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Abstract—The codewords of weight 4 of every extended perfect binary code that contains the all-
zero vector are known to form a Steiner quadruple system. We propose a modification of the Lindner
construction for the Steiner quadruple system of order NV = 2" which can be described by special
switchings from the Hamming Steiner quadruple system. We prove that each of these Steiner
quadruple systems is embedded into some extended perfect binary code constructed by the method
of switching of ijkl-components from the binary extended Hamming code. We give the lower bound
for the number of different Steiner quadruple systems of order N with rank at most N —log N + 1
which are embedded into extended perfect codes of length V.
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INTRODUCTION

Let F" be the n-dimensional metric space over the Galois field GF(2) with the Hamming metric.
A binary code of length n is an arbitrary subset of F”. The parameters of an arbitrary binary code C'
from F™ are denoted by (n, |C|, d), where n is the length of codewords (the code elements), |C| is the
cardinality of the code, and d is the code distance (i.e., the minimal Hamming distance between all
codewords). The support supp(z) of a vector = from F” is the set of nonzero coordinate positions of .
A binary code C of length n with distance d = 2d’ + 1 is called perfect if, for every x € F™, there exists
a unique ' from C such that the Hamming distance d(x, 2’) is equal to (d — 1)/2. It is known [7] that
a nontrivial perfect binary code correcting one error (further referred as perfect) exists if and only if
n = 2" — 1 for some integer r > 2.

[i Vis a set of v elements then a ¢t-(v, k, \)-design is a set of blocks designed from elements of v such
that each block contains exactly £ different elements and each t-element subset from V' appears exactly
in A blocks. A Steiner triple system of order v (denote it by STS(v)) and a Steiner quadruple system
of order v (denote it by SQS(v)) are 2-(v, 3,1)- and 3-(v, 4, 1)-designs correspondingly. Two Steiner
quadruple systems are isomorphic if there is a bijection of the sets of v elements which maps all blocks
of one system into the blocks of the other. It is known [10] that a Steiner quadruple system SQS(v)
exists if and only if v = 2,4 (mod 6); and the best lower [14] and upper [12] bounds of the number N (v)
of all nonisomorphic Steiner quadruple systems of order v has the form

2113/24 < N(v) < 21)3 log v(1+0(1))/24

Let C be an extended perfect code, obtained from the perfect code C' of length 2" — 1, » > 2, by
adding the total even parity (i.e., by adding a coordinate equal to the sum of other coordinates modulo 2).
Further we consider only perfect (and hence, extended perfect as well) codes that contain the zero vector.
[t is known [7] that supports of all codewords of weight 3 in a code C form the Steiner triple system
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STS(2" — 1), and supports of the codewords of weight 4 in the code C form the Steiner quadruple system
SQS(2").

[t is said [1] that the code C" = (C\M) U M’ is obtained by switching of M to M’ in a binary code C'
if C' has the same parameters as C. Such M is called a component of C. If M/ = M @ e; for some
i€ {1,2,...,n}, where e; is a vector of weight 1 with 1 in the ¢th coordinate position, then M is called
the i-component of C of lengthn. Let a C {1,...,n}. A setis called an a-component of a code C'if it
is the i-component for each i € o [1].

Similarly we define the notion of switching for ¢- (v, k, 1)-design. Two sets R and R’ that consist of k-
element subsets of a set V' are called balanced to each other ii every unordered subset with ¢ elements
that can be found in the k-element subsets of one set appears also in the k-element subsets of the other
one. It is said that the t-(v, k, 1)-design A’ = (A\R) U R’ is obtained by swifching of the set of blocks R
to the set of blocks R in t-(v, k, 1)-design A if R and R’ are the balanced sets [2, 6, 8] (see the definition
of balanced sets in[8]). In[6], such set R (as well as a set R) is called a component.

There are many open questions concerning Steiner triple and quadruple systems including the
problem of classification of these systems and the problem of an embeddability of a Steiner triple
(quadruple) system into a perfect (extended perfect) code.

A question of a correspondence between different constructions for a Steiner triple (quadruple)
systems and constructions for the perfect (extended perfect) binary codes is also of interest; e.g.,
connection between the switching and concatenation constructions for these objects.

In[16] it is proved that only 33 of 80 nonisomorphic Steiner triple systems of order 15 are embedded
into perfect codes and only 15590 of 1054163 Steiner quadruple systems of order 16 are embedded into
extended perfect codes.

The rank of a code C'is the dimension of the linear subspace of F”, spanned by the vectors from C'. It
is known that the rank of a Steiner triple system STS(2"—1) (a Steiner quadruple system SQS(2")) is
varied from 2" — r — 1, the rank of the Hamming code (the linear perfect code) of length 2" — 1[11, 17],
up to the full rank 2" — 1.

In [19], the number is found of different Steiner triple systems of order 2" — 1 with rank 2" — r that
exceeds the minimal possible rank by 1; and, in [18], a similar formula is obtained for the number of
different Steiner quadruple systems of order 2" with rank 2" — r.

Recall that a parallel class in 3-(v,4,1)-design, v = 0 (mod 4), is defined as a set of v/4 blocks that
are pairwise disjoint (in other words, a parallel class is a trivial 1-(v, 4, 1)-design). The Steiner quadruple
system in which the set of blocks can be divided into the r = (v — 1)(v — 2) /6 disjoint parallel classes is
called resolvable. In [5], the constructions are given that provide all different Steiner quadruple systems
of order N = 2" with rank at most 2" — r 4 1. It is proved there that all these systems are resolvable, and
the number is found of different resolvable Steiner quadruple systems that have one fixed parallel class:

oN+2 (N/4)! - GN(N=4)/2° 550996 N(N—4)(N-8)/(3-27)

N(N —4)(N —8)--- (N - N/2) (1)

Thereaiter, taking it into account that there exist N'1/24V/4 such different parallel classes, we can easily
find the number of all different Steiner quadruple systems provided by these constructions from the
Steiner quadruple systems of order N/4 with rank at most 2" — r + 1:

2N+2 .N!. (N/4)| . 6N(N—4)/25 . 55296N(N—4)(N—8)/(3-29)

24N/4 . N(N — 4)(N — 8)--- (N — N/2) (2)

In [4], it is shown that the class of Steiner triple systems of order 2" — 1, obtained by special
switchings from the Hamming Steiner triple system, is embedded into the class of perfect codes
constructed by the ijk-components method, and the lower bound is given for the number of the Steiner
triple systems of order 2" — 1 with rank at most 2" — r + 1.

Our work addresses the following question: Which Steiner quadruple systems are embedded into the
extended perfect binary codes constructed by the known ijkl-components method from the Hamming
code? For this purpose we introduce a switching construction of the Steiner quadruple system SQS(N),
constructed from an arbitrary Steiner quadruple system SQS(m), N = 4m, and based on the Lindner
constructiomwitrissshownnthatethe partition SQS(N) for N = 2" into the subsets-components of a

JOURNAL OF APPLIED AND INDUSTRIAL MATHEMATICS Vol.7 No.1 2013

www.manaraa.com



70 KOVALEVSKAYA, SOLOV’EVA

certain form corresponds to some partition of the extended perfect code into the ijkl-components and,
moreover, such Steiner quadruple system is embedded into the extended perfect code constructed by
the ijkl-components method. We obtain the lower bound on the number of different Steiner quadruple
systems SQS(V) with rank at most N — log N + 1 which are embedded into an extended perfect code.

1. STEINER QUADRUPLE SYSTEMS SQS(4m)
EMBEDDABLE INTO AN EXTENDED PERFECT CODE

Consider a construction of a Steiner quadruple system SQS(NV) of order N = 4m which is built
from the Steiner quadruple system SQS(m) of order m and is a switching construction based on the
Lindner construction [15] which, in turn, is a generalization of the known Hanani construction [13].
By construction, some of these SQS(4m) are embedded into extended perfect codes.

For completeness we consider the Lindner construction [15].

Let M ={1,2,3,...,m} beaset onwhich an arbitrary Steiner quadruple system SQS(m) is defined,
where m = 2,4 (mod 6). On the set of elements

MU {i1,. o yimy 1y s Jms K1y e ooy km }

we construct some quadruple system of order 4m, which is further referred as Qn, N = 4m, and we
show that it is a Steiner quadruple system. For this purpose we consider the table

1 2 3 ... m
TM _ 11 12 13 ... Um
1 J2 J3 -+ Jm
ki1 ko ks ... kn

First, for clarity, we describe the construction of SQS(4m) in the particular case when m = 4. Let, for
example, SQS(4) = {(a,b,c,d)}. Inthis case, the Steiner quadruple system SQS (4m) has the order 16,
and T takes the form

a b ¢ d
(P T PR ¥
Ja Jb Je Jd
ko ky ke kg
Denote this table by Tgyp.q. Constructing SQS(16), we do the following: Include into the set of

quadruples being under construction all rows and columns from T4 as well as the quadruples obtained
from each pair of rows and columns that can be schematically represented as follows:

LT TN AN SN NS 3)

For example, for the first pair of rows we get quadruples
{(ia,ib,c,d), (a,b,z’c,id), (ia,b,ic,d), (a,z’b,c,id), (ia,b,c,’id), (a,z’b,ic,d)}.
We also include all minors of the second order, i.e., the quadruples
{(a,b,iq,1p), (a,b,5as7b), (a,b,kasks), (a,¢,ia,ic), (ayc, ja,je),
(a,c, ke ke), (a,d,iq,iq), (a,d,ja,ja), (a,d,ka,kq), (b, c,ip,ic),
(b,c,jb,jc), (b,c,kb,kc), (b,d,ib,id), (b,d,jb,jd), (b,d,kb,kd),
(¢,byic,ia), (¢,d,jesda)s (c;d,ke,ka)s (iasivy Jasdv)s (ia, b, kas kb)),
(jaajbykaakb)7 (iaaicyjaajc)ﬂ (ia7i07ka7kc)7 (ja;jmkaakc)7 (iayidyjayjd)a
(iarids kaska)y (JasJds kaska)s (ibyic, Jbs de)s (s dcs kips kic)y (Jbs Jes Kby Ke),
(ibs ids Jbs Ja)s (ibsids Koy Ka)s (G Gds Koy ka)s (icsias Jes Ja)s (icsids Ky Ka),
(s dds Kes ka) }- (4)
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ON THE STEINER QUADRUPLE SYSTEMS OF SMALL RANK 71

Also we add to this set all possible combinations of elements that are located in different rows and
columns of Typeq (all transversals of Typeq), i.€., the set of quadruples of the form
{(a Zbajmkd) (aaibajd7k0)7 (aaimjlnkd) (a id?jb7k )7 (a anjdakb)7
(Cl Zdaj&kb) (b7 Z-(17‘7.C7kd)7 (b iam]da ) (b Zm]aakd) (b Zd7]a7 )7
(b7 ZC?]da )7 (b7 idajcaka)7 (C Zav]bvkd) (C Zav]d>kb) (C Z.bvjtb d)
(C Zd?]an kb) (67 Z.bvjda ka)7 (Cv Zd?]b? )7 (d Zaa]bv ) (d Za>]ca kb)7
(d7 Zb7]a7k6)7 (d7 icajaakb)7 (da ib7]C7 ) (d7 anjbaka)}' (5)
Given the fact that the construction includes 4 rows, 4 columns, 6 quadruples of the form (3), applied to
each of C? rows and C? columns of the table, 6 - C? minors, and 24 quadruples (transversals of the table
Tabed ), the total number of obtained quadruples equals
44442-6-C246-C? + 24 = 140;

i.e., coincides with the number of blocks in SQS(16). By the construction of quadruples, each unordered
triple of elements is contained in a unique block. Thus, given SQS(4), we construct the system
SQS(16).

Let m be an arbitrary number such that there exists SQS(m). Then we include into the constructed
set of quadruples @, where N = 4m, all columns and also, for each pair of columns, all minors of the
form (4) and quadruples of the form (3). Thus, we obtain

m+6-C% 4+6-C2 =m+6m(m—1)

quadruples. Then, given a quadruple (a,b,c,d) from SQS(m), consider a submatrix Typ.q. For this
matrix, into the set @n we include (a, b, ¢, d), remaining rows, the quadruples of the form (3) applied
to each pair of rows of Tyeq, and the quadruples of the form (5).

It is easy that 1+ 346 -C% + 4 -6 = 64 quadruples correspond to each matrix of the form T,peq
in Qn. The number of the tables is equal to the number of the quadruples in SQS(m), i.e., m(m —
1)(m — 2)/24. Hence, the total number of quadruples in the construction equals

m+6m(m—1)+64-m(m—1)-(m—2)/24 =4m(dm —1) - (4m —2)/24 = |Qn]|.

9

By construction of the set of quadruples, each unordered triple of elements appears exactly in one
quadruple. Thus, the Steiner quadruple system @y of order N = 4m is constructed from the Steiner
quadruple system SQS(m) of order m and the following holds:

Theorem 1 [15]. Given an arbitrary Steiner quadruple system of order m, it is possible to
construct a Steiner quadruple system of order 4m.

Recall that, in the original Hanani construction [13], the system SQS(2n) of order 2n is constructed
from the system SQS(n) for every admissible n, and, in Lindner construction [15], system SQS(n - t)
of order n - ¢ is constructed from the two systems SQS(n) and SQS(t) for every admissible n and t.
The Steiner quadruple system of order N that corresponds to the binary extended Hamming code H* is
called the Hamming Steiner quadruple system SQS(HY). It is easy to show the following

Corollary 1. If SQS(m) is a Hamming Steiner quadruple system then the quadruple system
QN with N = 4m is a Hamming Steiner quadruple system of order N.

We introduce a special type of components for extended perfect codes and a quadruple system of the
extended Hamming code. Let K be an i-component of the Hamming code of length N — 1 with N = 2"
and r > 3[1]. A set K is called an il-component of the extended Hamming code of length N obtained
from the Hamming code by adding parity checking to the Ith coordinate position, I € {1,..., N}\i.
Similarly we can define ji-, kl-, and ij-, ik-, jk-components of the extended Hamming code. Let
x denote an arbitrary codeword of the extended Hamming code such that supp(x) = {4, j, k,1}. A set
M is called ijkl-component of the extended Hamming code if M is s1s9-component of the extended
Hamming code for any different s; and sq from {i, j, k,1}. Note that il- and jk-, ji- and ik-, kl- and
ij=componentof therextended:Hamming code are pairwise equal.
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A set Q is called an il-component of the Hamming Steiner quadruple system SQS(HN) if Q is
a subset of vectors of weight 4 from the il-component of the extended Hamming code H™ of length N.
If an il-component of the Steiner quadruple system @ is also a jl-component and kl-component then
Q is called the ijkl-component of SQS(HY).

Note that the definition of component in [6] is more general. The minimal components of order 8 and
cardinality 8 studied there are equal to the s1s2-components of the Hamming Steiner quadruple system
defined above, whereas the ijkl-components are not considered in [6].

Theorem 2 [1]. Let {i,j,k,l} denote the support of an arbitrary vector of weight 4 of any
extended binary Hamming code HY of length N. Then H™ can be represented as the union of
the disjoint ijkl-components Rﬁjkl; and, moreover, each of them can be represented as the union

PP . t.
of the disjoint il-components R}

No—1 No—1Nj—1
N _ t _ pt
HY = U Rw=U U B
t=0 t=0 p=0

where Ny = 2N=9/4 qpd Ny = 2(N+4)/4-log N

These partitions allow us to perform switchings of the extended Hamming code and obtain a wide

class of extended perfect codes as a result.
Further we consider the components of the Steiner quadruple system that correspond to the subsets
of components jokl, Rflo, R%tkl, and RY™ of the extended perfect code containing this quadruple system.

We denote them by Rk, RE

i Ry and R correspondingly.

Lemma 1. Let {i, j, k,l} be the support of any weight 4 vector of an extended Hamming binary
code of length N. Then the Hamming Steiner quadruple system SQS(HY) can be represented as
the union of 1 + N(N — 4)(N — 8)/(3 - 2%) disjoint ijkl-components; and, in turn, each of them is
the union of either N/4 + (N — 4)(N — 8)/2° or 8 disjoint il-component.

Proof. Without loss of generality, let some column of Tj; corresponds to the quadruple (i, j, k,1) from

SQS(H™).
By Theorem 2,

Ny
Ry = RP
17kl il
p=1

where R}, is the linear span of vectors with support {(4, a, 44, 1), (4, 4, k, 1), (i, ja, ka, 1) | @ € M' = M\1}.
Further, Ry = R},. We represent the remaining R with p > 1 as all possible cosets of R;. Note
that (j,a, ja,l) € Rijr and (j,a, jq,1) ¢ Ry for each a € M’, while, for different elements a and b
from M’, (4,a,jq,1) ¢ Ry + (4,b, s, 1). Therefore, there exist N/4 — 1 cosets of Ry of the form Ry +
(4,a, ja,1), where a € M'. Further, it is easy that (j,a,ja,1) + (4,b,s,1) € Rijiy and (4, a, jao,1) +
(7,0, 7b,1) & Ry for every different a and b from M’, (j, a, ja,1) + (4,0, jp, 1) & Ry + (4, ¢, je, 1) for every
pairwise different a, b, and ¢ from M’, and (j,a, ja,1) + (4,0, 96,1) & Ry + (4, ¢ je, 1) + (4,d, ja, 1) for
every pairwise different a, b, ¢, and d from M’. Therefore, there exist
CRjar = (N/4 = 1)(N/4 =2)/2 = (N - 4)(N - 8)/2°

cosets of R;; of the form Ry + (4, a, ja, 1) + (4,0, j», 1), Wwhere a and b are different elements from M.
By similar reasoning for the cosets of R;; of the form

Ril + (]a avjtbl) + (]a baij) + (]a CajCa l)7 s 7Ril + (j>a>ja7 l) + (]a bajbv l) + -+ (]7 mlvjm’v l)7
taking into account that

N/a—1 _
bbbt O gy + Cyjgg + o+ CN//4_1 = oN/4-1 = N,
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we obtain

RY = Ry + (j,a,jq,0) foralla € M’ and 2 < p < N/4;

Rl = Ry + (4,4, ja, 1) + (4, b, jp, 1) Tor different elements a and b from M’, where 14+ N/4 < p <
N/4+ (N —4)(N — 8)/25;

RY = Ry + (4,a,ja,1) + (4, b, jv, 1) + (J, ¢, je, 1) Tor different elements a, b, and ¢ from M’ for
1+ N/4+ (N —4)(N—8)/2° <p< N/4+ (N —4)(N —8)/2° + (N —4)(N — 8)(N —12)/(3 - 27);

Rgl = Ril + (]7 a,ja,l) + (,77 bajlnl) et (jam/7jm’7l)7 M/ = {CL, b7 s 7m,}'

Therefore, for the Steiner quadruple system SQS(H'), the following holds: The component Ry Tor

SQS(HYN) contains all columns of Ty as well as the minors (4) and the blocks of the form (3) for each
pair of columns of the table.

More specifically,
N/4+(N—4)(N—8)
25
Rijr = U Rb,
p=1

Where R'Ll = {(27]7 k‘.? l)7 (Z’ a? ,L.[l7l)7 (Z.7ja7 k[l7l)7 (a? ia,ja, ka), (a7 ia?j? k)’ (]? k?j&? ka) for all a 6
M';(a,iq, Jo, k), (a,b,iq,1), (Ja,kasJb, kp) Tor every different @ and b from M'}; i.e., R; contains all

columns of the table, some minors and quadruples of the form, / ) and ) \ . for each pair of
columns of the table.

For all components of the form R} C Ry + (j,a, jq, 1) with2 < p < N/4 and all a € M, we have

Rfl = {(ia,j,ka,l), (ia,ja,k,l), (a7i7ja7k)7 (avimja ka)a (jaaajayl)v
(k7a7 ka7l)7 (i7j7ia7ja)7 (iakaiaaka)};
i.e., for 2 <p <4, RY contains some minors and quadruples from (3) of the form/\/ \/\

and/ \, \ / for the pair of columns (i, j, k,1) and (a, iq, ja, ka)? and alla € M’
Since

RZ C Ril + (jaaajml) + (j,b,jb,l), N/4+ 1 Sp < N/4+ (N_4) ' (N_S)/257
for every different a,b € M’; therefore,
Rfl = ((I,’ib,ja,]{b), (aailhjbyka)v (bviayjbaka)v (bviavjtbkb)v (aajanbvjb)v
(CL, ka, bv kb)y (ia7ja7 ib)jb)a (iaa kav Z.bv kb)}7
ie,for N/4+1<p<N/4+ (N —4)(N —8)/2°, Rl contains some minors and quadruples from (3)

of the form /\/ \/\ and / \ \ /for the pair of columns (a, i4, ja, kq) and

(b, iy, jp, kp)T and every different a and b from M.
Further, R%tkl = Rjji + oy, where oy € SQS(m); therefore

QU yye?3
R, = UR .

Let us give an example of the partition for the component R{'y, = R} = Rijp + (a,b, ¢, 1) partition.
The structures of the other components R, with 2 < ¢ <m(m —1)/6, where oy € SQS(m), look
similarly.
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Consider the table
I a b c
T 1 i 1
Tabcl = ¢ ) ¢
Ja Jb Jc
k ke ky ke

The first il-component consists of the first two rows (a, b, ¢,1) and (i, 4, 4, i.) of this table, and also of
the quadruples of form (3) built on these rows:
R;;llal == {(CL, b7 Cu l)7 (iaiaaibaiC)u (aaibaiwl)u (iaiaaba C)a
(iaabai(nl)u (’i,a,ib,C), (iaaibaca l)u (i7a7 b7,LC)}
Remaining il-components are as follows:
R?lal = {(jajaabac)a (ju.jaaibaiC)a (k) kaabu C), (k) kaaibaiC)a
(.ja kaabaiC)a (k,ja,b,ic), (.77 kaaibuc)a (ku.jauibac)}a
R?lal = {(jaavjbvc)v (jaiaajbaic)a (kvav kba ) (k iaakbaic)
(j?aa kbv C)a (k a ]bvzc) (jaiaakbac)a (kaiaajbac)}v
R;Llal = {(jaaa bajc)’ (jaiaaibajc)a (kvav bak ) (kalaalba )7
(jaavibv )a (k a Zba]c) (jaiaabvkc)v (kaiaabvjc)}a
R?lal = {(jaa.jbucal)a (kaakbacu l)u (iaja)jbaZC) (Z kaakbaZC)
(jaakbazwl)a (kaajbaz(:al)a (iajaakbac)a (iakaa.jbuc)}a
R?lal = {(ja,b,jc,l), (kaaba kCal)a (iaja)ibajC)a (iakaaibakC)u
(ja,ib,kc,l), (ka,’ib,jc,l), ('iajaaba kc)a (iakaabajC)}a
R;'Ylal = {(aa.jbajwl)u (aa kbuk&l)a (iaiaa.jbajC)a (iuiaakbukC)u
(iavjbakcal)a (iavkbvjcvl)v (ivavjbvkc)a (iaaa kbvjc)}-

The component Rflo‘l consists of the two last rows (4, ja, j, Jc) and (k, kq, kb, kc) of Tyaper, and also of
quadruples of the form (3) built on these rows:

R?lal = {(jajaa.jba.jc)a (ka kaakbakc)a (ja.jaakbakc)a (ka kaajbajC)a
(ja kaajbakc)a (kvjavkbvjc)a (]a kavkbvjc)a (kvjavjbvkc)}-

For Ry, were2 <t < N(N —4)(N —8)/(3- 29), we have
8
R?jtkl = U Rfl%’
p=1

at that, RE™ are constructed similarly to the previous case but each time for their own table T, .
This completes the proof of Lemma 1.

Theorem 3. The Steiner quadruple system obtained from the system SQS(HN) by the switch-
ing method of the igkl- components is embedded into the extended perfect code obtained from the
he switching method of the ijkl-components.
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Proof. The proof of Lemma 1 implies immediately that the switchings of the components of the Steiner
quadruple system SQS (H™) are completely defined by the switchings of the corresponding components
of the extended Hamming code HV. Since il-, jl-, ki-, and ijki-components of SQS(HY) are the
subsets of the corresponding il-, ji-, kl-, and ijkl-components of H™; therefore, the Steiner quadruple
system obtained by the switching method from the system SQS(H") is embedded into the perfect code
obtained by the switching method from H" .

The proof of Theorem 3 is complete.

[t should be noted that, according to [1], the rank of the extended perfect code of length IV obtained
from the extended binary Hamming code of length N by the switchings ijkl-components (and so the
rank of the Steiner quadruple system of order IV obtained by the switching method of ijkl-components
from the Hamming Steiner quadruple system of order N') is at most N —log N + 1.

Let us give the lower bound on the number of different Steiner quadruple systems of order N with
rank at most N —log N + 1 that are embedded into the extended perfect code of length NV which is
constructed by the switching method ijkl-components:

Theorem 4. The number R(N) of different Steiner quadruple systems SQS(N) of orderN with
rank at most N —log N + 1 embedded into extended perfect codes is at least

N8/, ~ N(N-1)(N-2) _,
(32 95 — Q)NW—4)(N=8)/(32°)  (pN(N=4)/2° _ 1. ( 23( ) CRA(NJA),
where R*(N/4) = (N/4)!/((N/4 — 1)(N/4 — 2)(N/4 —22)---(N/4)/2) is the number of different
Hamming Steiner quadruple systems of order N /4.

Proof. Consider the Hamming Steiner quadruple system SQS (H'V) constructed by the above approach
bel

(see Theorem 1), its component R from Lemma 1, and the following table for this component:

abcl  agpjel  jabjel  Jajecl  jabje  jajee  jjabc  jjajvie

aipicl  akpkel  jatpkel  jakpicl  jaivke  jakpic  jjaivic  jjakekc

tabicl  iajokel  kobkel  Kajvicl - jiabke  jiajvic  jkabic  jkajkc

iatpcl  akpjel  katpjel  kakecl  Jigivje  Jiakve  jkatec  jkakeje

iabic  iajpke  ijabkc  ijajvic  kabke  kajeic  kjabic  kjajvke

taipe  takpje  ijaivie  ijakee  kaipje  kakye  kjeise  kjakpje

tigbe  tiggpje  tkabje  thkagee  kigbje  kiggpe  kkgbe  kkgjpie
Tiglple  tiakpke  thqtpje  thkakpic  Kigipke kigkpic kkgipie kkgkpke

The rows correspond to the jl-components and the columns correspond to the il-components. Further
we need the following diagonals of this table that correspond to the kl-components jobgf:

Dl = {(CL, b,C, l)7 (a7 kbakcal)a (k(uba kC7l)7 (ka7kb7ca l)a
(k7a7 b7 kC)7 (kaaa kb,C), (k,ka,b,C), (k7 ka7kb7kc)}7

D2 = {(avjbmjml)) (aailhiml)v (kaajbaiwl)) (kayibmjcvl)v
(kivavjlhiC)v (kaaaibajc)v (ka ka)jb)jC)) (ka ka7ib7ic)}7

D3 = {(jllvb?jcvl)v (javkbvi(:)l)) (Z.a)bvi(:)l)) (iaakbvjwl))
(k>ja7b7ic)7 (kaja7kb7jc)7 (kviavbajc)7 (k>ia7kb7ic)}7
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Dy = {(Ja> Jor ¢ 1); (Jarivs kes 1), (s Jos Kes ), (iasdn, €, 1),
(ks Jas Jos Ke)y (K Jasin, €)y (Kyia, Jb,€)y (Kyiasin, ke)
D5 = {(i,a,b, ic)r (i,a, kbajc)a (i,ka,b,jc), (ivkaykmic)a
(j7a7b7jc)7 (j7a7kbaic)a (j,ka,b,ic), (j7ka7kb7jc)}a
D¢ = {(i7a7jb7kc)7 (iaaaib70)7 (i,ka,jb,c), (i7ka7ibykc)a
(J, as b, ©)5 (G asivs kic)s (Js kas Jos ke)s (G, Kasin, ©)}s
D7 = {(i,ia,b,¢), (i,ia,kp, ke), (7, Ja> 0, ke), (4, Jas Ko, €),
(J,ia, b, ke), (Jstas ko, €)s (4, Jas b, €)s (J, Jas ko Ke) by
Dg = {(iaimibyic)7 (iaiayjbyjc)7 (iaja,ibyjc)v (ivjaajbyic)a
(j»iaaibajc)7 (jaia,jbaic)7 (]',ja,ib,ic), (j,ja,jb,jc)}'
At that, for each of 1—4 and 5—8 rows, the switchings [ «» j and ¢ < k are possible correspondingly.
Note that the il-components are completely changed here.
[f we first apply the corresponding given switchings to all rows of the table (i.e., for the ijki-
component Rgfgf of cardinality 64) then, for each of the resultant 1—4 and 5—8 columns or 1—4

and 5—8 diagonals, the additional switchings j <> k and [ < i or i <> j and [ < k are also feasible
correspondingly.

Similarly, for each of the 1—4 and 5—8 columns (the 1—4 and 5—8 diagonals) of the table, the switch-
ingsl < iand j < k (Il < k and i « j) are possible correspondingly. In this case, the jl-components
(the kl-components) are completely changed. If we apply the corresponding given switchings first to
all columns (diagonals) of the table and then to each of the obtained 1—4 and 5—8 rows or 1—4 and
5—8 diagonals (1—4 and 5—8 rows or 1—4 and 5—8 columns), the additional switchings i <= k, [ < j or
i j,l o k(i—k < jorj«< k< i)arefeasible correspondingly.

Thus, in each of 9 given cases of transformations of either only rows, columns, and diagonals
(transformations of the s1s9-components) or their pairwise combinations (transformations of the ijkl-
and corresponding s1so-components), there can be 28 variants of switchings. Taking into account the
arising duplications (e.g., the result of switching of all rows and then all columns of the table coincide
with the result of switchings of all columns and then all rows of the table), we can conclude that there

exist at least 9 - 28 — 8 variants of changing the component R%”,ff

By similar arguments for every other component of the type R%tkl, we can find at least 9-2% — 8
variants of changing R7;. It should be noted that in result of these transformations the quadruples
in SQS(HY) are changed, but the obtained system remains a Steiner quadruple system, though not
Hamming.

Consider the component R;jz;. For each of its il-, jlI-, or kl-subcomponents of the form

Ril + (]7 a,ja,l), ey Ril + (a7 b7ja7jb)7 R]l + (k7a7 ka7l)7 ey R]l + (a7 b7 km kb)a
and
Rkl + (Z7 a, Z.(17 l)7 ceey Rkl + (a7 b7 Z.(17 Z-b)a

where a,b € M’, the switchings | < i, a < i4, [ < j, a < ja, | < k, and a < k, are possible corre-
spondingly. Here the il-, jl-, or kl-components are also completely changed, and at least

3. (2N/4+(N—4)(N—8)/25—1 —1)
variants of changing the component R;;y; are possible.

In result, since we can take every quadruple of the system SQS(H™) as (4,7, k,1) and every of the
R*(N/4) available different Hamming Steiner quadruple systems of order N/4 as the initial quadruple
system STS(NN/4); therefore, we obtain

(32 .98 _ 8)N(N—4)(N—8)/(3~29) 3. (2N/4+(N—4)(N—8)/25—1 —1)

CN(N - 1)(N - 2)

993 ((N/9Y(N/4 = 1)(N/4 = 2)(N/4 = 2%)--- (N/4)/2)
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possible switchings.
The proof of Theorem 4 is complete.

Note that the above-obtained bound is less than (2). The question remains open: Whether all Steiner
quadruple system from [5] are embedded into the extended perfect codes?

[t should be also noted that the arguments, similar to those given in this work but much more
complicated, can be developed for the a-components of the extended perfect codes when |a| > 4.
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