have proved that:
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Theorem 7.7. Let 5 = a/b be the base, with a and b co-prime positive integers
such that a > b > 1, and let A be an alphabet (of contiguous integers containing 0)
of the minimal cardinality allowing parallel addition in base (3.
Then, A has cardinality a + b, and A has the form

e A={0,...,a+b—1}, or A={—-a—-b+1,...,0}, or

e A={—d,...,0,...,a+b—1—d} containing a subset {—b,...,0,...,b}.

When b = 1, we find back the classical case of positive integer base, see Sec-
tion 5.1.

7.2. NEGATIVE RATIONAL BASE

Proposition 7.8. Parallel addition in base § = —a/b, with a and b co-prime
positive integers such that a > b > 1, is possible on any alphabet (of contiguous
integers) of the form A_4 ={—d,...,0,...,a+b—1—d} with cardinality #A_4 =
a+b, whered € {0,...,a+b—1}.

Proof. Firstly, we show that parallel addition is possible on the alphabet Ay, =

{0,...,a + b — 1}, by providing an algorithm for the greatest digit elimination
GDE(—a/b): {0,...,a+b} - {0,...,a+b—1}:

Algorithm GDE(—a/b): Base = —a/b, with a > b > 1, a and b co-prime
positive integers, parallel conversion (greatest digit elimination) from {0,...,a+b}
to {0,...,a+b—1}.

Input: a finite sequence of digits (z;) of {0,...,a + b}, with 2 = 3" z;37.
Output: a finite sequence of digits (z;) of {0,...,a+b— 1}, with z =3 2;47.

for each j in parallel do
zj=a+b

1. case 0<z<atb-1 and0<z_1 <b—1 then ¢;:=1
if 0<zj<b—-1land a<zj_1<a+b then ¢;:= -1
else g =0

2. Zj = Zj — GQj — ij—l

new

Using our usual notion of w; = z; —ag;, and 2} = w; — bg;—1, we describe the

various cases that can occur during the course of this algorithm:

o If z; = a + b, we obtain w; = b, and then 27*" € b —b-{-1,0,1} =
{0,0,26Y € {0,...,a+b— 1} = Ap.

e For z; € {a,....,a+b—1} and z;_1 € {0,...,b — 1}, we have ¢; = 1,
and consequently w; € {0,...,b—1}. As gj_1 € {—1,0}, we finally get
21w € {0, b= 1} —b-{—1,0} = {0,...,2b—1} C {0,...,a+b—2} C Aq.

e For z; € {a,...,a+b—1} and z;_1 € {b,...,a + b}, we have ¢; = 0,
so we keep w; € {a,...,a+b—1}. Now g;—1 € {0,1}, and thus 27" €
{a,...;a+b—1}—-b-{0,1} ={a—b,...,a+b—1} C{1,...,a+b—1} C Ap.

e In the case of z; € {b,...,a — 1}, simply ¢; =0, w; € {b,...,a — 1}, and
the resulting 27" € {b,...,a—1} =b-{-1,0,1} C {0,...,a+b—1} = Ao.

e When z; € {0,...,b—1} and z;_1 € {0,...,a — 1}, we have ¢; = 0,
so we keep w; € {0,...,b—1}, and gj—1 € {—1,0}. Therefore, we obtain
21w € 40, b—1}—b-{—1,0} = {0,...,2b—1} C {0,...,a+b—2} C Aq.

e Lastly, when z; € {0,...,b— 1} and z;_1 € {a,...,a + b}, by means of
qj = —1 we get w; € {a,...,a+b—1}. As g1 € {0,1}, then 27°" €
{a,...,a+b—-1}=b-{0,1} ={a—0b,...,a+b— 1} C Ay.

Again, we must not forget to mention that the digit z; = 0 is transformed by
this algorithm onto another digit (by means of g; # 0) only if its neighbour z;_1
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is a non-zero, namely from the set {a,...,a + b}; thereby, it is ensured that the
algorithm cannot assign a string of non-zeros to a string of zeros. The output value
2z is equal to the input value z, since the base 3 fulfils the equality b3 4+ a7 =0
for any j € Z. Thus, we see that this algorithm is correct for the greatest digit
elimination from the alphabet Ag U {a + b} into Ay ={0,...,a+b—1}.

Now let us point out that all the elements d € {0,...,a + b — 1} are fixed by
the p-local function ¢ given by this algorithm, in the sense that ¢(“d e d¥) =
(“d e d¥). This fact, together with Corollary 4.8, implies that parallel addition

in the negative rational base § = —a/b is possible on any alphabet of the form
A_g={-d,...,0,...,a+b—1—d}, with cardinality #4_4 = a + b. O
Also here in the negative case § = —a/b, for b = 1 we find back the classical case

of (negative) integer base, see Section 5.2.

Since we do not have any lower bound for this base, we must find one directly.

Proposition 7.9. Let A ={m,...,0,..., M} with m < 0 < M be an alphabet of
contiguous integers which enables parallel addition in base 8 = —a/b, with a and b
co-prime positive integers, a > b > 1. Then #A > a+b.

Proof. Without loss of generality, we may assume that 1 < M. Let ¢ be a p-local
function realizing parallel conversion from A U {M + 1} into A using the mapping
O:(AU{M+1})» - A Put =M + 1 and y = &(aP). According to Claim 3.5,
we have

y—x:(—%—l)ch(—%)k for some n € Nand ¢ € Z. (26)
k=0

Multiplying the previous equation by —b"*! one gets
n
(2 — )b = (a+5) 3 ca(—a) b,
k=

0

and consequently, the number a + b divides (x — y)b"*1. As a and b are co-prime,
necessarily a 4+ b divides = — y. Since x — y > 0, there exists & € N such that
xz—y =k(a+b) > a+b. But simultaneously, z —y < M + 1 —m = #A. Putting
these two inequalities together, we obtain a + b < #.A. O

We can summarize this section into the following theorem.

Theorem 7.10. In base B = —a/b, with a and b co-prime positive integers, a >
b > 1, parallel addition can be performed in any alphabet A of contiguous integers
containing 0 with cardinality #A = a +b. This cardinality cannot be reduced.

8. CONCLUSIONS AND COMMENTS

Here is a summary of the numeration systems studied in this paper. We have
considered only alphabets of contiguous integers containing 0.
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| Base | Canonical alphabet | Minimal alphabet for parallel addition |

b > 2 integer {0,...;b—1} All alphabets of size b+ 1

—b, b > 2 integer | {0,...,b—1} All alphabets of size b+ 1

/b, b > 2 integer All alphabets of size b+ 1

142 {0,1} All alphabets of size 5

21 {0,...,3} All alphabets of size 5

12 {0,1} All alphabets of size 3

3 =aB—-1 {0,...,a—1} All alphabets of size a

B2 =apf+1 {0,...,a} All alphabets of size a + 2

a/b {0,...,a—1} {0,...,a+b—1},{—a—b+1,...,0},
and all alphabets of size a+b containing
{=b,...,0,...,b}

—a/b {0,...,a—1} All alphabets of size a + b

Generalization of these results to other bases remains an open problem. The
cases of the Tribonacci numeration system with basis satisfying the equation X3 =
X2+ X +1, or quadratic bases satisfying the equation X2 = aX £b, b > 2, are not
so straightforward. The reason is that we have only two tools so far, namely Theo-
rem 3.4 and Theorem 3.1, which provide us with lower bounds on the cardinality of
the alphabet. For the bases listed in the summary table, the bounds given in these
theorems were attained, the only exception being the rational bases 8 = +a/b, for
which we had to refine our methods specifically in order to prove minimality of
the alphabets. These examples show that, for attacking the question of minimality
of alphabet for other bases, we need to find stronger versions of Theorem 3.4 and
Theorem 3.1.

The positive rational base 8 = a/b is exceptional among our results by another
property as well. Contrary to the other bases, not all alphabets of contiguous
integers (containing 0) with sufficiently large cardinality allow parallel addition.

As mentioned in Remark 5.6, for alphabets which are too small to allow parallel
addition in a given base, one can consider a more general concept of the so-called
k-block p-local functions. It means that, instead of a base 5 and an alphabet A, we
consider addition in base 8 and on the alphabet Aj, = {Z;:é aj¥ |a; € A}. Our
interest in addition in base 3 can be extended to the question: What is the minimal
size of an alphabet A and the minimal size k of the blocks such that addition can
be performed by a k-block p-local function. This question was not tackled here at
all. In [19], the precise definition of k-block p-local function and a relation between
A and k can be found.

ACKNOWLEDGEMENTS

We acknowledge financial support by the Czech Science Foundation grant GACR
201/09/0584, and by the grants MSM6840770039 and LC06002 of the Ministry of
Education, Youth, and Sports of the Czech Republic.

REFERENCES

[1] S. Akiyama, CH. FROUGNY, and J. SAKAROVITCH, Powers of rationals modulo 1 and rational
base number systems, Israél J. Math. 168 (2008) 53-91.

[2] S. AkivaAMA and K. SCHEICHER, Symmetric shift radix systems and finite expansions, Math-
ematica Pannonica 18 (2007) 101-124.

[3] A. AvizieNis, Signed-digit number representations for fast parallel arithmetic, IRE Trans.
Electron. Comput. 10 (1961) 389-400.



[4]
[5]
[6]
[7]

(8]
9

(10]
(11]
(12]

(13]

[14]

[15]
[16]
(17)
(18]
19]
20]
(21]
(22]
23]
[24]
25]

[26]

TITLE WILL BE SET BY THE PUBLISHER 31

C. BUrDIK, CH. FROUGNY, J.P. GAZEAU, and R. KREJCAR, Beta-integers as natural counting
systems for quasicrystals, J. of Physics A: Math. Gen. 31 (1998) 6449-6472.

A. Burks, H.H. GoLDSTINE and J. VON NEUMANN, Preliminary discussion of the logic design
of an electronic computing instrument, Institute for Advanced Study, Princeton NJ (1946).
A. CAUCHY, Sur les moyens d’éviter les erreurs dans les calculs numériques, C.R. Acad. Sc.
Paris série I 11 (1840) 789-798.

C.Y. CHow, J.E. ROBERTSON, Logical design of a redundant binary adder, in Proc. 4th IEEE
Symposium on Computer Arithmetic (1978) 109-115.

M.D. ERCEGOVAC and T. LANG, Digital Arithmetic, Morgan Kaufmann, 2004.

P. ErRDOS and V. KOMORNIK, Developments in non-integer bases, Acta Math. Hungar. 79
(1998) 57-83.

CH. FROUGNY, On-line finite automata for addition in some numeration systems, RAIRO-
Theor. Inf. Appl. 33 (1999) 79-101.

CH. FrROUGNY and K. KLouDA, Rational base number systems for p-adic numbers, RAIRO-
Theor. Inf. Appl. 46 (2012) 87-106.

CH. FROUGNY, E. PELANTOVA and M. SVOBODOVA, Parallel addition in non-standard numer-
ation systems, Theoretical Computer Science 412 (2011) 5714-5727.

CH. FROUGNY and J. SAKAROVITCH, Number representation and finite automata, Combina-
torics, Automata and Number Theory, V. Berthé, M. Rigo (Eds), Encyclopedia of Mathe-
matics and its Applications 135, Cambridge University Press, 2010.

V. GRUNWALD, Intorno all’aritmetica dei sistemi numerici a base negativa con particolare
riguardo al sistema numerico a base negativo-decimale per lo studio delle sue analogie
coll’aritmetica ordinaria (decimale), Giornale di Matematiche di Battaglini 367 (1885) 203—
221.

Y. HERREROS, Contribution a l’arithmétique des ordinateurs, Ph.D. dissertation, Institut
National Polytechnique de Grenoble, 1991.

S. ITo and T. SADAHIRO, (—f)-expansions of real numbers, INTEGERS 9 (2009) 239-259.
CH. KALLE and W. STEINER, Beta-expansions, natural extensions and multiple tilings associ-
ated with Pisot units, to appear in the Transactions of the American Mathematical Society
(2010).

D.E. KNUTH, An imaginary number system. CACM 3 (1960) 245-247.

P. KORNERUP, Necessary and Sufficient Conditions for Parallel, Constant Time Conversion
and Addition, in Proc. 14th IEEE Symposium on Computer Arithmetic (1999) 152-155.

D. LinD and B. MARrcus, An Introduction to Symbolic Dynamics and Coding, Cambridge
University Press, 1995.

CH. MAZENC, On the redundancy of real number representation systems, Research Report
93-16, LIP, Ecole Normale Supérieure de Lyon (1993).

A.M. NIELSEN and J.-M. MULLER, Borrow-Save Adders for Real and Complex Number Sys-
tems, in Proc. Real Numbers and Computers, Marseilles (1996) 121-137.

B. PARHAMI, On the Implementation of Arithmetic Support Functions for Generalized Signed-
Digit Number Systems, IEEE Trans. Computers 42 No. 3 (1993) 379-384.

W. PARRY, On the S-expansions of real numbers. Acta Math. Acad. Sci. Hungar. 11 (1960)
401-416.

W. PENNEY, A “binary” system for complex numbers. Journal of the Association for Com-
puting Machinery 12 (1965) 247-248.

A. RENYI, Representations for real numbers and their ergodic properties. Acta Math. Acad.
Sci. Hungar. 8 (1957) 477-493.

Communicated by (The editor will be set by the publisher).
(The dates will be set by the publisher).



