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Abstract

We show that permutation decoding can l‘>e used, and give ex-
plicit PD-sets in the symmetric group, for some of the binary codes
obtained from the adjacency matrices of the graphs on (") vertices,
for n > 7, with adjacency defined by the vertnces as 3-sets being adja-
cent if they have zero, one or two elements in common, respectively.

I

1 Introduction |
MacWilliams [8] introduced an algorithm for permutation decoding, em-
ploying it mostly for cyclic codes and the Golay codes. It involves choosing
appropriate information sets for the code and ﬁndmg a set of automor-
phisms that satisfies particular conditions (see }below), such a set being
called a PD-set.
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Appropriate information sets and PD-sets for infinite classes of codes
defined by some strongly regular graphs with the symmetric group as an
automorphism group were found in [6, 7]. In [5] we examined the binary
codes from a similar class of graphs, not strongly regular, but with the
symmetric group as automorphism group, and obtained the dimension, the
minimum weight, and some classes of minimum words for these codes: see
Section 3, Result 1 for a statement of the main theorem obtained.

In that paper we announced that we would include the establishment of
PD-sets for the interesting members of this set of codes in a further paper,
and this current paper addresses that issue. Here we prove the following:

Theorem 1 Let Q be a set of size n, where n > 7 and n is odd. Let
P = 03}, the set of subsets of Q of size 3, be the vertez set of the graph
Az(n) with adjacency defined by two vertices (as 3-sets) being adjacent if
the 3-sets meet in two elements. Let Ca(n) denote the code formed from
the row span over Fo of an adjacency matriz for Aax(n).

The dual Ca(n)* is e [(3), (*57),n — 2]2 code with

I={{isn}|1<i<j<n}U{{n-3,n-2,n-1}}\{{n-2,n-1,n}}

as information set. Then Ca(n)t has a PD-set in S, given by the fol-
lowing elements of S, in their natural action on triples of elements of
Q={1,2,...,n}:

S={(ni)(n-1,5)(n-2,k)|1<i<n,1<j<n-1,1<k<n-2},
where (i,1) denotes the identity element of Sy.

Note that the size of the PD-set is of the order of n3, as is the length
of the code.

The proof of the theorem is given in Section 3. In Section 4 we mention
one of the other dual codes and give a PD-set.

2 Background and terminology

Our notation for designs and codes will be standard and as in [1]. An inci-
dence structure D = (P, B,Z), with point set P, block set B and incidence
7 is a t-(v, k,\) design, if [P| = v, every block B € B is incident with
precisely k points, and every ¢ distinct points are together incident with
precisely X blocks. The design is symmetric if it has the same number of
points and blocks.

The code Cr of the design D over the finite field F is the space
spanned by the incidence vectors of the blocks over F. If the point set of D
is denoted by P and the block set by B, and if Q is any subset of P, then
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we will denote the incidence vector of Q@ by v©. Thus Cr = (v?|B € B),
and is a subspace of V = FP, the full vector space of functions from P
to F. For any vector w € V, the coordinate of w at the point P € P is
denoted by w(P). |

All our codes here will be linear codes, i.e. subspaces of the ambient
vector space. If a code C over a field of order ¢ is of length n, dimension k,
and minimum weight d, then we write [n, k, d], to show this information.
A generator matrix for the codeis a k x n matrlx made up of a basis
for C. The dual or orthogonal code C' is the orthogonal under the
standard inner product (,), i.e. Ct = {v € F"|(v, c) =0 for all c € C}.
A check (or parity-check) matrix for C is a generator matrix H for Ct.
If ¢ is a codeword then the support of ¢ is the set of non-zero coordinate
positions of ¢. A constant vector is one for which all the non-zero entries
are equal to 1. The all-one vector will be denoted by 3, and is the constant
vector of weight the length of the code. Two linear codes of the same
length and over the same field are equwalent‘ if each can be obtained
from the other by permuting the coordinate positions and multiplying each
coordinate position by a non-zero field element. They are isomorphic
if they can be obtained from one another by permuting the coordinate
positions. An automorphism of a code C is aP isomorphism from C to
C. The automorphism group will be denoted by Aut(C).

Terminology for graphs is standard: the graphs I' = (V, E) with vertex
set V and edge set E, are undirected and the valency of a vertex is the
number of edges containing the vertex. A graph 1§ regular if all the vertices
have the same valency.

Any code is isomorphic to a code with generator matrix in so-called
standard form, i.e. the form (I | A]; a check matrix then is given by
[~AT | I—x). The first k coordinates are the information symbols and
the last n — k coordinates are the check symbols

Permutation decoding was first developed by MacWilliams [8]. It
involves finding a set of automorphisms of a code[ such that the set satisfies
certain conditions that allow it to be used for decodmg, such a set is called
a PD-set. The method is described fully in MacWilliams and Sloane [9,
Chapter 15] and Huffman [3, Section 8]. A PD-set for a t-error-correcting
code C is a set S of automorphisms of C' which is such that then every
possible error vector of weight s < ¢ can be mO\‘}ed by some member of &
to another vector where the s non-zero entries have been moved out of the
information positions. In other words, every t-set of coordinate positions
is moved by at least one member of S to a t—set consisting only of check-
position coordinates. That such a set will fu]ly use the error-correction
potential of the code follows easily and is proved in Huffman [3, Theo-
rem 8.1]. Of course such a set might not exist at all, and existence is not
invariant under equivalence, nor isomorphism, of ’codes Furthermore, there
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is a bound on the minimum size that the set S may have: see Gordon [2],
or [3].

The algorithm for permutation decoding then is as follows: we have a
t-error-correcting [n, k, d)q code C with check matrix H in standard form.
Thus the generator matrix G for C that is used for encoding has I; as the
first k columns, and hence the first k coordinate positions correspond to the
information symbols. So G = [I|A] and H = [AT|I,—], for some A and
any vector v of length k is encoded as vG. Suppose z is sent and y is received
and at most ¢ errors occur. Let S = {g1,...,9s} be the PD-set. Compute
the syndromes H(yg;)T for i = 1,...,s until an 7 is found such that the
weight of this vector is ¢ or less. Now look at the information symbols in yg;,
and obtain the codeword ¢ that has these information symbols. Decode y as
cg; 1. Note that this is valid since permutations of the coordinate positions
correspond to linear transformations of F™, so that if y = = + e, where
z € C, then yg = zg + eg for any g € S, and if g € Aut(C), then zg € C.

3 The codes and PD-sets

We describe first briefly how the codes are defined from graphs and designs.
Let n be any integer and 2 a set of size n; to avoid degenerate cases we
take n > 7. Taking the set Q3 to be the set of all 3-element subsets of
2, we define three non-trivial undirected graphs with vertex set P = Q{3},
and denote these graphs by A;(n) where 1 = 0,1, 2. The edges of the graph
Ai(n) are defined by the rule that two vertices are adjacent in A;(n)
if as 3-element subsets they have exactly ¢ elements of Q in common. For
each i = 0,1, 2 we define from A;(n) a 1-design D;(n), on the point set P
by defining for each point P = {a,b,c} € P a block {a,b,c}; by

{a'a brc};’ = {{:L‘, Y, z} I I{xry’z} n {ar b, C}I =1 }

Denote by B;(n) the block set of D;(n), so that each of these is a symmetric
1-design on (i) points with block size, respectively:

* ("3°) for Do(n);
o 3(";%) for Di(n);
e 3(n — 3) for Da(n).
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The incidence vector of the block {a,b,c}; for i = 0,1, 2, respectively, is
then

v abely, — z v{”-ihz}’ (1)
z,Y,2€E0*

vebeh = Z ICE X)) Z CER) Z ulezvl (2)
z,yeN* z,yeN* 3 z,yEeN*

vms - Z {abz}+ Z {ac,z}+ Z {bc:} (3)
ZEN* zeQ* ! zZEN*

where Q* = Q \ {q,b,c}, and, as usual with the notation from [1], the
incidence vector of the subset X C P is denoted by vX. Since our points
here are actually triples of elements from 2, we emphasize that we are
using the notation w{%b:} instead of the more cumbersome v{{e:b:c}}, as
mentioned in [1]. In [5] we examined the binary codes of these designs, i.e.,
denoting the block set of D;(n) by B;i(n), we mo;c

Ci(n) = C2(Di(n)) = (0" | b €.By(n)),

where the span is taken over F». Altematlvely this can be regarded as
the row span over F» of an adjacency matrix of the relevant graph. We
obtained the following:

Result 1 Let Q be a set of size n, wheren > 7. Let P = QU3}, the set
of subsets of Q) of size 3, be the vertex set of the three graphs Ai(n), for
i=0,1,2, with adjacency defined by two vertices (as 3-sets) being adjacent
if the 3-sets meet in zero, one or two elements, respectively. Let Ci(n)

denote the code formed from the row span over Fo of an adjacency matriz
for Ai(n). Then ‘

1. n =0 (mod 4):
(a) Cz(’n) IFZ ’
(b) Co(n) = C1(n) is [(3), (3) —n. 4]2 and Co(n)* is [(3),m, ("7 )2
2. n =2 (mod 4): |
Ci(n) =F% fori=0,1,2;
3. n=1 (mod 4):
(a) Co(n) = Ci(n) N Ca(n);

|
(8) Co(n) is [(3), (3) ~ (2),8]2 and CO(")J‘ is [(3), (2),m = 2Je
C1(9) is (84,76, 3]z and C1(9) s [84,8, 38]s;
C’l(n) is[(3), (") n+1,4]z and Cy(n)* is[(3),n—1, (n—2)(n—
3)]2 forn >9;
Coln) s [(3). ("5), 41z and Cafny* is [(3), ("3").n — 2he;
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4. n =3 (mod 4):

(a) Ci(n) = (WP +35 | PeP)is[(5),(3) — 1,2

(b) gio(n) = Ca(n) is [(3), ("5")4J2 and Ca(m)* is [(3), ("3 )sm -
2;

For all n > 7,4 = 0,1,2, Ci(n) N Ci(n)* = {0}, and the automorphism
groups of these codes are Sy, or S(:).

Notice that the code Ca(n)* for n odd is always [(3), ("3 1), n—2]2, and,
furthermore, information sets are given in [5]. We now prove the theorem:

Proof of Theorem 1: That the information symbols can be taken as
given above follows from Proposition 1 of [5], where we have replaced the
point {n —2,n~1,n} in the information set by {n—3,n—2,n—1} in order
to be able to construct a PD-set.

Let 7 denote the information positions, and C the check positions. Thus

I={{i,jn}|1<i<j<n}u{{n-3,n-2,n-1}}\{{n—-2,n-1,n}}.

Let P={n-3,n—-2n-1}€Zand Q= {n—2,n—1,n} € C. Notice
that the code will correct ¢t = % €rrors.

Take a set 7 of ¢ points of P and let T =,  cjer{a b, c}. We need
to exhibit an element o € S such that 7o C C. For this we need to consider
the different types of composition of T, so the proof goes through a number
of cases. Notice that if 7 C C then the identity automorphism, which is in
S, will do. Thus suppose T ¢ C.

Let 2; denote the number of elements in § that occur ¢ times in 7.
Then ¥i_,z =n and Y_, iz = 3t. Thus

t
2(23' —3)2; +9 =32+ 2. 4)

i=2

Case (I): 7 C Z. Then at least ¢ — 1 members of 7 contain n.

(i) P € T: then |T| < 2t + 1 = n — 2, so there are at least two distinct
elements a and b in 2, not equal to n, that are not in T'. If a < n — 3 then
o = (n, a) will satisfy To C C. If {a,b} = {n — 2,n — 1} then again (n, a)
will do.

(ii) P€ T: then |T| < 2(t —1)+1+ 3 = n — 1, so there is at least one
element a € N such that a ¢ T. Clearly a < n —4. If |T| = n -1, then
n —3,n —2,n — 1 appear only in P and in no other element of 7. Thus
(n,n—3) will do. If |T| < n—1 then there are at least two elements a,b ¢ T
with a,b < n — 4. Then T(n,a)(n —1,b) CC.
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Case (II): suppose 7 meets both Z and C non-trivially.
(i) Suppose first that zp 7 0. Then ifa € Q, a # n and a &€ T, the
transposition 7 = (n, a) will transform 7 into 77 which will not contain n,
so that if we find an element ¢ to take 77 into Cw where o € S but fixes n,
then 7o € S will map 7 into C.

So assume that n is absent from 7. Then P € T and the number of

points of the form {i,n — 2,n — 3} with ¢ #nn—l isn-4=2t-1,
so there is an element b < n — 4 such that {b, n 2,n—3} & 7T. Then
T(n,a)(n—1,b) CC.
(i) Now suppose that T = , and thus 20 = 0, and n > z; > 9 from
Equation (4). For a € Q, let z(a) denote the number of times a appears in
pointsin 7. So1 < z(a) < tforeacha € Qand 3t = ¥ | z(i) = b, iz.
For any a € Q, z(a) = 3t - 3, ., z(b) < 3t—(n-1) =t—2,andso z =0
fori>t—1.

We will now show that we can find a pomt {a,b,c} € T such that
z{a) = z(b) = 1, a,b < n -4, and ¢ # n. Suppose :z:(n) = m, and that
l<m<t-2 Then

gt=2+m+ Z z(3) 2 z1+mi+2(n—1 - 21),
2()22,i#n |

which simplifies to z; > t+4+4m. If m =1 then thls inequality still applies if
we take 21 to be the number of elements with z(a)‘ = 1 excluding »n. Suppose
that as many pairs with z(a) = 1 as possible occur as part of a triple with
n in 7. This uses 2m elements, leaving 2; — 2m > ¢ + 4 — m elements
with z(a) = 1 (always excluding n from the count). We want to exclude
n—3,n—-2,n—1, which still leaves at least z; —2m —3 > t—m+1 elements.
The number of points of T available is ¢ — m so we must have at least one
point X = {a,b,c} with two elements a and b with z(a) = z(b) = 1,
a,b<n—4,and c#n.

Finally we show how this point X = {a,b‘c} can be used to define
group elements that will map 7 into C. We need to look at the various
possibilities for c.

1. c£n—4: theno = (n,a)(n—1,b)(n-2, cﬁ will satisfy To C C, since
{d,e,n}o €C, {a,b,c}o = {n,
1}o~!= {b,c,n -3} & T, since z(b) =1 and a # n — 3.

2. ¢c=n—1: then o = (n,a)(b,n — 2) will work as above, noting that
{n-3n-2,n—-1}ct'={bn—-1,n— 3D¢T smce:x:(b)—land
a#n-—3.

3. ¢=n—2: then o = (n,a)(b,n—1) will wo‘rk as in the previous case.
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4. ¢ = n - 3: then {a,b,c} = {a,b,n — 3} and take ¢ = (n,a)(b,n —
1)(n—2,n-3). Then {a,b,c}o = {n,n—1,n—-2} € C, and {n—3,n—
2,n—1}0"'={bn—-2,n—-3} ¢ 7T,since z(b) =1 and a # n — 2.

We have shown that every ¢-tuple, and hence every s-tuple for s < ¢ can be
moved by an element of S into the error positions. Thus S is a PD-set for
Co(n)t. B

4 Conclusion

Note: 1. We expect that a similar sort of construction can be made for
PD-sets for the other codes from these graphs, but one requires suitable
information sets. In particular, taking the code Cp(n)* for n =1 (mod 4)
and n > 9, we have a [(3), (3),n — 2]2 code that will correct 232 errors.
From Lemma 10 of [5] we can take as the (3) information positions the
points {i,5,n} for1 < i, <n-1,{i,n—2,n—-1}forl1 <i<n-3
and two extra points: {n —4,n—3,n—1}and {(n—4,n-3,n—2}. To
construct a PD-set we need to switch one of these points with a point from
the check positions, and it is easy to verify that the following will form an
information set: if

Il = {{i,j,n}ll$i<j5n-1}\{{n—2,n—1,n}};
I, = {{iin-2,n-1}|1<i<n-3}
Iz = {{(n-4n-3,n-2},{n-4,n-3,n-1},{n-5n-4,n-3}}

then
I=Z,0UIUZ;3

is an information set for Co(n)! for n =1 (mod 4) and n > 9. The set
{(n,)n-1,5)(n-2,k)(n-3,[) |1 <i<nl1<j<n-11<k<
n—2,1 <1 < n -3}, where (,7) denotes the identity element of S,, can
be shown to be a PD-set for the code, the proof following the lines of the
proof for the code we have given, but having more cases to be dealt with
separately.

2. The existence of a PD-set for a code is not invariant under equivalence,
and part of the problem of finding PD-sets is to find suitable information
sets: for example, in the theorem, the points

{1,2,n},{1,3,n},...,{n-2,n-1,n}

can be taken as information symbols, but if they are, the code will not have
a PD-set to correct all the allowed errors, since, for n = 9, the [84, 28, 7]2
code corrects t = 3 errors but there is no element in Sg that move the three
points

{1,2,9}, {8,4,5},{6,7,8}
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into the check positions. However, if {7, 8, 9} is placed in the check positions
and {6,7,8} in the information positions, then it can be done: in this
example, (6,9) will do it.

3. A bound found in Gordon [2] (and quoted and derived in Huffman (3])
for the smallest size a PD-set can be, when compared with the order of the
group of the code, shows that for some well-known codes from geometries,
PD-sets will not exist beyond a certain code length: see [4] for details.
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