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Abstract

A code is said to be a r-local locally repairable code (LRC) if each of its coordinates can be repaired by accessing
at most r other coordinates. When some of the r coordinates are also erased, the r-local LRC can not accomplish the
local repair, which leads to the concept of (r, §)-locality. A g-ary [n, k] linear code C is said to have (r, d)-locality
(6 > 2) if for each coordinate ¢, there exists a punctured subcode of C with support containing ¢, whose length is at
most 7+ § — 1, and whose minimum distance is at least §. The (r, §)-LRC can tolerate 6 — 1 erasures in total, which
degenerates to a r-local LRC when § = 2. A g-ary (r,d) LRC is called optimal if it meets the Singleton-like bound
for (r,5)-LRCs. A class of optimal g-ary cyclic r-local LRCs with lengths n | ¢— 1 were constructed by Tamo, Barg,
Goparaju and Calderbank based on the g-ary Reed-Solomon codes. In this paper, we construct a class of optimal
g-ary cyclic (r,9)-LRCs (6 > 2) with length n | ¢ — 1, which generalizes the results of Tamo er al. Moreover, we
construct a new class of optimal g-ary cyclic r-local LRCs with lengths n | ¢ + 1 and a new class of optimal g-ary
cyclic (r,d)-LRCs (6 > 2) with lengths n | ¢ + 1. The constructed optimal LRCs with length n = g + 1 have the

best-known length g + 1 for the given finite field with size ¢ when the minimum distance is larger than 4.

Index Terms

Distributed storage, locally repairable codes, Singleton-like bounds, maximum distance separable (MDS) codes,

optimal cyclic LRCs.

I. INTRODUCTION

In distributed storage systems, repair cost metrics include repair locality [[1], [2], repair bandwidth [3] and disk-
I/0 [4]. Recently, locally repairable codes (LRCs) introduced by Gopalan et al. [1] have attracted a lot of interest.
The ith symbol ¢; of an [n, k] linear code C over the finite field Fy, is said to have locality r if this symbol can be
recovered by accessing at most r other symbols of C. Coding techniques are then introduced in distributed storage

systems to reduce the storage overhead, while maintaining high data reliability. Maximum distance separable (MDS)
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codes can be used as erasure codes in distributed storage systems and any symbol can be recovered by accessing
any k other symbols. In order to reduce the repair costs in distributed storage systems, the locality parameter r < k
is often demanded, which implies that only a small number of storage nodes are involved in repairing a failed
node. The code is called a g-ary (n, k,r) LRC with all symbol locality r or a r-local LRC for brevity if all the n

symbols have locality . The Singleton-like bound of the minimum distance d for an (n, k,r) LRC [I]] said that

dgn—k—MH, (1)

T
where [-] denotes the ceiling function. The codes meeting the above bound are called optimal r-local LRCs.
Various constructions of optimal r-local LRCs were obtained recently, e.g., [1], [6]-[12], [25]. To the best of our
knowledge, for a given finite field with size ¢, the code length n was not larger than ¢ in all the known constructions
except the ones in [25]] where the minimum distance d = 2 or d = 4.

Cyclic LRCs were studied very recently. Goparaju and Calderbank [9]] constructed new families of binary cyclic
codes that have an optimal dimension for given minimum distance d and locality r, including » = 2 and d = 2, 6, 10.
Huang et al. [10] analyzed the locality of many traditional cyclic codes, e.g., Hamming code, Simplex codes, and
BCH codes. Constructions of optimal cyclic codes in terms of the dimension for given distance and length over
small field were discussed in [12]]. Tamo, Barg, Goparaju and Calderbank [11] focused on the cyclic LRCs in terms
of their zeros. A class of optimal g-ary cyclic LRCs with length n | ¢ — 1 were then constructed by analyzing
the structure of zeros of Reed-Solomon codes and cyclic LRCs. They also studied the upper bound of the locality
parameter r for the subfield subcodes of cyclic LRCs, which was equivalent to estimate the dual distance d-.

When some of the r repairing symbols are also erased, the r-local LRC can not accomplish the local repair, which
leads to the concept of (r,0)-locality. Prakash er al. [13] addressed the situation of multiple device failures and
gave a kind of generalization of r-local LRCs. According to [[13], the ith symbol ¢; of a g-ary [n, k| linear code C is
said to have (r,d)-locality (§ > 2) if there exists a punctured subcode of C with support containing ¢, whose length
is at most 4+ § — 1, and whose minimum distance is at least d, i.e., there exists a subset S; C [n] £ {1,2,...,n}
such that ¢ € S;, |S;| <r+d—1 and dpin(Cls,) > d. The code C is said to have (r, §) locality or be a (r, §)-LRC
if all the symbols have (r,d) localities. A generalized Singleton-like bound was also obtained in [13], which said

that the minimum distance d of a (r,)-LRC is upper bounded by

d<n—k+1—qﬂ—1>(5—1). )

The codes meeting the above bound (2) are called optimal (r, §)-LRCs. Note that when § = 2, the notion of locality in
[13]] reduces to the notion of locality in [I]. In [13], a class of optimal (r, §)-LRCs with length n = [£](r+ 6 —1)
were obtained for ¢ > n, and there exist optimal (r,§)-LRCs when r + 3§ — 1 | n and ¢ > kn*. An algebraic
construction of optimal (r,d)-LRCs with ¢ > n was proposed in [8] based on polynomial evaluations. By studying

the structure of matroid represented by the optimal LRC’s generator matrix, optimal (7, §)-LRCs were obtained in

[7] with ¢ > (75— )ak+1 The existence conditions and deterministic construction algorithms for optimal (r, §)-

LRCs with ¢ > (kﬁl) were given in [[14]. Based on a known optimal (r,d)-LRC, [18] obtained more optimal



(r,0)-LRCs by lengthening or shortening. To the best of our knowledge, the existing results on cyclic (r,d) LRCs
are limited to the special case of § = 2 or the cyclic r-local LRCs stated in the last paragraph. There are also other
generalizations of 7-local LRCs, e.g., the vector codes with locality [13]-[18]], and the ¢-available-r-local or (r,t)
LRCs [19]-[22]. However, this paper will be limited to the (r,d)-LRCs.

There has been a famous problem for a long time related to the MDS conjecture [30]]: for the given finite field
size g and dimension k, find the largest value of n for which there exists a non-trivial g-ary MDS code with length
n. Although there is no answer to it up to now, the evidence seems to suggest that the largest value of n is actually
g + 1 [31]. Cyclic MDS codes, especially the cyclic Reed-Solomon Codes with length ¢ — 1 and the Berlekamp-
Justesen codes with length g+ 1 [26], [30]], are among the most important MDS codes. The similar situation seems
to lie in the area of optimal LRCs. As stated above, Tamo, Barg, Goparaju and Calderbank [11] constructed a
class of g-ary cyclic r-local LRCs with length n | ¢ — 1 based on the cyclic Reed-Solomon Codes. In this paper,
this elegant result is firstly generalized to the cases of (r,d) LRCs. In fact, we obtain a class of optimal cyclic
(r,6)-LRCs (0 > 2) with length n | ¢ — 1. Moreover, we obtain a class of new optimal cyclic (r,4)-LRCs (6 > 2)
with longer length n | ¢ + 1 based on the Berlekamp-Justesen codes, while the case of § = 2 indicates the r-local
LRCs with length n | ¢ + 1. Comparing with the corresponding MDS codes, it seems difficult to obtain optimal
cyclic LRCs with length larger than q + 1. To the best of our knowledge, in all the known optimal constructions
of LRCs, the length n is not greater than the given size ¢ of finite field IF, when the minimum distance is larger
than 4. Therefore, the proposed optimal constructions address the problem of constructing longer optimal LRCs
restricted by the size of the alphabet, and could provide optimal LRCs with length n = ¢ + 1 greater than ¢ for
any given finite field with size q.

The rest of paper is organized as follows. Section II gives some preliminaries on cyclic codes, MDS codes and
some results of cyclic r-local LRCs in [11]. In Section by generalizing the construction of optimal cyclic r-local
LRCs in [TI]], we construct a class of optimal cyclic (r, §)-LRCs with length ¢ — 1 and its factors. In Section [[V]
we firstly give constructions of optimal cyclic r-local LRCs with length n | ¢ + 1 for even and odd ¢, respectively,
then further generalize them to construct a class of optimal cyclic (r, §)-LRCs with length n | ¢+ 1. Finally, Section

concludes the paper.

II. PRELIMINARIES
A. Cyclic codes and the BCH bound

Let F, be a finite field with size ¢, where ¢ is a prime power. A cyclic code is an ideal of the ring Fy[z]/(z" —1),
where (n,q) = 1 [30], [31]]. Let s be the order of ¢ modulo 7, that is, the least number of i such that n | (¢° — 1).
Let F,s be the splitting field of ™ — 1. Let 3 be a primitive element of Fys and o = B4 =D/" be a primitive
n-th root of unity. Let C be a g-ary [n,k,d] cyclic code with generator polynomial g(z), where g(x) | ™ — 1.
It is well known that every cyclic shift of any codeword of C is still in C and deg g(z) = n — k. The zeros set
Z ={a% | g(a') =0, j=1,2,...,n—k} of g(x) is called the complete defining set of C. The next result is the
well-known generalized BCH bound of cyclic codes [31]].



Lemma 2.1: Let C be a g-ary cyclic code with generator polynomial g(z), and « be a primitive n-th root of

unity. If g(x) has
uw o utb o au+(5—2)b

among its zeros, where b and n are relatively prime and u > 0. Then the minimum distance of C is at least §.

B. Cyclic MDS codes

The well known examples of cyclic MDS codes over I, are the Reed-Solomon codes of length ¢—1 or its factors.
Based on Reed-Solomon codes, Tamo er al. [11] constructed optimal cyclic r-local LRCs with length n | ¢ — 1.
Roth and Seroussi [27] showed that nontrivial cyclic MDS codes of length ¢ over I, exist if and only if ¢ is prime.
Berlekamp and Justesen [26] introduced a class of cyclic MDS codes of length ¢ + 1 (¢ = 2™), which can also
be found in [30]. But there is a small mistake in [30] which says that a similar construction exists for odd ¢ and
arbitrary k. Actually, due to the results in [28], [29], when ¢ is odd and n is a factor of ¢+ 1, nontrivial cyclic [n, k]
MDS codes over F, do not exist if both n and k are even. These cyclic MDS codes with length g 4+ 1 were the
known nontrivial constructions with largest length for a given ¢. Although cyclic MDS codes with length n | ¢ + 1
over F, can be regarded as subfield subcodes of a Reed-Solomon code with length n | g2 — 1 over F g2, the structure
of zeros of the cyclic MDS code with length n | ¢+ 1 over Fy is of much interest and should be carefully divided
into several cases, which is listed in detail as follows.

Let 2 be the extension field of F, and 3 be a primitive element of F 2. Let n | ¢+ 1 and a = B(q2_1)/”
be a primitive n-th root of unity. Then for any positive integer 4, it is easy to see that a=* + o € F,. Note

n—i

that a=% = « = a%, and for a g-ary cyclic code with length n, o' is its zero if and only if a~* is also

its zero. When ¢ is even, n has to be odd and the roots of 2z — 1 can be formulated as o~ ("~1)/2 o~ (n=3)/2,

ahal ol am3)/2 o(n=1)/2 Fyrthermore,

" —1=(z—1)fi(x)f2(2) ... fn-1)/2(2),

where fi(z) =22 — (a7 +a')z+1 = (z — a”%)(z — o) are irreducible quadratics over F,. For any 1 < k < n,
the consecutive zeros of g(z) can be seen in Table I to obtain [n, k, d] cyclic MDS codes. When ¢ is odd and n is
odd, for any 1 < k < n, the consecutive zeros of g(x) can be taken as the previous case. When ¢ is odd, n is even,

and k is odd, the zeros of ™ — 1 can be formulated as o /2t1 .. o~ ! a® a',...,a"/271 a"/2, Furthermore,

2" —1=(z—1)(x—a"?) fi(2) fa(2) ... fnj2—1)(@).

The consecutive zeros of g(x) can also be seen in Table I to obtain [n, k| cyclic MDS codes. These structures of

zeros of cyclic MDS Codes are crucial for the constructions of optimal g-ary cyclic LRCs in the following sections.

C. Optimal cyclic r-local LRCs with length ¢ — 1 and its factors
Tamo, Barg, Goparaju and Calderbank [11] set up an elegant characterization framework and gave detailed
constructions for cyclic r-local LRCs, some of which, e.g., Lemma 3.3, Proposition 3.4, and Theorem 3.1 in [11],

are recalled here and will be employed in the later sections.



Lemma 2.2: Let s be the order of ¢ modulo n and 4« be the splitting field of 2™ — 1. Let a € F s be a primitive
n-th root of unity. Let r be a positive integer such that (r+1) | n and I, 0 <1 < r be an integer. Consider a v X n

matrix H with the rows

o (1’ am(r+l)+l’ a2(m(r+1)+l)7 . a(nfl)(m(r+1)+l))7

*

where m = 0,1,...,v — 1, and v = n/(r + 1). Then all the cyclic shifts of the n-dimensional vector of weight
r+1

v=1(10...0a"0...0a%70...0...a"0...0)
N—— N—— N—— N——"

v—1 v—1 v—1 r—1

are contained in the row space of H over Fg.

Lemma 2.3: Let C be a cyclic code of length n over [, with the complete defining set Z, and let r be a positive
integer such that (r + 1) | n. If Z contains some coset of the group of v-th roots of unity, where v = n/(r + 1).
Then C has locality at most 7.

Lemma 2.4: Let o € F, be a primitive n-th root of unity, where n | (¢ — 1). Assume that r | k and u = k/r.
Let [,0 <! < r be an integer and b > 1 be an integer such that (b,n) = 1. Consider the following sets of elements
of Fy:

L ={a%imod(r + 1) = [}, and

D={adtt s=0,...,n—pu(r+1)},
where o/ € L. The cyclic code with the defining set of zeros L U D is an optimal (n, k,7) g-ary cyclic LRC code.

In order to construct cyclic r-local LRCs, [11] divided the complete defining set into L U D, where L is the
locality zero set to ensure locality and D is the consecutive zero set to ensure large minimum distance. We call

this the L U D construction in the rest of the paper.

III. OPTIMAL CYCLIC (r,d)-LRCS WITH LENGTH ¢ — 1 AND ITS FACTORS

In this section, we will generalize the construction of optimal cyclic r-local LRCs in [11] to the case of (r,d)-

LRCs (0 > 2), which might be the first class of optimal cyclic (r, §)-LRCs to the best of our knowledge. Throughout

Table I
Cyclic MDS Codes over F, with length n | ¢+ 1

Conditions Complete defining set

q even, k even,

or g odd, k even, n odd

q even, k odd;
or g odd, k odd, n odd

q odd, k odd, n even
{ai | k;rl S i S 27L7217k‘}




this section, assume that § > 2, n | (¢ —1), 7+ — 1| n. Let o € F, be a primitive n-th root of unity and let
V=n/tr+d-1), pu=k/r if r|k.

Similar to Lemma the following lemma is obvious.
Lemma 3.1: Let 0 < iy < i < -+ < i5_1 < r+ 0 — 2 be an arithmetic progression with § — 1 items and

common difference b, where (b,n) = 1. Consider a (6 — 1)/ x n matrix H with the rows

herL) — (17 am(7-+6—1)+i,~ , OZ2(m(7‘—&-6—1)-‘,-ij)7 o a(”—l)(m('r‘+§—l)+ij))7

where j = 1,2,...,0 — 1, m =0,1,...,v  — 1, and v/ = n/(r + § — 1). Then all the cyclic shifts of the row

vectors of weight r + ¢ — 1 in the following (§ — 1) X n-matrix V:

10...0 o 0...0 (V)2 ... (a/P)ti-2 g

S~ S~—~— S~—~—
v'—1 v—1 v'—1

10...0 o’ 0...0 (a“2)2 ... (/)02 0.0

S~ ~—~— N~
v —1 v —1 v'—1

10...0 o1 0.0 (a’6-1)2 . (@is-1)rti=2 g

SN~ N~ S~——
v/ —1 v/ —1 v/'—1

are contained in the row space of H over F,.
Proof: Note that when n | ¢ — 1, the order of ¢ modulo n is 1, which implies that the the splitting field of
2™ —1is F,. Similar to Lemma it is easy to obtain that for any fixed j € {1,2,...,J — 1}, the n-dimensional

vector of weight r + ¢ — 1

v; =(10...0a""%0...0(”%)20...0... (%) *9=20...0)
S~ S~ S~ S~
v —1 v'—1 v —1 v'—1
are contained in the row space of H over ;. Then all the cyclic shifts of the row vectors of weight » 4+ ¢ — 1 in
the (6 — 1) X n-matrix V' are contained in the row space of H over F. [

If we take the submatrix V' of V formed by the non-zero columns:

1 o’ h (O/U i1)2 (O[ "1)r+5—2
1 au'ig (au i2)2 (al/, ’2)r+572
1 al/vzé,l (al/ié,l)z (au’i(;,l)r+5—2

Then V' forms a parity-check matrix of a [r + § — 1, r, ] Reed-Solomon code. And the cyclic shifts of the row
vectors in V' partition the support of the code into disjoint subsets of size r + & — 1, which define the (r, §)-local
recovering sets of the symbols and satisfy the structure theorem in [[13]], [14]]. Therefore, we obtain the following
proposition similar to Lemma

Proposition 3.2: Let C be a cyclic code of length n over F, with the complete defining set Z, and let r, § be

positive integers such that (r+46 —1) | n. Let 0 < i3 < i < -+ < i5_1 <7+ — 2 be an arithmetic progression



with § — 1 items and common difference b, where (b,n) = 1. If Z contains some cosets of the group of v/-th roots

of unity Uii;lile, where L,,, = {a' | i mod (r +d — 1) = m}, Then C has (r, §)-locality.
i5—1

Proof: 1f Z contains some cosets of the group of v'-th roots of unity U, _; L,,, the row vectors:

hii? _ (1’am’(’r‘-‘ré—l)-‘rij’a2(m’(7“+5—1)+1'j)7 o ,a(n—l)(m’(r+5—1)+i]))7
where j = 1,2,..., — 1, m' =0,1,...,v/ — 1, and v = n/(r + § — 1), are contained in the row space of the
parity check matrix A of C. Then by Lemma and the previous description, C has (r, §)-locality. [ ]

Construction 1: Let o € Fy be a primitive n-th root of unity, where n | (g —1). Let 0 <43 < do < -+ <i5_1 <
r+ 6 — 2 be an arithmetic progression with 6 — 1 items and common difference b, where (b, n) = 1. Suppose r | k
and let ;o = k/r. Consider the following sets of elements of F:

Ly ={a’|i mod (r+48—1)=m},m =1iy,is,...,i5_1 and

D={a*t|s=0,1,...,n—pu(r+8§—1)+6 — 2},
where o/ € L;,. Then the cyclic code C with the complete defining set of zeros (Uii_:lile) UD is a g-ary optimal
cyclic (r,d)-LRC with length n, dimension k, and minimum distance d =n — k+ 1 — (u— 1)(6 — 1).

Proof: By Proposition[3.2] C has (r, §)-locality. Next, we calculate the dimension of C. Since (b, n) = 1 implies
(byr+d6d—1)=1, for m =1iy,49,...,95_1,

n—ulr+5—1)+3§—2
r+d6—1

|L,,ND| = \‘ J—i—l:z/—,u—l—l.

Thus, after a few simple calculations, we have
(Ui, Lm) U D|

|UB L Ll +|D| = [(UP2: Ly,) N D

m=iq m=iy

(0 = DILm| +|D| = (6 = 1)| Ly N D|

= n—k.

Hence, the generator polynomial has degree n— k, which implies that the dimension of C is k. Finally, the minimum
distance d of C is obtained by the generalized BCH bound in Lemma for the set of consecutive zeros D and
the Singleton-like bound (2)) for (7, §)-LRCs. [ |

Remark 1: 1t is not difficult to verify that the condition r | k can be removed from Construction [I| by letting D
contain n — k — ([k/r] — 1)(6 — 1) zeros. We call the above construction (U, L, ) U D construction in the rest of

the paper.

r+é-1
i bd ad
L} L |

w

F
|
-

(r, )-locality L,

A BB B B BB BB B B BB B B

d 4 - T i i i
i 15 I 151 I 151 h 51 1

distance D

Fig. 1: Subsets of zeros for D and (r, §)-locality for U L, b=1)

m=ij



el locality L

h J hJ b ¥ ¥ b i h h 4 ¥
A A AAAAa '

distance D

Fig. 2: Subsets of zeros for distance D and r-local locality L (Shown in [[11] for b = 1)

Remark 2: When ¢ = 2, Construction || reduces to Theorem 3.1 in [L1]]. It is easy to see that the point 7; will
coincide with the point ¢5_; in Fig. 1~Fig. 2. So Construction |I| is indeed a generalized construction of that in

Theorem 3.1 in [11].

IV. OPTIMAL CYCLIC (r,d)-LRCS WITH LENGTH ¢ + 1 AND ITS FACTORS

In this section, we give constructions of optimal cyclic (r,0)-LRCs with longer length n | ¢ + 1 based on
Berlekamp-Justesen codes. For the ease of understanding, we firstly consider the case of 6 = 2 or the optimal
g-ary cyclic r-local LRCs in Note that when r | k, the proposed constructions can be regarded as that given
in [[IT]] based on the g-ary subfield subcodes of Reed-Solomon codes with length n | ¢> — 1 over 2. However,
the complete defining sets in our constructions have to be chosen specially and artfully, which are nontrivial and
should be carefully discussed for even and odd ¢, respectively. Then, the constructions are generalized to the cases
of (r,6)-LRCs, and we obtain optimal g-ary cyclic (r,J)-LRCs (0 > 2) in where more detailed discussion are
needed for even and odd 4, respectively. It is noticed that the optimal cyclic LRCs based on Berlekamp-Justesen

codes could have longer length ¢ + 1 for a given alphabet with size q.

A. Optimal Cyclic r-local LRCs with Length q + 1 and its Factors

Just like the cyclic MDS codes with length g + 1, this subsection has to be divided into two parts, even ¢ and
odd ¢, because of the difference of structure of zeros.
1) Cyclic optimal LRCs with even ¢: In this subsection, assume that n | ¢+1=2"+1,r+ 1| n, and r | k.

Let v =n/(r+ 1) and p = k/r. Therefore, n is always an odd integer, while r and & are always even.

Case 1: bis odd, e.g., b=1
Theorem 4.1: Let o € F,2 be a primitive n-th root of unity, where n | ¢ + 1. Let b be a positive odd integer

such that (b,n) = 1. If = k/r is even, consider the following sets of elements of F2:

n—>b n—>b n—b n—b n—k—pu—1
D = {of(*T) ot 7b)7ai(772b)’”wai(T—%b)}’

L = {a'|i mod (r+1)=0},

then the cyclic code with the complete defining set of L U D is an optimal (n, k,r) g-ary cyclic r-local LRC.
Proof: For brevity, we only give proofs in the case of b = 1, while the others are similar but need more detailed
discussions. Note that when b =1,

D = {ai(%),ai(n;s) . ,ai%(kﬂ‘)}

)




contains consecutive zeros since o~ ! = o™ % and k + p is even. Clearly,

Li=n/(r+1), |IDl=n—k—p+1.
So 1(k+ p) = £(r +1) is a multiple of 7 + 1, which implies that

n—1 k
LND| = 2 — | - — +1
[Ln D] X(\‘Z(r—i-l)J 2r+>
_on ok
r+1 r

Hence, |L U D| = |L| + |D| — |L N D| = n — k, which implies that the dimension of C is k. Locality follows by

Lemma [2.3] for the set of zeros L, and the optimality follows by the BCH bound for the set of zeros D and the

bound (I). These complete the proof. [ ]
Remark 3:

1) In Theorem the number of the consecutive zeros in D is always even, so we choose paired zeros for D
(see Figure 3) based on the structure of zeros of ™ — 1. Moreover, the remaining zeros of g(x) are exactly
in L\D.

2) If r{ k, k and [k/r] are even, [k/r] > 4, we can choose the zeros as Theorem and obtain optimal
(n, k,r) LRCs. Because we also have |D| =n—k— [k/r]+1,|L| =n/(r+1),|LND|=v—[k/r] +1,
then |L — LN D| = [k/r] —1 > 2, which implies that there exist r consecutive zeros with uniform distance
b in the complete defining set of C. Due to Proposition and BCH bound, we obtain d(C*+) = r + 1,
which means that the locality parameter is exactly r. The optimality also follows by the BCH bound for the
set of zeros D and the bound ().

_n=b n—b
a2 o 2
’ b—1)n : (b-1)n 1),,
o~ (Bkk/r) =52 420 B(kk/r) =B 420
o (U+k/T) = ”’ b)) =L ””+z
a G/ e ;’<A+k/r) e

Fig. 3: The consecutive zeros in D for odd b and even p.

Theorem 4.2: Let a € F,2 be a primitive n-th root of unity, where n | ¢ + 1. Let b be a positive odd integer

such that (b,n) = 1. If u = k/r is odd, consider the following sets of elements of F:

) 2000 )

D = {oﬂaib aj:Zb ai(%—k/r)b}
L = {ai|z' mod (r+ 1) = 0},

then the cyclic code with the complete defining set of L U D is an optimal (n, k,r) g-ary cyclic r-local LRC.
Proof: For brevity, we only give proofs in the case of b = 1, while the others are similar but need more detailed

discussions. Note that when b =1,

n—k—k/r
D= {ao’a:H’a:tQ a:l:72 }

geeey
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contains consecutive zeros. Clearly,

Li=n/(r+1), |D|=n—-k—k/r+ 1. Moreover,

—k/r+1.

|L N D|

r+1
Hence, |LUD| = |L|+ |D|—|LN D| = n— k, which implies that the dimension of C is k. Locality and optimality
follow by Lemma and the BCH bound for the sets L U D. [ ]
Remark 4:

1) In Theorem the number of the consecutive zeros in D is always odd, so we choose paired zeros plus o
for D (see Figure 4) based on the structure of zeros of ™ — 1. Moreover, the remaining zeros of g(z) are
exactly in L\ D as well.

2) If r 1k, k is even and [k/r] is odd. We can choose the zeros as Theorem and obtain optimal (n, k,r)
LRCs. Because we also have |[L — L N D| = [k/r] —1 > 2, which implies that there exist  consecutive
zeros with uniform distance b in the complete defining set of Ct, so d(Cl) = r + 1, which means that the

locality parameter is exactly r. The optimality also follows by the BCH bound for the set of zeros D and the

bound ().
n—k—k/r n—k—k/r
T o
d*3b a31)
a2 o2l
a? o’

Fig. 4: The consecutive zeros in D for odd b and odd p.

Case 2: b is even, e.g., b =2
Theorem 4.3: Let o € F2 be a primitive n-th root of unity, where n | ¢ 4 1. Let b be a positive even integer

such that (b,n) = 1. If 4 = k/r is even, consider the following sets of elements of [F:

D = {afh ot gt | (et

)

{a'|i mod (r+1)=0},

then the cyclic code with the complete defining set of L U D is an optimal (n, k,r) g-ary cyclic r-local LRC.

The proof is similar to Theorem [.2] and note that the consecutive zeros in D is constructed as Figure 5.
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_ n—k—(k/r)+1 b n—k—(k/r)+1 b
(6 2 (6] 2
: 5b : 5b
a ? Q?
_3b 3b
o 2 o?
b b
o 2 o2

S

Fig. 5: The consecutive zeros in D for even b and even p.

Remark 5: If r 4 k, k and [k/r] are even, [k/r] > 4. We can choose the zeros as Theorem [4.3| and obtain optimal
(n,k,r) LRCs. Because we also have |[L — LN D| = [k/r] — 1 > 2, which implies that there exist r consecutive
zeros with uniform distance b in the complete defining set of C*, so d(C*) = r + 1, which means that the locality
parameter is exactly 7. The optimality also follows by the BCH bound for the set of zeros D and the bound ().
Theorem 4.4: Let o € F2 be a primitive n-th root of unity, where n | ¢ + 1. Let b be a positive even integer

such that (b,n) = 1. If u = k/r is odd, consider the following sets of elements of F.:
D = {cy07ozj[b,04i2b,...mzﬂ%ik/?.)b}7
L = {a'|i mod (r+1)=0},

then the cyclic code with the complete defining set of L U D is an optimal (n, k,r) g-ary cyclic r-local LRC.

The proof is similar to Theorem and note that the consecutive zeros in D is constructed as Figure 6.

711,—1\'71«'/1'b nfkfk/rb
p 2

o 2 o

30 A3

a—Qb a?b

a’ al
ol

Fig. 6: The consecutive zeros in D for even b and odd p.

Remark 6: If r 1 k, k is even and [k/r] is odd. We can choose the zeros as Theorem and obtain optimal
(n,k,r) LRCs. Because we also have |[L — LN D| = [k/r] —1 > 2, which implies that there exist r consecutive
zeros with uniform distance b in the complete defining set of C*, so d(C*) = r + 1, which means that the locality

parameter is exactly r. The optimality also follows by the BCH bound for the set of zeros D and the bound (T).

Remark 7: In the above constructions, if we take L = {a’ | i mod (r+1) =1, 0 <i < n} for some 0 <[ <,
the L U D construction could not give any optimal cyclic LRCs. The reason is given as follows:
Firstly, o € L implies o~ ¢ L. Assume the contrary that «~* € L, then r+1 |i—1[ and r + 1 | —i — [, which

implies r + 1 | 2. Since r + 1 is odd, r + 1 | I, which leads to a contradiction;
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Hence, the structure of zeros of ™ — 1 implies that the set
L' = {a"|a'el}

{a']i mod (r+1)=r+1-1,0<i<n}

is contained in the complete defining set L U D of C. Since r + 1 is odd, LN L' = (), or L’ C D. The zeros in
D are consecutive with uniform difference b, while zeros in L’ are consecutive with uniform difference » + 1, so

b | r + 1. Moreover, since the L U D construction requires (b,n) = 1, b = 1. At this time,

Dl = (L= +1)+1

n
(r—f—l >(T+ )+
= n—r

> n—k—p+1,

thus the L U D construction could not give any optimal cyclic LRCs by the BCH bound.

2) Cyclic optimal LRCs with odd q: In this subsection, assume that n | ¢+ 1, ¢ is odd. r+1 | n, and r | k. Also
letv =n/(r+1) and p = k/r. If n is an odd integer, we can obtain optimal cyclic r-local LRCs as Theorems
Therefore, we firstly give the following Theorem Theorem of optimal r-local LRCs when n | ¢+ 1, n
is even. At last, Theorem [4.8] concludes the results in all cases.

Theorem 4.5: Let o € F 2 be a primitive n-th root of unity, where n | ¢ + 1, n is even. Let b be a positive odd
integer such that (b,n) = 1. If 4 = k/r and v = n/(r + 1) are odd, consider the following sets of elements of

qui

D = {a°a* a*?, ... ai(w)b}
= {a'|i mod (r+1)=0},
then the cyclic code with the complete defining set of L U D is an optimal (n, k,r) g-ary cyclic r-local LRC.
The proof is similar to Theorem and note that the consecutive zeros in D is constructed as Figure 7.

n—k—k/r n—k—k/r
by nkokiny,

v (6%
a73b aSI)
a—?b a2b
a~? ol

Fig. 7: The consecutive zeros in D for odd p and odd v.

Remark 8: If 1 k, k, [k/r] and v are odd. We can choose the zeros as Theorem and obtain optimal (n, k, )

LRCs. Because we also have |[L — LN D| = [k/r] —1 > 2, which implies that there exist r consecutive zeros with
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uniform distance b in the complete defining set of C, so d(C*) = r + 1, which means that the locality parameter
is exactly 7. The optimality also follows by the BCH bound for the set of zeros D and the bound (T).

Theorem 4.6: Let a € F2 be a primitive n-th root of unity, where n | ¢ + 1, n is even. Let b be a positive odd
integer such that (b,n) = 1. If u = k/r is even, v = n/(r 4+ 1) is odd, consider the following sets of elements of

Fq2:

D = {a%,ai(%*b) :I:(A—Qb) B Ol:t(% (n= k k/r b)}

= {a'|i mod (r+1) =0},
then the cyclic code with the complete defining set of L U D is an optimal (n, k,r) g-ary cyclic r-local LRC.

Note that v = n/(r + 1) is odd, so r 4 1 { n/2, which implies a”*/? ¢ L. The proof is similar to Theorem {4.1|

the consecutive zeros in D is constructed as Figure 8.

n
o2
(b a2 b
a—(%—?b) 045_2{)
L nk—kfry - n n—k—k/r
o 3= 5=

Fig. 8: The consecutive zeros in D for even p and odd v.

Remark 9: If v 1 k, k and [k/r] are even, v is odd, [k/r] > 4. We can choose the zeros as Theorem and
obtain optimal (n, k,r) LRCs. Because we also have |L — LN D| = [k/r] — 1 > 2, which implies that there exist
r consecutive zeros with uniform distance b in the complete defining set of CL, so d(CJ-) = r + 1, which means
that the locality parameter is exactly r. The optimality also follows by the BCH bound for the set of zeros D and
the bound (T).

Theorem 4.7: Let a € F 2 be a primitive n-th root of unity, where n | ¢ + 1, n is even. Let b be a positive odd
integer such that (b,n) = 1. If 4 = k/r and v = n/(r + 1) are even, consider the following sets of elements of

qui

9 n—k—k/r
D = {a’a*t ot b a2 )b},

b

{a’|i mod (r+1) =0},

n n__ n __ n_ n k k/r
or D {a%,atE7Y o+ G720 (G o)y

L = {a'|i mod (r+1) =0},
then the cyclic codes with the complete defining sets of L U D for both cases are optimal (n,k,r) g-ary cyclic
r-local LRCs.

Note that v = n/(r + 1) is even, so r + 1 | n/2, which implies a"/? € L. The proof is similar to Theorem

[@.T~Theorem [4.2] and the consecutive zeros in D for both cases are constructed as Figure 9.
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YN

v n
_n—k'—k/rb n—k—k/rb E Q2
R e Rt
o o2 o (720 a2
a’ o’ D (ponohokiny 3 n_nhokfry
OzU Ry 2 o2 2

Fig. 9: The consecutive zeros in D for even p and even v.

Remark 10: If r t k, k, [k/r] and v are even, [k/r] > 4. We can choose the zeros as Theorem and obtain
optimal (n, k,7) LRCs. Because we also have |L — LN D| = [k/r] — 1 > 2, which implies that there exist r
consecutive zeros with uniform distance b in the complete defining set of Ct, so d(CJ-) = r + 1, which means that
the locality parameter is exactly r. The optimality also follows by the BCH bound for the set of zeros D and the
bound ().

Based on the above constructions, it is not difficult to obtain the following generalization.

Theorem 4.8: Let a € Fp2 be a primitive n-th root of unity, where n | ¢ + 1 and ¢ is odd. Let b be a positive
integer such that (b,n) = 1.

1) If n is odd, we can obtain optimal cyclic r-local LRCs as Theorems @.1} #.4] ;

2) If n is even, we can obtain optimal cyclic r-local LRCs as Theorems [{.5}

B. Optimal cyclic (r,0)-LRCs with length q + 1 and its factors

Along with the ideas of optimal r-local LRCs with length n | ¢+ 1 in Section we can naturally obtain the
corresponding generalized constructions of optimal cyclic g-ary (7, §)-LRCs with length n | ¢+ 1 in this subsection.
We assume that 7+ — 1| n, r |k and let v/ =n/(r+6 — 1), p = k/r. As for r t k, we can also obtain optimal
cyclic (r,d)-LRCs as Subsection which need more detailed discussions as Remark 3 ~ Remark 10.

1) Optimal cyclic (r,)-LRCs with even ¢6: We firstly consider the constructions of optimal cyclic (7, d)-LRCs
with even d, which are generalized constructions corresponding to those in Subsection Based on the (U, L,,)U
D construction and even 9, we have to choose pairs of (r,d)-locality sets L, plus Lg.

Similar to Lemma @ if @ € Fy2 is a primitive n-th root of unity, we have the following lemma:

Lemma 4.9: Let ig = 0 < i; < --- < i(5—2)/2 < 7+ & — 2 be an arithmetic progression with §/2 items and

common difference b such that (b,n) = 1. And consider a (§ — 1)1/ x n matrix H with the rows

hs-}jl) — (17 am(r—i—(;—l)—i‘j‘ , a2(m(r+6—1)—im)7 L ,Oé(n—1)(7‘)1(7‘—‘,—(;—1)—’L'u‘))7 j < 0’
h%) — (lyam(r+5—1)+ij’a2(m(r+§—1)+ij)’ o 7a(n—1)(m(r-"—5—1)-|—ij))’ ] Z 07

where j = 0,%1,...,£((6 —2)/2—-1),£(6 —2)/2, m =0,1,...,v/ — 1, and v = n/(r + § — 1). Then all the

cyclic shifts of the row vectors v; of weight r + ¢ — 1 in the (6 — 1) x n-matrix V = (vj)((;_l)xn are contained
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in the row space of H over [F 2, where

_(10...0 a=W” 0.0 a7 . o Uit g0
v; = N—— N——" N a.7<07
v'—1 v'—1 v'—1
_(10...0 b 0.0 o o a9 ) Lo
Vj = N—— —— ~—— ]2 Y,
v/ —1 v/ —1 v'—1

j=0,£1,....,£((0 —2)/2—-1),£(60 —2)/2, m=0,1,...,v/  —1,and v =n/(r+ 4 — 1).

Proof: The proof of this lemma is similar to Lemma [3.1] the only difference is that when n | ¢ + 1, the order
of ¢ modulo n is 2, which implies that the splitting field of ™ — 1 is [F2. Similar to Lemma we can obtain
that for any fixed j € {0,+1,...,+((0 —2)/2 — 1), £(d — 2)/2}, all the cyclic shifts of the n-dimensional row
vectors v; of weight r 4-J — 1 are contained in the row space of H over F .. [ ]

We denote [a!] as the column vector in Fg corresponding to the element o’ in [Fy2, then the matrix V' corresponds

to an 2(0 — 1) x n matrix over F,. The non-zero columns correspond to an 2(6 — 1) x (r 4+ J — 1) matrix V' over

Table IT
Optimal Cyclic r-local LRCs over F, with length n | ¢+ 1

Conditions Consecutive zeros set D

q even, [ even;
or g odd, i even, {Oéi\fk;ru <i< w}

n odd. (b=1)

q even, . odd;
or ¢ odd, p odd, {a?| — n*’;*u <i< n—lsfu}
n odd. (b=1)

g even, p even;
2i4+1] _ n—k—p+1 . n—k—p—1
or g odd, p even, {a | 5 <i< 5 }

n odd. (b = 2)

q even, p odd;
23 n—k—p . n—k—p
or ¢ odd, p odd, {o*] = =58 <i < =—F}
n odd. (b =2)
q odd, ¢ and v odd,

n even. (b=1)

q odd, p even,

i k+p . 2n—k—up
ot | R < < R
v odd, n even. (b =1) (o] 2 - 2 }

{af] = 247 < i < mepy

q odd, p and v even,

{of| B < i < 2nmpmiy

n even. (b=1)
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1) [a—fe-oav] [(@7ie-na )] L [(aie-ase )2
PARY 1] 1]
1) [afe-onv] [(ie-nar)] L [(ade-ase )2

Since any § — 1 columns of V"’ are linearly independent over [F2, any 6 — 1 columns of V' are linearly independent
over F,. And all the cyclic shifts of the row vectors of weight » + — 1 in V' are contained in the row space of
‘H over F2, then the cyclic shifts of the row vectors in V' partition the support of the code into disjoint subsets
of size r + § — 1 which define the (7, d)-local recovering sets of the symbols. Therefore we obtain the following
proposition.

Proposition 4.10: Let F = be the splitting field of ™ — 1, where n | ¢ + 1, let C be a cyclic code of length
n over F, with the complete defining set Z, and let , § be positive integers such that (r + ¢ — 1) | n. Let
ip =0 <y < -+ <i_gy2 <1+ 06— 2 be an arithmetic progression with §/2 items and common difference b

such that (b,n) = 1. If Z contains some cosets of the group of v/-th roots of unity U, L,,, where
Ly ={a'|i mod (r+6—1) =m}, m=ig,+iy, +iz,..., Fis_2)2,

then C has (r, §)-locality.

In order to simplify the discussion, we choose b = 1 if b is odd such that (b,n) = 1, and b = 2 if b is even such
that (b,n) = 1 in the following constructions, respectively.

Construction 2: Let o € F2 be a primitive n-th root of unity, where n | ¢ + 1 and ¢ is even. If u = k/r is
even, consider the following sets of elements of [Fy2:

n

-1 n—1_ n—1_ n—1_n—k—(p=1)(5=1)—2
D = {af05) ot D o2 0 2 ),

L, = {a']|i mod (r+8—1)=m},m=0,+1,42,...,4(5 —2)/2.
Then the cyclic code C with the complete defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,d)-LRC.

Proof: From the construction above, we have: |D| =n—k— (u—1)(0 = 1), |Lm| =n/(r+d—-1), m =

0,41,42,...,4(6 —2)/2. Since k/r is even, 251 — "=k DON=2 _ kHu-DODH _ k(4 51) - 02

which implies that
n—1 n—k—(u-1)(0-1)-2
2 2

n-1 n—k—(pu-1(0-1)—-2
_< 2 2

mod (r+d—1)=—(5—2)/2,

) mod (r+4d—1)=(5—-2)/2.
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Then for any L,,, m =0,£1,+2,...,+(5 — 2)/2,
Ck—(u—1)(6 -
\Ln.ND| = Q” k(=10 1)J+1)
r+d6—1

n—pulr+0—1)+0—2 41
r+6—1

v —p+ 1.

Hence, |(U, L) U D| = (6 — 1)|Ly,| + |D| — (6 = 1)| Ly, N D| = n — k, which implies that the dimension of C is
k. (r,0)-Locality follows by Proposition for the sets of zeros UL,,, and the optimality follows by the BCH
bound for the set of zeros D and the generalized Singleton-like bound (2). These complete the proof. [ ]
Example [l| below can help understand the construction above. In the rest of paper, the bold numbers in L,,
means that they lies in D.
Example 1: Letn:q—|—1:26+1:65:5><13,r:2,5:4,k:12,b:1.Wehave
D = {a'|i=414,+15+16,...,+32},
Ly = {a'|i mod 5=0}
= {a'|i=0,45,+10,415,420, 425,430},
Li = {a'|i mod 5=1}
= {a'|i=1,6,11,16,21,26,31,—29, —24, —19, —14, -9, —4},
Ly = {a'|i mod 5=—1}
= {a'|i=4,9,14,19,24,29, -31,—26,—21,—16, 11, -6, —1}.
Then the cyclic code C with the complete defining set of zeros (L_; U Lo U Ly) U D is an optimal 64-ary cyclic
(2,4)-LRC.
Construction 3: Let a € F2 be a primitive n-th root of unity, where n | ¢ +1 and ¢ is even. If . = k/r is odd,
consider the following sets of elements of [F:
D = {040, ail, aiz’ o ai(ﬁfk*w}l)(éfl)—l)}’
L, = {a']|i mod (r+86—1)=m},m=0,+1,42,...,4+(5 —2)/2.
Then the cyclic code C with the complete defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,d)-LRC.
Proof: Clearly, we have |[D|=n—k—(u—1)(6—1), |Lm| =n/(r+6—1),m=0,£1,4+2,...,£(6 —2)/2.
Since p = k/r is odd, ”71@7(“721)(671)71 = ”/2_“ (r+6 — 1) + %52, which implies:

n—k—(u—-10-1)-1
2

mod (r+6—1) = (5 —2)/2;

n—k—(p—-1)0—-1)—-1
- 2

mod (r+06—1)=—(6—2)/2.
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Then for any L,,, m =0,£1,+2,...,+(5 — 2)/2,
—k—(u—-1)(—-1
LnnD| = (|~ Gl
r+6—1
v —p+ 1.

Hence, |(Un L) U D| = n — k, which implies that the dimension of C is k. (r, d)-Locality follows by Proposition

for the sets of zeros UL,,, and the optimality follows by the BCH bound for the set of zeros D and the

generalized Singleton-like bound (2)). These complete the proof. [ ]
Example 2: Letn:q+1:26+1:65:5x13,r:2,5:4,k:14,b:1.Wehave

D = {a'|i=0,%1,42,43...,4+16},
Ly = {a'|i mod 5=0}
= {a'|i=0,£5,410,415,+20, +25 +30},
L = {a'|i mod 5=1}
= {a'|i=1,6,11,16,21,26,31,—29, —24, —19, —14, —9, —4},
L, = {a'|i mod 5=—1}
= {a'|i=4,9,14,19,24,29, -31, -26, —21,—16,—11, —6, —1}.
Then the cyclic code C with the complete defining set of zeros (L_1 U Ly U L) U D is an optimal 64-ary cyclic
(2,4)-LRC.
Remark 11:

1) As mentioned previously, in Construction and Construction we can choose the (r, d)-locality sets as some
cosets of the group of v/-th roots of unity, where m = ig, +iy, +io, ..., Fis_g)yp and ip =0 < i3 <+ <
i(5—2)/2 < 1+ 6 — 2 with uniform odd difference b such that (b,n) = 1, choose the consecutive zeros for D
with the same uniform difference b in the similar way as Theorem in Section [[V-A], then we can
obtain the more general constructions.

2) When § = 2, the general construction stated above reduces to Theorem and Theorem in Section

Construction 4: Let o € F2 be a primitive n-th root of unity, where n | ¢ + 1 and ¢ is even. If u = k/r is

even, consider the following sets of elements of Fy2:

n—k—(u—1)(§—1)—2
D = {a:tl,a:t?; a:l:5’-“7a:t(1+ 5 ><2)}’

9

Lo, {a|i mod (r+d—1)=m},m=0,4£2,44,...,+(5 —2).
Then the cyclic code C with the defining set of zeros (U, L.,) U D is an optimal g-ary cyclic (r,d)-LRC.

Note that 1 4 “=F=W=DOZD=2 w5 — (4~ 1)(§ = 1) = 1 =n — p(r + 6 — 1) + & — 2, which implies

n—k—(u—1)(>6-1)—2
2

1+ x2 mod (r+d—-1)=6—-2;
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_<1+n—k—(u—2l)(6—1)—2

><2> mod (r+0—1)=—(§ —2).
The rest of the proof is similar to Construction [2]
Example 3: Letn=q¢+1=204+1=65=5x13,r=2,8 =4, k=16, b = 2. We have
D = {a'|i=+1,43,45...,4+27},
Ly = {a'|i mod 5=0}
= {a'|i=0,45,+10,+15,+20,+25,+30},
Ly = {a'|i mod 5=2}
= {a']i=2,7,12,17,22,27,32, —28, —23, —18, —13, -8, —3},
Lo = {a'|i mod 5= -2}
= {a'|i=3,8,13,18,23,28,-32, —27, 22, —17, 12, -7, —2}.
Then the cyclic code C with the defining set of zeros (Lo U Ly U L_5) U D is an optimal 64-ary cyclic (2,4)-LRC.
Construction 5: Let a € F2 be a primitive n-th root of unity, where n | ¢ +1 and ¢ is even. If . = k/r is odd,

consider the following sets of elements of F:

—k—(p=1)(5=1)—1
:t(n u .

D = {a()7a:t2’a:|:4’ N )><2}’

)

Ly,

{a'|i mod (r+d—1)=m},m=0,42,44,...,+(5 - 2).

Then the cyclic code C with the defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,d)-LRC.
The proof of this construction is similar to Construction []

Example 4: Letn =q+1=204+1=65=5x13,r=2,6 =4, k = 18, b = 2. We have
D = {a']|i=0,42+4,46... 422},
Ly = {a'|i mod 5=0}
= {a'|i=0,45,+10,£15,420, +25,+30},
Ly = {a'|i mod 5=2}
= {a'|i=2,7,12,17,22,27,32, —28, —23, —18, —13, —8, —3},
Lo = {a']|i mod 5= -2}
= {a'|i=3,8,13,18,23,28 —32, —27, —22, —17, —12, -7, —2}.

Then the cyclic code C with the defining set of zeros (L2 U Ly U L_5) U D is an optimal 64-ary cyclic (2,4)-LRC.
Remark 12:

1) As mentioned previously, in Construction E] and Construction 5} we can choose the (7, §)-locality sets as some

cosets of the group of v/-th roots of unity, where m = i, i1, o, ..., +is_gyppand g =0 <13 <--- <

i(5—2)/2 < 7+ 0 — 2 with uniform even difference b such that (b,n) = 1, choose the consecutive zeros for
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D with the same uniform difference b in the similar way as Theorem in Section then we can
obtain the more general constructions.
2) When § = 2, the general constructions stated above reduce to Theorem [4.3] and Theorem [4.4]in Section
Construction 6: Let o € F 2 be a primitive n-th root of unity, where n | ¢ + 1, ¢ is odd and n is even. If
p=k/r and v are odd, consider the following sets of elements of F.:

n—k—(u—1)(5—1)—1
ai(ﬂf)

_ 0 +1 42
D = {a",a",a™" ..., ,

Ly, {a"|i mod (r+d6—1)=m},m=0,+1,42,... (5 —2)/2.

Then the cyclic code C with the defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,0)-LRC.
The proof of this construction is similar to Construction [3]
Example 5: Letn=q+1=7*+1=50=10x5,r=5,5 =6, k = 15, b = 1. We have
D = {a'|i=0,+1,42,4+3... +12},
Ly = {a'|i mod 10 =0}
= {a'|i=0,4£10,+20},
L; = {a'|i mod 10 =1}
= {a'|i=1,11,21,-19 — 9},
L, = {a'|i mod 10= -1}
= {a'|i=9,19,-21,—11, -1},
Ly = {a'|i mod 10 =2}
= {a'|i=2,12,22,—18 — 8},
L, = {a']i mod 10 = —2}
= {a'|i=8,18,-22,—12,—2}.
Then the cyclic code C with the defining set of zeros (L_oUL_1ULyULqULg)UD is an optimal 49-ary cyclic
(5,6)-LRC.

Construction 7: Let a € F 2 be a primitive n-th root of unity, where n | ¢ + 1, ¢ is odd and n is even. If

p=k/r is even, v/ is odd, consider the following sets of elements of [F.:

D = {a%,afG D oG- | GFE-(EEe)y
L, = {a'|i mod (r+d8—1)=m},m=0,+1,%2,...,4(6 —2)/2.

Then the cyclic code C with the defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,0)-LRC.

The proof of this construction is similar to Construction [2}
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Example 6: Letn =q+1=7*+1=50=10x5,r=7,5 =4, k =28, b = 1. We have

D = {a'|i==+19,420,+21...,424, 25},

Ly = {a'|i mod 10 =0}
= {a'|i=0,%£10,£20},

Li = {a'|i mod 10 =1}
= {a']i=1,11,21,-19, -9},

Ly = {a'|i mod 10= -1}
= {a'|i=9,19,—21,-11,—1}.
Then the cyclic code C with the defining set of zeros (L; ULy U L_1)U D is an optimal 49-ary cyclic (7,4)-LRC.

Construction 8: Let o € F 2 be a primitive n-th root of unity, where n | ¢+ 1, ¢ is odd and n is even. If £,

p=k/r and v are even, consider the following sets of elements of I 2:

D = {a°a*' a*? . "ai(%)},
Ln = {a'|i mod (r+d8—1)=m},m=0,+1,£2,...,+(5 —2)/2.
or D = {oz%,ogi(%fl)’Oéi(%fz)’”'’O[jt(%f(%))}7

™~
3
I

{a'|i mod (r+d6—1)=m},m=0,+1,42,... +(5 —2)/2.

Then the cyclic code C with the defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,0)-LRC.
The proof is similar to Construction [2] and Construction [3]

Example 7: Letn=q+1=334+1=28=7Tx4,r=4,6=4, k=8, b= 1. We have
D = {a'|i=0,41,42,43...,48},
Ly = {a'|i mod 7=0}
= {a'|i=0,4£7,14},
Li = {a'|i mod 7=1}
= {a'|i=1,8,-13,—6},
L, = {a'|i mod 7= -1}
= {a']|i=6,13,—8,—1}.

Then the cyclic code C with the defining set of zeros (L; U Lo U L_1)U D is an optimal 27-ary cyclic (4,4)-LRC.
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Example 8: Letn=q+1=33+1=28=7x4,r=4,0=4,k=8, b= 1. We have

D = {a'|i==46,+£7,+8..., +13 14},

Ly = {a'|i mod 7=0}
= {a'|i=0,47,14},

L = {a'|i mod 7=1}
= {a']i=1,8,—13,—6},

L, = {a'|i mod 7= -1}
= {a'|i=6,13,—8,—1}.
Then the cyclic code C with the defining set of zeros (L; ULy U L_1)U D is an optimal 27-ary cyclic (4,4)-LRC.

Remark 13:

1) As mentioned previously, in Construction |§| ~ Construction [8] we can choose the (r, d)-locality sets as some
cosets of the group of v/-th roots of unity, where m = i, +i1, +io, ..., Fis_gyppand g =0 <13 <--- <
i(5—2)/2 < 7+ 09 —2 with common odd difference b such that (b,n) = 1, choose the consecutive zeros for D
with the uniform difference b in the similar way as Theorem [4.5] in Section then we can obtain
the more general constructions.

2) When ¢ = 2, the general constructions stated above reduce to Theorem [4.3] ~ 7] in Section [[V-A]

Based on the above constructions, it is not difficult to obtain the following generalization.

Theorem 4.11: Let o € F 2 be a primitive n-th root of unity, where n | ¢+ 1 and ¢ is odd. Let b be an positive

integer such that (b,n) =1, and ip =0 < iy < --- <'i(5_2)/2 < 7+ — 2 with uniform difference b.

1) If n is odd, we can obtain optimal cyclic (r,d)-LRCs as Construction Construction |9 ;

2) If n is even, we can obtain optimal cyclic (r,§)-LRCs as Construction @v Construction

2) Optimal cyclic (r,§)-LRCs with odd §: Based on the (U,, L,,)UD construction and odd §, we have to choose
pairs of (r,d)-locality sets L, except Ly, which means b is even. For simplicity, we choose b = 2 such that
(b,n) =1 in the following constructions.

Construction 9: Let a € F 2 be a primitive n-th root of unity, where n | ¢ +1 and ¢ is even. If u = k/r is odd,

consider the following sets of elements of IF:

o 4+1 43 45 +(14nkm@_DE-D=2 9
D = {o 0"« vt Z )},

Ly, {a'|i mod (r+6—1)=m},m==41,43,45,...,4(5 — 2).

Then the cyclic code C with the defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,d)-LRC.

The proof of this construction is similar to Construction [}
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Example 9: Letn:q+1:26+1:65:5><13,r:3,5:3,k:21,b:2.Wehave
D = {a'|i==1,43,+5...,+31},
Ly = {a'|i mod 5=1}
= {a'|i=1,6,11,16,21,26,31, —29, —24, —19, —14, —9, —4},
L, = {a'|i mod 5=1}
= {o'|i=4,9,14,19,24,29, —31, 26, —21, —16, —11, —6, —1}.
Then the cyclic code C with the defining set of zeros (L; U L_1) U D is an optimal 64-ary cyclic (3, 3)-LRC.

Construction 10: Let o € F 2 be a primitive n-th root of unity, where n | ¢ + 1 and ¢ is even. If p = k/r is

even, consider the following sets of elements of [F:

_ 0 +2 _+4 d(nh=w=D0=l=1y, 9
D = {o’a™ « ot 2 ) b

geeey

Lm {a'|i mod (r+6—1)=m},m==41,43,45,...,4(5 — 2).

Then the cyclic code C with the defining set of zeros (U, L,,) U D is an optimal g-ary cyclic (r,0)-LRC.

The proof of this construction is similar to Construction [5]

Remark 14: As mentioned previously, in Construction [9] ~ Construction we can choose the (r,)-locality
sets as some cosets of the group of v/-th roots of unity, where m = =iy, +is,..., +is_1)/2 and 0 < iy = b/2 <
Qg < -+ <i(5_1)/2 <1+ 6 — 2 with uniform even difference b such that (b,n) = 1, choose the consecutive zeros
for D with the same common difference b in the similar way, then we can obtain the more general constructions.

Example 10: Letn =q+1=24+1=65=5x13,r=3,6 =3, k=24, b = 2. We have
D = {a'|i=0,42,+4,46...,+26},
Ly = {a'|i mod 5=1}
= {a'|i=1,6,11,16,21,26,31,—29, —24,—19, —14, -9, —4},
L, = {a'|i mod 5=1}
= {a'|i=4,9,14,19,24,29, 31, —26,—21, —16,—11, —6, —1}.
Then the cyclic code C with the defining set of zeros (L; U L_1) U D is an optimal 64-ary cyclic (3, 3)-LRC.
Based on the above two constructions, it is not difficult to obtain the following generalization.
Theorem 4.12: Let o € F 2 be a primitive n-th root of unity, where n | ¢+ 1 and ¢ is odd. Let b be an positive

even integer such that (b,n) =1, and 0 < iy = b/2 <y < --- <i(5_1)/2 <7+ ¢ — 2 with uniform difference b.

If n is odd, we can obtain optimal cyclic (r,§)-LRCs as Construction O Construction

V. CONCLUSION

In this paper, we have studied the constructions of optimal cyclic (r,d)-LRCs which meet the generalized

Singleton-like bound (2)). Inspired by works of Tamo, Barg, Goparaju and Calderbank [11]], we firstly generalize
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their cyclic Reed-Solomon-like 7-local LRCs to the cases of (r,d)-LRCs (§ > 2), and obtain a class of optimal
g-ary cyclic (r,0)-LRCs (6 > 2) with lengths n | ¢ — 1. Then, based on the Berlekamp-Justesen codes, we construct
a new class of optimal g-ary cyclic r-local LRCs with lengths n | ¢ + 1 and a new class of optimal g-ary cyclic
(r,0)-LRCs (6 > 2) with lengths n | ¢ + 1. The proposed optimal cyclic LRCs with lengths n | ¢ + 1 exist only
for certain parameters (see Table II and Table III), it is interesting to study whether the constructions for other
parameters exist or not. Related to the famous MDS conjecture [30]], one could also consider the following problem:
for given g, k, r and 0, find the largest value of n for which there exist g-ary optimal cyclic (r, §)-LRCs with length
n. The results of this paper give a step forward. Future works might also include finding more optimal cyclic LRCs

with respect to other bounds, e.g., ones given in [19]], [21], [23]].

Table III
Optimal Cyclic (r,J) LRCs over F,; with length n | ¢+ 1

é Conditions Consecutive zeros set D (r, §)-locality sets L,
q even, y even;
or g odd, 1 even, (o] k+<u—1)2(6—1)+1 <i< 2n7k7(u—21)(671)71} m =0,+1,+2,
nodd. (b=1) o E(0=2)/2
q even, p odd;
orqodd,,uodd, {O/’I* nfkf(y.fgl)(tsfl)fl <i< nfkf(,ule)(éfl)fl} m:U,il,i?»
nodd. (b=1) o E(0=2)/2
q even, u even;
or g odd, p even, {a?*1] — n_k_(“;l)(é_l) <i< n_k_(“_g)(é_l)_Q} m=0,+2,+4,
n odd. (b = 2) e, (0 —2)
q even, p odd;
even or q odd, p odd, {a??] — "_k_<“_21)(5_1)_1 <i< n_k_(”_zl)(‘s_l)_l} m=0,%2,+4,
n odd. (b =2) v, (6 —2)
/
q odd, p and v/ odd, (o] — n—k—(;b—21)(6—1)—1 <i< n—k—(u—Ql)(é—l)—l} m=0,+1,+2
n even. (b =1) L x(6=72))3
odd, u even, .
q H {az|k+(u—1)2(5—1)+1 <i< 27;—1@—(”—21)(5—1)—1} m=0,+1,42
v’ odd, n even. (b = 1) L x(6=72))3
i iy {az| _ "l*k*(H*;)(‘;*l)*l <i< "*k*(H*;)(éfl)*l} m=0,+1,+2,
q odd, p and v/ even,
itk (p—=1)(6—1)+1 << 2n—k—(p—1)(6—1)—1 —9)/9
n even. (b = 1) {e] 2 == 2 } @ )/
q even, y odd;
or ¢ odd, ;1 odd {a2i+1] — n—k—(p=1)(6-1) ;- n—k—(u—Ql)(S—l)—Q} m = +1,+3, 45,
s ) 3 StsS
n odd. (b =2) e, (6 —2)
odd q even, [ even;
or ¢ odd, 11 even, (a2 — nehm=DOZDZL < nohm e DOZDZ1Y gy = 41,43, 45,
n odd. (b = 2) o206 —2)
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