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ABSTRACT

Designing good error correcting codes whose generator matrix has a support con-
straint, i.e., one for which only certain entries of the generator matrix are allowed
to be nonzero, has found many recent applications, including in distributed coding
and storage, linear network coding, multiple access networks, and weakly secure
data exchange. The dual problem, where the parity check matrix has a support
constraint, comes up in the design of locally repairable codes. The central problem
here is to design codes with the largest possible minimum distance, subject to the
given support constraint on the generator matrix. When the distance metric is the
Hamming distance, the codes of interest are Reed-Solomon codes, for which case,
the problem was formulated as the "GM-MDS conjecture." In the rank metric case,
the same problem can be considered for Gabidulin codes. This thesis provides

solutions to these problems and discusses the remaining open problems.
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Chapter 1

INTRODUCTION

1.1 Motivation

Linear codes are widely used in error correcting since they have efficient encoding
and decoding algorithms compared to the other codes. In a block code, a message
vector is encoded into a longer vector by introducing some redundancy so that it can
be resilient to the errors. For a linear block code, this encoding operation is a linear
map. In other words, for each entry in the encoded vector, a weighted sum of the
message entries is computed. This requires to have an access to each entry of the
message that has a nonzero weight. However, in some scenarios where the encoded
vector is computed distributively, there may not be an access to each message symbol
from each device that computes a single entry of the encoded vector due to some
physical constraints or privacy issues. Therefore, these constraints would require
some particular weights in the encoding operation to be zero. Hence, a linear code

with these constraints is needed to be designed in these scenarios.

1.2 Background

Linear Block Codes

A linear code C of length n and dimension £ is a k£ dimensional linear space of the n
dimensional space F" over a field IF. The elements c € C are called the codewords
of C. The encoding operation is a linear map, which maps a given message vector
m € [F* to a codeword ¢ € C. The objective is to send the message m to a receiver
by transmitting the encoded codeword c through a noise channel. For an additive
noise channel, the receiver will receive the vector y = c¢ + e and need to decode the

original message m.

The encoding operation in a linear code can be defined in terms of the generator
matrix G € F¥*" of the code:

¢ =enc(m) = mG. (1.1)
The parity check matrix H € F(™ %> is a full rank matrix such that for any
codeword ¢ € C,

Hc' = 0. (1.2)



Hence, we have that
GH™ =0. (1.3)

The code itself can be written as the row space of the generator matrix or the null

space of the parity check matrix:
C = rowsp(G) = null(H) (1.4)

i.e. the rows of GG define a basis for the code.

The decoding operation usually depends on a distance metric. One such metric is

the Hamming distance, which is defined as

d = mi —c 1.5
n(C) = min e —clx (1.5)
where || - || ; is the Hamming weight, i.e. the number of nonzero entries. For linear

codes, it can be also written as

dy(C) = oglcichC”H' (1.6)

d—1
2
uniquely. This distance is upper bounded by the Singleton bound in terms of n and
k:

For a code with distance d, if ||e||y < | %], the receiver can recover the message

dp(C) <n—k+1. (1.7)

The codes that achieve this upper bound are called Maximum Distance Separable
(MDS).

Another metric is the rank distance, which is defined in terms of a subfield F' C F.
Note that the field F can be viewed as a vector space over the subfield F'. Then, the

rank distance is defined as

dr(C) = or;lciélc dimp (spang {c1, ..., ¢cn}) (1.8)
where ¢y, ..., ¢, € F represent the entries of ¢ € F". By fixing an ordered basis

of IF over I, the elements of I can be considered as vectors with entries from [F’;
hence the codewords can be viewed as matrices over F’. Then, this definition of the
rank distance is equivalent to the minimum of the rank of the matrix representation

of a nonzero codeword.
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Notice that dimp (spang{ci,...,c,}) can be upper bounded by the number of

nonzero ¢;’s, i.e. ||c||y. Hence, we have that
dr(C) <du(C) <n—k+1. (1.9)

Therefore, we have the same upper bound for the rank distance as well. The codes
that achieve a rank distance dz(C) = n — k + 1 are called Maximum Rank Distance
(MRD).

Reed-Solomon Codes

Reed—Solomon codes are a family of algebraic MDS codes. Their generator matrices

can be described by a Vandermonde matrix:

1 r -1
1 T e Ty
V=|22 22 - 22 (1.10)
k=1, k—1 k—1
| 11 Ly Tn ]
where x4, ..., z, € [ are distinct parameters. In a more general form, a generator

matrix of a Reed—Solomon code is
G=TV (1.11)

where T € F*** is an invertible transformation matrix. Note that the matrix T
does not change the code itself but the encoding operation (it can be considered as

a change of basis for the code).

Gabidulin Codes
Gabidulin codes are the first discovered family of rank metric codes that are MRD.

Their generator matrices are in the form of
G=TM (1.12)

where T € F¥** is an invertible matrix and

0 0 o ]
q q q

Ty Ty L
1 1 1
q q q

i Ty xd
2 2 2

M= |af 28 - (1.13)
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where 1, ...,x, € F are linearly independent over the subfield I/ C F and ¢ =
|F’|. This definition of Gabidulin codes, as originally defined by Delsarte [7] and
Gabidulin [8], is only over the finite fields. Later, they are extended to fields of

characteristic zero by replacing the matrix M above by

z1)  0%(z2) - 0(zn)
N 0 (::cl) 0 (::52) e 0 (:l’n) (1.14)
Qk_l(xl) 9k—1<x2) . 91@—1(1:”)

where 0°(-) = 0(60""1(+)) for 7 > 1, 0" is the identity function, and 6 is an automor-
phism of the cyclic field extension F/F’ [9]. Note that in the case of finite fields,
setting () = x4 gives the matrix in (1.13), where ¢ = |F’|.

Conjectures on MDS codes

A linear code is desired to be MDS so that it can be more resilient to the errors.
However, MDS codes do not exist over every field. For example, the standard
Reed-Solomon codes require a field size of |F| > n. The MDS conjecture specifies

a bound on the field sizes over which an MDS code exists:

Conjecture 1.1 (MDS Conjecture). There exists an MDS code of length n and
dimension k over a field F with k < |F| if and only if either

(i) n <|F|+1and2 <k < |F|—1or

(ii) n < |F|+2, k € {3,|F| — 1}, and |F| is even.

It is well known that if either of the above conditions is satisfied, then there exist such
an MDS code, which is constructed using the generalized Reed—Solomon codes [10]

although the correctness of the opposite direction is still unknown.

On the other hand, the GM-MDS conjecture [11] considers the existence of MDS
codes when there are additional constraints on the generator matrix of the code.
When some particular entries of the generator matrix are required to be zero, a
necessary condition (MDS condition, see Definition A.2) for the existence of such
an MDS code is described in terms of the required zero pattern [2], [3], [11], [12].
Then, the question is for what field sizes there exists an MDS code with support
constrained generator matrices if these constraints satisfy the MDS condition. It is
shown that for very large fields (|F| > (?~)), the MDS condition is also sufficient
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for the existence of MDS codes with constrained generator matrices [11]. The GM—
MDS conjecture claims the existence of such MDS codes over much smaller field
sizes (|[F| > n+k —1):

Conjecture 1.2 (GM-MDS conjecture). There exists an MDS code of length n and
dimension k over a field of size |F| > n + k — 1 under a support constraint on the

generator matrix if this constraint satisfies the MDS condition.

1.3 Literature Review

The problem of designing good error correcting codes whose generator matrix has a
support constraint, i.e., one for which only certain entries of the generator matrix are
allowed to be nonzero, has found many recent applications, including in distributed
coding and storage [13], linear network coding [14], multiple access networks [15],
and weakly secure data exchange [16], [17]. The dual problem, where the parity
check matrix has a support constraint, comes up in the design of locally repairable
codes [18]—[20]. In this section, we will review some related problems on the linear

codes having a support constraint on their generator matrices.

Distributed Reed—Solomon Codes

Figure 1.1: A simple multiple access network.

Halbawi ef al. [13] and Dau et al. [15] consider a simple multiple access network
(SMAN), where a destination node receives information from multiple source nodes
S; with information rates 7; via a set of relay nodes v;. While Halbawi et al. [13]
assumes 7; to be a positive integer, Dau et al. [15] further assumes that r; = 1 by
showing that the problem can be reduced to this case. If (linear) coding is employed
at the relay nodes, each relay node will convey a linear combination of the messages
coming only from the source nodes that it has access to, which puts a support

constraint on the generator matrix of the code. Furthermore, since the number of
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relay errors that can be tolerated is related to the minimum distance of the code, in
order to tolerate as many relay errors as possible, one should design a linear code with
the largest possible minimum distance under the support constraints on the generator
matrix dictated by the network. To achieve this, both of these works use so called
distributed Reed—Solomon codes, which are subcodes of Reed—Solomon codes with
a generator matrix having a particular zero pattern. However, the existence of such

a code relies on the GM-MDS conjecture.

Weakly Secure Cooperative Data Exchange

cf @1,%2,%3 | N (=1) o +20+a) ) 3

12100
01120

Cofl T2,T3,%4 RZ2+IS+2$4> r=1(00 211
(t=4) v+ 225 +1:) 01210

C3 T3,T4, X5 a 2m3+1'4+:1;5> - -

Figure 1.2: At each time, a linear combination of packets is sent by one of the
clients. The corresponding encoding matrix is shown on the right.

In the weakly secure data exchange problem [16], [17], a number of clients ¢; want
to exchange a set of packets x; by revealing as little information as possible to
eavesdroppers. Each client holds a subset of the packets and at each time one of
the clients broadcasts a weighted sum of the packets that it possesses. An encoding
matrix I' is defined by these weights such that I';; is the coefficient of the packet x;
transmitted at time ¢ = j. Since each client has only a subset of the packets, some of
these entries are required to be zero, i.e. the matrix I' has a support constraint. Yan
et al. [16] showed that minimizing the information that eavesdroppers can capture
is equivalent to maximizing the minimum distance of the linear code generated by

I'". Therefore, this problem is also equivalent to the GM-MDS conjecture [15].

Distributed Gabidulin Codes

In a random linear network, every node passes a random linear combination of the
messages it has received to the nodes to which it is connected. In this model, the
destination node will get a number of random linear combinations of the messages
sent from different sources. Silvaetal. [21] showed that subspace codes or Gabidulin

codes can be used to transfer messages through this network model. In the absence of
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errors, the random linear combinations in the network cannot alter the transmitted
subspace. In the presence of errors, or adversaries, a few nodes may transmit
codewords that are not linear combinations of what they receive. This will alter the
subspace by a small rank (given by the number of erroneous nodes or adversaries)
and can be corrected by an MRD code. Halbawi ef al. [14] studied a scenario,
where each of the source nodes has access to only a subset of all messages. They
showed that so called distributed Gabidulin codes, which are subcodes of Gabidulin
codes with generator matrices that have particular zero pattern (depending on what
subset each source has access to), can be used under this scenario. They showed
the existence and the code design only for networks that have up to 3 source nodes.
More specifically, they designed subcodes of Gabidulin codes with the largest rank
distance under a support constraint on the generator matrix such that the rows can

be divided into 3 groups, where the rows in each group have the same zero pattern.

Partial Results on the GM-MDS conjecture

In the past years, progress had been reported on the GM—MDS conjecture after Dau
et al. [11] showed that it is equivalent to a simplified conjecture that equates the
non-singularity of a matrix with some combinatorial inequalities (See Theorem 2.3).
The proof technique that was most commonly employed to attack this new algebraic-
combinatorial conjecture was proof by induction. However, the first attempts by
researchers were not able to perform the induction step, i.e. to reduce the problem
to one of a smaller size, in every case. Therefore, the previous works on this
conjecture either gave partial induction steps or were only able to prove it up to a
small parameter. For instance, Halbawi et al. [13] proved the statement for m < 3,
where m is the number of distinct support sets on the rows of the generator matrix.
Yan et al. [17] described an induction step only for a special case. Heidarzadeh et
al. [22] proved the conjecture only for dimensions k£ < 5. In our previous work [1],
the statement was proven for m < 6, where m is defined as above. The main idea
there was to write a more general problem which enables us to reduce the problem
(i.e. apply the induction step) in much broader cases, which also constitutes the
main technique we later applied to prove the conjecture. Besides these attempts to
proving the conjecture, we should also mention that Halbawi ef al. [23], [24] and
Song et al. [25] also studied the problem when the generator matrix is sparsest and
balanced (i.e. the numbers of zeros in each row (column) are as large as possible

and differ at most by 1) and established the conjecture in this special case.



1.4 Summary of Contributions
This thesis provides a proof for the GM-MDS conjecture and a solution to the
rank metric analog of the same problem. In this section, an outline of the main

contributions is presented.

Reed-Solomon Codes with Support Constrained Generator Matrices

In Chapter 2, we study the problem of designing optimal linear codes (in terms of
having the largest minimum distance) subject to a support constraint on the generator
matrix. We show that the largest minimum distance can be achieved by a subcode
of a Reed—Solomon code of small field size and with the same minimum distance.
In particular, if the code has length n and maximum minimum distance d (over all
generator matrices with the given support), then an optimal code exists for any field
size ¢ > 2n — d. As a by-product of this result, we settle the GM-MDS conjecture

in the affirmative.

Gabidulin Codes with Support Constrained Generator Matrices

Gabidulin codes are the first general construction of linear codes that are maximum
rank distant (MRD). They have found applications in linear network coding, for
example, when the transmitter and receiver are oblivious to the inner workings
and topology of the network (the so-called incoherent regime). The reason is that
Gabidulin codes can be used to map information to linear subspaces, which in the
absence of errors cannot be altered by linear operations, and in the presence of
errors can be corrected if the subspace is perturbed by a small rank. Furthermore, in
distributed coding and distributed systems, one is led to the design of error correcting

codes whose generator matrix must satisfy a given support constraint.

In Chapter 3, we give a necessary and sufficient condition on the support of the
generator matrix that guarantees the existence of Gabidulin codes and general MRD
codes. This condition is identical to the one that appears in the GM-MDS con-
jecture when the distance metric is the Hamming distance. When this condition is
not satisfied, we characterize the largest possible rank distance under the support
constraints and show that they can be achieved by subcodes of Gabidulin codes.
When the rate of the code is not very high, this is achieved with the same field size

necessary for Gabidulin codes with no support constraint.

Gabidulin codes are also recently extended to the fields of characteristic zero by
Augot et al. [9], whenever the Galois group of the underlying field extension is

cyclic. However, the proof given in Chapter 3 does not apply to the fields of



9

characteristic zero. Therefore, in Chapter 4, we complete the picture by showing
that the same condition is also necessary and sufficient for Gabidulin codes over
fields of characteristic zero. Our proof builds upon and extends tools from the
finite field case, combines them with a variant of the Schwartz—Zippel lemma
over automorphisms, and provides a simple randomized construction algorithm
whose probability of success can be arbitrarily close to one. In addition, potential

applications for low-rank matrix recovery are discussed.
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Chapter 2

SUPPORT CONSTRAINED REED-SOLOMON CODES

2.1 Introduction

The problem of designing a linear code with the largest possible minimum distance,
subject to support constraints on the generator matrix, has recently found several
applications. These include multiple access networks [13], [15] as well as weakly
secure data exchange [16], [17]. In a simple multiple access network [13], [15], a
destination node receives information from multiple source nodes via a set of relay
nodes. If (linear) coding is employed at the relay nodes, each relay node will convey
a linear combination of the messages coming only from the source nodes that it
has access to, which puts a support constraint on the generator matrix of the code.
Furthermore, since the number of relay errors that can be tolerated is related to the
minimum distance of the code, in order to tolerate as many relay errors as possible,
one should design a linear code with the largest possible minimum distance under the
support constraints on the generator matrix dictated by the network. In the weakly
secure data exchange problem [16], [17], a number of clients want to exchange a
set of packets by revealing as little information as possible to eavesdroppers. Each
transmission is done by one of the clients as a weighted sum of the packets that it
possesses. Therefore, one needs to design an encoding matrix representing these
weights under a support constraint. Yan et al. [16] showed that minimizing the
information that eavesdroppers can capture is equivalent to maximizing the mini-
mum distance of the linear code generated by the transpose of this encoding matrix,
which has support constraints. We should also mention that support constraints on
the generator matrix also arise in distributed storage scenarios where each of the

storage elements has access only to a subset of the information to be stored.

A simple upper bound on the minimum distance of a linear code subject to a support
constraint on the generator matrix can be obtained through a sequence of Singleton
bounds on its subcodes. This upper bound can be achieved (with high probability)
by randomly choosing the nonzero elements of the generator matrix from a field
of a large enough size. A natural question to ask is whether the above maximum
minimum distance can be achieved with a smaller field size, and in particular with

a structured, possibly algebraic, construction. This question is equivalent to a
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recently proposed conjecture by Dau et al. [11], which is commonly referred to
as the GM-MDS (generator matrix, maximum distance separable) conjecture [22].
It conjectures the necessary and sufficient conditions for the existence of a Reed—
Solomon code with dimension % and length n over a finite field F, withg > n+k—1
under a support constraint on the generator matrix, which enforces certain entries
of the generator matrix to be zero. These conditions are actually the same as the
necessary and sufficient conditions on the support of a k£ x n generator matrix for

the existence of a maximum distance separable (MDS) code in some field.

We should mention that when there is no support constraint on the generator matrix,
this problem is related to the well-known MDS conjecture, which states that there
exists an MDS code with dimension & and length n over I, if and only if n < ¢+ 1
forall gand 2 < k < g — 1, except when ¢ is even and k& € {3, ¢ — 1}, in which case
n < q + 2. Although the converse part is still open, the achievability part of the
MDS conjecture is well known. In particular, it is known that if the above conditions

are satisfied, there exist (extended) generalized Reed—Solomon codes [11].

In the past years, progress had been reported on the GM-MDS conjecture after
Dau et al. [11] showed that it is equivalent to a simplified conjecture that equates
the non-singularity of a matrix with some combinatorial inequalities (See Theorem
2.3). The proof technique that was most commonly employed to attack this new
algebraic-combinatorial conjecture was proof by induction. However, researchers
were not able to perform the induction step, i.e. to reduce the problem to one of a
smaller size, in every case. Therefore, the previous works on this conjecture either
gave partial induction steps or were only able to prove it up to a small parameter.
For instance, Halbawi ef al. [13] proved the statement for m < 3, where m is the
number of distinct support sets on the rows of the generator matrix. Yan et al. [17]
described an induction step only for a special case. Heidarzadeh et al. [22] proved
the conjecture only for dimensions £ < 5. In our previous work [1], the statement
was proven for m < 6, where m is defined as above. The main idea there was to
write a more general problem which enables us to reduce the problem (i.e. apply the
induction step) in much broader cases, which also constitutes the main technique
used here to prove the conjecture. Besides these attempts to proving the conjecture,
we should also mention that Halbawi ef al. [23], [24] and Song et al. [25] also
studied the problem when the generator matrix is sparsest and balanced (i.e. the
numbers of zeros in each row (column) are as large as possible and differ at most by

1) and established the conjecture in this special case.
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In this chapter, we prove the GM-MDS conjecture, namely we show the existence
of Reed—Solomon codes in a field of size ¢ > n+ k — 1 with dimension k& and length
n under support constraints on the generator matrix as long as those constraints do
not preclude the existence of an MDS code in every field. Furthermore, in general
(without any condition on these constraints), we show that the largest minimum
distance under support constraints on the generator matrix can be achieved by a
subcode of a Reed—Solomon code of small field size, in fact as low as 2n — d, where
n is the code length and d is the maximum minimum distance dictated by the support

constraints.

Remark: The results presented in this chapter were first announced in [2]. Concur-
rently and independently, the GM-MDS conjecture was proven by Lovett in [26].
The two proofs bear some resemblances and exhibit some differences. Both [2] and
[26] refer to and build on the earlier paper [1] and define a more general statement
than the GM-MDS conjecture that is more amenable to a proof by induction. These
statements are mathematically equivalent: In [2], they are expressed in terms of
the nonsingularity of a certain generalized Sylvester matrix, whereas in [26], they
are expressed as the linear independence of a certain collection of polynomials (the
reader may want to compare Theorem 3 in [2] and Theorem 1.7 in [26]). As a
consequence, the proof in [2] is more in the language of matrices and that of [26]
in the language of polynomials. There are differences in details of the proofs and
the order in which statements in the induction arguments are performed, but it is

possible to relate the proofs to one another.

Outline

The remainder of this chapter is organized as follows. In Section 2.2, we characterize
the generator matrices of subcodes of Reed—Solomon codes. In Section 2.3, we
define our main problem, namely maximizing the minimum distance d subject to
support constraints on the generator matrix, where we show the achievability of the
maximum possible minimum distance d by the subcodes of Reed—Solomon codes by
assuming the correctness of the GM—-MDS conjecture, which is a special case of our
main problem (the MDS case). In Section 2.4, we prove the GM-MDS conjecture
by proposing a more general statement than an equivalent conjecture (simplified
GM-MDS conjecture) proposed in [11]. Our generalized theorem is not directly
related to the coding problem, but more readily lends itself to an inductive argument.
In Section 2.5, we discuss potential avenues to obtain explicit code constructions

as the GM-MDS conjecture only conjectures the existence of the Reed—Solomon
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codes. We conclude in Section 2.6.

Notation

Matrices are shown by bold capital letters and vectors are shown by bold lower case
letters. For n > 0, we denote by [n] the set {1,2,...,n} by admitting [0] = (. For
n > 1, we write [0;]7_, to represent the ordered list of objects 6, . . ., 6,,. For a finite
nonempty S C Z, [0;];cs is the ordered list of §;’s for i € S in the ascending order
of their indices.

Given a collection of sets S7, S, . .., Sk, for any nonempty 2 C [k], Sq, represents

the intersection (), _¢, 5.

[F|x] represents the polynomial ring over the field IF, i.e. the set of polynomials with
coefficients in IF. [F(x) represents the field of rational functions in x over the field
IF, i.e. the set of functions that can be written as a ratio of two polynomials in F|x]

such that the denominator is not the zero polynomial.

When representing multivariate polynomials, for the ease of notation, we usually

omit the parameters (e.g. we write p instead of p(x1, ..., z,)).

[n, k, d], represent a linear code over I, with length n, dimension %, and minimum
distance d. In the case of MDS codes, where d = n — k + 1, we omit d and write
[na k]q

2.2 Subcodes of Reed—Solomon Codes

An [n, ], Reed—Solomon code can be generated by a Vandermonde matrix

1 1 1
v=| T e 2.1)
af._l ozé‘l ozf;*l
for distinct oy, . . ., v, € IF;. Reed—Solomon codes have efficient decoders that can

correct up to | 2=t | errors.

Forn > ( > k, [n, k,d|, subcodes of [n, (], Reed—Solomon codes have generator

matrices of the following form:
G=T-V (2.2)

where T € F}** is full rank and 'V is given in (2.1). Since the minimum distance

of a subcode is at least that of the parent code, we have thatd > n — ¢ + 1.
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We should mention that every [n, k, d], linear code is actually a subcode of an [n, n],
Reed—Solomon code. However, we are interested in the subcodes of Reed—Solomon
codes with the same minimum distance as the Reed—Solomon code. In other words,
we want to design ¢, T, and V such that d = n — ¢ + 1. Note that in that case, we
can use the same decoder of the Reed—Solomon code with the generator matrix V

to correct up to | 4] errors.

2.3 Support Constraint on the Generator Matrix

In this section, first we will derive an upper bound on the minimum distance of a
linear code under support constraints on the generator matrix. Then, we will give the
GM-MDS conjecture of Dau et al., which claims the existence of Reed—Solomon
codes in any field of size ¢ > n + k — 1 with support constrained generator matrices
when this upper bound on the minimum distance is equal to the Singleton bound
(n — k + 1). Finally, we will use this conjecture to show that the largest minimum

distance is achieved by subcodes of Reed—Solomon codes for any support constraint.

Upper bound on the minimum distance
We will describe the support constraints on the generator matrix G through the

subsets S, Sa, ..., Sk C [n] as follows:

For any nonempty 2 C [k], the rows of G indexed in {2 have zeros in all their entries
indexed in S,. Consider the submatrix of G consisting of the rows indexed in €2
and the columns indexed in [n] — Sg. The minimum distance d of G is at most
the minimum distance of the code generated by this submatrix, which is at most
n — |Sq| — 2| + 1 by the Singleton bound. Hence, we have the following upper

bound on the minimum distance:

d<n+1-— max (|Sq|+|9|). (2.4)
0£QC k]

Note that this upper bound is less than or equal to the Singleton bound as |Sq|+[€2| >
k for Q@ = [k].

Existence of MDS codes (GM-MDS conjecture)
For the existence of MDS codes, a straightforward necessary condition is that the
upper bound in (2.4) is equal to the Singleton bound, i.e.

Sal + Q) = k. 2.5
pmax (|Saf +120) (2.5)
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Theorem 2.1, which has been known as the GM-MDS conjecture, declares this as
also a sufficient condition for the existence of Reed—Solomon codes in any field of

size ¢ > n + k — 1. The proof of Theorem 2.1 is given in Section 2.4.

Theorem 2.1 (GM-MDS Conjecture). Let Sy, S3,...,5: C [njandqg>n+k—1
be a field size. Then, there exists an [n, k|, Reed—Solomon code with a generator

matrix satisfying (2.3) if and only if for any nonempty Q0 C [k,
|Sal + 12 < k. (2.6)
o

Achievability for any support constraint
Theorem 2.1 can be extended to any support constraint, for which, the upper bound

is achieved by the subcodes of Reed—Solomon codes for any field size ¢ > 2n — d.

Theorem 2.2. Let S1,S,...,S; C [n],

= S 0 2.7
e (1Sl +19) @)

and ¢ > n + { — 1 be a field size. Then, there exists an [n, k,d|, subcode of a
Reed—Solomon code that achieves d = n — { + 1 with a generator matrix satisfying
(2.3). o

Proof. For Q = [k]|, we have ¢ > k. Define Siy1,...,S; = (). We can now appeal
to Theorem 2.1 which states that there exists an [n, /], Reed—Solomon code that
has a generator matrix G’ such that Gj; = 0 for j € S;,i € [{]. The subcode
with the generator matrix G consisting of the first k£ rows of G’ satisfies the desired

constraints and has the same minimum distance. ]

2.4 Proof of GM-MDS Conjecture

Simplified GM-MDS Conjecture

Dau et al. [11] showed that GM-MDS conjecture (Theorem 2.1) is equivalent to
the simplified conjecture below, which equates the non-singularity of a matrix with
some combinatorial inequalities. We should remark that for the ease of notation, we
replaced a; with —c; and put the columns in the reversed order in the matrix below

unlike the one given in [11] as they do not affect the singularity of the matrix.
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Theorem 2.3. Let S, S, ..., Sy C [n]suchthat |S;| = k—1. Then, the determinant
of the k X k matrix

LYo T

jEST JES1
LS e Tl a
JES, JES? 7 (2.8)

LYo Tl

JESk JESK
where the ith row consists of the coefficients of [];cq,(z + ), is not the zero

polynomial if and only if for any nonempty ) C [k,
|Sal +19Q[ < k. (2.9)

o

More general theorem

The inequalities in (2.9) are very similar to those given in Hall’s marriage theorem,
which is proven by induction by considering two cases: (i) the inequality is tight
for at least one €2, (ii) all the inequalities are strict [27]. In order to apply a similar
proof technique to Theorem 2.3, it would be favorable to define a more general
statement like [1, Conjecture 2], where the first case can be proven more readily.
In fact, the induction step for the first case of [1, Conjecture 2] was already given
in [1, Lemma 2] of the same paper. However, the induction step for the second
case remained incomplete. In this section, we will propose a slightly more general
statement (Theorem 2.4) than [1, Conjecture 2], which gives the necessary and
sufficient conditions for the singularity of a more general matrix. It is also more

general than Theorem 2.3.

Since we are interested in whether a determinant of a matrix, which is a multivariate
polynomial, is the zero polynomial or not, it will be easier to work on the field of
rational functions and define the matrix in this field. Let K, = [F, be a finite field
and K,, = F,(ay, ..., o,) be the field of rational functions in ay, ..., o, over IF,.
For k > m > 1 and n > 0, define

Sk,m,n - { [(S”H Ti)]:'il

Vi e [m]7 Si C [n],ﬁ € Z+,|SZ| +r;, < ]{j,Zri = k} .
=1

(2.10)
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Define the matrix M € K*** in terms of the parameters [(S;, 7)™, € Sk as

follows (we will often write M[(.S;, r;)]7, to indicate its parameters):

)

1 Z Oéj Ce H Oéj 0
jEST JES1
'. .-- 7/"1
0 1 Z O[j e H Oéj 0 ---
JESL JES J
M == :
1 Z Cl{j . H Oéj 0
JESm JESm
. T'm
O 1 Z Oéj ce H Oéj 0 te
jGSm ]ES’m )

The rows are partitioned into m blocks and for ¢ € [m)], the ith block is an 7; X k
upper triangular Toeplitz matrix, whose first row consists of the coefficients of
the polynomial z*~1%I=1T] jes, (@ + ;) in descending order with respect to the
degree. This matrix can be also thought of as a generalized Sylvester matrix that is
constructed by m polynomials while a classical Sylvester matrix is constructed by
the coefficients of only two polynomials (a similar definition of generalized Sylvester
matrix is given in [28]-[30]). The condition |S;| + r; < k in (2.10) ensures that
the rows are not shifted too much to lose a nonzero entry in the last row of the ith
Toeplitz block. Also, notice that the bottom-right entry of the ith block is nonzero
iff we have the equality |S;| + r; = k. We want to point out that the matrix M above
is slightly more general than the one given in [1] since it allows the bottom-right

entry to be zero unlike the one in [1], where |S;| + r; = k is required for all 7.

Theorem 2.4 gives necessary and sufficient conditions on the parameters [(S;, ;)|
for det M to be nonzero. Note that letting & = m, r; = 1, and |S;| = & — 1 in
Theorem 2.4 yields Theorem 2.3.

Theorem 2.4. Let k > m > 1, n > 0, [(Si,7)]™ € Skmn-  Then,
det M[(S;, )|, # 0 if and only if for any nonempty 2 C [m],

Sl + i < max(|S;| +7:). 2.11)

1€Q2

Remark: We should mention that Theorem 2.4 is mathematically equivalent to

Conjecture 2 in [26], where the nonsingularity of M is replaced by the linear
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independence of the polynomials with coefficients defined by the rows of M. Fur-
thermore, these polynomials in [26] are allowed to have repeated zeros at the origin.
In fact, the multiplicity of the zeros at the origin is equal to k& — |S;| — r; in our
notation; hence the maximization on the right hand side of (2.11) can be described
in terms of the multiplicity of the common zeros at the origin of a collection of these
polynomials. Therefore, one can translate the inequalities in (2.11) to the one given
in [26].

Before moving to the proof of Theorem 2.4, we will give a useful lemma, where we
give an equivalent way of writing det M = 0 in terms of the polynomials that we

use when constructing M.

Lemma 2.1. Let [(S;, 7)1 € Skmn- Fori € [m], define

pi = a* ST T (2 + ay). (2.12)

JES;
Then, det M[(S;,7;)|", = 0 if and only if there exist q, ..., ¢, € K,[z], not all
zero, such that deg ¢; < r; — 1 fori € [m] and ;" | pig; = 0. o

Proof. For each ¢;, construct a row vector of size r; consisting of the coefficients
1 ...,z,1 in ¢; and merge them into one row vector y € K% Then,
Yo pigi = 0iff y - M = 0. The statement follows from det M = 0 iff there exists

nonzero y € K** such thaty - M = 0. O

of x™i~

Proof of Theorem 2.4
Proof of (=)

Suppose that for some nonempty 2 C [m], the condition (2.11) is not true. Let
So = Sa, 7o = Y _eqTis K = maxeq(|S;| + ;). Then, [So| + ro > k’. Consider
the 7o rows of M in the blocks indexed in ). They all have zeros in their last
k — K entries. Let My € K°** be the submatrix consisting of these rows without
including the last £ — &’ columns. We will prove that rank M < ro, which implies
det M = 0. Let W = ((—a;;)" )i, jes, be k' x |So| Vandermonde matrix. Then,
M, - W = 0 because the polynomials with the coefficients in the rows of M, vanish

at —q; for j € Sy. Hence,
rank My < &' — rank W < k' — min{k’, |So|} < ro (2.13)

which proves the first direction.
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Proof of (<—)
For the other direction, we will apply induction on the parameters (k,m,n)
considered in the lexicographical order. For m =1, Sg1, = {[(0,%)]} and

det M[(0, k)] = detIy = 1. For n = 0, all of S;’s are empty; hence, for Q = [m],
(2.11) yields m = 1, for which, we already showed det M = 1.

For k> m > 2 and n > 1, assume that the statement is true for parameters

(k’';m/,n') that are smaller than (k, m, n) with respect to lexicographical order.

Take any [(.S;, ;)] € Skm.n that satisfies the condition (2.11). We will prove that
det M[(S;, ;)] # 0 under three cases. In fact, under each case, we will try to

reduce a parameter and use the induction hypothesis.

1. There exists 2; C [m] such that 2 < |Q;| < m — 1 and

\Sﬂleri:%gﬁ(ﬂ&Hﬁ)- (2.14)

1€Qq
2. There exists a unique i € [m] such that |S;| + r; = k.

3. Else (i.e. 1 and 2 are false).

In Case 1, 2, and 3, we will try to reduce the parameters m, k, and n, respectively.
Furthermore, in Case 1 and 2, det M will be written as a product of two quantities,
which are nonzero by the induction hypothesis; whereas in Case 3, it will be shown
that substituting o; = 0in det M results in a quantity that is nonzero by the induction

hypothesis.
Case 1:

In this case, we will try to reduce the problem into two smaller problems (with

smaller m).

Let Qy = {0} U [m] — Q. Note that 2 < ||, |Q2] < m — 1. Define

So=Sa,, To= Y _Ti. (2.15)
1€Qq
Then, (2.14) becomes
|So|+7’0:II€1%X(|SZ'|+TZ’). (2.16)

Define S, = S; — S for i € 2. Now, we will show that

(S}, m)licar € Srojoulmy  [(SiyTi)]icos € Skjaaln- (2.17)
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The first one is true because by (2.15), rg = > r; and by (2.16), for any ¢ € ()4,

i€
|1SI + 7y = |Si] + i — |So| < 7. (2.18)

The second one is true because by (2.10), (2.15), and the definition of (2o,
k:Zn:TO—I— Z ri:Zn, (2.19)
i=1 i€lm]— i€Qs
|S;| + 7 < kfori € [m] — Q4 and | So| + 79 < k due to (2.16).
By the induction hypothesis, the statement is true for [(S}, 7;)]icq, and [(S;, 7i)]icq, -

We will show that both satisfy the condition (2.11):

1. For any nonempty €2 C €2y,

1S6] + > i = |Sal = [Sol + Y i

1€Q 1€Q)
< Tgle%x(|5z‘| + i) — | Sol

— / .
= max(|S}| + ;)

where the first and last equalities are by definition of the S!’s and the inequality
is due to (2.11).

2. For any nonempty Q2 C €y, if 0 ¢ €, then Q C [m] and (2.11) holds trivially.
Assume €2 = {0} U Q' for some Q' C [m]| — ;. Then,

|SQ|+ZTZ = |SOQSQ/|+TO+ZTZ'

i€Q ey
= |Sa,uer| + Z T
1€QUQ
< . .
= A5+

— max{rirelgi((|5i| + 1), rzré%>,<(]51| + 7))}
= max{(|So| + To)alié%>,<(|5z‘| + 1)}
where the first and last equalities are due to 2 = {0} U2/, the second equality

is due to (2.15), the inequality is due to (2.11), and the fourth equality is due
to (2.16).
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Hence, both [(S],7;)]icq, and [(S;, ri)]icq, satisfy (2.11) and by the induction hy-
pothesis, we have that

det M[(S], 73)]icq, # 0, det M[(S;, 7:)]icq, # 0. (2.20)

Now, we will use Lemma 2.1 to show that det M[(S;, r;)]7™, # 0 (In fact, without
appealing to Lemma 2.1, one can show that this determinant is the product of the

two determinants in (2.20) by using row operations). Define for i € {0} U [m],

pi = 2= I1Sil=ri H (z + aj) (2.21)
JES;
and for 7 € )y,
p; — $T0*|Sﬂ*7“i H (m + @j)- (2.22)
jes!

Note that for i € Q4, p; = plpo.

Consider any ¢i,...,qn C K,[z] such that degq; < r; — 1 for i € |[m] and
> i, pigi = 0. We need to prove that ¢; = 0 for all ¢ € [m]. Define

G =Y P (2.23)
1€
Note that deg gy < rp — 1:

deg go < max (degp; + degg;) (2.24)

S 951
< max ((ro —ry) + (r; = 1)) (2.25)

1€8)
=17y — 1. (2.26)

Also, we can write that
0= sz‘q@' = Po Z Pigi + Z Piqi = Z Digi- (2.27)
i=1 1€ i€[m]—Q 1€Qo

Then, by Lemma 2.1, we get ¢; = 0 for all i € 5. Then, ¢y = Zite pig; = 0.
Then, by Lemma 2.1, ¢; = 0 for all i € Q. Hence, ¢; = 0 for all i € [m]. By
Lemma 2.1, det M[(S;, r;)]7, # 0.

Case 2:
In this case, we will try to reduce the parameter k.

W.Lo.g., let m be the unique 7 such that |S;| + r; = k. Then, fori € [m — 1],
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Then, by the definition of M, the last column of M[(S;, r;)]7, is all zero except the

last entry, which is [ | e, Q-

Notice that the upper left (k — 1) x (k — 1) block of M[(S;, r;)]™, actually defines
another matrix M with different parameters. More precisely, we have that

det M[(Sy, )]y = det M[(S;, )y - [ o (2.29)

j€Sm

where 7/ = r,, — land r, = r; for i € [m — 1] assuming that r,,, > 2. (If r,, = 1,
the first multiplier above would be replaced by det M[(.S;, ;)] ", which would be
nonzero by the induction hypothesis, and we would be done.)
Note that [(S;, r})]™, € Sk—1,mn since Y .-, 7. =k — Land |S;| + 1} < k — 1 for
any i € [m] due to (2.28).

By the induction hypothesis, the statement is true for [(S;,7})]”,. Hence, all we
need to prove is that [(.S;, ;)] satisfies (2.11) to conclude by (2.29) that

For any nonempty 2 C [m/], if m ¢ €2, then (2.11) holds trivially. Assume m € €.

|Sal +> i =1Sal =1+ (2.30)
1€Q i€
< . )
< rznea}lx(wzl +r)—1 (2.31)
=k—-1 (2.32)
= I?G%X(|Si| +77) (2.33)

where the first equality is by definition of r, the inequality is due to (2.11), and the
second and last equalities are by (2.28).

Case 3:

In this case, we will try to reduce the parameter n by removing an element j from

all the sets containing it and substituting «; = 0 in the matrix M.

Since Case 1 is false, for any nonempty €2 C [m] such that || # 1, m, we have

S < Sil + 1) — 1. 2.34
S0+ 3 s < (S + ) 2.34)

Since Case 2 is false, there exist at least two values of ¢ such that |S;| + r; = k.

W.l.o.g., assume that

k=1Sn| +7m = |Sm-1] + Tm-1. (2.35)
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If S,, = S,,_1, we get a contradiction in (2.11) for Q = {m, m — 1}:

Tm + Tmo1 < max{r,, rm_1}. (2.36)

Then, either S,,_1 # [n]| or S,, # [n]. W.l.o.g., we can assume that n ¢ S,,,.

By the definition of matrix M, notice that substituting «,, = 0 in the matrix

M](S;, ;)] will only remove the element n from all the S;’s containing n. Hence,
det M[(Si, 7)1 |, o = det M(S7, m3)[i2, (2.37)
where S = S; — {n}.

Note that [(S, r;)|"; € Skmm—1 since S; C [n— 1] and | S| +r; < |S;|+ 7 <k
fori € [m].

By the induction hypothesis, the statement is true for [(S], ;)] ,. Hence, all we
need to prove is that [(S!, ;)| satisfies (2.11) to conclude by (2.37) that

det M[(S, )]y #0 = det M[(S;, )], # 0.

For |Q2] = 1, (2.11) holds trivially. For |2| # 1, m, we have

[Sal + > i < [Sol + > 7 (2.38)
1€Q e
< . ) —
< I%%X(ISZI +r)—1 (2.39)
< N4
< rzr,le%X(ISJ +73) (2.40)

where the first and last inequalities follow trivially by the definition of the .S;’s and

the second inequality is due to (2.34).

For ) = [m)], it is sufficient to show that & = max;cpy(|S;| + r;), which is true
because
Sl + T = |Sia| + 7 = k. (2.41)

]

2.5 Discussion of Explicit Constructions

Since a linear code achieving the maximum minimum distance under support con-
straints on the generator matrix can be designed as a subcode of a Reed—Solomon
code as described in the proof of Theorem 2.2, we can focus on designing Reed—

Solomon codes with support constraints satisfying the conditions in (2.6). As shown
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in [11], this is equivalent to finding distinct oy, aa, . . ., v, € Iy such that the matrix
in (2.8) is nonsingular. However, our result only guarantees the existence of these
evaluation points. Hence, to design the code, explicit construction of them still

remains to be studied.

Since our proof is inductive, one may hope that it can be used to recursively generate
suitable cv;. Unfortunately, we have not been able to do so. To see why, denote det M
by the multivariate polynomial F'(c, ..., a,), and note that in Case 1 of the proof
of Theorem 2.4, F'(ay,...,ay,) is nonzero if two determinants, corresponding to
smaller problems (with smaller m), Fy (o, ..., ) and Fy(aq, . . ., «, ) are nonzero.
While each of these two determinants can then be studied separately, the fact that they
share variables means that we need to find «; that makes both determinants nonzero
simultaneously. This creates a roadblock stopping us from having a recursive

construction.

In the absence of an explicit construction, one can of course choose «; € F, at
random and evaluate det M until a nonzero determinant is found. Currently, we do
not know whether this will efficiently find a suitable set of «;’s or whether it will

require something akin to an exhaustive search.

Explicit constructions have been obtained in the literature for special instances of
the problem: notably in [23]-[25] when the support constraints are sparsest and
balanced (i.e. the numbers of zeros in each row (and column) are as large as
possible and differ at most by 1), and in [31] when the sets are further required to

satisfy | Sp;)| < k — i for every i € [E].

2.6 Conclusion

We have established an upper bound on the minimum distance of linear codes with
support constraints on the generator matrix by applying a sequence of Singleton
bounds and have shown that it can be achieved by a subcode of a Reed—Solomon
code of the same minimum distance, as long as the field size is not smaller than
2n — d, by proving a more general statement than the GM—MDS conjecture (namely,
Theorem 2.4). The work presented here suggests some research directions that

should be fruitful to further explore. We briefly describe some of them.

First as discussed in Section V, our result only ensures the existence of evaluation
points o, s, . . . , &, for which we can design a subcode of a Reed—Solomon code.
Finding an efficient deterministic algorithm which explicitly finds these evaluation

points would be of interest. At present, the best one can do is to choose the
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Qaq, Qo, . .., q, at random and check whether the matrix M is full rank.

A second direction is the dual problem, where the support constraints are on the
parity check matrix. In other words, we would like to find a code with the largest
possible minimum distance, subject to support constraints on the parity check matrix.
A special case of this problem has been studied in the context of locally repairable
codes [18]—[20]. For example, when the repair sets are all of equal sizes, this
imposes a very particular structure on the parity check matrix and it has been shown
that the optimal code is a subcode of a Reed Solomon code of the same minimum
distance [18]. In the case of general support constraints, it is not hard to derive
an upper bound on the minimum distance that is achievable by a random code,
which requires large field sizes and potentially does not have an efficient decoder.
Therefore, a question one may ask is whether one can design an algebraic code on a
small field size with a minimum distance that achieves the upper bound. If the code
is MDS, the problem is clearly equivalent to the one we have studied here. However,
if the support constraints on the parity check matrix preclude the existence of a MDS

code, then the question of whether such an algebraic code exists remains open.

Another interesting question is whether it is possible to further reduce the field
size by considering other code families with or without sacrificing the minimum
distance. For instance, it might be worth looking at whether algebraic—geometric
codes can be designed with support constrained generator matrices with a desired

minimum distance and field size.

Finally, one may consider the problem of maximizing a different distance metric
(instead of Hamming distance) of the code under a given support constraint. For
instance, the rank metric is studied in [5], where it is shown that the same conditions
are necessary and sufficient for the existence of Gabidulin codes by extending the

proof used in this chapter. It remains open to study other distance metrics as well.
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Chapter 3

SUPPORT CONSTRAINED GABIDULIN CODES OVER FINITE
FIELDS

3.1 Introduction

Linear codes are desired to have the maximum minimum distance, for some distance
measure, in order to be more resistant to errors in the channel. If the objective is to
detect and correct as many error symbols as possible, the distance measure to be used
is the Hamming distance. The Singleton bound (n — k+ 1) is an upper bound on the
largest value for the minimum Hamming distance dy a code can have, where n is the
length and £ is the dimension of the code. Codes achieving it are called Maximum
Distance Separable (MDS) codes and a well known example for an MDS code is
the Reed—Solomon code. The necessary and sufficient conditions for the existence
of Reed—Solomon codes in terms of the zero structure of the generator matrix were
conjectured by Dau et al. [11], and referred to as the GM-MDS conjecture, which
was worked on by many researchers in [1], [13], [15], [17], [22]-[25], [31] and
finally proved in our previous work [2] and in the independent work of Lovett [26].

In some other scenarios, different distance metrics can be more desirable. For
instance, the rank distance, dp, is another metric which can be used to design linear
codes in random linear network coding or in scenarios where the transmitter and
receiver are oblivious to the topology and inner workings of the network (this is
often called the incoherent regime). To see why, suppose the code is defined over
an extension field [F;s, which can be thought of as a vector space over a base field
[y, then the rank of a codeword in F7. is defined as the dimension of the span of
the entries of the codeword over IF,. Since the dimension of the span is at most the
number of nonzero elements, we have dr < dy. Hence, a similar Singleton bound
(n — k+ 1) can be derived for the largest rank distance for a fixed code length n and
dimension k. A code achieving this is called a Maximum Rank Distance (MRD)
code and Gabidulin codes due to Delsarte [7] and Gabidulin [8] are the first general
constructions of it. These codes require a field size of ¢°, with s > n. Very recently,
a new class of MRD codes, called twisted Gabidulin codes, have been constructed
by Sheekey [32], which have been further generalized in [33]-[35].

In a random linear network, every node passes a random linear combination of the
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messages it has received to the nodes to which it is connected. In this model, the
destination node will get a number of random linear combinations of the messages
sent from different sources. Silva et al. [21] showed that subspace codes or
Gabidulin codes can be used to transfer messages through this network model. In
the absence of errors, the random linear combinations in the network cannot alter
the transmitted subspace. In the presence of errors, or adversaries, a few nodes
may transmit codewords that are not linear combinations of what they receive. This
will alter the subspace by a small rank (given by the number of erroneous nodes or
adversaries) and can be corrected by an MRD code. Halbawi et al. [14] studied a
scenario, where each of the source nodes has access to only a subset of all messages.
They showed that subcodes of Gabidulin codes with generator matrices that have
a particular zero pattern (depending on what subset each source has access to) can
be used under this scenario. However, they showed the existence and the code
design only for networks that have up to 3 source nodes. More specifically, they
designed subcodes of Gabidulin codes with the largest rank distance under a support
constraint on the generator matrix such that the rows can be divided into 3 groups,

where the rows in each group have the same zero pattern.

In this chapter, we will give necessary and sufficient conditions for the existence of
Gabidulin codes with support constrained generator matrices. Furthermore, if these
constraints are not satisfied, we show that the largest possible rank distance can be
achieved by subcodes of Gabidulin codes. Our result generalizes the result in [14]
to any number of source nodes in the network. The necessary and sufficient condi-
tions on the support constraints to guarantee the existence of Gabidulin codes and
general MRD codes is identical to the conditions for MDS codes (that was recently
established in [2], [26] in the context of the GM-MDS conjecture). Furthermore,
the field size is now ¢°, with s > max{n, k — 1 +log, k}. When the rate of the code
log,

ﬁ), there is no penalty in field size compared to

n

is not too large (r = % <1-—

a Gabidulin code with no support constraints.

The rest of the chapter is organized as follows. In Section 3.2, after defining the
rank metric and characterizing the generator matrices of Gabidulin codes, we define
our problem, namely finding necessary and sufficient conditions for the existence of
the Gabidulin codes with support constrained generator matrices. Then, we solve
this problem by relying on a claim (Claim 3.1). Section 3.3 then proposes a purely
algebraic problem on linearized polynomials that contains a more general theorem

than Claim 3.1 and provides a detailed proof. The advantage of the generalization
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is that it lends itself to proof by induction. Finally, we conclude in Section 3.4.

3.2 Gabidulin Codes with Support Constraints

In this section, first we will define the rank distance of a linear code, show its
relation with the Hamming distance, and give its largest possible value in terms of
the length n and dimension k of the code. Secondly, we will write some necessary
conditions on the support of the generator matrix of a code for the rank distance
to achieve this largest possible value. Thirdly, we will characterize the generator
matrices of Gabidulin codes, which achieve the largest possible rank distance. Then,
we will prove that those necessary conditions are also sufficient for the existence
of Gabidulin codes, which is the main result in this chapter. Our proof relies on a
claim (Claim 3.1), which will be proven in Section 3.3, and constitutes the major

technical contribution of our work.

Rank distance

Let I, be a finite field and IFs be an extension field of IF,. Then, F;s forms a linear

space over IF,. Hence, for any ¢ = (cy,...,¢,) € ]FZS, we can define the rank of ¢ as
rank(c) = dim(span{cy, ..., c,}). 3.1

Note that rank(c) is at most the Hamming weight of ¢, i.e. the number of nonzero
entries of c:
rank(c) < ||c||q. (3.2)

LetC C Ff;s be a linear code with dim C = k. The rank distance of C is defined as

dr = min rank(c). (3.3)

0s#ceC

Then, by (3.2), the rank distance is less than or equal to the Hamming distance:
dp < dy. (3.4)
Hence, the Singleton bound on dy also holds for the rank distance: dr < n—k+1.

The codes achieving this bound are called Maximum Rank Distance (MRD) codes.

Remark 3.1. An MRD—code is also an MDS—code, but the opposite is not true in

general.

Support constraints (zero constraints)
Suppose that we want to design an MRD—code under a support constraint on the

generator matrix G € F’;X" We describe these support constraints through the
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subsets Z1, Zs, ..., Z;, C [n] as follows:

Vie k], Vje Z, Gi=0. (3.5)

It is well known [2], [11], [26] that a necessary condition for a code to be MDS is

2

1€Q

+1Q] <k (3.6)

for all nonempty §2 C [k]. Hence, (3.6) is also necessary for the existence of MRD—
codes by Remark 3.1. Later, we will show that it is also a sufficient condition to
design MRD—codes for fields of size ¢°, with s > max{n, k — 1 + log, k}.

Note that for Q2 = {i}, we have | Z;| < k—1. In[11, Theorem 2], Dau et al. showed
that one can add elements from [n] to each of these subsets until each has exactly
k — 1 elements by preserving (3.6) (we also provide a different proof in Chapter
A). Note that this operation will only put more zero constraints on G, but will not
remove any. This means that the code we design under the new constraints will also
satisfy the original constraints. Therefore, without loss of generality, along with

(3.6), we will further assume that

1Z]=k—1, Vielk]. 3.7)

Gabidulin codes
Gabidulin codes were introduced in [7] and [8] and are the first general constructions
(meaning for any n and k) of an MRD code. Their generator matrices are of the

following form:

0 0 0
q q q
o 3 ay,
1 1 1
of ol ol | L
Gge = ) ] . Sl 3.8)
k—1 k—1 k—1
q q q
aq ) o,
where a, g, . .., o, € Fs are linearly independent over [F, and hence, s > n. We

remark that the linear independence of the a;’s over I, is equivalent to the linear
independence of any k£ columns of Ggc over [Fys [36, Lemma 3.51]. This matrix is

also known as the Moore matrix.

Furthermore, multiplying Ggc by an invertible matrix from the left will not change

the code (i.e. the row span), but will only change the basis:

G =T Ggc (3.9)
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where T' € IFSSX"‘ is full rank. Hence, G can be also used as a generator matrix of the
same Gabidulin code. This will allow us to introduce zeros at the desired positions

on the generator matrix.

Notice that if we define the polynomials
k .
filw) =Y Tya? (3.10)
j=1

for i € [k], then the entries of G will be the values of the f;’s evaluated at the «;’s
ie. Gi; = fi(ey). Then, the support constraints in (3.5) on G will become root

constraints on the f;’s:

In view of the above, the question we would like to ask is whether under condition
(3.6), there exist an invertible matrix T and linearly independent o, as, ..., v, €
Fgs such that (3.11) holds. In other words, since T is invertible, G has the same
MRD property of Ggc, and also satisfies the support constraints in (3.5).

We should mention that a similar question for the existence of MDS codes with
support constraints on the generator matrix was asked by [11] and was referred to
as the GM-MDS conjecture. This was recently resolved in [2] and [26], where it
was shown that under (3.6), MDS codes with small fields size could be constructed
using Reed—Solomon codes. This chapter can be viewed as an extension of that

result to rank-metric codes and Gabidulin codes.

Example

Letq = 2,s =4,k = 3,n = 4. Suppose we have the following support constraints:
Zl = {]_, 2}, ZQ = {2, 3}, Z3 = {374}, i.e.,

0 0 x x
G=|x 0 0 x (3.12)
x x 0 0

Note that these constraints satisfy (3.6). We need to find oy, as, a3, ay € Fyg that

are linearly independent over I, and an invertible matrix T € F3;* such that

;. Qg Q3 04

(3.13)

T-[a? o o2 «

N
I
X X o
X o o
o o X
o X X

Qp Gy Q3 Oy
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The following matrix satisfies these zero constraints (later, we will show that this

matrix is actually unique up to a scaling):

aras(ay +ag) o +ad + ajay 1
T = | asaz(as +a3) a3 +a2+asaz 1]. (3.14)
azay(as +ayq) a3+ ai +azay 1

2 oy = a® in Fy4 with the primitive polyno-

Let us choose a; = 1, a9 = a,3 = a
mial a* + a + 1. Then, they are linearly independent over IF, and det T = a'3 # 0;

so, T is invertible. Therefore,
G=1|a" 0 0 a* (3.15)

is the generator matrix for a Gabidulin code, which satisfies the support constraints.

Note that there are other choices of the «; that can solve our problem, too. However,
the primary focus of this chapter will be to show the existence of such a choice in
general.

Linearized polynomials

Polynomials in the form of (3.10) are called linearized polynomials (q-polynomials)
and it is beneficial to give some of their properties before moving forward. First,
we should note that for any a, b € F,- and i > 0, we have that (a + b)qi =a? + b7,
which is commonly referred to as the Freshman’s Dream [37]. Furthermore, for any
v € [F,, we have that yqi = 7. Therefore, any linearized polynomial in the form of

d

fl@)=> ca”, ¢ €F, (3.16)

i=0
is actually a linear map f : ;s — [F;s when s is considered as a linear space over

IF,. Hence, the roots of f form a subspace over IF,,.

Conversely, it can be shown that for any subspace V' C F s, the polynomial
fl@) =[-8 (3.17)
BeV

is a linearized polynomial, i.e. after expanding the product, the monomials whose

exponent is not a power of ¢ will vanish [36, Theorem 3.52].

The g-degree of the linearized polynomial f in (3.16) is defined as deg, f = d if
cq # 0. Then, the g-degree of f in (3.17) can be expressed as deg,, f = dim V.
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We will now move on to our main problem and later revisit linearized polynomials

in Section 3.3, where more of their properties will be given.

Existence of Gabidulin codes

Note that by the definition in (3.10), we have deg, f; < k — 1. Furthermore, since
the a;’s are assumed to be linearly independent, by (3.7) and (3.11), each f; is
enforced to have | Z;| = k — 1 linearly independent roots. Therefore, the fi, ..., fi

are uniquely defined up to a scaling, and so in monic form

film)= I (@-0), (3.18)

Bespan{a;:j€Z;}

which, in turn, uniquely determines all the entries of T in terms of aq, ..., «a, due
to (3.10).
Then, the problem becomes finding linearly independent oy, . . ., o, € Fys over [Fy

such that det T # 0. In other words, we need to find o, . . ., @, € [Fys such that

F(ala s 7O[n) £ Fl(ah s 7an)F2(a1a s 70-/71) 7£ 0 (319)
where
Fi(au,...,an) = detT (3.20)
a‘fo ago a%o
of af o af
Fg(al,...,an) = . . X (321)
Oé1n71 O{gnfl C}{qn—l
because «;’s are linearly independent if and only if Fy(ay,...,a,) # 0 [36,
Lemma 3.51].

It is known, by the Schwartz-Zippel Lemma, that there exist such a;;’s in Fys if F' is
not the zero polynomial and for all j € [n], deg,, F' < ¢°. Note that F; is not the
zero polynomial since the coefficient of the monomial [}, a?i_l in F is 1 because
it can only be obtained through multiplication of the diagonals. Furthermore, if

Claim 3.1 below is true, we can conclude that 7' is not the zero polynomial.

Claim 3.1. det T is not the zero polynomial if (3.6) is satisfied. o

We will give the proof of Claim 3.1 later in Section 3.3 by proving a slightly more

general statement. Therefore, in this section, we will proceed by assuming that it is



33

true. Then, F'is not the zero polynomial and the only question that remains is “what
is the largest value of degaj F overall j € [n]?”, whose answer, in turn, can be used

as a sufficient lower bound on the size of the extension field where such o;’s exist.
Notice from (3.21) that for a fixed «;, the degree of F; as a polynomial in «; is

deg,, I> = ¢t

Now, we will compute degaj Fy. From (3.10), recall that for any i,¢ € [k], T} is
the coefficient of 27 in fi(z). Since f;(x) is monic, Tz = 1. For ¢ < k, Ty
is a polynomial in o; and deg, T < deg,, fi(x) (when writing deg,, fi(z), we

consider f;(z) as a polynomial in ;).

To find deg,, f;, consider the definition of f; in (3.18). Suppose that j € Z;
(otherwise, deg,, . f; = 0). Let Z{ = Z; — {;j} and define f; as

o= JI  @-8 (3.22)

Bespan{a;/:j' €2]}
which is a linearized polynomial with deg, f; = |Z{| = k — 2 and hence as a usual
polynomial deg,, f/(z) = ¢"~2. Since j ¢ Z!, f!(x) is independent of «;; therefore,

we can also write deg,, fl(a;) = ¢"~2. Furthermore, we can write that

fimy= ] @-5) (3.23)

Béespan{ar:j' €2Z;}

= H H (x —vya; — B) (3.24)

v€Fq Bespan{a:j'€Z]}

= 1] itz — ey (3.25)
v€EF,

= [ (fi@) = 7v£(ay)) (3.26)
v€F,

= (f{(x)* = (f{(a;))" " fi(=) (3.27)

where the last step is because of the identity [[ .y (z — ay) = 27 — allz.

Hence, deg, T < deg, fi(z) <(q—1)deg, f!(a;)= (¢ —1)¢* 2. Then,
Qaj aj aj Ji J

deg,, I = deg, detT (3.28)
< deg, T, 3.29
< {fé%fz €8q, L o(0). (3.29)

<(k—1)(g—1)¢*? (3.30)
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where ) denotes the set of permutations of [k] and in the last inequality, recall that

T, = 1, whose degree is 0. As a result,

deg,, F < ¢" '+ (k—1)(¢ — 1)¢" 2. (3.31)

So, if the field size is larger than this bound, i.e. ¢° > ¢" !+ (k — 1)(¢ — 1)¢* 72,
then there exist oy, . . ., o, € Fys such that F'(ay, ..., a,) # 0. As aresult, we have
the following theorem. Note thatif s > nand s > k — 1+ logq k, then

C=¢ "+ g=Dg¢" > " (g—Dkg" 2 > ¢ (k—1)(¢—1)¢" 2 (3.32)

Theorem 3.1. For any s > max{n,k — 1 +log, k}, if (3.6) is satisfied, then there
exists a Gabidulin code in F s of length n and dimension k such that its generator

matrix satisfies the support constraints in (3.5). o

Subcodes of Gabidulin codes

If the necessary and sufficient condition in (3.6) is not satisfied, we cannot have an
MDS code with the prescribed support constraints, and by fiat we cannot have an
MRD code or a Gabidulin code. However, we can still ask whether a code with the
largest possible rank distance can be achieved. In fact, we can show that the largest
rank distance can be achieved by subcodes of Gabidulin codes for a large enough

field size. In [2], the following upper bound on the Hamming distance is noted:
dg <n—(+1 (3.33)

where

(2 ma Z|+ 19| > k. 3.34
wﬂ%(g |0_ (3.34)

Since the rank distance of the code is upper bounded by the Hamming distance, we
have that
dp <n—{+1. (3.35)

Theorem 3.2. Suppose s > max{n,{ —1+log, (}. Then, there exists a subcode of
a Gabidulin code in F ;s with length n, dimension k, and rank distance dp = n—{+1

such that its generator matrix satisfies (3.5). o
Proof. Define 2,1 = --- = Z, = (). Then, for any nonempty 2 C [¢],

M2
i€

+1Q| < L. (3.36)
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Hence, by Theorem 3.1, there exists a Gabidulin code of dimension ¢ with an ¢ X n
generator matrix G having zeros dictated by Z, ..., Z,. Since it is an MRD—code,
its rank distance is n — ¢ + 1. The first k rows of G will generate a subcode whose
rank distance dp is as good as the Gabidulin code: dzr > n — ¢ + 1. Hence, this

subcode achieves the largest possible rank distance given in (3.35). [

3.3 Proof of Claim 3.1 (and More)

In this section, first we will extend the definition of linearized polynomials by
allowing their coefficients to be multivariate polynomials. Then, we will propose a
more general statement than Claim 3.1, namely Theorems 3.3.A and 3.3.B, which, in
fact, arise when trying to apply a proof by induction to Claim 3.1. Our generalization
will be written in two different forms. Theorem 3.3.A will be in terms of linearized
polynomials, whereas Theorem 3.3.B will be in terms of matrices. However, both
are equivalent and more general than Claim 3.1. We will give a sketch of the proof
in the language of matrices while the detailed proof will be given in the language of
polynomials. We should emphasize that the material presented here in the matrix

language is only for a better illustration of Theorem 3.3.A.

Problem Setup

Consider a finite field I, and an extension field Ry = F, . For n > 1, let
R, = Fy[z1,...,2,] be the ring of multivariate polynomials in the indeterminates
T1,Ty ..., Ty Over Fys.

Recall that the notation R, [z] denotes the ring of polynomials in the indeterminate x,
whose coefficients are drawn from R, (the coefficients are multivariate polynomials

inzy,...,xr,),ie.,

R,[z] £ {Z cx'

=0

dzO,co,...,cdeRn}. (3.37)

The set of linearized polynomials over R, is a subset of R,,[x], which we define as:

d
Ln £ {Z Cil’qi

=0

dEO,CO,...,chRn} C R, [z]. (3.38)

The g-degree of f € L,, is defined as deg,, f = dif f = Z?:o ¢;z? and ¢g # 0. We
also take deg, 0 = —oo. Since L, C R,[z], for any f, g € L,, we will continue to
use gcd{ f, g} and f | g notations by treating as f, g € R,[z].
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We note the following properties of L,, (see [36, Chapter 3] as a reference textbook,
where these properties are proven for L, i.e., when the coeflicients of the linearized
polynomials are from F,s. The same proofs can be extended to L,,. We also give
the proofs of P1 and P3 in Appendix 3.A as the other properties are obvious):

P1. L, is a ring with no zero divisors under the addition and the composition

operation o.

P2. Forany f,g € L,, deg,(f o g) = deg,(f) + deg,(g).

P3. For any finite-dimensional subspace V' C R,, over IF, and ¢ > 0,

f=1[@-p)" €L, (3.39)

BeV

and deg, f =t +dim V.
P4. Forany f € L,,, if 27 | f, then 3f’ € L, such that f = f' o 27"
P5. Forany f, g € L, if 27 | f,then2¢ | fogand 27 | go f.

P6. Forany f,g € L,,,if 294 fand 27 | go f, then 27" | g.

We are interested in linearized polynomials of the following form:

fze ] @-BY€el., t=0,ZC|n (3.40)

Bespan{z;:i€Z}

Note that these are linearized polynomials in light of P3 above. Furthermore, since
the z;’s are assumed to be indeterminates, any nontrivial linear combination of them

is nonzero, i.e. the x;’s are linearly independent. Hence,
deg,f(Z,t) =t + dim(span{z; : i € Z}) =t + |Z|. (3.41)

For k£ > 1, we define the set of linearized polynomials in this form with g-degree at
most k£ — 1:

Lo E{f(Z,0)[t>0,ZC[n]stt+|Z][<k—1}CL,. (3.42)

We also note the following properties with regard to £,, ;,, whose proofs appear in
Appendix 3.A.
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P7. For any f; = f(2,t1), fo = f(25,12) € L, x, we have

ng{fl, fg} = f(Zl N ZQ, min{tl, tQ}) € ‘Cn,k‘

P8. Forany fi, fo € Ly, if fo | f1, then 3f] € L, f1 = f] o fo.

P9. Let f =f(Z2,t) € L, randlet f' = f]|., -0 € L,,—1 (substitute z,, = 0 in each
coefficient of f). Then, f' € £, and
f(Z,1) n¢Zz

= . (3.43)
f(Z—-{nht+1) neZ

As a final note, it will be insightful to describe the composition operation between
linearized polynomials in matrix language. It is known that multiplying two poly-
nomials is equivalent to multiplying two Toeplitz matrices since both perform the
convolution operation. Now, we will give the analog when composing two linearized
polynomials. Let f = Z?:o ciz? € L,. Forb— a > d, we define the following

matrix:

0 0 0
q q q
Co €1 " Gy
1 1 1
C(] Cq [N Cq_
S . 0 1 b—a
axb(f) -
qafl qafl qu,fl
Co G © Cyg

where ¢; = 0 for ¢ > d. Note that a and b are parameters that define the dimensions
of the matrix S,.;(f), which is why we subscript S by a x b. For any linearized

polynomials f1, fo € L,,, we have that

Saxs(f1 0 f2) = Saxc(f1) - Sexv(f2) (3.44)

for any a, b, c such that ¢ — a > deg, f; and b — ¢ > deg, fo. The proof follows
straightforward calculations by definition. As a special case, when f; = z7,
fo=f= Z?:o cz-:vqi, and f; o fo = fqt, we can write for b — a > d,

t t

Saxv+)(f?) = Sax(att) (@) - S(agtyx v+t (f) (3.45)
= (Oaxt Im) “Sattyx o) (f) (3.46)
0 -+ 0 cgt A cgt_a
0 --- 0 cgt+1 c‘{m c‘b]:l
0 --- 0 A P
—————

t (3.47)
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Since by definition, f(Z,t) = f’ 7" for some f € L,, we have the following property:

P10. Let f = f(Z,¢) and r > 0. Then the first r + ¢ columns of S, (54, (f9") are

all zero.

Main Result

Theorem 3.3.A is a more general statement than Claim 3.1 given in Section 3.2 and

it is the analog of [2, Theorem 3] for linearized polynomials.

Theorem 3.3.A. Let k > m > 1 and n > 0. Then, for any fi, fa,..., fm € Lok,

the following are equivalent:

(i) Forall g1,q,...,9m € L, and r > 0 such that degq(gi of))<k-—1, we

have

Y giox'ofi=0 = gi=ga=---=gn=0.  (348)
i=1
(ii) For all nonempty Q2 C [m/|, we have

k— deg, ged fi > Y (k — deg, f3). (3.49)

i€Q ieQ

Before moving to the proof, in order to see how Claim 3.1 becomes a special case
of Theorem 3.3.A, we will give an equivalent way of writing it in terms of matrices
with entries from R,,. This will also allow us to see its connection with [2, Theorem
3].

Fori € [m], let f; = f(2;,t;) € Lo (e. Z; C [n],t; > 0 such that |Z;| +¢; <
k —1). For r > 0, we will write S(fiqT) instead of S(k_ti_|zi‘)x(k+r)(ffr) for the
ease of notation. By P10, S( fiqr) will look like as follows, where the x’s represent

the nonzero entries:

0 -+ 0 X %X -+ X
, 0O --- 0 X X e X
S( iq ) = . . . . . k’—ti—|ZZ‘|. (350)
0O --- 0 X X ee. X
—— ~ S\ /

Vv Vv
r+t; k—1—t;—|Z;| |Z;]+1
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Then, applying (3.44) to the expression g; 0 27 o f; = g; o fl.qr in Theorem 3.3.A

yields
Slx(k+r)(gi ox? o fi) =u;- S(fiqr) (3.51)
where w; = S1y (k—t,—|z)) (g;) is a row vector. Therefore, we can write
m S(f1)
S1x (k) (Z giox? o fi> = <u1 s um> o (3.52)
- S(f)
which is a linear combination of the rows of
S(f1)
M(r) = : (3.53)
S(fi)

ity (k=ti=|Zi]) % (k+r)
Hence, (z) in Theorem 3.3.A is equivalent to saying the matrix M(r) has full row

rank. Note that the first » columns of M(r) are zero since the first » + ¢; columns
of S(f") are so.

Furthermore, (i7) in Theorem 3.3.A can be written in terms of the Z;’s and the ¢;’s
in lights of (3.41) and P7. Therefore, Theorem 3.3.A is equivalent to Theorem 3.3.B

below.

Theorem 3.3.B. Fori € [m], let Z; C [n],t; > 0 such that | Z;| +1t; < k— 1. Then,
the matrix M(r) defined in (3.53) has full row rank for all r > 0 if and only if for
all nonempty Q C [m],

k —

Nz

1€Q)

— mint: > —t. —|Z. )
Iirégltz_Z(/f ti —|Zi) (3.54)

1€

As a special case, when m = k, |Z;| = k — 1, ¢; = 0, and » = 0, each block in

M(r) becomes a row vector with coefficients of f; = f(Z;, ;) = Zle cijx?

J—1
0
S(k7t¢*|Z¢\)><(k+r)(fiq ) = Sl><(k+r)<fi) = <Ci1 Cio - Cik) .

Hence, we have Corollary 3.1 below, which is Claim 3.1 in Section 3.2.

Corollary 3.1. Fori € [k], let Z; C [n| with |Z;| = k — 1. Then,

2

1€

k> +1Q, YO £QC K]
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if and only if
Ci1 Ci2 ... Cik
Cy1 Co2 ... OCop
det [~ | .| #0
Ck1 Ck2 ... Ckk
where c;;’s are defined as the coefficients of f; = f(Z;,0) = Zle cijwqj_l. o

Sketch of the proof of Theorem 3.3.B
The proof given here for Theorem 3.3.B omits certain steps that the interested reader
can fill in. The complete proof of the equivalent Theorem 3.3.A is given in Section

3.3 and includes each and every step.
The following identity (3.55) will be very useful throughout the proof.

For any Q C [m] (w.lo.g. assume Q = {1,2,...,/(}), we have f; = f/ o f, for
i € [{], where fo = gcd,eq fi- Then, we can write (with the appropriate dimensions
for S(+))

S(f) S(f;)
S : |- S(fo) =B -S(f7) (3.55)
. . W—/
S(f) S(fi") { y ]
W ,
o.., B 18U

where the matrix B’ has (k—|(;cq Z:| —min;eq t;) columns and 3, o, (k—t;— | Z;|)
rows. Note that these are respectively the left and right hand sides in (3.54).

Therefore, if (3.54) does not hold, then B’ will be a tall matrix and will not have full
row rank, which solves = direction. For the other direction, we will try to reduce
the problem to the one that has a smaller &, m, or n in order to do an inductive proof.

We look into two cases:

Case 1. (3.54) is tight for some 2 < |Q] < m — 1.

Case 2. (3.54) is strict forall 2 < || < m — 1.

In the first case, the matrix B’ becomes a square matrix. Hence,

: B'S(/i)
S(ft .
(‘]j ) _ | SULD (3.56)
U]\ s
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B’ S(f)
= ! S(fi) . (3.57)

1) \S(f%)

This will reduce the problem into two smaller problems: The first one is showing
that the matrix on the right in (3.57) has full row rank. The second one is showing
that B’ is non-singular or that B’ - S(fZ"), which is equal to the first £ blocks (see
(3.55)), has full row rank. Both are smaller problems (in terms of the number of

blocks) and one can show that both satisfy the inequalities in (3.54).

In the second case, since the inequalities are strict except for [Q)| = 1, m, we have
some flexibility to play with the sets. For example, we can remove an element j
from all the sets Z;’s containing 7 and increase ¢; by 1 (this corresponds to Case
2c in the proof of Theorem 3.3.A). This operation sets z; = 0 in the matrix M(r)
and we can claim that if M(r)|,,—o has full row rank, then so does M(r). Hence,
it reduces n in the problem to n — 1. Furthermore, it can be shown that except for
two corner cases (see Case 2a and 2b), one can carefully choose such an element j

so that removing it from the sets will not break (3.54) for 2| = m.

The only two corner cases are when none or only one of the ¢;’s is zero. If ¢; > 1
for all i € [m] (i.e. the first » + 1 columns of M(r) are all zero), then decreasing
k and each ¢; by 1 and increasing r by 1 will reduce the problem into a smaller one
(see Case 2a). If there is a unique zero, say t; = 0 (see Case 2b), then the first 7 + 1
columns of S(f7") will be zero only for i > 2. Then, the matrix will look like

X
0 X X
M O --- 0 0 X N % 358
(r)_ 0 --- 0 0 x X cee X ’ ( )
0 0 0 X X X

Hence, the first row is definitely not in the span of the other rows because it contains
a nonzero in the (r + 1)th column while the others do not. So, we can reduce the

problem by removing the first row. This will decrease k and every ¢; except ¢; by 1
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(and maybe m too if there is a single row in the first block). Again, it can be shown

that this operation does not violate (3.54).

Proof of Theorem 3.3.A
Let f; = f(Z;,t;). For the ease of notation, we will write fo = ged,.(, f;, which, by
P7, is equal to

fa=f (ﬂ Z;, riréglti) - (3.59)

ieQ
We will first show the trivial direction ((i) == (7)), then do induction for the
other direction ((i71) = (i)).
Suppose that (i7) does not hold and w.l.0.g., assume that for 2 = {1,2,..., ¢},

k= deg, fo < ) (k —deg, f).
ieQ

Fori € Q, let f; = f! o fq for some f/ € L, (see P8). Then, for » = 0 and for
91, - 9¢ € Ly such that deg,(g; o fi) <k — 1, in (i), the equation ) ,_, g; o f; =
0 defines homogeneous linear equations in coefficients of g;’s. The number of
variables is ) ., k — deg, f; and the number of equations is at most k& — deg, fo.
So, one can find gy, . . ., gs, not all zero, that solves this linear system.
(11) = (3):
We will do induction on parameters (k,m,n) considered in the lexicographical
order.

For (k,m = 1,n), (i) always holds due to P1: gjo29 o f; =0 = g¢; = 0.

For (k,m > 2,n = 0), (i) never holds: n = 0 = f; = 27" for some t, for every
i. Suppose t; < to, then for 2 = {1,2}, (3.49) becomes k —t; > (k—1t1)+ (k—t2),
which contradicts with | Z;| +¢; < k — 1.

For k > m > 2 and n > 1, assume that the statement ((ii) = (7)) is true for
parameters (k',m/,n’) < (k,m,n). Take any fi,..., f,, € L, for which (1) is

true. We will prove that () holds under the following cases:

Case 1. 3Q C [m] with 2 < |Q] < m — 1 such that (3.49) holds with equality.

Case 2. V) C [m] with 2 < |Q| < m — 1, (3.49) holds strictly and any of these

three:
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Case 2a. Foralli € [m], t; > 1.
Case 2b. There exists a unique ¢ € [m] such that ¢; = 0.

Case 2c. There exist at least two zero ¢;.

We will reduce m in Case 1, k£ in Case 2a and 2b, and n in Case 2c. Note that since
k > m, reducing k sometimes may also reduce m, which may happen in Case 2b

but will not happen in Case 2a, where we show & > m + 1.

Case 1: W.Lo.g., assume that for Q' = {1,2,...,/},

k—deg, fo =Y (k- deg, f;)

ieqy
where fy = fo. By P8, for i € [{], there exists f € L, such that f; = f/ o fo.

We will look at two smaller problems: (fi, ..., fi) € [,fl’k and (fo, fex1, -y fm) €
C?’;ZH. Since { < m and m — ¢ + 1 < m, the statement holds for both by the
induction hypothesis.

It is trivial that (¢¢) holds for (fi,..., f¢) and for (fo, fex1, .., fm) when O & Q.
We will show that it also holds for ( fo, foi1,. .., fin) When 0 € Q:

k — deg, fo = k — deg, ged{ fo, fla—(op } (3.60)
=k — deg, ged{for, fla—op} (3.61)
< Y (k—deg, f) (3.62)
i€ U(Q-{0})
= (k—deg, f)+ Y (k—deg,f) (3.63)
ey 1€(Q—{0})
= (k—deg, fo)+ Y (k—deg,f) (3.64)
i€(Q—{0})
= (k—deg, f). (3.65)
icQ
Hence, by the induction hypothesis, (i) holds for both (fi, ..., f,) and

(fo, fox1, -y fm). Now, we will show that it also holds for (fi, ..., fn):

Suppose that for some » > 0 and g¢1,..., 9, € L, with degq giofi < k—1for

i € [m], we have

ijgi ox? o f; = 0.
i=1
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. T Y4 T .
Since z¢ | ., giox? o f], by P4, we can write

¢

T T
E giox® o fl=gooua!
i=1

for some gy € L,,. Then,
OZZgioxq’"ofi
i=1

l m
SN oo flo ot 3 goat o,
=1

i=0+1

=gooa? o fo+ Z giox? o fi.

=041
Hence, gy = gs+1 = -+ = g, = 0. Then,
¢
gpor? ofo=3 gioa of=0. (3.66)
i=1
Hence, g; = --- = g, = 0. Then, all g;’s are zero.

Case 2a: Forall i € [m], f; = 2%0 f/, where f] = f(Z;,t; — 1) € L,, —1. Note that
since min;e(, t; > 1, we have deg, fi,) > 1 and for Q2 = [m], (i) implies
k—12>k—deg, fim > Z(k—degqfi) > m.
1€[m]
By the induction hypothesis, the statement is true for (fi, ..., f/,) with parameters
(k—1,m,n).
(1) holds for (f1, ..., f! ) because for any nonempty 2 C [m],

k—1—deg, f{, =k —deg, fo
ieQ
i€Q
Hence, (i) holds for (f],...,f/) too and we will show that it also holds for

(fla---afm):

Suppose that for some r > 0 and g1, ...,gm € L, with deg, g; o fi < k — 1 for

i € [m], we have

igioxqrofi = 0.
i=1
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Then,

0= Zgiqur o fi
i=1
:Zg1'0$q7«oxqofi’
i=1
=Y gioa” o fl.
i=1
Hence, g1 = --- =g, = 0.
Case 2b: Suppose that ¢, = 0 and fori € [m — 1], ¢; > 1. Fori € [m — 1], let

fi=a%0 fl, where f/ =f(Z;,t; — 1) € L, ;1 and let f], = f,, € L, ;. Note that
[ € Lyg—1if and only if deg, f;, < k — 2, in which case for 2 = [m], (i) implies

k> k—deg, fim > Y (k—deg, fi) > m+1.

1€[m]
By the induction hypothesis, the statement is true for (fi, ..., f/,) with parameters
(k—1,m,n)if k > m + 1 (or deg, f,, < k —2) and for (ff,..., f}, ;) with

parameters (k — 1,m — 1,n).

We will show that (i7) holds for (f, ..., f/ ) when k is replaced by k — 1. If m ¢ (2,
it is similar to Case 2a. For m € (), first observe that since each root of f,, has
a multiplicity of 1, we have ged{ f,, [/} = gcd{ fm, fi} for i € [m — 1]; hence,
fa = fi- Then,

(k—1) —deg, fo = =1+ k —deg, fo

> 1+ (k—deg, fi)

i€Q
= (k—1—deg, fm)+ »_ (k—deg,f)
1€Q—{m}
= (k—1—deg, i)+ > (k—1—deg,[)
1€Q—{m}
= (k—1—deg, f)).

i€
Hence, (7) also holds for f’s.

Suppose that for some 7 > 0 and g1,. .., gm € L, withdeg,(gio f;) < k — 1, we

have

igioxqrofi =0.
i=1
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Then,

m
"
0= gioa? o f,
=1
m—1
T T
:gmoxq ofm+§ g’boxq quof’bl
=1
m—1
T r+1 /

=1
NS

~—
divisible by z4" 1 due to P5

Hence, g,, o 29" o f,, is divisible by 27" and since 27 { fm (because t,,, = 0), by
P6, 27" | g,, o 27 Then, by P4, we can write g,, = ¢/, o z¢ for some ¢/, € L,
with deg, g; = deg, g; — 1.

If deg, frn = k — 1, then deg, g,, < —1, which implies that g,, = 0. Then,

!/

g1, -+, gm—1 are also zero since (i) holds for (f{,..., f/

) with parameters (k —

L,m—1,n).

Ifdegq I < k—2,

m—1
0=gpoz” of,+Y goa” of]. (3.67)

i=1
Hence, g1 = -+ = g1 = g,,, = O since (i) holds for (f{, ..., f,,) with parameters

(k — 1,m,n). Then all g;’s are zero.

Case 2¢: W.lo.g., assume that t,, = t,, = 0. If Z,,_ 1 = Z,, then for 2 =

{m — 1, m}, (ii) implies

k - degq fm = k - degq ng{fmfla fm} Z (k - degq fm*1> + (k - degq fm>

which contradicts with deg,, f,,—1 < k — 1. Hence, either Z,,,_; # [n] or Z,,, # [n].
W.Lo.g., assume Z,, # [n] andn ¢ Z,,.

Now, we will substitute x,, = 0. Let f/ = f; |.,—0. By P9, f/ € L,,_1 and

fi=1(Z,t) = . (3.68)

By the induction hypothesis, the statement is true for (f], ..., f/,) with parameters
(k,m,n — 1). We will show that it satisfies (i7):
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For || = 1, it is trivial.

For 2 < |Q] < m — 1, then

k—deg, fo=k—|[) 2| - min f; (3.69)
ieQ ’
<Lk — o — min t:
<k ( Nz 1) min t; (3.70)
1€Q
=k +1— deg, fo (3.71)
<Y (k- deg, fi) (3.72)
1€Q
= (k= deg, f)) (3.73)
1€Q

where the last inequality is because we assume that (3.49) holds strictly for 2 <

2] < m — 1 and the first inequality is because ¢; > ¢; and

Nz =|2g-{}=]|)2& -1
i€Q i€Q i€Q
For |Q] = m, (3.49) was not strict; however, there is no need to have the +1 in

(3.71) since

Ak

1€Q)

:mzi

1€Q

1€[m)|

Therefore, (77) holds for f!’s. Hence, so does (7).

Suppose that for some ¢y, . . ., g, € L,, not all zero, with degq(gl- ofi) <k—1,we
have

zm:gz’ oz? o fi=0.
i—1

We can further assume that at least one coefficient of one g; is not divisible by z,,.
(Otherwise, divide them by x,,.) Define ¢} = g; |, —0€ L,_1. Then, the ¢!’s are not

all zero. We can write

igé oal off = <Zm:g¢ ox? o fi)
=1 =1

Then, g; = --- = g/, = 0, which gives a contradiction. O]

=0 |, 0= 0. (3.74)

xn=0
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3.4 Conclusion

In this chapter, we extended our proof technique in [2] for Reed—Solomon codes
to Gabidulin codes by writing an analog of the algebraic-combinatorial problem
presented there. The main challenge in extending the result to Gabidulin codes was
that, unlike polynomial multiplication, the composition operation between linearized
polynomials is not commutative. As a result, we showed that the work of Halbawi
et al. [14] can be applied to networks with any number of source nodes, which had

been shown only for 3 source nodes.

Theorem 3.1 only claims the existence of Gabidulin codes since its proof is based
on the multivariate polynomial F'(«y, ..., a,) being not identically zero. The same
observation applies to subcodes of Gabidulin codes. In order to explicitly construct
a Gabidulin code, we need to explicitly specify the evaluations points aq, ..., a,
for which F' takes a nonzero value. One possible algorithm could be to generate
random evaluation points until F' takes a nonzero value. However, currently, we do
not know the average complexity of this algorithm. Hence, how to construct such
codes efficiently remains an important open problem. As a special case, when the
generator matrix is systematic (i.e. Z; = [k]\{i}), constructions of Gabidulin codes

are given in [38].

3.A Proofs of some properties of linearized polynomials
P1. L, is a ring with no zero divisors under the addition and the composition

operation o.

Proof. Note that for any a,b € R, [z],
(a+b)?=a?+ 7. (3.75)

Let f = Zjio fixqi7 g = Zjio gixqi € I—n Then,

— Zijgiqjxqu clL,.

Furthermore, if f, g # 0, then f o g # 0 since the leading coefficient, f;, ggzl

is nonzero. Hence, L,, has no zero divisors.
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By (3.75), for any f,g,h € L,

folg+h)= flg(x)+h(z))
= f(g(x)) + f(h(z))
—fog+foh.

The other ring properties are trivial. 0

P3. For any finite-dimensional subspace V' C R,, over F, and t > 0,

f=1[@-87" €L, (3.76)
and deg, f =t + dim V.

Proof. 1t is sufficient to prove it for ¢ = 0 because
[[@-p" =" o ]]=-5).
Bev Bev

We do induction on dim V. If dim V' =1, then V' = {aa : @ € F} for some
a € R, and

[[@-8=]]@-aq

Bev a€l,

=zl — iz eL,.

Suppose V' C V is a subspace such that dim V' = dim V' — 1 and suppose
f"=T1lgev(xz = B) € L. Then, V = {aa+b:a € F,be V'} for some
a € R, and

H(az—,@): H (x —aa —b)

Bev a€lFy,beV’
=[] [[((= - aa)—b)
a€lF, beV’
= ][ f'@~aq)
= || (f(z) —af'(a))

= [29 = (f'(a))" 2] o f' € Ly,
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P7. Forany f, = f(21,t1), fo = f(22,t2) € Ly, 1, we have

ng{fl, fg} = f(Zl N ZQ, min{tl, tz}) € En,k-

Proof. Note that each root of f; has a multiplicity of ¢'i. Therefore, the roots
of ged of f; and f> will be the elements of span{z; : j € Z;}Nspan{z; : j €
Zy} = span{z; : j € Z; N Z,}, each with a multiplicity of min{¢;,¢,}. O

P8. If fi, fo € Lo and fo | fi, then 3f] € L,,, fi = f{ o fa.

Proof. Let f1 = f(Z,t1) and fo = f(25,t3). Since each root of f; has a
multiplicity of ¢, we have ¢, < t;. Furthermore, the roots of f; are also roots
of fi:

span{z; : j € Z5} C span{z; : j € Z1}.

Hence, Z, C Z;. Then,

A= 1 @-p"

Bespan{z;:j€Z1}

= H H (x —a— b)qt1

acspan{z;:j€Z1— 22} bespan{z;:j€Z2}

= II (folz —a))™ ™"

a€span{z;:j€Z1— 22}

= H (folz) — f2(a))qtrt2

a€span{z;:j€Z1— 22}

= I1 (falx) = B)"* "

Bespan{ fa(x):j€Z1—22}

= f'of
where f' = H (z— 37" e L, O

Bespan{ fa(z;):j€EZ1—Z2}

P9. Let f =f(2,t) € L, andlet f' = f|.,—0 € L,—1 (substitute x,, = 0 in each
coefficient of f). Then, f' € L, and

f(Z,t) n¢ZzZ
= . 3.77)
f(Z—-{n}ht+1) neZ
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Proof. Ttis trivial when n ¢ Z. So, suppose n € Z. Then,

f= [ @-n"

Béespan{z;i€Z} 2 =0
n=

= H H (z — B — az,)”

Bespan{z;i€Z—{n}} acl,

= ]I [[@-n7

Bespan{z;:icZ—{n}} a€lq

- O @

Bespan{x;:i€ Z—{n}}

—f(Z—{nht+1) € Lo rp.

=0
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Chapter 4

SUPPORT CONSTRAINED GABIDULIN CODES OVER
CHARACTERISTIC ZERO

4.1 Introduction

Over finite fields, Gabidulin codes [7], [8] can be seen as a rank-metric equivalent of
Reed—Solomon codes, where instead of evaluating ordinary polynomials, one uses
linearized polynomials (i.e., whose only nonzero coefficients are for monomials
whose degree is a nonnegative integer power of the field characteristic). To properly
generalize this definition to fields of characteristic zero, it was recently suggested
in [9] to employ #—polynomials, which are linear combinations of compositions of
a generator 6 of the underlying Galois group of the field extension (that must be

cyclic).

Independently, there has been a surge of interest lately in constructing sparsest
generator matrices for Reed—Solomon and Gabidulin codes [3], [5], [11], [13], [26],
for several applications in distributed computing. Since the rows of a generator
matrix are codewords, each row cannot contain more than k£ — 1 zeros according to
the Singleton bound, where £ is the dimension of the code. The so-called GM-MDS
conjecture, posed by [11] and solved by [3] and [26], asserts that this maximum
number of zeros at every row is attainable, as long as a certain condition regarding
the position of zeros is satisfied. Specifically, this condition requires the zero-
entries at every set of rows to intersect in at most &£ minus the number of rows in the

intersection.

In this chapter, we complete the picture by showing that the same condition is
necessary and sufficient for the existence of sparse generator matrices for Gabidulin
codes over fields of characteristic zero. We note that while the proof of the equivalent
condition for Reed—Solomon is identical for finite fields and fields of characteristic
zero, for Gabidulin codes this is not the case, and the proof from [5] fails over the
latter fields. However, by adopting notions from the Reed—Solomon equivalent (the
“Simplified GM-MDS conjecture” [3, Thm. 3]), and combining it with a variant
of the well-known Schwartz—Zippel lemma, we are able to resolve the problem
over fields of characteristic zero. Moreover, our proof also provides a randomized

construction algorithm whose probability of success can be arbitrarily high; similar



53

randomized construction algorithms exist for the finite variants of the problem, but

their probability of success is lower.

Beyond their application in network coding [21], space-time codes [39], and cryp-
tography [40], Gabidulin codes have applications in low rank matrix recovery [41]
(LRMR), which is normally performed over fields of characteristic zero. In this
problem, one reconstructs a low-rank matrix from a given set of linear measure-
ments. If these linear measurements are given by multiplication of the unknown
matrix by a parity-check matrix of a Gabidulin code, this problem reduces to syn-
drome decoding of the respective zero codeword. Since the parity-check matrix of
a Gabidulin code has a similar structure to that of the generator matrix [9, Prop. 8],
our results imply that when performing LRMR with Gabidulin codes, one may em-
ploy linear measurements that depend on a small number of entries of the unknown

matrix.

The problem is formally stated in Section 4.2, along necessary mathematical back-
ground. Our main results are summarized in Section 4.3, and proved in Section 4.5

by using auxiliary claims given in Section 4.4.

Notations

Let [n] = {1,2,...,n}. Denote the dimension of a subspace V" over a field F by
dimg V and the span of the elements in a set S over the field F by spang S. The (total)
degree of a (multivariate) polynomial f is denoted by deg f (e.g. deg(z?y* + 2?) =
4). For an m x n matrix X and I C [m],J C [n], X, is the submatrix with
the columns and rows indexed in I and J respectively. Let X;. = Xy, and
X. s = X,y and when [ or J has a single element, we sometimes write the

element only, instead of the set.

4.2 Problem Setup

In this section, we will first provide a brief background on cyclic Galois extensions.
Then, we will define rank metric codes and Gabidulin codes. Finally, we will define
our problem, namely, finding Gabidulin codes with support constrained generator

matrices over a field of characteristic zero.

Field extensions
Let E/F be a field extension of finite degree, i.e. the dimension of E as a vector space

over F is finite, and let dimg E = m. The automorphism group of E/F, Aut(E/F),
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is the set of automorphisms of E that fix F, i.e.
Aut(E/F) = {0 : E — E automorphism | Vz € F,0(z) = z},

with the group operation of function composition o. If |Aut(E/F)| = m, E/F is
called a Galois extension, in which case, Aut(E/F) is also denoted by Gal(E/F)
and is called the Galois group of E/F.

In this chapter, we will focus on cyclic Galois extensions, whose Galois group is a

cyclic group of order m:
Gal(E/F) = {6°,0",...,0m "}

where the automorphism 6 is the generator and °™! = 6 o §' for every ¢ > 0. Notice

that 0™ = 6° is the identity automorphism.

For example, for finite fields, when F = [, and E = [Fn, the Galois group is cyclic

of order m with the generator automorphism 6(z) = z%:
Gal(F,m /F,) = {:1:, I A ,xqm_l} :

For infinite fields, when F = Q is the set of rational numbers and E = Q((,,), where
(n is the n’th root of unity, Q((, ) /Q is a Galois extension of degree p(n), where ¢(n)
is the Euler’s phi function (Q((,,) is called the n’th cyclotomic field and an interested
reader can refer to [42]). Its Galois group is isomorphic to the multiplicative group
Z;, of integers modulo n. Since Z is cyclic for n = p*, 2p® [43], where p is any
odd prime and «a is any positive integer, it follows that for these values of n, we have
that Q(¢,,) is a cyclic Galois extension of degree m = p(n) = p®~1(p—1). Itis also
possible to define cyclic extensions of (Q for any degree m by considering subfields

of Q(¢,) for an odd prime p such that p — 1 is divisible by m.

Rank metric codes
A linear rank metric code, [n, k, d|g/f, over a field extension E/F is an E-subspace

C of E™ of dimension k with the rank distance

. A . .
d=dp(C) = Or;l(}gc dimr(spang{ci, ..., cn}) 4.1)
where ¢y, ..., c, € E represent the entries of ¢ € E". By fixing an ordered basis

of E over F, the elements of E can be considered as vectors in F", and then the

codewords (i.e. the elements of C C E™) can be viewed as m X n matrices over F.
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Then, this definition of the rank distance in (4.1) is equivalent to the minimum of

the rank of the matrix representation of a nonzero codeword.

Notice that, by definition in (4.1), the rank distance of C can be upper bounded by the
Hamming distance, dy(C) £ ming..cc ||c|lo, where ||c|o is the number of nonzero
entries of c. Therefore, the Singleton bound can be written for the rank distance as

well:
dr(C) <dy(C) <n—k+1. “4.2)

The codes with dg(C) = n — k + 1 are called maximum rank distance (MRD), for
which we write [n, k]g/r by omitting d. A generator matrix for an [n, k, dg/F code

C is a k X n matrix over E whose rows form a basis for C.

Gabidulin codes
Gabidulin codes are defined as the row space of the £ x n matrix
°(x1)  0%(xz2) - ()
0 (z 0 (x e Yay,
(. 1) (. 2) (. )| ¢ grxn 43
Qkfl(],’l) ekfl(x2) . Qkfl(xn)

where § € Aut(E/F) and x4, ..., z, € E are F-linearly independent (notice that
this requires n < m = dimg E). Note that Gabidulin codes can be seen as evaluation
codes of the so-called #—polynomials; a f—polynomial is a function f : E — E of
the form f(z) =Y, f;6"(x) for f; € E, and every codeword in a Gabidulin code is
the evaluations of some #—polynomial of f—degree at most £ — 1. Note also that the
generator matrix can be chosen as the product of any £ x k invertible matrix over E
and the matrix in (4.3).

Originally, this was defined by Delsarte [7] and Gabidulin [8] for the finite fields,
when F = F,, E = F;m, and 0(x) = 29, as the first general constructions of MRD
codes over finite fields. Later [9], it was extended to fields of characteristic zero,
and it was shown that when E/F is a cyclic Galois extension and 6 is the generator
of Gal(E/F), this extension of Gabidulin codes also gives an [n, k]g;r MRD code
[9]. In the rest of the chapter, we will assume that E/F is a cyclic Galois extension

of order m and F is of characteristic zero.

Problem definition
We consider the problem of finding an [n, k]g/r MRD code whose generator matrix

G € E**" has support constraints. We describe the support constraints through the
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subsets Z1, Z,, ..., 2, C [n] as

Gi;j=0, VjeZz,i=12,...,k (4.4)

Over finite fields, this problem was studied in [5] and it was shown that a necessary
and sufficient condition for the existence of MRD codes under support constraints
described by the Z; is

Nico Zi| + 191 <k, Vo #QC [K]. (4.5)

The same condition also appears in the GM-MDS conjecture for MDS codes (i.e.
dg =n —k+1,see [11], and also [13], [16]) which was proven in [3] and [26].

Over infinite fields, the fact that (4.5) is necessary can be shown similar to [3], since
MRD codes are also MDS (4.2), and since the proof in [3] applies to both finite
and infinite fields. However, a similar proof to [5] cannot be applied to show that
(4.5) is sufficient when F has characteristic zero. The reason is that in finite fields,
since the generator matrix in (4.3) consists of entries in the form of polynomials in
the x;’s, which, in one step of the proof, allows to reduce the problem to a similar
one with a smaller parameter, whereas in the characteristic zero, the entries are in
the form of #—polynomials (defined in [9]) and applying the same step turns the
problem into one of a different kind. Hence, in this chapter, we will show that (4.5)
is sufficient for the existence of [n, k|g/r MRD codes under the support constraints

on the generator matrix given in (4.4) when F has characteristic zero.

4.3 Main Results

In this section, we present our main results on the existence of MRD codes in
characteristic zero (see Theorem 4.1) and the best achievable rank distance for the
cases where there does not exist any (see Corollary 4.1). Also, we will give a
randomized algorithm for the code construction. The proofs of the theorems will be

given in Section 4.5.

Theorem 4.1. Let E/F be a cyclic Galois extension of degree m such that F has
characteristic zero. For some k < n < m, let Z,..., 2, C [n] satisfy (4.5).
Then, there exists an [n, k|g ¢ Gabidulin code with a generator matrix satisfying the

constraints in (4.4).

If the Z;’s do not satisfy (4.5), then as given in [5] and [3], dg < dy < n+1—

max (|N;cq Zi| + |€9]) < n—k+1, and hence, an MRD code does not exist. For
oAQC[K €D
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this case, Corollary 4.1 below (which is the analog of [5, Thm. 2]) shows that this

upper bound is achievable by the subcodes (i.e the subspaces) of Gabidulin codes.

Corollary 4.1. In Theorem 4.1, if the Z;’s do not satisfy (4.5), then there exists an
[n,k,n — €+ 1]g/r subcode of an [n, (g Gabidulin code, which satisfies (4.4),
where
= 0 Zi Q). 4.

= max (|Nico 2] +120) (4.6)
Proof. Define 2,1 = --- = Z, = &. Then, for any nonempty 2 C [/], we have
that |;cq Zi| + €| < . Hence, by Theorem 4.1, there exists an [n, £, n — { + 1]g ¢
Gabidulin code with an ¢ x n generator matrix G having zeros dictated by 21, . . ., Z;.
The first & rows of G will generate a subcode whose rank distance dp is as good as

the Gabidulin code: dgr > n — ¢ + 1. Furthermore, n — ¢ + 1 is an upper bound on
dg [3]. Therefore,n — 4+ 1 < drp <dyg <n—4{¢+1. Hence,dp=n—¢+1. [

Code Construction

Fix an F-basis {b1,...,b,} for E and assume that the conditions for the Z; in
Theorem 4.1 are satisfied, i.e. Zi,..., 2, C [n] satisfy (4.5). Then, each Z; has
at most & — 1 elements by applying (4.5) with |2| = 1. In [11, Thm. 2] and [5,
Corollary 3], it is shown that one can keep adding elements to these sets from
[n] without violating any of the inequalities in (4.5) until each Z; has exactly k — 1
elements. Note that adding elements to these sets will only put more zero constraints
on the generator matrix. Therefore, without loss of generality, we can assume that
|Z;| = k — 1 for all ¢ along with (4.5). Then, we construct a generator matrix for a

rank metric code in a randomized manner as described below:
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Inputs: A finite nonempty set S C F and subsets Z1, ..., Z; C [n] satisfying
4.5).

Steps:

* Add elements to the Z;’s from [n] (if necessary) by following the algo-
rithm given in [11, Thm. 2] so that they all have exactly k — 1 elements
and still satisfy (4.5).

¢ Choose (7ij)ic[n],je[m] Uniformly at random from S.
 Letw; = ) 7" vib; fori € [n].
 Construct A € EF*" asin (4.3) in terms of z1, ..., T,,.
e Define T € E*** as
Ty =det |e; A.z|, i.j€lk] @.7)

where e; is the column vector with 1 at the jth entry and 0’s elsewhere
(Note that | Z;| = k£ — 1).

Output: The generator matrix G = T - A € EF*™,

By Lemma 4.1 below, G in the above construction is guaranteed to satisfy (4.4) for

any inputs.

Lemmad.1. Let Z,, ..., 2, C [n] be subsets of size k — 1. For a given k x n matrix
A, a k x k matrix T (over the same field as A) satisfying (T - A);; = 0 for every
J € Z;and i € [k] can be given as in (4.7).

Proof. Forafixedi € [k], the statement (T- A),;; = 0 for every j € Z; is equivalent
to the equation T; . - A. z, = 0. A solution T; . to this equation can be described
in terms of the adjugate of the £ x k square matrix P = [kal A, Z@}. Recall
that adj P is the transpose of the cofactor matrix [(—1)"" det(Pp) (4,500 (51)] -
and satisfies adj(P)P = det(P)I;x;. Since P has an all zero column, we have
det P = 0, which implies adj(P)P = 0. Furthermore, due to the zero column in

P, the entries of adj P are zero except the first row, whose entries are for j € [k],

(adjP)1; = (—1)" ! det(Ppyg 3,0\ (13)
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= (1) det(App1.2,)
= det [ej A:,Zi] = Ti,j~

Since (adjP),. - P =0and (adjP); . - A. z, = 0, the row vector T; . = (adjP); .
satisfies T . - A. z, = 0. [

Furthermore, if 24, . . ., x,, are F-linearly independent and the matrix T is invertible
(i.e. det T # 0), then the code generated by G is an [n, k]g/r Gabidulin code since
the row spaces of A and G = T - A are identical. In Theorem 4.2, we give a lower

bound on the probability of this construction giving an MRD code.

Theorem 4.2. If the conditions in Theorem 4.1 are satisfied, then the generator
matrix G randomly constructed as described above will satisfy (4.4) and generate
an [n, k|g/r Gabidulin code with probability at least 1 — %ﬁ_l)

Since F is infinite, S can be arbitrarily large. Therefore, the probability of construct-

ing an MRD code can be arbitrarily close to 1.

Furthermore, if the Z; do not satisfy (4.5), then by following the proof of Corollary
4.1, we can construct a rank metric code achieving the largest possible rank distance

for the given support constraints.

4.4 More on Cyclic Galois Extensions
Before moving to the proofs of the theorems, in this section, we will give some

useful properties of the automorphisms in Gal(E/F) = {6°,6',... 6™~1}.

Linear independence of the elements in E

Lemma 4.2 lists some equivalent conditions to the F-linear dependence of the
elements of E in terms of the automorphisms in Gal(E/F). The first two of these
conditions can be also seen as a special case of [9, Prop. 5], where the authors give
equivalent rank metrics for the elements of E”, whereas Lemma 4.2 only claims
that these rank metrics simultaneously declare rank deficiency (i.e. return a rank
less than n) for a given element of E™. It is worth noting, as shown by Augot et al.
[9], that the assumption that the extension E/F is cyclic plays an important role in
Lemma 4.2. This is since its proof relies on the fact that # fixes only the elements
of F (i.e. for any z € E, §(x) = x if and only if = € F), which is the case for the

cyclic extensions.
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Lemma 4.2. Letn <m =dimeE, z1,...,2, € E, and
Oz1)  0%(z2) - 0(zn)
M = 01(_2:1) 61(.:62) h 91(.1; i (4.8)
Qm_i(fl) Qm_i(lé) o Qm_i(xn)

Then, the following are equivalent:

(i) x1,...,x, are F-linearly dependent.
(ii) The columns of M are E-linearly dependent.

(iii) The top n x n minor of M is zero, i.e. det My, ,,) = 0.

Proof. If x; = 0 for some i, then the claim is trivial, and hence assume that z; # 0

for every 1.

(177) = (i): Let ¢ be the minimum number of columns of M that are E-linearly

dependent and w.l.0.g. assume that
-1
M:,Z = ZﬁZM,z
i=1

for some unique i, ..., 8,1 € E, which implies that '~ (z,) = Ef;i B0 (xy)
for every j € [m)]. Then, applying 6 to both sides gives 87(z,) = S5_, 0(5:)87 (),
which implies that M. , = Zf;% 6(8;)M.; as ™ = #°. Since the 3;’s are unique,
it follows that 6(3;) = (3;, which implies that 3; € F. Since 6°(x) = z, we have
Ty = Zle Bix; for B; € F.

(19i1) = (i1): If the top n x n minor of M is zero, then there exists ¢ < n such
that the ¢’th row of M is in the E-span of the first / — 1 rows. By induction, it can
be shown that for any ¢ > ¢, the ¢’th row is in the span of the first / — 1 rows. To
see how, assume for some fi,..., 61 € E, 07 (x;) = i) 516" (x;) for all
j. Then, by applying 6 to both sides, it follows that the (i + 1)’th row is a linear
combination of the first ¢ rows; hence it is also in the span of the first £ — 1 rows.
As aresult, rank M < ¢ — 1 < n, which implies (7).

(i) = (uii): Assume that > f;z; = 0 for some §; € F. Then, for any j,
applying 67 to both sides yields Y " | 3;67(x;) = 0since 67(3;) = f3;, which implies
(). 0
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Schwartz-Zippel Lemma for automorphisms
Recall the Schwartz—Zippel Lemma, which states that for a nonzero multivariate
polynomial f inn variables over a field, a point uniformly chosen at random from S,

where S is a nonempty finite subset of this field, will be a root of f with probability

at most d‘esg‘f . In this section, we will give an extension of the Schwartz—Zippel
Lemma for a special type of functions from E™ to E. More precisely, for a given
multivariate polynomial f over E in mn variables (seen as an m X n matrix), we
will consider the function g(z1, ..., 2,) = f([0" ' (2;)]icim),jeim)) and give a bound
on the probability of a randomly chosen point being a zero of g. Later, this will help

us to derive the bound on the probability given in Theorem 4.2.

Lemma 4.3. Let {by,...,b,,} be an F-basis for E. Let f be a nonzero multivariate
polynomial over E in mn variables. Let M € E™™ be defined as in (4.8) for
x; =y " Ty;b;, where the I';; are independently uniformly chosen at random from
a finite nonempty subset S C F. Then,

deg f
S|

P(f(M) = 0) <

Proof. Define another polynomial [’ as f/(X) = f(BX) in the variables X,j,
i € [m],j € [n], where B = [0""'(b;)]; jepm) is an m X m matrix defined as
in (4.8) for by,...,by,. Since {by,...,b,} is an F-basis, the b; are F-linearly
independent and by Lemma 4.2, B is invertible. Then, f can be also written as
f(X) = f(B7'X). Hence, f’ is also nonzero and deg f = deg f’. Furthermore,
F/(T) = J(BT) = F(M) since

M;; = 0" (z;)
=0 (X, bily)

= > 07 (b))
= (BT)y

where we use 0"~ !(T';;) = I';; since I';; € F. Now, applying the Schwartz—Zippel
Lemma to the polynomial f’ gives P(f'(I") = 0) < dTg‘f/. Hence, P(f(M) =0) <

4.5 Proofs of Theorem 4.1 and Theorem 4.2
First of all, notice that it is sufficient to prove Theorem 4.2 since it implies The-

orem 4.1 when S is chosen sufficiently large. Assume z1,...,z, are chosen as
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described in Theorem 4.2. We know that the code with the generator matrix T - A,
which satisfies (4.4) by Lemma 4.1, is an [n, k|g s Gabidulin code if the z;’s are
F-linearly independent and T is invertible. Define M € E™*" as in Lemma 4.2,
by which the z;’s are F-linearly independent iff det M, . # 0. Furthermore, since
A = My,,., we have that

T—[det|e; Az]| = ldet|e; My z]]

ijlk] ijelk]

Therefore, it is sufficient to show that P(det T - det M, # 0) > 1 — nth(k=l) o

S
that P(det T - det My, = 0) < “e=t),

In order to show this, we will appeal to Lemma 4.3. Define the multivariate

polynomial

F(X) = det ([det le; X[k]ziﬂi,je[k]) - det Xy, 4.9)

for the variables X;;, i € [m], j € [n] seen as an m x n matrix X. Then, it suffices
to show that P(f(M) = 0) < %kl_l) Hence, by Lemma 4.3, all we need to show
is that f is a nonzero polynomial with total degree at most n + k(k — 1).

To show the bound on the degree of f, recall the Leibniz formula for the determinant

of an n x n square matrix Z, which is detZ = > __o sgn(m) [[;_| Zr():» Where
S, is the permutation group of size n and sgn() is the sign of the permutation .
Thus, when the entries of Z are polynomials, we can write

degdet Z < Z max deg Z; ;. (4.10)

J€n] i€l

Hence, degdet X[,,. < n since each entry of X has degree one. Furthermore,
deg det [ej X[k],zi] < k—1; hence, deg det <[det [ej X[k],zi” ) < k(k—
1). Asaresult,deg f <n+k(k—1).

i,5E[K]
To show that f is a nonzero polynomial, we will use the simplified GM-MDS
conjecture of Dau et al. [11], which was proved in [3] and [26].

Lemma 4.4 (Simplified GM-MDS conjecture [3, Thm. 3]'). Let Z,, ..., Z; C [n]
be subsets of size k — 1. Then, they satisfy (4.5) if and only if the determinant of the

ICompared to [3, Thm. 3], in the statement of Lemma 4.4, the variable «; is replaced with —o;
and the matrix P is flipped about its vertical axis, which may only change the sign of the determinant.
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k x k matrix

Htezl(_o‘t) Ztezl<_at) 1
P= HteZQ:(_O‘t) Ztezgz(_at) 1 “4.11)

Ht62k<_at) 2t€2k<_at) 1

with entries Pij = 3 sz sj=_j [l1es(—au) is not the zero polynomial in the

variables o, . . ., ay,.

Notice that the i’th row of P in (4.11) consists of the coeflicients of the polynomial

k
[[(X—a) =) Pyx/! (4.12)
j=1

JjE€Z;
in the variable X. We will also show that P can be written in the form of (4.7). To

see how, define the m x n Vandermonde matrix V = [/ . Fix i € [k]

J L‘e[m],je[n]
and consider the determinant of the £ x k& Vandermonde matrix W = |v 'V, gl} ,

where v is a column vector whose j’th entry is X7~ for j € [k]:

det W = C; H (X — Oéj) (4é2) C; Z Pinj_l

JEZ; JE[K]

where ¢; = [[; _j,ez (aj, — aj,) # 0. On the other hand, by the linearity of the

determinant in the first column, we can write

det W = Z det [ej V[k],zi] Xt
jE[K]

since v.=> e &% J=1. As aresult, the entries of P satisfy

6Py = det [e; Vigz,|. (4.13)

Now, let us evaluate f in (4.9) at V, which will give a multivariate polynomial in

the variables «;:

FOV) = det ([det [ej VMZZ.H

(4.13)
2 det (6Pl jegy ) - det Vi

) - det VM,:

i,j€[k]

5

=detP- | [J e | - det V..
1€[k]
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By Lemma 4.4, det P is a nonzero polynomial. Furthermore, we have that ¢; # 0
and det Vi) = [T e (@ — ;) # 0. Hence, f(V)is not the zero polynomial
in the variables «;. Therefore, f(X) itself cannot be the zero polynomial in the
variables X;;. OJ
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Chapter 5

CONCLUDING REMARKS AND FUTURE DIRECTIONS

5.1 Central Problem: Generator Matrix under Support Constraints

The central problem in this thesis was to design linear codes with generator matrices
under support constraints. For the Hamming metric, if the MDS condition holds, the
existence of the Reed—Solomon codes over fields of size at least n + k — 1 is shown.
For the rank metric, if the MDS condition holds, the existence of the Gabidulin
codes over the finite field extensions [, /IF, with s > max{n, k — 1+ log, k} and
the field extensions of characteristic zero is shown. These results suggest some
research directions to explore. We briefly describe two future directions for this

problem.

Explicit Constructions

In order to design a Reed—Solomon code with support constraints satisfying the
MDS condition, one needs to find distinct evaluation points aq, . .., a, such that
the matrix M in (2.8) is nonsingular. Similarly, to design a Gabidulin code with the
same support constraints, one needs to find evaluation points aq, . . ., a,, such that
the multivariate polynomial F'in (3.19) evaluates to a nonzero value. However, our
results only guarantee the existence of these evaluation points. Hence, to design the

code, explicit constructions of them still remain to be studied.

In the absence of an explicit construction, one can of course choose «; € [ at
random and evaluate det M or F' until a nonzero value is obtained. Currently, we
do not know whether this will efficiently find a suitable set of «;’s or whether it will

require something akin to an exhaustive search.

Explicit constructions have been obtained in the literature for special instances of
the problem: Notably in [23]-[25] when the support constraints are sparsest and
balanced (i.e. the numbers of zeros in each row (and column) are as large as possible
and differ at most by 1), and in [31] when the sets are further required to satisfy
)ﬂj.:l Zj’ < k —iforeveryi € [k].
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Further Reducing the Field Size

Another interesting question is whether it is possible to further reduce the field size
for the existence of MDS codes with support constrained generator matrices. Note
that if the MDS conjecture is true, without sacrificing the minimum distance, the
best one can hope is to reduce the field size from n+k —1 to n— 1. However, if much
smaller field sizes are required, one can consider other code families with sacrificing
the minimum distance. For instance, it might be worth looking at whether algebraic—
geometric codes can be designed with support constrained generator matrices with

a desired minimum distance and field size.

5.2 Dual Problem: Parity Check Matrix under Support Constraints

A related problem to the main problem of this thesis is the dual problem, where
the support constraints are on the parity check matrix. In other words, we would
like to find a code with the largest possible minimum distance, subject to support

constraints on the parity check matrix.

Similarly, if we represent these constraints through subsets 21, ..., Z,_ C [n], the

entry H;; is required to be zero for every j € Z;:

x o 0] = 2
0 0 x -+ X| =2

H(nfk)xn = . . : : . . (51)
x x 0 -+ 0| =2,

The distance of the code with the parity check matrix H can be written in terms of
the Kruskal rank of H:

dy(C) = kr(H) + 1 (5.2)

where kr(H), the Kruskal rank of H, is the largest integer  such that any r columns
of H are linearly independent. This is because ¢ € C <= Hc' = 0, which
implies that the columns of H corresponding to the nonzero entries of a codeword

c are linearly dependent.

Let us drive an upper bound on the distance in terms of the given zero pattern.
Notice that permuting the rows or columns of H does not affect its Kruskal rank.
Hence, for a fixed nonempty 2 C [n — k], permute the rows such that the rows

indexed in (2 are on the top, and then permute the columns such that all the common
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zeros of the rows indexed in €2 are shifted to the right (denote Z, = ﬂz cq Zi):

0
H’:[ % ]}'9' . (5.3)
X X |}n—k—|0]
~— ~~
n—|Zq| |Zq|

If |Zq| > n — k — |Q], then the last n — k& — || + 1 columns would be linearly
dependent because they only have nonzero entries in their last n — k — || rows;
hence the Kruskal rank could be at most n — k — |Q]:

1Zo| >n—k—|Q] = ke(H) <n—Fk— Q] (5.4)

As a result, we can upper bound the distance of the code as follows:

dg(C) < min n—k—|Q|+1 (5.5)
QC[n—k]
st | Zql >n—k—1Q]
=n—k+1— max [ (5.6)
QC[n—k]

st |Zal >n—k—|Q.

Locally Repairable Codes

A special case of this problem has been studied in the context of locally repairable
codes [18]-[20]. For example, when the repair sets are all of equal size r (i.e.
locality of ), this imposes a very particular structure on the parity check matrix. If
Z, is the set of positions of the zeros in the ith row of H, then for all j € [n], there
exists ¢ € [n — k| such that j € Z¢ and | 25| < r + 1. Now, let us simplify the upper
bound in (5.6) for these subsets. Let

Qo={icn—Fk:|Z2|<r+1}. (5.7)
Then, ;cq, 25 = [n] and
n=|J 2] <D 12 < 1l(r+1). (5.8)
i€Q0 i€Qo

Hence, Q| > [;25]. Note that locally repairable codes do not impose any con-
straints on the rows indexed in §2§. For any © C ) such that |Q] < é we have

that

Uz

IS

<D IZEI S0+ 1) <9 +k (5.9)
1€Q)
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which is equivalent to the constraintin (5.6) by De Morgan’s law. If nis large enough,
we can choose €2 C Qg such that [ = [£] — 1 < [ 251 < [Q0]. Hence, by (5.6),
we get the well-known bound on the minimum distance of a locally repairable code

with locality 7:

dp(C)<n—k+2— [ﬂ . (5.10)

,
It has been shown that this is achievable by a subcode of a Reed—Solomon code [18].

General Case

In the case of general support constraints, this upper bound (5.6) is achievable by
a random code, which requires large field sizes and potentially does not have an
efficient decoder. Therefore, a question one may ask is whether one can design an
algebraic code on a small field size with a minimum distance that achieves the upper
bound. If the code is MDS, the problem is clearly equivalent to the one we have
studied here. However, if the support constraints on the parity check matrix preclude
the existence of a MDS code, then the question of whether such an algebraic code

under a general support constraint exists remains open.
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Appendix A

RELEVANT MATERIALS AND INSPIRING PROBLEMS

In this chapter, we will go over some relevant materials for our problems and some
related problems inspiring us in our solutions, from a pure mathematical perspective.
Firstly, we will define the MDS matrices, which are in fact the generator matrices
of MDS codes. We will derive a necessary condition (MDS condition) for a matrix
to be an MDS matrix in terms of the positions of its zero entries. Secondly, we
will go over a famous combinatorial problem, the Hall’s Marriage Theorem, which
involves a very similar condition to the MDS condition, and we will give some
generalizations of it. The generalization of the Hall’s Theorem will be later useful
in simplifying the GM-MDS conjecture. Thirdly, we will give the proofs of the
Hall’s Theorem and its generalization. The ideas behind these proofs are, in fact,
very similar to those used in the main problems of this thesis. Therefore, they may
help the reader to have a taste of the main idea behind the proof of the GM-MDS

conjecture.

A.1 MDS Matrix
Definition A.1 (MDS Matrix). An MDS Matrix is a £ X n matrix (k < n) over a

field IF such that every &k columns of it are linearly independent.

A Vandermonde matrix with distinct parameters 1, s, . .., z, € [ is an example
of an MDS matrix:

1 1 1

€ X2 T,

x? R - I (A.1)
gh=1 gh=t rk-1

This is because any k x k minor of it is a Vandermonde determinant, which is
nonzero when the parameters x; are distinct. More precisely, the k£ x k& minor that

is defined by the columns indexed in ¢y, %o, ..., tj is

I @, =) #0. (A.2)

1<i<j<k
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The MDS property of a matrix is preserved after multiplying with an invertible

matrix from left:

Theorem A.l1. Let G be k x n and T be k x k invertible. Then, G is an MDS
matrix if and only if TG is an MDS matrix.

MDS condition for a zero pattern

MDS matrices cannot admit every zero pattern. For example, a matrix having a
column with all zero entries cannot be an MDS matrix since a k£ X k minor involving
this column is zero. We will represent a zero pattern by subsets 21, ..., 2, C [n].

For i € [k], Z; denotes the set of positions of some zeros in the ith row of G:

x 0 x - 0| =2
0 0 x -+ X|—> 2

Gixn=|. . . . - (A.3)
X x 0 - 0= 2

We say that G admits this zero pattern if
Note that G may have other zeros as well in its entries shown with x.

Let us derive a necessary condition for a matrix Gy, to be an MDS matrix in
terms of its zero entries. Notice that permuting the rows or columns of G will not
change the MDS property. Hence, for a fixed nonempty €2 C [k], permute the rows
such that the rows indexed in €2 are on the top, and then permute the columns such

that all the common zeros of the rows indexed in {2 are moved to the right (denote
Zq = iea 2

0
G - [ % ]}9' . (A.5)
X X |}e-o
~— ~~
n—|Zq| |Zql

If | Zo| > k — |9, then the last & — |Q2] + 1 columns would be linearly dependent
because they only have nonzero entries in their last & — |€2| rows. Therefore, for G’
to be an MDS matrix, Zq can have at most k£ — || elements. Hence, a necessary

condition for G to be an MDS matrix is given as:

Definition A.2 (MDS Condition). For any nonempty 2 C [k],

2

1€Q

+19| < k. (A.6)
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For large enough fields, the MDS condition on a zero pattern is also a sufficient
condition to find an MDS matrix admitting this zero pattern. For example, when
|F| > (Zj) , it is shown that for any zero pattern satisfying the MDS condition, there
exists an MDS matrix admitting this zero pattern [12]. The GM-MDS conjecture

claims the same for smaller field sizes, in fact as low as n + k& — 1.

A.2 Hall’s Marriage Theorem
Let G = (U, V, E) represent the bipartite graph with the disjoint sets of vertices U
and V' and the edges £ C U x V such that |U| < |V|. Let Ng(£2) C V denote the

neighborhood of {2 C U, i.e. the set of all vertices in V' adjacent to some element
of Q.

Figure A.1: A bipartite graph with a perfect matching (bold), a subset €2 of the left
nodes, and its neighborhood Ng(€2).

We are interested in finding a perfect matching in §, which means a one-to-one
mapping from U to V' using the edges in £. A straightforward necessary condition
for the existence of a perfect matching in G can be given as the neighborhood of any

2 C U should have at least as many elements as (2:

Definition A.3 (Marriage Condition). For any (2 C U,

[Ng(Q)] = [9]. (A7)
Hall’s Marriage Theorem states that the Marriage Condition is also a sufficient
condition for the existence of a perfect matching.

Theorem A.2.A (Hall’s Theorem). Let G = (U, V, E) be a bipartite graph. There
is a perfect matching in G if and only if |Ng(2)| > || for all Q C U.
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Relation to the MDS condition

The marriage condition is in fact very similar to the MDS condition given in
Definition A.2. To see how, let us define S; = Ng({:}) as the neighbors of i € U.
Then, Ng(£2) = |, Si and equation (A.7) can be written as:

Us:

1€Q

> |Q]. (A.8)

This form is not quite the same as the MDS condition; however, if we rewrite it in

terms of the complements Z; = V\S; by assuming U = [k] and V = [n], we get:

Nz

1€Q

+19] <n, (A.9)

which is the same as the MDS condition when n = k.

o O X X O
S O X © X
X X © o X
X © O X O
o X X © o
l
o O = O O
OO OO
—_0 O O O
OO O = O
O = O OO

Figure A.2: The zero pattern and the permutation matrix corresponding to the
bipartite graph and the perfect matching illustrated in Figure A.1.

In fact, when n = k, Hall’s Marriage Theorem says that any zero pattern satisfying
the MDS condition for a k£ x k square matrix can be achieved by a permutation
matrix!, which is an invertible matrix and therefore, an MDS matrix. To see
how, first notice that finding a perfect matching can be viewed as removing edges
from the graph until each node in U has only one neighbor while the Marriage
Condition is still satisfied (note that when each node has a single neighbor, the
Marriage Condition only says that these neighbors are distinct, i.e. it is a perfect
matching). Furthermore, note that Z; is the set of nodes to which ¢ is not connected.
Hence, removing edges corresponds to adding elements from [n] to the subsets Z;.
Therefore, in terms of the subsets Z1, ..., Z; C [n], Hall’s Marriage Theorem can

be rewritten as

By using this idea, it can be shown that the Birkhoff-Von Neumann theorem is a logical
equivalence of the Hall’s theorem.
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Theorem A.2.B (Hall’s Theorem). Let Zi,2Z5,..., 2, C [n] such that for all
nonempty §2 C [k],

Nz

ISY)

+1Q| < n. (A.10)

Then, one can keep adding elements from [n| to these subsets without violating any

of the inequalities until each subset has exactly n — 1 elements.

Hence, when n = k, for a given zero pattern satisfying the MDS condition, we
can add more zeros if necessary and obtain a zero pattern that has £ — 1 zeros in
each row. Then, if we put 1 to the remaining nonzero entries, we will obtain a

permutation matrix.

Generalization of Hall’s Marriage Theorem

Heretofore Hall’s Marriage Theorem relates to the MDS matrices only when n = k.
In order to have a relation in a more general case, let us consider a generalization of
the statement [11, Thm. 2]:

Theorem A.3.A (Generalized Hall’s Theorem). Let Z1, Z5, ..., 2, C [n] such that
for all nonempty Q) C [k],

+1Q| < k. (A.11)

Nz

1€

Then, one can keep adding elements from [n| to these subsets without violating any

of the inequalities until each subset has exactly k — 1 elements.

Note that this only generalizes the special case (when n = k) of the Hall’s Theorem.
In other words, setting n = k in both Theorem A.2.B and Theorem A.3.A gives the

same statement.

In relation to the zero patterns of the MDS matrices, Theorem A.3.A says that to a
given zero pattern satisfying the MDS condition, we can add more zeros and obtain
an extended zero pattern which also satisfies the MDS condition and has exactly
k — 1 zeros in each row. Note that the MDS condition only requires that each row
can have at most £ — 1 zeros. Hence, Theorem A.3.A can help us to convert any
zero pattern of an MDS matrix to one that has exactly £k — 1 zeros in each row
by introducing more zeros. This will be very useful later when simplifying the
GM-MDS conjecture.
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A.3 Proof of Hall’s Theorem and its generalization

In this section, first we will provide a very nice inductive proof of Hall’s Marriage
Theorem. Then, we will try to mimic this proof for its generalization. When doing
so, we will need to write down an even more general statement. This idea is actually
very similar to those in Chapter 2 (the proof of the GM-MDS conjecture) and
Chapter 3. Therefore, it may help to understand the main ideas behind the proofs
given in those chapters.

Proof of Hall’s Theorem

We will show that from a given graph G = (U,V, F) satisfying the marriage
condition, we can remove edges until we get a perfect matching. Let us do induction
on |U|. If |U| = 1, it s trivial. Let £ > 2 and suppose it is true when |U| < k. Let

|U| = k. We consider two cases:

1. (A.7) holds with equality for some 2 with 2 < |Q| < k — 1.

We will remove all the edges between ¢ = U\ and Ng(€2). This will split
G into two disconnected parts: G, = (U, Vi, E1), Go = (Us, Vs, Es), where
Up=Q Uy = Q5 Vy = Ng(Q), Vo = V\Wi, and E; = E N (U; x V).

Clearly, G, satisfies (A.7). We will show that so does G,: For any ' C U,

|Ng, ()] = [Ng(QU Q)| — [ Ng(Q)] (A.12)
> Q| + Y] — 9] (A.13)
— 9. (A.14)

Hence, by the induction hypothesis, we can find perfect matching in both
disconnected parts of G.
2. (A7) is strict for all Q with 2 < |Q] < k — 1.

If there is at least one node ¢ € U with a degree bigger than one (otherwise it
is a perfect matching), remove one of the edges from 7. Since all inequalities

are strict this will not violate (A.7).

First attempt to prove the Generalized Hall’s Theorem

First let us rewrite the Generalized Hall’s Theorem in terms of the bipartite graphs:

Theorem A.3.B (Generalized Hall’s Theorem). Let G = (U,V, E) be a bipartite
graph with |U| = k, |V'| = n. Suppose that for any nonempty Q) C U,

INg(Q)| >n—k+|Q|. (A.15)
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Then, one can keep removing edges from I without violating any of the inequalities

until the degree of i is exactlyn — k + 1 forall © € U.

Note that adding extra dummy nodes to V' should not have any effect on this property,
but the size of |V| appears in these inequalities. Also, when we try to mimic a similar
proof, another thing to observe is that if the equality holds for some €2, the subgraph
Ga = (2, Ng(Q), EN (2 x Ng(2))) has fewer nodes on the right side than |V| = n
while the inequalities still carry the information about the size of the bigger graph.
Therefore, it is natural to remove this dependency to the number of nodes and focus

on a bit more general version of it:

Theorem A4. Let G = (U, V, E) be a bipartite graph. Suppose that there exists an
integer ¢ > 0 such that, for any nonempty ) C U,

Ng(Q)] > ¢+ [, (A.16)

Then, one can keep removing edges from I without violating any of the inequalities

until the degree of i is exactly c + 1 forall i € U.

Now, assuming again that the equality holds for some 2 (i.e. |Ng(Q2)| = ¢+ |Q]),
the subgraph G, can be resolved by the induction hypothesis. However, we still
need to guarantee that while removing edges from these subgraphs, we do not break

the inequality

for any §2; C 2 and 2, C Q°. Note that by the induction hypothesis, we are able to
assume that after removing an edge, the inequality | Ng(€2;)| > [€2;] will still hold.
Then,

[Ng (21 U Q)| = [Ng(£1)] 4 |Ng(§22) — Ng(€21)|

> [Ng(21)| + [Ng(£22) — Ng(92)]|

= [Ng(€1)[ + [Ng(Q22 U Q)| — [Ng(€2)]
> c+ ||+ |[Ng(QUQ)| —c— 19|

= [Ng(Q2 U Q)| + [] — |9
2 c+ ‘Ql| + |QQ’

Hence, it is sufficient to guarantee that | Ng (£, UQ)| > ¢+ Q] + 2| is not violated
(instead of |Ng(2; U Qa)| > ¢+ || + || for every €y C 2). Therefore, the
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individual nodes inside €2 do not have any role anymore, which suggests us to define

a new graph, where we merge all the nodes in 2 into a single node called §2:
G = (QU{Q},V,E), where

E'=(EN(Q° xV))U({Q} x Ng(Q)).

Note that the node (2 is a placeholder for |2| nodes. Therefore, our new problem
now may have nodes that represent multiple nodes. Hence, this suggests us to
generalize the problem even more by assigning a weight to each of the nodes in
U. The whole point in working on a more general problem is that we want to
benefit from the induction hypothesis and generalizing the problem also makes the

induction hypothesis to cover the cases that we need.

A further generalization of Hall’s Theorem and Proof of Theorem A.3.B

Theorem A.5. Let G = (U,V, E) be a bipartite graph. Suppose that there exist
integers ¢ > 0 and d; > 1 for ¢ € U such that for any nonempty 2 C U,

INg(Q)| > c+ ) di. (A.18)
1€Q
Then, one can keep removing edges from E without violating any of the inequalities

until the degree of i is exactly c + d; for all i € U. o

Proof. We will do induction on |U|. If |U| = 1, it is trivial. Let £ > 2 and suppose

it is true when |U| < k. Let |U| = k. We consider two cases:

1. (A.18) is tight for some Q with 2 < |Q| < k — 1.
Let G, = (Q,V, Ey), where E; = EN(Q x V)and G, = (2°U{Q},V, Es),
where Q¢ = U — (2 and
Ey = (E— E)U{(,j):j € Ng()}.

In other words, to obtain G,, we merge the vertices in € into a single vertex

called €2 with the edges from that to every vertex in Ng(€2). Furthermore, let
do = Zz‘eQ d;.

We will show that (A.18) holds for G; and G if and only if it holds for G (the
other direction <= is trivial). Let 21 C 2,2y C Q€. Then,

[Ng (1 U Q)| = |Ng(1)] + [ Ng(€22) — Ng(§21))|
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> [Ng ()] + | Ng(22) — Ng(©))]
= [Ng ()] + [Ng(€22 U Q) — [Ng(Q)]
= [Ng, ()] + [Ng, (€22 U{Q2})] — (¢ + da)

> <c+Zdi> + <C+dQ+Zdi) — (c+dg)

SV 1€Q9

Since || < k — 1 and |Q°U {Q}| < k — 1, by the induction hypothesis, we
can remove edges from G; and G, until the degree of i is ¢+ d; forall ¢ € U.
(Note that none of the edges from the vertex €2 in G, will be removed since its

degree is already c + dg,.)

2. (A.18)is strict for all Q with2 < |Q] < k — 1.
If there exists an edge (7, j) € E such that the degree of 7 is at least ¢ + d; + 1
and the degree of j is at least 2, then removing (4, j) will not violate (A.18)
because all the inequalities are strict except for |{2| = k, in which case, the
left hand side is not affected. Now, we can assume that if a vertex 7« € U has a
degree of at least ¢ + d; + 1, then it is disconnected from the other vertices in
U. Then, removing any edge from such a vertex ¢ will not violate any of the

inequalities. O

As a special case, letting ¢ = 0 and d; = 1 for all 7 yields to the Hall’s Marriage
Theorem (Theorem A.2.A-A.2.B). Letting ¢ = |V| — |U| and d; = 1 for all 7 yields
to its generalization (Theorem A.3.A-A.3.B and [11, Thm. 2]). Hence, Theorem

A.5 covers all the other theorems given in Sections A.2 and A.3.
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