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Abstract

This paper studies bounds and constructions of locally repairable codes (LRCs) with multiple localities so-called multiple-
locality LRCs (ML-LRCs). In the simplest case of two localities some code symbols of an ML-LRC have a certain locality while
the remaining code symbols have another one.

We extend two bounds, the Singleton and the alphabet-dependent upper bound on the dimension of Cadambe—Mazumdar for
LRCs, to the case of ML-LRCs with more than two localities. Furthermore, we construct Singleton-optimal ML-LRCs as well
as codes that achieve the extended alphabet-dependent bound. We give a family of binary ML-LRCs based on generalized code
concatenation that is optimal with respect to the alphabet-dependent bound.

Index Terms

Alphabet-dependent bound, distributed storage, generalized code concatenation, locally repairable codes, Pyramid code,
Singleton bound, shortening

I. INTRODUCTION

Locally repairable codes (LRCs) can recover data from erasure(s) by accessing a small number r of erasure-free code symbols
and therefore increase the efficiency of the repair-process in large-scale distributed storage systems. For a classical LRC, all n
code symbols depend on at most r other symbols. Basic properties and bounds of LRCs were identified by Gopalan et al. [6],
Oggier and Datta [13] and Papailiopoulos and Dimakis [14]. The majority of the constructions of LRCs requires a large field
size (see, e.g., [8, 19, 16]). Tamo and Barg gave a family of optimal LRCs for which the required field size is slightly larger
than the code length in [18]. Cadambe and Mazumdar [3] gave an upper bound on the dimension of an 7-local code which
takes the field size into account. LRCs with small alphabet size were constructed in [Z, 9, 20, 17].

We generalize the Singleton bound of Gopalan et al. [6] as well as the alphabet-dependent Cadambe—Mazumdar bound [3]
to so-called multiple-locality LRCs (ML-LRCs), i.e., LRCs where the locality among the code symbols can be different. There
exist several practical scenarios, where different localities are relevant, e.g., a distributed storage system, where a part of the
stored data is accessed more frequently and therefore requires a smaller locality.

We show that shortening a given Singleton- respectively alphabet-optimal LRC (i.e., a LRC that achieves the corresponding
bound with equality and where all n symbols have the same locality), a Singleton- respectively alphabet-optimal ML-LRC is
obtained. For the case of two localities, we give explicit algorithms that return a parity-check matrix of an optimal linear code
for both bounds. Both algorithms can be easily extended to the general case of more than two localities. The adaption of the
Pyramid code construction [8] to the case of multiple localities is outlined, because they require a (slightly) smaller field-size
as the construction of [18] even though the locality-property is only guaranteed for the information symbols). Furthermore, we
identify a family of binary alphabet-optimal ML-LRCs using generalized code concatenation (see e.g., [1, 21]).

This paper is structured as follows. In Section II, we introduce notation and recall the existing Singleton and alphabet-
dependent bound of Cadambe-Mazumdar for LRCs (Thm. 2 and Thm. 3). Section III provides the definition of ML-LRCs and
the Singleton bound for the case of s = 2 different localities (Thm. 6). Thm. 8 is the Singleton bound for the general case of
linear ML-LRCs with s > 2 different localities. The proof is given in the appendix. An explicit construction (Algorithm 1)
of a Singleton-optimal ML-LRC with two different localities is proven in Thm. 13. Basically, Algorithm 1 shortens a given
Singleton-optimal LRC code. The adaption of Pyramid codes [8] for different localities among the information symbols is
outlined at the end of Section III. Similar to Section III, we start the description of the extended alphabet-dependent bound
(for non-linear) LRCs in Thm. 20 in Section IV for two different localities. The general case (s > 2) is contained in Thm. 22
and the proof can be found in the appendix. Our proof requires linearity, but it is straightforward to extend the proof-idea
to the non-linear case similar to the graph approach as in Tamo-Barg [18, Proof of Thm. A.1]. Thm. 25 proves an explicit
construction (Algorithm 3) of an ML-LRC that is optimal with respect to new alphabet-dependent bound (for two different
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localities). Similar to Algorithm 1, Algorithm 3 shortens a given alphabet-optimal LRC. Both algorithms (Algorithm 1 and 3)
can be adapted to the case of an ML-LRC with more than two different localities.

Section V. contains a family of r-local binary LRCs based on generalized code concatenation. It is shown that this family
is optimal with respect to the Cadambe—-Mazumdar bound for » = 2,3 (see Construction 27 and Thm. 28). We conclude the
paper in Section VI.

II. PRELIMINARIES

For two integers a,b with a < b, let [a, b] denote the set of integers {a,a + 1,...,b} and let [b] be the shorthand notation
for [1,b]. Let Fy denote the finite field of order g, where ¢ is a prime power. A linear [n, k, d], code of length n, dimension %
and minimum Hamming distance d over I, is denoted by a calligraphic letter like C. The parameters of a non-linear code C
of length n, over an alphabet with size ¢ with dimension k = log|C|/log ¢ are identified by (n, k, d),. For a set Z C [n] and
a matrix G € ]F’;X", let Gz denote the submatrix of G that consists of the columns indexed by Z. Denote by I,, the n x n
identity matrix.

Definition 1 (Locally Repairable Code (LRC)). A linear [n,k,d|, code C is r-local if all n code symbols are a linear
combination of at most v other code symbols.

The following generalization of the Singleton bound for LRCs was among others proven in [10, Thm. 3.1], [18, Construction
8 and Thm. 5.4] and [15, Thm. 2].

Theorem 2 (Generalized Singleton Bound). The minimum Hamming distance d of an [n,k,d|, r-local code C is bounded

from above by
k

d<n—-k+2-— [——‘ .
r
Throughout this paper we call an r-local code Singleton-optimal if its minimum Hamming distance achieves the bound
in Thm. 2 with equality. For » > k& Thm. 2 coincides with the classical (locality-unaware) Singleton bound and then a
Singleton-optimal code is called maximum distance separable (MDS).
In addition to the generalization of the bound in Thm. 2, we extend the bound on the dimension of an LRC given by
Cadambe and Mazumdar [3, Thm. 1], which takes the alphabet into account.

Theorem 3 (Cadambe-Mazumdar Bound). The dimension k of an r-local code C of length n and minimum Hamming distance
d as in Definition 1 is upper bounded by

k < min ky, (D)
teft*]
where
ke e + £ (n — t(r + 1), d), @)
where kg%(n, d) is the largest possible dimension of a code of length n, for a given alphabet size q and a given minimum

Hamming distance d and t* = min ([n/(r + 1)], [k/r]).
An 7r-local code is called alphabet-optimal if its dimension meets the bound in Thm. 3 with equality.

III. MULTIPLE-LOCALITY LRCs

In this section we first define ML-LRCs with two localities and provide a Singleton-like bound. We generalize the definition
to ML-LRCs with more than two localities and extend the bound. Afterwards, Singleton-optimal all-symbol ML-LRCs are
constructed and the construction of Pyramid codes [§] with information-symbol locality is extended.

For a linear code of length n, we consider in a first step the case where all code symbols in 7; C [n] have locality r; and
the remaining code symbols in 73 = [n] \ 71 have locality 5.

Definition 4 (ML-LRC with Two Localities). Let 71 C [n] and Tz = [n] \ T1 be two distinct sets with |T;| = n;, for i = 1,2.
Let two integers 11,19 with r1 < o be given. A linear [n, k,d], code is ((n1,71), (n2,r2))-local if all n; code symbols within
Ti are a linear combination of at most r; other code symbols for i = 1,2.

Note, that a code symbol belongs to 77 if it is a linear combination of at most r; other symbols. Clearly, an ((n1, 1), (n2,r2))-
local code is also an r5-local code and an r1-local code is an ((n1,71), (ne,r2))-local code.



A. Singleton Bound

The following lemma is needed to prove the Singleton-like bound on the minimum Hamming distance of an ((ny,71), (n2,72))-
local code.

Lemma 5 (Rank of Generator Matrix). Let Z C [n]. All k x |Z| submatrices Gt of a generator matrix G of an [n, k, d]q code
C of rank smaller than k must have at most n — d columns.

Proof. W.l.o.g. we assume Z = [|Z|] and let ¢ = rank Gz. Clearly, |Z| > ¢. The generator matrix can be transformed to the

following form:
(L A Ay
a= ("M %)

where A € FZX(‘I‘_”, As € FEX("_‘ID, and A3z € ng_t)x("_lzl). The (¢t + 1)th row of G (first |Z| positions are zero) has
Hamming weight at least d (because it is a codeword of C) and therefore |Z| < n — d. O

Theorem 6 (Singleton Bound for ML-LRCs with Two Localities). Let the parameters as in Definition 4 be given.
Then, the minimum Hamming distance of an [n,k,d], ((n1,71), (n2,r2))-local code C is upper bounded by

dgn_mz{ m ]_ el frsall . 3)

r1+1 9

Proof. The proof follows the idea of the proof of the Singleton bound of an r-local code as in [11]. Let G be a k X n generator
matrix of C. We assume that r1[n/(r1 +1)] <k — 1.
(1

1) Choose r; < [n1/(r1 + 1)] columns of G indexed by j1<1>,j2<1>, . ,jé?, where j; ' € 77. Each column is a linear

combination of at most r; other columns.

2) Let Z1 be the set of indexes of all repair columns of the columns indexed by j1<1>, ceey j,g11>, but without the indexes
themselves. We have [ZV| <7y -k < k — 1.
3) Choose
qet -1 ’V"‘;n"'tl‘l—‘
Ko =
T2
columns of G indexed by j1<2>,j2<2>, e ,j,g), where ji<2> € 72. Now, each of these columns is a linear combination of at

most 75 other columns. Let Z{?) be the set of indexes of all repair columns of the columns indexed by j1<2> , jf), ceey j,g),

but without the indexes themselves.
4) Let T 7MW UZ®? . Then || < k and we have rank(Gz) < k.

5) Enlarge 7 to a set Z', such that rank(Gz:) = k — 1, but without using {j§i>,j2<i>, e ,j,i? } Ly
6) Then, define e

def (1) 1y (2) . .
u = {II U {]£1>,j2<1>, e 7][<{]]i>7-7]<.2>7¢72<2>7 PN ,_7532)}} )
where [U| > k — 1 4 k1 + k2. We have rank(Gy) < k — 1.

Using Lemma 5, we know that |{/| can be upper bounded by k — 1 + k1 + k2 < n — d and therefore we obtain the following
bound on the minimum Hamming distance:

ni -‘_ k—1-m LEJ

dgn—k—i-l—{
T1—|—1

T2

—n—k+2—[ ng —‘_ k_rl[rl'lfl—l
ri+1

In case r1[n1/(r1+1)] > k—1, set k1 = [(k—1)/r1] in Step 1) and k2 = 0 in Step 2). Then, we will obtain the Singleton
bound of an r;-local code. O

For r; = ro = r, we obtain from (3) the Singleton bound of an r-local LRC as in Thm. 2.
We extend Definition 4 to ML-LRCs with s > 2 localities and generalize the Singleton-like bound on the minimum Hamming
distance from Thm. 6.



Definition 7 (ML-LRC). Let s integers 11,72,...,7s with 11 < ro < --- < rs be given. Denote by T; C [n] for all i € [s]
pairwise disjoint sets. Let Ujc[qT; = [n]. A linear [n, k, d], code is ((n1,71), (n2,72), ..., (ns,7s))-local if all n; code symbols
within a set T; with |T;| = n; are a linear combination of at most r; other code symbols within T; for all i € [s].

Now, we give a Singleton-like bound for an ((n1,71), (n2,72),..., (ns,rs))-local code as in Definition 7.

Theorem 8 (Singleton Bound for ML-LRCs). Let C be an [n,k,d]; ((n1,71), (n2,72),. .., (ns,rs))-local code as in Defini-
tion 7. Then, the minimum Hamming distance of C is upper bounded by

SRk

n; i€[s-1]
d<n-k+2- - .
<n-k+ _Z {HJ - &)
i€[s-1]
Proof. See appendix. O
We call an ((n1,71), (n2,72),. .., (ns,7s))-local ML-LRC with minimum Hamming distance that fulfills (4) with equality

Singleton-optimal.

B. Shortening and Constructions

In this subsection, we first show that an ((ny,71), (ne2,r2))-local Singleton-optimal ML-LRC can be obtained through
shortening an r-local Singleton-optimal LRC. Then, we analyze the shortening of an ((n1,r1), (n2,r2),..., (ns,7s))-local
Singleton-optimal ML-LRC. We give an explicit construction of an ((ny,71), (ng,r2))-local Singleton-optimal code for the
ease of notation. The construction can be easily extended to s > 2 localities. Furthermore, we adapt the construction of
information-symbol-local Pyramid codes to the case of multiple localities.

We consider the case of shortening the ith information symbol (see, e.g., [12, Ch. 18 §9]).

Definition 9 (Shortening). Let C be an [n, k, d], code with generator matrix in systematic form, i.e., G = (I A). A parity-check
matrix is then H = (— AT 1,,_.). The shortened code is defined as

C<i> dZCf{(Cl C2 ... Ci—1 Ci41 ... Cn) :
(Cl Co ... Ci—1 0 Ci+1 - Cn) S C}
For i € [k], the generator matrix of C is obtained through deleting the ith column of Iy, (and the corresponding ith row) of

G. A parity-check of C'") is obtained by deleting the ith column in AT of H. The shortened code is an [n — 1,k —1,> d]q
code.

Throughout this paper we refer shortening to the case where i € [k].
Clearly, if C is an MDS code, then the shortened code C(* is also an MDS code. The following lemma shows that this
holds similarly for an r-local Singleton-optimal LRC.

Lemma 10 (Shortening an r-local LRC). Let an [n,k,d], r-local Singleton-optimal LRC be given. Then, the shortened
[n—1,k—1,d]q code is an ((r,r — 1), (n — 1 —r r))-local code and is Singleton-optimal.

Proof. Clearly, the shortening by one symbol affects at least one repair-set and its cardinality is decreased to r. The locality
of the contained code symbols is then » — 1. We obtain from (3) with n; = r, 7 =7 — 1 and ry = r for the shortened code
of length n — 1 and dimension k£ — 1 the following bound on the minimum Hamming distance:

n W [0 [2]

d<n-1-(k-1) +2- {

r1 + 1 T2
k—1—(r—1)|Z
_n—k—|—2—[f]_{ (r )[T]—‘
r T
k
——
r
which coincides with the minimum Hamming distance of the given [n, k, d], r-local Singleton-optimal code. O

Example 11 (Shortened Singleton-optimal LRC). We shorten the [12,6,6]13 3-local Singleton-optimal code of Example 2
in [18] by one position. We obtain an 11,5, 6]13 ((3,2), (8, 3))-local code and Thm. 6 gives d <11 —-5+2—[3/(2+1)] —

[(5—2)/3] = 6.



Lemma 12 (Shortening an ML-LRC). Let C be an [n,k,d]; ((n1,71), (n2,r2),..., (ns,7s))-local Singleton-optimal code.

Let T1,T3,...,Ts denote the locality sets and let o € [s]. Shortening C by a coordinate that is contained in T, gives if
Tac1=Tq—lan [/ =n—1,k =k—1,dq (n},r]), (nh,75),...,(n},r.))-local code C' with
(g, i) = (niyri), Vi€ [s]\{a—1a},
(n;—lvrfx—l) = (nafl +T067T0¢71)a (5)

(n;,r;) = (noz —Ta — 17Ta)7

else (i.e., To—1 7 ro — 1) shortening gives an [0’ =n — 1,k =k —1,d], ((n},71), (n5,75),...,(n,, 7)), ..., (n},rh))-local
code C' with

(ni,T;) = (niari)a Vi € [S] \ {OL},
(ny,72) = (Tasra — 1), (6)
(n:xvr/a) = (na —Ta — 17Ta)-
Then, the shortened [n' =n —1,k' =k —1,d], ((n},71), (n5,75), ..., (n,rl))-local respectively the ((n},r}), (nb,r5), ...
y(nlrh), o (nl,rh))-local ML-LRC is Singleton-optimal.
Proof. See appendix. o

Algorithm 1 provides a parity-check matrix of a Singleton-optimal [nq + no, k, d] ((n1,71), (n2,r2))-local code.

Algo 1: Singleton-optimal ML-LRC with 7o > 7.

Input:
Parity-check matrix H of an [n2 + (r2 + 1) 45,k + (r2 — r1) 747, dg r2-local Singleton-optimal code with
p = 37 + 7oy repair sets Ri,Ra, ..., R,

1 for i € [M5] do

2 L Delete ro — r1 columns of H that are contained in R;.

Output: Parity-check matrix H of an [n1 + no, k,d]q ((n1,71), (n2,72))-local code.

We assume that (r; + 1) | n1, (r2 + 1) | ng, and that an ro-local Singleton-optimal code is given.

Theorem 13 (Singleton-optimal ML-LRC). Algorithm L returns a parity-check matrix of a Singleton-optimal [n1 + ng, k, d),
((n1,71), (n2,r2))-local code that covers the possible rate-regime.

Proof. The minimum Hamming distance of the given [n’, k¥, d']; ro-local Singleton-optimal LRC, where

’ ni
- 1 7
n m+m+)ﬁ+r @)
K =k - ! 8
+ (2 T1)m+1, (8

equals

d/:n/_sz—["“—/] ©

T2



Inserting the expression of the length and the dimension as in (7) respectively (8) into (9) leads to:

ny ni
d < 1 —k—(re — 2
_n2+(7‘2+ )Tl—l-l (7‘2 Tl)’l’1+1+
k-i—(T‘g—Tl)%
T2
k—’l’l U
= —k 9 _ | "mtl
n2+7"1+1 +r1T1+1+ ’V T2 -‘
n
7’1+1
k—r 2
ni 11
— e — k 9 _ | TmAl
no +T17‘1+1+ ’7 T —‘
1 M 9 ny k_rlrln-ll-l
=nz =kt )7‘1+1+ _T1+1_’7 T2 —‘
k—r 2
=ni+ng—k+2— il —’7 1T1+1—‘, (10)
r1+1 9

which is the minimum Hamming distance of an [n1 + ne, k,d] ((n1,71), (n2,72))-local code that is optimal with respect to
the bound given in Thm. 6.
To prove the achievable rate-regime, we recall that the original ry-local LRC has to satisfy:
/ T2 /
<

11
< o (11)
and inserting the expressions of (7) and (8) in (11) gives
ni ) ni
k — < 1
+ (o rl)r1+1 < T2+1n2+(r2+ )T1+1
1 T2
S k<
- r +1TL1 + r2+1n27
which is clearly the rate-restriction for an ((n1,r1), (na,r2))-local code. O

Pyramid codes [8] are a class of Singleton-optimal information-symbol-local codes. The construction is based on an MDS

code and the maximal code length of a Pyramid code scales linearly with the field size. Let a-b = Zie[n] a;b; denote the
dot-product for two given vectors a,b € Fy.
Construction 14 (ML-Pyramid Code). Let s infegers r1,7a,...,7s with 11 < r9 < --- < 13 be given. Denote by T; C [k]
with k; % |T:| for all i € [s] pairwise disjoint sets and let U;c(T; = [k]. We partition T; into rk; = [k;/r;| disjoint subsets
Tix, T2, - -, Liw,, such that T; = Ujel,Lij and |T; j| < ri for all i € [s]. Let a [k +d —1,k,d], MDS code C and an
information vector x € F’; be given. Any codeword c € C is of the following form:

c— (X7p<1> x,p? -x,... pldD .X) ,

The modified codeword of an information-symbol-local ML-LRC is then:

ol W 1
7p11’1 Zy,19 "¢ 'apl'l XI1,N17pI2’1 XI5

K1
p<zl> -xz,,..p% x,...,pldY .X).

Clearly, the obtained multiple-locality Pyramid code has minimum Hamming distance d and length £+, €[s] [ki/ri]+d—2.

Lemma 15 (Singleton-Optimal Construction). The ML-Pyramid code as in Construction 14 has n; = k; + [k; /7] = [ki(ri +
1)/r;| symbols with locality r; for all i € [s|. We get from the bound in Thm. 8:

S
d<n-k+2- > ]
i€[s-1]

) k= >0 T Pﬁ—]
—nkr2o Y ’“_]_ _ebu (12)

,
ie[s-1] s




With ks—1 =k = k;, we obtain from (12):

d<n—k+2- % V_W _ Vr—lw

,
ic[s—1] ' "

i€[s—1]

which coincides with the minimum Hamming distance of the constructed ML-Pyramid code.

IV. ALPHABET-DEPENDENT BOUND FOR ML-LRCS
A. Bound and Shortening
For a given (n, k, d), code C and a subset Z C [n] define as in [4]
def log |{xz : x € C}|
log q '
The bound given in Thm. 3 follows from the following two lemmas.

H(T) (13)

Lemma 16 ([4, Lemma 1]). For a given (n,k,d)q r-local code C, an integer t € [[k/r]], a set T C [n] with |Z| = t(r + 1)
and H(T) < tr as defined in (13) exists (and is constructed explicitly).

Lemma 17 ([4, Lemma 2]). For an (n,k,d), code C with T C [n] and H(Z) <m an (n — |Z|,k —m,d), code exists.
In the following lemma, we refine Lemma 16 slightly and generalize it to an ((n1,71), (n2,72),. .., (ns,rs))-local ML-LRC.

Lemma 18. Let 7; with |T;| = n; for all i € [s] be the locality sets of a given (n,k,d)q ((n1,71), (n2,72),. .., (ns,7s))-local
code C as in Definition 7. Then, there exist s sets T, C T; for all i € [s] with

|I'|* ti(’f‘i-i-l) fO}’tiS’rLi/(Ti—f—l), l'f(T‘i—f—l) |nl
R Y for ti < [ni/(ri + 1)1, if (ri +1) £ ns,
and H(Z;) < t;r; (for both cases) and for all i € [s].

Proof. Similar to [4, Proof of Lemma 1], we construct the set Z; explicitly. Let R§j )

that belongs to 7;. Clearly |Rfj >| < r;. Algorithm 2 constructs the set Z;.

denote the repair set of the j-th coordinate

Algo 2: Construction of Z; C 7T;.

Input: Set 7; with |7;| = n; and locality r;.
Integer ¢; € [[n;/(r; + 1)]].

1 Select ag arbitrarily from 7.
2 SO .
3 for m € [t, — 1] do

4 | Select ap in 7\ (U;’;gl{am UR U s<l>).

s | T e Ul Ha UR us®,

6 | Select S™ C T;\ ({am} UR™ U I§m>) with

7| |8 = min((m+1)(ri+1), n;)-|{am} UR™ U™ |
8 T« U {am} URI™ U Sm),

Output: Return the set Z;.

Algorithm 2 differs from the algorithm used in [4, Proof of Lemma 1] only in Line 7, which ensures that the constructed set
cannot have a cardinality greater than n,. In the proof of [4, Lemma 1], it is shown that H(Z;) = H(Z; \ {ao,a1,...,at,—1})-
Clearly, for:



Case a): If t; < Lnl/(ﬁ + 1)J, then |Il| = ti(Ti + 1) and H(IZ) < t;r;.
Case b): If ¢; = [n;/(r; +1)] and (r; + 1) { n;, then |Z;| = n; and

H(Z;) <n;—[ni/(r; +1)]

i,
= {—n N 1-‘ . (14)

O

The distinction between Cases a) and b) in Lemma 18 is not relevant for the bound of an r-local code, but becomes necessary
if we want to bound the dimension of an ((n1,71), (n2,r2),..., (ns,7s))-local ML-LRC.

Lemma 19. For an (n,k,d), code C with s pairwise disjoint sets T, C [n] with H(Z;) < m; for all i € [s], there exists an
(n =2 ieps) 1Zil k= 225e(5 mis d) code.
Proof. Apply Lemma 17 consecutively s times and the statement follows. O

From Lemma 18 and Lemma 19 the following theorem follows.

Theorem 20 (Alphabet-Dependent Bound for ML-LRCs with Two Different Localities). Let C be an (n, k,d), ((n1,r1), (n2,72))-
local code. Define

def
b = (15)
t1r1 +t2r2+kgz,) (n-min(ny, t1(r1+1))- min(ng, t2(r2+1)), d) .
The dimension of C is bounded from above by
k S min kt1,t27 (16)
t1€[ty],
ta€[ts]
where
i 17
1 ’7701 + 1 ) ( )
def | k—1—t1m
ty = {TJ , VYt e [t]. (18)

Proof. The expressions as in (15) and (16) follow from Lemma 18 and Lemma 19 for s = 2.

The value of ¢; can be bounded by min([ny/(r1 +1)], |(k — 1)/r1]) similar as in the case of an r-local LRC. We assume
that r1[n1/(r1 +1)] < k — 1 and therefore we obtain (17). The maximal value for ¢5 follows from the fact that for to > t5
the expression in (16) is at least k. Clearly, t2 < [ng/(r2 + 1)]. It is well-known that the rate of an r-local code is at most
r/(r 4+ 1) and due to the fact that an ((n1,71), (n2,72))-local code is also an ro-local code, we have:

{k—l—T1t1J<[ n9 —‘,
9 T lre+1

and therefore the maximal ¢5 as in (18) follows. O

Corollary 21 (Singleton vs. Alphabet-Dependent Bound). The Singleton bound as in Thm. 6 for an [n, k, d]q ((n1,71), (n2, r2))-
local code is weaker than the bound given in Thm. 20.

Proof. We first bound the dimension k(()gt) by the locality-unaware Singleton bound.

k < min (tm +tors + K8 (=t (r1 4+ 1) = ta(ra + 1), d))

1,t2
<tir +t27°2+n—t1(7‘1+1)—t2(7°2+1)—d+1



We assume that d >n —k+2 — [n1/(r1 +1)] — [(k — r1[n1/(r1 + 1)])/r2] and inserted in (19) leads to:

n1 -‘ k—m ’Vrfjrl—‘
_l’_

k<n—n+k—2+{

r1+1 To
+1-— t1 —to
]{ — T ’V U —‘
ny r1+1
=k—1 —t1 — to. 20
+ Ll m 1-‘ + . 1—t2 (20)
For the maximal values of ¢] and ¢35 as in (17) and (18), (20) gives a contradiction. O

Note that in the classical case of an r-local LRC the Cadambe—Mazumdar bound (Thm. 3) gives also a contradiction (if
d>n—k+2—[k/r]) for the maximal value of t = [k/r].
The following theorem generalizes Thm. 20 to the case of s > 2 different localities.

Theorem 22 (Alphabet-Dependent Bound for ML-LRCs). Let C be an (n,k,d)q ((n1,71), (n2,72),..., (ns,7s))-local code
as in Definition 7. Furthermore, assume o i[ni/(ri +1)] <k — 1. Define

def ng .
tr= | —— v -1 21
pe | 2] e e
]{ —1- Z tﬂ‘i
o SR vhely), 22)
and let
ktl,tQ,...,tS dzEf
(23)

Z tiri + kég,) n— Z min(ng, t;(r; +1)),d

i€[s] i€[s]

Then the dimension of C is upper bounded by

k< min ke gy t,- o0
ti€[ty] ’
Vi€(s)
Proof. See appendix. )

The following corollary generalizes Corollary 21 to the case of s > 2 different localities.

Corollary 23 (Singleton vs. Alphabet-Dependent Bound). The Singleton bound as in Thm. 8 for an [n, k, d], ((n1,7r1), (n2,r2),
., (ng,7s))-local code is weaker than the bound given in Thm. 22.

Proof. See appendix. O

If there exist s parameters ¢; € [t7],Vi € [s] such that the dimension k of an [n,k,d]; ((n1,71), (n2,72), ..., (ns,7s))-local
ML-LRC equals k;, +,.... ¢+, as in (23), then we call the ML-LRC alphabet-optimal.

..... s

B. Shortening and Construction

Similar to Lemma 10, we now prove that shortening an r-local LRC, which is optimal with respect to the bound given in
Thm. 3, by one coordinate gives an ((r,7— 1), (n —1 —r r))-local alphabet-optimal ML-LRC. We give an explicit construction
(in Algorithm 3) of a ML-LRC with two different localities based on a given an alphabet-optimal LRC.

Lemma 24 (Shortening an r-local Code). Let an [n,k,d], r-local alphabet-optimal code be given. Then, the shortened
[n—1,k—=1,dly ((r,r —1),(n — 1 —rr))-local code is alphabet-optimal.

Proof. Clearly, the shortening affects one repair-set and its cardinality is r and the locality of the contained code symbols is
r — 1. Let ¢’ be the index of the minimal value k. of (2) such that the dimension of the given code is

k=ky =tr+ kggl)(n —t'(r+1),d).



We obtain from Thm. 20 with ny =7, 7y =7 —1, 7o =71, t; = 1 and t5 = t' — 1 for the shortened code of length n — 1 and
dimension k£ — 1:

koo =1+ E-Dr+kQ(n—1—r— (-1)(r +1),d)
=t'r—1+ k((,gl)(n —t'(r+1),d),
which equals kp — 1. Therefore, the dimension of the shortened code meets the bound of Thm. 20 and is alphabet-optimal. [

Algorithm 3 returns an ML-LRC with two localities that is optimal with respect to the bound given in Thm. 20.

Algo 3: Alphabet-Optimal ML-LRC over small field size.

Input:
Parity-check matrix H of an [n, k, d], rz-local alphabet-optimal code with p = [n/(r2 + 1)] repair sets R1,Ra, ..., R,.
o € [p].

1 for i € [a] do
2 L Delete ro — r1 columns of H that are contained in R;.

Output: Parity-check matrix H of an [n — a(rs —71),k —a(rs —r1),d]q ((a(r1 +1),71), (n — a(ra +1),72))-local code.

For a sufficiently large field-size a Singleton-optimal LRC can be constructed for a wide choice of parameters, but an alphabet-
optimal LRC for a (aimed) smaller field-size are not known for all parameters. Therefore, the parameters in Algorithm 3 are
expressed in terms of the given parameters n, k, d of the given alphabet-optimal r-local code.

Theorem 25 (Alphabet-Optimal ML-LRC). Given an [n, k, d]q r2-local alphabet-optimal LRC and a integer o € [[n/(r2+1)]],
Algorithm 3 returns a parity-check matrix of an [n—a(ra — 1),k —a(ra —r1),d]q ((a(r1 +1),7r1), (n—a(re +1),72))-local
ML-LRC that is alphabet-optimal.

Proof. For the given [n, k, d], r2-local alphabet-optimal code, there exists an integer ¢’ such that
k=K, =t'rs + ki (n — t'(rs + 1),d). (25)

The shortened code is an [n — a(re — 1),k — a(re — r1),d]qy ((a(r1 +1),71), (n — afrg + 1), 72))-local code. With 1 = «
and to = t' — a, we obtain with the new alphabet-dependent bound of Thm. 20 that the dimension of the shortened code is
upper bounded by

kat-o =ary + (t'-a)ra+
k§g2 (n-a(rg-r1)-a(ry + 1)-(t'-a)(ry + 1), d),
and this leads to:

Koo = t'ra — alry — 1) + kS8 (n — ' (ro + 1), d),
= kt/ — a(T‘g — 7‘1). (26)

The expression in (26) equals the dimension of the shortened ((«(rq +1),71), (n—a(ra+1),r2))-local ML-LRC and therefore
it is optimal with respect to the new alphabet-dependent bound of Thm. 20. O

Similar to Algorithm 1, Algorithm 3 can be easily be extended to s > 2 localities.

V. ALPHABET-OPTIMAL BINARY LRCS AND ML-LRCs

This section provides a family of binary r-local LRCs. Their construction is based on generalized (or multilevel) code
concatenation introduced for linear components by Blokh and Zyablov [1] and described for not necessarily linear components
by Zinoviev [21]. Multilevel code concatenation generalizes classical concatenation introduced by Forney [S]. Furthermore, we
give an example of a shortened r-local code and show that it is optimal with respect to our new alphabet-dependent bound for
ML-LRCs from Thm. 20.

Let us recall some definitions and facts before we define a generalized concatenated code. The Kronecker product of two

matrices A = (aij)gg[[z]] and B is defined as A ® B = (aijB)'Zee[[Z]}. For two linear codes A and B of same length, define
def

the direct sum code as A @ B < {a@® bla € A,b € B}. For a linear subcode B¢? of B with generator matrix G 2, let



B2\ B be such that B = B2 @ B\ B2, 1t is well-known (see, e.g., [2]) that there exists a generator matrix of B!

that can be written as G
Gpay = B& )
B Gpe\sm

Now, we can define generalized code concatenation.

Definition 26 (Generalized Concatenated Code (GCC)). Let A" be an outer [na, ko i, da.i] gl
G € F];fi’ixn“ and let BV be an [ny, ky i, dp ;] inner code for all i € [s]. Furthermore, let

code with a generator matrix

B<1> D) B<2> DD B<S>,

and let G\ g+ € ngb’i_kb’i“)xnb denote a generator matrix of the code BS)\ B+ for all i € [s—1]. Let ky;—kp iv1 =

il for all i € [s — 1] and let ky s = Asls.
The matrix GAW c F’;a,ili XMNg
matrix

is the given kq ; X ng generator matrix G 4y represented over Fq. The code with generator

§A<1> ® Ggmn\ge
G 42 ® Gpen\pe)

G= 27)

GA<S;1> ® GB<S*1>\B<S>
G4 ® Gps)

is an [n = ngnp, k = Zie[s] ka,iNili, d]q s-level concatenated code C.

It is well-known that the minimum Hamming distance of a generalized concatenated code is d > min;c(q dg idp,; (see,
e.g., [1, 21]). Every column of G of (27) belongs to B(!) (assuming that the inner codewords are represented as rows in the
codeword matrix). The following construction is based on this fact and generalized concatenated code inherits the locality
property from B

Construction 27 (2-Level r-local GCC). Let r > 1 be the given locality parameter and let a integer be j < 2" =1 —r + 1.
Let the two outer codes and the two inner codes of a 2-level concatenated code as in Definition 26 be a:
AN 2 41— 5,27 —r k1 — o 4 1]ge
MDS code,
A2 2rmt 41— g 2mt — 5 2],
single-parity check code,
BU: [r+1,r,2]s single-parity check code,
B2 [r+1,1,7 + 1]y repetition code.

Then the 2-level concatenated code is an
(r+ 1)@ P +1—5),r@ —r+2—5) = 1,2(r+ 1))
r-local code.
The following theorem shows the optimality of Construction 27 with respect to the bound given in Thm. 3 for r = 2, 3.
Theorem 28 (Alphabet-Optimal Binary LRC). For r = 2,3 Construction 27 gives alphabet-optimal LRCs.

Proof. 1t is sufficient to show it for the case of 7 = 0. The general case j > 0 follows directly, because the length of the code
is reduced by j(r + 1) and the dimension by jr and Thm. 3 gives the same bound for ¢t = ¢/ — j as t’ for the code with j = 0.

The upper bound on the dimension of an r-local code from Thm. 3 gives for a binary code as in Construction 27 for
t=2""1—pr 41

kor—1 i1

=r2"t—r+1)

FED (r+ D@ )= e + 1) (1), 2(r + 1))

=2 = 1)+ RS (r(r + 1), 2(r + 1). (28)

For r = 2,3, the maximal dimension of a binary code of length r(r + 1) and minimum Hamming distance 2(r + 1) is

k(ﬁ (r(r +1),2(r + 1)) =7 — 1 and therefore ky-—1_, 1 equals the dimension of the 2-level generalized concatenated code

of Construction 27. O



We now give an example of a binary alphabet-optimal ML-LRC obtained via shortening an alphabet-optimal LRC as in
Thm. 28.

Example 29 (Alphabet-Optimal Binary ML-LRC). Let r = 3 in Construction 27, then the two outer and inner codes of
Construction 27 are:

AN [5,2,4]52 MDS code,

AR [5,4,2]y single-parity check code,
B[4, 3 2]o single-parity check code,
B2 [4,1,4)y repetition code.

The 2-level concatenated code C is a (20,8, 8]a 3-local alphabet-optimal code.
The bound as in Thm. 3 gives the following upper bound on the dimension of such a binary code:

ko =23+ k(20— 2(3+1),8)
=6+ k%) (12,8),

opt
where the maximal dimension of a binary code of length 12 and with minimum Hamming distance 8 is kég,) (12,8) = 2 and
therefore ko = 8, which is the dimension of our constructed code C. Now we shortened the [20, 8, 8| 3-local alphabet-optimal

code by one position and obtain an [19,7,8]2 ((3,2), (16, 3))-local code and we obtain from Thm. 20 that:
kig=1-241-3+k0)(19-3—4,8)
=54k (12,8) =7,
which equals the dimension of the shortened ((3,2), (16, 3))-local ML-LRC.

VI. CONCLUSION AND OUTLOOK

We introduced the class of multiple-locality LRCs. The Singleton-like upper bound on the minimum Hamming distance and
the alphabet-dependent bound of Cadambe—-Mazumdar on the dimension of an LRC were generalized to the case of ML-LRCs.
Furthermore, we gave constructions of optimal codes with respect to the two new bounds based on shortening a Singleton
respectively alphabet-optimal LRC. An adapted Pyramid code construction for the case of different information-symbol locality
was outlined. Moreover, we gave a class of binary r-local LRCs based on generalized code concatenation and showed that
they are alphabet-optimal for = 2,3 and also provide optimal ML-LRCs over the binary alphabet.

Future work are (direct) constructions of ML-LRC without shortening and the adaption of existing bounds and constructions
for LRC where the parameter for every code symbol is also variable (e.g., availability).
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APPENDIX
Proof of Thm. 8. Let G be a k x n generator matrix of the [n,k,d], ((n1,71), (n2,72),...,(ns,rs))-local code. We assume

that 3,y rifni/(ri + 1)] <k —1.

)
s)

s+1)

s+2)
s+3)
s+4)

Choose r; <& [n:/(r; + 1)] columns of G indexed by jf”,jé o ,j,i}, where ]L € 7; for all ¢ € [s — 1]. Each
column is a linear combination of at most r; other columns. ‘
Let Z(U, 72 Z(—1) be the s — 1 sets of indexes of all repair columns indexed by jf >,]2< >, e ,jff} but without

the indexes itself. We have | Uieps—1) Z9| < Dics—nTi ki <k—1L
Choose
k—1— S MJ
def i€[s—1]
Ks =
T's
columns of G indexed by jfs>, ]2<5>, ceey j,g?, where ji<s> € Ts. Each column is a linear combination of at most r, other
columns. Let Z(*) C T; be the set of indexes of all repair columns indexed by jfs> , j2<5>, ey j,<§s> but without the indexes
themselves.

Let T % U,c(Z. Then |Z| < k and we have rank(Gz) < k.

Enlarge 7 to the set 7', s.t. rank(Gz/) = k — 1, but without using { i{ >,j2<l>, . ,],@} "
i€ (s

Define

u{z o {540, 29)

where |U| >k — 1+ 3,1 Ki-

We have rank(Gy) < k — 1. From Lemma 3, we know that || can be upper bounded, i.e.:

k—l—l—Z/{ign—d

i€ [s]
and this implies for the minimum Hamming distance of an ((ni,71), (n2,r2),. .., (ns,rs))-local code
- q k-1 — [Z:l] Ti ’an-il-l]
n; i€[s-
d < n-k+1 — -
=" Z i+ 1 Ts

i€[s-1]

n; 1€[s-1]
— k42 — -
S Z i+ 1 Ts

i€[s-1]

In case the assumption does not hold in Step j), i.e., Zle ] Ti [n:/(ri + 1)] > k — 1, the bound becomes the bound for an
((n1,7m1), (n2,72), ..., (3¢5 s 75))-local code. Clearly, an ((nl,rl), (n2,12),. .., (Xe(j,s M- 7))-local code is also an
((n1,71), (n2,72), ..., (ns,rs))-local code, because 11 <1y <--- <1; < --- < 7. O
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Proof of Lemma 12. For the first case, we obtain from (5) with ro_1 =1, — 1:

n;
> [74]

i€[s—1
Sl Enl s

= > Ll + 2. (30)
/ / /

et r;+1 ro_q +1 T, +1

{a—1,a}

Inserting the expressions of n}, nl,_; and n., as in (3) into (30) leads to:

n; Na—1+ Ta Ng —Ta — 1
- Z i+ 1 + T +1 + o +1
iels—1]\ ' * a1 .
{a—1,a}

_ Z g n Na—1 +Ta " Na Ta+1
_. T7,+1 roz—l"'l Ta ra+1_ra+1
z{e[szl]}

U
= Y =l (31)

1€[s—1]

The second relevant term can be expressed as:

/
i€[s—1] H
/ / /
/ U / Na—1 / Ny
= 4 —a— 32
_Z s r<+1w+”a—1 [r;ﬁlwﬂa[rgﬂw (32)
i€[s—1]\ H
{a—1,a}

and also with (5) for the expressions of n}, nl,_; and n,, inserted in (32) leads to:

_ Z r n; +r Na—1 1+ Ta
o ¢ Tz—l—l a-l Ta—1 +1

i€[s—1]\
{a—1,a}
{na Te 1-‘
+ 7o
re +1
n; -‘ Na-1 Ta
= > n ||t ee] |
et ’VTZ +1 Ta—1+1 14
{a—1,a}
Ne o +1
+Ta { ot 1 ra+1-‘
n;
_-Z T ’V—’I‘i-l-l-‘ -1 (33)
i€[s—1]

ic[s—1]u{c} 4

nk n! n'
— 7 « L 34
P> LHJJrLéﬁJjLL‘HJ G4
i€[s—1]\



Inserting the expressions of n}, n,, and n, as in (6) into (34) leads to:

_ Z n; n Ng —Ta — 1 n Ta
T r; +1 Ta +1 o —14+1

Ne To +1 Ta
+ - + | —
ra+1 14+1 Ta

I

™

—
—— |
3
+|S
—

I
™
|

3
+|E
—

JR—

The second relevant expression is:

i€[s-1]\
{a}

and with (6) for the expressions of n}, n,, and n] inserted in (36) leads to:

Z . n; Y Ng — T — 1
, RS “ T +1

I
<
)
- 1
<
S
S
—_
—_
I

The minimum Hamming distance of the shortened code for both cases is with (3):

S IEAEE
d<n-k+2- 3 M W (z‘e[su -
— /
i€[s-1] ritl

With (31), (33), (35) and (37) inserted in (38) gives:
d<n-1-(k-1)+2- Y LZJ

ic[s—1] ' "

(b=1)- (ie[%:—l] " [#W -1

Ts

Y {";J— bl :
_ -

,
ic[s-1] ' "

(35)

(36)

(37

(38)

which is the minimum Hamming distance of the original [n, k,d]; ((n1,71), (n2,r2),...,(ns,7s))-local Singleton-optimal

ML-LRC.

O



Proof of Thm. 22. 1t follows from Lemma 18 and Lemma 19 for s disjoint sets and the expression as in (23) follows. The
values of ¢; can be bounded by min([n;/(r; + 1)], [(k — 1 — [Ligjs—1p sy ty75)/7i]) for all i € [s — 1]. We assume that
> iefs—1) Ti[ni/(ri +1)] <k —1 and therefore we obtain (21). The minimizing value for ¢, follows from the fact that for
ts >t} is greater than k and therefore:

k—1-— Z tir;

1€[s—1]

T's

O
Proof of Corollary 23. We again first bound the dimension kégl) by the locality-unaware Singleton bound.
k< ,, min 16%] tiri+k(()gt) n- ng] min(n;, t;(r;+1)),d
= Z tiri +n — Z min(ng, ti(r; +1)) —d +1
i€[s] i€[s]
=n—d+1-> t,. (39)

i[s]
Assume that the minimum Hamming distance contradicts the Singleton-like bound, i.e.:
n; i '6[221] " Lﬁl—‘
d>n—k+2— L s ,
nekt2- Y [ u J

,
i€[s-1] 5

and inserted into (39) gives:

n—d—f—l—Zti

i€[s]

Uz
<n—ntk-2
<Sn—n+ +E[ZH LﬁJ

k- 5[]
. 1€ [s-1] L1 Z £
Ts 1€[s]
- 5l
n; SER
— k1 . s
I e 2

i€[s-1] Ti i€ls]

which is a contradiction for the maximal values of ¢},Vi € [s] as in (21) and (22). O
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