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Abstract

An (n, k, d) cooperative regenerating code provides the optimal-bandwidth repair for any ¢ (¢ > 1) node failures in a cooperative
way. In particular, an MSCR (minimum storage cooperative regenerating) code retains the same storage overhead as an (n, k)
MDS code. Suppose each node stores o symbols which indicates the sub-packetization level of the code. A scalar MSCR code
attains the minimum sub-packetization, i.e., « = d — k + t. By now, all existing constructions of scalar MSCR codes restrict to
very special parameters, eg. d = k or k = 2, etc. In a recent work, Ye and Barg construct MSCR codes for all n, k, d, t, however,
their construction needs o ~ exp(n') which is almost infeasible in practice. In this paper, we give an explicit construction of
scalar MSCR codes for all d > max{2k — 1 —t, k}, which covers all possible parameters except the case of k < d < 2k—2—t
when k£ < 2k — 1 — t. Moreover, as a complementary result, for £ < d < 2k — 2 — ¢ we prove the nonexistence of linear scalar
MSCR codes that have invariant repair spaces. Our construction and most of the previous scalar MSCR codes all have invariant
repair spaces and this property is appealing in practice because of convenient repair. As a result, this work presents an almost full
description of linear scalar MSCR codes.

I. INTRODUCTION

A central issue in large-scale distributed storage systems (DSS) is the efficient repair of node failures. Suppose a data file
is stored across n nodes such that a data collector can retrieve the original file by reading the contents of any k nodes. When
some node fails, a self-sustaining storage system tends to regenerate the failed node by downloading data from some surviving
nodes (i.e. helper nodes), which is called the node repair problem. An important metric for the node repair efficiency is the
repair bandwidth, namely, the total amount of data downloaded during the repair process. In a celebrated work [[1], Dimakis et
al. proposed the regenerating codes which achieve the tradeoff (i.e. the cut-set bound) between the repair bandwidth and the
amount of data stored per node. That is, fixing the repair bandwidth, the storage cannot be further reduced, and vice versa.
In particular, regenerating codes with the minimum storage and with the minimum repair bandwidth are respectively called
MSR codes and MBR codes. Constructing MSR codes and MBR codes for general parameters has been extensively studied
in a series of works [2]-[7].

Regenerating codes typically deal with single node failures, however, the scenarios of multiple node failures are quite
common in DSS. For example, in Total Recall [8] a repair process is triggered only after the total number of failed nodes
has reached a predefined threshold. There are two typical models for repairing multiple node failures. One is the centralized
repair model where a special node called data center is assumed to complete all repairs. That is, suppose ¢ nodes fail, then
the data center downloads data from helper nodes and is responsible for generating all the ¢ new nodes. The other model is
the cooperative repair where ¢ new nodes are generated in a distributed and cooperative way. It was proved in [9] that an
MDS code achieving the optimal bandwidth with cooperative repair must also have optimal bandwidth with centralized repair.
Therefore, cooperative repair can be viewed as a harder problem than the centralized repair. Moreover, due to the distributed
pattern, the cooperative repair fits DSS better than the centralized repair. Regenerating codes with centralized repair are studied
in [6]], [10], [[L1]]. In this paper, we focus on regenerating codes with cooperative repair.

The idea of cooperative repair was proposed by Hu et al. in [12]. Specifically, suppose ¢ new nodes (i.e. newcomers) are to
be generated as replacements of ¢ failed nodes respectively. Then the regenerating process is carried out in two phases. Firstly,
each newcomer connects to d surviving nodes (i.e. helper nodes) and downloads 3; symbols from each. Note that different
newcomers may choose different d helpler nodes; Secondly, each newcomer downloads S5 symbols from each of the other
t — 1 newcomers. Therefore the repair bandwidth for repairing one failed node is v = df; + (t — 1)S2. In [12], [13] a cut-set
bound was derived for regenerating codes with cooperative repair, i.e.,

s i—1
B < Zli min{«, (d — Z In)B1 + (t —1;)B=21,
i=1 h=1

where B is the size of the original data file, « is the size of data stored in each node, and [1, ..., [, s are the integers satisfying
lh+---+ls=kand 1 <ly,..1l; <t The cut-set bound, along with other necessary conditions on the parameters, define a
a-v tradeoff curve and codes with parameters lying on this curve are called cooperative regenerating codes. In particular, the
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two extreme points on the tradeoff curve respectively correspond to MBCR (minimum bandwidth cooperative regenerating)
and MSCR (minimum storage cooperative regenerating) codes. Parameters of the two types of codes are given below:
For MBCR codes,

B
a=7=Qd+t=Dfy h=2 P= 1o
For MSCR codes, B B
« A ( + )523 ﬂl 52 k(d—k+t) M

It can be seen that B, «, 3y are all integral multiples of 5. When [, = 1, the corresponding code is called a scalar code.
Moreover, « is called the sub-packetization which indicates the sub-block size in the encoding phase. Since the sub-packetization
also decides the smallest file size and the number of operations needed in encoding and repairing, regenerating codes with
small sub-packetization are preferred. Obviously, a scalar regenerating code has the smallest sub-packetization, however, for
some parameters scalar codes cannot exist.

About the constructions of MBCR and MSCR codes, Shum et al. [13] first explicitly constructed scalar MSCR codes for
d = k. Then Shum and Hu [14] also built MBCR codes for the case of d = k and n = d + t. Later, Wang and Zhang [15]
gave an explicit construction of scalar MBCR codes for all n, k, d, t. However, constructing MSCR codes seems to be a much
harder problem. In [16] the author built scalar MSCR codes for the case £k = 2 and d = n — t. Then Chen and Shum [[17]]
designed a scalar (n = 2k, k,d = 2k — 2,t = 2) MSCR code. After that, they generalized the construction and obtained
(n=2k,k,d=n—1t,2<t<mn-—k) scalar MSCR codes but the failed nodes must be systematic nodes [18]. An obvious
drawback of all existing constructions of MSCR codes is that they all restrict to very limited parameters. Until recently, Ye
and Barg [9]] gave an explicit construction of MSCR codes for all parameters, i.e., 2 <t <n —k, d > k + 1. However, the
sub-packetization of their codes is extraordinarily large, i.e. a= ((d — k + t)(d — k)“l)(?) ~exp(n'). Note that scalar MSCR
codes have sub-packetization o = d — k + ¢.

In this paper, we present an explicit construction of scalar MSCR codes for all d > max{2k — 1 — ¢, k}, which almost
covers all parameters except for an augment of d when k£ > ¢ + 1. Besides, the authors of [20] have proved nonexistence of
linear scalar MSR codes for k£ < d < 2k — 3, we continue to prove that there exist no linear scalar MSCR codes with invariant
repair space for k < d < 2k — 2 — ¢. It’s worth noting that our codes presented here are exactly the linear scalar MSCR codes
with invariant repair spaces. Thus our construction gives an almost full description of such codes. Moreover, our construction
can be viewed as an extension of the product matrix construction for MSR codes proposed by Rashmi et al. [3] to cooperative
regenerating codes.

The remaining of this paper is organized as follows. First, a brief introduction to the product matrix framework is given in
Section II. Then the construction of MSCR codes is presented in three steps respectively in Section Specifically, Section
[[TT deals with the case ¢t = 2 and d = 2k — 3, Section extends to any 2 <t <k —1 and d = 2k — 1 — ¢, and Section
further extends to all 2 <t <n — k and d > max{2k — 1 — ¢, k}. Section proves the nonexistence of linear scalar MSCR
codes for k < d < 2k — 2 — t. Finally, Section concludes the paper.

II. THE PRODUCT MATRIX FRAMEWORK

Let [n] stand for {1,2,...,n}. We recall the product matrix framework proposed in [3]. First, each codeword is represented
by an n X a matrix C' with the i-th row stored in the i-th node for all ¢ € [n]. Moreover, the codeword is generated as a
product of two matrices, i.e.,

C=GM,

where G is an n x d encoding matrix, and M is a d X o message matrix. More specifically, the matrix M contains all message
symbols while some entries may be linear combinations of the message symbols, and G is a predefined matrix which is
independent of the message. To store a data file (i.e., a message) consisting of B symbols, we firstly arrange the B symbols
into the message matrix M properly, and then calculate C' = G M to obtain a codeword which will be stored across n nodes.
Denote by 1; the i-th row of G, then the content stored in node i is represented by

C; = 'l,biM,

for ¢ € [n]. Throughout this paper, we use bold letters (eg. v, ¢, ¢, etc.) to denote vectors and capital letters (eg. C, M, P,
etc.) denote matrices.

Next we use the construction of scalar MSR codes to describe how this framework works for building regenerating codes.
For simplicity, we just consider the case d = 2k — 2.

First, the parameters of the scalar MSR code with d = 2k — 2 are as follows:

a=d-k+1=k—1, B=1, B=ka=k(k—1).



Let a1, ..., be m distinct nonzero elements in a finite field IF, such that af‘l #* a?‘l for any i # j. Then the n x d
encoding matrix is set to be

2k—3
1 aq o
1 (o) N agk_?’
G=1|. . . : : (@)
2k—3

The d X o message matrix is defined as
_ (5
v (5)
(k—1)
2

where S; and Sy are two (k — 1) x (k — 1) symmetric matrices each filled with % message symbols. Thus the total
number of symbols contained in M is k(k — 1) = B. For i € [n], the i-th node stores a row vector of length o = k — 1:

c=p:M=(1 o - aF3M.

K2

Then we illustrate the above construction gives a scalar MSR code. Actually, we need to verify the following two properties:

1) Node repair: Suppose the i-th node fails, then a newcomer can recover the content stored in the i-th node by connecting
to any d helper nodes and downloading 5 = 1 symbol from each.
Let R C [n]\ {i} be the set of d helper nodes and define a row vector ¢; = (1, v, -+, 2). Then each node j € R
sends the symbol
cipi = YiMep;

to the newcomer, where 7 denotes the transpose. Thus the newcomer obtains the symbols: W,..;qi- M ], where W,.cpqr
is the matrix G restricted to the rows indexed by the elements in R. Since W,cpq4r is @ d X d Vandermonde matrix, by
multiplying the inverse of W, the newcomer obtains

Since S; and .S, are both symmetric, then ;57 and ¢;Ss are obtained by a transposition. Finally, the newcomer computes
©wiS1+ ozf_lcpng = ;M = ¢; which are exactly the contents stored in the i-th node.

2) Data reconstruction: A data collector can recover the original data file by reading the contents stored in any k£ nodes.
Suppose the data collector connects to k nodes i1, ig, ..., ix, € [n]. Let U be the k x d sub-matrix of G consisting of the
rows ¥, , ..., ¥;, , then the data collector reads the ko symbols

_g (S
YM =1V (Sz)
=05 + AdDS,,
where @ is the k x (k—1) matrix consisting of the first k—1 columns of U, i.e.,
1 oy - afl_Q
1 oy - af;2
¢ = Lo : : ’ )
ke
I 2

and A is a kxk diagonal matrix diag[o; ¥, ;.1 ..., @; F7!]. Obviously, ® is a Vandermonde matrix and U= (® A®).
The data collector can recover the data file due to the following lemma which is also a result in [3]. We leave the proof
of this lemma in Appendix

Lemma 1. Let ® be a k x (k — 1) Vandermonde matrix defined as in (3), and A be a k x k diagonal matrix with distinct

and nonzero diagonal elements. Suppose
X =05+ AT,

where S and T are two (k — 1) x (k — 1) symmetric matrices. Then S and T can be uniquely computed from X,® and A.



III. MSCR CODES WITHd =2k — 3 AND ¢ = 2

As a warm-up, we first construct a scalar MSCR code for the special case of ¢ = 2 and d = 2k — 3. By the parameters of
MSCR codes given in (1), we know in this case

a=d—k+t=k—1, B=ka=k(k—1).

Since we are to give the construction using the product matrix framework, the key point is to design the encoding matrix G
and the message matrix M.

Let aq,ao,...,ay be n distinct nonzero elements in F, such that af‘Q #+ a;?_? for 1 < ¢ # j < n. In particular, set
q—12>nand g — 1 coprime with k£ — 2, then any n distinct elements in 7 can be chosen as «;’s. Our encoding matrix is
defined as follows, which is an n X d Vandermonde matrix.

1 (e %1 N a§k74
1 ay --- a§k74
G = )

The message matrix M is a d X « matrix which has the following form.

Sk—l 02
M= + ,
(Ok2) (Tkl
where S and T are two (k—1)x (k—1) symmetric matrices each filled with @ message symbols chosen from F,. Thus

the total number of message symbols contained in M is k(k — 1) = B. The subscript £ — 1 or k — 2 denotes the number of
rows, thus here 0,_, means a (k—2) x (k—1) all-zero matrix.

Remark 1. Note that the symmetric matrices S and T respectively form the first and the last £ —2 rows of M, while interweave
in the (k—1)-th row of M. This partial interweaving structure is the key idea in our design of MSCR codes. Actually, comparing
with MSR codes which have « = d — k 4+ 1, MSCR codes have o« = d — k + t for t > 2. That is, fixing «, the MSCR codes
have d less than the MSR codes by ¢ — 1. Since the message matrix has d rows, the reduction on d for MSCR codes is realized
by interweaving S and 7T in ¢t — 1 rows. On the other hand, the interweaved message symbols just can be unpicked through
the exchanging phase between ¢ newcomers in the cooperative repair.

In the next, we illustrate the data reconstruction and the ¢-node cooperative repair for the construction.
Theorem 2. (Data reconstruction) The B message symbols can be recovered from any k nodes.

Proof. For any k nodes i1,14s,...,7; € [n], denote by ¥ the sub-matrix of G restricted to the rows corresponding to the k
nodes. Then the data collector can obtain the symbols

wr—v(5)+v(g)

= &S + ADT,
where ® denotes the k£ x (k — 1) matrix formed by the first K — 1 columns of ¥, and A = diag[af1_2, af2_2, s afk_z]. For
the second equality above, one needs to note the sub-matrix formed by the last £ — 1 columns of ¥ equals Ad.
Then the theorem follows from Lemma [I1 O

Theorem 3. (Cooperative repair) Suppose node i1 and 1o fail. Then two newcomers can regenerate node i1 and is respectively
through a cooperative repair in two phases:

Phase 1: Each newcomer connects to any d = 2k — 3 surviving nodes as helper nodes and downloads one symbol from
each helper node.

Phase 2: Two newcomers exchange one symbol with each other.

Proof. For simplicity, the two newcomers are also called node 1 and i respectively. For ¢ € [n], denote by ; the i-th row

of G, then the data stored in the i-th node is ¢; = ¥;M = (¢; 1, ..., ¢ k—1). Moreover, define ¢; = (1, ay, ..., o/-“_Q), then

C; = ’l,bZM = QDZS + O[?_QQDZ'T.

Therefore, node i1 needs to recover ¢;;, = @;, S + affzgoilT, and node iy needs to recover c¢;, = ;,S + af272¢i2 T.
In Phase 1, suppose the set of helper nodes connected by node i1 is Ry C [n] \ {41,142} with |R;| = 2k — 3. Then for each
7 € Ry, node j sends the symbol
cipi, =Y Mej, )



to node 71. Thus node i; obtains the symbols W,..;q M P where U,.cpqir is a (2k —3) x (2k — 3) invertible matrix consisting
of the rows 1,7 € R;. Therefore, node i can derive the symbols M ] by multiplying the inverse of W;.cpqir-
Furthermore, we will show the symbols M <,oiT1 can be used to derive partial data of c¢;,. For convenience, denote

U1 0 u1
g 0 Uk—2 0 Uk —2
M = + =lug—1 |+ | V1 = | ug-1+v1 |,
0 T
0 Vo V2
0 Vg_1 Vg1

where u; and v; are the i-th row of S and T respectively, ¢ € [k — 1]. Due to the symmetry of S and 7', w] and v] are also
the i-th column of S and T respectively. Therefore,

uy -], Piy - Uj w1
Ug—2 " P, Piy " UL W2
T — —
Me] = (Up—1 +v1) - wi | =| i (up_y +o7) | =] we-1 | (5
V2 - 90;-1 Piy - ’Ug Wk
Vi—1- P, Piy VL4 Wok—3

where the second equality comes from the transposition, and w; denotes the i-th coordinate of M ], for i € [2k — 3]. Recall
that node 4, is to recover ¢;; = (Ciy 1, .., Ciy 1) = gol-lS—l-afl_%oilT. That is, for j € [k —1], ¢;, ; = Ppiu; + af1_2goi1v;-.
Actually, after obtaining M7 = (w1, ...,w2r—3)" node iy computes the following

k—2 2(k—2)
w1 + oy TWE—1 oy Wak—3,
k—2
wo + "W,
k—2
w3 + 0 "Wk,
k—2
Wg—2 + 0y “Wak—4.
It can be verified that
k—2 2(k—2)
w1 + 0y TWE—1 + oy W2k—3
_ T k—2 T - 2(k—2) -
= @i, ui + o T (up_g +o7) +ag) Piy " Vg1

k—2 .1 k—2 T k—2,_ 1
o V) Fof T s (upog oy Tvp )

k—2
= Gty TCip k1.

= gol-l-(u{—l-a

while for j € {2,...,k — 2},
Wi+ afwjko2 = @iy ] ol P 0] =y
That is, after Phase 1 node i; gets d symbols Mgo[l, from which it further recovers c;, 2, ..., ¢, x—2 and ¢;, 1 + afl_zcihk_l.
Similarly, by connecting to d helper nodes and downloading ¢;;, from each helper node j, node iy can get d symbols

Mgo[z, from which it can further recover c¢;, 2, ..., Ci, . k—2 and ¢;, 1 + 04127201-27;@_1.
In Phase 2, node 7; sends the symbol v);, M i, toig, and node iy sends the symbol ;, M i, to iq. So, node i; gets
1

041'2
Vi, Mpi, = ci, o7, = (Ciy 1,5 Ciy k—1) : :
k—2
from which node 7; can obtain the value of ¢;, 1 +af2_2ci17k,1 because node 7; has already obtained ¢;, ; for j € {2,..,k—2}
after Phase 1. Thus ¢;, 1 and ¢;, ;-1 can be solved from

k—2
Ciy,1 T O “Ciy k—1

k—2
Ciy, 1+ Qy, "Cig k-1



. k—2 k—2
since o C # a7
In the same way, node io can further recover c¢;, 1 and c¢;, y—1 after Phase 2.

IV. MSCR CODES WITHd =2k — 1 —tAND2 <t <k -1

In this section, the construction for ¢ = 2 is extended to that for more general ¢, i.e. 2 < ¢t < k — 1, while d is restricted
to d = 2k — 1 — t. The restrictions on the parameters are explained in Remark 2l Obviously, in this case we still have
a=d—k+t=k—1and B=ka=k(k—-1).

We first define the n X d encoding matrix G and the d x o message matrix M. For simplicity, denote p = k — t. Let
aq, ..., be n distinct nonzero elements in [Fy such that a? #+ ozé‘ for 1 < i # j < n. Then, define

1 o a2k—2—t

1
1 Qo ‘e agk_z_t Sk,1 O
R ’M:(0>+(Tm)’

a%k;z—t
where S and T are two (k — 1) x (k— 1) symmetric matrices each filled with message symbols chosen from F,. Thus
the total number of message symbols contained in M is k(k —1) = B.Note that k — 1+ pu=k—1+k —t =d, thus M is
a d X o matrix.

The data reconstruction can be verified as before. Specifically, suppose the data collector connects to k nodes iy, ..., ix € [n].
Let ¥ be the k x d sub-matrix of G consisting of the rows ;,, j € [k], then the data collector has access to the symbols

s () oo ()

=35+ A'DT,

k(k—1)
2

where @ is a kx (k—1) matrix consisting of the first k—1 columns of ¥ and A’ is the kx k diagonal matrix diag[a}’ , o , ..., o ].
The diagonal elements of A’ are all distinct and nonzero by our construction. Thus the matrix S and T can be reconstructed

from the k nodes by Lemma [Il

Remark 2. The reason d is restricted to d = 2k — 1 — ¢ is that we want to keep « = d — k +t = k — 1 unchanged so that
Lemma [1] still can be used to ensure the data reconstruction. On the other hand, in this section we have 2 < t < k — 1 rather
than the most general condition 2 <t <n —k , because t < k — 1 implies t — 1 < k — 1 which means the two symmetric
matrices S and T are not totally interweaved and thus the diagonal matrix A’ has & distinct diagonal elements as required by
Lemma [1

Next we mainly illustrate the cooperative repair of ¢ nodes.

Theorem 4. (Cooperative repair) Without loss of generality, suppose the set of failed nodes is {1,2, ...,t}. Then t newcomers
can recover the t failed nodes respectively by each connecting to d surviving nodes as helpers nodes and downloading one
symbol from each of the helper nodes in Phase 1, and then downloading one symbol from each of the other t — 1 newcomers
in Phase 2. Therefore, the repair bandwidth for recovering every failed node is d +t — 1.

Proof. For simplicity, the ¢ newcomers are also called node 1, ..., ¢ respectively in the following. Using the notations defined
before, the data stored in node i is

ci =M =@, S+ oo, T = (cit,....cip-1) - (6)

That is, node ¢ is to recover ¢; for i € [t].
In Phase 1, fix ¢ € [t], and let R; C [n]\ [¢] with |R;| = d be the set of helper nodes connected by node i. Then for each
j € Ry, node j sends node ¢ the following symbol

il = Mep] ™

Thus node 7 receives the symbols {1, M |j € R;}. Since all the 9;’s, j € R;, form a d x d invertible matrix, then node 4
can obtain the symbols M7 .

IThe condition ¢t < n — k is necessary to ensure the surviving nodes (i.e., n — ¢t > k nodes) can recover the original data file.



Similar to (@), it has

T

ur - p; Pi - uj w1
T T
Uy - Py Pi uu Wy
T T T
(Upt1 +v1) - @] pi - (w4 +07) Wyl
3 . . )
(-1 +vi-1) - ] wi - (up_y +vi ) Wk-1
v pf Pi-vf W
Vg—1 " P; Pi- v, Wok—1—t

where the second equality comes from the transposition. Therefore, for each [ € [2k — 1 — ¢],

w =13 pilu] +v_ ), p+1<i<k-1
goiv[_#, k<I<2k—1-t.

Then we will give some calculations on the symbols wi,...,wax—1—¢ Which help to recover c;. In particular, denote d =
2k —1—t = zu + r for some integers z and r where 0 <r <y —1. Thena =k —1=d — pu = (2 — 1)u + r. Next node i
computes the following p symbols

al(-z_l)“

M 2p Zp
w1+ o w1 o weup1 o+ Wz—1)p+1 T Q; Wapti,

w 24 (z=1)p zp
Wy + oG Wypr + 0 Woppr o0+ Wiz—1)ptr T Waptr,

8)
7 24 (z=1p (
Wr41 + Q; Wytr41 + ;" Wop4r41 +---+ «, w(z—l),u—l—r—l—la

Wy + tway, + ot wz, + -+ azgz—1),thu'
Recall that from @) it has c;,; = piuj + a?%‘”; for j € [k — 1]. Then, it can be verified that for 1 <1 <,

(z=1)p z
Wi+ Qfwpr + g Wiy o W

r T T z—1 T T z T
Pi (Ul +af (upy +o)) +o + 0‘5 )M(u(z—l)u-l-l + (o)) T aiuv(z—l)u-i-l)

- (Pi((“lT +ofo]) + ol (ujp + v )+t O‘z('z_l)#(“(z—l)wl + O‘g”(Tz—l)qul))

= cutalcu++ aEZ‘”“civ(z_l)w,
while for r + 1 <1 < p,
Wi+ Wy + e+ agz_z)“w(z—%wl + agz_l)“w(z—nwl
< 9 (UIT + oy (U + o))+ QEZ_Q)#(“(TZ—Q);LH + V() + agz_l)“v(Tz—muH)
- ((“IT + ot ) + ol (uf g + ol o) oo ol (Ul gy + O‘g”(Tz—Z)qul))
= gyt +o+ Oégz_Q)HCi,(z—2)u+l,
where the equality £ is due to the fact that when r +1 < [ < p, Wzl = <piv(TZ_2) e Therefore, the calculations in (8)

actually give p linear equations on ¢; 1,¢; 2, ..., ¢; k—1. Furthermore, write the p linear equations in the matrix form H; ic],
then the coefficient matrix H; ; has the form :

H;, = (IM all, - oM, al(-z_l)“I,(f)> ;

2

where I, denotes the y x u identity matrix, and I l(f) denotes the p x r matrix consisting of the first » columns of I,,.

Now we turn to Phase 2 and still fix 7 € [t]. Since each node j € [t]\ {i} has known M7 after Phase 1, then node j sends
the symbol ;M 7] = c;p] to node i. Thus in Phase 2 node i receives ¢t — 1 more symbols {c;p]| j € [t], j # i} which



correspond to ¢ — 1 linear equations on ¢; 1, ¢; 2, ..., Ci k—1. Write these ¢t — 1 linear equations in matrix form H; »c], then the
coefficient matrix H; o has the form

1 aq a% ...... Oélf_2

2 k—2

.- 1 Q1 Qg e o
42 1 2 L k—2
Qi1 Q5 Qi

1 oy a% ...... 04672

Therefore, after the two phases, node ¢ obtains pt+¢ —1 =k —¢t+t—1 = k — 1 linear equations on ¢; 1,¢; 2, ..., Ci k—1-
Moreover, this linear system has coefficient matrix

g (Hi _ (1 ol of'T, o ofTP0, a0 ©)
H;s P AP AP ... AF2p  AFlp(™) )7

where P denotes the (t — 1) x y matrix consisting of the first z columns of H; o, P(") is the (t — 1) x r sub-matrix of P
restricted to the first r columns, and A = diag[a, ...,al" |, ol |, ..., a}].

Finally, we will show that the coefficient matrix H in (9) is invertible, thus node i can solve Ci1,Ci2, ..., Ci k—1. Note that
the £ — 1 columns of H are divided into z column blocks where the first z — 1 blocks each has y columns while the last block
has r columns. Then executing elementary column transformations on H, i.e., multiplying the first r columns of the (z — 1)-th
block by «f' , and subtracting from the z-th block, we can get

R § YD PRCHD PR s 0
P AP A’P ... AP (A-ofL_;)A*2p0)
For j =z — 2,z — 3,..., 1, multiply the j-th block by ' , and subtract from the (j + 1)-th block, then we finally get
(I 0 0 . 0 0
“\P (A-d'L)P (A-ol'L_)AP - (A—ol'T,_1)A*3P (A -l T_1)AF2PM)
_ I, " OALX(tfl) _
P (A-o'I,_1)P)°

where P=({P AP ... A*3P A*2P(™)isa (t—1)x (t —1) Vandermonde matrix and thus is invertible. Note that
A —ajli—yisa (t—1) x (t — 1) diagonal matrix diag[a} — of, ..., 0" | — ', o) —aff, ..., af — aff]. Since o # off for

1<i#j<n,thus A — af[t_l is also invertible. As a result, the matrix H” is invertible. Since only elementary column
transformations are executed from H to H”, it immediately follows that H is an invertible matrix.

For fixed i € [t], we have shown that node ¢ can recover ¢; as required by the cooperative repair property. The repair of
other failed nodes goes in the same way and the theorem is proved. O

V. MSCR CODES WITH d > max{2k — 1 —t,k} AND2 <t <n—k

In this section, we first show that any MSCR code can be transformed into a systematic MSCR code with the same parameters.
In particular, the codes constructed in Section could have a systematic form. Then by applying a shortening technique to
these codes, we build scalar MSCR codes for all 2 <t <n —k and d > max{2k — 1 — ¢, k}.

A. Systematic MSCR codes

Since B = ka for MSCR codes, the original data file can be denoted as (my, ..., my) where each m;, i € [k], consists
of o symbols. An MSCR code is called systematic if there exist k nodes (called systematic nodes) which store m;,i € [k],
respectively. In fact, through a reverse application of the data reconstruction, we can turn any MSCR code into a systematic
one.

Theorem 5. Suppose there exists an MSCR code C with parameters (n,k,d,t,a, (), then for any I C [n] with |I| = k, there
exists an (n,k,d,t, «, 8) systematic MSCR code C' taking the nodes in I as systematic nodes.

Proof. In general, we define the MSCR code C by using its encoding map £ : FB — (F)", £(m) = (ey, ..., ¢,), that is,
for a data file m of size B, node i stores ¢; for i € [n].

From the data reconstruction property, the content stored in any k nodes uniquely determines the data file. In particular, for
I C [n] with |I| = k, there exists a reconstruction function R : (F*)¥ — FB such that

Ri(€]1(m)) =m, ¥Yme FP, (10)



where £|7(m) denotes £(m) restricted to the nodes in I. Moreover, (I0) implies that both R; and £|; are one-to-one maps
and |r = R; "

For any data file m € FB = Fk® denote m = (my,...,m;,) where m; € F® for i € [k]. Then we define a new MSCR
code by the encoding function & : FP — (F*)", such that

E'(m) = E(R](ml, ...,mk)) .

Then we will say that £ actually defines the systematic MSCR code C’ as required by the theorem.
First, because R and £|;/ are one-to-one maps, it follows that £’|;/ is a one-to-one map for any I’ C [n] with |I'| = k.
Define the inverse map of £’|; as the reconstruction function for I’, then C’ satisfies the data reconstruction property. Moreover,

E'rm) = El(Ri(m4,...,my))
= 'Rl_l(RI(ml,...,mk))
= (my,..,myg),
so the k nodes in I are systematic nodes. For the repair property, since C’ and C, the original MSCR code, have the same

codeword space except that they have different encoding maps, the repair property of C are maintained in C’. It is easy to
verify that C’ and C have the same parameters. The theorem is proved. o

In particular, for the (n, k,d,t) scalar MSCR code constructed under the product matrix framework, if we want the nodes
{1,...,k} to be systematic nodes, then for any data file m = (my, ..., my) € (F*)* we first solve the message matrix M (m)
from WM (m) = W (m) through the data reconstruction process, where ¥ denotes the encoding matrix G restricted to the
first k rows, and W (m) is the k X a matrix whose k rows are exactly my, ..., my. Thus we obtain a systematic (n, k, d,t)
scalar MSCR code which encodes the data file m as C' = GM (m).

B. Scalar MSCR codes with d > max{2k — 1 —t,k} and 2 <t <n —k

In Section [V] we have constructed scalar MSCR codes for any 2 < ¢ < k— 1 and d = 2k — 1 — ¢. Next we show by proper
shortening from these codes, one can derive scalar MSCR codes for all d > max{2k — 1 —¢,k} and 2 < ¢ < n — k. First,
Theorem [6] states the relations between the parameters of the original MSCR code and the shortened code. The shortening
technique is specifically described in the proof of Theorem [6l Then in Corollary [7l applying the shortening technique to a
previously constructed MSCR code, it gives the code we want in this Section.

Theorem 6. If there exists an (' =n+0,k' =k+9,d = d+ ,t) scalar MSCR code C' for some 6 > 0, then there must
exist an (n, k,d,t) scalar MSCR code C.

Proof. By Theorem[3 we can assume that C’ is an (n’, k', d’, t) systematic scalar MSCR code with systematic nodes 1, ..., k’.
From (1) we know that

o = d -k +t

d—Fk+t
and
B/ — k/a/

= (k+0)(d—k+1t),
while a scalar MSCR code with parameters (n, k, d, t) has
Thus it has

o =a, B =B+ da.

Now consider all the codewords in C’ that have zeros in the first 6 nodes and then puncture these codewords in the first §
nodes, it gives the desired (n, k,d,t) MSCR code C.

More specifically, in the data reconstruction any & nodes in C plus d imaginary systematic nodes that store all zeros correspond
to k' nodes in C’ which uniquely determines a data file of length B’ with the first dcv symbols being zeros, therefore any
k nodes in C uniquely determines a data file of size B’ — k§ = B. The cooperative repair of any ¢ nodes in C with each
connecting to d helper nodes can be done as the cooperative repair of the ¢ nodes in C’ with each connecting to the d helper
nodes and § imaginary nodes that store all zeros. Therefore, one can see that C is an (n, k,d, t) scalar MSCR code. O

Corollary 7. For any 2 <t <mn —k and d > max{2k — 1 — t, k}, there exists an (n,k,d,t) scalar MSCR code.
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Proof. Define 6 =d— (2k—1—1¢)>0,and let n’ =n+ 3§,k =k+6,d =d+ 4. Itis easy to verify that ' = 2k’ — 1 —¢.
Since t < d—k+t =k’ — 1, then we can obtain an (n’,k’,d’,t) scalar MSCR code from the construction in Section
Thus the desired (n, k, d,t) scalar MSCR code can be constructed as in Theorem [6] o

As a result, when 2k — 1 — ¢ < k, i.e., k < t+ 1, our construction presents scalar MSCR codes for all d > k£ which covers
all possible parameters for (n, k,d,t) cooperative regenerating codes. When 2k — 1 —¢ > k, i.e., kK > ¢ + 1, our construction
restricts to the case d > 2k — 1 —t. As a complementary result, in the next section we will prove the nonexistence of a family
of linear scalar MSCR codes for k < d < 2k — 2 — t. Recall that, the existence of scalar MSCR codes for d = k£ has been
ensured in [13].

VI. NONEXISTENCE OF LINEAR SCALAR MSCR CODES FORk < d <2k —2—1t

The nonexistence result relies on an assumption that the linear MSCR codes have invariant repair spaces. In the following,
we first describe the linear model for MSCR codes and explain the property of invariant repair space. Then we derive the
interference alignment property for such MSCR codes and prove the nonexistence result under the condition k¥ < d < 2k—2—1.

A. Linear MSCR codes with invariant repair space

Suppose there exists an (n, k,d,t, «, ) linear MSCR code C over F,. By Theorem [3] we can always assume that C is
systematic and has the following generator matrix

I,
I
G = I, |, (1
Ain A - Ak
Ar,l Ar,2 e Ar,k

where I, denotes the o x « identity matrix, A; ; is a @ X « matrix over F,, for i € [r], j € [k], and » = n — k. For simplicity,
every « consecutive rows of GG are regarded as a thick row, thus G has n thick rows which exactly correspond to the n storage
nodes. For any data vector m € F’;O‘, node 4 stores an a-dimensional vector ¢] = G;m7, where G; denotes the i-th thick row
of G and i € [n]. Since m is independently and uniformly chosen from F*<, we can also view node i as storing the linear
space spanned by the rows of G;, denoted by (G;), which is a subspace of F’;a. Then the data reconstruction requirement
can be restated as follows.

Data reconstruction. The subspaces stored in any k nodes can generate the entire space, namely, for any i1,...,i € [n],
S (Gyy) = Fhe

Obviously, the data reconstruction requirement implies that each A; ; is invertible for all ¢ € [r] and j € [k].

Then we describe the cooperative repair process. Suppose F C [n] is the set of failed nodes and |F| = t. For each i € F,
let H,; C [n]\ F denote the set of helper nodes for repairing node ¢ and |#H;| = d. In the first phase of the repair process, each
node j € H; transmits S;; F3c] = Sj;,FnG;m” to repair node i, where S;; 73 is a f1 X a matrix corresponding
to the linear transformation performed on node j and H = (H;);cr. From the view of linear spaces, we call (S;_; r 4 G;)
as the repair space of node j for repairing node ¢ with respect to the failed node set F and the helper node set 7. In the
second phase of the repair process, the nodes in F exchange data with each other. Specifically, for any node ¢ € F, each node
i’ € F\ {i} transmits to node i a S3-dimensional repair space (7yi'—; 7 7, where v;—; 3 is a B2 X ka matrix generated
from Zje?—ti/ (Sj—ir,72G;). Then the node repair requirement can be restated as follows.

Cooperative repair. For any 7 € F, the space stored by node % can be recovered from the repair spaces collected by node
i in the two phases of the cooperative repair process, i.e., (Gi) € 3 ey, (Sjmi, 71 Gj) + 2ie m iy Vit i, 7))

Definition 8. A linear MSCR code with the generator matrix defined in ((L1) is said to have invariant repair spaces if for
any i,j € [n], the repair space (S;—i rnG;) is independent of F and H, or equivalently, the repair matrix S;_; r w is
independent of F and H.

As a result, for a linear MSCR code with invariant repair spaces, we denote the repair matrix by S;_,; instead of S;_; r 3,
which means so long as node j is connected to repair node ¢ in a cooperative repair of ¢ failed nodes containing ¢, node j
always performs the same linear transformation S;_,; on its stored data in spite of the identity of other failed nodes and other
helper nodes. This property brings great convenience to the repair process in practice. Actually, most of the existing scalar
MSCR codes have invariant repair spaces, such as the codes constructed in [17]-[19]. Moreover, the construction in this paper
also satisfies this property.
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B. Interference alignment and nonexistence result

Next we consider only linear scalar MSCR codes that have invariant repair spaces. Since for scalar MSCR codes, it holds
B1 = P2 =1and a = d — k + t, the repair spaces (S;_,;G;) and (Vi —; r ) are both 1-dimensional subspaces, thus are
denoted as (stiGﬁ and (yi—; 7 3 respectively. Moreover, we always assume the scalar MSCR code is systematic and has

a generator matrix as defined in (L1). Note that the property of having invariant repair spaces is maintained after transforming
a linear MSCR code to a systematic one as illustrated in Theorem

Lemma 9. (Interference alignment) Given a linear scalar MSCR code as described above, then we have,
(a) For any i,j € k], i # 7,
3k+1%iA1,j ~ 3k+2%iA2,j IR SkJraﬂiAa,j;

where for two vectors x and &', the notation  ~ x' means x = cx' for some nonzero ¢ € Fy.
(b) Suppose k > t, then for any i € [k] and any j1,...,5-1 € [k]\ {i},

3k+1ﬂiA1,i

SkJrOL%iAOc,’L

rank (i) =aq,
Vi =i, F M
()
Vjema—i F M
i) . , 1) k)
where 7;._”-);)% € [y denotes the i-th component of v;, i, 7 3, that is, ¥j,—i 7 n = (7§l_)i7F7H, s '73(‘1—%,?,%)’ 1< <t-1,

F=A{i,j1,..,je—1} C [k] and Hy = [k + ]\ F for all i’ € F.

Proof. Note that k+a=k+(d—k+t)=d+t<nand a =d—k+1t¢>t. The lemma is proved by considering the node
repair requirement in different repair patterns.

(@ Let F={l,k+a—t+2,....k+a},and H; ={2,...,k}U{k+1,...,k+a—t+ 1} for all ¢ € F. That is, one
systematic node and ¢ — 1 parity nodes fail, and the remaining & — 1 systematic nodes and other d — k + 1 parity nodes are
helper nodes. Then after the repair process, node 1 collects the space

S251
Sk—1
3k+1%1A1,1 3k+1%1A1,2 s Sk+1a1A1,k
Q= :
Skta—tris1la—t41,1  Skta—t+1o1Aa—ty1,2 ° Skta—t+1s14a—t4+1.k
1 2 k
Veta—t+2—1,F,H Veta—t+2—1,F,H T Veta—tr2—1,F,H
(1) (2) o (k)
Veta—s1,FH Veta—s1,FH Veta—1,FH
The node repair requirement implies that there exists an o x (d +t — 1) matrix B = (b3 --- bj_ ) such that
BleGlz(Ia o --- O),

where each b] is an o x 1 column vector for 2 < ¢ < k + . More specifically,

3k+1%1A1,1

3k+a7t+1~>1Aa7t+1,1

bl - b7 bl - b7 1 =1 (12)
k41 k4+a—t+1 k4+a—t+2 k o

( + Fastt ot +a) Veta—t+2—1,F,H

(1)
Veta—s1,FH
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and for j € {2,...,k},
Sj—1

Skt+1-141,5

T BT R X T e BT Skta— A, S
(bj bii 1 biia—ti1 bria—tio bk-l—oz) k+o‘j t+l=1fa—t+1,j | = 0. (13)
Veta—t+2—1,F,H

7]&2&—)1,}‘,?—[
It follows from (I2) that
rank (b1 o biiaiir et o biyl) =
As a result, the matrix
(b; by 0 bty bhya—ise b;+a)

is an « x (« + 1) matrix of rank «. Then from the equality (I3) we have for 2 < j <k,

Sj1
3k+1%1A1,j

rank | Skta—t+1514a—t11,5 | < 1.

J
Veta—t+2—1,F,H

(4)
’YkJJraﬁl.,]-'.,H
Therefore,

Sj1 ™~ 3k+1%1A1,j IR 3k+a7t+1%1Aa7t+1,j-

Consider a new repair pattern by exchanging the positions of node £+ 1 and k +a —t+ 2, i.e. let kK + 1 be a failed node and
k + «a —t + 2 be a helper node, then we can derive sjs1 ~ Sgta—t+2—1A4a—t+2,4, for j € {2,...,k}. Continue this way,
then we finally obtain

Sjs1 ~ Spp1s1A1 5~ o~ SpransiAay, 255 <k

Substituting node 1 by an arbitrary ¢ € [k], then (a) is obtained.
(b) Without loss of generality, suppose ¢ = 1 and {j1,...,7:~1} = {2,...,t}. With respect to the F and H defined in (b),
node 1 receives the repair space

St4+1—1
Sk—1
Skr1-1411 Sk+1-1412 0 Skp1o1Ai: Sk+io1Aierr 0 Skr1s14ik
0y = : : : :
sk+a~>1Aa,1 sk+a~>1Aa,2 e 3k+a~>1Aa,t 3k+a~>1Aa,t+l e SkJra%lAa,k
(1) (2) o (t) (t+1) o (k)
Vo1, 7 ROES XY Y251, 71 Vo1, 7 M Vo1, 7 H
(1) (2) (t) (t+1) (k)
V1,7 H Vi1, FH T Vi1, FH Vi1, FH T Yis1,FH
Since (G1) C (), it is easy to see that (b) holds. O

Lemma 10. Suppose d < 2k —1 —t, then for any p € {k+1,...,k+ «a}, any o out of the k vectors {sp—1,...,Sp—k} are
linearly independent.

Proof. Assume on the contrary that for some p € {k+1, ..., k+a}, there exist « linearly dependent vectors in {sp_1,. .., Sp—k }-
Without loss of generality, assume p = k + 1 and

Skt151 € (Skt152,- - Sktlsa), (14)
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where the notation (Sg41-2,. .., Sk+1-q) denotes the space spanned by {Sk4+1-2,. .., Sk+1—a}- In the following, we will
show the linear dependence in (I4) can be extended to all k£ + j for 1 < j < «a, which will then lead to a contradiction to
Lemma [9] (b).

Since d < 2k —1—t,then k > d—k+t+1= «a+ 1, which means that there exists the («+ 1)-th component. Multiplying
the invertible matrix A; o1 on both sides of ({13), we have

Skt15141,a41 € (Skr15241,a41, - -+ Skti—aAlati).

By Lemma [9] (a), we can further obtain that for j € {1,...,a},

Sktjo1Ajat1 € (Sktjo245 041, Sktjoadjatl).
Note that all the A; ,11’s are invertible from the data reconstruction requirement. Multiplying the inverse A]_é 41> we have
Skyjosl € (Skijos2,-- s Skijosa), 1 <j< o (15)
From d < 2k—1—t it also follows k > d—k-+¢+1 > ¢, thus consider the repair pattern F = [t] C [k] and H; = [k+a]\F for
all ¢ € F. From Lemma[9] (b), we know ({sx+,;514;1|1 <j <a}U {'yél_),lfﬂ, . ,'yt(izlfﬂﬂ has dimension «.. However,
by the definition of 7521,]—‘,?—[’ it has 7521,]—',?—[ € (Spt15241.1, -+ Skta—s24a,1) = (Sk+1-241 1) where the equality follows
from Lemma [9] (a). In a similar way, we get 71-(211]_-1?_[ € (Skt15iA11s- -, Shtasila1) = (Spt1-id11) for 2 < i < 1.
Therefore,

. 1 1
({sk+jo14j1[1 <j<a} U {'75—11,?,10 e 7'715—21,?,%”

C {sktjo24j1,- s Skrjnadjill <j<a}U{spt1-2411, .., Skt1-tA11}) (16)
C ({sk+1-241,1, - Skt15ad11}), 17
where (I6) comes from (I3), and (I7) comes from Lemma [0 (a) and the fact that o« = d — k + ¢ > t. So, (I7) implies that
({skt+j-145111 < j<a}U {'yél_))l Fa e ,'yt(izl 7 %)) has dimension at most o — 1 which contradicts to Lemma[9] (b). [

Theorem 11. For k < d < 2k — 2 — t, there exist no linear scalar (n,k,d,t) MSCR codes that have invariant repair spaces.

Proof. Assume on the contrary there exists such an MSCR code for some n, k, d,t with k < d < 2k —2 —t. As stated before,
by Theorem [3] we can always assume this MSCR code is systematic and has a generator matrix as defined in (II). Since
d<2k—2—t,itfollows k >d—k+t+2=a+2,ie. k>a+3 >t

We first consider the repair of node o + 1 and node « + 2 by the helper nodes k + j, 1 < j < «. In particular, we restrict
to the (« + 2)-th and the (« + 3)-th components. That is, by Lemma [0l (a), we have

Sktiosati Al at2 ~ Skr2a+142a42 ~ -~ Spra—at+iAaat2, (18)
Sktioat1 Al at3 ~ Skr2at142,a43 ~ -~ Spra—sat1Aaats, (19)
Sktioat2A1,0+3 ~ Sk42a+242043 ~ -~ Spra—satr2Aaats (20)

Then our proof goes along the following line. First, represent both sji; .41 and Spi; o2 as linear combinations of
{Sk+4jo1, s Sktjoa} (by Lemma[I0). Then by Lemma[9 (a) and (I8), (I9) we can derive a relation between the (c + 2)-th
and the (o + 3)-th components. With this relation we can finally substitute the A; o 3’s in (20) with A; ,12’s and then obtain
a contradiction to Lemma [9] (b). The details are as follows.

From Lemmal[10 we know that for 1 < j < «, the « vectors Sk4j—1,- -5 Sk+j—a €ach of length « are linearly independent,
thus si4,;—a+1 can be represented as a linear combination of {Si1;—1,- .., Sk+j—a - Specifically, suppose
Sk+j—1 Sk+j—1
. 1 .
Sktjoatl = Aktjatl : = (/\l(cJZj,aH /\l(cojr)j,aﬂ) : ’
Sk+j—a Sk+j—a
where Ai4jat+1 = ()\,(Cllj atl T )\,(fjr)j at1) € Fg. Moreover, we claim that )\,(er ar1 7 0 for 1 < < a. Otherwise, it leads

to a contradiction to Lemma Similarly, for 1 < j < «, we can write Si4 42 as

Sk+j—1 Sk+j—1
Spis — At : = (D N C)) .
k+j—a+2 = Nk+j,a+2 : = \Mk4j,042 k+j,a+2 : )

Sk+j—a Sk+j—a

where Apijat2 € (F;)a.
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For simplicity, we denote for 1 < j < a,
Sktj—1 Sktj—14j,0+2
Bj = : Ajate = : :
Sktj—a Sk+j—adjate
Sktj—1 Sktj—14j,0+3
Cj = I :
Sktj—a Sk+j—adjats

Obviously, all the B;, C;’s are invertible, and (I8)-@20) can be respectively rewritten as below.

Aitla+1B81 ~ Apg2,041B2 ~ -+ ~ Apya,a41Ba, 2D
Ak+1,041C1 ~ Apg2,041C2 ~ -+ ~ Apta,a41C4, (22)
Akt1,042C1 ~ Apg2,042C2 ~ -+ ~ Apta,a42C0. (23)

From Lemma [9] (a), we know that there exist diagonal matrices A; and I'; such that B; = A;By and C; = T';Cy for
2 < j < a. Since B; and C are invertible, it follows from @2I)-(@23) that

Akt1,041 ~ Ag2,a41M2 ~ -~ Xpra,a+1as 24)
At Lo+l ~ Aeg2,a41l'2 ~ - - ~ Apta,a+1la, (25)
Akt lat2 ~ Apt2.a42l2 ~ - ~ Apgaarala. (26)

Then @24) and imply that for 2 < j < qa,

Aktjat1j ~ Aktjat1ly,

i.e.

1) @) ) @)
()‘l(c+j,a+1 )‘l(c+j,a+1) A N( l(c+j,a+1 )‘l(c+j,a+1) L.

Since all the components of Ap1; 41 are nonzero, it follows
Aj~Tj, ie, Aj =cly for some c € F. 27

As a result, it follows from (26) and that Apy1,a42 ~ Agt2.a42M2 ~ -+ ~ Aita,a+2Mq. Multiply each term by By
on the right, then we get Apy1 04281 ~ Akq2,a42B82 ~ -+ ~ Apta,a+2Ba, 1.€.,

Sk+1~>a+2A1,a+2 N Y Sk+a~>a+2Aa,a+2- (28)
However, by Lemma [9] (b), we know that

3k+1~>a+2A1,a+2
rank >a—t+1l=d—-k+12>2,
3k+a~>a+2Aa,a+2
which contradicts to (28). Thus the theorem is proved. O

VII. CONCLUSIONS

We explicitly construct scalar MSCR codes for all d > max{2k — 1 —t, k}. The construction can be viewed as an extension
of the product matrix code construction proposed in [3|] for MSR and MBR codes. Just as in [3|] where the product matrix-based
MSR codes only applies when d > 2k — 2, our construction of MSCR codes also restricts to d > 2k — 1 — ¢. Both restrictions
lead to the same limit on the information rate, i.e., % < % + % As complementary results, the nonexistence of certain scalar
MSR codes for k < d < 2k—3 was presented in [20] and the nonexistence of certain scalar MSCR codes for k < d < 2k—t—2
are given in this paper. Along with this work, several results achieved so far for cooperative regenerating codes can be seen
as the counterparts of the corresponding results in regenerating codes, such as the cut-set bound ( [1] and [12], [13]) and the
general construction of high-rate MSR codes and MSCR codes ( [6] and [9]). On the one hand, both the parameter bound and
the constructions for cooperative regenerating codes degenerate into those for regenerating codes. However, on the other hand,
it is nontrivial to extend the results of regenerating codes to derive their counterparts in cooperative regenerating codes. An
interesting question is how to generally build a cooperative regenerating code for repairing ¢ > 1 erasures from regenerating
codes that are designed for repairing individual node failures. Although we cannot solve this problem right now, we can predict
that there should be more extensions in cooperative regenerating codes based on the fruitful research in regenerating codes.
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APPENDIX A
PROOF OF LEMMA[T]

Lemma 1. Let ® be a k x (k — 1) Vandermonde matrix defined as in (3), and A be a k x k diagonal matrix with distinct and
nonzero diagonal elements. Suppose
X =25+ APT,

where S and T are two (k— 1) x (k — 1) symmetric matrices. Then .S and T can be uniquely computed from X, ® and A.
Proof. Multiply @S 4+ A®T on the right side by 7, then we get
XOT = PSP™ + APTPT.

Define
A=®dSDd"
B =3T®".

Since S and T are symmetric, then A and B are also symmetric. For ,j € [k], let a;; and b;; denote the (i, j)-entries of A
and B respectively. And denote by )\; the i-th diagonal element of A, i € [k].
Then for ¢, j € [k],i # j, the (i, 7)-th entry of A+ AB (= X®7) is

ai; + Aibij, (29)
while the (j,4)-th entry of A+ AB is
aji + Ajbj;. 30)

Due to the symmetry of A and B, it has a;; = a;;, b;j = bj;. Thus a;; and b;; can be solved from (29) and (30) since \; # A,
for ¢ # j. Exhausting all 7, j € [k],4 # j, then all the non-diagonal elements of A and B can be obtained.

Next we consider the matrix A. Fix some ¢ € [k], consider the k — 1 symbols {a;;|j € [k],j # i}. Each a;; is the product
of the i-th row of @5 and the j-th column of ®7. Since the matrix containing any k£ — 1 columns of &7 is a (k—1) x (k—1)
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Vandermonde matrix which is invertible, the i-th row of ®.S is solvable from {a;;|j € [k],j # i}. After collecting k — 1 rows
of &S, the matrix S can be recovered since any k — 1 rows of ¢ also form an invertible matrix.
In the same way, the matrix 7' can be obtained from non-diagonal elements of B. o
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