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Abstract—In this paper, we propose and study r-minimal codes, a natural extension of minimal
codes which have been extensively studied with respect to Hamming metric, rank metric and sum-
rank metric. We first propose r-minimal codes in a general setting where the ambient space is a
finite dimensional left module over a division ring and is supported on a lattice. We characterize
minimal subcodes and r-minimal codes, derive a general singleton bound, and give existence results
for r-minimal codes by using combinatorial arguments. We then consider r-minimal rank metric
codes over a field extension E/F of degree m, where E can be infinite. We characterize these codes
in terms of cutting r-blocking sets, generalized rank weights of the codes and those of the dual
codes, and classify codes whose r-dimensional subcodes have constant rank support weight. Next,
with the help of the evasiveness property of cutting r-blocking sets and some upper bounds for
the dimensions of evasive subspaces, we derive several lower and upper bounds for the minimal
length of r-minimal codes. In particular, when [E is finite, we establish a general upper bound
which generalizes and improves the counterpart for minimal codes in the literature. As a corollary,
we show that if m = 3, then for any k£ > 2, the minimal length of k-dimensional minimal codes is
equal to 2k. To the best of our knowledge, when m > 3, there was no known explicit formula for
the minimal length of k-dimensional minimal codes for arbitrary k in the literature.

1 Introduction

A Hamming metric linear code is said to be minimal if all of its non-zero codewords have
minimal Hamming supports. In early 1990s, Massey showed in [36] that the minimal codewords
(i.e., codewords having minimal Hamming supports) in the dual code completely specify the access
structure of the secret sharing scheme based on a linear code. Minimal Hamming metric codes
have since been extensively studied due to their applications in secret sharing and secure two-
party computation (see [5, 16, 21, 35]) as well as their interesting algebraic, combinatorial and
geometric properties (see [1, 2, 5, 6, 11, 12, 22, 27, 46] and references therein). Among others, it
has been shown recently in [1, 46] that minimal codes are equivalent to cutting blocking sets, a
class of combinatorial objects introduced in [12] for constructing minimal codes. Many important

!Shanghai Key Laboratory of Intelligent Information Processing, School of Computer Science, Fudan University,
Shanghai 200433, China.
Shanghai Engineering Research Center of Blockchain, Shanghai 200433, China. E-mail:xuyyang@fudan.edu.cn
2Shanghai Key Laboratory of Intelligent Information Processing, School of Computer Science, Fudan University,
Shanghai 200433, China.
Shanghai Engineering Research Center of Blockchain, Shanghai 200433, China.
Yiwu Research Institute of Fudan University, Yiwu City, Zhejiang 322000, China. E-mail:hbkan@fudan.edu.cn
3Department of Mathematics, Faculty of Science, The University of Hong Kong, Pokfulam Road, Hong Kong,
China. E-mail:ghan@hku.hk



results for minimal codes have since been established by using cutting blocking sets. For example,
Alfarano, Borello and Neri proved in [1] that minimal codes are asymptotically good; later in [5],
Alon, Bishnoi, Das and Neri gave explicit constructions of asymptotically good families of minimal
codes; in [27], Héger and Nagy established upper bounds for minimal length of minimal codes which
are linear in both the dimension and the field size; later in [11], Bishnoi, Dhaeseleer, Gijswijt and
Potukuchi further improved the counterpart result in [27] to more general settings. More recently
in [4], Alfarano, Borello and Neri introduced and investigated the notion of outer minimal codes
and outer strong blocking sets, two larger class of objects which are closely related to minimal codes
and cutting blocking sets, respectively (see [4] for more details).

Recently, there has been a growing interest in minimal rank metric codes (see Section 2.1 for
more details), which were first introduced by Alfarano, Borello, Neri and Ravagnani in [3]. It was
shown in [3] that these codes are equivalent to linear cutting blocking sets, a class of combinatorial
objects which are both special cases and g-analogues of cutting blocking sets. In [3], the authors
established bounds for the parameters of minimal rank metric codes, gave general existence results
via a combinatorial argument, and gave explicit constructions for some classes of minimal rank
metric codes; moreover, they showed that a minimal rank metric code can be associated to a
minimal Hamming metric code (see [3, Sections 5,6] for more details). Many important results for
minimal codes have since been established by using linear cutting blocking sets. In [8], Bartoli,
Csajbok, Marino and Trombetti proved that linear cutting blocking sets are equivalent to a class of
evasive subspaces (see [9, 33]), which further led to the genuinely new characterization of minimal
rank metric codes in terms of their second generalized rank weights; moreover, they constructed
4-dimensional minimal codes over F /Fy with the shortest length 8, which also provided the first
example of a class of linear MRD codes that are not obtained as a direct sum of two smaller MRD
codes (see [8, Sections 3,4] for more details). In [31], Lia, Longobardi, Marino and Trombetti
generalized the evasiveness property of linear cutting blocking sets to linear cutting r-blocking sets,
and constructed 3-dimensional minimal codes over Fym /F, with the shortest length m + 2 for all
odd m > 5 (see [31, Sections 3,4] for more details). More recently, the notion of minimal codes has
been further generalized to sum-rank metric [34], a metric that includes both Hamming metric and
rank metric as special cases, and we refer the reader to [13, 38, 44] for more details.

In this paper, we propose and study r-minimal codes for r € N. Roughly speaking, r-minimal
codes are natural extensions of minimal codes with codewords replaced by r-dimensional subcodes
in the definition, and boil down to minimal codes when » = 1. We first study r-minimal codes in
a general setting, and then restrict our attention to rank metric. Other than being an extension of
minimal codes, r-minimal rank metric codes can be regarded as the coding-theoretic counterpart of
linear cutting r-blocking sets (see [12, 26, 31]). This generalizes the equivalence between minimal
rank metric codes and linear cutting blocking sets.

The main contributions of this paper can be summarized as follows.

In Section 3, we propose and study (o, r)-minimal codes as submodules of a finite dimensional
left R-module X, where R is a possibly infinite division ring, and X is supported on a lattice
Y with respect to 0 : X — Y. More precisely, in Section 3.1, with X, Y and o appropriately
set, we give six examples of r-minimal codes with respect to various metrics. In Section 3.2, we
characterize minimal subcodes of a given code and (o, r)-minimal codes (Theorems 3.2 and 3.3),
and derive several corollaries including a general Singleton bound and the fact that (o, r)-minimal
codes are also (o, s)-minimal for 0 < s < r (Corollaries 3.1-3.3). In Section 3.3, when R is finite, we
derive two existence results for (o, r)-minimal codes of a given dimension by using combinatorial
arguments (Theorems 3.4 and 3.5).

In Sections 4 and 5, we study r-minimal rank metric codes over a field extension E/F of degree
m, where E can be infinite.



Section 4 is devoted to the characterizations and basic properties of r-minimal codes and linear
cutting r-blocking sets. In Section 4.1, we derive the maximal rank support weight of all the s-
dimensional subcodes of a code C for all 0 < s < dimg(C) (Theorem 4.1). This result extends [10,
Theorem 3.1] and is crucial for our discussion in later sections. In Section 4.2, we establish the
evasiveness property of linear cutting r-blocking sets (Theorem 4.2) and derive some corollaries. In
Section 4.3, we characterize r-minimal codes in terms of linear cutting r-blocking sets, generalized
rank weights of the codes and those of the dual codes (Theorems 4.3-4.5), where the equivalence
between r-minimal codes and cutting r-blocking sets also extends to sum-rank metric (Remark
4.3); moreover, we characterize rank metric codes whose r-dimensional subcodes have constant
rank support weight (Theorem 4.6). Some of our results generalize the counterpart results in
[3, 8, 31, 39] to arbitrary r and possibly infinite E via a different approach.

Section 5 is devoted to the minimal length wpg r(k,7) of k-dimensional r-minimal codes for
k > r+1, which turns out to be equal to the minimal dimension of linear cutting r-blocking sets of
EF (Proposition 5.1, Corollary 5.1). In Section 5.1, we derive some upper bounds for the dimensions
of evasive subspaces (Theorem 5.1, Corollary 5.2). In Section 5.2, we establish several lower bounds
for wg,p(k,r) with the help of the results established in Section 5.1 (Theorems 5.2 and 5.3). In
Section 5.3, when E is finite, we derive the explicit number of all the [n,r + 1] r-minimal codes
(Proposition 5.3), and establish in Theorem 5.4 the general upper bound

wgp(k, ) < mr+k(r+1) —r% = 2r.

As a special case, the upper bound m + 2k — 3 for minimal codes slightly improves [3, Theorem
6.11]. In particular, we show that wg/r(k,1) = 2k if m = 3. To the best of our knowledge, when
m > 3, there was no known explicit formula for wg/r(k, 1) for arbitrary k in the literature.

2 Preliminaries

We begin with a few notations for modules over a division ring R. For a left R-module X
and any A C X, let (A)r denote the R-submodule of X generated by A, and write A <z X if A
is an R-submodule of X. For m,n € Z*, let R" and RI" denote the sets of all the row vectors
and column vectors over R of length n, respectively, and let Mat ,, ,,(R) denote the set of all the
matrices over R with m rows and n columns; moreover, for any G € Mat ,, ,(R), let row (G) and
col (G) denote the sets of all the rows and columns of G, respectively.

2.1 Rank metric codes

Rank metric codes were introduced by Delsarte in [21] and by Gabidulin in [24]. The study
of rank metric codes has intensified greatly in the last decades due to their applications in secure
network coding and crisscross error correction (see [30, 35, 42, 43]) as well as their important
mathematical properties (see [18, 23, 25, 39, 40] and references therein) that may hold true for
codes over possibly infinite fields (see, e.g., [7, 10, 29, 34, 35]). Among others, Berhuy, Fasel and
Garotta proved in [10] that if a rank metric code is of length less than or equal to the field extension
degree, then there exists a codeword whose rank support is equal to the rank support of the whole
code (see [10, Theorem 3.1]), settling a conjecture proposed by Jurrius and Pellikaan in [29]. This
result is a keystone for our approach as it enables us to establish many of our results for codes over
possibly infinite fields (see Remark 2.3 for more details).

Throughout this subsection, let E/F be a finite dimensional field extension with dimp(E) = m.
For any s € ZT and A C E®, the dual of A, denoted by AL, is defined as

At 2 {BeE*|ap? =0 forall a € A}, (2.1)



where 8T € El¥) denotes the transport of 8 € E®; moreover, let
A2 (g7 | g e ALty CEBL (2.2)

We also fix n € Z*. For any k € N, an [n, k| rank metric code is a k-dimensional E-subspace of
E™. For k € Z" and an [n, k] rank metric code C <g E", a generator matriz of C' is a matrix
G € Mat ., (E) satisfying C' = (row (G))g = {7G | v € EF}.

Now let (71,...,7m) be an ordered basis of E/F. Then, for any a € E", there uniquely exists
M(a) € Mat o (F) such that a« = (71,...,7n)M(«), and the rank support of o, denoted by
rsupp (), is defined as the F-subspace of F" generated by row (M(«a)). More generally, for any
A C E", the rank support of A, denoted by x(A), is defined as the F-subspace of F" generated by
Uaca 18upp (@); moreover, the rank support weight of A, denoted by wt (A), is defined as

wt (A) 2 dimp(x(4)). (2.3)

We remark that the rank support of an element is independent of the choice of the ordered basis.
The following lemma, in which we establish some connections between rank supports and dual
spaces, will be used frequently in the rest of the paper.

Lemma 2.1. (1) For A C E", we have A* NF" = x(A)L NF" and wt (A) = n — dimp(A+ NF?).
(2) Let k € Z*, and let G € Mat ,,(E), C = (row (G))g, U = (col (G))r. Define ¢ : F* — B} g5
©(0) = GOT. Then, it holds that ran (p) = U, ker(p) = C+NF" and wt (C) = dimg(U). Moreover,
for B, P CEF and D 2 {yG | v € B}, Q 2 {G | v € P}, we have ¢~ [B*NU] = D+ nF",
wt (D) = dimp(U) — dimp(B* N U), and it holds that x(Q) C x(D) <= B*nU C P*.

Proof. (1) For g € F" and any a € A, we have
afl =0 <= (11,...,7m)M ()T =0 <= M(a)pT =0+ 3 € rsupp (),

which further implies that 3 € At <= 3 € x(A)*, as desired. Moreover, from x(A) <p F" and
(2.3), we deduce that wt (4) = n — dimp(x(A)* NF") = n — dimp(A+ NF"), as desired.

(2) First of all, it is straightforward to verify that ran(¢) = U and ker(p) = C*+ NF". It then
follows from (1) that wt (C) = n — dimp(ker(yp)) = dimp(U), as desired. Next, for 6 € F", we have

0cpl[BINU] <= GOT € Bt <= (Vv € B: 7GOT =0) <= 0 € D+,
which implies that ¢~ }[B* N U] = D+ NF", as desired. It then follows from (1) that
wt (D) = n —dimp(¢ ! [B¥NU]) = n— (dimg(ker(p)) + dimp(B* N U)) = dimg(U) — dimp(B* N U),
as desired. Finally, it follows from x(D), x(Q) <p F" and (1) that
X(Q) C x(D) <= D NF"C Q+* NF" <= ¢ B NU| C ¢ [P NU] < B*'nU C P N,
completing the proof. O

Remark 2.1. Lemma 2.1 recovers [3, Lemma 3.7] and [3, Theorem 5.6] if both B and @ contain
exactly one codeword. Moreover, since Lemma 2.1 does not require that rank (G) = k, it can be used
to derive a generalization of [38, Theorem 3.1] which was established for sum-rank metric codes.

The following result has been established in [39, Theorem 10] and [3, Proposition 3.4]. A proof
is included since it is a direct corollary of Lemma 2.1, and will be used in Section 4.3 when we
characterize codes whose subcodes of a given dimension have constant rank support weight.



Corollary 2.1. Let C <g E" with dimg(C) =k > 1, G € Mat,(E) be a generator matriz of C,
and let U = {col (G))r. Then, we have wt (C') < dimp(C), where the equality holds if and only if
U = EX. Moreover, if wt (C) = dimp(C), then we have wt (D) = dimp(D) for all D <g C.

Proof. By Lemma 2.1, we have wt (C') = dimg(U). This, together with dimp(C) = mk = dimp(E*)
and U <p E[, immediately implies the first assertion. Next, suppose that wt (C) = dimg(C).
Then, we have U = El¥l. Consider D <g C, and let B <g EF such that D = {yG | v € B}. From
Lemma 2.1, we deduce that wt (D) = mk — dimp(B*) = dimp(B) = dimp(D), as desired. O

Now we define r-minimal rank metric codes as a natural extension of minimal rank metric
codes (see, e.g., [3, Definition 5.1]).

Definition 2.1. Let C <g E". An E-subspace D of C is said to be rank minimal in C if for any
B <g C such that dimg(B) = dimg(D), x(B) C x(D), it holds that x(B) = x(D). For any r € N,
we say that C' is r-minimal with respect to rank metric if every r-dimensional E-subspace of C' is
rank minimal in C'. Moreover, we will simply say that C' is minimal if C is 1-minimal.

Remark 2.2. When r = 1, Definition 2.1 boils down to [3, Definition 5.1/ as minimal codewords
and minimal codes proposed there coincide with 1-dimensional rank minimal subcodes and 1-minimal
codes proposed in Definition 2.1, respectively.

Now we recall the definition of generalized rank weights. We note that there are several
equivalent definitions for generalized rank weights in the literature (see, e.g., [10, 23, 25, 29, 39, 40]).

Definition 2.2. (29, Definition 2.5]) Let C' <g E™ with dimg(C) = k. For any r € {0,1,...,k},
the r-th generalized rank weight of C is defined as d,(C) = min{wt (D) | D <g C,dimg(D) = r}.

We end this subsection by introducing a lemma which is the keystone for our approach as it
enables us to establish a large part of our results for possibly infinite [E. The following result was
first proved by Jurrius and Pellikaan for finite field alphabet in [29], where the authors also raise
the question that whether the statement remains valid for infinite field. Later in [10], Berhuy, Fasel
and Garotta positively answer the question by using methods from algebraic geometry.

Lemma 2.2. ([10, Theorem 3.1]) If n < m, then for any C <g E", there exists o € C' such that
rsupp (a) = x(C).

Remark 2.3. When E is finite, counting methods are extensively used to establish various results
for rank metric codes. For example, Lemma 2.2 was established in [29, Proposition 10] by computing
the cardinality of the union of a class of subcodes of C; in [39, Theorem 12], the authors classified
the constant weight codes by using the value function proposed in [31]; in [3], the authors proved
that for a code C # {0}, the largest weight of all the codewords of C' is equal to min{m,wt (C)}.
Further improving [29, Proposition 10], this result was established by using the standard equations
(see [3, Lemma 3.6]), which were used multiple times in [3] to establish various results. As these
tools do not directly apply to infinite E, Lemma 2.2 is a perfect substitute for our discussion and
enables us to generalize all the above mentioned results to possibly infinite E via a unified approach.

2.2 Evasive subspaces and cutting r-blocking sets

Evasive subspaces have been recently studied in [8, 9, 33] as a natural generalization of h-
scattered subspaces (see [19]). It has been shown in [33, Theorem 3.3] that evasive subspaces
are deeply connected with the generalized rank weights, which further provide a powerful tool for



exploiting the interplay between geometry and coding theory (see [8, 33, 48] for more details). We
refer the reader to [26, 44| for generalizations of evasive subspaces and their related codes.

Let E/F be a finite dimensional field extension with dimp(E) = m, and let X be a k-dimensional
vector space over E. We begin by recalling the definition of evasive subspaces, which has originally
been proposed for vector spaces over finite fields and naturally extends to those over infinite fields.

Definition 2.3. For J <p X and (h,r) € N x Z, we say that J is (h,r)-evasive in X if (J)g = X,
and for any M <g X with dimg(M) = h, it holds that dimp(J N M) < r.

Now we collect some properties of evasive spaces in the following lemma.

Lemma 2.3. (1) Let (h,r) € N x Z with h < k, and let J <p X be (h,r)-evasive in X. Then, it
holds that h < r. Moreover, J is (h — t,r — t)-evasive in X for allt € {0,1,... h}.

(2) Let h € {0,1,...,k}, and let J <gp X be (h,h)-evasive in X with dimp(J) > k+ 1. Then, it
holds that dimp(J) < km/(h + 1).

(3) Let (byw) € N2 withb < k, U <g X be (b,w)-evasive in X, A <g X such that dimg(A) £ a < b,
and write v = dimp(U N A). Then, (U + A)/A is (b— a,w — v)-evasive in X/A.

Proof. Part (1) follows from [9, Proposition 2.6, and (2) follows from [19, Theorem 2.3] and [33,
Corollary 4.4]. We note that although these results were established for vector spaces over finite
fields, the proofs in [9, 33] directly apply to any infinite E. Therefore we only prove (3). First, it
follows from (U)g = X that (U + A)/A)g = X/A. Next, let T' <g X/A with dimg(T") = b — a.
Then, there exists W <g X such that A C W, T'= W/A. Since dimg(W) = b and U is (b, w)-
evasive in X, we have dimp(UNW) < w, which, together with (U+ A)/A)NT = (A+(UNW))/A,
implies that

dimp (TN ((U+ A)/A)) = dimp(UNW) —dimp(UNW)NA) < w—dimp(UNA) =w — v,
which further establishes the desired result. O

Now we consider cutting r-blocking sets, which were introduced by Bonini and Borello in [12],
and boil down to cutting blocking sets when r = 1 (see [12, Definitions 3.2 and 3.4]). In [12], the
authors used cutting blocking sets to construct minimal Hamming metric codes which do not satisfy
the Ashikhmin-Barg condition (see [6]). Later, it has been proven in [1, 46] that a Hamming metric
linear code is minimal if and only if all the columns of its generator matrix form a cutting blocking
set. Such a connection between cutting blocking sets and minimal codes has been extended to rank
metric codes in [3], and to sum-rank metric codes in [13, 44], respectively. In Sections 3.1 and
4.3, we will further generalize this connection to cutting r-blocking sets and r-minimal codes with
respect to various metrics. We also refer the reader to [11, 26, 31] for more recent results on cutting
r-blocking sets.

Let R be a possibly infinite division ring, and let L be a k-dimensional left R-module. We begin
by recalling the definition of cutting r-blocking sets. This definition has originally been proposed
for vector spaces over finite fields, and we naturally extend it to modules over division rings.

Definition 2.4. (see [1, Definition 3.2, Proposition 3.3]) For S C L and r € N, we say that S is
a cutting r-blocking set of L if for any V- <gr L with dimg(V') = k —r, it holds that (SNV)pr=V.
A cutting 1-blocking set is simply referred to as a cutting blocking set.

The following characterization of cutting r-blocking sets will be used in Section 4.2.

Proposition 2.1. Let S C L with 0 € S, and let r € {0,1,...,k —1}. Then, S is a cutting
r-blocking set of L if and only if for any W,I <g L such that dimr(W) =k —r —1, dimg(l) =1,
it holds that (S + W) N1 # {0}.



Proof. We begin by noting that for any W,I <g L, it holds that SN (I + W) C W if and
only if (S+W)NI C W. Next, we establish the “only if” part. Let W,I <p L such that
dimpr(W) = k —r — 1, dimg(I) = 1. If W NI # {0}, then we have I C W C S + W (since
0 € S), which implies that (S + W) NI =TI # {0}, as desired; if W N T = {0}, then we have
dimp(I+W) = k—r, which implies that (SN(I+W))r = I+W, and in particular, SN(I+W) € W,
which further implies that (S + W) N1 # {0}, as desired. Now we establish the “if” part. Let
V <g L with dimg (V) = k — r. To prove that (SNV)r =V, it suffices to show that SNV ¢ W
for an arbitrary W <z V with dimg(W) = k —r — 1. Indeed, let I <p V such that W +1 =1V,
W NI = {0}. Then, we have (S + W) NI # {0}, which, together with 0 € S and W NI = {0},
implies that (S+W)NI ¢ W, which further implies that SNV = SN(I+W) € W, as desired. [

2.3 Some preliminaries for ¢-binomial coefficient

For any (n,7) € N? and ¢ € R, ¢ > 1, following [26], the g-binomial coefficient of (n,r), denoted
by bin 4(n,r), is defined as

0, n+1<r,
bin 4(n,r) £ { itn—r_q (2.4)
H:=1 1 qifl ) n 2 /r.;
moreover, define
r—1
Sq(n,r) £ H(q” —q"). (2.5)
i=0

When ¢ is a prime power and F is a finite field with |F| = ¢, it is well known that bin 4(n,r) is
equal to the number of all the r-dimensional F-subspaces of F"; moreover, for any m,n € Z* and
r € N, §4(m,r)bin 4(n,r) is equal to the number of all the matrices in Mat ,, ,(F) with rank 7.

In the following proposition, we give two inequalities which will be used in Section 5.3 when
we establish existence results for r-minimal codes.

Proposition 2.2. (1) For any a € R with a > 1 and n € N, it holds that

n
H(l —a ) >1l-at—a?+a P >1-at—a2
i=1

(2) For any a € R with a > 1+T\/5 and (m,n,h) € N3 with 1 < h < min{m,n}, it holds that

h 2

1 a

—h(m+4+n—nh NTa: .

a M ) (Z 5a(m,z)blna(n,l)> < (@ = 1)@ —a— Dantn2i2 te
i=0

Proof. (1) Without loss of generality, suppose that n > 2. From the Weierstrass inequality (see

[15]), we deduce that
n n _92
—i —i a
[[a-aH=1- (;a ) >1-—

=3

which further implies that

ﬁ(l —a ) >0 -aH(1-a? <1 — o ) =l-a'-a?+a5,

=1




as desired.
(2) 1+2‘/“F’, ~1 — 472> 0. Consider t € {0,1,...,h}. From (2.4), (2.5) and
(1), we deduce that 0 < §,(m,t) < a™ and

t aern t t A -1
bin 4 (n, t) H - = gt(n=t) H (1—a™) < gttt . (1— a ' — a_2)_1.
a

i=1

It then follows that

h h
Z Sa(m, i)bin o(n, 1) < Z a™ . gin—i) (1— ol = (Z qi(mAn— l)) ﬁ (2.6)
=0 =0
Noticing that i(m +n —i) < j(m+n — j) for all i,j € N with ¢ < 7 < min{m, n}, we have
h—1 (e (h=1)(mAn—h+1) a(h=D)(mAn—h+1)+1
i m-rn—u < S
Satmim S S
1=0 s=0

which, together with (2.6), implies that

h a(P=D(m+n—h+1)+1 . . a2
Z(Sa(m,i)bina(n,i) < 7 + ghmn=h) | . Z_a_1
=0
which further establishes (2) via some straightforward computation which we omit. O

3 General r-minimal codes supported on lattices

Throughout this section, let (Y, <) be a lattice with the least element Oy. Necessarily, (Y, X)
is a poset, and for any u,v € Y, {u,v} has a supremum in (Y, <), which we denote by u Y v (see
[20, Definitions 2.1 and 2.4]). A chain in (Y, X) is a subset I C Y such that for any u,v € I, either
u < v or v =< u holds. We suppose that (Y, <) has length n € N, i.e., all the chains in (Y, <) are
finite and has cardinality less than or equal to n+ 1, and the largest cardinality of a chain in (Y, X)
is equal to n + 1 (see [20, Definition 2.37]). Let rk : Y — N be the length function of (Y, %), i.e

VyeY :rk(y) =max{|I| — 1] is a chain in (Y, <) containing y as its greatest element}.

Let R be a division ring, and let X be an n-dimensional left R-module. Any R-submodule of X is
referred to as a code. Let 0 : X — Y satisfy the following three conditions:

a(0) = Oy, (3.1)
VaeX,VBeX : o(a+p)ga(a)Ya(B), (3.2)
Vee RVBeX:o(eh) <a(B). (3.3)
Define 1 : Y — 2% as
VyeY:uly) ={ae X o)<y} (3.4)

It follows from (3.1)—(3.3) that u(y) <r X for all y € Y. We further assume that

VyeY :dimg(pu(y)) = rk(y). (3.5)



Since (Y, <) has finite length n, any subset of Y has a supremum in (Y,<). Now, we define
A:2X Y oas

V' AC X : A(A) = the supremum of {o(a) | @ € A} in (Y, x). (3.6)
Now we are ready to define r-minimal codes with respect to the “support” o.

Definition 3.1. (1) Let C <y X. A submodule D <p C' is said to be o-minimal in C if for any
B <gr C such that dimg(B) = dimg(D), A(B) < A(D), it holds that \(B) = X(D). Moreover, for
r € N, C is said to be (o,r)-minimal if every r-dimensional R-submodule of C' is o-minimal in C.
(2) Let C <p X. A submodule D <p C is said to be o-mazimal in C if for any B <gr C such that
dimp(B) = dimg(D), A(D) < A(B), it holds that B = D.

Definition 3.1 is general in the sense that with o appropriately set, it includes r-minimal codes
(in particular, minimal codes) with respect to various metrics as special cases; moreover, the term
“A(B) = A(D)” in (1) of Definition 3.1 can be replaced by “B = D” (see Section 3.1 and Theorem
3.2 for more details). We also note that o-maximal subcodes is inspired by the notion of maximal
codewords proposed in [2, Remark 1.4].

3.1 Examples

In this subsection, by setting o appropriately, we consider r-minimal codes with respect to
various settings and discuss some of their basic properties. We begin with rank metric codes.

Example 3.1. Let E/F be a finite dimensional field extension, and fitn € Z*. Set R=FE, X = E",
Y ={U | U <g F"}; moreover, set o(a) = rsupp (a), A(A) = x(A) as in Section 2.1, respectively,
and set u(U) = (U)g for all U € Y. Then, (Y,C) is a lattice of length n, vk (U) = dimp(U)
for allU €Y, and o, pu, X satisfy (3.1)-(3.6). Now for C <g E" and D <g C, one can check
that D is o-minimal in C if and only if D is rank minimal in C'; moreover, for any r € N, C is
(o,7)-minimal if and only if C is r-minimal with respect to rank metric. Furthermore, in Section 4,
we will characterize rank minimal subcodes and r-minimal rank metric codes in terms of generator
matrices and cutting r-blocking sets (see Theorem 4.3 for more details).

Next, we consider r-minimal Hamming metric codes.

Example 3.2. Suppose that R is a finite field, and fir n € Z*. Set X
moreover, set o, p and A as o(a) = {i € {1,...,n} | a; # 0}, u(I) = {«
MA) = Ugea o(a), respectively. Then, (Y, C) is a lattice of length n, rk (I
and o, p, \ satisfy (3.1)-(3.6).

Now consider C <p X with dimg(C) =k > 1. For any D < C, we say that D is Hamming
minimal (resp., Hamming mazimal) in C if D is o-minimal (resp., o-mazimal) in C. Moreover,
for any r € N, we say that C' is r-minimal with respect to Hamming metric if C is (o, r)-minimal.
When r = 1, these definitions recover the definitions of minimal codewords, maximal codewords and
minimal codes with respect to Hamming metric (see, e.g., [2, Definition 1.3, Remark 1.4]). The
r-manimality of C' can be characterized in terms of its generator matriz. Indeed, let G € Mat j, ,,(R)
such that C = (row (G))g, and let S = col (G). Then, for B <g R¥ and D 2 {yG | v € B}, D
is Hamming minimal in C if and only if (B* N S)p = B*; moreover, for r € {0,1,...,k}, C is
r-minimal if and only if S is a cutting r-blocking set of R¥. These two facts, whose proofs are
omitted, generalize the well known equivalence between minimal Hamming metric codes and cutting
blocking sets (see [1, Theorem 3.4], [46, Theorem 3.2]).

= R", Y = 2{1,...,n};
€ X |o(a) €I} and
)= |I| forall I €Y,



In the following example, we consider r-minimal codes with respect to sum-rank metric (see
[13, 34, 38, 44]), a metric that includes both Hamming metric and rank metric as special cases.

Example 3.3. Let E/F be a finite dimensional field extension, t € 2T, and (w1, ..., w;) € (ZT)*.
Forie {1,...,t}, let Q; = {U | U <g F“i}, and define rsupp (a) and x(A) as in Section 2.1 for all
a€EY agnd ACEY., Set R=E, X = H;:l Evi Y = H§:1 Qi, n = 25:1 w;. Let < denote the
partial order on'Y such that (Ly, ..., L) < (Ma, ..., M) if and only if L; C M; for alli € {1,...,t}.
Moreover, set o, u and X as () = (rsupp (61),...,rsupp (6;)), u(Us,...,Us) = [['_(Ui)g and
AB) = (x({61 |60 € B}),....,x({6: | 0 € B})), respectively. Then, (Y,<) is a lattice of length n,
vk (Un,...,Up) = Yt dimg(U;) for all (Uy,...,Up) €Y, and o, p, X satisfy (3.1)-(3.6).

Now consider C <g X with dimg(C) = k. C is referred to as a [(w1,...,w), k] sum-rank
metric code. For any D <g C, we say that D is sum-rank minimal in C if D is o-minimal in
C. Moreover, for any r € N, we say that C is r-minimal with respect to sum-rank metric if C is
(o,r)-minimal. With r set to be 1, these definitions recover the definitions of minimal codewords
and minimal codes with respect to sum-rank metric (see [13, Definition 2.1], [44, Definition 9.21]).
We will show in Section 4 that similar to rank metric and Hamming metric, the r-minimality of
C' can be characterized in terms of matrices and cutting r-blocking sets (see Remark 4.3 for more
details).

Asin Examples 3.1 and 3.3, sum-rank metric may be roughly regarded as the Cartesian product
of rank metric. Such an observation leads to the following more general construction.

Example 3.4. Let A be a nonempty finite set. For any i € A, let (Qi,<;) be a lattice of length
w; € N with the length function p; : Q; — N, P; be an w;-dimensional left R-module, and let
& Py — Q; satisfy (3.1)-(3.3); moreover, define n; : Q; — 25 and 7; : 20 — Q; as in (3.4)
and (3.6), with X, Y and o replaced by P;, Q; and &;, respectively, and suppose that n; and p; satisfy
(3.5). SetY =[licp Qi» n =D icp wi, X = [l;ca Pi, and let < denote the partial order on'Y such
that g < h if and only if g; <; h; for alli € A. Moreover, set o, p and \ as o(a) = (& () | i € A),
w(y) = [Liea ni(ys) and X(B) = (r;({B: | B € B}) | i € A), respectively. Then, (Y, <) is a lattice of
length n, k (g) = >_,ca pi(gi) for allg €Y, and o, p, X\ satisfy (3.1)-(3.6).

Now let C; <g P; for all i € A, and let M £ [Lica Ci. Then, for B <r M, we infer that B
is o-minimal in M if and only if B = [[;cp Di for some (D; | i € A), where D; <g C; and D is
&-minimal in C; for all i € A. Moreover, for r € {1,...,dimg(M) — 1}, M is (o,r)-minimal if
and only if there exists | € A such that Cy is (§,r)-minimal and C; = {0} for alli € A — {I}. We
omit the details of the proofs of these two facts.

Next, we consider the notion of outer minimal codes, which has recently been introduced in

[4].

Example 3.5. Suppose that R is a field and P is an m-dimensional field extension of R. Lett € 7.
Set X =P, Y ={U | U <g P} and n = mt. Moreover, set o, u and X as o(a) = (Ray, ..., Ray),
w(La, ..., L) = [I'2; Li and \(B) = ({81 | B € BY)R,...,{Bt | B € B})r), respectively. Then,
(Y, x) is a lattice of length n, vk (L1, ..., L) = > ;. p dimg(L;) for all (Ly,...,Ly) €Y, and o, p,
A satisfy (3.1)-(3.6).

Let C <p X. For any D <p C, we say that D is outer minimal in C if D is o-minimal
in C; moreover, for any r € N, we say that C is outer r-minimal if C is (o,r)-minimal. When
r =1, these definitions recover the definitions of outer minimal codewords and outer minimal codes
which were proposed for P-subspaces of X (see [4, Definitions 21 and 23]). Now suppose that C' is
a P-subspace of X with dimp(C') = k > 1. Let G € Mat ,+(IP) such that C = (row (G))p, and let
S={bs|beP,pe€col(G)}. Then, forr € {0,1,...,k}, C is outer r-minimal if and only if S is
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a cutting r-blocking set of the R-vector space P¥. This result, whose proof is omitted, recovers 4,
Proposition 24] and [4, Theorem 20 (d)] when r = 1.

Finally, if we identify P with R™ as R-vector spaces, then this example can be alternatively
derived from Example 3.8 by letting E = F = R and w; = m for all i € {1,...,t}. Hence outer
r-minimal codes can be regarded as a special case of r-minimal sum-rank metric codes.

We end this subsection by introducing r-minimal codes with respect to poset metric, a metric
first introduced in [14] that naturally generalizes Hamming metric (also see [28, 37]). The following
example seems to be new in the theory of minimal codes.

Example 3.6. Suppose that R is a finite field. Let n € Z7, and let P = ({1,...,n},<p) be a
poset. A subset I C {1,...,n} is referred to as an ideal of P if for any v € I and u € {1,...,n}
with u <p v, it holds that w € I. Set X = R", Y = {I | I is an ideal of P}; moreover, set o,
pand X aso(a) ={i | 3je{l,...,n} st. o #0,i sp j}, p({) = {a € X | o(a) C I} and
MA) = Ugen o(a), respectively. It follows from [28, Proposition 1.1] that (Y,C) is a lattice of
length n, vk (I) = |I| for all I €Y, and o, u, A satisfy (3.1)-(3.6).

Let C <p X with dimgr(C) =k > 1. For any D <pr C, we say that D is P-minimal in C if
D is o-minimal in C. Moreover, for any r € N, we say that C' is r-minimal with respect to P if C
is (o,7)-minimal. Now let G € Maty ,(R) such that C = (row (G))R, and let 5(j) denote the j-th
column of G. Then, for B <r R* and D £ {G | v € B}, D is P-minimal in C if and only if

{B(0) | € A(C) s.t. (¥ j € MC) i < j = B(j) € BYYr = BY; (3.7)

moreover, for r € {0,1,...,k}, C is r-minimal with respect to P if and only if for any L <pg R
with dimg(L) = k — r, it holds that

{B@@) [i e AMC) st. (VieMC):ispj=B()€L)})r= L. (3.8)

We omit the proofs of (3.7) and (3.8). Instead, we remark that if P is an anti-chain, then (3.8) holds
true if and only if col (G) is a cutting r-blocking set of R which further recovers the equivalence
between r-minimal Hamming metric codes and cutting r-blocking sets established in Example 3.2.

3.2 o¢-Minimal subcodes and (o, r)-minimal codes

In this subsection, we characterize o-minimal subcodes and (o, 7)-minimal codes, and derive
some of their basic properties. We begin with the following lemma, whose proof is straightforward
and hence omitted.

Lemma 3.1. (1) For any B C X and A C B, it holds that A\(A) < \(B).

(2) Foranyy €Y, AC X, it holds that A\(A) < y <= A C u(y).

(3) For any A C X, it holds that u(A(A)) <g X, dimg(u(A(A))) =1k (A(A)) and A C p(A(A)).
(4) For any U <rp X, V <gr X, it holds that \({U +V) = XAU) Y A(V).

(5) For C <r X, C is both (o,0)-minimal and (o,r)-minimal for all v € N with r > dimg(C);
moreover, for W <g C and D <g W, if D is o-minimal in C, then D is o-minimal in W.

The following theorem is inspired by [47, Theorem 1], and is crucial for our discussion.

Theorem 3.1. Let V <p X, V # {0}. Then, there exists U <g V such that dimr(U) =
dimgp(V) — 1, A(U) # A(V).

11



Proof. By (3) of Lemma 3.1, we have rk (A(V)) > 1. Hence we can choose w € Y such that
w < AV), 1k (w) =1k (A(V))=1. Let U 2 VNu(w) <g V. By (2) of Lemma 3.1, we have A(U) < w,
which implies that A(U) # A(V), as desired. Next, we show that dimpg(U) = dimp (V) — 1. Indeed,
from w < A\(V') and (3.5), we deduce that u(w) <g pw(A(V)) and dimpg(pu(w)) = dimg(p(A(V))) —1;
moreover, from (2), (3) of Lemma 3.1 and A(V') £ w, we deduce that V < u(A(V)) and V € p(w)
It then follows that dimpg(V') — dimg(V N u(w)) = 1, as desired. O

Remark 3.1. With respect to tk and o, we can define generalized weights for a code. More
precisely, let C <gp X with dimp(C) = k. For any r € {0,1,...,k}, define

¢r(C) = min{rk (A\(D)) | D <gr C,dimg(D) = r}.

It follows from Theorem 3.1 that ¢,.(C) < ¢p41(C) for all r € {0,1,...,k — 1}, which, with o
appropriately set, further recovers [23, Theorem I1.2], [47, Theorem 1], [37, Proposition 1] and
a special case of [34, Lemma /] which were established for generalized rank weights, generalized
Hamming weights, generalized poset weights and generalized sum-rank weights, respectively.

Now we prove the two main results of this subsection. First, we give seven necessary and
sufficient conditions for a subcode to be o-minimal.

Theorem 3.2. Let C <p X, and let D <p C. Then, the following eight statements are equivalent
to each other:

(1) D is o-minimal in C;

(2) For any W <g C such that D C W, dimr(W) = dimg(D) + 1, D is o-minimal in W;

(8) For any W <g C such that D C W, dimr(W) = dimg(D) + 1, it holds that \(D) # A(W);
(4) C O pA(D)) = D;

(5) dimp(C) — dimp(D) = dima(u(A(D)) + C) - tk (\(D));

(6) For any A C C with \(A) < A(D), it holds that A C D;

(7) For any B <g C such that dimg(B) = dimg(D), A(B) < A(D), it holds that B = D;

(8) For any z € Y such that z < A(D), dimpr(C Np(z)) = dimpg(D), it holds that z = A\(D).

Proof. (1) = (2) This immediately follows from (5) of Lemma 3.1.

(2) = (3) Suppose by way of contradiction that A\(D) = A(W) for some W <pr C such that
D CW,dimg(W) = dimg(D)+ 1. By Theorem 3.1, we can choose B <p W such that dimg(B) =
dimp(W) — 1, A(B) # A(W). Tt follows that dimg(B) = dimg(D), A\(B) # A\(D), A\(B) x A(W) =
A(D), a contradiction to the fact that D is o-minimal in W, as desired.

(3) = (4) Suppose by way of contradiction that D # C' N pu(A(D)). Then, from D C C'Nu(A(D)),
we can choose W <p X such that D C W C Cnp(A(D)), dimg(W) = dimg(D) + 1. By (1), (2)
of Lemma 3.1, we have A\(D) = A(W), a contradiction to (3), as desired.

(4) <= (5) From D C Cnp(A(D)) and dimpg(u(A(D))) = rk (A(D)), we deduce that

C N p(A(D)) = D == dimp(C N p(\(D))) = dimp(D)
— dimp(C) + tk (A(D)) — dimp(u(\(D)) + C) = dimp(D),

which immediately establishes (4) <= (5), as desired.

(4) = (6) Let A C C with A(A) < A(D). By (2) of Lemma 3.1, we have A C u(\(D)), which,
together with (4), implies that A C C' N p(A(D)) = D, as desired.

(6) = (7) Let B <p C such that dimg(B) = dimg(D), A(B) < A(D). By (6), we have B C D,
which, together with dimg(B) = dimg(D), implies that B = D, as desired.

(7) = (1) This immediately follows from Definition 3.1.
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(6) = (8) Let z € Y such that z < A(D), dimg(C N u(z)) > dimpr(D), and let B = C N pu(z). By
(2) of Lemma 3.1, we have A\(B) < z < A(D). It then follows from (6) that B C D, which, together
with dimpg(B) > dimg (D), implies that B = D, which further implies that z = A(D), as desired.

(8) = (1) By way of contradiction, suppose that D is not o-minimal in C'. Then, we can choose
B <g C such that dimg(B) = dimg(D), A(B) < A(D), A(B) # A(D). From B C C N u(A(B)), we
deduce that dimz(C' N p(A(B))) = dimg(B) = dimg(D), a contradiction to (8), as desired. O

Next, we give three necessary and sufficient conditions for code to be (o, r)-minimal. The
following theorem is a direct corollary of Theorem 3.2 and (2) of Definition 3.1.

Theorem 3.3. For C <r X and r € N, the following four statements are equivalent to each other:
(1) C is (o,7)-minimal;

(2) For any D, B <g C such that dimg(D) = dimg(B) =7, A(D) < X(B), it holds that D = B;
(3) Every r-dimensional R-submodule of C' is o-mazimal in C;

(4) For any W <g C with dimg(W) = r + 1, and for any D <gp W with dimg(D) = r, it holds
that A(D) # AX(W).

Regarding rk (A\(D)) as the “o-support weight” of D C X, we now show that a code whose
r-dimensional subcodes have constant o-support weight is necessarily (o, r)-minimal, as detailed in
the following simple yet general result.

Proposition 3.1. (1) Let C <p X, and let D < C. Suppose that for any B <r C with
dimpg(B) = dimg(D), it holds that rk (A\(D)) < rk (A(B)). Then, D is o-minimal in C.

(2) Let C <gr X, and let r € N. Suppose that for any D, B <g C such that dimgr(D) = dimg(B) =
r, it holds that tk (A(D)) = rk (A(B)). Then, C is (o, r)-minimal.

Proof. (1) Let B <pr C such that dimg(B) = dimg(D), A(B) < A(D). It then follows from
rk (A(D)) <tk (A(B)) and A(B) < A(D) that A(B) = A(D), as desired.
(2) This immediately follows from (1) and (1) of Definition 3.1. O

Remark 3.2. With r set to be 1, (2) of Proposition 3.1 recovers [3, Theorem 6.1] and [44, Proposi-
tion 9.25] which have been established for rank metric codes and sum-rank metric codes, respectively.
We note that a complete classification of constant weight rank metric codes over finite fields has
been given in [38, 3], which we will further generalize to codes over possibly infinite fields and arbi-
trary v in Section 4.3; on the other hand, constant weight sum-rank metric codes form a very large
family (see [13, 38] for more details). Moreover, it has been proven in [15, 32] that constant weight
Hamming metric linear codes are exactly repetitions of the dual of Hamming codes; however, an
application of (2) of Proposition 3.1 to poset metric seems to yield a new result.

Now we derive some corollaries of the results established in this subsection so far. We begin
with the following Singleton-type bound based on o-minimal subcodes, which includes several
previously known Singleton bounds as special cases.

Corollary 3.1. (1) Let C <r X, D <g C such that D is o-minimal in C. Then, it holds that
dimp(C) — dimpg(D) < 1tk (M\(C)) — rk (A(D)). (3.9)
Moreover, equality holds in (3.9) if and only if p(A(D)) + C = u(A(C)).

(2) Let C <p X with dimg(C) =k, and let r € {0,1,...,k} such that C is (o,r)-minimal. Then,
for any D <p C with dimg(D) = r, it holds that rk (A(D)) <tk (A(C)) — k + .
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Proof. Part (1) immediately follows from “(1) <= (5)” of Theorem 3.2, together with the facts
that p(A(D)) +C <g w(A(C)) and dimg(u(AN(C))) = rk (A(C)). Moreover, (2) immediately follows
from (1) and Definition 3.1, as desired. O

Remark 3.3. With o appropriately set, (1) of Corollary 3.1 recovers the generalized Singleton
bounds in [23, Corollary I1.4], [47, Corollary 1], [37, Proposition 2] and a special case of [34,
Proposition 5] which were established for generalized rank weights, generalized Hamming weights,
generalized poset weights and generalized sum-rank weights, respectively, and when r = 1, it also
recovers [2, Proposition 1.5] which was established for minimal codewords in Hamming metric.
Moreover, when r =1, (2) of Corollary 3.1 recovers [3, Corollary 5.9] and [13, Theorem 2.4] which
were established for minimal rank metric codes and minimal sum-rank metric codes, respectively.

Next, an application of Theorem 3.3 immediately yields the following result.

Corollary 3.2. Let (k,7) € N2 withr +1 <k <n, and firt € {r +1,...,k}. Let C <g X with
dimg(C) = k. Then, C is (o,r)-minimal if and only if every t-dimensional R-submodule of C' is
(o, 7)-minimal.

Proof. Tt suffices to prove the “if” part. Let W < C with dimg(W) =r+ 1, and let D <g W
with dimp(D) = r. Then, we can choose L <p C such that dimgr(L) =¢, W C L. Since L is (o, r)-
minimal, Theorem 3.3 implies that A\(D) # A(W), which further implies the desired result. O

Finally, we show that (o, r)-minimal codes are necessarily (o, s)-minimal for 0 < s < r.

Corollary 3.3. (1) Let C <g X, and let D <g C such that D G C, D is o-mazimal in C. Then,
for any U <gr D, it holds that U is o-mazimal in C.

(2) Let C <p X, and let r € {0,1,...,dimp(C) — 1} such that C is (o,r)-minimal. Then, for any
s €{0,1,...,7}, it holds that C is (o, s)-minimal.

Proof. (1) Let U <g D, and let V < C such that dimg(V) = dimg(U), A(U) < A(V). It
suffices show that U = V. First, we show that for an arbitrary W <z D such that U + W = D,
UNnW = {0}, it holds that V+W = D, VN W = {0}. Indeed, by AN(U) < A(V) and (4) of Lemma
3.1, we have A(D) = A(U) Y A(W) K A(V) Y A(W) = XNV + W). Moreover, we have

dimp(D) = dimg(U) + dimg(W) = dimg(V) + dimp(W) > dimg(V + W). (3.10)

By (3.10), we can choose P <p C such that dimg(P) = dimg(D), V + W C P. Then, we have
AD) < AV + W) < A(P), which, together with the fact that D is o-maximal in C, implies
that D = P, which further implies that V + W C D. We claim that V + W = D. Indeed, by
way of contradiction, suppose that V. +W & D. Since D G C, we can choose I <r C such that
dimp(I) =1, 1 ¢ D. Noticing that dimg(V +W +1I) < dimp(D), we can choose @ <g C' such that
dimg(Q) = dimg (D), V+ W + 1 C Q. Then, we have A\(D) x A(V + W) < A(Q), which, together
with the fact that D is o-maximal in C, implies that D = @, which further implies that I C D, a
contradiction, as desired. It then follows from (3.10) that dimr(V + W) = dimg (V) + dimgr(W),
which implies that V N W = {0}, as desired. Next, let L <g D such that U+ L = D, UNL = {0}.
From the first step, we deduce that V + L = D, which implies that V' C D. Now by way of
contradiction, suppose that V' # U. By dimg(V) = dimg(U), we have V' ¢ U. Hence we can
choose I < V such that dimg(I) = 1, INU = {0}. Since I <r D, we can choose M <p D
such that U + M = D, UNM = {0}, I C M. From the first step, we infer that VN M = {0}, a
contradiction to I C V N M, as desired.

(2) Let B <g C with dimpg(B) = s. Then, we can choose D <p C such that dimp(D) =7, B C D.
By Theorem 3.3, D is o-maximal in C, which, together with (1), implies that B is o-maximal in
C'. It then follows from Theorem 3.3 that C' is (o, s)-minimal, as desired. O
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3.3 Existence results for (o, r)-minimal codes
In this subsection, suppose that R is a finite field with |R| = ¢. For any (k,r) € N2, define
Y(k,r) = [{C <g X | dimgr(C) =k, C is not (o, r)-minimal}|. (3.11)

We will derive two sufficient conditions for k-dimensional (o, r)-minimal codes to exist for (k,r) €
N2. First, an application of Corollary 3.2 yields the following result.

Theorem 3.4. Let (k,r) € N> withr+ 1<k <n, and lett € {r+1,...,k}. Then, it holds that
Moreover, if

— (3.13)

then there exists C <r X such that dimR(C) =k, C is (o,r)-minimal.

Proof. We use a combinatorial argument which follows the spirits in the proofs of [17, Theorem 3]
and [3, Lemma 6.10]. More precisely, let T" denote the following binary relation:

T2{(A,B)| A B<rX, AC B, dimg(A) =t, dimg(B) =k, A is not (o, r)-minimal}.

From Corollary 3.2 and r + 1 < t < k < n, we deduce that dom (7) and ran (7) are equal to the
sets of all the non-(c, r)-minimal codes of dimension ¢ and dimension k, respectively; moreover, for
any A € dom (T'), one can check that [{B | (4, B) € T'}| = biny(n — ¢,k —t). It then follows that
P(k,r) = |ran (T')| < |T| = ¥(t,r)bing(n — t,k — t), which establishes (3.12), as desired. Next,
suppose that (3.13) holds. Then, it follows from (3.12) and (2.4) that

k Jnk 1

P(k,r) < Y(t,r)bing(n —t,k—1t) < < )binq(n—t,k—t) = bin4(n, k),

i1
i=k—t+1 q

which immediately implies the desired result. O

Next, we apply Theorems 3.3 and 3.4 and derive the following result.
Theorem 3.5. Let r € {0,1,...,n — 1}. Then, it holds that

1 n

Y(r+1,7) < =1 ( Y HB<g X [ dimg(B) = r,xk (\(B)) = s}|(¢*" — 1)) - (3.14)
s=r+1

Moreover, let k € {r+1,...,n}, and suppose that the right hand side of (3.14) is smaller than

i+n—k 1

Hf:k—r 4 qi—l_ . Then, there exists C <r X such that dimg(C) =k, C is (o,7)-minimal.

Proof. Let T = {(B,C) | B,C <g X,dimg(B) = r,dimg(C) =r+1,B C C C u(A(B))}. From
“(1) <= (4)” of Theorem 3.3 and (1), (2) of Lemma 3.1, one can check that ran (7') is equal to the
set of all the non-(c, r)-minimal codes of dimension r + 1. Moreover, by (3) of Lemma 3.1, we have

rk (A\(B))—r _ 1

IT| = Z qT

(B<rX dimp(B)=r)

:11<Z|{B<erdimR< ) =1k (A(B)) = s}l(a*” >),

q- s=r+1
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which, together with |ran (7")| < |T'|, immediately implies (3.14), as desired. Finally, with (3.14),
an application of Theorem 3.4 to t = r 4+ 1 immediately implies the “moreover” part. ]

Remark 3.4. With o appropriately set, Theorem 3.5 recovers [3, Lemma 6.10] and [13, Theorem
2.12] which have been established for rank metric codes and sum-rank metric codes, respectively.
Moreover, in Section 5.3, we will derive the exact value of ¥(r+1,1) for rank metric codes, and then
apply Theorem 3.4 tot =r + 1 to derive an upper bound for the minimal length of k-dimensional
r-minimal rank metric codes (see Theorem 5.4 for more details).

4 Cutting r-blocking sets and r-minimal rank metric codes

Throughout this section, let E/IF be a finite dimensional field extension with dimg(E) = m. We
will extensively use the notations introduced in Sections 2.1 and 2.2 without further mentioning.

4.1 An extension of Lemma 2.2

In this subsection, we derive the following extension of Lemma 2.2, which is the main result of
this subsection and will be crucial for our discussion.

Theorem 4.1. (1) Let Y be a finite dimensional E-vector space with dimg(Y) = k, and let t €
{0,1,...,k}. Then, for any A <p Y with dimp(A) < m¢t, there exists V <g Y such that dimg(V) =
kE—t, ANV ={0}. Moreover, for any B <p Y with dimg(B) > mt, there exists W <g Y such that
dimg(W) =k —t, B+ W =Y.

(2) Let (n,k) € N*> withn >k > 1, and let C <g E" be an [n, k| code. Then, for s € {0,1,...,k},
it holds that max{wt (D) | D <g C,dimg(D) = s} = min{ms, wt (C)}.

Proof. (1) First, let w € Z*, and let A <p E[! such that dimp(4) < m, (A)r = EM. We
show that there exists I <g E[! such that dimg(I) = w —1, AnT = {0}. Indeed, we can
choose G € Mat y ,(E) such that (col (G))r = A; moreover, let C £ (row (G))g. It follows
from (A)g = B that C is an [m,w] code. By Lemma 2.2, we can choose @ <g C such that
dimg(Q) = 1, x(Q) = x(C). Let P <g E¥ such that Q@ = {yG | v € P}. By (2) of Lemma 2.1, we
have P¥N A = {0}; moreover, it follows from dimg(P) = 1 that dimg(P*) = w — 1, as desired.

Now we prove the first assertion via induction on ¢t. If ¢ = 0, then the result trivially holds.
Hence we suppose that t > 1, and let A <p Y with dimp(A) < mt. Then, we can choose B <p Y
such that dimp(B) = mt, A C B. Let H <y B with dimp(H) = m(t — 1). By induction,
we can choose M <g Y such that dimg(M) = k—t+ 1, HN M = {0}. This, together with
dimp(H) + dimp(M) = dimp(Y’), implies that H + M =Y. It follows that B + M =Y, which
further implies that dimp(B N M) = m. Let X = (BN M)g. By the discussion in the previous
paragraph, we can choose I <g X such that dimg (/) = dimg(X)—1, (BNM)NI = {0}. Moreover,
we can choose W <g Y such that WNX = {0}, W+ X =Y. We infer that dimg(/ + W) =k —1
and (BNM)N(I+W) = {0}, which, together with A < B, implies that AN (M N(I+W)) = {0}.
Moreover, it is straightforward to verify that dimg(M N (I + W)) = k — ¢, as desired.

Finally, we prove the “moreover” part. Let B <p Y with dimp(B) > mt. Then, we can choose
A < B with dimp(A) = mt; moreover, by the first assertion, we can choose W <g Y such that
dimg(W) =k —t, ANW = {0}. This, together with dimp(A) + dimp(WW') = dimp(Y’), implies that
A+ W =Y, which further implies that B+ W =Y, as desired.
(2) Let G € Mat,(E) be a generator matrix of C, and let U = (col (G))r. By Corollary 2.1,
we have max{wt (D) | D <g C,dimg(D) = s} < min{ms, wt (C)}. Now we discuss in two cases.
First, suppose that ms < dimg(U). By (1), we can choose V <g E* such that dimg(V) =k — s,

16



U+ V =EH. Let B <g E* such that V = B! and let D = {7G | v € B}. By Lemma 2.1, one
can check that dimg(D) = dimg(B) = s and wt (D) = dimp(E¥) — dimp(V) = ms, as desired.
Next, suppose that ms > dimp(U). By (1), we can choose W <g E* such that dimg(W) = k — s,
UNW = {0}. Let P <g EF such that W = P%, and let Q = {yG | v € P}. By Lemma 2.1, one
can check that dimg(Q) = dimg(P) = s and wt (Q) = wt (C), as desired. O

Remark 4.1. Part (2) of Theorem 4.1 recovers Lemma 2.2 and [3, Proposition 3.11] when s = 1.
The following proposition improves (1) of Theorem 4.1 for vector spaces over finite fields.

Proposition 4.1. Let P be a finite field with |P| = q, X be a finite dimensional P-vector space with
dimp(X) =k, H C X with0 € H, and w = |[{a € P — {0} | aH = H}|, where aH = {ah | h € H}.
Then, for any t € {0,1,...,k} such that |H| < w(¢"'=t —1)/(q — 1), there exists L <p X such
that dimp(L) =t¢, H N L = {0}.

Proof. We proceed via induction on . If ¢ = 0, then the result trivially holds. Hence we suppose
that ¢ > 1. Then, from |H| < w(¢®* —1)/(¢ — 1), we deduce that

-1 —1 k1
U af| < H1< = kg xp o1
w

acP—{0} w ¢—1

Hence we can choose z € X such that z € aH for all a € P — {0}. From 0 € H, we infer that
z # 0; moreover, one can check that I £ {bz | b € P} is a 1-dimensional P-subspace of X with
HNI={0}. Now consider H+1C X,v=|{a€P—{0}|a(H+1)=H+1I}| and t — 1. Since
0 € H, we have 0 € H + I; moreover, for any a € P — {0} with aH = H, noticing that al = I, we
have a(H + I) = aH + al = H + I. It then follows that w < v, which further implies that

w(qk+17t _ 1) _ U(qk+17t _ 1) _ 7}(quert _ q) U(qk+1f(t71) _ 1)
SN — < .

q—1 qg—1 qg—1

By induction, we can choose J <p X such that dimp(J) =t —1, (H +1)NJ ={0}. Since 0 € H,

we have I C H + I, which implies that I N J = {0}, which further implies that dimp(I + J) = ¢.

Moreover, it follows from HNI = {0} and (H+I1)NJ = {0} that HN ([ +J) = {0}, as desired. [

|H+ 1| <qlH[<q-
q—1

Remark 4.2. Proposition 4.1 does not require H to be an additive subgroup of X, and hence
generalizes (1) of Theorem 4.1 when E is finite. Thus if E is finite, then Theorem 4.1 can be
alternatively established by using Proposition 4.1. Moreover, if t = 1, then the restriction |H| <
w(g® —1)/(q — 1) is tight. Indeed, by selecting a non-zero element from each 1-dimensional P-
subspace of X, together with 0, one obtains a subset H C X such that |H| —1 = (¢* —1)/(q — 1).

4.2 Necessary and sufficient conditions for linear cutting r-blocking sets

Throughout this subsection, let Y be a finite dimensional E-vector space with dimg(Y') = k > 1.
We will study linear cutting r-blocking sets, i.e., cutting r-blocking sets of gY” which are F-subspaces.
Following [3, Section 6.4], for any A <p Y, the linearity index of A, denoted by L(A), is defined as

L(A) £ max{dimg(V) |V <g Y,V C A}. (4.1)

The following theorem is the main result of this subsection, in which we characterize linear
cutting r-blocking sets in terms of evasive subspaces. When E is finite, the counterpart result has
been established in [8, Theorem 3.3] for » = 1 and in [31, Theorem 2.3| for arbitrary r by using a
counting argument.
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Theorem 4.2. Let A<y Y, andletr € {0,1,...,k—1}. Then, the following three statements are
equivalent to each other:

(1) A is a cutting r-blocking set of Y ;

(2) For any W <g Y with dimg(W) =k —r — 1, it holds that dimp(A+ W) > (k— 1)m + 1;

(3) Ais (k—r—1,dimp(A) — mr — 1)-evasive in Y.

Proof. Since (1) implies that (A)g = Y, with Definition 2.3 and some straightforward computation,
we deudce that (3) = (2) and ((1) A (2)) = (3). Therefore it suffices to establish (1) <= (2).
First, suppose that (1) holds. Let W <g Y with dimg(W) = k —r — 1. From Proposition 2.1,
we deduce that (A+ W) N1 # {0} for all I <g Y with dimg(/) = 1. This, together with (1) of
Theorem 4.1, implies that dimp(A 4+ W) > (k — 1)m + 1, which further establishes (2), as desired.
Second, suppose that (2) holds. Let W, I <g Y such that dimg(W) =k —r — 1, dimg(/) = 1. By
(2), we have dimp(A + W) + dimp(I) > dimp(Y') + 1, which implies that (A + W) NI # {0}. It
then follows from Proposition 2.1 that A is a cutting r-blocking set of Y, as desired. O

Next, we give a lower bound for the linearity index. When E is finite, the following result has
been established in [3, Proposition 6.15] by using different methods.

Proposition 4.2. Let s € {0,1,...,k}, and let B <g Y with dimp(B) > k(m — 1) + s. Then, it
holds that L(B) > s.

Proof. Let g : Y xY — E be a non-degenerated symmetric E-bilinear map, 7 : E — F be a
non-zero F-linear map. Then, 7og:Y XY — T is a non-degenerated symmetric F-bilinear map.
For any ACY,set A* = {v €Y | (rog)(u,v) =0 for all u € A}. Now for J £ (B*)g, we have

dimg(J) < dimp(B*) = dimp(Y) — dimp(B) < km — (k(m — 1) +s) =k — s. (4.2)

By J <g Y, B* C J, we have J* <g Y, J* C B; moreover, it follows from (4.2) that dimg(J*) =
k — dimg(J) > s, which further establishes the desired result. O

Now we give two corollaries of Theorem 4.2 and Proposition 4.2. The following result will be
used frequently in Section 5 to establish lower bounds for the dimensions of cutting r-blocking sets.

Corollary 4.1. Fizr € {0,1,...,k —1}. Let b € N with b < km. Suppose that for any J <p Y
such that J is (k —r — 1,b — mr — 1)-evasive in Y, it holds that dimp(J) < b — 1. Then, for any
A <pY such that A is a cutting r-blocking set of Y, it hold that dimp(A) > b+ 1.

Proof. By way of contradiction, suppose that A <p Y is a cutting r-blocking set of Y with
dimp(A) < b. Since b < km, we can choose B <y Y such that A C B, dimp(B) = b. Then, B is a
cutting r-blocking set of Y, which, together with Theorem 4.2, implies that B is (k—r—1,b—mr—1)-
evasive in Y, which further implies that dimp(B) < b — 1, a contradiction, as desired. ]

Corollary 4.2. (1) Let A <p Y. Then, A is a cutting (k — 1)-blocking set of Y if and only if
dimp(A) > (k—1)m—+1, if and only if A is a cutting r-blocking set of Y for allr € {0,1,...,k—1}.
(2) Let A <p Y with dimp(A) = (k — 1)m, and let r € {0,1,...,k — 1}. Then, A is a culting
r-blocking set of Y if and only if L(A) <k —r — 2.

(3) Let r € {0,1,...,k — 1}, and let A <g Y be a cutting r-blocking set of Y. Then, for s =
min{k —r — 1, L(A)}, it holds that dimp(A) > (m —1)(r +s) + k.

(4) Suppose that k > m. Letr € N such that m — 1 < r < k—1, and let A <p Y be a cutting
r-blocking set of Y. Then, it holds that dimp(A) > (kK — 1)m + 1.
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Proof. (1) This immediately follows from “(1) <= (2)” of Theorem 4.2.

(2) From Theorem 4.2, we deduce that A is a cutting r-blocking set of V" if and only if W ¢ A for
all W <g Y with dimg(W) =k —r — 1, if and only if £L(A) < k —r — 2, as desired.

(3) Let J <g Y such that dimg(J) =s, J C A. Since (A)g =Y, s <k —r —1 < k, we can choose
S C A such that |S| =k —r—1—s, S is linear independent over E, and (S)g NJ = {0}. Then, for
W 2 (S)g + J, we have dimg (W) = |S|+ s = k —r — 1, which, together with Theorem 4.2, implies
that dimp(ANW) < dimp(A) —mr — 1. This, together with J+ (S)r C ANW, further implies that
dimp(J +(S)r) < dimp(A) —mr—1. Noticing that dimp(J+(S)r) = ms+|S| = (m—1)s+k—r—1,
the desired result follows from some straightforward verification which we omit.

(4) By way of contradiction, suppose that dimp(A) < (k—1)m. Then, we can choose B <p Y such
that dimp(B) = (k — 1)m, A C B. Noticing that B is a cutting r-blocking set of Y, from (2), we
deudce that L(B) < k—r —2 < k—m — 1. However, Proposition 4.3 implies that £(B) > k — m,
a contradiction, as desired. ]

4.3 Necessary and sufficient conditions for r-minimal codes

Throughout this subsection, let (n, k) € N? with n > k > 1. We will give several necessary and
sufficient conditions for an [n, k] code to be r-minimal!. The following theorem is the first main
result of this subsection, in which we characterize rank minimal subcodes and r-minimal codes in
terms of generator matrices and cutting r-blocking sets.

Theorem 4.3. Let C <g E" be an [n,k] code, G € Maty, ,,(E) be a generator matriz of C, and let
U = (col (G))r <r EW. Then, for B <g E¥ and D 2 {yG | v € B}, D is rank minimal in C if
and only if (B*NU)g = B, Moreover, for r € {0,1,...,k}, C is r-minimal if and only if U is a
cutting r-blocking set of EIF].

Proof. First, suppose that (B N U)g S Bt Then, from (U)g = EM¥, we deduce that B S El.
Hence we can choose I <g E[* such that dimg(I)=1,1 g_ B*. Moreover, we can choose W <g El]
such that dimg(W) = dimg(B*), (B¥NU)g +1 C W. Let P <g EF such that W = P%, and let
Q = {yG | v € P}. Then, we have dimg(Q) = dimg(P) = dimg(B) = dimg(D); moreover, by
Lemma 2.1, we have x(Q) C x(D). In addition, by B¥ # W = P} we have B # P, which implies
that D # Q. It then follows from Theorem 3.2 that D is not rank minimal in C, as desired.

Second, suppose that (B* N U)g = B*. Consider @ <g C such that dimg(Q) = dimg (D),
x(Q) C x(D). Let P <g E* such that Q@ = {yG | v € P}. By Lemma 2.1, we have B*NU C P}
which implies that B* = (B*NU)g C P*. Tt follows that P C B, which implies that Q C D. This,
together with dimg(Q) = dimg(D), further implies that D = @, as desired.

Finally, from the first assertion, we deduce that C' is r-minimal if and only if (A*NU)g = A* for
all A <g EF with dimg(A) = 7, if and only if (WNU)g = W for all W <g E¥ with dimg(W) = k—r,
if and only if U is a cutting r-blocking set of EI¥/ as desired. O

Theorem 4.3 naturally extends to sum-rank metric, as detailed in the following remark.

Remark 4.3. Following the notations in Ezample 3.3, let C <g [['_, E¥ with dimg(C) =k > 1,
and let (Hy, ..., H;) € [['_; Mat g . (E) such that C = {(yHy,...,vHy) | v € EF}; moreover, for
any s € {1,...,t}, let Uy 2 {(col (H))g. Then, for B <g E¥ and D & {(vHy,...,vH;) | v € B},
with the help of Lemma 2.1 and Theorem 3.2, one can show that D is sum-rank minimal in C if
and only if (B* N (U'_, Us))e = B*; moreover, for r € {0,1,...,k}, C is r-minimal with respect
to sum-rank metric if and only if U';:l U, is a cutting r-blocking set of B, This result recovers
Theorem 4.3 when t = 1, and recovers [44, Corollary 9.24] when r =1 and E is finite.

! When it is clear from the context, we will simply say “r-minimal” and omit the term “with respect to rank metric”.
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Now we state and prove the second main result of this subsection. In the following, we charac-
terize r-minimal codes in terms of generalized rank weights of the codes via two proofs, where the
first one relies on Theorems 4.2 and 4.3, and the second one relies on Theorems 3.3 and 4.1 and
does not involve cutting r-blocking sets.

Theorem 4.4. Let C <g E" be an [n, k] code, and let r € {0,1,...,k—1}. Then, C is r-minimal
if and only if dp41(C) = mr + 1.

First proof. Let G € Mat, ,(E) be a generator matrix of C, and let U = (col (G))r. From either
[39, Theorems 2 and 4] or Lemma 2.1, we deduce that

d,;1(C) = min{dimg(U) — dimp(M NU) | M <g E¥ dimg(M) =k —r —1}.

Hence from Theorems 4.2 and 4.3, we deduce that d,41(C) > mr + 1 if and only if U is a cutting
r-blocking set of E¥ if and only if C' is r-minimal, as desired. O

Second proof. First, suppose that d,1(C) > mr+1. Then, for any D, P <g C such that dimg(P) =
r, dimg(D) = r + 1, we have wt (P) < mr < d,41(C) < wt (D). This, together with “(1) <= (4)”
of Theorem 3.3, immediately implies that C is r-minimal, as desired. Next, suppose that C' is r-
minimal. It suffices to show that wt (D) > mr + 1 for an arbitrary D <g C with dimg(D) =r + 1.
Indeed, if wt (D) < mr, then by (2) of Theorem 4.1, there exists @ <g D such that dimg(Q) = r,
X(Q) = x(D), a contradiction to “(1) <= (4)” of Theorem 3.3, as desired. O

Theorems 4.3 and 4.4, along with Lemma 2.1, immediately imply the following coding-theoretic
counterpart of Corollary 4.2.

Corollary 4.3. Let C <g E" be an [n,k] code, G € Maty,(E) be a generator matriz of C,
U = (col (@))r, and r € {0,1,...,k —1}. Then, the following four statements hold:

(1) If wt(C) = (k—1)m+ 1, then C is r-minimal;

(2) If wt (C) = (k — 1)m, then C is r-minimal if and only if LU) < k —r —2;

(3) If C is r-minimal, then for s = min{k —r — 1, L(U)}, it holds that wt (C) > (m —1)(r+s) + k;
(4) If r > m — 1 and C is r-minimal, then it holds that wt (C) > (k — 1)m + 1.

Now we characterize r-minimal codes in terms of generalized rank weights of the dual codes.

Theorem 4.5. Suppose that m > 2. Let C <g E™ be an [n, k] code, and let r € {1,...,k—1} such
that n > (m — 1)r + k. Then, C is r-minimal if and only if dn_(m_l)r_kH(CJ-) >n—mr+1.

Proof. We recall a general fact which follows from [33, Theorem 3.3] and can be derived by using
Wei-type duality (see [23, Theorem 1.3]). More precisely, for (c,s) € N? such that max{0,s — k} <
c < min{n —k, s}, it holds that d.(C+) > s+1 if and only if d.y1_s(C) > n—s+1. An application
of this fact to (n — (m — 1)r — k+ 1,n — mr) implies that dn_(m_l)r_kH(CL) >n—mr+1if and
only if d,+1(C) = mr+ 1, which, together with Theorem 4.4, further implies the desired result. [J

Finally, we characterize codes whose r-dimensional subcodes have constant rank support weight
(such codes are necessarily r-minimal by Proposition 3.1). When r» = 1 and E is finite, these codes
were classified in [39, 3] under the name of Hadamard code and simplex code, respectively. Now we
further extend the results in [39, 3] to arbitrary r and possibly infinite E via a different approach.

Theorem 4.6. Let C be an [n, k| code, G € Mat, ,,(E) be a generator matriz of C', U = (col (G)),
andr € {1,...,k —1}. Then, the following three statements are equivalent to each other:

(1) For any D, L <g C with dimg(D) = dimg(L) = r, it holds that wt (D) = wt (L);

(2) U =EH;

(3) wt (C) = dimgp(C).
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Proof. Noticing that both (2) <= (3) and (3) = (1) follow from Corollary 2.1, we only prove
(1) = (2). First, we show that dimg(V NU) = dimp(W NU) for V,W <g EMF with dimg(V) =
dimg (W) = k — 7. Indeed, let B, P <g EF such that V = B}, W = P} and let D = {G | v € B},
Q = {7G | v € P}. Noticing that dimg(D) = dimg(Q) = r, we have wt (D) = wt (Q), which,
together with Lemma 2.1, implies that dimp(V NU) = dimp(W N U), as desired. It follows that
UNL# {0} for all L <g E¥ with dimg(L) =k —r. By Theorem 4.1, we have dimp(U) > mr + 1,
and there exists V <g E¥ such that dimg(V)=k—r, U+V = El¥l. Now suppose that U # E*.
Then, we can choose M <y E¥ such that dimp(M) = km—1, U C M. By Proposition 4.3, we can
choose W < Ell such that dimg(W) = k — 7, W C M. From dimp(U N W) = dimp(U NV), we
deduce that dimp(U + W) = dimp(U + V) = km, a contradiction to U + W C M, as desired. [

Remark 4.4. When r =1 and E is finite, Theorem 4.3 recovers [3, Corollary 5.7], Theorem 4.4
recovers [8, Theorem 3.4, Theorem 4.6 recovers [39, Theorem 12/, [3, Corollary 3.17] and part of
[8, Proposition 3.16], and Corollary 4.3 recovers Proposition 6.2, Corollary 6.19, Proposition 6.17
and the “only if” part of Corollary 6.20 of [3], respectively. Unlike Theorem 4.3, Theorems 4.4 and
4.5 do not seem to have analogues with respect to Hamming metric or sum-rank metric.

5 Minimal length of r-minimal codes

Throughout this section, let E/F be a finite dimensional field extension with dimg(E) = m as
in Section 4. For any (k,r) € N? with k > 7 + 1, define

wgp(k,r) £ min{dimp(U) | U <p E U is a cutting r-blocking set of EI}, (5.1)

which in fact is also equal to the minimal length of all the k-dimensional r-minimal codes, as
detailed in the following proposition.

Proposition 5.1. Let (k,r) € N? with k > r + 1. Then, for any n € Z* and any [n, k] r-
minimal code C <g E", it holds that n > wt (C) > wgp(k,r). Conversely, for any n € Z* with
n = wgp(k,r), there exists an [n, k] r-minimal code. In particular, it holds that

wgp(k,r) = min{n € Z* | there exists an [n, k] r-minimal code}. (5.2)

Proof. First, let n € ZT, C <g E" be an [n,k] r-minimal code, G € Mat,(E) be a generator
matrix of C, and let U = (col (G))r. By Theorem 4.3, U is a cutting r-blocking set of E*/. It then
follows from Lemma 2.1 and (5.1) that n > wt (C) = dimp(U) > wg/r(k,7), as desired.

Second, let n € Z" with wg/r(k,7) < n. Then, we can choose G € Mat,(E) such that
U 2 (col (@))r is a cutting r-blocking set of E¥). From (U)g = E[¥ and Theorem 4.3, we deduce
that rank (G) = k < n, and C 2 (row (G))E is an [n, k] »-minimal code, as desired. O

The rest of this section is devoted to deriving lower and upper bounds for wg g (k, r) as well as
giving exact values of wg p(k,r) for some special scenarios. When E is finite, wg/r(k, 1) has been
extensively studied in terms of both minimal codes and cutting blocking sets, and we first recall
some known results in the literature.

Lemma 5.1. Suppose that E is finite. Then, the following eight statements hold:

(1) For any k € N with k > 2, it holds that wgr(k,1) > m+k —1 ([3, Corollary 5.10]);
(2) For any k € N with k > [\/m] + 2, it holds that wgr(k,1) = m +k ([8, Corollary 3.5]);
(3) If m =3, then wg/r(4,1) =8 ([8, Section 3.4]);

(4) If m > 4, then wgp(3,1) < m+ 3 ([26, Theorem 7.16]);
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(5) For any k € N with k > 2, it holds that wgp(k,1) < m + 2k —2 ([3, Theorem 6.11]);

(6) If m =4 and [F| is an odd power of 2, then wgp(4,1) =8 ([8, Proposition 4.9]);

(7) If m > 4 and m # 3,5 (mod 6), then wg/p(3,1) =m +2 ([8, Theorem 6.7]);

(8) If m > 5 and 2 f m, then wg/r(3,1) = m + 2 with some additional assumptions on E/F ([9,
Theorem 5.1] and [31, Theorem 3.5]).

In this section, among others, we will further generalize (1)-(5) of Lemma 5.1. First of all, we
give a lower bound and an upper bound for wg/p(k,7), both of which are tight for some special
cases. The following result immediately follows from Corollary 4.2.

Corollary 5.1. (1) For any (k,r) € N? with k > r + 1, it holds that
(m —1)r+k < wgp(k,r) < (k—1)m+ 1. (5.3)

(2) For any (k,r) € N*> with k > 7+ 1 > m, it holds that wg(k,r) = (k — 1)m + 1.
(8) For any k € Z*, it holds that wgr(k,k — 1) = (k = 1)m + 1, wg/p(k,0) = k.

Remark 5.1. When r = 1 and E is finite, the lower bound in (5.3) recovers (1) of Lemma 5.1.
We will show in Sections 5.2 and 5.3 that the two bounds in (5.3) are not tight in general.

5.1 Evasive subspaces

For further discussion, in this subsection, we derive some upper bounds for the dimensions of
evasive subspaces. The following notation will be crucial for our discussion.

Notation 5.1. (1) For (\,a,u) € N? and k € N, write k <> (\,a,u) if k > X, and moreover, for
any n € N with n > k, and any U <g E" such that U is (n — A\,n — X\ + a)-evasive in E", it holds
that dimp(U) < n+ a + u.

(2) For (M, a,u) € N3, (¢,b,v) € N3, write (\,a,u) % (g,b,v) if for any k € N with k +> (\, a,u), it
holds that k <> (,b,v).

We begin with the following proposition, which is inspired by [8, Lemma 3.11].

Proposition 5.2. (1) Let X be a k-dimensional E-vector space, (a,v) € N2, (b,w) € N? with
a<b<k, and U <g X be both (a,v)-evasive and (b, w)-evasive in X. Moreover, let g1 € R such
that dimp(I) < g1 for all (a,v—1)-evasive F-subspace I in B*, and let g € R such that dimp(J) < go
for all (b— a,w — v)-evasive F-subspace J in E*=2. Then, it holds that dimp(U) < max{g, go +v}.
(2) Let X be a k-dimensional E-vector space, (b,w) € N? with b < k, and U <p X be (b, w)-evasive
in X. Moreover, lett € {0,1,...,b}, and let g1 € R such that dimp(I) < g1 for all (b—t,w—1t—1)-
evasive F-subspace I in BF. Then, it holds that

dimp(U) < max{gl,k—b—i—w,(k_bwn +w—t}.
t+1

Proof. (1) If U is (a,v — 1)-evasive in X, then we have dimp(U) < g1, as desired. Hence in what
follows, suppose that there exists A <g X such that dimg(A) = a, dimp(U N A) > v. This,
together with the (a,v)-evasiveness of U, implies that dimp(U N A) = v. By (3) of Lemma 2.3,
(U+ A)/Ais (b— a,w — v)-evasive in the (k — a)-dimensional E-vector space X/A. It follows that
dimp((U + A)/A) < g2, which further implies that dimp(U) < g2 + v, as desired.

(2) From (1) of Lemma 2.3, we deduce that b < w, and U is (b — t,w — t)-evasive in X. Let
g2 2 max{k —b+t,(k—b+t)m/(t+1)}. By (2) of Lemma 2.3, we infer that dimg(J) < go for all
(t, t)-evasive F-subspace J in E¥~%*t. Now an application of (1) to (b —t,w — t) and (b, w) yields
that dimp(U) < max{gi, g2 + w — t}, which further implies the desired result. O
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Remark 5.2. If we set w =b+ 1, then (2) of Proposition 5.2 recovers [8, Lemma 3.11].
Next, with the help of Proposition 5.2, we derive the following lemma.

Lemma 5.2. (1) Let A € N, uw € N. Moreover, let k € N such that k > X and
B —(m+X—u—2)k>(\—1u+ A (5.4)

Then, it holds that k <> (X, 0,u).
(2) Let A€ N, u € N, and let t € N such that t* + (A +u+2—m)t > (m — 1)\ —u. Then, for any
a € Z*, it holds that (A +t,a — 1,u+1) X (\,a,u).

Proof. (1) Let n € N with n > k, and let U <g E" be (n — A\,n — \)-evasive in E™. It suffices to
show that dimp(U) < n + u. By way of contradiction, suppose that dimp(U) > n + v+ 1. Then,
we have A > 1; moreover, from (2) of Lemma 2.3, we deduce that n +u + 1 < mn/(n — X+ 1),
which further implies that n? — (m + A —u —2)n < (A — 1)u+ X — 1. Tt then follows that f(n) <0
for f 2 22— (m+X—u—2)z— (A—1)u— )\ € R[z]. Since X\ > 1, there exists b, c € R such that
b<0<cand f=(z—0b)(x—c). By f(n) <0, we have b < n < ¢, which, together with 0 < k < n,
implies that b < k < ¢, which further implies that f(k) < 0, a contradiction to (5.4), as desired.

(2) Fix a € Z". Let k € N such that & <+ (A +t,a — 1,u + 1), and we show that k <> (\, a,u).
We note that k > A+t > X. Now let n € N with n > k. Then, for any J <z E" such that J is
(n—A—t,n—A+a—t—1)-evasive in E", it holds that dimp(J) < n+(a—1)+(u+1) =n+a+u.
Let U < E™ be (n — A\,n — A + a)-evasive in E". It suffices to show that dimp(U) < n + a + u.
Indeed, by n > k > A+ t, we have t € {0,1,...,n — A}. It then follows from Proposition 5.2 that

A+t)m

dimp(U) < , ,
imp(U) max{n—i—a—l—un—i—a 1

—A—i—a—t}. (5.5)

Hence if dimp(U) = n + a + u + 1, then via some straightforward computation, (5.5) implies that

24+ AN+u+2—m)t<(m—1)\—u—1,a contradiction, as desired. O
Now we state and prove the main result of this subsection.

Theorem 5.1. (1) Let A € N, u € N, and let (g; | i € ZT) be a sequence of non-negative integers
satisfy the following condition:

VsGN:gs+12—|—<)\+u—|—2—m+(Zgi)+s)gs+1 (m—1)A+(m—1) (Zgz)—u s. (5.6)

i=1

Moreover, let a € N, and let k € N such that k > X+ (37, gi) and

k% — <m+)\—u—|— <za:gz> —a—2>k‘2 ()\—|— (igl> —1) (u+a)+ X+ (igl) (5.7)
i=1 =1 i=1

Then, it holds that k < (\,a,u).
(2) Let A € N, u € N. Suppose that either m =2, or (m =3, 2u > A), or (m =4, u > A+ 1).
Then, for any a € N, it holds that (a + A+ 1) <> (A, a,u).

Proof. (1) First, for any b € Z* and ¢ € {0,1,...,b— 1}, along with (5.6), an application of (2) of
Lemma 5.2 to A+ (3°7_ 1) €N, u+c €N, gey1 € Nand b — ¢ € Z" immediately implies that

c+1
()\+<Zgi), c—1u+c+1> (A—F(ZgZ), c,u+c>. (5.8)
i=1
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Now by (5.7) and (1) of Lemma 5.2, we have k <> (A + (3. ¢i),0,u + a); moreover, by (5.8), we
have (A + (3°7 1 9i),0,u+ a) X (X, a,u), which further implies that k <> (X, a,u), as desired.

(2) Define (g; | i € ZT) as g; = 1 for all i € Z*. Via some straightforward computation, one
can verify that \, v and (g; | i € Z™) satisfy (5.6); moreover, for any a € N, (5.7) holds true for
k =a+ A+ 1. Hence the desired result immediately follows from (1). O

We end this subsection with the following corollary, which will be used in Section 5.2.

Corollary 5.2. Fiz (\,s,k) € N3 with k > s > A+ 1. Let X be a k-dimensional vector space over
E, and let J <p X be (k — X\, 2k — X\ — s)-evasive in X. Then, the following three statements hold:
(1) If m =2, then dimp(J) < 2k — s;

(2) If m = 3, then dimp(J) < 2k — s+ [%1,

(3) If m =4, then dimp(J) < 2k —s+ A+ 1.

Proof. We only prove (2) and the proofs of (1), (3) are similar. By (2) of Theorem 5.1, we have
k—s+A+1 < (N Ek—s, [%]), moreover, dimg(X) =k > k—s+A+1,and Jis (k= X\, k— A+ (k—3))-
evasive in X. It then follows that dimg(J) < k + (k — s) + [§] = 2k — s + [5], as desired. O

5.2 Lower bounds for wg/r(k,r)

Throughout this subsection, suppose that m > 2. We will focus on the lower bounds for
R /F(k, ). The following theorem is the first main result of this subsection, in which we show that
the left hand side of (5.3) is not tight in general.

Theorem 5.2. Let r € Z", and let (a; | i € ZT) be a sequence of non-negative integers satisfy the
following condition:

VseN:ag1®+ (m(r— +2+ <Zai> +s) as+1 = (m—1) <Zai> +m —s. (5.9)
i=1 i=1
>

Moreover, let w € N, and let k € N such that k >r+1+ (37" a;), (m—1)(k—7) > w and

k? — <2r—m(r— 1)+ (iai) —w) k> ((iaz> —i—r) ((m—1)r+w)+1. (5.10)

Then, for any e € N with € > k, it holds that wgp(e,7) = (m — 1)r +&+w + 1.

Proof. Set \=r+1,u=(m—1)r—1,(¢; |t €Z%) = (a; | i € Z") and a = w in Theorem 5.1.
From (5.9) and (5.10), we deduce that k <> (r + 1,w,(m — 1)r — 1). Let ¢ € N with ¢ > k. By
(m—1)(k—7r) > w, we have (m—1)r+e+w < em; moreover, for any (e —r—1,e —r—1+w)-evasive
F-subspace J in E¢, it holds that dimp(J) < e+w+ (m—1)r—1. Hence an application of Corollary
4.1 to b= (m — 1)r + € + w immediately implies the desired result. O

Now we consider some special cases of Theorem 5.2. Part (1) of the following corollary is
exactly (2) of Lemma 5.1 when E is finite, which we recover among other results.

Corollary 5.3. (1) For any k € N with k > [\/m] + 2, it holds that wgp(k,1) > m + k.

(2) For any k € N such that k*—[\/m + 11k > [v/m + 1lm~+1, it holds that wgp(k,1) = m+k+1.
(3) For any (k,r) € N? such that k > r +2, r > 2, it holds that wgr(k,r) = (m—1)r+k+ 1.
(4) For any (k,r) € N? such that k > r+ 3, r > 3, it holds that wg/p(k,7) > (m — 1)r + k + 2;
(5) For k € N such that either k > 6 or (k=5,m <7), it holds that wgp(k,2) > 2m + k.
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Proof. All the statements follow from Theorem 5.2 via some verification. More specifically, (1)
follows from setting r = 1, w = 0 and k = [\/m] + 2 in Theorem 5.2, (2) follows from setting r = 1,
s =0,a; = [vm] and w = 1 in Theorem 5.2, (3) follows from setting w = 0 and k = r + 2 in
Theorem 5.2, (4) follows from setting s =0, a3 = 1, w = 1 and k = r 4+ 3 in Theorem 5.2, and (5)
follows from setting r =2, s =0, a1 =1, w =1 and k = 5,6 in Theorem 5.2, respectively. ]

Now we further improve the left hand side of (5.3) for small m. The following theorem is the
second main result of this subsection.

Theorem 5.3. (1) If m =3, then for any k € N with k > 2, it holds that wgp(k,1) > 2k.
(2) If m =4, then for any k € N with k > 3, it holds that wg/r(k,2) > 2k + 3.

Proof. We only prove (1) and the proof of (2) is similar. If £ = 2, then (3) of Corollary 5.1 implies
that g /p(k, 1) = 2k, as desired. Therefore in what follows, suppose that k£ > 3. By (2) of Corollary
5.2, for any (k — 2,2k — 5)-evasive F-subspace J in E[¥, it holds that dimg(.J) < 2k — 2. Hence an
application of Corollary 4.1 to r = 1 and b = 2k — 1 immediately implies the desired result. O

Remark 5.3. In Section 5.3, we will show that if E is finite and m = 3, then wgp(k,1) = 2k.

5.3 An upper bound for wg/(k,7)

In this subsection, suppose that F is finite with |F| = ¢. We will use Theorem 3.4 to derive
a general upper bound for wE/F(k, r). As a first step, we compute the number of all the [n,r + 1]
r-minimal codes, as detailed in the following proposition.

Proposition 5.3. Let (n,r) € N? with n > r + 1. Then, it holds that:

m(r+1)
{C' | C is an [n,r + 1] r-minimal code}| = Z Sq(m(r +1),4)bin 4(n, i) | ogm(r + 1,7 +1)7%.

i=mr+1

Proof. For any [n,r + 1] code C <g E", by Theorem 4.4 and Corollary 2.1, C' is r-minimal if
and only if mr +1 < wt(C) < m(r + 1). Therefore the number of all the [n,r 4+ 1] r-minimal
codes is equal to ZZ(;;PI 0;, where 0; denotes the number of all the [n,r + 1] codes with rank
support weight i. Now we compute 6; for any fixed i € {mr +1,...,m(r + 1)}. Noticing that each
[n,r+ 1] code has d4m(r+ 1,7+ 1) generator matrices in Mat ;11 ,(E), all of which have rank r +1;
moreover, any G € Mat ,11 ,(E) with rank (G) = r + 1 is a generator matrix of the [n,r + 1] code

C £ {row (G))g, and it holds that wt (C') = dimg((col (G))r) by Lemma 2.1. It then follows that
0; = dgm(r + 1,7 +1)71 - |{G € Mat 41 ,(E) | rank (G) = r + 1, dimg({col (G))r) = i}|.

We claim that every G € Mat 41 ,(E) with dimp((col (G))r) = ¢ satisfies that rank (G) = r + 1.
Indeed, from dimp({col (G))r) = i > mr, we deduce that rank (G) = dimg((col (G))r) > r, which
implies that rank (G) = r + 1, as desired. Next, let K € Mat |1 ,(,41)(E) such that col (K) form
an F-basis of E*tl. Then, H — KH induces a bijection from Mat m(r4+1),n(F) to Mat 11 ,(E);
moreover, we have rank (H) = dimp((col (K H))r) for all H € Mat ,,,(,4.1),(F). It follows that

0; = 6gm(r+ 1,7+ 1)1 |{H € Mat (1) (F) | rank (H) = i}|
= §gm (r 4+ 1,7 + 1)1, (m(r + 1),4)bin 4(n, i),

which immediately establishes the desired result. O

25



Now we are ready to prove the main result of this subsection.

Theorem 5.4. Let (k,r) € N2 with k > r + 1. Then, there exists an [mr + k(r + 1) — r%2 — 2r k]
r-minimal code, i.e., it holds that wgp(k,r) < mr+k(r +1) — r2 —2r.

Proof. Let n = mr + k(r + 1) — r?2 — 2r. We note that if » = 0, then (3) of Corollary 5.1 implies
that wgp(k,7) = n, as desired; moreover, if r +1 > m, then (2) of Corollary 5.1 implies that
wr/r(k,7) = (k—1)m+1 < n, as desired. Therefore in what follows, we assume that m > r+2 > 3.
We first show that

Z S4(m(r 4+ 1),i)bin 4(n, i) < ¢ POTVG 0 (r + 1,7 +1). (5.11)

Indeed, from (2) of Proposition 2.2, we deduce that

1 q> 17
7mr (m+n) < —
(Z(S T + 1 blIl ( )> < (q — 1)((]2 —q— l)q(k—r—l)(r—‘rl)-‘rm—l + q2 —qg—1 VI

where the second “<” follows from k > r + 1, m > 3 and g > 2. Moreover, noticing that ¢ > 8,
from (1) of Proposition 2.2, (2.5) and some straightforward computation, we deduce that

r+1
—mr(m+n m(n—k)(r m —ms m —-m 55
g~ mriman) gl k)(+1)5qm(r+1,r—|—1):q (H(l—q ))>q —1—q¢gm>—=
i=1

which, together with 1T < 22 immediately implies (5.11), as desired. Next, we show that

m(i+n—k) _

m(r+1) k
dgm (n, r+1)— Z dq( ),4)bin ¢(n, 0) ( H 4

i=mr+1 i=k—r

1) Sgm (r+1,741). (5.12)

Indeed, by (2.5) and [18, Lemma 26], we have

m(r+1)
Sgm(n, 7 +1) < g™ =N " 5 (m(r + 1), 4)bin ¢(n, 1),
1=0
which implies that the left hand side of (5.12) is smaller than that of (5.11). Moreover, from n > k,

we deduce that the right hand side of (5.11) is smaller than or equal to that of (5.12). Therefore
(5.12) follows from (5.11), as desired. Dividing both sides of (5.12) by dgm (r + 1,7 + 1), we have

m(r+1) k qm(iJrnfk) -1
bin gm (n, 7 4 1) — §gm (r + 1,7+ 1)7* Z dg(m(r +1),4)bing(n,) | < H Togmi_q
i=mr+1 i=k—r q N

By Proposition 5.3, the left hand side is equal to the number of all the [n,r + 1] codes which are
not r-minimal. Hence an application of Theorem 3.4 immediately implies the desired result. O

Along with (1) of Theorem 5.3, an application of Theorem 5.4 to » = 1 immediately implies
the following result for minimal codes.

Corollary 5.4. (1) For any k € N with k > 2, it holds that wgp(k,1) < m + 2k — 3.
(2) If m =3, then for any k € N with k > 2, it holds that wgr(k,1) = 2k.
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Remark 5.4. (1) Part (1) of Corollary 5.4 slightly improves [3, Theorem 6.11], and also recovers
[26, Theorem 7.16] when k =3 (see (4), (5) of Lemma 5.1). Moreover, the upper bound m+ 2k — 3
is not tight in general, and we refer the reader to (6)—(8) of Lemma 5.1 and references therein for
more details.

(2) If m = 3, then (2) of Corollary 5.4 implies that wgp(4,1) = 8, which recovers the main result
of [8, Section 3.4] (see (3) of Lemma 5.1). Moreover, an explicit construction of [8,4] minimal
codes has been given in [8], and we refer the reader to [8, Proposition 3.13] for more details.
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