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New orthogonal designs from weighing matrices
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Abstract

In this paper we show the existence of new orthogonal designs, based on
a number of new weighing matrices of order 2n and weights 2n — 5 and
2n—9 constructed from two circulants. These new weighing matrices were
constructed recently by establishing various patterns on the locations of
the zeros in a potential solution, in conjunction with the power spectral
density criterion. We also demonstrate that some of these new orthogonal
designs, the ones that are full, can be used to construct inequivalent
Hadamard matrices.

1 Introduction

A weighing matrix W = W (n, k) is a square matrix with entries 0, %1 having k
non-zero entries per row and column and inner product of distinct rows equal to
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zero. Therefore W satisfies WW?' = kI,. The number k is called the weight of
W. Weighing matrices have been studied extensively, see [1], [6], [2] and references
therein, for detailed information on known and unknown weighing matrices.

A well-known necessary condition for the existence of W (2n, k) matrices states
that if there exists a W(2n, k) matrix with n odd, then & < 2n and & is the sum
of two squares. In this paper we are focusing on W (2n, k) constructed from two
circulants. The two circulants construction for weighing matrices is described in the
theorem below, taken from [3].

Theorem 1 If there exist two circulant matrices Ay, As of order n, with 0,+1 el-
ements, satisfying A1AY + Ay AL = fI, and f is an integer, then there exists a
W(2n, f), given as

A A A AR
VV(211,f)—(_;1t2 Atj) or W(2n,f)—(_AlR jl )

where R is the square matriz of order n with riy; =1 ifi+j—1=n and 0 otherwise.

Recently, a number of new weighing matrices of order 2n and weights 2n — 5,
2n — 9 was constructed as per theorem 1 in [4, 5], by establishing patterns for the
potential locations of zeros in the first rows of matrices A; and A;. The existence
of these weighing matrices has certain implications on the existence of orthogonal
designs and this is what we want to exhibit in this paper. It is also important to
point out that the construction patterns used to find new weighing matrices in [4, 5],
are of crucial important for the orthogonal design constructions of this paper.

The orthogonal design constructions of this paper are based on formulations of a
theorem of Goethals and Seidel which may be used in the following form:

Theorem 2 [3, Theorem 4.49] If there exist four circulant matrices Ay, Ay, As,
Ay of order n satisfying

4
> AAT = f1
i=1

where f is the quadratic form Z;;l sjm?, then there is an orthogonal design OD(4n;
51,82, - asu)'

2 New Orthogonal designs from W (2n,2n — 5)
The first lemma is stated for completeness only.
Lemma 1 If there exists an OD(2n;a,b) constructed using two circulant matrices

then, using the two circulant W (2n,2n—5) constructed here with the Goethals-Seidel
array we have OD(4n;a,b,2n — 5).
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The next theorem relies heavily on the construction pattern used to find the
W(2n,2n — 5).

Theorem 3 Suppose there exists a W (2n,2n — 5) constructed using two circulants
with first rows of the required pattern. Then there exist

1. OD(4n;4,4,4n — 10) and

2. OD(4n;2,8,4n—10) constructed using four circulant matrices in the Goethals-
Seidel array.

Proof We multiply each of the elements of the two { 0, &1} sequences by the
commuting variable a. We rearrange the required sequences of the W (2n,2n — 5), if
necessary, to the form

A= 0 0 a3 -+ a1 0  anss -+ ay
2 2 (1)
B= 00 by --- banl bn;l bnTJrS e by

where each element a; and b; is ta.
Now let p, ¢, x and y be commuting variables.

Then
P=p q a5 a0 aus o oay
Q= —-p —q a3 an-1 0 anis a,
R= p —q b3 bugl bn;rl bn;rs b
S= =p g by -+ baas bun bus oo b,

give the required sequences for the OD(4n; 4,4, 4n — 10) and

X= y —y ag --- e T
Y= —y y a3 - Ani =T Angs ccc Gy
Z= y y by - b"%l b"T“ bnTJr3 e by,
W = -y -y b3 cee bnT—l bnTJrl bn;r3 bn

give the required sequences for the OD(4n; 2,8, 4n — 10).
Remark. We note that these last orthogonal designs are full and so give rise to
Hadamard matrices.

3 New Orthogonal designs from W (2n,2n —9)

The first lemma is stated for completeness only.

Lemma 2 If there exists an OD(2n;a,b) constructed using two circulant matrices
then, using the two circulant W (2n,2n—9) constructed here with the Goethals-Seidel
array we have OD(4n;a,b,2n — 9).

The next theorem relies heavily on the construction pattern used to find the
W(2n,2n —9).
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3.1 The 1-4-4 Pattern

Theorem 4 Suppose there exists a W(2n,2n — 9) constructed using two circulants
with first rows of the required pattern. Then there exist

1. OD(4n;2,4n — 18),

2. OD(4n; 4, 4n — 18),

3. OD(4n;4,4,4n — 18),

4. OD(4n;2,8,4n — 18) and

5. OD(4n; 8, 8,4n — 18) constructed using four circulant matrices in the Goethals-
Seidel array.

Proof We multiply each of the elements of the two { 0, &1} sequences by the
commuting variable a. We rearrange the required sequences of the W (2n,2n —9), if
necessary, to the form

A= 00 0 0 a5 --- an 0 Ungs -+ ap )
B:0000b5---b%b%b%3--~bn (2)

where each element a; and b; is ta.

Now let p, q, 7, s, @, y, z and w be commuting variables. Cases 1) to 5) are
constructed by forming the four circulant matrices with first rows which are then
used in the Goethals-Seidel array

P=p q¢ 7 s a -+ ana 0 angs oo ay
Q= =p —¢ —r =5 65 g 0 dap oG
R= T Yy z w b5 e b% b% b,,L42r3 . bn
S= —» -y —z —w by --- bnTﬂ bnTH bnTJrS e by

For the cases 1) to 5) use the values given in the following table or other suitable
values:

OD(4n;t,u,dn —18) |t,u|p ¢ r s |z y 2z w
2]1g 00 0|0 0 00
4 g 0 0 0|g 0 0O (4)
4,41g h 0 0 |g —h 0 0
2,8/g h —g 0 |g 0 g O
88lg g h —hlg —g h h

3.2 The 5-2-2 Pattern

We also get the same theorem using the 5-2-2 pattern. Of course the results will be
inequivalent.
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Theorem 5 Suppose there exists a W(2n,2n — 9) constructed using two circulants
with first rows of the required pattern. Then there exist

1. OD(4n;2,4n — 18),

2. OD(4n;4,4n — 18),

3. OD(4n;4,4,4n — 18),

4. OD(4n;2,8,4n — 18) and

5. 0D(4n;8,8,4n—18) constructed using four circulant matrices in the Goethals-

Seidel array.

Proof We multiply each of the elements of the two { 0, £1} sequences by the
commuting variable a. We rearrange the required sequences of the W (2n,2n — 9), if
necessary, to the form

ag - [¢7%

00
£ 00 by o by 5)

0
0
where each element a; and b; is +a. The element x is +a.

Now let p, q, r, s, x, y, z and w be commuting variables. Cases 1) to 5) are

constructed by forming the four circulant matrices with first rows which are then
used in the Goethals-Seidel array

P= p ¢ 0 r s ag - Gy
Q= -p —q¢ 0 —r —s ag - ayn (6)
R= 2 y * z w by - by
S= —x -y x —z —w bg --- b,

For the cases 1) to 5) use the values given in the following table or other suitable
values:

OD(4n;t,u,4n — 18) t,u‘p qg r s ‘:r Yy oz ow
2 1g 0 O 010 0 0 O (7)
40g0 0 0lg 0 00
44|g h 0 0|g —h 0 0
2,8/g h —g 0 |g 0 g 0
88lg g h —h|lg —g h h

4 Inequivalent Hadamard matrices from the full
OD(4n;2,8,4n — 10)

The full orthogonal design O D(4n;2,8,4n—10) constructed in theorem 3 can be used
to construct Hadamard matrices of orders 4n, for every n for which W(2n,2n — 5)
weighing matrices are available. We carried out these computations for the values of
n that belong to the set {15,17,21,23,25,27, 29, 33, 35, 39, 43, 45, 47}. The corre-
sponding W (2n, 2n — 5) weighing matrices constructed from two circulants (many of
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which are new) have been constructed in [4] and are also available in the web page
http://www.cargo.wlu.ca/weighing/

For each value of n in {15,17,21,23,25,27,29,33,35,39,43,45,47}, we set the
variables z,a,y to £1 values and for each of the resulting 8 combinations, we ob-
tained a Hadamard matrix of order 4n. Then we used the 4-profile criterion as
implemented in Magma, to decide whether these Hadamard matrices are inequiva-
lent. For each one of the thirteen orders {60, 68,84, 92,100, 108,116,132, 140, 156,
172, 180, 188} we have located two inequivalent Hadamard matrices, having differ-
ent 4-profiles. The results (the matrices and their 4-profiles) are available in the web
page http://www.cargo.wlu.ca/HMfromwM/

In addition, one could check these Hadamard matrices for inequivalence, using
the graph isomorphism criterion, which is more time consuming.

5 Conclusion

In this paper we have found new orthogonal designs using W(2n,2n — 5) and
W (2n,2n — 9) weighing matrices constructed from two circulants. We also use the
full OD(4n;2,8,4n — 10) to construct inequivalent Hadamard matrices of 13 orders.

References

[1] R. Craigen, Weighing matrices and conference matrices, in The CRC Handbook
of Combinatorial Designs, (Eds. C.J. Colbourn and J. H. Dinitz), CRC Press,
Boca Raton, Fla., 1996, pp.496-504.

[2] R. Craigen and H. Kharaghani, Orthogonal designs, in The CRC Handbook of
Combinatorial Designs, (Eds. C.J. Colbourn and J. H. Dinitz), 2nd ed., CRC
Press, Boca Raton, Fla., 2006, pp. 290-306.

[3] A.V. Geramita and J. Seberry, Orthogonal designs. Quadratic forms and
Hadamard matrices, Lecture Notes in Pure and Applied Mathematics, 45, Mar-
cel Dekker Inc. New York, 1979.

[4] I.S. Kotsireas and C. Koukouvinos, New weighing matrices of order 2n and
weight 2n — 5, J. Combin. Math. Combin. Comput. (to appear).

[5] 1. S. Kotsireas, C. Koukouvinos and J. Seberry New weighing matrices of order
2n and weight 2n — 9, submitted.

[6] C.Koukouvinos and J. Seberry, New weighing matrices and orthogonal designs
constructed using two sequences with zero autocorrelation function-a review,
J. Statist. Plann. Inference 81 No.1 (1999), 153-182.

(Received 16 Dec 2006; revised 23 May 2007)



