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Preface

Discrete mathematics, as opposed to continuous mathematics, broadly comprises algebra,
combinatorics, geometry, and number theory. = From Shannon’s counting arguments and
Assmus—Mattson’s theorem to Goppa’s estimates, it is safe to say that all these fields have contributed
to coding theory. The Special Issue collected some interesting papers in this field. More specifically,

the following areas (the list is not exhaustive):

e Codes and finite geometry: Space-time codes, rank metric codes, AG codes, and Boolean
functions;

° Codes and combinatorics: Designs, maximal codes, few-weight codes, and Hadamard matrices;

*  Algebraic coding theory: Codes over rings and modules, and codes as ideals and modules over
rings;

e Algorithms for effective construction and efficient decoding;

¢ Character sums: Gauss sums; exponential sums for explicit enumeration.

Patrick Solé
Guest Editor
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Bounds on the Probability of Undetected Error for g-Ary Codes

Xuan Wang !, Huizhou Liu 2 and Patrick Solé *
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¥ W N =

Abstract: We study the probability of an undetected error for general g-ary codes. We give upper
and lower bounds on this quantity, by the Linear Programming and the Polynomial methods, as a
function of the length, size, and minimum distance. Sharper bounds are obtained in the important
special case of binary Hamming codes. Finally, several examples are given to illustrate the results of
this paper.

Keywords: error correcting codes; probability of undetected error; linear programmming

1. Introduction

Let A = {ay,...,a,} be an alphabet with q distinct symbols, where g4 > 2 and the
alphabet do not have any structure. For instance, A can be [y, the finite field with g
elements, or Z, the ring of integers modulo g. Moreover, a linear [n, k] code is a subspace
of the vector space Fj and k is the dimension of the subspace. For every two vectors x,
y € A", the (Hamming) distance dy(x,y) between x and y is defined as the number of
coordinates where they are different. A nonempty subset C of A" with cardinality M is
called a g-ary (n, M) code, whose elements are called codewords. The minimum distance
d of the code C is the minimum distance between any two different codewords in C. The
distance distribution of C is defined as

A; = %H(x,y) cx,y€Cdy(x,y) =i}, i=01,...,n 1)

Assume that the code C is used for error detection on a discrete memoryless channel
with g inputs and g outputs. Each symbol transmitted has a probability 1 — p of being
received correctly and a probability p; = p/(q — 1) of being transformed into each of the
g — 1 other symbols. It is natural to let 0 < p < (g — 1) /4. Such a channel model is called
a g-ary symmetric channel 4SC(p). When such a code is used on the symmetric g-ary
channel gSC(p), errors occur with a probability q% per symbol.

Let x € C be the codeword transmitted and y = x + e € [} be the vector received,
where e = y — x is the error vector from the channel noise. Obviously, e € C if and only
if y € C. Note that the decoder will accept y as error free if y € C. Clearly, this decision
is wrong, and such an error is not detected. Thus, when error detection is being used,
the decoder will make a mistake and accept a codeword which is not the one transmitted if
and only if the error vector is a nonzero codeword [1,2]. In this way, the probability that
the decoder fails to detect the existence of an error is called the probability of undetected
error and denoted by P,.(C, p), which is defined as

v (N
PuelC,p) EAf(q_l)“ Py, &)
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In general, the smaller the probability of undetected error P, for some p, the better the code
performs in error detection. However, this function is difficult to characterize in general.

As for the code C, comparing its P, with the average probability Py [3,4] for the
ensemble of all g-ary linear [n, k| codes is a natural way to decide whether C is suitable for
error detection or not, where

Pue(p) =4~ " P (1- 1= p)f).

According to [4], there exists a code C such that Py (C,p) > g~ ("% and there are many
codes, the P,, of each of whom is smaller than q_(”_k>. In fact, it was commonly assumed
that P, (C, p) < q’(”’k) for the linear [n, k] code C in [5], where q’(”’k) = ¢~ " is called the
g~ " bound. The 47" bound is satisfied for certain specific codes, e.g., Hamming codes and
binary perfect codes, when 0 < p < 1/2.

For the worst channel condition, i.e., when p = (g —1)/g,

k
Pue<clq_1>_q_(ﬂ—k) 1_(1_q_1) _Pu€<q_1)
q q q

From the above formula, a code C is called good if P,.(C,p) < Pue((g —1)/q) for all
0 < p < (g—1)/q. Inparticular, if P,.(C, p) is an increasing function of p in the interval
[0, (7 — 1) /4], then the code is good, and the code is called proper. There are many proper
codes [1], for example, perfect codes (and their extended codes and their dual codes),
primitive binary 2-error correcting BCH codes, a class of punctured of Simplex codes,
MDS codes, and near MDS codes (see [5-9] for details). Moreover, for practical purposes,
a good binary code C may be defined a bit different, i.e., Py (C, p) < cPye(C,1/2) for every
0 < p < 1/2 and a reasonably small ¢ > 1. Furthermore, an infinite class C of binary
codes is called uniformly good if there exists a constant ¢ such that for every 0 < p < 1/2
and C € C, the inequality Py (C,p) < cPyu(C,1/2) holds. Otherwise, it is called ugly,
for example, some special Reed-Muller codes are ugly (see [10]).

Another way to assess the performance of a code for error detection is to give bounds
of the probability of undetected error. In [11], Abdel-Ghaffar defined the combinatorial
invariant F; of the code C and proved that

wen=Ea(i55) (-2

j
=) A <n—]> i=1,2,...,1.

i=1

where

Using combinatorial arguments, Abdel-Ghaffar [11] obtained a lower bound on the un-
detected error probability P,.(C,p). Later, Ashikhmin and Barg called F; the binomial
moments of the distance function and derived more bounds for P, (see [12,13]).

In particular, constant weight codes are attractive and many bounds are developed,
for example, binary constant weight codes (see [14,15]) and g-ary constant weight codes
(see [16]). In fact, the probability of an undetected error for binary constant weight codes
has been studied and can be given explicitly (see [14,16]).

Note that when A = F; and p — 0, according to Equation (2), we have

Pue(C,p) ~ Aapg® (1 —p)" 4, 3)

where p; = p/(q —1), d is the minimum distance of C and A is called the kissing number
of the linear code C. In 2021, Solé et al. [17] studied the kissing number by Linear
Programming and the Polynomial Method. They gave bounds for A; under different
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conditions and made tables for some special parameters. Motivated by the work, this paper
is devoted to studying the function P,, using the same techniques.

The rest of this paper is organized as follows. In Section 2, we briefly give the
definition of the (dual) distance distribution of g-ary codes and give some trivial bounds
of the probability of an undetected error. In Section 3.1, linear programming bounds are
discussed. The applications of Krawtchouk polynomial (Polynomial Method) to error
detection are given in Section 3.2. In Section 4, some bounds better than the 27" bound
are given for binary Hamming codes. Finally, we end with some concluding remarks in
Section 5.

2. Preliminaries

Recall some basic definitions and notations from [2,18-20]. Throughout this paper,
to simplify some formulas, we let p; = q%l and k = logq |C| for some real k. Furthermore,
in this paper, it is natural to define p < (9 —1)(1 — p), equivalently, p, <1 — p.

2.1. Dual Distance Distribution
Assume that A = [, is the finite field of size 4 and C is a subspace of I}, i.e., Cis

a linear code over F;. Then, the dual code C* of C is the orthogonal complement of the
subspace C. That is to say,

Clz{vEFg:vu:OforalluEC},

where v -u =Y ' vjuj, u = (uq,...,uy) and v = (vy,...,v,). The distance distribution A’
of C* can be determined similarly. It is well known (see Chapter 5. §2. in [2]) that

1 & .
Al = el Y AiPi(j), 4)
ICl =

where P;(j) denotes the Krawtchouk polynomial of degree i. For each integer g > 2,
the Krawtchouk polynomial Py (x;n) is defined as

Pi(win) = é(—l)f () (i) a=v

When there is no ambiguity for n, the function P;(x; 1) is often simplified to P;(x).

Note that Equation (4) holds when C is linear. When C is nonlinear, the dual distance
distribution A} is defined by Equation (4). Furthermore, by the MacWilliams-Delsarte
inequality,

Al >0, ®)

holds foralli =0,1,- - ,n. Moreover, Ay = 1 and

n
qk:1+2Aj, when |C| =4~ (6)
=1

2.2. Probability of Undetected Error

The g-ary symmetric channel with symbol probability p, where 0 < p < (g —1)/q, is
defined as follows: symbols from some alphabet A with g elements are transmitted over
the channel, and
1—-p, b=aq,

i1 b#a

where P (b received | a sent) is the conditional probability that b is received, given that a is
sent. For a g-ary code C, when it is used on such a channel, it is possible that the decoder
fails to detect the existence of the errors. Thus, Py, the function in terms of the weight

P (b received | a sent) = {
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distribution of C is given in Equation (2). Clearly, this is a difficult computational problem
for large parameters n, k, d, and q (see [2]). Hence, it is better to give bounds for P,,. For
example, here are some trivial bounds.

Theorem 1. For every g-ary code C with |C| = g¥, if p < (9 — 1)(1 — p), then

(" = D)pg" < Pue(C,p) < (8 = Dp?(1—p)" ™,

where py = q% Especially, when q = 2 and 0 < p < 3, we have

(2K —1)p" < Pue(C,p) < (2" = 1)p(1— p)" -

Proof. It is easy to check that p,/(1 — p)"/ > pgJ*1(1 — p)"/~1 if and only if
p<(q—1)(1—p). Hence,

n ) ) n
Pue=Y Ap/(1—p)" T <p"(1—p)" Y Aj = (@ - Dp*(1—p)" 7,
j=d j=d

since po/(1 — p)" < pg?(1 — p)"~@ when j > d. The lower bound can be obtained
similarly. [J
The above bounds are trivial. However, they are both tight, because simplex codes

over the finite field [, attain these bounds.

2.3. Some Special Bounds

It is clear that the general bounds given by Theorem 1 will be much larger (or smaller)
than the true value of P,, for a fixed code. If the distance distribution is known, one
computes P, (C, p) (as a function of p), and if we know some particular information about
the distance distribution, then we may get some bounds. The following is a special case
and more thoughts can be seen in Section 4.

Theorem 2. Let C be a binary code with A, = 1land A; = A, for1 <i<n—1, then

n t; A:pi(1 = p)—i n—j(1 — j, =2t+1,
Pue:{rﬂ Yima Aj (P (1= p)"T+p" (1= p)) n=241,

P+ Ap' (1 - P)”rZ]t-;lg Ai(pP(1—p)" T +p I (1—p)), n=2t
Moreover, when d < t, we have
P At (1=p)'+ (214 1) (p1(—p)—+p ()Y, m=2t,
and

o (21-1) (p (1= p)tapr i - p)), n=2t+1,
P At (1-p)'+ (2714 —1) (p 1A= p) T p (1= p)), m=2t,

whereO<p<%andd<t.

Proof. By the definition of P,., Equation (7) holds if A; = A,_; and A, = 1. Due to
0 < p < 1, Itis easy to check that p" /(1 — p)/ < p/(1 —p)"/, where 0 < j < |n/2]. In
addition, if n = 2¢ + 1, then Z;‘:d Aj= (2k —2)/2 = 251 — 1. Similarly for the case n = 2t.
Hence, we get the bounds. [
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Remark 1. If the binary code C satisfies A; = A, and A, = 0, we can get the following bounds:

, k-1 <pd(1_p)n—d+pt+1(1_p)f>, n=2t+1,
e <
Atpt(l—p)t—i-(zk*l—%) (Pd(l—p)”’d—l—pt*l(l—p)t’l>, n=2t,
and
k=1 (pt (1 —p)tHlppn—d(1_p)d), n=2t+1,
. (p=p) 1 4pri(1-p))

AtPt (1 o P)t + (Zkfl _ At;Ao ) (Ptfl (1 o P)tJrl _'_pnfd (1 o p>d) . n=2t.
Here, 0, the all zero vector, may not be a codeword.

Example 1. For a binary linear code, if the all-one vector 1 is a codeword, then A; = A, _;. So,
Theorem 2 can be applied to many codes, for example, Hamming codes. It is known that the binary
Hamming code H,y, is a linear [n = 2" — 1,k = 2" — 1 — m, 3] code. The distance distribution of
the [15, 11, 3] Hamming code Hy is listed in Table 1. According to Theorem 2, the values of the
bounds and true probability can be seen in Figure 1.

Table 1. Distance Distribution of the Hamming Code H4.

i 0 3 4 5 6 7 8 9 10 11 12 15
Aj; 1 35 105 168 280 435 435 280 168 105 35 1
06 T T T T T T T T T
TrueProb
05F —O— UpperBound | -
LowerBound
0.4 r
o
©03r
[a
0.2
0.1 r
2}
OC,I\.J‘ ) \leslesbec—T ) RN RN ZN VAN 1 1 Il Il
0 0.05 0.1 0.15 0.2 025 0.3 035 04 045 0.5
P

Figure 1. Bounds in Theorem 2 of P, for the Hamming Code Hy.

3. Universal Bounds for g-Ary Codes

In this section, we will discuss the bounds for P,. using different methods. These
bounds are for general codes, thus they do not look so good. Meanwhile, compared with
some known bounds, they do not perform better. However, it is the first as far as we know
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to give bounds for P, using the following two methods, though they have been shown
in [21,22] due to different thoughts.

3.1. Linear Programming Bounds

Consider the linear programming problem M(n,k,d, p) that maximizes the objec-
tive function

Ajp (1= p)"
1

n
j=
under the constraints:
1 A =0,
@ TaA=q"-1,
@) iy AP(j) = —Pi(0),
4 Ai=Ay=---=A;_1=0.

Likewise, let m(n, k,d, p) be the minimization of the same objective function under the
same constraints.

Theorem 3. If C is a g-ary code of parameters (n,q,d), then m(n,k,d, p) < Py < M(n,k,d,p).

Proof. The objective function expression comes from (2). Constraint (1) is immediate by
the definition of the distance distribution. Constraints (2) and (3) come from Equation (6)
and Equation (5), respectively. Constraint (4) is a consequence of the definition of minimum
distance. [

Remark 2. Let f(x) and g(x) be two functions of x, then f < gif f < gor f ~ g, when x — 0,
where 0 < x < 1. For example, let f(x) = x*> + x and g(x) = x> + x, then f(x) > g(x) when
0 < x < 1. But f(x) ~ g(x), then f(x) < g(x) when 0 < x < 1and x — 0.

Motivated by Equation (3) and [17], we have the following result.

Theorem 4. Let C be a g-ary [n, k, d|, linear code, then when p — 0,

(0" = 1= [LDpg" (1= p)" < Pue(C,p) S (¢ = 1= [SDpg (1= p)" ", (®)
where L (resp. S) denotes the maximum (resp. minimum) of 237: 41 Aj subject to the 2n — d constraints
k 4 :
—Pi(0) = (" =1)P;(d) < ) Aj(Pi(j) — Pi(d)),
j=d+1

fori=1,2,...,nandj=d+1,d+2,...,n

Proof. It is clear that P, (C,p) > Adpqd(l - p)”’d, then by [17], we get the left side of
Equation (8). As for the right side, if A; < g5 — 1 — [S] and p is small enough, then by
Equation (3), Pu(C,p) < (4 —1—[S])pg?(1 — p)"~?. Otherwise, Ay = ¢ — 1 — [S] and
then, Pye(C,p) ~ (7 =1 [S])ps"(1 —p)" 4. O

Table 2 is a part of Table I in [17], which is helpful to give bounds for Py.

Table 2. Bounds of A; for Some Binary Codes.

Parameters [9, 4, 4] [10, 4, 4] [11, 4, 5] [12, 4, 6] [13, 4, 6] [14, 4, 7] [15, 4, 8]
Upper Bound 14 15 7 14 14 8 15
Lower Bound 6 12 5 11 4 8 15




Entropy 2023, 25, 1349

Example 2. Let Cy be a binary [15, 4, 8] code, then
Pue(C1,p) ~ 15p°(1 = p)”.
As for the binary [12, 4, 6] code Cy, we have
11p°(1 = p)® < Pue(Ca, p) < 14p°(1 - p)°.
Obviously, for any [n, k, d| code, one can give bounds for its Pye.

Remark 3. From the above discussion, it is clear that our bounds depend solely on the three
parameters [n, k, d| of the code, and [n, k, d| is the minimal requirement to use a code in practice.

3.2. Polynomial Method

In this section, we will give some general bounds for P, for any binary (n, 2k d) code.
Recall the definition of the Krawtchouk polynomials and some properties. The following
identity is a Polynomial Method of expressing the duality of LP.

Lemma 1. Let B(x) € Q[x] be the polynomial whose Krawtchouk expansion is
n
Z IB] j\x

Then we have the following identity

i=0

me&zﬁg&ﬁ- )
=

Proof. Immediate by Equation (4), upon swapping the order of summation. [

From now on, we denote the coefficient of Krawtchouk expansion of the polynomial
f(x) of degree nby f;,j =0,1,--- ,n,ie., f(x) = Ti_ fiP;(x).

The first main result of this section is inspired by Theorem 1 in [23], and given as
follows.

Theorem 5. Let B(x) and «y(x) be polynomials over Q such that B; < 0, y; = 0 for j > 1 and
v(i) < pg' (1 — p)" =" < B(i) for all i with A; # 0. Then we have the upper bound

Pue < q"Bo — B(0), (10)
and the lower bound

Pue > q"y0 = 1(0). (11)
Proof. By Lemma 1, we have

;;Aﬁo><ﬁw?

Returning to the definition of Py, and using the property of B(j) > p,/(1 — p)" 7, we get
n . i n k
Pye = 2 Aqu](l -p)" < 2 Aj,B(]) < q"Bo — B(0).
j=1 j=1
The proof of the lower bound is analogous and ommitted. [J

Remark 4. The above result is a special case of Proposition 5 in [22]. More general setting of the
linear programming bounds from Section 3 (Theorem 5) were already considered in [21,22].
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The following are some properties of the Krawtchouk expansion, and we omit the
proof, since they are not difficult.

Lemma 2 ([24] Corollary 3.13). Let f(x) = ]’-’:0 fiPi(x) and g(x) = ;1:0 g;Pj(x) be polyno-
mials over Q, where f] >0,8200< j < n. Then the coefficients of the Krawtchouk expansion
of Af(x) + ug(x) are nonnegative, where A, u are nonnegative rational numbers.

3.2.1. Upper Bounds

For convenience, let 0ij be the Kronecker symbol, i.e.,

s [L =]
Yo, ifi #

Lemma 3. For general q, the coefficients of the Krawtchouk expansion of the following polynomial

o (=t TG
SO0 = o i—x

are all nonnegative if and only if i is odd, where 1 < i < n is an integer and 0! = 1. Moreover,
gi(j) = dij.

Proof. Let

) = g+ ﬁ(l B x> _ ithj(x),

S—X i ]

where d < s < n. Then, by Proposition 5.8.2 in [20],
1 P

I = qng (i) Biti) = qﬁjZ (el )25 / (a2)
B

j=0

=G/ ()=

Note that if d = 1, we have

hx) = T (1)1 = 1)t — 1) g ().

n.

According to Lemma 2, the coefficients of the Krawtchouk expansion of (—1)i~1g;(x) are
all nonnegative.
Obviously, for any j # i, ;(j) = 0, because j is a root of g;(x). Moreover,

which means g;(j) = ¢;;. O
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Theorem 6. Let C be a binary code with the distance distribution Aj;, where A; = 0 for all possible
odd j, then

; _i(n 1
Pye < Z‘pl(lfp)” (i>(2nk+1>, (12)
even i

where even i means that i runs through the even intergers between d and n.

Proof. According to Lemma 3, the coefficients of the Krawtchouk expansion of the follow-
ing polynomial:
(—1)i-1 =1 —x)
$) = o iox

are nonnegative if and only if i is odd. Then, let

f) = Y pi—p) i) = i{)}f;l’j(@-
z

even i

Hence, f; < 0, f(i) = p'(1 —p)"~ for even i and f(i) = 0 for odd i. By the proof of

Theorem 5,
Pue < Zka _f<0)/
where
. —; n
fo)= & opa-pri(]),
even i
and

fo=g & ra-p(})

even i

Thus, the upper bound follows from Theorem 5. I

Remark 5. If C is linear, then A; is the number of codewords of weight i, which implies that
Ai < (). Hence,

Pye < Zpi(l - P)nii <7’l>,
i€l !
where I = {i|A; # 0}. Moreover, if A; = 0 for all odd i, then
' _i(n
Pe< T pa-pri(7). 13)

. 1
even {

Example 3. Consider the Nordstrom—Robinson code, it is a binary nonlinear code with the distance
distribution in Table 3. Moreover, the weight distribution is the same as the distance distribution.
By Equation (2),

Py = 112p°(1 — p)' +30p°(1 — p)® +112p"(1 — p)° + p'°.

According to Theorem 6, the values of the upper bound and true probability can be seen in Figure 2.

Table 3. Distance Distribution of the Nordstrom—-Robinson Code.

i 0 6 8 10 16
A 1 112 30 112 1
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P
Figure 2. The Probability of Undetected Error of the Nordstrom—Robinson Code.

Example 4. Let £ be the set of binary vectors of length n and even weight, then it is actually the
Reed—Muller code RM(n — 1, n) in Problem 5 in [2] and is generated by all the binary vectors of
weight 2. Hence,

/2] N |

e =E (D)5t pres

i=1
Remark 6. The bound is suitable for many codes, and thus it seems not good. In fact, there exists
some code C, whose P, is very large.

Motivated by [17], we have the following upper bounds for linear codes over F».

Proposition 1. When C is a g-ary linear [n, k, d] code and p is small enough, we have the
following statements:

(1) Ifn+14qd—nq >0, then

k
g Anmg—n—1_ 4.  ‘ua.
P”Eannq+1+qdpq(l P
(2) Ifn+qd—ng—1<0,then
2n(gn —n —qd +1) +n(d -1 -
Puef,q (q nq_d ) ( )qu(l—}?)n d,_

(3) Ifg=2,n-2d>0,(n—2d+2)>>n,and A; # 0onlyifd <i<n—2d, then

22((n—2d 422 —n)+(d-1)(n—d+1) 4

< o \n—d
Pye S n+1—2d p(l P) :

Proof. These three bounds can be deduced easily by Equation (3) and Corollaries 4-6in [17]. [

10
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Remark 7. The results in Corollary 4-6 in [17] are actually the upper bounds of Az under different
conditions. Considering Equation (3), it is necessary to make p small enough. According to the
proof of Theorem 4, if Ay does not meet such bounds, then “<” holds.

3.2.2. Lower Bounds
Similar to Proposition 1, by Corollaries 1-3 in [17], we have

Proposition 2. If C is a g-ary linear code, then we have the following statements:

(1) Ifd=[(n—1)(q—1)/q], then

g —ng+n—1 -
P”e/(n—d)q—n—i-lpq( p

)n—d.

7

(2) Ifqd >ng—n—2q+1, then

2n(n —qn+qd+29—1) —nd —n _
p,> T n—gq Z_dq ) pl(1— p)

(3) Ifq = 2and all weights of C are in [d,n — d], with n —2d > 0and (n —2d — 1) < n+1,
then

222 — 4nd —3n) 4+ (2K +1)d(d + 1 -
PL{@/( (n” — 4 2;)—;1( JA@HD) 54 )iy,

When using quadratic polynomials, we have the following bound.

Proposition 3. Let fy, f1 and f be nonnegative rational numbers such that

fo—f17’l—|—f2< > (1—]9) n=d  and f1—|—1’1f2<2df2,
then, for a binary (n, 2k d) code, we have

Pye > 2ka - Pd(l - P)nid —2fin,
where 0 < p < %

Proof. Itis known that, wheng = 2, Py(x) = 1, Py (x) = n —2xand P»(x) = 2x* — 2nx + ().
Let f(x) = foPo(x) + f1P1(x) + faP>(x) and then it is a quadratic function whose axis of

symmetry is fl;rfzfz. Considering that p'*1(1 — p)"~'=1 > pi(1 — p)"~, it is sufficient to
show that
foy <= pyrtana 122 < g
2f>
ie., f(i) < f(n) < p(1—p)"4 < pi(1 —p)"~ for i > d. Equivalently,
fo— fin+ fz( ) <Pl a-pr finf <2

The result follows from Theorem 5. [

4. Good Bounds for Hamming Codes

Recall that the weight enumerator of the code C is the homogeneous polynomial

x ]/) _ Z xnfwt(u)ywt(u),

ceC

11
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where wt(u) means the Hamming weight the codeword u. The binary Hamming code H,,
isa[n=2"—1,k=n—m,d= 3] code, with the weight enumerator

(x—i—y)”—i—n(x—O—y)(”*l)/z(x—y)("+1)/2
n+1 !

whose distance distribution A; satisfies

n

. n .
Y Ay 1+ Y Ay +
i—0

n

Y (n—i)Ay'tt = (1+y)",
i=1 i= i=0

and the recurrence Ag =1, A1 =0,

. . n
(i+ DA+ A+ n—it+1)A = <l>

Moreover,

Zn ZA]/Z n ) n—1 . n—1 )
(1+y)" = % +Y Ay +ny ) Ay -y ) iAy
i=0 i=0 i=0

1 1
n—1 e n—1 .
=) Ay (y - iy) +(y+1) Y Ay +y" +ny" iy + 1
i=1 i=1
Let « € Fon be a primitive element and let g(x) € Fa[x| be the minimal polynomial

of & with respect to [F. According to Exercise 7.20 in [20], g(x) can be regarded as the
generator polynomial of a Hamming code. Since deg(g(x)) = m > 1, then

"o
S s L
x—1

g(x)

which implies that the all-one vector is a codeword of the Hamming code and A, = 1.
Note that

i=1

Pu= Y Apl1—p) = (1 p)" ZA(”p)

Hence,

Lety =¢= %, where p € (0,1/2), then

n—1 e
(ne4+1)(Pue —p") + (1 —p)" ) A€’ <£ — ie>

i=1
=1—p"—np(l—p)" ' —np" 1 (1—p) - (1-p)".

According to Chapter 6, Exercise(E2), page 157 in [2], there are n — 4 nonzero weights of
Hm. Considering that A, = 1, we have A; = Oifand only ifi =1,2,n —1,n — 2. Since
0<p<1/2,then0 < e < 1and we have

§_3£<1_.€<n—3

. . . —(n—3)e.

12
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Obviously,
sl W, i(n=3
(-pr E e (-ie) < 0opr Ead (- )
i=1 i=1
n—3 n—1
:< £ _(n—3)£>ZAzPZ(1_P)”1
i=1
n—23
= < . (n—3)€>(Pue_Pn)
Similarly,
n—1 e . 3
apr Lo () > () e )
i=1
Thus,

p o L=p —np(l—p)"t —np" T —p) - (1-p)"
s 3 _Betnet1
3

_p=p)—p™ A —p) —np*(1—p)" —np"(A—p)* —p(1—p)"*!

+p" (14)

a (n—1)p2—5p+3 *r
and
Y _ n—1 __ n—1 _ o _ n
p,> L=F nv(lﬁp) np" (1—-p)—(1-p) o (15)
== —(n—3)e+ne+1
_pA=p) = p"A-p) A p)t " - p - p(A-p)™

(m=1)p>2—2n—-7)p+n-3
Summarize the above discussions, we get

Theorem 7. Let H, be the binary [n = 2™ — 1,k = n — m,3] Hamming code, then when
0<p<1/2and m > 3, we have the upper bound Equation (14) and the lower bound
Equation (15) for Py, respectively.

Proof. Note that the upper bound should be larger or equal than the lower bound, then
(—2n—=7)p+n—-3)—(-5p+3)=(n—-6)(1—-2p) >0.
It is sufficient to solve the inequality n = 2" —1 > 6, dueto1 —2p > 0. Hence, m > 3. [
Remark 8. The difference of the upper bound and the lower bound is small.
Let U(n,p) = Hy/H and L(n,p) = Hy/H be the bound given by Equation (14) and

Equation (15), respectively, where Hy = (n — 1)p?> —=5p+3, Hy = (n—1)p?> — (2n —7)p +
n—3and

H=p1—p)—p"(1—p) —np?1—p)" —np"(1—p)* = p(1—p)"*".
In fact, H is a polynomial of p whose degree n + 2 and the leading coefficient is

By =14 (=1)"2n—n+ (=1)""2 = (14 (=1)") +n((=1)" = 1) #0,

13
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while the product HyHy is just a polynomial whose degree is 4. Then,

() — L(n,p) = (HZI;II;?)H _(n —61)1(1117[—2 2p)H

(n—6)(1 —2p)hy42p" >
(n—1)2p*

— 0 (n— 4o0).

That is to say, the lower bound and the upper bound are very close. On the other hand,

120 — 37 n+1
Hi> 2727 and Hy >
V2 dn—1 M 22Ty

Then,

(Hp—Hy)H _ (n—6)(1-2p)H
HiH, HiH,
=61 -2p)p(l—p) _(n-6)1-2p)p(1-p)
Fik P
= (1;16::1 1;(11)2(:—_ 367)) pd=p)1=2p)
V3 16(n —1)(n —6) 2V/3
SWBm+nazn—37) 27

~0.1283 (n — 4o0).

Here, let F(p) = p(1 — p)(1 — 2p), then its derivative is F'(p) = 6p> — 6p + 1. Note that the
roots of F'(p) are %. Since 0 < p < 1/2, then we choose the root py = %. Hence,

V3
F(p) < F(po) = T 0.0962.

Thus the difference of the upper bound and the lower bound is about 0.1283 at most, and tends to 0
when n — o0,

Example 5. Using the bounds in Theorem 7, the results in Figure 1 can be improved. See Figure 3.
When m = 5, the bounds Equations (15) and (14) are also valid. See Figure 4.
Note that the difference of the bounds Equations (15) and (14) is about 0.05, which is much
smaller than the given 0.1283.

TrueProb 4
—S— UpperBound
LowerBoound
2" Bound

0 005 01 015 02 025 03 035 04 045 05

Figure 3. Bounds in Theorem 7 of P, for the Hamming Code H4.

14
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0.06
0.05 [
0.04 -
3
= 0.03 -
>
0.02
TrueProb
0.01 - —©— UpperBound | |
LowerBound
2% Bound

&
0 005 01 015 02 025 03 035 04 045 05
p

Figure 4. Bounds in Theorem 7 of P, for the Hamming Code Hs.

It is known that the Hamming codes satisfy the 27" bound when 0 < p < 1/2
ie., P, <27 See [5] for more details. In fact, the obtained new bound is better than the
ordinary 27" bound, when p is not large.

Theorem 8. Let H,, be the binary [n = 2™ — 1,k = n — m,3] Hamming code, then when
0<p<1/2and m > 3, we have

Pue < )2 +p. (16)

Moreover, if p < py, this upper bound is better than the 2~™ bound, where py is the smaller root of
the equation (2"+1 —2)x? — (2" +5)x +3 = 0.

Proof. Assume that )
p—pr < -
(n—1)p2—=5p+3 ~ 2’

then it is sufficient to solve the inequality

(2" —2)p? — (2" +5)p+3 > 0.

Obviously, the inequality holds when p < pg, where

(2™ +5) — /(2" +5)2 — 12(2m+1 — 2)
2(2m+1 _ 2)

is the smaller root of the equation (2! —2)x> — (2" +5)x +3=0. O

Example 6. It is clear that when p is small enough, the new upper bound Equation (14) is smaller
than the 27 bound in Figures 3 and 4.

Remark 9. Of course, the weight distribution of the binary Hamming codes can be computed and
expressed by the sum of combinatorial numbers, which are usually very large when m is large. So,
the method in this section is to estimate P, quickly. Compared with the 2~ bound, our bounds are
better when p is small enough.

15
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5. Conclusions

In this paper, we studied the probability of an undetected error P, and gave many
bounds for P,,. The main contributions of this paper are the following:

(1) The bounds obtained from the linear programming problem are given in Theorem 4.
The bounds obtained from the Polynomial Method are given. According to the
main Theorem 5, we get Theorem 6 (applied to the codes with even distances)
and Proposition 3.

(2) Combining the results of [17], we give the bounds in Propositions 1 and 2.

(3) We find sharper bounds for binary Hamming codes (see Theorems 7 and 8).

To the best of our knowledge, that is the very first time that the LP method has been
applied to bound P,.. Even though computing P, exactly requires knowledge of the code
weight spectrum, our bounds depend solely on the three parameters [, k, d], of the code.
The weight frequencies are only used as variables in the LP program. Knowing the three
parameters [n, k, d] is the minimal requirement to use a code in applications.

To sum up, our bounds are most useful when the exact weight distribution is too hard
to compute. Our bounds perform well when p is small enough and the kissing number A,
is known, and there are many such codes.

We mention the following open problems. The readers interested in Hamming codes
are suggested to derive bounds for general g-ary Hamming codes with g > 2. Moreover, it
is worth mentioning that the linear programming problem works better numerically than
the Polynomial Method. The interest of the latter lies in producing bounds with closed
formulas. It is a challenging open problem to derive better bounds with polynomials of
degree higher than 2.
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Abstract: Vectorial Boolean functions and codes are closely related and interconnected. On the one
hand, various requirements of binary linear codes are needed for their theoretical interests but, more
importantly, for their practical applications (such as few-weight codes or minimal codes for secret
sharing, locally recoverable codes for storage, etc.). On the other hand, various criteria and tables
have been introduced to analyse the security of S-boxes that are related to vectorial Boolean functions,
such as the Differential Distribution Table (DDT), the Boomerang Connectivity Table (BCT), and the
Differential-Linear Connectivity Table (DLCT). In previous years, two new tables have been proposed
for which the literature was pretty abundant: the c-DDT to extend the DDT and the ¢-BCT to extend
the BCT. In the same vein, we propose extended concepts to study further the security of vectorial
Boolean functions, especially the c-Walsh transform, the c-autocorrelation, and the c-differential-linear
uniformity and its accompanying table, the c-Differential-Linear Connectivity Table (c-DLCT). We
study the properties of these novel functions at their optimal level concerning these concepts and
describe the c-DLCT of the crucial inverse vectorial (Boolean) function case. Finally, we draw new
ideas for future research toward linear code designs.

Keywords: differential uniformity; vectorial function; S-box; linear codes; minimal codes

1. Introduction

Vectorial Boolean functions are intensively used to produce S-boxes in block ciphers
such as DES [1], Rinjdael or AES [2], Blowfish [3], GOST [4], and Serpent [5]. Various
criteria have been proposed to test the resistance of S-boxes and the corresponding vectorial
Boolean functions to known cryptanalytical attacks, such as the differential attack [6], the
linear attack [7], and some of their variants.

Let F : Fon — Fom be a (1, m)-vectorial Boolean function. The derivative of F in the
direction of a € Fyn is the function D,(F)(x) = F(x) 4+ F(x + a). The derivative is used
to analyse the resistance of a vectorial Boolean function to the differential attack [6] and
serves to build the Differential Distribution Table (DDT). The derivative is also used in the
Boomerang Connectivity Table (BCT) [8] and in the Differential-Linear Connectivity Table
(DLCT) [9,10]. The entry at (a,b) € Fon x Fpn of the DDT is defined by

DDTF(ll,b) = #{X € Fon : F(X) + F(x + a) = b}

To measure the resistance of a vectorial Boolean function, Nyberg [11] introduced the
differential uniformity as

0r = max{DDTf(a,b) | (a,b) € Fpn x Fom, and a # 0}.

Entropy 2024, 26, 188. https:/ /doi.org/10.3390/e26030188 18 https:/ /www.mdpi.com/journal/entropy
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The most resistant vectorial Boolean functions have small differential uniformities. The
reader can consult the [12] for a complete background on vectorial Boolean functions with
a deep analysis of their cryptographic aspects.

At FSE 2002, Borisov et al. [13] proposed a variant of the differential attack to study
ciphers’ resistance based on using modular multiplication as a primitive operation. This mo-
tivated Ellingsen et al. [14] to introduce the concept of c-differentials to study the resistance
of a vectorial Boolean function to multiplicative variants of the differential attack. For a vec-
torial Boolean function F : Fyn — Fom and ¢ € Fom, the c-derivative F with respect toa € Fox
is the (n, m)-vectorial Boolean function .D,F defined by .D,F(x) = F(x +a) + cF(x) for
all x € 'pn. The c-derivative is used to study the resistance of ciphers based on popular
vectorial Boolean functions such as the inverse function [15], the Gold function [16], and
various other functions [17-21]. As for the DDT, a c-differential table was proposed in [14],
where the entry at (a,b) € Fon x Fon is defined by

DDTE(a,b) = #{x € Fon | F(x +a) + cF(x) = b}.
Also, a c-differential uniformity was proposed in [14] by
c0r = max{DDTr(a,b) | (a,b) € Fon x Fom, and a # 0if c = 1}.

The construction of functions, particularly permutations, with low c-differential uni-
formity is an interesting problem, and recent work has focused heavily on this direction.
Likewise, regarding the original notion of differential uniformity leading to optimal func-
tions Perfect Nonlinear (PN) and Almost Perfect Nonlinear (APN) over finite fields in odd
and even characteristics, respectively, optimal functions having the lowest possible values
of a c-differential uniformity have also been introduced. One can refer to [19,22-27] and the
references therein. Some of those functions with low c-differential uniformity have been
investigated. There are relatively few known (non-trivial, nonlinear) optimal classes of PcN
and APcN functions over finite fields with an even characteristic (see, e.g., [18,28-31] and
the references therein).

Another popular cryptanalysis attack on S-boxes derived from Boolean functions is
the boomerang attack, proposed by Wagner [32] in 1999. In connection with the boomerang
attack, Cid et al. [8] proposed the Boomerang Connectivity Table (BCT) for a vectorial
Boolean function where the entry at (a,b) € Fon X Fon is defined by

BCTr(a,b) = #{x € Foyn : F1(F(x) +b) + F Y(F(x +a) +b) = a}.

Based on the BCT, Boura and Canteaut [33] introduced the boomerang uniformity of
a vectorial Boolean function to measure its resistance against boomerang attack. The
boomerang uniformity of F is defined by

Br = max_ BCTg(a,b).

a€lF3, beF,

To extend the BCT and the boomerang uniformity of a vectorial Boolean function,
Stanicd [34] introduced the concept of the c-Boomerang Connectivity Table (c-BCT). For
¢ € F3,, the c-BCT is defined at the entry (a,b) € For x Fon by

(BCTE(a,b) = #{x € Fon : F"L(cF(x) + b) + F! (cflp(x +a)+ b) = a}.
The corresponding c-boomerang uniformity is defined by

r= max BCTr(a,b).
P a€Fy, beFy, (a,b)

More generalizations of the differential and boomerang uniformities can be found in [35].
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In 2019, Bar-On et al. [10] (see also [9]) introduced the Differential-Linear Connectivity
Table (DLCT) of a vectorial Boolean function where the entry at (a,b) € Fn x Fon is defined by

DLCTe(a,b) = #{x € Fpu | b- (F(x +a) + F(x)) =0} — 2"},

where x -y is the inner product of x and y on [Fon. To measure the resistance of an S-box
connected to a vectorial Boolean function, the differential-linear uniformity of F can be
used, as defined by Li et al. in [36],

yr= max_ |DLCTg(a,b)|.

aeF;n ,beIE‘;m

Various links exist between the DLCT and the Autocorrelation Table (ACT) of a vectorial
Boolean function F. The ACT is defined at (a,b) € Fon X Fou by

ACTE(a,b) = ) (—1)b(Fx)+FGera)),

XEan
The corresponding absolute indicator is defined as

Ar = max |ACTr(a,b)|.
F uGan,u#O,l F( )|
helF;,,,

In [37], Canteaut et al. showed that the DLCT and the ACT of a vectorial Boolean function
satisfy 7r = 1Ap and DLCTg(a,b) = JACTE(a, b) for all (a,b) € Fon x Fom.

One can observe that the derivative D, (F)(x) = F(x) + F(x + a) of a Boolean function
F is used in various tables, such as the DDT, the BCT, and the DLCT. Motivated by the
crucial role of the derivative in the former tables and the attacks related to them, we propose
three new concepts towards the c-derivative (D, (F)(x) = F(x +a) + cF(x):

e  The c-Walsh transform of a vectorial Boolean function F: For ¢ € IF;,,,, it is defined for
a€Foyandb € Fom by

We(ab) = Y (—1)rxber),

xE]an

e  The c-autocorrelation of a vectorial Boolean function: Let ¢ € Fom, ¢ # 0. The
c-autocorrelation of F at (a,b) € Fan x Fom is the integer

ACF(a,b) = ) (—1)b (FGrta)+eF(x)

X Ean

The absolute indicator is

Ap = max ACr(a.b
cBF ue]an,u#OifC:Lh P( ’ )|,
bEFm

and the autocorrelation spectrum is

Ar = {cACF(a,b),a € F31,b € Fin}.
e  The c-Differential-Linear Connectivity Table (c-DLCT) where we use the c-derivative:

Let ¢ € F5,. The c-DLCT of F is a 2" x 2" table where the entry at (a,b) € Fyn x Fon
is defined by

«DLCTg(a,b) = #{x € Fon | b- (F(x +a) + cF(x)) = 0} — 2" L.
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We also define the c-differential-linear uniformity of F as

= max DLCTr(a,b
¢YE uern,u#Oifc:1,|C r(a,b)],
beFyy,

and, also, we define the c-DLCT spectrum of F by

Jdr= {CDLCTF(Q, b),ll € Fon,b e Fzm}.

We show that there are numerous relationships between the three new concepts. Typi-
cally, we show that \DLCTr(a,b) = %CACp(a, b) for all (a,b) € Fon X Fom and oy = %CAF.

Moreover, we focus on the inverse function defined on F,: by F(x) = % ifx #0,
and F(0) = 0. We study its c-DLCT and give an explicit value for the entries, including
when ¢ = 1.

We mention that there is an interesting connection between ¢ differential uniformity
and combinatorial designs, which has been highlighted in [38] by showing that the graph of
a perfect c-nonlinear function (an optimal function concerning the c differential uniformity)
is a set of differences in a quasigroup. Difference sets give rise to symmetric designs, which
are known to build optimal self-complementary codes. Some types of designs also have
concrete applications such as secret sharing and visual cryptography.

Finally, we emphasise that one of our practical applications in brother research lines
is to use the derived (optimal) functions (see, e.g., [12]) to derive minimal binary linear
codes (see, e.g., [39]) that are needed for their theatrical interests but, more importantly, for
their practical applicants such as few-weight codes or minimal codes for secret sharing and
securing two-party computation.

The rest of this paper is organized as follows. Section 2 presents some known results
that will be used in this paper. In Section 3, we define the c-Walsh and the c-autocorrelation
of a vectorial Boolean function and study some of their properties. In Section 4, we present
the concept of the c-DLCT and study its properties. We investigate the c-DLCT of the
inverse function in Section 5. Finally, Section 6 concludes the paper and presents new ideas
for future research toward linear code designs along the same lines as designing (minimal)
codes from Almost Perfect Nonlinear (APN) and recent achievements [40] on minimal
codes from low differential uniformity.

2. Preliminaries

In this section, we present some results and definitions that will be used in the
next sections, including the c-derivative and the c-differential uniformity of a vectorial
Boolean function.

For b € Fyu, we define the orthogonal space b of b as follows.

Definition 1. For b € Fyu, the orthogonal space b+ of b is defined by
bt ={x €Fo|b-x =0},
where b - x is the inner product of b and x on Fan.
The following result gives an explicit value for #b=.

Proposition 1. For b € Fon, the orthogonal space b of b satisfies

(2 ifb=o,
i P A
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Proof. Itis obvious that #0- = 2. Suppose that b # 0. Then, the binary expansion of b is
in the following form.

b= (by-1,bu2,...,bj,...,bo).
Suppose that b; = 1 for some j with 0 < j < n —1. Let x € Fo» such that x ¢ bt, that is

b - x = 1, with the binary expansion

X = (xn_l,xn,z,...,xj,...,xo).

Let y € Fy» with the binary expansion

y= (yn_hynfz,...,xj +1 (mod 2),...,xp).

Then,
bry=b-x+b=1+1=0 (mod 2).
Hence, y € b*. Tt follows that for b # 0, each element x of Fon satisfying b - x = 1 is in

correspondence with one element y of Fo» satisfying b - y = 0. As a consequence, we have
#t =21 O
For n > 1, let Fo» be the finite field with 2" elements. The trace of an element x € Fon
is given by
Tr(x) = x4+ 224+ 22,

and satisfies Tr(x) € {0,1}. The trace function satisfies Tr(x?) = Tr(x) for all x € Fou.
The following lemma is well known and is useful for our work.

Lemma 1. Let n and k be positive integers and e = ged(k, n). Then,

1 if  is odd,
ged (241,27~ 1) = e
2°+1 ifg is even.

Some specific equations on [Fp» may be involved. The following result deals with the
quadratic equation.

Lemma 2. (Proposition 1 of [41]) Let a,b,c € Fon. The equation ax? +bx +c = 0 has
(i) Oneroot if and only if b = 0.

(ii)  Two roots if and only if b # 0 and Tr(Z—ﬁ) =0.
(iii)  No root if and only if b # 0 and Tr( )
The following lemma concerns another equation on [Fox.

Lemma 3. Let k and n be positive integers such that k < n. Let d = ged(k,n), m = & > 1,

and B, 1 = Trlj(B). Then, the trinomial f(X) = X2 + X + B has no root if Bu—1 # 0 and

has 2% roots x + 6T in Fon if By = 0, where 6 € Foq, T € Fon is any element satisfying
k-1 _

T =1, and

de E_(i )2“

with any ¢ € 3, satisfying Try(c) € F,.
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In [14], Ellingsen et al. proposed the concept of c-differentials. The following defini-
tions are valid for binary finite fields.

Definition 2. Let F : Fon — Fom be an (n, m)-vectorial Boolean function and ¢ € Fom. The
c-derivative F with respect to a € Fou is the (n, m)-vectorial function .D,F satisfying ¢px

¢DsF(x) = F(x+a) + cF(x)

forall x € Fon.

Definition 3. Let F : Fon — Fom be a (n, m)-vectorial Boolean function, and ¢ € Fom. The c-
differential table of F is an 2" x 2™ table whose components are defined for a € Fon and b € Fom
by

Ap(a,b) = #{x € Fon | F(x +a) + cF(x) = b}.

Definition 4. Let F : Fon — Fom be a (n, m)-vectorial Boolean function, and ¢ € Fom. The
c-differential uniformity of F is
max Ar(a,b ifc # 1,
€Fn,bFpm F(a,b) fe#

max Ar(a,b) ifc=1.
HGan\{O},bGFzmc F( ) f

CAF =

3. The c-Walsh and c-Autocorrelation of a Vectorial Boolean Function
The Walsh transform of a Boolean function f : Fon — Fy is defined at u € Fpn by

Wel) = ¥ (-1)**H0),

X EFZH

where u - x is the inner product of # and x. The Walsh transform serves to compute the
linearity of f as

L(f) = max [Wj(u)].

HEan

For a vectorial Boolean function F : Fox — Fom, the Walsh transform of F is defined for
u € Fon and v € Fom by

We(u,0) = ) (=1)+ore),

xE]an

and is used to compute the linearity of F by

L(F) = max WEg(u,v)|.
( uEan,Z}Ean\{O} | F( )‘

We extend the Walsh transform of a vectorial Boolean function to the c-Walsh transform
as follows.

Definition 5. Let F be an (n, m)-vectorial Boolean function, and ¢ € IF},,. The c-Walsh transform
of F is defined for u € Fon and v € Fom by

ch(u,v) _ Z (_1)u‘x+v-cF(x)'

X EIFZH

The autocorrelation function is used to study various properties of the Boolean func-
tions (see [42]).

Definition 6. Let f be Boolean function defined on Fan. The autocorrelation of f at u € Fon is
the integer
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ACs(u) = Y (—1)f ) +fltu),

X G]FZ;Z

and its absolute indicator is Ay = max, e, u0 ‘ACf(u) ‘

We notice that u = 0 is excluded in the definition of the absolute indicator since
AC(0) = Yxer,, (—=1)f/(¥)+f(x) = 2" The generalization of the autocorrelation to vectorial
Boolean functions can be then defined as follows.

Definition 7. Let F be an (n, m)-vectorial Boolean function defined on Fn. The autocorrelation of
Fat (u,v) € Fou x Fom is the integer

ACp(u,0) = Y (—1)(F@+Fa+u),
x€Fon

The absolute indicator is

Ar = max [|ACg(u,v
F ue]an,u;éO,l F( ! )ll
ZIG]Fzm,'U%O

and the autocorrelation spectrum is
Ap = {ACF(L!,?)),M € Fon,u 7& 0,0 € Fom,v 75 0}.

The trivial values are not considered in the definition of the absolute indicator since
ACp(0,v) = ACp(u,0) = 2"
Inspired by Definition 6, we introduce the notion of c-autocorrelation of a Boolean function.

Definition 8. Let f be the Boolean function defined on [Fon, and ¢ € Fom, ¢ # 0. The c-autocorrelation
of f at u € Fon is the integer

ACH () = T (~1)f0HHer,

XEIFZn

and the c-absolute indicator is Ay = maxcr,,

ACf(u)‘.

Similarly, to generalize Definition 7, we define the c-autocorrelation of a vectorial
Boolean function.

Definition 9. Let F be an (n, m)-vectorial Boolean function defined on Fon, and ¢ € Fom, ¢ # 0.
The c-autocorrelation of F at (1,v) € Fon x Fom is the integer
ACH(1,0) = T (1)l er ),
XEIFZn

The absolute indicator is

Ar = ACr(u,v)|,

«oF uerngli())(zfc:l,h F(u U)|

vEFym, v#£0

and the autocorrelation spectrum is
Ar = {ACr(u,v),u € Fon,v € Fom, }.

To ease the study of the c-autocorrelation of a vectorial Boolean function F, we present
its c-autocorrelation table defined at (1,v) € Fon X Fom by

ACTp(u,v) = Z (_1)0-(F(X+u)+clf(x))'

XGFZn
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The following result links the c-autocorrelation of a vectorial Boolean function and its
c-Walsh transform.

Proposition 2. Let F be an (n,m) Boolean function. Then, for any u € Fon and any v € Fyn,

We(u,0) We(u,0) = Y (=1)"7.ACp(z,v).

ZE]an

Proof. We have

Wr(u,0) Wr(u,0) = Y (—1)wxtoFR) Y (—1)wvtecF)

x€Fn yEFm

_ Z (_1)u-(x+y)+v-(F(x)+cF(y)
x,y€Fon

_ Z (_1)u'z+v~(P(y+z)+cF(y))
Y,2€Fm

_ 2 (_1)1¢-z Z (_1)v-(F(y+z)+cF(y))
z€Fn yEFm

= Y (-1)"*ACp(z,0).
z€Fn

This finishes the proof. [

4. The c-Differential-Linear Connectivity Table of a Vectorial Boolean Function

In this section, we present a new concept, called the c-Differential-Linear Connectivity
Table (c-DLCT), which generalizes the standard DLCT, independently defined in 2018 by
Kim et al. [9] and Bar-On et al. [10]

We start by defining the standard Differential-Linear Connectivity Table (DLCT).

Definition 10. Let F be an (n, m)-vectorial Boolean function. The DLCT of F is an 2" x 2™ table
where the entry at (u,v) € Fon x Fom is

DLCTE(u,v) = #{x € Fou | v- (F(x +u) + F(x)) =0} — 2" L.

The DLCT is a tool that could analyse the relationships between differential and linear
parts of a block cipher. One can observe that if x € Fon is such thatv - (F(x+u) + F(x)) =0,
then v - (F((x +u) +u) + F(x+u)) = 0. Consequently, DLCTr(u,v) is always even.
Moreover, if u = 0, or if v = 0, then DLCT¢(u,v) = 2"=1  This induces the following
definition for differential-linear connectivity uniformity.

Definition 11. Let F be an (n, m)-vectorial Boolean function. The differential-linear connectivity
uniformity of F is
yr= max_ |DLCTg(u,v)|.

u€ls, vels,

The DLCT of a vectorial Boolean function is related to the autocorrelation function by
the following relation.

ACE(u,v) =#{x € Fou |v- (F(x) + F(x+u)) =0)}
—#{x €Fou |v-(F(x)+F(x+u)) =1}
=2#{x €Fpu |v- (F(x)+F(x+u)) =0} —2"
= 2DLCTg(u,v).

0
1

The DLCT is a tool to study the relationships between the linear and the differential
properties of a block cipher. For (u,v) € Fau x Fom, it counts the number of elements
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x € Fon such thatv- (F(x+u) + F(x)) = 0. Leta € Fom,a # 0,and b € Fon, b # 0, be two
fixed non-zero elements. It is possible to study the relationships between the linear and the
differential properties of a block cipher by studying the number of solutions of the equation
v - (aF(x +u) + bF(x)) = 0 or equivalently v - (F(x + u) + cF(x)) = 0, where ¢ = . This
leads us to define a function’s c-Differential-Linear Connectivity Table (c-DLCT).

Definition 12. Let F be an (n, m)-vectorial Boolean function, and ¢ € Fom, ¢ # 0. The c-DLCT of
Fis an 2" x 2™ table where the entry at (u,v) € Fon X Fom is

¢DLCTg(u,v) = #{x € Fon | v+ (F(x +u) + cF(x)) = 0} — 2" L,
Moreover, the c-differential-linear connectivity uniformity of F is

F= max DLCTg(u,v
U ue]an,uyéOifc:l,|C ( ! )"
vEFm,v#0

and the c-DLCT spectrum of F is defined for (1,v) € Fon x Fom by
Jr= {CDLCTI:(L!, U),M € Fon,v € Fzm}.

From Definitions 9 and 12, we obtain the following connection between the ;ACT and
the .DLCT of a vectorial Boolean function.

Proposition 3. Let F be (n, m)-vectorial Boolean function. Then, for all u € Fon and v € Fom,

1 1
¢DLCTr(u,v) = ECACF(u, v), and yp = ECAF'

Proof. We have

ACE (1,0) = #{x € Far | 0+ (F(x +u) + cF(x)) = 0)}
—#{x €Fon |0 (F(x+u) +cF(x)) =1}
=2#{x € Fon |v- (F(x +u)+cF(x)) =0} — 2"

= 2.DLCTr(u,v).

which gives c.DLCT¢(1,0) = 3:ACp(u,v). On the other hand, we have

Ar = max ACr(u,v)| =2 max DLCTr(u,v) =2
cAF cnalp c F cYF
ue]an,u;AOifc=1,| ( ! )l u€l,n,u#0if c=1, ( ! ) !
Z)E]Fzm 070 UEFzm L0#0

and yp = %CAF. This finishes the proof. [

As a consequence of the former proposition, the following result connects the c-DLCT
and the c-derivative of a vectorial Boolean function via the Walsh transform.

Proposition 4. Let F be an (n, m)-vectorial Boolean function, and ¢ € Fom, ¢ # 0. Then, for any
(M, U) € Fon X Fom,

1
CDLCTF(U, U) = EW(EDMF) (0, U).

Proof. Combining Definition 2 and the definition of the Walsh transform, we obtain

W(CDMF) (O, Z)) = 2 (_1)0-(F(X+ll)+CF(x)) _ cACF(u, U).

XE]FZW
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Then, using Proposition 3, we have
W p,r(0,0) = cACp(u,v) = 2.DLCTr(u,v),
and (DLCT¢(u,v) = 3W p,F)(0,0). O

The following result shows a connection between the c-DLCT and the c-derivative of
a vectorial Boolean function via the Walsh transform.

Proposition 5. Let F be an (n, m)-vectorial Boolean function, and ¢ € Fom, ¢ # 0. Then, for any
(u,v) € Fon x Fom,

We(u,0) Wr(u,0) =2 ) (=1)"“.DLCT¢(w,v).

a)G]an
Proof. Combining Proposition 2 and Proposition 5, we obtain
We(u,0) Wr(u,0) = Y (=1)"*.ACp(z,0)
ZGFZn
=2 ) (-1)"“.DLCTf(w,0),
wern

as claimed. [

The following result gives a link between .DLCTr and (Ap(a, ).

Proposition 6. Let F be an (n, m)-vectorial Boolean function, and ¢ € Fom, ¢ # 0. Then, for any
(u, U) € ]an X Fzm,

DLCT (1, 0) :% Y (C1) A (1 w).

wGan
Proof. By Proposition 3, we have

2.DLCTr(u,v) = (ACp(u,v)
=#{x € Fu |v-(F(x+u)+cF(x))=0)}
—#{x € B [0+ (F(x +u) + cF(x)) = 1)
= Y #{xeFy|F(x+u)+cF(x)=w}

weFn,w-v=0

— Y #{xeFu|F(x+u)+cF(x) =w}

w€ln,w-v=1

= Y (—1)“"#{x € Fpu | F(x +u) + cF(x) = w}

(UE]Fle

= Z (71)“”’CAF(u, (U)

UJGFZn
This leads to

«DLCTf(u,v) _! Y (—1)YPAp(u,w),

wEan

which finishes the proof. O

5. The c-DLCT of the Inverse Function

In this section, we give the explicit values of the entries of the c-DLCT, including the
case ¢ = 1, and give some numerical results on Fp» with3 <n < 8.
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5.1. The 1-DLCT of the Inverse Function
For ¢ = 1, the 1-DLCT satisfies the following result.

n—2

Theorem 1. Let F : Fon — Fon be the inverse function defined by F(0) = 0, and F(x) = x?
for x # 0. For a,b € Fon, define the set

Eo(a,b) = {Z c bt |z # O’Tr(alz) = 0},
where b is the orthogonal space of b. Then,
21 ifa=0,0rb=0,
1.1
\DLCT¢(a,b) = { 2#Eo(a,b) +2—2""" if — € bt,
1

2#Eo(a,b) — 2"} if— ¢ bt.

Proof. We use the definition
1DLCTE(a,b) = #{x € Fon | b- (F(x +a) + F(x)) =0} — 2" L.

We consider the following cases.
Case 1. Suppose that b = 0. Then, for all x € Fon, b- (F(x +a) + F(x)) = 0. Hence,

\DLCTF(a,0) = 2" — 2"~ 1 =pn-1,

Case 2. Suppose thatb # 0and a = 0. Then, forall x € Fyn, b (F(x+a)+F(x)) =b-0=0.
This leads to

1DLCTF(0,b) = 2" — 2"~ 1 =1,
Case 3. Suppose that b # 0 and a # 0. Consider the equation
b-(F(x+a)+F(x))=0. 1)
Case 3.1. If x = 0, then
b-(F(x+a)+F(x))=b-F(a)=0b-

Q|-

Hence, x = 0 is a solution of the Equation (1) if and only if % € bt.
Case 3.2. If x = a, then

b-(F(x+a)+F(x))=b-F(a)=0b-

Q|-

Hence, x = a is a solution of the Equation (1) if and only if % € bt
Case 3.3. Suppose that x # 0 and x # a. We have

1 1 a

Flat0) +F() = it = e

Ifb- (F(a+x)+ F(x)) = 0, then F(a + x) + F(x) = z for some z € b", that is T = %
or equivalently

zx* 4 azx +a=0. 2)

Case 3.3.1. If z = 0, then the Equation (2) reduces to 2 = 0, which is not possible.
Case 3.3.2. Suppose that z # 0. If Tr (%) =1, then, by Lemma 2, the Equation (2) has no
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solution, and if Tr(é) = (0, it has two solutions.

Define the set
Ey(a,b) = {z ebt|z# 0,Tr<alz> = 0}_

The 1DLCT in Case 3 is then

2#Eo(a,b) +2 —2""1 if Le b,
1DLCTE(a,b) = ‘11
2#Eo(a,b) — 2" ! if ¢ b,

which finishes the proof. [

5.2. The c-DLCT of the Inverse Function for ¢ # 1

Theorem 2. Let F : Fon — Fon be the inverse function defined by F(0) = 0, and F(x) = 1 for
x # 0. Let ¢ € Fon with ¢ # 0and ¢ # 1. For a, b € Fon, define the set

1+c acz
Eo(a,b,c):{zEbJ-|z7é0,z;é p 'Tr<(1—|—c+az)2>:0}’

where b* is the orthogonal space of b. Then,

2?’1—1 lszo,
0 ifa=0,b#0,
2#Eg(a,b,c) +2 —2"1 if% € bL/g ¢ bt

1

DLCTE(9) = ay(a,bc) +2 -2 if = ¢ b, S e b,

1
2#Eg(a,b,c) +4-2""" if € bi,g e bt

2#Eg(a,b,c) +2—2""1 if% ¢ bL,g Zb.

Proof. Suppose that ¢ # 0 and ¢ # 1. We use the definition
«DLCTr(a,b) = #{x € Fou | b- (F(x +a) + cF(x)) =0} — 2" L.

We consider the following cases.
Case 1. Suppose that b = 0. Then, for all x € Fp», b - (F(x +a) 4+ cF(x)) = 0. Hence,

¢DLCTp(a,0) = 2" — 2"t =1,
Case 2. Suppose thatb # 0Oand a = 0. If b- (F(x+a) +cF(x)) = 0,thenb - (1+c)F(x) =0,
and (1 + c¢)F(x) € b*. Observe that x = 0 is a possible solution. If x # 0, then there exists
z € b\ {0} such that (1 +¢)F(x) = z, thatis 1€ = z, and x = LX¢. This leads to
DLCTE(0,b) = #b* —2""1 = 0.
Case 3. Suppose that a # 0 and b # 0. Consider the equation
b-(F(x+4a)+cF(x)) =0. 3)

Case 3.1. If x = 0, then

b-(F(x+a)+cF(x))=b-F(a)=0b-

Q|-
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Hence, x = 0 is a solution of the Equation (3) if and only if % € bt
Case 3.2. If x = a, then

b-(F(x+a)+cF(x))=b-cF(a) =0b-

Q0

Hence, x = a is a solution of the Equation (3) if and only if ¢ € b*.
Case 3.3. Suppose that x # 0 and x # a. We have
1 ¢  (I+c)x+ac
F Flx)= —— + - =~ 2T
(a+x) + cF(x) a+x+x x2 4 ax
Ifb- (F(a+x)+cF(x)) =0, then F(a + x) + cF(x) = z for some z € b", that is % =z
or equivalently

zx® + (14 ¢ +az)x +ac = 0. 4)

Case 3.3.1. If z = 0, then the Equation (4) reduces to (1 + c¢)x + ac = 0, which has one
solution x = 7.

Case 3.3.2. If zp = % € b, then for zg, the Equation (4) reduces to z0x% + ac = 0, which,
by Lemma 2, has one solution.

Case 3.3.3. Suppose that z # 0 and z # % If Tr (ﬁ) = 1, then, by Lemma 2, the

fcz = 0, it has two solutions.

(1+c+az)?
To summarize all the cases, we define the set

1+c¢ acz
Eo(a,b,c)_{zebﬂz;éo,z;é ; ,Tr<(1+c+az)2)_0}.

Equation (4) has no solution, and if Tr(

The DLCT in Case 3 is then

1
2#Eo(a,b,c) +2-2"1 if — e bt S g b,

1 c

2#Eo(a,b,c) +2—-2""1 if = ¢ bt, = € b,
«DLCTg(a,b) = ‘11 ?
2#Eg(a,b,c) +4—2""1 if - € bt, - € bt,

2#Eo(a,b,c) +2 — 2" 1 if% ¢ bng ¢ b,

which finishes the proof. O

5.3. Numerical Results for the c-DLCT of the Inverse Function

We have computed the c-DLCT of the inverse function over Fy: for 3 < n <7, and
all c € F3,, while for n = 8, we only compute it for c = 1,2,...,10. The inversion and
multiplication in Fp» are processed modulo the polynomials presented in Table 1.

In Table 2, we present the values of . DLCTr(u,v) of the inverse function over Fys with
c=0x09.

For the inverse function over Fy:, we present in Table 3 the c-DLCT spectrum .I'r and
c-differential-linear uniformity .yr for 3 < n < 8 and for small values of c. All the other
c-DLCT spectrums reduce to one of the listed ones in the table.
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Table 1. The polynomials of Fy: for 3 < n < 8.

Fon Polynomial

Fps Bx+1

s x+1

F,5 B4+x5+1

Fy6 x4+ x34+1

Fy X a3+ 1

Fps Wt a1

Table 2. The values of (DLCTE(u,v) of the c-DLCT of the inverse function over Fy: for c = 0 x 9.

u\v 0 1 2 3 4 5 6 7 8 9 a b c d e f
0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 8 0 2 2 0 —4 2 -2 2 —4 0 2 2 0 0 -2
2 8 2 0 -2 2 2 2 -2 0 2 —4 2 —4 0 0 0
3 8 0 2 0 -2 —4 0 0 -2 0 2 2 2 2 2 —4
4 8 -2 2 -2 0 2 —4 0 2 0 2 2 2 —4 0 0
5 8 2 0 2 0 -2 2 —4 0 2 2 -2 0 2 —4
6 8 0 -2 0 -2 2 2 —4 0 2 —4 0 0 2 2 2
7 8 2 —4 —4 2 -2 0 2 2 0 2 -2 0 0 2 0
8 8 -2 0 0 2 2 2 0 -2 2 2 —4 0 2 —4 0
9 8 2 —4 0 2 0 2 2 0 2 0 —4 2 0 -2 -2
a 8 2 0 2 —4 2 -2 —4 2 0 0 -2 0 2 0 2
b 8 —4 0 2 0 2 2 2 0 -2 0 0 -2 2 —4 2
c 8 0 -2 —4 0 0 0 2 0 -2 2 2 2 —4 2 2
d 8 0 2 2 —4 0 —4 0 2 2 0 0 2 -2 -2 2
e 8 —4 2 2 2 -2 0 0 2 —4 -2 0 0 2 0 2
f 8 2 2 0 2 0 0 2 —4 2 -2 0 —4 -2 2 0

Table 3. The c-DLCT spectrum and the c-differential-linear connectivity uniformity of the inverse

function over Fy: for 3 < n < 8 and small c.

Fon c JTF cVF
Fs 1 {~4,0,4} 4
Fs 2 {-2,0,2,4} 2
Fe 1 {-4,0,4,8} 4
Fq 2 {-4,-2,0,2,8} 4
F,q 6 {-2,0,2,4,8} 4
Fys 1 {-4,0,4,16} 4
F,s 2 {—6,—4,-2,0,2,4,6,16} 6
Fs 3 {—6,—4,-2,0,2,4,16} 6
Fys 7 {—4,-2,0,2,4,16} 4
Fye 1 {-8,-4,0,4,8,32} 8
Fle 2 {-8,-6,-4,-2,0,2,4,6,8,32} 8
Foe 6 {—8,—6,—4,-2,0,2,4,6,32} 8
Fe 8 {—6,—4,-2,0,2,6,8,32} 8
Fr 1 {-12,-8,-4,0,4,8,64} 12
Fr 2 {-12,-10,-8, —6,—4,-2,0,2,4,6,8,10,64} 12
F,s 1 {-16,-12,-8,-4,0,4,8,12,16,128} 16
Fas 2 {—16,—14,—-12,-10, -8, —6,—4,—-2,0,2,4,6,8,10,12,14, 16,128} 16
F,s 6 {-16,-14,—-12,-10,-8,—6,—-4,-2,0,2,4,6,8,10,12,14,128} 16
F,s 10 {—14,-12,-10,-8,-6,—4,-2,0,2,4,6,8,10,12,14,16,128} 16
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6. Conclusions

In this paper, we introduced and studied new cryptographic tools and parameters to
help us quantify the security of S-boxes (mathematically, vectorial Boolean functions) involving
block ciphers as main components: the c-Walsh transform, the c-autocorrelation, and the
c-differential-linear uniformity. We also introduced a new table called the c-Differential-Linear
Connectivity Table (c-DLCT) to analyse attacks related to the differential and the linear attacks.
We considered various S-box family properties associated with the above-mentioned notion
and presented the values of the c-DLCT of the particular crucial case of the inverse function.
Finally, recall that codes over finite fields have been studied extensively because of their linear
structures and practical implementations. It is the basis of the research on various kinds of
codes. One well-known construction method of linear codes is derived from special functions
(essentially from cryptographic functions which play a crucial role in symmetric cryptography)
over finite fields (see the book [12]). Cryptographic multi-output Boolean functions and codes
have essential data communication and storage applications. These two areas are closely
related and have had a fascinating interplay (see, e.g., the book chapter in [43] and the
references therein). Cryptographic functions and linear codes are closely related and have
had a fascinating interplay. Cryptographic functions (e.g., highly nonlinear functions, Perfect
Nonlinear (PN), Almost Perfect Nonlinear (APN), Bent, Almost Bent (AB), and Plateaued)
have essential applications in coding theory. For instance, Perfect Nonlinear (APN or PN)
functions have been employed to construct optimal linear codes (see, e.g., [44—48] and the
references therein). Very recently, Mesnager, Shi, and Zhu [40] proposed several constructions
of minimal (cyclic) codes from low differential uniform functions. Given these works, the
derived functions from this paper would help design new families of binary minimal codes.
We will keep an in-depth study of them in future work and cordially invite interested readers
to investigate them.
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1. Introduction

It has been known since the 1970s that the two non-zero weights of a projective IF;-
linear two-weight code C can be written as wy = up’ and w, = (u + 1)p’, where u € N5
and p is the characteristic of the underlying finite field IF; see Corollary 2 [1]. So, especially
the weight difference w, — w is a power of the characteristic p. Here, we want to consider
[Fy-linear two-weight codes C with non-zero weights w; < w, which are not necessarily
projective. In [2], it was observed that if wy — wq is not a power of the characteristic p, then
the code C has to be non-projective, which settles a question in [3]. Here, we prove the
stronger statement that C is repetitive, i.e., C is the /-fold repetition of a smaller two-weight
code C’, where [ is the largest factor of w, — w; that is coprime to the field size g, if C
does not have full support, cf. [4]. Moreover, if a two-weight code C is non-repetitive and
does not have full support, then its two non-zero weights can be written as w; = up' and
wy = (u+ 1)p', where again p is the characteristic of the underlying finite field Fy; see
Theorem 3.

Constructions for projective two-weight codes can be found in the classical survey
paper [5]. Many research papers considered these objects since they, e.g., yield strongly
regular graphs (srgs), and we refer the reader to [6] for a corresponding monograph on srgs.
For a few more recent papers on constructions for projective two-weight codes, we refer,
e.g., to [7-10]. In, e.g., [9], the author uses geometric language and speaks of constructions
for two-character sets, i.e., sets of points in a projective space PG(k — 1,q) with just two
different hyperplane multiplicities; call them s and t. In general, each (full-length) linear
code is in one-to-one correspondence to a (spanning) multiset of points in some projective
space PG(k —1,q). Here, we will also mainly use the geometric language and consider
a few general constructions for two-character multisets of points corresponding to two-
weight codes (possibly non-projective). For each subset H of hyperplanes in PG(k — 1,9)
we construct a multiset of points M (7) such that all hyperplanes H € H have the same
multiplicity, say s, and also all other hyperplanes H ¢ H have the same multiplicity, say .
Actually, we characterize the full set of such multisets with at most two different hyperplane
multiplicities given 7{; see Theorems 1 and 2. Using this correspondence we have classified
all two-weight codes up to symmetry for small parameters. For projective two-weight
codes such enumerations can be found in [11].
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Brouwer and van Eupen give a correspondence between arbitrary projective codes
and arbitrary two-weight codes via the so-called BvE dual transform. The correspondence
can be said to be 1-1, even though there are choices for the involved parameters to be made
in both directions. In [12], the dual transform was, e.g., applied to the unique projective
[16,5,9]3-code. For parameters & = % and p = —3 theresultis a [69, 5,45]3 two-weight code,
and for a« = —% and B = 5 the result is a [173,5,108|3 two-weight code. This resembles
the fact that we have some freedom when constructing a two-weight code from a given
projective code, e.g., we can take complements or add simplex codes of the same dimension.
Our obtained results may be rephrased in the language of the BvE dual transform by
restricting to a canonical choice of the involved parameters. For further literature on the
dual transform, see, e.g., [12-15]. For a variant that is rather close to our presentation we
refer the reader to [16].

With respect to further related studies in the literature we remark that a special subclass
of (non-projective) two-weight codes was completely characterized in [17]. A conjecture by
Vega [18] states that all two-weight cyclic codes are the “known” ones, cf. [19]. Another
stream of the literature considers the problem of whether all projective two-weight codes
that have the parameters of partial k-spreads indeed have to be partial k-spreads. Those
results can be found in papers considering extendability results for partial k-spreads or
classifying minihypers; see, e.g., [20]. Two-weight codes have also been considered over
rings instead of finite fields; see, e.g., [21].

The remaining part of this paper is structured as follows. In Section 2, we introduce the
necessary preliminaries for linear two-weight codes and their geometric counterpart called
two-character multisets in projective spaces. In general, multisets of points, corresponding
to general linear codes, can be described via so-called characteristic functions and we
collect some of their properties in Section 3. Examples and constructions for two-character
multisets are given in Section 4. In Section 5, we present our main results. We close with
enumeration of the results for two-character multisets in PG(k — 1, g) for small parameters
in Section 6. We will mainly use geometric language and arguments. For the ease of the
reader we only use elementary arguments and give (almost) all details.

2. Preliminaries

An [n, k]g-code C is a k-dimensional subspace of Fy}, i.e., C is assumed to be Fy-linear.
Here, n is called the length and k is called the dimension of C. Elements ¢ € C are
called codewords and the weight wt(c) of a codeword is given by the number of non-zero
coordinates. Clearly, the all-zero vector 0 has weight zero and all other codewords have
a positive integer weight. A two-weight code is a linear code with exactly two non-zero
weights. A generator matrix for C is a k X n matrix G such that its rows span C. We say
that C is of full length if for each index 1 < i < n there exists a codeword c € C whose ith
coordinate ¢; is non-zero, i.e., all columns of a generator matrix of C are non-zero. The dual
code C* of C is the (n — k)-dimensional code consisting of the vectors orthogonal to all
codewords of C with respect to the inner product (1, v) = Y1 ; u;0;.

Now, let C be a full-length [, k];-code with generator matrix G. Each column g of
G is an element of IF g and since ¢ # 0 we can consider (g) as a point in the projective
space PG(k —1,9). Using the geometric language we call 1-, 2-, 3-, and (k — 1)-dimensional
subspaces of IF’; points, lines, planes, and hyperplanes in PG(k — 1,g). Instead of an I-
dimensional space we also speak of an I-space. By P we denote the set of points and
by H we denote the set of hyperplanes of PG(k — 1,q) whenever k and g are clear from
the context. A multiset of points in PG(k — 1,¢) is a mapping M: P — N, i.e., to each
point P € P we assign its multiplicity M(P) € N. By #M = ) _pcp M(P) we denote the
cardinality of M. The support supp (M) is the set of all points with non-zero multiplicity.
We say that M is spanning if the set of points in the support of M span PG(k — 1,9).
Clearly permuting columns of a generator matrix G or multiplying some columns with
non-zero elements in Fy := F,\ {0} yields an equivalent code. In addition to that we obtain
a one-to-one correspondence between full-length [r, k];-codes and spanning multisets of
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points M in PG(k — 1, q) with cardinality #\M = n. Moreover, two linear 1, k|;-codes C
and C’ are equivalent if their corresponding multisets of points M and M’ are. For details
we refer, e.g., to [22]. A linear code C is projective if its corresponding multiset of points
satisfies M(P) € {0,1} for all P € P. We also speak of a set of points in this case. The
multisets of points with M(P) = 0 for all P € P are called trivial.

Geometrically, for anon-zero codeword ¢ € C the set ¢ - F§y corresponds to a hyperplane
H € H and wt(c) = #M — M(H), where we extend the function M additively, i.e.,
M(S) := Y pecs M(P) for every subset S C P of points. We call M(H) the multiplicity
of hyperplane H € H and have M (V) = #M for the entire ambient space V := P. The
number of hyperplanes #H, as well as the number of points #P, in PG(k — 1,9) is given

g

by [k]; := ﬁ A two-character multiset is a multiset of points M such that exactly two

different hyperplane multiplicities M (H) occur. i.e., a multiset of points M is a two-
character multiset if its corresponding code C is a two-weight code. If M actually is a set of
points, i.e., if we have M(P) € {0,1} for all points P € P, then we speak of a two-character
set. We say that an [n, k];-code C is A-divisible if the weights of all codewords are divisible
by A. A multiset of points M is called A-divisible if the corresponding linear code is.
More directly, a multiset of points M is A-divisible if we have M(H) = #M (mod A) for
all H € H.

A one-weight code is an [1, k];-code C such that all non-zero codewords have the
same weight w. One-weight codes have been completely classified in [23] and are given
by repetitions of so-called simplex codes. Geometrically, the multiset of points M in
PG(k —1, q) corresponding to a one-weight code C satisfies M (P) = [ forall P € P, i.e., we
have#M =n = [k|;-1, M(H) = [k—1],-Iforall H € H,and w = #M — M(H) = "1 -1.
We say that a linear [n, k];-code C is repetitive if it is the I-fold repetition of an [1/1, k] -code
C’, where I > 1, and non-repetitive otherwise. A given multiset of points M is called
repeated if its corresponding code is. More directly, a non-trivial multiset of points M
is repeated if the greatest common divisor of all point multiplicities is larger than one.
We say that a multiset of points M or its corresponding linear code C has full support if
supp(M) = P, ie., if M(P) > 0 forall P € P. So, for each non-repetitive one-weight
code C with length 7, dimension k, and non-zero weight w we have n = [k|; and w = g1
Each non-trivial one-weight code, i.e., one with dimension at least 1, has full support. The
aim of this paper is to characterize the possible parameters of non-repetitive two-weight
codes (with or without full support). For the correspondence between [n, k];-codes and
multisets of points M in PG(k — 1, ) we have assumed that M is spanning. If M is
not spanning, then there exists a hyperplane containing the entire support, so that M is
two-character multiset if M induces a one-character multiset in the span of supp(M),
cf. Proposition 1. The structure of the set of all two-character multisets where the larger
hyperplane multiplicity is attained for a prescribed subset of the hyperplanes is considered
in Section 5.

3. Characteristic Functions

Fixing the field size g and the dimension k of the ambient space, a multiset of points in
PG(k —1,q) is a mapping M: P — N. By F we denote the Q-vector space consisting of
all functions F: P — Q, where addition and scalar multiplication is defined pointwise. i.e.,
(F, + FR)(P) := F;(P) + F(P) and (x - F;)(P) := x - F;(P) for all P € P, where F;, F, € F,
and x € Q are arbitrary. For each non-empty subset S C P the characteristic function ) is
defined by xs(P) = 1if P € S and xs(P) otherwise. Clearly the set of functions xp for all
P € P forms a basis of F for ambient space PG(k — 1,¢) for all k > 1. Note that there are
no hyperplanes if k = 1 and hyperplanes coincide with points for k = 2. We also extend
the functions F € F additively, i.e., we set F(S) = Y_pcg F(P) for all S C P. Our next aim
is to show the well-known fact that also the set of functions x for all hyperplanes H € H
forms a basis of F for ambient space PG(k — 1, q) for all k > 2. In other words, also M (P)
can be reconstructed from the M (H):
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Lemma 1. Let M € F for ambient space PG(k — 1, q), where k > 2. Then, we have

1 1 1
M(P) a He?—[Z:PeH [k_l]ﬂl 'M(H)+H€7-[Z:P¢quj. ([k_l]q 1) 'M(H) @

for all points P € P.

Proof. Without loss of generality we assume k > 3. Since each point P’ € P is contained in
[k — 1], of the #}{ = [k],; hyperplanes and each point P’ # P is contained in [k — 2], of the
[k — 1], hyperplanes that contain P, we have

Y, M(H) = k=2 M|+ (k— 1]y — [k—2]g) M(P) = [k — 2] - | M| + ¢ 2 M(P)

HeH :PeH
so that

M(H) -
HeH:PeH

[k—2]; _ k2
[k—l]q H;HM(H)_q M(P)

using [k — 1], - #M = Y peyy M(H). Thus, we can conclude the stated formula using

1 (1[k2]q>_ 1 [k—=1;—k-2;, 1
gk—2 k—1], gk—2 k—1], k—1],
and
k=2 1k 1 1 _1
k—1],-452  [k—1)-¢-1 g~ \[k—1], :
OJ
As an example we state that in PG(3 — 1,2) we have
1 1
M(P) == - M(H)— = M(H)
3 HeH:PeH 6 HeH:P¢H

Lemma 2. Let M € F for ambient space PG(k — 1,q), where k > 2. Then, there exist ayg € Q
for all hyperplanes H € H such that

M=) ay-xn ()
HeH

Moreover, the coefficients ayy are uniquely determined by M.

Proof. Each point P € P is contained in [k — 1]; hyperplanes and for each point Q # P
there are exactly [k — 2], hyperplanes that contain both P and Q, so that

k—
Lo X~ {k—ﬂq'

HeH:PeH

Y xu= 92 xp.
9 HeH

Using
M=) M(P)-xp
peP
we conclude the existence of the oy € Q. Since the functions (xp)p.p form a basis
of the Q-vector space F , which is also generated by the functions (xp) ¢4, counting
#P = [k]; = #H yields that also (xp ) jc9, forms a basis and the coefficients af; are uniquely
determined by M. O
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If M € Fis given by the representation

M=Y ap-xp
PeP

with ap € Q we can easily decide whether M is a multiset of points. The necessary
and sufficient conditions are given by ap € N for all P € P (including the case of a
trivial multiset of points). If a multiset of points is characterized by coefficients ay for
all hyperplanes H € H, as in Lemma 2, then some ay may be fractional or negative. For
two-character multisets we will construct a different unique representation, involving the
characteristic functions x; of hyperplanes; see Theorem 1.

Let us state a few observations about operations for multisets of points that yield
multisets of points again.

Lemma 3. For two multisets of points My and My of PG(k — 1,q) and each non-negative integer
n € N the functions My + My and n - My are multisets of points of PG(k — 1, ).

In order to say something about the subtraction of multisets of points we denote the
minimum point multiplicity of a multiset of points M by (M) and the maximum point
multiplicity by (M). Whenever M is clear from the context we also just write y and «y
instead of u(M) and p(7y).

Lemma 4. Let My and My be two multisets of points of PG(k —1,q). If u(My) > v(Ma),
then My — My is a multiset of points of PG(k — 1, q).

Definition 1. Let M be a multiset of points in PG(k — 1,q). If | is an integer with | > (M),
then the I-complement M'=C of M is defined by M'~C(P) := 1 — M(P) for all points P € P.

One can easily check that M'~C is a multiset of points with cardinality [ - [klg —#M,
maximum point multiplicity 'y(/\/llfc) = [ — u(M), and minimum point multiplicity
y(Ml’C) =1 — 7(M). Using characteristic functions we can write M/'~C =1y, — M,
where V = P denotes the set of all points of the ambient space.

Given an arbitrary function M € F there always exist &« € Q\{0} and B € Z such
that o - M 4 B - xv is a multiset of points.

4. Examples and Constructions for Two-Character Multisets

The aim of this section is to list a few easy constructions for two-character multisets of
points M in PG(k — 1, q). We will always abbreviate n = #M and denote the two occurring
hyperplane multiplicities by s and ¢, where we assume s > t by convention.

Proposition 1. For integers 1 <1 < k, let L be an arbitrary I-space in PG(k —1,q). Then, x| is
a two-character set withn = [l];, v =1,y = 0,5 = [l]y, and t = [l — 1],.

Note that for the case | = k we have the one-character set xy, which can be combined
with any two-character multiset.

Lemma 5. Let M be a two-character multiset of points in PG(k — 1,q). Then, for each integer
0<a<u(M),eachb € N, and each integer c > (M) the functions M —a - xy, M +b- xv,

b-M,and c- xy — M are two-character multisets of points.

For the first and the fourth construction we also spell out the implications for the
parameters of a given two-character multiset:

Lemma 6. Let M be a multiset of points in PG(k — 1,q) such that M(H) € {s,t} for every
hyperplane H € H. If M(P) > 1 for every point P € P, i.e., | < u(M), then M’ := M —1-xy
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is a multiset of points in PG(k — 1,q) such that M'(H) € {s — [k —1];-1,t — [k — 1], - I} for
every hyperplane H € ‘H.

Lemma 7. Let M be a multiset of points in PG(k — 1,q) such that M(H) € {s,t} for ev-
ery hyperplane H € H. If M(P) < u, ie., < (M) for every point P € P, then the
u-complement M' := u - xy — M of M is a multiset of points in PG(k — 1,q) such that
M'(H) € {ulk — 1] — s, ulk — 1] — t} for every hyperplane H € H.

We can also use two (almost) arbitrary subspaces to construct two-character multisets:

Proposition 2. Leta > b > 1and 0 < i < b —1 be arbitrary integers, A be an a-space, and B be a
b-space with diim(A N B) = i in PG(k —1,q), wherek = a +b —i. Then, M = xa +q* " xp
satisfies M(H) € {s,t} forall H € H, wheres = [a—1];+q" - [b—1]gand t = s+ 4" L.
Ifi =0, then y = q°~ Y, and v = q°~% + 1 otherwise. In general, we have n = [a]; + 4"~ - [b],
and y = 0.

Proof. For each H € H wehave M(HN A) € {[a—1]4,[a];} and M(HNB) € {[b—1],, [b];}.
Noting that we cannot have both M(H N A) = [a]; and M(H N B) = [b];, we conclude

M(H) € {la =10y + - [~ 1)y, lalg + 7 [ U o~ g +4° - bl } = {58}, O
A partial k-spread is a set of k-spaces in PG(v — 1, q) with pairwise trivial intersection.

Proposition 3. Let Sy, ..., S, be a partial parallelism of PG(2k — 1,q), i.e., the S; are partial
k-spreads that are pairwise disjoint. Then,

r
M= 2 Z Xs
i=1S€eS;

is a two-character multiset of PG(2k — 1,q) with n = r - [k|; and hyperplane multiplicities
s=r-lk—1)g t=r[k—1];+ g1, wherer = YI_,|Si|.

Cf. example SU2 in [5]. Field changes work similarly to those explained in Section 6 [5]
for two-character sets.
Based on hyperplanes we can construct large families of two-character multisets:

Lemma 8. Let @ # H' C H be a subset of the hyperplanes of PG(k — 1,q), where k > 3, then

M= Y xu 3)
HeH'

is a two-character multiset with n = rlk — 1)y, s = rlk — 2], + 472, and t = r[k — 2], where
r=#H'

By allowing #' to be a multiset of hyperplanes we end up with (7 + 1)-character sets,
where T is the maximum number of occurrences of a hyperplane in #'.
Applying Lemma 6 yields:

Lemma 9. Let @ # H' C H be a subset of the hyperplanes of PG(k — 1, q), where k > 3. If each
point P € P is contained in at least u € N elements of H', then

M= Y xu-—p-xv )
HeH!

is a two-character multiset with n = r[k — 1]y — ulklg, s = rlk — 2] + ¢ 2 — plk — 1], and
t =rlk — 2], — plk —1],, wherer = |H'].
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In some cases we obtain two-character multisets where all point multiplicities have a
common factor ¢ > 1. Here, we can apply the following general construction:

Lemma 10. Let M be a multiset of points in PG(k — 1,q) such that M(H) € {s,t} for every
hyperplane H € H. If M(P) = 0 (mod g) for every point P € P, then M’ := % -Misa

multiset of points in PG(k — 1,q) such that M'(H) € {é -s, % : t} for every hyperplane H € H.

Moreover, we have # M’ = % HM, p(M') = % (M), and y(M') = % “y(M).

Interestingly enough, it will turn out that we can construct all two-character multisets
by combining Lemma 8 with Lemmas 5 and 10; see Theorems 1 and 2.

5. Geometric Duals and Sets of Feasible Parameters for Two-Character Multisets

To each two-character multiset M in PG(k — 1,9), ie., {M(H) : He H} = {s,t}
for some s,t € N, we can assign a set of points M by using the geometric dual, i.e.,
interchanging hyperplanes and points. More precisely, fix a non-degenerated billinear form
1 and consider pairs of points and hyperplanes (P, H) that are perpendicular with respect
to L (different choices of | lead to isomorphic configurations). We write H = P~ for the
geometric dual of a point. We define M via M(P) = 1if M(H) = s, where H = P+, and
M(P) = 0 otherwise, i.e., if M(H) = t (a generalization of the notion of the geometric
dual has been introduced by Brouwer and van Eupen [12] for linear codes and formulated
for multisets of points by Dodunekov and Simonis [22]). Of course we have some freedom
in how we order s and t. So, we may also write M(P) = (M(H) —t)/(s —t) € {0,1} for
all P € P, where H = P!. Noting the asymmetry in s and t we may also interchange the
role of s and t or replace M by its complement. Note that in principle several multisets of
points with two hyperplane multiplicities can have the same corresponding point set M.

For the other direction we can start with an arbitrary set of points M, i.e., M(P) €
{0,1} for all P € P. The multiset of points with two hyperplane multiplicities M is then
defined via M(H) = s if M(P) = 1, where H = P+, and M(H) = tif M(P) = 0. i.e., we
may set

M(H) =t+(s—t)- M(HY). (5)

While we have M(H) € N for all s,t € N, the point multiplicities M (P) induced by the
hyperplane multiplicities M (H) (see Lemma 1) are not integral or non-negative in general.
For suitable choices of s and ¢ they are, while for others they are not.

Definition 2. Let M be a set of points in PG(k — 1,q). By L(M) C N? we denote the set of
all pairs (s,t) € N? with s > t such that a multiset of points M in PG(k — 1,q) exists with
M(H) =sif M(H') = 1and M(H) =t if M(H") = 0 for all hyperplanes H € H.

Directly from Lemma 5 we can conclude:
Lemma 11. Let M be a set of points in PG(k — 1,q). If (s,t) € L(M), then we have

((s,))n + (([k =g, [k = 1]g) )y = { (us + v[k — 1]y, ut + v[k = 1)) : u,0 € N} CL(M). (6)
Before we study the general structure of (M) and show that it can be generated by

a single element (s, to) in the above sense, we consider all non-isomorphic examples in

PG(3 —1,2) (ignoring the constraint s > t).

Example 1. Let M be a multiset of points in PG(2,2) uniquely characterized by M(L) =s € N
for some line L and M(L") = t € N for all other lines L' # L. For each point P € L, we have

_s+2t_g_s

3 6 3 @

M(P)

41



Entropy 2024, 26, 289

and for each point Q ¢ L, we have

_E_s+3t_3t—s

M(Q) 3 6 6

: ®)
Since M(P), M(Q) € Nwe set x := M(P) = § and y := M(Q) = 35, s0 that s = 3x and
t = 2y + x. With this we have n = 3x +4y, v = max{x,y}, ands —t = 2(x —y). Ifx > y, then
we can write M =y - xp + (x —y) - x1. If x <y, then we can write M =y - xg — (y — x) - XL

For Example 1 the set of all feasible (s, f)-pairs, assuming s > ¢, is given by ((3,1))y +
((3,3))n- If we assume t > s, then the set of feasible (s, t)-pairs is given by ((0,2))y +
((3,3))- The vector (0,2) can be computed from (3, 1) by computing a suitable complement.

Due to Lemma 6 we can always assume the existence of a point of multiplicity 0 as a
normalization. So, in Example 1 we may assume x = Qory = 0,sothat M =y - xr — v - xL
or M =x-xp.

Due to Lemma 10 we can always assume that the greatest common divisor of all point
multiplicities is 1 as a normalization (excluding the degenerated case of an empty multiset
of points). Applying both normalizations to the multisets of points in Example 1 leaves the
two possibilities x1 and xg — X1, i.e., point sets.

Due to Lemma 7 we always can assume #M < (M) - [k];/2. Applying also the third
normalization to the multisets of points in Example 1 leaves only the possibility xi,i.e., a
subspace construction; see Proposition 1, wheres =3,t =1,n =3,and s — t = 2.

Example 2. Let M be a multiset of points in PG(2,2) uniquely characterized by M(L1) =
M(Ly) = s € N for two different lines Ly, Ly and M(L') = t € N for all other lines L' ¢
{Ly,Ly}. For P := Ly N Ly, we have

_2s+t_£_25—t

mpy== -2 ===, ©)
for each point Q € (L1 U Lp)\{P}, we have
M(Q>:s—;2t_s—23t:s—gtl (10)
and for each point R ¢ L1 U Ly, we have
M(R):§—25+2t:2t_s. (11)

3 6 3

Since M(Q), M(R) € Nweset x := M(Q) = £ and y := M(R) = 25, sothat s = 4x —y
and t = 2x + y. With this we have n = 6x + 7y and s — t = 2(x — y). Of course we need to have
y < 2x so that M(P) > 0, which implies s > 0.

e M(P) =0:y = 2x, so that M(P) = 0, M(Q) = x, M(R) = 2x, and the greatest
common divisor of M(P), M(Q), and M(R) is equal to x. Thus, we can assume x = 1,
y=2s0thats =2, t =4,n=8,yv=2,t—s=2and M = 2xg — x1, — X1, for two
different lines L1, L.

e M(Q) =0:x=0,s0 that also y = 0 and M is the empty multiset of points.

e M(R)=0y=0 M(P)=2x, M(Q) = x, so that gcd(M(P), M(Q), M(R)) = x
and we can assume x = 1. With this we have s = 4,t =2,n =6,v =2,s —t = 2, and
M = x1, + xi, for two different lines Ly, L.

So, Example 2 can be explained by the construction in Proposition 2.
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Example 3. Let M be a multiset of points in PG(2,2) uniquely characterized by M(L1) =
M(Ly) = M(L3) = s € N for three different lines Ly, Ly, L3 with a common intersection point
P=LiNLyNLyand M(L") =t € N for all other lines. We have

3s 4t 2t
MEP)=F -2 =s—3 (12)

and 2t 2 2t t
Mm(Q) =t =t 1 (13)

3 6 3
for all points Q # P. Since M(P), M(Q) € Nweset x := M(P) =s — Z andy := M(Q) =
L, s0that s = x + 2y and t = 3y. With this we have n = x + 6y and s —t = x — y.
e M(P)=0:x=0,so that we can assume y = 1, which impliess =2,t =3,y =1,n =6,
t—s =1,and M = xg — xp for some point P.
e M(Q)=0:y=0,so that we can assume x = 1, which impliess =1,t =0,y =1,n =1,
s —t =1, and M = xp for some point P.

So, also Example 3 can be explained by the subspace construction in Proposition 1.

Example 4. Let M be a multiset of points in PG(2,2) uniquely characterized by M(L1) =
M(Lp) = M(L3) = s € N for three different lines Ly, Ly, L3 without a common intersection
point, i.e., Ly N LyN Ly = @, and M(L') =t € N for all other lines. For each point P that is
contained on exactly two lines L;, we have

_25+t_s+3t_3s—t

p = , 14
M(P) = =TT 2 (14
for each point Q that is contained on exactly one line L;, we have
s+2t 2542t t
= — = = 1
M(Q) =% === (15)
and for the unique point R that is contained on none of the lines L;, we have
M(R):§—3S+t:5t_3s. (16)

3 6 6

Since M(P), M(Q) € N, we set x := M(P) = 3L and y := M(Q) = £, so that s = 2x +y

and t = 3y. With this we have n = 2x + 5y and s — t = 2(x — y).

e  M(P) =0: x =0, so that we can assume y = 1, which impliess = 1,t = 3,t —s = 2,
¥ =2,n=>5and M = xp + 2xp for some line L and some point P ¢ L.

e M(Q) =0:y=0,so0that x = 0 and M is the empty multiset of points.

e  M(R) = 0: x = 2y, so that we can assume y = 1, which implies x = 2,s = 4, = 6,
t—s=2,9=2n=09,and the 2-complement of M equals M = x1, + 2)p for some line L
and some point P ¢ L; see the case M(P) = 0.

So, also Example 4 can be explained by the construction in Proposition 2.

In Examples 1-4 we have considered all cases of 1 < #M < 3 up to symmetry.
The cases #M € {0,7} give one-character multisets. By considering the complement
M’ = xy — M we see that examples for 4 < #M < 6 do not give anything new. Since the
dimension of the ambient space is odd, we cannot apply the construction in Proposition 3.

Now, let us consider the general case. Given the set M of hyperplanes with multi-
plicity s we obtain an explicit expression for the multiplicity M (P) of every point P € P
depending on the two unknown hyperplane multiplicities s and .
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Lemma 12. Let M be a set of points in PG(k — 1,q), where k > 3, and M be a multiset of points
in PG(k — 1,q) such that M(H) = s if M(H*) = 1and M(H) = t if M(H*) = 0 for all
hyperplanes H € H. Denoting the number of hyperplanes H > P with M(H) = s by ¢(P) and
setting r := #M, A := s — t € Z, we have

R =R = L)} 7

Proof. Counting gives that [k — 1]; — ¢(P) hyperplanes through P have multiplicity ¢, from
the ¢* =1 hyperplanes not containing P exactly r — ¢(P) have multiplicity M(H) = s and
g1 — 7 + ¢(P) have multiplicity M (H) = t. With this we can use Lemma 1 to compute

1 1 1
M= HeHX::PeH [k_ 1]67 M) +H€7-;P¢quj . ([k_ ”q - 1) ME)
_ . - 1 qlk=2p
B HGHZ:PEH [k —1lq M(H) HEHZ:PQEH gt k=1, M(H)
_ iy A qlk — 2], , A qlk—2],

=1, P e, T e, o)

_trdg(p)_ & k-2
R = e A

O
Note that ¢(P) = M(P+) forall P € P.

Lemma 13. Let M be a set of points in PG(k — 1,q), where k > 3, and M be a multiset of points
in PG(k — 1,q) such that M(H) = s if M(H*) = 1and M(H) = t if M(H*) = 0 for all
hyperplanes H € H. Denote the number of hyperplanes H > P with M(H) = s by ¢(P) and
uniquely choose m € N, T C Nwith 0 € T such that {¢(P) : P€ P} = {m+i:ieL}. If
s > t and there exists a point Q € P with M(Q) = 0, then we have

t:qkA_z-[k—2]q-(r—m)—A-m (18)
and AL
MP) = (19)

for all points P € P where i :== @(P) —m, r := #M, and A := s —t € N>y. If M is
non-repetitive, then A divides ¢ 2.

Proof. Using A > 0 we observe that the expression for M (P) in Equation (17) is increasing
in ¢(P). So, we need to choose a point Q € P which minimizes ¢(Q) to normalize using
M(Q) = 0, since otherwise we will obtain points with negative multiplicity. So, choosing
a point Q € P with ¢(Q) = m we require

_t+A-m A qlk—2]
k-1, g~1 [k-1],

0=M(Q)

which yields Equation (18). Using i := ¢(P) — m and the expression for  we compute
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F+A-(m+i) A [k-2],

MO = e, e, Y
A k=2 ) Am  A-(mti) A k=2 B
P | M Rl Yy s s VR )

Ai A k=2, A

T 1, 2 k-1, g

for all P € P. Note that if f > 1 is a divisor of A that is coprime to g, then all point
multiplicities of M are divisible by f. If A = g2 - f for an integer f > 1, then all point
multiplicities of M are divisible by f. Thus, we have that A divides ¢*~2. [

Note that Z = {M(H) — M(H') : H € %}, where H' € H is a minimizer of M(H).
Lemma 14. Let M be a set of points in PG(k — 1,q), where k > 3 and M be a multiset of points

in PG(k — 1,q) such that M(H) = s if M(H*) = 1and M(H) = t if M(H") = 0 for all
hyperplanes H € H. Using the notation from Lemma 13 we set

g = sed(fieyu{s?), 20)
N = 4%/, (21)
ty = ;.[k_z]q.(r_m)—Ao-m,and (22)
sp = t+Ap (23)

If s > t, then we have
L(M) = ((s0,to) )y + (([k = g, [k = 1]g) -

Proof. Setting i = (M) € N we have that M’ := M — - xy is a two-character multiset
corresponding to (s, t') := (s — pu[k — 1], t — u[k — 1];) € (M) and there exists a point
Q € P with M’(Q) = 0. Clearly, we have (s/,#') € N2> and s’ > . From Lemma 13 we

conclude the existence of an integer A’ € N> such that ' = q%z k=2l (r—m)—A"-m,
s =t +A,and M'(P) = ;‘k% for all P € P. Since M'(P) € N for all P € P we have

that g=2 divides A’ - g, so that Ag € N divides A’. For f := A'/Ag € N> we observe that
M/ (P) is divisible by f and we set M" := }7 - M. With this, we can check that M” is a

two-character multiset corresponding to (so, o) € L(M). O

Note that it is not necessary to explicitly check ¢y, € N since M”(P) € N is sufficient
to this end.

Before we consider the problem whether IL(M) C N? contains an element (s, t) with
s > t, we treat the so-far-excluded case k = 2 separately.

Lemma 15. Let M be a set of points in PG(1,q). Then, we have
L(M) = {(50,0))ry +{(a + L+ 1)),
where s) = 0 if #M € {0,q + 1} and so = 1 otherwise.

Proof. If #M € {0,q + 1}, then a two-character multiset M corresponding to (s, t) € M
actually is a one-character multiset and there exists some integer x € N such that M = x - x,.

Otherwise, we observe that in PG(1, q) points and hyperplanes coincide and the image
of M is {0,1}. Note that we have M =t xy + Y pcp(s —t) - M(P) - xp for each two-
character multiset M corresponding to (s, t) € L(M) by definition. We can easily check
(s,t) € ((1,0))y + ((g+ 1,9 +1))y- The proof is completed by choosing s = 1 and t = 0
in our representation of M. O
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Theorem 1. Let M be a set of points in PG(k — 1,q) with #M ¢ {0, [k], }, where k > 2. Then,

M= Y M(H") xun (24)
HeH

is a two-character multiset corresponding to (s,t) € L(M) with n = #M = r[k — 1],
where r == #M, t = rlk — 2], and s = r[k — 2], + q" 2 Setting y := p(M) and g =
gcd({M(P) —u : P € P}) the function

M/1_1'<—]4'Xv+ZM(HL)‘XH>_1'(M_V'XV) (25)
8 HeH 8

is a two-character multiset corresponding to (so, to) € L(M) withn' = #M’' = % (rle—1]g — ulkly),
where r := #M, tg = % (rlk=2]g — plk —1];), and sy = é : (r[k =2 —ulk—1];+ qkfz),

and g divides q*~2. Moreover, we have
L(M) = {(so,t0))n + (([k =g, [k =1]g) )y (26)

Proof. We can easily check M(H) = r[k — 2], = t if M(H) = 0and M(H) = rk —
2], + "2 =sif M(H*) = 1forall H € H as well as #M = r[k — 1], directly from the
definition of M. Using Lemmas 6 and 10 we conclude that M’ is a two-character multiset
with the stated parameters.

For k = 2, Lemma 15 is our last statement. For k > 3 we can apply Lemma 13 to
conclude ¢ = ged({i € Z}) and use the proof of Lemma 14 to conclude our last statement.
Since s, t € Nand s > t we have that g divides g(s — ) = g2, O

Using the notation from Lemma 13 applied to the multiset of points M — u - xv
from Theorem 1 we observe #Z > 2 for #M ¢ {0,[k];}. Using the facts that g :=
gcd({M(P) — u : P € P}), that g divides g2, and Equation (19) we conclude

g = ged({i € I}) = ged({ M(H) — M(H') : H € H}), 27)

where H' € H is a minimizer of M(H).
Using the classification of one-character multisets we conclude from Theorem 1:

Corollary 1. Let M be a set of points in PG(k — 1,q), where k > 2. Then, there exist (s, to) € N?
such that L(M) = ((so, fo))y + <([k — 1]y, [k — 1}q)>N.

Theorem 2. Let M be a two-character multiset in PG(k —1,q), where k > 2. Then, there exist
unique u,v € N such that M = u - M’ +v - xy, where M is given by Equation (25).

Proof. Let s > t be the two hyperplane multiplicities of M. With this, define M such
that M(HY) = 1if M(H) = s and M(H*) = 0if M(H) = t forall H € H. So,

(s,t) € L(M) and Theorem 1 yields the existence of u,v € N with (s,t) = u - (sg, tp) +

v- ([k —1]4, [k — 1]4), where s, tq are as in Theorem 1. From Lemma 1 we then conclude
M =u-M +0v-xy. Note that (M) and pu(xy) = 1imply (M) = v, so that u can be

computed from y(M) = u - y(M') + v, i.e., u and v are uniquely determined. [

Note that for a one-character multiset M there exists a unique v € N such that
M = v xy. Given a set of points M we call M’ the canonical representant of the set of

two-character multisets M corresponding to (s, t) € L(M). If M = M’ we just say that
M is the canonical two-character multiset.
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Theorem 3. Let wy < wy be the non-zero weights of a non-repetitive [n, k|, two-weight code C
without full support. Then, there exist integers f and u such that wy = up/ and wy = (u +1)p/,
where p is the characteristic of the underlying field .

Proof. Let M be the two-character multiset in PG(k — 1, q) corresponding to C. Choose
unique #,v € N such that M = u- M’ 4+ v - xy, as in Theorem 2. Since C does not have
full support, we have v = 0 and since C is non-repetitive we have u = 1. With this we can
use Theorem 1 to compute

w=n—s=1(r g2 pu g g2 = r—qu-1)pf (28)

oq =

and

wy=n—t=1(rg =g = (r—aqu-p/, (29)
where f is chosen such that qui =pf,ie,wecanchooseu =7 —qu—1. 0O

We have seen in Equation (27) that we can compute the parameter g directly from the
set of points M. If we additionally assume that M is spanning, then we can consider the
corresponding projective [n, k];-code C, where n = #M (if M is not spanning, then we
can consider the lower-dimensional subspace spanned by supp(M)). Note that we have
M(H) = m (mod g) for all H € H and that g is maximal with this property. If m = n
(mod g), then ¢ would simply be the maximal divisibility constant of the weights of

C. From theorem 7 in [24] or theorem 3 in [25] we can conclude m = n (mod g). Thus,
we have

g = ged({wt(c) : c € C}). (30)

The argument may also be based on the following lemma (using the fact that C is projective):

Lemma 16. Let C be an [n, k|;-code of full length such that we have wt(c) = m (mod A) for all
non-zero codewords ¢ € C. If A is a power of the characteristic of the underlying field ¥y, then
we have m = 0 (mod min{A, g}). Moreover, if additionally q divides A and k > 2, then the
non-zero weights in each residual code are congruent to m/q modulo A/q.

Proof. Let M be the multiset of points in PG(k — 1,9) corresponding to C. For each
hyperplane H we have n — M(H) = m (mod A), which is equivalent to M(H) =n —m
(mod A). The weight of a non-zero codeword in a residual code is given by a subspace
K of codimension 2 and a hyperplane H with K < H. With this, the weight is given by
M(H) - M(K) =n—m— M(K) (mod A). Counting the hyperplane multiplicities of
the g + 1 hyperplanes that contain K yields

Y, M(H)=#M+q - M(K) =#M +q- M(K) (31)
HeH:K<H
and
Y, M(H)=(q+1)(n—m) (modA), (32)
HeH :K<H
so that
m=q-(n—m—M(K)) (modA). (33)
0

Given Equation (30) we might be interested in projective divisible codes (with a large
divisibility constant). For enumerations for the binary case we refer the reader to [26] and
for a more general survey we refer the reader to, e.g., [27]. Note that the only point sets M
in PG(k — 1,q) that are ¥~ !-divisible are given by #M € {0, [k],}, i.e., the empty and the
full set. All other point sets are at most g¥~2-divisible, as implied by Theorem 1.
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6. Enumeration of Two-Character Multisets in PG(k — 1, q) for Small Parameters

Since all two-character multisets in PG(1, ) can be parameterized as M = b - xy +
Ypep(a—0b) - M(P) - xp for integers a > b > 0 and a set of points M in PG(k — 1, 4) (see
Lemma 15 and its proof), we assume k > 3 in the following. Due to Theorem 2, every
two-character multiset in PG(k — 1, ¢) can be written as u - M’ + v - xy, where u,v € N and
M is characterized in Theorem 1. So, we further restrict out considerations on canonical
two-character multisets where we have 1 = 1 and v = 0. For k = 2, all canonical two-
character multisets in PG(k — 1, ¢) are indeed sets of points and given by the construction
in Proposition 3 (with r = 1).

It can be easily checked that two isomorphic sets of points in PG(k — 1,4) yield
isomorphic canonical two-character multisets M. So, for the full enumeration of canonical
two-character multisets in PG(k — 1,q) we just need to loop over all non-isomorphic sets of
points M in PG(k — 1,4) and use Theorem 1 to determine M, M’, and their parameters.
We remark that the numbers of non-isomorphic projective codes per length, dimension,
and field size are, e.g., listed in tables 6.10-6.12 in [28] (for small parameters). For the binary
case and at most six dimensions some additional data can be found in [29]. Here, we utilize
the software package LINCODE [30] to enumerate these codes.

In Tables 1 and 2 we list the feasible parameters for canonical two-character multisets
in PG(2,2) and in PG(3,2), respectively, where n’ := #M' and ' := (M’). The two hy-
perplane multiplicities for M’ are denoted by sy, to and those of M by s, t. The parameters
g, M, rare as in (25) and n = #M. For PG(2,2) we can also state more direct constructions:

e (n,s0,t0,7') = (1,1,0,1): characteristic function of a point (not spanning);

e (n,s0,t0,7") = (3,3,1,1): characteristic function of a line (not spanning);

e (n,s0,t0,7") = (4,2,0,1): complement of the characteristic function of a line;

e (n,s0,t0,7") = (6,3,2,1): complement of the characteristic function of a point;

e (n,s0,t0,7") = (5,3,1,2): xp +2xp foraline L and a point P with P ¢ L;

o (n',s0,t0,7") = (6,4,2,2): xi + x], for two different lines L and L’;

o (n,s0,t0,7) = (8,4,2,2): xv — x1 — x| for two different lines L and L/;

e (n,s0,t0,7) =1(9,5,3,2): 2xv — x1 + —xp for aline L and a point P with P ¢ L.

Table 1. Feasible parameters for canonical two-character multisets in PG(2,2).

~
~

8 U r n Y s t So to n v
2 1 3 9 3 5 3 1 0 1 1
1 0 1 3 1 3 1 3 1 3 1
1 2 6 18 3 8 6 2 0 4 1
2 0 4 12 2 6 4 3 2 6 1
1 1 4 12 3 6 4 3 1 5 2
1 0 2 6 2 4 2 4 2 6 2
1 1 5 15 3 7 5 4 2 8 2
1 0 3 9 2 5 3 5 3 9 2

Table 2. Feasible parameters for canonical two-character multisets in PG(3,2).

~
~

g u r n v s t So to n Y
4 3 7 49 7 25 21 1 0 1 1
2 1 3 21 3 13 9 3 1 3 1
2 4 10 70 6 34 30 3 1 5 1
2 2 6 42 4 22 18 4 2 6 1
1 0 1 7 1 7 3 7 3 7 1
1 6 14 98 7 46 42 4 0 8 1
2 3 9 63 5 31 27 5 3 9 1
2 1 5 35 3 19 15 6 4 10 1
2 4 12 84 6 40 36 6 4 12 1
4 0 8 56 4 28 24 7 6 14 1
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Table 2. Cont.

’

~

g n r n Y s t So to n Y
2 2 8 56 6 28 24 7 5 13 2
1 0 2 14 2 10 6 10 6 14 2
2 0 4 28 4 16 12 8 6 14 2
1 5 13 91 7 43 39 8 4 16 2
2 3 11 77 7 37 33 8 6 16 2
2 1 7 49 5 25 21 9 7 17 2
1 1 4 28 4 16 12 9 5 13 3
1 4 11 77 7 37 33 9 5 17 3
1 3 9 63 6 31 27 10 6 18 3
1 2 7 49 5 25 21 11 7 19 3
1 1 5 35 4 19 15 12 8 20 3
1 0 3 21 3 13 9 13 9 21 3
1 4 12 84 7 40 36 12 8 24 3
1 3 10 70 6 34 30 13 9 25 3
1 2 8 56 5 28 24 14 10 26 3
1 1 6 42 4 22 18 15 11 27 3
1 0 4 28 3 16 12 16 12 28 3
1 3 11 77 6 37 33 16 12 32 3
1 3 8 56 7 28 24 7 3 11 4
1 2 6 42 6 22 18 8 4 12 4
1 3 9 63 7 31 27 10 6 18 4
1 2 7 49 6 25 21 11 7 19 4
1 1 5 35 5 19 15 12 8 20 4
1 3 10 70 7 34 30 13 9 25 4
1 2 8 56 6 28 24 14 10 26 4
1 1 6 42 5 22 18 15 11 27 4
1 2 9 63 6 31 27 17 13 33 4
1 1 7 49 5 25 21 18 14 34 4
1 0 5 35 4 19 15 19 15 35 4
1 2 10 70 6 34 30 20 16 40 4
1 1 8 56 5 28 24 21 17 41 4
1 0 6 42 4 22 18 22 18 42 4
1 1 9 63 5 31 27 24 20 48 4
1 0 7 49 4 25 21 25 21 49 4

Of course, also for PG(3,2) some of the examples have nicer descriptions:

(n’,s0,t0,7") = (1,1,0,1): characteristic function of a point (not spanning);
(n’,s0,t0,7") = (3,3,1,1): characteristic function of a line (not spanning);
(n',s0,t0,7') = (7,7,3,1): characteristic function of a plane (not spanning);
(n,s0,t0,7") = (5,3,1,1): projective base; spanning projective 2-weight code;

(n',s0,t0,7) = (6,4,2,1): characteristic function of two disjoint lines; spanning
projective 2-weight code;

(n',s0,t0,7') = (14,10, 6,2): characteristic function of two different planes;
(n',s0,t0,7") = (21,13,9,3): characteristic function of three planes intersecting in a
common point but not a common line.

Note that we may restrict our considerations to r < [k];/2, since if M’ is the a

canonical two-character multiset for a set of points M with #M = r, then the complement
of M’ is the a canonical two-character multiset for a set of points which is the complement
of M and has cardinality [k]; —

From the data in Tables 1 and 2 we can guess the maximum possible point multiplicity

(M) of M

Proposition 4. Let M be a canonical two-character multiset in PG(k — 1,q), where k > 2. Then,
we have y(M) < gk=2.
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Proof. Choose a suitable set #' C H and g, v € N such that

1

M= ( Y. xu —V'Xv>-
& \Hew

Let P € P be a point with M(P) = vy and Q € P be a point with M(Q) = 0. With this

wehave A > [{H € H' : Q < H}|. Since P is contained in [k — 1], hyperplanes in H and

(P, Q) is contained in [k — 2], hyperplanes in H, we have M(P) < g*2. O

We can easily construct an example showing that the stated upper bound is tight.
To this end, let P, Q be two different points in PG(k — 1,¢), where k > 3, and H’ be
an arbitrary hyperplane neither containing P nor Q. With this, we choose #H' as the
set of all g¢~2 hyperplanes that contain P but do not contain Q and additionally the
hyperplane H'. For the corresponding multiset of points M we then have M (P) = g2
and M(Q) = 0, so that y(M) = 0. For an arbitrary point R € H' we have M(R) =
72 —g"3+1=(9-1)43+1, so that gcd(M(R), M(P)) = 1if k > 4 or k = 3 and
q # 2. For (k,q) = (3,2) we have already seen examples of canonical two-character
multisets with maximum point multiplicity 2.

In Tables 3 and 4, we list the feasible parameters for canonical two-character multisets
in PG(4, 2) with point multiplicity at most 4.

Table 3. Feasible parameters for canonical two-character multisets in PG(4,2) with 7 < 4—part 1.

’

g i r n 0% s t S0 to n’ 0%
8 7 15 225 15 113 105 1 0 1 1
4 3 7 105 7 57 49 3 1 3 1
2 1 3 45 3 29 21 7 3 7 1
1 0 1 15 1 15 7 15 7 15 1
1 14 30 450 15 218 210 8 0 16 1
2 12 28 420 14 204 196 12 8 24 1
4 8 24 360 12 176 168 14 12 28 1
8 0 16 240 8 120 112 15 14 30 1
2 2 6 90 6 50 42 10 6 14 2
2 5 13 195 9 99 91 12 8 20 2
2 3 9 135 7 71 63 13 9 21 2
2 1 5 75 5 43 35 14 10 22 2
2 8 20 300 12 148 140 14 10 26 2
2 6 16 240 10 120 112 15 11 27 2
2 4 12 180 8 92 84 16 12 28 2
2 2 8 120 6 64 56 17 13 29 2
4 0 8 120 8 64 56 16 14 30 2
2 0 4 60 4 36 28 18 14 30 2
1 0 2 30 2 22 14 22 14 30 2
4 7 23 345 15 169 161 16 14 32 2
2 11 27 405 15 197 189 16 12 32 2
1 13 29 435 15 211 203 16 8 32 2
2 9 23 345 13 169 161 17 13 33 2
2 7 19 285 11 141 133 18 14 34 2
2 5 15 225 9 113 105 19 15 35 2
2 3 11 165 7 85 77 20 16 36 2
2 10 26 390 14 190 182 20 16 40 2
2 8 22 330 12 162 154 21 17 41 2
2 6 18 270 10 134 126 22 18 42 2
2 9 25 375 13 183 175 24 20 48 2
2 4 10 150 10 78 70 9 5 13 3
2 9 21 315 15 155 147 10 6 18 3
2 3 9 135 9 71 63 13 9 21 3
2 6 16 240 12 120 112 15 11 27 3
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Table 3. Cont.

’

~

g n r n 0% s t So to n 0%
2 4 12 180 10 92 84 16 12 28 3
2 2 8 120 8 64 56 17 13 29 3
1 1 4 60 4 36 28 21 13 29 3
2 7 19 285 13 141 133 18 14 34 3
2 5 15 225 11 113 105 19 15 35 3
2 3 11 165 9 85 77 20 16 36 3
2 1 7 105 7 57 49 21 17 37 3
2 6 18 270 12 134 126 22 18 42 3
2 4 14 210 10 106 98 23 19 43 3
2 2 10 150 8 78 70 24 20 44 3
1 0 3 45 3 29 21 29 21 45 3
1 12 28 420 15 204 196 24 16 48 3
2 7 21 315 13 155 147 25 21 49 3

Table 4. Feasible parameters for canonical two-character multisets in PG(4,2) with o/ < 4—part 2.

~

g i r n ¥ s t S0 to n’ 0%
2 5 17 255 11 127 119 26 22 50 3
2 3 13 195 9 99 91 27 23 51 3
2 8 24 360 14 176 168 28 24 56 3
2 6 20 300 12 148 140 29 25 57 3
2 4 16 240 10 120 112 30 26 58 3
2 2 12 180 8 92 84 31 27 59 3
1 11 27 405 14 197 189 32 24 64 3
2 7 23 345 13 169 161 32 28 64 3
2 5 19 285 11 141 133 33 29 65 3
2 3 15 225 9 113 105 34 30 66 3
2 6 22 330 12 162 154 36 32 72 3
2 0 10 150 6 78 70 39 35 75 3
2 5 21 315 11 155 147 40 36 80 3
2 4 12 180 12 92 84 16 12 28 4
1 2 6 90 6 50 42 20 12 28 4
2 3 11 165 11 85 77 20 16 36 4
2 4 14 210 12 106 98 23 19 43 4
1 2 7 105 6 57 49 27 19 43 4
1 1 5 75 5 43 35 28 20 44 4
1 11 26 390 15 190 182 25 17 49 4
1 10 24 360 14 176 168 26 18 50 4
1 9 22 330 13 162 154 27 19 51 4
1 8 20 300 12 148 140 28 20 52 4
1 7 18 270 11 134 126 29 21 53 4
1 5 14 210 9 106 98 31 23 55 4
2 6 20 300 14 148 140 29 25 57 4
1 3 10 150 7 78 70 33 25 57 4
2 4 16 240 12 120 112 30 26 58 4
1 2 8 120 6 64 56 34 26 58 4
1 1 6 90 5 50 42 35 27 59 4
1 0 4 60 4 36 28 36 28 60 4
1 11 27 405 15 197 189 32 24 64 4
1 10 25 375 14 183 175 33 25 65 4
2 3 15 225 11 113 105 34 30 66 4
1 9 23 345 13 169 161 34 26 66 4
2 1 11 165 9 85 77 35 31 67 4
1 8 21 315 12 155 147 35 27 67 4
1 6 17 255 10 127 119 37 29 69 4
1 4 13 195 8 99 91 39 31 71 4
1 3 11 165 7 85 77 40 32 72 4
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Table 4. Cont.

g [ r n ¥ s t so to n’ 5’
1 2 9 135 6 71 63 41 33 73 4
1 1 7 105 5 57 49 42 34 74 4
1 0 5 75 4 43 35 43 35 75 4
1 10 26 390 14 190 182 40 32 80 4
2 3 17 255 11 127 119 41 37 81 4
1 9 24 360 13 176 168 41 33 81 4
2 4 20 300 12 148 140 44 40 88 4
2 3 19 285 11 141 133 48 44 96 4
1 9 25 375 13 183 175 48 40 96 4
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Abstract: In this paper, we propose the zero-correlation-zone (ZCZ) of radius r on two-dimensional
m X n sonar sequences and define the (m, n,r) ZCZ sonar sequences. We also define some new
optimality of an (m, n,r) ZCZ sonar sequence which has the largest r for given m and n. Because
of the ZCZ for perfect autocorrelation, we are able to relax the distinct difference property of the
conventional sonar sequences, and hence, the autocorrelation of ZCZ sonar sequences outside ZCZ
may not be upper bounded by 1. We may sometimes require such an ideal autocorrelation outside
7ZCZ, and we define ZCZ-DD sonar sequences, indicating that it has an additional distinct difference
(DD) property. We first derive an upper bound on the ZCZ radius r in terms of m and n > m.
We next propose some constructions for (m, n,r) ZCZ sonar sequences, which leads to some very
good constructive lower bound on r. Furthermore, this construction suggests that for m and r, the
parameter 1 can be as large as possible indefinitely. We present some exhaustive search results on the
existence of (m,n,r) ZCZ sonar sequences for some small values of r. For ZCZ-DD sonar sequences,
we prove that some variations of Costas arrays construct some ZCZ-DD sonar sequences with ZCZ
radius r = 2. We also provide some exhaustive search results on the existence of (m,n,r) ZCZ-DD
sonar sequences. Lots of open problems are listed at the end.

Keywords: sonar sequences; zero-correlation-zone; costas arrays; distinct difference property

1. Introduction

Sonar sequences are two-dimensional synchronizing patterns of dots and blanks with
minimal ambiguity [1]. Rectangular array representation of sonar sequences is defined
by having only one dot per column and the distinct difference properties of the dots.
They are used in active sonar systems to improve target detection performance. They
are also useful in radar [2] and many other applications where optimal 2-dimensional
autocorrelation is required. Costas arrays as sonar sequences were introduced by J. P. Costas
in 1984 [3]. Subsequently, research interest was aroused in the existence [4], enumeration,
construction [5-8], and mathematical properties [9-12] of Costas arrays and also sonar
sequences. It is further generalized into various shapes, for example, honeycomb array,
maintaining the distinct difference properties [13].

Numerous studies have delved into the structural properties of sonar sequences.
The properties of symmetry were discussed for Welch and Golomb constructions in [14].
S. W. Golomb and H. Taylor had previously proposed a weakened version of the conjecture,
asserting that single periodicity was characteristic of Welch construction of the Costas array.
Subsequently, in [15], the concept of cyclic Costas sequences was introduced, along with
the conjecture that a Costas sequence is cyclic if and only if it is Welch.

With the introduction of Costas arrays, the search for the number of Costas arrays
began using computers, even though computers were not well developed at the time.
R. Games and M. Chao were the first to report exact values for order n < 10, the values
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for n < 12 were found by J. P. Costas, and J. Robbins furthered the search up ton = 13 in
1984 [8]. In 1988, Silverman et al. reported a further extension to n = 17, and developed a
probabilistic estimation formula for the number of Costas arrays [16]. In 2011, K. Drakakis
and S. Rickard et al. published results enumerating Costas arrays up to n = 29 [17].

In one dimension, a binary sequence is called to have an ideal autocorrelation when
the out-of-phase autocorrelation magnitude is at most 1 or 2 according to the period of the
sequence [18,19]. In [20], P. Fan proposed the concept of zero-correlation-zone (ZCZ) in
which the autocorrelation is zero (perfect). As one-dimensional CDMA sequences, binary
or non-binary ZCZ sequences can be used to perfectly eliminate co-channel and multipath
interference for quasi-synchronous CDMA systems [21]. Therefore, they do not care for the
autocorrelation values of ZCZ sequences outside ZCZ. It would have been mathematically
or theoretically desirable if the autocorrelation magnitudes of ZCZ sequences were also
very low or even close to zero, which is not at all required for QS-CDMA systems using ZCZ
sequences since the system performance depends only on the autocorrelation magnitudes
inside ZCZ [21,22]. In addition, several studies on the construction and bounds of these
one-dimensional ZCZ sequences have been published [22-24].

Sonar sequences are two-dimensional synchronizing patterns since their autocorre-
lation properties are well-described in two dimensions. We now propose for the first
time the concept of ZCZ into sonar sequences, and we emphasize that we do care for
the autocorrelation value zero inside ZCZ (except for the in-phase, of course) and we do
not care for the value outside ZCZ. As we have mentioned in the previous paragraph, it
would have been great if we could define a ZCZ sonar sequence that has not only the zero
autocorrelation value inside ZCZ but also the value of at most 1 outside ZCZ. We will call
such a ZCZ sonar sequence a ZCZ-DD sonar sequence, which is itself a sonar sequence.
We note, therefore, that a ZCZ sonar sequence may not be a (conventional) sonar sequence
since it may lack the so called distinct difference property that defines sonar sequences.

In this paper, we propose the zero-correlation-zone (ZCZ) of radius r on two-
dimensional m x n sonar sequences and define the (m, n, r) ZCZ sonar sequences. We
also define some new optimality of an (m, n,r) ZCZ sonar sequence which has the
largest r for given m and n. Because of the ZCZ for perfect autocorrelation, we are
able to relax the distinct difference property of the conventional sonar sequences, and
hence, the autocorrelation of ZCZ sonar sequences outside ZCZ may not be upper
bounded by 1. We may sometimes require such an ideal autocorrelation outside ZCZ,
and we call this a ZCZ-DD sonar sequence, indicating that it has an additional distinct
difference (DD) property.

It is to be noted that, for conventional sonar sequences (without considering ZCZ),
one has to increase the value 7 for a given m in order to increase the overall autocorrelation
performance [25,26]. This gives the definition of (conventional) optimal (m,n) sonar
sequences with largest n for a given m [26]. Now, we emphasize that it is quite appropriate
to think of the new optimality of (m,n,r) ZCZ sonar sequences with largest value of r given
m and n, since now it has perfect autocorrelation inside ZCZ and hence it is desirable to
have as large ZCZ as possible for given size m x n. It is because we may be able to limit the
operating range (of active sonar systems) inside ZCZ, as is the case for the one-dimensional
sequences with ZCZ [20].

In Section 2, we review sonar sequences, encompassing essential definitions, prop-
erties, autocorrelation properties, and some well-known constructions. We introduce the
Manhattan metric, which will be used in subsequent discussions to represent the ZCZ
radius. Section 3 contains some main results on ZCZ sonar sequences. Section 4 discusses
some theory only on ZCZ-DD sonar sequences. Section 6 discusses some open problems of
both ZCZ sonar sequences and ZCZ-DD sonar sequences.
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2. Preliminary

Definition 1. (Sonar Sequences, Sonar Arrays and Costas Arrays [1,26]) Let m < n be positive
integers. A function f : {1,2,...,n} — {1,2,...,m} has the distinct difference (DD) property if

flu+h)—f(u)=f(v+h)— f(v) implies u=no

for1<h<n—-1and1 <u,v<n-—h
An (m,n) sonar sequence is a function f : {1,2,...,n} — {1,2,...,m} with the DD
property. It can be written as
f=U),fQ2),., f(n)],

where 1 < f(j) < i, for j =1,2,...,n. This can also be represented as an m X n sonar array
A =[A(i,])], where

L fG) =i , .
A7) { 0, otherwise Asisml<jsn

It is a usual convention to represent "1” with a dot and "0” with a blank in A.

An (m,n) sonar sequence is called optimal if n is the largest with m rows.

The Costas array is a sonar array of square size with an additional condition that there is only
one "dot” in each row.

There are some well-known constructions of Costas arrays as sonar sequences.

¢ Lempel construction [1,5,8]: Let ¢ > 2 be a prime or a prime power and let « be a
primitive element of F; which is the finite field of size . Then f : {1,2,...,9 — 2} —
{1,2,...,q9 — 2} defined by the relation o +af) =1, forj =1,2,...,q—1,isa
(9 —2) x (g — 2) Costas array.

*  (Exponential) Welch construction [1,5,8]: Let a be a primitive element of F,, where p
isaprime. Then f: {1,2,...,p — 1} = {1,2,...,p — 1} defined by f(i) = ol fori=
1,2,...,p—1, is a (p —1) x (p — 1) Costas array. Furthermore, if
[f(1), f(2),..., f(p —1)] is the exponential Welch Costas array, then so is

G fG A+, flp = 1), f(), £(2),- £ =1)]
foreach j =2,3,...,p — 1. This property is called the single periodicity of the Costas array.

There are also Quadratic constructions [25], Shift construction [27], Golomb construc-
tion [5,8], the constructions using Sidon set [28] and their extensions.

We note that attaching i empty rows, for any integeri = 1,2,.. ., to the above n x n
Costas array gives an (1 + i) x n sonar array. We note also that rotating the rows of the
result any number of times is still an (7 + i) x n sonar array. If we start from the exponential
Welch Costas array, then rotating the columns of the result any number of times is still an
(n+1) x n sonar array because of its single periodicity. This will be used later for the some
new construction of ZCZ-DD sonar sequences with radius 2.

Another variation on any 7 x n Costas array is to delete any corner dot and obtain the
(n—1) x (n — 1) Costas array. Deleting the corner dots twice gives the size (n —2) x (n —2).
Two corner dots in the diagonal position can be deleted once to produce the size (n —2) x (n —2).
This will also be used later for ZCZ-DD sonar sequence construction.

The discrete non-periodic autocorrelation function [8] C(7, ¢) of an m X n sonar array
[A(i,j)] wherei =1,2,...,m,j =1,2,...,n is defined to be the number of coincidences
between dots in A(i, j) and its shift A(i + ¢, j + T) where T is the amount of horizontal shift
and ¢ is the amount of vertical shift. The set of all the values of C(t, ¢) can be represented
as an array of size (2m — 1) x (2n — 1), and it has a center-symmetric structure:

C(t,9) = C(—1,—¢), forall (t,¢)c Z>
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When (7, @) = (0,0), the correlation has the peak value C(0,0) = n, since all the dots
coincide. The DD property implies that

C(t,¢) <1, forall (t,¢)# (0,0).

In this paper, we will define ZCZ in the Manhattan metric. The Manhattan metric is
also known as the taxicab metric [29]. In a 2-dimensional plain, the Manhattan distance D
between two dots in positions a = (x1,y1) and b = (x2, 1) is defined by

D(a,b) = [x1 — x2| + [y1 — y2l- 1

We will use the terms “sonar array” and “sonar sequence” interchangeably, and hence, the
autocorrelation of a sonar sequence has to be understood as that of the sonar array.

This induces an integer-valued lattice in the 2-dimensional plain, which will be de-
noted by Z?. For a positive integer r, we consider the Manhattan-circle of radius r centered
at the origin in Z? and the set M(r) of all the integer points inside, i.e.,

M(r) = {(xy) € 22 [x| + Iy < r .
Lemma 1. The area of a Manhattan-circle M(r) of radius r is given as
|M(r)| = 1+2r +2r°. )

Proof. The first term in (2) counts the center. The remaining size is given by 4 times
(14+2+---+47r)asshownin Figure1l. O

:!._
-

|
T

L]

1+4(1) T4-4{14+2) T4dd 42 L3
Figure 1. Manhattan-circles of radius » = 1,2, 3 and its area.

3. Main Results on ZCZ Sonar Sequences

Definition 2. For positive integers r and m < n,an (m,n,r) ZCZ sonar sequence is a function
f:{1,2,...,n} — {1,2,...,m} such that its autocorrelation C(t, p) = 0 for all (7, ¢) # (0,0)
with |@| + |t| < r where r is the radius of ZCZ in the Manhattan metric.

For clarity, it is important to note that a ZCZ sonar sequence, although termed a “sonar
sequence”, does not necessarily satisfy the DD property of sonar sequences. A special case
of ZCZ sonar sequences is a ZCZ-DD sonar sequence, which is a sonar sequence with ZCZ
of some radius.

Definition 3. An (m,n,r) ZCZ-DD sonar sequence is an (m,n,r) ZCZ sonar sequence that has
the DD property, in addition.

Remark 1. A ZCZ-DD sonar sequence is a sonar sequence. A ZCZ-DD sonar sequence is always
a ZCZ sonar sequence, but not conversely. A ZCZ sonar sequence may not have the DD property.
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Example 1. The first example in Figure 2 is a (5,5) Costas array (sonar sequence) and its autocor-
relation. The second example is a (5,5,2) ZCZ-DD sonar sequence and its autocorrelation showing
the ZCZ of radius 2. We note that it is a sonar sequence. The third example is a (5,5,2) ZCZ sonar
sequence. Observe that it is not a sonar sequence because it does not have the DD property. This can
be seen by the value 2 at some out-of-phase shifts (T, ¢) # (0,0).

® [ ] ®
) ™ ®
[ ] [ ] L ]
L ] [ ] L ]
o [ ] [ ]
1 1 1
1l 1 1
1 1 1 %5 1 1
il 1 1 1 1 G [
S S5 S
1 1 & e 1 1
1 1 1 1 1|1 1
1)1 1 1
1 1 1
T T T

Figure 2. Three 5 x 5 arrays in Example 1.

Given an (m, n,r) ZCZ sonar array, we define D,,;, to be the minimum Manhattan
distance among all the distances between the pairs of dots. The following is obvious:

Lemma 2. Fora ZCZ sonar sequence with its ZCZ radius r, the distance D of any pair of dots satisfies
D> Dy, =r+1

This lemma gives some trivial upper bound on r of any (m,n, r) ZCZ sonar sequences.
That is,
r=Dyy—1<D-—1.

The following upper bound on r is the best in terms of m and n > m that we could prove.
The main idea is analogous to the proof of Hamming bound on binary linear block codes:

Theorem 1. For an (m,n,r) ZCZ sonar sequence with n > m > 2, we have
r < [\/Zm — 4J. 3)

Proof. Consider the m x n array corresponding to an (m, n,r) ZCZ sonar sequence. Then,
any two Manhattan-circles of radius p with dots at the center will not intersect with each
other when p > [%J . Therefore, the sum of the area of all the Manhattan-circles of radius p
cannot be more than the total area of the array. Here, we may have to consider the dots in
the edges so that the Manhattan-circle may cover the area beyond the m x n sonar array.
For this, we increase the total area of the array from m x n to (m +2p) x (n + 2p), since the
dot in the edges could reach the distance p for both horizontally and vertically. By carefully
counting the number of cells in these additional areas, we see that we only have to increase
in one direction. Therefore, we have the bound (similar to Hamming bound in algebraic
coding theory)
n[M(p)| < (m +2p)n,

or
[M(p)| < (m +20).

58



Entropy 2024, 26, 317

We substitute p = /2 on LHS and p = (r — 1) /2 on RHS by carefully counting again the
additional areas outside the m X n array. This gives the bound in the theorem. O

In [30], the maximum number of disjoint non-attacking Queens (NAQ) patterns that
can sit on an 1 x n chessboard is proposed, where each pattern consists of 1 NAQs placed
symmetrically around the center. NAQ means that for each dot in the pattern, there are no
other dots in the horizontal, vertical and diagonal directions. We cite one of NAQ patterns
and calculate the autocorrelation as shown in Figure 3. From its autocorrelation, it can be
seen that it is an (11,11,2) ZCZ sonar sequence. The following construction of (m,n,r)
ZCZ sonar sequence essentially comes from this idea from [30].

T

Figure 3. An 11 x 11 NAQ pattern from [30] is an (11,11,2) ZCZ sonar sequence.

Theorem 2. The function f : {0,1,...,n —1} — {0,1,...,m — 1} defined by f(j) = rj
(mod m) is an (m,n,r) ZCZ sonar sequence for any positive integers m,n > m and r > 3 with
m=r*—1.

Proof. We will focus on a section containing consecutive r columns inside. For j =
0,1,2,...,r — 1 and also j = r, the function f is shown in Figure 4. We claim that the
Manhattan distance between any two dots is at least  + 1 as shown below, and since this
one period of r columns can repeat indefinitely, the proof is completed:

e i
[ ]
&
{ .
m=r?—1 =<
[ ]
r
A |e] _
o -
=~
T l b
Sy
r+1 ®
e 0 = = = — = il i
0 1 2 r—2r—1 r r+1 -

Figure 4. Proof of Theorem 2.
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Consider the columns from 0 to r — 1 in Figure 4. Any two adjacent dots have
Manhattan distance r + 1. Consider the dot in column r in Figure 4. Since m = 12 — 1, it
is located one row up relative to the dot in column 0. Therefore, the Manhattan distance
(of lower arrow in the figure) is r + 1. The Manhattan distance of the dot from the dot in
columnlisr—1+r—1=2r—2>r+ 1sincer > 3 (upper arrow in the figure). O

The above construction gives a constructive lower bound on the parameter r for
(m,n,r) ZCZ sonar sequences:

Corollary 1. There exists an (m,n,r) ZCZ sonar sequence such that
r>vm+1.

In an attempt to improve the lower bound in the above corollary, we propose another
construction for (m, n,r) ZCZ sonar sequences in which the first repeat of the dot in the
lowest block of size 7 is not in column r (which is the case in Figure 4 for the proof of
Theorem 2) but in some column t where t << r where we assume that r > 3. Since the total
number of rows is m, its row index must be rt (mod m) which is equal to vt — m. Therefore,
we are trying to find the minimum ¢ € {0,1,...,n — 1} such that rt —m > 0, where the
function f : {0,1,...,n—1} — {0,1,...,m — 1} defined as f(j) = rj (mod m) is shown

in Figure 5.
-
L]
r
»
~ m
= T
r [ -

rt—m —-—fp—t—————-———1 e e e ™~ T

0 L] o —
0o 1 t—1 ¢t

Figure 5. Proof of Theorem 3 where @ <tand (r—1)t+2<m<(r+1)(t—1).

Since any two adjacent dots in the first ¢ columns have the Manhattan distance of r 41,
we need to check only the distances between the dot in column f and the dots in the first
and second columns. This gives the following inequalities:

r+1<t+rt—m 4)
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and
r+1<t—1+r—(rt —m). (5)
By combining (4) and (5), we obtain the following range of m:
(r—Dt+2<m<(r+1)(t—1) (6)
or the inequality
(r=1t4+2< (r+1)(t-1)
which implies that
r+3
<t
5 St @)

Now, a ZCZ sonar sequence can be constructed for (m,n,r) as follows: Choose a
positive integer ¥ > 3, and select the parameter f satisfying t > [%] . The pair of integers r
and t determines the range of m by (6). Select an appropriate value of m in this range. Then,
for any positive integer 1, we have an (m, n,r) ZCZ sonar sequence f(j) = rj (mod m) for
ji=12,...,n

As an example, the case where t = r yields

rz—r—|—2§m§1’2—1

for r > 3. Taking the value m = r> — 1 in this range for ¢ = r is exactly the case of Theorem 2.
Taking the value m = 2 — r + 2 on the other hand for the same t = r gives another (1, 7,7)
ZCZ sonar sequence for any positive integer .

For some specific example, we consider r = 6. Thent > 5and 5t +2 <m < 7(t —1).
Therefore, we may construct the (m,1,6) ZCZ sonar sequences for any positive integer n
and the value m in the following range:

t=5 — 27<m<28
t=6 — 32<m<35
t=7 — 37<m<42
etc.

We summarize the discussions above as our main construction for a family of (m,n,r)
ZCZ sonar sequences:

Theorem 3 (Main construction for ZCZ sonar sequences). The function f : {0,1,...,n —
1} — {0,1,...,m — 1} defined by f(j) = rj (mod m), as shown in Figure 5, is an (m,n,r)
ZCZ sonar sequence for any positive integers n > m and r > 3 where the value m must be in the
range (6) in which t satisfies the inequality (7).

Example 2. When r = 3, the value of m can be 8 according to Theorem 3. Figure 6 depicts the
(8,8,3) ZCZ sonar sequence with their autocorrelation on the left side.

When r = 4, the construction derived from Theorem 3 produces the square array depicted on
the right side of the figure with its autocorrelation. It becomes apparent that the top 5 —1 = 1 row
of the array does not contain any dots. Thus, by removing this top row, we arrive at the construction
for the size 13 x 14 with r = 4.

Both examples can be repeated any number of times so that the result becomes either (8,n,3)
ZCZ sonar sequence or (13,n,4) ZCZ sonar sequence for any positive integer n.
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Figure 6. The (8,8,3) and (13,14, 4) ZCZ sonar sequences from the construction in Theorem 3.

By selecting the minimum value of t = [53] for r > 3 from the above construction,
we derive the minimum value of m and hence the best constructive lower bound on r:

Corollary 2. The minimum value of m in Theorem 3 becomes the following

2 .

%, 7 is odd
m=y ,

#, 7 is even

for the value t = (#] This gives a constructive lower bound as follows: for any positive integer
m > 3, there exists an (m,n,r) ZCZ sonar sequence (for any n > m) with the value r satisfying

r>V2m—1-1. ®)

Proof. The case of an odd r is obvious. When r is even, the theorem says the minimum

value of m = @, and the construction gives an m x n ZCZ sonar array for any n > m
where the top r/2 — 1 rows are empty. These rows can be further removed to make m
smaller. The resulting value of m becomes 7’2%”2. O

We show an example of a (61,52,10) ZCZ sonar sequence in Figure 7 found by
computer. This is an interesting example since the construction in Theorem 3 for r = 10
gives a ZCZ sonar sequence with the smallest value m = 61. It is also very special in that
it has a periodic structure of a period of 13 columns repeating 4 times. We note that this
period can be repeated any number of times to make a (61, 13a + b, 10) ZCZ sonar sequence
for any integers a and b. Essentially, it gives a family of examples of (61,1,10) ZCZ sonar
sequences for any positive integer n > 1.
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Figure 7. A (61,52,10) ZCZ sonar sequence by computer search.

Remark 2. It is obvious that one can find a family of (m,n,r) ZCZ sonar sequences for some
given values of m and r with infinitely many values of n. Some evidence we discussed so far can be
summarized as follows:

1. The example of (11,11,2) ZCZ sonar sequence in Figure 3 from [30] can be repeated any
number of times and the result can be an (11,n,2) ZCZ sonar sequence for any positive
integer n.

2. The example of (61,52,10) ZCZ sonar sequence in Figure 7 can be repeated any number of
times and the result can be an (61,n,10) ZCZ sonar sequence for any positive integer n.

3. Theorem 2 gives a family of (m,n,r) ZCZ sonar sequences for any r > 3 and m = r> — 1 but
with infinitely many values of the positive integer n.

4. Theorem 3 generalizes Theorem 2. Corollary 2 gives one specific case for m and r with any
positive integer n, which is different from those by Theorem 2. Two examples from this
construction are shown in Example 2.

Therefore, it becomes meaningless to talk about the ‘optimal’ (m,n,r) ZCZ sonar sequence
with the maximum value of n for given m and r. Instead, we may define the optimality of an (m,n,r)
ZCZ sonar sequence if it has the maximum v for given m and n.

Definition 4. The ZCZ sonar sequence with the maximum r is called optimal for given m and n. In
other words, an (m, n,r) ZCZ sonar sequence is optimal when there does not exist an (m,n,r + 1)
ZCZ sonar sequence.

We have searched by computer for the true maximum r in (m,n,r) ZCZ sonar se-
quences for m up to 78 and n in the range from m to m + 2. We show this result in
Table 1. The value r in this table is the maximum in the sense of Definition 4. This has been
checked exhaustively. Therefore, they all are optimal ZCZ sonar sequences for given m and
n. It is to be noted further that the upper bound in Theorem 1 is not tight since there are
cases where this value is not attained. However, we argue that it is quite good since some
other many times, this bound or one less value is attained.
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Table 1. The maximum r in (m, n,r) ZCZ sonar sequence found by computer.

wbnd Lbnd " wbnd Lbnd
- mom+l m+2 (Theorem 1) (Corollary 2) m m m+1 m+2 (Theorem 1)  (Corollary 2)
3 1 1 1 1 1 41 8 8 8 8 8
4 2 1 1 2 1 42 8 8 8 8 8
5 2 2 2 2 2 43 8 8 8 9 8
6 2 2 2 3 2 44 8 8 8 9 8
7 3 2 2 3 2 45 8 8 8 9 8
8 3 3 3 3 2 46 8 8 8 9 8
9 3 3 3 3 3 47 8 8 8 9 8
10 3 3 3 4 3 48 8 8 8 9 8
11 3 3 3 4 3 49 9 9 9 9 8
12 4 3 3 4 3 50 9 9 9 9 8
13 4 4 4 4 4 51 9 9 9 9 9
14 4 4 4 4 4 52 9 9 9 10 9
15 4 4 4 5 4 53 9 9 9 10 9
16 4 4 4 5 4 54 9 9 9 10 9
17 5 4 4 5 4 55 9 9 9 10 9
18 5 5 5 5 4 56 9 9 9 10 9
19 5 5 5 5 5 57 9 9 9 10 9
20 5 5 5 6 5 58 9 9 9 10 9
21 5 5 5 6 5 59 9 9 9 10 9
22 5 5 5 6 5 60 10 10 9 10 9
23 5 5 5 6 5 61 10 10 10 10 10
24 6 5 5 6 5 62 10 10 10 10 10
25 6 6 6 6 6 63 10 10 10 11 10
26 6 6 6 6 6 64 10 10 10 11 10
27 6 6 6 7 6 65 10 10 10 11 10
28 6 6 6 7 6 66 10 10 10 11 10
29 6 6 6 7 6 67 10 10 10 11 10
30 6 6 6 7 6 68 10 10 10 11 10
31 7 6 6 7 6 69 10 10 10 11 10
32 7 7 7 7 6 70 10 10 10 11 10
33 7 7 7 7 7 71 11 11 11 11 10
34 7 7 7 8 7 72 11 11 11 11 10
35 7 7 7 8 7 73 11 11 11 11 11
36 7 7 7 8 7 74 11 11 11 12 11
37 7 7 7 8 7 75 11 11 11 12 11
38 7 7 7 8 7 76 11 11 11 12 11
39 7 7 7 8 7 77 11 11 11 12 11
40 8 8 7 8 7 78 11 11 11 12 11

We also show the upper bound on r from Theorem 1 for comparison. Therefore, any
max value in the table must be equal to or smaller than this upper bound. We also show
the constructive lower bound from Corollary 2 as well in the last column. As 7 increases
from m, the max r will be non-increasing. When it reaches the lower bound, it will stay
forever as n increases indefinitely. Therefore, it is enough to show the values of # in the
rangem <n <m+2for3 <m < 78.

In this range of values of m, we see that the difference between the upper bound and
the constructive lower bound is either 0 or 1. When they are the same, the max r is this
value for any n > m. When they differ by 1, then the max r starts either from the upper
bound and decreases by 1 somewhere and stays forever or from the lower bound and stays
forever. The example of the former case is when m = 17 and those of the latter is when
m = 20.

For example, for m = 17, the max r for n = 17 is 5 which is the upper bound. Since
the constructive lower bound is 4 for m = 17 and this value is reached atn =18 = m + 1,
we know that the max r = 4 stays the same as # increases from 18 indefinitely. For the case
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m = 20, the max r at n = 20 is 5 which is already equal to the lower bound. Therefore, the
max r = 5 for n stays the same as n increases indefinitely. We show the three ZCZ sonar
sequences with parameters (17,17,5), (17,18,4) and (20, 20,5) as follows:

(17,17,5) : [5,10,15,1,7,12,17,4,9,14,1,6,11,16,3,8,13]
(17,18,4) : [1,5,9,13,2,6,10,14,1,5,9,13,2,6,10,14,1,17]
(20,20,5): [7,12,1,16,5,10,19,2,7,12,17,4,9,14,1,6,11,16,3,20]

These are shown in Figure 8. These are examples of optimal ZCZ sonar sequences.

Figure 8. The optimal (17,17,5), (17,18,4) and (20, 20,5) ZCZ sonar sequences by computer search.

4. Two Constructions for Zcz-Dd Sonar Sequences with R = 2

Theorem 4. Let g be a prime or a prime power and « be a primitive element of ¥y which is the
finite field of size q. Consider the Lempel Costas array (j, f(j)) for j = 1,2,...,q — 2 given by
W 4 ofU) = 1. If a satisfies «® + « = 1, then deleting the two corner dots at (1,2) and (2,1) gives
a(q—4,q—4,2) ZCZ-DD sonar sequence.

Proof. The Lempel Costas array has only one dot in each row and column and is symmetric
along the main diagonal [8]. Therefore, there are two types of dot pairs with a Manhattan
distance of 2, as shown in Figure 9. One type consists of two consecutive dots along the
diagonal (white dot pair), while the other type consists of two adjacent dots on either side
of the diagonal (black dot pair).

Figure 9. Dot pair types with Manhattan distance 2 in the Lempel construction.

We now claim that the pair of white dots do not exist in Lempel construction for any g.
When g is even, &/ + a/ = 0 # 1 for all j. Therefore, no dot may come on the diagonal. In
odd g, &/ + of are all distinct for j=12,...,9 — 2, with a unique j satisfying o +al =1.
Therefore, there exists only one dot on the diagonal. Consequently, only black dot pair type
exists in the array and no white dot pairs.

When a? + « = 1, the dots at positions (2,1) and (1,2) constitute the type of black
dot pair. Due to the DD property, this is the only dot pair of this type. Thus, removing
the dots at positions (2,1) and (1,2) ensures that the Manhattan distance between the
remaining pair of dots is at least 3 and hence r = 2. The remaining array is a Costas array
and maintains the DD property. [
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Example 3. Figure 10 shows a (7,7) Lempel Costas array from q = 9. Deleting the dots (1,2)
and (2,1) gives a (5,5,2) ZCZ-DD sonar sequence.

rI—
Ld-

Figure 10. The (5,5,2) ZCZ-DD sonar sequence from the construction in Theorem 4.

For the second type construction of ZCZ-DD sonar sequence with r = 2 from the
exponential Welch construction for Costas arrays, we observe the following:

Lemma 3. Let p be a prime and w be a primitive root mod p. There must exist unique j
(mod p — 1) satisfying o
W —at=10r —1 (mod p).

Proof. Consider the case &/ — /=1 =1 (mod p) or &/~ !(a —1) = 1 (mod p). Since any
non-zero element is some power of «, we let « — 1 = a* for some u with2 < u < p —2.
This gives

W/~ =1 (mod p).

Thenj—1+u =0 (mod p—1) or j = p — u is the unique integer mod p — 1. The other
case is similar. [

Theorem 5. Consider the exponential Welch Costas array f(j) = o/ for any consecutive p — 1
values of j. Let jo (mod p — 1) satisfy /o —al~! = 1 (mod p) and iy (mod p — 1) satisfy
a0 —q0~1 = —1 (mod p). Then

f()=o/ —1—a® (mod p)
forj=jo,jo+1,...,jo+p—2isa(p,p—1,2) ZCZ-DD sonar sequence.

Proof. The Welch construction satisfies the DD property. According to Lemma 3, since
there is a unique jy that satisfies a/o — #0=1 = 1 (mod p), take j when starting from jy,
the rest of the dots are all at a Manhattan distance greater than 2 from the point (jo, 4/0).
And of the rest of the dots, only the Manhattan distance between the dot pair (ip, &) and
(ip — 1,407 1) is 2 since a’0 — a0~ = —1 (mod p). By adding an empty row at the bottom
of the array, called the 0-th row, and cyclically rotating the rows of the array, once the dot
(ig, &™) moves to the top row of the array, then the pairs of dots with a Manhattan distance
of 2 are avoided. Consequently, the Manhattan distance between the dots becomes at least
3. After adding a row, the array consists of a total of p rows, it retains the DD property
because of its single periodicity. [

Example 4. There exists a unique integer iy (mod p — 1) satisfying a’o — a'0=1 = —1 (mod p)
from Lemma 3. Similarly, there exists a unique integer jo (mod p — 1) satisfying a/o — afo=1 =1
(mod p). As shown in Figure 11, when p = 7, we have o = 3, and hence, ip = 2 and jo = 5
both mod 6. Therefore, we take the exponential Welch Costas array given as f(j) = 3/ (mod 7)
forj=jo=1>5,6,...,10. This 6 x 6 array has two adjacent dots in some two consecutive columns
whose row indices are «’0~! = 3 and a0 = 2 both mod 7. We will make this a 7 x 6 sonar array by
adjoining an empty row at the bottom. Now, rotating all p = 7 rows downward 1+ a’> = 3 times
will place the dot in column iy at the top. The resulting 7 x 6 array becomes a (7,6,2) ZCZ-DD
sonar sequence.
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Figure 11. The (7,6,2) ZCZ-DD sonar sequence from the construction in Theorem 5.

Remark 3. The upper bound on r for (m,n,r) ZCZ sonar sequences can be an upper bound on r
for (m,n,r) ZCZ-DD sonar sequences, only because any (m,n,r) ZCZ-DD sonar sequence is an
(m,n,r) ZCZ sonar sequence. We expect that this upper bound must be quite loose.

Some search results for the max r in (m, n,r) ZCZ-DD sequences are documented
initially in [31] for m < 17 and we extend the search for m < 20 and show the results in
Table 2. Where the parameters m = 10, n = m + 4, and r = 2 represent the existence of
an optimal (10, 14,2) ZCZ-DD sonar sequence. It also implies that there does not exist a
(10,14, 3) ZCZ-DD sonar sequence.

Table 2. The maximum r in (m, n,r) ZCZ-DD sonar sequence.

m " m m—+1 m—+2 m-+3 m-+4
2 1 1 0 — —
3 1 1 1 0 —
4 1 1 1 1 0
5 2 1 1 1 1
6 2 2 1 1 1
7 2 2 2 1 1
8 2 2 2 1 1
9 2 2 2 1 1
10 2 2 2 2 2
11 2 2 2 2 2
12 3 3 2 2 2
13 3 3 2 2 2
14 3 3 3 2 2
15 3 3 3 3 2
16 3 3 3 3 2
17 3 3 3 3 2
18 3 3 3 3 2
19 3 3 3 3 2
20 3 3 3 3 ?

5. Some Relations with Results in [26,30]

This subsection is newly added as a result of some analysis from the comments of
the initial reviewers of this manuscript. All of the authors would like to express sincere
appreciation for these comments. We have investigated most of the results in both [26]
and [30], with emphasis on some possibility of having ZCZ sonar sequences from theirs.
Following is some conclusion from this analysis.

Most of the best known m x n sonar sequences in [26] for m up to 100 turned out to
have no ZCZ at all. We show only two cases here for m = 10 and m = 30 from [26]. These
are 10 x 16 and 30 x 37 sonar sequences as shown in Figure 12. These have the largest
value of 7 for the given value of m = 10 and m = 30. The fact that they do not have ZCZ
can be seen easily by observing that there exist two adjacent dots of (Manhattan) distance 1.
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Figure 12. Best known sonar sequences from [26] without ZCZ (m = 10 and m = 30).

The main topic of [30] is to find the maximum number of disjoint nonattacking-n-
queen patterns that simultaneously pack the n x 1 board. We find one of interesting relation
there when n > 7 is an odd prime. One of the solution in this case gives not only an (n,n,3)
ZCZ sonar sequence, but a family of disjoint n ZCZ sonar sequences (which are also n
disjoint nonattacking-n-queen patterns) of the same parameters that simultaneously pack
n X n x n cube without attacking each other in three dimensional space as n-queen patterns.
We may formulate a theorem from this construction as follows. We skip the proof which
is quite straightforward. The first conclusion is from [30]. The second conclusion is the
relation with ZCZ sonar sequences.

Theorem 6. Let n > 7 be a prime. Construct the n x n matrix Q = (q; ;) with integers mod n for

i,j=0,1,...,n—1as follows:

* Putqgyj=1forj=(n—-1)/2.

* Put qyji2 = qo; + 1 (mod n) where the subscript j + 2 is computed mod n, for j =
(n—1)/2,(n—1)/2+2,....

* Foreachj=0,1,...,n—1, putgi1; = q;;+2 (mod n) where the subscript i + 1 is
computed mod n fori =0,1,.. ..

Then, the first conclusion from [30] is that Q is a packing of an n X n board by n disjoint

nonattacking-n-queen patterns, which is three-dimensionally nonattacking queens also. Second

(new) conclusion: for each symbol k = 0,1,...,n — 1, the pattern of the constant symbol k in Q is

an (n,n,3) ZCZ sonar sequence.

6. Concluding Remarks
Some immediate open problems on (1, n,r) ZCZ sonar sequences are the following;:

1. Describe the values of m for which the upper bound on r is the same as its constructive
lower bound. Some of the smaller such values of m from Table 1 are m =5, m =9,
m =13, m = 14, etc.

2. Describe the values of m for which the upper bound on r is one more than its con-
structive lower bound. Some examples of such values of m from Table 1 are m = 6,
m =10, m = 15, m = 16, etc.

3. Prove that the difference between the upper bound and the constructive lower bound
is at most 1 for all positive integers n > m or else find the values of m for which the
difference is more than 1.

4. Find the formula for the max r for the optimal m x m ZCZ sonar sequence.

5. Prove that the maxrasn = m,m +1,m +2,... is non-increasing. We know that it
eventually reaches and stays at the constructive lower bound in Cor.2.

6.  Find any new construction for ZCZ sonar sequences (j, f(j)) forj = 1,2,...,n which
is not of the type f(j) = rj (mod m). Note that the construction in Theorem 6 is
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of the form f(j) = rj (mod n) where r = —4 for all n disjoint patterns with some
appropriate initial condition. See Figure 13.

0’s pattern 1’s pattern 2’s pattern
10 [} 10 [ 10 )
9 [ ] 9 L[] 9 L
8 [ 8 [ ] 8 L]
7 [ ] 7 o 7@
6 [ ] 6 [ ] 6 [
s ® 5| @ 5 [ d
4 L] 4 [ ] 4 [ J
3| @ 3 (] 3 o
2 [ 2 [ 2 o
1 (] 1 [ 2 L
0 L] o [ 0 L4
3’s pattern 4’s pattern 5’s pattern
10 [ ] 10 [ ] 10 °
9|@ 9 [ ] 9 [ J
8 [ 8 [ ] 8 [ ]
7 [ ] 7 o 7 ®
6 [ ] 6 [ ] 6 [ ]
S [ 5 [ J 5 [ J
a ° 4 ° 4 °
3 [ 3 [ 3 [ ]
2 [ ] 2 [ ] 2| @
i ) 1 [ ] 1 [ ]
0 [ ] ole 0 [
6’s pattern 7’s pattern 8’s pattern
10 [ ] 10 [ ] 10 L
9 [ ] 9 [ ] 9 [ ]
8 [ ] 8 [ ] 8 @
7 ° 7 ° 7 [ ]
6 [ ] 6| @ 6 [ ]
5 ® 5 [ J 5 [
1@ 4 o 4 [ ]
3 [ ] 3 ® 3 (Jd
2 L ] 2 L 2 L J
1 [ ) 1 [ ) 1 [ J
0 ) 0 [ ) 0 [ )
9’s pattern 10’s pattern all together
10(9(0(2|4|6(8|10/1[3|5]|7
e 10 e 9(3(5|7(9(0|2(4(6(8|10(1
° e ° L 8(8(10/1(3(5(7(9(0[|2|4|6
: ® pe : Lt p 7(2|(4|6(8(10(21(3(5(|7(9]|0
& ° 8 ° 6|7|(9(0|2|4|6(8|10/1|3 |5
5 ° 5 ° 5|/1(3|5|7(9|0|2|4|6|8|10
% ° 4 P 4|16(8(10|/1(3|5|7(9|0|2]|4
3 ° 3 ° 3(0(2|4(6(8(20(1(3 (5|79
2 ° 2 ° 2|5(7|9|0(2|4|6|8|10/1 |3
1 Y 1@ 1|/10({1|3|5|7|9|0|2|4|6|8
0 ° 0 ° ol4|6|8|10|1|3[5|7]9]0]2

Figure 13. Disjoint nonattacking-n-queen patterns (n = 11) where each pattern of the constant symbol
isan (n,n,3) ZCZ sonar sequence.

For (m,n,r) ZCZ-DD sonar sequences, we have a lot of open problems. Only some of
them are listed here:

1. Find the max r for given m and n.

2 Prove that the max rasn =m,m+1,m+2,... is non-increasing.

3. Find the max n for given m and r.

4 Find the max n > m such that » = 2 for a given m. Some small cases are n = m =5,
n=m+1=7,n=m+2=9,andn =m+ 2 = 10, etc.

5. Find the relation of n and r for a given m.
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6.  Find a systematic construction for (m, n,r) ZCZ-DD sonar sequences for r > 2.
7. Improve the upper bound on r in Remark 3 for given m and n.
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Abstract: We revisit the well-known Gilbert—Varshamov (GV) bound for constrained systems. In
1991, Kolesnik and Krachkovsky showed that the GV bound can be determined via the solution of
an optimization problem. Later, in 1992, Marcus and Roth modified the optimization problem and
improved the GV bound in many instances. In this work, we provide explicit numerical procedures
to solve these two optimization problems and, hence, compute the bounds. We then show that the
procedures can be further simplified when we plot the respective curves. In the case where the graph
presentation comprises a single state, we provide explicit formulas for both bounds.

Keywords: Gilbert-Varshamov bound; constrained codes; asymptotic rates; sliding window
constrained codes

1. Introduction

From early applications in magnetic recording systems to recent applications in DNA-
based data storage [14] and energy-harvesting [5-10], constrained codes have played a
central role in enhancing reliability in many data storage and communications systems (see
also [11] for an overview). Specifically, for most data storage systems, certain substrings are
more prone to errors than others. Thus, by forbidding the appearance of such strings, that is,
by imposing constraints on the codewords, the user is able to reduce the likelihood of error.
We refer to the collection of words that satisfy the constraints as the constrained space 8.

To further reduce the error probability, one can impose certain distance constraints on
the codebook. In this work, we focus on the Hamming metric and consider the maximum
size of a codebook whose words belong to the constrained space § and whose pairwise
distance is at least of a certain value d. Specifically, we study one of the most well-known
and fundamental lower bounds of this quantity—the Gilbert—Varshamov (GV) bound.

To determine the GV bound, one requires two quantities: the size of the constrained
space, |8|, and, also, the ball volume, that is, the number of words with a distance of at most
d —1 from a “center” word. In the case where the space is unconstrained, i.e., 8 = {0, 1}”,
the ball volume does not depend on the center. Then, the GV bound is simply |8|/V, where
V is the ball volume of a center. However, for most constrained systems, the ball volume
varies with the center. Nevertheless, Kolesnik and Krachkovsky showed that the GV lower
bound can be generalized to |$|/4V, where V is the average ball volume [12]. This was further
improved by Gu and Fuja to |8|/V in [13] (see pp. 242-243 in [11] for additional details).
In the same paper [12], they showed the asymptotic rate of average ball volume can be
computed via an optimization problem. Later, Marcus and Roth modified the optimization
problem by including an additional constraint and variable [14], and the resulting bound,
which we refer to as GV-MR bound, improves the usual GV bound. Furthermore, in most
cases, the improvement is strictly positive.
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However, about three decades later, very few works have evaluated these bounds for
specific constrained systems. To the best of our knowledge, in all works that numerically
computed the GV bound and/or GV-MR bound, the constrained systems of interest have,
at most, eight states [15]. In [15], the authors wrote that “evaluation of the bound required
considerable computation”, referring to the GV-MR bound.

In this paper, we revisit the optimization problems defined by Kolesnik and
Krachkovsky [12] and Marcus and Roth [14] and develop a suite of explicit numerical
procedures that solve these problems. In particular, to demonstrate the feasibility of our
methods, we evaluated and plotted the GV and GV-MR bounds for a constrained system
involving 120 states in Figure 1b.

(a) Lower bounds for R(J;8) where 8 is the class of (3,2)-SWCC

—— Lower Bound (28)
0.5 —— GV Bound (Theorem 2)
=== GV-MR Bound (Theorem 9)

0.4
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0.2 4 x
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T T T T T
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(b) Lower bounds for R(J;8) where 8 is the class of (10,7)-SWCC
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—— GV Bound (Theorem 2)
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Figure 1. Lower bounds for optimal asymptotic code rates R(J; 8) for the class of sliding-window
constrained codes

We provide a high-level description of our approach. For both optimization problems,
we first characterized the optimal solutions as roots of certain equations. Then, using the
celebrated Newton—Raphson iterative procedure, we proceeded to find the roots of these
equations. However, as the latter equations involved the largest eigenvalues of certain
matrices, each Newton—-Raphson iteration required the (partial) derivatives of these eigen-
values (in some variables). To resolve this, we made modifications to another celebrated
iterative procedure—the power iteration method—and the resulting procedures computed
the GV and GV-MR bounds efficiently for a specific relative distance ¢. Interestingly, if we
plot the bounds for 0 < § < 1, the numerical procedure can be further simplified. Specifi-
cally, by exploiting certain properties of the optimal solutions, we provided procedures
that use less Newton—Raphson iterations.
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Parts of this paper were presented in the IEEE International Symposium on Informa-
tion Theory (ISIT 2022) [16]. In the next section, we provide the formal definitions and state
the optimization problems that compute the GV bound.

2. Preliminaries

Let X = {0,1} be the binary alphabet and let X" denote the set of all words of length n
over L. A labeled graph G = (V, €, £) is a finite directed graph with states V, edges € C 'V x V,
and an edge labeling £ : & — T for some s > 1. Here, we use v; — v; to mean that there is
an edge from v; to v; with label 0. The labeled graph § is deterministic if, for each state, the
outgoing edges have distinct labels.

A constrained system § is, then, the set of all words obtained by reading the labels of
paths in a labeled graph §. We say that G is a graph presentation of 8. We further denote
the set of all n-length words 8 by §,,. Alternatively, §, is the set of all words obtained by
reading the labels of (1/s)-length paths in §. Then, the capacity of 8, denoted by Cap(8),
is given by Cap(8) = limsup, . log|S,|/n. It is well-known that Cap(8) corresponds
to the largest eigenvalue of the adjacency matrix Ag (see, for example, [11]). Here, Ag is a
(|V] x |'V|)-matrix whose rows and columns are indexed by V. For each entry (1,v) € V x V,
we set the corresponding entry to be one if (1,v) is an edge, and zero otherwise.

Every constrained system can be presented by a deterministic graph §. Furthermore,
any deterministic graph can be transformed into a primitive deterministic graph J such
that the capacity of G is same as the capacity of the constrained system presented by
some irreducible component (maximal irreducible subgraph) of H (see, for example,
Marcus et al. [11]). It should be noted that a graph § is primitive if there exists a positive
integer ¢ such that (Ag)’ is strictly positive. Therefore, we henceforth assume that our
graphs are deterministic and primitive. When |V| = 1, we call this a single-state graph
presentation and study these graphs in Section 5.

Forx,y € 8, dy(x,y) is the Hamming distance between x and y. We fix1 < d < n,
and a fundamental problem in coding theory is finding the largest subset € of §,, such that
dy(x,y) > d for all distinct x, y € C. Let A(n,d;8) denote the size of largest subset C.

In terms of asymptotic rates, we fix 0 < § < 1, and our task is to find the highest attain-
able rate, denoted by R(5), which is given by R(d;8) = limsup,, . log A(n, [dn|;8)/n.

2.1. Review of Gilbert—Varshamov Bound

To define the GV bound, we need to determine the total ball size. Specifically, for
x €8,and 0 < r < n, we define V(x,7;8) = [{y € 8, : dyg(x,y) < r}|. We further define
T(n,d;8) = Yyes, V(x,d —1;8). Then, the GV bound, as given by Gu and Fuja [13,17],
states that there exists an (1,d; 8) code of size at least |$,|?/T(n,d;8).

In terms of asymptotic rates, there exists a family of (1, |én];8) codes such that their
rates approach

Rgv(68) = 2Cap(8) — T(4), 1)

where T(8) £ lim sup,,_,,,log T(n, |on];8)/n.

In this paper, our main task is to determine Rgy () efficiently. We observe that since
Cap(8) = T(0), it suffices to find efficient ways of determining T(5). It turns out that
".7"((5 ) can be found via the solution of a convex optimization problem. Specifically, given a
labeled graph G = (V, €, L), we define its product graph §' = (V', &', L") as follows:

e VEVXV.

° For (Z)i,l)j), (Uk/vlf) € Vv, and (0.1,02) € ¥ x &5, we draw an edge (Ui,Uj) (01,02)

(v, vy) if and only if both v; a4, vk and v; 2, vy belong to €.
e Then, we label the edges in & with the function £' : & — Zs(, where

(Ul /‘72)

U((Uifvj) — (o, W)) =dy(01,02)/s.
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A stationary Markov chain P on a graph § = (V, €, £) is a probability distribution
function P : & — [0,1] such that Y ,cr P(e) = 1 and, for any state u € G, the sum of the
probabilities of the outgoing edges equals the sum of the probabilities of the incoming
edges. We denote by M(9) the set of all stationary Markov chains on §. For a state u € V,
let &, denote the set of outgoing edges from u in §. The state vector 7 = (71,),cy of
a stationary Markov chain P on § is defined by 71, = Y_,cg, P(e). The entropy rate of a
stationary Markov chain is defined by

H(P) == Y ¥ muP(e)log(P(e))

ueVeeé&,

~

Furthermore, T () can be obtained by solving the following optimization problem [12,14]:

T(8) = sup{H(P) :PeM($xG), Y. P(e)D(e) < 5}. )
ecé’

To this end, we consider the dual problem of (2). Specifically, we define a (|V|? x |V|?)-
distance matrix T ¢ (y) whose rows and columns are indexed by V'. For each entry indexed
by e € V' x V', we set the entry to be zero if e ¢ &’ and we set it to be yP(¢) if e € €. Then,
the dual problem can be stated in terms of the dominant eigenvalue of the matrix Tq g (y).

By applying the reduction techniques from [14], we can reduce the problem size by a
factor of two. Formally, in the case of s = 1, we define a (W‘ZH) X (W‘ZH)—reduced distance
matrix Bg g (i) whose rows and columns are indexed by V(2 £ {(v;, v)):1<i<j<|V[}
using the following procedure.

Two states s; = (v;,v;) and s = (vg, v¢) in G x § are said to be equivalent if v; = v,
and v; = vy. The matrix Bgxg(y) is then obtained by merging all pairs of equivalent states
s1 and sp. That is, we add the column indexed by v; to the column indexed by v; and
then remove the row and column which are indexed by v5. It should be noted that it may
be possible to reduce the size of this matrix Bgyg(y) further. However, for the ease of
exposition, we did not consider this case in this work.

Following this procedure, we observe that the entries in the matrix Bgx g (y) can be
described by the rules in Table 1. Moreover, the dominant eigenvalue of Bg g (y) is the
same as that of Tg g(y). Then, by strong duality, computing (2) is equivalent to solving
the following dual problem [18,19] (see also, [20]):

T(8) = inf{—élogy +log A(Bgxg(y)) : 0 <y <1} 3)

Here, we use A(M) to denote the dominant eigenvalue of matrix M. To simplify further,
we write A(y; B) £ A(Bgxg(y)).

Since the objective function in (3) is convex, it follows from standard calculus that
any local minimum solution y* in the interval [0,1] is also a global minimum solution.
Furthermore, y* is a zero of the first derivative of the objective function. If we consider the
numerator of this derivative, then y* is a root of the function

F(y) £ yA'(y;B) — 6A(y; B). )

In Corollary 1, we showed that there is only one y* such that F(y*) = 0 and F'(y) is
strictly positive for all values of y. Therefore, to evaluate the GV bound for a fixed J, it
suffices to determine y*.

Later, Marcus and Roth [14] improved the GV bound (1) by considering certain subsets
of the constrained space 8. This entails the inclusion of an additional constraint defined
in the optimization problem (2), and, correspondingly, an additional variable in the dual
problem (3). Specifically, they considered certain subsets §(p) C 8 where each symbol in
the words of 8(p) appears with a certain frequency dependent on the parameter p. We
describe this in more detail in Section 4.
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Table 1. We set the ((vi, v;), (O, W)) entry of the matrix Bg g (y) according to subgraph induced by
the states i, 0}, Uk Gilbert-Varshamov v,. Here, & denotes the complement of ¢.

Bgxg(y) at Entry ((v;,0)), (vk,vg)) Subgraph Induced by the States {v;, vj, vy, v}
OO OO ONONBENONO
0
@O O O ¢
Oy OO
1 o o e
O O OO0,
Qe v @
Y 7
O ONNNOONENO
20,
2y @ v
)

2.2. Our Contributions

(A)

(B)

©

(D)

In Section 3, we develop the numerical procedures to compute T(6) for a fixed &
and, hence, determine the GV bound (1). Our procedure modifies the well-known
power iteration method to compute the derivatives of A(y; B). After that, using these
derivatives, we apply the classical Newton—-Raphson method to determine the root
of (4). In the same section, we also study procedures to plot the GV curve, that is, the
set {(d,Rgy(d)) : 0 < < 1}. Here, we demonstrate that the GV curve can be plotted
without any Newton-Raphson iterations.

In Section 4, we then develop similar power iteration methods and numerical pro-
cedures to compute the GV-MR bound. Similar to the GV curve, we also provide a
plotting procedure that uses significantly less Newton-Raphson iterations.

In Section 5, we provide explicit formulas for the computation of the GV bound
and GV-MR bound for graph presentations that have exactly one state but multiple
parallel edges.

In Section 6, we validate our methods by computing the GV and the GV-MR bounds
for some specific constrained systems. For comparison purposes, we also plot a simple
lower bound that is obtained by using an upper estimate of the ball size. From the
plots in Figures 1-3, it is also clear that the GV and GV-MR bounds are significantly
better. We also observe that the GV bound and GV-MR bound for subblock energy-
constrained codes (SECCs) obtained through our procedures improve the GV-type
bound given by Tandon et al. (Proposition 12 in [21]).
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(a) Lower bounds for R(J;8) where 8 is the class of (1,3)-RLL
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(b) Lower bounds for R(J;8) where 8 is the class of (3,7)-RLL
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Figure 2. Lower bounds for optimal asymptotic code rates R(4;8) for the class of runlength lim-

ited codes.
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Figure 3. Lower bounds for optimal asymptotic code rates R(J;8) where 8 is the class of (3,2)-SECCs
(subblock energy-constrained codes).

3. Evaluating the Gilbert-Varshamov Bound

In this section, we first describe a numerical procedure that solves (3) and, hence,
determine Rgy () for fixed values of 6. Then, we show that the procedure can be simplified
when we compute the GV curve, that is, the set of points {(J, Rgy(d)) : 6 € [0,1]}. Here,
we eschew notation and use [4, b] to denote the interval {x : a < x < b}, ifa < b, and the
interval {x : b < x < a} otherwise.
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Below, we provide formal description of our procedure to obtain the GV bound for a
fixed relative distance .
Procedure 1 (GV bound for fixed relative distance) .
INPUT: Adjacency matrix Ag, reduced distance matrix Bg g (y), and relative minimum
distance &

OUTPUT: GV bound, that is, Rgy(6) as defined in (1)

(1) Apply the Newton—-Raphson method to obtain y* such that F(y*) is approximately
zZero.
*  Fix the tolerance value €.
*  Sett = 0and pick an initial guess 0 < y; < 1.
e While |y —yi—1| > €,

- Compute the next guess y;+1 as follows:

il = yi — F(y:) oy N (ye; B) — 5A(yt; B))
a ) (1—0)A (yi;B) + yiA"(y;;B)

- Inthisstep, apply the power iteration method to compute A(y;; B), A'(ys; B),
and A" (ys; B).
- Increment t by one.

*  Sety* <y

(2) Determine Rgy(6) using y*. Specifically, compute T(5) £ —&logy* + log A(y*; B),

Cap(8) £ log A(Ag), and Rgy(8) £ 2Cap(8) — T(5).

Throughout Sections 3 and 4, we illustrate our numerical procedures via a running
example using the class of sliding window-constrained codes (SWCCs). Formally, we fix a
window length L and window weight w, and say that a binary word satisfies the (L, w)-
sliding window weight constraint if the number of ones in every consecutive L bits is at
least w. We refer to the collection of words that meet this constraint as an (L, w)-SWCC
constrained system. The class of SWCCs was introduced by Tandon et al. for the application
of simultaneous energy and information transfer [7,10]. Later, Immink and Cai [8,9] studied
encoders for this constrained system and provided a simple graph presentation that uses
only (5}) states.

In the next example, we illustrate how the numerical procedure can be used to compute
the GV bound for the value when 6 = 0.1.

Example 1. Let L = 3 and w = 2, and we consider a (3,2)-SWCC constrained system. From [8],
we have the following graph presentation with states x11, 101, and 110:

Then, the corresponding adjacency and reduced distance matrices are as follows:

12/ 0100
00 10y 0

L 1o 1 vy 0000
oo 0O 0 1.0 0 O

1 0 0 0 0 O

To determine the GV bound at § = 0.1, we first approximate the optimal point y* for which
—dlogy + log A(y; B) is minimized.
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We apply the Newton—Raphson method to find a zero of the function F(y). Now, with the
initial guess yo = 0.3, we apply the power iteration method to determine

A(0.3;B) = 1.659, A'(0.3; B) = 0.694, A"(0.3; B) = 0.183.

Then, we compute that vy, ~ 0.238. Repeating the computations, we have that y, ~ 0238.
Since |y, — y1| is less than the tolerance value 107>, we set y* = 0.238. Hence, we have that

~

T(0.1) = 0.9. Applying the power iteration method to either Ag or Bgy g(0), we compute the
capacity of the (3,2)-SWCC constrained system to be Cap(8) = 0.551. Then, the GV bound is
given by Rgy(0.1) = 2(0.551) — 0.9 = 0.202.

We discuss the convergence issues arising from Procedure 1. We observe that there
are two different iterative processes in Step 1, namely, (a) the power iteration method
to compute the values A(y:; B), A'(y;B), and A”(ys; B), and (b) the Newton—Raphson
method that determines the zero of F(y).

(@) Werecall that A(y; B) is the largest eigenvalue of the reduced distance matrix Bg g ().
If we apply naive methods to compute this dominant eigenvalue, the computational
complexity increases very rapidly with the matrix size. Specifically, if § has M states,
then the reduced distance matrix has dimensions @(M?) x @(M?) and finding its
characteristic equation takes O(M?®) time. Even then, determining the exact roots of
characteristic equations with at least five degrees is generally impossible. Therefore,
we turn to the numerical procedures like the ubiquitous power iteration method [22].
However, the standard power iteration method is only able to compute the dominant
eigenvalue A(y;B). Nevertheless, we can modify the power iteration method to
compute A(y; B) and its higher order derivatives. In Appendix A, we demonstrate
that under certain mild assumptions, the modified power iteration method always
converges. Moreover, using the sparsity of the reduced distance matrix, we have that
each iteration can be completed in O(M?) time.

(b) Next, we discuss whether we can guarantee that y; converges to y* as t approaches
infinity. Even though the Newton-Raphson method converges in all our numerical
experiments, we are unable to demonstrate that it always converges for F(y). Nev-
ertheless, we can circumvent this issue if we are interested in plotting the GV curve.
Specifically, if our objective is to determine the curve {(§, Rgy(d)) : 6 € [0,1]}, it
turns out that we do not need to implement the Newton—-Raphson iterations and we
discuss this next.

We fix some constrained system 8. Let us define its corresponding GV curve to be the
set of points §V(8) = {(5, Rgy(6)) : & € [0,1]}. Here, we demonstrate that the GV curve
can be plotted without any Newton—-Raphson iterations.

To this end, we observe that when F(y*) = 0, we have that § = y*A’(y*; B)/ A(y*; B).
Hence, we eschew notation and define the function

6(y) £ yA (v;B)/A(y;B). (5)

We further define émax = 6(1) = A’(1;B)/A(1; B). In this section, we prove the following
theorem.

Theorem 1. Let G be the graph presentation for the constrained system 8. If we define the function

pav(y) = 2Cap(8) +d(y) logy —log A(y; B), ©)
then the corresponding GV curve is given by
$V(8) = {(6(y),pcv(y)) 1y € [0,1]} U{(8,0) : 0 > dmax - )
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Before we prove Theorem 1, we discuss its implications. It should be noted that to
compute §(y) and p(y), it suffices to determine A(y; B) and A’(y; B) using the modified
power iteration methods described in Appendix A. In other words, no Newton-Raphson
iterations are required. We also have additional computational savings, as we do not need
to apply the power iteration method to compute the second derivative A”(y; B).

Example 2. We continue our example and plot the GV curve for the (3,2)-SWCC constrained
system in Figure la. Before plotting, we observe that when y = 0, we have (6(0),p(0)) =
(0,0.551) = (0,Cap(8)), as expected. When y = 1, we have 6(1) = émax = 0.313. Indeed, both
p(1) and Rgy (dmax) are equal to zero and we have that Rgy (6) = 0 for 6 > dmax.

Next, we compute a set of 100 points on the GV curve. If we apply Procedure 1 to compute
Rgy (0) for 100 values of 6 in the interval [0, dmax), we require 275 Newton—Raphson iterations
and 6900 power iterations to find these points. In contrast, applying Theorem 1, we compute
(6(y), p(y)) for 100 values of y in the interval [0,1]. This does not require any Newton—Raphson
iterations and involves only 2530 power iterations.

To prove Theorem 1, we demonstrate the following lemmas. Our first lemma is
immediate from the definitions of Rgy, J, and p in (1), (5), and (6), respectively.

Lemma 1. Rgy(6(y)) = p(y) forall y € [0,1].
The next lemma studies the behaviour of both § and p as functions in y.

Lemma 2. In terms of y, the functions 6(y) and p(y) are monotone increasing and decreasing,
respectively. Furthermore, we have that (6(0),p(0)) = (0,Cap(8)), (6(1),p(1)) = (dmax,0) and
Ry (6) =0 for & > dmax-

Proof. To simplify notation, we write A(y; B), A'(y;B), and A”(y;B) as A, A’, and A",
respectively.

First, we show that ¢'(y) is positive for 0 < y < 1. Differentiating the expression in
(5), we have that ¢’ (y) > 0 is equivalent to

AN 4+ yA") —y(A)? > 0. 8)

We recall that (3) is a convex minimization problem. Hence, the second order derivative
of the objective function is always positive. In other words,

5§  ANA—(N)?
2T A

; o >0.

Substituting 6 with yA’/ A and multiplying by yA?, we obtain (8), as desired.

Next, we show that p is monotone decreasing. We recall that p(y) = Rgy(d(y)) =
Cap(8) — T(6). Since T(6) yields the asymptotic rate of the total ball size, we have that as
y increases, §(y) increases and so, T(8) increases. Therefore, p(y) decreases, as desired.

Next, we show that p(1) = 0. When y = 1, we have from (6) that p(1) = 2Cap(8) —
log A(1;B). Now, we recall that Bg,g(y) shares the same dominant eigenvalue as the
matrix Tgxg(y) [12]. Furthermore, it can be verified that when y = 1, Tgg(1) is tensor
product of Ag and Ag. Thatis, Tg«g(1) = Ag ® Ag. It then follows from standard linear
algebra that A(1;B) = A(1;T) = A(Ag)?. Thus, log A(1;B) = 2Cap(8) and p(1) = 0. In
this instance, we also have that T(dmax) = 2Cap(8).

Finally, for 6 > Jmax, we have that ’T(émax) = 2Cap(8) and thus, Rgy(d) = 0,
as required. [

Theorem 1 is then immediate from Lemmas 1 and 2.
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We have the following corollary that immediately follows from Lemma 2. This corol-
lary then implies that y* yields the global minimum for the optimization problem.

Corollary 1. When 0 < 6 < §yay = /1\\/((11’33)), F(y) £ yA'(y; B) — 6A(y; B) has a unique zero in

[0,1]. Furthermore, F'(y) is strictly positive for all y € [0, 1].

4. Evaluating Marcus and Roth’s Improvement of the Gilbert-Varshamov Bound

In [14], Marcus and Roth improved the GV lower bound for most constrained systems
by considering subsets $(p) of 8 where p is some parameter. Here, we focus on the case
s = 1 and set p to be the normalized frequency of edges whose labels correspond to one.
Specifically, we set §(p) = {x € 8 : wt(x) = | p|x|] }.

Next, let 8, (p) be the set of all words/paths of length 1 in §(p) and we define S(p) =
limsup,, ,., +1og[8,(p)|-

Similar to before, we define T(p,§) = limsup, , Log T(|6n],1;84(p)). Since 8,(p)
is a subset of 8, it follows from the usual GV argument that there exists a family of
(n,|6n];8) codes whose rates approach 25(p) — T(p, ) for all 0 < p < 1. Therefore, we
have the following lower bound on asymptotic achievable code rates:

Rugr (8) = sup{25(p) — T(p,6) : 0 < p < 1}. ©)

Now, a key result from [14] is that both S(p) and T(p, §) can be obtained via two dif-
ferent convex optimization problems. For succinctness, we state the dual formulations of
these optimization problems.

First, S(p) can be obtained from the following problem:

S(p) = inf{—plogz +log A(Cg(z)) : z > 0}. (10)

Here, Cg(z) is the following (|V| x |V|) matrix Cg(z) whose rows and columns are
indexed by V. For each entry indexed by e, we set (Cg(z)). to be zero if e ¢ &, and z*(®)
ifee €.

As before, we simplify notation by writing A(z; C) £ A(Cg(z)). Again, following the
convexity of (10), we are interested in finding the zero of the following function:

Gi(z) £zA'(z,C) — pA(z; C). (11)
Next, ZT"(p, 0) can be obtained via the following optimization:
T(p,8) = inf{ —2plogx — dlogy +log A(Dgxg(x,y)): x>0,0<y<1}. (12

Here, Dgyg(x,y)isa (lv‘;’l) X (W‘;l)—reduced distance matrix indexed by V(?). To define
the entry of matrix Dg g (x,y) indexed by ((v;,v;), (v, v¢)), we look at the vertices v;, v;,
v, and vy and follow the rules given in Table 2.

Again, we write A(x,y; D) 2 A(Dgxg(x,y)). Furthermore, following the convexity
of (12), we have that if the optimal solution is obtained at x and y, then

Ga(x,y) £ xAx(x,y;D) — 2pA(x,y; D) = 0. (13)

Gs(x,y) £ yAy(x,y; D) — SA(x,y; D) = 0. (14)

To this end, we consider the function A(x) = Ay(x,1;D)/A(x,1;D) for x > 0 and

set dmax = sup{A(x) : x > 0}. As with the previous section, we develop a numerical

procedure to solve the optimization problem (9). To this end, we have the following
critical observation.
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Table 2. We set the ((v,-,v]-), (0x, U[)) entry of the matrix Dgyg(x,y) according to the subgraph
induced by the states Vi,V V%, and v,.

Dgxg(x,y) at Entry ((v;,;), (vg, v¢)) Subgraph Induced by the States {v;, v}, vy, vy }
OO O ORNONO
0
@) OO OMONBNONO
O .
1 0 0
OO0
ON 5
x? 1 1
OO0
O OO
xy 7 o
O ONNONONNO
2O,
2xy a 7

Theorem 2. For a given § < dmax, consider the optimization problem
sup { —2plogz+2log A(z; C) +2plogx + élogy —log A(x,y; D) :

Gi(2) = Ga(x,y) = Gs(x,y) = 0}

If (p*,x*,y*,2z%) is an optimal solution, then x* = z*. Furthermore, if 0 < p* < 1, then
x*,z>0and 0 < y* < 1.

Proof. Let Ay, Ay, and A3 be real-valued variables and we define L(p,x,y,z, A1, A2, A3) £
G(p,x,y,z) + MGi(z) + 12Ga(x,y) + A3G3(x, y). Using the Lagrangian multiplier theorem, we
have that 0L/dp = 0L/0x = dL/dy = dL/0z = 0 for any optimal solution. Solving these equa-
tions with the constraints Gy (z) = Ga(x,y) = G3(x,y) = 0, wehave that A\ = Ay = A3 =0
and x = z for any optimal solution.

Now, when p* € [0,1], using G1(z) = 0, let us define z(p) = zA/(z; C)/A(z; C).
Then, proceeding as with the proof of Lemma 2, we see that z(p) is monotone increasing
with z(0) = 0. Therefore, z* = z(p*) is zero.

Similarly, given p* and x*, we use G3(x*, y) = Otodefine 6(y) = yAy(x*, y; D)/A(x*, y; D).
Again, we can proceed as with the proof of Lemma 2 to show that §() is monotone increasing.
Furthermore, since 5(1*) < dmax = (1), we have that y* € [0,1]. O

Therefore, to determine Rygr (9) for any fixed 4, it suffices to find x, y, z, and p such
that G1(z) = Ga(x, y) = G3(x, y) =0and x = z.

Now, the optimization in Theorem 2 does not constrain the values of p. Furthermore,
for certain constrained systems, there are instances where p falls outside the interval [0, 1].
In this case, instead of solving the optimization problem (9), we set p to be either zero or
one, and we solve the corresponding optimization problems (10) and (12). Specifically, if
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we have p* < 0, then we set p* = 0 and x* = 0, or if p* > 1, then we set p* = 1 and
x* = oco. Hence, the resulting rates that we obtain are a lower bound for the GV-MR bound.

Procedure 2 (RMR((S) for fixed § < Jmax>.
INPUT: Matrices Cg(x), Dg(x,y)
OUTPUT: RMR((S) or Rip ((5), where RMR((S) > RLB(é).
(1) Apply the Newton—-Raphson method to obtain p*, x*, and y* such that G1 (x*), Go(x*, ),
and G3(x*,y*) are approximately zero. Specifically, do the following:
e  Fix a tolerance value €
* Sett = 0and pick an initial guess p; > 0, x; > 0,0 <y; <1.
e While [pt — proa| + [x¢ — xpa| + [ye —ye-1| > €,
- Compute the next guess Py, Xp41, Yi41:

3G 3G 3G
Pt pt & 3 3 G (xt)
Y| = (x| = |57 oy | |Galawye) |-
Vit yi 9Gs Ga(xt, yt)

- Here, apply the power iteration method to compute A(xi; C), A'(x; C),
N (x; C), A(xt,y; D), Ax(xt,y6; D), Ay(xt,yt; D), Axx(xt,y1; D), Ayy(x1,y1; D),
and Ayy(xt,y1; D).
- Increment t by one.
o Setp® <« pi, X < xt, Y"1
(2A) If 0 < p* <1, set Ryr(6) + 2log A(x*; C) +dlogy* —log A(x*,y*; D).
(2B) Otherwise,
o Ifp* <0,setp* < 0,x* + 0, and y* < solution of G3(0,y) = 0.
° If P* > 1/ set P* «—1, x* oo, and y* < solution of G3(00,y) =0.
Finally, set R g(d) < 2log A(x*; C) + élogy* —log A(x*,y*; D).

Remark 1. Let p* be the value computed at Step 1. When p* falls outside the interval [0, 1], we set
p* € {0,1}, and we arqued earlier that the value returned Ryp(0) (at Step 2B) is, at most, Rjg (6).
Nevertheless, we conjecture that Ryg(8) = Rygr(9).

As before, we develop a plotting procedure that minimizes the use of Newton-
Raphson iterations.

We note that we have three scenarios for A(x). If A(x) is monotone decreasing, then
Smax = limy_,0A(x) and we set x* = 0. If A(x) is monotone increasing, then émax =
limy 00 A(x) and we set x* = co. Otherwise, A(x) is maximized for some positive value
and we set x* to be this value. Next, to obtain the GV-MR curve (see Remark 2); we iterate
over x € [1,x*]. It should be noted that if y(x*) < 1 or, equivalently, 5(x*) < Smax, we
obtain a lower bound on the GV-MR curve by iterating over y € [y(x"),1]. Similar to
Theorem 1, we define

oMRr(X) £ 21log A(x; C) + 6(x) logy(x) — log A(x,y(x); D), (15)

and
os(y) £ 2log A(x#; C)+4(y)logy — log A(x#,y;D) . (16)

Finally, we state the following analogue of Theorem 1.

Theorem 3. We define Smax, x" as before. For x € [1,x"], we set
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p(x) < xN(x;C)/A(x; C),
y(x) < solution of Go(x,y) =0,
5(x) = y(x)Ay(x,y(x); D)/ A(x, y(x); D),

Ify(x*) <1, then for y € [y(x"),1], we set
8(y) < yAy(x*,y; D)/ A(x*,y; D),
then, the corresponding GV-MR curve is given by
{(60x), pur(x)) s x € 16|} U{(6), pua()) v € [y(x*), 1]y U{(6,0) 16 > Smax} (17)
where pyr and py g are defined in (15) and (16), respectively.

Example 3. We continue our example and evaluate the GV-MR bound for the (3,2)-SWCC
constrained system. In this case, the matrices of interest are

2 2xy 0 1 0 O

0 0 x* 0 xy 0

z 10 x2 xy 0 0 0 O
Cg(z) = |0 0 zlandDgug(xy) = |0 & o 0 0 12
z 00 0 0 x20 0 0

2 0 0O 0 0 O

Here, we observe that A(x) is a monotone decreasing function and so, we set = 0.01 and
Omax = limy_0 A(x) ~ 0.426. If we apply Procedure 2 to compute Ryr(J) for 100 points in
[0, dmax |, we require 437 Newton—Raphson iterations and 85,500 power iterations. In contrast, we
use Theorem 3 to compute (6(x), pmr (x)) for 100 values of x in the interval [1,x"*]. This requires
323 Newton—Raphson iterations and involves 22,296 power iterations. The resulting GV-MR curve
is given in Figure 1a.

Remark 2. Strictly speaking, the GV-MR curve described by (17) may not be equal to the curve
defined by the optimization problem (15). Nevertheless, the curve provides a lower bound for the
optimal asymptotic code rates and we conjecture that the GV-MR curve described by (17) is a lower
bound for the curve defined by the optimization problem (15).

5. Single-State Graph Presentation

In this section, we focus on graph presentations that have exactly one state. Here,
we allow these single-state graph presentations to contain the parallel edges and their
labels to be binary strings of length possibly greater than one. Now, for these constrained
systems, the procedures to evaluate the GV bound and its MR improvements can be
greatly simplified. This is because the matrices Bgxg(y), Cg(z), and Dgg(x,y) are all of
dimensions one by one. Therefore, determining their respective dominant eigenvalues is
straightforward and does not require the power iteration method. The results in this section
follow directly from previous sections and our objective is to provide explicit formulas
whenever possible.

Formally, let 8 be the constrained system with graph presentation § = (V, &, £) such
that |[V| =1and £ : € — X° with s > 1 (existing methods that determine the GV bound for
constrained systems with |V| > 1 assume that the edge-labels have single letters, i.e., s = 1.
In other words, previous methods developed in [12,14] do not apply).

We further define a; £ #{(x,y) € £(€)? : dg(x,y) = t} for 0 < t < s. Then. the
corresponding adjacency and reduced distance matrices are as follows:

Ag = “8” and Bgg(y) = [thoﬂét]/t] .

Then, we compute the capacity using its definition as Cap(8) = (log|&|)/s.
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To compute T(6), we consider the following extension of the optimization problem (3)
for the case s > 1:

F(5) = %inf{—&slogy—}-log)x(y;B) 0<y<1)

1inf{—éslogy+log<2atyt> :Ogygl}. (18)

t>0

As before, following the convexity of the objective function in (18), we have that the
optimal y is the zero (in the interval [0, 1]) of the function

F(y) £ Z(t — (Ss)zxtyt. (19)

t>0

So, for fixed values of J, we can use the Newton—-Raphson procedure to compute the
root y of (19), and, hence, evaluate Rgy (). It should be noted that the power iteration
method is not required in this case.

On the other hand, to plot the GV curve, we have the following corollary of Theorem 1.

Corollary 2. Let G be the single-state graph presentation for a constrained system 8. Then, the
corresponding GV curve is given by

GV(8) £ {(6,Rav(6)) :6 € [0,1]} = {(06(y),p(y)) 1y € (0,11} U{(6,0): 6 > bmax} , (20)

where

P Y0 tar
max — S|8|2 7

Yi>0 t”‘tyt
oy) = ———"+,
) (L0 aty')

1 €[ Lo tary'
=—|lo - == lo .
W) =3 ( B omy’  Teomy' oY

We illustrate this evaluation procedure via an example of the class of subblock energy-
constrained codes (SECCs). Formally, we fix a subblock length L and energy constraint w. A
binary word x of length mL is said to satisfy the (L, w)-subblock energy constraint if we
partition x into m subblocks of length L, then the number of ones in every subblock is at
least w. We refer to the collection of words that meet this constraint as an (L, w)-SECC
constrained system. The class of SECCs was introduced by Tandon et al. for the application
of simultaneous energy and information transfer [7]. Later, in [21], a GV-type bound was
introduced (see Proposition 12 in [21] and also, (28)) and we make comparisons with the
GV bound (20) in the following example.

Example 4. Let L = 3 and w = 2 and we consider a (3,2)-SECC constrained system. It is
straightforward to observe that the graph presentation is as follows with the single state x. Here,
s=L=3.

101

011
110

111

Then, the corresponding adjacency and reduced distance matrices are as follows:

Ag = [4], Bgyg(y) = [4+ 6y +6y*] .
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First, we determine the GV bound at 6 = 1/3. We observe that F(y) = —4 + 6y2 and, so, the
optimal point y for (18) is \/2/3 (the unique solution to F(y) in the interval [0,1]). Hence, we
have that T(1/3) = 1.327. On the other hand, the capacity of a (3,2)-SECC constrained system is
Cap(8) = 2/3. Therefore, the GV bound is given by Rgy(1/3) = 0.006.

In contrast, the GV-type lower bound given by Proposition 12 in [21] is zero for 6 > 0.174.
Hence, the evaluation of the GV bound yields a significantly better lower bound. In fact, we can
show that Rgy (6) > 0 for all 6 < émax = 3/8.

To plot the GV curve, using the fact that dmax = 3/8, we have that

y+2y> 1 8 3y + 61>
V) =4 (LY 2 logy ) : 1 5,0):6>
5v($) {(2+3y+3y2’3 %5 3y ey T2t oyt o8Y) VeI U 00):82

We plot the curve in Section 6.

From this example, we see that our methods yield better lower bounds in terms of asymptotic
coding rates for a specific pair of (L, w). It is open to determine how much improvement can be
achieved for general pairs of L and w.

Next, we evaluate the GV-MR bound. To this end, we consider some proper subset
P C € and define

w2 #{(x,y) € L(&)? du(x,y) =t x,y € P},
B = #{(x,y) € L(E) :du(x,y) =t, (x€P,y¢ Plor (x & P,y P)},
Y= #{(x,y) € L(E) :du(x,y) =t x,y & P}.

Then, we consider the following matrices:

Cg(z) = [|€] = [P] +|P|z] and Dgyg(x,y) = [Lizo(aex? + Brx + 11)y'] .

Setting p to be the normalized frequency of edges in P, we obtain S(p) by solving the
optimization problem (10).
Specifically, we have that

1
S(p) = S (H(p) + p+1og|P[ + (1 - p)log(|e] — [7])), (21)
and this value is achieved when

L _ plel = 7] )

1=p)I?l

To compute T(p, J), we consider the following extension of the optimization prob-
lem (12) for the case s > 1.

T(p,8) = %inf{—Zplogx —dslogy+logA(y;D): 0 <y <1}
= 1inf{—2plogx - 6slogy+log<2(zxtx2 +,th+'yt)yt> 0<y < 1}. (23)
£>0

As before, following the convexity of the objective function in (23), we have that the
optimal x and y are the zeroes (in the interval [0, 1]) of the functions

Ga(x,y) 22(1— p) (Y ary")x® + (1= 2p) (Y By’ )x — 2p(Y_ 1y')

>0 >0 >0

Gs(x,y) &) (t— 8s) (ax? + Bex + 1)yt (24)
>0

86

| W



Entropy 2024, 26, 346

So, for fixed values of p and J, we can use the Newton—-Raphson procedure to compute
the roots x and y of (24), and, hence, evaluate Rgy (p, d). It should be noted that the power
iteration method is not required in this case. We find x* as defined in Section 4 and set

pvr(x) = 2log([€] — [P| + [P[x) +6(x) log y(x) —log )~ (asx® + Bex + y1)y(x) . (25)

t>0

Furthermore, if y(x*) < 1, we set

pe(y) = 2log([€| — [P| +[P|x*) +6(y) logy —log Y _ (e (x*)* + Bex* + 1)y’ (26)
t>0

Next, to plot the GV-MR curve, we have the following corollary of Theorem 3.

Corollary 3. Let G be the single-state graph presentation for a constrained system 8. For x &
1, x#] , we set

|Plx
—[PD) +[Plx)’

Yo Hox® + Bex + 7))y (x)!
s Lo (@ex? + Brx + i)y (x)t

4(x) =

where y(x) is the smallest root of the equation

2(1&] = 1PN ary')x + (€] = [P] = [PIx) (Y Bry') — 2P|} 1ey') = 0.

£0 £0 10
Ify(x") <1, then fory € [y(x*),1], we set

Vo1 Har(xh)2 + Bt + 1)yt

W) = Yo @ Pt pe F )t

Then, the corresponding GV-MR curve is given by
{(0(x), onr(x)) : x € L]} U{(6(), pus(y) 1y € [y(x*), 1]} U{(5,0) 6 > bman}-
where pyr and py g are defined in (25) and (26), respectively.

Example 5. We continue our example and evaluate the GV-MR bound for the (3,2)-SECC
constrained system. We have the following single-state graph presentation:

10
011
110

Cg = [1+3z], Dgyg(x,y) = [(3+ 6y*)x* + 6xy + 1] .

Then, the matrices of interest are:

Since Cg and Dg . g (x, ) are both singleton matrices, we have A(z; C) = 1+ 3z and A(x,y;D) =
(3+6y2)x% +6xy + 1. Then, G1(z) = —p(1+3z) + 3z, Go(x,y) = 3(14+2y?)x%(1 — p) +3xy(1 —
2p) — pand G3(x,y) = 4x?y? — 36(1 + 2y?)x* + 2xy(1 — 38) — 6. Now, we apply Theorem 2 and
express p,y, and & in terms of x where x € [1,x*] where x* — co.
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3
P~ +3x)
_x—1

Y= "x
_ 2x(x—1)
C (922 1)

Now, we observe that we have y(x*) = 1/2. Since we can still increase y to 1, we apply the
GV bound with p = 1 and x = z = x* once we reach the boundary that is p = 1. Hence, at the
boundary, we solve the following problem:

S(1) =2log3
T(1,6) = inf { — 2logx — 38logy +log(3(1 +2y*)x* + 6xy +1): 1/2 <y < Lx = x* — oo}
=inf{ — 3dlogy +log3 +log(1+2y?*):1/2 <y <1}
Rwmr(8) = S(1) = T(1,6).

By setting F(y) = —36(1 +2y?) + 4y = 0, we get 6 = 4y*/3(1 + 2y?) where y € [1/2,1]
and we plot the respective curve.

6. Numerical Plots

In this section, we apply our numerical procedures to compute the GV and the GV-MR
bounds for some specific constrained systems. In particular, we consider the (L, w)-SWCC
constrained systems defined in Section 3, the ubiquitous (d, k)-runlength limited systems
(see, for example, p. 3 in [11]) and the (L, w)-subblock energy constrained codes recently
introduced in [7]. In addition to the GV and GV-MR curves, we also plot a simple lower
bound. For each § € [0,1/2], any ball size is at most 2H(én). So, for any constrained system
8, we have that T(8) < Cap(8) + H(J). Therefore, we have that

R(5;8) < Cap(8) — H(5). (28)

From the plots in Figures 1-3, it is also clear that the computations of (7) and (17) yield a
significantly better lower bound.

6.1. (L, w)-Sliding Window Constrained Codes

We fix L and w. We recall from Section 3 that a binary word satisfies the (L, w)-
sliding window weight constraint if the number of ones in every consecutive L bits is
at least w and the (L, w)-SWCC constrained system refers to the collection of words that
meet this constraint. From [8,9], we have a simple graph presentation that uses only (5])
states. To validate our methods, we choose (L, w) € {(3,2),(10,7)} and the corresponding
graph presentations have 3 and 120 states, respectively. Applying the plotting procedures
described in Theorems 1 and 3, we obtain Figure 1.

6.2. (d,k)-Runlength Limited Codes

Next, we revisit the ubiquitous runlength constraint. We fix d and k. We say that
a binary word satisfies the (d, k)-RLL constraint if each run of zeroes in the word has a
length of at least d and at most k. Here, we allow the first and last runs of zeroes to have
a length of less than d . We refer to the collection of words that meet this constraint as
a (d, k)-RLL constrained system. It is well known that a (d, k)-RLL constrained system has
the graph presentation with k + 1 states (see, for example, [11]). Here, we choose (d, k) €
{(1,3),(3,7)} to validate our methods and apply Theorems 1 and 3 to obtain Figure 2. For
(d, k) = (3,7), we corroborate our results with those derived in [15]. Specifically, Winick
and Yang determined the GV bound (1) for the (3,7)-RLL constraint and remarked that
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the “evaluation of the (GV-MR) bound required considerable computation” for “a small
improvement”. In Table 3, we verify this statement.

Table 3. Comparison of the GV-MR bound with lower bound [15] for (3,7)-RLL constrained systems.

) GV-MR Bound (15) GV Bound [15] (see Equation (1))
0 0.406 0.406
0.05 0.255 0.225
0.1 0.163 0.163
0.15 0.095 0.094
0.2 0.048 0.044
0.25 0.018 0.012

6.3. (L, w)-Subblock Energy-Constrained Codes

We fix L and w. We recall from Section 5 that a binary word satisfies the (L, w)-
subblock energy constraint if each subblock of length L has a weight of at least w and the
(L, w)-SECC constrained system refers to the collection of words that meet this constraint.
Then, the corresponding graph presentation has a single state x with Y- (}) edges, where
each edge is labeled by a word of length L and weight at least w. We apply the methods in
Section 5 to determine the GV and GV-MR bounds.

For the GV bound, we provide the explicit formula for a; and proceed as in Example 4.

o= () vel- 2 2 ( a0} @)

Similarly, for GV-MR bound, we provide the explicit formula for a, B;, and 7; and
proceed as in Example 5.

L\ /L—-w woN L, . _
ap = (w)( i/ >(i/2) if t is even, otherwise, ay = 0. (30)
L5
L L—w\ [w
=2 ) L] — 2« 31
IBt (w>]'1<t—]><]> t ( )

= (N0 () (s o

j=1 k=0

In Figure 3, we plot the GV bound and GV-MR bounds. We remark that the simple
lower bound (28) corresponds to Proposition 12 in [21].
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Appendix A. Power Iteration Method for Derivatives of Dominant Eigenvalues

Throughout this appendix, we assume that A is a diagonalizable matrix with dominant
eigenvalue A; and whose corresponding eigenspace has dimension one. Let e; be the unit
eigenvector whose entries are positive in this space. Then, the power iteration method
is a well-known numerical procedure that finds the dominant eigenvalue A; and the
corresponding eigenvector e; efficiently.

Now, in the preceding sections, the entries in the matrix A are given functions in
either one or two variables and, thus, the dominant eigenvalue A; is a function in the same
variables. Moreover, the numerical procedures in these sections require us to compute the
higher order (partial) derivatives of this dominant eigenvalue function A;. To the best of
our knowledge, we are unaware of any algorithms or numerical procedures that estimate
the values of these derivatives. Hence, in this appendix, we modify the power iteration
method to compute these estimates.

Formally, let A be an irreducible nonnegative diagonalizable square matrix with
dominant eigenvalue A; and corresponding unit eigenvector e;. Since A is diagonalizable,
A has n eigenvectors ey, e, . . ., e, that form an orthonormal basis for R”. Let A1, Ay, ..., Ay
be the corresponding eigenvalues and, so, we have that

Ae; = Aje; foralli=1,2,...,n. (A1)

Since A is irreducible, the dominant eigenspace has dimension one and, also, the dominant
eigenvalue is real and positive. Therefore, we can assume that A1 > Ay > -+ > |A,].

We first assume that the entries of A are functions in the variable z. Hence, A; and the
entries of e; are functions in z too. Then Power Iteration I then evaluates both A1 and A}
for some fixed value of z, while Power Iteration II additionally evaluates the second order
derivative Af.

The case where the entries of A are functions in two variables x and y is discussed at
the end of the appendix. Here, Power Iteration III evaluates higher order partial derivatives
of A1 for certain fixed values of x and y. For ease of exposition, we provide detailed proofs
for the correctness of Power Iteration I and the proofs can be extended for Power Iteration II
and Power Iteration III.

We continue our discussion where the entries of A are univariate functions in z. We
differentiate each entry of A with respect to z to obtain the matrix A’. Furthermore, for all
1 <i < n, we differentiate each entry of eigenvectors e; and the eigenvalue A; to obtain e/
and A/, respectively. Specifically, it follows from (A1) that

Ale; + Ae, = Me;+ A} foralli=1,2,--- ,n. (A2)

Then, the following procedure computes both A1 and A].
Power Iteration L.
INPUT: Irreducible nonnegative diagonalizable matrix A
OUTPUT: Estimates of A; and A}
(1) Initialize g(*) such that all its entries are strictly positive.

e  Fix a tolerance value €.

e While |g®) — g=1| > ¢,

- Set
A = [|lag" 1,
g1

() 249" "~
Ak
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uh) = ]a’g k=1 4 Apk=1) ARk

) Ar=1) 4 A g(=1) (k) g(k=1)
Ak ’

—  Increment k by one.
) Set Ay + A and Af « ).

Theorem Al. If A is an irreducible nonnegative diagonalizable matrix and q©) has positive
components with unit norm, then, as k — oo, we have

k)

2B A, g% = e, u® AL

Here, q(k) — ey means that Hq(k) —e H — 0ask — oo.

Before we present the proof of Theorem A1, we remark that the usual power iteration
method computes only AK) and q(k). Then, it is well-known (see, for example, [22]) that
A% and g™ tend to A; and ey, respectively.

Now, since e; spans R", we can write q(o) =Y.' ; aje; for any initial vector q(()). The
next technical lemma provides closed formulas for Ak) q(k), y(k), and r%) in terms of Ai, e
and w;.

Lemma Al. Let q(o) =YY", ae;. Then,

k
k) _ Lisg aidie

(0 — iz ®itiei (A3
T T kel ’
AK) = | ZFq widfe] (A4)

| 2y aidf el
0 _ 1 (i€ + afeg)AS + (kA — Sy ) agAf e A5)
I Cy wirfed]
H 1 (e + afe) Ay (A = AR) + AT A ey + (k= 1)A] = D] ) agAf 2 (A = AW )e;
) = . (A6
" I wF ] !
k- k—
Proof. Since g*) is defined recursively as g% = AqA((k)l) = HiZEk*i; T have that
k) _ Akq(o)
T Ao
Then, it follows from Equation (A1) that
k(0) _ akY oAk ok
A q( )=A thiei = thi(A ej) = Zai)\iei, (A7)
i=1 i=1 i=1

and, so, we obtain (A3). Similarly, from (A1), we have that

1A% IS wir e

A®) — lagk-Dy — _ ,
IAa™ = a0 = e, aaFTe]

as required for (A4).
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Next, we note that #(0) = Y ael + Y ale;. Then, using the recursive definition of

%) we have
® Akp(0) Z;-:S ATA'AR=T-14(0) (Z;.le u)Ak=14(0)
V= (A8)
|Akg@)]
Then, from (A1), we have
n n n n
Akr0) — Ak Y owel+ Y ale; | =Y wi(Afel) + Y ajake;. (A9)
i=1 i=1 i=1 i=1
and, from (A2),

n .
A’ Z D(i)\i-(_]_lei =

n
i=1 i=

n
k—j—1 k—j—1
aih; T (Ale) = Y aA T (Me + Ael — Aé)).
1 i=1
Therefore, using (Al) again,

k=1 n i1 k=1 n i1
Z AIA’ Z ;A T = Z A Z WA T (Nej + Ajel — Ael)
j=0 i—1 j=0 i=1

n n n
—k 2 oci/\f’l)\gei + 2 oci)\i-‘d — Z zxi(Ake;).
i—1 i—1 i—1

Therefore, we obtain (A5).
Finally, we recall that x(¥) is defined as

Then, by replacing *~1 and ¢*~1 from (A5) and (A3), respectively, and then using
Equation (A2), we obtain (A6). O

Finally, we are ready to demonstrate the correctness of Power Iteration L.

Proof of Theorem Al. Since A is an irreducible nonnegative diagonalizable matrix, A4 is

real positive and there exists 0 < € < 1 such that ‘%' <€ foralli=2,3,---,n (see, for
example, [11]). For purposes of brevity, we write

n
D = Y airke; (A10)
i=1
and, so, we can rewrite (A3) as

o LI Ak nooAk
k) = k71 Tk 1 [, Z s ipy
= = = 181 + o e |.
1 [l 1 Pell AK ([l ( e SV

Now, since Ai-‘ / /\ll‘ < ek foralli =2,...,n, we have that

0]
—k_ neq || < Cyef for some constant Cy. (A11)
M
Then, using the triangle inequality, we have that as k — oo, ”T—,’f“ —a1| — 0 and, thus,
1
Ak 1 k .
H‘I’lkl\ — 4~ Therefore, g% — e1]| — 0 as required.
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Ak
It should be noted that since 0 (D H tends to a finite limit, we have that EA q) 0 is bounded
above by some constant. In other words, we have that

k

||q> ” < C; for some constant Co. (A12)
k

Next, we show the following inequality:

IAK) — A1 < C3¢*! for some constant Cs. (A13)
Using (A4), we have that
[P — M Pea| MTUOEL wide — AT e _ AT A - i A AT ‘
[ Pr—1l [Pkl Pl [ Pre—1]| i /\k Ak !

/\k /\kf k 1
/\k /\k ) < 2ek1fori=2,...,n. Since \|<I> T < C,, we have (A13)
after applying the triangle 1nequality.

Again, to reduce clutter, we introduce the following abbreviations:

Now, observe that

n
Dy = Y (a;e} + ale) A1 (A, — AR,
i=1

n
k=147
= Z Déi)\i Aiei,

i=1
n k=1 o "
Fo=Y [ (k=1A = Y u0 )a;aAk=2(A; — A0)e,.
i=1 j=1
Thus, we can rewrite (A6) as
D E F D E, — AN ®y_ F
k) _ IIDe+ Ex + k||§)\i+ Il Dxll +Hk 1Pl BN
| Pp—1]| (| Pr—1]] (| @p—1]] | Pp—1]|

Next, we bound each of the summands on the right-hand side. Specifically, we show the
following inequalities:
Dkl MIEx = A1 Pel]
[ Pp—1]l ([ Pre—1l]

F k—1
||q|> kll T < Cs(k — 1)6"71 + Cs (Z y(k)> e~ for some constant Cs.
k—1 =1

< C4(-:k71 for some constant Cy,

To demonstrate (A14), we consider

AK1 v
(aief + D‘;Q)F()\i — Al0)
1 1

[ Dl

k-1
Al

=

1

i=2

We use (A13) to bound the first summand by some constant multiple of €k=1. On the other
hand, we have [A; — AK)| < |A; — Aq] + [A — AW | <max{|A; — Aq|:2 <i < n} + Czek?
for 2 < i < n. In other words, the second summand is also bounded by some constant
multiple of ek—1. Next, we consider

i

l

| Ex — AP 1||
1
A

k IEM /\/ A/>|

i=2
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(Al4)

(A15)
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k-1
[ Ex—A @rall 1
k_

is also bounded by a multiple of €~ 1. Therefore, since ‘é\)kﬂ <Gy,

and, so,
we have (A141). Using similar methods, we can establish (A15).
Next, we apply (Al14) and then recursively apply (A15) until the right-hand side is

free of ‘u(i)s. Then, it follows that
k-1 k-1 i
p® <AL+ Caef 4+ Cs(k = 1)e T + TT(1+ Cse* /) + Csek ™1 Y (A] + Cae* 1G5 (k — i — 1)k 1) TT(1 + Csek ).
=2 i=1 =2
Furthermore, since i <k —1, H§:2(1 + Csell) < I—[;-:zl (1 + Csef~7), we can rewrite
(A16) as

k—1 ) k—1 ) )
u® < AL+ Cuef T+ Cs(k— 1)e1 + TT(1 + Csek ) <1 + G5 Y (AL + G s (k- i - 1)ek11)> .

j=2 i=1

. G
Next, it follows from standard calculus that H;‘;zl (1+Csef) < eT. Furthermore,

since € < 1, we have 22‘:—02 e < ﬁ and Zé‘;oz jel < Putting everything together,

we have

1
(1-e)*"

K k-1 k-1 k=115 S =
8 <AL+ Cae T 4 Clk— 1)k + Coe ele(1+(k1)/1+1_€+(1€)2>'

As k — oo, since € < 1, we have € — 0 and ke¥ — 0. Therefore, limy e y(k) <
A}. Using similar methods, we have that limy_, y(k) > A} and, so, limj_,, y(k) = Ay

as required. [

Next, we modify Power Iteration I so as to compute the higher order derivatives. We
omit a detailed proof as it is similar to the proof of Theorem Al.
Power Iteration II.
INPUT: Irreducible nonnegative diagonalizable matrix A

OUTPUT: Estimates of A1, A}, and AY
(1) Initialize g(*) such that all its entries are strictly positive.

e  Fix a tolerance value €.
e While|qp) —qp1)| > €

- Set
A = [|ag®=Dy,
w0 _ Ag*Y
Ak

r(k) _ Ar(k*l) +A/q(k71) — ‘u(k)q(kfl)
AK) ’
1/(k) _ HA”E/(k_l) —|—2A/r(k_l) +As(k—1) _ )\(k)s(k—l) _ Zy(k)r(k_l)H,
by _ A" 424751 4 45D 2 (K1) — (W) gk
A k) ’

S

- Increment k by one.

@) SetAy « AW Ay and AV« vk

Theorem A2. If A is an irreducible nonnegative diagonalizable matrix and q©) has positive
components with unit norm, then, as k — oo, we have

AR 5 Ay, g% = e, u® = AL v 5 A1
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Finally, we end this appendix with a power iteration method that computes the partial
derivatives when the elements of the given matrix are bivariate functions.

Power Iteration IIIL.
INPUT: Irreducible nonnegative diagonalizable matrix A

OUTPUT: Estimates of A1, (A1)x, (A1)y, (A1)xx, (A1)yy, and (Aq)xy
(1) Initialize g(°) such that all its entries are strictly positive.
e  Fix a tolerance value €.
e While [g¥) — g—1)| > ¢,
- Set

AW = agtD,

w0 _ Ag*D
1 A®
A = 114xg ) + 4 -2,
) Ag® D +agk D A0
qx - A(k) 7
A = 114y + Ag Y — A,
_ k— k— _
w0 _ Ayg D +agy Y - aAfVgD
v = AK) '
M = 11Axg® D +24,g8 Y + aglV — Ak DG —oa (Y,
i _ Ang® D 24,0V 1 agli V) -2l Al g0
gxx = 1
A = 14ysg %D 24, + Agly ™ = A6 gu — oA gl Y,
() _ Awg®* D 2400y + Agyy Y —2ay Vg — a5 gty
yy = A0
A = 114xa% D + A + 4,q87Y +agly V) - ARGl AT AU,
b A 4 A 4 g8 4 gD AL ghon) G ) () )
Ty = A '

—  Increment k by one.

o Set A A, AP () A« (), AR (M) A (M),

M A1)y

Theorem A3. If A is an irreducible nonnegative diagonalizable matrix and q\°) has positive

components with unit norm, then, as k — oo, we have /\g;) = (A1) xxs )\y;) = (A1) yys )\,g;) —

(A1)xy -
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Abstract: Linear complementary dual (LCD) codes, which are a class of linear codes introduced
by Massey, have been extensively studied in the literature recently. It has been shown that LCD
codes play a role in measures to counter passive and active side-channel analyses on embedded
cryptosystems. In this paper, tables are presented of good quaternary Hermitian LCD codes and they
are used in the construction of puncturing, shortening and combination codes. The results of this,
including three tables of the best-known quaternary Hermitian LCD codes of any length n < 25 with
corresponding dimension k, are presented. In addition, many of these quaternary Hermitian LCD
codes given in this paper are optimal and saturate the lower or upper bound of Grassl’s code table,
and some of them are nearly optimal.

Keywords: quaternary code; Hermitian; linear complementary dual; linear code; optimal

1. Introduction

Let q be a power of a prime p, [ be a finite field with g elements, and F; be an
n-dimensional vector space over IF;. A g-ary [n, k, d], linear code over I, is a k-dimensional
subspace of Fj with Hamming distance d. For a given [n,k]; linear code, the code

Ct = {x|x-c = 0,c € C} is called the dual code of C. A g-ary linear code C is called
a linear complementary dual (LCD) code if it meets its dual trivially, that is, C N C*+ = {0},
which was given by Massey [1,2]. In addition to their applications in data storage, com-
munication systems, and consumer electronics, LCD codes have recently been employed
in cryptography and quantum error correcting. Carlet and Guilley in ref. [3] showed
that LCD codes play an important role in armoring implementations against side-channel
attacks and presented several constructions of LCD codes.

In [4], according to finite geometry theory, Lu et al. proposed the radical codes R(C)
of C and C*t, which are R(C) = CNCL. If R(C) = CNC* = {0}, then C is called a zero
radical code, which is the same as the LCD code presented in [2]. Using these zero radical
codes, they constructed families of maximal entanglement entanglement-assisted quantum
error-correcting codes, which can help to engineer more reliable quantum communication
schemes and quantum computers. Furthermore, constructions of Hermitian zero radical
BCH codes were discussed in [5], which are also called reversible codes in [1] or LCD cyclic
codes in [6]. Giineri et al. studied quasi-cyclic LCD codes and introduced Hermitian LCD
codes [7]. Moreover, for the Euclidean case, the question of when cyclic codes are LCD codes
is answered affirmatively by Yang and Massey in [8]. Ding et al. investigated LCD cyclic
codes in [6], in which several families of LCD cyclic codes were constructed. It is shown
that some LCD cyclic codes are optimal linear codes or have the best possible parameters
for cyclic codes. Shi et al. constructed a lot of good LCD codes [9-12]. Moreover, many
works have focused on the construction of LCD codes with good parameters, see [13-21].

Recently, Carlet, Mesnager, Tang, Qi and Pellikaan in [22] have shown that any [, k, d]-
linear code over qu is equivalent to an [n, k, d]-linear Hermitian LCD code over qu for
g > 2. Araya, Harada and Saito in [23] gave some conditions for the nonexistence of
quaternary Hermitian linear complementary dual codes with large minimum weights.

Entropy 2024, 26, 373. https:/ /doi.org/10.3390/e26050373 97 https:/ /www.mdpi.com/journal/entropy
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Inspired by these works and extending our previous work in [4], we study constructions
of linear Hermitian LCD codes over F4. Then, some families of linear Hermitian LCD
codes with good parameters are constructed from the known optimal codes via puncturing,
extending, shortening and the combination method. Compared with the tables of best
known linear codes (referred to as the Database later) maintained by Markus Grassl in [24],
some of our codes presented in this paper saturate the lower bound of Grassl’s code table.

In this paper, an optimal quaternary Hermitian LCD code [18,7,9] is given, which
improves the minimal distance of the codes in [4,25,26]. According to classification codes
in [27], there exist some optimal quaternary Hermitian LCD codes [15,4, 8], [16,4,9],
[17,4,10], [19,4,13], [23,5,14] and [15,6,7]. According to [24], the following quaternary
Hermitian LCD codes we give in this section are also optimal linear codes: [n, k, d] for
21<n<25and 16 <k <18;[n—1i,15—i,d] for21 <n <24and 0 <i < 2;and [23,4,15],
[24,5,15], [21,6,12], [22,6,12], [23,6,13], [24,6,14], and [25,8,12].

This paper is organized as follows. In Section 2, we provide some required basic
knowledge on Hermitian LCD codes. We derive constructions of Hermitian LCD codes in
Section 3. In Section 4, we discuss Hermitian LCD codes with good parameters.

2. Preliminary

In this section, we introduce some basic concepts on quaternary linear codes. Let
F, = {0,1,w, @} be the Galois field with four elements, with @ = 1 + w = w?, w? = 1.
Denote the n-dimensional space over 4 by F)/; we call a k-dimensional subspace C of I}
a k-dimensional linear code of length n and denote it as C = [n,k]. A matrix G whose
rows form the basis of C is called a generator matrix of C. If the minimum distance of C
is d, then C can be denoted as C = [n, k,d]. A code C= [n, k,d] is an optimal code if there is
no [n,k,d + 1] code. An optimal code is denoted [n, k,d,(n, k)] in this paper. For a given
code [n,k,d], if d is the largest value present known, then C is called the best-known code
and also denoted as [n,k,d,(n,k)]. Denote d;(n, k) = max{d| as an [n,k,d] LCD code}. If a
C = [n,k,d;(n, k)] LCD code saturates the lower or upper bound of Grassl’s code table [24],
we call C an optimal LCD code and can say d;(n, k) = do(n, k). If dj(n, k) = do(n, k) — 1,
we call C a nearly optimal LCD code.

Define the Hermitian inner product of u, v € F) as

(1,0), = uv* = U 01 + Up¥y + - - - + U Uy

The Hermitian dual code of C = [n,k] is C*" = {x | (x,y), = 0,¥y € C}, and C*"
= [n,n — k|. A generator matrix H = H,, _t), of C L1 is called a parity check matrix of C.
If C C C", C is called a weakly self-orthogonal code. If C is a self-orthogonal code, then each
generator matrix G of C must satisfy rank(GG') = 0, where G is the conjugate transpose
of G.

If C N CH" = {0}, then C (or C") is called a quaternary Hermitian LCD code, and each
generator matrix G of C must satisfy k = rank(GG?), see refs. [2,4].

In the following sections, we will discuss the construction of Hermitian quaternary
LCD code C = [n, k, d}, where d is as large as possible for a given n and k < 5. Firstly, we
present some notation for later use.

Let1,=(1,1,...,1)1x, and 0, = (0,0, ...,0)1 x,, denote an all-one vector and an all-zero
vector of length 1, respectively.

Construct
011 1 1
Sz = ( 101 w @ > = (D(l,...,DC5),

Ga— [ 52 0 S22 S 5
3 05 1 15 wls @15

) = (B1, B2, B21),

S _( S3 03x1 S3  S3 S3
=

021 1 121 a]]21 ‘9121 ) - (’)/1/ Y2, ,’)’85),
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_( Sa 041 Sa S4 Sa ) _
55 - ( 085 1 185 w185 (D185 - (gl/ €2/ /€341>‘

Sk—1 Ok—1x1 Sk Sk-1 Sk-1
Sk = ( 0,1 1 T,y Wl @140 )
3 3 3 3

It is well known that the matrix Sy generates the [5,2, 4] simplex code with weight
polynomial 1+ 15y*. S3 generates the [21,3,16] simplex code with weight polynomial
1+ 63y'0. S, generates the [85,4, 64] simplex code with weight polynomial 1 + 255y%4, Ss
generates the [341,5,256] simplex code with weight polynomial 1 + 1023y>°®, and S;S} =
fork=2,3,4,5,---,seeref. [28].

Notation

In the following sections, the conjugation is defined by ¥ = x? for x € F4. We use
2 and 3 to represent w and @ in each generator matrix of linear codes, respectively. An
[n,k,d]4 code is denoted as [n, k, d] for short.

3. Hermitian LCD Linear Codes over [Fy4

In this subsection, we discuss the construction of [1, k] optimal Hermitian quaternary
LCD codes. For k > 5 and n < 20, there are some Hermitian quaternary LCD codes in
[21, 23, 26, 28]. For 20 < n < 25, there is no systematic discussion in the literature. The
discussion is presented in four cases for n < 25.

Lemma 1 ([4,29]). If21 < n < 25and 1 < k < 5, then d;(2,24) = 18, d;(2,25) = 19,
d;(3,21) = 15, d;(3,22) = 15, d;(4,22) = 14, d;(4,23) = 15, d;(5,24) = 15. All the other
Hermitian quaternary LCD codes saturate the lower bound of Grassl’s code table [24].

Proof. Refs. [4,29] proved this lemma. [

Lemma 2 ([30]). There exist [n,n — 2,2] and [n,n — 3,2| quaternary Hermitian LCD codes.

Proof. (1) For when n is even, let G = {12 o

1“"] . If G is a check matrix of C with generator
matrix H, then C = [n,n — 2,2] and rank(HH") = n — 2. For when n is even, let G =
I [

2\ o

and rank(HH") = n — 2.
(2) For when n is odd, let G = [13

Ixn

1“”} . If G is a check matrix of C with generator matrix H, then C = [n,n — 2, 2]

é;x] . If G is a check matrix of C with generator

matrix H, then C = [n,n — 3,2] and rank(HH") = n — 3. For when # is even, let G =

i

and rank(HH") = n —3. O

(1);31] . If G is a check matrix of C with generator matrix H, then C = [n,n — 3, 2]

Theorem 1. If21 < n < 25and 13 < k < 18, then there exist 29 optimal quaternary Hermitian
LCD codes saturating the lower bound of Grassl’s code table [24], as in Table 1.
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Table 1. Optimal quaternary Hermitian LCD codes with 21 < n <25and 13 < k < 19.

n\k 13 14 15 16 17 18 19
21 6 5 5 4 3 2 2
22 6 6 5 4 4 3 2
23 6 6 5 4 4 3
24 6 6 5 4 4
25 6 6 5 4

Proof. For 21 < n < 25, calculating by Magma, one can obtain nine optimal LCD codes as
follows: [21,14,5], [21,15,5], [21,16,4], [22,16,4], [24,16,6], [22,18,3], [23,18,4], [25,18,5],
23,19, 3].

And then, calculating by Magma, one can obtain another five optimal codes, [27, 19, 6],
[26,21,4], [25,18,5], [26,20,4], [33,24, 6], which are not all quaternary Hermitian LCD codes.

Case 1. Construction of quaternary Hermitian LCD codes via puncturing. Puncturing
C =][23,15,6] on coordinate sets {16}, {1,19}, one can obtain [22,15,5] and [21,17, 3]
Hermitian quaternary LCD codes. Puncturing C = [24,17,5] on coordinate sets {1,18},
one can obtain the [22,17,4] Hermitian quaternary LCD code. Puncturing C = [24,19,4]on
coordinate sets {1,4, 8}, one can obtain the [21, 19, 2] quaternary Hermitian LCD code.

Case 2. Construction of LCD codes via shortening. Shortening C = (27,19, 6] on
coordinate sets {1,4}, {1,2,3,8}, {1,2,3,4,7},{1,2,3,4,7,8}, one can obtain the 25,17, 6],
[23,15,6], (22,14, 6], (21,13, 6] Hermitian quaternary LCD codes, respectively. Shortening
D =[26,21,4] on coordinate sets {1}, {1,2} obtain [25,20,4] and [24,19,4] Hermitian
quaternary LCD codes, respectively. Shortening D = [25, 18, 5] on coordinate sets {4} and
{1,4}, one can obtain the [24,17,5], [23,16,5] Hermitian quaternary LCD codes. Short-
ening D = [26,20,4] on coordinate sets {1},{1,2}, {1,2,4}, one can obtain the [25,19,4],
(24,18, 4], [23,17,4] Hermitian quaternary LCD codes. Shortening D = [33, 24, 6] on coor-
dinate sets {1,2,3,4,5,6,7,8} and {1,2,3,4,5,6,7,8,9}, one can obtain the [25,16,6] and
[24,15, 6] Hermitian quaternary LCD codes. Shortening D = [33,24, 6] on coordinate sets
{1,2,3,4,5,6,7,8,9,10} and {1,2,3,4,5,6,7,8,9,10, 14}, one can obtain the C = [23,14, 6]
and [22,13, 6] Hermitian quaternary LCD codes. [

Remark 1. In Theorem 2, all of the codes are optimal quaternary Hermitian LCD codes. Since
[21,3,16] is a simplex code, there is no (21,18, 3] quaternary Hermitian LCD code. Hence, [21,18, 2]
is an optimal quaternary Hermitian LCD code. By shortening D = [33,24, 6] on coordinate sets
{1,2,3,4,5,6,7,8,9,10,11,12}, we can obtain C = [21,12,6|. This is a nearly optimal quater-
nary Hermitian LCD code with weight enumerator 1+ 279z + 111627 + 573928 + 22023z° +
79815210 4 .

Theorem 2. If21 < n < 25and 6 < k < 8, then d;(6,21) =12, d,(6,22) = 12, d;(6,23) = 13,
d;(6,24) = 14, d;(8,25) = 12, d;(7,20) = 10. All these codes are quaternary Hermitian LCD
codes saturating the lower or upper bound of Grassl’s code table.

Proof. A constacyclic code C = [21,15, 5] is given in [21], where its generator polynomial
is X0 + wx® + x* 4+ Wx? + x + @ . The dual code of C is the code D = [21,6,12] with a
generator matrix Gg 1, and both C and D are quaternary Hermitian LCD codes.

Let

211210221102122100000

303201310313021010000

Geal = 221130310133220001000
’ 022113031013322000100 |’

320131031302101000010

223203322032332000001
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100000111120112310122020
010000011112011231012202
Gens = 001000201111101123201220

’ 000100120111310112020122 |’
000010112011231011202012
000001111201123101220201
11011111101000000011
11120323003110000012
30132223011030000020
G7o0 = | 11202023001001100001 |,
11000132002013010001
30220233000013001003
30313002003012000101
1000000010012123213103310
0100000031322111123203311
0010000012120332303223021
Gaos — 0001000021122001100022303

’ 0000100013332221330202233 |’
0000010010113203310220220
0000001001011320330022022
0000000112200212232000033

There exists a quaternary Hermitian LCD code [24, 6, 14] with generator matrix Gg 4.
Its weight enumerator is 14 207z'% + 378z1> + 630216 + 360217 + 495218 4106227 + 585220 +
180z%' + 162222 + 362z2%. Puncturing C= [24,6,14] on coordinate sets {7}, {1,3}, we can
obtain two quaternary Hermitian LCD codes: 23, 6,13], [22,6,12].

There exists a quaternary Hermitian LCD code [20, 7, 10] with generator matrix Gy 2.
Its weight enumerator is 1 + 210210 + 594z + 969212 + 164723 + 2703214 + 3519z1° +
306026 4-2205z'7 4110728 + 29129 + 7827

There exists a quaternary Hermitian LCD code [25, 8, 12] with generator matrix Gg »s.
Its weight enumerator is 1 + 177z'% + 540213 + 136524 4 272121 + 4836216 + 8283z!7 +
1093828 +11694z" + 10983270 + 77342°! 4 418522 + 161727 + 4112%* + 252%.

Shortening the [25, 8, 12] quaternary Hermitian LCD code on coordinate sets {2}, one
can obtain [24,7,12]. Its weight enumerator is 1 + 102z'% 4 267z'3 + 561z'* + 1086z'% +
176426 4 2628217 + 3144218 + 27302" 4 2226270 +12332%! + 495222 4 1202% + 27z%*. We
can deduce a submatrix Gy 5 from Gg »5. Setting G725 as a generator matrix, one can obtain
[25,7,12]. O

Theorem 3. If21 < n < 25and 8 < k < 15, then there exist 27 quaternary Hermitian LCD
codes, as in Table 2.

Table 2. Optimal quaternary Hermitian LCD codes with 21 <7n <25and 8 <k < 15.

n\k 8 9 10 11 12 13 14 15
21 9 8 7 6

22 10 8 8 7 6

23 11 9 8 8 7 6

24 11 10 9 8 8 7 6

25 11 10 9 8 7 7 6
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Proof. Let

T
AlZ_

There exists a code [30, 18, 8] with generator matrix Gig39 = {118

ternary Hermitian LCD code. Shortening C = [30, 18, 8] on coordinate sets {1,3,6,12,13,17},
{1,2,3,4,5,6,8},{1,2,3,4,5,6,7,8} and {1,2,3,4,5,6,7,8,10}, one can obtain quaternary
Hermitian LCD codes [24, 12, 8], [23,11, 8], [22,10, 8] and [21,9, 8], respectively.

There exists a code [27,16,7] with generator matrix Gi427 = |16 An] . Shortening

C =127,16,7] on coordinate sets {1,2},{1,2,3},{1,2,3,4},{1,2,3,4,5} and {1,2,3,4,5,6},
one can obtain quaternary Hermitian LCD codes [25,14,7], [24,13,7],(23,12,7], [22,11,7]

300201200120300312
330322220222130112
133330122212313132
213031312011331230
002033213230313123
021303131201133123
300300221033231123
330133122213123323
033110212131112103
203212121103311021
020120012030031210
002012001203003121
1232130030332100
3202331131102132
1100132302320200
1321332231223320
0013213203303002
0131021110330323
1322322221212333
2203012112300132
3122131011102120
0002212120320222

3223331032121221

and [21, 10, 7], respectively.

Let AI)

11121122120230323210
00000000000000000000
12103313201003102111
11331313032000112032
21133320003300003220
01030322203233222121
32210120113300112032
00331212201211230320
11321302013232210003
11010110212023020323

102
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C

quaternary Hermitian LCD code. Shortening C = [29, 16, 8] on coordinate sets {1,2,3,4},
{1,2,3,4,6},{1,2,3,4,5,6},{1,2,3,4,5,6,8}, {1,2,3,4,5,6,7,8}, one can obtain quaternary
Hermitian LCD codes (25,12, 8], [24,11, 8], [23,10, 8], [22,9, 8] and [21, 8, 8], respectively.

0331200330200
0033102033020
2330330112100
0233003311210
1201303302020
2213122121000
0221321212100
0022113221210
1220202211020
2211033130300
0221130313030
3133123113000
0313331211300
0031313321130
3112111310210
1133222202120

=[30,20, 6]

Let A14 =

on coordinate sets

13000123002211
10211103211330
01021110321133
33231222301220
03323122230122
22110130001230
02211013000123
33112232033321
12200332312223
32113300102111
12300221101300
01230022110130
00123002211013
33321033112232
21110321133001
11111111111111

There exists a code [30, 20, 6] with generator matrix Gyg3p = {120 ’Alo] . Shortening

{1,2,3,4,5},{1,2,3,4,5,6},{1,2,3,5,6,7,13},
{1,2,3,4,5,6,7,8,9} and {1,2,3,4,5,6,7,8}, one can obtain quaternary Hermitian LCD
codes [25,15, 6], 24,14, 6], [23,13,6], [22,12,6] and [21,11, 6], respectively.

There exists a code (29,16, 8] with generator matrix Gigp9 =

103

116’816} . Itis not a
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102333010301203
210033301030123
122000202121223
013221122033211
202131213310100
220013121331010
223330023223223
123212100103011
113310121300022
212032120112232
322220031221030
033023210111210
000220311212022
000312113202231
000121022211230
000102331310131
333231302012
122021230233
012231331333
110121333101
322213123331
123133323323
Ap = | 321131111021 |,
301331322211
212033023133
021232013200
113202212020
000012102221
000001110222

There exists a code [30,16,9] with generator matrix Gig30 = {116‘1‘\14} . Itisnot a

quaternary Hermitian LCD code. Shortening C = [30, 16, 9] on coordinate sets {1,2,3,4,5},
{1,2,3,4,5,11}, {1,2,3,4,5,6,11} and {1,2,3,4,5,6,11}, one can obtain quaternary Hermi-
tian LCD codes [25,11,9], [24,10,9], [23,9,9] and [22,8,9], respectively.

There exists a code [31, 16, 10] with generator matrix G131 = |I16|A15 |- Itis not a qua-

ternary Hermitian LCD code. Shortening C = [31,16,10] on coordinate sets {8,9,10,11,16},
{1,6,9,10,12,15}, {2,4,5,9,10,13,15} and {3,4,7,8,11,12,13,15}, one can obtain quater-
nary Hermitian LCD codes [26,11,10], [25,10,10], [24,9,10] and [23, 8,11], respectively.
Puncturing C = [23,8,11] on coordinate sets {2} and {1,2}, one can obtain quaternary
Hermitian LCD codes [22,8,10] and [21,8,9], respectively.

There exists a quaternary Hermitian LCD code [25, 13, 7] with generator matrix G13 25 =
{1 13

Alz}. O
Theorem 4. d;(7,21) = 10, d,(7,22) = 11,d,(7,22) = 11, d,(7,23) = 12, d;(7,25) = 13,
d;(6,25) = 14, d;(12,25) = 8, d;(13,25) = 7, d;(7,18) = 9 and d;(7,19) = 9 are Hermitian
quaternary LCD codes.
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Proof. Let
022312110003211100000321

102231211000321110000032
110223121100032121000003
G7o4 = | 211022311110003232100000 |,
121102232111000303210000
312110223211100000321000
231211020321110000032100
1100000032031300131303121
0010000003203130213130311
0001000003123223332223321
Gyos = | 0000100033111212020312021 |,
0000010020112011011101111
0000001011212331312020201
0000000112322303222332331
1130121231010000000
0133203320031200000
0303332320310100000
G719 = | 0131030320010011000 |,
0130001110020230300
0301202120000230010
0302110010030220003
3111201330100001230133122
1111110133030000122013312
Gens = 2311100013323000012201331
’ 1131131001312300001220133
1213130100101230003122013
1121313010000123003312201

There exists a code [24,7,13] with generator matrix Gy 4. Its weight enumerator is
1+ 384z'% 4 74471 4 888215 4 1746216 + 2544217 + 3156218 + 2928219 42118220 41200221 +
540222 4 120z%3 + 15z%*. Tt is not a quaternary Hermitian LCD code. Puncturing C; on
coordinate sets {1}, {1,3}, {1,2,7}, we can obtain [23,7,12], [22,7,11], [21,7, 10] quaternary
Hermitian LCD codes.

There exists a quaternary Hermitian LCD code [25, 7, 13] with generator matrix Gy »s.
Its weight enumerator is 1 + 189z!% + 495214 + 750215 + 1179216 + 1908217 + 25772'8 +
29672" 42667220 +19322%! + 1092272 + 49527 + 1172** + 152%.

There exists a quaternary Hermitian LCD code [25, 6, 14] with generator matrix Gg 5.
Its weight enumerator is 1 + 48z + 24025 4 432216 4 534217 + 573218 4 648219 + 657220 +
5102 + 36327 + 8427 + 6274,

There exists an optimal quaternary Hermitian LCD code [19, 7, 9] with generator matrix
G7,19. Its weight enumerator is 1+ 195z° + 483210 + 888z!! + 1479212 + 2361213 + 3165214 +
3327215 + 250821 + 136827 + 492z'8 + 117z'°. Puncturing the quaternary Hermitian LCD
code [19,7,9] on coordinate sets {1}, one can obtain the optimal quaternary Hermitian LCD
code [18,7,9] with weight enumerator 1 + 393z + 66620 + 124521 4 2193212 4 3315213 +
3597z 4 2799z'% +15542'€ + 504217 + 11728, O

4. Discussion and Conclusions

This paper is dedicated to the construction of quaternary Hermitian LCD codes. For
k < nand n < 25, each [n, k] quaternary Hermitian LCD code is constructed. Some of
these quaternary Hermitian LCD codes constructed in this paper are optimal codes which
saturate the bound of the minimum distance of the code table in [24], and some of them
are nearly optimal codes. According to weight enumerators for classification codes in
[27], there exist some optimal codes, [15,4,9], [16,4,10], [17,4,11], [19,4,14], and [23,5,15],
which are not LCD codes. In addition, the number of these five optimal codes is one.
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Thus, the [15,4, 8], [16,4,9], [17,4,10], [19,4,13], and [23, 5, 14] quaternary Hermitian LCD
codes in this paper are optimal. In [27], all of the codes with parameters of [15,6, 8] are
self-orthogonal. Thus, the quaternary Hermitian LCD code in this paper, [15,6,7], is also
optimal. We emphasize that there are three quaternary Hermitian LCD codes, [18, 7, 9],
[19,7,9] and [20,7,10], which are optimal.

According to ref. [24], the following quaternary Hermitian LCD codes constructed
in this paper are also optimal codes with parameters of [n,k,d] for 21 < n < 25 and
16 <k <18;[n—i,15—1i,d] for21 <n <24and 0 <i < 2:[23,4,15], [24,5,15], [21,6,12],
[22,6,12], [23,6,13], [24,6,14], [25,8,12] and [20, 7, 10]. Except for these codes mentioned
above, the quaternary Hermitian LCD codes constructed in this paper do not reach the
known upper or lower bounds of the minimum distance of a linear code. Nonetheless, the
minimum distances of these codes appears to be the best possible. These codes are the best
possible among those obtainable by our approach.

Combining the results in the previous subsections, we improved the table of lower
and upper bounds on the minimum distance of quaternary Hermitian LCD codes for
n < 20 [4,25,30] in Table 3. In addition, many lower and upper bounds of the minimal
distance of Hermitian LCD codes with a length of n < 25 are listed. To make the bounds in
Table 3 tighter, we need to choose other quaternary Hermitian LCD codes better than those
given in this paper and investigate other code constructions to raise the lower bounds. We
also plan to explore the construction of Hermitian LCD codes from a geometric aspect to
decrease the upper bounds.

In [4,20,25], it has been shown that if there exists a quaternary Hermitian [n, k, d] code
over F», then there exists a maximal entanglement entanglement-assisted quantum error
correcting code (EAQECC) over F; with parameters [[n,2k — 1 + ¢, d;c]], where c is the
rank of the product of the parity check matrix and its conjugate. Moreover, a maximal
entanglement EAQECC derived from an LCD code has the same minimum distance as
the underlying classical code. Hence, all of the optimal quaternary Hermitian LCD codes
can be used to construct optimal binary maximal entanglement EAQECCs. In addition,
from the three quaternary Hermitian LCD codes [18,7,9] given in this paper, a maximal
entanglement EAQECC [[18,7,9;11]] can be constructed, which improves the minimal
distance of the codes in [4,25]. The maximal entanglement EAQECCs [[19,7,9;12]] and
[[20,7,10; 12]] are optimal and are different to the codes constructed in [30].

Table 3. Lower and upper bounds on the minimum distance of quaternary Hermitian LCD codes.
The bold entries represent improvements over prior work. The superscript * represents the codes
that achieve bounds given in the Grassl table.

n\k 1 2 3 4 5 6 7 8 9 10 11 12
3 3* 2%

4 3% 2 1

5 5* 3 2 2%

6 5% 4% 3 2% 1

7 7* 5* 4* 3* 2% 2%

8 7* 6* 5% 4% 3% 2% 1

9 9* 6 6* 5* 4* 3* 2% 2%

10 9* 7 6* 6* 5* 4% 3* 2% 1 1

11 11+ 8* 7* 6* 6* 5% 4* 3% 2% 2% 1

12 11* 9* 8* 7* 6* 5 4* 4* 3% 2% 2% 1
13 13* 10 * 9* 8* 7* 6 5% 4* 4* 3% 2% 2%
14 13* 10 9 8 7-8 7% 6* 5% 4% 4% 3* 2%
15 15* 11 10 9 8* 7 7* 6* 5* 4% 4+ 3*
16 15* 12 * 11 10 9* 8* 7-8 67 6* 5% 4+ 4*
17 17 * 13 * 12* 11 10* 9* 7-8 7-8 67 6* 5% 4*
18 17 * 14 * 13* 11-12 10 * 9-10 9 * 8* 7-8 6 5-6 5%
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Table 3. Cont.

m\k 1 2 3 4 5 6 7 8 9 10 11 12
19 19 * 14 13 12 *-13 11* 10 * 9* 8 *9 8* 7* 6* 5-6
20 19 * 15 14 13 * 12 * 11* 10 * 9* 8 *9 7-8 6-7 6*
21 21* 16 * 15 14 * 12 12 * 10-11 9-10 8-9 7-9 6-8 67
22 22 * 17 * 15 14 13 12 *-13 11-12 10 8-10 8-9 7-9 6-8
23 23 * 18 * 16 * 15 14 13 * 12 *-13 11 9-11 8-10 8-9 7-9
24 24 * 18 17 * 16 * 15 14 * 12-13 11-13 10-12  9-11 8-10 8-9
25 25 * 19 18 * 17 * 15 14-15 13-14 12 *-13 11-13 10-12  9-11 8-10
m\k 13 14 15 16 17 18 19 20 21 22 23 24
14 1
15 2% 2%
16 3% 2% 1
17 34 3% 2% 2%
18 4* 3* 3% 2% 1
19 5% 4% 3* 3* 2% 2%
20 5-6 5% 4 * 3* 2 2% 1 1
21 6* 5*6 5% 4% 3% 2 2% 2% 1
22 6*7 6% 5%6 4*5 4* 3% 2% 2% 2 1
23 6-8 6*7 6% 5%*6 4*5 4* 2% 2% 2% 2% 1*
24 7-9 6-8 6*7 6% 5*6 4*5 3* 3* 2% 2% 2% 1*
25 7-9 7-9 6-8 6 *-7 6* 5*-6 4* 4* 3% 2% 2% 2%
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Abstract: The focus of our research is the examination of Hermitian curves over finite fields, specif-
ically concentrating on places of degree three and their role in constructing Hermitian codes. We
begin by studying the structure of the Riemann—Roch space associated with these degree-three
places, aiming to determine essential characteristics such as the basis. The investigation then turns to
Hermitian codes, where we analyze both functional and differential codes of degree-three places,
focusing on their parameters and automorphisms. In addition, we explore the study of subfield
subcodes and trace codes, determining their structure by giving lower bounds for their dimensions.
This presents a complex problem in coding theory. Based on numerical experiments, we formulate
a conjecture for the dimension of some subfield subcodes of Hermitian codes. Our comprehensive
exploration seeks to deepen the understanding of Hermitian codes and their associated subfield
subcodes related to degree-three places, thus contributing to the advancement of algebraic coding
theory and code-based cryptography.

Keywords: Hermitian curves; degree-three places; Riemann—Roch space; Hermitian codes; subfield
subcodes; automorphisms of Hermitian codes

1. Introduction

The advent of quantum computers presents significant threats to classical crypto-
graphic schemes, requiring the development of post-quantum cryptographic primitives
that resist quantum attacks. In this regard, algebraic geometry (AG) codes have gained
considerable attention due to their error-correcting capabilities and potential applications
in secure communication and cryptographic protocols. Among various classes of AG codes,
subfield subcodes stand out against structural attacks, making them good candidates for
deployment in post-quantum cryptography.

Within linear codes over finite field extensions, the process of generating subfield
subcodes, commonly referred to as restriction, entails converting a given linear code C
over a large field extension [F;n into a code that is defined over a subfield Fyn, where m
divides n. This strategic approach restricts the codewords of C to elements found within
the smaller field F;n, effectively concealing the details about the structure inherent in
C. A classic example of this concept is the Reed-Solomon codes, which are algebraic
geometry (AG) codes constructed over a projective line. They are widely used in practical
applications, with their subfield subcodes represented by Goppa codes. In particular,
in cryptography, especially within a McEliece cryptosystem, subfield subcodes play a
crucial role in hiding the code structure, thus enhancing its resilience against distinguishing
attacks [1,2]. The long-lasting security of the McEliece cryptosystem based on Goppa
codes [3] emphasizes its effectiveness in preventing such attacks. Despite subsequent
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proposals exploring Reed-Solomon codes [4], AG codes, and their subcodes [5], all have
been susceptible to structural attacks. By imposing restrictions, cryptographic systems can
enhance their security by minimizing the risk of potential attacks aimed at distinguishing
the chosen subfield subcode. With growing interest in AG codes, particularly Hermitian
codes, they are being evaluated as feasible alternatives to Reed—Solomon codes in specific
applications [6]. Hermitian codes have been extensively studied in prior research [7-12],
particularly those associated with the point at infinity of the Hermitian curve. However,
in [13,14], the authors introduced an alternative construction of Hermitian codes associated
with higher-degree places on the Hermitian curve.

Our contribution involves conducting further research on Hermitian codes associated
with degree-three places, deriving additional properties, and establishing explicit bases
for the corresponding Riemann—Roch spaces; additionally, this should align with previous
findings in [13]. The stabilizer of a degree-three place has order 3(4%> — q + 1); the action of
this group and the associated quotient curve has been studied by Cossidente, Korchmaros,
and Torres [15]. We make heavy use of their approach which relates the Hermitian curve
with the curve projective curve XY7 4 YZ7 4 ZX9 = 0. Beelen, Montanucci, and Vicino [16]
studied another class of Hermitian quotient curves, which are obtained by automorphisms
stabilizing a degree-three place of the Hermitian curve.

One-point Hermitians of degree-three places have improved minimum distances,
as shown by the Matthews-Michel bound [14], and have been further strengthened by
Korchmdros and Nagy in [13]. Moreover, we explore the properties of their subfield
subcodes, with a particular focus on determining their true dimensions through explicit
constructions. This investigation aims to provide a precise understanding of the codes’
capabilities for our future work. Since the family of subfield subcodes of Hermitian codes
associated with degree-three places holds promise for the construction of an improved and
secure McEliece cryptosystem, the aforementioned investigation will enable a comparison
of these parameters with those of other existing codes (see [12], Table 1), such as Goppa
codes, to assess the potential improvement in the key size of the McEliece cryptosystem.
This suggests that such a proposal could reduce the key size and meet the security level
required by NIST [17]. Using bounds on the dimensions offers only an estimate of the
code’s performance, which means that this will not help us accurately decide whether these
codes can achieve the required security level with an improved key size.

The paper is structured as follows. In Section 2, we introduce the essential back-
ground of AG codes constructed from a Hermitian curve, including Hermitian curves,
divisors, and the Riemann—Roch space. In Section 3, we provide some facts on the geom-
etry of degree 3 places of the Hermitian curve, and the unitary transformations which
stabilize the given degree-three place. Our main tool is the Hermitian sesquilinear form
(u,v) = uq v? — uzvg — u3vg and the Frobenius map Frqz. Section 4 deals with their corre-
sponding Riemann—Roch spaces. We explore their structure and give explicit and practical
bases over I ¢, and a decomposition into invariant subspaces over qu (Theorem 3). In
Section 5, we study the functional and differential Hermitian codes of a degree 3 place,
where we explicitly give the monomial equivalence between them (Theorem 4). In Section 6,
we give the main result on the dimensions of the subfield subcodes of degree 3 place Her-
mitian codes (Theorem 5). This result consists of a theorem that provides a lower bound on
the dimensions of the underlying codes, while the conjecture suggests a possible equality
based on numerical experiments.

The computational results were obtained using the HERMITIAN package [18] within
the GAP [19] computer algebra system. This involved implementing higher-degree places
of Hermitian curves, their divisors and the associated Hermitian codes. This package
employs a generic method for computing the bases of Riemann-Roch spaces, independent
of the results presented in this paper. Specifically, we acquired computational evidence
supporting Conjecture 1 without relying on the theoretical findings of this work.
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2. Algebraic Geometry (AG) Codes
2.1. Hermitian Curves and Their Divisors

For more details, we refer the reader to [15,20,21]. The Hermitian curve, denoted as
Hq, over the finite field F» in affine coordinates is given by the equation:

My YT4Y = X7
This curve has a genus g = q(q; D , classifying it as a maximal curve because it achieves the
maximum number of F ,-rational points, which is #%(qu) = ¢° 4 1. Furthermore, /7
has a unique point at infinity, denoted Qco.

A divisor on 7 is a formal sum D = n1Qq + - -+ + n;Qy, where ny,--- ,n are
integers and Qq,-- -, Qk are points on /7. The degree of the divisor D is defined as

deg(D) = Zle n;. The valuation of D at a point Q; is v, (D) = n;, and the support of D is
the set {Q; | n; # 0}.

The Frobenius automorphism, denoted as Frqz, is defined over the algebraic closure

qu and acts on elements as follows:

= 2
. q
Frqz : qu — ]qu, X+ X1,

It acts on the points of .Z; by applying Fr,, to their coordinates. A point Q on .77
is ¥ »-rational if and only if it is fixed by Fr,»(Q). Over qu, the points in . correspond

one-to-one to the places in the function field qu ().
For a divisor D, its Frobenius image is given by

Frpo(D) = mFrp(Q1) + - - -+ meFrpa (Qk).

and D is qu—rational if D = Frqz (D). In particular, if all points Qy, ..., Qk are in .7 (]qu),
then D is inherently F ,-rational.

2.2. Riemann—Roch Spaces

For a non-zero function g in the function field Rlz and a place P, vp(g) stands for
the order of g at P. If vp(g) > 0, then P is a zero of g, while if vp(g) < O, then P is
a pole of g with multiplicity —vp(g). The principal divisor of a non-zero function g is

(8) =Xpop(g)P.

The Riemann—Roch space associated with an F,-rational divisor G is the F vec-
tor space
Z(G)={geFp(H)|(g)+G=0} U0

From ([20], Riemann’s Theorem 1.4.17), we have
dim .Z(G) > deg(G) +1—g,

with equality if deg(G) > 2g — 1.

In this work, our primary focus is on an F »-rational divisor G of the form sP, where
Pis a degree r place in IF » (A7) and s is a positive integer. In the extended constant field
Fqs (%) of qu (jﬁ]) with degree v, let P, P5, - - -, P, be the extensions of P. These points are
degree-one places in IF > (#;), and, after appropriately labeling the indices, P; = Frf72 (Py),
where the indices are considered modulo r.

2.3. Hermitian Codes

Here, we outline the construction of an AG code from the Hermitian curve.
In algebraic coding theory, Hermitian codes stand out as a significant class of algebraic
geometry (AG) codes, renowned for their distinctive properties. These codes are con-
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structed from Hermitian curves defined over finite fields. These codes are typically viewed
as functional AG codes, denoted by C(D, G). In this standard approach, the divisor G
is usually a multiple of a single place of degree one. The set P, which encompasses all
the rational points in .77, is listed as {Q1, ..., Qu }. This approach gives rise to a structure
known as a one-point code. However, it is important to note that recent research in the field
suggests that the use of a more varied selection for the divisor G can result in the creation
of better AG codes [13,14].

Consider a divisor D = Qq + Q2 + - - - + Qu, where all Q; are distinct rational points,
and an I »-rational divisor G such that Supp(G) N Supp(D) = @. By numbering the places
in the support of D, we define an evaluation map evp such thatevp(g) = (¢(Q1),-..,8(Qn))
for g € Z(G).

The functional AG code associated with the divisor G is

Ce(D,G) :={(g(Q1),8(Q2),---,8(Qn)) | g € £(G)} = evp(Z(G)),
Theorem 1 ([20], Theorem 2.2.2). C,(D, G) is an [n,k,d] code with parameters
k=dim 2(G) —dim £(G—D) and d>n—degG.
The dual of an AG code can be described as a residue code (see [20] for more details), i.e.,

Cr(D,G)* = Cq(D,G).

Furthermore, the differential code C (D, G) is monomially equivalent to the func-
tional code
Cc(D,W+D —G),

where W represents a canonical divisor of qu (#;). The notion of monomial equivalence of
codes is defined as follows. Let C < I} be linear subspaces and p = (pi1, ..., in) € (F3)"
with non-zero entries. We define the Schur product

”l*c = {(,Z’llxlr--~/]/lnxn) | (X1,...,Xn) S C}

The vector p is also called a multiplier. Clearly, ux C < F;. Two linear codes C1, Cp <
[F§ are monomially equivalent if C; = p + C for some multiplier #. Monomially equivalent
codes share identical dimensions and minimum distances; however, this correspondence
does not preserve all crucial properties of the code.

2.4. Subfield Subcodes and Trace Codes

For the efficient construction of codes over [, one approach involves working with
codes originally defined over an extension field [F;n. When considering a code C within
[, a subfield subcode of C is its restriction to the field IF;. This process, often employed
in the definition of codes such as BCH codes, Goppa codes, and alternant codes, plays a
fundamental role.

Let g be a prime power and m be a positive integer. Let C denote a linear code
of parameters 1, k| defined over the finite field IFyn. The subfield subcode of C over Fy,
represented as C |qu is the set

Clp, = CNFy,

which consists of all codewords in C that have their components in Fy.

The subfield subcode C|p, is a linear code over F; with parameters [, ko, do], satisfying
the inequalities d < dy < nand n —k < n —ky < m(n — k). Moreover, a parity check
matrix for C over I, provides up to m(n — k) linearly independent parity check equations
over F for the subfield subcode C|,. Typically, the minimum distance dy of the subfield
subcode exceeds that of the original code C.
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Let Trg ,, /r, denote the trace function from Fy» down to g, expressed as
q q

Try,,, /F, (¥) = x +x7 + T

For any vector ¢ = (¢1,¢2,...,cn) € IF;, we define

Trg, ./, (€) = (Trmqm /8, (1), Trg o m, (€2), -, Tew, /R, (Cn)> :
Furthermore, for a linear code C of length 7 and dimension k over Fyn, the code
Trp /7, (C) = {Trg, /F, () [ c € C}

is a linear code of length 7 and dimension k; over [F,.
A seminal result by Delsarte connects subfield subcodes with trace codes:

Theorem 2 ([22]). Let C be an [n, k| linear code over IF;. Then, the dual of the subfield subcode of
C is the trace code of the dual code of C, i.e.,

(Clr,)" = Trg, /r, (CT)-

Finding the exact dimension of a subfield subcode of a linear code is typically a hard
problem. However, a basic estimation can be obtained by applying Delsarte’s theorem [22]:

dim Clp, = n —m(n —k). 1)

In [20] (Chapter 9), various results are discussed with respect to the subfield subcodes
and trace codes of AG codes. This motivated us to formulate the following propositions on
the dimension of the subfield subcodes of AG codes, which are useful for the case G = sP
with a place P of higher degree.

Proposition 1. Let Gy be a positive divisor of the Hermitian curve 75 and D = Q1 + - - - + Qy
be the sum of F o-rational places such that Supp(G) N Supp(D) = @. Assume that deg Gy <
n/q. Then,

dim C/;(D, Gl) th: 1.

Proof. Let f be a function in .#(G) such that f(Q;) € F,fori = 1,---,n. Then, f1— f €
Z(qGy) (since £ (G1)7 C £(9Gy)), and hence f1 — f € £(qG; — D), where

Z(qGy — D) = ker(evp) = {x € Z(qG1) | vp(x) > 0fori=1,...,n}.

Since deg(qG; — D) < 0, it follows that £ (gGy — D) = 0 and f7— f = 0, which
implies that f € F,. Consequently, dim C¢(D, G1)|r, =1. O

3. The Geometry of Hermitian Degree-Three Places

In this section, we collect useful facts on degree-three places of the Hermitian curve,
their stabilizer subgroups, and Riemann—Roch spaces.

3.1. The Hermitian Sesquilinear Form
The Hermitian curve 7 has the affine equation X9t1 = Y 4 Y9. The Hermitian
function field qu () is generated by x, y so that x7™! = y + 17 holds. The Frobenius field

. 2 . = . .
automorphism Fr; : x — x7 of the algebraic closure I > includes an action on rational
functions, places, divisors, and curve automorphisms. For this action, we continue to use

. . F F F
the notation Fr» in the exponent: P 2, fP, DR, ete.
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Let K be a field extension of F». An affine point is a pair (4,b) € K2. A projective

point (a : b : ¢) is a one-dimensional subspace { (at, bt, ct) | t € K} of K3. If ¢ # 0, then the
projective point (a : b : ¢) is identified with the affine point (a/c,b/c). For u = (uy,up, u3),
v = (v1,0p,03) € K3, we define the Hermitian form

(u,0) = ug0] — upv] — uzvl.
Clearly, (u,v) is additive in u and v, (au, pv) = aBf(u,v), and
(u,0)1 = ("2, u).

The point u is self-conjugate if
0= (u,u)= u?ﬂ — uzug — uus.

This is the projective equation X7+ — YZ9 — Y9Z = 0 of the Hermitian curve /.
Let u = (uy : up : u3) be a projective point. The polar line of « has equation

ut (Xy, Xo, Xa), u) = ul Xy — ufXo —ujXs = 0.

If u is on %, then u™ is the tangent line at u. More precisely, u" intersects .7 at u and
F . ST . . . F
u ' with multiplicities g and 1, respectively. If u is IF 2-rational, then u = u 7, and the

intersection multiplicity is g + 1.

3.2. Unitary Transformations and Curve Automorphism

Let A be a 3 x 3 matrix. The linear map u +— uA will also be denoted by A. If A
is invertible, then it induces a projective linear transformation, denoted by A : (uy : us :

uz) — (uj cuh uf) = (ug up: u3)A, where

!/

Uy = ay1uq + apxiu + az us,
/

Uy = ajpuq + axpu + azus,
/

Uz = aq3uq + axzuy + azzus.

We use the same notation A : (X,Y) — (X',Y') = (X, Y)? for the partial affine map:

X Y X Y
(X,Y) = (X,Y') = (an +ay +a31,1112 +ay —l—a32>‘
113X + a3Y +azz” a13X + aY +az3

The action f(X,Y) — f((X, Y)‘Zrl) of A on rational functions will be indicated by A*.
The following lemma is straightforward.

Lemma 1. Let f(X,Y) be a polynomial of total degree n. Define the degree n homogeneous
polynomial F(X,Y,Z) = Z"f(X/Z,Y/Z). Then,

F((X,Y,1)A71)
(0113X + 6123Y + a33)” ’

XY =

We remark that the line 213X + a23Y + a33 = 0 can be seen as the pre-image of the line
at infinity under A.
The linear transformation A is unitary if

(uA,vA) = (u,0)

holds for all u,v. Since (.,.) is non-degenerate, unitary transformations are invertible.
Moreover, for all 1, v, one has
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This implies (0"'?)A = (vA)"'? for all v, that is, A and Fr,» commute. This shows
that unitary transformations are defined over I ». They form a group which is denoted by

GU(3,q). A useful fact is that if by, by, b3 is a basis and
(biA,bjA) = (b;, bj)
foralli,j € {1,2,3}, then A is unitary. A
Let A € GU(3,q). If (x,y) is a generic point of 7, then (x',y) = (x,y)* satisfies
()T =y = ()T = () = (xy) =0.
Therefore, (x',) isa generic point of 77, and A* induces an automorphism of the function

field qu (). 1If Ais defined over F, then A* is an automorphism of F» (7).

3.3. Places of Degree Three and Their Lines

Letay, by € IF o6 \ IF > be scalars such that a‘lﬁl =Db + b?. In other words, (a1, b7) is an

2 2 2
affine point of J7; : X7l = Y 4+ Y1, defined over Fqs. Write a, = u? Jby =01, a3 = ag ,

2 Fr
by = b} ,and p; = (a;,b;,1). Then, p;11 = p, ?, (pi,pi) = 0,and

Fr
0= (pi,pi)" = (p; ", pi) = (Piv1, Pi)

hold for i = 1,2,3, with the indices taking modulo three. Since (.,.) is non-trivial, 7; =
(pispi+1) € Fuo \ {0}. More precisely,

3

3 Fr » 2 (Fr,)% Fr,
v =(pup2)” =, " )" = (p, 7

") =Apup2) = m,

2
which shows 7; € Fs \ {0}. Clearly, 7,11 = fy? and v;0 = 'y?. By ; # 0, the vectors
p1, P2, p3 are linearly independent over F .

Let K be a field containing F . Since p1, p2, p3 is a basis in K3, any u € K® can be
written as

U= x1p1 + X2p2 + X3p3,
with x; € K. Computing
(u, pisv1) = (xap1 + x2p2 + x3p3, pis1) = %i(pi, pis1),
we obtain x; = (u, pi1) /7. In the basis pj, p2, p3, the Hermitian form has the shape

(u,v) = (x1p1 + x2p2 + X3p3, Yy1P1 + Y2P2 + Y3pP3)
= x1y3(p1, p2) + %293 (p2, p3) + x3y1 (p3, p1)

2 4
= y1xys + ] xyh + 9] 2yl
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In this coordinate frame, the Hermitian curve has projective equation
2 4
X1 X5+ 7 XX+ 9] X3X] =0.
Let x, y be the generators of the function field qu () such that x1™1 =y + y1. Write

Zz = <(x,y,1),p1> = g?xfyi b?
Then,

ls ls A
Xy, 1) = —Zp1+ —pr+ —
(x,y,1) S Pt Pt s

and

2V Y SN
O:xq+1—y—yq:<(x,y,1),(x,y,1)>: 1q2+ 2q3+ 3q1' (2)
T T 73

The Hermitian curve .7 is non-singular, the places of qu (A;) correspond to the

projective points over the algebraic closure qu' Let P; denote the place corresponding to
Fr
(a; : b; : 1). P; is defined over Fe, Piy1 =P ? and
P=P +P,+ P;

is an [ >-rational place of degree three.

The line a?X -Y — b? = 0 is tangent to J7; at p;; the intersection multiplicities are
g and 1 at p; and p; 1, respectively. This implies that the zero divisor (¢;)g is qP; + Pi11,
and the principal divisor of ¢; is
(€;) = qPi + Piy1 — (7 + 1) Qo ®3)
3.4. The Stabilizer of a Degree-Three Place

Let 1 € IF 6 be an element such that ,Bf“ = 1. Define 8, = ﬁ?z, B3 = ,Bgz. Then,
41
BBl =B =1
For p} = B;p;, this implies that
(Pir Pisa) = BiBlo1 (i pivt) = (pi piva)-
Hence, foralli,j € {1,2,3},
(pi, p}) = (pi.pj)-

This shows that we can extend the map p; — p to a unitary linear map B = B(f) :
u — 1’ in the following way. Write

u = x1p1 + xXop2 + x3p3,

with x; = (u, pi11) /i, and define

u' = x1p| + x2p5 + X3p5 = x181p1 + X2B2p2 + X3B3p3- 4)
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The extension B is a unique unitary transformation. As we have seen in Section 3.2,
this implies that B = B(1) is a well-defined element of the general unitary group GU (3, q).
The set

541
B={B(p1) | p1€Fp, p] =~ =1}

is a cyclic subgroup of GU(3, q), whose order is |[B| = ¢° + 1.

In the projective plane, B induces a projective linear transformation B. B is trivial if

2

and only if 1 = B2 = ,B‘i , that is, if and only if B; € F». As ged(®+ 1,4 —1) =q+1,
B is trivial if and only if /3?H = 1. The set B = {B | B € B} is a cyclic group of unitary
projective linear transformations, whose order is |B| = g> — g + 1.

In a similar way, we fix the elements

6i=7" -
since y1 € Fqs, o; € Fq3. Moreover,

P+ _ 2 P _ 1
i R
As before, the map
A pie pi = 6ipiaa

preserves the Hermitian form:

341 1—
(P pi1) = @Gipic1, iapi) = 60 (pic,pi) = v i = i
Hence, A extends to a unitary linear map, which commutes with Frqz and normalizes

B. Indeed,
-1 _ — —
pp A= (5i+11pz‘+1)BA = (671Bix1pis1)™ = Bis1piy

and hence, A"1BA = BT, A3 maps p; to 410203p;, and

—q :(7?371) 7 _1

A pog\ 1ot (7+1)g
616205 =6, T = | 4,2

Therefore, A has order 3.
As introduced in Section 3.2, the unitary transformations B and A induce automor-
phisms B* and A* of the function field.

Proposition 2. The group B* = {B* | B € B} of curve automorphisms has order g*> — q + 1,

and A* normalizes B* by
2

(A*)—lB*A* — (B*)q
Both B* and A* stabilize the degree-three place P.

=By

3 2 2
Proposition 3. Let 1 € F o be an element such that gl o Define B2 = B1, B3 = B,
and the unitary map B = B(B1) € B. Then,

(i) =7 (i)
lita ! liy1)’

Proof. By Lemma 1,
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E‘B* _ <(x/y/1)Bil/pl’>
Lo w

_ (xy1),piB)
w

_ {((xy, 1), Bipi)

w
_ Pl
w 4

where the linear w = wix + wyy + w3 over qu depends only on B. Therefore,

(i) =) = () = (5 o
Citr Bl \Lis1 ' lita o\

4. Riemann-Roch Spaces Associated with a Degree-Three Place

In this section, we keep using the notation of the previous section: P; is a degree-

Fr
one place of IF 6 (%) associated with the projective point (a; : b; : 1). P, (- i+1; the
index i = 1,2,3 always takes modulo three. P = P; + P, + P; is an qu—rational place of

degree three of IF > (7). The generators x, y of qu () satisfy x1T1 = y + 1. The rational

q
i

function {; = a;x —y — b? is obtained from the tangent line of 77 at P;.

4.1. Basis and Decomposition of the Riemann—Roch Space

Let s, u, v be positive integers such that v < gand s = u(g+ 1) — v. Clearly, u, v are
uniquely defined by s. In [13], the Riemann—Roch space associated with the divisor sP is
given as

ZL(sP) = {M | f €Fp[X,Y], deg f < 3u, vp(f) = U} u{0}.

The Weierstrass semigroup H(P) consists of the integers s > 0 such that the pole divisor
(f)eo = sP for some f € F> (), see [20] (Section 6.5) and [16]. If s ¢ H(P), then it is called
a Weierstrass gap; the set of Weierstrass gaps is denoted by G(P). By [13] (Theorem 3.1),
we have

G(P)=A{u(g+1)—v|0<v<gq, 0<3u<v}

By the Weierstrass Gap Theorem ([20], Theorem 1.6.8), |G(P)| = g for a place of degree
one. In our case, P has degree three and the situation is slightly more complicated.

Lemma 2.
g ifg=0,1 (mod 3),
31G(P)| = fa=01 (mod3)
g—1 ifg=2 (mod 3).

Proof. The lemma follows from

G(P) = ), 8u...q}

1<u<q/3
Lg/3]
=) g+1-3u
i=1
_ 1a/3](2q-1-3(4/3])

2

The following proposition gives an explicit basis for the Riemann—Roch space .Z(sP)
over the extension field [F .
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Proposition 4. Let t,u, v be positive integers such that v < q and t = u(q + 1) — v. Define the
rational functions

u.: = KZu—vgz‘)—u —u L ! £i+l o i—=1253
ti i i+1 Yi42 £i+2 51’ 7 yXazen

Define Uy ; = 1 as the constant function for i = 1,2,3. Then, the following holds:
. Fr
(i) (Upi) 7 = Ui
(ii) The principal divisor of U, ; is
(Up;) = —tP+ (Bu—v—1)g+ (9 —0))Pi + (v(q — 2) + 3u) P;14.

In particular, if 3u > v + 1, then (U ;) > —tP.
(iii) The elements U, ;, t > 0,1 = 1,2,3 are linearly independent with the following exception:
g=2 (mod3),t=(g>?—q+1)/3,
Utp | Uy | Uiz

72 e e 7 Y} )
Mooy A

(iv) The set

U(s)={U;; |t H(P), t<s,i=1,23, (3ti) # (* —q+1,3)}

of rational functions is a basis of £ (sP) over F .

Proof. Note first that u, v are uniquely defined by t; therefore, U, ; is well defined. (i) is
trivial and (ii) is straightforward from (3). To show (iii), let us write a linear combination in
the form

aUps +aoUpy +azlps = Y Ayl (6)

r<t
i=1,2,3

such that (aq,ap,a3) # (0,0,0). The right-hand side has a valuation of at least —t + 1 at

Py, Py, P3. Ift # (4> —q+1)/3 and a; # 0, then the right-hand side has valuation — at
P, 5. Hence, a; = 0 for alli = 1,2, 3, a contradiction. Assume f = (qz —q+1)/3. Then,

0,01

o i+1
Ut,l - q+1 7

(b1l2t3) 3

and (5) follows from (2). We can use (5) to eliminate U} 3 from (6); that is, we can assume
a3 = 0. Then, again, the only term that has a valuation —t at P, is a;U; ; with a; # 0. Since
the left- and right-hand sides of (6) must have the same valuations at P, P;, a1 = ap = 0
must hold, a contradiction.

(iv) By (iii), U (s) consists of linearly independent elements. To show that it is a basis
of Z(sP), it suffices to show that |U/(s)| = dim(Z(sP)) for 3s > 2g — 2. On the one hand,
in this case, dim(.Z(sP)) = 3s + 1 — g. On the other hand,

[U(s)| =1+3(s—|G(P)|) —e=3s+1— (3|G(P)| +¢),

wheree = 0if g =0,1 (mod 3),and e = 1if g =2 (mod 3). By Lemma 2, 3|G(P)| +¢ =g,
and the claim follows. [

It is useful to have a decomposition of .Z(sP) over [F P2
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Theorem 3. Forat > 0integer and a € F ¢, define the F -rational function

2 4
Wi = allpy +aT Up + a1 Uy s

and the ¥ >-linear space
Wy ={Wis | € ]qu}.

For t € H(P), we have

1 ift=0,
dimWy) =<2 ifg=2 (mod3)andt= (g*>—q+1)/3,
3 otherwise.

The ¥ 2-rational Riemann—Roch space £ (sP) has the direct sum decomposition

Z(sP)= P W @)
teH(P),t<s

Proof. For t € H(P), W\ is the set of IF 2-rational functions in the space spanned by
Ui, U o, Uy 3. The claims follow from Proposition 4. [

4.2. Invariant Subspaces of £ (sP)

Lemma 3. Let b € F such that b+ = 1. Then, (b’”l)q2 = (b7 1)1 and (bq+1)q4 = (p7H1)—1,

Proof. By assumption, b7*! has order q2 — g+ 1. The claim follows from the facts that
g% — (1) and ¢* — g are divisibleby g2 — g + 1. O

The following lemma shows that the basis elements in ¢/ (s) are eigenvectors of B*.

3 2 2
Lemma 4. Let By € K be an element such that ﬁz o Define By = /3‘{ , B3 = B}, and the
unitary map B = B(B1) € B. Then,

(U)? = 5§(q+1) Uy .

() -5 ()
livy ‘B’Zizl livn
G\ P _ 1 (i
l; /37*1 I
1

By Lemma 3, ﬁ = (ﬁ?“)“74 = (,B?H)q. Write t = u(g+1) —vowith0 < v < gq.

i+2
Then,

B (L) () gy () gty o )
"\ L2 ¢; i lito i ¢;

The result follows from the definition of # and v. [

Proof. Proposition 3 implies

and
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Proposition 5.

(i) Let By € F ¢ be an element such that PH 1,and B = B(B1) € B. Then,
q 1

(Wea)? = W, giasn), -

|
(ii) The subspaces W, t € H(P) are B*-invariant.
(1ii) The ¥ 2 B*-modules VV; and W are isomorphic if and only if one of the following holds:

(@ s=t (modg*—q+1);
()  s=(g—1)t (mod g* —q+1);
() s=-—qt (modg®>—g+1).

Proof. (i) and (ii) follow from Lemma 4. (iii) Let ® : W; — W; be an qu B*-module
isomorphism between W; and W. It can be written as

(Wt,tx)cp = Wt,oc(p/

where ¢ : F ¢ — F ¢ is an I »-linear bijection. Moreover,
B*® _ o _
(Wia)” © = (Wt,ﬁtl(q+1)a) =W, (6
OB* _ B* _
(Wea) - (Ws,zxtp) - Ws,,le(qH)(w)'

Since b = g+l satisfies b7 —1+1 —= 1, this means that forany «, b € F ¢, b7+l = 1,
1 y q
we have

(b'a)g = b*(ag).
Let b be an element of order g* — g + 1in Fs. If b or b° is in F 2, then b' = b° and a)

hold. Assume that neither b’ nor b* is in Fgo. Then, Fpo =F (bt) = Fg2(b*), and over F o,

the minimal polynomial of b* has the degree three. Assume b + c1b* + cob! + c3 = 0 with
co,C1,C2 € Iqu. Then,

0= (b +c1b” + b +c3)9
= (b%9) + c1(b* ) + ca(b'p) + c3(19)
= (0% + c1b” + c2b® + ¢3) (19).

As ¢ is bijective, 1¢ # 0,0 = b> + ¢1b* + ¢b° + 3 follows. This means that b® has
the same minimal polynomial and b* — b extends to a field automorphism of Fo6 over IF 2.

This implies b = bf, b° = (b))% or bs = (b')7", and the claim follows. [J

5. Hermitian Codes of Degree-Three Places and Their Duals

In this section, we explore the one-point Hermitian codes of degree-three places and
their dual codes. Let P be a degree-three place on the Hermitian curve ‘% ;01,-..,00, 0
are its qu -rational places, where n = q3. We define the divisors D = Q1 + Qx> + - - - + Qy,

D = D + Qe, and G = sP for a positive integer s.

5.1. Functional Hermitian Codes of Degree-Three Places

Given a divisor D and G, we define the degree-three place functional Hermitian code
Cr(D,sP) as:

Ce(D,G) :={(g(Q1),8(Q2),---,8(Qn)) | § € Z(G)},
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This code forms an [1, k] AG code, where k > 3s — g + 1, achieving equality when
|28-2| < s < n/3. Furthermore, the code has a minimum distance d > d* = ¢° — 3s,
where d* is the designed minimum distance.

Furthermore, another degree-three place functional Hermitian code associated with G,
denoted by C(D, G), is constructed by evaluating the functions in .#(G) at all rational
points Q1, Qy, - - - , Qy and the point at infinity Q. as follows:

Cr(D,G) :={(g(Q1),8(Q2), - ,8(Qn),8(Qw)) | § € Z£(G)},

Clearly, C;(D, G) has a length of 1 + 1. Concerning the dimensions, we have the
following result.

Proposition 6. Ifs < ¢°/3, then £ (sP), C¢(D,G) and Cz(D, G) have the same dimensions.

Proof. If f € kerevp, then f € Z(sP — D), which is trivial if s < g3/3. In this case,
kerevp is also trivial. [

Remark 1. Numerical experiments show that % (sP), C(D,G) and Cz(D, G) have the same
dimension if s < (g®+1)/3+q — 1.

In the study of the divisors D and D, we make use of the polynomial

RX,Y)=X [ (¥Y—o).
CE]qu
cl+4c#£0

As shown in [13] (Section 2), the principal divisor of R(x,y) € F () is
(R(x,y)) = D = 4°Qw. ®
Further properties of R(x, y) are given in the following proposition.
Proposition 7. In the function field, we have
xTR(x,y) = yqz —y and  R(x,y) = = x.

The differential of R(x,y) is
d(R(x,y)) = —dx.

Proof. Clearly,
[[] Y=o)=Y1+Y,

CE]qu
cT4c=0
and
o-o |
T (r—o=-=r LA
—C) = = .
e M (Y—0o Yi+Y
q ceF »
cI+c#0 c‘7+cq:0

Hence, by x171 = y + 1,
qR( ) g+1 H ( ) g+1 qu -y 7%
xIR(x,y) = x —c)=xT 2 =y —y.
y CEIFqZ y yq + ]/ y y
cl4c#£0

Using this, we obtain
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A —x) = (I = =y~ () =Ty = R ().
Canceling by x7, we get R(x,y) = X —x,and d (R(x,y)) = —dx follows immediately. []

5.2. Differential Hermitian Codes of Degree-Three Places

Differential Hermitian codes of degree-three places are essential counterparts to
functional codes on the Hermitian curve ;. The dual code Cq(D,G) of C.(D,G) is
called the differential code. It constitutes an [1, (G — D) — ¢(G) + deg D, d"] code, where
dt < deg(G) — (2g — 2), with deg(G) — (2g — 2) being its designed distance.

Ref. [20] (Proposition 8.1.2) provides an explicit description of the differential code as
a functional code

Ca(D,G) = Cy(D - G+ (dt) — (1)),

where £ is an element of F > () such that vq, (f) = 1 foralli € {1,... ,q%,00}. If G = sP
andD=Q;+---+ Qqs, then t = R(x,y) is a good choice, with

(dt) = (=dx) = (20 = 2)Qw = (1~ 2)(9 +1)Qu,
see [20] (Lemma 6.4.4). Then, (8) implies the following proposition:
Proposition 8.
Ca(D,sP) = Cx(D, (4> +4* =4 —2)Qw —sP). O
The computation of Cn(D, sP) is more complicated. We claim the next results for the
prime powers 4 = 2 (mod 3), since the proofs are rather transparent in this case. We are
certain that they hold for g =1 (mod 3) as well. Our opinion is supported by numerical

experiments with g < 8.

Lemma 5. Assume g =2 (mod 3) and define the I o-rational function

2 2 2
1 o 4
T_3<@+£3+£1 :

R T
d 2oa1 | T T 2—q+1 dx.
(L103) 3 (l1o05) 3

Proof. We have d¢; = (a; — x)7dx, and

Then,

2 3 2 2 3
_ 1 q q q
— iy =a; X1 —yT —b —(a,;x—y—1b/,)

f
2 2
=al  (x7 —x) = (" —y)
= a?HR(x,y) — xTR(x,y)
= (ai1 — x)"R(x, y).
In one line,
qZ
(aig1—x)1 4 /-1
litq R(x,y)

©)

Hence,
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d(010203) = 01005 - (<“1 —x)1 (=) (- x)q) N

b 123 l3
i 612/6271+€gz/€3—1+£gz/£1—1 )
B R R R *
_ 065 ar gy

This implies

20 2
d(R(flﬁzég,)q 5t 1) - (-(zlezég,) 5 1>dx+
—qP+q—4 élfzfg
R

R <—;(eleze3) ) 02l 3 gy,

By easy cancellation

7q2+q71

—?+q-1 1
d(R(flfz%) 3 )—(—(515253) 3 )dx+—3(515253)

2 +q-1
3

(3T — 3)dx

Lemma 6. Assume q =2 (mod 3) and define the IF o-rational functions

(e R
T=3 %+££+% and Ry = ——p .
2 3 1 (b10203) 3

Let G be a divisor of F 2 (A5) whose support is disjoint from the support of D. Then,

LD =G+ (dRy) — (Ry)) = g(WP_ c) W

Proof. We have

D—G+(dRy) — (Ry) =D~ G+ (T) - "Z_++1(€1€z€3) + (dx)
—(R) + 612_3761“(515243)

=D —G+(T)+ (dx) — (R)
= Qoo+ 4°Qeo + (20 —2)Qeo — G+ (T)
=(1*—=1)(q+1)Qe — G+ (T)

_ Wp— <(£1£2£3)”231) — G+ (1)

For Riemann-Roch spaces, the results follow. [J

Lemma 7. Foranyi,j € {1,2,3}, we have

¢
<€]> (Qoo) =1
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Proof. We use the local expansion 7(t) = (t : 1 : #7714 ...) of 7 at Q. The dots
represent terms of a higher degree.

<§> (et = AL LB 4

alt —1—pl (71 )

iz l;
<€]> (Qw) = (61) (r(0))=1. O

Lemma 8. Assume q # 0 (mod 3) and define the I »-rational functions

which implies

1 6‘12 g‘lz qu (f N )’42;1
1 2 3 1£2€3) 3
=—| —4+ =+ = d T =—==7

T 3(€2+£3+€1) an 1 T
Then, T1(Qe) = 1.

Proof. Since

2

V4l

1

i
liv1(€1bpl3) 3

is the product of terms such as ¢;/ ¢}, it takes the value of 1 at Qoo. This implies (1/7T7)(Qw) =

1. O

Before stating our main result on differential codes, we remind the reader that two
linear codes Cj, C; are monomially equivalent if C; = p % C; for some multiplier vector p.

Theorem 4. Assume q =2 (mod 3) and define the IF o-rational functions

Y A O R O s
BEL T A

Let G be a divisor of F (A;), whose support is disjoint from the support of D. Define
wi =Ti(Q;) fori € {1,...,4° 00} and write p = (u;). Then, all entries y; € F;Z, and

Ca(D,G) = uxCy(D, WP ~0).

2
Proof. Ifi € {1,...,4%}, then E? (Qi) = 4i11(Q;). Therefore, T(Q;) = 1 and T1(Q;) is a
well-defined non-zero element in IF;. Lemma 8 implies T1 (Qw) = 1. The theorem follows
from Lemma 6. O

Corollary 1.
~ 2 —
Ca(D,sP) = uxCg <D, ((qlg)w - s>P).

6. Hermitian Subfield Subcodes from Degree-Three Places

In this section, we study the subfield subcodes of C/ (D, sP). As before, q is a prime
power, s > 0 integer, and P is a place of degree three of the Hermitian curve % The divisor
D= Qi+ -+ Qu n =g is defined as the sum of the F q2-rational affine places of .77;.

The rational place at infinity is Qe and D=D+ Q-
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6.1. Trace Maps of Hermitian Functions and Hermitian Codes

We collect properties of the maps z + z7 + z and z — z7 — z, where z is either a field
element, a function, or a vector. We refer to z7 + z as the trace of z, and to the map itself as
the trace map Tr = Try , /Fy- Clearly, Tr is linear over IF,.

q

Lemma 9. Consider a positive divisor G1. The trace map satisfies the following properties:

(i) For any function f € £(Gy), its trace lies within £ (qGy), implying Tr(£(Gy)) C Z(9Gy).
(ii) Similarly, for any codeword c € Cp(D, Gy), its trace resides in Cz (D, qGy).

(iii) Tr(Cz(D, Gy)) is an Fy-linear subspace of C. (D, qGy) N Fy.

Proof. Since G; > 0, we have £ (G;), Z2(G1)1 < Z(qG1); hence, (i) holds. Then, (i)
implies (ii), and (iii) follows trivially. [

Proposition 9. Let Gy be a positive divisor that satisfies deg G1 < n/q. Then, Te(Cr(D, Gy)) is
an Fg-linear subfield subcode of C1 (D, qGy). Its dimension is

diqu (TT(C£(D, Gl))) = Zdiquz (f(Gl)) -1

Proof. Tr(C.(D,Gy)) is an Fy-linear subfield subcode by Lemma 9. The trace map Tr
and the evaluation map evp commute, and by deg(G;) < n, evp is injective. Define the
[F;-linear map

T:2(Gy) %CE(D,qu)ﬁFZ, f = evp(Tr(f)).
On the one hand,

dimp, (£(G1)) =2 dim]Fq2 (Z(G1)) = dimIm(7) + dim ker(7).

We have to show that ker(7) = 1. Define ¢ € F., such that ¢ = 1if g is even and
e = ¢lt1)/2if 5 is odd and g is a primitive element in Fp2. Then, ¢7=1 = —1. For the
rational function f € > (°(q)), we have

feker(t)= f1+f=0
= (ef)=cf

=ef €y
= fe e_lﬂ?q.

This finishes the proof. O

6.2. An Explicit Subfield Subcode

In this subsection, we study a subfield subcode of C (D, (qz —g+1)P). As qz g+
1=(g—-1)(g+1)—(g—1), onehas

(llisy

-
£i+1£i+2

uqz—q—i-l,i =

The vector space Wpo_, 1 < .7 ((g> — g +1)P) consists of the functions

W a6 206 050

2 =a—" =, o eFe.
T T 030 00 g
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For rational functions f, g € F (), we introduce the relation

frge f(Q) =g(Q) forallic{1,...,4° 0}.

This is clearly an equivalence relation, which can be also written in terms of the
principal divisor

frg<(f-8) =D,

or in terms of the evaluation map

frg = evp(f) =evp(g):

Lemma 10.
(i) (Up_gy1,)T = Up_g 11,10
(ii) (qu—qﬂ,a)q ~ qu—q+1,v<’73'

Proof. Lemma 7 implies U _, +1,(Qe) = 1. In the proof of Lemma 5, we have seen that

o liy1 = (aj11 — x)1R(x,y). Therefore, ((?2 —4;11)(Q;) = O0foralli € {1,...,4°}.

1
This shows

q
i+1€i+2

_ £i+1£?+2 )
(Ee& (@)

i+1
=Up_g11,12(Qi)

@,
(Up—g41,0)7(Qi) = R (Qi)

This proves (i). For (ii):

2 4
(qu—q+1,a)q = (’Xuqz—q—i-l,l +af uqz—q+1,2 +af uqz—q+1,3)q

3 5
~ aquq27q+1’3 + af uq27q+1/1 +aTU 2412

3 3. 42 3. 4
= Ui+ T U gap+ T U
fry qu—q+1,aq3' D

Proposition 10. The set .
W ={evp(Wp_g11,) @ €Fps}

is a three-dimensional F-linear subfield subcode of C1(D, (4*> — g+ 1)P).

Proof. Lemma 10(ii) implies that evp (W, _, 4 ,) has [Fy-entries if and only if o =a. O

6.3. Main Result and a Conjecture

Theorem 5. Let g > 3 be a prime power, n = g%, D = Qy + - - - + Qy be the sum of rational
affine places of I » (A;), and P be a place of degree three. The dimension of the subfield subcode of
the one-point Hermitian code is

dim C (D, Pz, > {7 fors =2g=q(q—1),

|10 fors=2g+1=¢*—g+1.
Proof. Set G; = (g — 1)P. By Proposition 9,

T = evp(Tr(£(G1)))
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is an Fy-linear subspace in Cz(D,q(q9 — 1)P)|r,. Since dim(Z((q —1)P)) = 4, T has
dimension seven. This proves dim C.(D,q(q — 1)P)[g, > 7.

Let VW be the three-dimensional Fy-linear subfield subcode of C¢(D, (g% — g + 1)P) given
in Proposition 10. We show that 7 N = {0}; the inequality dim C/ (D, (4> — g + 1)P) F, =
10 will follow. On the one hand,

W < evpWpa_g11)-
On the other hand, using Theorem 3, we have
T <evp(ZL(q(g—1)P)) =evp D We |
teH(P), t<q(q—1)

As evp is injective on .Z((4> — ¢ +1)P), and

( @ Wt) N Wl]Z—IJ'H - {0}/
teH(P), t<q(q—1)

we obtain 7 N W = {0}. This completes the proof. [J

Our proof was constructive, we used the subfield subcodes given explicitly in the
previous subsections. Based on computer calculations for small g, we have the follow-
ing conjecture.

Conjecture 1. If g > 4, then equalities hold in Theorem 5.
The claim of the conjecture has some equivalent formulations.

Proposition 11. The following are equivalent.

(i) dim C¢(D, (4> —q)P)|r, = 7.

(i) dimCr(D,(q> —q—1)P)[g, = 1.

(ii)  dimCg(D,sP)[p, = 1forall0 <s <2g—1= 7> —q—1.

Proof. We use the notation of the proof of Theorem 5. Assume (i). We have £ ((q —1)P) =
Wo © W;_1. Moreover, T is an FyB-module that decomposes into the direct sum of a
one-dimensional submodule and a six-dimensional submodule. Note that any non-trivial
irreducible IF; B-module has dimension six. Since 7 N C,(D, (4> — g — 1)P) is a proper
submodule, the only possibility is that it is one-dimensional over [F,. (ii) follows. Trivially,
(if) implies (iii). Let us now assume (iii).

dimg, C(D, (4% — q)P)/Cc(D, (4> — g = 1)P) = 6,
and therefore,
dimg, Cz(D, (4> — q)P)|g,/Cc(D, (4 — g —1)P)|r, <6.

This implies dim C (D, (¢* — q)P) Ir, < 7. Together with Theorem 5, we have (i). [

We have a partial result related to case (iii) of Proposition 11.
Proposition 12. dim C(D,sP)[g, = 1forall0 <s < 2q.

Proof. Fix an arbitrary integer s in the range 0 < s < 2g and consider a generic element
(c1,...,¢4) € Cy(s). This corresponds to a function g in ' (sP) such that ¢; = g(Q;) is an
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element of 'y foreachi =1,..., q3. We note that there exists a v € [, such that at least
g% of the ¢; values is equal to . In other words, the function ¢ — v is in .Z(sP) and has
at least g% zeros on ;. However, a non-zero function in £ (sP) cannot have more than
deg(G) < 2g = q(q — 1) zeros, leading us to conclude that § — v must be the zero function.
This implies that every c; is equal to -y, and hence C, (D, sP)|g, consists of constant vectors.
This completes the proof. [

7. Conclusions

In summary, our research has uncovered important properties of the family of Hermi-
tian subfield subcodes associated with degree-three places. We achieved this by precisely
determining the dimension of these codes for certain parameters and providing explicit
bases for the corresponding Riemann—Roch spaces. Moreover, we conducted experiments
aimed at calculating the exact dimension of the underlying family of codes across a broad
spectrum of parameters. This process has contributed to the reformulation of certain con-
jectures, with some being proven. Additionally, we have established lower bounds on the
dimension of Hermitian subfield subcodes associated with the divisor sP, where P is a
degree-three Hermitian place, for specific cases such as 0 < s < % g,s=2g,ands =2g+1,
utilizing the bases of the underlying family of codes. Our motivation to explore the prop-
erties of Hermitian subfield subcodes stems from their potential as a family of AG codes
for post-quantum cryptography use. In our future work, we anticipate using the param-
eters of subfield subcodes of degree-three Hermitian codes to enhance and secure the
McEliece cryptosystem.
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Abstract: Two-dimensional optical orthogonal codes have important applications in optical code
division multiple access networks. In this paper, a generic construction of two-dimensional opti-
cal orthogonal codes with at most one pulse per wavelength (AM-OPPW 2D OOCs) is proposed.
As a result, some optimal AM-OPPW 2D OOCs with new parameters can be yielded. The new
AM-OPPW 2D OOC may support more subscribers and heavier asynchronous traffic compared with
known constructions.

Keywords: two-dimensional optical orthogonal code (2D OOC); optical orthogonal code (OOC);
optical code division multiple access network

1. Introduction

With the advantage of combining the large transmission bandwidth of fiber-optic
media and the flexibility of code division multiple access (CDMA) techniques, the optical
code division access system (OCDMA) has been extensively studied since the 1980s. In this
system, unipolar {0,1} optical orthogonal codes (OOCs [1]) are employed as spreading
codes. However, this multiple-access scheme has a drawback in that the effect of multiple-
access interference (MAI) cannot be completely eliminated as in directly spreading CDMA
systems. Thus, one of the key points for the OCDMA system is to design OOCs with low
cross-correlation and off-peak autocorrelation. In the meantime, to enlarge the discrimina-
tion between the correct codeword and interfering codewords, we also need a large peak
autocorrelation value, i.e., the weight of the OOCs. Finally, since the number of users in
the system is less than or equal to the code size of OOC:s, it is beneficial to design OOCs
with large code sizes. However, as the volume of codewords or the weight of the code
increases rapidly, the code length increases rapidly. Thus, optimal solutions, i.e., optimal
OOCs, were proposed with respect to the tradeoff of those parameters (see, e.g., [2-10]).

In the meantime, two-dimensional optical orthogonal codes (2D OOCs) that spread
in both time and wavelength were introduced for the OCDMA system to overcome this
drawback. Similarly, to minimize multiple-access interference, we have to minimize the
cross-correlation and off-peak autocorrelation of 2D OOCs; to support a large number of
users, we need a large set of 2D OOCs. Moreover, to simplify the practical implementations,
restrictions, such as at most one pulse per wavelength (AM-OPPW) and at most one pulse
per time slot (AM-OPPTS), are often imposed on 2D OOCs [11]. However, these param-
eters are not independent of each other. They suffer some theoretic bounds, for instance,
the Johnson bound [4] and the bound for 2D OOCs with the AM-OPPW restriction [11]. So
far, various works have addressed optimal 2D OOCs with respect to these bounds [11-27].

The main idea of this paper is to generate new optimal AM-OPPW 2D OOCs based
on known OOCs and 2D OOCs. In [16,17,19], OOCs were used to construct 2D OOCs
by spreading them in the time domain, i.e., the OOCs form rows of 2D OOCs. In our
construction, the OOCs are utilized to determine which rows of 2D OOCs are not all-zero
vectors. In this way, new AM-OPPW 2D OOCs can be yielded with large sizes, some
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of which are optimal with respect to the theoretic bound proposed in [11]. Further, we
also analyze the performances of the new 2D OOCs under the chip-synchronous and
chip-asynchronous assumptions, respectively.

The remainder of this paper is organized as follows. Section 2 reviews some necessary
preliminaries. Section 3 introduces the new construction of AM-OPPW 2D OOCs. Section 4
conducts the performances of the new AM-OPPW 2D OOCs under the chip-synchronous
and chip-asynchronous assumptions, respectively. Section 5 concludes this paper.

2. Preliminaries

Let A, T, w, and A be positive integers, and (a), be the least non-negative residue of a
modulo b for positive integers a and b. A (A x T, w, A) two-dimensional optical orthogonal code
(2D OOC) C is a family of {0, 1} arrays of order A x T with constant weight w satisfying
the following two properties:

(1) The autocorrelation property

A=1T-1

Rxx(1) =Y ) Xt Xp(pr)y <A 0<T<T—1, (1)
k=0 t=0

(2) The cross-correlation property

A-1T-1

Rxy(T) =) Y XpVippryy <A 0<T<T—1, ()
k=0 =0

where X = (Xit)o<k<no<i<T € C, Y = (Y )o<k<no<i<t € Cand X # Y.
If A is the smallest integer such that (1) and (2) hold, then we say that A is the maximum
collision parameter (MCP) of C. If A =1, then C is exactly an optical orthogonal code (OOC) [1].
The following restrictions on the placement of pulse within an array are often proposed
for 2D OOCs to simplify the practical implementations [11]:

®  Arrays with one pulse per wavelength (OPPW): For any array X in C, the element 1
appears exactly once in each row of X.

e Arrays with at most one pulse per wavelength (AM-OPPW): For any array X in C,
the element 1 appears at most once in each row of X.

*  Arrays with one pulse per time slot (OPPTS): For any array X in C, the element 1
appears exactly once in each column of X.

* Arrays with at most one pulse per time slot (AM-OPPTS): For any array X in C,
the element 1 appears at most once in each column of X.

Obviously, OPPW (OPPTS resp.) is a special case of AM-OPPW (AM-OPPTS resp.).
In the following, we briefly review the theoretic bounds on the code size of OOCs and
2D OOCs with AM-OPPW.

Lemma 1 ([4]). The maximum possible size ®(1 x T, w, A) of an OOC with parameters (1 x T,
w, A) is bounded by

O(1x T,w,A) < U]M]j M,:i uj:ﬂ HJ

Lemma 2 ([11]). The maximum possible size (A x T,w,A) of a (A x T,w,\) 2D OOC with
AM-OPPW is bounded by

q)(AXT’w,A)S{A{T(A—l){T(A—Z) {T(A—/\)J HJ

w w—1
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In particular, for the 2D OOC with OPPW,
O(A x T,w,A) < T

An OOC (a 2D OOC with AM-OPPW resp.) is called optimal if the number of code-
words achieves the theoretic bound in Lemma 1 (Lemma 2 resp.).

3. Optimal AM-OPPW 2D OOCs via Known AM-OPPW 2D OOCs and OOCs

In this section we introduce a general construction of AM-OPPW 2D OOCs based on
known OOCs and AM-OPPW 2D OOCs.

Let C = {CO, ct... ,CM’l} be an AM-OPPW 2D OOC with parameters (A x T,
A, M\1). For0 < i < M, C'is defined by

i i i
0,0/ 0,1/ SR |
Cl Cl .. Cl
; T T T 1,07 1,1/ 701,11
1 1 1 1 T / ’ ’
C:(Co /C1 ,~~-,CA_1 ) = . . . ’
cl cl el
A—1,07 A—1,17 r"A-1,T—1

. . . . l _ l l l
where T is the transpose operation, and the T-dimensional vector C i= (c].,o, chy e ].,T_l)

is the (j 4 1)-th row of the array C/, 0 < j < A. Let S = {S%,--- ,SN=1} be an OOC with
parameters (1, A, A2), where S = (sf,--- ,s)_;) for0 <7 < N.

~ With the above preparation, we can construct an AM-OPPW 2D OOC X' = {X (CLS7) |
C'e(,5eS5,0<i<M,,0<r<N,0<j<n}asfollows.

Construction A: For each three-tuple (i,7,j),0 <i < M,0<r < N,0<j < n run

(C.S")

the following Algorithm 1 to generate a new n x T array X

Algorithm 1 Generate the new array

Input: Ci s, j.
Initiate: T =10,t =0;
while 0 < k < ndo

if s,’<+j =1 then

XIEC’,Sr,j) _ C;;
T=1+1;
else o
X,EC S0 — 0; // 0is the all-zero T-dimensional vector
end if
k=k+1;
end while

i . ol Tl r i T
return X(C/57)) = <X(()S < ’]),ng < ’]),~ .- ,X(S_’lC ’])) .

Theorem 1. The 2D OOC X generated by Construction A is an AM-OPPW 2D OOC with
parameters (n x T,w, A), code size nNM, and A < max{A1, A, }.

Proof. We first show that the MCP of X’ is less than or equal to max{A1, A }. By (1) and (2),
it is sufficient to investigate

A-1T-1 i ;
, , _ (C'1,8j1) 5, (C"2,52,jp)
RX(C’l,Srl,jl),X(CIZ/SQ,jZ)(T) - ];) tg(:) Xk,t Xk,(t+r>T 4

which is divided into two cases according to the values of i, r, and ;.
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CaseI: (r1,j1) # (r2,j2). By Algorithm 1, the rows X]ECll A1) # 0and X]ECZZ’SVZ’jZ) #0

if and only if s;ﬂrh =1lands?, =1, where 0 < k < n. Note that both Xlgcll’syl’h) #0

) k+j2
C"2,52,j) . .
# 0 contain at most one element 1. Thus, the cross-correlation value

RX(cfl SLjy) x(€2.572 ) (7) is less than or equal to the correlation of S* and S™? at time shift
jz —jl, i.e., S)Lz. ‘ .
Case II: (r1,j1) = (r2,j2). By Algorithm 1, X,icl’s L) # 0 and X]SCZ’S ) # 0 are

rows of C't and C%, respectively. Hence, the correlation value RX( c

(
and X

il,Srl,j])’X(Ciz,Syl,jl) (T) is
less than or equal to the correlation of C'* and C” at time shift 7. Then, the nontrivial
correlation value RX(CillSrlrh),X(Cil’Syl,],1) (7),ie., iy #ipor (i =irand T # 0(mod T)), is less
than or equal to A;.

In addition, it is easy to check that |X'| = nNM. Therefore, the AM-OPPW 2D OOC

X has parameters (n x T, A, A) and size nNM, where A < max{A1,Ap}. O

In what follows, we present some results obtained by Construction A for specific cases
of A =1, 2. Firstly, for A = 1, we have the following result:

Corollary 1. IfC is an optimal OPPW 2D OOC with parameters (A x T, A, 1) and S is an optimal
OOC with parameters (n, A, 1), then the AM-OPPW 2D OOC X generated by Construction A
with parameters (n x T, A, 1) is optimal for T > Aand A(A—1) | (n —1).

Proof. Because of the optimality of both the OOC & and the OPPW 2D OOC C, the code
size of S and C are, respectively, M = T and N = {% Ul\:llH by Lemmas 1 and 2. Thus,
applying Theorem 1, we obtain that A" is an AM-OPPW 2D OOC with parameters (n x T,

A, 1) and the code size nNM = nT{% U\:llJ J On the one hand, the fact A(A—1) | (n —1)

implies that nT {% b”\jll” = nTA(”A;EU, i.e., the code size of X is nTA("A;EU. On the other

hand, it follows from Lemma 2 that

n|Tn-—1) n—1
< —_— — = —_—
s R sty
where the last equality holds for A(A —1) | (n —1). Thus, X is optimal with respect to the
bound in Lemma 2. This finishes the proof. [

In Table 1, we list some known optimal OOCs with parameters (1, A, 1) satisfying
A(A —1)|(n —1), where p is a prime and g is a prime power.

Table 1. Some known optimal OOCs with A(A —1)|(n —1).

Parameters Code Size Constraint Ref.
(PP+q+1,q9+1,1) 1 [4,28]
(Lt a+11) 0ot d even [4]
(n,3,1) nel n=1(mod 6) [4]
(p,w,1) r p=w(w—-1)r+1 [29]

As an application of Corollary 1, in Table 2, we provide some optimal AM-OPPW 2D
OOCs by means of the optimal OPPW 2D OOCs in [19] and optimal OOCs in Table 1.
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Table 2. Some new optimal AM-OPPW 2D OOCs from Corollary 1.

Parameters Code Size Constraint
T =pkpr—1--" 11
2 2
+g+1)xT,g+1,1 +g+1)T .
((4"+q+1) 1 ) (0" +q+1) with py > pr1 > p1 >2qg+1
T(¢+1-1)(g%-1) T = prpr-1---m

GRS S (IS
T AT @=D-1) with py > peoy = p1 > 44+ 1

T = prpk—1---p1

(nxT,31) Tn(n—1) with pe > pe1 = p1 23

n=1mod6

p=ww—-1)r+1
(px T,w,1) rpT T = pipe—1---p1
withpy > pr1 2 p1 2w

Next, for A = 2, we have the following corollary.

Corollary 2. Let C be an optimal OPPW 2D OOC with parameters (A x T, A,2) and S be an
optimal OOC with parameters (n, A\, 2). Then, the AM-OPPW 2D OOC X generated by Construc-
tion A with parameters (n x T, A, 2) is optimal if A(A —1)(A —2)|(n —2) or (A —2)|(n —2)
and A(A —1)|=D0=2)

Proof. The proof is similar to that of Corollary 1. [

It was shown in [30] that there exist optimal OOCs with parameters (1,4,2) for
n € {10,26,34, 50,74,98}. Note that (4 x 3) x 2|(n — 2) or 2| (n — 2) and (4 x 3)| "=1n=2)
for n € {10,26,34,50,74,98}. Associated with the optimal OPPW 2D OOC of parameters
(A x p,A,2)in[11], where p is a prime and 2 < A < p, the following result can be directly
obtained from Corollary 2.

Corollary 3. Let C be the optimal OPPW 2D OOC with parameters (4 X p,4,2) and S be the
optimal OOC with parameters (n,4,2), where p > 4 is a prime and n € {10,26,34, 50,74,98}.
Then, AM-OPPW 2D OOC generated from Construction A is optimal with parameters (n X p,4,2).

Remark 1. Compared with 2D OOCs, the AM-OPPW 2D OOC may have a lower code rate
because the AM-OPPW condition is indeed a constraint from the perspective of code construction.
The reader may refer to [12] for a more detailed comparison.

4. Performance Analysis of the New Optimal AM-OPPW 2D OOCs

Let X be the optimal AM-OPPW 2D OOC with parameters (n x T, A, 1) and code size
nMN generated from Corollary 1 based on a known AM-OPPW 2D OOC with parameters
(A x T,A,1) and code size M together with a known OOC with parameters (1, A, 1) and
code size N. From now on, we examine its performances under the chip-synchronous and
chip-asynchronous assumptions, respectively.

In an OCDMA using on—off keying (OOK), “1” and “0” are sent with equal probability
but only bit “1” is encoded by the 2D OOC. Following the simple protocol in [1], we analyze
the performance of the OCMDA in an ideal case where performance deterioration is only
due to multiple-access interference (MAI) so that the effects of physical noises, such as
thermal noise, shot noise, and beat noise are ignored [31]. That is, a decision error occurs
only when the accumulative MAI reaches over a decision threshold and a data bit zero is
transmitted. In addition, before correlation is performed, a hard-limiter is often placed at
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the front end of a receiver for reducing the effects of MAI [32]. Thus, throughout this section
we discuss the performances of the new 2D OOC in the ideal case with a hard-limiter.

4.1. Performance Analysis under the Chip-Synchronous Assumption

(€9,59,0)

Without loss of generality, let X be the desired codeword. Let q; be the proba-

bility of / hits in a time slot when it cross-correlates with all the other codewords X (csn ’jl),
where0 <1<1,0<i <M, 0<r <N,0<j; <n,and (i,r,j) # (0,0,0).

For the chip-synchronous case, the hard-limiting error probability of the new AM-OPPW
2D OOCs with parameters (1 x T, A, A) in on-off keying (OOK) data modulation is [33]

Pun=13 (%) i(—l)f-f(f) (i EZ%QH, ®

i=a N1/ i m=0 \A

where K denotes the number of simultaneous users and A is the decision threshold. Hence,
for the case A = 1, to derive the error probability of the new AM-OPPW 2D OOCs we only
need to calculate the probabilities qp and ¢;.

Firstly, we count the number of the hits between arrays X (€%8%0) and X (€181 to

compute q;. Recall from Algorithm 1 that their k-th rows XIECO’SO’O) # 0and X}gcfl,sn ) #0
if and only if

s,(g:s,gh:L 0<k<n. 4)

When s 0= s,g j, = Loone hit occurs exactly once as T running through all the possible

0 c0 i o
time delays, i.e., 0 < T < T, since the two rows X,gc S°0) and X,SC 1S contain exactly

one element 1, respectively. Note that the OOCs S" and S'1 have weight A. According to
the proof of Theorem 1, the following are true:

e Whenr; # 0, (4) happens exactly A? times as j1 ranges from 0 to n — 1. Then, there
are M(N — 1) A? hits since i1 and 71, respectively, have M and N — 1 possible choices;

*  Whenr; =0and j; # 0, (4) happens exactly A2 — A times as j; ranges from 1 ton — 1.
Then, there are M(A? — A) hits since i; has M possible choices;

e  Whenr; =0and j; =0, (4) happens exactly A times. Then, there are (M — 1)A hits
since i1 has M — 1 possible choices.

Therefore, there are A2NM — A hits in total. Then, we have

AZNM — A

= T(MN — 1)’ ©)

where the factor 1/2 comes from the assumptions that the error occurs only if a data bit
zero is transmitted and the element 0 is sent with probability 1/2. (nMN — 1) denotes

(€9,59,0)

the number of codewords except for X ,and T is the number of all the time slots.

Secondly, the fact g9 + g1 = 1 implies

AZNM — A

0= " T (mMN — 1) ©)

In the sequel, we present some simulation results acquired by MATLAB r2023b as
an example.

Example 1. Let C be the optimal OPPW 2D OOC with parameters (5 x 25,5,1) and code size
M = 25[19] and S be the optimal OOC with parameters (41,5,1) and code size N = 2 [5].
Then, we can construct a new optimal AM-OPPW 2D OOC with parameters (41 x 25,5,1)
and code size nMN = 41 x 25 x 2 = 2050 using Construction A. In this case, using (5) and
(6) we obtain q1 = 0.0122 and gy = 0.9878. Then, we can calculate the hard-limited chip-
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synchronous error probability by means of (3), which is plotted against K simultaneous users with
threshold A = A = 5 in Figure 1. Similarly, based on the OPPW 2D OOC with parameters
(5 x 35,5,1) [19], an optimal AM-OPPW 2D OOC with parameters (41 x 35, 5,1) and code size
nMN = 41 x 35 x 2 = 2870 can also be yielded by Construction A.

In [34], the multi-wavelength optical orthogonal codes (MWOOCs) with parameters (41 x 31,
5,1) and code size 1681 can be generated. As a comparison, we plot the hard-limited chip-
synchronous error probability of the MWOOCs with parameters (41 x 31, 5,1) and our new
2D OOCs with parameters (41 x 25,5,1) and (41 x 35,5,1) together in Figure 1.

Further, simulation for the new 2D OOCs with parameters (41 x 25,5,1) ((41 x 35,5,1)
resp.) is performed by choosing K codewords for K simultaneous users randomly from the 2050
(2870 resp.) codewords. Particularly, the transmission time delay of each codeword is chosen from a
random integer in [0,25) to simulate the chip-synchronous condition. In order to attain the error
probability, the simulation is iterated 10* times for K € {350,400, 450, 500, 550}.

As shown in Figure 1, the new 2D OOC with parameters (41 x 35,5, 1) has better performance
than the MWOOC with parameters (41 x 31,5,1), while the MWOOC performs better than the
new 2D OOC parameters (41 x 25,5,1). Howevet, the code size of the new 2D OOCs, even for the
case with parameters (41 x 25,5,1), are larger than that of the MWOOCsS. This is desirable. On
the one hand, the larger the code size, the more the users in the OCDMA systems. On the other
hand, new 2D OOCs with large size may support multicode keying in OCDMA systems [35].

107
107"
10°
1000 Nnumerical result of new 2-D OOCs with parameters (41*25,5,1) b
— — — Nnumerical result of new 2-D OOCs with parameters (41*35,5,1)
Nnumerical result of MWOOCs with parameters (41*31,5,1) in[33]
-10
10 0O Simulation of the new 2-D OOCs with parameters (41*25,5,1) 7
O Simulation of the new 2-D OOCs with parameters (41*35,5,1)
10-12 1 1 1 1 1

0 500 1000 1500 2000 2500

Figure 1. Error probabilities versus the numbers of simultaneous users under the chip-synchronous
assumptions [33].

4.2. Performance Analysis under the Chip-Asynchronous Assumption

It is known that the chip-synchronous assumption provides pessimistic upper bounds
on the performance of the system, whereas the chip-asynchronous assumption assures a
more accurate performance [32]. In this subsection, we study the hard-limiting performance
of the new AM-OPPW 2D OOCs under the chip-asynchronous assumption.

For the chip-asynchronous case, the hard-limiting error probability of the new AM-OPPW
2D OOCs with parameters (n x T, A, A) in on—off keying (OOK) data modulation is [17,33]

bSOV ECT P B )

j=0 i=0

K—1
): zqk, )] ,

=0 (k+l
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where K denotes the number of simultaneous users, ¢;; denotes the probability of the
cross-correlation value in the preceding time slot equal to 0 < i < A (the present time
slot 1 < j < A, respectively), and A is the decision threshold. In particular, for the new
AM-OPPW 2D OOCs with parameters (n x T, A, 1), we then have

_ 21+ . . iv1K-1
Pasyn = ;ré (?) /;Z(': (A]_ r) 2. z;)](_l)Zrﬂ'i (27;‘1> oo+ (901 ;rwﬂh,o)l n ‘12,212/%)
That is, it is sufficient to determine g; ;, i, j € {0,1} for computing Pysyn.
According to [36], the 2D OOCs with A = 1 satisfy that
71,0 = qo,1, ®)
11 = q1 — 40,1, 9)
700 =1—411 — 91,0 — o1 (10)

To derive g7 1, we need to count the total number of two consecutive hits, i.e., two hits
occurring firstly at the preceding time slot and subsequently the present time slot, when
the desired code array correlates with all the other arrays in the code set. Without loss of
generality, assume that X (C%5°0) is the desired array.

Firstly, we discuss the arrays from the set {X(©5/) |C € C and (S # S or j # 0)}.
Assume that there exists a hit at the time slot 7, i.e., Ry c0,500) xcs) (1) = 1. Note that for
S £ S0 or j # 0, there exists at most one integer k, 0 < k < n, such that Sktj = 52 = 1 since
their non-trivial correlation value is no more than 1. Then, by Algorithm 1, for any C € C

; 0
and any 0 <j <n—1, both X,EC’S’j ) # 0 and X]EC 5°0) # 0 occur at most once for all the

integers 0 < k < n, which indicates that X (©51) and X(€"5°0) have at most one hit for all

the time slots. This is to say, no other hits happen except for the one at time slot 7.
Secondly, we investigate the arrays based on the same OOC S” and j = 0, i.e.,

{X(C,SO/O) |C e C}. Suppose that there is a hit at the time slot 7, i.e., RX(CO/SOfO),X(C'SO'O) (1) =

0
1. In the OOC SY, there are A elements 52 = 1where0 <k <n.lIf 52 =1, the rows XISC’S 0)

0 ¢0
and X]EC ) contain exactly one element 1 otherwise they are all-zero vectors according to
Algorithm 1. Then, there are A possible time slots 7 such that R 0500) y(cs00) (r) =1and
A — 1 times T’ such that R (c050.0) x(cs00) (') = 1when v’ variesover {0,1,--- ,T—1}\ {7t}
for a given 7. Thus, in total, A(A — 1)(M — 1) hits happen as C ranging over the set C \ {C%}.

This to say, there are % consecutive hits on average.

Based on the above analysis, we have

AA-1)(M-1)
A= 5T (MN — 1)(T — 1)’

(11)

where the factor 1/2 comes from the assumptions that the error occurs only if a data bit
zero is transmitted and the element 0 is sent with probability 1/2, (nMN — 1) is the number
of codewords except X (C%5%0), and T is the number of all the time slots.

Then, by (8), (9), and (10), we get

A’NM — A AA—=1)(M—1)

41,0 = 401 = 41 — q1,1 2T(MMN —1)  2T(nMN — 1)(T — 1)’ (12)

and

A’NM — A AA—-1)(M-1)
T(iMN —1) | 2T(nMN —1)(T — 1)’

goo=1—g11—q10—qo1 =1— (13)
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Finally, we present some simulation results obtained using MATLAB as an example.

Example 2. Analyzing the new 2D OOCs with parameters (41 x 25,5,1) and (41 x 35,5,1) gen-
erated in Example 1, using (11), (13), and (12), we can calculate that q11 = 0.0002, ggo = 0.9759
and q19 = 0.0120 (g1 = 0.0001, qop = 0.9827 and q19 = 0.0086 resp.). Substituting them
into (7), we derive the hard-limited chip-asynchronous error probability, which is plotted against K
simultaneous users in Figure 2, where A = A = 5. As a comparison, we also plot the hard-limited
chip-asynchronous error probability of the MWOOCs with parameters (41 x 31,5,1) together with
our new 2D OOCs with parameters (41 x 25,5,1) and (41 x 35,5,1) in Figure 2.

10 il
107 + B
107k, — — — Nnumerical result of new 2-D OOCs with parameters (41*25,5,1) 4
Nnumerical result of MWOOCs with parameters (41*31,5,1) in [33]
Nnumerical result of new 2-D OOCs with parameters (41*35,5,1)
o Simulation of the new 2-D OOCs with parameters (41*25,5,1)
O Simulation of the new 2-D OOCs with parameters (41*35,5,1)
107"° !

! ! !
0 500 1000 1500 2000 2500 3000

Figure 2. Error probabilities versus the numbers of simultaneous users under chip-asynchronous
assumptions [33].

Simulations are conducted by choosing K codewords for K simultaneous users randomly from
2050 (2870 resp.) codewords. Specifically, the transmission time of each codeword is chosen from a
random real number between 0 and 25 to simulate the chip asynchronous condition. In order to
acquire an error probability, the simulations are iterated 10* times for K € {350,400, 450,500, 550}.
As shown in Figure 2, the simulation result is very close to the chip-asynchronous curves given
by (7).

In addition, we compare the performance of the new optimal AM-OPPW 2D OOC with param-
eters (41 x 25,5, 1) under the hard-limited chip asynchronous and hard-limited chip synchronous
conditions in Figure 3. It is seen that the performance of the hard-limited chip asynchronous is
better than the hard-limited chip synchronous case, which is consistent with the result in [32].

In Figure 4, we plot the performance of the new 2D OOC with parameters (41 x 25,5,1)
under hard-limited chip-asynchronous conditions for the decision threshold A with the value varying
from 3 to 5. It was firstly pointed out in [32] that the higher the threshold level, the better system
performance since multiple users will become less probable to occupy a particular chip above the
level of the threshold. Clearly, our simulation result reveals this fact.
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- the chip synchronous condition -
Simulations of the new 2-D OOC with parameters (41*25,5,1) under the
chip asynchronous condition
Simulations of the new 2-D OOC with parameters (41*25,5,1) under the | |

r chip synchronous condition

L L L L
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The performance of the new 2-D OOC with parameters (41*25,5,1) under
the chip asynchronous condition

__ The performance of the new 2-D OOC with parameters (41*25,5,1) under

2500

Figure 3. Error probabilities of the new optimal AM-OPPW 2D OOC under hard-limited chip-
asynchronous and hard-limited chip synchronous conditions.

|

The performance of the new 2-D OOC with parameters (41*25,5,1
under the chip asynchronouscondition with A=5
The performance of the new 2-D OOC with parameters (41*25,5,1
under the chip asynchronouscondition with A=4
_ The performance of the new 2-D OOC with parameters (41*25,5,1
under the chip asynchronouscondition with A=3
Simulations of the new 2?D OOC with parameters (41*25,5,1)
under the chip asynchronouscondition with A=5
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under the chip asynchronouscondition with A=4
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under the chip asynchronouscondition with A=3
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Figure 4. Error probabilities of the new optimal AM-OPPW 2D OOC under the hard-limited chip
asynchronous with different decision threshold A.

5. Conclusions

In this paper, a new generic construction of AM-OPPW 2D OOCs was proposed.
By restricting the OOCs and OPPW 2D OOCs to optimal ones, optimal AM-OPPW 2D OOCs
and asymptotically optimal 2D OOCs with new parameters were obtained. Additionally,
the performance of the new AM-OPPW 2D OOCs was demonstrated under both chip-
synchronous and chip-asynchronous assumptions.
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However, in general, the known parameters of AM-OPPW 2D OOCs are quite lim-
ited, and the performance of AM-OPPW 2D OOCs in real-world scenarios remains an
open question.
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Abstract: An even Eisenstein integer is a multiple of an Eisenstein prime of the least norm.
Otherwise, an Eisenstein integer is called odd. An Eisenstein integer that is not an integer
multiple of another one is said to be primitive. Such integers can be used to construct
signal constellations and complex-valued codes over Eisenstein integers via a carefully
designed modulo function. In this work, we establish algebraic properties of even, odd, and
primitive Eisenstein integers. We investigate conditions for the set of all units in a given
quotient ring of Eisenstein integers to form a cyclic group. We perform set partitioning
based on the multiplicative group of the set. This generalizes the known partitioning of
size a prime number congruent to 1 modulo 3 based on the multiplicative group of the
Eisenstein field in the literature.

Keywords: Eisenstein integers; unit group; set partitioning; signal constellation

1. Introduction

Eisenstein integers, named after the mathematician Ferdinand Gotthold Max Eisenstein,

are complex numbers that can be expressed as « := a + bp, where a and b are integers
and p = &¥/3 = %1 + ?i such that > = 1in C and i = —1. The integers a and

b are the real part and the rho part, respectively. Since the set of all Eisenstein integers,
denoted by Zp|, forms a commutative ring with identity, it is commonly referred to as
the ring of Eisenstein integers [1]. Occasionally, it is also called the ring of Eisenstein—Jacobi integers.
The integers possess remarkable geometric properties. They form a hexagonal lattice in the
complex plane, making them particularly useful in coding theory, cryptography, and signal
processing. They allow for optimal packing and minimal energy configurations in various
practical setups. The ring Z[p] is a Euclidean domain and, hence, is also a principal ideal
domain and a unique factorization domain. Inspired by the algebraic properties of Gaussian
integers discussed in, e.g., [2,3], many researchers have discovered properties of Z[p] by
generalizing important properties of the ring of integers Z and the ring of Gaussian integers
Z[i]. We know of fundamental concepts such as the factor ring, the unit structure of the factor
ring, and the Euler-Totient function on Eisenstein integers from results presented in [4-7].
Gullerud and Mbirika in [7] introduced the notion of even and odd numbers in Z|p].
Revisiting their motivation, the prime number 2 has the least norm, in this case defined as
the absolute value, in Z. The quotient by the ideal generated by the even prime 2 has two
cosets that partition Z into even and odd integers. Since 1 — p and its associates are primes

Entropy 2025, 27, 337 https://doi.org/10.3390/e27040337
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with the least norm, to be formally defined below, in Z[p], we can pick 1 — p to play the role
of an even prime in Z[p], just like 2 in Z. Unlike in Z, however, the quotient by the ideal
generated by 1 — p is the set whose elements partition Z[p] into three sets, which we call
even, odd of Type 1, and odd of Type 2 sets. Some of their properties were investigated based
on the norm and the sum of the real and the rho parts in [7].

In Z[p], an Eisenstein integer that is not an integer multiple of another is called prim-
itive. Such an integer can be used to construct signal constellations and complex-valued
codes over Eisenstein integers. These codes are obtained through a modulo function.
Complex-valued codes are mathematical representations of coded symbols in commu-
nication systems, where codewords are constructed from complex numbers rather than
real-valued symbols. These codes are particularly useful in digital communication for
efficient modulation and error correction. We have provided a necessary and sufficient con-
dition for an Eisenstein integer to be primitive in [8]. In that same work, we also constructed
signal constellations for codes over Z[p] by studying primitive and non-primitive Eisenstein
integers. In communication systems, a signal constellation is a physical diagram that depicts
all possible symbols used by a signaling system to transmit data better. Mathematically,
a signal constellation is a set of the residual class rings obtained by taking some modulo.
Eisenstein integers have been used in designing denser and more efficient patterns in signal
transmission. Such patterns have been shown to be beneficial in modern approaches, such
as multiple input multiple output (MIMO) in [9], physical-layer network coding in [10-13],
and compute and forward in [14].

Primitive Eisenstein integers exhibit excellent algebraic and number theoretic proper-
ties for applications in cryptography and error-correcting codes. There is an isomorphism
between Z[p] modulo a primitive Eisenstein integer and Z modulo an integer, based on
Theorem 8 below. In this work, we focus on discovering further algebraic properties of
primitive Eisenstein integers as well as even and odd Eisenstein integers.

The multiplicative group of units in the quotient ring of Eisenstein integers has appli-
cations in coding theory. It has been used as QAM signals in [15,16], for enhanced spatial
modulation in [17], and as a tool for set partitioning and multilevel-coded modulation
in [18]. The set partitioning method leverages on the cyclic group structure of the units in
the Eisenstein field Z[p]/ (1) such that the norm of  is a prime integer 4 = 1 (mod 3).

Constructions of codes over a number of other rings based on their primitive elements
have been proposed in the literature. They utilize an isomorphism between a quotient ring
induced by a primitive element and the ring of integers modulo the norm of a primitive
element. The isomorphism sends a one-dimensional signal to a higher-dimensional signal.
This general approach has been successfully performed to obtain codes. Examples include
codes over Z[i] built based on primitive Gaussian integers in [19], codes over Lipschitz
integers based on primitive Lipschitz integers in [20], and codes over Hurwitz integers,
again using the primitive Lipschitz integers in [21-23]. The properties of primitive Lipschitz
integers that are beneficial for encoding can be found in [24].

Li, Gan, and Ling in [25] provided a necessary and sufficient condition for two Eisen-
stein integers to be relatively prime.

Theorem 1 ([25]). Two arbitrary Eisenstein integers a and 6 are relatively prime if and only if
od <N (@), Ny (0), = Im(zx@)) —1
g 1Y 750 7 \/g ’
with 0 being the conjugate of 0, or, equivalently,

gcd (Np(zx),Np(G),Re(DcG) - Im(od-))) =1.
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We also know, this time from [26] that, if a Gaussian integer « and its conjugate &
are relatively prime, then a~! (mod &) is an integer. This fact is useful in constructing
multi-channel modulo samplers from Gaussian integers. It seems that no one has checked
if the analogue of the fact and its application work over Z|p].

Freudenberger and Shavgulidze in [18] considered finite sets of Eisenstein integers
& = {my(a) : a € Zy,(;)}. They paid special attention to the case of 7 = 1, which
is a primitive and prime Eisenstein integer whose norm is a prime ¢ = 1 (mod 3), as a
two-dimensional signal constellation. Computing iy (a) according to (2) below, the set
of all units in &, denoted by (£y)*, can then be considered as a signal constellation for
the general spatial modulation. In general, £, is a representation of the quotient ring of
Eisenstein integers only when 7 is primitive. In such a case, we can then partition (£y)*

inton = % subsets, indexed by j € {0,1,...,n —1}, as
(&lfy(kj) _ {lxn-&-]” “2n+j, a3n+jl (X4n+j,“5n+j’ (Xén-&-j} — {:I:ch, Z‘:P“j/ :I:(l -+ p)lxj},

with & being a generator of the cyclic group (£y)* that corresponds to the generator of
the cyclic group (Z[p]/ (i) )*. We can perform set partitioning on (&p)’{j) according to the
following theorem to obtain a larger minimum distance in each subset.

Theorem 2 (Proposition 1 in [18]). Let j € {0,1,...,n — 1}. The minimum Euclidean distance
in (&p)?j) is ||ad||. We can partition (é’lp)z‘j) further into three subsets

(E9)7) = {0/} U {£p0l} U {£(1 + p)al),

each with minimum Euclidean distance 2||a/||. We can also partition (&p)’(‘j) into two subsets

(€)1 = (@ pad, (1 4+ )} U {—a, —pad, (1 + )},
each with minimum Euclidean distance \/3||a/||.

In this paper, we gladly report the following contributions.

1. We establish further algebraic properties of primitive, even, and odd Eisenstein
integers. We then answer Question 6.1 in [7]. Let i be an Eisenstein prime such that
Ny(¢) = qis a prime integer and g = 1 (mod 3).

a.  Are the (non-associate) distinct pairs of primes i and ¢ always of the same odd
class? The answer is yes, they are.

b.  Does the corresponding g predict the odd class of ¢ and ¢? The answer is no, it
does not.

2. Taking advantage of Theorem 1, our Theorem 22 confirms that, if Eisenstein integers «
and & are relatively prime, then a ! (mod &) is in Z. This result leads to a construction
of multi-channel modulo samplers.

3. We prove important properties of the set of all units in a quotient ring of Z[p] when
the set forms a cyclic group. The multiplicative group of the set leads to a nice set
partitioning that generalizes Theorem 2 by using the modulo function in (1), which
differs from the original modulo function in (2).

In terms of organization, Section 2 reviews known properties of Eisenstein integers.
Section 3 presents our new results. We establish the algebraic properties of Eisenstein
integers related to their being even, odd, or primitive. We look into the cyclic groups
in the quotient ring. Set partitioning based on the multiplicative group of units in the
quotient ring is the focus of Section 4. Section 5 highlights the role of primitive Eisenstein
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integers in the relevant code constructions. Section 6 contains a summary and several
concluding remarks.

2. Preliminaries

This section recalls known properties of Eisenstein integers related to their being
prime, primitive, odd or even. We also recall useful results on the quotient rings and and
the unit group in a quotient ring.

2.1. Ring of Eisenstein Integers

Since p = 5 + ?i is a complex primitive third root of unity, we have p> = 1 and

(p—1)(p®> +p +1) = 0 implies p? + p + 1 = 0. Addition and multiplication in Z[p] are
defined, respectively, by

(a+bp)+ (c+dp)=(a+c)+ (b+d)p
(a+0bp)-(c+dp) = (ac—bd)+ (ad + bc — bd)p.

The conjugate and norm of &« = a + bp € Zp| for a,b € Z are defined, respectively, as
&= (a—b)—bpand Np(a) = Np(&) = a& = a* + b*> —ab € Z.

By definition, N, (a) = ||a||?, where || - || denotes the Euclidean distance, and the norm is
multiplicative since N, (af) = N,(a) N,(0) for all a,0 € Z[p].

The division algorithm works over Z[p], i.e., for a, 7 # 0 € Z[p], there exists a unique
quotient 6 and a remainder ¢ in Z[p] such that &« = 61 + 6 and N, (6) < N,(7). Since Z[p] is
a Euclidean domain (ED), it is a principal ideal domain (PID) and a unique factorization
domain (UFD).

In Zp], an element 7 divides «, denoted by # | a, if there exists 6 € Z[p] such that
a = 0n. We say that w is a unit in Z[p| if aA = 1 for some A € Z[p|. A unit has a unique
multiplicative inverse. It is known that « is a unit if and only if N,(«) = 1 and that Z[p]
has 6 units. These are +1, +p, and £(1 + p). We say that « and p are associates, denoted
by a ~ 1, if & = 6 17 for some unit § € Z[p]. The associates of « = a + bp are +t«, +pua, and
+(1+p)a, withpa = —b+ (a—b)pand (1 +p)a = (a—b) +ap.

The greatest common divisor (GCD) w of «,0 € Z[p], denoted by w := ged(a, ), is
the largest Eisenstein integer in terms of modulus, up to multiplication by any unit, that
divides both « and 6. Every common divisor of « and 6 divides w.

Let Q(+) denote the quantization to the closest Eisenstein integer in as [27,28]. Fixing
anonzero 1] € Z[p], we can define a modulo function p;(-) as

py(@) = a (mod 17) = & — Q(3) - 7. ey

Algorithm 1, which computes a remainder i, (a) when « is divided by 7, is a slight
adaptation of the version in [11,27].
We highlight that the modulo function y;, in (1) is different from the modulo function

py (@) = a =[5 11, ©)

with |-] denoting the rounding to the nearest integer as defined in [29]. For avoidance
of doubt, we choose to define |x] := [x + 0.5] for all x € R in this paper. Our choice is
somewhat arbitrary. If so desired, one can define |x] := [x — 0.5] forall x € R.
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Algorithm 1: Finding a remainder ¢ := « (mod #) on input a given « and a fixed 7.

L. z<¢ § =Re(z) +Im(z)iand z — p <~ Re(z — p) +Im(z — p)i.
2. The nearest Eisenstein integers 6; € Z[v/3i] and 0, € p + Z[/3i] are

0, — |Re(2)] + r“\‘gw V3i

6, < [Re(z—p)] + {Im(z\/;p)w V3i+p.

3. 51%0&*9117&1’1(152(*0(*9277.
4. Output d := a (mod #) based on

0 <= 61,if Np(61) < Ny(d2), or Np(d1) = N,y(d2) and Re(6;) < Re(62),

0 + 0, otherwise.

We use the modulo function in (1) because it gives us N, (1 (a)) = N, (6) < Ny(«) for
every a € Z[p]. In contrast, using (2) over Z|p] implies the existence of 7 € Z[p] such that
Np(py(a)) > Np(a) for some a € Z[p].

Example 1. Let § = —6 + 5p and a = 5. Since

5 _  5(-11-5) _ -5 -2
—6+50 (—6+50)(—11—-50) 91 ' 91
we have
5 —55 —25
{—6—0—5,0—‘ - { 91 w * { 91 ]‘0 ~1+0p=-1
Applying (2), we obtain

uy(5) =5—(—1)(=6+5p) = —1+ 5p and
N (p(5)) = Np(—1+5p) = 31 > 25 = N, (5).

2.2. Prime and Primitive Eisenstein Integers

An w € Z[p] is called (Eisenstein) prime if & cannot be expressed as & = 6y where 6 and
1 are not units in Z[p|. In other words, « is Eisenstein prime if all of its divisors are of the
form u o with u € {£1,+p, (1 + p) }. Otherwise, a is (Eisenstein) composite. An & = a + bp
is primitive if ged(a, b) = 1.
Eisenstein primes are classified as follows:
1. The prime 1 — p and its associates.
2. Theprime c +d p, with Ny (c +d p) = g such that g is a prime in Z, with g = 1 (mod 3),
and its associates.
3.  The prime p € Z such that p = 2 (mod 3) and its associates.

For the rest of this paper, let § := 1 — p and let p and g be prime integers such that
= 2 (mod 3) and g = ¢ = 1 (mod 3), where i and ¢ are non-associate Eisenstein
primes. We denote a generic Eisenstein prime by 1.

Remark 1. Units as well as Eisenstein primes B and  up to associates are primitive Eisenstein
integers. Any prime integer p = 2 (mod 3) and its associates are not primitive Eisenstein integers.
We note that 5 + 4p is primitive but not an Eisenstein prime since 5+ 4p = (1 — p)(2 + 3p).
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Theorem 3 ([30]). If 1 and 7y, are Eisenstein primes such that Ny (1) = Np(72), then y1 ~ 72
or 11 ~ 2. If No(71) = 3, then v ~ B. If Ny(71) = p?, with p = 2 (mod 3), then vy ~ 7.
Lastly, if q is a prime integer such that Ny(7y1) = q = 1 (mod 3), then y1 7 1.

Theorem 4 ([8]). Given any two elements «,6 € Z[p], we have Ny(a) = N, () € Z if and only
ifo~0ora~0.

Gullerud and Mbirika stated in Theorem 5.8 of [7] that any power of an Eisenstein
prime 1 is a primitive element. To prove this valid claim, they had assumed that if the
norms of two Eisenstein integers are the same, then they are associates. This assumption is
invalid. Theorem 4 states that it does not hold in general. We reproduce the original theorem
and supply a proof in Appendix A. Our proof uses Theorem 4.

Theorem 5 (Theorem 5.8 in [7]). Let ¢ = x +yp be a prime in Z[p]. If No(¢) = g = 1 (mod 3)
be such that q is a prime in 7, then " is a primitive Eisenstein integer for all n € N.

Proof. See Appendix A. [

In another recent work, we have established a necessary and sufficient condition for
an Eisenstein integer to be primitive.

Theorem 6 ([8]). An Eisenstein integer 1 is primitive if and only if 7 ~ 7" - - - ', with

e re{0,1}, m, and r; are nonnegative integers,
*  No(¢;) = q; € Zis a prime such that q; = 1 (mod 3) for 0 <i < m,
g #qjfori,j€{0,1,...,m} such thati # j.

2.3. On the Quotient Ring of Eisenstein Integers

Since Z|p] is a PID, any ideal is of the form (1) for some # € Z[p]. A congruence in
Z[p] modulo (1) can then be defined. For any «, 6 € Z[p], we have a = 6 (mod 7) if and
only if « — 0 € (1). For any a € Z[p|, the equivalence class of « with respect to 17, denoted by
[a];, is defined to be
[a], = {0 € Z[p] : 6 =a (mod )}

The set {[a], : a € Z[p]} forms the quotient ring Z[p]/(1).
We will soon make use of three results from [4].

Theorem 7 ([4]). Ifn € Z]p] \ {0} is such that 3 = a + bp = t(m + np), with gcd(a,b) =t
and ged(m, n) = 1, then the complete residue system is

Zlp]/ () = {lx +yply : 0 < x <tNp(m+mnp), 0 <y < t},
with [x + ypl, = x+yp+ (1).
Theorem 8 ([4]). If 1 is a primitive Eisenstein integer, then Z[p]/ (i) = Zy;, ().

Theorem 9 ([4]). Ifn € N, then Z[p]|/(n) = Zy[p].

The ring Zy[p] is known as the ring of Eisenstein integers modulo n.
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2.4. Even and Odd Eisenstein Integers
By Theorem 7, for B = 1 — p € Z[p], we have Z[p]/(B) = {[0]p, [1]p, [2]p}, with

0] ={x+yp € Z[p] : x+yp =0 (mod B)},
[ ={x+yp € Zlp] : x+yp =1 (mod )},
[2]/3 ={x+yp€Zlp]: x+yp=2(modp)}.

An Eisenstein integer « is even if « € [0]5. An Eisenstein integer a is odd if a is in [1]g U [2].
More precisely, « is odd of Type-1 if a € [1]4. It is odd of Type-2 if « € [2]5. We denote the
respective sets of all even, odd Type-1, and odd Type-2 Eisenstein integers by E, O1, and O,.

Remark 2. By Theorem 6, an Eisenstein integer of the form (1 + p)* Bt - - - i is even primitive
and an Eisenstein integer of the form (1 + p)ftl?;l <~ Py is odd primitive.

We have a simple characterization based on the sum of the real and the rho parts.

Theorem 10 ([7]). For any x + yp € Z[p], we have

i.  x+yp € Eifandonlyif x +y = 0 (mod 3) if and only if Ny(x + yp) = 0 (mod 3).

ii. x+yp € Oy ifandonlyifx+y =1 (mod 3), which implies Ny (x + yp) = 1 (mod 3).
iii. ~x+yp € Oyifandonlyif x +y = 2 (mod 3), which implies N,(x + yp) = 1 (mod 3).

Example 2. A prime B, its associates and multiples are even Eisenstein integers. The other primes
are odd Eisenstein integers. The prime y = 2 + 3p is an odd Eisenstein integer of Type-2. The
prime P, = 3 + 4p is an odd Eisenstein integer of Type-1. Any prime integer p = 2 (mod 3) is an
odd Eisenstein integer of Type-2.

Theorem 11 ([7]). If «, 6, T, T/, 0, and ¢’ are in Z|p| such that 6 € E, 7,7 € Oy, and
0,0 € Oy, then
a-0€E, T-0€0y 7T-Tandco-o €O0;y.

2.5. Unit Group in the Quotient Ring of Eisenstein Integers
The set of all units in Z[p]/ (17), formally defined to be

(Zlo)/ (n)))" = {laly € Zol/ () : ged(a,77) =1},

is a group under multiplication. The Euler-Totient function with respect to 7 € Z[p] is the
order of unit group (Z[o]/(1))",

If 7 and 1 are associates, then ¢, (17) = 1.
Recall that 7y denotes a generic Eisenstein prime. We have the following easy way to
determine the units in Z[p]/ (7").

Theorem 12 ([4]). The set of all units in Z[p]/{y") are

= {[x+yplp: € Z[p]/(B") : x +y # 0 (mod 3)},
(Z[p]/ < >) = {[x]yn € Z[p]/(¢") : ged(x,q) =1},
= {[x+yplpm € Z[p]/(p") : ged(x,p) = 1or ged(y,p) = 1}.
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The unit group Z in Z is cyclic if and only if n € {2,4, p*,2p*}, where p is an odd
prime and k is a positive integer. A necessary and sufficient condition for the unit group
(Z[p]/(n))* to be cyclic is known.

Theorem 13 ([31,32]). A unit group (Zlp]/(n))* is cyclic if and only if
1 is an element or an associate of an element in {p, ‘32, 2B, l[Jk, r}

where k € N, ¢ is an Eisenstein prime such that Ny (¢) = q = 1 (mod 3), and p is a prime integer
such that p = 2 (mod 3).

Theorem 14 ([7]). If n € Z[p] \ {0}, then ¢,(n) is even, except when 1 is a unit, or n and 2
are associates.

Theorem 15 ([33]). Let 17 € Z[p] \ {0} be such that n is not a unit. If B o4 17 3¢ 2, then 6 | @p(1).

Theorem 16 ([33]). If 7 ~ n foran n € Z, then ¢(n) | ¢o(17) and ¢(¢(n)) < ¢(@o(n)). In
particular, for any positive integer k,

¢(n), ifn=1,
() = ne(n), ifn = 3,
o) = (p(n))?, ifn = ¢*, with ¢ = 1 (mod 3) being a prime integer,

(n + %) @(n), ifn=p* with p =2 (mod 3) being a prime integer.

3. Further Properties of Eisenstein Integers

We discuss further properties of primitive, even, and odd Eisenstein integers in the
first subsection. The second subsection centers on the cyclic group of units in the quotient
rings of Eisenstein integers.

3.1. On Even, Odd, and Primitive Eisenstein Integers
Theorem 17. Let a, 0 € Z]p]. The following statements hold:
i. Ifa,0€E thena+0 € E.

ii. Ifa,0 € Oq,thena+6 € O,

iil. Ifa,0 € Oy, thena+6 € O1.

iv. Ifa€Opandf € Oy, thena + 6 € E.

v. Ifa€Eandf € Oy, thena+6 € Oy.

vi. Ifa € Eand 0 € O, thena + 6 € O,.

Proof. A straightforward application of Theorem 10 confirms the assertions. [J

Theorem 18. Let «,0 € Z|p].

i. Ifo € Eand o ~ 0, then 6,a € E.

ii. Ifa € Oyand o~ 6,then 0 =, pa, —(1+ p)a € Oy, and —6 € O,.
iii. Ifa € Oyandwa ~ 6, then 6 = a,px, —(1+ p)a € Oy, and —6 € O;.
iv. Ifa €Oy, thena € Oy.

v. Ifa€ Oy thenx € Os.

Proof. We proceed by items as listed.

i. Leta =a+bp € Eand 6 ~ «. By Theorems 4 and 10, Ny(«) = 0 (mod 3) and
Np(6) = Np(a) = Ny(&) = 0 (mod 3), affirming 6, & € E.
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ii.

iii.

iv.

Assuming &« = a + bp € O and a ~ 6, Theorem 10 yields (a +b) = 1 (mod 3). Hence,

—a=—-a—-b=2(a+b)=2(mod3),
px =—b+(a—b)=a—-2b=a+b=1(mod3),
—pa=b+(b—a)=2b—a=2b+2a=2(a+b) =2 (mod 3),
—(1+p)a=(—a+b)—a=b—-2a=b+a=1(mod3),
(1+pa=a—b+a=2a—b=2(a+b)=2(mod3).

Thus, 6 € O; and —6 € O, whenever 6 € {«, pa, —(1 + p)a}.
Assuming &« = a + bp € O and a ~ 6, Theorem 10 yields (a +b) = 2 (mod 3). Hence,

—x=—-a—-b=2(a+b)=4=1(mod3),
pao=—-b+(a—b)=a—-2b=a+b=2(mod3),
—pa=b+(b—a)=2b—a=2b+2a=2(a+b)=4=1 (mod 3),
—(14+pa=(—a+b)—a=b—2a=b+a=2(mod3),
(1+pa=a—b+a=2a—b=2(a+b)=4=1(mod3).

Thus, 6 € O, and —60 € O1 whenever 6 € {«, pa, —(1+ p)a}.

Assuming « = a+ bp € Oj, Theorem 10 gives us a +b = 1 (mod 3). Hence,
a—b—b=a—-2b=a+b=1(mod3), ensuring & € O;

Assuming « = a + bp € O, we obtain a + b = 2 (mod 3) by Theorem 10. Hence,
a—b—-b=a-2b=a+b=2(mod3)and —a—b =2(a+b) =4 =1 (mod 3),
which means & € O,.

We can now answer Question 6.1 in [7].

By Theorem 18 iv. and v., we conclude that distinct primes ¢ and ¢ which are non-
associates always belong to the the same odd class. Both are in O; or both are in O,.
Any prime g = 1 (mod 3) is always in O;. By Theorem 11, however, both ¢ and ¢ are
in Oy or both are in O,. We note, for example, thatboth ¢y =2+ 3pand ; = —1—3p
are in O,. Both ¢, =3 +pand ¢, = 2 — p are in Oy, with g = Np(¢1) = No(¢») =
7 =1 (mod 3) being in O;. Without further investigation, the g that corresponds to a
given i does not automatically identify which odd class both i and i belong to.

The next result is a corollary to Theorem 11.

Corollary 1. Given an odd Eisenstein integer

v=T1 v 1 T1 -

POy ;€0 pre0y

if (Csj+ X t) =0 (mod 2), then € Oy. Otherwise, 11 € O2.

Proof. By Theorem 11, if (}_s; + }_t;) = 0 (mod 2), then

H l,blr’ € 07 and H l,’)]s] H p]t(k € 0y,

;€0 l/JjGOQ k€02

ensuring 7 € Op. If (Ls; +X#) = 1 (mod 2), then T[] 1/)? 11 p,tc" € 0O,. Since

$;€0y k€02

[1 ¢;' € Oy, we confirm that 7 € O,. [
PicOy
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Theorem 19. The associates and conjugates of a primitive Eisenstein integer are also primitive
Eisenstein integers.

Proof. If # = a + bp such that gcd(a,b) = 1, then
ged(a — b, —b) = ged(b —a,b) = ged(—a, —b) = ged(a —b,a) = ged(b — a, —a) = 1.

Hence, its conjugate 77 = a — b — bp and associates +u, £pa and £(1 + p)a, with pa =
—b+ (a—"Db)pand (1+p)a = (a — b) + ap, are primitives. [J

We know from Corollary 3 in [34] that an Eisenstein integer « = a + bp and its
conjugate & are relatively prime if and only if ged(a — b,b) = 1 and ged(a —2b,3) = 1.
Since ged(a — b,b) = 1is equivalent to ged(a,b) = 1, and ged(a — 2b,3) = 1 is equivalent
toa + b = +1 (mod 3), we can use the following equivalent expression of the corollary.

Proposition 1. An Eisenstein integer « = a + bp and its conjugate a are relatively prime if and
only if ged(a,b) = 1and a+ b = £1 (mod 3). In short, an Eisenstein integer and its conjugate
are relatively prime if and only if the Eisenstein integer is odd and primitive.

The next result is a direct consequence of Proposition 1.
Corollary 2. If an odd primitive Eisenstein integer 11 is not a unit, then 1 and 1] are not associates.

Proof. Let 1 be an odd primitive Eisenstein integer such that # is not a unit. If 77 and 7 are
associates, then ged (7, 77) = 1, which contradicts Proposition 1. [

Theorem 20. Let n = [ ¢ I tpjs.j be an odd primitive Eisenstein integer. If Y s; =
;€0 lﬁjEOz

0 (mod 2), then n € O1. Otherwise, € Ox.

Proof. By Theorem 11, if }°s; = 0 (mod 2), then

H lPlrl € 07 and H 1’0]3] € 0y,

$;i€0y P;i€02

implying 77 € O;. On the other hand, if }_s; = 1 (mod 2), then Lple—[o lp]s.f € O,. Since
j 2

I 1/)?" € Oy, itisclear thaty € O,. O
$;€0;

Theorem 21. Let 17 be a non-unit primitive Eisenstein integer.

i.  Ifniseven, then ged(n, ) = P.
ii.  Ifyand B are not associates, then y and 1] are also not associates.

Proof. We prove the assertions according to their order of appearance.

i. Letu € Z[p] beaunitand lety = upyi' - - ;*. Since p = (1 + p)B, we have

= 1+pupy .

By Proposition 1, we have ged (7" - - - lp]:",l/JTl -+ %) = 1. Thus, ged(7,77) = B.
ii.  For a contradiction, let us assume that 57 and 7 are associates. Let u € Z[p] be a unit
such that 7 = uyy' - - - %, Then,

1t ~ " - - gk, contradicting Corollary 2.
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If 7 = upy]' - - - ;% for some unit u € Z[p], then

'Blp;l .. lP;:k ~ Bk,
Bt gyt~ (L) B - i,
1t ~ " - -k, contradicting Corollary 2.
O

Theorem 22. If an Eisenstein integer & = a + bp and its conjugate & are relatively prime, then the
modular multiplicative inverse c = a~1 (mod &) is an integer.

Proof. By Theorem 1 and recalling that N, (x) = N,(&), we have
1=gcd <Np(oc), \% Im(zxz)) = ged(a® +b* — ab,b(2a — b))
= gcd(a® + b* — ab,b) = ged(a® + b* — ab,2a — b).
Hence, there are integers ¢ and d such that
c(2a —b) +d(a® + b* — ab) = c(a + &) + dad = 1.
We verify that cx = 1 (mod &) and confirm thatc = a ! (mod &). O

Corollary 3. If 7 is an odd primitive Eisenstein integer, then the modular multiplicative inverse
c =51 (mod 7) is an integer.

Proof. By Proposition 1, ged(7,7) = 1. Applying Theorem 22 settles the claim. [J

Theorem 23. An Eisenstein integer w is an associate of & if and only if « is an associate of n or k3
for some n, k € 7Z.

Proof. If a ~ nthen& ~ 7iand n ~ a. If & ~ kB for some k € Z, then & ~ kB ~ kB ~ .
Conversely, if « = a + bp and & ~ &, then & = ua for some unit u in Z[p].

e Ifu=1,thena+bp = (a—0b)— bp. In this case, b = 0, which implies « = a.

e Ifu=p, thena+bp=>b+ap. Hence,a =b,implyinga =a+ap =a(l+p).

o Ifu=—(1+p) thena+bp = —a+ (b—a)p. Hence, a = 0, which yields « = bp.

e Ifu=—1,thena+bp = (b—a)+ bp. We obtain b = 2a and, hence, « = a + 2ap =

a(1+2p).

o Ifu= —p, thena+bp = —b—ap. We obtain b = —a and, therefore, v = a —ap =
a(l—p).

e Ifu=1+p, thena+bp=a+ (a—Db)p. We have a = 2b, which means &« = 2b + bp =
b(2+p).

Having covered all cases, we confirm that « is an associate of  or k for some n,k € Z. [

Recalling Theorem 3, we know that i % ¢ whenever i is an Eisenstein prime.

Corollary 4. If a is a primitive Eisenstein integer such that « is not a unit and  is neither p nor
any of its associates, then o and & are not associates.

Proof. Given the conditions on &, it is neither an associate of any n € Z nor a multiple kf3
of B with k € Z. The conclusion follows by Theorem 23. [J
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3.2. The Group of Units as a Cyclic Group

If « is a generator element of a cyclic group G of order 7, then a' is also a generator of
G if and only if ged (i, n) = 1. The number of generators of such a G is ¢(n). Moreover, an
« € G is a generator of G if and only if ai # 1 for each prime divisor g of n.

The cyclic group (Z[p]/(17))* of order ¢,(17) have ¢(¢,(17)) generators. Our next
result shows that the probability of successfully selecting one generator in the cyclic group
(Z[p]/(n))* at random is smaller than doing so in the cyclic group Zj.

o(9o(n)) _ ole(n)
po(n) = o(n)

Theorem 24. If 7 is an associate of some n € N, then

Proof. By Theorem 16, we know that ¢(n) | ¢,(17) whenever 7 and n € N are associates.
For a,b € N, it is well known that, if a | b, then % < g Hence, we have
P(9p(1)) _ 90(1)

P(gp(1)) _ @le(n))
ple(n)) = ¢(n) - '

@p(1) p(n)

, which implies

O

Example 3. For the Eisenstein prime p = 5, the order of the cyclic group (Z[p]/(5))* = (Zs[p])*
is ¢o(5) = 52 — 1 = 24 whose prime factorization is ¢,(5) = 2% 3. Let a be a generator of
(Zs[p])*. It suffices to show that

Pp(5)

a3 =a® #£1 (mod5)and a

9p(5)
2

= a2 £ 1 (mod 5).

We can select a := 2 + p to generate (Zs[p])*, since a® = 4 + 4p (mod 5) and a'> = 4 (mod 5).
The other seven generators are

uc5:1+4p, oc7:1+3p, ocll:3+2p, a13:3+4p,

al” =4+p, al? =4+ 2p, a® =2+ 3p.

The group 7% has ¢(¢(5)) = ¢(4) = 2 generators, namely, 2 and 3. It is clear that

9(ep(5) _ 8 _

¢o(5) 24

1N
<
—~

a1
~

Theorem 25. If (Z[p]/(n))* is a cyclic group, then

[I a=-1(mody).

a&(Zlp]/ ()"

Proof. Let (Z[p]/(n))* be a cyclic group. By Theorem 13, 5 is an element in the set
{B,B% 2B, ¢}, a prime p = 2 (mod 3), or any of their associates. We investigate by the
values that 77 takes.

If v = B, then, by Theorem 12, we get (Z[p]/(B))* = {[1]p, [2]p}. Hence,

[ a=1-2=2=-1(modp).
a€(Z[pl/{))*

If ¥ = 2, then (Z[p]/(2))* is a cyclic group of order ¢,(2) = 3. Letting 6 be a generator,

[T «= J] ¢ =6 (mod2).

we(Zlpl/ () 0S1=2
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Since the generators of (Z[p]/(2))* are p and 1+ p, we have 8> =1 = —1 (mod 2).
If v € {B%2B,¢*} or v = p = 2 (mod 3) such that p # 2, then ¢,(7) is an even

*

number, by Theorem 14. Letting 6 be a generator of (Z[p]/())*,

x= H ot =0

w€(Z[p]/(7))* 0<t<gp(7)-1

P (1) (pp(1)-1)
2 (mod 7).

(1)
The order of 6 is an even number ¢, (). Hence, 0" € (Z[p]/(y))* must be —1 because
—1 is the only element of order 2 in (Z[p]/(7))*. Since ¢, () — 1is an odd number,

Po(7)—1
- 2z = (9%72(7)> ' (mod ) = (=1)#™~1 (mod v) = —1 (mod 7).

The Wilson Theorem over Z had been generalized to Gaussian integers in [35], but not
to Eisenstein integers in the prior literature. We highlight that we have achieved this as a
special case of Theorem 25.

Theorem 26 (Wilson Theorem for Eisenstein Integers). Ify € Z|p] is an Eisenstein prime, then

[ «=-1(mod).
a&(Z[p]/(1)*
4. Set Partitioning Based on the Multiplicative Group

In a recent work [8], we proposed a number of Eisenstein constellations &, as two-
dimensional signal constellations by using the modulo function in (1). The setup, given a
suitable 7, has

Ey = A{my(a) : a € Ry} with 3)
Ry={x+yp:0<x <tNy(m+mnp)and 0 <y < t}.

In that work, we also introduced set partitioning of Eisenstein integers based on additive
subgroups. In this section, we focus on set partitioning based on the multiplicative group.

We now propose Eisenstein constellations (&;)*, corresponding to the cyclic group
(Z[o]/ ()", with g € {B%,2B,¥* : k € N} or 5 being an odd prime integer p = 2 (mod 3).
In doing this, we generalize Proposition 1 in [18], which covers the case of 7 = . Our set
partitioning technique for signal constellation (&, )* benefits from the facts that (Z[p]/(17))*
is a cyclic group of order ¢,(77), by Theorem 13, and ¢,(#) = 0 (mod 6), by Theorem 15.
The elements of (£;)* can be expressed as powers of a generator « as

(&) = {ao,al,...,aq’f’(ﬂ)*l}.
Letting n := %T(”), the set of all unit (see [29] for 7 = ¢) is
{a, &, &%, 0%, 02", 4%} = {£1,4p,+(14+p)}.
We can then partition (&;)* into n subsets, indexed by j € {0,1,...,n — 1}, as

(877)?]') _ {[Xn+j, a2n+jl lx3n+j, 0(4n+j, “5n+]" Ix6n+j} _ {izxj, ipﬂ(j, i(l + p)zxf}.
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All elements of (€,)* can be found by calculating o/ for j € {0,1,...,n — 1} using the
modulo function in (1), followed by multiplying each &/ by the units.

Our next result extends Theorem 2 to the cases 7 € {28, 8%, ¢* : k € N} or ;7 being an
odd prime integer p = 2 (mod 3).

Theorem 27. Letn € {28, %, v* : k € N} or y = p, with p = 2 (mod 3) being an odd prime.
If o is a generator of (€);, then the minimum Euclidean distance in the subset (5,7)2‘].) is |||
Furthermore, (8,7)2‘].) can be partitioned into three subsets

(€))7 = {201} U {200} U {£(1+p)a},

each with minimum Euclidean distance 2||a/||. We also can partition (5,7)2‘].) into two subsets

(&)t = {8 00, — (14 )T} U {~l, —pad, (1 + p)ad},
each with minimum Euclidean distance /3|a/||.

Proof. Two neighboring points in (5,7)’(*].) have a phase difference of 71/3. Hence, the

pair together with the origin form an equilateral triangle whose sides are of length ||a/||,
confirming that the minimum Euclidean distance is ||a/|.

The sets {+a/}, {£pa/} and {£(1 + p)a/} contain points whose pairwise phase dif-
ference is 7, ensuring the minimum distance 2||a/||. The sets {&/, pa/, —(1 + p)a/} and
{—aJ, —paJ, (14 p)a/} contain points whose pairwise phase difference is 271/3, yielding
the minimum distance of v/3||a/||. O

Example 4. (Primitive but not prime) Given a primitive Eisenstein ¢*> = —5 + 3p, with
= 2+ 3p, we have the cyclic group (Z[p]/(—5+3p))" = (E_543,)" generated by a = 3.
Since @, (*) = 42, we can partition (Ey2)™ into 7 subsets defined as

(Eg2)(;) = {£o/, +pal, £(1 4 p)al } with j € {0,1,2,3,4,5,6}.

Since o = 3, by using the modulo function (1), we have

W?=-4-20, a®=-4-p, at=1-p, a®=-2, a®=-1-3p

We rely on Theorem 27 to partition (Elpz)z‘j) into three subsets and two subsets, each with respective
minimum Euclidean distances 2||a/|| and v/3||a/ || for j € {0,1,2,3,4,5,6} as follows:

(Ep)ioy ={L p, 1+p, =1, —p, =1 —p},
={1, -1} U{p, —p} U{-1—-p, 1+p},
={L o, -1-p}U{-1,—p,1+p},

(Ey2)(1y = {3, 3+3p, 3p, =3, =3 —3p, —3p},
={3, =3}U{3p, —=3p} U{-3—-3p, 3+3p},
= {3, 30, —3—-3p}U{-3, —3p, 3+3p},

(Ep2)o)y = {4+20, 2+4p, —2+20p, —4 20, —2—4p, 220},
={4+20, 420} U{2+4p, —2—-4p}U{-2+2p, 220},
={4+20, —2—4p —2+2p}U{ —4—-2p, 2+4p, 2—2p},
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(E2)ly) = {440,
={4+p,
={4+p,

(gnpz)&) ={2+p,
={2+p,
={2+p,

3+4p, —1+3p, —4—p, —3—4p, 1 —3p},
—4—p}U{3+4p, -3—4p}U{-1+3p, 1—3p},
—1+3p, -3—4ptU{—4—p,, 1-3p, 3+4p},
1+20, —1+p, —2—p, =1—-2p, 1 —p},
—2—ptU{-1+p, 1—ptU{-1-2p, 1+2p},
~1-20, =1+p}U{-2—p, 1+20, 1—p},

(Eg2)is) = {2 2420, 20, =2, —2—2p, —2p},
={2, =2} U{2p, —2p} U{-2—-2p, 2+ 2p},

=1{2, 2o,

—2-2p,}U{-2,2+2p, —2p},

(Eg2)ie) ={3+20, 1+3p, —2+p, =3 —-2p, -1-3p, 2—p},
={3+20,-3-20}U{1+3p, —-1-3p}U{-2+p, 2—p},
={3+20, -1-3p, 2+p}U{-3—-2p, 1+3p, 2—p}.

Figures 1-3 visualize the Eisenstein constellations (5¢2)* and its signal partitions in C.

o o

Figure 1. Set partitioning of (£,2)" into seven subsets. Circles represent the integers, with colours

o o
O O @ @
@ O @) O
@ e O @ O O
O O o @
@ O O O
O O

XN

corresponding to indices.
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X

Figure 2. Set partitioning of (&, )E‘j) into three subsets. Colours correspond to indices. Forms (circle,
square, and triangle) correspond to subsets.

® A

o 4

Figure 3. Set partitioning of (Elpz)’(*j) into two subsets. Colours correspond to indices. Forms (circle
and triangle) correspond to subsets.
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Example 5. (Prime but not primitive) Given an Eisenstein prime p = 5, we have the cyclic group
(Zlp]/(5))* = (&5)* generated by o = 2 4 p. Since ¢, (5) = 24, we can partition (Es)* into 4

subsets as

Since & = 2 + p, the modulo function in (1) gives us a> = —2 —2p and o®> = —2+ p. By
Theorem 27, we partition (55)2‘].) into three and two subsets each with respective minimum Euclidean

(&) = {%al, 2pad, £(1 + p)al}, with j € {0,1,2,3}.

distances 2||a/ || and \/3||a/|| for j € {0,1,2,3} as follows:

(&){py ={1 p, 1+p, =1, —p, 1 -p},
={l, —1}u{p, —pjU{-1—-p, 1+p},
={1, p, -1-p}U{-1,—-p,1+p},

&)y ={2+p, 1+20, =1+p, =2—p, =1 -2p, 1—p},
={2+4p, —2—ptU{-1+p, 1—p}uU{-1-2p, 1+2p},
={2+p, —1-2p, - 14+p}U{-2—p, 1+2p, 1—p},

(&) = {2 2+2p, 20, =2, =220, —2p},
= {2, =2} U {20, —20} U{-2—2p, 2+ 20},
={2, —2—-2p, 20} U{-2, 2+2p, —2p},

(&5)(3 = {3+20, =3—2p, =2+p, 2—p, —1—3p, 1+3p},
={3+20, -3-20}U{-2+p, 2—p}U{-1-3p, 1+3p},
={3+20, -1-3p, 2+p}U{-3-2p,2—p, 1+3p}.

Figures 4—6 visualize the constellation (Es)* and its signal partitions in C.

Figure 4. Set partitioning of (&5)* into four subsets. Circles represent the integers, with colours

corresponding to indices.
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Figure 5. Set partitioning of (55)2‘].) into three subsets. Forms (circle, square, and triangle) correspond
to subsets. Colours correspond to indices.

Figure 6. Set partitioning of (55)2‘].) into two subsets. Form (circle and triangle) correspond to subsets.
Colours correspond to indices.
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5. Discussion

We can use a primitive Eisenstein integer # to construct signal constellations and
complex-valued codes over Eisenstein integers. We consider the sets R, and &, in (3) as
code alphabets, where & is obtained through the modulo function in (1), based on an
isomorphism between Z[p] modulo a primitive Eisenstein integer 7 and Z modulo a norm
of the primitive Eisenstein as in Theorem 8. Codes over Eisenstein integers whose alphabet
set &y is an Eisenstein field of cardinality a prime g = 1 (mod 3) were investigated in [29]
and [36]. The Eisenstein field corresponds to a quotient ring of Eisenstein integers over an
ideal generated by a prime and a primitive Eisenstein integer 1. More generally, a recent
code construction via a quotient ring of Eisenstein integers induced by an ideal generated
by a primitive but not a prime Eisenstein integer can be found in [8]. Table 1 provides an
example. The alphabet set £ is obtained from the quotient ring Zp]/ (?) with primitive
Eisenstein > = —5 + 3p and ¢ = 2 + 3p via the modulo function in (1).

Table 1. Elements in Z[p]/ (?) = Zy9 and Eyr.

Zlp)/ ($*) Eye Zlp)/ (¢*) &y Zlpl/ (¢*) Eye
[1]4)2 1 [18]¢2 0 [35]¢2 —-1+4+2p
[2]4)2 2 [19]11]2 1+p [36] 2 20
[3]4}2 3 [20] 2 2+p [37] e 1420
[5]1/)2 3p [22] 2 4+p [39]¢,2 3+20
[6]4)2 1+ 3p [23]¢2 -3 —4p [40] 2 4+20
[7] e 2+3p [24]#]2 —2—4p [41]#]2 -3—-3p
[8]¢2 3+3p [25]¢2 2+4p [42] 2 —2-3p
[9]4)2 —4—2p [26] 2 3+4p [43]¢z -1-3p
[10}(/}2 -3-2p [27]¢z —4—p [44]¢2 -3p
[11},}02 —2-2p [28]¢z -3—-p [45]¢2 1-3p
[12} 2 -1-2p [29]¢z —2-p [46] 2 -3
[13}11}2 —2p [30] 2 -1-p [47]¢2 -2
[14] ¢2 1-— 2p [31]1‘[]2 —p [48],#2 -1
[15] 42 2-2p [32] 42 1-p
[16] 2 —2+p [33]¢2 2—p

A code is a nonempty subset C C &} whose elements are called codewords. A linear code
C of length n over &, is a submodule of &/. Since &, and &) are abelian groups, we say
that C is a group code if it is a subgroup of £;/. When &, is a finite field, that is, £}/ is a vector
space of dimension 1 over &y, a linear code C is a subspace of &}/. We call C an (1, k) code
if C has exactly |€,|F codewords.

By Corollaries 2 and 4, odd primitives 7 and 7 are not associates. Hence, (17) # (77)
and, therefore, Z[p]/(n) # Z[p]/(ij). By Proposition 1, odd primitives ;" - - - ;¥ and
P}t - - ¥ are relatively prime. By the Chinese Remainder Theorem (CRT) with N, (¢;) = g;
being a prime integer such that ; = 1 (mod 3), we have

Zlp)/{ay -+~ ai) = Zlpl/ (W' - 9i) x Zlol / (y' - i)

For an even primitive Eisenstein integer 7, however, the CRT does not hold. Hence,

Zlp]/ (n) % Zlp]/(n) x Z[p]/ (i7) with N, () = n.

Set partitioning based on an additive subgroup is structurally not feasible on the Eisen-
stein field & due to its cardinality being a prime integer. Hence, set partitioning based

161



Entropy 2025, 27, 337

on a multiplicative group of the Eisenstein field £, was proposed in [18]. The investigation
leveraged on the fact that a multiplicative group of the Eisenstein field is cyclic to perform
set partitioning. Theorem 27 is an insightful generalization. It extends set partitioning to a
multiplicative group of a quotient ring of Eisenstein integers when the group is designed
to be cyclic.

Given a primitive Eisenstein integer 7, the quotient ring Zp] / (17) = Zy(; defines a
finite set of representative elements that form the signal constellation

Ey = {my(a) 1 € Zy, () }-

This constitutes a special case of (3), where 1, («) denotes the modulo function in (1)
applied to an Eisenstein integer a. Such a structure is fundamental in designing mul-
tidimensional lattice codes. It enables efficient encoding and decoding procedures. By
integrating Eisenstein constellations into coding theory, we establish a direct link between
complex-valued codes and structured lattice-based signal constellations. The resulting
codes benefit from increased minimum Euclidean distances, enhancing signal robustness
in noisy communication channels.

6. Summary and Concluding Remarks

We have just reported properties of primitive, even, or odd Eisenstein integers. For
the odd ones, we investigated whether they are of Type 1 or 2 and their implied properties
according to the type.

Given an Eisenstein prime ¢ such that N, (i) = g is a prime integer equivalent to
1 (mod 3), we settled the question posed as Question 6.1 in [7]. If ¢ and ¥ are distinct
Eisenstein primes which are not associates, then they belong to the same odd class. If
one of them is of Type 1, then the other is also of Type 1. The same goes for Type 2. The
corresponding g, however, is insufficient to conclude which odd class ¢ and i belong to.

We have confirmed that, if Eisenstein integers a« and & are relatively prime, then
a~! (mod &) is in Z. We also managed to prove that the multiplicative group of the set of
all units in a quotient ring of Z[p| forms a cyclic group. This leads to a nice set partitioning,
allowing us to propose Eisenstein signal constellations. Some examples were given to
further illustrate the insights.

Many algebraic signal constellations have been known to enhance the performance
of communication systems. Studying use cases and measuring the optimality of certain
families of constellations form an important topic in modern communications. Constructing
good constellations and benchmarking their performance against previously best-known
ones, either in general or for specific setups, are interesting directions to consider.
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Appendix A. Proof of Theorem 5

We prove by induction. Starting with n = 1, we have

Y=y =x+yoand Np(p) = g = x* + 3> — xy.

Let us assume that gcd(x,y) = r > 1. Hence, r | x and r | y, implying r | (x* + y* — xy),
that is r | g. Since g is prime integer, ¥ = lorr = q. If r = g, then x = rs = gs and
y = rt = gt for some s, t € Z. Observing that

qg= x? +y2 —xy = quP(s +tp),

we obtain 1 = g N,(s + tp), which is impossible since g is a prime integer. Thus, we
conclude that r = ged(x,y) = 1.
Next, we assume ¥ = ¢ + dp, where gcd(c,d) = 1 for some k > 1. We have

P = (xHye) ™ = (x ) (x + yp) (A1)
= (c+dp)(x +yp) = (xc —yd) + (xd + yc — yd)p.

Letting A = xc — yd and B = xd + yc — yd, it now suffices to show that gcd(A, B) = 1.
For a contradiction, suppose that gcd(A,B) = r > 1. We haver | A and r | B. Since
gt = Np(p**+1) = A% + B2 — AB, we are sure that r | (A2 + B2 — AB), implying r | g*1.
Since g is a prime integer, ¥ = 1 or r = g™ for some m € {1,...,k+ 1}. We show that
having r = g™ is impossible. Again, since r | A and r | B, we can write A = ¢q"s and
B = g™t for some s, t € Z. Using the expression

F1 =A%+ B*— AB = qszp(S +tp), (A2)

we consider three cases, namely, 2m > k+1,2m = k+1,and 2m < k+1.

Case AL If 2m > k + 1, then g2~ (1) > g > 1. Hence, ¢~ **1N,(s + tp) > 1, which
contradicts (A2).

Case A2. If 2m < k+ 1, then Ny (s + tp) = gF*1=2" = N, (p*+1-2"). By Theorem 4,
S+t~ PFHI2 o s 4 po ~ R,
If s + to ~ pFF1=2" then
A+ Bp = q"(s + tp) ~ gy,

Since y**1 = A + Bp by Equation (A1), we obtain $*" ~ ¢" = ™ ¢", which means
that ¢ ~ §. This contradicts Theorem 3, in which ¢ < . Similarly, if s + tp ~ pF+1=2m
then i ~ ¢, which is a contradiction.

Case A3. If 2m = k + 1, then, by Equation (A2), N,(s + tp) = 1, meaning s + tp is a unit in
Z[p]. Since Y1 = A+ Bp = " (s + tp), we know that p*+1 = ¢?" ~ g™ = "™ and,
hence, ¢ ~ 1, which is a contradiction.

Thus, ged(A, B) = r = 1 and the proof is now complete.
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Abstract: We construct a family of linear optimal functional-repair regenerating storage
codes with parameters {m, (n,k), (r,a, )} = {(2r —a +1)a/2,(r+1,7),(r,a,1)} for any
integers r,a« with 1 < a < r, over any field when « € {1,r — 1,r}, and over any finite
field F; with g > r — 1 otherwise. These storage codes are Minimum-Storage Regenerating
(MSR) when « = 1, Minimum-Bandwidth Regenerating (MBR) when & = r, and represents
extremal points of the (convex) attainable cut-set region different from the MSR and MBR
points in all other cases. It is known that when 2 < a < r — 1, these parameters cannot
be realized by exact-repair storage codes. Each of these codes come with an explicit and
relatively simple repair method, and repair can even be realized as help-by-transfer (HBT)
if desired. The coding states of codes from this family can be described geometrically
as configurations of r + 1 subspaces of dimension « in an m-dimensional vector space
with restricted sub-span dimensions. A few “small” codes with these parameters are

known: one for (r,a) = (3,2) dating from 2013 and one for (r, &) = (4,3) dating from 2024.

Apart from these, our codes are the first examples of explicit, relatively simple, optimal
functional-repair storage codes over a small finite field, with an explicit repair method and
with parameters representing an extremal point of the attainable cut-set region distinct
from the MSR and MBR points.

Dataset License: CC-BY

Keywords: distributed storage; storage codes; functional repair; cut-set bound; MDS codes

1. Introduction

The amount of data in need of storage continues to grow at an astonishing rate. The
International Data Corporation (IDC) predicts that the Global Datasphere (the total amount
of data created, captured, copied, and consumed globally) will grow from 149 zettabytes in
2024 [1], to 181 zettabytes by the end of 2025 [2,3], and to an estimated 394 zettabytes in
2028 [4] (a zettabyte equals 10?! bytes). These developments may even be accelerated by
the advancement of generative Al models. In view of these developments, the importance
of efficient data storage management can hardly be underestimated. A major challenge is
to devise storage technologies that are capable of handling these huge amounts of data in
an efficient, reliable, and economically feasible way.

1.1. Distributed Storage Systems and Storage Codes

In modern storage systems, data storage is handled by a Distributed Storage System
(DSS). A DSS stores data across potentially unreliable storage units commonly referred to
as storage nodes, which are typically located in servers in data centers in widely different
locations. Efficient update and repair mechanisms are critical for maintaining stability,
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especially during node failures [5]. To handle the occasional loss of a storage node, the
DSS employs redundancy, in the form of a storage code [6,7]. Often, a DSS simply employs
replication, where the storage code takes the form of a repetition code. But nowadays,
many storage systems such as Amazon S3 [8]; Goole File System [9] and its successor
Colossus [10]; Microsoft’s Azure [11-13]; and Facebook’s storage systems [14,15], offer
a storage mode involving a (non-trivial) erasure code. Especially for cold data (data that
remains unchanged, for example for archiving), but also for warm data (data that needs
to be updated only occasionally), non-trivial erasure codes such as Reed—Solomon (RS)
codes, Locally Repairable Codes (LRCs) or Regenerating Codes (RGCs) are considered or
already applied [7,16]. For example, Microsoft Azure employs a Reed-Solomon code for
archiving purposes [11]. Hadoop implements various Reed-Solomon (RS) codes [17,18],
and the implementation of other codes such as HTEC has been proposed, see, e.g., [19].
The Redundant Array of Independent Disks (RAID) standard RAID-6 specifies the use of
two-parity erasure codes, see, e.g., [20]. Huawei OceanStor Dorado [21,22] employs Elastic
EC, offering choice between replication and EC, for example RAID-TP (triple parity), and
IBM Ceph also offers a choice of EC profiles [23,24] (see also [25]). Several good overviews
of modern storage codes and their performance are available, see for example [16,26-29].
For a general and recent reference on storage systems, see [30], and for an overview of
Big-Data management, see [31].

1.2. Node Repair

In the case of a lost node, the DSS uses the storage code to repair the damage. During
repair, the DSS introduces a replacement node (sometimes called a newcomer node) into the
system and downloads a small amount of data from some of the remaining nodes, referred
to as the helper nodes; the data obtained is then used to compute a block of replacement
data that is to be placed on the replacement node. This process, commonly referred to as
node repair, comes in two variations. In the simplest repair mode, referred to as exact repair
(ER) [32,33], the data stored on the newcomer node is an exact copy of the data stored on
the lost node. A more subtle repair mode, first considered in [6], is functional repair (FR),
where the replacement data need not be an exact copy of the lost data, but is designed
to maintain the possibility of recovering the data that was originally stored, as well as to
maintain the possibility for future repairs. An ER storage code can be thought of as an
erasure code that enables efficient repair. In contrast, an FR storage code can be seen as a
family of codes, all having the same parameters, where an erasure in a codeword from a
code in the family is corrected into a codeword from possibly another code in the family [29]
(Section 3.1.1). We define and discuss linear FR storage codes in detail in Section 3, and
describe an example in Example 1. For a formal definition of general FR storage codes, we
refer to [29] (Section 3.1.1).

1.3. Effectiveness of a Storage Code

Key considerations for measuring the effectiveness of a storage code are the storage
overhead and the efficiency of the repair process. The storage overhead is determined by the
fraction of redundancy employed by the code, and is measured by the rate of the code.
Efficient repair, first of all, requires an easily implementable repair algorithm. Other
important factors are the amount of data that needs to be transferred during repair, referred
to as the repair bandwidth, and the amount of disk I/O, the number of times that a symbol is
accessed on disk. In addition, it is desirable to limit the number of nodes that participate in
the repair process, known as the repair degree [6] or repair locality [34,35].

In general, the data that is transferred by a helper node during repair may be computed
from the available data symbols stored in that node. If each of the helper nodes simply
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transfers a subset of the symbols stored in that node, then we speak of help by transfer
(HBT) [26,29]; if, in addition, no computations are done either at the newcomer node
then we speak of repair by transfer (RPT) [36,37]. We say that a storage code is an optimal-
access code if the number of symbols read at a helper node equals the number of symbols
transferred by that node [26,29,38].

1.4. Regenerating Codes and Locally Repairable Codes

Research into storage codes has diverged into two main directions. Regenerating
codes (RGCs) investigate the possible trade-off between the storage capacity per node
and the repair bandwidth (the total amount of data download during repair), which is
determined by the cut-set bound [6]. On the other hand, Locally Repairable Codes (LRCs)
study the influence of the repair degree, the number of helper nodes that may be contacted
during node repair [34,35,39]. A good overview of the different lines of research on codes
for distributed storage and the obtained results can be found in [40].

We first discuss an often-used model for storage codes, see, i.e., [6,26,27,29]. A regener-
ating code (RGC) with parameters {m, (1, k), (r,«, B) }4 is a code that allows for the storage
of m information symbols from some finite field 'y, in encoded form, onto 1 storage nodes,
each of which being capable of holding « data symbols from ;. We will refer to « as the
storage capacity or the subpacketization of a storage node. The parameter k indicates that at
all times, the original stored information can be recovered from the data stored on any set
of k nodes. It is assumed that k is the smallest integer with this property; since any set of
r nodes can repair all the remaining nodes, we then have k < r. Note that the rate of the
code is the fraction m/(na) of information per stored symbol. The resilience of the code
is described in terms of a parameter r, referred to as the repair degree, and a parameter f3,
referred to as as the transport capacity of the code. If a node fails, then a replacement node is
introduced into the system, which is then allowed to contact an arbitrary subset of size r
of the remaining nodes, referred to as the set of helper nodes. Each of the helper nodes is
allowed to compute  data symbols, which are then sent to the new node, which uses this
data to compute a replacement block, again of size «. Therefore, the repair bandwidth vy of
a RGC satisfies v = rp. It has been shown [6] that the parameters of an RGC satisfy the

cut-set bound
k—1

m < Y min(a, (r —i)B). 1)
i=0

Remarkably, the cut-set bound is independent of n (but n does influence the required
field size g for code construction). For fixed m, k, and r, the equality case in (1) takes the
form of a piece-wise linear curve that represents the possible trade-off between the storage
capacity o and the transport capacity . Note that we have o« > m/k (since k nodes can
recover the data) and > a/r (since r nodes can repair); the points on the curve where
« = m/k with minimal § (so with = «/(r —k+ 1)) and B = a/r with minimal « (so with
a = rm/(rk — (k* —k)/2)) are referred to as the Minimum Storage Regenerating (MSR)
and Minimum Bandwidth Regenerating (MBR) points, respectively. It is easily verified that
the achievable region determined by (1) is convex and has precisely k extreme points (also
referred to as corner points), see Figure 1. We review the cut-set bound in detail in Section 4.
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Normalized repair bandwidth 8

Minimum Storage Regenerating (MSR) point

R

Minimum Bandwidth Regenerating (MBR) point

Normalized node capacity a

Figure 1. The typical achievable region for functional repair and for exact repair when k = 4, with
fixed m and r.

An optimal RGC is an RGC with parameters that attain the cut-set bound (1). It has
been shown [41] (Theorem 7) that the MSR and MBR points are the only corner points
that can be achieved by exact-repair RGCs; indeed, the only points on the cut-set bound
between the MSR and MBR points that can be achieved by ER RGCs are the MSR and MSB
points, with the possible addition of a small line segment starting at the MSR point and
not including the next corner point. In fact, it is conjectured that the achievable region for
ER RGCs is described by the (identical) parameter sets of Cascade codes [42] and Moulin
codes [43]. Conversely, it has been shown [44] that every point on the cut-set bound is
achievable by functional-repair RGCs; however, these codes are not (or not really) explicit,
require a very large field size, and do not come with a repair algorithm. As far as we know,
the only known explicit optimal FR RGCs are the partial exact-repair MSR codes with
m = 2k from [37], the explicit k = n — 2 HBT “FMSR” codes in [45] (see also the “random”
NCCloud HBT codes in [46] and the non-explicit k = 2 MSR codes in [47]), and the two
explicit optimal FR RGCs from [48] and from [49,50]. Therefore, it is of great interest to
construct “simple” FR RGCs with a small field size, in corner points different from the MSR
and MBR points.

A Locally Repairable Code (LRC) also has parameters {m, (n,k), (r,«, B) }4, where m, n, k,
«, and B have the same meaning as for RGCs, but now we just require that repair of a failed
node is always possible if we employ a specific set of  helper nodes (i.e., we are allowed
to choose the r helpers). In [51,52] the maximal rate of such codes (without any constraint
on k) was investigated, and in [52], it was conjectured that for the case where r +1 | 1,
the optimal rate is achieved by partitioning the n storage nodes into repair groups of size
r 4+ 1 and, within each repair group, using an {m, (n,7), (r,«, B) }4 optimal RGC, so with m
attaining equality in (1). This partly explains our interest in RGCs with these parameters
in this paper. It is an interesting problem to investigate optimal codes for the case where
r+1 yn.

1.5. Our Contribution

Many existing storage codes employ MDS codes or, essentially, arcs in projective
geometry, in their construction. Some examples are the MBR exact-repair codes obtained
by the matrix-product code construction in [53], the MSR functional-repair codes in [37]
and in [47], and the exact-repair Moulin codes in [43]. In this paper, we use MDS codes to
construct explicit optimal linear RGCs withn —1 = r = k, B = 1, and with a an integer
with1 < a <71, sowithm = (2r —a + 1)a/2, which we refer to as (r, w)-reqular codes. In
fact, we show that the existence of (r, a)-regular storage codes is equivalent to the existence
ofan [r,a,r — a + 1], MDS code, so they can be realized over finite fields I, withg > r — 1,
and even as binary codes if ¥ — & < 1. These codes come with a relatively simple repair
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method, and we show that, if desired, they allow for help-by-transfer (HBT) repair. The
parameters of these codes achieve the r extremal points of the achievable cut-set region
for varying a. Note that by employing the obvious space-sharing technique [37], we can
use the two storage codes in consecutive extremal points on the cut-set bound (1) to also
achieve the points between these extremal points. Our construction is based on what
we call (r, a)-regular configurations, collections of r + 1 subspaces of dimension « in an
ambient space of dimension m with restricted sub-span dimensions (such configurations
where called (r,a« — 1)-good in [48] and [49], see also [51] (Example 3.3)).

The contents of this paper are organized as follows. In Section 2, we introduce some
notation and we recall various notions from coding theory, and in Section 3, we review
linear storage codes. We revisit the cut-set bound in Section 4, where we also show that
in optimal RGCs with k > 1, no two nodes store identical information; in addition, we
show that if s an integer such that (s — 1) < a < sp, then any r — s + 1 nodes carry
independent information, that is, together they carry an amount of information equal to
(r — s+ 1)a. In addition, in the case where r = k, we derive an inequality that motivates
our definition of (k,r,s, B)-regular configurations in Section 5, where we also construct
such configurations for all relevant parameters. The (k, 1, s, B)-regular configurations with
k=r,p=1,and a = s are called (7, «)-regular. In Section 6, we investigate the structure of
such configurations. Section 7 contains our main results. Here, we show that the repair
of a lost node in an (7, «)-regular coding state necessarily involves an MDS code, thus
providing a lower bound for the size of the finite field for which an (7, «)-regular storage
code can be constructed. Theorems 3 and 4 together demonstrate existence of (7, a)-regular
codes for all feasible pairs (7, «), and include precise and simple repair instructions for the
corresponding codes. In Section 8, we describe how to obtain smaller (7, «)-regular storage
codes with extra symmetry, involving only (r, a)-regular configurations of a more restricted
type. Finally, in Section 9, we present some conclusions.

2. Notation and Preliminaries

For a positive integer 1, we define [n] := {1,...,n}. We write F; to denote the (unique)
finite field of size g. For two vectors a = (ay,...,a,) and b = (by, ..., by ) in some vector
space V = [}, and for a k x m matrix M = (M; ;) with entries in Iy, define the dot product
a-b:=aby+ -+ anby; define M - a := (M(1) - a,...,M(k) - a), where M(i) denotes
the i-th row of M; and define a- M = (a-My,...,a- M), where M; denotes the j-th
column of M.

We define the span (Uj, ..., U,) of subspaces Uy, ..., U, of an ambient vector space V
as the collection of all sums uy + - - - + u,, with u; € U; for i € [n]. (In other works, the span
is sometimes denoted as Uj + - - - + U,.) We simply denote the span ((u1), ..., (u,)) of the
vectors uy, ..., u, in V by (uy,...,u,). We say that subspaces Uj, ..., U, of a vector space
V are independent if dim(Uy, ..., U,) = dimU; + - - - + dim U, where dim V denotes the
dimension of a vector space V.

We repeatedly use Grassmann’s identity, which states that for vector spaces U,V
we have

dimUNV+dim(U,V) =dimU + dim V.

We need various notions from coding theory. For reference, see, e.g., [54].

The support supp(v) of a vector v € Fj is the collection of positions i € {1,...,n} for
which v; # 0; the (Hamming) weight w(v) of v is the number of positions i € {1,...,n} for
which v; # 0, thatis, w(v) = [supp(v)|. The (Hamming) distance d(v, w) between v, w € Fy
is the number of positions i € {1,...,n} for which v; # w;. Note that d(v, w) = w(v — w).

A code C of length n over [ is just a subset of F}/; the code C is called linear if C is a
subspace of ;. We often refer to the vectors contained in a code as codewords. The minimum
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weight w(C) of a code C is the smallest weight of a nonzero codeword from C, and the
minimum distance d(C) of C is the smallest distance between two distinct codewords from C.
Note that if the code C is linear, then d(C) = w(C). We often refer to a linear code C of
length 1, dimension k, and minimum distance d over I, as an [n, k], code or as an [n, k, d],
code; we simply write [n, k] or [n,k, d] if the intended field is clear from the context.

A generator matrix for an [n,k]; code C is a k x n matrix G over [, with rank k and
with its rowspace equal to C, that is, C consists of the vectors a - G with a € IF’,; An
(n — k) x n matrix H is a parity-check matrix for C if H has rank n — k and ¢ € C if and only
if H- ¢ = 0. The dual code C* of C is the collection of all vectors x for which x - ¢ = 0 for
all ¢ € C. Tt is not difficult to see that C is an [1, n — k]-code, and has generator matrix H
and parity-check matrix G, see also [54] (Chapter 11).

Finally, we need some notions related to MDS codes. As a general reference for this
material, see [54] (Chapter 11). The Singleton bound states that an [n, k, d]q code satisfies
d < n —k+ 1. For a proof, see, e.g., [54] (Chapter 1, Theorem 11), or see [55] (Theorem 4.1)
for a generalization for non-linear codes. An [n,k,n —k + 1]q code, that is, a linear code
that attains the Singleton bound, is called an MDS code. A related notion is that of an arc, a
collection of nonzero vectors in IF’; with the property that any k of them are independent.
(Usually, an arc is defined projectively, that is, as a set of points in PG(k — 1, g), but for our
purposes, this will do.) We say that a k x n matrix M represents an n-arc if the columns
of M constitute an n-arc (i.e., an arc of size n) in [Fk. alternatively, we refer to such a matrix
as an MDS-generator. (The term MDS matrix comes from cryptography and is commonly
reserved for a matrix M for which [IM] is an MDS-generator.) Consider an [n, k], code C,
with generator matrix G and parity-check matrix H. Obviously, if H has n — k columns
that are dependent, then C has a nonzero codeword of weight at most #n — k. Therefore, C
is MDS if and only if the columns of H form an n-arc. Moreover, if G has k columns that
are dependent, then there exists a € IF’; with a # 0 such that the codeword ¢ = G'ais
nonzero but has a 0 in the corresponding positions, so that 0 < w(c¢) < n —k and C is not
MDS. Hence, C is MDS if and only if G is an n-arc, that is, if and only if its generator matrix
(or parity-check matrix) is an MDS-generator. In particular, C is MDS if and only if C* is
MDS [56] and [57] (Lemma 6.7, p. 245).

Note that IF’; itself, the repetition codes with parameters [r, 1, 71]; and their duals, the
codes with parameters [n,n — 1,2] g (called even-weight codes when g = 2), are all MDS
codes. For k > 2, let m(k, q) denote the largest n for which an [1, k, n — k 4- 1], MDS code
exists. The famous MDS conjecture, proven by Simeon Ball for the case where g is prime
in [58], claims that

g+1, for2<k<yg;
k,g) = 2
m(k,q) { k+1, fork>g, @)

except that when g is even,

m(3,q) =m(q—1,9) =q+2. ®3)

For k > g, it was shown in [59] that m(k,q) = k + 1, and that an [k 4 1,k]; MDS
code is equivalent to the dual of the repetition code, see also [54] (Corollary 7). It is well
known that m(k, q) is at least equal to the stated values in (2) and (3). Indeed, we already
mentioned that

1 0 0 —1
0 1 0 —1

| )
0 0 1 -1
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is an MDS-generator for all k; the corresponding linear code for g = 2 is called the even-
weight code. Furthermore, let a4, . .., ag-1 be the non-zero elements of ;. If k < g — 1, then

T - 1 10
ap - oag1 000
: Do ©)
oc’{_z oc’;:% 0 0
oc’l‘_l e ocgj 1
isak x (g + 1) MDS-generator; moreover, if g is even, then
1 -~ 1 100
[ S Oéq,1 01 0 (6)
zx% cee 04271 0 0 1

isa 3 x (g + 2) MDS-generator. The corresponding codes are referred to as (Generalized)
Reed—Solomon codes. In fact, for any k, 1 < k < g+ 1, such that g is even or k is odd, there
exists a [g + 1,k,q — k + 2] cyclic MDS code over FF; [60] (this corrects an erroneous claim
in [54]). For a reference for the above claims, see, e.g., [54] (Chapter 11, Sections 5-7).

3. Linear Storage Codes

In this paper, we adhere to the vector space view ([33,41,48,51,53,61-63]) on linear
storage codes. Informally, a storage code with symbol alphabet I, is called linear if the four
processes of data storage, data recovery, the generation of repair data from the helper nodes,
and the generation of the replacement data from the repair data, are all linear operations
over [F; [29]. It turns out that in that case, the storage code can be described in terms
of subspaces of an ambient vector space over [F; referred to as the message space. In the
description below, we will follow a similar approach as in [49,50]. We first need a few
definitions.

Definition 1. We say that the subspaces Uy, . .., Uy of a vector space V form a recovery set for V
ifV=U;,..., U).

Definition 2. We say that a subspace Uy of a vector space V can be obtained from subspaces
Uy, ..., U, of V by B-repair, written as

Ug,... U, s,

if there are B-dimensional helper subspaces H; C U; (j € [r]) such that Uy C (H; | j € [r]).

We can now present a formal definition of a Linear Regenerating Code (LRGC) in terms
of vector spaces, which can be seen as a “basis-free” representation of a linear storage code.
To understand the definition, think of the data that is stored by the storage code as being
represented by a vector x in the ambient vector space V = I}/, referred to as the message
space of the code. Then for every subspace W of V that occurs in the definition, choose a
fixed basis wy, ..., w;, and think of W as representing the ¢ data symbols x - w1, ..., x - w;.

Definition 3. Let m,n,k,r,a, B be integers for which1 < k <r <nand p < a < rp. A linear
storage code with parameters {m, (n, k), (r,«, B) }4 consists of an ambient m-dimensional vector space
V over IF, together with a collection S of sequences ¢ = Uy, ..., Uy of a-dimensional subspaces
Uy, ..., Uy, of V, referred to as coding states of the storage code, with the following properties.
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(i) (Data recovery) Every k subspaces in a coding state o € S constitute a recovery set for V.
Moreover, we will assume that k is minimal with respect to this property.
(ii) (Repair) For every i € [n] and for every | C [n] \ {i} with |J| = r, there is a subspace U] of V

such that (U;) je; L u; for which o’ := Uy, ..., Uj_1, U], U1y, ..., Uy is again a coding state
inS.

For future use, we introduce some additional terminology.

Definition 4. We refer to the collection of all the x-dimensional subspaces of V' that occur in some
coding state in S as the coding spaces of the linear storage code S.

A subsequence m = Uy, ..., Ui—1,Uj1q,..., U, (i € [n]) ofastatec = Uy,..., U, € S
will be referred to as a protostate of the storage code S.

So to actually employ the collection S as in Definition 3 as a storage code, think of
the stored data as a vector x € V (or as a linear functional, that is, as an element of the dual
VY of V mapping a € V to x - a € F, as in [64]). Then, for every coding space U involved
in S, choose a fixed m x a matrix U = U (U) with columnspace equal to U; now, if U is the
coding space associated with a particular storage node, then we let this node store the «
symbols of the vector ¢(U, x) := x - U. Note that if u is any vector in U, withu = Ua € U,
say, then x - u = (x - U) - a, so for every u € U, we can compute x - # from the stored vector
x - U. Similarly, for a repair subspace H contained in a helper node with associated coding
space U during repair, we choose a fixed m x p matrix H = H(H) with columnspace equal
to H, and let this (helper) node contribute the f symbols x - H. The code associated with
a coding state o = Uy, ..., U, is the collection C, of all words ¢(x) in Fg"‘ obtained as the
concatenation of the words ¢(Uj, x) for i € [n] when x ranges over V. Note that C; is an
[na, m),; code with m x na generator matrix

G(o) =[Uy--- Uy,

where U; is a matrix with columnspace Uj;, for all i. It is not difficult to verify that the family
of codes C, associated with states ¢ from a storage code S as in Definition 3 indeed has
the desired repair properties when used in this way to store data. Note that the resulting
functional-repair (FR) storage code is exact-repair precisely when the code consists of a
single coding state. In the case where the storage code is FR, at any time every storage
node must “know” its associated coding space. The extra overhead that this entails can be
relatively small if the code is used to store a large number of data vectors simultaneously. For
further details, we refer to [49,50]. The next example illustrates the above.

Example 1 (See also [48] (Example 2.2), [49] (Example 2.6), and [50] (Example 2.7)). We will
construct a binary linear functional-repair storage code S with parameters {m, (n,k), (r,a, ) }; =
{5,(4,3),(3,2,1)} (representing the smallest non-MSR/MBR extreme point of the achievable
cut-set region). So let V be a 5-dimensional vector space over Fy. A set of three 2-dimensional
subspaces {Uy, Uy, U} of V is said to be (3,2)-regular if any two of them are independent and
(Uy, Uy, Us) = V (this was called (3,1)-good in the cited papers). It is easily verified that if
{Uy, Uy, U3} is (3,2)-regular, then there are nonzero vectors a; € U; (i = 1,2,3) such that
ay + ap + az = 0; as a consequence, there is a basis eq, ep, e3, a1, ap for V such that U; = (e;, a;)
(i =1,2,3). It is easily checked that with Uy := (e1 + ea, e1 + e3), any subset of {Uy, Uy, Uz, Uy }
of size 3 is (3,2)-regular. As a consequence, the collection of all states ¢ = Uy, Uy, Us, Uy for
which any set of three of the spaces form a (3,2)-reqular collection is a linear storage code with
the parameters as specified. Note that there are coding states that are unreachable, that is, not
obtainable by repair from a protostate; for example, states of the form o = Uy, Uy, U3, Uy with
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U; = (ej, a;) (i =1,2,3) and with Uy = (e1 + ey, e1 + e3 + a1); obviously, such states can be
freely deleted from the code.

4. The Cut-Set Bound Revisited

Suppose that the DSS employs an {m, (n,k), (r,«, )} storage code. Since k is assumed
to be minimal and any r nodes can regenerate the stored information, we haven —1 > r > k.
(Indeed, to see this, choose an arbitrary set of r helper nodes, and one by one destroy
and repair all the other nodes, employing these helper nodes for each repair. Then the
information contained in the system is just the information that is contained in these r
helper nodes.) Note also that, obviously, m/k < « (since any k nodes regenerate the
stored information), and & < 7 (since r helper nodes, each contributing an amount j
of information, can create a replacement node), and f < « (since « is the maximum
amount that can be contributed by a helper node). Finally, let s be an integer such that
(s —1)B < a <sp,orsuchthat B < a <sBifs =r—k-+1; therefore, we may assume that
r—k+1<s<r. Weletx :=a/mand B := B/m denote the normalized storage capacity
and transport capacity, respectively. Our aim is to provide a quick and informal derivation
of the cut-set bound for RGCs and to establish a few simple properties of optimal codes
that seem to have gone unobserved. First, we show the following.

Lemma 1 (Cut-set bound). Let m, n,k,r be positive integers withn —1 > r > k, and let a, B
be positive real numbers with B < a < rpB. Let s be an integer such that (s — 1) < a < sB if
s=r—k+2,...,rorsuchthat p < a < (r—k+1)pifs =r—k+ 1. A storage code with
parameters {m, (n, k), (r,a, B)} satisfies

k—1
m < ;)min(“/(r—i)ﬁ):(7—S+1)06+((S—1)+-~-+(r—k+1))ﬁ. @)

Moreover, in the case of equality in (7), we have the following.

e Anyr —s+ 1 nodes, together, contain an amount of information (v — s + 1)a, that is, these
nodes carry independent information.

*  Any two nodes carry an amount of information of at least 2a if s < ror a + (k —1)B if s = r.
Therefore, if k = 1, then every node carries the stored information, so the code is essentially a
repetition code, but if k > 2, then no two nodes carry identical information .

e If, in addition, we have r = k, then for any | C [n] with size |J| < k, the information
I(N;j | j € ) contained in any collection of storage nodes N; with j € ] satisfies

I(Nj[je])=1]la 8)
iflJ| <r—s+1,and
INjlje])=(r—s+Dat((s—=1)+ -+ (s—1)B. ©)
ifl]l=r—s+1+twithl <t<k—r4+s—1

Proof. Assume that nodes Nj, ..., N, store the file, and that each k nodes regenerate the
stored file, with every node storing & symbols. Consider nodes Ny, ..., N, 1. Pretend that
nodes N;_s.7,..., Ny fail in turn, and are replaced by newcomer nodes N;—s+2/ e, N,i,
with none of the nodes N,.»,..., N, ever participating in a repair. Assume that for
i=1,...,k—r+s—1, the lost node N,_s,1.; is replaced by newcomer node Nr’szH,
which receives an amount of § information from each node contained in the set of r

helper nodes consisting of the old nodes Ny, ..., N;_¢ 1, the new nodes er75+2/ .., Nr/—s+z"
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and the old nodes N, ;i74i,...,N;+1. Now consider the sequence K of k nodes de-

fined by K := Ny,...,Nr—s41,N/_,»,...,Ni. The first r — s + 1 nodes Ny, ..., N,_sq

in K contain an amount of information that is at most equal to (r —s + 1)a. And for
i=1,...,k—r+s—1,the informationin N/ ., .;
preceding nodes Ny, ..., N, g1, NLHZ, s, NLSH in /C is the information obtained from
N, _s424i,---,Npi1, so is at most equal to (s — i)B. As a consequence, the amount of in-
formation contained in K is at most equal to (r —s+1)a+ (1+2+---+ (r—k+1))B,
and since any k nodes should be able to regenerate the stored information, we conclude
that (7) holds. Moreover, we conclude that if the bound (7) holds with equality, then the

nodes N, ..., N, g1 in K, together, contain an amount of (r — s + 1)a of information,

that is not already contained in the

and, in addition, a node N, _s,,; contributes a further amount i of information that is
independent of the information already present in preceding nodes in K.

By keeping track which of the nodes among N, _g», ..., N,1 contributed the various
pieces of information during the above repair process, we see that node N, ¢, ; for
i=1,...,k—r+s—2 contributes an independent amount of information i, and the
nodes Ny, 1, ..., N, 41 each contribute an independent amount (k — r +s — 1) . Also note
that the sequence of nodes Ni, ..., N, as well as their order, is arbitrary, and nodes Nj
and N,;; form an arbitrary pair of nodes. Now, if s < 7, thenr —s+1 > 2 and we
already showed that any 7 — s + 1 nodes, together, contain at least an amount of 2« of
information; and if s = r then nodes Nj and N, 1, together, contain at least an amount of
a+ (k—r+s—1)p = a+ (k—1)p of information. Obviously, in the case where k = 1, every
node carries the same information, so the code is essentially a repetition code. Finally, in the
case where r = k, by considering the sequence of nodes Ny, ..., Ny,_g41, Nyj1, ..., Nr—g13,
we see that the last claim in the lemma holds. O

Definition 5. We say that a Regenerating Code (RGC) with parameters {m, (n,k), (r,a, B)} is
optimal if the bound (1) is attained with equality, and if, moreover, lowering « or B results in
violation of this bound.

Note that if « < (r —k + 1), then (7) reads as m < ka. In that case, if the code is
optimal, then according to Definition 5, we must have « = m/kand g = a/(r —k +1).

It is not difficult to see that in terms of the normalized parameters & := «/m and
B := B/m, we have the following. Fors € {r —k+1,...,r}, define

—k+1
mkrrrs::(r—s+1)s+(s—l)+---+(r—k+1):(r—s+1)s+<;)—(r 2+ ),(10)
and set

@s:=5/My,s, PBoi=1/my,q. (11)

Then the feasible cut-set region, the region of all pairs (%, B) that can be realized by tuples
(m,k,r,a, B) for which m < ka, B < a < rB, and for which (7) holds with s as defined
above, has extreme points (RS,BS) fors =r—k+1,...,r, and is further bounded by the
half-lines @ = 1/k = &,_j41,f > &/(r—k+1) = B, . and rp =& > 2/(2rk — K>+ k),
see Figure 1 in Section 1.

We sometimes refer to the extreme points (ES,BS) (s=r—k+1,...,r) as the corner
points of the achievable region. The corner points (%,_x+1,,_1) and (%, B,) are known
as the MSR point and the MBR point, respectively (note that these points are equal if and
only if k = 1).

Definition 6. We say that an RGC with parameters {m, (n, k), (r,a, B}, attains a corner point
of the achievable cut-set region if the pair (a/m, B/m) equals one of the pairs (@, B,) with s €
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{r—k+1,...,r}. An RGC that attains the MSR point or the MBR point is referred to as an MSR
code or an MBR code, respectively.

Remark 1. The result in (9) may well hold also for optimal storage codes where v > k, but we have
no proof and no counterexample.

Remark 2. There are cases of optimal codes where (9) is not satisfied with equality. Consider an
MBR codewitha =r =k =3,n=4,andm =342+ 1 = 6. The “standard” code has coding
spaces U; = (ey; iy | j € [4],] # i}, where the C(4,2) = 6 vectors ey; y with 1 < i < j < 4 form
a basis. This code satisfies (8) and (9) with equality.

Now, let U; = <e1,e2,33>, u, = <E4,B5,€6>, Us = <B] + 64,62,B6>, and Uy = <€2 +
eq, €3, es5). Note that Uy can be obtained by repair from Uy (use e3), Uy (use es), and Us (use
ex + eg). Now any two coding spaces span at least a 5-space, and any three span a 6-space, but
Uy, Uy are independent.

This example shows that in a coding state, (9) is not necessarily satisfied with equality. But note
that this example can only represent an unreachable state in a storage code with these parameters,
since once we have a protostate with no two spaces disjoint, then the new space has a repair vector
in common with each of the other coding spaces.

5. (k,r, s, B)-Regular Configurations

In this section, let n, k, 7 be integers withn —1 > r > k > 1, let s be an integer with
r—k+1<s <r and let my,; be as defined in (10). Moreover, let 8 be a positive integer
and let & := sp. Motivated by the results from the previous section—notably, by (8) and
(9)—and by the form of the “small” storage codes from [48,49]) (see also [50]), we introduce
and investigate the following notion.

Definition 7. Let V be a vector space with dim 'V = my,, o, and let Uy, . .., U, be a-dimensional
subspaces of V. We say that the collection {Uy,...,Uy,} is (k,r,s, B)-regular in V if « = sp and,
for every integer t with 0 < t < k — (r —s+ 1) and for every | C [n] with |J[| =r —s+1+t,
we have dim(U; | j € J) = di, where

dy :=d}”° = (r—s+1)s+zt:(s—i):(r—s+1)s+(s—1)+---+(s—t). (12)
i=1

In addition, we say that {Uy, ..., Uy, } is (k,r,s)-regular if it is (k,r,s, B)-reqular with B = 1,
and (r,s)-reqular if it is (k,r,s)-reqular with k = r. We will write

Mys:=Myps=(r—s+1)s+(s—1)+---+1 (13)
to denote the dimension of the ambient space of an (r,s)-regular collection.

Note that Definition 7 requires, in particular, that any » — s + 1 of the vector spaces in
a (k,r,s, B)-regular collection are independent, and that any k of the vector spaces span V.
Our aim in the remainder of this section is to study the properties of the numbers my, ;
defined in (10), and to describe a construction of (k, r, s)-regular collections (and, hence, of
(k,r,s, B)-regular configurations for all integers ). To that end, we need the following.

Lemma 2. Fori € [s], define m; := min(r —s +1i,k). Thenr —s+1=my < --- < ms =k.
Let t be an integer with0 <t <k — (r —s+1),andsetu := (r —s+1)+t. Thenr —s+1 <
u < kand

dt:(r—s+1)s+(s—1)+~~~—|—(s—t):i%min(mi,u).
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In particular, for my , ; as defined in (10), we have
My ys = ds—(r—k+1) =my +my+ -+ ms.

Proof. Since r —k+1 < s, we have r —s+1 < k, hence m; = r—s+ 1. Also,
ms = min(r, k) = k. Obviously, m; < m j if i < j. Therefore, the first claim follows im-
mediately. Since u = (r —s+ 1) +t < k, we have min(m;, u) = min(r — s +1i,u), so we
have

r—s+1
r—s+1
r—s+1
r—s+1

+- o+ (r—s+t)+(s—tu
t+0+14---+(t—1)+(s—t)(r—s+1)+ (s—t)t
SHO+T+24 -+ (t—1)+ts—1)
s+(s—t)+--+(s—1)=d,.

Y min(m;, u)

(
(
(
(

~— — ~— ~—

Taking t = k — (r —s+ 1), we have u = k > m; for all i, and we find that my ,; =
A (r—s11) = Li—g min(m;, k) = Y7y m;. O

Now, to construct a (k, 7, s)-regular configuration of size n > r 4+ 1, we proceed as
follows. For i € [s], let M; be a m; x r MDS-generator over a sufficiently large field F;, and
let M := diag(Mj, ..., Ms). Now let U; := (M1(j), M2(j), - .., Ms(j)), where M;(j) denotes
the j-th column of M;. Also, write Vl-’ = IFZ” andletV:=Vi@- -0V, = (V,..., V),
where we identify V/ with the subspace V; := {0} & --- @ {0} & V/ @ {0} @ --- @ {0} of V..
Note that dim U; = s (j € [n]), and, by Lemma 2, we have that dim V = my, ;.

Theorem 1. Given the above definitions, o := {Uy, ..., Uy} is (k,r,s)-regular, and o can be
constructed from a generator matrix of an [r,k,v —k + 1]; MDS code (that is, from a k x r
MDS-generator).

Proof. We begin by remarking that since m; < k < r and m; = k, the matrices M; can
indeed be constructed if the field size g is large enough. Indeed, the matrices My, ..., Ms_1
can be constructed from a matrix M; by deleting some columns, and since ms = k, such a
matrix exists if and only if there exists an [r, k, r — k 4- 1], MDS code. Note that for i € [s],
the columns of M; are in Vi’ ; hence, the corresponding columns in M are in V;. Next,
consider the span of a collection U; for i € I, where |I| = u. Since this span contains u
vectors from V;, which correspond to u columns from M;, the MDS property of M; implies
that the dimension of their span is equal to min(m;, u). Therefore, with u := (r —s+1) + ¢,
according to Lemma 2, the span in V is equal to Y} ; min(m;, u) = d;, as required. In
particular, for t :=k — (r —s+1), wehave m := dimV = d; = my ;. [

The above suggests investigating storage codes with parameters {my , o, (1,k), (r,s,1)}
and with coding states that are (k, 7, s)-regular. This is the subject of Sections 7 and 8 for
the case where k = r. We note that not every such coding state is reachable by repair,
see Example 2 below.

Example 2. Let Uy := (a1, by). Uy := (ay,by), Us := (a3, by +by), and Uy := (—ay — ap —
as, by — by), where V := (a1, a3, a3,b1,by) has dimension 5. Then o := {Uy, Uy, U3, Uy} is
(3,2)-regular, but no subspace U; can be obtained from the other three subspaces U; with j # i
by 1-repair. Therefore, o cannot be a reachable coding state in a {5, (4,3), (3,2,1)} storage code.
Replacing Uy by Uy := (a1 — aa, a1 — az) yields a (3,2)-regular configuration that could be a
reachable state in a storage code with these parameters.
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In Section 8, we shall describe an alternative construction of an (7, s)-regular configuration.
Here, we state a useful property of the numbers 1, ; that is needed in that construction.

Lemma 3. We have

Mirs = (r—s+1l)s+(s—1)+---+(r—k+1)
_ rHmg g, -1, ifs>r—k+1)
B ks, ifs=r—k+1,
and hence
Mgps =1+ —1)4+--+2r—s—k+2)+(r—s+1)(r—k+1). (14)

Proof. If r —k+1 < s, thenwith# :=r— 1,k :=k—1,s' :=s —1, we have

Mgys = (V—S+1)S—|—(s—l)+...+(r_k+1)
(= + 1) +(r—s)+s+ (1) +( —K +1)
= r—i—mk/’,/’S/.

The last claim follows immediately from this claim by induction. [

6. The Structure of an (7,1, s, B)-Regular Configuration

In this section, we consider the case where r = k. We begin with a result that is
fundamental for what follows.

Lemma 4. Let Uy, ..., U, be subspaces of a vector space V. Define

U= (Uj|jelrl,j#1). (15)

Suppose that H; is a subspace of U; with H; N U; = {0} for all i € [r]. Then, with
H := (H; | i € [r]), we have dim H = Y dim H;, and for every | C [r], we have (U; | j €
J)"H = (Hj|j€]).

Proof. Let jand t be integers with 0 < j <t <r. Since Uy, ..., U, Hy,..., H; 1 C U; and
H: N Ut = {0}, we have dim(l,ll, ey LI], Hy,.. .,Ht> = dim(l,ll, ey LI], Hy,.. .,Ht,1> -+
dim H;. Since Hy, ..., H; C (Uy, ..., uj, ), by induction we have that

T
dim(Uy, ..., Uj, Hy,..., Hy) = dim(Uy, ..., U;) + ) dim H;. (16)
i=j+1

By (16) for j = 0, we conclude that dim H = ) dim H;, which proves the first part of
the lemma. Next, let ] C [r] with |J| = j. After renumbering the subspaces if necessary, we
may assume that | = {1,...,j}. By (16) and Grassmann’s identity, we have

]
i=1

Since Hy, ..., H; C (Ul,...,llj> and dim(Hl,...,Hj> = Z{:l dim H;, we conclude
that (U, ..., U]) NH=(Hy,..., Hj>, so the second part of the lemma follows. [

Now assume that 7, s, and  are positive integers with 1 < s <randr > 2;seta := sf;
and let V be an m-dimensional vector space over some finite field IF; with m = m;, s, where
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my s is as defined in (10). Assume that 7 = {Uy,...,U,} is (,7,s, B)-regular in V. For
i € [r],let H; be a B-dimensional subspace of U; with H; N U; = {0}, where Uj is as defined
in (15), and define H := (Hy, ..., H;). Below, we will use these assumptions to draw a
number of conclusions. First note that since 7t is (7,7, s, B)-regular, we have

dimU; =m — B (17)

and
(u,u;) =v (18)

foralli € [r]. By Lemma 4, Hj, ..., H, are independent in H, so dim H = rf. Next, we note
the following.

Lemma 5. We have that
dimU,NUyN---NUy =m—tp

for all t; in particular, with

we have dim V' = m — rp.

Proof. We use induction on t. By (17), the result certainly holds for ¢t = 1. Now, let t > 2,
and suppose the claim holds for smaller values of t. First, we observe that since U; is
contained in Uy, ..., U;_1, by (18), we have (U; N ---NU;_1,U;) D (U, Uy) = V. Hence

dim<U1 n--- ﬁUtfl,UQ = m. (20)

By the induction hypothesis, dim Uy N --- N U;_y = m + (t — 1), so using (17), (20),
and Grassmann’s identity, we obtain

dimUlﬂ---ﬁUt = dimUlﬁ~~~ﬂUt,1—|—dimUt—dim(Ulﬂ---ﬂUt,l,Uﬁ
() (m— ) —m=m—tf.

The last claim in the lemma follows by letting t = r. [J

Lemma 6. We have (V/,H) = V and V' N H = {0}. (We will write thisas V = V' & H,
identifying V' with V' & {0} and H with {0} & H.)

Proof. We already noted that dim H = rf. Moreover, since r > 2, using Lemma 4 we have
HNV CHNU; NUy = (HNU;)N(HNU,) = H NHy = {0}.

By Lemma 5, we have dim V/ = m — rB, so dim V = dim V' + dim H, and the claimed
result follows. [

Next, fori =1,...,r, we define
Ul ==u;nv'. 1)
Lemma 7. Forall i € [r], we have dim U] = (s — 1) and U; = U! & H;.
Proof. Leti € [r]. Since U; C U for j # i, we have that

ul/ =UnN V' = u;n (ﬂ]r':lU]') =U;,Nu;.
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So by (17), (18), and Grassmann’s identity, we have
dimU! = dim U; N U; = dim U; + dim U; — dim(U;, U;) = sp+ (m — ) —m = (s — 1)B.

Since U/,H C U;, U/ = U;NV’, and HN U; = H; by Lemma 4, the claimed results
now follow. [

We summarize the above result in the following theorem.

Theorem 2. Let r, s, and p be positive integers with2 <s < randr > 2; set « := sp; and let V
be a vector space with m := dim V' = m, s, with m, s as defined in (13).

(i) Let V' and H be subspaces of V for which V. = (V',H) and V' N H = {0} (so that
V =V'&H) andlet m" := dim V' = m —rp = m,_15_1 and dim H = rB. Furthermore,
let Hy, ..., Hy be independent in H with dimH; = B (i € [r]), and let ¢/ = {U},..., U} be
(r—1,r—1,5 =1, B)-regular in V'. Then, with U; := (U!, H;) = U & H; (i € [r]), we have that
m=A{U,..., U} is (r,1,s,pB)-regular in V; moreover, V' satisfies (19), U, = U;NV’, H; C U;,
and H; "U; = {0}, where U is as defined in (15).

(it) Conversely, if 1 = {Uy,..., U, } is (r,1,s, B)-regular in V, then 7t can be put in the form
as in (i) by letting V' be as in (19), and, for all i € [r], letting U/ := U; NV and choosing H; C U;
with H; ﬂUf = {0}.

Proof. We first note that m — rf = m,_1,_1 by Lemma 3. With d}* as in (12), we have
dy’ = d;fl’sfl + (r —s+1) + ¢t for integers t with 0 < t < s —2. Now, if U; = U/ @ H;
(i € [r]), then with ] C [r] with |[J]| =r—s+1+tand 0 <t < s — 1, we have dim(U; |
je]) = dim(U]{ | j€J)+BlJ|. Sofort < s—1,wehavedim(U; | j € J) = dy*B if and
only if dim(U/ | j € J) = i "*"'g, and, in addition, dim(UJ; | j € [r]) = dim V if and
only if dim( U]’- | j € [r]) = dim V. We conclude that 7t is (r,7,s, f)-regular in V if and
only if ¢’ is (r — 1,7 — 1,5 — 1, B)-regular in V'. This proves part (i); part (ii) follows from
Lemmas 5-7. [

The next lemma handles the case where s = 1.

Lemma8. Leto = {Uy,..., U4} be (r,r,1, B)-regular in a vector space V with m := dim V =
m, 1 pB = rB. Then thereis a basis {h;; | i € [r],j € [B]} of V such that U; = (h;; | j € B)
fori€ [rland Uy 1 = (=hyj— - —h,; | j € [B]). In particular, the resulting storage code is
linear, exact-repair, and optimal, meeting the cut-set bound in the MISR point.

Proof. Since o is (r,r,1, B)-regular, Uy, ..., U, are independent in V and every vector u
in U1 is of the form u = uy + -+ + u, with w; € U; (i € [r]). Now, let hy,..., hgbe a
basis for U, 1, and let h; = hj; + -+ hjg with h;; € U; for j € [f] and i € [r]. Since
(Uj | jelr+1],j # i) =V, weconclude that U; = (h;; | j € []) foralli € [r]. Since
Uy41 = (—hy,...,—h;), the first claim follows. It is also easily checked that a lost coding
space U; can be exactly repaired from knowledge of all the vectors h; ; (j € [B] for t € [r+1],
t # i. Since s = 1, the resulting code is an ER MSR storage code. [

The case where s = r is more complicated, as is illustrated by the example below.

Example 3. The standard example is the following. Let dimV = B(r +1)r/2, let Hy; (1 <
i <j <r+1beindependent in V with dim Hy; y = B, and let U; = (Hy; jy | j € [r+1],j # i).
Then o = {Uy,...,Uy41} is (r,1,1, B)-reqular in V. But already for v = 2 and p = 1 we have
a different example. Indeed, let dimV = my, = 3 with V = (e, a1, az), and let U; := (e, ay),
Uy := (e, ap), and Uz := (e, a1 + ay). Then o = {Uy, Uy, Uz} is (2,2)-regular.
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We leave the determination of (7,7, r, B)-regular configurations as an open problem.

7. Main Results

In this section, we specialize to the case where B = 1 and, except in Corollary 1, also
k = r. The following simple result may be of independent interest.

Lemma 9. Let Uy, ..., U, be subspaces in an m-dimensional vector space V over Fy. Let h; € U;
(i € [r]), and suppose that Uy is a subspace of H := (hy, ..., hy) with dim Uy = a. Define C C F,
to be the collection of all ¢ € T} for which };_; c;h; € Uy. If every collection {U; | j € JU{0}}
with ] C [r] and |J| = r — a is independent, then hy, ..., h, are independent and C is an
[r,a,r — &+ 1]; MDS code.

Proof. Since Uy is a subspace, the code C is linear over [F;. Suppose that (after renumbering
if necessary) hy, ..., h; form a basis of H, for some ¢t < r. Let Cy be the subcode of C
consisting of all ¢ € C with supp(c) C [t]}. Obviously, every u € U can be written
as u = Y_c;h; for a codeword ¢ € Cy, and since hj, ..., h; are independent, every such
expression is unique. As a consequence, dim Cy = dim Uy = «. Moreover, if Cy contains a
nonzero codeword ¢ with [supp(c)| < r — &, then Up and the subspaces U; with j € supp(c)
are not independent, since the word u € Uy corresponding to the codeword c can be written
as a linear combination of the vectors h; with j € supp(c). Therefore, Cy is a linear code
of length at most r, of dimension «, and with minimum distance at least ¥ — « + 1. By the
Singleton bound, we conclude that t = r and Cy has minimum distance r —a + 1. Asa
consequence, hy, ..., h, are independent and Cy = C; hence C is an [r,a, 7 — a + 1] MDS
code over ;. [

Remark 3. We note that a similar result holds if B > 1 and « = sp. As before, we can describe Uy
in terms of an [rB, sBl, code, with the positions partitioned into r groups of B positions each, but we
can now only conclude that a nonzero codeword is nonzero in at least r — s + 1 of these groups, and
so the code need not be MDS. However, by considering the code an a code of length v over the larger
symbol alphabet F g, We see that the minimum symbol-weight of this Fg-linear but not F qﬁ—linear
code of length r and size (qP)* is at least r — s + 1, so the minimum symbol-distance is r — s + 1.
Therefore, this code meets the Singleton bound for non-linear codes [55] (Theorem 4.1), and is, again,
a (non-linear) MDS code (or MDS array code). We leave further details to the interested reader.

Lemma 9 has an interesting consequence.

Corollary 1. If there exists an optimal linear FR storage code with parameters {m, (n, k), (r,a,1) }4
in a corner point of the achievable cut-set region (that is, with « integer), then there exists an
[r,&,r — &+ 1]; MDS code.

Proof. Suppose that 7 = Uy, ..., U,_1 is a protostate of such a code. Then we can choose
helpers h; € U, for i € [r] and a subspace Uy C H := (h; | i € [r]) with dimU = a such
thato = Uy, ..., Up,..., U, is a coding state of that code. By Lemma 1, any collection
of subspaces Uj; (j € ]) with |J| = r — a + 1 is independent. Now the desired conclusion
follows from Lemma 9. [

We are now ready to state our main result. This result was announced already in [48]
(Theorem 4.1), but, unfortunately, the required extra condition on the helper nodes was
inadvertently omitted.

Theorem 3. Suppose that 7 = {Uy, ..., U, } is (r,«)-regular in a vector space V of dimension
m = my, = a(2r — a4+ 1)/2 over a finite field Fy, and let h; € U for i € [r]. Define U; as
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in (15). Then U; \ U; is nonempty for all i € [r]. Let C C I} and let Uy := {c1hy + -~ + crhy |
c=(c1,...,¢) € C}. Then o := {Up, Uy, ..., U, } is an (r, a)-reqular extension of 7t if and only
if hj € U; \ U; forall i € [r] and Cis an [r,a,r — & + 1] MDS code over F,.

Proof. Note that by our assumption on 71, we have dim U; = m — 1 and dim(U;, U;) =
dim V = m, hence U; is not contained in U;; so U; \ U; is nonempty.

We begin by showing that the conditions on the vectors h; (i € [r]) and on C are
necessary. So suppose that o is (7, «)-regular. First, if h; € U;, then Uy C U;, hence o\ {U;}
is contained in the proper subspace U; of V, so it is not an (r, a)-configuration, contradicting
our assumption. Hence h; € U; \ U; for all i. Then by Lemma 4 with H; := (h;) (i € [r]),
the vectors hy, ..., h, are independent. Next, let C denote the collection of all ¢ € IF,S for
which Y c;h; € Uy. Since hy, ..., h, are independent, we have C = C and by Lemma 9, we
have that C, hence also C, is an [r, &, 7 — a + 1] 4 MDS code.

Now, we show that the conditions are also sufficient. So assume that h; € U; \ U;
for all i and that C is [r,a,r — a + 1] MDS. By Lemma 4 with H; = (h;) (i € [r]), the
vectors hy, ..., h, are independent; hence dim Uy = dim C = a. Next, let ] C [r] U {0} with
|J| =r —a+1+tfor some integer t with 0 < t < k —r +s — 1. According to Definition 5,
we have to show that dim(U; [ j € J) =di = (r—a+Da+ (a = 1)+ -+ (a — t). If
0 ¢ ], this holds since 7 is (r, a)-regular. So assume that | = Jo U {0} with Jo C [r] and
|Jo| = r — a +t. Again using that 7t is (7, «)-regular, we have dim(U; | j € Jo) = d;_1, so
by Grassmann’s identity,

dim(U; | j € J) =di1 +a—dim(U; | j € Jo) N Uy, (22)

which is also correct for t = 0 if we setd_1 := (r — a)a. Setting H := (hy, ..., h;), we have
Uy C H; hence, using Lemma 4 and setting Cy := {c € C | supp(c) C Jo}, we have

<u]"]'€]o>ﬂll():<u]'|j€]0>ﬂHﬂU0:<h]‘|j€]0>ﬂU0:{Zth]'|CECO}. (23)

Now C is MDS and dim C = &; hence, dim Cy = max(0, &« — (r —|Jo|)) = max(0,t) = ¢.
So combining (22) and (23), we have

dimUo N(U; | j € Jo) =di1 +a—t=d.

Since ] is arbitrary, we conclude that o is (r, a)-regular and of size r 4 1 as claimed. [J

This theorem has the following important consequence.

Theorem 4. Let IF; be the finite field of size q. Suppose that there exists an [r,a,r — a + 1] MDS
code C over Fy. Then the family of all (r, x)-configurations of size r 4 1 in a vector space V of
dimension m = my, = (r —a+1)a + (a —1) 4+ - - + (r — k + 1) over I, forms the collection
of coding states of an optimal linear storage code over Fy with parameters {m, (r +1,7), (r,a,1) },.
The protostates of his code are the (r, a)-reqular configurations of size r.

Proof. In Theorem 1, we showed how to use an [r, &, 7 — a + 1]q MDS code C to construct
an (r, a)-regular configuration of size r 4 1, so the collection of coding states in the theorem
is nonempty. And if a coding space is lost, then we are left with a protostate, which is
(r,a)-regular of length r, and we can use Theorem 3 and the MDS code C to repair this
protostate to another coding state. [J

It is usually possible to use a subset of the collection of all (7, a)-configurations of
length r + 1 as coding states. A rather obvious restriction is discussed in the remark below.
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Remark 4. In Theorem 4, we can limit the coding states to all (r, «)-regular collections of size r + 1
in V that can be obtained by repair from a subcollection of size r, since other ones are not reachable.
For example, let V = T3, and let a1, ay, ey, e, e3 be a basis for V; set a3 := a1 + ay. Fori € [3],
define U; := (aj, e;), define Uy := (e1 + e, a1 + e + e3), and define U := (e1 + e, e1 +e3). It
is easily verified that both 7t := {Uy, Uy, U3, Uy} and 7’ := {Uy, Uy, U3, U} } are (3,2)-regular of
size 4 (in fact, it can be shown that, up to a linear transformation, every (3, 2)-regular configuration
is equal to either 7t or 7r'), and, moreover, no subspace U; (i € [4]) can be obtained by 1-repair from
the other three subspaces in 7t. So there is no need to include configurations such as 7 as coding
states of a {5, (4,3), (3,2,1) }, storage code.

In view of Theorem 3, Theorem 4, and of Remark 4, we introduce the following.

Definition 8. Let r and « be integers with 1 < a < r. An optimal linear storage code with
parameters {myq, (r +1,7), (r,a,1)} is called an (r, )-regular storage code if the code has an
ambient space V with dim V = m, , and if every coding state is an (r, x)-reqular configuration
inV.

In the next section, we will introduce a more interesting family of (7, «)-regular stor-
age codes.
We end this section with two further remarks.

Remark 5. We show in Theorem 3 that an (r, a)-regular storage code over a finite field I, exists if
and only if an [r,a,r — & + 1]; MDS code exists. As rightly pointed out by a reviewer, that leaves
open the possibility that a storage code with parameters {m; ., (r +1,7), (r, &, 1)}, exists while no
[r,a,7 — a + 1]; MDS code exists. We are not aware of any non-existence results for regenerating
codes in terms of the alphabet size (even for MBR codes, this is listed as Open Problem 1 in [29]), so
we cannot rule out this possibility. If one could prove that (9) always holds with equality, then we
could conclude that every linear {m,, (r +1,7), (r,a,1)} storage code is (r, a)-regular, but we do
not see how to prove that (if it is true at all, which we doubt). But given the strong relation between
construction methods for storage codes and MDS codes, and given our idea that these (r, )-regular
codes are, in a sense, “best-possible”, we strongly believe that these codes indeed realize the smallest
possible alphabet size for their parameters. We leave this question as an interesting open problem.

Remark 6. Interestingly, every storage code as in Theorem 3 can be realized as an optimal-access
code, and, in fact, as a help-by-transfer (HBT) code. Essentially, with notation as in Theorem 3,
the reason is that if a coding space Uj is represented by a basis ey, . . ., ey, then since U; C U;,
there must be an index j € [a] such that e; € U; \ U;. Note that this property need not hold
for every (r,a)-regular storage code, since it may be required to choose helper vectors outside
the given basis in order to repair to an available coding state. An example of this is given by
the (r,a) = (3,2)-regular code from [48], as can be seen from its description in [50]. It is an
interesting problem to find the smallest (3,2)-reqular HBT code. We leave further details to the
interested reader.

8. Smaller (r, «)-Regular Storage Codes

Inspired by Theorem 2, we will use Theorem 3 to produce a second (essentially
recursive) construction of an (r, a)-regular collection of size r + 1.

To this end, let V be a vector space over [ with dim V' = m; 4. Fort =1,...,a, let
Cl+H be an [6 — 1+ t,t,6], MDS code, where § = r — a + 1. In what follows, we will
consider bases H for V consisting of vectors hl-,]- fori=1,...,4andj=1,...,6 =141,
arranged as in Table 1.
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Table 1. The array of basis vectors.

hi1 hys
hyq e hy s e his_14+
hop T hys T hos—1+t T ha

Recall that by Lemma 3, we have m, , = 6 + (6 +1) + - - - + 1, so by counting “by row”,
we see that these bases indeed have the right size. Given such a basis H = (h; ;), we can use
the given MDS codes to construct a sequence ¢ = ¢(H, C(‘”l), e, C(”l)) =Uy,..., Uy

as follows. First, fort =1,...,0, we let

U; := <hi,t | ie [DCD (24)
Then, fort = 1,...,a, we define
O—1+t 5
Wspr:={ ¥ cjhyjle=(c1,...,co-141) € C' ) (25)
=1
and we let
Usyt = Wt Besisqt - Basr)- (26)

Lemma 10. With the above notation and assumptions, we have dim Wy ,; = dim C O+1) — ¢
(t € [«]), and the collection o := {Uy, ..., Uy41} is (v, a)-regular.

Proof. First, since h; 1, ..., h; 5_14 are independent, it follows that dim Ws; = dim C (0+t),
hence dim Wy, = CO*t) = t. Then, from (24), we see that dim U; = « for t € [a], and
from (26), we see that dimU;; = t+ (o — (t +1) + 1) = a, so all the subspaces in o
have the required dimension a. We will use induction to prove the last claim. To establish
the base case for the induction, note that the § + 1 subspaces U™V := (hy1),..., U :=
(hys), UCTD) .= Wy form a (0, 1)-regular configuration (indeed, since C(*1) is MDS with
dimension 1, the unique (up to a scalar) nonzero codeword in C(®*1) has weight §, hence
is nonzero in every position). Now, suppose that we have constructed a (6 —1+1¢,t —1)-

regular configuration o(t) := {ul(tfl), e Uéi}?t}. Then, we “add an extra layer” by
setting Uj(t) = <U]«(t71),ht,]'> (j € [6 —1+1t]), we add an extra subspace U{git = Ws 44, and

we apply Theorem 2, part (i) to conclude that ¢{*) := {Ul(t), ceey Ugit} is (0 +t,t)-regular.
Since o{*) = ¢, the claim follows by induction. [J

Next, we want to show that by restricting the allowed MDS codes involved, we can
construct an (7, w)-regular storage code using only coding states of the type in Lemma 10. In
that case, a coding state of this restricted type, when losing a subspace, must be repairable
to a new coding state that is again of this restricted type. We will now sketch how this can
be achieved.

Let C be a fixed [r, «, §] MDS code C. For every permutation T = 7y,..., - of {1,...,r},
we define codes C+1) .. c(r+1) by letting

ClO = {(cq, s 400) | €= (c1,e-0r6r) € Csupp(e) C LT, o, o1t} (27)

Note that since C is MDS, the code C0*) is easily seen to be [ — 1+ ¢,t,] MDS;
note also that C"*1) = C. Now, for every basis H = {hi,]- [1<i<al<j<dé-—1+1i}
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for V, we use these codes C(®*!) defined above to construct an (7, «)-regular configuration
o = o(H, 1) as explained earlier, that is, we set o(H, 7) := o¢(H,C*1,...,C"+1)). Then
by Lemma 10, o(H, 7) is (7, #)-regular. We now have the following.

Theorem 5. Let r and a be integers with 1 < a < r, let V be a vector space over Fg, with dim V' =
my,s, and let C be an [r, a, 6] MDS code, so with 6 = r — « + 1. The collection of all (r, a)-regular
configurations of the form o (H, ) as defined above, where H = (h;; | i € [a],j € [0 —1+1]) isa
basis for V and where T is a permutation of [r], forms an (r, x)-regular storage code.

Proof. We sketch a proof as follows. Suppose that for each t € [«], we choose a basis
81,6+t ---,St5+t for Ws . Then

Usit = (S1,64tr- s Storts Begt,o4t - Buope)-

Note that every vector s, 5, can be uniquely expressed as a linear combination of the basis
vectors h; j for V; we will say that a vector h; ; occurs in s, 5, if h;j occurs in that linear
combination with a nonzero coefficient. Later, we will impose additional conditions on
these vectors s, 5.,

We can now arrange the vectors h; j and the vectors s; 5, ; in a rectangular a x (r +1)
array such that the vectors in column j span Uj, see Table 2 below.

Table 2. The array of vectors constructed above.

U Us Us 11 Us_1+4¢ Usit Us 41 Uy 41
hiy - his S50 S16-144 S1,6+t S164t41 ' Sir4l
hq te ht,& s ht,5—1+t St,o+t St,o+t+1 s Str+1
hiv11 - hgag o pisoagr Meisar St1o4t41 Skl
hogp 0 has hysir o haso1ys hosit hasieyr 0 Swril

This array has the following characteristics.

A1l Row i of the array contains 6 — 1 + i of the basis vectors of V.

A2 The basis vectors in row i occur only in the vectors s1 54,...,5; 51

A3 The vector space Wy = (S1,54i,--.,Sis+i) is determined by the basis vectors in row i
and by an [6 — 1 +i,i,6] MDS code C+)) derived from the [r,«, ] MDS code C
through a fixed permutation T of {1,...,r}.

Now consider what happens if we lose a subspace, that is, if we lose a column of
the array in Table 2. Our aim will be to arrange the remaining r subspaces into a similar
array, but with the last column removed, and then to use the MDS code C to construct
the last column from the last row of the new array. Losing any column j with j < r has
the consequence of losing the basis vectors h; j in the array, and our aim will be to replace
these lost basis vectors with the vectors s, 5, (Where u = 1ifj < dand u = j -4 if
6+ 1 < j < r), while maintaining the characteristics A1-A3 above. By Al, a row that
contains a lost variable should move one row up, and the row that contains the replacement
basis vectors should move into the last row. By A2, if s, 5., replaces hi,]-, then £; j should
occur in s, 54, and should not occur in s, 5.1, for s # u. Note that since C (6+1) js an MDS
code, there is no position where all codewords have a 0; hence we can always choose a
basis s1,51i, .- ., S;is+i for Ws; such that a given vector h; ; occurs in one and in only one of
the basis vectors. Finally, by A3, there has to be a suitable permutation 7’ that can describe

185



Entropy 2025, 27, 376

the new [6 — 1+ £, ¢, 5] MDS codes. As we saw above, Al and A2 determine how the new
array should be formed; what is left is to find a suitable 7/, and then to verify that A3 holds
again. Let us now turn to the details.

As remarked before, if we lose U, 1, then we can recover that subspace exactly. For
the other subspaces, we distinguish two cases.

First, suppose we lose a subspace U; with 1 < t < §. Then, in Table 2, we delete
column t, and we take out row 1 and place it after the last row, where we want the «
vectors s1 511, ...,51,+1 to replace the lost basis vectors hy , ..., . Recall that the vectors
$16+is---,Sis+i span Ws.; and are each a linear combination of h;1,...,h;5_1+,; Now,
choose these vectors such that s, 5. ; contains h; ; if and only if # = 1 (as remarked above, it
is not difficult to verify that this is possible). Define a new permutation

/
T =T, s TGl Tet1se - T Tty (28)

and a new basis H' = (hi,]-),where,fori: 1,...,a—1,j=1,...,6 —1+1i,welet

W — hi+1,j/ lf] <t
K hi+1,j+l/ ifj >t

andforj=1,...,r, welet

hl,jr ifj <t
h;’]- = hl,j-i-lf ift < ] <9
S1,j+1s ifj >90.

Finally, with
,
Uy :={)_ el | ceCY, (29)
s=1

it is easily verified that o’ := Uy, ..., U;—1, Us41, . .., U1, Up is precisely the configuration
o(t,H).

Secondly, suppose that we lose subspace U with 1 < t < . In that case, we proceed
in a similar way, where in Table 2 we remove column J + ¢, take out row t and place that
row after the last row in the table, where we now want the & — t vectors s; 54 +1,...,5¢r41
to replace the lost basis vectors by 1 514, ...,y 51 This can be achieved by now choosing
Sy,5+i to contain h; 5, if and only if u = t. Define a new permutation

T =T, Tt =1 Tottds - -+ s T Tt (30)
and a new basis H' = (hi/]-),where fori=1,...,a—-1,j=1,...,0 —1+4+1i,welet

h,"j, ifi<tj<o+t
h:,] = hi,j+1/ ifi < t,j >0+t
hi+1,j+1/ ifi>tj>0+t

and
h/ o ht,j/ lf]<5+t,
Stj+1s ifé+t<j<r.

With Uy as in (29), it is again easily verified that o’ := Uy, ..., Usis—1, Usipi1, - - Upg1,
U is precisely the configuration (7, H').
We leave further details to the reader. [
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It turns out that with a proper choice for the MDS code C, the (7, w)-regular configura-
tions described in Theorem 5 may possess extra symmetry, even to the point where they are
all equal up to a linear transformation, for example, when g = 2, r —a = 1, and the MDS
code C is the even weight [r,r — 1,2], MDS code. In such cases, we can apply automorphism
group techniques to construct “small” (r,a)-regular storage codes that involve only a
relatively small number of different coding spaces. Examples of storage codes constructed
in this way are the small (3, 2)-regular code from [48] that involves only 8 different coding
spaces, and the small (4, 3)-regular storage code from [49,50] that involves only 72 different
coding spaces. For more details on how such codes can be constructed, using groups of
linear transformations fixing a protostate, we refer to [48-50].

9. Conclusions

A regenerating storage code (RGC) with parameters {m, (n,k), (r,«, B) }4 is designed
to store m data symbols from a finite field ]Fq in encoded form on n storage nodes, each
storing & encoded symbols. If a node is lost, a replacement node may be constructed by
obtaining 8 symbols from each of a collection of r of the surviving nodes, called the helper
nodes. The name of these codes stems from the requirement that, even after an arbitrary
amount of repairs, any k nodes can regenerate the original data. We say that the code
employs exact repair (ER) if, after each repair, the information on the replacement node
is identical to the information on the lost node; if not, then we say that the code employs
functional repair (FR). An RGC is called optimal if its parameters meet an upper bound called
the cut-set bound.

Linear MDS codes have often been instrumental in the construction of optimal RGC’s.
In this paper, we first introduce a special type of configurations of vector spaces that we
call (r,a)-reqular. We show that such configurations can be constructed from suitable
linear MDS codes. Then we employ linear MDS codes and (r, a)-regular configurations
to construct what we call (7, a)-reqular codes, which are optimal linear RGC’s withn — 1 =
k =rand B =1, over a relatively small finite field ', (if » — « < 1, then any field can be
used; if r —a > 1, then g > r — 1 is required). Along the way, we show that, conversely,
the existence of an (r, a)-regular code over a finite field of size g implies the existence of an
[r,a,r — a + 1]; MDS code over that field.

Apart from two known examples, these storage codes are the only known explicit
optimal RGC’s with parameters realizing an extremal point of the achievable cut-set region
different from the MSR and MBR points.
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Abstract: We improve on known upper bounds for the size of permutation arrays under
the Chebyshev metric, defined as follows. The Chebyshev distance between permutations
7 and ¢ on the symbols {1,2,---,n}, denoted by d(m,0), is max{|m; — ;| | 1 <i < n}.
For an array A (set) of such permutations, the Chebyshev distance of A, denoted by d(A),
ismin{d(m,0) | m,0 € A, m # o}. An array A of such permutations with d(A) = d will
be called an (1, d)-PA. Let P(n,d) denote the maximum size of any (1, d)-PA. The function
P(n,d) has been the subject of previous research. In this paper, we consider strings on the
symbols {0,1,2}, with the 0’s representing low symbols and the 2’s high symbols for the
function P(n,d). An array A of such strings of length n is separable if for any two strings in
A, there is a position 1 < i < 7 such that the i symbol in one string is 0 and the i symbol
in the other is a 2. The maximum size of a separable array of strings of length n, with a
occurrences of the symbol 0 and b occurrences of the symbol 2, is denoted by R(#n;4a,b).
We show that R(#; k, k) is an upper bound for P(n,n — k) when k < %. We derive upper
bounds for R(n;a,b) by various recursive and combinatorial methods, from which follow
upper bounds for the Chebyshev function P(n,d), which improve upon previous such
upper bounds in the literature.

Keywords: permutation arrays; Chebyshev metric; upper bounds

1. Introduction

In refs. [1,2], studies of permutation arrays under the Chebyshev metric were pre-
sented. This complemented many studies of permutation arrays under other metrics, such
as the Hamming metric [3-5], Kendall T metric [6,7], and several others [8]. The use of the
Chebyshev metric was motivated by applications of error correcting codes and recharging
in flash memories [6].

The flash memory application is based on a rank-modulation scheme [9], which
eliminates the need to use absolute values of cell levels in storing information. Instead,
relative ranks are used. The data are coded by permutations of a finite number of ranks.

Let 1 = mymp...my and ¢ = 0902...0, be two permutations on the symbols in
{1,2,...n}. The Chebyshev distance between 7 and ¢, denoted by d(7, o), is max{|m; —
oil | 1 < i < n}. For an array (set) of permutations, say, A, the Chebyshev distance of
A, denoted by d(A), is min{d(m,0) | m,0 € A, T # ¢}. An array A of permutations on
{1,2,...n} with d(A) = d will be called an (n,d)-PA . Let P(n,d) denote the maximum
size of any (n,d)-PA. We shall also define analogously the Chebyshev distance between
two strings and the Chebyshev distance of an array of strings. The context will make clear
whether the objects are strings or permutations.

Entropy 2025, 27, 558 https://doi.org/10.3390/e27060558
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Previous work on permutation arrays under the Chebyshev metric gave upper bounds
based on a Gilbert—Varshamov inequality [10,11] (see our Theorem 2, or, for a recursive
inequality, see our Theorem 3). In [2], it was also shown for fixed r > 1 that there exist
constants ¢, and d, such that P(d +r,d) = ¢, ford > d, (see our Theorem 1). Upper bounds
on ¢, and d, were given in [2]. We give substantial improvements on these upper bounds.

We consider strings over the alphabet {0,1,2}. A set A of such strings of length n is
separable if for any two strings in A, there is a position 1 < j < n such that the j symbol in
one string is 0 and the j symbol in the other is a 2. We will often view such a set A as a
matrix in which the rows are the strings in A (ordered arbitrarily) and the columns are the
coordinate positions 1,2, - - - , n of entries in these strings. So, the (i, j)’th entry of A in this
view is the entry (0,1, or 2 ) in the j’th position of string i of A. If every string in a separable
array A has length n and has a occurrences of the symbol 0 and b occurrences of the symbol
2, then we call A an (n,a,b)-array. The maximum number of strings in an (1, a, b)-array is
denoted by R(n;a,b). Examples of a (5,2,2) array and a (7,1, 3) array are shown in Figure 1.

Such matrices, consisting of the three symbols 0, 1, and 2, are reminiscent of weighing
matrices. A weighing matrix W of weight w is a square matrix of rank #n containing symbols
—1,0,and 1 such that W - WT = wI, [12]. A weighing matrix is an extension of Hadamard
matrices [13] by adding the symbol 0 (see [14]). A circulant weighing matrix is a weighing
matrix in which each row is a circular shift of the first row [14]. There are examples of
n X n weighing matrices that can be transformed to an (1, 4, b)-array, for appropriate a4 and
b, by transforming the three symbols (—1, 0, 1) to (0, 1, 2), respectively. For example, the
circulant weighing matrix with first row (=11 01 1 0) is transformed into a circulant (6, 1,
3)-array with first row (02 12 2 1) by the indicated replacement of symbols.

The motivation for our study begins with Lemma 1, given in the next section, showing
that any upper bound for R(n;k, k) also serves as an upper bound for the Chebyshev
function P(n,n — k). The resulting upper bounds we obtain on the Chebyshev function
give improvements over what was previously known in the literature.

00122
01220 0111222
12200
1112220
22001
50012 1122201
(a) (b)| 1222011
02012
2220111
20120
2201112
01202 2011122
12020
20201

Figure 1. (a) (5,2,2)-array with 10 rows and (b) (7,1,3)-array with 7 rows.

Our results are the following.

1. By means of a transformation, we adapt a result of Bollobas from the theory of

extremal sets to show that R(#;s,t) < (2:ﬁt) From this, we derive P(d + r,d) <
4r

(G = T (1+0(1)) (as r grows). This improves on the previously known upper

bound for P(d + r,d) for large r.
2. We develop recursive methods for upper bounding R(#;s,t). For small r, these yield

upper bounds for P(d + r,d), which improve on both the previously known upper
bounds for P(d + r,d) and on the bound obtained through the transformation of the
Bollobaés result stated above.

We will need the following notation and terms. For an array A, we let |A| be the
number of rows in A. For any row r in an array A, we let r(i) be the entry of r in column i
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(which we also call position i) of A. Given a set S of rows in A, we say that S is separated
in a set of columns C if for any two rows r,s € S there is a column i € C such that one of
{r(i),s(i) } is 0 while the other is 2. Given two sets S1, S, of rows in A, we refer to internal
separations of S; and S; as that set of columns at which either S; is separated or S, is
separated. We refer to cross separations of S; and S; as that set of columns C such that
for any two rows r € 51\ S; and s € S, \ Sy, there is a column ¢ € C at which {r,s}
are separated.

2. Background and Preliminary Results
We begin with a theorem by Klove et al. [2], preceded by a definition.

Definition 1. If Aisa (d + r,d)-PA , then the integers 1,2,..., v and d+1,d +2,...,d +r
are called potent symbols. Moreover, the integers 1,2, ...r are called low potent symbols and the
integers d +1,d +2...d + r are called high potent symbols.

Their proof of the following upper bound, here omitted, uses the idea of potent
symbols.

Theorem 1 (Klove et al. [2]). For fixed r > 1, there exist constants c, and d, such that P(d +
r,d) = ¢, for d > d,. Moreover,
cr < 2% (2r)! 1

and
dr <14 (2r—1)c, —r. (2)

Exact values are known for r = 1 and r = 2, namely, ¢c; = 3,d; = 2[2], co = 10, and
dy = 3 [1]. The upper bounds for ¢, and d, given in (1) and (2) turn out to be quite generous.
For example, inequality (1) gives the bound c; < 384, but we know that c; = 10. We will
see additional improvements on ¢, as given in Equation (1) later in this paper.

The role of potent symbols motivates the idea behind the following lemma, which
establishes the connection between the Chebyshev function and R(n; k, k). Consider an
(n,n — k)-PA, which we call A, and any row 7 of A. The idea is to put the symbols
1,2,---,n of 7t into three groups. Those that are high (resp. low) potent symbols, namely,
n—k+1,n—k+2,---,n(esp.1,2,--- k), arerelabeled 2 (resp. 0), while all other symbols
are relabeled 1. Repeating this replacement over all rows of A, independently in any two
rows, will yield an (#, k, k)-array, as we will see below. On the other hand, given an (1, k, k)
array B, we perform the inverse replacement independently in each row of B to obtain an
(n,n — 2k + 1)-PA. We obtain bounds linking the R function with the Chebyshev function
in the lemma following.

Lemmal. P(n,n—k) < R(m;k, k) < P(n,n—2k+1) whenk < 3.

Proof. We begin with the first inequality. Let A be an (1, n — k)-PA, where k < 7. Create
an (n,k, k)-array A’ as follows. For each row 7t € A, create a row v’ € A’ by

0 if (i) € {1,...,k},
(i) =<2 ifn(i)e{n—k+1,...,n}, and

1 otherwise.

Then, A’ is an array over the symbols {0, 1,2}, having k many 0’s and k many 2’s in
each row. Since d(A) > n — k, then for any two rows 7t and ¢ of A, there is a position i such
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that |7t(i) — o(i)| > n — k. So, one of 7t(i) or ¢ (i) is > n — k 4+ 1 and the other must be < k.
Consequently, one of 7t(i) or o (i) is transformed into a 2 and the other into a 0. So the rows
7" and ¢’ are separated in A’. Furthermore, as any two rows of A’ are separated, any two
such rows must be distinct. Therefore A’ is an (n, k, k)-array and R(n; k, k) > |A’| = |A|, so
the inequality follows.

Consider now the second inequality. Let B be an (1, k, k)-array with the maximum
possible number R(n;k, k) of rows. Let B’ be the permutation array obtained from B
by arbitrarily replacing, in any row of B, the k many 2’s by the high potent symbols
n—k+1,n—k+2, - ,n,the k many 0’s by the low potent symbols 1,2, - - - ,k, and the 1
symbols by the symbols k +1,--- ,n — k. (It is, of course, required that the replacements
create a permutation). The replacements performed on any two rows of B are performed
independently of each other. Since B is separable, given any two rows r and s of B/, there
is a column ¢ in B’ for which one of r(c),s(c) is a high potent symbol while the other is
a low potent symbol. So, we have |r(c) —s(c)| > n — 2k + 1. Since rows r and s were
arbitrary, this shows that d(B’) > n — 2k + 1. So, by monotonicity in d of P(n,d), we obtain
P(n,n—2k+1) > |B'| = |B| = R(n,k k). O

The following Corollary of Lemma 1 shows that R(#; k, k) reaches a maximum that
depends only on k.

Corollary 1. There are constants ny and my. (depending only on k) such that for all n > ny, we
have R(n; k, k) < my. Moreover, we can take my = co_1 and ny = 2k + dor_1 — 1. Here, co_q
and dyy_q are the constants from Theorem 1.

Proof. By the second inequality of Lemma 1, we have R(n;k, k) < P(n,n —2k+1) =
P(n—2k+1+ (2k—1),n —2k +1). So, by Theorem 1, P(n,n — 2k + 1) < cpr_q for
n—2k+1 > dy_q; thatis, R(n;k, k) < cop_q forn > 2k +dy_1 —1. O

We note that a transformation of an (n, k, k)-array with N rows into an (n, n — k)-PA
with N rows is not known to be always possible.

We will see later that the existence of the constants 11y and 1, follows from one of our
theorems (Theorem 6), together with an improvement on the bounds given in Theorem 1
for the constants ¢, and d,. Still, we mention Corollary 1 here to show that the existence of
ny and my is already implied by Theorem 1 combined with the argument in that Corollary.

There are a few other theorems in the literature that give upper bounds on the Cheby-
shev function. Let V(n,d) be the number of permutations on {1,2, ..., n} within Chebyshev
distance d of the identity permutation.

Theorem 2 (Theorem 11 [2]). Forevendand2d >n >d > 2, P(n,d) < %

Theorem 3 (Theorem 12 [1]). For1 <k <d <n,

P(n,d) < P(n—k,d)- (’;)
Corollary 2. Fors <tand1 <k <s,
n
R(n;s,t) < R(n—k;s —k,t)- (k)

Proof. Consider any (,s,t)-array A, which we can take to be of maximum possible size
R(n;s,t). Create subsets of the rows of A, determined by the positions of their k many
0’s. That is, two rows are in the same subset if they both have k many 0’s occurring in the
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same k positions. There are () such sets. Any two rows in such a set must be separated
somewhere in the remaining n — k positions, using s — k many 0’s and ¢ many 2’s in those
n — k positions. Hence, any such set of rows must have the size at most R(n — k;s — k, t). It
follows that |[R(n;s,t)| = |[A| < R(n —k;s —k,t) - (). O

Corollary 3. Forall2 <t <n-—2, R(n;2,t) < (g)

Proof. Setting s = k = 2 in Corollary 2, we have R(n —2,s —k,t) = R(n —2;0,t) = 1 since
R(m,0,t) =1forallm. [

We will see later (Theorem 9) a bound on R(2,t) that depends only on t once n is big
enough. But, the bound in Corollary 3 is still the best for # that is small enough relative to ¢,
as we will see.

Some of the best previous upper bounds for small #n were given using Theorem 3.
For example, from Theorem 3, P(n,n —3) < min{(3),3(3),10(7)}, choosing k = 3,2,1,
respectively. To see this, consider the following. Since P(r,r) = 1 for any r, taking k = 3,
we obtain P(n — 3,n — 3) = 1. As mentioned previously after Theorem 1, ¢; = 3, so, taking
k = 2, we obtain P(n — 2,n — 3) = 3. Again, recalling c; = 10, we take k = 1 to obtain
P(n—3,n—1) = 10. Since min{(3),3(3),10(})} = 10#n for all n > 10, Theorem 3 gives
the upper bound P(n,n —3) < 10n. In an application of our recursive upper bounds,
we will see later in Corollary 7 that R(n;3,3) < 169, yielded by Lemma 1. P(n,n —3) <
R(n;3,3) < 169. Thus, Theorem 3 gave the best upper bound for P(n,n — 3) < 10n for
n < 16, while our new recursive results give an improved bound for P(n,n — 3) < 169
whenn > 17.

Similarly, from Theorem 3, P(1,n —4) < min U, where U = {(}),3(3),10(3), P(n,n —
3)(1)}, choosing k = 4,3,2,1, respectively. The previous paragraph shows that P(n,n —
3) <169 for all n > 17. Calculating, minU = 10(;) for 14 < n < 34 and = 169n for all
n > 35. In Corollary 8, which we will see later, we obtain R(n;4,4) < 3087. Calculating,
one observes that 3087 < min U for all n > 19. So, we obtain the improved upper bound:
P(n,n —4) < R(n;4,4) < 3087 for all n > 19.

We observe that R(n;a,b) is symmetric and monotone; that is,

R(n;a,b) = R(n;b,a), (3)
R(n;a,b) > R(m;a,b) if n > m. (4)

Later in this paper, it will be useful to consider separable arrays on {0, 1,2} in which
the number of 0’s and 2’s in each row is not constant for all rows. The following definition
and the lemma which follows treat this case.

Definition 2. For a,b > 2, an (n,< a,< b)-array is a separable array of length n strings
over {0,1,2} such that each string in A has at most a many 0’s and at most b many 2’s. Let
R(n; < a, < b) be the maximum size of any (n, < a, < b)-array.

Lemma 2. Ifs,t > 1and n > s+ t, then
R(n;<s,<t) < R(n;s,t). (5)

Proof. Let A be an (n, < s, < t)-array with entries from {0, 1,2}, realizing R(n; < s, < t).
Consider any string 77 in A having s’ < s many 0’s and t' < t many 2’s. Since n —s — t > 0,
wehaven —s' —t >s—s'+t—+t,s0 Amust have at least s — s’ + t — ' many 1’s in its
row corresponding to 77. We transform 7 into a string 77’ with s many 0’s and t many 2’s as
follows. We convert any s — s of the 1’s in 77 to 0’s and any ¢ — ' of the remaining 1’s to 2’s
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and let 77’ be the resulting string. Let A’ be the array obtained from A by replacing each
me Aby .

It suffices to show that A’ is separable. It would then follow that no two strings
n',0’ € A’ are the same, since they would not be separated, and since the number of rows
in A’ is at most R(n;s,t), then, also, R(n;s’,t') < R(n;s,t). So, let 7, be two arbitrary
strings of A and let 77/, ¢’ be the respective transformed strings in A’. There is a column
c of A where {7t(c),c(c)} = {0,2} (in either order). Since the transformation affects no
symbols in 77 or ¢ that are either 0 or 2, it follows that 77/(¢) = 7t(c) and ¢/(c¢) = ¢(c) and,
hence, 7’ and ¢’ are separated. Thus, A’ is separable. [

The following theorem will lead to the exact value R(n;2,2) =10 forn > 5.
Theorem 4. Suppose that R(ng; k, k) < m such that
2k(m+1) < (ng+1)(1+ [no/ (2k — 1)]). ©)
Then, R(n; k, k) < m forall n > ny.

Proof. Suppose to the contrary that R(n;k, k) > m + 1 for some n > ng. Let n be the
smallest such number. Let A = {7y, 712, ..., 7T;y41} be an (n, k, k)-array. Let k; denote the
number of 0 and 2 symbols in position i, taken over allrows of A. Letz =1+ |ng/(2k—1)],
so that ng > (z —1)(2k — 1). We show that k; > z for all i. Suppose, by symmetry of
argument, that ky < z — 1 and (by rearranging the order) only 7;, 1 < i < ky, have 0 or
2 symbols in the first position. By our assumption, all of the first k; rows, and only the
first ky rows, have a 0 or 2 symbol in position 1. So, if there are z — 1 rows, each adding
2k —1 0 or 2 symbols to some position j > 1, the total number of 0 or 2 symbols (other than
the one in position 1) is (2k — 1)(z — 1). Since the number of positions, namely, n > n, is
greater than (2k — 1)(z — 1), by the pigeonhole principle, there is a position j > 1 where no
rt;, 1 <i < kq donot has any 0 or 2 symbols. Now, do the following;:

° For each row 1;, 1 < i < kq, exchange the 0 or 2 symbol in position 1 with the symbol
in position j.
®  Delete the symbol in position 1 in all rows.
The result is a separable array of > m + 1 rows, where each row is a string of length
n — 1. This contradicts our choice of n being the smallest. So, we have k; > z for all i.
Note that the total number of 0 and 2 symbols in the (1, k, k)-array Ais > 2k(m +1). As
k; > z, for alli, we have 2k(m + 1) > nz > (np+1)(1 + [no/(2k — 1) | ), which contradicts
inequality (6). So, the (1, k, k)-array A with > m + 1 rows does not exist. []

Theorem 15 was used in [1] to prove that P(n,n —2) = 10 for all n > 5. A similar
proof shows that R(#;2,2) = 10 for all n > 5.

Corollary 4. Foralln > 5, R(n;2,2) = 10.

Proof. R(1;2,2) > 10 forall 5 < n < 11, by computation. In Theorem 4, set ny = 11,k = 2,
and m = 10. Then,z =1+ |ng/(2k —1)| =4 and 2k(m + 1) = 44 < 48 = (ny + 1)z. So,
R(n;2,2)) <10 for all n > 11, following Theorem 4.

Therefore, R(1n;2,2) =10 foralln > 5. O

An example of a (5,2,2)-array with 10 rows realizing R(5;2,2) is given in Figure 1a .
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3. Applying a Result of Bollobas

We begin with the following result of Bollobds from the theory of extremal sets. It is
actually a reformulation, given in [15], of a theorem on saturated hypergraphs originally
appearing in [16]. The proof can be found in [15].

Theorem 5. For two nonnegative integers a and b, write w(a,b) = (“ng)il. Let {(A; Bi:ie I}
be a finite collection of finite sets such that A; \B; = @ if i = j. Fori € I, set a; = |A;],
b; = |B;|. Then, Y ;c;jw(a;, b;) < 1 with equality if there is a set Y and integers a, b such that
0<a<a+b<|Y|, and {(A; B;) :i € I} is the collection of all ordered pairs of subsets of Y
with |Az| = 4a; and |Bz| = bi-

In particular, if a; = a and b; = b for all i € I, then |I| < (“1?).

We obtain an upper bound for R(#; s, t) by reducing to the above theorem.

Theorem 6. R(n;s,t) < (zzift)

Proof. Let M be a an (#,s,t)-array realizing R(#;s,t), and set p = R(#n;s,t). For any
1<i<p,letS;={ap <ap<---<a} be the set of column indices at which row i of M
has 0 entries and T; = {b;; < bjp < -+ < by} the set of column indices at which row i of M
has 2 entries.

Now, construct a p x 2n array Q whose first # columns are the same as in M and whose
subarray M’ consisting of the last # columns is obtained by interchanging 0 and 2 entries in
M, leaving the 1 entries unchanged. That is, M’ is obtained from M by flipping each 2 entry
of Mtoa0entry in M/, flipping each 0 entry in M to a 2 entry in M’ and leaving each 1 in M
unchanged as a 1 entry in M. Let S} = {agj 11 <j<s}(resp. T = {bl’-]- :1 <j <t})bethe
column indices in M’ corresponding to the column indices of S; (resp. T;) by a translation
of n. That is, we have agj = a;j +nand b{j = b;j + n. Now, for each i, 1 < i < p, define two
sets of column indices, Q; and Q/, of Q by Q; = S; U T/ and Q; = S; U T;. Observe that Q;
(resp. Q}) is the set of column indices at which row i of Q has 0 (resp. 2) entries.

We now show that for 1 < i < p, the sets Q;, Q! can play the roles of A; and B;
(respectively) in the statement of Theorem 5 with p = |I|. Trivially, we have Q; N Q} = @
for each i since S; N T; = @. Now, take j # 7,1 < j < p. We must show that Q; N Q;- +Q
and Q; N Q;j # @. Since M is separable, we have S; N Tj # @ or S; N T; # @, so assume
by symmetry that S; N T; # @. Then, immediately, we have Q; N Q;- # @ since S; C Q;
and T; C Q;-. Also, it follows from S; N T; # @ and the interchange of 0’s and 2’s that
Sin T]-/ # @. Therefore, Q; N Q; # @ since S; C Q; and T]( C Qj. Thus, the conditions of

Theorem 5 are satisfied. Since |Q;| = |Q}| = s+ t for all i, we obtain p = |I| < (zzﬁt) O

The preceding theorem implies Corollary 1 with the considerably improved value
my = (gllz) over that obtained by combining that corollary and Theorem 1.

4r
Corollary 5. P(d +1,d) < (¥) = \;(1 +0(1)) (as r grows).
7tr

Proof. By Lemma 1 and Theorem 6, we have P(d +r,d) < R(d+r;r,1) < (é:) The final
equality follows from the Stirling approximation applied to (g) O

4r

We note that the preceding corollary implies that ¢, < (1+0(1)), where ¢, is

r
the constant in Theorem 1. This is an improvement on the upper bound for ¢, given in
that theorem.
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4. Recursive Techniques
4.1. The Positions Method

In this subsection, we introduce a technique, called positions, to recursively obtain an
upper bound for R(#;a,b). The strategy involves considering a fixed row 7t of a (1,4, b)-
array A, with a occurrences of the symbol 0 in positions py, p2,. .., pa and b occurrences
of the symbol 2 in positions g1, 42, ...,qp. By separability, every row in A other than 7
must either have a symbol 2 in at least one of the positions p1, p2, ..., pa or a symbol 0 in at
least one of the positions 41,92, . .., qp. Let S(p;) (respectively, S(g;)) be the set of rows in A
with the symbol 2 (respectively, symbol 0) in position p; (resp., q;). Each S(p;) (resp. S(g;)
must be a separable subarray of A, with separations occurring at positions other than p;
(respectively, g;). As one 2 (one 0) is used in position p; (resp., g;), there are at most 2 many
0’s and at most b — 1 many 2’s (resp., a — 1 many 0’s and b many 2’s) that can be used to
separate S(p;) (resp. S(g;)). This method gives the following recursive bound on R(;4, b).

Theorem 7. Foralla,b > landn > a+b, R(n;a,b) < 1+aR(n—1;a,b—1) +bR(n —
1La—1,b).

Proof. Let A be an (1,4, b)-array of size R(n;4a,b). Let 7 be a permutation in A. Suppose
that in 7, the 0’s are at positions p1, ..., p, and the 2’s are at positions ¢, ..., ;. Every
permutation ¢ € A — 77 has a symbol 2 in at least one of the positions p;,1 < i < a or
a symbol 0 in at least one of the positions g;,1 < j < b. For every position p;, there
are at most R(n — 1;a,b — 1) strings ¢ € A — 7t with o(p;) = 2 and, hence, a total of at
most aR(n — 1;a,b — 1) such strings over all p;. For every position g;, there are at most
R(n —1;a —1,b) strings in ¢ € A — 7 with ¢(q;) = 0 and, hence, a total of at most
bR(n — 1;a — 1,b) such strings over all g;. The bound follows. [J

We can obtain an exact formula for R(n;1,k) in the next lemma and the theorem
that follows.

n ifk+1<n <2k,
Lemma 3. Forallk > landn > k+1, R(n;1,k) > fk+lsns
2%+1 ifn>2k+1.

Proof. Suppose k +1 < n < 2k + 1. Let 71 be the permutation

o =(0,1,1,...,1,2,2,...,2).
—_—— ——

ktimes  n—k—1 times

Consider permutations 71y, 771, . . ., 77,1 defined by 7;(j) = mo(j — i) (mod n), that
is, 7t; is obtained from 77y by shifting elements rightward by i with wraparound.

First, we observe that the array A with rows 7, 711, - - - , 77,1, appearing in A in order
of their index, is separated. It suffices to show that row 7y is separated from any row 7;,
i > 1. The 0 in position 1 of 7y separates 77y from the 2 in column 1 of 7; for 1 <i < k. The
2’s in columns k + 2 through n of 71y each separate from the 0 in the same columns for 7;,
k+1 <i < n —1. Therefore, the permutations 77;,0 < i < n are pairwise separable and
R(n;1,k) > n.

If n > 2k +1, then R(n;1,k) > R(2k +1;1,k) > 2k + 1, the first inequality by mono-
tonicity of R(n;1,k) for a fixed k (see Equation (4)) and the second by the same circular
shift construction just given. [
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n ifk+1<n <2k,

2k+1 ifn>2k+1

(b)  Suppose a separated array A has at most one 0 and at most k many 2's in each row. If A has
2k + 1 rows, then A must have exactly one zero and k many 2’s in each row.

(c)  Suppose A'is an (n,1,k)-array. If A has 2k + 1 rows, then A isa (2k + 1) x (2k + 1) array
also with one 0 and k many 2's in each column.

Theorem 8. (a) Forallk >1andn > k+1, R(n;1,k) = {

Proof. Consider first (a). In view of the lower bound in Lemma 3, it remains only to prove
the corresponding upper bounds.

The upper bound R(#;1,k) < n follows from the fact that any two rows do not have 0
in the same position. Suppose n > 2k + 1.

Take an (11,1, k)-array with p rows. There are (5) = (p — 1)p/2 pairs of rows that have
to be separated. Let Q be the total number of unordered pairs {0,2} with both the 0 and
the 2 lying in the same column of A. Then, () < Q.

But, Q < {the number of 2’s that are members of such a pair (since there is only one 0
per column)} < {the total number of 2’s in the array} = pk.

So, we obtain (5) < pk. Solving for p, we obtain p < 2k + 1.

Consider now (b). Recall that no two 0’s of A can be in the same column, since,
otherwise, the two rows containing those 0’s cannot be separated. For any column i
containing a 0, let s; be the number of of 2’s in column i. Since A is separated, the number
of pairwise row separations in A is at least (2]‘2Jr 1) = k(2k 4 1). Since there is at most one 0
in each column, we have ) ;s; > k(2k + 1).

Assume to the contrary that claim b) is false, so that either some row contains no 0
or some row has fewer than k many 0’s. Suppose first that some row contains no 0. Then,
since it has at most k many 2’s, this row can be separated from most k other rows since its
separation from other rows can only occur at columns containing its 2’s, and each column
has at most one 0. This contradicts A being separated, which requires each row to be
separated from 2k other rows.

So we may suppose that A has 2k + 1 many 0’s, but that some row has at most k — 1
many 2’s. Then, by the assumption in b), the total number of 2’s in A is less than (2k + 1)k
but is also equal to }; s; . Then, we have (2k + 1)k < Y;s; < (2k + 1)k, a contradiction.

Consider now (c). Since no two 0’s of A can be in the same column, it follows that
each column has exactly one 0. It also follows that A must be a (2k + 1) x (2k + 1) array.

Suppose to the contrary that some column ¢ of A has at most k — 1 many 2’s. Consider
the row r passing through the 0 in column c. Row r must be separated from each of the 2k
other rows of A. There are k — 1 separation pairs involving row r that use the 0 in column
c. The remaining k 4 1 separation pairs involving row r must use the k many 2’s in row r.
But each such 2 participates in only a single separation, that being with the unique 0 in its
column. Hence, we cannot find k + 1 separations involving these 2’s, a contradiction. [

An example of a (7,1,3)-array realizing R(n;1,3) = 7 is given in Figure 1b.

In the next lemma and theorem that follow, we use the positions technique to obtain
an upper bound on R(n : 2, k).

As a notation, for any subarray B of an array A, let col(B) (resp, row(B)) be the set of
columns (resp. rows) of B. Further, let B" (resp. B€) be the set of rows (resp. columns) of A
containing entries of B. For a particular column ¢, 1 < ¢ < n, in some array A of n columns,
we refer to it just by its index c. For example, for a subarray B of A, we writec N Bor B\ ¢
for column(c) N B or B\ column(c), respectively.

Now, let A be an (1,2, k)-array and let ¢ be some column of A. Let B be the subarray
consisting of all rows of A with a 0 in column c. Then, B\ c has one 0 and k many 2’s in each
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row. Assume now that B has exactly 2k + 1 rows. We then let sep(B) be that (n, 1, k)-array
in B (guaranteed to exist by Theorem 8), which has dimensions (2k + 1) x (2k +1).

Lemma 4. Let A bean (n,2,k)-array and let ¢q, cp be two distinct columns of A. Let Sy (resp. Sp)
be the subarray of A whose rows have a 0 entry in column cy (resp. cp). If |S1] = |S2| = 2k + 1,
then [S; N SE)| = 1.

Proof. Since each row of S1 \ c; and S, \ ¢, has one 0 and k many 2’s, we have |S;| <
R(1,k) = 2k + 1 by Theorem 8. By our assumption and the same theorem, we then see that
sep(S;),i=1,2,isa (2k + 1,1, k)-array with dimensions (2k + 1) x (2k 4+ 1) and one 0 and
k many 2’s in each row and in each column. Note also that if [S] N S}| > 2, then any two
rows in this intersection have both 0’s in the same two coordinates ¢; and ¢; and, hence,
cannot be separated, a contradiction to A being separated.

We are thus reduced to showing that [S] N S}| = 0 leads to a contradiction. Slightly
abusing previous notation, in what follows, we use the term potent symbol to refer to either
a 0 symbol or a 2 symbol in A.

Assume that |S] N S5| = 0. It follows that every entry in c; N S, is nonzero. So,
c1 NSy ¢ col(sep(Sy)) since every column of sep(S;) has a 0. Since each row of sep(S;)
contains one 0 and k many 2’s, and since every entry of c; N S; is 0 by definition, it follows
that every potent symbol in S, lies in (c; N Sy) U sep(Sz). So, there remain no potent
symbols of S, that can appear in ¢y N Sy. So, every entry in ¢; N Sy is 1. By a symmetric
argument, we also have that every potent symbol in S; lies in (¢c; N S1) Usep(S1) and that
every entry of c; N Sy is 1. It follows that all S; — S, cross separations must occur in the
columns contained in sep(S1)¢ Nsep(Sz2))°.

The number of S; — S; cross separations must be at least (2k + 1)?, since every row of
S1 must be separated from every row of S;. Now, in each column ¢ € sep(Sq)¢ Nsep(Sz2)©,
there are 2k many S; — S, cross separations, obtained by pairing the 0 in ¢ N sep(S;) with
each of the k many 2’s in ¢ Nsep(S;), and the same with S; and S; interchanged. Since
|sep(S1)¢ Nsep(S2)¢| < 2k + 1, the total number of S; — S cross separations is at most
2k(2k +1) < (2k +1)?, a contradiction. [

In the theorem that follows, we abbreviate the symbols R(n;2,k), R(n — 1,2,k — 1),
and so onby R(2, k) or R(2, k — 1); that is, we drop the first coordinate in the R function. We
take 1 large enough so that R(#;2, k) depends only on k (see Corollary 1). By monotonicity,
the upper bound we then obtain for R(#,2, k) holds also for R(1’,2, k), where n’ < n.

k(k+4)(2k +1)

Theorem 9. R(2,k) < 3

—10.

Proof. Let A be be an (1,2, k) array achieving the maximum possible number of rows
R(2,k) for such arrays. Let 7 be a fixed row of A, with its two 0’s in columns p; and p;
and its k many 2’s in columns 1, g2, - - - , k. Every row of A \ 7, being separable from 7,
must have a 2 in at least one of the columns p; and p, or a 0 in at least one of the columns
q1.92, " 1 k-

Let T; (resp. Tp) be the subarray of A\ 7t consisting of the rows of A with a 2 in
column p; (resp. p2). Note that any row of Ty U T, has at most k — 1 many 2’s outside the
columns py, pa.

First, we give an upper bound for |T; U T;| as follows. Let By be the set of rows in
T; U T, with no 0 entry in columns py, pp. Then, |Bj| < R(2,< k—1) < R(2,k—1) by
Lemma 2. Let By be the set of rows in T; U T, with exactly one 0 in one of the columns p;
or pp. Then, by Lemma 4 and Theorem 8, we have |B;| < 2R(1,k —1) — 1 = 4k — 3. Finally,
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no row of T; U T, can have both its 0’s in columns p1, pp since such a row would not be
separated from 7t. Therefore, we have |T; U Tp| < |By| + |Ba| < R(2,k—1) + 4k — 3.

Let S;,1 < i <k, be the subarray of A consisting of the rows of A with a 0 in column
9;,1 <i <k. Note that |S;| < R(1,< k) < R(1,k) =2k +1.

We now give an upper bound for | Ule S!|. First note that for any triple of indices
1 <i<j<t<k wehave|SIN S]r. N S;| = 0, since any row of A contained in this
triple intersection has three 0 entries, contradicting A being an (n, 2, k)-array. Applying
inclusion—exclusion, we thus obtain

UL Si= X Isil= Y Isins)l. )
1<i<k 1<i<j<k
Also note that |S} N S]’\ = 0 or 1 since any two rows of A contained in S} N S]’- have
both of their 0 entries in the same two columns g;, g; and, hence, cannot be separated.
We now maximize the right side of (7) over all possible collections of subarrays
Si,1 < i < k of A as defined above. Let [S/| = 2k + 1 for 1 < i < t, while |S]| < 2k for
t+1 <i < k. By Lemma 4, we have |S/ N S]r| =1for1 <i < j <t Therefore, we obtain

| Uy 1 < 2k + 1)t + (k= 12k = (5) = g(b).

To maximize g(t) on the domain 1 < r < k, we differentiate to obtain ¢'(t) = 3 — ¢,
so t = 3 is the only critical point, and, also, g(1) > 0, while ¢’(2) < 0. So, the maximum
of g(t) at integer values 1 < t < kis max{g(1),g(2)} = 2k? + 1. So, we have | Ufle Si| <
2k* + 1.

Finally, for k > 3, we obtain the following recurrence, where the first summand “1”
accounts for the fixed permutation 7.

R(2,k) <1+ |THUTy|+| UL SI| < R(2,k—1) +2k? + 4k — 1.

We can unravel this recurrence to obtain

R(2,k) gR(Z,Z)+2ii2+4ii—(k—2)

i=3 i=3
_1o+2(k(k+1)6(2k+1)—12—22> +4<k(k;1) —1—2) ~(k—2)
Kk
S o

O

We note that the upper bound on R(#;2, k) from Theorem 9, being independent of n
once 7 is big enough, is better than the bound R(#;2,k) < (3) from Corollary 3 for n that is
large relative to k, but the latter bound is stronger when n < Ck3/2 for a suitable constant
C. Also, the bound from Theorem 9 is stronger than the bound R(n;2,k) < (2,(]‘:24) from
Theorem 6 for all but small k.

As examples to be used later, we mention the following.

Corollary 6. R(2,3) < 39and R(2,4) < 86.

4.2. The Partition Method

In this subsection, we develop a recursive method, which we call the partition method,
which, in some sense, generalizes the positions method of the previous subsection. In the
partition method, we consider subarrays of a separable array A over {0,1,2} defined by
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restrictions of rows of A to a certain set of coordinates in A. In the preceding positions
method, the subarrays were defined by their restriction to a single coordinate.

Let A be an (n,s, t)-array with, say, s < t. Choose a row 7 € A with s occurrences of
the symbol 0 in positions pj, ..., ps and t occurrences of the symbol 2 in positions gy, . . ., g;.
For separation, all rows in A other than 7 must have either a symbol 2 in one of the
positions p1, ..., ps or a symbol 0 in one of the positions g1, . . ., g;. Let S be the set of strings
in A with at least one 2 in the positions {p1, p2, - -, ps} and let T be the set of strings in
A with at least one 0 in the positions {q1,92, - - - , gt }. Since every string in A is separated
from 7t, we have A = {m} USUT, so |A| <1+ |S| + |T|. In this section, we upper bound
|S| (and similarly |T|) by partitioning S into certain collections of strings, and then upper
bound the sizes of each of these collections. The collections come in two types as follows.
For any string o € S, let op be the length s restriction of ¢ to the positions {p1, p2,- - - , ps};
thatis, op = 0y, 0y, - - - 0p,. Also, let T(0p) be the set of positions among {p1,p2,- -, ps} at
which op has a 2 symbol. The two types of collections are the following.

(1) Sop={c € S:0phasno0symbols}.
(2)  For each nonempty subset D C {py, pa,- -, ps} satisfying |[D| <s—1,1letSp = {c €
S : op contain at least one 0 and t(0p) = D}.

Clearly, S = So U (USD) is a partition of S, so |S| = [So| + L.p |Sp|. We upper bound
D

the sizes of these sets of rows in the following lemma.

Lemma 5. The sets Sg, Sp satisfy the following.

(@) No two strings in Sy and no two string in Sp are separable in any of the coordinates {p;, 1 <
i < s}. So, all internal separations in Sy and in Sp occur outside the coordinates p;, 1 < i <'s.

(b) |Sol <R(n—s,5,<t—1)<R(n—s,st—1).

(c) |Sp|<R(n—s,<s—1,t—|D|) <R(n—s,s—1,t—|D]).

Proof. For (a), no two strings in Sy are separable in one of the coordinates {p;, 1 <i < s},
since neither has a 0 in those coordinates. Similarly, no two strings o, v in any Sp are
separable in a coordinate ¢ € {p;, 1 < i < s} since we have o, = 2 if and only if 7, = 2.
Thus, all internal separations in Sy or in any Sp occur in columns outside p1, p2, - -, ps.
We then define the subarrays S(, and S}, of A by

So={c\op:oceSp}and S, ={o\op:0 € Sp}.

So, S, (resp. Sp)) is the set of length n — s strings obtained by deleting the substring
op from each string o € Sy (resp. o € Sp). Note that |Sg| = |Sj| since for any two strings
0,7 € So, we have ¢ \ op # 7\ 77p because, for some coordinate ¢ outside py, p2, -+, Ps,
we must have 0, = 2 and . = 0. This is because all internal separation in Sy occurs outside
the p; coordinates, as observed above. Similarly, |Sp| = |Sp| for any nonempty subset
D CA{pi,p2,---,pst-

Consider now part (b). Since any o € Sy has no 0’s in positions p;,1 < i <'s, then
o\ op is a length n — s string containing s many 0’s and at most f — 1 many 2’s. Hence,
1So| = |S§| < R(n —s,s, <t —1). The second inequality then follows Lemma 2.

For part (c), note that by definition for any v € Sp, yp contains at least one 0 and
|D| many 2’s. So, v \ yp is a length n — s string that has at most s — 1 many 0’s and at
most t — |D| many 2’s. So, we obtain |Sp| = |Sp/| < R(n —s,<s—1,t —|D|). Again, the
second inequality follows Lemma 2. [

We mention the analogue of Lemma 5 for subsets of T that correspond to Sy and
the sets Sp. For any string o € T, let 0 be the length ¢ restriction of ¢ to the positions
{91,92,- -+ ,qi}; thatis, 0o = 0,04, - - - 05,. Also, let T'(0() be the set of positions among
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{91,92,- - -, q+} at which o has a 0 symbol. In a similar way, one can define sets of rows Ty
and Tg within T as follows.

(1) T, ={c € T:0ghasno2symbols}.

(2) For each nonempty subset E C {q1,92,--- ,qt}, |E| <s,let Tg = {o € T : 0 contain
at least one 2 and 7'(cy) = E}. The restriction |E| < s is necessary since each row in
A has at most s many 0’s.

Again, wehave T = T, U (U TE) as a partition of T, so |T| = |Tz| + Lg | Te|. The
E

corresponding upper bounds for |T,| and |Tg| are given in the following lemma. We omit
the proof as it is entirely analogous to the proof of Lemma 5.

Lemma 6. The sets T, and T satisfy the following.

(a)  No two strings in Ty and no two strings in Tg are separable in the coordinates q;,1 <i <s.
So, all internal separations in Ty and in Tg occur outside the coordinates q;,1 < i < t.

(b)) |To| <Rn—t<s—1,t) <R(n—ts—1,1)

(0 |Tg| <Rn—t,<s—|E,<t—1)<R(n—tss—|E[,t—1).

We illustrate the use of the partition method for upper bounding R(#;3,3) in the
following corollary.

Corollary 7. R(n;3,3) < 169.

Proof. Consider an (n,3,3) array A achieving R(n;3,3). We find the sets Sy, Sp (with
a symmetric procedure for finding the sets T,, Tr). Then, we use Lemma 5 and other
theorems to upper bound |Sy| and |Sp| for each D C {p1, p2, p3}, |ID| < 2. From this,
we obtain a bound for S and, using Lemma 6, a symmetric bound on T. Finally, using
|A| <1+ S|+ |T|, we obtain our bound for R(#;3,3).

Again, we take 7t to a row of an (n,3,3) array A, with its three 0’s in coordinates
p1 < p2 < p3 and its three 2’s in coordinates q; < g2 < g3. We describe the sets of rows in
Sp or Sp by specifying for each row ¢ in such a set its length 3 restriction op to p1, p2, p3-
Then, we upper bound Sy and Sp using the preceding lemmas and additional results
already given. The justification for these bounds are given after the list of sets Sy and Sp.

So = {0 €S:0op € {222,221,212,122,211,121,112}}, |So| < R(n — 3,3, < 2) < 39.
Dy = {pl,pz}, SD1 = {0’ €S:op= {220}}, |SD1‘ < R(Vl —3,2,1) <5.

Dy = {pl,pg}, SD2 = {0’ €S:op= {202}}, |SD2‘ < R(Vl —3,2,1) <5.

D3 = {pz,pg}, SD3 = {0’ €S:op= {022}}, |SD3‘ < R(Vl —3,2,1) <5.

Dy = {p1}, Sp, = {o € S: 0p = {201,210,200} }, |Sp,| < R(n —3,2,2) < 10.

Ds = {pa}, Sp, = {0 € S: 0p = {021,120,020}}, |Sp.| < R(n —3,2,2) < 10.

Ds = {ps}, Sp, = {0 € S: 0p = {012,102,002}}, |Sp,| < R(n —3,2,2) < 10.

NG N

The bound for Sy in item 1 comes from Theorem 9, for Sp, in items 2—4 from Theorem 8,
and in items 5-7 from Corollary 4. We obtain |S| = |So| + Y p |Sp| = 84 by symmetry
|T| = 84 using sets T, and Tf, as in Lemma 6. Finally, we have R(1;3,3) = |A|] <
148+ |T| <169. O

Note that from Lemma 1, we then have P(d + 3,d) < 169, an improvement over the
previous bound P(d + 3,d) < 2%(6!) = 46,080, cited in Theorem 1. This bound is also
an improvement on the bound P(d + 3,d) < (162) = 924 in Corollary 5 derived from the
theorem of Bollobas.
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The partition technique shown in the above example is generalized in the next
two theorems.

Theorem 10. Forall k > 3, R(n;k, k) < 1+275 0 (%) - R(n —kk— 1,k — ).

Proof. Let A be an (n,k, k) array realizing R(n; k, k) and let 7t be a row of A. As usual, we
take 7t to have 0’s in positions p1, p2, ..., px and 2’s in positions 41, 42, . . ., k. We continue
with the notation S, T, So, Sp, Ty, Tr from the two lemmas preceding this theorem and we
take s = t = k in those lemmas. In particular, we have |A| = 1+ |S| + |T|, and we now
proceed to estimate |S|, the estimate for | T| being identical by symmetry.

By Lemma 5, we have Sy < R(n —k;k, k—1).

For each subset D C {p1, p2,-- -, px}, we have by Lemma 5 that |Sp| < R(n — k, k —
1,k — |D|). If |D| = i, there are (¥) such D’s. Since |S| = |So| + L |Sp|, we obtain

k—1
S| < R(—kkk—1)+ Y (’f) R -k < k—1,k—1),50 ®)
i=1
k—1 k
5 < (,)-Rnk;gkl,ki, ©)
S| l;) ;) R( )

We have the same bound for T based on Lemma 6 and |T| = |To| + ¥¢ | Tg|. Since
|A] =1+ |S| + |T|, we then obtain

k—1
R(n,-k,k)g1+22(’D.R(n—k;gk—Lk—i). (10)
i=0

By Lemma 2 and Equation (4), the theorem follows. [

Theorem 11. Forallt > s > 2,
R(m;s,t) <1+ R(n—s;s,t—1)+R(n—ts— 1)+ Y51 () R(n—s;s — 1Lt —i) +
S () Rn—ts—it—1).

i

Proof. We continue with the notation of Theorem 10 and the Lemmas that precede it.
Using exactly the same reasoning as in Theorem 10, we obtain

IS|<R(n—s;8,t—1)+ 7] () R(n—s;5 —1,t — ).

The estimate for T is very similar, except for a restriction on the sizes of sets E defining
the sets Tk.

By Lemma 6, we have T, < R(n —t,s — 1, ). By the same lemma, we have that for any
E C {q1,92,- - - ,q+} with the size restriction |E| <'s, we have |Tg| < R(n —t,s — |E|,t —1).
Since there are (f), 1 < i < s choices for the set E, we obtain

S
|T|§R(n—t;s—1,t)+z<:)~R(n—t;s—z',t—1). (11)
i=1

Finally, the theorem follows from Equations (11) and the preceding bound for |S|. [

We now calculate some values from the above recurrences.

Corollary 8. R(n;3,4) < 605, R(n;4,4) < 3087, R(1;3,5) < 1,669, R(n;4,5) < 12,327, and
R(n;5,5) < 69,435.
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Proof. We denote R(#;s,t) by R(s, t) for short (using monotonicity of R(#;s,t) in n). Then,
the bounds in Theorems 10 and 11 can be written as

R(k k) < 1+2k_21 (k> R(k—1,k—1i)
i=0 \!

s—1 s s ¢
R(s,t) <1+ ) <> “R(s—1,t—1i)+ () ‘R(s—it—1)
i=0 \! i—0 \}
s—1 s s ¢
=1+ (s+tR(s—1Lt-1)+ Y () ‘R(s—1,t—i)+ Y () “R(s—i,t—1).
14=0 \! 14=0 \!

For starting values in these recurrences, we use Theorem 9 for R(2,3) < 39 and
R(2,4) < 86, Corollary 7 for R(3,3) < 169, Theorem 8 for R(3,1) = 7, Corollary 4 for
R(2,2) = 10, and R(0,k) = 1 for all k. Now, applying the recurrences, we obtain the
following values.

1. R(3,4) <1+7R(2,3) +R(2,4) +3R(2,2) + R(3,3) + 6R(1,3) + 4R(0,3)
<147-39486+3-10+169+6-7+4-1 = 605.

2. R(4,4) <1+2(R(3,4) +4R(3,3) + 6R(3,2) +4R(3,1)) < 1+2(605+4-169+6-
39 +4-7) = 3087.

3. R(3,5) <1+8R(2,4)+R(2,5) +3R(2,3) + R(3,4) + 10R(1,4) + 10R(0,4)
<148-86+158+3-39+605+10-9 -+ 10 = 1669.

4. R(45) < 149R(3,4) + (R(3,5) + 6R(3,3) + 4R(3,2)) + (R(4,4) + 10R(2,4) +
10R(1,4) +5R(0,4)) < 1+9-605+ 1669 +6-169 + 4 -39 +3087 +10-86 +10-9+5
=12,327.

5. R(5,5) <1+2(R(4,5)+5R(4,4) + 10R(4,3) + 10R(4,2) + 5R(4,1)) < 1+2(12327 +
5.3087 410605+ 108645 -9) = 69,435.

0

By Lemma 1, we have P(n,n — 4) < 3087, so in the notation of Theorem 1, we have
c4 < 3087. This is an improvement over that given in inequality (1), namely, c; < 28(8!) =
10,321,920. It is also an improvement on the bound P(n,n — 4) < (186) = 12,870 derived
from Corollary 5 based on the reduction from the theorem of Bollobés. The latter bound is
still best though for large r.

Similarly, from the bound R(5,5) < 69,435, we obtain ¢5 < 69,435. This improves
considerably the bound cs < 21°(10!), which is roughly 3.6 x 10°.

A rough upper bound for R(k, k) obtained by applying the positions technique is
R(k, k) < k<1 (%)k Since ¢ < R(k, k) (for n large enough), this is also a considerable im-
provement on the bound for ¢ from inequality (1). The positions and partition techniques
give good bounds for R(k, k) (and, hence, ci) for moderately large k, but, still, the best such
bounds so far for large k come from Corollary 5.
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