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Abstract

A Steinhaus matrix is a binary square matrix of size n which is symmetric, with
diagonal of zeros, and whose upper-triangular coefficients satisfy a; ; = a;—1 ;-1 +a;—1;
for all 2 < i < j < n. Steinhaus matrices are determined by their first row. A Steinhaus
graph is a simple graph whose adjacency matrix is a Steinhaus matrix. We give a short
new proof of a theorem, due to Dymacek, which states that even Steinhaus graphs, i.e.
those with all vertex degrees even, have doubly-symmetric Steinhaus matrices. In 1979
Dymacek conjectured that the complete graph on two vertices Ko is the only regular
Steinhaus graph of odd degree. Using Dymacek’s theorem, we prove that if (a; j)1<i j<n
is a Steinhaus matrix associated with a regular Steinhaus graph of odd degree then
its sub-matrix (a; j)2<i j<n—1 is @ multi-symmetric matrix, that is a doubly-symmetric
matrix where each row of its upper-triangular part is a symmetric sequence. We prove
that the multi-symmetric Steinhaus matrices of size n whose Steinhaus graphs are
regular modulo 4, i.e. where all vertex degrees are equal modulo 4, only depend on
[%1 parameters for all even numbers n, and on [5—0] parameters in the odd case. This
result permits us to verify the Dymacek’s conjecture up to 1500 vertices in the odd
case.

1 Introduction

Let s = (ay,as,...,a,-1) be a binary sequence of length n — 1 > 1 with entries a; in
Fy = {0,1}. The Steinhaus matriz associated with s is the square matrix M (s) = (a;;) of
size n, defined as follows:

e ;=0 forall<i<n,

° aLj = aj—l for all 2 < j < n,



Y ai,j — ai—l,j—l + ai—l,j for all 2 < 1 < ] < n,
e a;;=aj;; forall<ij<n.
By convention M () = (0) is the Steinhaus matrix of size n = 1 associated with the empty

sequence. For example, the following matrix M (s) in M;(F2) is the Steinhaus matrix asso-
ciated with the binary sequence s = (1, 1,0,0) of length 4.

0 0

M(s) =

OO ==
O R OO =
__ 0 O =
OO = =
OO~ OO

The set of all Steinhaus matrices of size n > 2 will be denoted by SM,,(IF3). It is clear that,
for every positive integer n, the set SM,,(FF3) has a cardinality of 2"~ 1.

The Steinhaus triangle associated with s is the upper-triangular part of the Steinhaus
matrix M(s). It was introduced by Hugo Steinhaus in 1963 [14], who asked whether there
exists a Steinhaus triangle containing as many 0’s as 1’s for each admissible size. Solutions
of this problem appeared in [12, 11]. A generalization of this problem to all finite cyclic
groups was posed in [13] and was partially solved in [4].

The Steinhaus graph associated with s is the simple graph G(s) on n vertices whose
adjacency matrix is the Steinhaus matrix M(s). A vertex of a Steinhaus graph G(s) is
usually labelled by its corresponding row number in M (s) and the ith vertex of G(s) will
be denoted by V;. For instance, the following graph is the Steinhaus graph G(s) associated
with the sequence s = (1,1,0,0).

For every positive integer n, the zero-edge graph on n vertices is the Steinhaus graph asso-
ciated with the sequence of zeros of length n — 1.

Steinhaus graphs were introduced by Molluzzo in 1978 [13]. A general problem on Stein-
haus graphs is that of characterizing those satisfying a given graph property. The bipartite
Steinhaus graphs were characterized in [3, 7, 10] and the planar ones in [9]. In [6], the
following conjectures were made:

Conjecture 1. The regular Steinhaus graphs of even degree are the zero-edge graph on n
vertices, for all positive integers n, and the Steinhaus graph G(s) on n = 3m + 1 vertices
generated by the periodic sequence s = (1,1,0,...,1,1,0) of length 3m, for all positive
integers m.



Conjecture 2. The complete graph on two vertices K is the only regular Steinhaus graph
of odd degree.

These conjectures were verified up to n < 25 in 1988 by exhaustive search [2]. More
recently [1], Augier and Eliahou extended the verification up to n < 117 vertices by con-
sidering the weaker notion of parity-reqular Steinhaus graphs, i.e. Steinhaus graphs where
all vertex degrees have the same parity. They searched regular graphs in the set of parity-
regular Steinhaus graphs. This has enabled them to perform the verification because it is
known that Steinhaus matrices associated with parity-regular Steinhaus graphs on n ver-
tices depend on approximately n/3 parameters [2, 1]. This result is based on a theorem, due
to Dymacek, which states that Steinhaus matrices associated with parity-regular Steinhaus
graphs of even type are doubly-symmetric matrices, i.e. where all the entries are symmetric
with respect to the diagonal and the anti-diagonal of the matrices. A short new proof of
this theorem is given in Section 2. Using Dymacek’s theorem, Bailey and Dymacek showed
[2] that binary sequences associated with regular Steinhaus graphs of odd degree are of the
form (z1,x9,..., Tk, Tk, ..., 2,21, 1). In Section 3, we refine this result and, more precisely,
we prove that if (a;;)1<ij<n is @ Steinhaus matrix associated with a regular Steinhaus graph
of odd degree, then its sub-matrix (a; ;)< j<n—1 is & multi-symmetric Steinhaus matrix, i.e.
a doubly-symmetric matrix where each row of the upper-triangular part is a symmetric se-
quence. A parametrization and a counting of multi-symmetric Steinhaus matrices of size n
are also given in Section 3 for all n > 1. In Section 4, we show that, for a Steinhaus graph
whose Steinhaus matrix is multi-symmetric, the knowledge of the vertex degrees modulo 4
leads to a system of binary equations on the entries of its Steinhaus matrix. In Section 5,
we study the special case of multi-symmetric Steinhaus matrices whose Steinhaus graphs are
reqular modulo 4, i.e. where all vertex degrees are equal modulo 4. We show that a such
matrix of size n only depends on [%W parameters for all n even, and on {%W parameters
in the odd case. Using these parametrizations, we obtain, by computer search, that for all
positive integers n < 1500, the zero-edge graph on n vertices is the only Steinhaus graph on
n vertices with a multi-symmetric matrix and which is regular modulo 4. This permits us
to extend the verification of Conjecture 2 up to 1500 vertices.

2 A new proof of Dymacek’s theorem

Recall that a square matrix M = (a; ;) of size n > 1 is said to be doubly-symmetric if the
entries of M are symmetric with respect to the diagonal and to the anti-diagonal of M, that
is

Qi = Qj; = Ap—j+1n—it+l, for all 1 < Z,] < n.

In [6], Dymacek characterized the parity-regular Steinhaus graphs. These results are
based on the following theorem on parity-regular Steinhaus graphs of even type, where all
vertex degrees are even.



Theorem 2.1 (Dymacek’s theorem). The Steinhaus matriz of a parity-reqular Steinhaus
graph of even type is doubly-symmetric.

In this section we give a new easier proof of Dymacek’s theorem. The main idea of our
proof is that the anti-diagonal entries of a Steinhaus matrix are determined by the vertex
degrees of its associated Steinhaus graph.

Theorem 2.2. Let G be a Steinhaus graph on n > 2 vertices and M = (a; ;) its associated
Steinhaus matriz. Then every anti-diagonal entry of M can be expressed by means of the
vertex degrees of G. If we denote by deg(V;) the degree of the vertex V; in G, then for all
1<i< LgJ, we have

i—1 i—1

Qip—ir1 = Z (Z ; 1) deg (Vigrs1) = Z < N 1) deg (V,—i—) (mod 2).

k=0 =0

The proof is based on the following lemma which shows that each entry of the upper-
triangular part of a Steinhaus matrix M = (a;;) can be expressed by means of the en-
tries of the first row {ajo,...,a1,}, the last column {a,,...,a,-1,} or the over-diagonal
{CLLQ, ey an_Ln} of M.

Lemma 2.3. Let M = (a; ;) be a Steinhaus matriz of sizen > 2. Then, foralll <i < j < mn,
we have
i—1 i1 n—j n—j j—i—1 j—’l—l
aij = Z < L )aLj—k = Z < L )ai-‘rk,n = Z < L )az‘+k,z‘+k+1-
k=0 k=0 k=0
Proof. Easily follows from the relation: a;; = a;—1 ;-1 +a;—1; forall 2 < ¢ < j < n. O

Proof of Theorem 2.2. We begin by expressing each vertex degree of the Steinhaus graph G
by means of the entries of the first row, the last column and the over-diagonal of M. Here
we view the entries a; ; as 0,1 integers. For all 2 < i < n — 1, we obtain

1—1 n
deg ZG,ZJ = Zam + Z ;5

j=1 j=i+1
i— 1 n

= (@jin1 + ajp1in) + Y (G110 + aiory)
J 1 ] z+1

= E a]z+1+ E a]erl_'_ E Qj— 1,]_'_ E Qj— 1,9

Jj=i+1
= a1,1+1 + al,l+1 + Ai—1,4 + azfl,n (mOd 2)



By Lemma 2.3, it follows that

7 i—1

-1 .
7 —1 71— 1
< L ) deg (Vitrt1) ( L )(al,i+k+2 + Qitkt1,itk+2 T Qitkjitk+1 T ai—f—k,n)
=0

. i1 .
1—1 1 —1
( I )al,Qik+1 + E ( I )ai+k+1,i+k+2

0 k:_ZO

(i1 — (i—1
< I )ai+k,i+k+1 + Z ( I )aiJrk,n
k=0

k=0
Qi 2it1 + Qi1 2i41 T Qigi + Qin—it1 = Qip—ir1 (mod 2),

k

l??‘
'

=

Il
(]

i

.
|

+

forall 1 <i < LgJ The second congruence can be treated by the same way. O

Remark. We deduce from Theorem 2.2 a necessary condition on the vertex degrees of a given
labelled graph to be a Steinhaus graph. Indeed, vertex degrees of a Steinhaus graph on n
vertices must satisfy the following binary equations:

i-1 . o
(z . ) deg (Visry1) = Z (Z i ) deg (Vo—i—x) (mod 2), foralll<i< {gJ )
k=0 k=0

More generally, an open problem, corresponding to Question 3 in [8], is to determine if an
arbitrary graph, not necessary labelled, is isomorphic to a Steinhaus graph.

Now, we characterize doubly-symmetric Steinhaus matrices.

Proposition 2.4. Let M = (a;;) be a Steinhaus matriz of size n > 3. Then the following
assertions are equivalent:

(i) the matrix M is doubly-symmetric,
(ii) the over-diagonal of M is a symmelric sequence,

(iti) the entries a;,—i+1 of the anti-diagonal of M vanish for all 1 <i < |5 ].

Proof.

(i) = (ii) : Trivial.

(ii) = (iii) : Suppose that the over-diagonal of M is a symmetric sequence, that is
Qi i+1 = Qp—in—i+l,

forall 1 <7< n—1. If nis odd, then we have

n—2i+1

—92 . .
' [n — 2i 2 n—2i

Ajn—it1 = E I Qi kit k+1 = E e (az‘+k,z‘+k+1 + an—z‘—k,n—z‘—k+1) =0,
k=0 k=0



forall 1 <i < L"T_lj Otherwise, if n is even, then we obtain

—i—1
n—2 n— 21—
i p—it1 = I (Qitk itk + Cnickn—i—kt1) + 2 . an nyy =0,
k=0

ME

forall1 <7< L”T’lj

(iii) = (i) : By induction on n. Consider the sub-matrix N = (a;;)2<ij<n—1 that is a
Steinhaus matrix of size n — 2. By induction hypothesis, the matrix /N is doubly-symmetric.
Then it remains to prove that a;; = a,—jy1, for all 2 < j < n. First, since a;, = 0, it
follows that a1 ,—1 = a1, + a2, = as, and for all 2 < j < n — 2, we have

n—1 n—j
ayj = E Qo+ A1 p_1 = E k-1t A2 = Gp_ji1n-
k=j+1 k=2

We are now ready to prove Dymacek’s theorem.

Proof of Theorem 2.1. Let G be a parity-regular Steinhaus graph of even type on n vertices
and M = (a;;) its Steinhaus matrix. If n = 1, then M = (0) which is trivially doubly-
symmetric. Otherwise, for n > 2, Theorem 2.2 implies that

i1,
1—1
Aip—it1 = Z ( i ) deg (Viigs1) =0 (mod 2),

k=0

forall 1 <i < L%J Finally, the matrix M is doubly-symmetric by Proposition 2.4. O

3 Multi-symmetric Steinhaus matrices

In this section, we will study in detail the structure of Steinhaus matrices associated with
regular Steinhaus graphs of odd degree.

Let G be a Steinhaus graph on n > 1 vertices. Then, for every integer 1 < i < n, we
denote by G \ {V;} the graph obtained from G by deleting its ith vertex V; and its incident
edges in G. Since the adjacency matrix of the graph G\{Vi} (resp. G\{V,,}) is the Steinhaus
matrix obtained by removing the first row (resp. the last column) in the adjacency matrix of
G, it follows that the graph G\ {V1} (resp. G\ {V,,}) is a Steinhaus graph on n — 1 vertices.

Bailey and Dymacek studied the regular Steinhaus graphs of odd degree in [2], where the
following theorem is stated, using Dymacek’s theorem.



Theorem 3.1 ([2]). Let G be a regular Steinhaus graph of odd degree d on 2n > 4 vertices.
Then d = n, the Steinhaus graph G\ {V1,Van} is regular of even degree n — 1, and a,; =
a1,2n—j+1 fOT’ all 2 g] < 2n — 1.

Remark. In every simple graph, there are an even number of vertices of odd degree. Therefore
parity-regular Steinhaus graphs of odd type and thus regular Steinhaus graphs of odd degree
have an even number of vertices.

In their theorem, the authors studied the form of the sequence associated with G. We
are more interested in the Steinhaus matrix of G \ {V4, V4, } in the sequel.

Recall that a square matrix of size n > 1 is said to be multi-symmetric if M is doubly-
symmetric and each row of the upper-triangular part of M is a symmetric sequence, that
is

Qi j = Qip—jrit1, foralll<e<j<n.

First, it is easy to see that each column of the upper-triangular part of a multi-symmetric
matrix is also a symmetric sequence.

Proposition 3.2. Let M = (a;;) be a multi-symmetric matriz of size n. Then, each column
of the upper-triangular part of M is a symmetric sequence, that is a;; = a;_;; for all 1 <
1< j<n.

Proof. Easily follows from the relation: a; ; = @;—jyit1 = @j_in—iy1 = aj—;; for all 1 <i <
J < n. U

As for doubly-symmetric Steinhaus matrices, multi-symmetric Steinhaus matrices can be
characterized as follows.
Proposition 3.3. Let M = (a;;) be a Steinhaus matriz of size n > 3. Then the following
assertions are equivalent:
(i) the matriz M is multi-symmetric,
(ii) the first row, the last column and the over-diagonal of M are symmetric sequences,

(11i) the entries a;n—it+1, Gn—2i+1n—it1 and a;o; vanish for all 1 <i < L"T_lj

Proof. Similar to the proof of Proposition 2.4 and by using Lemma 2.3 and Proposition 3.2.
O

We now refine Theorem 3.1.

Theorem 3.4. Let G be a reqular Steinhaus graph of odd degree n on 2n > 4 vertices. Then
G\ {1, Va,} is a regular Steinhaus graph of even degree n — 1 whose associated Steinhaus
matrix is multi-symmetric.



Proof. Let M = (a; ;) be the Steinhaus matrix associated with G. Theorem 3.1 implies that
the Steinhaus graph G \ {V1, V5, } is regular of even degree n — 1 and that we have

1,5 = A1 2n—j+1,

for all 2 < 7 < 2n — 1. Therefore, for all 3 < j < 2n — 1, we have
Q2 i+ 0n_j1o = (a1,j—1+a1,j)+(a1,2n—j+1+a1,2n—j+2) = (a1,j—1+a1,2n—j+2)+(a1,j+a1,2n—j+1) =0.

Then the first row of the matrix B = (a;;)a<i j<2n—1, the Steinhaus matrix of the graph
G\ {V1, Vo, }, is a symmetric sequence. Moreover, by Dymacek’s theorem, the matrix B is
doubly-symmetric. Finally, by Proposition 3.3, the matrix B is multi-symmetric. O

Remark. By Theorem 3.4, it is easy to show that Conjecture 1 implies Conjecture 2. Indeed,
if Conjecture 1 is true, then the zero-edge graph on n vertices is the only regular Steinhaus
graph of even degree whose Steinhaus matrix is multi-symmetric. It follows, by Theorem 3.4,
that if G(s) is a regular Steinhaus graph of odd degree on n+ 2 vertices then s = (0,...,0,1)
or s = (1,...,1). Therefore the Steinhaus graph G(s) is the star graph on n + 2 vertices
which is not a regular Steinhaus graph.

In the sequel of this section we will study in detail the multi-symmetric Steinhaus ma-
trices. First, in order to determine a parametrization of these matrices, we introduce the
following operator

T . SMn(]FQ) — SMn—B(]FZ)a

which assigns to each matrix M = (a; ;) in SM,,(F2) the Steinhaus matrix T'(M) = (b; ;) in
SM,,_3(Fy) defined by b; ; = a;_1 j_2, for all 1 <7 < j < n—3. As depicted in the following
matrix, the upper-triangular part of M is an extension of the upper-triangular part of T'(M).

0 Q12 A13 Q14 Q15 Q16 - "¢ A1 n—4 a1,n—3 a1.n—2 a1,n-1 a1n
0 2.3 b1,2 b1,3 b1,4 e e bl,n75 bl,nf4 b1,1073 A2.n
0 a3.4 b2,3 b2,4 b2,n74 b2,n73 a3.n
0 ass bsa bs -3 ayp
0 as,6 T : asn
0

0 Ap—5n—4a bn—6,n—5 bn—6,n—4 bn—6,n—3 Qp—5n

0 An—4,n—3 bn—5,n—4 bn—5,n—3 An—4,n
0 an73,n72 bnf4,n73 an73,n
0 an72,n71 an72,n
0 anfl,n
0

Proposition 3.5. Let M = (a;;) be a Steinhaus matriz of size n > 4. Then the extension
M of T(M) only depends on the parameters a o, a1 j, and ay,, with jo in {3,...,n — 1}.




Proof. Let 3 < jo < n—1. Each entry a; ;, for 3 < j <n — 1, can be expressed by means of
ay j, and the entries of T'(M) = (b; ;). Indeed, we have

jo—2
ai; = a1, + Z bl,k7 for all 3 < j < jo,
k=j—1
j—2
ay; = Q15 + Z bl,k7 for all jo <] <n-—1.
k=jo—1
Then the entries a4 2, a1, and a;,, determine the extension M of T'(M). O

Therefore, for every Steinhaus matrix N of size n — 3, there exist 8 distinct Steinhaus
matrices M of size n such that T(M) = N. We can also use this operator to determine
parametrizations of multi-symmetric Steinhaus matrices.

Proposition 3.6. Let M = (a; ;) be a multi-symmetric Steinhaus matriz of size n. Let j; be
an element of the set {21+ 1,...,n—1i} for all 1 <i < L"T_lj Then the matrix M depends
on the following parameters:

® aj and {am,jgi 1< < (%W — 1}, for n even,

i {a2@'+1,j2¢+1 ‘ 0<i< ("T’?’w — 1}, forn odd.

Proof. Let M = (a;;) be a multi-symmetric matrix of size n. We consider the sub-matrices
T(M), T*(M) = T(T(M)), T3(M), T*(M), .... By successive application of Proposi-
tion 3.5 on the extension T"~'(M) of T*(M) and since the entries a;, iy1, Gn_2i+1.ni11 and
a;9; vanish for all 1 < 7 < L"T’lj by Proposition 3.3, the parametrizations of the multi-
symmetric matrix M follow. O

For all positive integers n, the number of multi-symmetric Steinhaus matrices of size n
immediately follows.

Theorem 3.7. Let n be a positive integer. If we denote by MS(n) the number of multi-
symmetric Steinhaus matrices of size n, then we have

MS(n) = { 2(%1 , for n even,

n

o 5] , forn odd.

4 Vertex degrees of Steinhaus graphs associated with
multi-symmetric Steinhaus matrices

In this section, we analyse the vertex degrees of a Steinhaus graph associated with a multi-
symmetric Steinhaus matrix of size n. We begin with the case of doubly-symmetric Steinhaus
matrices.



Proposition 4.1. Let n be a positive integer and G be a Steinhaus graph on n vertices whose
Steinhaus matriz is doubly-symmetric. Then, for all 1 < i < n, we have

deg(V;) = deg(Vi—it1).

Proof. If we denote by M = (a; ;) the Steinhaus matrix associated with the graph G, then,
for all 1 < i < n, we have

deg Z ;5 = Z Ap—j+1n—it+l = Z Ajn—i+l = deg(‘/nfzﬁrl)'
U

We shall now see that, for a Steinhaus graph associated with a multi-symmetric Steinhaus
matrix, the knowledge of the vertex degrees modulo 4 imposes strong conditions on the entries
of its Steinhaus matrix. In order to prove this result, we distinguish different cases depending
on the parity of n.

Proposition 4.2. Let n be an even number and G be a Steinhaus graph on n vertices whose
Steinhaus matriz M = (a; ;) is multi-symmetric. Then, we have

deg(V1) = deg(Vy) = ayzy1  (mod 2),

deg(Va) = deg(Vi,-1) = 2a1,n41  (mod 4),

deg(V3) = deg(Vi—2) = 2az,241  (mod 4),
(Va

Z) deg(Vn 224_1) = 2&2721_’_1 + 2(1,2‘721'4_1 (mod 4), f07" all 2 < 7 < — 2.

n
2

Proof. First, Proposition 3.3 implies that the entries a; »; and A1, +i+1 vanish for all 1 <
i < 5 — 1. This leads to

n

deg(V1) Zal,] = Z arj+ aip—ji2) + apny = apn g (mod 2),

7j=2
241 UNE]
deg(Va) = ara + Z (ag,j + agp_ji3) =2 Z g = 2a19 + 2a1, 241 = 201,244 (mod 4),
j=3 j=3
341 341
deg(Vg) = ((11,3 + a273) + Z (Cbg,j + a37n,]’+4) + a37%+2 = 2(12,3 + 2 Z as; = 2&2,%+1 (mod 4),
j=4 j=4

10



and, for all 2 <7 < § — 2, we have

2i—1 i
deg(Va;) = E (@j2i + agi—j2i) + @i + E (@2ij + a2in—jt2i+1)
j=it+1 j=2i+1
2i—1 i
=2 E aj2; + 2 E a2ij
j=it+1 j= 2i+1
2i—1 gti—1 5t
=2 E Q5 2i+1 +2 § j5.2i4+1 +2 E 21,5 +2 § 21,5
Jj=i+1 J=t+2 Jj=2 Jj=21+1

= 20i41,2i41 1 202241 + 202i1.2; + 209,124
= 2041,2i41 + 20912141 = 202941 + 20, 2;4+1  (mod 4).

Finally, we complete the proof by Proposition 4.1. O

Remark. Let n be an even number. In every Steinhaus graph on n vertices whose Steinhaus
matrix is multi-symmetric the fourth vertex V has a degree divisible by 4.

Proposition 4.3. Let n be an odd number and G be a Steinhaus graph on n vertices whose
Steinhaus matriz M = (a; ;) s multi-symmetric. Then, we have

deg(V1) = deg(V,) =0 (mod 2),

deg(V2) = deg(Vi-1) = 2a; nn (mod 4),
deg(Vai) = 2011241 + 202i12i41 + 209, 4 0= noly mod 4), for all2 <i< ”T’:S,
deg(Vait1) = 2a22i42 (mod 4), foralll <i< ;3.

Proof. Proposition 3.3 implies that the entries a; 2; and ag; (n+1)/2+: vanish for all 1 <1 < "T’?’

Since each row and each column of the upper triangular part of M is symmetric, we can use
the relation

Zamqu =ai_1;+ Gi—1j+m (mod2), forall2<i<j<n—m+1
k=1

as in the proof of Proposition 4.2, and the results follow. O

Remark. Let n be an odd number. In every Steinhaus graph on n vertices whose Steinhaus
matrix is multi-symmetric the third vertex V5 has a degree divisible by 4.

5 Multi-symmetric Steinhaus matrices
of Steinhaus graphs with regularity modulo 4

In this section, we consider the multi-symmetric Steinhaus matrices associated with Stein-
haus graphs which are regular modulo 4, i.e. where all vertex degrees are equal modulo
4. First, we determine an upper bound of the number of these matrices. Two cases are
distinguished, according to the parity of n.

11



Theorem 5.1. For all odd numbers n, there are at most ol5] multi-symmetric Steinhaus
matrices of size n whose associated Steinhaus graphs are regular modulo 4.

Proof. Let n be an odd number and M = (a; ;) a multi-symmetric Steinhaus matrix of size
n. By Proposition 3.6, the matrix M depends on the parameters dg; ) nt1 for 0 < i <

PLT_?’W —1. If the Steinhaus graph associated with M is regular modulo 4, then Proposition 4.3

implies that as9; = 0 for all 2 < j < "T_l and thus

i—1
A2;,25 = g a2.25—92k = 0,
k=0

foralll<i<j<"7_1.

If n=1 (mod 4), then % is odd and

Ggip1,ml g = Gy netio; + Gy ni1 iy =0,

n=37_
for all 0 <7 < V 621 IJ. Therefore the matrix M can be parametrized by

{a4i+3,"7+3+2i O<is<m-— 1} ;

- B

Suppose that we know the p parameters in

with

P:{a4i+3,"T+3+2i m—pgigm—l}.

Then, by Proposition 3.6 again, the multi-symmetric matrix 74("~?)=1( M) can be parametrized
by P. Therefore the entries

{ai,2i+1

in T4m=P)=1( M) depend on the parameters in P. Moreover, if the Steinhaus graph associated
with M is regular modulo 4, then Proposition 4.3 implies that

4(m—p) <i <

5 —Q(m—p)}

2,2i+1 = 02i-1,2i+1 = Qj+1,2i+1 + a2i—1,”7—1+i = Qi41,2i41 T a(nTﬂfi)H’Q(nTﬂfi)H (mod 2),

forall1 <7< % If the inequality

5 — 4m—p) >4(m—p)

12



holds, then the entries aso;4+1 depend on the parameters in P for all 4(m — p) < i <
2l — 4(m — p). Since we have agy; = 0 for all 4(m — p) < i < 22 — 4(m — p), it follows
that the entries

8

depend on the parameters in P. Suppose now that p is solution of the following inequality

2<i<n+5-16(m—p)
8m—p)+i—1<j<n+3—8(m—p)

n+5—16(m—p) > 4(m —p) — 1.

Therefore the extension M of T(4(m*p)*1)(M ) depends on the entries a; 4 3-g(m—p) for 2 <
i<4(m—p)—1anda nt1 which vanishes by Proposition 4.3. Thus, all the entries of the
matrix M depend on the p parameters in P. Finally, a solution of this inequality can be

obtained when
n—3
p=[2]> -1 _n+6
30 2 20

If n =3 (mod 4), then 2 is even and

(gjp3n48 407 = Qyipg ntl o T Qyipp nis o = 0,

n—3

forall 0 <7< {%W — 1. Therefore the matrix M can be parametrized by

{a’4i+1,"7+1+2i 0<e< m}

[

As above, in the case n = 1 (mod 4), we can prove that all the entries of the matrix M
depend on the p parameters in

with

{a4i+1,“7+1+2z‘ m-—p+1<i< m}
if p is solution of the following inequality

n—16(m —p) —4 > 4(m —p) + 1.

A solution is obtained when
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Theorem 5.2. For all even numbers n, there are at most ol 3] multi-symmetric Steinhaus
matrices of size n whose associated Steinhaus graphs are regular modulo 4.

Sketch of proof. Similar to the proof of Theorem 5.1. Let M = (a;;) be a multi-symmetric
Steinhaus matrix of even size n. First, by Proposition 3.6, for all positive integers p < m — 1
with m = {%W , the multi-symmetric Steinhaus matrix 72m~P~D (M) can be parametrized by
the p entries in

P ={agigiy1 |m—p<i<m—1}.

Moreover, if the Steinhaus graph associated with M is regular modulo 4, then Proposition 4.2
implies that apnir = 0 and ag 241 = ;211 for all 2 < i < § — 1. It follows that the entries
A2i,n—2(m—p)+1 also depends on the parameters in P for all 1 <@ < 5 — 3(m —p) + 2. Finally,
we can see that, if p is solution of the following inequality

n
5—3(m—p)+2>m—p—1,

then, as in the proof of Proposition 3.6, the extension M of T2(™~P~Y (M) depends on the
entries dg; n—2(m—p)+1 for 1 <o < m —p—1 and thus all the entries of the matrix M can be
expressed by means of the p parameters in P. We conclude the proof by observing that the

inequality is obtained when
n n n+6
p=lal =[5l -5
24 6 8

O
Using these explicit parametrizations of the multi-symmetric Steinhaus matrices whose
Steinhaus graphs are regular modulo 4, we obtain the following result by computer search:

Computational Result. For all positive integers n < 1500, the zero-edge graph on n
vertices is the only Steinhaus graph on n vertices with a multi-symmetric Steinhaus matrix
and which is regular modulo 4.

This result can be easily proved for all odd numbers in the special case of regular Steinhaus
graphs on n vertices whose Steinhaus matrices are multi-symmetric.

Theorem 5.3. For all odd numbers n, there is no reqular Steinhaus graph on n vertices
whose Steinhaus matriz is multi-symmetric, except the zero-edge graph on n vertices.

Proof. Let n be an odd number. Let GG be a regular Steinhaus graph on n vertices and
M = (a;;) its Steinhaus matrix. Then Proposition 4.3 implies that

deg(V;) =0 (mod 4),

forall 1 <7< n and
2,242 = 0,

14



foralll <i< "T_?’ If we denote by @ the addition in Fy and + the addition in the integers,
then we obtain

nes
deg(V3) = ai3 +azs + Za:s] (a1,2 @ ass + ass) + Z as2j1 + a32j12) + 2as,
s j=4 j=2
= 2a33 + Z 2,2 D 22541 + Q22541 D A2,2j42) + 2(a2n—1 D a2,)
T .
= 22a22j+1 =2(a12 + Z@y) =2 x deg(V2)
j=1 Jj=3
This leads to deg(V;) = 0 for all 1 < i < n and thus G is the zero-edge graph on n vertices. [

Finally, the above computational result permits us to extend the verification of Conjec-
ture 2 up to n < 1500 vertices. Indeed, as proved in the remark following Theorem 3.4,
for a Steinhaus graph G on 2n vertices, if G \ {Vi, Va,} is the zero-edge graph on 2n — 2
vertices, then G is the star graph on 2n vertices which is not a regular graph. Therefore, by
Theorem 3.4, we obtain

Theorem 5.4. There is no reqular Steinhaus graph of odd degree on 2 < n < 1500 vertices.
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