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Abstract. In this paper we prove that there exists an exponential number of
nonequivalent propelinear extended perfect binary codes of length growing to infin-
ity. All such codes have small rank, which is one unit greater than the dimension of
the extended Hamming code of the same length. We investigate the properties of
these codes.

1 Introduction

Let E;, = {0,1,...,q — 1} be a set of ¢ elements, where we distinguish one of
them and write it as 0. We call words the elements of the cartesian product Eg
equipped with the Hamming distance d. Denote by 0 the word (0,...,0). The
action of an isometry of Ef can be presented as the action of a permutation
on the coordinate positions {1, ...,n} followed by the action of n permutations
01y 0n Of Egt (@1, ..., %) = (Te-1(1)s-- s Tr1())y (0150005 00) (21, -1,
xn) = (01(21),..., op(zy)). The permutation o = (o1,..., o,) will be called a
multi-permutation. The composition o o ¢’ of multi-permutations ¢ and o’ is
the multi-permutation (o1 0 0,...,0, 0 0},), where o; o o} is the composition
oi o oL(z;) = oi(ol(x;)), for any i € {1,2,...,n}. By (o;7)(xz) we denote the
image of  under an isometry (o;7) :  (o;7)(z) = o(n(x)). A g-ary code C of
length n is a subset of E. Denote by Iso(C) the isometry group of the code C,
that is, the subgroup of all isometries of Ej' fixing C.

Definition 1. A g¢-ary code C of length n is called propelinear if for
any codeword x there exists a permutation 7, and a multi-permutation o, =
(0z1s--.,00,) satisfying
(i) for any z € C' it holds (04;7;)(C) = C and (04;7,)(0) = z,

(ii) ify e C and z = (04;7,)(y), then 7, = 1, 0omy and 0,; = 044 0 Oyt (i)
for any ¢ € {1,...,n}; or, equivalently, (0,;7,) = (04; Tz)(0y; Ty).
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A g-ary code is called transitive if the isometry group of the code acts
transitively on its codewords, i.e., the code satisfies the property (i) in Def-
inition 1. Transitive codes are studied in [10]. As in the binary case, in the
g-ary case, given a g-ary propelinear code C' we can define the operation x as
T xv = (04;7)(v) for any z € C, and any v € E}. We denote by (C, 7,0, %)
the propelinear structure, and sometimes by (C,x) when we do not require any
information about permutations. The code C with operation x form a group.
Note that there can exist many different propelinear structures on a propelinear
code, including nonisomorphic ones (for binary case see [3]).

In [1,7-9], some properties of binary propelinear codes are studied. In [2,3],
the relations between classes of propelinear and transitive codes are investi-
gated, the classes of propelinear and transitive codes are different — the binary
Best code of length 10 is shown to be transitive, but not propelinear. The pre-
vious lower bound on the number of nonequivalent propelinear extended perfect
binary codes of length n = 2™ m > 4 was |logy(m/2)]?, see [2,3], the codes
have different ranks. In the paper we prove that all transitive extended perfect
binary codes from [6] are propelinear. Despite the fact that the new class of
propelinear codes obtained in this paper is larger than the old class from [2,3],
it does not cover the old one, since all the codes in the new class have small
rank, which is one unit greater than the dimension of the extended Hamming
code of the same length. In [2,3] there were found propelinear codes with bigger
ranks, therefore the result [2, 3] keeps current.

2 Isotopic propelinear MDS codes

A g-ary code of length n, satisfying the property (i) in Definition 1 with 7, =
1d,, for any x in the code is called an isotopic transitive code. A notion of isotopic
transitivity was introduced by Potapov in [6] and used for constructing an
exponential number of nonequivalent transitive extended binary perfect codes
of length n as n goes to infinity. We call a g-ary propelinear structure on a code
C of length n isotopic propelinear, if for any = € C' it holds m, = Id,,. If there
is an isotopic propelinear structure on a code C, we call C isotopic propelinear.

A function f : E;”_l — E, is called a (m — 1)-ary quasigroup of or-
der ¢ if f(z1,...,2m-1) # f(y1,...,Ym—1) for any words (x1,...,2;m—1) and
(Y1, Ym—1) from Eg”_l that differs in only one position. It is known that
there exists a one-to-one correspondence between (m — 1)-ary quasigroups of
order ¢ and MDS g-ary codes of length m. Given a (m — 1)-ary quasigroup f
we can construct the code {(z, f(z)) : x € E" '},

Consider Fy = {0,1,2,3}. We use two operations defined in E4: * to refer
to the addition considering the elements in F, as elements in Z4, and @ to
refer to the addition when we see the elements in F4 as elements in Zy X Zo
through the Gray map given by 0 — (0,0),1 — (0,1),2 — (1,1),3 — (1,0).

Next examples were used in [6] to obtain extended perfect transitive codes.
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Example 1. Let us consider the function x1 * zo from Ez to E4. From the
correspondence between MDS codes and quasigroups we have that {(z1, z2, 21 *
x9) : x1,x2 € Ey}is a MDS code. It is straightforward to see that this code is an
isotopic propelinear code with the corresponding permutations o, 1(y) = 1 *y,
022(Yy) = 2%y, 0,3(y) = x3*y for any y € Ey, where x5 = 1 * x.

Example 2. Let 71 @z be the function from E? to E4. The corresponding
MDS code is isotopic propelinear with the permutations o, 1(y) = z1 & v,
0z2(y) = 12@ Y, 023(y) = 23Dy for y € By, where x3 = 21 ® x3.

Potapov [6] proved the isotopic transitivity of quaternary MDS codes, ob-
tained from an isotopic transitive MDS code M and the MDS code from Ex-
ample 2, using the following concatenation construction:

{1, oy i1, YLy e oo s Urs Tid 1y e -+ s Tin) : Y1 DY2D. . . BY, = x4, = (T1,...,%m) € M},
(1)

for some fixed 7, 1 <¢<m —1, and for any r =1, 2,...
If the initial code corresponds to a quasigroup f, that is, M = {(z, f(x)) :
T € Eznfl} then the constructed code corresponds to the following composi-

tion of the quasigroup f and the quasigroup from Example 2: g(z1,...,2;—1,
Y1, ayrvxiJrla""xm*l) = f(xlﬂ" HTi-1, Y1 DY2 D ... D Yy Tig1, ..,fl‘mfl).
Given a permutation ¢ on the elements of E4 and a word y = (y1,...,y,) in Ej

such that y1 @ ... ® y, = 0(0) we define the permutations 7 1,..., 7y, in Ey:
Tys(a) = 0(a)By1®. .. By ®yYs = 0(a)®o(0)Bys, where s € {1,2,...,7}. (2)

Proposition 1. Let (M,o0,*) be a quaternary isotopic propelinear MDS code
of length m and M' = {(y1,...,Yr,®2,...,Tm)}, where (y1,...,y,) € E}, y1 &
Yo ® ... By =21, (T1,...,%m) € M. Then (M’,0,%) is an isotopic propelinear
structure on the MDS code M’ with 6, = (Ty1,.. ., Tyr, 022, - -+ 0xm), assigned
to the word z = (Y1,...,Yr, T2, ..., Tp), where T, is defined in (2) with o,
as the permutation o, for any s € {1,2,...,r}.

Potapov [6] considered quasigroups of the following form: f(z1,...,z,-1) =
(1@ ... BTy * (Tiy41D ... DXiy) * ook (X, 41 D ... D xp_q1), where 1 <
i1 < ... <lipm_1 <n—1 (we denote this quasigroup by fi, . i, ,), and proved
the transitivity of any MDS code corresponding to a quasigroup of this type.
Applying construction (1) and Proposition 1 a proper number of times, we
prove that the code M’ = {(, fi,.. i,._,(x) : © € E}'} is isotopic propelinear:

Corollary 1. Let M' = {(x, fi, i, _o(x)) : & € E}™'}. Then there exists an
isotopic propelinear structure (M', o, %), with the multi-permutation o, assigned
to a codeword x being such that oy, 11(a) = (* (24,41 D ... O Tiy,,)) © Tijte,
for1 <t <ijp1—15and0<j<m—2,i9=0.
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Corollary 2. There exist at least me”\/ 2An=1/3(1 4 o(1)) nonequivalent

quaternary isotopic propelinear MDS codes of length n, for n going to infinity.

3 Propelinear extended perfect codes

Let Cj be the binary extended Hamming code of length 4:  Cy = {(0,0,0,0),
(1,1,1,1)}. Let e, mean the all-zeroes vector in Ej3, except for the ath coordi-
nate which is 1, ey = e4. Define the codes in Eg:

Co=Co+ (L+r)ey + eq, for r € {0,1}, a € Ej. (3)

Now consider the Phelps concatenation construction [5], see also [11]:

C= U U Cgllx...ng:, (4)
(h1ye-shn)€EH (ai,...,an)EM
where H is an extended Hamming code of length n, M is a quaternary MDS
code of length n and codes ng,i = 1,...,n, are defined in (3). Using the
construction (4), Potapov [6] found a large class of transitive extended perfect
codes taking M to be one of the MDS codes corresponding to quasigroups

fi1,...,im72 (.’171, RN mn,l) = (.’171@. . .@xil)*(xi1+1@. . @ng)* . .*(.’Iﬁi,"L72+1@. . .@wnfl),
(5)

for any i1,...,%m—2, such that 1 <41 < ... <4y <n—1.
In the following theorem we show that extended perfect Phelps code [5]
constructed from an isotopic propelinear MDS codes is propelinear. The proof
is based on a constructive approach, which we omit here and can be found in [4].

Theorem 1. Let M be a quaternary isotopic propelinear MDS code of length
n, H be a binary extended Hamming code of length n. Then, the code (4) is a
binary propelinear extended perfect code of length 4n.

And finally considering Potapov MDS codes corresponding to quasigroups
of the type fih_“’imfz(al, .. .,Cl,n_1) = (C(,l D...D ail) * (aiﬁ_l D...D aiz) * ...k
(ai,, +1D...Dan—1) and applying the results of the previous section we obtain:

8n21\/§e”\/ n/3(1 4 o(1)) nonequivalent prope-
linear extended perfect binary codes of length 4n, for n going to infinity. These
are the codes (4), corresponding to Potapov MDS codes:

hl hn—l h’ﬂ
U U C’a1 X ... X Can_1 X Cfi1 (@1 1)’

A G —2
heH (al,...,a7L,1)€E27

Theorem 2. There exist at least

All such codes have small rank, which is one unit greater than the dimension
of the extended Hamming code of the same length.
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4 Kernels

In this section we describe the kernels of Phelps codes, considered by Potapov
in [6] and establish whether the propelinear structures of the codes defined in
Theorem 2 are normalized or not.

Further on, we consider only quaternary MDS codes. The kernel of a quater-
nary MDS code M is the collection of the codewords preserving the code under
translation, Ker(M) ={a € M : a®M = M}, where & means component-wise
“addition”: a ® b= (a1 @ b1,...,an D by).

Proposition 2. Let M be a quaternary MDS code of length n, H be an extended
Hamming code of length n, C = Upepy Ugers C1 % ... x Chn. Then a codeword

from the code C’Z,l/l X ... X C’Z,ﬁl belongs to Ker(C) if and only if the word o' =
(a},...,al) belongs to Ker(M).

From now on, we consider a codeword of a MDS code corresponding to a
quasigroup f as (a, f(a)). For the case of Potapov MDS codes, i.e., MDS code
corresponding to the quasigroup fi, i .(a1,...,an—1) = (a1 & ... B a;,) *
(@i, 41D ... Daj,)*...%(ai, ,41D...Han—1), we obtain the following criterion:

Theorem 3. Let M = {(a, fi, i, ,(a)):a € E{~'} be a MDS code. Then
(@, fir,...im_o(a)) belongs to Ker(M) if and only if the word of partial sums
(@;1:1(1]-,@;-2:1-1“@]-,...,@?:_ilm_QJrlaj) belongs to {0,2}™1 for odd m and to
{0,2y™" YU {1,3}™! for even m.

From Theorem 3 and Proposition 2 we obtain the values for the size of
kernel of Phelps codes, corresponding to Potapov MDS codes:

Corollary 3. Let C' be the code obtained by Phelps construction

_ h hn7 hn
C = U U Cal X ... x Oyl x Cfil ’’’’ o (@)
heH (a,fiy (a))eM

""" tm—2

If m is odd then |Ker(C)| = 237=271092(0): if m js even |Ker(C)| = 23— 1-leg2(n),

5 Normality

A propelinear structure on a binary code is called normalized if the codewords
of the same coset of the code by the kernel have the same assigned permuta-
tion [3]. Analyzing the propelinear structure on Phelps codes corresponding
to Potapov MDS code from Theorem 2 (see [4]), and using the description of
kernels obtained in previous section, we obtain
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Theorem 4. Let (C,7,0,%) be the propelinear structure in (4), where

C:U U C’gllx...ng:_—GC’h"

1 Jitserin—o (@15ees@n—1)
heH (ay,...,an_1)EEF "

Then, if m is odd, (C,m,o,%) is normalized, otherwise it is not normalized, but
there exist at least 272 different normalized propelinear structures on C.
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