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ABSTRACT. A basic problem for constant dimension codes is to determine the maximum possible size
Aq(n, d; k) of a set of k-dimensional subspaces in F?, called codewords, such that the subspace distance
satisfies dg (U, W) := 2k — 2dim(U N W) > d for all pairs of different codewords U, W. Constant
dimension codes have applications in e.g. random linear network coding, cryptography, and distributed stor-
age. Bounds for A4(n, d; k) are the topic of many recent research papers. Providing a general framework
we survey many of the latest constructions and show up the potential for further improvements. As examples
we give improved constructions for the cases A4(10,4;5), A4(11,4;4), A4(12,6;6), and Aq(15,4;4).
We also derive general upper bounds for subcodes arising in those constructions.

1. INTRODUCTION

Let F, be the finite field with ¢ elements, i.e., g is a prime power. For two integers 0 < k < n
we denote by G,(n, k) the set of all k-dimensional subspaces in Fy. The so-called subspace distance
ds(U, W) :=dim(U) +dim(W) -2 dim(UNW) = 2k —2dim(U NW) defines a metric on G,(n, k). A
subsetC C G, (n, k) is called a constant dimension code (CDC) and its elements are called codewords. The
minimum (subspace) distance of a CDC C is defined as dg(C) = min{ds(U, W) : U W € C,U # W}.
We call C an (n, M, d, k), CDC if C has cardinality M and dg(C) > d. The maximum possible cardinality
of an (n, M, d, k), CDC is denoted by A,(n, d; k). We refer to the recurrently updated survey [18] and the
associated webpage http://subspacecodes.uni-bayreuth.de for some of the latest bounds.
For 2k < n and d > 4 the general bounds

q(n—k))-(k—d/Q"rl) g Aq(ﬂ,d, k) S 1.7314 - q(n—k)-(k)—d/2+1) (1)

are known, see [20, Proposition 8] for the details and further improvements depending on g, k, and d. For
some applications the factor of at most 1.7314 between the lower and upper bounds is sufficiently good.
As applications are manifold, including e.g. random linear network coding, cryptography, and distributed
storage, see e.g. [13]], we are interested in exact values or relatively tight bounds for A,(n,d; k) for
specific, mostly small, parameters.

With respect to recent improved constructions we mention e.g. [3; 45195 [145 1155 1165 12851305 1315 1335 134].
Most of the contained improvements fit into a general framework of a combination of subcodes of a
specific shape that we will present here. All constructions are based on an interplay between the subspace,
the Hamming, and the rank metric distance.

Besides structuring and classifying the recent progress we show up further potential for improvements.
As examples we give improved constructions for the cases 4,(10,4;5), A4(11,4;4), A,(12,6;6), and
Aq4(15,4;4). Note that the dimensions of the ambient spaces are rather small. We also give general upper
bounds for the mentioned subcodes with special shapes.

The remaining part of this paper is structured as follows. In Section [2] we introduce the necessary
preliminaries and review constructions from the literature. The impact of codes in the Hamming metric is
discussed in Subsection Here we generalize the notion of skeleton codes from the Echelon—Ferrers
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construction. These codes are mainly used to describe and control the combination of different subcodes
to a constant dimension code. For the contained subcodes the rank metric plays an important role for
the construction, see Subsection Based on the underlying general construction strategy sufficient
conditions for additing further codewords are described in Subsection[2.3] In Subsection 2.4 we mention
a few constructions outside this scheme, which can nevertheless be used as subcodes. We summarize our
four exemplary, in the field size ¢ parametric, improvements in Section[3] We have chosen examples with
rather small parameters and focus on the underlying techniques to show up the potential for further and
similar improvements for larger parameters. Upper bounds for the occurring subcodes are the topic of
Sectiond] Here, and also in Section[3] we mention open problems for further research.

2. PRELIMINARIES AND REVIEW OF CONSTRUCTIONS FROM THE LITERATURE

Let C be a CDC consisting of k-dimensional subspaces U € G,(n, k). Given a non-degenerate bilinear
form, we denote by U~ the orthogonal subspace of a subspace U, which then has dimension 7 — dim(U).
With this, we have dg (U, W) = ds(U+, W), so that A,(n,d; k) = A,(n,d;n — k). Using this relation
we will mostly assume 2k < n in the following, so that the maximum possible subspace distance is 2k.

As a representation for a codeword U € C we use generator matrices M € IF’;X” whose k rows form
a basis of U and write U = (M). Applying the Gaussian elimination algorithm to M gives a unique
generator matrix E (M) in reduced row echelon form. We will also directly write E(U) for E(M) where
M is an arbitrary generator matrix for U. By v(M) € Fy or v(U) € F% we denote the characteristic
vector of the pivot columns in E(M) or E(U), respectively. These vectors are also called identifying
or pivot vectors. In the following we will mostly use the notations E(U) and v(U) for k-dimensional
subspaces of Fy'. The Ferrers tableaux T'(U) of U arises from E(U) by removing the zeroes from each
row of E(U) left to the pivots and afterwards removing all pivot columns. If we then replace all remaining
entries by dots we obtain the Ferrers diagram F(U) of U which only depends on the identifying vector
v(U). As an example we consider

1 01 1.1 01 0 1
1 0 01 11111
U< 0001000T10 >€g2(9’4)’
0 000 O 1101
where we have
1 0001 0O0O0O0
001 0O0O0T1T171
E(U) = 0001 0O0O0OT1TO0]’
00 0 0 O 11 01
v(U) = 101101000 € F9,
01 0 0 O
0 1 1 1
rw) = 0 01 0}’
1 0 1
and
[ ] [ ] [ ] [ ]
[ ] [ ] [ ]
FU) = . o o
[ ) [ ] [

The partially filled matrix 7'(U) contains all essential information to describe the codeword U, where
each entry is arbitrary in F, and every different choice gives a different k-dimensional subspace in Fy.
The pivot vector v(U) and the Ferrers diagram F(U) of U both partition G,(n, k) into specific classes.
Note that this classification is not preserved by the isometries of Fy' with respect to ds. However the
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description with pivot vectors will be rather useful for constructions as we will see later on. If n is given,
v(U) and F(U) can be converted into each otherE] So, we also write p(F) for a given Ferrers diagram

2.1. Skeleton codes, the Hamming metric, and the Echelon-Ferrers construction. The Hamming
distance

d(u,w) =#{1<i<n: u; #w},
for u,w € ]F", can be used to lower bound the subspace distance between two codewords U, W €
Gy(n, k):

Lemma 2.1. (/7 Lemma 2])
For U, W € G4(n, k) we have dg(U, W) > dg (v(U),v(W)).

The Hamming weight wt(v) of a vector v € I}/ is its Hamming distance to the zero vector dg (v, 0)
or, in other words, the number of non-zero entries. If S is a subset of Fy of cardinality at least 2, then we
define di (S) := min{dg (v,v’) : v,v" € S,v #v'}. If #S < 2, then we formally set dy (S) := co.
We call dg(S) the minimum Hamming distance of S. In applications for constant dimension codes
we will assume that the elements of S all have the same Hamming weight k. The vectors in F§ with
Hamming weight k are in one-to-one correspondence with the k-element subsets of an n-element set. So,
slightly abusing notation, we define Gy (n, k) := {v € F} : wt(v) = k}. An (n,M,d, k), CDC C such
that all codewords have the same pivot vector v is called (n, M, d, k, v), CDC. Directly from Lemma
we can conclude:

Theorem 2.2. ([/[7 Theorem 3])
Let S C Gi(n, k) with dg(S) > d. If C, C Gy(n, k) is an (n,x,d, k,v), CDC for each v € S, then
C = UyesCy is an (n,x,d, k), CDC with cardinality ) ;s #C,.

Suitable choices for the C,, are also discussed in [7] and we will do so in Subsection [2.2] The underly-
ing construction is called multilevel construction in [1]] and Echelon-Ferrers construction in some other
papers. Actually, the set S is a binary code with minimum Hamming distance d and sometimes called
skeleton code. By A,(n,d;k;v) we denote the maximum possible cardinality M of an (n, M, d, k,v),
CDC, so that Theorem gives the lower bound

(n,d;k) > Ag(n,d; k;v) )
vES
where dy (S) > d.
We can slightly generalize our notion to sets V of binary vectors in 5 with Hamming weight £ each.
If all all pivot vectors of the codewords of an (n, M, d, k), CDC C are contained in V, then we speak of an
(n,M,d, k,V), CDC and denote the corresponding maximal possible cardinality by A4(n, d; k, V). For
two subsets V, V' of F} we define their minimum Hamming distance as dg (V, V') := min{dg (v, v’),:
v € V,v’ € V'}. With this, we can directly generalize Theorem [2.2]to:
Theorem 2.3. Let V1, ..., Vs be subsets of Gi(n, k) with dg(V;,V;) > dforalll <i < j <s. If
Cy, C Gy(n,k)isan (n,*,d,k,V;)q CDC for each 1 < i < s, then C = U1<i<sesCy;, is an (n,*,d, k)q
CDC with cardinality 3, ;. #Cv,.
We call S = {V1, ..., Vs} a generalized skeleton code and call
du(S) :=min{dg(V;,V;) : 1 <i<j<s}
the minimum (Hamming) distance of S. With this, we have the lower bound

o (n,d; k) ZAnde (3)
ves

IThe only issue occurs for pivot vectors v(U) starting with a sequence of zeroes corresponding to the same number of leading
empty columns in the Ferrers diagram. The latter, or their number, may not be directly visible.
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where dp (S) > d.
In several constructions in the literature, Inequality (3)) is, indirectly, applied. To this end we introduce
more notation to describe specially structured subsets of Gy (n, k), i.e., by

() (i)

we denote the set of binary vectors which contain exactly k; ones in positions 1 + 23;11 n; to Zj.:l n;
ng
>k;
are denoted by ( <"k) Also in this generalized setting we assume that the described set is a subset of

Gi(n, k), where n = 22:1 n; and k = 22:1 ki, e.g.

ni1 n-—mny
(g kl)’ (z k- kl) € G k).

In our notation, the linkage construction from [12, Theorem 2.3], [37| Corollary 39] can be written as

Ag(n, d; k) > A, (n,d; k: (” B A), (ﬁ)) + A, (md;k; (” B A), (2)) , &)

which was improved to

Ag(n,dik) = A (n’d; & (n ! A)’ (§>)

+Aq(n7d;k;<nAk+d/2),(A+k+d/2>) )

for all 1 < ¢ < [. The cases of at least k; ones are denoted by ( ) and the cases of at most k; ones

0 k
in [20, Theorem 18, Corollary 4], where 0 < A < n is a free parameter. With respect to Inequality ()
we remark A, (n, d; k; ("BA), (%)) = A,(A, d; k) and that one key observation in [12] was

A (st (" 2).(5)) Z e A - A, ©

so that the two summands can be expressed in terms of A,(n/, d; k) values. We will deduce Inequality @
in Subsection Clearly, the Hamming distance between (";A), (ﬁ) and ("BA)7 (ﬁ) is 2k, so that
Inequality (@) is a direct implication of Theorem [2.3]since the minimum subspace distance between two
k-dimensional subspaces is at most 2k, assuming 2k < n. Observing that the minimum Hamming
distance between (" %), (5) and (""47FT4/2), (AFEFA/2) s at least d yields Inequality .

From the computational point of view Theorem[2.3]translates to a weighted maximum clique problem,
where the vertices are the candidates for V C Gj(n, k) and two vertices V, V' are joined by an edge iff
du(V,V'") > d. For constructive lower bounds for A,(n, d; k) we choose any constructive lower bound
A, (n,d; k; V) < Ay(n, d; k; V) as vertex weights. Known upper bounds A, (n, d; k; V) > Ay(n, d; k; V)
can also be used as vertex weights. However, then the exact solution of the weighted maximum clique
problem does not give an upper bound for A,(n,d; k) but only an upper bound on the code sizes that
can be obtained by Theorem 2.3 using a specific generalized skeleton code S. Note that in principle we
can choose all non-empty subsets of G;(n, k) as vertices. However, this set is really huge, so that one
usually considers only suitably selected subsets thereof. For the case of 1-element subsets of G; (n, k), i.e.,
the Echelon—Ferrers construction, c.f. Theorem@ exhaustive searches where performed in [9]]. There
also upper bounds for the code sizes that can be achieved by the Echelon—Ferrers construction, based
on Theorem as vertex weights, were computed. While lower and upper bounds for the Echelon—
Ferrers construction can be computed parametric in the field size g, see [9] for the details, the parametric
determination of the “optimal” (generalized) skeleton code is a hard problem. So far it is only solved for
the case of so-called partial spreads corresponding to Aq(n7 2k; k), where n > 2k, see [9, Theorem 5.2].
In our subsequent results on lower bounds for A,(n,d; k) we will always state the underlying skeleton
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codes. Note that the corresponding distance analysis in the Hamming metric, c.f. Inequality (3, can
be parametric. To sum up, Theorem is just a general framework for constructions and the selection
of good generalized skeleton codes is a non-trivial problem. The decomposition of a given CDC C into
subcodes Cy such that C is given by Theorem [2.3]is also non-trivial, if the generalized skeleton code S
has size at least two, but useful indeed.

2.2. Vertex weights, rank-metric codes, and corresponding constructions. If the pivot vectors of
two codewords coincide, then we can utilize the rank distance dr(A, B) := rank(A — B) for matrices
A, B e IE‘;”XZ to express the corresponding subspace distance.

Lemma 2.4. (/36| Corollary 3])
For U, W € Gy(n, k) withv(U) = v(W) we have ds(U, W) = 2dr(E(U), E(W)).

Since dg is a metric, we call a subset C C IFZ"XZ of matrices a rank-metric code. If C is a linear
subspace of IF‘ZIX[ we call the code linear. Given a Ferrers diagram F with m dots in the rightmost
column and [ dots in the top row, we call a rank-metric code C'x a Ferrers diagram rank-metric (FDRM)
code if for any codeword M € IFZ”XZ of Cr all entries not in F are zero. By dr(Cx) we denote the
minimum rank distance, i.e., the minimum of the rank distance between pairs of different codewords.

Definition 2.5. ([37]]))
Let F be a Ferrers diagram and C'x C IE"q€ *("=*) be an FDRM code. The corresponding lifted FDRM code
Cr is given by

Cr={U€Gy(nk) : FIU)=F,T{U) € Cr}.

Directly from Lemma 2.4]and Definition [2.5] we can conclude:

Lemma 2.6. (/7, Lemma 4])

Let Cr C ng("_k) be an FDRM code with minimum rank distance 6, then the lifted FDRM code Cx C
Gy(n, k) isan (n,#Cr,20,k)q CDC.

Lifted FDRM codes Cr are exactly the subcodes C, needed in the Echelon-Ferrers construction in
Theorem In [7, Theorem 1] a general upper bound for (linear) FDRM codes was given. Since the
bound is also true for non-linear FDRM codes, as observed by several authors, denoting the pivot vector
corresponding to a given Ferrers diagram F by v(F) and using Lemma we can rewrite the upper
bound to:

Theorem 2.7. . A
Ag(n, d kyv(F)) < gmintvi:0sisd/2=1)

where v; is the number of dots in F, which are neither contained in the first i rows nor contained in the
last % — 1 — ¢ columns.

If we choose a minimum subspace distance of d = 6, then we obtain
A5(9,6;4;101101000) < 27

due to

where the blue dots are those that are neither contained in the first ¢ rows nor contained in the last g —1—1
columns for 1 <7 < 3.

While it is conjectured that the upper bound from Theorem (and the corresponding bound for
FDRM codes) can always be attained, this problem is currently solved for specific instances like e.g.
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rank-distances 9 = 2 only. For more results see e.g. [1; 32]] and the references mentioned therein.
Another important solved case are rectangular Ferrers diagrams. If 2 < 2k < n and F is the rectangular
Ferrers diagrams with £ dots in each column and n — k dots in each row, then a rank-metric code C'r C
FE*(=%) attaining the maximum possible cardinality ¢("~*)(*=4/2+1) for a given minimum subspace
distance d < 2k is called maximum rank distance (MRD) code. More generally, the maximum size of
an (m x n,d,),-rank metric code is given by m(q,m,n,d,) = gmax{mni(min{mn}=d+1) = A rank
metric code M C Fy**™ attaining this bound is said to be an MRD code with parameters (m x n,d:)q or
(m xn,d,)q MRD code, see e.g. the survey [33]. Linear MRD codes exist for all parameters. Moreover, for
d, < d] we can assume the existence of a linear (m x n, d;), MRD code that contains an (m X n, d;), MRD
code as a subcode. The rank distribution of an additive (m X n, d;), MRD code is completely determined
by its parameters, i.e., the number of codewords of rank r is given by

r—d,

a(q, m, Tl,dr,'r) - mm{n m} . Z ]q . (qmax{n,m}A(rfdrf‘H»l) _ 1) (7
5=0

for all d, <7 < min{n,m}, see e.g. [6, Theorem 5.6] or [35] Theorem 5], where

— qn i 1
H o ®)
is the Gaussian binomial coefficient counting the number of k-dimensional subspaces in Fy. Clearly,

there is a unique codeword of rank strictly smaller than d; — the zero matrix.
Since even linear MRD codes exist for all parameters, lifting gives the well-known lower bound

Aq(n,di k) > g R (k—d/2+1) N

?T‘S

(assuming 2k < n), which is at least half the optimal value for d > 4, see e.g. [20, Proposition 8] and
Inequality (EI) In general, a subset M C JF’;X” with minimum rank distance 0 is called (k x n, §),-rank
metric code.

Instead of starting with an FDRM code C'r and lifting it to a CDC Cr one can also start from an

(m, N,d, k), CDC C and an MRD code M C F&*™~™) with minimum rank distance d/2. With this we
can construct a CDC

C' = {(E(U)M) : UecC,Me M}CGy(n,k) (10)

with dg(C’) = d and #C' = #C - #M, where A|B denotes the concatenation of two matrices A and B
with the same number of rows. This lifting variant was called Construction D in [37, Theorem 37], cf.
[11, Theorem 5.1]. By construction, the identifying vectors of the codewords of C’ contain their k ones
in the first m positions. Thus, we end up with Inequality (6).

Lower bounds for
/ n — n/
(st (). ()
where obtained in [21]] where the underlying construction was named coset construction. In [40] the
inequality
- A A
Ayln,dik) > Aq(n,d; ks (” B ) (0>)

n—A A
+Aq(n,d;k; (Skdﬂ),(zm)), a1

which holds for all 0 < A < n due to Theorem was used in the special case A = k to construct

many CDCs with larger sizes than previously known. In [26] the quantity A (n d; ks (g /2) (>§/2))
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was introduced as By (n, A, d; k). A lower bound for A, (n, d; k; (<,?:5/2), (>§/2)) was constructed in
[40] via - -

{{M|I) : M € M,rank(M) < k—d/2},
where [}, denotes the k£ X k unit matrix and M C IF‘Z;X("_M is a rank metric code with dg(M) > d/2.
Note that the generator matrices (M |I}) are not in reduced row echelon form in general. By replacing I,
by E(U) for all codewords of a (A, *,d, k), CDC we obtain yet another variant of the lifting idea. One
of the most general versions can be found in [4, Lemma 4.1]:

Lemma 2.8. For a subspace distance d, let n = (ny, . ..,n;) € N\, where | > 2, be such that 22:1 n; =
nandn; > kforalll < i <. Let C; be an (n;,*,d, k), CDC and M; be a (k x n;, %)q-rank metric
code for1 <i <. ThenC = Ui:l Ct, where
C = { (My|. . |Mi_1|EU)|Misa|...|My) = Us €Ci,M; € M;, V1 <5 <lij,
and vk(M;) <k — 2, v1 < j < z}

is an (n,,d, k)4 CDC of cardinality

l i—1 !
#e =S (TI#{MeM; k() <k—2}|-#c- | T] #M;

i=1 \j=1 Jj=i+1
So, if we assume that the M ; are additive MRD codes, then using Equation (7)) directly gives:

Corollary 2.9. (/4 Corollary 4.2]) Let d be a subspace distance, . = (n1,...,n;) € N and 1 > 2, be
such that Zi:l n; =nandmn; > kforalll <i<I. Then, we have A,(n,d; k) >

1 fi-1 k-4 !
Z H 1+ Za’(q7kanj7%7/r) Aq(nlad7k) H m(Qakvnjag)
=1 \ j=1 r*d Jj=i+1
2

Of course, Lemma can also be applied if M is not additive or not an MRD code. As an example
we consider the (3 x 4,3) MRD codes classified in [24]. Up to isomorphism there are 7 linear and 30
non-linear such codes. Considering a coset, i.e. adding an arbitrary matrix in ]FgX4 to all codewords,
does not change the minimum rank distance but eventually the rank distribution. Here the occurring rank
distributions are given by 01315, 2739 and 1'2*3'1. Rank-metric codes of constant rank with a lower
bound on the minimum rank-distance have been studied in [10]] and generalized in [17; 33]]. As rank
metric codes with a given minimum rank distance and an upper bound on the occurring ranks pop up
here, we propose the study of their sizes as an interesting open research problem. Improvements for these
rank metric codes can directly result in improved constructions for CDCs.

2.3. Adding additional codewords to CDCs constructed via a skeleton code. In Subsection 2.1| we
have considered the construction of a CDC C as a union of subcodes Cy,, via a generalized skeleton code
S={V1,...,Vs},see Theoremfor the details. Constructions for the subcodes Cy,, were the topic of
Subsection[2.2] For special choices of the (generalized) skeleton code S there is additional structure that
allows the addition of further codewords. For an ordinary skeleton code, with nodes corresponding to a
single pivot vector as occurring in the Echelon—Ferrers construction, one can observe that the removal of
some specific dots from a given Ferrers diagram does not decrease the upper bound on the code size from
Theorem Those dots are called pending dots and their positions can be used to construct additional
codewords [38]. Ferrers diagrams can also contain several pending dots, which may be pooled to a
so-called pending block allowing more sophisticated additions of codewords, see [37] for the details.
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Here we want to focus on CDCs C = U!_,C? according to Lemma where we have the following
structural result.

Lemma 2.10. (/4, Lemma 4.3]) With the same notation used in Lemma seto; = Z;Zl n;, 1 <4<
and o9 = 0. Let E; denote the (n — n;)-subspace of Iy consisting of all vectors in ¥y that have zeroes

for the coordinates between o;_1 + 1 and o; for all 1 < i < l. Then, the elements of C* are disjoint from
E;foralll <i<lI.

Similar as for the Hamming metric we write ds(C,C’) := min{dgs(U,U") : U € C,U’ € C'}.

Lemma 2.11. (/4 Lemma 4.4]) Let C be a subspace code as in Lemma with corresponding n. € N
a=(ar,...,q) € Nlandb= (br,..., b)) e N'with >\ a; =k St b =k— %, and ¢ < a;,b; <
a; < ng, foralll < i <. For an integer r, let Dg be (n;,*,d,a;)q CDCs, forall 1 < i < and all
1 < j < r, such that ds(D{17Dg2) >2a; — 2b;, foralll <i<landalll < j, < jo < r. Then, there
exists an (n,x,d, k), CDC, say D, with cardinality

r l
#D =Y [[#D!,

j=1i=1
such that C N'D = () and C U D is also an (n,,d, k), CDC.

We remark that we can also take different subcodes as in Lemma [2.11] and combine these codes ex-
ploiting the underlying pivot structure . To this end let D be the code for @ = (a1, ...,q;) and D’ be
the code for @’ = (af,...,a}) according to Lemma (The corresponding vectors b and b’ are not
relevant for the subsequent analysis.) From Lemma [2.1] we conclude

l
ds(D,D') > |a; — aj (12)
i=1

and refer to [4] for an example. So, in general we will consider a CDC given by
C=U;_,C"uU,_ D, (13)

where s = 2 (and t is rather small) in most applications. The compatibility of the subcodes C* and D’
is described in terms of the Hamming distance. For the (known) construction of the subcodes C* and
D7 itself, rank metric codes play a major role. With respect to constructions for the D7 according to
Lemma we remark that for each 1 < ¢ < [, the CDC U;:1 Df is an (n;, *,2a; — 2b;,a;)4 CDC.
Partitioning it into subcodes with subspace distance d > 2a; — 2b; is a hard problem in general and was
e.g. considered in the context of the coset construction for CDCs, see [21]. We have a closer look at this
problem in Subsection [3.2] Restricting to lifted MRD codes an analytic construction, using rank metric
codes, was given in [4} Corollary 4.5]:

Corollary 2.12. In Lemma[2.11|one can achieve
!
#D > min{a; : 1 <i <1}~ Hm(%ai,ni —a;, %),
i=1
where a; = m(q, ai,n; — a;,a; — b;) /m<q, i, Ny — Qg %)

The work in [4, Section 4] initiated many improved constructions for CDCs. Several of them started
from Lemma [2.10] and improved Lemma [2.TT] and Corollary 2.12] see e.g. [14; [16} 30; 33} 34]. We will
briefly discuss this possibility in Subsection[3.3]



THE INTERPLAY OF DIFFERENT METRICS FOR THE CONSTRUCTION OF CONSTANT DIMENSION CODES 9

2.4. Special constructions for CDCs. For a few parameters special constructions for CDCs have been
presented in the literature. Since we use some of them in improved constructions for other parameters as
subcodes, we here summarize the necessary details.

Proposition 2.13. (/I8: [19: 22]) Ay(7,4;3) > 333, A3(7,4;3) > 6978, and A,(7,4:3) > ¢® + ¢° +
q* +q* —qforq>2.

Proposition 2.14. ([2;4;[5:21)]) A2(8,4;4) > 4801 and A,(8,4;4) > ¢*2+¢*(¢®* +1)%(¢®* +q+1)+1
forq > 2.

Other examples with small parameters, that are not used in in our examples of improved constructions
but are very likely to be contained in similar constructions are:

Proposition 2.15. ([23]) A2((6,4;3) = 77 and A,(6,4;3) > ¢° + 2¢> + 2 + 1 for ¢ > 2.

Proposition 2.16. ([2]) Ay(8,4;3) > 1326, A5(9,4;3) > 5986, A5(10,4;3) > 23870, Ay(11,4;3) >
97526.

In [4, Section 5] another general construction strategy for constant dimension codes, outside of the
here presented scheme, is considered. As an example we mention:

Proposition 2.17. ([29]) A,(9,4;3) > ¢'? +2¢® +2¢" 4+ ¢° + 2¢° + 2¢* — 2¢> — 2q + 1 for ¢ > 2.

3. IMPROVED CONSTRUCTIONS

The aim of this section is to highlight the general potential for improved constructions for constant
dimension codes based on general construction strategies presented in the literature. We structure the
different lines of attack into several subsections. In this context we would like to point to the discussion
on rank metric codes with restricted ranks at the end of Subsection2.2]

3.1. New generalized skeleton codes. Computing good skeleton codes is a hard combinatorial problem.
For recent improvements for the Echelon-Ferrers construction we e.g. refer to [9]]. In the context of the
linkage construction similar improvements can be e.g. found in [[15; 28]. Taking codes from Subsec-
tion [2.4] as subcodes, only knowing their attained pivot vectors or a superset thereof, as subcodes, can
also lead to (tiny) improvements.

Proposition 3.1. A5(11,4;4) > 2383085, A3(11,4;4) > 10639658703, and A,(11,4;4) > ¢*' +¢'"+
2¢" 4+ 3¢ + 4¢'3 + ¢ + ¢! +q9+q8—|—2q7—|—2q6+2q5 +¢*+¢? —qforq>2.

Proof. We choose a generalized skeleton code S with vertices ((3), (7)), 00010000111,00010100011, 00011000011,
00011000110, 00100001011, 00100001101,00100001110, 00100100101, 00100100110, 00100101001,00101000101, 00110000110,00110101000,
01100010001, 10000101100, 10001001001, 10011100000 10100000011, and 10100110000, SO that

Ag(11,4:4) > ¢* + ¢ +2¢" +3¢™ +4¢" + ¢ + ¢ + 6" + 207 +2¢° + ¢ + Ay(7,4;4).
Using A,(7,4;4) = A4(7,4;3) and Proposition gives the stated results. a

We remark that the previously best known lower bound was given by the Echelon-Ferrers construction
yielding e.g. A5(11,4;4) > 2383041 for ¢ = 2.

While listing 19 explicit pivot vectors as elements of a generalized skeleton S is still manageable,
we need a more more compact representation for larger instances. To this end we replace each vector
v € F% by the integer Y ;- , v; - 2"~ . As an example, the integer 24672 corresponds to the vector
110000001100000 € F15. Starting from an integer, the value of n needs to be clear from the context. In
our next example we show that generalized skeleton codes with two vertices corresponding to more than
one pivot vector can also lead to improved constructions.
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Proposition 3.2. A5(15,4;4) > 10073483885 and A,(15,4;4) > ¢>3 + ¢*° + ¢*® + 3¢®" + 2¢°° +
3q25+q24+q23+2q21+2q19+3q18+5q17+q16+4q15+6q14+11(]13+10q12+13q11+11q10+
8¢° 4+ 4¢® +3q¢" +2¢° +2¢° + ¢* + ¢*> — qforq > 2.

Proof.: We choose a generalized skeleton code S with vertices ((3), (7)) ((5). (7)) 24672. 6240, 12365, 18512,
20528, 20552, 1632, 10288, 10312, 12328, 24600, 18472, 480, 848, 3140, 6168, 1232, 1328, 1352, 4676, 5156, 5186, 688, 712, 808, 1560, 2596,
2626, 3106, 8516, 9236, 9281, 24582, 1192, 4642, 16580, 16676, 16706, 16916, 16961, 17420, 17426, 17441, 408, 2324, 2369, 3089, 6150,
8356, 8386, 8482, 8716, 8722, 8737, 9226, 12293, 4244, 4289, 4364, 4370, 4385, 4625, 5129, 16546, 16906, 18437, 20483, 1542, 2188, 2194,
2200, 2314, 2569, 8465, 10243, 4234, 16529, 16649, 390, 773, 8329, 1157, 1283, and 643, , SO that Inequality (3) and (6) give
Ay(15,4;4) > 18727097 + Ay(8,4;4) - ¢®* + ¢®* +2¢" + 3¢ + 5¢'7 + ¢'6 + 4¢"° + 6¢1* + 11¢* +
10g'% + 13¢M + 11¢'° 4 8¢” + 3¢® + 3¢" + 2¢° + ¢° + A,(7,4;4). Using A,(7,4;4) = A,(7,4;3),
Proposition[2.13] and Proposition[2.14] gives the stated result. O

>

We remark that the previously best known lower bound was given in [28] with e.g. A5(15,4;4)
10073483841 for ¢ = 2.

3.2. Improved packings. Our next starting point for improved constructions is Lemma As an
example we consider the parameters | = 2, ny = 5, 1m0 = 5,a1 = 2,a2 = 3,b; = 1, and by = 2, i.e.,
we are aiming at a lower bound for 4,(10,4;5). Lemmaand Corollarygive a (10,%,4,5), CDC
C with

#C=q"+[3], - (¢ —d" -+ +q-1)+1, (14)
i.e., #C = 1178312 for ¢ = 2. For our specific choice nn = (n1,n2) = (5,5), @ = (a1,a2) = (2,3), and
b= (b1,b2) = (1,2) Corollary[2.12)gives a (10, x, 4, 5), CDC D such that CND = ) and ds(CUD) > 4,
where #D > ¢°, i.e., #D > 512 for ¢ = 2. Going back to Lemma the actual conditions are that
the D{ are (5,%,4,2), CDCs for all 1 < j < 7 with dS(D{,D{_) > 2 foralll < j < j/ < rand
that the D} are (5,*i4,3)q cpocs forall 1 < j < rwithdg(D3, D)) > 2foralll < j < j <.
Setting D} = (D{ ) it suffices to give a construction for the D{. The condition ds(D{, D{/) > 2 for
all 1 < j < 7' < just says that we can pack each of the [3], = ¢ +¢° +2¢" +2¢° +2¢°> + g +1
2-dimensional subspaces of ]Fg into at most one D{. So, let £ be the set of all [g]q 2-dimensional
subspaces of Fg and j = 1. Now we iteratively and greedily select some large (5, %, 4;2),-subcode
D{ from L, remove the codewords from D{ from L, and increase j by 1 until L is empty. As a result
we obtain 14 codes with #DJ = 9 and one code D] for each cardinality in {1,2,5,6,7,8}. Note
that 14 -9+ 8 +7+6+5+2+1 = 155 and 14 - 92 + 8% + 72 + 6% + 52 + 22 + 1% = 1313,
so that A5(10,4;5) > 1178312 + 1313 = 1179625. Since As(5,4;2) = 9 we have #D] < 9 and
(5], /9] = 17 implies that at most 17 D{ can have the maximum cardinality 9. From 155 — 17 - 9 = 2

N 2
we conclude Y7, (#D3)" <1792 42 = 1381.

Definition 3.3. Let [ > 2, d > 2 withd = 0 (mod 2), = = (n1,...,n) € N, n = Zé:l n,

a=(ay,...,a;) witha; >d/2foralll <i<l,and k = 22:1 a;. Let F; denote the subspace spanned
by the unit vectors ey, for Z;;ll n; < h < Z;zl n;, where 1 < ¢ < I. By E,(n,a,d) we denote
denote the maximum cardinality M of an (n, M, d, k), CDC D such that every codeword U € D satisfies
dim(UNF;) =a;forl <i<l.

So, we e.g. have E4((5,5),(2,3),4) > ¢° and E5((5,5), (2,3),4) > 1313. The general construction
strategy in our situation can be described as

A,(10,4;5) > Aq<10,4;5; (2),(3))+Aq<10,4;5; <<52)7(>53>>

+E,4((5,5),(2,3),4). (15)
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The advantage of such a description is that the three parts can be considered separately.
In order to improve upon Corollary in general we have to introduce a bit more notation and state
the key observation of its proof.

Lemma 3.4. (C.f. [30, Lemma 2.5] and the proof of [4, Corollary 4.5]) Let F be a Ferrers diagram and
M be a corresponding linear FDRM code with minimum rank distance 6. If M is a subcode of a linear
FDRM code M’ with minimum rank distance ' < § and Ferrers diagram F, then there exist FDRM codes
M, with Ferrers diagram F for 1 < i < r := #M'/#M satisfying

(1) dp(M;) > dforalll <i<r;

(2) dp(M;; M ) > ¢ foralll <i<j<s; and

(3) Mq,..., M, is a partition of M.

Proof. Foreach M’ € M’ the code M + M’ := {M + M' : M € M} is FDRM with Ferrers diagram
F and minimum rank distance §. For M’, M" € M’ we have M' + M = M" + Mift M' — M" € M
and M’ + M N M" + M = () otherwise. Now let M1, ..., M, be the s = # M’ /#M different codes
M + M, which are cosets of M in M’ and partition M’. Since all elements of M, and M are different
elements of M’ we have dr(M,;, M;) > 6" foralll1 <i < j<r. |

Choosing F as a x b rectangular Ferrers diagram, we end up with [30, Lemma 2.5]. In the proof of [4}
Corollary 4.5] this lemma is indirectly applied with @ = a; and b = n; — a;. By m(q, F,dr) we denote
the maximum cardinality of an FDRM code with Ferrers diagram J and minimum rank distance dg. This
generalizes the notion of m (g, m, n, dg) for the cardinality of MRD codes choosing F as m X n rectangular
Ferrers diagram. Note that for minimum rank distance § = 2 the upper bound from [7, Theorem 1], c.f.
Theorem can always be attained by linear rank metric codes. Moreover, the only choice for ¢ then
is ¢’ = 1 and M’ consists of all matrices with Ferrers diagram F. Thus, M’ is automatically linear and
contains M as a subcode.

Now we are ready to describe the link to Lemma We write F € Gy (n;, a;) for a Ferrers diagram
whose pivot vector is contained in G; (n;, a;). Let F be such a Ferrers diagram. We apply Lemmafor
0 =2 and ¢’ = 1. With the corresponding M; for 1 < j < r :=m(q, F,1)/m(q, F,2) we can set

D) = {(I,,|M) : M € M,} (16)
for 1 < 5 < r. For the sake of simplicity, let us restrict to the parameters | = 2, n; = ng, and a; = as.
By choosing

D:u;zl{UxU’ : UeD{,U'eDg} (17)
we obtain a code D of cardinality m(q, F, 1)-m(q, F, 2) that goes in line with the conditions of Lemma[2.11]

Choosing F as a rectangular Ferrers diagram of maximum shape gives Corollary However, for min-
imum subspace distance d = 4 we can choose the union of these codes for all possible Ferrers diagrams:

Proposition 3.5.

Eq((n/7n/)ﬂ(a/val)>4) > Z m(%]:al) 'm(Quf72)
FeGi(n',a’)

Forn/ = 5 and @’ = 2 we obtain, see Table [I|for the details,
Bq((5.5),(2,2),4) 2¢" +d" +° + " +¢" + ¢ + 24> + g + 1, (18)
so that e.g. E2((5,5),(2,2),4) > 771.
. L
If we choose D} = (D{) , as done at the beginning of this subsection, we obtain:

Proposition 3.6.

ECI((n/7n/)7 (a',n' - a/)a4) > Z m(Q:‘Fv 1) ' m(Qv]:a 2)
FeGi(n',a’)
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pivot vector  size m(q, F,2) # of cosets m(q, F,1)/m(q,F,2)
11000 7
10100
10010
10001
01100
01010
01001
00110
00101
00011 1

TABLE 1. Data for Lemma[3.4]with 7 € G;(5,2).

(=)
W

v}

R R R ]
—Q R D D QK QR
NONN N W W W

For our specific parameters we obtain
Eg((5,5),(2,3),4) > " +d" + "+ + ¢ + ¢ + 287 + g+ 1, (19)
so that e.g. F2((5,5),(2,3),4) > 771.

Let us consider the initial packing or partitioning problem again, i.e., pack or partition the [g]q 2-
dimensional subspaces of ]FZ into CDCs D{ with dS(D{) > 4. In Proposition and Tablethe D{ all
have the same pivot vector. Combining codewords with pivot vector 11000 with those with pivot vector
00110 allows us to choose #D] = ¢3 + 1. However, we can choose only min{q?’, q2} = ¢? translates,
i.e., different corresponding indices j. This leaves ¢ — ¢ translates for the pivot vector 11000. Using
the packing scheme from Table [2] we obtain:

Proposition 3.7.
Eq((5,5),(2,2),4), E4((5,5),(2,3),4) > ¢" + 4" + ¢° +7¢° + 5¢" + 3¢> +2¢° + ¢ + 1

For ¢ = 2 we obtain F5((5,5),(2,2),4), E2((5,5),(2,3),4) > 1043. Since 1043 is much smaller
than 1313, there still seems to be a lot of space for improvements for general field sizes q.

skeleton code size # of used cosets
{11000,00110} ¢* +1
{11000,00101} ¢* +1
{11000,00011} ¢ +1
{11000} @
{10100,01010} ¢% + ¢
{10100,01001} ¢%+1
{10100} ¢
{01100,10010} ¢ +¢
{10010} q
{10001} 1
TABLE 2. Packing scheme for Proposition[3.7]

L)
o

|
Q
™)
|
&S
|
—_

[
[\
Le)
M

[ V)

Qe Rl R Qi —~Q
|
<

W W N W NN W

Combining Inequality (I3)) with Proposition [3.7] gives:
Corollary 3.8.
4,(10,4;5) > ¢ +[3],- (¢ -d" -+ +q-1)+1
+¢° + ¢+ " +7¢° +5¢" +3¢° +2¢° + g+ 1
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Let us consider an improved construction for A,(12,6;6) as a second example. Here the desired
minimum subspace distance is strictly larger than 4, so that we cannot apply Proposition However,
we again end up with some kind of packing problem where we can state a slightly improved construction
being parametric in the field size ¢. We choose [ = 2,71 = (6, 6) in Lemmaand Corollary Taking
Lemma and Lemma[2. TTlinto account we have

A,(12,6;6) > Aq(12,6;6; (g),(g))+Aq(l2,6;6; (;3)(263))

+E,((6,6), (3,3),6). (20)

We remark that the previously best known lower bound for A,(12, 6;6), described in [4], indirectly gives
E,((6,6),(3,3),6) > ¢° + 2¢®. The corresponding packing problem is the following. Let B be an
(6,%,4,3) CDC that is partitioned into (677%, 6,3) cDCs B’ for 1 < j < r, where > 1 is a suitable
integer. Then, by choosing D! = B? and D = B/ Lemma gives

Eq((6,6),(3,3),6) > 3 (#87)°.

The pivot vector 111000 gives codes of size ¢> in ¢ different cosets and the pivot vector 000111 gives a
code of size 1 in exactly 1 coset. So, choosing B! with skeleton code {111000,000111} gives #B! =
¢* + 1 and the other ¢3 — 1 cosets for 111000 give codes with #37 = ¢ for 2 < j < ¢3. Thus, we have

E,((6,6),(3,3),6) > ¢° +2¢° + 1
and combining Inequality with Corollary gives:
Proposition 3.9.
A,(12,6:6) > ¢** +¢" +¢" +2¢"7 +3¢"2 + 3" +3¢"° +3¢° + ¢
—q¢"=2¢° =3¢° = 3¢" —¢* —2¢° — ¢

Note that B = Uj = 19" BJ has size q®+1, which is not too large compared to the known lower bounds
for A,4(6,4; 3), see Proposition[2.13]

From the general point of view we propose the following challenging research problem. For given
parameters n, d, d’, k, and q construct a (n, %, d, k) CDC B and a partition of B into (n, %, d’, k) CDCs B,
where 1 < j < r for some integer r, such that

T
> (#8) 1)
j=1
is as large as possible. Provide lower and upper bounds for (1))

Forn=6,d =4,d =6,k =3, and ¢ = 2 we have A5(6,4;3) = 77 and A5(6, 6;3) < 9 so that the
sum in (21} is upper bounded by 892452 < 673 while our best lower bound is just 1-92+7-82 = 529. It
is indeed possible to have several subcodes B/ of maximum possible cardinality 9. However, it is unclear
if this comes at the cost of many subcodes 137 with small cardinalities.

3.3. Exploiting Lemma 2.10| for small subspace distances. While Lemma[2.T1]has the advantage that
it allows computations in ambient spaces much smaller than the original ambient space, it has the big
drawback that it is too wasteful if the desired minimum subspace distance is rather small. If we e.g.
consider lower bounds for A,(12,4;6) and apply Lemma|2.8|and Corollary[2.9)and with 2 = (6, 6), then
suitable choices for @ in Lemma are (2,4), (3,3), and (4, 2). While we can combine @ = (2,4) with
a = (4,2) due to Inequality (12),, it turns out, see Sectiond] that E,((6,6), (2,4), 6), E,((6,6), (4,2),6),
and E4((6,6), (3,3),6) all are rather small.

Given the notation from Lemma[2.10]the codewords U of the additional subcode D only have to satisfy
dim(U N E;) > d/2 forall 1 < [ < 2. For our chosen parameters it is sufficient if dim(U N Ey) =
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dim(U N Ey) = 2,so that (U N Ey) x (U N Es) is only a rather small part of U, which allows additional
freedom. Here we generalize Definition [3.3|to:

Definition 3.10. Let [ > 2,k > 1,d > 2 withd = 0 (mod 2), 7 = (ny,...,n;) € N\, and n :=
2221 n;. Seto; = Z;Zl nj for 1 <14 < land op = 0. With this, let E; denote the (n — n;)-subspace
of Iy consisting of all vectors in [y’ that have zeroes for the coordinates between ;1 + 1 and o; for all
1 <i <. By E,(7, d; k) we denote denote the maximum cardinality M of an (n, M, d, k), CDC D such
that every codeword U € D satisfies dim(U N E;) > d/2for1 < i <.

With this we can state

A (12,4;6) > Aq(12,4;6; (2>,<g>>+Aq(12,4;6; <§64)7(262)>

+E,4((6,6),4;6). (22)
We remark that e.g. [30, Theorem 2.6] gives
E5((6,6),4;6) > 2154496.

Further improvements can e.g. be found in [|34]].

4. UPPER BOUNDS

In an (n,*, d, k) CDC C no two codewords can contain the same (k — d/2 + 1)-dimensional subspace
F, so that

[hedjart],

Ag(n,d: k) < , (23)

{ k—dl;2+1 } .

since there are only [ k,d%ﬂ]q such subspaces F' and each codeword uses [ ,Cfd’;Q +1} of them. In-
q

equality (23) is also known as the anticode bound, see e.g. [8].

We can refine the argument by counting subspaces per pivot vector. So for v € Gi(n, k) let F de-
note the corresponding Ferrers diagram. By m(q, F, 1) we have denoted the number of k-dimensional
subspaces U of Iy with pivot vector v. Instead of m(q, F, 1) we also directly write m(q,v,1). If T is
a t-dimensional subspace of U, then the pivot vector of T satisfies p(T") € Gin,t and supp(v(T)) C
supp(v), where supp(v) := {1 < i < n : v; # 0} denotes the support of v = (v1,...,v,) €
Fy. The [’f]q subspaces T' of U split differently on the different pivot vectors v/ € Gi(n,t) with
supp(v’) C supp(v). Nevertheless the corresponding numbers only depend on v and v’ so that we
denote by m(q,v,v’,1) the number of subspaces 7" of an arbitrary but fixed subspace U of Fy with
p(T) = v and p(U) = v. If supp(v') € supp(v), then m(g,v,v’,1) = 0 by definition. Otherwise we
have

m(qavavlvl) = m(qaf}al)v (24)
where ¢ denotes the restriction of v to supp(v). As an example we consider a subspace U with pivot
vector v = (1101100). Here we have

m(q,v,1100000) = ¢* &= 1100,
m(q,v,1001000) = ¢3, o = 1010,
m(q,v,1000100) = ¢3 & = 1001,
m(q,v,0101000) = ¢ o = 0110,
m(q,v,0100100) = ¢,v = 0101, and
m(q,v,0001100) = 1, = 0011.
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Proposition 4.1. For V C Gy (n, k) we have that A,(n,d; k; V) is upper bounded by the maximum target
value of the integer linear program (ILP) maximizing

Y a (25)

vey
subject to the constraints
> a, -mlg,v,0,1) < m(g v’ 1) (26)
VeV
forallv' € Gi(n,k —d/2+ 1), where a, € N.

Proof. Let C be a CDC attaining A,(n,d; k; V). By a, we denote the number of codewords of C with
pivot vector v, so that the target function ) | ,, a, equals the cardinality #C. Since each codeword with
pivot vector v contains exactly m(q, v,v’, 1) (k—d/2+ 1)-dimensional subspaces T with pivot vector v’,
no two codewords can contain the same such subspace 7', and there are exactly m(q,v’, 1) such subspaces
in [Fy, all inequalities for v" € G1(n, k — d/2 + 1) are satisfied. O

Of course we can relax the integrality conditions a, € N to a, € R>¢, in order to obtain a linear
program (LP), or add additional inequalities Y, ., a, < Ag(n, d; k; V") for subsets V' C V and known
upper bounds A, (n, d; k; V') for A,(n,d; k;V").

We remark that the special case V = (( < /2), (Z;;’g)) of Proposition was also treated in [27]],

where m > k is an additional parameter.
Similar ideas can also be applied to our other descriptions of subcodes. So, let parameters [, 7, a, d,
and k = 22:1 a; as in Deﬁnitionbe given.

Proposition 4.2. Let ¢ = (cy,...,¢;) € Nl with ¢; < a; for1 < i < land 22:1 ¢ =k—d/2+ 1.
Then, we have

i (2],
T (4],

Proof. Let the F;, where 1 < i < [, as in Definition[3.3|and F be an (k — d/2+ 1)-dimensional subspace
of ]FZ with dim(F N F;) = ¢; for 1 <4 < [. As observed for the anticode bound, no two codewords can

E,(7,a,d) < 27)

contain the same subspace F'. Since the total number of such subspaces is given by Hézl (7] o and each

codeword contains Hizl [ i ], such subspaces, the upper bound follows. O

For [ = 1 the statement is equivalent to Inequality . As an example we consider = = (6, 6),
a=(2,4),d=4,and g = 2. For ¢ = (1,4) we obtain

Ex((6,6), (2,4),4) < 127 [il2 _y567

}2'[ ]2

=N
O

Similarly, we obtain
E2((67 6)a (47 2)7 4) S 1367]—
and
E»((6,6),(3,3),4) < 129735
for ¢ = (2, 3). Note that E5((6,6), (2,4),4)+ E2((6,6), (4,2),4)+ E2((6,6), (3,3),4) < 157077 while
FE5((6,6),4;6) > 2154496.
For ! = 2 we can also deal with the situation of Definition[3.10] Note that the k-dimensional codewords

U have to intersect the disjoint spaces F4y and Ej in dimensions at least d/2 each. Thus for each (k —
d/2 + 1)-dimensional subspace T" of U we have dim(7' N E;) + dim(T' N E2) > d/2 + 1, so that:
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Proposition 4.3. For parameters as in Definition with | = 2 we have E,(7,d; k) <
#{T <F? : dim(U) =k — d/2+ 1,dim(T N E1) + dim(T N Ey) > d/2 + 1}

e
k—d/2+1 |
We propose it as an open problem to formulate an upper bound for E, (7, d; k) similar to the one in
Proposition[d.1] i.e., to take the different possibilities of the dimensions of the intersections dim(U N E;)
and dim(7" N E;) into account.
As a further line of research we would like to remark that the anticode bound from Inequality can
be sharpened to the so-called Johnson bound

(28)

A (n,d; k) < L(q” — 1) Ay(n, 1, dik — 1)J

g"—1

if k > 2, see e.g. [8 [39]. If Inequality (28) is applied iteratively without rounding down, then we
end up with Inequality (23), see e.g. [20; 39]]. Using the theory of ¢"-divisible linear codes over I,
with respect to the Hamming distance, Inequality (28) was further tightened in [25| Theorem 12]. Ap-
plied iteratively, it constitutes the tightest known upper bound for A,(n,d;k) when k£ < d/2 and
(g,n,d, k) # (2,6,4,3),(2,8,6,4). So, the question arises if the underlying ideas of Inequality
and its tightening in [25, Theorem 12] can also be applied to conclude improved upper bounds for
Ay(n,d; k; V), Eqg(n,a,d), and Eq(n,d; k).
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