IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 63, NO. 12, DECEMBER 2017

7633

Splitter Sets and k-Radius Sequences

Tao Zhang, Xiande Zhang, and Gennian Ge

Abstract—Splitter sets are closely related to lattice tilings,
and have applications in flash memories and conflict-avoiding
codes. The study of k-radius sequences was motivated by some
problems occurring in large data transfer. It is observed that
the existence of splitter sets yields k-radius sequences of short
length. In this paper, we obtain several new results contributing
to splitter sets and k-radius sequences. We give some new
constructions of perfect splitter sets, as well as some nonexistence
results on them. As a byproduct, we obtain some new results on
optimal conflict-avoiding codes. Furthermore, we provide several
explicit constructions of short k-radius sequences for certain
values of n, by establishing the existence of k-additive sequences.
In particular, we show that for any fixed k, there exist infinitely

many values of n such that fj(n) = g_z + O(n), where fi(n)
denotes the shortest length of an r-ary k-radius sequence. This
result partially affirms a conjecture posed by Bondy, Lonc, and
Rzazewski.

Index Terms—Splitter sets, flash memory, conflict-avoiding
codes, lattice tilings, k-radius sequences, k-additive sequences.

I. INTRODUCTION

HE study of splitter sets was motivated by constructing

codes correcting single limited magnitude errors used in
multilevel cell (MLC) flash memories. The construction of
k-radius sequences has recently become the subject of study
due to some computing problems occurring in large data
transmission. The construction of the splitter sets and k-radius
sequences are closely related and so are both studied in this

paper.

A. Flash Memories and Splitter Sets

Flash memory is a non-volatile memory technology that is
both electrically programmable and erasable. It is currently
widely used due to its reliability, high storage density and
low cost memories. Many applications of flash memories have
been found in personal computers, digital audio players, digital
cameras, mobile phones and so on.

To scale the storage density of flash memories, the mul-
tilevel memory cell is used to increase the number of stored
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bits in a cell. Thus, each multilevel memory cell stores log,(q)
bits regarded as a symbol over a discrete alphabet of size g.
The chief disadvantage of flash memories is their inherent
asymmetry between cell programming—charge injection into
cells, and cell erasure—charge removal from cells. This asym-
metry causes significant error sources to change cell levels
in one dominant direction. Moreover, many reported common
flash error mechanisms induce errors whose magnitudes are
small and independent of the alphabet size, which may be
significantly larger than the typical error magnitude. Thus,
flash errors strongly motivated the application of the limited
magnitude error model to flash memory [8], [18].

Splitter sets were first studied in [15] and [28]-[30]
with connections to lattice tilings. They attracted recent
attention again due to their equivalence to codes correcting
single limited magnitude errors in flash memories (see [7],
[13], [18]-[20], [24], [25], [32], [33] and the references
therein). In this context, a code obtained from a splitter set
B[—ki, k](n) can correct a symbola € {0, 1,...,n—1}ifitis
modified into a + e during transmission, where —k; < e < k3.
Further, splitter sets are also found to be useful in constructing
conflict-avoiding codes [23], [26] and k-radius sequences [3].

Research works on splitter sets involve both existence and
nonexistence results. For the existence of such sets, a construc-
tion of perfect splitter sets for k; = 0 can be found in [19].
Klgve er al. [20] gave a construction of perfect splitter sets
for k1 = ky. Constructions of splitter sets for 1 < k; < k can
be found in [24], [32], and [33]. For the nonexistence results,
Schwartz proved that there does not exist a nonsingular perfect
splitter set for k| = ko — 1 in [24]. Later, Zhang and Ge [33]
showed that there does not exist a nonsingular perfect splitter
set when (k; + 1)k; > kp and ky + ko is odd. Moreover, they
proposed the following conjecture.

Conjecture 1  [33]: There does not exist a nonsingular
perfect splitter set when 1 < k1 < ko and k1 + k> is odd.

One of the primary aims of this paper is to continue this
investigation and provide new constructions and nonexistence
results for perfect splitter sets. Our contributions to splitter
sets are as follows.

Contribution I:

1) We present several constructions of perfect splitter sets,

which generalize most of the known constructions;

2) we affirm Conjecture 1 when ki + k> is an odd prime;

3) we solve all the undetermined nonsingular cases left

in [25] and [33] for k; = 1, kp = 3 and n < 1000;

4) we provide a method of constructing optimal conflict-

avoiding codes from splitter sets.

B. k-Radius Sequences

The study of n-ary k-radius sequences was motivated by
a problem of fetching huge objects into small memory for
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pairwise computations, such as calculating the volume of a
tumour from a series of MRI slices. Introduced by Jaromczyk
and Lonc [16], n-ary k-radius sequences describe a First-
In First-Out caching strategy for computing functions that
require computations on all pairs taken from a set of n large
objects, where at most k + 1 objects are cached at any one
time. Recently, this problem has been extended to a more
general form: k-radius sequences for graphs [12]. In this paper,
we focus on the original version of k-radius sequences for
complete graphs in [16].

To reduce computing complexity, people are interested
in constructing short k-radius sequences. Let fx(n) be the
shortest length of an n-ary k-radius sequence. When £ is fixed
and n goes to infinity, there are nice asymptotic results on
the values of fi(n). Jaromczyk and Lonc [16] showed that
when k =2, fr(n) = %nQ(l +o0(1)). For general k, Blackburn
and Mckee [3] first proved that fi(n) = 21—kn2(1 +0(1)) when
k < 204 except possibly k = 195 and when k+ 1 or 2k + 1 is
a prime. In the same paper, they revealed nice connections
of k-radius sequences to tilings, discrete logarithms, and
properties of cyclotomic fields. Blackburn [2] then proved that
fr(n) = ﬁnz(l +o0(1)) for every fixed k using a probabilistic
argument. The best known estimation was established by
Jaromczyk et al. [17], who gave a general construction of
k-radius sequences by graph decompositions, and improved
the asymptotics to fx(n) = 21—kn2 + O(n'*%) for every fixed
k and every ¢ > 0. Recently, Bondy et al. [4] proposed the
following conjecture, and proved that it is true for k = 2.

Conjecture 2: For every fixed positive integer Kk,
filn) =% + 0(n).

For exact values of fi(n), in a much earlier paper [14] on
the context of database applications, Ghosh studied k-radius
sequences and determined all values of fx(n) when k = 1.
When k = 2, Jaromczyk and Lonc [16] found exact values of
f2(n) for n < 7. They also proved the following lower bound
for the length of k-radius sequences,

n—1
fe(n) = nT " 1+ Ri(n), (D
where
0 for 0 <r < k;
R — b ~ bl 2
k() {r—k, for k < r < 2k, &

and r is the unique integer such that n — 1 = r (mod 2k).
Through a computer search, Chee et al. [10] found exact values
of fo(n) forn =8, 10,11, 12, 14, 15, 16 and 18. Later in [17],
Jaromczyk et al. determined the exact values of f>(n) when-
ever n =2p and p > 2 is a prime. Recently, Bondy et al. [4]
and [5] gave a general construction of the shortest or close
to the shortest k-radius sequences, and determined the values
of fo(n) for all n except when n = 18,19, 20,21 (mod 24)
and n = 7662, 7663, 7664, 7665 (mod 8760). For arbitrary n,
they proved that f(n) < n["4;11 + 66, which differs from
the lower bound only by a constant. They also determined
Jfx(n) when k is a power of a prime, and for every n such
that 2k> + 1 < n < 2k(k + 1) + 1. The exact values of fi(n)
determined in [4] and [17] all meet the lower bound (1) except
for f»(9), which is equal to 21.
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For the case when k is not fixed, i.e., k is a function
of n, the problem of determining fi(n) has been considered
by Jaromczyk et al. [17] and De¢bski and Lonc [11]. When
k = |n*], where a is a fixed real number such that 0 < a < 1,
it was shown in [17] that fix(n) = % + 0P, for some
f <2 —a. For some values of ¢ < 1 and sufficiently large n,
the authors in [11] found exact values of f.,(n) by providing
direct constructions of optimal sequences.

The novel method to construct short k-radius sequences used
in [4] depends on the existence of some other cyclic sequences
that they called k-additive sequences. However, the fact that
only a few special cases of general constructions of k-additive
sequences have been known is a limitation of this method
to construct more short k-radius sequences. In this paper,
we present some new constructions of k-additive sequences
for general k. These constructions are applications of Weil’s
theorem on multiplicative character sums, see [21].

Contribution II: We give two constructions of k-additive
sequences of lengths s such that n = 2ks + 1 is a sufficiently
large prime under certain conditions. Consequently, we prove
Conjecture 2 in part: for every fixed k, there are infinitely
many primes n such that

2
Je@) = =+ O(m).

C. Organization

This paper is organized as follows. Section II recalls some
basic facts about splitter sets and connections to k-radius
sequences. In Section III, we give some constructions of per-
fect splitter sets based on factorizations of groups, and provide
new nonexistence results on perfect splitter sets. Some results
on optimal conflict-avoiding codes obtained from splitter sets
are also presented in Section III. Section IV gives several
direct constructions of k-additive sequences. Finally Section V
concludes the paper.

II. PRELIMINARIES

The following notations are fixed throughout this paper.

o For an odd prime p, a primitive root g modulo p, and an
integer b not divisible by p, there exists a unique integer
[ € [0, p— 2] such that g/ = b (mod p). It is known as
the index of b relative to the base g, and it is denoted by
ind, (b).

« For any positive integer g, let Z, be the ring of integers
modulo ¢ and Zj = Z4 \ {0}.

o Let a, b be integers such that a < b, denote

[a,b] ={a,a+1,a+2,...,b} and

[a,b)]* ={a,a+1,a+2,...,b}\{0}.
o Unless additionally defined, we assume thata-T = {a -t :
teTyand T -T' ={t-t':t € T,t € T’} for any element
a and any sets T, T', where - is any binary operator.

A. Splitter Sets

Let g be a positive integer and ki, kp be non-negative
integers with 0 < k1 < k. The set B € Z, of size n is
called a splitter set if all the sets

{ab (mod q) :a € [—ki,k2]*}, b€ B,
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have k1+k> nonzero elements, and they are disjoint. We denote
such a splitter set by B[—k1, k2](q) set.
If a B[—k1, k2](g) set of size n exists, then we have

q > (ki +k)n+1,

and so
n < q_l.
ki + ko

B[—ki, k21(g) set is called perfect if n = k +k
a perfect set can exist only if ¢ =1 (mod k; + kz)

The paper [24] suggests that we distinguish two types of
perfect B[—ky, k2](q) sets.

Definition 3: Let ki, ky be integers such that 0 < k1 < k,
and let q be a positive integer. The perfect B[—ki, k2](q) set
is nonsingular if gcd(q, k2!) = 1. Otherwise, the set is called
singular. If for any prime p|q, there is some k with 0 < k < k»
such that plk, then the perfect B[—ky, ky](g) set is called
purely singular.

The following two constructions are useful for perfect
splitter sets.

Theorem 4 [25, Th. 14]: If there is a perfect B[—k1, k2](q)
set and some positive integer d|q, gcd(d, ka!) = 1, then (k1 +
k2)d|(q — d), and there is a perfect B[—k1, k21(q/d) set.

Theorem 5 [32, Th. 5]: Let By be a B[—ki, k2](q1) set
and By be a B[—ki, k2](q2) set where gcd(qa, ka!) = 1. Let

By ©By={c+rqi:ceBy,rel0,qg2—11}U{gic:c € Ba}.

Then,

1) Bi1 @ By is a B[—k1, k21(q192) set;

2) |B1 © Ba2| = q2|B1l + | Bal;

3) If both By and B are perfect, then B1 ® By is perfect.

From the above two theorems, it is easy to see that there
is a perfect nonsingular B[—k1, k2](g) set if and only if there
is a perfect nonsingular B[—k, k2](p) set for each prime p
dividing gq.

B. k-Radius Sequences From Splitter Sets

Let ¥ be an n-element alphabet. An n-ary k-radius
sequence over X 1is a finite sequence so,S1,...,Sn—1 Of
elements taken from X such that, for all distinct x,y € X,
there exist i, j € [0,m — 1] such that 5; = x, s5; = y and
li — j| < k. In other words, any two distinct elements of X
are at distance of at most k somewhere in the sequence. For
example,

3,6,2,7,0,5,6,4,1,0,7,3,4,2,5,1,3

is an 8-ary 2-radius sequence of length 17 over Zg.

To reduce the computational complexity, Jaromczyk and
Lonc [16] were interested in constructing short k-radius
sequences, which is also interesting in pure combinatorics. The
example above shows that f>(8) < 17, and in fact f>(8) =
by [10].

The following construction of short n-ary k-radius
sequences can be found in [3, Th. 3.1] by Blackburn and
Mckee.
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Theorem 6 [3, Th. 3.1]: Let n be a prime number. If there
exists a perfect B[—k, k](n) set, then there exists an n-ary
k-radius sequence of length "5~ 1 r(n+k—1)+1

In fact, this result can be easﬂy extended to a general perfect
B[—ky, ky](n) set as follows.

Theorem 7: Let n be a prime number. If there exists a
perfect B[—ki, ka](n) set, then there exists an n-ary ka-radius
sequence of length ﬁ(n +ky—1)+ 1

Proof.' It there exists a perfect B[—ky, ka](n) set

= {di,da, -, 2L }olet T(d) = {—kid,—(ky — 1)

dyr—2d,~d,d,2d, - kad).  Then  UyepT(d)
covers ZZ.

For each d € D, let s4 be the periodic sequence
0,d,2d,...,(n—1)d,0,d, ... of period n. Let 54 be a finite
sequence of length n—+ky consisting of n+k, consecutive terms
of the periodic sequence s;. Note that the sequence 54 contains
all pairs (x, y) with y —x € T(d). For i > 2, we choose the
first element of 54, to be equal to the final element of Sd;_;-
Then the concatenation of sequences sd I<i<yg k is an
n-ary kp-radius sequence of length 2 T +k (n+ky — 1) +1. |

Note that Theorems 6 and 7 are based on perfect splitter
sets, which yield n-ary sequences with prime n. Now we
combine a method given in [33] and the idea in Theorem 6
to construct short k-radius sequences over Z,, where n may
not be a prime. For an element d € Z,, we define the set
Tx.n(d) by

Tk,n(d)
=d{+1,£2,..., +k)
= {—kd,—(k— 1)d,...,~2d,—d,d,2d, ..., (k—1)d, kd}.

Theorem 8: Let p be a prime, t < k < p be integers
such that tlk and 2kl(p —1). For 0 < i < t—1, let
T; = {x|x =i (mod t),x € [—k, k]*}, then |T;| = 2k . Let
g be a primitive root modulo p such that g =1 (mod t) and
let 0 = ged{indg(a)la € [—k, k]*}. If

ind 2k 2k
(2D g Slae Tl ==
% t
for 0 <i <t— 1 and v is a positive integer such that v|0,
2lt’k|(p 1) and gcd(e 2k) = 1, then there exists a (tp)-ary
k-radius sequence of length tp= 1) (tp D + t(3p D,
Proof: Let
v t(p—1
D= (¢*H (mod pyli e [0, L= _qy,
2kv
j€[0,0—1]}.
Note that |D| = t(p D It has been proved in [33, Th. 5] that

Ty1p(d), where d e D are pairwise disjoint in Z;, \ {0} with
each set being of size 2k. We claim that T ;,(d), d € D cover
each element in Z;, \ {0, p,2p, ..., (t — 1)p} exactly once.
In fact, since g is a primitive root modulo p, g’ is nonzero in
Z,, for any I, which means p { d for any d € D. Noting that
k < p, we have ptkd since p is a prime.

For each d € D, let s; be the periodic sequence 0,
d,2d,...,(tp—1)d,0,d,...of period tp. Since gcd(d, t) = 1
and gcd(d, p) = 1, we have gcd(d, tp) = 1. Then distinct
elements x,y € Z;, appear at distance k or less somewhere
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within sg if and only if y — x € Ty, (d). Let 54 be a finite
sequence of length ¢p + k consisting of p + k consecutive
terms of the periodic sequence s4. Order elements of D as
{d1,d>,...,dip-1}. For each i > 2, we choose the first term

2k
of 54, to be equal to the final term of 54_,. Let s, be the
reverse of the sequence

0,p,2p,....,¢=Dp,Lp+12p+1,...,
¢t—Dp+1,....,p—1,2p—1,...,tp — 1.

Then the concatenation of the sequences s, and sy, 1 <i <

t([;;l) is a (tp)-ary k-radius sequence of length tp + t(g—;” .
(tp+k — 1) = Le=lpp=) 4 1Gp=D), .

For ¢ > 2, several parameters for which the conditions of
Theorem 8 hold can be found in [33, Table I]. We give one
example to illustrate this construction.

Example 9: Let p =29, k =4 andt =2. Then g =3 is a
primitive root modulo p. We have indg (1) = 0, indg(2) = 17,
indg(3) = 1, indg(4) = 6, indg(—1) = 14, indg(-2) = 3,
indg (—3) = 15, indy(—4) = 20. Hence 6 = 1 and we have

indg(—1) =2 (mod 4),
indg(=3) =3 (mod 4),

indg(1) =0 (mod 4),
indg(3) =1 (mod 4),

and

indg(—2) =3 (mod 4),
ind,(—4) = 0 (mod 4),

indg(2) =1 (mod 4),
indg(4) =2 (mod 4).

Taking v =1 gives

D ={3% (mod 58)|0 <i <6} =/{l,23,7,45,49,25,53).

Then it is routine to check that Ty s3(d), d € D cover each
element of 753\ {0, 29} exactly once. Therefore, by Theorem 8,
there exists a 58-ary 4-radius sequence of length 486. Com-
bining the lower bound in (1), we have 464 < f1(58) < 486.

III. SPLITTER SETS

This section serves to provide new general constructions and
prove new nonexistence results of perfect splitter sets based
on 1-fold factorizations of groups. Further, we observe the
equivalence between splitter sets and a subclass of conflict-
avoiding codes, which enables us to determine optimal sizes
of the latter codes for new infinitely many parameters.

Let G be a finite group and let A and B be subsets of G.
If for each element & of G, there are unique elements a € A
and b € B such that h = a + b, then we say G = A+ B
is a l-fold factorization of group G. There have been some
research works concerning 1-fold factorization of groups. For
a survey of recent progress in this topic we refer the reader
to [31].

A. Constructions of Perfect Splitter Sets

We first give two general simple constructions.
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Theorem 10: Let p = (k; + ko)nm + 1 be a prime and g
be a primitive root modulo p. Let

A = {indg(i) (mod (ki +ko)n) : i € [—ki, ka]*}.

If there exists a subset A" C Zk +ky)n Of size n such that
Liky+loyn = A+ A is a 1-fold factorization, then there exists
a perfect B[—ky, k2](p) set.

Proof: Let

B = {ghthithomi pe A i €[0,m— 1]}

Then |B| = mn and it is easy to see that B - [—ky, k2]* = Z;.

Hence B is a perfect B[—ky, k2](p) set. [ |
Theorem 11: Let p = 2knm + 1 be a prime and g be a

primitive root modulo p. Let

A = {indg (i) (mod kn) :i € [1,k]}.

If there exists a subset A’ C Zp, of size n such that
Zin = A+ A’ is a 1-fold factorization, then there exists a
perfect B[—k, k](p) set.

Proof: Let

B={g"" . pbe A iel0,m—1]).

We claim that B is a perfect B[—k, k](p) set.
Suppose that

kniy+j1 = sgkniz+j2

rg (mod p),

where r, s € [—k, k]*,i1,i2 € [0,m—1] and ji, j, € A". Then
we have

indg (r) + kniy + j1 = indy(s) + kniz + j»  (mod p —1).
Reducing this modulo kn, we get
indg (r) + j1 =indg(s) + j» (mod kn).

Since knl%, ji,jo € A" and Zy, = A+ A’ is a 1-fold
factorization, we have j; = j, and r = s or r = —s.

If r =5, then i; =iy (mod 2m) and so i1 = i>. Otherwise,
r = —s, then kni| = knir + 251 (mod p — 1), which implies
22L\kn(iy — i2) and iy # i>. That is m|(i1 — i2) and i1 # i2,
which is a contradiction. |

Remark 12: In Theorem 10, if A = {0,n,2n, ..., (kj+ky—
1)n}, then we can take A’ = [0,n — 1] to satisfy the 1-fold
factorization condition. This is exactly the case appeared
in [19] and [32]. The same phenomenon appears in
Theorem 11.

In order to give new existence results of perfect splitter sets,
we define the set

S(2k, 2" k)
Q" +2(k —1))j}:j € [1,2"k], gcd(j,2m+1k) =1}.

Lemma 13: Let m > 1, then for any set A € S(2k, 2" k),
there exists a set A’ C Zom+1y, of size 2™ such that A+ A’ =
Zom+1y, is a 1-fold factorization.

Proof: Let A = {0,2j,4j,....2(k — 1)j,2"kj,
Q" +2)j,..., 2"k + 2(k — 1))j} for some j € [1,2™k]
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TABLE I
EXAMPLES OF PERFECT B[—ky, k3](p) SETS FROM COROLLARY 14

k1 ko | m D

1 3 2 241,1489,3793,17041, 22993, 26161, 33457, 35569, 39313, 45553

1 3 3 19681,29473, 34273, 79777, 88609, 88801, 96097, 97441, 142369, 155809

1 3 4 577,13249,20161

1 5 2 34729

2 4 2 313,6073,11497, 12889, 23497, 34057, 36313, 42409, 46633, 49081

2 4 3 38449, 77041, 79633

3 5 2 78241

2 6 3 307009

TABLE II 2) p — 1 is a divisor of one of the numbers:

EXAMPLES OF PERFECT B[—k, k](p) SETS FROM COROLLARY 15 utv, u?v?, u*ow, uvwz, where u,v,w,z are primes

p
134161, 189169

86689

w| N

and ged(j,2"*'k) = 1. Then the result follows by taking
A = (2kjii +iz: i1 €[0,2"" 1 — 1], ip € [0, 1]}. [ ]

Combining Theorems 10, 11 and Lemma 13, we have the
following two corollaries.

Corollary 14: Letm > 1, p = 2" (k1 +ko)n+1 be a prime,
ki+ka be even and g be a primitive root modulo p. If {ind, (i)
(mod (ky + k2)2™) : i € [—k1, k2]*} is contained in S(ki +
ko, (k1 +k2)2™), then there exists a perfect B[—ki, ky](p) set.

Corollary 15: Let m > 1, p = 2mHEn + 1 be a prime,
k be an even integer and g be a primitive root modulo p. If
{indy (/) (mod 2™k) : i € [1,k]} is contained in S(k,2"k),
then there exists a perfect B[—k, k](p) set.

Tables I and II list some parameters for which the conditions
of Corollaries 14 and 15 are satisfied, respectively. Combining
Theorem 5, Tables I and II, we can obtain infinitely many new
perfect splitter sets.

B. Nonexistence of Perfect Splitter Sets

In this section, we give some nonexistence results of perfect
splitter sets by 1-fold factorizations of groups. A subset A C
Z, is said to be periodic if its stabilizer N(A) = {g € Z, :
A 4+ g = A} is a nontrivial subgroup of Z,. The following
result of periodic sets of cyclic groups can be found in [31].

Lemma 16 [31, Ths. 4.4, 4.5, and 4.6]: Assume that
Zn, = A + B is a 1-fold factorization. If

1) |A| is a prime power, or

2) n is a divisor of one of the numbers:

uv, uv?, usz, uvwz, where u,v,w,z are
primes and e is a positive integer,
then A or B is periodic.

Now we have the following necessary condition for perfect
splitter sets.

Theorem 17: Let p = (ki 4+ ky)m 4+ 1 be a prime number
and g be a primitive element modulo p. Assume that

1) ki + ky is a prime power, or

and e is a positive integer.
Let A = {indg(i) : i € [—ki,kal*}. If there exists
a perfect B[—ki, kal(p) set, then A (mod (ki + kp)l) is
a periodic subset of size (ki + k2) in Zg k) for
some l|m.

Proof: The proof is by induction on factors of m.

If A is periodic in Zk, 1k,)m» then we are done. If not, since
there exists a perfect B[—ki, k2](p) set, there exists a set C
of size m such that A + C = Z,_;. Note that |A| = ki + k2
is a prime power or p — 1 is a divisor of one of the numbers:
uv, u*v?, uvw, uvwz, where u, v, w, z are primes and e
is a positive integer. Then by Lemma 16, C is periodic in
ZL(ky +ky)m- SO there exists an element e € Zg, ), such that
C+e = C, hence C is the union of some cosets of {(e¢), where
(e) is the subgroup of Z, +4,)m generated by e. We can write
C as C = (e)+ D, where D is the set of representatives of the
cosets. Then Z, 44,)m = A+ (e) + D. Assume |(e)| = s, we
have s|m since s|D| = m. Then Z(k1+k2)% = A + D, where
the sets A and D are modulo (k1 + k2)%. If A is periodic in
L, o) s then we are done by taking / = . If not, we repeat
the above step until it stops. Since m is finite, there exists an
[lm such that A (mod (k; + k2)!) is a periodic subset of size
(k1 + k2) in Zky +ky)1- |

Theorem 18: Suppose that ki + ko is an odd prime, 1 <
k1 < kp, then there does not exist a nonsingular perfect
B[—ky, k2](n) set.

Proof: 1If there exists a nonsingular perfect B[—ky, ky](n)
set, then ged(n, kp!) = 1. By Theorem 4, for any prime p|n,
there exists a perfect B[—k1, k2](p) set. Hence we only need
to show that there does not exist a perfect B[—ky, k2](p) set
for any prime p = 1 (mod k| + k). Let g be a primitive
root modulo p and a = kj + kp. If there exists a perfect
B[—ki, k2](p) set, then A = {indg(i) : i € [—ki,k2]"}
is periodic in Z, for some [ satisfying al|(p — 1). Since
|A] = a is a prime number and indy(1) =0 € A, we have A
(mod al) ={il: i € [0,a —1]}.

Assume p—1 = alr. Note that indg(—1) = prl = % € A.
Then ”—ér = s/ (mod al) for some 0 < s < a — 1. Hence

all(“zﬂ — s1), therefore a|(% — s). Since a is odd, then 2|r
and a|s, which is a contradiction. |

By Theorem 17 and computer search, we also have the
following result.
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Theorem 19: 1) There does not exist
B[—1, 3](n) set for n = 97,457 and 485.
2) There does not exist a perfect B[—2,4](n) set for

n = 37,349 and 877.
For B[—1,3](n) set, combining Table I and Theorem 19,

we have completely solved the undetermined nonsingular
cases left in [33, Corollary 19].

a perfect

C. Applications to Conflict-Avoiding Codes

Conflict-avoiding codes are used in the multiple-access
collision channel without feedback. A codeword here is a
subset I of Z,, and the weight of I is the size |I|. For a
codeword I, let

d(ly={a—b (modn): a,bel}

denote the set of differences between any two elements in /.
Note that 0 € d(I). Let d*(I) be the set of nonzero differences
in d(I), that is

d*(I) = d(1)\{0},

which is the set of differences between any two distinct
elements of /. A collection of M codewords

Iy}

is called a conflict-avoiding code (CAC) of length n and
weight w if

C={h,D,..

d*(I;) Nd* () = ¥

forall j # k and |/j| = o for all j € [1, M]. We denote such
a code by (n, w)-CAC.

Example 20: Let n = 15, w = 3. The four code-
words {0,5,10}, {0,1,2}, {0,7,11}, {0,6,12} constitute
a (15,3)-CAC. We can verify that the sets of nonzero
differences

d*({0,5,10}) = {5, 10},
d*({0,1,2}) = {1,2,13, 14},

d*({0,7,11}) = {4,7,8, 11},

d*({0,6,12}) = {3,6,9, 12},

are disjoint.

Given positive integers n and o, consider the class of all
CACs with length n and weight w. A CAC in this class with
maximum number of codewords is called optimal, and the
maximal number of codewords is denoted by M (n, w). The
main problem in CAC is to determine M (n, w) for all n and w.
Example 20 shows that M(15,3) > 4.

A codeword [ is called equidifference if the elements in [
form an arithmetic progression in Z,, i.e.

1 =1{0,i,2i,...,(0—1)i}

for some i € Z,. The element i is called a generator of this
codeword. For an equidifference codeword I generated by i,
the set of differences is

d(I) = {0, +i, +2i, ..., +(» — 1)i}.
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The elements =i, +2i,...,+(w — 1)i may not be distinct
in Z,. Hence |[d*(I)] < 2w — 2, with equality holds if
+i, +2i,..., £(w — 1)i are all distinct. A codeword I of

weight w is exceptional if |d*(I)| < 2w — 2. If all codewords
in a CAC C are equidifference, then we say that C is
equidifference, and the set of generators is denoted by I'(C).

If C is an equidifference CAC of length n and weight
o with no exceptional codeword, then the set of generators
of C forms a B[—(w — 1), w — 1](n) set. Conversely, if
there exists a B[—k, k](n) set, which is taken as the set of
generators of some code C, then the corresponding code C
is an equidifference CAC of length n and weight k + 1 with
no exceptional codeword. Therefore, we have the following
result.

Theorem 21: If there exists a B[—k, k](n) set with size m,
then M(n,k + 1) > m.

The following result is similar to Theorem 5, which is a
recursive construction for CACs.

Theorem 22 [23, Th. 6.1]: Let o > 3, and ny,ny and
s be positive integers such that ny is divisible by s and
ged(l,ny) = 1 for all 1 € [2,w — 1]. Let C; be an
equidifference (n1, w)-CAC consisting of m| nonexceptional
codewords 11, ..., Ly, so that

n
ZLn, \ U';';l d*(Ij) 2 ?an.
Let Cy be an equidifference (sny, w)-CAC with my codewords.
The code C of length niny generated by

I(C) ={i+jni:i el(Cy), jel0,ny—1]}
Ul(n1/s)k : k € T(C2)}

is an equidifference (ninz,)-CAC with miny + my code-
words.

Given a subset I C Z,, recall that the stabilizer
N({) ={g € Z, : I + g = I} is a subgroup of Z,. The
authors in [26] showed that d(I) 2 N(d(I)) for any subset
I € Z,. In the same paper, they gave a general upper bound
on M(n, w).

Theorem 23: [26, Corollary 5] Let C be an (n, w)-CAC.
If there are E exceptional codewords 11, I, ..., Ig in C, then

n—1+ 37 (IN@UI) - 1)
20 — 2 '

Moreover, they determined many new values of M (n, w).
Using a similar idea, we obtain the following theorem. For the
sake of completeness, we give the proof.

Theorem 24: Let w > 3. Suppose n is an integer such that
n—1 is divisible by 2w—2 and gcd(n, Qw—2)") = 1. If there is
a perfect B[—(w—1), w— 1](n) set and an integer t such that
o<t <2w—2, and ged(t, (w — 1)) = 1, then M(tn, w) =
thy + 1.

Proof: 1If there exists a perfect B[—(w — 1), w — 1](n) set,
then there exists an equidifference (1, ®)-CAC Cy with 5=
nonexceptional codewords. Let C; be a trivial (¢, w)-CAC
consisting of only one codeword generated by 1. Applying
Theorem 22 with s = 1, ny = n, no = t to C; and C,,
we have a (tn, w)-CAC with tfw—ilz + 1 codewords.

ICI <
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It suffices to show that any (tn, w)-CAC contains at most
tz’g_lz + 1 codewords. Let C be a (tn, w)-CAC. Suppose that
there are E exceptional codewords /;, j € [1, E], in C. For
each j, let N; be the stabilizer of d(I;). Then the size of N;
is strictly less than 2w — 1 since |N;| < |[d(Ij)] < 20 — 2.

We claim that any subgroup G of Z;, of size less than
2w — 1 is a subgroup of

(n) ={0,n,2n,...,( — n}.

Suppose on the contrary that there exists an element @ € G
which is not divisible by n. Then the order of a in Z;,, is bigger
than 2w — 2 since ged(n, (2w — 2)!) = 1, which contradicts to
the fact that |G| < 2w — 1.

Hence we have N; C (n) for each j. By Theorem 23,
we obtain

m—1+ 37 (INj| = 1)

ICl <

200 — 2
<tn—1+t—1
20 — 2
tn—l +t—1
T 20-2 wo-1
Since o < t < 2w — 2, we conclude that

M(tn,w):t{;;_lz—i-l. [}
Since we have obtained infinitely many new perfect splitter
sets in Section III-A, infinitely many new values of M (n, w)
can be determined by Theorem 24.

IV. SHORT k-RADIUS SEQUENCES

In this section, we investigate short k-radius sequences by
constructing new infinite families of k-additive sequences.
We begin by reviewing some necessary techniques used
in [11].

Assume that the terms of a sequence so, S1, ..., Su—1 are
arranged in a “cyclic way”, i.e. so is the successor of s,,_1.
By the cyclic distance between any two indices i and j,
we mean the Lee metric for Z,,, that is, dz (i, j) = min(|i — j|,
m — |i — j|). A cyclic sequence over A is a cyclic k-
radius sequence, if every two different elements in X have
indices of cyclic distance at most k somewhere in the
sequence. We denote by gr(n) the length of the short-
est cyclic k-radius sequence over an n-element alphabet.
Observe that if sg, 51, ..., S,—1 1S a cyclic k-radius sequence,
then so, S1, ..., Sm—1,50,S1,...,5—1 1 a noncyclic k-radius
sequence. Hence, gx(n) < fi(n) < gr(n) + k.

By counting the occurrences of a random element of X in
a cyclic k-radius sequence, Bondy et al. [4] showed that

n—1
2k

Bondy et al. [4] also showed the importance of the case
n = 1 (mod 2k) when constructing the shortest (cyclic)
k-radius sequences.

Lemma 25 [4, Lemma 2.1]: If gx(n) = n[%} for some
n =1 (mod 2k), th/en

(@) fe(n') =n'T"51] + Re(n'),

(i) gr(n') =n'T"54]

gr(n) = nl 1. 3)
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for every n' such that n—2k < n’ < n, where Ri(n') is defined
in (2).

By Lemma 25, it is reasonable to focus on constructing short
k-radius sequences over an alphabet of size n = 1 (mod 2k).
Let s > k be a positive integer and n = 2ks + 1. A cyclic
sequence aop, di, . - . , dg—1 of elements of the cyclic group Z,
is called k-additive if for every nonzero element a € Z, the
set

{ai,ai +aiy1,...,a; +aip1+---+aipp—1 11 €[0,5s — 1]}

contains exactly one of the elements a and —a = n — a. Note
that the indices in this definition are computed modulo s. Let
0= Zf-;é a;. The construction of cyclic k-radius sequences
from k-additive sequences was shown in the following lemma.

Lemma 26: [4, Lemma4.1] Let k and s be positive integers
such that k < s and let n = 2ks+1. If there exists a k-additive
sequence aop,dl,...,ds—1 over Z, such that gcd(o,n) = d,
then there are d cyclic sequences X0 xl x4 over 7,
each of them of length 77, such that every two elements of Z,
are at distance at most k in exactly one of these sequences
and exactly once in the sequence.

Applying Lemma 26 with d = 1, Lemma 25 and the lower
bounds (1) and (3), it is immediate to get the following result.

Theorem 27 [4, Th. 4.2]: If there exists a k-additive
sequence ag, ay, . .. ,das—1 such that gcd(o,2ks + 1) = 1, then

1

fi(n) =nfn2k 2_k

for every n such that 2k(s — 1) + 1 <n < 2ks + 1.

For every cyclic sequence x’ appearing in Lemma 26,
0 <t <d, let ¥ be the noncyclic sequence obtained from x'
by adjoining its k initial terms at the end of x’. The length
of each sequence X' is % + k. Clearly, the concatenation of
the sequences X', t =0, 1,...,d — 1 is a noncyclic k-radius
sequence of length ns + dk.

Theorem 28 [4, Th. 4.3]: If there exists a k-additive
sequence ag,di,...,ds—1 such that gcd(o,n) = d and
n =2ks + 1, then

N T R and gi(n) = nr"

1

—1
gr(n) < fi(n) <ns+dk=n'n7+dk,

By Theorems 27 and 28, the existence of a k-additive
sequence of length s implies that of a (cyclic) n-ary k-radius
sequence of the shortest possible or close to the shortest
possible length, for certain values of n. However, there are
very limited results on the existence of k-additive sequences,
especially the ones satisfying Theorem 27. We summarize
them in the following lemma.

Lemma 29 [1], [4], [5], [27]:

(1) There exists a 2-additive sequence of length s for all

s =2 3. Ifs #5 (mod 6) and s # 1916 (mod 2190),
then there exists a 2-additive sequence of length s such
that ged(o,4s + 1) = 1.

(i1) If k is a power of a prime, then there exists a k-additive
sequence of length k+1 such that gcd(o, 2k (kH1H41) =1.
There is no 3-additive sequence of length five. There
exists a 3-additive sequence of length s € {4,12, 13, 16}
such that ged(o, 65 + 1) = 1.

(iii)
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By computer search, we show that there exists a k-additive
sequence of length s such that ged(o, 2ks +1) =1, for k =2
and s € {5,11,17,23,29}, k = 3 and 6 < s < 17, and
k=4ands € {5, 6, 8, 9}. These sequences are available upon
request.

In the remainder of this section, we provide several general
constructions of k-additive sequences over Z,, where n is a
prime. The first two constructions are applications of Weil’s
Theorem. Given a prime p = 1 (mod r) and a primitive
element g € Z,, we use C6 to denote the multiplicative
subgroup {g"" : 0 < i < (p — 1)/r} of the r-th powers
modulo p, and C; to denote the coset of Cjj in Z,, i.e.,
C; =gl Cp. 0 < j < r. Here is an application of Weil’s
theorem on multiplicative character sums, which can be found
in [6], [9], and [34].

Theorem 30 [9, Th. 3.2]: Let p =1 (mod r) be a prime
satisfying the inequality

-2
p— [Z (5)(1 —i =1 — 1)“} N a1}

i=0

Then, for any given I-tuple (ji, ja, ..., ji) € [0,r — 11" and
any given l-tuple (cy, ca, ..., c]) of pairwise distinct elements
of Zy, there exists an element x € Z, such that x +¢; € C;i
for eachi € [1,1].

From Theorem 30, it is immediate to have the following
consequence.

Corollary 31: For any integers | and r, there exists
p = 1 (modr) large enough such that for any given
l-tuple (j1, jos....j1) € [0,r — 11" and any given
I-tuple (c1,c2,...,c1) of pairwise distinct elements of Z,
X 4c € C;[, i € [1,1] have a solution in Zp.

Now, we describe our constructions of k-additive sequences
in the following subsections according to their lengths.

A. Lengths mk With Odd m

Before giving the general construction, we illustrate our
main idea by constructing 3-additive sequences.

Let n = 36t + 19 = 6(6¢t 4+ 3) + 1 be a prime for some
integer ¢, and let g be a primitive element of Z,. We would
like to construct a 3-additive sequence of length 67 + 3 of the
form

Lox,y, hyhx, by, ..., k¥ B x, k™ y,

where h = g'® for some x,y € Z,. By the definition of

3-additive sequences, we need the union M of the multisets

(1,x,y,h, hx, hy, ..., k%, h¥x, h?y},
{1+x,x+y,y+h,h+hx,hx + hy,.
W x +h*y, h*'y + 1} and
{(l+x+y,x+y+h,y+h+hx,h+hx+hy,...,
h2t +h2tx +h2’y,h2’x —i—hzty + l,hzty +1+4x}

R R,

to contain exactly one of the elements F+a. Let R =
{Lx,y,x+1Lx+y,y+h 1+x+y,x+y+h,y+h+hx},
then M = R - C[3. Since —1 = g!8*% ¢ CI8, if R is a

representative system for the coset classes in {Ci& 11 €[0,8]},
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then M contains exactly one of the elements +a. We apply
Corollary 31 separately to find elements x and y, which are
combined to satisfy this required condition of R. Since 0 and
1 are distinct elements in Z,, by Corollary 31, there exists an
element x € Z, such that x € C19 and x + 1 € Cg if n is
sufficiently large. Next, we need to find the element y such
that {y,y+x,y+h,y+x+1,y+x+h,y+h+hx}isa
representative system for the coset classes in {Ci9 11 €[3,8]).
Since x € C19, x+1e€ Cg and h € Cg, it is easy to check
that elements in {0, x, &, x + 1, x + h, h + hx} are all distinct.
Then by Corollary 31, the desired element y € Z, also exists
when 7 is sufficiently large.

Now we give our first general construction of k-additive
sequences.

Theorem 32: Let k and t be positive integers, and let
n = 2kQkt + k) + 1 = 4k>t +2k> + 1. If n is a sufficiently
large prime, then there exist x;j € Zn, i =2, ..., k, such that

2t 12t 2t
1L,xo,x3,....xk, h,hxo, oo hxg, ..., h™  h“xy, ..., h™ xg

is a k-additive sequence of length (2t 4+ 1)k, where h = ng2
and g is a primitive element of Zj.

Proof: Let M be the collection of sums of at most k
consecutive elements in the given cyclic sequence. For conve-
nience, let x;y = 1. Then M = R - Cgkz, where R is the union
of the following three sets:

J
O = (D x:1<j<k1<I< ),
i=l

J
) ={x+h Y xi:1<j<k—1)}, and
i=1

j k
Dy ={(h D xi+ > xi:1<j<k—=2,j+1<I<k—1}.
i=1 i=l

Note that @) = >5_,j, [y = k — 1, @3] = 3477
(k—1— j), and hence |R| = k. We need to find elements Xj,
J € [2, k], such that R is a representative system for the coset
classes in C = {C;?z 1 j € [0, k% — 11}.

We partition C into k parts C;, j €[1, k], such that |C;|=j,
j<k—1and |Cy| =2k—1+ (k—*l# In particular, let
C = {ng}. We also partition R into k sets R;, j € [1,k],
such that R; consists of all elements of R in which the largest
index of unknowns is j. That is,

j
Rj={D xi:1<I<j},jell,k—1], and
i=l

k
Re =D xi:1<I<k}UdyU ;.
i=l

Note that |R;| = |C,]| for all j. Further, Rj4y1 = xj11 +
(R; U{0}) when j < k — 1. We will find x; one by one by
Corollary 31 such that R; is a representative system for the
coset classes in C;, 2 < j < k, and consequently R is a
representative system for those in C.

When j = 2, it is easy to show that there exists an
element x; such that xp, xo + 1 in R, represent coset classes
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TABLE III
ELEMENTS IN R; WHEN k =3

R | Ra R3
1 T y y+g
x+1 y+x y+g+zx
gz y+z+1 y+g9+gzr
glz+1) | gy gy + ¢°°)
gy +x) gly+ g% +x)
gly+z+1) gy+g* +g%2)

in Cy if n is sufficiently large. When j = 3, since 0, x2, x2+1
are distinct elements, there exists an element x3 such that
X3,X3 + x2,x3 + x2 + 1 in R3 represent coset classes in C3
if n is sufficiently large. Suppose that there exists an element
xj (j < k—1) such that R; is a representative system of the
coset classes in Cj. Then elements in R; U{0} are all distinct,
so there exists an element x;11 such that elements in R;
represent coset classes in C;.1. Finally, we need to find xj
such that elements in Ry represent those in Cy. Since

Ry = xp + (Rg—1 U {0} U (@2 — xz) U (D3 — X)),

we need to show that elements in Ry — xj are all distinct. Note
that the difference of any two elements in Ry — x; must have
one of the forms

J2 J2 J2 b
Zx,-, th,- othx,- j:Z)c,-,

=] =] i=j1 i=l

where 1 < ji < jp<k—1,and 1 </; <l < k— 1. For any
1 < j1 < jo <k—1, we know that Z{ijl X; appears in some
Rj, j < k. So {z:jl
coset classes or Z{ijl xi== Z?:ll x;. But in both cases, the
difference with any of the four forms can not be zero. This
completes the proof. [ ]

x; and Z?le x; are either in different

B. Lengths mk With Even m

Note that the k-additive sequences constructed in Lemma 32
are of lengths which are odd multiples of k. This subsection
gives a similar construction but the lengths of sequences are
even multiples of k. We again begin with examples of k = 3
and 4.

Let n = 72t +37 = 6(12t+6) + 1 be a prime. We construct
a 3-additive sequence of length 12¢ 4+ 6 of the form

36 36 36 37 37 37 72
1a-xayagagx’gy’g 8 X, 8 Y. 8 .8 X, 8 YV,-..,8 ta

T2t T2t T2t+1 T2t+1 T2t+1
g x, gy, gt g™t x, g7y,

where g is a primitive element of Z,. Let M be the collection
of sums of at most three consecutive elements. Let R = R; U
R> U R3 which are listed in Table III. Then M = R - C3°.
We need R to be a representative system for the coset classes
in {Ci18 21 € [0, 17]} as before so that M covers exactly one
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of the elements +a. This could be satisfied if

x e Cl3, yeC, y+gecCl,

x+1eCl|y+xec, y+g+xeCl,

y+x+1eCl§, y+g+gxeCl,
y+g?eci,
y+g°+xecCis,
y+g3 +g¥xeci

It is easy to show that there exists an element x such that
X € C218, x+1 € ng when n is sufficiently large by
Corollary 31. To apply Corollary 31 to y, we need to prove
that elements in {0, x, x+1, g, g+x, g+gx, g5, g¥+x, g¥+
g3%x} are all distinct. Note that x, x +1, g, g+ gx, g3, g7+
g3x represent coset classes Cl.lg, i€{2,4,1,5,17,3}. If the
element x also satisfies x +g € C;S and x + g% € ng, where
0<a#b< 17 and {a,b}N{2,4,1,5,17,3} = @, then we
are done. Fortunately, we could add these extra conditions
when we find the element x. Since elements in {0, 1, g, g35}
are distinct, there exists an element x such that x € C%S,
x+1eCl x+gecCl®andx+gH e Cl® whennis
sufficiently large. Consequently, the desired element y exists
by Corollary 31.

Note that in the above example when k = 3, we need extra
constraints on x for the convenience to apply Corollary 31 to y.
This phenomenon occurs more often in the next example and
is essential in the proof of the final general construction.

Let n = 1281+ 65 = 8(16¢ + 8) + 1 be a prime. We would
like to construct a 4-additive sequence of length s = 161 4+ 8
of the form

4 64 4 4
L,x,y,2, 8 8%, gy, 82, 8%, 8%, g%y, g%z, 8%, ¢%x, g%y,

65 1280 128 128¢ 128t 128r+1 128i+1
8§ %.-..,8 -8 X8 V.8 L8 »8 X,

g128t+1y, g128t+lz,
where g is a primitive element of Z,. Let M be the collection
of sums of at most four consecutive elements in the sequence.
Let R = Ry U Ry U R3 U R4 which are listed in Table IV.

Then M = R- C84. Now we need to find elements x, y and
z such that R is a representative system of the coset classes in
{Ci32 11 € [0, 31]}. One of the patterns of sufficient constraints
on elements in R is listed in Table V.

Now we solve x,y and z of these constraints in the
following steps by Corollary 31, provided that n is sufficiently
large.

(S1) There exists an element x such that x € ng and

x+1e Ciz.

(S2) There exists an element y such that y € Cg’z, y+x €
CSZ and y+x+1 € Cl% since 0, x, x + 1 are distinct
elements.

(S3) Finally, we need to find z to satisfy the remaining

conditions in Table V. By Corollary 31, we need
to show that all elements ¢ in the form z + ¢ in
Table V are distinct. We list these elements and the
distribution of some of them in Table VI.

There are six elements ¢ in Table VI that we do not know
the coset classes they represent. If they form a representative
system of the coset classes C 2?, i €[1,6], where b; are distinct
numbers in [0, 31]\ {6, 8, 10, 1,5, 11, 31, 3, 9}, then elements
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TABLE IV
ELEMENTS IN R; WHEN k =4

R | Ra Rs3 R4
1 T Y z z4+g gz+964
g |z+1 y+x z+y z+g+y wz + g% + gy
gz y+z+1 z+y+zw z+g+y+z | gz+g +gy+gz
glz+1) | gy z+y+a+1 z+g+gz gz + g% + %%
gy +x) gz z+g+gz+y | gz+9% + g%z +gy
gly+z+1) | g(z+y) z+g+gz+gy | gz + g% + g%z + g%y
9(z+y+a)
gz+y+z+1)
TABLE V

SUFFICIENT CONDITIONS OF ELEMENTS IN R WHEN k = 4

z € C32 z € C33 z+g€eC3 z+g% € C32

z+1€C3? z+yeC z+g+yeCy 2+ 9% +yeC3?
z+y+x€Cf§ z+g+y+a:6023§ Z+g63+y+w603$

yeC3? z4y+a+1€C32 2+4g+grcC3? z+ g% + ¢%8z € C52

y+az€CP? z+g+tgr+yeCsr  z+4+g%8 +¢%8x+yeCil

y+a+1€C32 zHg+gr+gy€Cy2 z+g% 4 g%z + g%y e C32

TABLE VI
DISTRIBUTION OF ELEMENTS ¢ WHEN k = 4

0 gECT TR

y € C32 g+ye? g% +ye?

y+az € C3? gt+y+aze? g3 +y+aze?

y+z+1€CR | g+gz e C3? g%3 + ¢%3z € C32
g+gz+ye? g% + g%z +ye?
g+gz+gyeC3l | g% + g%+ ¢%y e C3F?

in Table VI are all distinct. To satisfy this, we modify (S2) as
follows.
(S2’) Find y such that y € Cg’z, y+xe CSZ, y+x+1e

Cig» and y+{g, g+x, g(1+x), g%, g +x, ¢ (14
x)} represent C3’_2, i €[1,6].

By Corollary 31, such an element y exists if elements in

(0,2, x+1, g, g+x, g(1+x), g%, g% +x, g8 (14x)} are all

distinct. This could be obtained if we go back further to (S1)

and modify it as follows.

(SI’) Find x such that x € C32, x + 1 € C3%, x + g €
C;lz and x + g63 € C;zz where ap, a> are different
numbers in [0, 31]\ {2,4, 1,5, 31, 3}.
Since {0, 1, g, g%} are all distinct, such an element x exists
by Corollary 31. Consequently, we could solve y and z
by (S2’) and (S3).

Now we give our second general construction of k-additive
sequences.

Theorem 33: Let k and t be positive integers. Let n =
2k (4kt+2k)+1 = 8kt +4k>+1 be a prime. If n is sufficiently
large, then there exist elements x2, X3, ..., Xi in Zy such that
the following sequence

1,X2,X3, ..., Xk, &, 8X2, 8X3, ..., &Xk,
g4k2’ g4k2x2’ L g4k2xk’ g4k2+1,g4k2+1x2’ o g4k2+1xk,
gSkzt’ 8k21x2’ . g8k2sz’g8k21+1’ g8k2t+1x2’ . g8k2t+1xk

is a k-additive sequence of length 2(2t + 1)k, where g is a
primitive element of 7.

Proof: By the definition of k-additive sequences, we need
the set M of sums of at most k£ consecutive elements in the
sequence contains exactly one of the elements +a, for each
a € 7. Denote x; = 1. For each j € [1, k], let

m
Yi=lxj+g) x:l<m<j—1),
i=1

m J
O ={g> xi+ > xi:l<m<j-2,
i=1 i=l

m
¥ = {x; +g4k2_1zxi 1l<m<j—1}, and

i—1
) m J

Q="'+ nil<m<j-2,
i—1 i—l
m+1<I<j—1}

Define

J
Rj = {l,g)x (D xi: 1 <I<j),jell,k—1]and
i=l

k
Rk:{l,g}x{in:Iglgk}UTkUCDkUg‘PkUng.

i=l

Let R be the union of Rj, then M = R - Ca”‘z. Since —1 =
g4kz’ +2k2 ¢ Cgkz, we need to show that there exist elements
X2,X3, ..., X, such that R is a representative system for the
coset classes in C = {Cz.k2 1 € [0, 2k% — 1]}. It is easy
to check that the pattern (4) (on the top of next page) of
constraints on elements in R is sufficient.

Now we claim that (4) has solutions when 7 is sufficiently
large. Let R = {3, x 1 1 <I<jUT; UD; UY; UQj,
for each j < k. It is routine to check the following facts hold
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i 2k?
i Xi € Cili+n—-2

elements in Yy U @y represent C,Zkz, ktk+ 1) <r<k(k+1)+ MQ_I) — 1, and
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for 1 <I<j, 1<j<k,
4)

elements in W U Qy represent Crzkz, kk+1)+ k(kz—_l) —1<r <2k%-2.

[Z{:l X; € CJZ.’(‘;H)JI, for 1 <1< j, and

)

elements in Y; U ®; UY¥; UQ; represent coset classes in C;.

for all j < k.

m
Y1 =Xxj41 +g{le' 1 <m < ),
i=1

Djy1 = xjp1+(; UD)),

m
2— .
Wi = xjs1+ g% l{zxz' :1<m < j} and
i=1
Qi1 =xj01+ (Y UQ)).

Then for each j < k, we have

2_
Ry =xjr1+ (R;U{0 U ({g, g™ ")

m

<D xi:1<m < j))).
i=1
Note that |Y; U®; UY; UQ;| = j(j —1). For each j <k,
let

(6)

Ci Cl0,2 =1\ ({j(G+1)—20:1

< JjIy
fmm+1)—1,m(m+1)—-3:1<

I <
m < j})
such that [C;| = j(j — 1). Now we will find x;, for each
2 < j < k—1, such that elements in R} satisfy the constraints
(5) on the top of this page.

We prove that elements x;, 2 < j < k — 1, exist by
induction. When j =2, R} = {x2, xa+1, x2+g, xa+g%* 1},
then there exists an element x» satisfying (5) by Corollary 31.
Suppose that there exists an element x; such that (5) is
satisfied. By the definition of C;, we know that elements in

R U{0JU ({8, 8% 71y x (D xi 1 1 <m < j))
i=1

are all distinct. Hence, by Eq. (6) and Corollary 31, there exists
an element x ;41 such that (5) holds for j + 1.

In particular, there exists an element x;_; such that (5)
holds, which means that elements in

m
2
R U{0)U (g g™ " x D xis 1 <m<k—1))
i=1

are all distinct. Hence, by Corollary 31, there exists an
element x; such that elements in R; satisfy the corresponding
constraints in (4).

Combining all pieces, we prove that there exist elements x;,
2 < j < k such that (4) holds, that is, R forms a representative
system of the coset classes Cjzkz, j € 1[0, 2k% — 1]. This
completes the proof. [ ]

C. Lengths Independent of k

In the previous two subsections, we give constructions of
k-additive sequences of lengths which are multiples of k.
In this subsection, we provide two constructions where the
lengths are independent of k.

Theorem 34: Let k and t be positive integers. Let n
2k(2t + 1) + 1 = 4kt + 2k + 1 be a prime. If there exists
a primitive root g € Z, such that {1,1 + g?* 1 + g%k +
g‘”‘, B gzk + g‘”‘ + -4 ng(k_l)} is a representative
system of the coset classes Cf‘, i €[0,k—1], then

% 4 4
1, g%, g%, ... g™

is a k-additive sequence of length (2t + 1).

Proof: We prove it by definition. Let R = {1, 1 + g%, 1 +
g g 1+ g g 4 gZE=DY and M be
the collection of sums of at most k£ consecutive elements in
the given cyclic sequence. Then M = R - Cgk. Since —1 =
gtk ¢ Cgk , the fact that R is a representative system of the
coset classes in {Cf‘ 11 € [0,k — 1]} implies that M covers
exactly one of elements +a for each a € Z. u
A slightly different version of Theorem 34 is given below,
which yields sequences of even length.

Theorem 35: Let k and t be positive integers. Let n =
2k(4t +2) + 1 = 8kt + 4k + 1 be a prime. If there exists
a primitive root g € Zy, such that {1, g} x R forms a repre-
sentative system of the coset classes in {C l-2k 11 €[0,2k—11},
then

4k+1 8k+1

8k t 8kt+1
8 -8 N

g g% ¢ &% g

is a k-additive sequence of length (4t + 2), where R is
the collection of sums of the first j terms in the sequence,
1<j<k

Proof: We prove it by definition. Let M be the collection
of sums of at most k consecutive elements in the given cyclic
sequence. Then M = {1, g} - R - Cg*. Since —1 = g+ ¢
C3¥, the fact that {1, g} - R is a representative system of the
coset classes in {Cl.zk 11 € [0,2k — 1]} implies that M covers
exactly one of elements +a for each a € Z;. u
Although we give two constructions of k-additive sequences in
Theorems 34 and 35 based on a special primitive root of Z,,
the proof of the existence of this special root may be beyond
the authors’ present knowledge in number theory. We list in
Tables VII and VIII, the thirteen smallest primes n for each
case, for which there exists a primitive root satisfying the
corresponding conditions. In fact, for Theorem 34, we find
the required primitive root of Z, for all primes of n between
67 and 5000 when k = 3, between 521 and 5000 when k = 4,
and between 2591 and 10000 when k = 5. For Theorem 35,
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TABLE VII
GIVEN k, THE SMALLEST PRIMES n AND CORRESPONDING g2k SATISFYING CONDITIONS OF LEMMA 34

k=31n 67 79 103 127 139 151 163 199 211 223 271 283 307
g° 22 46 34 47 6 20 6 8 5 4 31 61 4
k=4]n 73 137 233 313 409 521 569 601 617 761 809 857 937
g° 2 38 32 256 77 143 16 9 8 34 256 @ 62 16
E=5[n [211 311 431 571 751 911 971 1031 1091 1151 1171 1231 1471
g®| 73 13 32 309 32 450 167 211 5 397 208 339 475

TABLE VIII

GIVEN k, THE SMALLEST PRIMES n AND CORRESPONDING g SATISFYING CONDITIONS OF LEMMA 35

k=3 |n| 229 349 373 397 541 613 661 709 733 757 829 853 877
g 28 212 99 18 383 5 195 17 84 152 445 526 735
k=4 |n| 401 1361 1489 1553 1777 1873 2129 2161 2417 2609 2801 2833 2897
g 132 159 359 243 566 499 311 336 119 207 279 442 281
k=5 |mn| 1621 2621 2741 3061 4621 5101 5621 5821 5861 5981 6101 6301 6661
g | 219 1213 1872 2139 1641 2278 1328 4351 4383 918 431 2639 739

the required primitive root of Z, exists for all primes of n
between 541 and 10000 when k = 3, and between 3697 and
20000 when k = 4. Our experimental results may suggest
positive answers for both cases when n is a sufficiently large

prime.

Before closing this section, we note that for all the
k-additive  sequences constructed in this  section,
gcd(o,n) = n. Hence, by Lemma 28, an upper bound

Jr(n) < % + nk is obtained for these values of n. Other
more complicated schemata have produced more k-additive
sequences that are not worth mentioning here.

V. CONCLUDING REMARKS

In this paper, we are devoted to the constructions of splitter
sets and k-radius sequences. They are connected by a con-
struction of short k-radius sequences from splitter sets. For
splitter sets, we present some new constructions of perfect
splitter sets, as well as some nonexistence results on them.
It should be noted that we have given a necessary condition for
perfect splitter sets B[—ky, k2](p) (p is a prime) with certain
parameters in Theorem 17. That is, the set A = {indg(i) : i €
[—k1, k2]*} (g is a primitive element modulo p) is a periodic
set of size |A| when restricted in some subgroup Z, 4k,) of
Zp—1. To the best of our knowledge, this property is satisfied
for all the known constructions of nonsingular perfect splitter
sets. Hence we put forward the following problem.

Problem 36: Let p be a prime number and 1 < k1 < kp,
if there exists a perfect splitter set B[—ky, k2](p), then it is
not clear whether the following conclusion holds or not. That
is, there exists an integer | with (ki + k2)l|(p — 1) and a
primitive element g modulo p, such that the set A = {ind, (i) :
i € [—ky,ka]*} is a periodic set of size |A| in the subgroup
Ly +k)1-

For k-radius sequences, we give two constructions of
k-additive sequences by applying Weil’s theorem, which shows
that for any fixed k, there exist infinitely many values of n
such that f;(n) = % + O(n). This result partially answers a

conjecture recently proposed by Bondy, Lonc and Rzazewski.
Note that a recent paper [22] by Lonc shows a similar
result from the existence of difference families. We also
present some constructions based on the existence of special
primitive roots modulo some prime under certain conditions.
Our experimental results may suggest that when the prime
is sufficiently large, there always exist such primitive roots
satisfying conditions especially in Theorems 34 and 35.
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