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ABSTRACT. In this paper, we present a method to construct compactly supported symme-
tric-antisymmetric orthogonal multi-wavelets with dilation 3. By studying the relation-
ship between matriz sequences of multi-scaling function and matrix sequences of multi-
wavelets, we first show that matriz sequences of multi-wavelets with four coefficients can
be constructed from the associated matriz sequences of multi-scaling function. Next, the
explicit formulations of orthogonal multi-wavelets functions with dilation 3 are obtained.
Finally, we give an example to illustrate our general constructive scheme.
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1. Introduction. As we know, the compactly supported orthonormal real-valued scalar
wavelet with dilation 2 cannot have symmetry except Haar wavelet. However, orthogo-
nality and symmetry are two important properties in practical application. Symmetry of
an orthonormal wavelet can be obtained by considering multi-wavelets or complex-valved
wavelets. The multi-wavelets can simultaneously possess orthogonality, shorter supported,
symmetry, and higher approximation order. So, in recent years, the multi-wavelets have
received more attention both in theory and in application.

Geronimo et al. [1] presented the earliest multi-wavelets by using fractal interpo-
lation. Based on the multi-resolution analysis, by showing the relationship between
length-2N and length-(2/N + 1) multi-wavelets, the symmetric-antisymmetric orthonormal
multi-wavelets were constructed from their associated multi-scaling functions in [2, 3, 6].
Furthermore, several explicit algorithms for constructing multi-wavelets with high ap-
proximation order and symmetry were discussed in [4, 5]. A finitely supported real-
valued 2-orthogonal filter cannot be symmetric about a point. It has motivated many
researchers to find alternatives for achieving both symmetry and orthogonality. The sym-
metric orthogonal multi-wavelets with dilation factor a > 2 were constructed in [7-10].
Moreover, due to wavelets transform time-frequency localisation characteristic, they have
been widely used in signal analysis, image processing and many other areas [14-20]. The
multi-wavelets are more extensive than scalar wavelets in application of wavelet analysis.
Therefore, the construction of compactly supported symmetric-antisymmetric orthogo-
nal multi-wavelets is very important. In this paper, based on the results of [6-8, 21], we
shall further study symmetric orthogonal multi-wavelets with dilation factor a > 2. By
studying the relationship between matrix sequences of multi-scaling function and matrix
sequences of multi-wavelets, we will consider the construction of univariate symmetric
orthogonal multi-wavelets with dilation factor 3.

The organization of this paper is as follows. The background introduction is given in
Section 1. The summary of multi-wavelets is introduced in Section 2. In Section 3, we will
present a set of explicit formulas to construct the orthogonal symmetric multi-wavelets
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with dilation factor 3. Section 4 providers an example to validate our results. Section 5
concludes this paper.

2. Problem Statement and Preliminaries. In this section, we shall recall some basic
definitions and lemmas. To facilitate our discussion on symmetry and antisymmetry, we
only consider multi-scaling functions with finite and real valued matrix sequences. For
the compactly supported orthogonal complex wavelets with dilation a (e > 2), we can
refer to [9, 10].

2.1. Several definitions and theorems. Let ®(z) = (¢1(z), ¢2(z), ..., d,.(z))T be a
compactly support orthogonal scaling vector-valued function with multiplicity » and dila-

tion factor 3, ¢;(x) € L2(R), i =1,...,r and satisfy the following matrix scaling equation
=3 P(k)0(3z — k), (1)
keZ

where {P(k)} is an r x r real-value matric sequence. W(z) = (¢4 (), ¥(z),... ,wi(x))T,
[ = 1,2 is the corresponding orthogonal multi-wavelets satisfying

(x) =3 Quk)@Bx —k), =12, (2)

where {Q;(k)} is an r x r real-value matrix sequence. Applying Fourier transform to (1)
and (2), respectively, we obtain

b(w) = Pw/3)d(w/3), Wi(w)=Qi(w/3)w/3), [=1.2, (3)

where P(w) = Y, ., P(k)e ™™, Qi(w) = Y 1o Qulk)e™™. P, Q; are called matrix low-
pass filter and high-pass filter in the application of signal precessing. The set {P,Q;}
is called wavelet filter banks. We know that multi-scaling function and multi-wavelets
are closely related to their corresponding filter banks. So, in the construction of multi-
wavelets, we only consider the construction of multi-filter banks.

For column vector functions A and B with elements in L?(R), we define

(A,B) = /]R A(x)B(z)"da.

We call a vector of functions ®(z) = (¢;(z), #2(z), ..., ¢.(x))T an orthonormal scaling
vector if @ satisfies (1), ¢; € Ly(R), and

/qu(x Ra@)dr = 6(j —)o(k), 1<j, i<r ke,

where ¢ is the Kronecker delta.
For compactly supported orthogonal multi-scaling function ®(x) and its corresponding
orthogonal multi-wavelet W;(z), we have the following orthogonal conditions.

(@), Wi(- = n)) = (Wi(-), 2(- = n)) = Opxr,
<\Ill<'>7 \Ijl( - n)) = 50,n]r7 l=1,2,
(®(), @(- = n)) = donlr,

where O,, and I. denote the zero matrix and unit matrix, respectively. This set of
equations is equivalent to the equation

> P(k)P(k+3i)" = 3501, (4)
keZ
> Quk)Qu(k + 3i)" = 35,01, (5)

keZ
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> Pk)Qu(k +3i)" = O, (6)
keZ
Also, in terms of multi-filter banks, the orthogonalities of ® and W, are represented

() (25

k=0
2
w + 2km o [ wF2kT
S (2127) g (£127) o, .
k=0
2
w + 2k . + 2k

ZQZ (Tﬂ-) Ql (%) = 5l—n17“> n < 37 (9)
k=0

where the superscript * denotes the complex conjugate transpose. A sequence satisfying
(4) or (7) is called a matrix conjugate quadrature filter (CQF'). For more details about
orthogonal multi-scaling function, we can refer to [12].

In this paper, we will focus on a class of symmetric or antisymmetric orthogonal multi-
wavelet systems with multiplicity r and four coefficients. The symmetry is one of the most
important properties of multi-wavelets. Before proceeding further, we will introduce some
symmetric and antisymmetric properties on multi-scaling function and multi-wavelets.

Let us consider the situation when all the generating functions are symmetric or anti-
symmetric about the same point, there exists some odd integer n such that, for all j =
1,...,r,

b5(x) = £y(n— o), Wy(z) = (0 — )

In vector form, we can write this as
O(z) =X0(n —x), Y(r)=A¥(n—2x),

where ¥ and A are some diagonal matrices with the diagonal entries equal to +1. Next,
we will present the following lemmas of multi-scaling functions and multi-wavelets with
symmetry.

Lemma 2.1. Let ®(z) = (¢1(2), ¢2(2), ..., 0.(x))" be a multi-scaling function with di-
lation 3, and satisfy (1), and P be a finite impulse response (FIR) matriz filter. If P
satisfies

SD,(3w)P(—w)SD,(—w) = P(w), (10)
for some a = (ay,...,a,) € R", then ¢; is symmetric or antisymmetric about %, i.€.,
a; .
¢; (é—ﬁ) =s;pj(r), 1<j<m, (11)
where S is the diagonal matriz having coefficients s; on the diagonal, s; € {—1,1}, and
D,(w) = diag (e‘ialwm, etaw/2 ,e_w*wﬂ) ) (12)

Lemma 2.2. Assumed ® is 3-band compactly supported multi-scaling functions with
®(0) # 0, P is an FIR matriz filter satisfying (10) for some a = (ay,...,r) € R".
Let U = (1,...,9,.)T be a vector-valued function defined

W) =33 oK) (30— b)

kEZ,
for some FIR matriz filter G. If G satisfies

TDy(3w)G(—w)T' Dy(—w) = G(w), (13)
for some b= (by,...,b.) € R", then

¢j (b—J — IL’) = tj@Z)j(l'), 1 S j S r, (14)
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where T is the diagonal matriz having coefficients t; on the diagonal, t; € {—1,1}, and
Dy(w) = diag (e‘iblwﬂ, e /2 ,e_ib“"/Z) : (15)

Lemma 2.3. Let ®(z) = (¢1(2), ¢2(2),...,0.(x))T be a compactly supported orthog-
onal symmetric or anti-symmetric multi-scaling function. W(x) is symmetric or anti-

symmetric multi-wavelet associated with ®(x). If H(z) = i(:a(:rl)_l P(k)z7F, Qi(z) =
i(:a(;rl)fl Qi(k)z7%, 1 =1,2, for some a € Z, /{0}, then

P(z) = 2z~ B@+D=Dgjqq (Soz®,s0) P (271) diag(So, soz), (16)

Qi(z) = 2Bt giqg (512°,55) Qi (=) diag(Sy, spz), 1=1,2, (17)

where so = £1, Sy, St, SY are diagonal matrices with diagonal entries 1 or —1.

For the proof of these lemmas and detailed theory, see [13].

3. Main Results. In this section, we will give a set of explicit formulas for the construc-
tion of orthogonal symmetric multi-wavelet functions with dilation factor 3. Analogous
to the method in [2], we propose the explicit formulations for matrix sequence {Q;(k)}
directly in terms of matrix sequence {P(k)}. The corresponding orthogonal symmetric
multi-wavelet with dilation 3 can be obtained. In this paper, we only discuss the con-
struction of multi-scaling function with 4-coefficient, i.e., the multi-scaling function ®(x)
satisfies the following scaling relation

O(x) = Py®(3x) + PPz — 1) + PP (32 — 2) + P3P(3x — 3). (18)
For the construction of the orthogonal multi-wavelets with 4-coefficient and multiplicity

r, we have the following theorem.

Theorem 3.1. Suppose that ®(x) is an orthogonal compactly supported multi-scaling
function, and satisfy (18), defining a matriz H, which satisfies
H? = 31, — (P,PT + RPN (PLPT + PPY). (19)
Let
qs = HSP07 Qf = _Hs_1P17 q; = _Hs,_l-PQ) Q§ = HSP37 (8 = ]-a 2)

where Hy (s = 1,2) are 2 essentially different symmetric matrices of H?. Take {Q;(k)} =
{ai} (s = 1,2), defining

_3§:@ OBz —k), 1 =1,2. U(z) = [(U1(2)T, Uy(x)7)]",  (20)

then W(x) is compactly supported orthogonal multi-wavelet with dilation 3 associated with
®(x), and satisfies the following scaling matriz equation

3

U(r) =D (@D (@)']" o3z — k). (21)

k=0

Proof: In order to prove this theorem, we only need to verify the following four equa-
tions

Po(g3)" =
Po(gy)" + Pi(g))" + - +%%)=Q
QO<CI3> =0, <l75 = 172)
@) + () + -+ a3(3)" =31,
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According to [6], we know that H? is a symmetric positive definite matrix, and Equations
(22) and (24) can be proved directly by using (5) and (6). We only prove (23) and (25).
In order to verify (23), we have that

3
S Pi(g)" = RES(H)T + PyPE(H)T — PPT (HY)' = PEF ()

— [(PP + BP)) — (PPT + P,PD)] (H )" = 0.
Next, to verify (25), we have that

o (4)" = HRRTHY + HO PPT (1) HURPE (H) + HB P

O

= H; ' {H[3I, — (PP + PP (H) + (PP + PP )} (H,

Since H? is a symmetric positive definite matrix, we have

S

> oa () = H'[H (PP + RE]) + (PP] + PoPY)] (H,)

= H[(PP] + BPY) + H(PPF + PP (H')'
— H{(PPF + P,P) + 31, — (PP} + P,PN)} (H;))" = 3I,.

This completes the proof of Theorem 3.1. 0
Next, we will discuss the symmetry of orthogonal multi-wavelet defined in Theorem
3.1.

Theorem 3.2. Let the orthogonal symmetric multi-scaling functions ®(x) satisfy sym-
metric condition (10). If Hs is a diagonal matriz, which is defined as in (19), then we
have that W;(x) defined as in (20) satisfies U;(z) = (—1)"710(3 — ).

Proof: Since ®(x) satisfies symmetric condition (10), by Lemma 2.3, we have
P(2) = 2z~ diag(Sy2®, s0) P (27") diag (S, so2).-
In addition, since H; is a diagonal matrix, and
¢ =HPy, qi=-H'P, ¢=-H'P, ¢=HDP; (s=12)

So, we can see that Wy(z) is the symmetric orthogonal multi-wavelet. 0

According to Theorem 3.1, we can see that symmetric-antisymmetric orthonormal
multi-scaling functions lead to symmetric-antisymmetric orthonormal multi-wavelets. This
result can also refer to [3]. From the above discussion, for a given orthogonal multi-scaling
function ®(x) with four coefficients, Theorem 3.1 and Theorem 3.2 provide a set of explicit
formulas for the construction of orthogonal multi-wavelet, as long as H? is a symmetric
positive definite matrix. In the next section, the examples will be given to demonstrate
that our proposed approach is efficient.

4. Numerical Example. In this section, we give an example for the construction of
orthogonal multi-wavelet with dilation 3 from their corresponding multi-scaling function
matrix sequences to illustrate the results in this paper.

Example. The multi-scaling function matrix CQF sequences Py, P;, P», P; were given
in the following, which satisfy (18) with multiplicity 2, as follows:
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10 —3v10  5v6 —2V15 30 4+ 3v/10 5v6 — 215
P - 40 40 P 40 40
5vV6 —3v15  5—3V10 5V6+7v15 15— 310
40 40 40 40
10 — 310 5v6 — 215 30+3V10  5v6—2V15
P, — 40 40 P 40 40
5vV6 —3v15 5 —3V10 5v6 4+ 7v15 15 — 310
B 40 40 B 40 40

The matrix symbol P(z) of matrix sequence {P;} (k = 0,1,2,3) can be given by the
following

1 | P P,
P(z) _1 0,0 0,1
3Py Pia
where
10 — 3v/1 1 10 — 3v/1 1
P = 0 3\/_0+30+3\/_02+ 0 3¢_022+30+3¢_0Z3’
’ 40 40 40 40
o 5v6 —2v15 5\/6—2\/52_ 5\@—2¢BZQ+ 5\/6—2\/523
0L 40 40 40 40 ’
po o VO=3VI5 5VE+TVIS  5V6-3VI15 , 5VE+TVIS
Lo 40 40 40 40 ’
5—3\/_ 15-3V/10 5-3V10 , 15—3y10 ,
P1 1 = Z+ 2tz
’ 40 40 40 40
In other words, we have
( 10 — 3v/10 30 + 3v/10 10 — 3v/10
¢1(7) = 4—0¢1(3I) + T¢1(3$ - 1)+ 4—O¢1(3$ —-2)
30 4+ 3v/10 5V6 — 215 2\/_ 5V6 — 215
+ ——01 (3 —3) + ¢o(37) — Go(3x — 1)
40 40 40
_HE-2vIs \/_ P2(3z — 2) + 5v6 - 2v15 \/_ P23z — 3),
40 40
5V6 — 315 3\/_ 5v/6 + 7/15 5V6 —3V15
AR S —1 —2
pa(z) = — ¢1(3z) + 10 $1(3z — 1) — — ¢1(3z — 2)
5v6 4+ 7v/15 5— 310 15 — 3v10
— Tqbl(gl' — 3) + 4—¢2(3$) + 4—O¢2(3$ — 1)
5—3v10 15 — 3v/10
L + T¢2(3$ — 2) 10 ¢2(3$ — )
By Theorem 3.1, we see that the matrix sequence {q3, ¢7, ¢35, ¢5} is given by
—5+3vV10 5vV6—3V15 15-3V10  5V6+7V15
o = 40 40 1 40 40
-

gl =
5V6 —2v15 —10+3v10 | | 5V6—2V15 30+ 310
10 10 10 40
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—5+ 310 5v/6 — 3v/15 15—3V10  5V6+ 7V/15
4= 40 40 g 40 40
5v6 — 215 —10 + 3v10 —5vV642v15 30+ 3v10
B 40 40 40 40
—5+3V10  5V6—3V15 15 — 3v/10 5vV6 + 715
2 = 40 40 s 40 40
5V6 —2v15  —10 + 3v/10 5v6 — 2v/15 30 + 3v/10
B 40 B 40 B 40 40
—5+ 310 5v6 — 3v/15 15 — 3v10 5vV6 + 715
2= 40 40 e 40 40
5V6 —2v/15 =10+ 310 —5v6+2v15 30+ 3V10

40 40 40 40
The matrix symbols Q'(z), Q*(z) of matrix sequence {q;} (k =0, 1,2,3) can be given by
the following

3 1 1 3 2 2
Q') =1 q;zk—ll%p QM],@2<z>=§§q2zk=3[Q°’° Q?],

3 k=0 N 3 Q%,O Qil 3 Qio 1,1
where
—543V10 15-3V10 = —5+3V10 15— 3v/10
Qoo = ki \/_+ ‘/_z+ i ‘/_z2+ \/_2’3,
! 40 40 40 40
o — 5v6—3v15  5/6+ 7\/1_52 56— 3\/622 N 5v/6 + 7\/ﬁz3
01 40 40 40 40 ’
L W6 -2V15  5V6+2V15  5V6—-2V15 , —5V6+2V15
Qlo - + Z — z° 4+ zZ,
! 40 40 40 40
—1 10 30+3V10  —10+ 310 30 + 3v/10
ol - 0+3\/_Jr + \/_Z+ + \/_22++—\/_Z37
! 40 40 40 40
—543V10 15-3V10 = —5+3V10 15— 3v/10
Qoo = ki \/_+ ‘/_z+ i ‘/_z2+ \/_2’3,
! 40 40 40 40
02 — 5v6—3v15  5/6+ 7\/1_52 56— 3\/622 N 5v/6 + 7\/ﬁz3
01 = 40 40 40 40
0. — 56 -2V15 5‘/6+2‘/1_52+ 5\/6—2\/EZ2 B —5\/6+2\/1_523
Lo 40 40 40 40 ’
o — —10+ 3/10 30+3\/EZ —10+3\/EZ2 30+3\/E23
11— = - - - :

40 40 40 40
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Then its corresponding orthogonal multi-wavelets ¢(x) are given by

~1)

[ 1(a) = ‘52—3\@ \(30) + 43\/_§b1(3x— 1+ 523*/_@(33; 9
LB 4?[;“_ (30— 3)+ 20 403‘/_ (3:5)—5[61—07*/1_5@(31;—1)
_5V6 4O3J_ b3z —2) 1 5\/'+7¢_ b3z — 3)
(o) = D2 >+% onar—1) = 2 50 )
4 _5f4g V15 (30— 3) 1+ 0 1:03\/_ (3x)+%1_0¢2(3x
L 10 103\/_ ba(3 —2) + 30+43\/_ (3 - 3),
a(o) = 20 5y 4 BV (50 1) ¢ 2EBVI0 50y
+%m (32— 3) + f WOV W (3) —5\/6207\@@(395— 1)
VOBV g — gy OIS (30 ),
na) = = OV gy VORI 50 gy SVOVID, gy
- _5\f4; 215, (35— 3)— =20 103‘/_ xmp%@m—n
\ ~—10 1-03\/_ ba(3r—2) 30 +4?)\/_¢2(3x_ 3).

Figure 1 gives the graphs of scaling functions and the corresponding multi-wavelets
with support [0,3]. These wavelets have the higher order of approximation than the

Daubechies scaling function and wavelet with the same support.

, @ , )
ol MW b WL_
2 -2

0 1 2 3 0 1 2 3
, © . @
2 -2

0 1 2 3 0 1 2 3
, ) , (0
. JW . MW
2 -2

0 1 2 3 0 1 2 3

FIGURE 1. (a) ¢1; (b) ¢; (c) w1; (d) a;(e) s; () 1y
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5. Conclusions. The wavelets play important roles in the fields of signal processing,
image processing and communication systems. For vector-valued signal processing, the
multi-wavelets have greater freedom and flexibility. It enables a finer frequency partition-
ing and can provide a more compact representation of signals. In this paper, we propose
a method for the construction of compactly supported orthogonal symmetric or anti-
symmetric multi-wavelets with dilation 3. We first obtain a set of explicit formulations
for the matrix sequences of the multi-wavelet from its corresponding matrix sequences
of scaling vector function. Next, the compactly supported orthogonal symmetric multi-
wavelets with dilation 3 can be constructed via their corresponding matrix sequences.
Finally, an example we give shows that our proposed approach is operable.

It is of interesting in both theory and application to have a family of compactly sup-
ported symmetric orthonormal wavelets. In the future, we will focus on the construction
of compactly supported orthogonal symmetric or anti-symmetric multi-wavelets and com-
plex wavelets with any general dilation factor.
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