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A Bound on the Minimal Field Size of LRCs, and
Cyclic MR Codes That Attain It

Han Cai

Abstract— We prove a new lower bound on the field size
of locally repairable codes (LRCs). Additionally, we construct
maximally recoverable (MR) codes which are cyclic. While a
known construction for MR codes has the same parameters,
it produces non-cyclic codes. Furthermore, we prove both nec-
essary conditions and sufficient conditions that specify when the
known non-cyclic MR codes may be permuted to become cyclic,
thus proving our construction produces cyclic MR codes with
new parameters. Furthermore, using our new bound on the field
size, we show that the new cyclic MR codes have optimal field
size in certain cases. Other known LRCs are also shown to have
optimal field size in certain cases.

Index Terms— Distributed storage, locally repairable codes,
maximally recoverable codes, cyclic codes.

I. INTRODUCTION

N LARGE-SCALE cloud storage and distributed file sys-

tems, such as Amazon Elastic Block Store (EBS) and
Google File System (GoogleFS), disk failures are the norm and
not the exception, due to the sheer scale of the system. To pro-
tect the data integrity, coding theory is used to recover from
data loss due to disk failures. The simplest solution for those
systems is a straightforward replication of data packets across
different disks. However, this solution is costly especially
for large-scale systems since it suffers from a large storage
overhead. As an alternative solution, erasure codes such as
[, k] maximum distance separable (MDS) codes, may be
employed as storage codes. These codes encode k information
symbols to n symbols and store them across n disks, and they
can recover from the loss of any n — k symbols. This scheme
achieves a dramatic improvement in redundancy compared
with replication. However, for MDS codes, even if one disk
fails, the system needs to access k surviving disks in order to
recover the lost symbol, which makes the repair process costly.
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One method to improve the repair efficiently, suggested
in [17], is endow the code with a locality property. This
property allows a failed symbol to be recovered by accessing
only r < k other symbols. Erasure codes with locality
are also called locally repairable codes (LRCs). The original
concept of locality only works when exactly one erasure
occurs (that is, one disk fails). In the past decade, the
notion of locality further generalized in several directions.
For example, LRCs with (r,d)-locality [31] allow an erased
symbol to be recovered by reading r other symbols, even if
the repair set suffered 6 — 1 more erasures. Other examples
include: locality which guarantees disjoint multiple repairable
sets (also named as availability) [6], [8], [35], [40], locality
which has a hierarchical structure [14], [36], and unequal
localities [22], [26], [44].

Other code properties are also desirable. For a given code
length n and dimension k, we would like the Hamming dis-
tance to be as large as possible, in order to maximize erasure-
correcting capabilities. Additionally, we would like the field
size (or alphabet size) to be as small as possible, in order to
reduce the computation complexity for coding and decoding.
Other desirable properties may include a cyclic structure for
the code, since it allows for fast encoding algorithms. Finally,
even if the code has optimal distance, we would like to be
able to correct some pre-determined erasure patterns beyond
the minimum Hamming distance.

In the past a few years, many results have been obtained for
LRCs. Upper bounds on the minimum Hamming distance were
proved, e.g., Singleton-type bounds [7], [17], [31], [41], and
bounds related with the alphabet size [1], [5]. Optimal LRCs
(with respect to these bounds), were constructed, e.g., [13],
[24], [28], [34], [37], [38], [42]. In [21] and [9], lower bounds
on the field size of optimal LRCs were derived for § = 2 [21],
and § > 2 [9]. Among the known optimal LRCs, some of
them also achieve order-optimal field size [2], [12], [25], [43]
when § = 2, and [9] when ¢ > 2. Otherwise, constructions of
optimal cyclic LRCs were introduced in [13], [14], [32], [39],
and [33]. When considering pre-determined recoverable era-
sure patterns beyond the minimum Hamming distance, codes
that can recover from all information-theoretically recover-
able erasure patterns are called maximally recoverable (MR)
codes [17], also known as partial MDS codes [3]. In [19],
lower bounds on the field size requirement for MR codes were
introduced. For explicit constructions of MR codes, the reader
may refer to [3], [10], [15], [16], [20], [28], and [18]. Notably,
there are MR codes have order-optimal field size (with respect
to the bound in [19]): [3] for a single global parity check
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(h = 1), [4], [19] for h = 2, [16] for h = 3 and § = 2,
and [10], [18] for h < § + 1 a constant, and n = O(r?).

The above summary shows how subsets of the mentioned
desired properties may be obtained simultaneously. However,
to the best of our knowledge, there are no explicit construc-
tions that achieve all them, namely, cyclic MR codes with
optimal field size. In this paper, our motivation is to construct
cyclic MR codes with optimal field size, or order-optimal field
size. To this end, we work both on constructions for cyclic
MR codes, and a theoretic bound on the field size of optimal
LRCs (containing MR codes as special cases). In the first part
of the paper we prove a new general bound for optimal LRCs.
We compare our new bound with the known bounds, and show
that it is tighter for some parameters. In the second part of the
paper, we introduce a new construction for cyclic MR codes.
Our construction produces cyclic MR codes that share the
same parameters as one of the known non-cyclic constructions
in [19]. We also show that under certain conditions, the non-
cyclic construction from [19] can be permuted to become a
cyclic code, whereas in other cases it cannot, thus proving our
construction produces cyclic MR codes with new parameters.
As a byproduct of the proof, we characterize the algebraic
structure of repair sets for optimal cyclic LRCs, which results
in strong new restrictions on the parameters of optimal cyclic
LRCs. Finally, we return to review our bound on optimal
LRCs, and show that our construction has an optimal field
size when r = 2. Since the bound is for general LRCs,
as a consequence we get that some known constructions have
optimal field size when r» = 2, a result which has not been
claimed before.

The remainder of this paper is organized as fol-
lows. Section II introduces some preliminaries about LRCs.
Section III proves a new bound on the field size of LRCs.
Section IV describes a construction of cyclic MR codes,
as well as sufficient and necessary conditions under which
a known non-cyclic construction from [19] may be permuted
to become cyclic. Section V concludes this paper with some
remarks.

II. PRELIMINARIES

In this section, we present notation and some necessary
known results, which are used throughout the paper. For a

positive integer n € N, we define [n] = {0,1,...,n—1}.
If m|n is a positive integer, we denote
(m) = mZN[n] ={0,m,2m,...,n—m}.

Thus, (m) implicitly depends on n, whose value should be
understood from the context.

For any prime power ¢, let F, denote the finite field of
size g, let Fj" denote the set of vectors of length m over F,
and let "™ denote the set of all possible m x n matrices
over IF,.

n [n,k|, linear code, C, over F,, is a k-dimensional
subspace of [Fy'. Such a code may be specified as the row-space
of a k x n generator matrix G = (go, 91, .- -, gn—1), Where g;
is a column vector of length k for all i € [n]. Specifically,
it is called an [n, k, d], linear code if the minimum Hamming
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distance of the code is d. For a subset S C [n], we define

span(S) £ span{g; : i€ S},
rank(S) = rank(span(S)).

The code C can also be specified by a parity-check matrix H €
Fénik)xn, ie.,C = {c €Fy : Hc = O}, where rank(H) =
n — k. Given a non-empty set of coordinates, S C [n], the
punctured code C|g is the code obtained from C by deleting
the code symbols at positions [n] \ S. Thus, C|g is generated
by G|s which is obtained from G by deleting the columns at
[n] \ S. Similarly, the shortened code C|* is the code whose
parity matrix is H|g, namely, the matrix obtained from H by
deleting the columns at [n] \ S.

An [n, k], linear code, C, is said to be a cyclic code
if ¢ = (co,c1, -+ ,¢n1) € C implies that o(c) =
(cn-1,c0,C1,* "+ ,cn—2) € C, where o is the cyclic shift
operator by one place. It is well known (see [27]) that a cyclic
code with length n over I, corresponds to a principal ideal of

F,lx]/(z™ — 1). Thus, let C be generated by a monic polyno-
mial g(x)|(z™ — 1), which is called the generator polynomial
of C. When n|(¢™ — 1), assume « is a primitive nth root of

unity of IFgm , then the cyclic code C can be also be determined
by the roots of g(z), i.e., Re = {a’ (a') =0}.

We shall encounter many Vandermonde matrices in the
following section. Since we use a broader-than-usual definition
for such matrices, we give it here explicitly. Let ayq,...,ap €
IF, be n distinct elements. We say the following m X n matrix
is a Vandermonde matrix,

1 1 1
& aq Op—1 ,
D | p,
m—1 m—1 m—1
) o BN St

where II is a permutation matrix, and where D and D’ are
invertible diagonal matrices. It is well known that the rank of
such a matrix is min {m, n}.

A. Locally Repairable Codes

In [17], Gopalan et al. introduced a definition for the locality
of code symbols. For j € [n], the jth code symbol, ¢;, of an
[n, k,d], linear code, C, is said to have locality r if it can be
recovered by accessing at most r other symbols of C. This has
been generalized in [31] to the following definition:

Definition 1: Let C be an [n, k, d], linear code, and let G
be a generator matrix for it. For j € [n], the jth code symbol,
¢;, of C, is said to have (r, d)-locality if there exists a subset
S; C [n] such that:

e j€S;and |S;|<r+6—1;and

o the minimum Hamming distance of the punctured code

Cls, is at least 0.
In that case, the set S; is also called a repair set of c;. The
code C is said to have information (r, §)-locality if there exists
S C [n] with rank(S) = k such that for each j € S,
¢; has (r,0)-locality. Furthermore, the code C is said to
have all-symbol (r,d)-locality if all the code symbols have
(r, 0)-locality.
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Thus, the definition of symbol locality from [17] is the
special case of § = 2 in the definition from [31]. In [31]
(and for the case § = 2, originally [17]), the following upper
bound on the minimum Hamming distance of linear codes with
information (r, §)-locality is derived.

Theorem 1 [31]: For an [n, k, d], linear code with informa-
tion (r, ¢)-locality,

sen-ier- ([£]-1) -0

Codes with information (r, d)-locality are said to be optimal
locally repairable codes (optimal LRCs) if their minimum
Hamming distance attains the bound of Theorem 1 with
equality. We note that all-symbol (r,d)-locality is a special
case of information (r,d)-locality. Thus, the bound of The-
orem 1 also applies to codes with all-symbol (r,§)-locality.
While Theorem 1 may be further improved for all-symbol
(r, 0)-locality, it is already tight when (r +d — 1)
the case we shall be interested in throughout the paper. From
now on, we shall also use the term optimal LRCs to refer
to all-symbol (r,0)-LRCs, with (r + § — 1)|n, that attain the
bound of Theorem 1 with equality. For the current state of
improvements on Theorem 1 when (r 40 — 1) 1 n, the reader
is referred to the recent [7] and the references therein.

Theorem 2 ([9], [37]): Let C be an optimal [n, k, d]; LRC
with all-symbol (7, §)-locality. Let T' C 20"l be the set of all
possible repair sets. Write k = ru + v, for integers u and v,
and 0<v<r—1LIf(r+d6-1)
u>2(r —v+ 1) or v =0, then there exists a subset S C T,
such that:

o All S € S are of cardinality |S|=7+d— 1, and S is a

partition of [n].
e Forany Se S, Clgisan[r+0—1,r ], MDS code.

Remark: The partitioning of [n] by repair sets was first
proved in [37] only for the case r|k, i.e., v = 0. Recently, this
property was proved in [9] also for the case u > 2(r —v+1).

In [21], Guruswami et al. asked a fundamental inter-
esting question: How long can an optimal LRC with
(r,d = 2)-locality be? They derived the following upper bound
on the code length.

Theorem 3 [21]: Let C be an optimal [n, k, d], LRC with
all-symbol (r,2)-locality. If d > 5, k > r, (r + 1)
additionally, 7|k or k > 2r? + 2r — (2r — 1)(k mod r), then

4(d—2)
O(dg e "), ifa=1,2,
n= ad=3) 4 . (D
O (dg d== , ifa=3,4,

where a € {1,2,3,4}, and a = d (mod 4).

In [9], this problem is further considered for optimal LRCs
with all-symbol (r, §)-locality, § > 2.

Theorem 4 [9]: Let n = w(r—l—é— 1),0>2, k=ur+w,
0 < v < r—1, and additionally, v > 2(r — v+ 1) or v = 0,
where all parameters are integers. Assume that there exists an
optimal [n, k, d],; linear code C with all-symbol (r, §)-locality,
and define t = |(d —1)/d]. If t > 2, then

2w—w)r—2v .
% -1 if ¢ is odd

n 2(w—u)r—2v . .
% if ¢ is even
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-0 <t(7’ + 6)q(wzf,1}?zj_v1) ’

r

where w — wu can also be rewritten as w —u = |(d — 1 +v)/
(r+d6-1)].

B. Maximally Recoverable Codes

Maximally recoverable (MR) codes are an extremal case of
LRCs, that maximize the erasure-repair capability.
Definition 2: Let C be an [n, k,d], code with all-symbol

(r,6)-locality, and define S = {S; i € [n]}, where S;
is a repair set for coordinate i. The code C is said to be a
maximally recoverable (MR) code if S is a partition of [n],
and for any R; C S; such that |S; \ R;| = § — 1, the punctured
code C|U R 18 an MDS code.

In general, S; for i € [n], are not required to be of the
same size. However, from an application point of view, equal-
sized repair sets simplify the implementation, bringing us to
the following definition:

Definition 3: Let C be an [n, k,d], MR code, as in Defin-
ition 2. If each S; € S is of size |S;| =+ J — 1 (implying
r+0 — 1|n), we define
N n
S r+d-1'
Then C is said to be an (n,r, h,d, ¢)-MR code.

We first note that it is easy to verify that (n,r, h, d, ¢)-MR
codes are optimal [n,k,d]; LRCs with all-symbol
(r,0)-locality. We can regard each codeword of an
(n,r,h,6,q)-MR code, as an m x (r + 6 — 1) array,
by placing each repair set in S as a row, when S forms a
partition of [n]. In this way, (n,r,h,d,q)-MR codes match
the definition of partial MDS (PMDS) codes, as defined
in [3]. When implemented in a distributed-storage setting,
each entry of a codeword array corresponds to a sector,
each column of the array corresponds to a disk, and each
row to a stripe. Thus, an (n,r, h,d,q)-MR code can recover
from § — 1 sector erasures in each stripe, and additional h
erased sectors anywhere. We mention in passing that a more
restricted type of codes, called sector-disk (SD) codes, are
capable of recovering from § — 1 disk erasures, and additional
h erased sectors (see [11], [30]).

Paralleling the general case of optimal LRCs, it is interesting
to ask what is the minimum alphabet size required by MR
codes.

m h&mr—k.

Lemma 1 ([19, Theorem I.I]) Let C be an (n,rh,
3,q)-MR code, h > 2. If m = r+5 7 = 2, then
q = Q(nrf),
where & = min{d — 1,h — 2[ 27} /[ L7, and where h and §
are regarded as constants. Additionally,
1) If m > h:

q=9 (nrmin{é—l,h—Q}) .

—1<h-2

m”

1+7n(§ 1))
q:Q( .

2y f m<h m
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3) f m < h,mlh,and § —1 > h — 2L
qg= QO (nm,—l) .

Remark: For the case h = 1, the field size requirement of
an (n,r, h,0,q)-MR code may be as small as ¢ = ©(r+d5—1).
This is attainable since the punctured code over any repair set
together with the single global parity check is an [r + &, 7,
d + 1], MDS code when (r +d — 1)|k or u > 2(r —v + 1),
where k = ur +v with 0 < v < r —1 (see [9)]).

Definition 4: A family of (n,r, h,d,q)-MR codes has
order-optimal field size if it attains one of the bounds of
Lemma 1 asymptotically for b > 2, or if it has ¢ = ©(r+4d—1)
for h = 1.

III. A NEwW BOUND ON OPTIMAL LRCs

In this section we present a new bound on the parameters
of optimal LRCs with all-symbol (r, ¢)-locality. To that end,
we first prove bounds for optimal LRCs with small minimum
Hamming distance, distinguishing between the two cases of
2| r and 2t r. The proof strategy of both bounds is showing
that the existence of such codes forces the existence of many
subspaces, any two of which intersect only trivially. We then
recall a parameter-reduction lemma, which reduces optimal
LRCs with a large minimum Hamming distance into optimal
LRCs with a smaller one. Combining these together results in
the main bound. We note that the new bound is not specific
to MR codes or to cyclic codes, but instead applies to optimal
LRCs. The bound does, however, require certain divisibility
conditions, which are common to several constructions of
optimal LRCs, among them, MR codes.

Lemma 2: Let C be an optimal [n = (u + 1)
(r+96—1),ur,r+26—1], LRC with all-symbol (r, §)-locality.
If 2|r, then

2 + 26 — 2
u+1<(q’“/2+1)/ {%J

Proof: Denote t = [(2r + 25 — 2)/r] and t' £ [(2r +
26 — 2)/r|. By Theorem 2, the code C has a parity-check
matrix of the following form,

P =

Vo,o Vo,1 v Vo,e—1 0 0 .- 0 ...0 0o .- 0

0 0 0 VLO Vi oo Vlyt—l 0 0 0

: : : : s
0 0 0 0 0 0 - Vu,O Vu,l Vu.tfl
Wo,0 Wo,1 - Woe—1 Wi,o W1 - Wip—1 - Wy 0 Wyt - Wy p—1

where Vi j € F %02 g, e T2/ for i € [u+1] and
jet—1],and (Vio Vi1, , Viy—1) is parity-check matrix of
an [r+0—1,r, ], MDS code for i € [u+1]. This implies that
the matrices V; ;1 and W1, i € [u + 1], have 5 columns
each when 7|(2r+26—2), and (2r4-20—2) mod § otherwise.

Let us consider the following square (r+20—2) x (r+2§—2)
matrices,

A
Bav,ij =
Vu,,O ,A,Varyi_l Va,,i+1 ,A,Varyt_l 0o .- 0 0 0
0 0 0 .. 0 Vb,()*‘”vb,j—l Vb,‘7+1"‘vb,t—1 s
Wa0:0 Waim1Wait1 - Wat—1Wp oo Wy i1 Wp 41 Wp 1

where a,b € [u+1],a # b, and i, j € [t']. Since the minimum
Hamming distance of C is r+2J —1, any r+2(d — 1) columns
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from P are linearly independent. This implies that the matrices
E,p,i,; defined above have full rank.

Recall that (Voo0, Va1, -+, Var—1) is a parity-check
matrix of an [r + 6 — 1,7,6], MDS code. Thus,
(Vaas 3 Vai—1,Vait1, -, Var—1) 18 an invertible
(0 —1)x (0 —1) matrix. A similar claim follows for
Vo, Vhj—1, Vo j+1,- - » Vbu—1). Hence, after simple
column and row operations, the full rank of E,;;; implies
that

0 Vg1 Vai—1Va,i+1 - Va,t—1 0 0 0 o .- 0
0 0 --- 0 [ 0 0 Vi Vo1 Vej+1 Vb1
w* 0 ... 0 0 0 Wl:(.] 0 .- 0 0 0

a,i

has full rank, implying also that

rank (W

a,i7 Wb*,j) = T, (2)
for a,b € [u+1], a #b, and 7, j € [t']. We also mention that
if either ¢ = 0 or 7 = 0, natural adjustments need to be made,
that is, zeroing V, 1 instead of V, o, and V},; instead of V.

Next, assume a € [u+1], and i, j € [t'], i # j. We pick only
r 4+ 0 — 1 columns from P, which must therefore be linearly

independent, giving us,

r+d—1

Va 0 qul Va.tfl
= rank (Wa,,o W Wa,,H)

Vao Vao Van Va,t—1
= rank (Wa,,o Wao Wan Wa,,t_l)
— rank Va,0 0 Va1 Va,t—1
N Wa,o0 W:J Wa 1 Wa,t—1
o Va,0 0 Va1 Va,i—1 Va,it1 Va,t—1
= rank *

Wao W, ; Wan Wa,ic1 Wait1 Wa,t—1
_ K 0 0 Vaar -+ Va1 Vaigr - Vo
Trme\wr, owr,oo0 0 0 o )

3)

We explain why the fourth equality holds in more detail. The
column operations performed in order to obtain W, ; may be

written as
0 Va,r
()= 2 (wr)e

Te[t\{j}
where Ey = I is the identity matrix. It then follows that

Eo
E .
(Va,0;~ "7Va,jflava,j+17" 'ava,tfl) . Ej'+1 = 0.
Ei
Since (Va0,---5 Va,j—1, Vaj+1s- -5 Vai—1) is a parity-check

matrix for an [§ + 0 — 1, £, 6], MDS code, we have that the
matrix (Eg,...,E] ,E],...,E[ ;) is a generator matrix
for that code. Hence, any 5 columns of it are linearly inde-
pendent. In particular, that means F; is invertible. We can

therefore write,

Va,i _ Va,T —1 0 —1
(Wa’) = G[Z (WaJ) E-E;7" + (Wa*,j) E;.

t\{i.5}
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This completes the detailed explanation for the fourth equality
in (3). The main observation is that (3) gives

rank( ;z, W;J) =,

“)

fora € [u+1],and i,j € [t'], i # j. Again, if i = 0 or j = 0,
a natural adjustment needs to be made.
Let us define the following set of subspaces

W £ {colspan(W; ;) : a € [u+1],i€ [t']},

where colspan(-) of a matrix denotes its column space. By (2)
and (4) we learn that JV contains only 5-dimensional spaces,
which are all distinct, hence

W= Gk 1 = (oo 1) | 2222

r

Additionally, any two subspaces from WV intersect only triv-
ially, hence

q -1

2r + 26 — 2 v /2
(u—l—l)\‘fJ—ngm—q + 1.
Rearranging this gives the desired claim. [ |

For the case 2 1 r, we also have a similar lemma.

Lemma 3: Let C be an optimal [n = (u + 2)
(r+6—1), ur, 2r+36—2], LRC with all-symbol (r, §)-locality.
If 21 r, then

u < grth/2,
Proof: By Theorem 2, and after simple row operations,
the code C has a parity-check matrix of the following form,

pP=
Is.y Voo Vou 0O 0 0 -~ 0 0 0
0 0 0 Is.y Vig Vig --- O 0 0
. : )

s Is—1 Va0 Va1
Wio Wiax -+ 0 Wuyuyrio Watrin

o 0 0 0 0 0
0 W[)’o W()’l 0
where [5_1 is the (6 — 1) x (0 — 1) identity matrix,
Vii € FODXE-D/2) o gO-0x @i/ g
Fy TV W e BTV and (I, Vi, Vi) i
a parity-check matrix of an [r + ¢ — 1,7,6], MDS code, for
all i € [u+2).
Consider the following square (21 + 335 —3) x (2r+ 36 — 3)
matrices,

Iiw Voo Vi, 0 0 0 0
g a0 0 0 Iy Var 0 0
“b= 10 0 0 0 0 Is.1 Via
0 Wo}o W(;,l 0 Wa’1 0 Wb’1

where a,b € [u+ 2]\ {0}, a # b, and where V{; and W/,
are the first ’;1 columns of Vj 1 and Wy 1, respecﬁvely. Since
the minimum Hamming distance of C is 2r + 3§ — 2, any
2r 4+ 36 — 3 columns from P are linearly independent, and in

particular,

rank(E, ) = 2r 4+ 30 — 3.
This implies that

rank(Wpy o, Wé,p Wa1, Wy 1) = 2r.
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By the size of the matrices, we also must have

rank(Weo 1, Wy 1) =1+ 1,

and also 41
rank(Wy 1) = rank(Wp 1) = ! 5
We now denote U’ = colspan(Woo, W5 ;) < F2r.

Obviously, dim(U’) = r — 1. Let us arbitrarily choose an

(r 4+ 1)-dimensional subspace U C F2" such that F2" =
U’ + U, namely, dim(U) = r + 1 and U’ N U = {0}. For
any vector z € F2", let & € F2" denotes its projection onto U,
that is, = € U is the unique vector such that x = 2’ + 7, ~with
x' € U'. For any a € [u+ 2]\ {0}, we then construct W, ;
from W, 1 by replacing each column vector with its projection
onto U. It then follows, that for all a,b € [u+2]\ {0}, a # b,

rank(W(),o, W(llv WQJ, Wb,l) = 27’,

and also

. . 1
rank(W, 1) = rank(W; 1) = 7“—;- .

Let us construct the set of subspaces
1= {Colspan(Wa,1) ca€fut2]\ {0}} .

By the previous discussion, WV contains u + 1 subspaces of

(7, each of dimension TJQFI, any two of which intersect only

trivially. Additionally, the sum of any two subspaces from W,
summed together with the fixed (r — 1)-dimensional subspace
colspan(Wo,0) + colspan(W ), gives F2". Thus,

_ -1 e
u+1—|W|<qu +1,

completing the proof. |

The final component in our main bounding theorem is a
parameter-reduction lemma. This lemma was proved in [9].

Lemma 4 ([9] Corollary 2): Letn=m(r+9§—1), > 2,
k = ur+4v > r, and additionally, r|k or u > 2(r+1—v), where
all parameters are integers. If there exists an optimal [n, k, d],
linear code C with d > r + ¢ and all-symbol (r, §)-locality,
then there exists an optimal linear code C’ with all-symbol
(r,0)-locality and parameters [n — e(r + 0 — 1),k,d =
d—e(r+6—1)], where e < [(d—1)/(r+d—1)] — 1.

Let us now state and prove our main bound. The next
theorem gives a lower bound on the size of the field required
for LRCs with all-symbol (r, d)-locality.

Theorem 5: Let C be an optimal [n, k, d], linear code with
all-symbol (r, §)-locality. Assume n = m(r+06 — 1), k = ur,
w > 2. If 2|r and m > u + 1 then,

(o)),

where ¢ (x) is the smallest prime power greater or equal to x.
If 247 and m > u + 2 then
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Proof: The proof is straightforward. Apply Lemma 4
until reaching the required conditions of either Lemma 2 or
Lemma 3, and then use them. [ |

Remark: Assume that there exists an optimal [n, k, d|,
LRC with all-symbol (r,0)-locality, and define ¢t =
|[(d—1)/6] > 2. Rewriting the bound of Theorem 4 (which
we cite from [9]) in a slightly looser yet more convenient way,

L(d=1)/5]
-0 nr QL_S_{illfT
= t(r+9)

Thus, when only £ and n tend to infinity, and the other
parameters are constant, if

[(d—1)/d] 2
2{MJT—QU - r+ 1

r—2v

r+o6—1

then the exponent in the bound of Theorem 5 is higher, and
it may outperform the known bound of Theorem 4 (where
we denote £ = ur +v and 0 < v < r — 1). For example,
assume the following are positive integers, 6 = 3(r — 1), d =
3r(r+d0—1)+46,t = [%L] = 47, as well as 7 being a
positive integer. Further assume that k = ur. In this case, the
known bound of Theorem 4 gives us ¢ = Q(n%) However,
the new bound of Theorem 5 gives us g = Q(n%) if 2|r,
and ¢ = Q(n%), otherwise. LRCs with such parameters can
be constructed by the construction in [38].

Having seen that the new bound of Theorem 5 may provide
an improvement, we focus on a single case. More specifically,
the case of r = 2 is of particular interest, since we can then
use Theorem 5 to prove that some known LRCs have optimal
field size.

We first consider some Tamo-Barg codes [38].

Lemma 5 [38]: Let g be a prime power, ¢ = 7+ 9 — 1, then
there exists an optimal LRC with all-symbol (r, d)-locality
and parameters [¢°, ur, (¢*~1 — u)q + o]0 where b > 2 and
0<u<gh

Corollary 1: Let C be a code from Lemma 5 with » = 2 and
u = ¢~ ' —1.1f ¢ —1 is not a prime power then C has optimal
field size.

Example 1: Let n = 24 r =2, 6 = 3, then by Lemma 5
there exists an optimal LRC with all-symbol (2, 3)-locality
and parameters [16, 6, 7|24, which has optimal field size since
15 is not a prime power.

We now examine a construction of cyclic optimal LRCs
from [39].

Lemma 6 [39]: Letr =2, n=m(r+0 —1) = ¢ -1,
and k = ur + v with 0 < v < r, where ¢® is prime
power. Then there exists a cyclic optimal LRC with all-symbol
(2,6)-locality and parameters [¢° — 1, k, d] .

Corollary 2: LetC be a code from Lemma 6 with m = u+1
and v = 0. If neither qb — 2, nor qb — 1, are prime powers,
then C has optimal field size.

Example 2: Let n = 25 —1, r = 2, and § = 2. Then by
Lemma 6, there exists a cyclic optimal LRC with all-symbol
(2, 2)-locality, and parameters [63, 40, 5|56, which has optimal
field size since both 62 and 63 are not prime powers.
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Yet another construction of cyclic optimal LRCs comes
from [13].

Lemma 7 [13]: Letr = 2,0 =2, n=m(r+06—1) =
3m = qb + 1, and k£ = 2u, with v an even integer, and
where ¢ is prime power. Then there exists a cyclic optimal
LRC with all-symbol (2, 2)-locality and parameters [¢° + 1 =
3m, 2u, d]gm.

Corollary 3: Let C be a code from Lemma 7 with m =
u+ 1. Then C has optimal field size.

Example 3 [13]: Letn =9=23+1,r=2,6 =2, k =4,
then there exists a cyclic optimal [9, 4, 5]s-LRC, which has
optimal field size.

Note that an (n,r = 2,h = 2,0,q)-MR code is also an
[n = (u+1)(0+1),2u,2§+ 1], optimal LRC. The following
corollary can be derived directly from Lemma 2.

Corollary 4: Let C be an (n,r = 2,h = 2,6, q)-MR code.
Then g > n — 1.

IV. CycLic MAXIMALLY RECOVERABLE (MR) CODES

We divide this section into two parts. In the first part
we construct cyclic MR codes, and show that for certain
parameters they have the exact optimal field size. The main
idea behind our construction is to carefully choose the roots
for the cyclic code we construct, in a way that produces an MR
code. In the second part we study a known class of MR codes
which are non-cyclic, but have the same parameters as the
cyclic codes we construct. We then show that these non-cyclic
codes can sometimes be permuted to obtain cyclic MR codes.
For this part, as tools to prove the main results, we characterize
the algebraic structure of the repair sets of cyclic optimal
LRCs (Theorem 7) and the structure of punctured codes
and shortened codes over repair sets (Corollary 7). On the
one hand, we prove that for some parameters the known
construction can be permuted to obtain cyclic MR codes
by finding suitable permutations (Theorem 8). On the other
hand, we show that such a permutation is not always possible
(Theorem 9). By combining the two parts, we obtain our main
result.

A. A New Construction

We immediately present our construction for cyclic MR
codes. It is inspired by the construction of [39].

Construction 1: Letb,r,§ > 2 be integers, ¢ a prime power,
n=gq"—1,a € F a primitive element, a = (r+6—1)|(¢—1),
and m = n/a such that ged(d,m) = 1. Define

RE{dM 1 1<j<m1<t<i—1}u{la’}.

The constructed code, C, is the cyclic code of length n over
IF,» with root set .

Our goal is now to show that the code from Construction 1
is indeed a cyclic MR code. However, in order to do so we
require a technical lemma.

Lemma 8: Assume the setting and notation of Construc-
tion 1. Denote 0 = ™, and v = ad. Assume T, =
{ti1,...,tis} C [a] for i = 1,2. Then for any iq,i2 € [m],
i1 # 19, the matrix, shown in the equation at the bottom of
the next page, has full rank.
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Proof: Assume to the contrary that there exists 0 #
E = (e11,€1,2, * ,€1,6-1,€21,€2.2," "+ ,€25-1,€0,€5) €
IF(ng satisfying EM = 0. Hence, the polynomials f;(z) =
eo + Y esz® + Zf;f erix’ and fo(z) = eg + esya’ +
Zf;ll ezx" have roots {3+ : 1 <i<d}tand {32 : 1<
i < d}, respectively. Note that E # 0 implies that es # 0, for
otherwise, deg(f1(z)) < ¢ and deg(f2(x)) < 0, but they each
have § distinct roots, a contradiction. By Vieta’s formula, we
have

t1,i
[Ticics B  io—dy

t2,i
[Ticics B

Hence, there exists an integer ¢ such that 3! = 427" ie.,
a™t = o%li2=i1) Tt follows that

mt = 6(iz —41) (mod ma),

and then

0=0(iag —i1) (mod m).
This contradicts the facts that i, # i2 and ged(d,m) = 1, and
completes the proof. [ ]

We can now prove that the constructed code is indeed a
cyclic MR code.

Theorem 6: Assume the setting and notation of Construc-
tion 1. Then the code C of Construction 1 is a cyclic (n =
@ — 1,7, h = 2,6,¢°)-MR code, equivalently, a cyclic MR
code with parameters [n = ¢* — 1,k = mr — 2,d]p with
repair sets of size r + ¢ — 1, and

0+2 r>2
20+1 r=2.

Proof: Denote = o™, and v = . In the first step of
our proof we contend that the following matrix is a parity-
check matrix of C, shown in the equation at the bottom of the
next page. Define the following polynomial,
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Clearly, f(1) # 0. We then have

1 1 1
0 S2a La(n=1)
i o2a Lda L2a(n—1)
(eg>e1: s em—_1)
1 aa(m—1)  2a(m-1) Lalm=1)(n—1)
2 —1
= (f(1),0,...,0, f(a®™),0,...,0, f(a®*™),...,0, f(al®™D™) 0, ... 0)

= (f(1),0,...,0, £(1),0,...,0, f(1),0,...,0, f(1),0,...,0).

The preceding equation also means that for all 1 <7< —1,

27
(e
n2a+2i
oAat2i

i(n—1)
qaln—1)+i(n—1)
J2a(n—1)+i(n—1)

1 o
aati
S2a+i

(egre1s s em—1)

1 qa(m=1D+i  2a(m—1)+2i ja(m—1)(n—1)4i(n—1)

0, a2™if(1),0,...,0,a@"DMigqy o . 0)
(%)
Assume G is a generator matrix for C. Recall that the

rootsofCareR:{aj“H 1<j<m,1<t<5—1}u
{1,045}.Hence, forall 1< j<mand 1 <t<d—1,

=(f(1),0,...,0,a™f(),0,...,

G- (1, adott g2lett) a(”_l)(ja"'t))T =0.
Define, forall 1 <7 <06 —1,

Ci:(]-;ov"' ,O,ﬂi,0,~- aovﬂziv"' 70’5(a—1)i’07”' aO)

Note that ¢; is a linear combination of the rows of matrix
in (5). Thus, the facts 8 = o™, and f(1) # 0 hint

G-l =0,

and so, ¢; € C*. Combining this with the fact that C is cyclic
(and therefore, also Ct), o7(c;) € C* for all j, where we
recall that o is the cyclic left-shift operator. Thus, the first
m(§—1) rows of H contain codewords of C*. The remaining
last two rows of H correspond to parity checks for the roots
land v = a?, both of which are roots of C. If we now denote
by C' the [n,k’,d'] » code whose parity-check matrix is H,
we can say C C C’. It remains to show that C = C’ to complete
the proof.

R . omzl We first observe that since H has m(d — 1) + 2 rows,
fa) 2 [[@—a®) =) e, o
i—1 =0 dim(CY=k'2n—-m(d—-1)—2=mr —2. (6)
Bt Btz Bt 0 0 0
ﬁQtl,l BQtl’Q ﬁ2t115 0 0 0
ﬁw_i)tl,l B(a_iﬁl,Z 5(6—'1>t1,5 0 0 . 0
0 0 . 0 ﬂtZ,l 5152,2 5152,5
M= 0 0 0 ﬂ2t2,1 52t2,2 ﬁQtz,a
6 O . 6 ﬂ(é*‘l)tll /8(67.1)15212 ﬂ(é*‘l)tgj
pyt1,1m+i1 /ytl,2m+i1 ,ytl,aeril ,ytz,leriz pyt2,1m+i2 pyt2,5m+i2

Authorized licensed use limited to: Moshe Schwartz. Downloaded on March 19,2023 at 09:07:25 UTC from IEEE Xplore. Restrictions apply.



CAI AND SCHWARTZ: BOUND ON THE MINIMAL FIELD SIZE OF LRCs, AND CYCLIC MR CODES THAT ATTAIN IT

An inspection of H reveals that C’ has all-symbol (r,0)-
locality and the repair sets are given by G; = (m) + i for
i € [m]. Plugging (6) into Theorem 1 we obtain that the
minimum distance of C’ satisfies

e {5 +2 r>2,

2604+1 r=2.

Let us first handle the case of » > 2. We contend that in that
case, the minimum distance of C’ is at least d’ > § + 2. Even
if we ignore the two bottom rows of H, the (§ — 1) x (r +
0 — 1) Vandermonde matrices in the columns corresponding
to a repair set show that any § — 1 columns of H are linearly
independent. Thus, a linearly dependent set of columns from
H requires at least  columns from each repair set it intersects.
If we try to pick linearly dependent columns from a single
repair set, then taking into account also the bottom two rows
of H, the columns of a repair set also form a (§ +1) x (r +
d — 1) Vandermonde matrix (recall that ™ = 65), and so
0 + 1 columns of H from the same repair set are still linearly
independent. If instead we pick columns from more than one
repair set, at least 26 columns are required. Combined together,
since 0 > 2, the smallest set of linearly dependent columns of

H contains at least 6 + 2 columns, i.e., d’ > § + 2 as claimed.
Together with (7),

@)

d=0d+2.
Again by Theorem 1, necessarily
K=n-m@—-1)—2=mr—2.
Finally, we note that
dim(C)=k=n—|Rl=n—m(d —1)—2 =k =dim(C).

Since C C C’, and they are of equal dimension, we have C =
C’, and H is a parity-check matrix for C.

We turn to the case of r = 2. As in the previous case,
a linearly dependent set of columns from H requires at least
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0 columns from each repair set it intersects. However, this
time, since r = 2, we cannot choose ¢ + 2 columns from
the same repair set, since each repair set contains exactly
0 + 1 columns. Thus, a set of linearly dependent columns
of H contains at least 4 columns each from two repair sets.
However, by Lemma 8, exactly § columns each from two
repair sets, still forms a set of linearly independent vectors.
Thus, at least 20 + 1 columns are required for a dependent
set, namely, d’ > 26 + 1. As in the previous case, by (7) we
have

d =25+1,

and then

K=n-—-m@-1)—-2=k,

and C = C’, as desired.

In summary, we just proved the code C is an optimal LRC
which is cyclic. The fact that it is a (¢° — 1,7,2,9,¢")-MR
code follows directly from Lemma 8, since any erasure pattern
hitting two repair sets with § erasures each, corresponds to a
full-rank set of columns from H, and is therefore correctable.

|

The cyclic MR codes by Construction 1 have optimal
Hamming distance, and order-optimal field size with respect
to the bound in Lemma 1-(1), where we consider § > 2 as a
constant. However, we can do better than that when » = 2,
according to Corollary 4.

Corollary 5: When r = 2, the cyclic MR codes generated
by Construction 1 have optimal field size by Corollary 4,
provided that neither ¢® — 1, nor ¢® — 2, are prime powers.
When r > 2, the cyclic MR codes by Construction 1 have
optimal Hamming distance, and order-optimal field size with
respect to the bound in Lemma 1-(1), where we consider § > 2
as a constant.

10 0 3 0 0 pa-1 0 0
1 0 0 32 0 0 [p2la—1) 0 0
1 0 56.—1 0 0 5(5—1')((1—1) . . 0
1 0 0 Ié) 0 0 get 0
01 0 0o B 0 0 ga=1) ... 0
H=1| 01 0 0 @t 0 0 B6-D=1) ... 0
0 0 1 0 0 1) 0 0 ﬁa—l
0 0 1 0 0 3? 0 0 BQ(a—l)
0 1 0 0 6‘5'_1 0 () S 6(5—1.)(11—1)
1 1 1 1 1 1 1 1 1
1 v ,ym,—l ,ym, ,ym+1 ,)/Qm—l ,y(a—l)m, ,y(a—l)m—i-l ,yn—l
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B. Turning Non-Cyclic Codes Into Cyclic Codes

Previous works that constructed non-cyclic (n,r,h,d,q)-
MR codes, for h = 2, did so with ¢ = O(n(d — 1)) in [4],
and later, with ¢ = O(n) [19] (see also [23], that obtained
g = O(n) for the special case of n = 2(r + 6 — 1)).
Of particular interest to us are the (n,r,2,d,¢")-MR codes
from [19, Theorem IV.2]. These MR codes have the same
parameters as Construction 1. However, they are not cyclic MR
codes directly. In what follows, we shall attempt to determine
whether the MR codes generated in [19, Theorem IV.2] can be
rearranged to become cyclic codes. Along the way, we shall
prove some interesting facts concerning cyclic optimal LRCs.

As a first step, we show the repair sets of cyclic optimal
LRCs are severely restricted.

Theorem 7: Let C be a cyclic optimal LRC with parameters
[n, k, d], and all-symbol (r, §)-locality. Write k = ur+ v with
0 <v<r Ifu>2(r—v+1), then for any repair set S C Z,,,
and any j € Z,, either S+ j =S or (S+j)NS = 0.

The technical proof of Theorem 7 is deferred to the appen-
dix. As an immediate consequence, we now show that the
repair sets of cyclic optimal LRCs must be cosets of Z,,.

Corollary 6: Let C be a cyclic optimal LRC with parame-
ters [n, k,d], and all-symbol (r,d)-locality (where, to avoid
trivial cases, we assume that C does not have all-symbol
(r — 1,0)-locality). Let k = wr +v, 0 < v < r. If u >
2(r—v+1), then n =m(r+9J — 1), m € N, and the repair
sets of C are

GiE(my+i={jm+i : j€EL} C Ly,
for all i € Z.

Proof: Let Sq C Z, be a repair set such that 0 € 5.
By Theorem 7 we have Sy + i = Sy C Z,, for any i € Sj.
Thus, Sy is a subgroup of the cyclic group (Z,,, +). Note that
|Sol < 7+ —1.If |So| < r+ 0 — 1, then the fact Sy + 4,
for i € Z,, are also repair sets for C, implies that C has all-
symbol (r — 1, d)-locality, which contradicts our assumption.
Thus, |So| =r+ 6 —1, So = (m), and (r 4+ 6 — 1)|n.

Let S be any repair set of C. the same analysis shows that
|S| = r+d—1. Note that S—i for any ¢ € S is still a repair set
of C. Now it is easy to check that S —i is a r+ & — 1-subgroup
of (Zy,,+), i.e., S —i =Sy, which completes the proof. B

Remark: Corollary 6 shows that the condition
(r4+ 6 —1)|n is not a restriction when v > 2(r — v + 1),
but rather a consequence.

Remark: For the case u = 1 (ie., & = r + v),
and (r 4+ 6 — 1) 1 n, explicit constructions were proposed in
[33, Corollaries 27, 37, 43] for cyclic optimal LRCs.
Corollary 6 implies that constructions with such parameters
are possible only if 1 =u < 2(r —v + 1), ie.,, r > v.

Further building on Corollary 6, we can now show that
cyclic optimal LRCs have a parity-check matrix with a nice
form.

Corollary 7: Let C be a cyclic optimal LRC with parame-
ters [n, k,d],, and all-symbol (r,d)-locality (where, to avoid
trivial cases, we assume that C does not have all-symbol
(r — 1,9)-locality). If uw > 2(r — v + 1), then a parity-check
matrix of C can be given in the following form, shown in
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the equation at the bottom of the next page, where s;, h; are
column vectors, (sg, $2, -+ , Sq—1) s a parity-check matrix of
a cyclic code with minimum Hamming distance of at least ¢,
a=r+d—1,m=n/a,and (hg,h1, -, ham—1) corresponds
to the global parity checks. Moreover, the punctured codes
satisfy C|g, = Clg, for all i € [m], where G; £ (m) + 1.
Similarly, the shortened codes satisfy C|% = C|%° for all
i € [m], where C| is the code whose parity check matrix
contains only the columns corresponding to G; from H.
Proof: The parity-check matrix follows directly from
Corollary 6 and the fact that C|(,,,y = Cl(y)4i for i € Z is
also a cyclic code. Additionally, since C is cyclic, trivially we

have C|g, = C|g, and C|% = C|%°. [
Now we recall a construction, which was first introduced
in [19].

Construction 2 [19]: Let q be a prime power, b € N,
n=¢—-1,a=7r+6-1,a|(g—1), and m = n/a. Let
« be a primitive element of Fp, 8 = o™, and A = o,
ged(s, m) = 1. The following parity-check matrix defines an
(n,7,2,8,¢")-MR code, shown in the equation at the bottom
of the next page.

To simply our notation, we define,

In this notation, the matrix H from Construction 2 becomes,
shown in the equation at the bottom of the next page. One
cannot avoid seeing a similarity between the parity-check
matrix of Construction 2, and the parity-check matrix found
in Theorem 6 for the code from Construction 1. However, the
code from Construction 2 is not cyclic, but rather quasi-cyclic.
In what follows we study whether permuting it produces a
cyclic code.

Let S,, denote the set of permutations over Z,,, for any n €
N. Each permutation in S,, may be thought of as a bijection
in Z%’l, namely, a bijection from Z,, to Z,. Let C be a code
of length n, whose coordinates are indexed by Z,,. If £ € S,
is a permutation, we define the permutation of C by ¢ as

.,Cnfl) S C)} .

If C is a cyclic code, it is natural to ask for what permutations
€S, Cyis also cyclic. Apart from the trivial cyclic shifts of
C, a natural subset of candidate permutations are multipliers,
namely,

Co = {(co0)s Ce(rys - -+ Con-1y) : (co,c1,..

wie(z) £ xt mod n,
ZrE{1<t<n :
T(n) = {Mt

Palfy [29] proved that, in many cases, multipliers are the
essential permutations keeping a code cyclic:

Lemma 9 [29]: Consider codes of length n whose coordi-
nates are indexed by Z,,.

ged(t,n) =1},
: tGZTXL}.

1) When ged(n, p(n)) = 1 or n = 4, for all cyclic codes
C,if Cy, U € S,, is also a cyclic code, then there is a
multiplier ¢ € Y'(n) such that C» = Cy.
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2) When ged(n, p(n)) # 1 and n # 4, there exists a cyclic
code C, and ¢’ € S,, such that Cy is cyclic, but Cpr # Cy
for all multipliers ¢ € T(n).
Here ¢(-) denotes Euler’s totient function.

Drawing inspiration from Lemma 9, we address the (dif-
ferent) question of finding permutations from S,, that turn
the non-cyclic code of Construction 2 into a cyclic code.
Recall that in the setting of Construction 2, a,m,n € N, and
n = ma. We now define a set of functions from Z,, to Z,, as
follows:

e,z (xm + i) = (zmt; + 2;) mod n,

atm—l) S
We then define

where we assume z € [a], i € [m], t = (to,...
Z™, and z (20, -y 2m—1) € Z™.
the set,

U(n,a) = {p,. + t€(Z)", z€Z™, (zmodm) €Sy, },

and where by abuse of notation, z mod m denotes the Z,, —
Z,, mapping that maps ¢ — (z; mod m).

We would like to make some easy observations concerning
the elements of ¥(n, a). Denote Gy = (m) C Z,,. Then G is
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an additive subgroup of Z,, and Gy = Z,. Let us denote
the cosets of Gy by G; £ Gy + 1, for all i € Z. We now
note that j — jt mod n is a bijection from Gy to Gy if
and only if ged(t,a) = 1. Thus, ¢; ,|q, (i.e., the restriction
of ¢, . to G;) is a bijection from G; to G, mod m- With
the extra requirement that (z mod m) € S,,, we have that
distinct cosets GG; are mapped to distinct cosets G, mod m.» and
hence, ¥(n,a) C S,, namely, ¥ comprises of permutations
over Z,,.

Theorem 8: Assume the notation and setting of Construc-
tion 2, and let C be the resulting code when r > 3. Then there
exists a permutation ¢ € ¥(n,a) such that Cp is a cyclic code
if and only if ged(m, M) =1.

Proof: We first observe that ged(m, m) = 1if

and only if the equation dmr 0 (mod a) has at least
one solution 7 € Z,. We now prove both directions of the
claim.

In the first direction, assume dm7 = ¢ (mod @) has a
solution 7 € Z,. Consider the permutation ¢ = {; , € ¥(n,a)
for which ¢ = (1,...,1), and z = (z0,...,2m—1), where

So 0 0 S1 0 0 cee Sa—1 0 s 0
0 sp 0 0 S1 0 0 Sa—1 s 0
H= : : : : : : ,
0 O S0 0 0 S1 e 0 0 Sa—1
hO hl hmfl hm herl h2m71 h(a—l)m h(a—l)m,-i—l hamfl
0 0 I} 0 0 get 0 e 0
1 0 0 3 0 0 [2la=1) 0 . 0
1 0 0 55;1 0 0 g(éfl')(afl) 0 . 0
0 1 0 0 I} 0 0 get e 0
H=] 0 1 0 0o pt 0 0 pO-Dla=1) 0
0 0 1 0 0 16} 0 0 ge—t
0o --- 1 0 0 gé;l 0 0 g(éfl.)(afl)
)\0 )\1 )\mfl )\0 )\1 )\mfl )\0 )\1 )\mfl
1 1 1 ﬁé ﬁé 56 ﬁé(afl) 56((171) 56((171)
1 0 0 B 0 0 pBe—t 0 o 0
0 1 0 0o 3 0 0 pge—t ... 0
I : : : : : :
0 0 1 0 0 B |- 0 0 Be—t
)\0 )\1 )\mfl )\0 )\1 )\mfl )\0 )\1 )\mfl
1 1 1 66 ﬁé ﬁé Bé(a—l) ﬁé(a—l) ﬁé(a—l)
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zi = 1 + mmi. Applying ¢ to the coordinates of C, the
parity-check matrix H from Construction 2 becomes, shown
in the equation at the bottom of the page, which is a parity-
check matrix for Cy. Here we used dmr = ¢ (mod a) to get
that 397 = (3°. Now, by dividing some of the rows with
appropriate scalars, another parity-check matrix for Cy is the
following, shown in the equation at the bottom of the next
page. It is now clear that Cy is cyclic, since H)cT = 0 implies
Hj(o(c))T =0, ie., c € Cy implies o(c) € Cy.

In the second direction, assume that there exists £ € ¥(n, a)
such that Cy is cyclic. Assume to the contrary that dm7 # §
(mod a) for all 7 € Z,. Let us write { = ¢, , € ¥(n, a), with
t= (to7 - 7tm,—1) (S (Zé )m’, and z = (Z(), ceey Zm—l) e zm.
We can now write,

L(am+1i) = (xmt; + z;) mod n = ((x + 7;)mt; + ¢;) mod n

with z,7; € [a], and 7, (; € [m]. Let us further define 3; = (% .
We can now apply ¢ to the order of the columns of H from
Construction 2 to obtain a parity-check matrix Hy for the code
Cy. By rearranging the order of the rows of the matrix, we may
write, shown in the equation at the bottom of the next page.
Recall that, by construction, the multiplicative order of 3 is
o(8) = a. Since ged(t;,a) = 1, we also have that o(3;) = a,
for all j € Z,,. Taking into account that » > 3, namely,
a=r+0d—12=0+ 2, we have that 1, 3;, 32,...,6;5 are all
distinct. Let us look at the columns of Hy that correspond to
G for some j € Zy,. These columns, after removing all-zero
rows, form a (transposed) (§ + 1) x a Vandermonde matrix.

pri it pritet
ACi S 2%
;8 (ri4+1)8 (rita—1)5
J J J
Bj ’3.7 ﬁ]
1 1 1
a—1
1 B; BZ
2 2{a—1)
¥ i (6—1 T 1 r 5
—-diag(8]7, ..., 6770 a6 5700 L [T P % , (8
vop L plen

where II is a permutation matrix that moves the second row
from the bottom to the top. Since 1, [;, ﬂ?, e 6;5 are all
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all the entries of G;, j # 0, these linear combinations cannot
use the last two rows of Hy. It now follows that

i i+1 i+a—1
rank (’8: '6:- i '6:- —_::a )
1 -1
o Bo’ Bo' T
=rank ( 00 ﬁg""‘l ,6'6'°+“_1) .

After the same treatment as (8), this gives

1 68 ... et
2(a—1
1 g2 ... pHeh
rank 1 ﬁ?_l 65671)((;71)
1 Bo By~
2(a—1
1B gyl
1 g,1 ﬂ(()éfl)(afl)
1 By ... 2‘;*1)
1 @ .. 2(a—1
=rank _0 0 .
1 3_1 6(()671)(1171)

If {Bo, 33, ..., 05} # {Bi, B2,..., 37"}, then by the fact
that » > 3, we would have a contradiction to the rank equality
above. It follows that

{50;5(%7"'7 gil}:{ﬁiv 1?;"';6371}; )
for all i € Z,,.

We now repeat the argument, with an extra step. Take Hj
and add to it a cyclic rotation of its last row to obtain the
following parity-check matrix for the same code, shown in
the equation at the bottom of the next page, where i € Z,,.
Again, this added row is linearly dependent on the others, and
so, looking at the columns of Gy we obtain the rank equality

distinct, the rows of (8) are linearly independent. Thus, a linear /8: : : i : et
combination of the rows of Hy that results in zeros in all the 0 /36-04_1 5304_0_1
positions of G; must be a trivial combination. rank | A% A% e A%

We now use the fact that Hy is a parity-check matrix for a 0l B(()TOH)‘S . ﬁ(()TOJra*l)é
cyclic code. By adding cyclic rotations of existing rows in Hy, 5;,;5 51(77;+1)6 ﬂi(rﬁa—l)é
we obtain H, é which is also a parity-check matrix for the same o To+1 Tro+a—1
code, shown in the equation at the bottom of the next page, B )\20 B g\Co Bo G
where i € Z,,. However, these added rows must be linear = rank 108 o(To+1)8 (ro+a—1)6
combinations of the rows of H,. Since they contain zeros in 0’ 0 0

1 0o .- 0 Ié] 0 0 .. pBe—1 .. 0
o pB7 - 0 0 [/t 0 0 0
H) = : : : : : : : : 7
0 0 I@f(m—l) 0 0 161-(m—1)—‘,—1 . 0 I@f(m—l)—ka—l
)\0 )\1 )\mfl )\0 )\1 )\mfl )\0 )\mfl
1 57’6 ﬁ‘r(mfl)é ﬁ‘rm& 5T(m+1)5 /87’(2?77,71)5 57’777,(0,71)6 ﬁ‘r(amfl)é
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Again, using the same steps as in (8), we get L1 17 L
1 Bo o
2(a—1)
1 1 1 —=rank | ! ﬁg 0 ¢
L B ﬁ(f ! : Do :
2 2(a—1 Sla—1
L B; B; 13 0(a )
: :6 6((;—1) As before, if {1,030,03,...,83} # {1,B8:,62,..., 30}, then
rank | 1 f3; B; w1 by the fact that » > 3, we would have a contradiction to the
L Bo o rank equality above. If follows that
1 53 o
: : : {]—aﬁovﬁ(g)a"'aﬂg}:{laﬁiv 3;;63}7 (10)
1 3 g(“_l) for all i € Z,,.
1 0 0 J6] 0 0 ,8"‘_1 0
0 1 0 0 B 0 0 0
Hé — . . . . . . a:_l
0 0 1 0 0 B 0 B
/\O )\1 )\mfl /\O )\1 )\mfl /\O /\mfl
1 ﬁ‘ré ﬁ‘r(mfl)é 57’777,5 5T(m+1)5 /87’(2?7171)5 ﬁ‘rm(afl)é /87’((1777,71)6
6’0 0 0 ﬁ8'0+1 0 0 ﬁ8'0+11—1 0
0o A7 0 0 ntt 0 0 0
H[ _ . . . . . . . .
4 T — Tm—1+1 Tm—1t+a—1
0 0 /871).—11 0 0 16771,—11 0 ’6'"1—11
2o \& ASm—1 S0 A1 ASm—1 S0 ASm—1
T T Trm—10 To+1)8 T1+1)8 Tm—14+1)8 S(T 1 5T 1
OU(S 116 5”1,—1 (()0+ ) § ) ﬁw(n—11+ ) 50( ore ) ﬁng—l ey
6’0 0 0 ﬁ8'0+1 0 0 ﬁ8'0+11—1 0
0o A7 0 0 ntt 0 0 0
Hy = : : : : : : : :
m—1 m—1+1 m—1+a—1
0o 0 Bt | O 0 Bt 0 Bt
Ao \& ASm—1 S0 pYs! ASm—1 S0 ASm—1
T T Tm—10 T 5 T1+1)5 Tm-1+1)8 §(to+a—1 S (T — -1
006 11(S ﬁm,—l (() ot § vy Bw(n—11+ ) ﬁO( o ) 6775—1 ey
/6:1 0 0 ﬁ"{i'ﬁ'l 0 6:1‘4-0—1 0
8’0 0 0 138’04-1 0 68’04-0'—1 0
0 Il 0 0 0 0 0
Hél _ . . . . . . .
T — Tm—1+1 Tm—1+a—1
0 0 /6771,—11 0 16771,—11 0 ’6771—11
6o pXS! ASm—1 6o ASm—1 6o ASm—1
T 1 Tm—10 T 5 Tm—1+1)0 (T — S(Tm—1+a—1
006 7 66 5m711 6 (()0-‘1-1) 57(n711+ )6 50( 0o+a—1) 577571 1+6 )
i Tit1 Ti—1+1 Ti+1)0 Ti—1+2 d(Ti+a—1 Ti—1
87 Bl T g SR gy B
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The combination of (9) and (10) implies that ﬁg = ﬁf for
all 7 € Z,,. We observe that
By —1=(1+Fo+ -+ BB — 1),
B 1= (140t -+ 870~ 1).

By (9), s
Bo—1_fo—1
B -1 Bi—1
But now, since (3] = 37, we conclude that
Bi = Bo,

for all i € Z,,.

Now that we know that 5y = 81 = --- = (,,_1, We can
write H, as, shown in the equation at the bottom of the next
page. Looking at the columns of H, that correspond to G/,
J € Zp,, once again we observe that the non-zero rows are
equivalent to a (transposed) Vandermonde matrix

11 ... 1
1 By ... Byt

2(a—
1 82 ... g Y
v e

Hence, these rows are linearly independent. Let us now add
a cyclically shifted version of the last row of Hj, to obtain
yet another parity-check matrix for the code, shown in the
equation at the bottom of the next page. The added row is a
linear combination of the original rows of H,. Assume j €
Lo, j # m — 1. If we look at the columns of G; in H we
see that

( Ti+10  A(Tj+1+1)0 (Tj+1+a*1)5)
0 » 20 st M0

Tii1—T 70 Tj+1)0
== (B gl

Since the non-zero rows in the columns of G; are linearly
independent, this linear combination is unique. Similarly, for
j=m—1 we get

T ) T ) T
G LN

:ﬂ(ro—rm,l)&r& (5(7)'7,L715 ﬂ(()‘r'm.fl“rl)é 6(()T7,L71+a71)5)
, ey

(TjJrafl)E)
» M0 .

)

which is again unique. However, all these linear combinations
must coincide simultaneously when viewing the entire H,
and so

5871*70)626672*71)6 . (()Tm—l—Tm—2)5 _

(To—Tm—1)0+6
5 .
Multiplying all of them together we get
(6(()71770)5)’”1 :B(()Trro)a . -ﬁéﬂ"‘l_m‘m .ﬁ(()m—rm_l)aw
=03.
However, this means that
om(ri —79) =6 (mod a),

which completes the proof. [ |
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While the last theorem shows us a sufficient condition under
which the known code of Construction 2 may be permuted to
a cyclic code, the next theorem shows us that for almost all
cases, this condition is in fact necessary. First, we bring a
technical proposition.

Proposition 1: Let a, r, § be positive integers with a =
r+d6—1 and 7,7 € ZF. If

{irTmoda : 1<i<d—1}C{ir"moda : 1<i<d},
(11)
and one of the following conditions holds,
1) 6>4andr>5
2) 6=3andr >4
3) 6=2and r >3 is odd
then we have 7 = 7/.
Proof: For Case 1, since 7, 7" € Z there exists an £ € 7

such that 7 = /7’ (mod a). By (11), we have
{(i+1)Tmoda : 1
C{(iT"+7)moda : 1
={(i+¢)7" moda : 1

Obviously,
[{{+1)Tmoda : 1<i<i—1}
N{irmoda : 1<i<d—1}]
=6 — 2,
and so,
[{i7" moda : 1<i<§}
N{G+ )7 moda : 1<i<6}]
20— 2,
and since 7' € Z,
Himoda : 1<i<dé}N{(i+¢)moda : 1<i<d}
>0 — 2.

Since 6 — 1 > 3 and a > § + 4, we must have ¢ € {1,2}.

It remains to show that ¢ # 2. Assume to the contrary that

¢ = 2. Similarly, by (11), we have
{(i +2)Tmod a :

C{(iT" +27) mod a :

={(i+4)7" moda : 1<i<d}.

Again,
[{(i4+2)Tmoda : 1<i<d—1}
N{iTmoda : 1<i<d—1}|
=6 — 3,
which implies that,
[{(i+4)7" moda : 1<i<4d}
N{ir’ moda : 1<i<d}|

>4 — 3,
and since 7’ € Z,

{(i+4) mod a :
>0 — 3.

1<i<détn{imoda : 1< i<}
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However, a > § 4+ 4 implies that

[{(i+4) mod a :
<0 — 4,

1<i<détn{imoda : 1< i<}

which is a contradiction. Thus, we have { =1 and 7 = 7.
For Case 2, by (11), we have

{7,217 mod a} C {7/,27" mod a, 37" mod a}.

If 7 = 27’ (mod a) then we have 27 = 47’ (mod a),
hence 47’ mod a € {7/,27' mod a,37 mod a}. However,
this is impossible since 7/ € Z) and a > 6. Similarly,
if 7 = 37’ (mod a) then we have 27 = 67 (mod a),
hence 67" mod a € {7,277 mod a,37" mod a}. Again, this
is also impossible since 7/ € Z and a > 6. Thus, we have
T=1.

Finally, for Case 3, by (11) we have {7} C {7/, 27" mod a}.
Obviously 7 = 27" (mod a) is impossible since 2|a and a >
3. Thus, 7 = 7'. ]

Theorem 9: Assume the notation and setting of Construc-
tion 2. Let C be the resulting code. Denote k& = dim(C) =
ur +v with 0 < v <7 and u > 2(r — v + 1). Additionally,
let a = 4 or ged(a,¢(a)) = 1. Furthermore, assume that
a= qb' —1]¢” — 1 = n, and that one of the following holds:

) 6d>4andr>5

2y 6=3andr >4

3) §=2and r > 3is odd

Then there exists a permutation ¢ € S,, such that C, is cyclic
only if ged(m,a) | 9.
Proof:

Assume ¢ € S, is a permutation such that C, is cyclic.
By Construction 2, we have that G; £ (m) +1, i € [m], are
exactly the repair sets of C. Thus, the image sets ((G;) =
{l(z) : x € G,} are exactly the repair sets of Cy. Note that
C is an optimal LRC, which means that C, is also optimal.

2253

By Corollary 6, we have

(6Gy) - ie[m]} ={G; : ie[m]}.

Thus, there exists a sequence of permutations, ¢; over G, for
all ¢ € [m], and z; € Z, such that for all z € G,

U(x) = (L) + =) mod n, (12)

which also implies that ¢(G;) = G4, and (20,..., Zm—1)
is a permutation of [m]. By assumption, C; is cyclic. Hence,
Celg, is also cyclic, for each i € [m].

By Construction 2, any punctured code, C|g;, ¢ € [m], is a
subcode of the code with the (§ — 1) X @ parity-check matrix
(1,8,...,8%1). Recall that C is an optimal LRC. Hence,
by Theorem 2, we have that this punctured code, C|g,, is an
[a=17+3d—1,r ]y MDS code. This implies that its parity-
check matrix is exactly (1,3,...,8%1). Since this matrix
clearly does not depend on 4, we have C|g, = C|g,, for all
1,7 € [m]. Additionally, since 5% = 1, all the punctured codes
C|g, are cyclic.

By Corollary 7, we have that C¢|g, = C¢|g, for all i,j €
[m], and are all cyclic codes. Thus, a parity-check matrix of
C¢|@; may be given by

Gi) = (IBTiYO7IBTi117 e 7/6Tiya_1)'

We now have that ¢, maps the cyclic code Cl|g, into a
cyclic code Cy|g,, where we view these codes as indexed
by Z,. Then, by Lemma 9, we can find a multiplier per-
mutation from Y (a) that also maps C|g, to Cs|g,. More
concretely, there exists 7/ € Z), with which we define a
permutation

H(C,

13)

(xm +1i) = (zm7’ +1i) (mod n),

for all © € [a] and ¢ € [m]. For this permutation we have
Cy @, for all i € [m]. Now, a parity-check matrix for

G =Cu

o0 - 0 80‘*‘1 0 0 . 13804“1—1 . 0
0 ™oL 0 0 E)rl"‘l 0 . 0 . 0
Hg _ . . . . . . . . .
0 0 . g)'m—l 0 0 ;’]—m—1+1 . 0 ;’]—m—1+a_1
2o \& ASm—1 S0 ps! ASm—1 S0 ASm—1
606 616 /8(7)—771,—16 ﬁ(()‘roJrl)é ﬁ(()‘rﬁrl)é 6(()7—771,—1"1'1)6 ﬁg(‘roJrafl) Bg(Tm_1+a—1)
™0 0 80"‘1 0 0 . ,36'0"“1—1 . 0
0 T 0 0 ot 0 . 0 . 0
* _ - ' ' 141 ' m—1ta—1
H; 0o 0 Bgm | 0 0 B | 0 B "
Ao\ ASm—1 6o YS! ASm—1 6o ASm—1
805 815 gmflﬁ 5(()T0+1)5 ﬁ(()‘rﬁrl)& ﬂ(()‘r'm.fl“rl)é ﬁg(‘roJrafl) 53(T7,L71+a71)
710 90 (to+1)d (ri+1)8 (T2+1)0 (t0+2)0 6(t1+a—1) 00
0 0 Bo 0 Bo Bo Bo T 0
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Cer|l, may be given by
Gi) = (1)/67—Ia e 5167—,(‘1_1))7

and it must be row-equivalent to H(Cy|¢,) from (13).

We switch our view from the punctured codes to the
shortened codes of C. As above, the following shortened codes
are all equal, C|% = C|%, for all i € [m]. A parity-check
matrix for them may be written as

H(Cy

I} 50*1
11 1 1 g ... paD
1B pet | = : :
1 65 65((1—1) . :
ﬁéfl ﬂ(éfl)(afl)
1 B B8 (a=1)

By the multiplicative order of /3, the codes C|" are all cyclic.
By Corollary 7, Co|% = Co|%°, for all i € [m], and a parity-
check matrix for them may be given by

1 1 1
H(GIO) = [ preo prs o pres | (14
657'7‘,,0 6577‘,,1 6577‘,,0,—1

where 7; ;, i € [m], j € [a], are the same as those in (13).
Once again, Cy|“ are all cyclic. Hence, by Lemma 9 we can
find a multiplier permutation from Y(a) that also maps C|“°
to C4|G0. Namely, there exists 7/ € Z.*, with which we define

"(xm +1i) = (zm7”" +1i) (mod n),

Gi = Cypn|Gi, for all
& may be given by

for all « € [a] and ¢ € [m], such that C,
i € [m]. A parity-check matrix for Cy»

H(C@N Gi) =11 ﬂ‘r" ﬂ‘r"(a—l)
1 ﬁé-r” ﬁ&r”(afl)

and it must be row-equivalent to H(C¢|%?) from (14).
By the properties of Vandermonde matrices we have for all
i€ [m],

5 + 1= rank ﬁ‘l'i,o ﬂ"'i,l ﬁ‘f'i,a—l
ﬁéTi,O 5571‘,1 557'1'.(;71
I@""i,o I@""i,1 IBTi,a—l
= rank ﬁ‘l'i,o ﬂ"'i,l ﬁ‘f'i,a—l
65‘&',0 5571‘,1 ﬁéTi.afl

1 161" 61"((1—1)
= ra,nk 1 61_1/ T"(a—l) 5

1 567’” 567’”(a—1)

where the last equality holds by the row equivalence of
H(Cylg,) and H(Cy|g,), as well as the row equivalence of
H(C¢|%") and H(Ce»|%%). Since r > 3, the above equality
implies

{ﬁjT/ : 1<j<6—1}§{ﬁ”” : 0<j<5}-
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By construction, the multiplicative order of 3 is o(8) = a,
and so

oo
R e e D B

where the last equality follows from the fact that 7/ € ZJ.
Sincea=r-+46—1,

155{6?7' : 1<j<5—1}.

Thus,
{7 1<j<o-1bc{p 1<)

Since o(f) = a, we have

{j7" moda : 1<j<d—1}C{j7" moda : 1<j < d}.
Then, by Proposition 1, we have 7/ = 7.

Denote v = (37 = (7 . Thus, (1,7, --,y*" 1) =
(1,87,---,B7 (@=1)). We now know that the following two
matrices are row equivalent

11 -+ 1 1 1 o 1
]_»')/ »-)/a_l and 1 Yy »-)/a_l ,
1 ,yé . ,yé(afl) ﬂéﬂ}o ﬂéﬂ}l . 567@,&,1

5)

for all 4 € [m]. Recall that 3 and v have the same order,
0(B) = o(y)a = ¢* —1, i.e., the entries of the matrices in (15)
belong to the field F /. Hence, (B0Tio0, GO ... BOTia—1)
can be represented as a linear combination

(ﬁé‘ri,o,ﬂéﬂ,l’ . ,5571‘.(;71)

5
:Zni,s(]-vﬁysv"' ;’YS(a_l)) (16)
s=0
where 7,5 € F v CFp for all i € [m], s € [0 4 1]. We also
highlight the fact that 7; 5 # 0 for all ¢ € [m], for otherwise we
would have that the matrix on the right has rank 6 whereas the
one on the left has rank § + 1. For convenience, let us define
&ij = 0is7%7 + ni0, where i € [m)], j € [al.

After focusing on shortened and punctured codes, let us
look again at the entire code. If we permute the columns of
the parity-check matrix of C using ¢, we arrive at the following
parity-check matrix for Cy, to (14), shown in the equation at
the bottom of the next page, where z;, i € [m] are the same
as in (12), and 7; ;, i € [m], j € [a], are the same as in (13).
By (16) and the equivalence of H(C¢|¢,) and H(Cy|g;,), the
matrix H, is row equivalent with, shown in the equation at
the bottom of the next page. Since H' is also a parity-check
matrix for Cy, which is a cyclic code, adding a dependent row
to H' which is a cyclic shift of another row, does not change
the code. Hence, we look at the following parity-check matrix
for C;, shown in the equation at the bottom of the next page.

Let us now denote by h the bottom row of H”, and by
h_g,h_1 the bottom two rows of H’'. We recall that &, £
1i,67%7 + 1i,0. and hence,

h

Gy =(77¢+1,5’70 + Mi+1,0, 771'-‘:—1,6'76 =+ 1i+1,0,
i1, Y H miga0), G € [m—1]
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h

G =(10,67° +10,0:10,67%° + 10,05 - - - 10,67° + 70,0),

hoila, =0i,67° + 100, 15,67 + 40,
sy i), i€ m]
h72|Gi :AZi(]-a17~"71) Ze[m]

We now observe that the last row of H”|, may be shown as a
linear combination of the preceding two rows. More precisely,
for all ¢ € [m],

h G, = 97;71]7/_1 G, + 9172]7‘—2 Gi»
where

777‘,4'-1,5 Z c [m _ 1]7
Ni,s

91;,1 = 10,5 6
Tm-151 =M 1,
i —01.imi .
n +1,0)\Zil, ni,0 = [m _ 1],

0;0 = L , (17)
10,0 :\nz;},_117]m71,0 i=m —1.

Since H" is row equivalent with H’, and rank(H'|g,) = 0+1
(i.e., full rank), the linear combination above is the unique
linear combination of the rows of H'|g, that gives hlg,.
This linear combination does not use the first 6 — 1 rows of
H|g,.

Looking at the entire matrix (instead of focusing on the pro-
jections onto (), once again, since H” is row equivalent with
H’, h must be linear combination of the rows of H’. Since in

2255

each projection onto GG; there is a unique linear combination,

all these must simultaneously agree. In particular, this means
bop=011=021="=0pn_11.

We recall that 0 # 7 5 € F v forall i € [m], and v € F v is
primitive. Thus, we may write

Op1 =011 =001 =" =0p 11 =", (18)
for some integer j. Also, by (17),
Me _ M2 _Ms _ _Tm-15 _ s "05 (19)

No,s M,  7N26 Nm—2,5 Nm—1,6

Now, combining (18) and (19) we get
vy = 1] 6ia=7".
1€[m]

Thus,
jm=94 (mod a).

This, in turn, implies that ged(m,a) | d, as we wanted to
prove. [ |

To conclude this section, we make use of Theorem 9 in order
to show that Construction 1 may produce cyclic MR codes
with new parameters. Namely, in certain case, the construction
of [19], which produces codes with the same parameters as our
Construction 1, results in codes that are neither cyclic, nor can
be permuted to become cyclic.

BTo0 0 .. 0 BT 0 0 | Broa—1 0 . 0
0 Brio ... 0 0 Bria 0 .. 0 Bria-1 ... 0
H, = : : : : : : : : : ,
0 0 ﬁTm—l,O 0 0 ﬂ"’m—l,l e 0 0 ﬁ‘rm—l,a—l
0 A\ AFm—1 \?0 b AFm—1 . \#0 b \Fm—1
557'0,0 557'1,0 /867—7n71,0 ﬁ570,1 ﬁ571,1 ﬁé'rmfl,l BSTD,U,fl 557'1,(;71 /867—771,71,0.71
10 0 |~ 0 0 Nya=1 0
0 1 0 |0 ~ 0 N 0
H — D : N : : : :
0 o --- 1 0 0 ~ . 0 0 . ~e—1
AZ0 \Z1 A#m-1 | \20  \#1 AZm-1 | ... \20 \#1 AFm—1
€00 €10 Em—1,0 | S0,1 €11 Em—1.1 £0,a-1 &1,a—1 Em—1,a-1
1 0 0 |~ 0 0 |- |~y*1 0 0
0o 1 o | o 0 || 0 4ot 0
H' =1 o o 1 0 0 ~ 0 0 a1
)\Zo )\21 )\Zm—l )\Zo )\21 )\Zm—l )\Zo )\21 )\Zm—l
o0 &10 Em-1,0 | 0,1 &1 Em—1,1 £0,a—1 &1,a—1 Em—1,a—1
&0 &0 o1 | &1 & 0,2 101 §2,a—1 0,0
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Example 4: Set q=3,01=2,b=4,r=6,=3,a =38,

= 80, and m = 10. By using Construction 1, we may
generate a cyclic (n = 80,7 = 6,h = 2,6 = 3,¢” = 3*)-MR
code, where we note that ged(3,10) = 1. A non-cyclic MR
code with the same parameters may be constructed using [19].
However, since ged(m,a) = ged(10,8) = 2 + 3 = 4,
by Theorem 9 this code cannot be permuted to become a cyclic
code.

V. CONCLUSION

In this paper, we proved a new lower bound on the field
size of optimal LRCs. As a byproduct, when » = 2 we were
able to prove that some known code constructions actually
have optimal field size (where we further had to assume that
the field size minus 1 or 2 is not a prime power). We then
constructed cyclic MR codes. When r» = 2, these codes
also attain the new bound with equality, and therefore have
optimal field size (again, assuming the same number-theoretic
condition). We concluded by showing a known quasi-cyclic
MR code, with the same parameters as our cyclic construction,
may sometimes be permuted to become cyclic, and in other
cases it may not.

Many open questions remain. First and foremost, the con-
struction for a cyclic MR code in this paper only works for
the case of two global parity checks, i.e., h = 2. However,
in the non-cyclic case, there are a few known constructions of
MR codes with h > 3. Finding cyclic MR codes with h > 3 is
still an open question.

As a second open question we mention our lower bound
on the field size of optimal LRCs. We were able to show it is
tight only when r = 2. Thus, finding out whether it is tight for
cases in which r > 3, or improving it, remains widely open.
We leave these questions and others for future work.

APPENDIX

In this appendix, we shall prove Theorem 7. To this end,
we first recall some definitions and lemmas from [9].

Throughout the appendix we shall assume the coordinate of
code of length n are indexed by Z,,, and where operations on
coordinates are required, they shall be made modulo n. Let
k = ru-+v with 0 < v < r. Denote the set of all the possible
repair sets for an LRC C with all-symbol (r, d)-locality as

<r+0-1,d(Cls) = 6}

Lemma 10 ([8], Lemma 7): Let C be an [n, k|, linear code
with all-symbol (7, §)-locality. If for a subset V C T, and for
all S’ €V,

r£{s: SCz,lS|

snl U S|I<I8-d0+1,

SeV\{s'}

then we have

rank (sLer 5)

For cyclic LRCs we have the following simple fact.

Us|-

Sev

V(6 =1).
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Lemma 11: Let C be a cyclic LRC. If S € T is a repair set
of C, then S + 1 is also a repair set of C, for all i € Z.
Proof: Since C is cyclic, C|s = C|sy; for any ¢ € Z. The
claim follows immediately by definition. [ ]
We are now ready for the main proof.
Proof of Theorem 7: Assume to the contrary that there
exists a repair set S eT and { € Z such that

0<‘Sm S+t‘ ‘S‘ (20)

As an auxiliary claim, we contend that for any 7 < u/2 there
exists a 27-subset of S C I that satisfies one of the following
properties:

P1. There exists a subset S’ C S and S’ € &’ such that

ISl =6+1<|5'N U s|{<Isl. @b
SeS\{5"}
P2. The following inequalities hold:
S|tr+6-1)—|J S| > (22)
SeSs
U s|= rank(U S>+|S|( 1). (23)
SeSs Ses

We proceed to prove this auxiliary claim by induction on 7.
For the induction base, consider 7 = 1 < u/2. In that case,

choose § = &' = {g, §+tA} By (20), if additionally, §| -

§+1 < |SN(S+1)], then P1 holds. Otherwise, by Lemma 10,
P2 holds. Thus, the induction base is proved. Now arbitrarily
choose i1 € SN (5 +17).

For the induction hypothesis, assume the claim holds for 7,
and let S, be a set that satisfies the claim in that case, i.e.,
|S-| = 27. For the induction step, we prove it also holds for
7+ 1, as long as 7 + 1 < w/2, namely, that there exists a
repair set of repair sets, S;11, containing 2(7 + 1) repair sets,
that satisfies P1 or P2. We shall make an educated guess as to
what &1 might be, which will work in most cases. When it
does not, we shall offer a correction to our initial choice of

Sri1-
Since 27 <

rank <Sg S)

Hence, there exists an i,y € Z, with span({i;41}) &
span(Uges, S). As our initial guess, we now define the
following:

u — 2 we have

< (u—2)r < k.

Sri11 =5+ 041 — 11,
Srp12 =08+t +irp —i
=S U{Sr41,1,5+1,2}-

We observe that S;y;; # S7-+12 smce they are cyclic
rotations by the same amount of S and S+ 1, respectively,
which by (20), are two distinct sets. Additionally, i,41 €

Sri1,1 N Sr41,2, and since span({i-11}) € span(USeST S),
it follows that S;11,1, S-41,2 € Sr. Hence, |S;11| = 2(7+1).

ST+1
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If S; satisfies P1 then trivially so does S;41 and the claim
follows. Assume then that .S, only satisfies P2. In particular,
by (23),

U s|=

SeS-

rank < U S) + 187 (6 = 1). (24)

SeS,

Again, if S;;1 satisfies P1 then we are done. Otherwise,
assume that S;11 does not satisfy P1, which means

Sri1,5 N U S| = 1Srsl, 25
S€Sr 41\ {Sr41,5}
or
ST+17j N U S < |S7—+17j| —-6+1 (26)
S€S1\{Sry1,5}
for 3 =1,2.

If (25) holds for Sr-11,1, then the fact that

O<|S7—+11QS7—+12|—‘SQ S+t‘ ‘S‘

Sri11 N ( U S)
ses,

Recall that span({i-1+1}) < span(Uges,S), but note that
ir41 € Sry1,1, which implies that

Sri1a0 ( U S)

SeS-

means that

27)

<|Sr41al =6+ 1.

Thus, we can find a (§ — 1)-subset S*i 11 € Sry1.1 such that
rank(ST_,_Ll \ S:Jrl’l) = I‘ank(S7—+171) and

S*Hlﬁ(U S):@.

SeS,

We therefore have,

rank (5'74-1,1 U < U S))
SeS,

rank <(ST+171 \ Sy U ( U S))
SeS-

<S40\ (s:H,l U ( U S)) —|—rank< U S)
Ses, Ses,
< ST+171\ ( U S)‘—é—Fl—f' U S —27‘(5—1)
Ses, Ses,
= 57—4_171 U ( U S)‘ - (27‘+ 1)(5 — 1), (28)
Ses,

where the second inequality holds by (24). Note that since S,
satisfies P2, by (22),

Qr+1)(r+6-1) > +74+r+06-1

U s

SeS-

2257

U s

SeS-

Sri11U < U S)

SeS,

+7 + S,

> +7+1, (29)

where the last inequality follows from (27). Recall that 7+1 <
u/2, hence

rank( T+11U<U S)) @Cr+1Dr <(u—1r
SeS,

<k—1-r.

It then follows that there exists a repair set §T+172 € I' such
that

span(Sr-41.2)  span U S
SES,U{S-11.1}
We now correct our initial guess, and for this case only, set
=S, U {ST+1’1, STJFLQ}

Sri1 . We therefore have,

rank

U S | > rank U S

SEST+1 SESTU{ST+1,1}

By the last inequality, there exists a (6 — 1)-subset g;" 412 C
Sri1,2\ (USESTU{S7+1,1} S), and then

rank U S
SES 11
= rank (§T+1,2 \ §:+1,2) U U o
SESTU{ST+1,1}
< §T+1,2 \ §:+1,2 U U S
S€S,U{S-+1,1}
+ rank U S
SeS;U{S-+1,1}
< §7'+1,2 \ U S —0+1
SeS;U{S-+1,1}
+ |Sr41,1 U U S| —(@2r+ 1) -1)
SeS,
- U S|—(274+2)(6-1), (30)
SeS- 11

where the second inequality holds by (28). By (29) we have,

U s

SeS- 11

ST+171 - < U S)‘
SeS,

Sl (r 46— 1) —

>2r+1)(r+0-1)—

=7+ L (€29)
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In total, the combination of (30) and (31) shows that the
modified S, satisfies P2.

We now return to the original S,.; = S; U
{S741,1,S7+1,2}. If S;41 2 satisfies (25), then a similar argu-
ment shows we can build a modified S, for which P2 holds.

As a final case, we consider the situation where both S; 1 1
and S; 41 2 satisfy (26). In that case, there exist (6 —1)-subsets
S:Jrl’j - S7—+17j with S:+1,jm(USEST+1\{Sj+1Y7 S) = () and
rank(S;41,5) = rank(Sr41; \ S5, ;), for j = 1,2. Thus,
we have

rank U S

SEST+1

= rank <(ST+1,1 \ S:+1,1) U (Sr+1,2\ S:+1,2)

(4]

<{((Sr41,0 \ S71,1) U (Sr1,2 \ S7442))
\(U S) +rank< U S)
SES- Ses,
<|(Sra1,1 U Sri1,2) \ ( U S)‘ —-2(5-1)
SeS,

—|—rank< U S)
SeS,

<| U s|-@r+2)6-1),

SeES- 41

(32)

where the last inequality holds by (23). Additionally, by (22),
and since 741 € Sr41,1 N Sr41,2,

2r+1)(r+0-1)—

U s

SeS- 11

U s

SeS-

>27(r+6—-1)— +2(r+0-1)

— |87 41,1 U Sr41,2]
> 7+ 1 (33)
By combining (32) and (33) we learn that S, satisfies P2,
and the auxiliary claim follows.

We turn to prove the main claim. The proof is divided into
two cases depending on properties P1 and P2:

Case 1: P1 holds for some 7 < % Let S C I be a
27-subset, 8’ C S, and S’ € S’, such that (21) holds.
By that equation, we can choose a subset V C S\ {S’} such
that rank(|Jgcy, ) = rank({Jgeg S). Of all such subsets,
let us choose V to be minimal, namely, rank(|Jgc,, S) >
rank(USEv\{A} S) for any A € V. Thus, by Lemma 10 we
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have
rank(U 5) <|U s‘ — V(6 -1). (34)
Sev sev
Assume )V contains v repairs sets, V = {S1,952,...,5,}.

Since each repair set in I' has rank at most r, and the union

of u repair sets has rank at most ur < k— 1, we can extend V

to a u-set V' C T such that V' =V U {S, 41, Sp42,..-,5u}s

such that each added repair set increases the overall rank, i.e.,
rank (VU {S,41,Sv42, .-, Su+i})

< rank (V U {SV+1, Sy+2, ey Su+i+1}) (35)

forall1<i<u—v—1. o

Let S;,; bea (0 —1)-subset of S, 41\ (Ugey, S) and 5" £
S"\ (Ugey S)- In a similar fashion to the analysis above, we
have

rank U S

SEVU{S,41}

= rank <(sy+1 \ Sk U <U 5))
sey

[(Su1 \ S040) \ (Usey 9)| = 1+ rank(Ugey 5),
< if S'N S,,+1 # 0
h |(Sy+1 \S:Jrl) \ (Usgv S)|+ rank(USev S),
otherwise
|Sy41 \_(Usgv S) -0+ rank(USev S),
- if S'N Sv+1 75 ]
h 15041\ (Usgey S)| =0 + 1 +rank(Ugey 5),
otherwise
[Su1\ (User 9) = &+ [Usey S| = VI(6 = 1),
< if S'N S,,+1 # 0
= ) 1841\ Usey 8)1=8 + 1+ Usey SI- V16 - 1),
otherwise
Usevugs, g SI=(VI+ 10 -1) =1,
_ if S"'NS, 1 #0
" Usevogs,.ny SI= (VI+1)(6 - 1),
otherwise

where to prove the first inequality we use the fact that S’ C
span({Jgey S). Repeating the processing, at each iteration
adding S, 4o, ..

., Su, we can conclude that

rank ( U S)
sey’

[Usew S| —u(@-1) 1,
. 7 u—v— )
_ TS S 20 e
|Usey Sl —u(d —1),
otherwise,

by (34) and (35).

Recall that the rank of the union of u repair sets, and in

particular, V', satisfies rank(USev, S) < ur < k — 1. Thus,
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we have a set of coordinates B C Z"L\thh U sevr S C B and > U S| — rank U g
rank(B) = k — 1. Consider the set B = B U S’. By (36), ey Sev
‘E‘ — rank (E) 2(u+1)(0-1).
_ ‘E‘ ~ rank(B) As in Case 1, we obtain
<7 —v— d<n—k+1— D -1,
IB| - rank(B), it 5N (U Syui) # 0 nok+l-(u+l)0-1)
= |B| — rank(B) + 1, otherwise which contradicts the minimum distance of an optimal LRC
being
Usevr 81 =rank(Usey: 9, ) d=n—k+1—-u(—1).
< it 'N(UZ Susi) #0
= Assume now that u is even. Denote 7 = %, and arbitraril
, S| — rank ,S)+1, 2> y
[Usev 51 (Usev ) ) pick S C T, with |S| = 27 = u. By (22) and (23),
otherwise
Zu(d —1) +1, k —1 —rank US =ur +v — 1 —rank US
ie., ses ses
‘§‘>k+u(5—1). 37) 21}—1—}—%
Recall now that for an [n, k,d], code C, 2T,
d=n—max{|I| : ICZ,,rank(C;) =k —1}. where the last inequality holds by the condition u > 2
(r —v-+1). Thus, we can extend S to V' =SU{S,41} CT
Thus, by (37), for our code with [V'| = u + 1, such that

d<n—k—u(d—1).
i i i rank US < rank US <k -1,
However, since our code is an optimal LRC,

SeS Sey’
d=n—k+1—u(0—-1), and
and thus, a have reached a contradiction. U S| > rank U S|+ u+1)0-1).
Case 2: P2 holds for all 27-subsets S C T', where 7 < u/2. Sevr Sev!
i _ u-l itrari , , :
Assume first that v is odd. Denote 7 = “5=, and arbitrarily W now continue exactly as in the case of odd u to obtain a
pick § C T, with |S| = 27 = u — 1. By (22) and (23), contradiction.
In all of the above cases, we have reziched a contradiction.
k —1 —rank U S| =ur +v—1—rank U S Hence, ourAassuAmption thatAthere exist S € I" and t € Z such
ses ses that 0 < |S N (S +t)] < |S] is incorrect, and the main claim
u—1 f the theorem follows. [ |
Srtu—14 . of the theorem follows
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