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1 Introduction

A problem in transmitting or storing information is that the transmission can be disturbed
or the storage medium can be damaged. Bad weather or a scratch in a CD are only two
examples of many. This is often referred to having a “noisy channel”.

The common solution to this problem is to translate the message into a sequence of code-
words which differ enough from each other that a certain number of errors in transmission
can be corrected or at least recognized. To tell when codewords differ enough, a concept of
distance suitable for the transmission channel or storage medium is needed.

The set of codewords is called a code and the minimum distance of a code is the minimal
pairwise distance of codewords. This minimum distance is a measurement of how many
errors a code can recognize or correct. The main goal is to find—in a fixed space of possible
codewords—a code that contains as many codewords as possible while having a minimum
distance as large as possible. The most common example for measuring distance in coding
theory is the Hamming distance dg which counts the number of entries in which two vectors
(or more general: strings) differ. This distance is suitable, for example, for binary symmetric
channels where vectors of I} are transmitted and there is a certain probability that a “0” is
flipped into a “1” or vice versa.

If there is not a single point-to-point connection but a network which, in general, has
multiple sources and several sinks, for example, in the distribution of software updates,
network coding is used to improve the information flow. Here, subspace codes [35, 37, 61] are
an appropriate choice. Instead of vectors, they consist of subspaces of a given vector space
and are equipped, for example, with the subspace metric

ds(U,V) =dim(U) + dim(V) — 2dim(U N'V)
or with the injection distance
d7 (U, V) = max{dim(U), dim(V)} — dim(U N'V).

When all codewords of a subspace code have the same dimension, the code is called constant
dimension code. In this important case, ds(U, V) =2d;(U,V).

Such constant dimension codes can be constructed, for example, from rank metric codes.
These are codes consisting of matrices and equipped with the rank metric

dic(A, B) = tk(A — B).

This metric is first introduced by Loo-Keng Hua (in 1945 for symmetric matrices [31] and
in 1951 for general matrices [32, Section 7]) as “arithmetic distance” and introduced into
coding theory by Delsarte [13] in 1978 and Gabidulin [21] in 1985.

To construct a constant dimension code from a rank metric code, a subspace A(A) of
Fi*7 is generated by the rows of the n x (n + m) matrix (I, | A) composed as a block
matrix from the identity matrix I;, and an element A of the rank metric code in Fj*™. This
mapping is injective and it holds that

ds(A(A),A(B)) = 2d;(A(A), A(B)) = 2d:k(A, B).

This construction is first proposed in 2003 for linear authentication codes in [66] and redis-
covered by Kschischang and K&tter in 2008 in [37].



Additionally, rank metric codes have an application in space-time coding [23] and in the
GPT (Gabidulin, Paramonov, Tretjakov) cryptosystem [24, 22].

Also rank metric codes with certain additional properties are of interest, for example,
containing linear subcodes of symmetric matrices improves the error correcting capability of
linear rank metric codes [25].

In odd characteristic, from a rank metric code Y consisting only of symmetric matrices
in Fg*", two codes C1(Y),C2(Y) C an_l, both classical codes in Hamming metric, of size
#Y and ¢ - #Y, respectively, can be constructed [56]. For this, functions f: Fy — F, with

£(0) = 0 are identified with vectors in FZ ' which contain the function values f(v) for all
v # 0. Then C;(Y') is defined to consist of the quadratic forms associated with the matrices in
Y and C2(Y) is defined as Co(Y') = {a+b | a € C1(Y),b € L} where £ denotes the set of linear
forms on Fy. The codes C1(Y) and C2(Y') thus are subcodes of the shortened generalized
second-order Reed-Muller code, that is, the code resulting when taking all codewords of the
generalized second-order Reed-Muller code GRM(2, m) whose first entry is zero and omitting
the first entry (cf. also [58]). In [56, Section 5], it is described how the distance enumerators
of C1(Y) and Co(Y") which are polynomials defined by

1
e (2) = S D, 209
#Ci(Y) b,eeCs (Y)

can be obtained from a property of the rank distance code Y which is called inner distri-
bution. In the case of Fa, there exists a similar construction of subsets of ZRM(2,m)/ZRM(1,m)
where ZRM(d, m) refers to quaternary Reed-Muller codes of order d [54, 55, 58].

Rank metric codes of skew-symmetric matrices have been studied in [14] and rank metric
codes of Hermitian matrices in [57].

Those rank metric codes—which are also referred to as rank codes, matrix codes, or rank
distance codes—are subject of this thesis, in particular codes consisting only of symmetric
or Hermitian matrices over finite fields. The aim is—given a prescribed matrix space and a
fixed number as lower bound for the minimum distance—to classify codes which reach the
maximum possible size and to improve lower bounds for this maximum code size in cases
where the exact maximum size has not been determined.

The thesis is structured as follows:

Section 2 contains the fundamental concepts needed to understand this thesis.

Section 3 summarizes known upper and lower bounds for the size of maximum codes. The
subsections on symmetric and Hermitian matrices are mainly based on the works [55, 56, 57]
by Kai-Uwe Schmidt.

Section 4 is based on the book “Geometry of Matrices” [65] by Zhe-Xian Wan which
summarizes results mainly by him and his teacher Loo-Keng Hua. It is dedicated to the
groups of isometries of matrix spaces and develops a concept of isomorphism for rank metric
codes. This section also provides a way to put this concept into practice.

Based on the results of Section 4, Section 5 deals with the determination of automorphism
groups of codes.

Section 6 contains the main part of this thesis. Here, constructions for symmetric and
Hermitian codes are provided. This is subdivided into four subsections. In the first sub-
section, two new infinite series of Hermitian codes are described of which one improves the
lower bounds for all spaces of Hermitian n X n matrices over finite fields where n > 4 is an
even number when the minimum distance is two. In the next two subsections, two exact



algorithms are presented which are able to find and classify maximum codes. It is shown
that the best known lower bound for the size of maximum codes in the space of Hermitian
2 x 2 matrices over the field Fo5 actually already coincides with the maximum code size
for this case. Besides classification, it is also an aim to find “nice” representatives of each
isomorphism class and give (geometric) interpretations. In the last subsection, a heuristic
approach is applied to cases where the search space becomes too big for the presented exact
algorithms. By this, the lower bounds can be increased in some further particular cases.
In Section 7, the results of this thesis are summarized and further work is inspired.

2 Preliminaries

Very generally, a code C can be defined as a subset of a metric space (M,d).
If #C > 1, then the minimum distance of C is d(C) = min{d(c1,c2) | c1 # c2 € C}. If
#C < 1, we set d(C) = oc.

Definition 2.1. Let F be a field and let M C F™*" be a set of matrices. For two matrices
A, B € M, we define their rank distance to be

dx(A, B) = tk(A — B).

As observed, for example, in [21], the rank distance is indeed a metric on M. Subsets of
(M, d,x) are called rank metric codes and are the subject of this thesis. Consequently, from
now on by code we mean rank metric code and distance refers to the rank distance.

By

Sn(F) = {(mi7j)1§i7j§n e Fnxn ’ mg; = My, V1l < 1,7, < n} R

we denote the set of symmetric n X n matrices over the field F.

A nontrivial involution of a field F' is a field automorphism of order 2, or, in other words,
a field automorphism ~: F — F with @ = a for all a € F which not equals idg. For a field
F with a fixed nontrivial involution ~: F' — F', we define by

Hn(F) = {(mijh<ijon € F™" [ mij; =m;; V1 <i,j,<n}

the set of Hermitian n X n matrices.

It is well known (see, e.g., [27]) that the automorphism group of Fyn, p prime, is cyclic
of order n and generated by the Frobenius automorphism o: Fyn — Fyn 2 — 2P. This
means that the finite field with ¢ = p™ elements possesses a nontrivial involution if and only
if 2 | n, that is, if ¢ is a square. In this case, the nontrivial involution is unique and given
by 0™/ =" F, — F,, .+ oV,

Transposition of a matrix M is denoted by MT. Whenever a field automorphism is
applied to a matrix, we mean applying it to every matrix entry.

Furthermore, I,, stands for the n x n-identity matrix, N = {1,2,3,...}, and F, denotes
the field with ¢ elements. For non-prime fields, the following representations are used:

Fy = Folel/(22 42 41) Fi6 = F2la]/(2* 423 +a2+a+1)
Fg = Fg[x}/(x%rl) o5 = IE‘L"x[fﬁ]/(x2+3)

The residue class of z is denoted by X.



Throughout this thesis, #S denotes the cardinality of a set S and 2% its power set.

A graph T' = (V, E) consists of a (finite) vertex set V and a set E C (‘2/) ={eC V|
#e = 2} of edges. We say that the edge {i,j} connects the vertices i and j or that i and j
are adjacent. A clique C' in the graph I' is a subset of the vertex set V such that {i,j} € E
for all 4,5 € C.

In this thesis, we are searching for codes of maximum possible size amongst all codes in a
given matrix space with minimum distance at least a fixed number. So we want to introduce
the terms maximal and maximum as they are commonly used in graph theory [4, p. xvi]:

Definition 2.2. Let S be a set and T C 2° be a collection of subsets of S. Then A € T is
called

e mazximal if there is no B € T with A C B and
e mazimum if #B < #A for all B € T.
Definition 2.3. A (left) group action of a group G on a set X is a map
GxX—=X, (g,2) = gx
with the property that
1. e.x = x Vo € X where e is the identity element of G and
2. (gh).x = g.(h.x) Yg,h € G,z € X.

We denote the G-orbit of z € X by G.x = {g.x | g € G} and, additionally, ¢g.Y =
{9y |y € Y} for Y C X. The set of all G-orbits is a partition of X. For ¥ C X, the
setwise stabilizer is defined as Gy = {g € G | gy € Y Yy € Y}. It is a subgroup of G. For
singletons, we use the abbreviation G = Gy,3.

Definition 2.4. Cf., e.g., [20, section 1.1.1], [29, p. 36ff.]. Let G be a group acting on the
set X. A transversal is a set containing exactly one representative from each G-orbit of X.

For a fixed transversal T', a map 7: X — G with the property that 7(z).x € T for all
z € X is called canonicalizing (also: canonizing) map with respect to T'. The element 7(x).z
is called canonical representative of the orbit G.x.

3 Bounds for the Size of Maximum Codes

Throughout this section, let 2 < d < n be natural numbers.

3.1 Unrestricted Matrices

Theorem 3.1 (Delsarte). [13, Thm.5.4] Let C C F**™ be a code with minimum distance
> d. Without loss of generality, let m < n (otherwise transpose). Then

#C S q(m—d-i-l)n'



For the case of linear codes, this bound can also be found in the work of Gabidulin [21]
and Roth [52].

A code reaching this bound is called mazimum rank distance (MRD) code. The bound
itself is, for example, referred to as the Singleton bound for codes with the rank metric (see
[26]) or Singleton-like bound (see [40]).

In [21, Section 4], Gabidulin presents a class of linear MRD codes in vector representation
(he deals with codes in Fym instead of Fj**"—which is equivalent) for all d < m < n and any
finite field F,. So does Roth in [52] independently. In [13], Delsarte also gives a construction
for linear MRD codes, though from the perspective of bilinear forms. Both constructions
are essentially the same (see, e.g., [10, Section 5]) and commonly known as Gabidulin codes.

In [39], Kshevetskiy and Gabidulin present a new construction for MRD codes that
includes the construction of [21] as a special case. Other constructions for MRD codes
different from Gabidulin codes are given in [11], [48], and [60].

Since the size of maximum codes in IFZ”X” is clear in all cases, this thesis will concentrate
on symmetric and Hermitian matrices.

3.2 Symmetric Matrices

3.2.1 Upper Bounds

Theorem 3.2 (K.-U. Schmidt). /55, Cor. 7], [56, Lemma 3.5] Let C C S,(F,) be a code
with minimum distance > d. Then

g2 even,
e < qn<n—d+3>/2’ n odd and d even,
= q(n+1)<"*d+1)/2, n even and d odd,

g A, n,d odd.

The proof in the case of even characteristic can be found in [55, Cor. 7] and is based
on the work of Delsarte and Goethals on alternating bilinear forms [14]. The case of odd
characteristic is treated in [56, Lemma 3.5] for odd d and can be easily derived for even d
since a code with minimum distance > d is also a code with minimum distance > d—1. The
key idea of both proofs is the use of association schemes as pioneered by Delsarte [12]. For
a survey on association schemes in coding theory, see, e.g., [15].

In the case of odd characteristic and even d this bound can be improved as follows:

Theorem 3.3 (K.-U. Schmidt). /56, Prop. 3.7] Let g be an odd prime power and C C S, (Fy)
be a code with minimum distance > d with d even. Then

(n+1)(n—d+2)/2  14+q~"+d—1

q o1 T even,

#C <

n(n—d+3)/z 1+q "*!
q /2 . T, n odd.

Since in the case d = 2, the bound of Theorem 3.2 equals the number ¢"™""/2 of sym-
metric matrices, there is also a slight but easy improvement possible in the case where ¢ is

evell.

Proposition 3.4. Let C C S, (F;) be a code with minimum distance > 2. Then

#C S qn(7l+1)/2 _ qTL + 1



Table 1: LP-bounds calculated by K.-U. Schmidt [59] compared to the (rounded down)
upper bounds for the size of codes in S, (F,) given in Theorem 3.3.

n=>5d=4 n=7d=6 n="7d=
q:3 q:5 q:3 q:5 q:3 q=5
Theorem 3.3 14944 1630208 1197382 1017317708 2618675528 79477945963541
LP-bound [59] 10044 1304791 798984 813869792 2328242882 76299072265609

Proof. Since S, (F,) is an additive group, we can assume without loss of generality that the
zero matrix is an element of C. This means that there must not be any matrices of rank one
in C. By [41], the number of symmetric n x n matrices of rank 1 is ¢" — 1. Thus the claim
follows. O

There also can be considered Delsarte’s linear programming (LP) bound [12] which (ac-
cording to current knowledge) has to be calculated for each triple (¢, n,d) separately. K.-U.
Schmidt conjectures [59] that this LP-bound equals ¢° — ¢* 4 2¢> —2¢°® + ¢ in the case n = 3,
d = 2 and q odd. He verified this formula for all odd prime powers ¢ < 113. This would
improve the bound of Theorem 3.3 by the additive term ¢ — 2, as can be easily shown by
polynomial division. Additionally, he calculated some values for ¢ = 3 and ¢ = 5 as shown in
Table 1. In those cases, the LP-bound improves the bound given by Theorem 3.3 additively
by approximately

@ -4, n=>5,d=2,
q12_q11, n:7,d:6,

q18_q177 n:77d:47

where ¢ € {3,5}. When n and d are even and ¢ is odd, K.-U. Schmidt expects the LP-bound
to coincide with the bound of Theorem 3.3 [56, remark after Prop. 3.7].

3.2.2 Lower Bounds

The most obvious way to obtain lower bounds on the maximum size of codes is to explicitly
give a code of a certain size. In the case of codes in S, (F,;), K.-U. Schmidt does this by
constructing additive codes.

Theorem 3.5 (K.-U. Schmidt). /55, Thm. 12 and Thm. 16], [56, Thm. 4.1 and Thm. 4.4]
There exists an additive code C C Sy (Fy) with minimum distance d and

4e - g2y d odd,
g, n —d even.
The construction for g even is given in [55] and for odd characteristic in [56]. Both
constructions use the trace function

[asry

e
Tr: Fgm = Fy, Tr(z) = 2
k=0



Table 2: Upper and lower bounds for the maximum code size in S,(F;) with minimum
distance at least an even number d for some small values of n, ¢, and d < n.

n=3,d=2 n=4,d=2 n=>5d=4 n=>5d=2

=2 qg=3 g=49¢=5 ¢g=7 ¢=8 ¢=9 ¢g=2 ¢=3 ¢=2 ¢=3 qg=4 q=2
lower bound ~ 22¢  90° 256° 625¢ 2401¢ 4096° 6561¢ 256° 6561¢  64¢  729¢ 4096¢ 4096¢
upper bound  22%¢ 201¢ 4033¢ 27059 15001¢ 261633¢ 53793¢ 1009¢ 15309 10249 10044¢ 10485769 32737¢

@ [36], b [58], ¢ Theorem 3.5, ¢ [59], ¢ Proposition 3.4, { Theorem 3.3, 9 Theorem 3.2

and symmetric bilinear forms
t _ _
By: Fgn X Fgm — Fq, By(z,y) =Tr (Aomy + Z Aj (xqs-]y + ﬂ?yq“> ),
j=1

where 0 <t < mTfl, AE IE“Z#, and s = 1 in the case of characteristic 2 or s coprime to m in
the case of odd characteristic.

Actually, in case of odd characteristic, these are the largest possible additive codes in
Sn(Fy) [56, Thm. 3.3] where additive means forming an additive subgroup of the ambient
matrix space. For not necessarily additive codes, the upper and lower bound coincide in the
case where d is odd (or d = n) but K.-U. Schmidt leaves it an open problem ([55, Section 5],
[56, remark after Prop. 3.7]) whether larger non-additive codes exist in the case where d is
even and d < n. This is answered by M. Kiermaier [36] who found that the maximum code
size in S3(F2) is 22 (d = 2) and that there exists a code with minimum distance d = 2 in
S3(F3) of size 90 (cf. [58, slide 15]). The largest additive codes in those cases are of size 16
and 81, respectively. Further new lower bounds for the size of maximum codes in S, (F,) are
produced in section 6.4.

For some small values of n, ¢, and d < n, where d even, Table 2 summarizes the in each
case best lower and upper bounds of those presented up to this point for the maximum code
size of codes in Sy, (F,;) with minimum distance > d.

3.3 Hermitian Matrices

3.3.1 Partial Spread Sets

Definition 3.6. [28, Section 1] Let F' be a field. U C F™*" is called partial spread set if
1. tk(A—B)=n VA, BecU A# B and
2. 1k(A)=n VAcUA#NO.

As we can see, the case where we are looking for maximum codes in H,(F.) with
minimum rank distance d = n can be viewed as the problem of finding maximal partial
spread sets in H,(F;2). Those are closely related to partial spreads in the Hermitian polar
space H(2n — 1,¢?) [28]. For definitions of polar geometry, see appendix A.

In [28], we find the following lemma.

Lemma 3.7. [28, Lemma 1] There exists a partial spread set in H,(Fy2) of size N if and
only if there exists a partial spread in H(2n — 1,¢%) of size N + 1.



The connection of partial spreads and partial spread sets can be traced back to [6,
Section 5].

Additionally, partial spreads in H(3,q?) correspond to partial ovoids in the elliptic
quadric Q™ (5,q) (see, e.g., [28, p. 14]), so we can use known bounds for those too.

However, the concepts of isomorphism of partial spreads and partial ovoids do not coin-
cide with the notion of isomorphism of codes introduced in Section 4. Indeed, all maximum
partial spreads in H (3,9) are isomorphic (see [18, Section 4]) as well as all maximum codes in
Ha(Fg) with minimum distance 2 are (see section 6.2.2). On the other side, there are only 3
non-isomorphic maximum partial ovoids in Q7 (5,4) (see [8, Table 1]) but 7 non-isomorphic
maximum codes in Ha(Fi6) as we will see in section 6.2.3.

3.3.2 Upper Bounds

Theorem 3.8 (K.-U. Schmidt). [57, Thm. 1, Thm.2] Let C C H,(Fp2) be a code with
minimum distance > d. Then

qn(n—d—i-l)’ d odd,

#CS _ n—d+271 A\ ((_ n—d+171
(—1)Hh . grln—d+1) (-9 (_q)%)dig_q()_q()(%qd)+1 ), d even.

In the case where n = d odd, this bound is already proven by Vanhove in 2009 in [63]
in the context of partial spreads. In the case where n even, K.-U. Schmidt conjectures that
this bound coincides with the LP-bound [57, remark after Thm. 2].

By means of Lemma 3.7, we can use the upper bounds for partial spreads collected in
the work of Thringer [33] for the case n = d:

Theorem 3.9 (De Beule, Klein, Metsch, Storme). [9, Thm. 4.2] Let S be a partial spread
of H(2n — 1,¢%) where n is even. Then

¢ =G, nzd

If n=4 and ¢ = 2,3 or if n > 4, this bound can be improved by the following theorem.

#5<{%(q3+q+2)7 n=2

Theorem 3.10 (Thringer). /33, Thm. 1.5] Let S be a partial spread of H(2n—1,¢%), n > 1.
Then
2n—2 _ 1

S<t—gt——.
#5<q L —
Summing up the best upper bounds known to Ihringer in 2014 for a partial spread of
H(2n—1,q¢?%), n even, and using Lemma 3.7, we gain the following upper bounds for the size

of a code C C H,(F2), n even, with minimum distance n (see [33, table on p. 3]):

3@ +q), n=2q%#4,

24, n=2,q =4 (taken from [8]),
HC <P g 1 n=4,q<3,

q2”_1—q3"/2(\/§—1)—1, n:47q>37

mol_ gt ol n >4

q 0 , :



The bound 24 in the case n = 2,q = 4 comes from an exhaustive computer search in
[8] which has shown that the largest size of a maximal partial ovoid in Q@7 (5,4) is 25. In
the same article, we come across another bound which is better in a few cases than those
gathered by Thringer and is already known since 1995: In a quadric, a cap is the same as a
partial ovoid (comparing the definitions in [8] and [2]), so we can use the following result of
Blokhuis and Moorhouse.

Theorem 3.11 (Blokhuis, Moorhouse). [2, Thm. 1.3] If S is any cap on a nondegenerate
quadric in PG(n, p°), then

()0

Applying this theorem to Q~ (5, q) we gain the following corollary.

Corollary 3.12. Let C C Hz(Fy2) be a code with minimum distance 2 and q = p® with p

prime. Then
(1059 - (e

Proof. Since a cap, that is, a partial ovoid, in Q~ (5, ¢) corresponds to a partial spread in
H (3,q?), we only have to subtract one from the bound of Theorem 3.11 and substitute n = 5
to obtain the bound for the size of C using Lemma 3.7. The equality is a straightforward
computation:

(p+4) - <p—|—2> _ﬁp+4+1—j ﬁp+2—|—1—k
5 5 o j 1L k
_plp+1)(p+2)
5!
_ p(p+15)!(p+2) . (10p+ 10)
_plp+1)%(p+2)

= . 0
12

((p+3)p+4) -(-2)(p—-1))

Proposition 3.13. The bound of Corollary 3.12 is stronger than %(q3 +q) if and only if
p <7 and

e>3, ifp<3,

e>4, ifp=5,

e>34, ifp="T.

Proof. Define BKMS(p, €) = 3(p* + p®) and BM(p,e) = (%)e'
For p > 7, we have p > 11 and so

p+2 ¢ 2 e e

BM(p,e) = ETH (p"+2p+1)°p
> (PP +1)%p°
> BKMS(p,e).



So in this case, the bound of De Beule, Klein, Metsch, and Storme is tighter for any e.
For p <7, we want to show that %ﬁf’;@ is monotonically increasing in e and that the
smallest value for e such that the fraction is greater than 1 is 3 resp. 4 resp. 34. For this, we

define the functions

fpi N s @ ey D)
for p € {2,3,5,7}:
fale) = % (<§ . (;)) , £2(2) ~ 0.944, £2(3) ~ 1.204
fale) = % ((;g) n (;b)) , £2(2) ~ 0.923, f2(3) ~ 1.232
fsle) = % <<2i> + (211>> , £5(3) ~ 0.844, £5(4) ~ 1.004
fale) = % ((12) + <418>> , £1(33) ~ 0.987, £2(34) ~ 1.008

We can see, that the fractions f,(e) are of the form

() +G))

2 \\b b
with a,b,¢c € N, a — b > ¢. For the proof of the monotonicity, we can neglect the factor %
and use that e can only take natural numbers:

e = (3)" ()

=3 G

b
SR ) e
2(5) +5 () G) +5 () weemeaez

=(5) 5 e 6+ ()

:<%>e+azc(g)e use a4 c¢>2c+b>b
> (5) + (5) =2t

-

So for ¢ < 7, the bound of Blokhuis and Moorhouse is better exactly for the values of e that
are proposed. ]

3.3.3 Lower Bounds

In [57, Section4], K.-U. Schmidt gives constructions for additive codes C C H,(FF,2) with
minimum distance d and #C = ¢4+ for the cases n — d odd [57, Thm.4] and n and d
both odd [57, Thm. 5]. He also mentions that linear codes of cardinality ¢" with minimum
distance n in H,(F ) are easy to obtain from Theorem 3.5 (since S,(Fy) — H,(F,2) via

10



Table 3: Upper and lower bounds for the maximum code size in H, (F ) With minimum
distance at least an even number d for some small numbers n and gq.

n=2,d=2 n=3,d=2n=4,d=4n=6,d=6
q=2q=3q=4q9q=5q¢q=7q=8q¢q=9q=11q=13¢g=16 q=2 qg=2 q=3 q=2

lower bound 5a 159 24b  47b  97b 125b 145b 215 2720 271C 649 16¢  81¢ 64¢
upper bound  5f 15f 24b  65f 175 2169 369f 671f 1105F 12969 176" 86¢ 1641° 1366¢

@ 19],  [8], © [28], ¢ [57], © Theorem 3.5, [17], / Theorem 3.9, 9 Corollary 3.12, " Theorem 3.8, * Theorem 3.10

Fy < Fy2) or are constructed, for example, in [17, Thm.4]. This means that the bound of
Theorem 3.8 is tight for d odd. Since a code with minimum distance d + 1 is a fortiori a
code with minimum distance at least d, we have a code of cardinality at least ¢"(®=% in the
case d < n with d,n both even. K.-U. Schmidt leaves it an open problem if, in general, there
exist additive codes of size ¢"("~4t1) when d < n both even and how to construct them [57,
remark after Thm. 5]. In this thesis, a construction for maximum (meaning of size ¢"("~1)
[57, Thm. 1]) additive codes with d = 2 is provided in Theorem 6.1.

It is also known (see, e.g., [9, Remark 4.4]) that the bound of Theorem 3.9 is tight for
n = 2 and ¢ = 2,3 and, as already mentioned in section 3.3.2, that there is a code of size 24
in 7‘[2 (F16>.

Gow et al. [28] give a construction for partial spread sets in Ha(IF,2) of size @?+q—1

By heuristic search, Cimrakova and Fack found partial ovoids of size 48 in Q™ (5,5), of
size 98 in Q7 (5,7), of size 126 in Q™ (5,8), of size 146 in Q7 (5,9), of size 216 in @~ (5, 11),
and of size 273 in Q~ (5, 13) (see [8, Table 2]) which leads to lower bounds for the maximum
code size in Ha(F2), d = 2, for ¢ € {5,7,8,9,11,13}.

For some small values of n, ¢, and d < n, where d even, Table 3 summarizes the in each
case best lower and upper bounds of those presented up to this point for the maximum code
size of codes in H,,(F,2) with minimum distance > d.

4 Isometries of Matrix Spaces and Isomorphisms of Rank
Metric Codes

The matrix spaces of unrestricted, symmetric, or Hermitian matrices come with natural
symmetries to which this section is dedicated. This leads to a concept of isomorphism which
will be used for classifying codes in Sections 6.2 and 6.3.

Definition 4.1. Let M C ]FZ”X”. We shall call two rank metric codes C1,Cy C M isomor-
phic if there is a bijective map f: M — M from the ambient space M to itself that is an
isometry in terms of the rank distance and fulfills f(C1) = Cs.

For a map f to be an isometry in terms of distance d, we actually only demand that
d(a,b) = d(f(a), f(b)) for all a and b. Note that at least Berger [1] uses a stricter definition
for the rank distance as he additionally demands (semi-)linearity.

This section shows that the isometries of unrestricted, symmetric, and Hermitian matrices
can be described by matrices. Also a possibility to compute the group of isometries in those
cases using a graph automorphism program is explained.

The following lemma is useful in all three cases.
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Lemma 4.2. Let M C F**" and f: M — M a bijective map. If f preserves rank distance
one, then so does f~ 1.

Proof. CE. [65, p.302]. The map
fXfiMxM—=MxM, (A B)— (f(A), f(B))
is bijective and—since dy (f(A), f(B)) = 1 if djk(A, B) = 1-—it maps the set
Ay ={(4,B) e M x M | d(A,B) =1}

to itself. Thanks to the finiteness of M x M, this yields that (f x f)|a,: A1 = Ay is
surjective. So if we have A, B € M with d, (A4, B) = 1, then du(f~1(A4), f~1(B)) = 1 as
claimed. ]

4.1 Unrestricted Matrices

Proposition 4.3. Cf. [65, Cor. 3.6]. For a bijection f: Fy**™ — F**" to be an isometry in
terms of the rank distance, it is sufficient to demand that it preserves rank distance one.

Proof. Cf. [65, p.91ff]. Let A, B € F"™" with dix(A, B) = d. Then there are matrices

La 0) (see, e.g., [65, Prop.1.17]).

S € GL,,(F,),T € GL,(F,) such that S(A — B)T = <0 0

Then it holds for the matrices C; = A—S~! <1;)Z 8) T-1i=0,...,d, that d(C;_1,C;) = 1,

i =1,...,d. Hence, according to the hypothesis, d,(f(Ci-1), f(C;)) =1,i=1,...,d. Since
Cop = A and Cy = B, it follows that

= du(A, B).

By Lemma 4.2, we also have that f~! preserves rank distance one, so we can use the same
argument for f~! and conclude that

drk(A7 B) = drk(fil(f(A)%fil(f(B))) < drk(f(A)vf(B)) < drk(AJ B) [

Now that we know that in fact, we are looking for rank distance one preserving bijections,
we can use the Fundamental Theorem of Rectangular Matrices. It can be found in the more
general setting of matrices over division rings in the book of Wan [65].

Theorem 4.4 (Fundamental Theorem of Rectangular Matrices). See, e.g., [65, Thm. 3.4].
Let m,n € Nxo, and f: Fg**" — F"" be a bijective map such that f and =1 both preserve
rank distance one. Then there are matrices P € GLjy(Fy), Q € GLn(Fy), and R € Fy>"
and an automorphism o of Fy such that if m # n, then

f(X) = Po(X)Q+R VX e FI=" (1)
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and if m = n, then either f is of the form (1) or
f(X)=Po(XT)Q+ R VX eF"". (2)
Conversely, any map of the form (1) or (2) is bijective and preserves rank distance one.

The proof uses the concept of maximal sets of rank 1 and maximal sets of rank 2 (for
definitions, see [65, Def. 3.3 and Def. 3.5] ). Reproducing this (long) proof is beyond the
scope of this thesis. The interested reader is referred to [65, p. 106ff.].

4.2 Hermitian Matrices

The case of Hermitian matrices is similar to that of unrestricted matrices.

Proposition 4.5. See, e.g., [65, Cor.6.6]. For a bijection f: Hy(Fp2) — Hy(Fp2) to be
an isometry in terms of the rank distance, it is sufficient to demand that it preserves rank
distance one.

Proof. Cf. [65, p.91ff.]. Let A,B € Hn(F,2) with d (A4, B) = d. Then there is a matrix
Q € GL,(F2) such that

ai

"0

al

— 71\ 1
Ci=4-(Q) Y@
o
i=0,...,d, that dy(C;—1,C;) = 1,7 = 1,...,d, and that C; € H,(Fp2), i =0,...,d. The
rest of the proof is analogous to the proof of Proposition 4.3. O

The Fundamental Theorem of Hermitian Matrices is also stated in [65] in the more general
context of division rings D possessing an involution ~ : D — D fulfilling some properties. It
is asserted in [65, Example 1.2] that it holds for D = > with @ = a?.

Theorem 4.6 (Fundamental Theorem of Hermitian Matrices). [65, Thm. 6.4] Let q be a
power of a prime, n € N>o, and f: H,(Fp2) — Hn(Fp2) a bijective map such that f and
f=1 both preserve rank distance one. Then there are matrices P € GLy(Fp2), H € Hy(F2),

a € ¥y, and an automorphism o of F2 such that

—T
f(X)=aP o(X)P+H VX € H,(Fp). (3)
Conversely, any map of the form (3) and its inverse preserves rank distance one.

The proof is similar to that of Theorem 4.4 and is also omitted. It can be found in [65,
p. 323ff.] for the case n > 3 and in [65, p. 348ff.] for the case n = 2.
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4.3 Symmetric Matrices

For symmetric matrices, there exists a fundamental theorem too, but this case is more
complicated.

Theorem 4.7 (Fundamental Theorem of Symmetric Matrices). [65, Thm. 5.4] Let F be any
field, n € N>a, and f: S,(F) — Sn(F) a bijective map such that f and f~1 both preserve
rank distance one. If Sp(F) # S3(F2), then there are a € F*, matrices P € GL,(F),
S € S,(F), and an automorphism o of F' such that

f(X)=aPTo(X)P+S VX € S,(F). (4)

If Sp(F) = S3(F2) then f can additionally be a composition of maps of form (4) and the
following extra bijective map f:

Ti1 Ti2 T13 T11 T12 13
T2 w2 0 | = | x12 w2 O
7. Sy(Fa) — Sa(Fs), 13 0 w33 r1i3 0 33 (5)
T11 T12 713 zi1+1 z2+1 z3+1
T2 w22 1 | = | x2+1 a9 1
I13 1 I33 13 + 1 1 33

Conversely, the map f and all maps of the form (4) preserve rank distance one and so do
their inverses.

The proof is similar to that for unrestricted or Hermitian matrices, but more complicated
and treats the cases

e char(F) # 2,

e char(F') = 2 and F # Fo,
e ['=T5 and n # 3, and
e F'=Fyand n=23

separately. It can be found in [65, p. 231ff., p. 252ff., p. 270ff., and p. 276ff.]. The difficulties
of the proof are linked with the fact that the statement of Proposition 4.3 and Proposition 4.5
is not true for symmetric matrices in general which becomes clear by the following:

The map f preserves rank distance one (see [65, Lemma 5.34]), but is not an isometry in
terms of the rank distance as one can see in the following example taken from [65, p.275]:

0 00
The zero matrix and | 0 0 1 | obviously have rank distance 2 whereas their images under
010
0 00 111
:fv, 0 0O OJand (1 O 1) , have rank distance 3.
0 00 110

Proposition 4.8. Any map of form (4) is an isometry in terms of the rank distance.

14



In the book of Wan, it is proven that maps f: S,(F) — S,(F) such that both f and f~!
preserve rank distance one are isometries in terms of the rank distance in the cases where
char(F') # 2 (see [65, Cor. 5.6]) and where F' = Fy and 2 < n # 3 (see [65, Lemma 5.31]).
Here we give a different simple proof for the general case. However, this proof is entirely
built on the explicit description in form (4) while in [65], the proof of Theorem 4.7 uses on
the statements of [65, Lemma 5.31 and Cor. 5.6].

Proof. Let X,Y € S,,(F) arbitrary. Then

FX)=fY) = (aPTo(X)P+S) — (aPTo(Y)P+8S) =aP" (0(X) —o(Y))P
= aPTo(X -Y)P.

Since o is a field automorphism, rk(X —Y) = rk(o(X — Y)). The matrices P and PT
are invertible, so rk(PTo (X — Y)P) = rk(o(X — Y)). This implies that d(f(X), f(Y)) =
di (X, Y) because a € F*. O

Actually, those are the only isometries also in the case of S3(FF2) as the following theorem
states.

Theorem 4.9. [65, Prop. 5.32] If f is an isometry of S3(F2), f is of form (4).

This is proven together with the case F' = Fy, n # 3 of Theorem 4.7 in [65, p. 270ff.].
Summing up, we can state now the converse of Proposition 4.8:

Theorem 4.10. Let F' be any field, n € N>o, and f: Sp(F) — Sp(F) an isometry in terms
of the rank distance. Then there are a € F*, matrices P € GL,(F), S € Su(F), and an
automorphism o of F' such that

f(X)=aPTo(X)P+S VX € S,(F).

Proof. This follows directly from Theorem 4.7 and Theorem 4.9 together with the fact that
any isometry (and its inverse map) in particular preserves rank distance one. O

4.4 Connection to Graph Automorphisms

Since it is a nontrivial problem to determine whether two codes are isomorphic, we want
to use nauty [44]—which is a well known tool to find graph isomorphisms—to do this for
us. For this, we have to translate the matrix spaces Fy**", S,,(F,), and H,,(F,2) into graphs
in a way that asserts that the group of isometries of the matrix space is isomorphic to the
automorphism group of the associated graph. For testing whether two codes are isomorphic,
the graph associated to the ambient space—which has to be the same for both codes—is
“colored” (a formal definition is given below) for both codes separately. This way, the vertices
corresponding to code matrices are distinguishable for nauty. Two codes are isomorphic then
if and only if the associated colored graphs are isomorphic. The algorithm used by nauty is
described in [42] and [45].

Definition 4.11. [44, Section 1] A graph automorphism is a permutation of the vertices of
a graph such that two vertices i, j are adjacent if and only if their images are adjacent.
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Definition 4.12. [45, Section 2.1] Let I be a graph with vertex set V. A coloring of T' is
a surjective function 7: V' — {1,... k} for some k£ € N. This means that the colors of the
vertices are represented by natural numbers.

A cell of 7 is the set of vertices with some given color, that is, the preimage 771(j) of
some given j € {1,...,k}.

A colored graph (I',m) is a graph I' together with a coloring = of T

Definition 4.13. Cf. [45, Section 2.2] An automorphism of a colored graph (T, ) is a graph
automorphism g with the property that 7(g(v)) = w(v) for all vertices v of T'.

This means that an automorphism of a colored graph preserves the colors of the vertices.

The automorphisms of a graph I' (of a colored graph (I", 7)) form a group under composi-
tion. The automorphism group of a colored graph is denoted by Aut(I', 7). In the uncolored
case or if the coloring is clear from the context, this group is denoted by Aut(T").

Let M be one of the sets Fy* ", H,,(F,2), Sn(Fy) except for S3(Fa). Then the bijections
of M preserving rank distance one are exactly the isometries of M (see Proposition 4.3,
Proposition 4.5, and Theorem 4.7 together with Proposition 4.8) and thus the isometries of
M match the graph automorphisms of the following graph 'y consisting of:

e #M vertices which are numbered by 0,..., #M — 1,

e edges connecting vertices ¢ and j for all 0 < 4,5 < #M — 1 with du(M;, M;) = 1
(for the numbering of the matrices which is used for the calculations in this thesis, see
appendix B)

To harmonize the subsequent notation, we equip graph I'y4 with the trivial coloring
m: {0,.. ., H#M -1} — {1}.

This correspondence between maps that preserve rank distance one and automorphisms of
the graph where two vertices are adjacent if and only if the corresponding matrices have rank
distance one is easy to justify: Let g be a graph automorphism of I'\ and let M;, M; € M
with dyx(M;, M;) = 1 corresponding to the adjacent vertices ¢ and j. Those vertices are
mapped by ¢ to two adjacent vertices g(i) and g(j), which again correspond to matrices
My and My with dy (M), My(j)) = 1. Hence the bijection on M induced by g preserves
rank distance one. The other direction is just the same.

Now let M = S3(F2). We are interested in creating a graph such that the graph au-
tomorphisms correspond to the isomorphisms of S3(F2) to determine the group of graph
automorphisms with nauty [45]. To achieve this graph, every matrix is represented by a
vertex and the vertices corresponding to matrices with rank distance one are connected with
one kind of edges while the vertices corresponding to matrices with rank distance two are
connected by another kind of edge. Then the vertices that are not adjacent automatically
correspond to matrices with rank distance three.

This graph has the desired property that its graph automorphisms (which preserve the
color of the edges) correspond exactly to the isometries of S3(F2), but nauty can not handle
graphs with different types of edges. Since nauty can handle different types (colors) of
vertices instead, the user guide of nauty recommends the following workaround [44, p.58]
which is illustrated in Figure 1: For every vertex in the original graph, there are two vertices
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Figure 1: Illustration of the workaround for graphs with colored edges in nauty as rec-
ommended by the nauty user guide [44]: Edges of different colors (graph on the left) are
represented as edges in different layers (graph on the right).

Ve N N
: \ \ a @ a @
a a \a a

in the new graph—partitioned in two layers with different vertex colors. Each two vertices
arising from the same original vertex are connected by an edge. Then the original edges of
the first and second color are inserted between the corresponding vertices of the first and
second layer, respectively, of the new graph. Then the action of the new automorphism group
on the first layer of the new graph is the same as the action of the original automorphism
group on the original graph.

Following those instructions, we gain the following nauty-compatible graph (T's,,), )
consisting of:

o 2. #85(Fy) = 128 vertices, numbered by 0, ...,127,

a coloring m: {0,...,127} — {1,2} with

1, v<64
F(U) = )
2, v>64

e edges connecting vertices ¢ and i + 64 for all ¢ = 0,...,63,
e edges connecting vertices ¢ and j for all 0 <4, j < 63 with dy(M;, M;) =1, and
e edges connecting vertices ¢ + 64 and j 4 64 for all 0 <4, < 63 with du(M;, M;) = 2.

We can use this graph I's,(g,) to confirm Theorem 4.9: Computing Aut(I's,,)) with
nauty reveals that this graph has an automorphism group of size 10752—which is exactly
# GL3(IFy) - #S3(F2)— generated by the permutations go, . .., g4 where

=(1,2)(5,6)(9,10)(13,14)(16, 32)(17, 34)
18, 33)(19, 35)(20, 36)(21, 38)(22, 37)(23, 39)
24,40)(25,42)(26, 41)(27, 43)(28, 44)(29, 46)

30, 45)(31, 47)(49, 50)(53, 54) (57, 58) (61, 62)

~~ o~~~
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65,66) (69, 70)(73, 74)(77, 78)(80,96) (81, 98)
82,97)(83,99)(84, 100)(85, 102)(86, 101)(87, 103)
88,104)(89,106)(90, 105)(91, 107)(92, 108)(93, 110)
94,109)(95, 111)(113,114)(117,118)(121, 122)(125, 126),
8,25)(9,24)(10,27)(11, 26)(12,29)(13, 28)
14, 31)(15, 30)(32, 36)(33, 37) (34, 38)(35, 39
40,61)(41,60)(42, 63)(43, 62)(44, 57) (45, 56
46,59)(47, 58) (48, 52)(49, 53)(50, 54) (51, 55

9)( )

)

—_— — ~— ~—

(

(

(

(

=(

(

(

(

(72,89)(73,88)(74,91)(75,90)(76, 93) (77, 92
(78,95)(79,94)(96,100)(97, 101)(98, 102)(99, 103)

(104, 125)(105, 124)(106, 127)(107, 126) (108, 121)(109, 120)
(110,123)(111,122)(112, 116)(113, 117)(114, 118)(115, 119),
=(1,2,7)(3,5,6)(9,10,15)(11, 13, 14)(16, 32, 48)

(17,34,55)(18, 39, 49)(19, 37, 54)(20, 36, 52) (21, 38, 51)

(22, 35,53)(23, 33, 50)(24, 40, 56) (25, 42, 63) (26, 47, 57)

(27,45, 62)(28, 44, 60)(29, 46, 59)(30, 43, 61) (31,41, 58)

(65,66, 71)(67, 69, 70)(73, 74, 79)(75, 77, 78)(80, 96, 112)
(81,98,119)(82,103,113)(83, 101, 118)(84, 100, 116)(85, 102, 115)
(86,99, 117)(87,97, 114)(88, 104, 120)(89, 106, 127)(90, 111, 121)
(91,109, 126)(92, 108, 124)(93, 110, 123) (94, 107, 125)(95, 105, 122),
=(2,8)(3,9)(4,16)(5,17)(6,24)(7, 25)
(12,18)(13,19)(14, 26)(15, 27)(22, 28)(23, 29)

(34,40) (35, 41)(36, 48)(37, 49) (38, 56) (39, 57)

(44, 50) (45, 51)(46, 58)(47, 59) (54, 60) (55, 61)

(66, 72)(67,73)(68,80)(69,81)(70, 88)(71, 89)

(76, 82)(77,83)(78,90)(79, 91)(86, 92) (87, 93)

(98,104)(99, 105)(100, 112)(101, 113)(102, 120)(103, 121)
(108,114)(109, 115)(110,122) (111, 123)(118, 124)(119, 125), and
=(0,1)(2,3)(4,5)(6,7)(8,9)(10,11)(12,13)

(14,15

(

(

(

(

(

(

(

(

16,17)(18,19)(20,21)(22,23)(24, 25)(26, 27)

)(16,17)( ( ) )
28,29)(30, 31)( (34,35 ) )
40, 41)(42,43)(44, 45)(46, 47) (48, 49) (50, 51)
) ( ( ) )
) ( ( ) )
) ( ( )

)
30, 31 ) )( (
) ) (
52,53)(54, 55) (56, 57) (58, 59) (60, 61) (62, 63
) ) (
) )
)(

32,33 36,37)(38,39

64, 65)(66,67)(68,69)(70,71)(72, 73)(74, 75)(76, 77)
78,79)(80,81)(82,83)(84, 85)(86, 87)(88,89) (90, 91)
92,93)(94, 95)(96,97)(98,99)(100, 101)(102, 103)

104, 105)(106, 107)(108, 109)(110, 111)(112, 113)(114, 115)
116,117)(118, 119)(120, 121)(122, 123)(124, 125)(126, 127).
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Here the additional vertices of the second color are written in gray.
A simple brute force computer calculation shows that the generators g¢; correspond to

maps
fi: S3(Fo) — S3(Fy), X — PTXP+S;, i=0,...,4,
where
010 1 0 0 010 1 0 0 1 0 0
P=11 0 0)],A=(0 1 0],P=|110]|,P,s=(0 0 1|,P,=10 1 0],
0 0 1 1 01 0 0 1 01 0 0 0 1
0 0 0 1 0 0
50251252 253: 0 0 0 s and 54: 0 0 0
0 0O 0 0 0

This means that any isometry of S3(F2) can be written in the form (4) which is the statement
of Theorem 4.9.

5 Automorphism Groups of Codes

To understand the structure of a code, it is useful to consider its automorphism group as it
gives information about the symmetries of the code.

Definition 5.1. Let M C F;**" and C C M be a code in M. Denote the group of isometries
from M to itself by Aut(M). The automorphism group of C (with respect to M) Auta(C)
is defined to be the setwise stabilizer of C in Aut(M). If the ambient space M is clear from
the context, we simply write Aut(C).

By definition, the automorphism group of a code depends on the ambient space if only
because it consists of maps from the ambient space to itself. That is, Aut g, (C) # Aut g, (C)
whenever C C My, My and My # M. This is not surprising but one should note that even
the restriction of those automorphism groups to the code are not isomorphic in general, that
is,

{fle:C—=C|feAutam, (C)} Z{gle:C = C|g e Autp,(C)}-

The following examples shows this:
Let C C SQ(]Fg) - F§X2,

1= 9=t D=t 9)

From section 4, particularly from formulas (1) and (4), it is clear that every isometry of
S2(F3) can be extended to an isometry of F§X2. But there exist isometries of F§X2 such that
there exists no isometry of S»(FF3) that acts in the same way on C. Consider the map

| E2x2 2%2 10y (1O
f:F3" — g ,Xn—><02 X 0 1)

This is an isometry of F§X2 such that f(C) = C. More precisely, it holds that f(A) = A,
f(B) = C, f(C) = B. So it is to show that there is no isometry g of Sz(FF3) such that
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g(A) = A, g(B) = C, and ¢g(C) = B. We know from section 4.3 that such a map has the

form g(X) =« (Z 2) X <CCL Z) + S with o € F3 = {1,2}. By g(A) = A, it is determined

that S is the zero matrix. Assume o = 1. Then the equations

a c 1 0 a b\ a?+c2 ab+cd (10 (6)
b d)\0 1)\c d) \ab+cd v*+d*)  \0 2
a ¢\ (1 0\ [(a b\ [a*+2¢ ab+2cd) (1 0 )
b d)J\0 2)\c d)  \ab+2cd v*+2d*>)  \0 1

follow from g(B) = C and ¢g(C') = B. Note that in F3, squares can only equal 0 or 1. So
it follows from a? + 2¢? = 1—which follows from equation (7)—that a # 0,c = 0. Equation
(6) implies that b? + d? = 2 which means that neither b nor d can be 0. Together with a # 0

and ¢ = 0, it follows that ab + ¢d # 0 which is a contradiction to equation (6).
Now assume that a = 2. Then g(B) = C and ¢(C) = B result in

5. a*+c* ab+ed) (1 0
ab+cd b>+d*>)  \0 2

5. a?+2¢% ab+ 2cd (1 0
ab+2cd V2 +2d4*>)  \0 1

which—equations multiplied by 2—implies that
a?+c? ab+ed\ (2 0 (8)
ab+cd b*+d*) \0 1

a’? +2c¢% ab+2cd 2 0
<ab +2cd b+ 2d2) - (O 2> 9)
hold. Using the same reasoning as above, the bottom right matrix entry of equation (9)
implies that b = 0,d # 0 and from the top left matrix entry of expression (8) it follows that
a,c # 0. Putting these together results in ab + c¢d # 0 which is a contradiction to (8) and
since a € {1,2}, it is proved that there exists no isometry g of Sz(F3) such that glc = flc
even though C C Sy(F3).

As checking whether two codes are isomorphic, it is also a nontrivial problem to determine
the automorphism group of a code. This problem can be outsourced to nauty in a similar
way since the automorphism group Auta(C) can be identified in a natural way with the
automorphism group of the colored graph (I'aq,m¢) where (I'pq,m) is the colored graph
associated to the ambient space M and

and

and

and

. 1, M; eC
me(i) =9 .
w(1)+1, M;¢C
is a coloring that distinguishes the vertices corresponding to code matrices from the re-
maining vertices. Nauty provides a set of generators of the automorphism group. Those

generators are translated into a matrix representation of form (3) or (4) using a simple brute
force computer calculation.
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Magma [5] is a useful tool for analyzing the automorphism groups of the classified codes.
For instance, it is used to find “nicer” sets of generators—meaning smaller or better illus-
tratable.

6 Constructions

For constructing codes, different approaches—depending on the problem size—are used and
described in this section. Firstly, two series of Hermitian codes are presented of which one
improves the general lower bound on the maximum code size when 2 = d < n, n even.
Secondly, two different exact algorithms for finding the maximum code size are described
which entail a classification of maximum codes. The first exact algorithm is a successive
execution of an orderly algorithm while the second one utilizes Cliquer. The resulting code
representatives are converted using maps from Section 4 in order to obtain “nicer” represen-
tatives. Since the exact algorithms are unsuitable for larger fields or matrix sizes, the last
subsection is dedicated to a heuristic clique search approach.

6.1 Two Series of Hermitian Codes

Theorem 6.1. C = {(m;;)1<ij<n € Hn(Fp2) | mi; = 0V1 <i < n}is an additive code with
minimum distance 2 of size ¢""~ Y in Hn(Fp2).

Proof. 1t is obvious that C is an additive subgroup of H,(F;2) and that #C = ¢ So
there is only to show that rk(M) > 2 for all M € C\ {0}. Let M = (m; ;)i<ij<n € C\ {0}.
Then there are k and [ (k < [) such that my; = a # 0. Thus, the submatrix M,; =

(Mig)ijefrn = (2 3) has rank 2 and therefore M has rank at least 2. O

Theorem 6.1 shows that K.-U. Schmidt’s upper bound for additive codes [57, Thm. 1] is
tight not only if n or d is odd or if n = d but also in the case d = 2. However, it remains
unknown whether the bound is tight for 4 < d < n both even.

1 a . (0 0 10 .
Theorem 6.2. LetD-{(a 0)|aEFq2}. ThenC—{(O 0>,<0 1>}UDzsacode

in Ha(F,2) with minimum distance 2 of size > + 1.

Proof. This is obvious since the difference matrices 10 , l @ , 9 “ , and
0 1 a 0 a —1

0 —b
R have full rank for all a,b € F*,, a # b. O
a—b 0 a

In case of F4, this construction is optimal; additionally, we have the following statement:
Theorem 6.3. The construction from Theorem 6.2 can not be augmented.

b
Proof. Let M = (‘Z h) € Hn(F,2) be an arbitrary Hermitian matrix and D, = (cll 8)

Consider det(M — D,) = (9 —1)h — (b—a)(b—a). If g=1 or h = 0, then either b # 0, so
we can choose a = b and found a matrix D, € D C C with dy (M, D) < 2, or b =0, so M
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has rank distance less than 2 to the zero or identity matrix. So assume g # 1 and h # 0.
Then (g — 1)h € 3 and since the norm map z +— zZ is a surjective group homomorphism

from IE‘Z2 to I (see, e.g., [46, Thm. 1.4.9]), there are % =g+ 1 elements z € IFZQ such
that xx = (g —1)h. Hence, there are ¢+ 1 different choices for a such that det(M — D,) = 0,
and at least ¢ of them are in IFZQ, so we again found a matrix in D that prevents M from
augmenting the code C. O

In [28, Thm. 17], a similar construction of maximal partial spread sets in Ha(F2) of size
N is given for every integer N in the interval [¢%, ¢ + ¢ — 1].

6.2 An Orderly Generation Approach

One way to gain a classification of maximum codes with minimum distance > d in the matrix
space M is the orderly generation approach. The aim of this approach is to reject isomorphic
copies as early as possible in the generation process. The setting is as follows:

Definition 6.4. See, e.g., [53, p. 106]. A property & of sets is called hereditary if whenever
S satisfies property & then also all subsets of S satisfy property &2.

Let G be a group acting on the set V. Let & be a hereditary property of subsets of V'
which is independent of the group action, that is, a subset X of V fulfills &2 if and only if
g.X fulfills & for all g € G. We denote My = {X C V | #X =k and X fullfills &}. Then
G acts on each set My by

G X My — My, (g,X) —g.X

which we call the induced group action of G on M. Let S C M be a transversal. An
orderly algorithm creates a transversal Sii11 C Myy1 from Sy by taking advantage of total
orders on each set M which are mutually compatible in some sense. The theory of orderly
generation was developed by Read [50] in a very general context.

In the following, the orderly algorithm by Royle [53] is presented in Algorithm 1. It is a
specialized and simplified version of the general framework by McKay [43] and is completely
sufficient for our purpose. In this algorithm, the underlying orders are not obvious but they
are implicitly contained in a function 6: 2" — 2V satisfying

1. 0(X) is an orbit of Gx on X for all X C V and
2. 0(g.X)=g.0(X) forall g€ Gand all X C V.
The correctness of Algorithm 1 is proven by the following theorem.

Theorem 6.5. See [53, Thm. 2.1]. Let G be a group acting on a set' V., & a hereditary prop-
erty of subsets of V' that is independent of the group action, and Sy, a set containing precisely
one representative from each G-orbit on k-sets of V' that have property &. Additionally, let
0: 2V — 2V be a function satisfying

1. 0(X) is an orbit of Gx on X for all X CV and
2. 0(g.X)=9.0(X) forallge G and all X C V.

Then the set Sk11 as defined by Algorithm 1 has the stated properties, that is, it contains
precisely one representative from each G-orbit on (k + 1)-sets of V' that have property &.
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Algorithm 1: Orderly Algorithm by Royle, see [53, p.7].
Input: Set V,
group G acting on V,
function 0: 2V — 2" satisfying properties 1 and 2,
hereditary property & that is independent of the group action,
set St containing precisely one representative from each G-orbit on k-sets of
V that have property &
Output: Set S;41 containing precisely one representative from each G-orbit on
(k + 1)-sets of V' that have property &
1 S+ 0;
2 foreach X € S, do
3 foreach orbit representative x of Gx on V\ X do
4 if x € (X U{z}) and X U {z} has property & then
5 | Sk Sk U{X U{z}};
6
7
8
9

end
end
end
return Spq;

In [53], Royle does not explicitly demand that & should be independent of the group
action, but otherwise this search for representatives makes no sense.

Theorem 6.5 means that Algorithm 1 is an orderly algorithm (see [53, p.107]). Here
the map 6 takes responsibility that the set Siy1 contains exactly one representative of each
isomorphism class.

Proof. See, [53, p.107]. Let X’ C V be a set of cardinality k + 1 satisfying property &2. We
have to show that S,1 contains exactly one isomorphic copy of X’.

First we show that Sj,; contains at least one isomorphic copy of X’. Let z € 0(X’).
Since 0(X') € X', X = X'\ {z} has cardinality k. Remember that & is hereditary, so
X satisfies &?. Therefore there is a set Y in the same G-orbit as X contained in S, say
Y =g¢9.X.

Augmenting Y, at some stage, we consider an element y € V that is in the same orbit
under Gy as g.x, that is, there is an element ¢’ € G such that y = (¢'g).z and Y = ¢'.Y =
(¢'g).X. Then Y U {y} = (¢'9). X', so Y U {y} satisfies property & and from z € 0(X’)
follows

y=1(9'9).x € (g'9)-0(X") = 0((9'9). X") = 0(Y U {y}).

This means that Y U {y} = (¢’g).X’ is contained in Sk41.

Now suppose that Sy contains at least two different isomorphic copies Y/ and Z’ of X,
that is, Y/ = g.X’ and Z' = h.X’ for some g, h € G. Then there exist y € Y’ and z € Z’ such
that Y’ is augmented from Y =Y’ \ {y} € Sy and Z’ is augmented from Z = Z'\ {z} € S.
Hence y € §(Y') and z € §(Z’). Reformulating this gives that ¢g~'.y and h=!.z both are in
0(X"), so there is an element f € Gxs such that

gty =(fr ).z (10)
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Now we see that

Y o= g(X\{g7"y})
= ¢.(X"\{(fh™).2})
= (9f)-(X'\{h".2})
= (gfh 1.2
So Z is an isomorphic copy of Y and since Y, Z € Sj, this means that Y = Z and gfh™! €

Gy. Together with (10), this means that y and z are in the same orbit under Gy which is
a contradiction to line 3 of Algorithm 1. O

Procedure Augment (Si; M, (Cpq, ), d).

1 G+ Aut(Tpq, 7);

2 Sk < 0;

3 forall the X € S}, do

4 forall the v € M\ X do

5 if v has the lowest label in its orbit under Gx then
6 if dyk(v,v’) > d for all v' € X then

7 if v is in the same orbit under G'xyy,y as the vertex with canonical

label 0 then

8 ‘ Sky1  Skr1 U {X ] {U}};

9 end
10 end
11 end
12 end
13 end

14 return Sy

We now want to use this orderly algorithm to find all isomorphism classes of maxi-
mum codes with a minimum distance at least a fixed number d in a matrix space M €
{F ", Sn(Fy), Hu(Fg2)}. For this, we need to specify V, G, &, and 6.

As set V and group G, we use the vertex set of the colored graph (I'yq, 7) described in
section 4.4 and its automorphism group. The property &2 is a pairwise rank distance of at
least d, which is obviously hereditary. In case M = S3(F2), we additionally demand that
the set is a subset of the vertices of the first color. It remains to define the map 6 such that
it fulfills properties 1 and 2 required by Theorem 6.5.

Royle describes in [53, p. 107] how # can be defined in the case that V is the vertex
set of a graph I" and G is the automorphism group of I'. For this, we need to know that—
besides determining the automorphism group of a graph—mnauty can perform an operation
called canonical labeling. A canonical labeling of a (colored) graph is a renumeration of
the vertices in a manner that is independent of the initial labeling and such that isomorphic
graphs become identical by canonical labeling (see [44, p. 3]). There are different possibilities
to define a canonical labeling; the one used by nauty is designed to be computed efficiently,
see, e.g., [53, p. 106]. In addition, the coloring (remember Definition 4.12) of a canonical
colored graph as produced by nauty has the property to be nondecreasing, see [44, p 3|.

24



Algorithm 2: Algorithm for classification of maximum codes, based on Algorithm 1.
Input: Matrix set M € {F"*", S, (F), Hn(Fg2)},
lower bound d for the minimum distance
Output: Maximum code size m and set Sy, containing precisely one representative of
each isomorphism class of maximum codes

Create colored graph (I' g, 7);
So < {0};
k < 0;
while S; # () do

Sk+1 < Augment (Si; M, (Tpq, ), d);

k+—k+1;
end
return (k —1,5,-1);

® N O s W

With this knowledge, Royle defines 6 in the following way: For a fixed set X € 2V, equip
graph I" with the coloring
1, e X
m(v) = { ’

2, vg X

and label this colored graph canonically using nauty. Let v be the vertex of I' that is
mapped to 0 by canonical labeling. Then define §(X) to be the orbit of Gx which contains
v. Procedure Augment () is the adaption of Algorithm 1. Algorithm 2 executes Procedure
Augment () repeatedly, each with the output of the preceding step and starting with Sy = ().

Algorithm 1 and therefore Procedure Augment () can be parallelized by partitioning the
input set Sy and combining the output sets. Using this, the implementation of Algorithm
2 is split up via Bash script into 8 processes. Anyway, it turns out that this approach
is pointless in almost all symmetric and Hermitian cases. Table 4 lists the cardinality of
S and the computation time on an Intel Core i7 3770 for each single augmentation step
for each completed and three aborted calculations. The calculation time in the case M =
H2(F16) adds up to approximately 15 hours. In Figure 2, the values of #5S) are plotted
for the completely computed runs (black lines) and the aborted ones (gray lines). Note the
logarithmic scale. The dashed continuation of case H2(F25) is an estimation based on the
augmentation of two of the 55,691,107 representatives of size eight. On the basis of those
two computation times which amount to approximately 11.5 and 49.5 hours it is estimated
that the total computation time of this case would reach 200,000 years.

In the following, the codes classified by the orderly algorithm are described in detail. At
this, a code of size N is denoted by Cn and by C](\Zf) if there is more than one isomorphism
class. Orbits that are significant for the description of the code are denoted by Oy, where M
is the length of the orbit, or (’)g\]} if there is more than one interesting orbit of that length.

Since Hn(F,2) is a vector space over F, (but not over F ), in case ¢ > 2, it makes
sense to say that matrices are collinear or to speak about lines. It should be noted that
collinearity is invariant under the action of Auta(C) if M € {F"*", S, (Fy), Hn(Fg2)} since
the automorphisms then are of the form (1), (2), (3), or (4).
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Table 4: Number of representatives (#S)) and computing time in seconds seperately for
each set size k in all completed (on the left) and aborted (on the right) cases.

k Ha(Fq) Ha(Fg) Ha(Fi6) S3(F2) Ha(Fa5) H3(Fa) S3(F3)
# repr. time # repr. time # repr. time # repr. time # repr. time # repr. time # repr. time

1 1 0 1 0 1 0 1 0 1 1 1 2 1 3
2 1 0 1 0 1 0 3 0 1 1 2 6 3 4
3 1 0 3 0 4 1 10 0 6 2 7 6 31 5
4 2 0 9 0 21 0 65 0 89 2 107 6 1467 10
5 1 0 24 0 140 1 280 0 2317 11 3646 17 147559 203
[§ - - 51 1 1473 1 1304 0 80105 159 215129 370 7? 77
7 80 0 13275 5 4575 1 2395603 3566 11732851 17996

8 97 0 93442 31 12762 2 55691107 82018 77 7?7

9 83 0 489215 170 27103 4 77 77

10 43 0 1900458 706 44940 7

11 16 0 5477871 2205 57069 10

12 7 0 11750349 5140 56194 11

13 2 1 18757108 8949 42183 10

14 1 0 22235145 11472 24183 6

15 1 0 19450778 10945 10335 3

16 - — 12424803 7695 3421 1

17 5705868 3937 847 1

18 1848255 1452 180 0

19 412293 386 38 0

20 61675 75 9 0

21 6157 11 2 0

22 471 2 1 0

23 41 0 - -

24 7 1

25 - -

Figure 2: Number of representatives for each set size k in all completed (black) and aborted
(gray) cases. The dashed continuation is an estimate.
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6.2.1 Maximum Code in Hy(F,;) with d =2

In H2(F4), the maximum code size is 5 and there exists only one isomorphism class. One
representative

= { M= () D= (0 Doto= (0 Dma= (1 )=y Y) )

consists of all five rank-1-matrices.

The size of the automorphism group is 120, there are three orbits: The zero matrix is
a fixed point, the second orbit consists of the code (5 rank-1-matrices) and the third orbit
consists of the 10 rank-2-matrices.

The automorphism group is generated by the two maps

—T
gr: HQ(IF4) — HQ(F4), C— P1 -C- P1 with P1 = <(1) )1{>

and

g2: HZ(F4) — HQ(F4), C— 6
The restrictions of the automorphisms to the code, generated by

91’65 :(M47M87M13aM147M15) and
92lcs =(Mig, Mis),

form the full symmetric group on the 5 elements of the code.

6.2.2 Maximum Code in Hy(Fy) with d =2

In Ha(Fg), a maximum code with minimum distance 2 is of size 15 and there is only one
isomorphism class of maximum codes. Via the connection given by Lemma 3.7, this confirms
the result of Ebert and Hirschfeld [18, Section 4] who found that a maximum partial spread
in H(3,9) has size 16.

The following set constitutes a representative of a maximum code:

_ _ (10 _( 2 1+2Xx _( 2 2+x
015{M9(0 0)’ M22f(1+X 0 >’ M26*(2+2X 0 )’
_ (0 0 _( 2 2+2X _( 2 1+X
M27_(0 1)? M50_(2+X 1 )? M52_(1+2X 1 >’
_( 0 2+2x _( 0 1+x _( 1 1+2x
M59_(2+X 2 )’ M61_(1+2X 2 )’ M67_(1+X 2 )’

_( 1 2+X _(2 0 _ (2 1

M7y = (2+2X 2 )7 Mo = (0 2)’ Mz = (1 2)

M7y = (3 3), Mzs = ()2( QQX)’ Mz = (;{ )2() }

The 15 matrices of Ci5 lie on 15 lines, such that every matrix lies on three lines and every
line goes through three matrices. Figure 3 is a stellar realization (cf., e.g., [3, fig. 2]) of this
configuration known as Cremona-Richmond configuration. This geometrical configuration is
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Figure 3: Stucture of maximum code in Ha(Fy).
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described in detail in [51]. Richmond shows that if one chooses six points in general linear
position, that is, such that no five of them lie in one hyperplane, from a four-dimensional
space (according to [16, 38], Richmond means projective space), then the intersection points
of a line through two points and a space through the remaining four points (he calls those
intersection points diagonal points) lie by threes on 15 lines. For the history of the Cremona-
Richmond configuration, see [3, chapter 6].

By the relation of section 3.3.1, the code Cy5 corresponds to a maximal partial spread in
H(3,9) which is related to the Kummer surface (see [18, Sections 4, 5]). We remark that a
connection between the Kummer surface and the Cremona-Richmond configuration is also
given in [19] in a different context.

The automorphism group of Ci5 has size 720 and is generated by the following two maps:

T — . 1+ X  2X

g1: Ha(Fg) = Ha(Fg), C— P -C-P WlthP1:<1+X 1+X>
T — . 0 14+ X

921H2(F9)—>H2(F9)7 C|—>P2 CPQ—I—IQ with P2: <2+2X 0 >



Their restrictions to Ci5 are as follows:

gilcis = (Mag, Msg, Me1, Moo, M72) (Mg, Mso, Mzs, Mz, Msa) (Maz, Mra, M7, M1, M73)
92les = (Mag, M71) (Msg, Mso) (Mg, Ms2) (Maz, Me7)

Applying g1 to Ci5 as illustrated in Figure 3 means rotating the figure by 72°. The second
generator g is not visualizable that nice. However, the fixed points of ga|c,, are Myy and
those six matrices that together form the three lines through Mr7o, namely Mg and Moy, M7
and M74, and M75 and M78.

Outside of the code, there is an orbit Og of length 6. The representative of the maximum
code is chosen such that Og contains the zero matrix and the identity matrix.

OG:{MOZ(S 8)’M13:(1ix 1+02X)’M17:(2+12X QJBX)’

_( 0 2+2X _( 0 1+X _ (1 0
M32_(2+X 1 )’M34_(1+2X 1 >’M36_(o 1)}

Looking at the restrictions of g1 and go to Og,

g1log = (Mg, M3, Msa, My7, M3g)
and

92lo0s = (Mo, Ms3g) ,

one can see that the restriction of the automorphism group to Og is the symmetric group
on 6 elements.

This orbit of length 6 attracts our attention since Richmond’s construction starts with
six points. Indeed, it turns out that the fifteen matrices of the code are determined by the
orbit of length 6 in the following way: Choose two matrices of Og (note that (g) = 15), put
a line through these two matrices, and the third point on each of these lines is exactly one
element in the code Ci5. Equivalently, one can construct the points of Cy5 by intersecting a
line through two matrices of Og with the space trough the remaining four matrices of Og.
This accords exactly with Richmond’s construction. Which matrix of Ci5 lays on which line
through matrices of Qg is illustrated in Table 5.

When partitioning Og = {M,,, Mo, }U{ My, , My, }U{M,,, M., } into three sets of size two,
the three matrices M,, My, M. € C15 which are the third points on a line through each two
matrices of one subset are collinear. Since there are exactly 15 possibilities of partitioning
Og in sets of 2, this corresponds precisely to the 15 lines of Cys.

Table 5: Construction of C15: The matrices of Og to put a line through to obtain a matrix
in the code Cy5 are marked with an “X”.

Matrix My  Maz Mas Mar Mso Ms2 Msg Me1 Mer M7 M7z Mz M7y Mzs  Mrs

My X X X X X

Mz X X X X X
My; X X X X

M3o X X X X X
M3y X X X X
Ms3e

X

lies on line
through
matrices

>
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6.2.3 The Isomorphism Classes of Maximum Codes in Hy(F5) with d = 2

In Ha(F16), the maximum size of a code with minimum distance 2 is 24 and there are seven
isomorphism classes of maximum codes. Figures 4, 5, 7, 8, and 9 show collinearity (as thin
lines) and full lines (as thick lines) in the codes of type 1, 2, 3, 6, and 7. In those figures,
additionally, the orbits of the automorphisms groups are shaded in gray. Type 4 contains no
collinear points and type 5 only a single full line. For each type a representative is described
in detail in the following.

Type 1: The automorphism group of Cs, () is of size 12 and has one orbit Oy of length 4 out-
side the code. The representative can be chosen such that Oy = { My, M16, M32, Myg} consists

of the matrices of the form (g 8), where a € {0,1, X2 + X3, 1+ X% + X3} =F4 C Fy.

The code Cé? itself is partitioned in two orbits of length 12:

1) _ _ {0 1 _ 0 1+ X+ X2+ X3
Oy =M = 1 o) My = 0 ,
1+X+X2 _
X+X2 ) -
_ X2—1-X3 _ 1+ X2+ X3
M12 _<X +X‘3 bl M13 - 1+X2+X3 0 9
o X+X2 . X
Mas _(1+X+X2 0 )’ M _(1+X+X2+X3 0)’
_ (X2 4+ X3 1+X2 _( X?+X3 X+Xx3
M41 _( 1+X3 9 M43 - 1+X+X3 0 )
Mey — 1+ X2+ X3 X+X24X3 M. _(1+X24+ X% 1+4+X3
51 = 1+ X 0 ’ 53 14 X2 0
and
(2) _ _ 0 1+ X+ X3 /(1 1
012 - M74 - X+X3 1 ) M81 —\1 1)
. 1 X + X3 _( X224+ X3 1+ X
Moy _<1+X+X3 1 )’ Mo _<X+X2+X3 1)
_ (0 0 o 0 X+ X2 4 x3
Miog —(O X2+X3>, M3z —(1+X X24x3 )
_ 0 1+ X2 _ 1 1+ X
M137_(1+X3 X2+X3>7 M158_(X+X2+X3 X2+X3>’
_ 0 14 X3 _ 0 X + X2
M197_<1+X2 1+X2+X3)’ M199_<1+X+X2 14+ X2 4+ x3)
o 1 14+ X2 _(X?24 X8 1
M217_<1+X3 1+X2+X3)’ M225_< 1 1+X24+X3) (-

The orbit (’)gz) consists of three full lines whereas the second orbit O( ) considered sep-

arately contains no collinear points (see Figure 4). Outside of the code Cé}l), there are
further 19 orbits of size 12 additionally to the already mentioned orbit Oy.
The automorphism group Aut(Cé}B) is generated by the maps

T
g1: Ha(Fi6) = Ha(Fig), C— P -0o(C)-Pi+ 5

3
with P, = <1+1)+(;2X (1)> and §; = <é 8)
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Figure 4: Stucture of maximum code in Ha(Fig), type 1.

N (o)
(o) — )
oWos W RcWol

IR | B3
@ @ @ @

\_/
(o)
“/

where o: Fig — Fig, © — 22 is the Frobenius automorphism and

7T —_
g2: Ha(Fi6) = H2(F16), Cr—=P -C-Py+ 85y

) 1 0 1+ X24+X3 0
with PQ:(X+X3 1+X2> and52:< 0 0).

Magma tells that Aut(Céi)) is isomorphic to the dicyclic group Dicg =2 C3 x Cy where C,

denotes the cyclic group of order n. The restrictions of the generators to O4 and C§4) are as

follows:

gilo, =(Mo, Mg, Mug, M32),
g2lo, =(Moy, Mag)(Mis, Ms2),
giley =(Mr, Mag, Mz1, Ms3)(Mz, Mi3, Mg, Mar)(Ms, Mas, M2, Ms1)
(Mg74, Mg1, Mi19, Mo1)(Miag, Migg, Misg, Mai7)(Mizi, Mags, Mi3z, Mig7),
92!@}1) =(My, My1, My2, M3y, M3, Mg)(Ma, Myz, Moz, Mg, Ms3, Ms:)
(

Mz4, Mi37, Mar7, Mi1o, Mig1, Migg)(Msi, Misg, Maos, Mo1, Miag, Migr).

Type 2: Aut(Céi)) decomposes Cgi) into the following orbits: Two fixed points—the rep-

0 . .
0 0> and the identity

resentative is chosen such that those are the zero matrix My = (
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Figure 5: Stucture of maximum code in H2(Fig), type 2.

1
matrix Mgg = (

0 .
0 1>, an orbit

o _(1+X24+ X3 0 (X2 4 X3 0
Oy = {M176 —( 0 X2+X3)7 M4 —( 0 lrx2ax3) (0

of length 2 and two orbits of length 10, namely

O%):{MS :(148)( X+X02+X3), M; :(1+0X2 1+0X3>’
Me :<X£X2 1+X0+X2)’ My :(1+X0+X2 X+0X2),
My :(1+0X3 1+0X2>’ My :(Xfxa 1+X0+X3)’
My :(1+X0+X3 X-&E)X3)7 Mo :(XQ_?_Xs X2-(i)-X3>,
Mis :(1+X8+X3 1+X(2)+X3)’ M :(X+X02+X3 I—EX>}

and

O%):{M” :G t1)>’ Mg :()1( 1+X+0X2+X3)’
MQO :(;2 )33)’ Moy :(;3 )gz)’
M1 :(1+X+1X2+X3 %() Mes :((1) D
Mo =i P e (e )
Mz2 :()?3 XlQ)’ Mg :(1+X+0X2+X3 )1(>}
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Figure 6: The lines of the pentagram of Figure 5 resp. Figure 9 as elements of Fs.

: T 12 / 236

(

The matrices in (’)1%)) form five full lines and the zero matrix lies on further five lines

spanned by matrices of (’)ﬁ)) as Figure 5 shows. However, the other orbits of Céi)

collinear points.
Outside of the code, there are each two orbits of lengths 2, 4, and 5, five orbits of
length 10, and eight orbits of length 20.
The automorphism group Aut (Céi)

and g3 with

contain no

) has order 40 and is generated by the three maps g1, go,

T
gi: Ho(Fi6) = H2(F16), C— P -0y(C)- B

2
o (P e (38w (0

where o1 = idp, is the identity on Fi6, 02: F16 — Fi6, © — 2?2 is the Frobenius automor-
phism, and o3: F154 — Fi6, * +— x is the conjugation.
Their restrictions to Céi) are the following:

gﬂcé? =(Ms3, Mg, Mo, M7, My4)(Ms, Mo, M1, Mg, M3)
(M7, Mg, Moo, Moy, Msy)(Mes, Mes, Mes, M, Mrg)
92|C§i) =(M3, Myo, M12, M5)(Ms, Mg)(Mrz, M11, Mia, Mi3)
(M7, Mg, May, Mao)(Mes, Mes, Mra, Mes)
(Mi76, Maoa)
g3|C§i) =(Mi7, Mes) (Mg, Mees) (Moo, Mes)(Maa, Mz2)(Mszy, Mrg)
(

M7, Maoy)

In Figure 5, g1 acts as a rotation by 72° of the pentagram and the pentagonal orbit, g3
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as a reflection with respect to the vertical axis of the pentagram and the inner pentagon,
and g3 as the transposition of the inner and the outer pentagon and the two matrices of O,.

Magma tells that Aut(Céi)) is isomorphic to Cy x (F5 x Fz) where Cy is the cyclic group
of order 2 and 5 x IFf is the Frobenius group of order 20. The group of the restrictions of

the automorphisms to the orbit (’)%) is isomorphic to F5 x Ff and generated by ¢ | oW and
10

g2|0§1). If one identifies the lines of the pentagram of Figure 5 with F5 as done in Figure 6,

the actions of those two restrictions on the lines of the pentagram correspond to the actions
of “+1”7 and “-2”. This means that we can identify 5 x [ explicitly with the affine general
linear group AGL; (F5).

éi) into orbits under its automorphism group also contains

two fixed points that were chosen to be the zero matrix My = <O 0

Type 3: The decomposition of C

0 0) and the identity matrix

1 . . . .
Mgy = < 0). Besides them, this code contains seven orbits of length 2, namely

1) _ [ 0 X+ X2+ X3 _ 0 X2 4 X3
O _{MS _(1+X 0 >’ My _(X2+X3 0 )}’
2 0 1+ Xx3 0 1+X+Xx3
Oé):{M5 :(1+X2 % )’ Mo :(X+X3 T )}’
(3)_ _ 0 X + X2 o 0 1+ X
02 _{M7 _(1+X+X2 0 )7 M14 _(X+X2+X3 0 )}7
4 _ _ 0 X + X3 _ 0 1+ X2+ x3
Oy _{MH _(1+X+X3 0 )’ Mus _(1+X2+X3 0 )}’
5 1 14+ X + X2 0 14+ X+ X2
Og):{Mzz :(X+X2 AR >, Mo :(X+X2 AT )},
(6) _ _ 1 X _ 0 X
O _{M?’l _(1+X+X2+X3 0)’ Mo _(1+X+X2+X3 1)}’
and
7 X2+ X3 14 X2 14 X2
and two orbits of length 4 which are
1 X2+ X3 1 X2+ X3 X2
of) = [y (17 ), My =(VEE ),
0 1 X2
M129 :(1 X2+X3)7 M136 :()?3 X2+X3> }
and
2 2 3 2 3 2 3 3
O§)={M5o :(1+XX+X 1+X+6X +X>’ Mss :(1+XX2+X )g)’
Mios —=(© 14+ X + X2+ X3 Mioe =( © X3
194—X 14+ X2 4+ x3 ; 196—X2 14+ X24x3 .

Those matrices are arranged in lines as Figure 7 shows. Note that, although it looks
differently, the matrices My and M7 lie on a different line with M5 as the matrices M,y and
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Mso. The same applies to the lines through My, Mi4, and Mg and through Mg, Mi2g9, and
Migy.
Outside of the code, there are further 14 fixed points, 41 orbits of length 2, and 34 orbits

b
of length 4. The overall 16 fixed points of Aut(Céi)) are exactly the matrices (Z > with
a
a€F={0,1, X2+ X314+ X2+ X3} and b {0, X, 1+ X + X2 1+ X%} =X -Fy.
The automorphism group has order 4 and is isomorphic to the Klein four-group Co x Cos.
It is generated by the two maps
2
with P, = (O X >

T
g1: Ha(F16) — Ha(F16), C—P -C-P

1 0

and
7T P
gQZHQ(Flﬁ)—)HQ(Flg), CP—)PQ CP2
In Figure 7,

9ile =(Ms, Mi2)(Ms, Mao)(Mz, Mia)(Mir, Mis)
(Mag, M7o) (M3, Mrg)(Mssz, Mi3e)(Mao, Mi29) (Mar, Mi37)(Mso, Migs)(Msz, Miga)

acts as a reflection with respect to the vertical axis while
92leg) =(Maz, Mro)(Mst, Mro)(Mss, Mizg) (Mao, Mize) (Mar, Misz)(Mso, Miga)(Msz, Migs)
interchanges the two lower spikes.

Type 4: The code Céi)

orbit
O4={M0 =(8 8),
2 3
Mes :(ﬁ’( 1+X+1X +X),

of length 4 and an orbit of length 20, namely

(4)

contains no collinear points at all. Aut(Cs,’) partitions it into an

1 1+X+X24+X3
Mis =(y ; ,

X24+X3 14Xx3 1+ X2+ X3 X+ X2
020:{M37 :(1+X2 o ) Mss =13 x 1 x> o )
Mioa — X2+ X3 X4+X2 Miir — 1+X24+X3 14+Xx3
103_1+X+X2 1 9 117 — 1+X2 1 9
0 1 0 X3
M129:(1 X2+x3)7 M132 :(X2 X2+X3)?
Mg — 0 1+ X+ X3 My = 0 14+ X2 4 x3
138_X+X3 X2+X3 1) 141_1+X2+X3 X2+X3 9
Miar — 1 X+ X2 4 X3 Mirq — 1 1+ X+ X2
147_1+X X2+X3 ) 150_X+X2 X2+X3 9
_(1 X2 _ 1 X
M152 _(X3 X2+X3)) M159 _<1+X+X2+X3 X2+X3>’
Mios =( 0 X+X2+Xx3 Mios — 0 1+ X+ X2
95 =1+ X 14+Xx24Xx3) 98 = X+ X2 14+Xx24+Xx3)
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Mago =( 2 X’ Magr = 0 X
200_X3 1+X2+X37 207_1+X+X2+X3 1+x2+x37
1
1

1 Moo —( 1 X3
1+X2+X3’ 212_X2 1+X2+X37
Mors — 1 1+X+X3 Mooy — 1 1+ X2 4 X3
218_X+X3 1+X2+X37 221 — 1+X2+X3 1+X2+X3 .

Outside of Céi), there are each one orbits of lengths 4, 8, 20, and 80 and three orbits of
length 40.

The automorphism group Aut(Céi)) has order 160 and—according to Magma—is iso-
morphic to Dy x (F5 x Ff) where Dy is the dihedral group of order 8 and (F5 x Ff) is the
Frobenius group of order 20. It is generated by the maps

—T
g1: HQ(F16) — Hg(Fw), C— P1 . O'(C) . P1
: _ 14X  1+X%4X°
—T
g2: Ha(F16) = Ho(F16), C—P -C-Po+ 5
: (1 0 (1 1+ X+X2+X3
with P2—<X 1> and SQ—(X 0 >7
and
—T
93: Ha(Fi6) = Ha(Fi6), C— Py -0(C)-P3+S3

with P = <_X%2 ;) and S3 = (é (1)> s

where o: Fig — Fig,  — 22 is the Frobenius automorphism. Restricting those generators
to Céi) gives

M3z, Misg, Misg, Migg)(Mss, Miai, Mis2, Ma12)(Mios, Maai, Mago, Mi32)

=(
(Mi17, Moz, M21s, Miso)(Mi2g, Mia7)(Migs, Maog),
g2|c§ﬁ) =(My, Mig)(Msz7, Mss) (Mg, Miz2)(Miss, Misg)(Mia1, Mis2)
(Miaz, Mis0)(Migs, Mai2)(Migs, Maog)(Maoo, Magr)(Maig, Maoi),

e

and

93leen =(Mo, Mso, Mis, Mes) (M7, Moz, Mss, Mur)(Mizg, Mizs, Miso, Miso)
(Miga, Mia1, Mia7, Mis2)(Migs, Maig, Ma12, Magr)(Migs, Maa1, Magg, Mag).

Type 5: The only difference between Céi) and Céi) is that the matrices Mg and Mgg are
replaced by Migp and Mayg, such that the orbit O4 forms a line in Céi). The orbits

04={M0 2(8 8)7 Mo :((1) (1))7

X2+ X3 0 14+ X2+ X3 0
MlGO:( 0 x2yx3) Moo= 0 L4+ X2 4 X3
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and

X?2+X3 1+Xx3
020={M37 :(1+X2 o )
Mia = X2+X° X 4X2
103 — 14+ X + X2 1 )
0 1
M129 :(1 X2 + XS)?
M _ 0 1+X+X3
138 — X+Xd X2+X3 )
(1 X +X24+Xx3
M147—(1+X X2 4 x3 )
1 X2
M152 :(X3 X2 +X3)?

Mios =( 0 X+ X2+ Xx3
95 =1+ X 14x24x3)
0 X2

MQOOZ(Xs 1+X2+X3)7
1 1
M209:(1 1+X2+X3>’
Morg — 1 14+ X + X3
218_X+X3 1+X2+X3’

Mer —=(1+X2+X% X+X°
55 14+ x+x2 o )
14+ X244 X3 14 X3
M117—( 14 x? O )
0 X3
M132 :(X2 X2+X3)7
M _ 0 1+X2+X3
141_1+X2+Xd X2+X5 9
_ 1 14+ X + X2
M150 _(X+X2 X2+X3 )7
_ 1 X
M159_(I+X+X2+X3 X2+X3)’
Mios — 0 1+X+ X2
198_X+X2 1+X2+X37
Mogr = 0 X
207_1+X+X2+X3 1+X2+X37
1 X3
M212:(X2 1+X2+X3)7

Mooy — 1 14+ X2+ X3
221_1+X2+X3 1+X2+X3

(which is exactly the same as Oy of type 4) are (re)printed for the sake of completeness.

Outside of Céi), there are three orbits of length 4—one of them coinciding with the orbit
of length 4 outside of Céi)—, seven orbits of length 20, and two orbits of length 40.

The automorphism group Aut(Céi)) has order 80 and Magma states that it is isomorphic
to the semidirect product (Ca x C2) x (F5 x Ff) of the Klein four-group and the Frobenius

group of order 20.

The generators of Aut(Céi)) are

g1: Ha(Fi6) — Ha(Fi6),

1 0

—T
C— P ~O'(C)-P1+Sl

0 1+ X2+ x3

2 2 3
with P1:<O X> and5’1:<1+X +X 0 ),

and
g2: Ha(F16) — Ha(F16),

with Py = < 1+X

X + X3

—T
C— Py -U(C)~P2+SQ

1+ X3 (10
1+X> ands?_(o 1>’

where o: Fig — Fig, © — 22 is the Frobenius automorphism. The action of these generators

)

on Cgi is given by

g1!c§i> =(Mo, Maag, Mgo, Mieo)(Ms7, Mss, Mi17, Mio3)(Mi2g, Mago, Ma12, Misg)
(My32, Maor, Magg,152) (Mi3g, Migg, Maz1, Mia7)(Mia1, Migs, Maig, Miso)

and

92’053’ =(Mo, Mgo)(Ms7, Mago, Miar, Miaz)(Mss, Maig, Misg, Mi2g)(Mios, Miss, Maor, Magy)
(M7, Mis2, Moo, Migs)(Miz2, Migg)(Miso, Ma12).
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6)

Type 6: Cé 4 consists of two fixed points—again chosen to be the zero matrix My = <

1
and the identity matrix Mgy = <

3
051) _ {Mm :(Xfxd 1+XO+X
3
052)—{]\420 :(;2 )f)),
2 3
Oég):{MNﬁ:(HXO”LX X2 4 X3

two orbits of length 4
1) _ _( 0 14 X3
0y —{M5 _(1+X2 0 )’

_ 0
My *(1+X+X3 0

2 _ _({ 0 X+ X24+Xx3
Oy _{M3 _(1+X 0

_ 0 1+ X2
Mo _(1+X3 0 )’

and one orbit of length 8

X2+ X3 1+X+X%2+X3
Os = {M34 =(

X
1+X24+X3 1
Mig =" b,
Mo —=(©° 1+ X+ X2+ X3
130 — X X2+X3

0 1
Migs :(1 1+X2+X3)’

X + X3

)

0 (1)> —,three orbits of length 2

_ 0 1+ X
Mg _(X+X2+X3 0 )}
3

Mes :()?2 )i)}

X2+ X3 0
M224:( 0 1+X24+Xx3) (0

0 14+ X2+ X3
T+ X%+ X3 0 ’

X2 +X3 X2
X3 0 )’

1+ X2+ X3
1+X+X24Xx8

X
0}/’

5
I
A~ N

(0 X?
_X3 X2+X37

00
00

Mo — 0 X
20T =14+ X+X2+X% 14+X2+X3

under its automorphism group. The collinearity of those matrices is shown in Figure 8.

Outside of Céi), there are two further fixed points, seven orbits of length 2, 20 orbits of
length 4, and 17 orbits of length 8. The all in all four fixed points do not lie on one line but
fulfill that their sum is the zero matrix. This property is independent of the representative
since a different representative always arises by application of a map of form (4),4-S =0

in characteristic 2, and the rest of the map can be placed outside brackets.

The automorphism group is isomorphic to Cs x Cy and thereby has order 8. It is generated

by the two maps g1 and go,

gi: Ha(F16) = Ha(F16),

with P = (JO(

—T

0 0 1
1) andP2<1 0),

where o7 : Flﬁ — Fw, T — 1‘8 and o9 Flﬁ — Flﬁ, T — .
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(6)

The restrictions of those generators to Cy, are

91leger =(Ms, My, Mz, Mo)(Ms, Ms, M1, Mi2)(Mio, Mia)
(Ms4, Me3, Mao, Mag)(Mis0, Mooz, Mi3e, M193)(Mize, Maoa)

and
92leter =(Mao, Mes)(Msa, Miso)(Mao, Mise) (Mag, Migs) (Mes, Mzo7)(Mize, Ma24)-

In Figure 8, g7 acts by reflecting each of the three spikes with respect to its vertical axis
while g9 interchanges the two bottom spikes and the points 176 and 224.

Type 7: The code Cé? contains two fixed points My = <8 8) and Mgy = <(1) (1)> again.
(7)

The remaining orbits inside Cy,” are

_ (X2 4+ X3 0 _(1+X24 X3 0
OZ—{M16O—( 0 x24x3) Moo = 0 Trx2ax3) (0
(1)_ X2+X3 1 o X2+ X3 14X4+X24Xx3

010 =4 M3z = o) Mg, = X 0 ,
_(x? +X5 X3 Mo —=(X+Xx% X2
- 0 9 40 — X3 0 9
. X2+X3 X Mios — 0 1
- +X+X2+X3 0)’ 193_1 1+X2+X37
o 1+ X+ X24Xx8 A X3
Miga —( LEx24x3 ) Migs =( 2 14 x24 x3)
0 X
Maoo = ( 3 1+X2+X3) Maor = (1+X+X2+X3 1+X2+X3>}’
and
(2) _ (X2 4 X3 X4+ X24X3 X2 4+ X3 1+ X3
Opp = Mor=("1 [ Tix24x0 Mazo =("1 %2 14 x4 x3)
M. X244 X3 14X+ X2 M. _( XZ4 X3 X + X2
230 X+X2 1+X2+X37 231_1+X+X2 1+X2+X3’
M X2 4+ x3 1+ X2 M. X2+ X3 14X+ X3
233 — 1+X‘3 1+X2+X37 234 — X+X3 1+X2+X37
Mons — X2 4+ X3 X+ X3 M. _(X?+Xx3 X2 4+ X3
235 — 1+X4+X3 14X24Xx3) 236 — X2 4 X3 14 X24x3)
Monr — X2 4+ X3 1+ X2 4 X3 Mong — X2 4+ X3 1+ X
237_1+X2+X3 1+X2+X37 238_X+X2+X3 1+X2+X3 .

The matrices of (9%0) form five full lines while O forms a line together with the fixed
points. The matrices of (’)g(lj) all lie on a line through a matrix of 02 and a matrix of (’)%) as
Figure 9 shows.

Outside of Céz), we have two further fixed points that do not lie on a line with My and Mgg
but fulfill that the sum of all four fixed points is the zero matrix. Additionally, there are

five orbits of length 2, four orbits of length 5, and 20 orbits of length 20 outside of the code.
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of maximum code in Ha(Fig), type 7.

Figure 9: Stucture
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. 7
The automorphism group of C ( 4)

54 has size 20 and is generated by the two maps

with P, = <‘§ (1)>

where o(x) = 28 Vo € Fig. According to Magma, Aut(CéZ)) is isomorphic to the Frobenius
group F5 x F:. The restrictions of the generators to the code are

—T
glng(Flﬁ)%’HQ(Fm), Cb—>P1 -C-Pl

and

—T
ga: HQ(Flﬁ) — HQGFlG), C— PQ . O‘(C) . P2

91!65? =(Ma30, M3, Moz, Masg, Mooz)(Maog, Moz, Mass, Moz, Masr)

(Mao7, Mg, Miga, Migs, Maoo)(Mse, Mao, Maz, M3g, M3y)
and

92loen =(Maso, Mass) (Mase, Mazg, Mazr, Masa)(Mas1, Moass, Mass, M)

(Mag7, My7)(Msg, Migs, Mss, Mago)(Mao, Migs, M3z, Miga)
(Mi60, Ma4g).

In Figure 9, g1 acts as a rotation by 72° and g2 as a reflection with respect to the vertical
axis. Considering the edges of the pentagram instead and identifying them with elements of

F5 in the way Figure 6 shows (as we already did analyzing type 2), g1 corresponds to “+41”
and gg to “-27.

6.2.4 Maximum Code in S3(F3) with d =2

For the case S3(F2), the implementation of Algorithm 2 had to be adjusted such that it is
using the special graph I'g,g,) described on page 17. It then delivered the result that a
maximum code in S3(F2) with d = 2 has size 22 (which is already found by Kiermaier [36]
as previously mentioned in section 3.2.2) and all maximum codes are isomorphic.

The automorphism group Aut(Cs2) has order 168 and, according to Magma, is a simple
group. Every simple group of order 168 is isomorphic to GL3(F2) (see, e.g., [64]) and so is
Aut(CQQ).

The action of Aut(Cag) partitions Cyo into one fixed point and one orbit of length 21.
After moving the fixed point to the zero matrix, we gain a representative consisting exactly

0 00
of the zero matrix My = [0 0 0| and the set of the 21 non-alternate rank-2-matrices
0 00
1 0 0 1 1 0 0 1 0
Oy =qMs=10 1 0|, Ms=1|(1 0 0], Mg=1[1 1 o],
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 11 0
Mg=10 0o o), Mig=1[(0 1 of, Mis=1{1 1 0],
0 0 1 0 0 1 0 0 1
1 0 1 1 1 1 0 0 1
Miyz=1(0 o of, Moy=1{1 0 0], Moyg= 1[0 0 o0,
1 0 0 1 0 0 1 0 1



10 1 0 1 1 0 0 0
Mor=1(0 1 of, Msgg=1{1 1 o), Mzgyu=1[0 1 1],

1 0 1 1 0 1 01 0

0 1 0 0 0 0 10 0
Msg= (1 1 1|, Mg=1{0 0o 1|, Mys=1[0 1 1],

0 1 0 0 1 1 0 1 1

1 1 0 1 0 1 11 1
Mys=1(1 o 1|, Msgr=1{0 1 1), Mss=1[1 1 1],

0 1 1 1 1 0 11 0

0 0 1 11 1 01 1
Msg=10 0 1|, Mgi=1{(1 0 1), Mgp= {1 1 1

11 1 11 1 11 1

Besides the fixed point and the orbit O2; within the code, Aut(Ce2) has an orbit of
length 7 consisting of the rank-1-matrices, an orbit of length 7 consisting of the alternate
rank-2-matrices, and an orbit of length 28 consisting of the rank-3-matrices outside of Cas.

The automorphism group of Cyo then is generated by the three maps g1, g2, and g3 where

gi: S3(Fo) — S3(Fa), cC—p'.Cc-p

010 100 110
with =110 0],R=(0 0 1],andP3=1|0 1 0],
0 01 010 0 0 1
so the automorphism group consists exactly of the maps C +— PT.C - P with P € GL3(Fy).
In other words, the automorphism group of Cs is the stabilizer subgroup of the isometries
of S3(IF2) with respect to the zero matrix.
The restrictions of the generators to Coo are

g1leyy =(Ms, Me)(Mg, Myo) (M7, M34) (Mo, Msg)
(Maa, Mao)(Maz, Maz)(Mso, Mas)(Me1, Mez),

g2ley, =(Ms3, Mg)(Ms, My7)(Me, May)(Mis, Ma7)
(M34, Mao)(Msg, Msg)(Mas, Ms1)(Mss, Me1),

and
93lcay =(Ms, M5)(Mg, Mis)(Mi7, Mss)(Mai1, Ms1)
(Maa, Mse)(Mar, Me1)(Mso, Me2) (Mg, Mys).

6.3 An Algorithm Using Cliquer

Since the orderly algorithm computes intermediate sets with strongly increasing size, another
algorithm is discussed which does not have this drawback. In this, a set of C-routines, called
Cliquer [47], is used. Cliquer can be used to find all maximum cliques in a given graph but
also has a wider range of application, see, e.g., [47].

The key idea of Cliquer is a branch-and-bound approach. For description of the underly-
ing algorithm, see [67, algorithm 2]. Cliquer can be used with different predefined orderings
of vertices, e.g., the greedy vertex coloring which seems to perform well in many cases (see,
e.g., [47, Section 2.4] which is based on discussion in [67]).

To translate the problem of finding maximum codes with minimum distance at least
a fixed number d in a space of matrices M C F;"*" into a maximum clique problem, we
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generate a graph Ajqq with vertices 0,...,#M — 1 that has an edge connecting vertices ¢
and j if and only if dy(M;, M;) > d. This graph Ay 4 is not to be confused with the graph
I' ¢ described in section 4.4.

But passing the whole graph Aa 4 to Cliquer would take too much time consumption
and also the provided source code is not parallelized. So the idea is to use a “hybrid
approach” as suggested by Royle (see [53, Section 2]). Instead of Ay g4, Cliquer is given the

induced subgraph Ag\i) 4 consisting of all vertices adjacent to a predefined small clique S.

Note that, if the vertices of As\i) 4 are relabeled with consecutive numbers, they have to be

translated back into vertices of Aaq 4 at the end of calculation. Using Cliquer on Ag\i) g for

each possible clique S with a fixed small size would imply that all maximum cliques are
found—possibly besides cliques S U S’, where S’ is a maximum clique in Ag\i) 4> that are
maximal but nevertheless not maximum in Apy 4.

Since we are only interested in non-isomorphic codes, it is sufficient to restrict ourself to
starting configurations that are not isomorphic in the sense of Definition 4.1. These starting
configurations are created with the orderly algorithm. At the end, it is necessary to check

all maximum codes for isomorphism.

Procedure IsIsomorphic(Cy,Cy;(I'aq,m)): Canon() refers to the canonical labeled
graph computed by nauty.

forall the v in the vertex set of I'pq do
for i+ 1to 2 do
if v € C; then
| mi(v) < 1;
else
‘ mi(v) + 7(v) + 1;
end

end

© 00 N O A W N

end

if Canon(I'"s4, m1) =Canon(I' s, o) then
‘ return true;

else
‘ return false;

end

I = S S Y
B W N = O

Algorithm 3 consolidates the whole approach. Up to line 10, the orderly algorithm is
applied to generate the starting configurations. If the size of the starting configurations is
chosen larger than the maximum code size, the result is output and the algorithm terminated
in line 8. In lines 11 to 18, for each starting configuration S, the graph AS\S/? 4 is created and
passed to Cliquer for solving the problem of finding all maximum cliques. The maximum
clique size is increased by s and the vertices of S are added to each clique found. If s is
chosen appropriate, lines 11 to 18 contain the main effort of this algorithm. Since the starting
configurations S and thus the subgraphs AS{? 4 are independent, this part is quite easy to
parallelize. In lines 19 and 20, the maximum code size is determined and all cliques of that
size are combined in the set M. In lines 21 to 32, one representative of each isomorphism

class is added to the set .S, which is subsequently returned along with m. The test for
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Algorithm 3: Algorithm for classification of maximum codes, based on Cliquer [47].
Here CliquerFindAl1lMaximumCliques () stands for the procedure which is outsourced
to Cliquer and returns a pair (m, M) where m is the maximum clique size and M is
the set of all maximum cliques in the input graph.

© W N O A W N

[
- o

[y
N

13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Input: Matrix set M € {F"*", S, (F,), Hn(Fgp2)},
lower bound d for the minimum distance,
size of starting configurations s

Output: Maximum code size m and set S, containing precisely one representative of

each isomorphism class of maximum codes

Create colored graph (I'aq, 7);

So + {@},

k + 0;

while k£ < s do

Sk+1 < Augment (Sk; M, (T'apq, ), d);

k<+—k+1;

if S, =0 then

‘ return (k — 1, 5¢-1);
end
end

forall the S € S, do

Create graph AS{? &

(ms, Ms) ¢ CliquerFindAllMaximumCliques (A} );
mg <— mg + S;
forall the C' € Mg do
| Cecus;
end

end
m < max{mg | S € Ss};
M US:mszm MS;
S+ 0;
forall the C € M do
b <true;
forall the T' € S,, do
if IsIsomorphic(C,T;I"y() then
‘ b < false;
end
end
if b then
‘ S < Sm U{C};
end

end
return (m, Sp,);
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Table 6: Computation time of CliquerFindAl1MaximumCliques (Agi)(]ng) ,) for one starting

configuration S of each of the sizes 4 to 6 and deduced estimated total computation time.

k=#S time (min) #Sg extrapolated total time
4 1487 89 92 days
5 39 2317 63 days
6 6 80105 361 days

isomorphism is done using Procedure IsIsomorphic(). This procedure equips the graph
(T p, ) with two different new colorings

(v) = 1, veCy
= T(v)+1, ve¢Cy

and

(’U)— 1, v € Cy
= m(v)+1, v¢Cy

and tests the colored graphs (I'yq, m1) and (', m2) for isomorphism.

To get an idea how big the starting cliques S should be in the case M = Hy(Fa5),
the graph As\i) 4 is passed to cliquer for each one clique S of the sizes 4, 5, and 6. Then
the resulting computing time on an Intel Core i7 3770 is multiplied by the number of non-
isomorphic cliques of that size (taken from Table 4). The results are listed in Table 6. Due
to inaccuracy in the first time measurement, start sets of size 4 are used instead of start sets
of size 5. Table 6 contains the corrected data.

Though the extrapolated total computation time takes a minimum at #S = 5, it is
not sure that this would be really the best choice. This is mainly due to the fact that
the computation time varies widely for different starting configurations of the same size as
we will see below. Additionally, the computation time is lengthened when 8 processes are
computing at the same time (by a factor of 1.66 for the set of size 4 tested).

In the case M = Hy(Fa5), d = 2, 88 of the 89 starting configurations led to the maximum
clique size of 47. The distribution of the computation time of CliquerFindAllMaximum-
Cliques(Agi)(]F%m) is described in Table 7. Besides the maximum size of 47—which was

already known to be a lower bound [8]—, Algorithm 3 revealed that all maximum cliques are
isomorphic in this case. One representative of this isomorphism class is analyzed in section
6.3.1.

Table 7: Distribution (quantiles, maximum, and average) of the computation time in hours

of C1iquerFindA11MaximumC1iques(Ag_[SQ)(FT) o) for all starting configurations S of size 4
leading to the overall maximum clique size.

Q10 Q25 Q50 Q75 Qoo Qo5 Qo9 max av.

30 42 54 93 121 180 203 489 74
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An attempt to apply Algorithm 3 to M = H3(F4), d = 2 with parameter s = 4 has been
aborted after nearly three weeks. By then, the largest clique found by Cliquer in 44 of the

107 graphs Ag_i)(h , is of size 84. Adding the 4 start vertices, this gives a code of size 88.
As we will see in éection 6.4, this calculation has been far away from completion since a
maximum code in H3(F4) with minimum distance > 2 has size at least 120.

6.3.1 Maximum Code in H2(Fy5) with d =2

The code C47 consists of one fixed point under its automorphism group—which is chosen to

be the zero matrix My = (8 8) —, three orbits

and

1 _ _( 0  2+4X _( 0 344X
Os _{M7 _(2+X 0 )’ M _<3+X 0 )7
_( 0 24X _( 0 34X
Moz _(2+4X 0 >’ Mas _(3+4X 0 )’

M7z :(3 f); Mg :@ ?)7

M7 =(§ i); Ms7g :@ i) }
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and

(2 _ _( © 143X 0 4+3X
OF —{Mﬂ _(1+2X 0 )’ Mia (4+2X 0 )’
_( 0 142X _( 0 442X
Mg _(1+3X 0 )’ Mg _(4+3X 0 )’

M3s1 2(1 §>, M3s4 :(i 3),

Mio1 :G ;)), M404=Cl §) }

of length 8, and one orbit

_ _( 2 243X 2 343X
012_{M62 _(2+2X 0 )7 Mes (3+2X 0 )’
_( 2 242X _( 2 342X
Mez _(2+3X 0 )7 Mes _<3+3X 0 )’
40 14X
Ma2s :(0 1>, Mas0 :(X 5 ),
_(1 X _(3 0
0 243X _( 0 343X
0 242X _( 0 342X
Ms17 (2+3X 4 )’ M518_<3+3X 4 )}

of length 12. The matrices of 05(31) are all of the form

3 2 n 0 1 8 2 X n 24X

2 4) 7 \1 0 ax 1) 77 \x 1
where «, 5,7 € {0,1}. This is a parallelepiped whose space diagonals intersect at the zero
matrix Mgy. The orbit OéQ) arises from Oél) by central dilation with scaling center My

and scale factor 3. The matrices of Oél) are obtained as the centers of the faces of the

parallelepiped OéQ). Shifting (9((31) by <(2) 2) yields Oég) and Oéz) results from (9((33) by
central dilation with scaling center M, and scale factor % = 2. Finally, the twelve matrices of

012 can be constructed from the twelve edges of the bipyramids Oél) and (’)((53) by intersecting

the lines through the end points of one edge of (’)él) and the respective opposite end points

of the corresponding edge of 0(3), for example, M55 is the intersection point of the line
through M580 and M551 and the line through Ml and Mggo.
Outside of Cy47, there are further four fixed points that are all multiples (with coefficients

B 4 0 L S (2) . (2 0\ _ 4 0) .

in Ff) of (0 3) which is the midpoint of Og”. The matrix <0 4> =3 (0 3> is the
(3) 10 4 0 3 .

center of Oy and 0 2) = 4. 0 3 —where the factor 4 can be thought of as 5 with

regard to the construction of Q15 and figure 10—is the center of O15. Besides, there are
seven orbits of length 6, eight orbits of length 8, nine orbits of length 12, and fifteen orbits
of length 24.
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In Figure 10, the orbits in C47 are illustrated as octahedra, cubes, and cuboctahedron
in view of the automorphism group Aut(C47) which has order 48 and is isomorphic to the
symmetry group of a cube. It is generated by the three maps

T
gi: Ha(Fas) = Ho(Fos), C— P -0;(C)- P

with P1:<0 3X>’P2:<2+X 4+3X>7

X 0 34X 3X
24X 4X
and P3_<2X 2+4X>

where o7 : F25 — F25, T — f, and o9 = o3 = ings‘
In Figure 10, those maps act simultaneous on (’)éQ), (’)((53), 012, and the union of the three

orbits Oél), (’)él), and OéQ) in the following way:

Giles; =M, My)(Miso, Mso5)(Migs, Msso)

(Mgs, M140) (Moo, M135)(Maz7, Myzs)

(Mi05, M395)(M120, M380)(Mss1, Ms54)

(M7, Ma3)(Ms, Maz)(Mi77, Ms78)(Mi7s, Ms77)

(My1, Myg) (Mg, Mig)(M3s1, Maos) (Mzs4, Mao1)

(Me2, M518)(Mes, Ms17)(Me7, Ms513)(Mes, Ms12)(Mazs, Maso) (Maso, Maos)
is a point reflection,

92|cu; =(Mi, Msgs, My, Migo)

M7, Mg, Ms7s, Ms77)(Maz, My77, M17s, Ma3)
M1, Mao1, Myoa, M14)(Mie, Mrg, M3s4, M351)
(Me2, Mas0, Me3, Mags)(Mez, Meg, Ms13, Ms12)(Mazs, Ms17, Mago, Ms1g)
is a rotation by 90° with respect to the vertical axis, and
g3les; =(M1, Migs, M1go)(Ma, Msgo, Msgs)
(Mss, Myz7, Moo)(Mi3s, M140, Myrs)
(Mio5, Ms51, M120)(M3s0, M395, Mss54)
(M7, Ms78, Ma2) (Mg, Mz, Mi77)
(My1, M1g, M354)(M14, Mao1, M1g)
(M2, Mago, Ms13)(Mes, Maso, Mes)(Me7, Ms1s, Mags)(Maas, Ms12, Ms17)

is a rotation by 120° with respect to the space diagonal axis which runs from the front
bottom left to the back top right.
6.3.2 Improvement of the Method

It is desirable to exclude a part of the starting configurations without affecting the cor-
rectness of the result—mnot only because the computation time of CliquerFindAl1Maximum-

Cliques(ASa) 4) Vvaries widely but also since the total computation time is approximately
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linear in the number of starting configurations. This motivates us to develop a criterion for
a starting configuration to be negligible.

Figure 11 illustrates the idea in a simple example: There are four starting configurations
S1,...,854 of size 2. The computation of CliquerFindAl1MaximumCliques (AS\ii,)d) is already
completed for i € {1,3,4} and we want to decide whether we can neglect the starting
configuration Ss. For this, Procedure Augment () is applied twice to Sy (to be more precise,
it is first applied to ({Sa2}; M, (Tar,7),d) and then to (T; M, (I'as,7),d) where T is the
result of the first execution) to obtain all starting configurations of size 4 which result from
S5 in the orderly generation. Then we check if each of these configurations of size 4 contains
a subset of size 2 which is isomorphic to one of the starting configurations S1, S3 or Sy.

Figure 11: Tllustration of the improvement strategy for Algorithm 3.

S1
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Since this is the case, we in fact can exclude Se without influencing the classification result.
This can be explained in the following way: It is permissible to mix the sizes of the starting
configurations as long as all leaves of a subtree of the orderly generation tree are used as
starting configurations since the results of CliquerFindAllMaximumCliques(As\i)’ ) for all
leaves S include the results of Algorithm 2. In our example, this means that we could use S,
Ss, S4 and the five shown sets of size 4 as starting configurations. But each of the starting
configurations of size 4 can be neglected since any clique arising from them contains a subset
of size 2 which is isomorphic to S;, i € {1,3,4}, and thus is isomorphic to a (subset of a)
clique arising from this set S;.

Transferring this rule to the general case where the sets in S} are used as starting con-
figurations, gives the following criterion: Let S € Sy be a starting configuration of size k
and let T" be the set of configurations of size m > k obtained by subsequently applying
Procedure Augment() to S. Then S can be neglected if every set in 7' contains a sub-
set of size k which is isomorphic to a configuration S € S} for which the computation of

CliquerFindAllMaximumCliques(Ag{? 4) 1s already completed.

Since the excluded configurations can be considered completed, we can use already ex-
cluded configurations of size k for the isomorphism tests additionally to those configurations
S € Sy for which the computation of CliquerFindAllMaximumCliques(Afl), g0 is already
completed. There is a chance that configurations can be neglected this way that otherwise
could not.

There are also different further developments of this idea. If one starting configuration
can not be excluded completely, either the augmented sets which prevent the set from being
excluded can be used as starting configurations instead or they can be augmented further
to see if they can be excluded then.

In the case Ha(IFa5), the starting configuration which had by far the longest computation
time could be excluded by augmenting to size 6.

6.4 Heuristic Clique Search

Since the possibilities of the algorithms described in sections 6.2 and 6.3—which are capable
of proving the maximum code size including classification—are exhausted quickly, the prob-
lem is approached heuristically too. The aim is to at least increase the lower bounds for the
maximum code size.

Algorithm 4 is a heuristic approach that seizes the idea of the DLS-MC (dynamic local
search for the maximum clique problem) algorithm from [49]. Again, it is used that the
problem of finding maximum codes can be translated into a maximum clique problem. The
strategy is to first expand a clique as long as possible (improvement phase) and then exchange
single vertices in the hope of being able to add vertices again (plateau search phase).

In order to prevent the algorithm from cycling, there is a flag for each vertex which can
take the values “available” and “unavailable” and a vertex is set “unavailable” if it is selected
during the plateau search phase.

For each non-empty clique C in a graph with vertex set V', there are defined two sets:

Ni(C) ={v e V\C |vis adjacent to all vertices of C}
is the set of vertices the current clique C can be expanded by and

NL(C) ={v e V\C|wvis adjacent to all vertices of C except for one}
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is the set of vertices that can be used to exchange one single vertex in C.

Algorithm 4: Heuristic clique search seizing the idea of DLS-MC [49].

Input: graph I' with vertex set V'
Output: increasing numbers m and cliques of size m

1 m <« 0

2 set all vertices “available”;
3 C < {random(V)};

4 initialize N;(C) and N1 (C);

5 repeat
6 while N;(C) #0 do
7 v < random (N (C));
8 C « CU{v};
9 update N;(C) and N (C);
10 end
11 if #C > m then
12 m < #C;
13 output (m,C);
14 end
15 | nener < #C;
16 while {w € N.(C) | w available} # O and neqer > 0 do
17 v < random({w € N(C) | w available});
18 set v “unavailable”;
19 w <— vertex in C not adjacent to v;
20 | | Ce(C\{wh)U ok
21 update N;(C) and N (C);
22 nener <— nener — 1
23 if N7(C) # () then
24 ‘ goto line 6;
25 end
26 end
27 v < random (V' \ C);
28 C + {w € C | w adjacent to v} U {v};
29 update N;(C) and N(C);
30 set all vertices “available”;

31

until forever;

Algorithm 4 proceeds as follows: At the beginning, the size of the largest clique found so
far is initialized with 0 and all vertices are set “available”. Then the clique C is initialized
with a set containing only one random vertex. The rest of the algorithm is an infinite loop
and can be terminated at any time. In the improvement phase (lines 6 to 10), successively
random vertices of the set N;(C) are added to the clique C until C is maximal. After each
change of C, the sets N;(C) and N7(C) have to be updated to ensure that C always is a
clique.

When the improvement phase is completed, the current clique and its size are output if
it is larger than the largest clique found before. In this case, also the variable for the size
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of the largest clique found is refreshed. We remark that the output contains only maximal
cliques.

In line 15, the variable neqer is set to the size of the current clique. This variable
originates from the following termination condition for the plateau search phase of the DLS-
MC algorithm: At the beginning of the plateau search phase, the current clique is saved
in the variable C’ and the plateau search is terminated when the intersection of C and C’
becomes empty. Pullan and Hoos adopt this criterion from [34]. In [49, p. 163], it is remarked
that this criterion can be realized by decreasing nener by one each time a vertex is selected
and terminating when nener = 0 since—as we will see—the plateau search phase is designed
such that each vertex can only be chosen once. We note that those criteria are not exactly
equivalent since if a vertex which is not in C’ is first swapped into C and later swapped out
again, nener decreases faster than #(C N C’).

The plateau search phase contains the lines 16 to 26. Here, an available vertex is chosen
at random from Np(C) and exchanges the only vertex of C to which it is not adjacent.
Each vertex selected during the plateau search phase of the algorithm is set “unavailable”.
This prevents the algorithm from choosing the same vertex twice in the plateau search
phase. Anyway, we do not prevent an unavailable vertex from enlarging the clique in the
improvement phase. After each replacement of an element in C, the sets N;(C) and N7 (C)
are updated and nener is decreased by one. Those steps are repeated until there are no
available vertices left in N (C), nener becomes zero, or Ny(C) becomes non-empty. In the
last case, the algorithm jumps back to the improvement phase, in the first two cases, the
clique C is truncated by adding a random vertex v and removing all vertices which are not
adjacent to v from C. Before the algorithm starts the improvement phase again, all vertices
are made available again.

To reduce the search space and avoid unnecessary symmetries, the graph AS\{/?}), i.e., the
subgraph of A, 4 induced by all vertices adjacent to 0, is passed to Algorithm 4 instead of
A, q. When outputting (m,C), m has to be increased by one and C has to be completed
with vertex 0. This is not an actual restriction since every code can be offset to include the
zero matrix provided that its surrounding matrix space M forms a group under addition.

Besides Algorithm 4, there is also implemented a greedy variant. A greedy algorithm is
one that makes locally the best choice. In our case, this means adding a vertex to the clique
which fulfills that the set of vertices which could be added next is as large as possible instead
of just a random one. For this, line 7 was exchanged by

7| | v+ random({v’ € N;(C) | #N;(C U {v'}) maximal});

It turns out that none of the two versions is essentially better. The greedy variant has
its advantage in finding cliques of most sizes faster but with the drawback that it does not
find some “hidden” cliques.

The sizes of the largest cliques found are summarized in Table 8 and compared with the
upper and lower bounds from section 3. In all attempted symmetric cases, the lower bound
could be improved. In the cases Ha(Fy2), 7 < q¢ < 13, d = 2, the lower bounds originate
from heuristic search done by Cimrékovd and Fack in [8]. For ¢ € {7,8,9}, we confirm their
results, in the case ¢ = 11, we can improve it, while in the case ¢ = 13 we do not reach their
result. In all remaining attempted Hermitian cases, the lower bound is exceeded. The best
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Table 8: Sizes of the largest codes found by Algorithm 4 or its greedy version in comparison
to the lower and upper bounds summarized in Section 3. Improvements on the lower bounds
are marked bold.

n=3,d=2 n=4,d=2 n=>5d=4
Sn(]Fq) q=3 qg=4 q=>5 q=71 q=2 qg=2
lower bound 90 256 625 2401 256 64
heuristic 135 428 934 3100 320 96
result
upper bound 201 4033 2705 15001 1009 1024
n=2d=2 n=3,d=2 n=4,d=
Hn(FqQ) q="7 g=38 qg=9 g=11 g=13 q=16 qg=2 qg=2
lower bound 97 125 145 215 272 271 64 16
heuristic 97 125 145 239 194 289 120 37
result
upper bound 175 216 369 671 1105 1296 176 86

codes found by our heuristic search are recorded on a disc attached to this thesis.

Altogether, the heuristic computations lasted about five weeks utilizing several comput-
ers. In the smallest cases, almost all runs reached the best result while in the others, mostly
only one amongst several runs did. In those cases, the best result often outdistances the rest
which indicates a hidden solution which is only found if the algorithm is lucky.

In Figure 12, the new lower bounds for the sizes maximum codes in Ha(F,2) with min-
imum distance 2 (for ¢ < 5 these are the sizes of maximum codes) are compared to the
function 2¢?. The plot suggests the assumption that the maximum code size grows like 2¢?,
though the heuristics (including the one in [8] for ¢ = 13) did not find sizes near this value
for ¢ > 13. Actually, all found codes are of size < 2¢?. This possibly might be true for all
codes with minimum distance 2 in Ha(F,2).

7 Conclusion

7.1 Results

In this thesis, the maximum codes in Ha(F4), Ha(F9), Ha(Fi6), S3(F2), and Ha(Fas), each
with minimum distance > 2 have been classified. In latter case, this implied the proof that
the lower bound on the maximum code size, 47, which was given by Cimrakova and Fack
in [8] by heuristic search, is tight. In each of the matrix spaces Ha(F4), Hao(Fg), S3(Fa),
and Ho(Fg5), it was shown that the maximum code is unique up to isomorphism and those
codes could be interpreted quite satisfyingly: A maximum code in Ho(F4) is isomorphic to
the set of rank-1-matrices while a maximum code in S3(IF2) with minimum distance 2 is
isomorphic to the set which contains the zero matrix and all non-alternate rank-2 matrices.
A maximum code in Hz(Fy) is closely related to the Cremona-Richmond configuration and
a maximum code in Ho(Fa5) features an octahedral symmetry. In Ho(FF16), there are seven
different isomorphism classes of maximum codes.

In some more cases, it was possible to construct new codes which improve the known
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Figure 12: Optimal and best heuristical code sizes for codes in Hz(F,2) with minimum
distance > 2 in comparison to the function 2¢2.
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lower bounds on the maximum code size by heuristic search.
Furthermore, a construction for additive codes with minimum distance 2 of size ¢

in H,(F;2) was given. This provides a partial answer to the question whether additive
n(n—d+1)

n(n—1)

codes of size ¢ with minimum distance d < n where n and d are both even exist in
Hn(F,2) and how to construct them [57, remark after Thm. 5]. The question remains open
for 4 < d < n where n and d are both even.

This construction also improves the lower bound on the maximum code size in H,(F2)
in the cases where d = 2 and n > 4 even. All improvements on lower bounds are summarized
in Table 9.

Table 9: Improvements on lower bounds for the maximum code size.

n=3,d=2 n=4,d=2 n=>5d=4
SH(FQ) q=3 qg=4 q=>5 q="17 q=2 q=2
previous 90 256 625 2401 256 64
new 135 428 934 3100 320 96
n=2d=2 n=3,d=2 n=4,d=4 n >4 even, d =2
H” (FQZ) qg=11 q=16 q=2 q=2 q arbitrary prime power
previous 215 271 64 16 gn(n=2)
new 239 289 120 37 qn(n—1
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It was also possible to slightly improve the upper bound for the size of a maximum code
with minimum distance 2 in S, (F,). The new upper bound in this case is R Ly |
whereas the previous bound equaled the number ¢""*"/2 of symmetric matrices in Sn(Fy).

Besides this research on bounds and classification, it was also shown that in general, the
automorphism group of a code depends on its ambient space in a nontrivial way.

7.2 Further Work

For further research, the following ideas are suggested:

e Improve the known upper bound for the maximum code size in Hz(F,2). The best
e

known bound is min {%(q3 +q), (W) }, where ¢ = p€, p prime. Our results
suggest that 2¢% might be a good upper bound.

e Though the maximum code size is known in the unrestricted case, those codes should
be classified with respect to the concept of isomorphism presented in section 4.1. No
such research is known to the author of this thesis.

e (Classify codes in the symmetric and Hermitian cases, where the known upper and lower
bounds coincide. For symmetric matrices, this is the case when d is odd or d = n. For
Hermitian matrices, the upper and lower bounds coincide when d is odd.

e Apply the heuristic presented in section 6.4 using starting configurations bigger than
{0}. This could also solve the problem that (for example in the case H4(Fyg), d = 4)

the graph Ag\{/to}) is too large to fit into 32 GB RAM and 108.5 GB swap.

e A strategy which was not pursued in this thesis is formulating the maximum clique
search in Apqq as an integer linear programming (ILP) problem and pass it to an
appropriate solver. This has the advantage that the solver successively improves both
the upper and lower bounds. However, the resulting ILPs are quite big and compu-
tationally hard to solve. In the orientation phase of this thesis, this was checked out
using Gurobi [30] for the case S3(FF3). After about 4.5 days, the upper bound was
reduced from 201 to 198 while the lower bound was raised from 90 to 135. Also the
performance did not improve considerably by prescribing small starting configurations.
It should be noted that even if the solver finds an exact solution, this does not involve
a classification.

e The approach which looks most promising for further classification results is to extend
the improvement ideas of Section 6.3.2, for example, in the following way: Starting
with a full set Si of starting configurations of size k, each time the computation
of CliquerFindAllMaximumCliques(Ag\i{ g finishes for some S in Sy, the unfinished
starting configurations are checked for redundancy. This can be done by extending
step by step rather than extending to a predefined size m and checking for subsets
isomorphic to completed or excluded sets S e Sj, after each augmentation step.

For the next case in reach, H3(F4), d = 2, k should be chosen at least 5 since the
computation time for single starting configurations of size 4 exceeds three weeks by
far, see page 48 in Section 6.3.
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A Partial Spreads and Partial Ovoids in Classical Polar
Spaces

Definition A.1. [7, Section 1.4] A polar space S is a set of points together with distinguished
subsets called subspaces such that:

(i) a subspace together with the subspaces it contains is a d-dimensional projective space
with —1 < d < n — 1 for some integer n which is called the rank of S;

(ii) the intersection of any two subspaces is a subspace;

(iii) given a subspace L of dimension n — 1 and a point p € S\ L , there exists a unique
subspace M containing p such that dim(M N L) = n — 2 and it contains all points of
L which are joined to p by some subspace of dimension one;

(iv) there exist disjoint subspaces of dimension n — 1.

Definition A.2. [9, Section 1] The generators of a classical polar space are the subspaces
of maximal dimension.

Definition A.3. [62, Section 1.1]

1. H(n,q?) is the polar space formed by the points and lines of a non-singular Hermitian
variety H in PG(n,¢?), n > 3. Its rank is {%]

2. @ (2n+1,q) is the polar space formed by the points and lines of a non-singular elliptic
quadric Q™ in PG(2n + 1,q), n > 2. Its rank is n.

Theorem A.4. [62, Thm. 5] Q= (5,q) is isomorphic to the dual of H(3,q?).
Definition A.5. [9, Section 1]

1. A partial spread of a classical polar space P is a set S of pairwise disjoint generators
of P.

2. A partial ovoid of a classical polar space P is a set O of points of P such that every
generator contains at most one point of O.

B Numbering of the Matrices

The basis of the numbering of the matrices is a numbering of the field elements. Since we
represent a non-prime field Fy, ¢ = p® with p prime, as Frlz]/(g) where g is an irreducible
polynomial, the field elements a; € F, (0 < i < g) are represented as polynomials f; € F,[X]
with degree at most e—1. These polynomials can also be considered as polynomials f; € Z[x]
with degree at most e—1 and coefficients in iO, ..., p—1}. Thinking of the positional notation
system with base p, it is easy to see that f;(p) takes all values in {0,...,p® — 1} as i varies
from 0 to ¢ — 1. Now the numbering of the field elements a; is chosen such that f;(p) =i for
all 0 < ¢ < q. Note that, in the case of non-prime fields, this numbering of the field elements
depends on the irreducible polynomial g.

For the matrix spaces used in calculations of this thesis, the numbering of the matrices
is explicitly given on the disc attached to this thesis. The numbering of symmetric and
Hermitian matrices in the general case is described in the following.
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Figure B.1: The order of matrix entries used in the numbering of symmetric matrices using
the example S5(F,).

B.1 Symmetric Matrices

There are ¢""™/2 symmetric n x n matrices with entries in F,. To obtain the matrix M;

where i € {0,. .. g IR~ 1}, proceed as follows: Write the number ¢ in positional notation
with base ¢. Then—beginning with the least significant digit—fill the matrix entries in the
order illustrated in Figure B.1 with the field elements a; € F, corresponding to the digits j
of 7 in this notation. Finally, the gray fields have to be filled such that the resulting matrix
is symmetric.

B.2 Hermitian Matrices

Since, in a Hermitian matrix in #H,(FF,2), the n entries on the main diagonal can only
take values in F;, C Fp while the remaining n(n — 1) entries can take all values in F,
the numbering of Hermitian matrices is a bit more complicated than the numbering of
symmetric matrices. To proceed similar to the latter, we need a mixed radix positional
notation system where the "(nT_l) least significant digits can take values from 0 to ¢% — 1
while the more significant digits can only take values up to ¢ — 1. Besides the numbering of
the field elements of F 2 = {ag, ..., aqz_l} which is taken as described above, we additionally
need a numbering of the subfield Fy = {bo,...,b;—1} C Fj2 which is obtained by numbering
the elements of F; in the order they show up in Fg, that is, such that b; = a;; = a;; and
ig < - < g1
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Figure B.2: The order of matrix entries used in the numbering of Hermitian matrices using

the example H5(IF2).
.\4 \
NN
To obtain the matrix M; where i € {0, ..., q(”2) — 1}, we write this number ¢ in the mixed
radix notation described above and fill the matrix entries in the order illustrated by Figure
B.2 with the field elements a; € F2 or alternatively b; = a;; € F; determined by the digits j

of i, depending on whether the entry lies on the main diagonal or not. At the end, the gray
entries have to be filled such that the resulting matrix is Hermitian.
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