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Abstract

In order to get divergence free and curl free wavelets, one introduced the smoothed
pseudo spline by using the convolution method. The smoothed pseudo splines can
be considered as an extension of pseudo splines. In this paper, we first show that the
shifts of a smoothed pseudo spline are linearly independent. The linear
independence of the shifts of a pseudo spline is a necessary and sufficient condition
for the construction of the biorthogonal wavelet system. Based on this result, we
generalize the results of Riesz wavelets and derive biorthogonal wavelets from
smoothed pseudo splines. Furthermore, by applying the unitary extension principle,
we construct tight frame systems associated with smoothed pseudo splines with
desired approximation order.

Keywords: smoothed pseudo spline; linear independence; biorthogonal wavelet;
tight wavelet frame

1 Introduction

In order to construct tight framelets with desired approximation orders, the first type of
pseudo splines was first introduced in [1] and [2]. These pseudo splines are refinable and
compactly supported. In general, these pseudo splines are neither symmetric nor anti-
symmetric. In order to construct symmetric or antisymmetric tight framelets with re-
quired approximation orders, Dong introduced the second type of pseudo splines in [3].
The pseudo splines were shown to be an important family of refinable functions. They can
provide a wide variety of choices of refinable functions; B-splines, the orthogonal refinable
functions and the interpolatory refinable functions are special case of them. Hence, they
have large flexibilities in wavelets and framelets construction.

Regarding the pseudo splines, there have been many developments in the theory and
applications over the past ten years. Their applications in image denoising and image
in-painting are very extensive. The pseudo splines consist of a rich family of compactly
supported refinable functions. Together with the unitary extension principle of [4], one
gave a range of choices of wavelet systems to meet various demands of applications. De-
pending on the choice of the parameters, pseudo splines with various orders fill in the
gaps between the B-splines and orthogonal refinable functions for the first type and be-
tween B-splines and interpolatory refinable functions for the second type. For the subdi-
vision schemes, pseudo splines provide various choices that meet different demands for
balancing the approximation power, the length of the support, and the regularity of the
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limit functions. For the box splines, Li extended the results of [1] and [2], investigated
pseudo box splines, and analyzed their properties, including stability and regularity in [5].
Dong showed that the shifts of arbitrarily given pseudo splines are linearly independent
in [6]. Bin and Shen in [7] further studied the construction of biorthogonal wavelets from
the pseudo splines and derived a dual refinable function with prescribed regularity. The
dual pseudo splines are a new family of refinable functions, they were introduced by Dyn
and Hormann in [8] as limits of subdivision schemes. The important properties of a dual
pseudo spline, such as regularity, stability, and linear independence, were derived in [9]. Yi
and Song constructed Riesa wavelets and tight framelets from dual pseudo splines in [10].
Shen and Li introduced complex pseudo splines that were derived from the first type of
the pseudo splines in [11], and they analyzed that shifts of every complex pseudo splines
are linearly independent. Moreover, they constructed complex Riesz wavelets and com-
plex tight framelets. In order to get divergence free and curl free wavelets, Zhuang and
Yang presented smoothed pseudo splines in [12] and discussed the regularity and stability
of smoothed pseudo splines.

In this paper, firstly, we show that the shifts of a smoothed pseudo spline are lin-
early independent. Base on this result, we construct a biorthogonal wavelet system from
smoothed pseudo splines and generalize the results of Riesz wavelets in [12]. Moreover,
by using the unitary extension principle, we get the construction of tight framelets with

desired approximation order based on smoothed pseudo splines.

2 Preliminaries

A function ¢ € Ly(R) is refinable if it satisfies the following refinement equation:

$=2) ak)p2- k), 1)

keZ

where a is a finitely supported sequence on Z, called the refinement mask of the refinement

function ¢. The Fourier transform of a function f € L;(R) is defined by

FE) = /}R f)e ™ dx, EeR,

and it can be naturally extended to L, (R) functions. The Fourier series of a sequence a on
7 is defined by

a€) =Y alke™, &eR.

keZ

In terms of the Fourier transform, the refinement equation in (2.1) can be rewritten as

We call a a refinement mask for convenience. It may also be given in terms of its sym-
bol a(z) = Zkeza(k)zk , z € C\ {0}, which relates to the corresponding Fourier series by
a(&) = a(e™®), € € R. Pseudo splines are defined in terms of their refinement masks. The
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refinement mask of the first type of pseudo splines with order (m,1) is given by

!
|151(E)|2 = |151(m,1)(§)|2 = cos>™" <§> Z (m]+ l) sin2/(%) cos2U) (%), (2.2)
=0

and the refinement mask of the second type of pseudo splines with order (1, 1) is given by

E\ o (41 £ £
20(€) = 2a(mpn (&) = cos?™” (§> Z ( j ) sin2j<5) cos* ) (E)’ (2.3)
j=0

where 0 </ <m-1.

According to the Fejér-Riesz lemma (see, e.g., [13] and [14]), we have that the mask of
the first type of pseudo splines is obtained by taking the square root of the mask of the
second type of pseudo splines, i.e., 2a(€) = |1a(&)|%.

The corresponding pseudo splines can be defined in terms of their Fourier transforms

as

1 Pompy (&) = Hkﬁ(m,l) (27¢), k=12,

j-1

with ;@,.5(0) = 1.

The smoothed pseudo splines were introduced in [12] in order to smoothen the pseudo
splines by using the convolution method. The smoothed pseudo splines are defined in
terms of their refinement masks. One can take the smoothed pseudo spline

Dl = Pmi * X[_%,%] Kook X[_%,%];

where XLl denotes the characteristic function of interval [—%, %], and # > m. The re-
finement mask of a smoothed pseudo spline of type I with order (1, m,!) is given by

!
’121,,,,,,,1(5)’2 = COSZVI(%) Z (m]+ l) sin2/<§) cos?()) (%) (2.4)
j=0

The refinement mask of a smoothed pseudo spline of type II with order (r, m,[) is given by

!
28y m (&) = cos’(%) jzzo <m1+ l) sin2’(§> cos? (%), (2.5)

where r > 2m. The smoothed pseudo splines can be considered as an extension of the
pseudo splines. When r = 2m, they are the pseudo splines.

The smoothed dual pseudo splines are also an extension of the dual pseudo splines.
Similar to the definition of (2.4), we can get the smoothed dual pseudo splines. Their re-
finement mask is given by

I

bumi(€) = €% cos?™! (%) g): (m " lj+ 1/2) sin27<%> cos? (%)

J
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Furthermore, we assume # € R in (2.4), then the smoothed dual pseudo splines are gen-
eralized to the fractional splines in [15]. If we define the translated form of the type II
by qu,,m,l(s ) = e-ir%QqS,,m,,(g ), we can get the differential relation 7¢, /(%) = 7¢m(x) -
T®rmi(x — 1), which plays an important role in the construction of divergence free wavelets
and curl free wavelets in the analysis of incompressible turbulent flows. For more details
on the construction of divergence free and curl free wavelets, see [16] and [17].

We now define the following functions:

! !
Pui) =) <m]+ )ya ",

Jj=0
Rm,l(y) = (1 _y)mpm,l()/)x
Ryt () = (1= 9)2 P, (),

denoting y = sinz(%), r, m, [ are nonnegative integers and r > 2m. Then we can find that

Rm,l (Sin2 <%>> = 22lm,l <%)1 Rr,m,l <Sin2 (%)) = Z&V,m,l(%-)'

We now give the following three lemmas to prove the key results of this paper.

Lemma 2.1 ([3]) For nonnegative integers m and [ with | <m -1, let R,,; and P,,; be the
polynomials defined above. Then

mz(y :Zl (m—jlﬂ‘))/‘;
R, ) ==(m+ (™) - yym
R,,0)=—(§-m)(1-y)27" 1Rm,l(y)+(1 7R, ().

Lemma 2.2 ([12]) For nonnegative integers m, r and I.
1 Deﬁne Q()/) = Rr,m,l(y) + Rr,m,l(l —y), then

!
~ 1\ -5 m+l)
mnan=e(3)-2+3("")

2) Define S(y) = Rf’m’l(y +R? (1-Y), then

r,m,l

1 2
el Z m+1
yrenélhsw S( >_21 2(/.=0< j >)

Lemma 2.3 ([3]) For given nonnegative integers m, r and [ withm>1,0<[<m-1, we
have

1 I
AR Z m+
l o\

3 Linear independence of smoothed pseudo splines

The section is devoted to analyzing linear independence of the shifts of smoothed pseudo
splines, which is a necessary and sufficient condition for the existence of the biorthogonal
wavelets. It ensures the existence of the biorthogonal dual refinable function with arbitrar-
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ily prescribed regularity. This is stronger than the statement that the shifts of a smoothed
pseudo spline form a Riesz system, see [18].

We said that the shifts of a compactly supported function are linearly independent if and
only if

Y alie(-)=0 = a=0,

JjeL

for all sequences a € [,{Z}, ¢ € L,(R).
We get the following lemma about the linear independence of the shifts of a compactly
supported function.

Lemma 3.1 [6] Let ¢ € Ly(R) be a compactly supported refinable function with finitely
supported refinement mask a. The shifts of ¢ are linearly independent if and only if:

(1) ¢ is stable;

(2) the symbol a does not have any symmetric zeros on C \ {0}.

We are now ready to discuss the linear independence of the shifts of the smoothed
pseudo splines. According to Lemma 3.1, in order to show the linear independence of
the shifts of the smoothed pseudo splines, we need to verify that (i) the smoothed pseudo
splines are stable, (ii) the symbol of an arbitrary smoothed pseudo spline does not have
any symmetric zeros on C \ {0}. The stability of the smoothed pseudo splines was shown
in [12], we only need to verify condition (ii). We have the following theorem.

Theorem 3.1 The shifts of any smoothed pseudo splines of type II are linearly independent.

Proof The refinement mask of a smoothed pseudo spline of type II with order (r,m,1) is
given by (2.5), i.e.,

! +1 (& £
20y, mi(§) = cos ( ) Z (m ) sin” < > cosz(l")(—).
=\ 2 2

(1+e i£)2

‘ s
Using cosz(g) = S sin (%) e

4e~

1+e )r I o 1 eils) j (1+e—i§)2 I
rml)(S)— % Z( >( leiE )( 4e-i§ >

j=0

in Eq. (2.5), we can get

Substituting z = e~*, the symbol of the smoothed pseudo splines of type II can be written

oo (+z)y Lomal\ (-1-22V /A +2?\"
o=t (" EE) ()

as

o 4y d <m+l> (—(l—z)2>j
" (4g)2! Z j 1+2)? )
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Obviously, z = —1is a zero of ,a(z), when z = 1, ,a(1) = 1. Hence, ya(z) having no symmetric

zeros on C \ {0} is equivalent to the polynomial

Limal\ (-1 -22V
-2 (") ()

having no symmetric zeros on C \ {0,1,-1}.
Consider

l
hx) =Y h,
j=0

with /; = (”’} .”), x € C. Since coefficients /; of the polynomial p(z) form a strictly positive
and increasing sequences, using Proposition 2.3 of [6], we can have that all zeros of any
polynomial /(x) = Z/leo h,xj are contained in the open unit disk D := {x € C: |x| < 1}. Sup-
pose p(z) has symmetric zeros zy and —zp. Then they must both be in D, therefore,

I%1[l%0] < 1.
Since
o] = 1-z)? 1 1
T U 200 = P
(1-20)?

we conclude that |x;]|xo| = 1, which contradicts |x;]|xo| < 1. It follows that p(z) has no
symmetric zeros on C\ {0, 1, —1}. Hence, »a(z) has no symmetric zeros on C\ {0}. Together
with the stability of smoothed pseudo splines, we conclude the proof. d

4 The construction of biorthogonal wavelet

In this section, based on the results of Section 3, we focus on the construction of biorthog-
onal wavelets from the smoothed pseudo splines. The biorthogonal wavelets are a general
form of Riesz wavelets. Firstly, we begin with some basics. For a given ¢ € L(R), define

the wavelet system
X() = {up =2"29 (2" - —k) : m, k € Z}.

If, for some C; > 0 and for every f € L,(R), we have

Z |(fg < Gl 17, @)

geX(y

then we call system X (/) a Bessel system. A Bessel system X(/) is a Riesz basis for Ly(RR)
if there exists C, > 0 such that

C2 H{C”'k}”lz(Zz) < H Z Cn,kWn,k

(n,k)€Z2 Ly (R)
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for all {c,, 1} € [,(Z?), and the span of {1/,,x € Z} is dense in L,(R). We call the function v a
Riesz wavelet. If X(y) forms a Riesz basis for Ly(IR), X(1/) is also called the Riesz wavelet
system.

Letarefinable function ¢ € Ly(R) be a compactly supported orthonormal refinable func-

tion satisfying the following refinement equation:

$=2) ap2--k),

keZ

one can easily obtain a wavelet function v by

¥ =2 (- al-k)eQ- k). (4.1)

keZ

It is well known that ¥ generates an orthonormal wavelet basis for L,(R). We are in-
terested in knowing whether the function v defined in (4.1) is a Riesz wavelet when the
refinable function ¢ is chosen to be different refinable functions. When the refinable func-
tion ¢ is a B-spline, Han showed in [19] that the wavelet defined in (4.1) is a Riesz wavelet.
When the refinable function ¢ is chosen to be a pseudo spline, Dong in [3] gave the same
results. If the refinable function ¢ is a smoothed pseudo spline, Zhuang obtained the fol-

lowing results.

Theorem 4.1 ([12]) Let «¢, k = 1,2, be the smoothed pseudo splines of types I and types II

with order (r,n, m,l). The refinement masks ra are given in (2.4) and (2.5). Define
I (28) =¥ 1aE +n)d€), k=12
Then X () is a Riesz basis for Ly(R).
Now, we give the main results in this section. We start with a lemma and a corollary.
Lemma 4.1 ([19]) Let a and b be two sequences on Z satisfying the following two condi-

tions:

(i)

—iEN\ ™ . i VhA
|2z<s>|:<“2e ) AGe) b(s)=(1 i ) BE),

where m and m are positive integers, A and B are sequences on Z with polynomial
decay satisfyingzzl(O) =1and B(r) #0.
(i) Let

where A(E) = % d(E) = aE)b(E + ) —a(E + m)b(E) #0, for all € € R.
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Assume that

limsup 14,1, <273, Timsup lA,ll, < 272,
n—o0 n— 00
where
Ay &)= A(2"E) - AQREAEE),  Au)=A(2"E)- - AQEA(). (4.2)

Then all the functions ¢, §, ¥, ¥ belonging to L, (R) satisfy

(.8 = K)) = (¥, ¥ (- - k) = 8(k),
<¢’¢(_k)>:('¢/’($( —k)> 0, keZ.

With this, Han gave the following corollary as a direct result of Lemma 4.1.

Corollary 4.1 ([19]) Let the sequences a and b be given in Lemma 4.1, and the sequences a,
b,A, A and the functions ¢, ¢, ¥, ¥ belonging to L,(R) be defined as in Lemma 4.1. Define

et (Un o iena n
pPA = }121{; ”A””LOO(R)’ Pi= ;rellt\‘] ”A"”LOO(R)’

where A, and A, are defined in (4.2). Then, for any ¢ > 0, there exists a positive constant

M such that
max(|p()], [V (E)|) < ML + g]) 02204, Ve € R,
max(|$(€)|, |(€)]) < ML+ |g) 0, ve e R,

Consequently, if ps < 23 and P < 273 , then (X(l//),X(lﬁ))forms a pair of biorthogonal
wavelet bases in L,(R). In particular, X() is a Riesz basis of L,(R).

With Lemma 4.1 and Corollary 4.1, we prove the following result on the biorthogonal
wavelets infinite masks from smoothed pseudo splines.

Theorem 4.2 Let ¢, k = 1,2, be the smoothed pseudo splines of types I and types II with
order (r,n,m, 1), the refinement masks ya are given in (2.4) and (2.5). Let b be a sequence
onl,ifa, b can be factorized into the form

R Lre®\". = s (1-éf ",
|ﬂ(-‘3)|=( 5 >A(E)r b(&)—( 5 )B(E)~
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Assume

A ~IEN\ o 2 a
é(&):(“; )A(s), bey - 262

d(§)

where A(£) = % d(g) = a(§)b(E + ) — al + m)b(E).
Define

$E) =Y a(E), P& =) a(27s),

j=1 j=1
PPN EN\~[E s 3 i 2 §
wo-5(5)i(3)  @-i(3)i(5)
If we have
. 1/n m-1 . ~ LUn _1
limsup [|A, |,z <2772, limsup |4, |,z <2
where

AnE) =A@ E) - AQOAE),  AlE)=A(2E) - AQEAE),
then

(¢, 8( = k) = (v, ¥ (- - K))
(6, ¥ (= k) = (v, (- — k)

8(k),

0, kelZ.

Proof We first note that

1tnmi @ + [1mm1(& + 7" = Rowmi9) + R (1~ 9) #0;
oyt €)] + [ormi& + )" = R, ,0) + B2, ,(1-9) #0,
d(&) = a&)b(E + ) — a& + m)b(&)

= E D (|aE)| + |a + 1)) 40, & €[, 7).

According to Theorem 4.1, when ¢, k = 1,2, are the smoothed pseudo splines, k1/7(2§) =
e a(€ + 7),¢(€) is a Riesz wavelet, X() is a Riesz basis for L,(R). We have

—iE\ 21 R
a7 = 2mmma@) = (252} Ace),
2

- e (145
bg)=e®raE+m)=e ‘5( 5 ) A€ +m).
So,

B(§) = e A + ),
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where A(¢) = Z,l‘:o ('”;’l) sin2j(%)cos2(1‘ﬂ(%). Next, we check whether p4 < 27 and

P < 27-3 hold. By the proof of Theorem 4.1, we get
—inf A 1/n < A < 2;’1—%
pPA =11 ” n”Loo(R) = H "(S)HLOC(]R) = .

Denote y = sin2(%), we have

2 B(E +7) A(#)
1AE) = — = - .
d(g):) RZn,m,l(y) + R2n,m,l(1 —)’)
So
_— AE)
p.5 = inf 1AV o < su !
14 oo ®) yE[O]?l] RZn,m,l(y) +R2n,m,l(1 —)’)
Pm 1/2
o | Pui)
yel0,1] RZn,m,l(y) + RZn,m,l(l _y)
mal\ 1/2
) )

N minye[(),l] (RZn,m,l(y) + R2n,m,l(1 _y))
- N2
ey

Yo (")

Applying Lemma 2.3, we have p,i = inf]| 1A, ||}/; ® = 2% Similarly, we also obtain P4 =

inf HZA’HZL ® = 27-% . This completes the proof. a

5 The construction of tight framelets
In this section, we give a construction of tight framelets and discuss the approximation
order of tight framelets from smoothed pseudo splines by using the unitary extension
principle of [4]. The construction here is based on the unitary extension principle, we
make use of the pseudo splines of type II to obtain a tight frame. Before proceeding further,
let us recall some basic definitions.

A system X (W) with & = {v/},..., !} is a frame for L,(R) if there exist positive constants
C; and C; such that

L
Gl < Y S S vl < GIfIE  Yf € L),

I=1 nel keZ

where (f,g) = fRf(t)@dt, 1 = {f.f).
Let W = {y/},..., ¥} and W = {¢},..., ¥~} be two sets of functions in Ly(R) if each of

X(¥) and X(¥) is a Bessel system in Ly (R) satisfying

L
o)=Y > S ULl eeh Vg€ La(R). (5.1)

I=1 neZ kel

We say that (X(W),X(P)) isa pair of bi-frames L, (R).
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If (5.1) holds with ¥ = ' for all [ = 1,2,...,L, then X(W) is a tight wavelet frame in
Ly(R). If (X (W), X(¥)) satisfies (1//n o wyll,’k,) = 8(1— NS(n—-n)s(k-Kk'),n,n,k, k' € Z, for all
LI'=1,2,...,L, then (X(W), X(¥)) forms a pair of biorthogonal wavelet bases in L;(R).

For X (W), define the truncated operator as

Suif = > v i=12..,L

YieV,kelj<n

We say that the operator ), provides approximation order m1 if for all f in the Sobolev
space W, (R)

If = $9af 2 = O(27™).
Recall that a function ¢ satisfies the Strang-Fix (SF) condition of order m if
#(0)#0,  $V@rk)=0, j=0,1,...,mg—1,keZ\{0}.
If the refinable function ¢ satisfies the Strang-Fix (SF) condition of order m and the cor-
responding mask  satisfies 1 — |a|? = O(| - |"2) at the origin, then m; = min{m, m,}.

Let a be the refinement mask of ¢ € L,(R) with 4(0) = 1, and the corresponding wavelet
masks l;,', j=12,...,L.1fa, Z),- are trigonometric polynomials that satisfy

L
Z alE +m) +Z, §+7r )=0, (5.2)
j=1

forall £ € [-m, ], and ¥ = (Y1, ¥2,...,¥") C Ly(R) are given by

V28 =bi§)pE), j=12...L,
then the unitary extension principle asserts that X(W) is a tight frame for L,(R).

Theorem 5.1 Let 2¢ be a smoothed pseudo spline of type Il with order (r,m,l) and ,a be
its refinement mask. Suppose

T
T 1= e - s, yem YL

where y is obtained via the Fejér-Riesz lemma. Define

big) = e sa(e +1),  by(&)=y(E) +eEy(=E),  b3(6) = e Ey(-£) -y (&)

Let W = {y},¥2,¥3), where J/(2€) = l;j(é)qg(é), j=1,2,3. Then X(V) is a tight frame for
Ly(R). Furthermore, the corresponding truncated operator §) provides approximation order
21+ 2.

Proof The proof of tight frame is analogous to that of Construction 4.4 in [3]. We only give
the proof of the approximation order. Firstly, we compute the order of zeros of 1 — |,a|? at
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the origin. Because Rr,m,l(sin2(%)) = 9d,m,(&), we have

1-|al*=1- er,<sin2(§)>.

Taking the first derivative of 1 — |,a|*> = 1 — R?

rm,l

(smz(%)) with respect to &, applying (3)
and (2) of Lemma 2.1, we can obtain

(e ()
t((5) Jon(3(5)) (0 (5))
(5o (on(5)) T n(5) () o (5)
st ("1 Y (5 (£ oo ().

Since Rm,;(siHZ(%)), Rr,m,l(sinz(%)), COS(%) is equal to 1 when & = 0, and sin%l(%) has zero
of order 2/ + 1 at & = 0, we conclude that

—hal*=1- Rfml(sinz(g)) = 0l 2.

Since ,¢ satisfies the Strang-Fix condition of order r, the corresponding truncated op-
erator $), provides the approximation order min{r,2/+2} =2/ + 2, for 0 <[ <m-1,
r>2m. 0

6 Example
In this section, we give an example to illustrate our main result.

Example We choose a to be the mask of the smoothed pseudo splines of type II with
order (6,2,1), i.e.,

a(&) = cos® <%> (1 + 2 sin? <%>)

We define

be)=e aE +m)=e Si“@) (1 ’ 2“’82(%))

is a mask of the corresponding wavelet . Then, by Theorem 4.1, X () forms a Riesz basis
for Ly(R). The wavelet  has six vanishing moments. See Figure 1 for the graphs of the
functions ¢ and .

According to Theorem 4.2, if the refinement masks satisfy the factorized condition of
Theorem 4.2, the corresponding masks of biorthogonal wavelets with infinite masks from
smoothed pseudo splines will be obtained. By verifying the condition of the biorthogonal
wavelets in Theorem 4.2, we can get that the corresponding biorthogonal wavelets ¥ have
six vanishing moments from a given smoothed pseudo spline ¢g ;.
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The scaling function
The corresponding wavelet
Figure 1 Graphs of the scaling function and the corresponding wavelet.

7 Conclusion
In this paper, we constructed biorthogonal wavelets and tight framelets from a given
smoothed pseudo spline. By analyzing the relevant knowledge of pseudo splines and
wavelets, we found that the shifts of the smoothed pseudo splines are linearly indepen-
dent. Based on the linear independence of the shifts of pseudo splines, we derived the
construction of biorthogonal wavelets. By using the unitary extension principle, we con-
structed tight framelets with desired approximation order from a given smoothed pseudo
spline.

It is interesting to note that in both theory and application, the family of wavelets and
framelets studied exhibits good mathematical properties. In the future, we will consider
how to achieve the construction of the compactly supported biorthogonal symmetric or

anti-symmetric multi-wavelets and framelets with a dilation factor other than 2.
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