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8 Linear Codes with a Prescribed
Minimum Distance

After the enumeration of the isometry classes of codes in Chapter 6, we are now
approaching the systematic construction of representatives of these classes. In
this and the following chapter, we will present methods for constructing lin-
ear (1, k)-codes with prescribed minimum distance d. This means that for a given
lower bound d on the minimum distance, we constructall (1, k, > d)-codes, i.e.
codes whose minimum distance is at least as good as the lower bound we have
chosen. We present essentially two different methods for solving this problem.
Of course, both methods may fail to construct such codes, for instance if the
lower bound d on the minimum distance was chosen too large. Nevertheless,
in this case both methods provide proof that no code with the parameters un-
der consideration exists. Needless to say that this construction problem is a
very important and interesting one. In essence, all of coding theory is con-
cerned with finding codes which allow one to transmit more data with fewer
errorS.

The above-mentioned construction of codes often leads to new and inter-
esting codes either directly or indirectly by means of constructions and modi-
fications in the sense of Section 2.2. In fact, A. Brouwer’s helpful tables for the
parameters of best known linear codes can sometimes be improved by such a
search.

The construction that we have in mind in this chapter applies first of all to
projective codes (cf. Exercise 1.3.21 and 6.1.14), i.e. codes whose columns can
be taken as representatives of a set of points in projective space. The construc-
tion problem is then reduced to the problem of finding an equivalent structure
in projective space called a minihyper. This is essentially a system of points in
a suitable projective space with certain intersection properties with respect to
hyperplanes. The necessary calculations amount to solving a system of Dio-
phantine equations, similar to the techniques used for the construction of com-
binatorial designs.

Since for interesting parameter sets the coefficient matrix of the system of-
ten is too big to allow a direct solution, a well-known reduction is applied.
Namely, we make an assumption about the presence of non-trivial automor-
phisms. This reduces the size of the coefficient matrix and thereby eases the
problem to become more tractable. Of course, such a reduction is risky as it
does not allow one to find solutions which do not satisfy the assumption on
the presence of automorphisms. In this situation, the algorithm classifies codes
with a given minimum distance which are invariant under the chosen group
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of automorphisms. In many cases this reduction indeed led to the discovery
of new optimal codes (i.e. one could say that the end justifies the means in
this case). Lastly, we also search for arbitrary nonredundant codes, i.e. codes
which are not necessarily projective. The systematic construction of complete
transversals of isometry classes of linear codes with a lower bound on their
minimum distance is done in Chapter 9.

8.1 Minihypers

We begin with a closer examination of the use of generator matrices for encod-
ing. For this purpose we introduce the notation 'Y*T,/- for the j-th column of a
generator matrix I' = (7;;) and 1 . for its i-th row. Using this notation, we can
describe the generator matrix I of an (1, k)-code as

Y0,x
FZ(’Y*T,0|-~-”YI,;171): :

Yk—1,%

In terms of the standard bilinear form (v, w) = Y_; v;w;, we express a codeword
¢ := v -I corresponding to a message v € FII; as follows:

cC=70 r - (<v/r)/*,0>/~ ey <U/’Y*,}'l71>) .

By definition, n — wt(v - T') components of v - T are zero. In terms of the bilin-
ear form, this means that n — wt(v - I') columns of the generator matrix I are
orthogonal to v, i.e., contained in the hyperplane

H(v) := P(v)* = {w eF¥ | (v,w) = o} cUlkk—1,q).

This fact leads us to the following basic result:

Theorem A k x n-matrix over Iy generates an (n,k,d, q)-code C if and only if the
columns of any generator matrix I of C satisfy the following two properties. Every
hyperplane H € U (k,k —1,q) contains at most n — d columns of T and there is at
least one hyperplane H € U(k,k — 1,q) which contains exactly n — d columns of T
This property is independent of the choice of the generator matrix I of C, in that this
property either holds for all generator matrices of C or none of the generator matrices
of C has this property.
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Proof: 1. By 1.2.8, the minimum distance of a linear code equals the minimum
weight of anonzero codeword c :=v-T forv € Ff;, v # 0. The above argument
shows that every hyperplane H = H(v) € U(k,k —1,4) contains at most n — d
columns of I with equality if and only if the codeword ¢ = v - I is of minimum
weight d.

2. Conversely, if I' = (’Yij) is a k x n-matrix over F, satisfying
max {|{j | 7., € H}| | He U(kk—1,9)} =n —d,

then it is clear from the first part of the proof that its rows generate an (1, k', d)-
code C over Fq of dimension k/ < k. In order to show that k' = k we have to
check that the rows of I' are linearly independent. Assume that I' does not have
full rank k. This means that the rows are linearly dependent, say

O=c=v-T,

for some v # 0. Since each ¢ = 0, every column Ve j is contained in the
hyperplane H(v), i.e. |{j | 7. € H(v)}| = n, contradicting the fact that

[{ilrjeH@)}| <n—d<n

Thus T really generates an (1, k, d, q)-code. O

We now recall from the metric classification of linear codes that permuting
columns and/or multiplying columns of a generator matrix I' with a nonzero
element of IF; yields a generator matrix of a code which is linearly isometric.
In fact, it is often simpler to deal not with the generator matrix I" of a code but
instead consider a certain map (or multiset), as described in the next remark.
This applied to nonredundant codes only:

Remarks Let I' denote a generator matrix of a nonredundant linear code C
(which means that it does not contain a zero column). Then
I' can be identified with the mapping
k .
Iin— FA\{0} ¢ j— 7.

Up to linear isometry, we may consider instead of column vectors the one-
dimensional subspaces generated by the column vectors. They are the ele-
ments or points of the projective geometry

PG 1(q) = {P(0) | v € FE\ {0} }.
This means in fact that we can replace I' by the mapping

T:n—PGr1(q) : j— P(74)).

8.1.2
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The reason is that we easily obtain from T a matrix I that generates a linear
code C’ linearly isometric to C, by simply taking from each value P(+,.;) of
I' a nonzero element and using it as the j-th column of T".

Moreover, because of isometry, it is possible to replace

I = (P(740)s -+ P(Vin-1))

by its orbit
S (T)

which consists of all the reorderings of this sequence T. Le. instead of the
sequence of the points we consider the multiset of them. (In order to indicate
amultiset we use the notation {. .. }. In such a multiset, elements can occur
several times, e.g. in {a,4,b,¢,c,c}}, a multiset of order 6, the element a
occurs twice and ¢ occurs three times.) This means that we replace I' even
by the multiset

% = {{P("}’*,O)/ s /P('Y*,nfl)}}

of cardinality n. It is clear that we can easily deduce from T a matrix I’ that
generates a code C” linearly isometric to C. o

For example the matrix

1001 1111
'=| 0100 2 2 2 2
00111122

generates an (8,3)-code over F3. The corresponding mapping is
T = (P(100), P(010), P(001), P(101), P(121), P(121), P(122), P(122))
and the resulting multiset is

T = {P(010), P(001), P(101), P(121), P(121), P(122), P(122), P(100) }.

Corollary Both the mapping T and the multiset T characterize the isometry class of
the code C generated by T. Moreover, it is obvious how to obtain from I as well as
from T a generator matrix that generates a linear code linearly isometric to C. O

We are now in a position to rephrase 8.1.1 in terms of multisets. For this

purpose we introduce the following kind of restriction of the multiset Ttoa
hyperplane H:

FiH=f{pef|pPcH}}.
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For example the restriction of the multiset % defined by the above (8,3)-code
to the hyperplane H = H(110) = {x € F3 | xo + x; = 0} is

T | H(110) = {P(121), P(121), P(122), P(122) }.

Its cardinality | r | H(110)] is four. Using this notation we formulate the fol-
lowing corollary due to [88]:

Corollary There is a nonredundant (n,k,d, q)-code if and only if there is a multiset
X of order n, consisting of points of PGy_1(q) such that

max {|X | H| |He U(kk—1,q9)} =n—d. O

In fact, according to [88], we obtain even the weight distribution in this
case:

Theorem If X is a multiset of points in PGy_1(q) with
max {|X | H| |HeU(kk—1,9)} =n—d,

then each matrix I whose columns are generators of the points of X generates an
(n,k,d,q)-code C with weight distribution We(x,y) = Y1y A;x'y"~, where Ay =
1and

Ai=(q-1)-[{H eU(kk—-1,q)||X | H =n—i}

,  fori>0.

Proof: For each codeword v - T we have |X | H(v)| = n — wt(v - T'). Since the
generator matrix I' has full rank k, a codeword v - I" has weight 0 if and only if
v =0, and so Ag = 1. The coefficients A;, i > 0, are

A = [{ce C\{0} | wt(c) =i}
- HUGF’;\{O} | wt(o-T) :i}‘
= ’{UGF’;\{O} | |XlH(v)|:n—iH
= (-1 {HeU(kk-14q)||X | H =n—i}|,
as stated. O

Example (simplex-code) The k-th order g-ary simplex-code defined in 2.1.5
is an example of a nonredundant code. It is generated by any matrix I whose
columns represent all 8;_1(q) := (g* —1)/(q — 1) points of PGy_1(q) (cf. 3.7.2).
Using hyperplane intersections, we can easily deduce its parameters: Recall
that every hyperplane contains 6;_,(¢q) points, each of which is represented by

8.1.4

8.1.5

8.1.6
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exactly one column of the generator matrix I'. Therefore, the parameter of this
codearen = 0;_q(q) and n —d = 6,_»(q), i.e.

(nkd) = ("= 1)/(g=1), kg 1),
The weight distribution is
1+ (¢ - 1)x7 "

Moreover, since

k_ 1 k—1 d
P e A DA =2H’
q-1 ick 1 ick 11
this code meets the Griesmer-bound, it is an optimal linear code. <&

Codes that are generated by a matrix I' with pairwise linearly independent
columns, so that T is a set in the strict sense, are called projective (cf. 6.1.14).
For instance simplex-codes are projective. In other words the columns of gen-
erator matrices of projective linear (11, k)-codes correspond to pairwise distinct
points. In order to emphasize this we shift from the calligraphic X, that we
used for multisets, to the notation X. Moreover we note that the restriction of
sets to hyperplanes is the intersection. Projective codes are clearly nonredun-
dant. As an immediate consequence we obtain

Corollary There exists a projective linear (n,k,d)-code over ¥ if and only if there
exists a subset X of order n in PGy_1(q) such that

max {|[XNH||HelU(kk—1,49)}=n—d. i

The complement of such a set X of points is called a minihyper. Mini-
hypers are well-known objects in geometry. Several articles (cf. [25], [26],
[54], [75], [79], or [143]) deal with minihypers and also with the connection be-
tween minihypers and linear codes. Hamada [78] discovered the relationship
between Griesmer optimal linear codes and minihypers which we introduce
now. We want to describe them in detail and we also give an algorithm for the
construction of these objects.

Definition (minihyper) A (b, t)-minihyper in PGy_1(q) is a set B of b points of
PGy_1(g) such that every hyperplane contains at least f points of B and at least
one hyperplane contains exactly ¢ points of B. Formally, a set B C U/(k,1,q) is
a (b, t)-minihyper in PGy_4(q) if and only if

|Bl=b and min{|BNH||HeU(kk—1,q)} ="t o

Using the concept of minihypers we reformulate the connection between
projective codes and projective geometries.
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Corollary There is a projective (n,k,d)-code over Fy if and only if there is a (b, t)-
minihyper in PGy_1(q) where

(b,t) = (6k-1(9) — 1,0k 2(q) —n+4d).

Proof: Let X be a set of n points with
max {|[XNH| |HelU(kk—1,49)} =n—d.

Since every hyperplane contains 6;_,(g) points, the set-theoretic complement
B:=U(k,1,9) \ X satisfies the equation

min {|[BNH| | He U(k,k—1,q)} =6;_2(q) — (n—d).

Being the complement of X in PGy_1(q) = U(k,1,q), the set Bhas 6 _1(q) — n
elements. Thus Bis a

(0k—1(q) —n,6k2(q) —n+d)

minihyper in PGy_1(q). Since all arguments can be reversed, the existence of
such a minihyper gives rise to a projective (1, k,d)-code. o

Lemma Ifd < qkfl and C is an (n,k,d, q)-code which attains the Griesmer-bound
n=Yick[d/q'], then C is a projective code. O

This lemma, the proof of which is left as Exercise 8.1.3, together with 8.1.9
implies the following corollary which is due to Hamada:

Corollary Let d < g*=1 and assume that n = Y, [d/q')| which is taken from the
Griesmer-bound. Then there exists a nonredundant linear (n, k,d)-code over F; if and
only if there exists a (6x_1(q) — n,0x_o(q) — n + d)-minihyper in PGy_1(g). O

Example (Fano-plane) A well-known example is provided by the projective
geometry PG, (2), which is also known as the Fano-plane. It consists of the
seven points and seven hyperplanes shown in the following table:

Py = P(100) = {000,100}  Hy = {000,100,010,110} = Py U P; U P
P, = P(010) = {000,010}  H; = {000,010,001,011} = P, U P, U P,
P, = P(001) = {000,001}  H, = {000,100,001,101} = Py U P, U P5
Py = P(110) = {000,110}  Hs = {000,100,011,111} = Py U P, U P,
p4 = P(011) = {000,011}  H, = {000,010,101,111} = P; U Ps U P
= P(101) = {000,101}  Hs = {000,001,110,111} = P, U P; U P

= P(111) = {000,111}  Hg = {000,110,011,101} = P3 U P, U Ps

8.1.9

8.1.10

8.1.11

8.1.12



8.1.13

622 8. Linear Codes with a Prescribed Minimum Distance

001

101 011

100 110 010

Fig. 8.1 The Fano-plane

The incidence relation between these points and hyperplanes is represented
by the famous graph shown in Fig. 8.1. Each of the hyperplanes, which are
the lines, together with the cycle, yields a (3,1)-minihyper in PG, (2). This
property can easily be verified by looking at the figure. For example, take the
line

B = {P; = P(110), P, = P(011), P5 = P(101)}.

If we write the representatives of the four elements of the complement
X = {P(100), P(010), P(001), P(111)}

in a matrix column by column, we obtain the generator matrix

1
r=y{ o0
0

S = O
_ o O

1
1
1

of a binary (4, 3,2)-code. <&

Now we are interested in a general approach to the construction of such
a minihyper and, correspondingly, of codes with a prescribed minimum dis-
tance. For this purpose we introduce the following notion:

Definition (blocking set) A t-blocking set in PGy_1(g) is a set B of points of
PGy_1(g) such that every hyperplane contains at least ¢ points of B:

min {|[BNH||HeU(kk—-1,q)} >t o

Hence, minihypers are t-blocking sets with additional properties. The larg-
est possible size of an intersection of B and a hyperplane H is 6;_,(q). There-
fore B is a t-blocking set in PGy_1(q) if

t <[BNH| < 6k2(q)
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for all hyperplanes H € U(k,k —1,4). As t-blocking sets are suitable selections
of points, they can be described by the incidence matrix My, = (m;;), the rows
of which correspond to the hyperplanes H; € U(k,k—1,9),i € 6x_1(q), and
the columns of which correspond to the points P; € U(k,1,q),j € 6_1(q). The
entry m;; of the i-th row and j-th column is defined as follows:

{ 1 if P C Hj,

mijj = .

0 otherwise.

Hence a t-blocking set B is nothing but a selection of columns of the matrix

Mg, or a 0-1-vector x = (x0,.--, xek,l(q)fl)T which satisfies the condition

Mig-x € {t,..., 0 o(q)} %110,

This means that there is a vector y = (yo,... fyek,l(q)fl)T with components
yi € {t,...,0k_2(q)} fulfilling the equation My , - x = y, which is equivalent to

the equation
x
Mg | —1)- ( ) =0,
( 1 ) y

where [ is the identity matrix. Summarizing, we obtain the desired construc-
tion of blocking sets:

Corollary There is a bijection between the set of all t-blocking sets in PGy_1(q) and
the set of vectors (7)) with x; € {0,1} and y; € {t,...,0¢_2(q)} that solve the linear

(Mq | =1) - (;) -0

system of equations:
If (;) denotes such a solution then the corresponding t-blocking set B in PGy_1(q) is

B={P|xj=1}. m

Example (Fano-plane, cont.) We again consider the Fano-plane and construct
all 1-blocking sets in PG, (2). There are seven hyperplanes and points as men-
tioned in Example 8.1.12. The corresponding incidence matrix is

1101000
0110100
1010010

Msp=| 10001 0 1
0100011
0011001
0001110

8.1.14

8.1.15
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Solving the corresponding linear system of equations from 8.1.14 we obtain 64
solutions (;) with the required properties x € {0,1}” and y € {1,2,3}”. Seven
solutions correspond to the lines which are (3,1)-minihypers in PG,(2). The
minihyper B = {P;, P4, P5 } corresponds to the solution

(;) -(0,0,0,1,1,1,0;1,1,1,1,1,1,3) . o

So far, we have constructed minihypers in the Fano-plane. In order to ob-
tain new linear codes, we need to search for t-blocking sets or minihypers.
The method proposed in 8.1.14 may not work because the incidence matrix
M4 can become too big for solving the system of Diophantine equations for
interesting parameters. In these cases, the intention is to reduce the incidence
matrix My, to a much smaller matrix so that it is possible to solve the cor-
responding system of Diophantine equations applying the lattice point enu-
meration algorithm described in the previous chapter. To achieve this goal we
make an assumption about the presence of non-trivial automorphisms, simi-
lar to the methods that are used to construct combinatorial ¢-designs [18], [14],
[15], [17]. In fact, such an assumption about the presence of non-trivial au-
tomorphisms leads to a very interesting area of Algebraic Combinatorics, the
theory of groups acting on lattices. This is the topic of the following section.

Exercises
Exercise Show that the set of points in PG, (g) defined by the conic

{{xy2) |2 = vz}
corresponds to a g-ary (7 + 1,3, — 1)-code.

Exercise Verify that the set of points in PG3(g) defined by the hyperbolic quadric

{{(xy,z,w)) | zw = xy}
corresponds to a g-ary ((g+ 1)2,4,4?)-code.
Exercise Prove 8.1.10. Hint: Check that the generator matrix I' of C does not

contain zero columns. Assume that I" has a repeated column. In this case, the
matrix

11
0 0
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generates a code which is linearly isometric to C. Here, I is a generator matrix
ofan (n—2,k —1,d")-code C' with d’ > d. The inequality from the Griesmer-
bound for C’ then leads to a contradiction.

8.2 Group Actions on Lattices

In this section we investigate actions of subgroups of the general linear group
GLk(g) on the set U(k,q) = PG(IFS ) of all subspaces of IFS This action is in-
teresting because U (k, q) forms a lattice, the linear lattice, and since the action
preserves the partial order, i.e. we have the implication

S<T = AS < AT
for all subspaces S,T € U(k,q) and all A € GLi(g). Hence let us introduce
first the general concept of group actions on posets respectively lattices.
Definition (poset action) Let (X, <) denote a poset on which a group G acts
from the left. Then we call the action X a poset action if the implication

x <x' = gx < gx
holds for all x,x’ € X and g € G. This will be abbreviated by

G (Xr < ) : ©

We note that we can in fact replace the implication by an equivalence since
gx < gx’ also implies x < x’ if we apply ¢! from the left.

Analogously, we define a lattice action if the group elements commute with
the infimum and supremum operator.

Definition (lattice action) Let (X, A, V) denote a lattice and let G be a group

acting on X. Then X is called a lattice action if and only if
g(xAx)=gxAgx’ and g(xVx')=gxVvgx

forall x,x" € X and ¢ € G. We indicate this situation as follows:

G(X,/\,\/). o

Recall that a lattice (X, A, V) is always a poset, the corresponding order
relation < can be obtained by

¥<x'ie= xA¥ =x <= xVvx =4

Using this equivalence we prove the following lemma.

8.2

8.2.1

8.2.2
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Lemma Let (X, A, V) be alattice, (X, <) the corresponding partial order and let G
be a group acting on X. Then X is a poset action if and only if X is a lattice action.

Proof: 1. Assume that ;X is a poset action. Wehave x Ax’ < xand x Ax’ < x/
forall x,x’ € X. Since G preserves the order relation we obtain g(x A x") < gx
and ¢(x Ax") < gx’ forall ¢ € G and hence g(x A x') < gx A gx’. If we assume
that g(x A x’) < gx A gx’ we obtain, after applying g~ ! from the left, that

xAx =g Mgxnx')) <g Ngxngx) <g Ngx)ng H(gx) =x AKX,

which yields the contradiction x A x’ < x A x’. Thus we have g(x Ax') =
gx A gx’. The statement g(x V x’) = gx V gx’ follows analogously.

2. Now we assume that ;X is a lattice action. We have the following chain of
equivalences:

y<xXex=xAx e gx=g(xANx)=gxAgx' & gx < X/,

forall x,x" € X and g € G. This completes the proof. ]

Definition (poset automorphism) Let (X, <) denote a poset. Then a bijection
f: X — Xis called a poset automorphism if and only if

x<x = f(x) < f(x')

for all elements x, x’ € X. o

The set of all poset automorphisms of a poset (X, <) forms a subgroup
of the symmetric group Sy, the automorphism group of (X, <), which will be
abbreviated by Aut(X, <). A subgroup of this full automorphism group is
called a group of automorphisms of (X, <). Now recall the image G = §(G) of
the permutation representation

6:G— Sx : gr— g with g:x— gx
that obviously can be used to characterize a poset action: ;X is a poset action

if and only if
G < Aut(X, <).
For this reason we also say that G acts on a poset (X, <) as a group of auto-

morphisms in order to express that ¢ X is a poset action. The most important
properties of poset actions are the following ones:
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Lemma If g(X, <) denotes a poset action with finite G, then it has the following
properties:

1.

2.

Any two elements in the same orbit are incomparable, i.e. the orbits are antichains.

If w and w' are orbits such that there exist x € w and X' € w’ where x < x', then
we have, for any comparable pair of elements y € w and y' € ', that y < y/'.

The partial order on X induces the following partial order on G\\ X:

w<w = Jrxcwx cuw:x<x.

. Consider an orbit w € G\ X and an arbitrary representative x € w. For any orbit

w' the numbers
Hx' ew' |x<x'}| and [{x' ew'|x>x"}|

depend only on the orbit w and not on the chosen representative x € w.

. Forany x,x’ € X, we have

IG(x)|- [{z€ G(x) | x <z}| =|G(x)|- [{y € G(x) | ¥ = y}]|.

Proof: 1. If x € X were comparable with gx # x, say (without restriction)
x < gx,thenwehad x < gx < ¢%x < ... < ¢~ 'x < x, which is a contradiction.

2.

Suppose x,y € w, ¥,y € ', where x < x’ and y and i’ are comparable.

Then y > y’ would yield, for suitable g,¢’ € G: gx =y >y’ = ¢’x’, and hence
also x > ¢~ 1¢’x’, which contradicts the first part that posets are antichains.

3.

The reflexivity of < on G\\X is obvious as well as the antisymmetry, and

so it remains to prove the transitivity. Hence we assume that w < «’ and
w' < w', and consider elements x € w, 1",y € «’, y"' € w” which satisfy
x < «,y <y”. Thereexists ¢ € G with gx’ =/, and hence

wogx<gX =y <y ed,

so that w < w”, as stated.

4. This follows from x < x’ <= gx < gx’.

5. Using 4., this follows from a trivial “double count” of the set

{(,2) |y € G(x), z€ G(¥), y < z}. 0

8.2.6
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As mentioned in Section 3.2 we represent a poset (X, <) by its zeta function
{: X x X — {0,1} which is defined by

1 ifx <
x, ) = { ="
o ) 0 otherwise.
If X is finite we can assume X = {xp,...,X;,—1} to be topologically sorted, in
the following sense:

Definition (topological sorting) A poset (X, <) is topologically sorted if the el-
ements of X are numbered in such a way that x; < x; implies i < j for all
elements x;, xj € X. o

It is not difficult to check (Exercise 8.2.1) that every finite poset (X, <) can
be sorted topologically. Therefore, in the following we always assume that the
elements of the finite poset X in question have been numbered topologically
as {xo, ..., X;_1}. In this case, the zeta matrix

Z(X, <) = (gij), where ;i := {(x;, x}),

is upper triangular with ones along the main diagonal, and hence invertible
over Z. Its inverse

(X, )" = M(X, <) = (uy),
the Mobius matrix of the poset, defines the Mdbius function of the finite poset:
#(x;,xj) == pjj € Z. In addition we remark that an action on a poset is a poset
action if and only if

Z(x,x") = L(gx, 8x")

forall g € Gand x, x' € X. Here is our main example of a poset action:

Example (the linear lattice) As we have already mentioned at the beginning
of this section, the set U (k, q) of subspaces of IF’L; forms a lattice with infimum
SAT:=SNTandsupremum SV T := (SUT) (the subspace generated by the
union of S and T). The general linear group GL;(g) acts on this linear lattice
in the following canonical way: For M € GL(g) and S € U (k,q) we have

MS::{Z)-MT|Z)€S}.

This action is clearly a poset action, U (k, q) is partially ordered by inclusion,
and it is obvious that the action respects inclusion:

S<T— MS < MT.
Hence, by 8.2.3, this action is also a lattice action,

GLk(q) (u(k/ q)r /\/ v) 7
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and so the general linear group acts as a group of automorphisms on U (k, q).
The zeta function of this linear lattice is

7(S,T) = {1 ifS<T,

0 otherwise.
Since this lattice is of great importance for the following, let us evaluate its
Moébius function. To begin with, we claim that the sum of the values of the
Mobius function over a full nontrivial interval is zero for each poset (X, <),
where all intervals are finite. Such posets are called locally finite (cf. 3.2.24 and
Exercise 3.2.16).

0 ifx #z,
Y uxy)= Y w2 =5x,z={ y ’
yix<y<z yix<y<z 1 ifx=z
In order to verify the first equation we use that the Mobius matrix is the inverse

of the zeta matrix: (u(x,y)) - ({(x,y)) = I gives

Y wxy) = ) woyiyz) = (px0)(xz) =08(x2) = bz
y:x<y<z y:x<y<z
the second statement follows similarly. The next result is on the Mobius func-
tion of a finite lattice L with its elements

0:= /\)L and 1 := \//\.
Ael Ael
We state that

0<AeL= Y u(0x)=0.
KKkVA=1
In order to prove this we consider the expression

o(A) = ) u(0,10)Z(k,v)C (A, v)u(v, 1) =} p(0,x) ;Aﬂ(wl)-

Since, by 8.2.9, the inner sum ), >y, (v, 1) is zero, except for the case when
k' VA =1, we find that

c(A)= ), u0x.

K:kVA=1
Hence it remains to prove that ¢(A) = 0. In order to do this we rewrite c(A) in

the following form:
o(A) =Y puw,1) Y, u0x).

v>A Kk<v
The inner sum is zero, and hence ¢(A) = 0, which completes the proof.
We are now in a position to evaluate the Mobius function of the linear lat-
tice. We claim that

(S, T) = { (-1)mg?) ifS<T,
0 otherwise,

8.2.9

8.2.10

8.2.11
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where m := dim(T) — dim(S) and (9) = (3) = 0.

For its proof (by induction on m) we note first thatif S = T, then u(S, T) =
land m = 0. If S < T, then u(S,T) = u(0,Fj'), m > 0, since the lattice
of subspaces between S and T is order isomorphic to the lattice of subspaces
of F’qn This is known from Linear Algebra (the Homomorphism Theorem).
Hence it suffices to prove that

u(0,Fy) = (—1)mq(3n), m > 0.
In order to check this we pick a one-dimensional subspace U and deduce from

8.2.10 that

pOFH=—- Y u©s),
SVU=FI, S£F"

where the sum is taken over all proper subspaces S such that SV U = F}, i.e.
over all the (m — 1)-dimensional subspaces S of 7' that do not contain U. For
all these S we have, by induction assumption, that

mfl)

n(0,8) = (~1)"'q"=
Moreover, the number of such subspaces is (Exercise 8.2.2)
L= o= e[ @ =
Thus, we finally obtain that
(O, Fy) = (-1)"q'2),
which completes the proof of 8.2.12 on the values of the Mobius function of

the linear lattice. &

Our next step is a helpful reduction process that can be applied both to the
zeta matrix and to the Mobius matrix of a poset or lattice, provided that we are
given a poset or a lattice action. In this case, 8.2.6 implies the following

Corollary Let X be a poset action and let wy, . ..,w;_1 be the orbits of G on the
poset X. Then the values

Z {(xj,x) and Z C(x,x;), i,jel,

XGOJ]‘ XGw]'

are independent of the chosen representative x; € w;. |

This result enables us to introduce the Plesken matrices [162]

AN = ANG) = (a{-}), and AY := AY(G) = (al\-;),
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defined by
afi =) C(xvi,x) =|{xcwj|xi=xAx}| = [{x€wj|x < x|
xew;
and
aji= L (wx) = [{rewlxm=x v}l = {xew|x<x}l.
j

We note that these numbers are well-defined because of the 4th item of 8.2.6.
In this language, the 5th item of 8.2.6 can be restated as

i aly = || -a
Using topological sorting of the orbits we obtain
Corollary For the Plesken matrices A™(G) and A (G) corresponding to a poset
action of a finite group G on a poset X the following is true:

1. If D(G) := diag (|wol|, ..., |w;_1|) denotes the diagonal matrix containing the
lengths of the orbits of G on X on its diagonal, then

AY(G) = (D(G)- ANG) - D(G) ™).
2. The diagonal entries of the matrices A™(G) and AV (G) are all one.

3. The orbits w; can be numbered such that A™(G) is an upper triangular and
AV(G) a lower triangular matrix. O

Example (the linear lattice cont.) The orbits w; of the general linear group on
the lattice U (k, q) are the sets of subspaces of the same dimension i, 0 < i < k.

Hence '
At = (| <q>)w,€k+1~

Using 8.2.15 we obtain

AMNGLi(g)) = ([I]{:Z] (q>>i,jek+l.

Of course, things become more complicated if we consider subgroups G of the
general linear group GL(g). The reason is that the orbits of the general linear
group, which are the sets of subspaces of same dimension, may split into sev-
eral orbits. Nevertheless we consider this more general situation, since we find
that certain submatrices of A"(G) respectively A" (G) are crucial for the con-
struction of minihypers respectively linear codes with prescribed minimum
distance.

8.2.15

8.2.16

8.2.17
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The dimension of a subspace is invariant under multiplication by an in-
vertible matrix M € GLi(g). Thus

k
G\U(k,q) = | G\U(k,s,q).
s=0

This simple fact causes a block structure of the matrices A" := A"(G) and
AV := AY(G). Namely, if

\Uksq) = {ef, .., }

(s)

is the set of orbits of G on the s-subspaces, we obtain, for S; € w;”’, the matrix

A . (As,t)
Ag(G) = (“z’/ )iezs, jEl

with entries

af ) = ’{Tew]@ ]Si:Si/\TH = ’{Tew]@ s < TH

In the same vein, we get

Vi _ (V,5,t)
A (G) = (uif )iels, jel,”

where

al ) = ’{Teaz](t) ]Sizsi\/TH = ’{Te%@ | Tésl}‘.

Recall once again that the entries of these matrices only depend on the respec-
tive orbit wfs), not on the chosen representative S;.

These two matrices are exactly the submatrices of A" respectively A" the
rows of which belong to the orbits of G on the s-subspaces and whose columns
belong to the orbits of G on the t-subspaces. If

0 1 1 k—1 k—1 k
wé ),wé ),...,wl(lzl,...,wé ),...,wl(kiljl,wé )

denotes the ordering of all orbits of G on U (k, q) we obtain the following block
decomposition:

ANG) = (AL(G)) and AY(G) = (AJ(G))

stek+1 stek+1’
where A,(G) and A/,(G) are I x I;-matrices. &

From 8.2.16 we deduce the relation between the different block matrices:
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Corollary If Ds(G) = diag(|wés)|,..., |wl(le|), s € k+1, then the following is
true:
% A -1 T
A%(G) = (Di(G) - 4ix(G) - DTN(G)) 0
Here are several special cases of these matrices: For ¢t € k + 1 we have
1 .- 0 1
ARG)=| + . 1|, ARG =| ¢
0 --- 1 1
Foralls,t € k+1withs > t:
0 --- 0
AsA,t(G) =

Forallt € k+1:
t t
46,(6) = (1] el 1)
The proofs are very easy. We continue with two numerical examples:

Example For the parameters k := 8, g := 2 and the general linear group G :=
GLx(gq) we obtain the following Plesken matrices:

1 255 10795 97155 200787 97155 10795 255 1
1 127 2667 11811 11811 2667 127 1
1 63 651 1395 651 63 1
1 31 155 155 31 1
AN = 1 15 35 15 1
1 7 1
1 3 1
1 1
1
and
1
1 1
1 3 1
1 7 7 1
A= 1 15 35 15 1
1 31 155 155 31 1
1 63 651 1395 651 63 1
1 127 2667 11811 11811 2667 127 1
1 255 10795 97155 200787 97155 10795 255 1

8.2.18

8.2.19
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Example Let k := 3 and g := 2. We consider the action of the complete mono-
mial group M3(2) which is in fact isomorphic to the symmetric group S3, act-
ing by permuting the 3 coordinates:

100 01 0 0
M;(2) = 010]|,loo0 110
10 01

0

0

1

0
0
1

~ ., O O =

Figrue 8.2 shows the Hasse diagram of this lattice. The vector space 5 corre-
sponds to the vertex on top level. Subspaces in the same orbit are connected
by a horizontal edge. The orbits, shown in the table next to the diagram, are
arranged from the left to the right in each level. &

Let us now restrict attention to the matrix A 11 (G), which can be used to
construct minihypers with a prescribed group G < GLy(g) of automorphisms,
as we will see in the following section. Before that, let us mention an efficient
way of computing this matrix.

Lemma For a matrix M € GLy(q) and a subspace S of F}; the following equation
holds:
(MS)t = (M")"1st,
Proof: Since (M")~! = (M~!)T, we have
(MS)* {veIFk|VweMS (v,w >:o}

{veFk |[VweS: (vw-M") :0}

{ve]FkaeS (v-M,w) —O}

{v M~ G]Fk|v€IFk VYweS: (v,w) —O}

:{Z)-M G]Fk]veSl}

=(M") st O

Definition (dual group) Let G be a subgroup of GLi(g), then we define G* to
be the set of all transposed matrices of G

G':={M' |MecG}
which is called the dual group of G. o
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orbit
wo
w1
wr
w3
Wy
ws
We
wy

AN =

AY =

representative

{(000)}
((001))
((011))
((111))
((001), (010))
((111), (001))
((101), (011))
F3

_ o W
_ O O =

g i U
WO =, NO O -
W W Rk = O -
—_ O R O

Fig. 8.2 Lattice action of M3(2) on IF3

_ O R, N W

W O O =

orbit-
length

_ O Wk = W

W O -

—_

3
3
1
3
3
1
1

_ O O O = O =

_ =

S S Sy
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The dual group G* is isomorphic to G via the mapping
1:G—G" : M— (M")™!
since the equation
(M-N)H)™h= (M)~ (N
holds for invertible matrices M and N.

Corollary If P(v) runs through a transversal of the orbits of G* on the set of points
U(k,1,q), then H(v) runs through a transversal of the orbits of G on the set of hyper-
planes U (k,k — 1,q). Furthermore, for the orbit of G on H(v) we have

G(H(v)) = {H(w) | P(w) € G*(P(v))}. O

This corollary enables us to compute the orbits of a group G < GLi(q)
on the set of hyperplanes U (k,k — 1,q). Instead of computing these orbits we
construct orbit representatives of G*\U (k, 1, q) which is much easier since the
representation of points needs one basis vector while hyperplanes are repre-
sented by k — 1 basis vectors.

Exercises

Exercise Prove that every finite poset can be sorted topologically.
Exercise Prove 8.2.13.

Exercise Prove that

r—s
75 @Al =4

fors, t,r e k+1withs <t <r.

Exercise Show that we have, for the action of the monomial group,

AD(Mi(q)) = Ay 1(Mi(9)), resp. A (Mi(9)) = Ap_y, (Mi(q))-
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8.3 Prescribing a Group of Automorphisms

As announced we are now going to use the prescription of a group of automor-
phisms for a construction of certain blocking sets respectively minihypers in
projective geometries. Of course, such a prescription is risky since there may
no exist a blocking set with this automorphism group. On the other hand, if
there are such linear codes, then it will pay off since the number of columns
of the incidence matrix My ,, which correspond to the points, will reduce to
the number of orbits of the group on the set of 1-subspaces, and the same will
happen to the rows which correspond to the hyperplanes. Quite often, this
data reduction will bring the construction of linear codes within the reach of
current computers.

Definition (automorphism of a blocking set) An element M € GL(q) is called
an automorphism of a t-blocking set B C PGy_1(g) if M permutes the points of
B,ie.

MB:= {MP| P € B} = B.

Recall from 8.2.8 that the action is MP = MP(v) = P(v-M").

A group consisting only of automorphisms of B is called a group of auto-
morphisms of B, the maximal group with this property is called the full group
of automorphisms and it is abbreviated by Aut(B). o

The crucial facts for the construction of ¢-blocking sets with a prescribed
group of automorphisms are the following ones.

Remarks Let G be a subgroup of GL(7).

The group G is a group of automorphism of a t-blocking set B in PGy_1(q)
if and only if B is a union of G-orbits on ¢ (k, 1,9).

The incidence between points P and hyperplanes H is invariant under the
action of G, i.e. if P C H then MP C MH forall M € G.

The number m of G-orbits on the set of points U (k, 1, q) is equal to the num-
ber of G-orbits on the set of hyperplanes U (k,k — 1, 7).

If {wy,...,w,—1} respectively {Qy,...,Q,_1} are the sets of G-orbits on
U(k,1,q) respectively U (k,k —1,q) with representatives P; € w; respec-
tively H; € ();, then the cardinality [w; N H;| = [{P € w; | P C H;}| is
independent of the chosen representative H; of the orbit (2;. o

These facts embed the construction problem of blocking sets into the theory
of group actions on lattices. They motivate the reduction of the incidence ma-
trix My ; between 1-subspaces and (k — 1)-subspaces to the incidence matrix

8.3

8.3.1

8.3.2
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ME g = (mlcj) between the G-orbits of 1-subspaces and the G-orbits of (k — 1)-
subspaces:
mf/; = |w; N Hy,

i.e. this matrix is a Plesken matrix:
G _ 7V
Mk,q - Akfl,l(c)'

The following theorem describes the fundamental construction:

Theorem There is a bijection between the set of all t-blocking sets in PGr_1(q)
with G < GLy(q) as a group of automorphisms and the set of solutions (;), with
x; €{0,1} andy; € {¢t,...,0c_2(q)}, of the following system of linear equations:

(ME, | ~1)- (;) =0,

where x = (xo,...,% 1),y = Wo,---,¥r_1)" forr = |G\U(k,1,q)|. If(;)
denotes a solution, then the corresponding t-blocking set B is

/IXj:1

Proof: Let B be the set of all t-blocking sets in PG;_1(g) having G < GLi(q)
as a group of automorphisms and let S be the set of all solutions (;) of the
linear system of equations (M,Sq | —1I)- (;) = 0 with x; € {0,1} and y; €
{t,...,0k_2(q)}. Itis easy to see that the mappings

»:S—B: <;>HB with B:= |J wj

jin:l
and
x 1 ifw; CB
:B—S :B ith x;:= ;= d y; := |BNH;|,
p: B - (y) W % { 0 otherwise, o ¥ | il
are mutually inverse bijections. d

If (;) denotes an admissible solution of this linear system of equations and
B = Uj:szl wj the corresponding t-blocking set in PGy_1(q), then the cardinal-

ity of B is

jZijl
If we add this equation as as further row to the linear system of equations we
obtain the corresponding construction of (b, t)-minihypers in PG;_1(g) with a
prescribed group of automorphisms and hence projective codes.
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Corollary The set of all t-blocking sets in PGy_1(q) with cardinality b, having a
subgroup G < GL(q) as a group of automorphisms can be obtained from the set of
vectors (;) with x; € {0,1} andy; € {t,...,0c_2(q)}, i € r := |GN\U(k,1,q)|,
solving the linear system of equations:

X0
Moo m(g;,rfl —1 : 0
Xr—1 _
me g erfl,rfl -1 Yo 0
|wol |, 1] 0 0 b
Yr—1

If (;) denotes such a solution, then the corresponding t-blocking set B with |B| = b is

/IXj:1
This blocking set B is a (b, t)-minihyper in PGy_1(q) if and only if the vector y con-
tains a component which is exactly t, i.e. if and only if there is an index j with y; = t.
O

Example We want to construct (6,1)-blocking sets in PG,(3), i.e. the param-
etersareq = 3,k =3,t =1,b =6,0,(3) = (33-1)/(3-1) = 13 and
01(3) = (3> —1)/(3 — 1) = 4. The projective geometry PG, (3) consists of the
following 13 points

Py = P(001), Ps = P(101),
P, = P(010), Ps=P(102), Py = P(120),
P, =P(011), P, =P(110), P;; = P(121),
Py =P(012), Py=P(111), Py, = P(122).
Py = P(100), Py = P(112),

Hence the incidence matrix M3 3 is of size 13 x 13. Now we prescribe the com-
plete monomial group G := Mj3(3) which yields three orbits on the set of
points U(3,1,3):

wo = {PO/P1/P4}/
wy = {Py, P3, P5, P, P7, 1o},
wy = {Pg, Py, P11, P12}
In addition we obtain the orbits on the set of hyperplanes /(3,2,3):
Qo = {Ps P, Py},
0 = {PL,P;,P;,P;,P%,%},
Oy = {P§, Py, Pii, P }

8.3.5

8.3.6
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and the reduced matrix turns out to be of size 3 x

3 x3:

2 2
M§y = A, (Ms(3) = 1 1
0 3

0
2
1

This shows that we have obtained a data reduction by the factor 169/9 which
is nearly 20. The corresponding system of Diophantine equations is

X0
2 2 0 -1 0 0 X1 0
1 1 2 0 -1 0 Xy 10
0 3 1 0 0 -1 Yo 1o
3 6 4 0 0 0 Y1 6
Y2

where x; € {0,1} and y; € {1,2,3,4}. Itis easy to see that (0,1,0;2, 1,3)T is
the only solution of this system which corresponds to a (6, 1)-blocking set

B =wy = {Py, P3,P5,P, Py, Pip}. <&

8.4 Linear Codes of Prescribed Type

We have seen that codes with minimum distance d < qk’l meeting the Gries-
mer-bound are always projective. If such a code is regarded as an n-set in
PGy_1(g), then the complement of that n-set defines a minihyper and vice
versa. The minihyper approach only works for projective codes. It does not
work work general codes, since it is not clear how to define complements of
multisets. In order to avoid such investigations we construct the n-multiset
defining the linear code directly, using the same construction that we used for
minihypers: We solve a linear system of Diophantine equations.

In Section 8.1, we have shown how to construct blocking sets with the aid
of the incidence matrix M, = (m;j) by solving a system of Diophantine equa-
tions. The 0-1-vector x corresponds to a selection of points defining the block-
ing set B. The complement of the blocking set B then was a projective code.
After changing some entries in the system of equations, this method allows us
to construct the projective codes directly.

IfU(k,1,q) = {Py,...,Pr_1} respectively U(k,k —1,q) = {Ho,...,H,_1},
where 1 := 6;_1(g) again denotes the number of points respectively hyper-
planes, then the solutions (;) with x; € {0,1} and y; € {0,...,n —d} of the
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system
X0
moo ... Mgoy,_1 —1 : 0
X1 | _
Mp_10 ... Myp_1,-1 -1 Yo 0
1 1 0 0 : n
Yr—1

define the projective (11, k)-codes over I'; with minimum distance greater than
or equal to d. The first part x of a solution (;) defines a selection of points
which determine the columns of a generator matrix: The point P; is selected if
and only if x; is 1. Now if we permit values greater than 1 for the components
xj, then the vector x describes a multiset X, containing the point P; exactly x;
times.

Hence the solutions (;) with x; € {0,...,n} and y; € {0,...,n — d} of the
system of Diophantine equations correspond to the nonredundant (1, k)-codes
over FF; with minimum distance greater than or equal to d.

Assume that & is such a multiset corresponding to a solution (;) and con-
sider v; € ]F’;\{O} such that H; = H(v;), then y; = |X' | H(v;)|. We obtain the
weight distribution from 8.1.5:

Ai=@-1)-|{jer|y=n—i}

But as with the construction of blocking sets and projective codes the system
of equations is still too big for an efficient computation of solutions. Therefore,
again we reduce the dimension of the matrix of coefficients by prescribing a
group of automorphisms. But first we have to make clear what a prescription
of such a group means in the case of multisets and codes.

If T = (;;) denotes a generator matrix of an (1, k)-code C and

X = {{P(’)/*,O>/~ . ~/P(’Y*,n71>}}

denotes the n-multiset of points in PGy_1(g) defined by the columns of the
generator matrix I', then the following holds true for each M € GLi(q):

, fori>D0.

MXI* = {{MP('Y*,O)/ . ,MP("}/*,nfl)}} = XM»T-

Definition (projective automorphism) A projective automorphism of a generator
matrix I of a nonredundant (n, k)-code is an element M € GL(q) which leaves
the multiset A} invariant:

MXr = Ar.

8.4.1
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A group consisting only of projective automorphisms of I' is called a group
of automorphisms of I'. The largest group with this property is called the full
group of projective automorphisms and it is abbreviated by Aut(T). o

If I and I denote two generator matrices of the same (1, k)-code C, then
there is an element N € GLi(g) such that I’ = N - T. Now if M is a projective
automorphism of ', i.e MAT = AT, then the conjugate element N- M - N~!
defines a projective automorphism of I”, since

N-M-N"'Xyr=N -MXy1nr=N-MX = NAT = Ay,
i.e. the conjugate group
NGN~':={N-M-N"'| Me G}

is a group of projective automorphisms of N - I'. The set of matrices N - T,
where N € GLi(g), contains all the generator matrices of C, and thus all the
conjugates NGN~! of G are groups of projective automorphisms, so that we
can introduce the following notion of type of a code:

Definition (stabilizer type of a code) Let G be a subgroup of GLx(g). An
(n,k)-code C over IF; has as stabilizer type the conjugacy class

G:= {NGZ\F1 |N e GLk(q)}
if there is a generator matrix I' of C such that I" has G as a group of projective
automorphisms. o

This concept allows us to formulate the following important consequence:

Theorem Let G be a subgroup of GLi(q) with orbits wy,...,w,_1 on the set
U(k,1,q) of points and orbits Oy, ..., Q1 on the set U(k,k — 1,q) of hyperplanes.
Consider representatives H; € Q); and put

mg = |{P € wj | P C H;}|.

There is a bijection between the set of all linear (n,k)-codes over F ; with minimum
distance at least d and type G and the set of vectors (0) with x; € {0,...,[n/|w;|]}
and y; € {0,...,n—d}, i € r:=|G\U(k,1,q)|, solving the linear system of equa-
tions:

X0
G _ .
Mg My, 1 1 : 0
Xr—1 _
m m¢ -1 Yo 0
r—1,0 r—1,r—1
|“70| |wr71| 0 0

Yr—1
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If (;) is a solution of this system, then the first part x defines an n-multiset X of points
as follows
Xi
¥=U Uw

i;>0 j=1
where U means the union of multisets. Representatives of the points of X, written
column by column in a matrix, yield a generator matrix of an (n,k,d,q)-code C.
Furthermore, the weight distribution We(x,y) = y" + Y1y A;x'y" " is given by

A=G-1) Y o 0
/':y]v:nfi

Example Suppose we are now looking for a linear (14, 3,9)-code over F3. Such
a code is optimal. First note that a code with these parameters cannot be pro-
jective, since there are exactly 13 points in PG, (3), i.e. at least one point has to
occur twice in a generator matrix of such a code. The parameters 4 = 3 and
k = 3 are the same as in example 8.3.6 and we also prescribe the group M3(3)
as a group of automorphisms. The orbits on the points and hyperplanes are
also shown in 8.3.6. The corresponding system of equations is

X0
220 -1 0 0 x 0
112 0 -1 0 n | | o
031 0 0 1| |w ]| | o]
364 0 0 0 i 14
Y2

where xg € {0,1,2,3,4}, x1 € {0,1,2}, x, € {0,1,2,3} and y; € {0,1,2,3,4,5},
see also 7.7.11. A solution of this system is (0,1,2;2,5, S)T, which means that
the orbit w; occurs once in the corresponding multiset X' and the orbit w;
occurs twice in X'. Thus we obtain the following multiset
X = wpUwrUwy
= {{P2/P3/P5/P6/P7/P10/P8/P9/P11/P12/P8/P9/P111P12}}

and finally the generator matrix

00111111111 1171
r=y11o001211221122
1 2120012121212

of an optimal (14, 3,9)-code. For the weight distribution we obtain:
We(x,y) = y™ +20x%)° + 6x1%3,
since Ag = (3—1) - (|| 4+ |Q2]) =20and A;p = (3—1) - || = 6. &

8.4.4
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8.5 Numerical Results

On the following pages we present new codes obtained with the proposed
method. Applying the modifications to these codes described in the second
chapter all in all we got more than 400 new codes (see [32]).

For each pair of values (gq,k) we show a table with parameters n,d,G,r
of 8.4.3. A row in such a table means that we have constructed a code over
F, with dimension k, with length n, minimum distance 4 and type G. The
number r is the number of orbits of the corresponding group G on the set of
points U(k,1,q). A bold minimum distance d means, that the (n,k, d)-code is
optimal.

For the finite field Fq =F pm We use the additive representation, i.e. the ele-
ments of Fym = ¥, /I(f) which are cosets ko +kix+ ... + K121+ I(f) are
coded as numbers ko +kip+ ... +ky_1 pm’l. The corresponding irreducible
polynomials can be found in Table 3.3.

Table 8.1 Linear codes for g = 2 and k = 10

n d G r
1010100100
1100001000
1011000100
1011110100
1100000010
0010001111
1101010011
1011010110
0010110000
1010101100

177 84
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Table8.2 Linear codes for g =3 and k = 6

n d G r
100000 001000
001000 000100
000010 000001
191 126 000001 || 100000 ) 20
000100 000010
010000 010000
100000 001000
001000 000100
000010 000001
202132 { 000001 || 100000 ) 20
000100 000010
010000 010000
000001
100002
010001
219 144 ( 001002 ) 23
000102
000012

Table8.3 Linear codes forg =3 and k =7

n d G r
2211010
1011220
1211220
202 129 (| 0022000 |) 35
0201010
0212120
0000001
0000010
1000010
0100000
222 144 (| 0010010 |) 45
0001000
0000120
0000001
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64

37

00000010
00010000
00000100
10000000
01000000
00001000
00100000
00000001

G

Table8.4 Linear codes forg =3 and k =8

01000000
00001000
00000100
00000001
00010000
10000000
00000010
00100000

00000100
10000000
01000200
00100200
00010100 )
00001000
00000010
00000001
00000100
10000000
01000200
00100200
00010100 )
00001000
00000010
00000001

224 141 ( 69

208 144 ( 69
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Table 8.5 Linear codes for g = 4 and k = 5

n d
56 40
70 50
9 72
137 100
163 120
177 130

10000
00010
00001
01000
00100

00010
00100
10000
00001
01000

G
00001
00010
01000
10000
00100
01133
13012
03012
32022
13311

22101
33213
31331
00020
13032
33221
21332
31212
21333
10013

10000
02000
00100
00030
00002

00100
10000
00001
00010
01000

69

33

31

33

21

25

647
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182

189

194

226

236

Table8.6 Linear codes forg =4and k =5

d

134

140

144

168

176

00010
00100
10000
00001
01000

00010
00100
10000
00001
01000
00010
00100
10000
00001
01000

G

20200
31231
00022
30003
32102
10210
32020
30110
20000
00001

00100
10000
00001
00010
01000

00100
10000
00001
00010
01000
00100
10000
00001
00010
01000

21

21

25

25
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102

108

134

140

146

Table8.7 Linear codes for g =4 and k = 6

d

72

76

96

100

104

200000
002000
000200
000002
020000
000020
000100
100000
000001
001000
000010
010000
000100
100000
000001
001000
000010
010000
010000
000010
000100
000001
100000
001000
010000
000010
000100
000001
100000
001000

G

002000
200000
020000
000002
000200
000020
000001
000100
100000
000010
010000
001000
000001
000100
100000
000010
010000
001000
000100
000010
001000
100000
010000
000001
000100
000010
001000
100000
010000
000001

51

51

51

51

51

649
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161

165

175

180

185

Table8.8 Linear codes forg =4 and k = 6

d

115

118

126

130

134

G

000030 000100
000300 000001
300000 100000
000003 || 010000
003000 000010
030000 001000
010000 000100
000010 000010
000100 001000
000001 || 100000
100000 010000
001000 000001

001130

233003

322120

< 331110 )

103301

011332
010000 000100
000010 000010
000100 001000
000001 || 100000
100000 010000
001000 000001
010000 000100
000010 000010
000100 001000
000001 || 100000
100000 010000
001000 000001

51

51

17

51

51
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191

195

201

205

210

Table8.9 Linear codes forg =4 and k = 6

d

138

141

145

148

152

010000
000010
000100
000001
100000
001000
010000
000010
000100
000001
100000
001000
000100
001000
000010
010000
100000
000001
000100
001000
000010
010000
100000
000001
000010
010000
100000
001000
000001
000100

G

000100
000010
001000
100000
010000
000001
000100
000010
001000
100000
010000
000001
010000
001000
100000
000010
000001
000100
010000
001000
100000
000010
000001
000100
010000
000001
000010
001000
000100
100000

51

51

51

51

51

651
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220

226

232

237

242

Table8.10 Linear codes for g =4 and k = 6

d

160

163

168

172

176

000010
010000
100000
001000
000001
000100
000100
001000
000010
010000
100000
000001
000010
010000
100000
001000
000001
000100
000010
010000
100000
001000
000001
000100
000010
010000
100000
001000
000001
000100

G

010000
000001
000010
001000
000100
100000
010000
001000
100000
000010
000001
000100
010000
000001
000010
001000
000100
100000
010000
000001
000010
001000
000100
100000
010000
000001
000010
001000
000100
100000

51

51

51

51

51
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Table8.11 Linear codes for g =4 and k =7

n

126

158

161

189

d

88

110

112

132

{

{

{

G
3001233
2212232
0010311
2230310
1310312
1110332
2303023
1000010
0010001
0011000
1000000
1101000
1010111
0010100
1000010
0010001
0011000
1000000
1101000
1010111
0010100
1331321
1330022
2230231
0322221
2000032
3200131
2201032

r

89

181

181

89

653
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Table8.12 Linear codes for § = 5and k = 5

n d G r
41233
22240
53 40 (| 13413 |) 6l
32040
40040
00002
10002
92 70 (| 01001 |) 45
00104
00010
00002
10002
100 76 (| 01001 |) 45
00104
00010
12344
31144
110 8 (| 20332 |) 71
34344
43110
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_ O O O
AN W= O

n d

50 34

70 50

73 52

Table8.13 Linear codes for g =5and k = 6

G

212000

042000

023000

< 000130 )

000100

000001
010000 100000
001000 010000
100000 003000
< 000010 || 000300
000001 000010
000100 000002
100000 001000
000100 000100
000010 000001
< 000001 |’| 000010
010000 010000
001000 100000

173

) 110

Table8.14 Linear code for g = 7 and k = 4 with generator matrix

= N = O
O a N -
AN O W

N O QW =

11111
60024
01221
14124
n d

26 20 (

= Q1 = =
g o O -

= s O =
NN -

0010
1030
0110
0001

= O\ B =
S 1
Q1 U1 U1 =

— N O =

N B = =
N U1 = =
AN W IN -

= W U1 =

— O\ U1 =
= = O\ =
SO NN =

655
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n

28

34

48

Table8.15 Linear codes for ¢ = 7 and k = 5

d

20

25

36

00100
00010
10000
01000
00001

G

7

53000
25000
00300
00001
00050
66240
44440
46200
10450
00001

10000
03000
00300 |) 147
00060

00002
) 189
) 131
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85

97

103

108

117

Table8.16 Linear codes for § = 8 and k = 4

d

72

82

88

92

100

0010
1000
0100
0001
0010
1000
0100
0001
0010
1000
0100
0001

G
0010
1070
0170
0001

0571
3403
2247
1361

0001
1000
0010
0100
0001
1000
0010
0100
0001
1000
0010
0100

73

57

57

57

657
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Table8.17 Linear codes for ¢ = 8 and k = 5

n d G r
00010
10010
79 63 (| o1040 |) 121
00160
00001
10000 20000
00100 03000
98 80 (| 01000 |,|] 00400 |) 61
00001 00030
00010 00002
10000 20000
00100 03000
100 81 (| 01000 |[,| 00400 |) 61
00001 00030
00010 00002
10000 20000
00100 03000
103 84 (| 01000 |[,| 00400 |) 61
00001 00030
00010 00002
00010
10010
119 98 (| o1040 |) 121
00160
00001
42000
56000
130 107 (| 00120 |) 81
00140
00007
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Table 8.18 Linear code for ¢ = 9 and k = 3 with generator matrix

0101111111111 1111
r=|1101011122575757638
116657857001786138
n d G r
010
17 14 (| 100 |) 51
001

Table8.19 Linear codes for § =9 and k = 4

n d G r
8418
5878
7312
0215
1600
8600
0006
0050
0001
1002
0100
0017
0600
3710
4130
0001

41 34

) 20

102 88

123 106

130 112 ¢






