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Supremum of Perturbation for Irregular Sampling

in Shift Invariant Subspace

Wen CHEN'®, Nonmember, Shuichi ITOH', Regular Member, and Junji SHIKI!, Nonmember

SUMMARY In the more general framework “shift invariant
subspace,” the paper obtains a different estimate of sampling in
function subspace to our former work, by using the Frame Theory.
The derived formula is easy to be calculated, and the estimate
is relaxed in some shift invariant subspaces. The former work is
now, however, a special case of the present.
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1. Introduction and Preliminaries

In digital signal and image processing, digital communi-
cations, etc., a continuous signals is usually represented
and processed by using its discrete samples. Then a
fundamental question is how to represent a signal in
terms of a discrete sequence. The famous classical
Shannon Sampling Theorem describes that a finite en-
ergy band-limited signal is completely characterized by
their samples values. Realizing that the Shannon func-
tion sinc(t) = sin(¢)/t is in fact a scaling function of an
MRA (Multi-Resolution Analysis)(see Appendix), Wal-
ter [18] found a sampling theorem for a class of wavelet
subspaces. Following Walter [18]’s work, Janssen [13]
studied the shift-sampling in Wavelet subspaces by us-
ing Zak-transform. Xia-Zhang [22] discussed the so-
called sampling property. Walter [19], Xia [21] and
Chen-Itoh [7],[8] studied the the more general case
“oversampling.” On the other hand Aldroubi-Unser
[1]-[3] and Unser-Aldroubi [17] studied the sampling
procedure in shift-invariant subspaces. Chen-Itoh [9]
improved the works by Walter [18] and Aldroubi-Unser
[3], and we found a general sampling theorem for shift-
invariant subspace.

However, in many real applications samplings are
not always made regularly. Sometimes the sampling
steps need to be fluctuated according to the signals so
as to reduce the number of samples and the computa-
tional complexity. There are also many cases where
undesirable jitter exists in sampling instants. Some
communication systems may suffer from the random
delay due to the channel traffic congestion and encod-
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ing delay. In such cases, the system will be made to
be more efficient if the irregular factor is considered.
How should these irregularly sampled signals be dealt
with? For the finite energy band-limited signals, a gen-
eralization of Shannon Sampling Theorem, known as
the Paley-Wiener 1/4-Theorem (see Young [23]), can be
used. Following the works on sampling in wavelet sub-
space, Liu-Walter [15], Liu [14], and Chen-Itoh-Shiki
[4] extended Paley-Wiener 1/4-Theorem to a class of
wavelet subspaces. But their estimate are strictive.
Then Chen-Ttoh-Shiki [6] introduced a function class
L)a,b] (A >0,0€[0,1) and 0 € [a,b] C [~1,1]) and a
norm || - [|apa,p) of L)[a,b]. Finally we found an irreg-
ular sampling theorem for wavelet subspaces with an
L)[a, b]-scaling function as the following. The defini-
tions of Z,(0,w) and gy (s,0)||£ra,y follow from (72)
and (13) respectively.

Theorem 1: (see Chen-Ttoh-Shiki [6]) Suppose a con-
tinuous L2[a, b]-scaling function ¢(t) of an MRA
{Vin }m is such that the Zak-transform Z,(o,w) # 0 and
@(t) = O(Jt|~*) for s > 1. Then there is a d,,, € (0,1]
such that for any sequence {0y} C [0, 0s,,] N |a, ],
there is an sequence {Sy ;(t)}x C Vo such that

F&) =" flk+ 0+ 0k)So(t) (1)
k

holds for any f(t) € Vy if

Z.(o, 1/X
1Z(0.)C @0l 72 o

qu(saU)HLg[a,b]

(2)

05,0 <

Applying the theorem to calculating the B-spline of
degree 1 scaling function Ny(t) = txjo,1) + (2 = t)X[1,2)
we find 6o n, < 1/2\/5 when 6, > 0 or 6 < 0. But
Liu-Walter [15] found that the do n, of the B-spline of
degree 1is 6o n, < 1/2, and they also showed that 1/2 is
the optimal upper bound of perturbation for sampling.
This implies that Chen-Itoh-Shiki [6]’s result is not at
least optimal.

Our purpose in this paper is trying to find the opti-
mal J, , such that (1) holds. We would like to consider
the sampling in the more general framework “shift in-
variant subspaces.” In this framework we obtain a dif-
ferent estimate of d,,, by using the Frame Theory. By
applying the new result to calculating the B-spline of
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degree 1, we find do,n, < 1/2 when 6, > 0 or J < 0.
As we mentioned, 1/2 is optimal for Ny(t). Unfortu-
nately, even by now, we can not yet show if our formula
is optimal for a general generating function.

Let us now roughly introduce the shift invariant
subspaces and the Frame Theory respectively. For a
function p(t) € L?(R), let

—{ZCW (t—k

In general {o(t — k)}r is not a Riesz basis of
V(e). In fact {¢(t — k)}x is a Riesz basis of V()
if and only if 0 < ||G¢(w)||0 < |Gy (w)||oe < 00, where
Go(w) = (X |p(w+2k)[? )1/2 and $(w) is the Fourier
transform of o(t) defined by @(w) = [, p(t)e”“idt. If
{¢(t — k)}1 is a Riesz basis of V( ), (t) is called a
generating function. The {¢(t — k)}x is an orthonor-
mal basis of V(¢) if and only if G,(w) =1 (a.e.). In
this case, (t) is called an orthonormal generating func-
tion (see deBoor-deVore-Ron [12] and Aldroubi-Unser
3)).

A function sequence {S,, ()} is called a frame of a
subspace H of L?(R) if there is a constant C' > 1 such

that
CHIfI? < ZI

holds for any f(t) € H. Obviously a basis is a frame.
Moreover there exists an unique frame S, (t) of H
(called the dual frame of {S,,(t)},) such that

F() = Y (F(8), 5u(6))Sa(t) (5)
= > (f(1), Su(1))Su(t). (6)

always holds for any f(t) € H. if {S,(t)}, is indepen-
dent, {S,(t)}n is biorthogonal to {S,(¢)}n, i.e.,

where d,, , is Dirac functionf(see Young [23]).

The following are some notations used in this pa-
per. For a measurable set F, |E| denotes the measure
of E. For the measurable functions f(¢) and g(t), we

write
:/ﬂm@% (®)
R

(f(®), f(1)), (9)

: {erti € P} (3)

t)* < ClIfII? (4)

£l =

Wh=§£ﬂﬂ0

[flloe = Anf Suplf( ), (11)

1)/, (10)
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[ fllo = |s1‘1p }g\lg\f( )l (12)
t—n) (13)

= fls—n)f(

) = > fk)e ™. (14)
k

2. A Sampling Theorem for Shift Invariant
Subspaces

When we want to find a method to reconstruct a sig-
nal f(t) by using their samples { f(ty)}r, obviously the
samples can not be arbitrary, i.e., some constraints
should be imposed on {f(tx)}r. The weaker the con-
straints is the better the reconstruction method is. Our
purpose in this section is to find this kind of weak con-
straints. Fortunately we found a nearly necessary con-
dition such that a reconstruction formula like (1) holds.
The result will be also applied to the following sections.

Theorem 2: Suppose a generating function ¢(t) of
a shift invariant subspace V() is such that {¢(t,
k)}i € 12 for any n € Z. Then there is a frame {S,,(¢)},,
of V() such that

t) = Zf(tn)sn(t) (15)

holds for any f(t) €
such that

CHIfIP <Z|f

holds for any f(t) € V(¢).

Proof: Take g(t) such that g(w) = @G(w)G " (w).
Then g(t) is an orthonormal generating function of
the shift invariant subspace V(¢) (see deBoor-deVore-
Ron [12]). Suppose G '(w) = >, gre” . Then
9(t) =225 grep(t — k), and

Z lg(tn e
- \/_Q_Tuzk:g(tn—k)eikwu,, (17)
_ \/%_W|;;gl<p(tn—k—l)eikw||w (18)
_;%?|Z:meﬂwz;@@n—k—na@mwu
::;%?|G;%w>§;w@n—kw*wu- (19

is _ 1, m=n
mn 0, m#n

V() if there is a constant C' > 1

> < CIIfIP (16)
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\/—HG w)llooll Zw(tn—k)e““"llﬂ (20)

= 1G5 (@) llslI( le e, (21)

Therefore {g(t, —
Let

k)}e € 12 due to {¢(t, — k)}x € 12

tn) = Zg(t - k)g(tn - k) (22)
k

Then g4(t,t,) is well defined and g4 (¢, t,) € V(i) since
{g(t — n)}n is a Riesz basis of V(p). For any f(t) €
V(p), thereis a {cy}, € 1? such that f(t) = >, ckg(t—
k). Following the Parseval Identity, we derive

(f(t), Qg (t,tn)) (23)
/ F(w)dg(w, tn) (24)

% 9w Z%e “““Zg

:i e che ng t—k)e— ke du
Z cre” MY " gty —k)em e dw (25)

=chg(:n—k) : (26)

k

= f(tn), (27)
where (25) is due to the fact Gg(w) =1 (a.

1Hf||2<Z|

holds for any f(t) € V(¢). It means that {g,(¢,tn)}n is
a frame of V(). Thus there is a dual frame {S,(¢)}n
of {qy(t,t,)}n in V(p) such that

= > SuO(f (1), gt 1) (29)
= 2 (t)Sa() (30)

holds for any f(t) € V(¢).

g(tn—k)e *Fwdw

e.). Hence

), a5t ta))> < CIFIP (28)

Remark:

1. On the contrary if {S,(t)}, € V(p) is the frame
such that (15) holds, there is also a dual frame
{Sn(t)}n of S,(t) in V(p) such that

1||J”|\2<Z\

holds for some C' > 1 and any f(t) € V(p). In
general the dual frame is not biorthogonal to frame
if the frame is not independent. Now we assume
that {S,(t)}, is independent. Then

> < CIfI (31)
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> USn(t), F0)
(), f(t (32)

m

Z (tm) (S (1), Sm (1))] (33)

n

| |
(] M

|f(ta) . (34)

I
:M

This implies that our condition (16) is also neces-
sary if {9y, (¢)}n is additionally independent. So we
call that condition(16) is nearly necessary.

2. Another task is finding the {S,(¢)}, so that (15)
holds. In general case, we know that {S,(t)}, is
a frame and biorthogonal to {g4(¢,t,)}n in V(p).
Then the {S, ()}, can be obtained by Frame The-
ory. If {S,(t)}, is independent (this case is very
often in applications), we can have the following
simple result. {S,(¢)}, is the solution of the equa-
tions

(Sm(w), @ Zw k)e™)

= 270, m.- (35)

This is because that {S,(t)}, is biorthogonal to
{gq(tn,t)}n and

ng (tna W)

=Zk:g(tn—k)§(w)e’““” (36)
=ZZW<% Gt w)p(w)e ™
—Zgze”“ Z Pt ’
(@)Y pltn—k)e ™. (37)
P

(W)p(w)e ™

3. Irregular Sampling in Shift Invariant
Subspaces

An important case of sampling is the perturbation of
the regular sampling, i.e., t, = n+ 0, (6, € (—1,1)).
A fundamental question in this case is how to estimate
the upper bound of the perturbation {dy}s. Follow-
ing Paley-Wiener 1/4-Theorem for finite energy band-
limited signals, we have given an estimate for wavelet
subspace by using the Riesz basis theory. In the follow-
ing, we obtain a different estimate by using the Frame
Theory, which is demonstrated by an example to be
relaxed in some sense.

In order to establish the theorem, we also need to
introduce the function class L)[a,b] (A > 0, o € [0,1),
0 € [a,b] C [-1,1]) given and used in our former work
(see Chen-Itoh-Shiki [6]). We have reasoned that the
class is a proper collection by giving some propositions
in that paper. Here we only repeat the definition.
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Definition 1: A function f(t) € L) [a,b] (A >0, 0 €
[0,1) and 0 € [a,b] C [-1,1]) if there is a constant
Co,5 > 0 such that for any {0} C [a,b],

S 1fk+0+6k) = f(k+0)

k
< Ca,f(St;p 10%) (38)

We also write

f(k+ o)

Sl f(k+ 0 +6) —
Aa,b] = SUpP
I £11 22 (a0 ra.b] (supy, |0k )*

Theorem 3: Suppose a generating function ¢(t) of a
shift invariant subspace V() is such that

1. There is a constant C > 1 such that C~1 <
$° (@) < C (ac.).
2. ¢(t) € Ly[a, b).

Then for any {dx}r C [—d,,0,] N [a,b], there is a frame

{Sk(t)}x of V(p) such that f(t) = >, f(k + 6x)Sk(t)
holds if

. 1/A

5, < (nso (w)o> | (39)
H@HLg[a,b]

Proof: We want to apply Theorem 2 to the proof. Let

ty = k + 6. Then we only need to show the following
two items.

L. {¢(tn — k)}x € 1% for any n € Z.
2. CHIfI? < X4 1f(8)]? < C)f]1* holds for a con-
stant C > 1 and for any f(t) € V(y) .

The condition “1” in Theorem 3 implies

@*(w) € L™®[0,2n] C L?[0,2x]. (40)
Hence

Zw ¢* (W3 < oo. (41)
Since

1/2
<Z lo(tn — k)l2>
k

1/2
(Z lp(n — k)|2>
k

1/2
+ <Z lp(tn — k) — o(n — k)|2> (42)
k

1/2
(me?)
' 1/2
0(<Z|<p<tn—k>—w<n—k>) ) (43)
k

IN
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1/2
< (ZwW)
k
+0 (el sup 2. ()

we derive {¢(t, — k)}x € 12 due to ¢ € L}[a,b]. It
is exactly the “item 1.” On the other hand, if we can
show that there is a positive number 6 < 1 such that

Zk: [f(te) = F(R)* < 92; [f(k)I? (45)

holds for any f(t) €
—f))QZ;If(/f)I2 < %:|f(tk)‘2

< (1+02Y If(R)P. (46)

k

V(¢), then

w) Z cpe e, (48)
k
Together with condition “1,” this means

CYY e ) < [ ()] < O Y ene*]. (49)
k k

Since {cg }1, is the coefficients of f(¢) expressed by basis
o(t — k), we have

BT < 1Y ewe™™ = < BIJ| (50)
k

for some B > 1. Therefore

(BO)AP <D If(R)IP < BC|fI? (51)
k

holds for any f(t) € V(p). Facts (46) and (51) follows
“item 2.” In order to show (45), we let

A= Z\f(tk) — f(k))? (52)

= Z ch (t —1) — (k= 1)) (53)
= Zchcl (tn — k) — p(n — k))

n( (tn —1) — p(n —1)) (54)
= chqz (tn — k) — p(n — k))

(w(tn - l) —p(n—1)). (55)

Take ar; = 3, (¢(tn—k)—p(n—k))(p(tn—1) —p(n—1)).
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Then Qi1 = ak and

A = Zaklckcl (56)
K,

< Z la|(ci + cf)/2 (57)
K,

= Z la|(ci + cf)/2 (58)
k,l

= Qo@D awl+d D lanl)/2 (59)
k ! ] k

< (Zci)st}ipzmm. (60)
k I

Furthermore we have

supz lak|
k

< sule (6n +71—k) — p(n—k))
x(p (5 +n—1)—p(n—1) (61)

= SUPZ| Satk +a) — p(a))

><(</9(5a+k+6)— e (8))] (62)
= sgpz 0Btk + ) — p(a)]

x> (et + B) — 0(B)] (63)

B

< llellLafay

 sup 165 sup D 10(Bark + ) — ()| (64)
< (el Lata. Sl;pl%\k)z’, (65)

where (62) is due to the index transform n—k = « and

n—1= (. Hence A < (35, )0l L3 (a0 5uPs 051*)*.
Since

STIFEIE = 1 @) (66)
k
S )3 T Ny
k
> PRI e R (69
= 1" Y lew (69)
k

Therefore we only need to show

(Z Ci) (||90||L3[a,b] S%PWB\A)Z
k
< 0lg™ 18> et (70)
k

It is exactly implied by (39).
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Remark: The estimate in our former work is the
same to (39) when (¢) is orthonormal. But Theorem
4 asserts that the estimate (39) holds for any generat-
ing functions. By the way, the S,(¢) in the theorem
is the solution of the following equations if {5, (¢)}, is
independent.

(S (@), G(-)G2(w) Y pln + 3, — k)e™™)
k

= 210 - (71)

4. Shift Sampling in Shift Invariant Subspaces

Unfortunately there are some important generating
functions ¢(t)’s with ||¢*(w)|lo = 0. An obvious exam-
ple is the B-spline of degree 2, which has been calcu-
lated in our former works. As done by Janssen [13] for
Walter Sampling Theorem [18], Chen-Itoh-Shiki [6] for
irregular sampling theorem, we also deal with it by shift
sampling. Then the shift sampling theorem can be ob-
tained by using the Zak-transform Z,(o,w) (o € [0, 1))
defined by

w) = Z (o +n)e™. (72)

Theorem 4: Suppose a generating function ¢(t) of a
shift invariant subspace V() is such that

1. There is a constant C > 1 such that C~! <
|Zo(o,w)| < C (ace.).
2. p(t) € L)a,b].

Then for any {6x}r C [—04,4:00,0] N [a,b], there is a
frame {S, 1 (t)}x of V(¢) such that (1) holds if

/X
b < (M) | 73

H<P||L3[a,b]

Remark: The {S, ;(t)}x is the solution of the follow-
ing equations if {S, 1 (¢)}x is independent.

(S (@), (—w)G 2 (W) Y p(n + 6n + 0 — k)e'™)
k

= 270 .- (74)

5. Examples to Show the Algorithm

Since Haar function, Daubechies wavelet and Meyer
wavelet are all the orthonormal generating functions
(see Walter [20], Daubechies [11] and Meyer [16]), the
estimate by this theorem is the same to that by our
former works (refer also to the Remark of Theorem 3).
We here calculate the B-spline of degree 1 and B-spline
of degree 2. We find that the estimate is oy, < 1/2,
which is better than our former estimate dy, < 1/2v/3,
and which is shown by Liu-Walter [15] to be the opti-
mal. Unfortunately by now we can not yet show that
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Z
the bound  sup [Z¢(2,w)llo
oe(—1,1) ||<P||L3[a,b}
erating functions! This is an open problem.

is optimal for all gen-

Example 1. (see Chui [10])
defined by

Ni(t) =txpo1) + (2= t)x[1,2)- (75)

B-spline of degree 1 is

Then Nl*(w) = 1. Since || N1(¢)||L2[—1,1) = 3, we derive
dn, < 1/3. When 0 > 0 (or 6 < 0) for all k € Z, the
N1 (@)l Laj—1.00 = [N1(E)ll £2jo,1) = 2. Therefore

Sy, < 1/2. (76)
The {S,(t)}n is the solution of the equations

<S’m (w)7 @(_W)G;z(w)
X (€™ 4 (1=08,)e D)) =278, (77)

where

Gy(w) = (1/3 +2/3 cos?(w/2))"/? (78)
and

plw) = (7 = 1)%/w?. (79)

The next example shows the shift sampling. It is bigger
than the former estimate 1 /8\/§7 therefore, closer to
the optimal estimate. But we can not show that it is
optimal.

Example 2. (see Chui [10]) B-spline of degree 2 is
defined by

t2 6t — 2% — 3 3—1t)?
Ny(t) = 5 X[0.1) + 5 XL + %X[Q,S)-

Then NQ*(Q}) = e (e +1)/2 = 0 when w = 7. So
we should apply the shift sampling theorem. Since
||.ZN2(%7W)HO = 1/2a HNZ(t)HL}/Z[—l/Q,l/z} = 3, we de-
rive

d1/2,n, < 1/6. (80)

The {51 /2,,(t) }n is the solution of the equations

<S1/2,m(w)7 NQ(_W)G;\{?(W)

XY Nap(n+8,+1/2—k)e™™) =216, (81)
k
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Appendix

A so-called MRA {V,,}mez is a family of subspaces of
L?(R), which satisfies

1. Vin C Vi1, U Vi = L2(R), and N,,,V,,, = {60},

2. f(t) € Vi, if and only f(2t) € Vi1,

3. There exists a function ¢(t) € V; (scaling function)
such that {¢(t —n)}, forms a Riesz basis of Vj.

Each V,, is called to be a wavelet subspace. A scal-
ing function ¢(t) is said to be orthogonal (resp. or-
thonormal) if {¢(xz — n)}, forms an orthogonal (resp.
orthonormal) basis’ of V4.

TThe basis for a Hilbert space, i.e., a group of indepen-
dent generating elements in a Hilbert space.
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