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Abstract In this paper we address the problem of denoising images obtained
under low light conditions for the Poisson shot noise model. Under such con-
ditions the variance stabilization transform (VST) is no longer applicable, so
that the state-of-the-art algorithms which are proficient for the additive white
Gaussian noise cannot be applied. We first introduce an oracular non-local
algorithm and prove its convergence with the optimal rate of convergence un-
der a Holder regularity assumption for the underlying image, when the search
window size is suitably chosen. We also prove that the convergence remains
valid when the oracle function is estimated within a prescribed error range.
We then define a realisable filter by a statistical estimation of the similarity
function which determines the oracle weight. The convergence of the realisable
filter is justified by proving that the estimator of the similarity function lies in
the prescribed error range with high probability. The experiments show that
under low light conditions the proposed filter is competitive compared with
the recent state-of-the-art algorithms.
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1 Introduction

Noise is inevitable in any image device. A digital imaging system consists of
an optical system followed by a photodetector and an associated electronic
filter. The photodetector converts the incident optical intensity to a detector
current, i.e. photons to electrons. During the process, the true signals are
contaminated by many different sources of noise. Poisson shot noise appears
in low-light conditions when the number of collected photons is small, such
as night vision, medical imaging, underwater imaging, microscopic imaging,
optical microscopy imaging, single-particle X-ray free-electron laser (XFEL)
diffraction data and astronomy imaging. Such a noise is signal-dependent, and
the usual denoising approaches are not adapted.

The key challenge in Poisson intensity estimation problems is that the vari-
ances of the observed counts are different. Many authors [2-4, 8, 9, 12, 14, 25,
28, 34, 35, 37] contributed to handle signal-dependent noise, by transform-
ing the image with a Variable-Stabilizing Transformation (VST) such as the
Anscombe root transformation [1], the multiscale VSTs [34], the conditional
variance stabilization (CVS) [17], or the Fisz transform [13]. All these transfor-
mations amount to apply per-pixel non-linearities that effectively reduce the
signal dependence of the noise model [27]. Because the transformed signal has
an approximate signal independent noise, it may be processed using denoising
methods for the Gaussian noise model [7, 22, 36]. After denoising, some in-
verse transformations, like the Exact Unbiased Inverse (EUI) [24], are applied
to the denoised signal, obtaining the estimate of the signal of interest. Rond
et al. [28] deploys a general approach termed ”Plug-and-Play-Prior” to Pois-
son inverse-problems, which uses an iterative scheme where an easy treatable
convex programming algorithm is applied, followed by an efficient Gaussian
denoising. Unfortunately, the VST is no longer applicable in low-light condi-
tions, for example when the peak intensity level is less than 5.

There are other approaches which do not use VST. One of them is based
on the maximum likelihood principle [6, 16, 30] and does not need the Gaus-
sian approximation. The maximum likelihood estimate of u is obtained by
maximizing the log likelihood P(u|v) of the Poisson probability distribution
function (PDF), with respect to u > 0. Alternatively, one can calculate the
maximum likelihood estimate of u by minimizing the negative log likelihood of
Poisson PDF given by u = argmin,so{— InP(ulv)}. Some methods are modi-
fications of the non-local means filter proposed by Buades et al. [5] to denoise
images damaged by additive white Gaussian noise. It is based on the similarity
phenomenon existing very often in natural images, and assumes that there is
sufficient redundant information (pixels having identical noise-free value) in
the image to reduce the noise significantly. This filter is known to efficiently
reduce the noise and to preserve structures. NLPCA [29] combines Principal
Component Analysis (PCA) and sparse Poisson intensity estimation methods
in a non-local estimation framework, and SPDA [15] uses dictionary learning
within the denoising process. P-LET [23] minimizes the MSE of an unbiased
estimate for Poisson shot noise. These approaches are applicable for low peak
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level images, but the restoration result is not yet so satisfied. In [20], by mini-
mizing a very tight upper bound of the mean square error (MSE), a non-local
means filter with optimal weights, called Optimal Weights Poisson Noise Fil-
ter (OWPF), is proposed. This filter was proved to converge at the optimal
rate under a suitable regularity condition. It gives a good visual quality of
restoration, but it is not robust enough under very low light condition. In fact,
with this method the restored images have residual noise when the peak value
is very small.

In this paper, we propose a new filter to remove the Poisson shot noise,
which is robust under low light condition, and we prove the convergence of the
proposed filter. The main idea is as follows. We first obtain an oracle estimator
by considering a very tight upper bound of the mean square error by varying
the size of the search window. Our oracle estimator (see [10] for this concept)
depends on the unknown similarity function of the original image. We show
that our oracular filter convergences under a Hélder regularity assumption on
the underlying image, when the similarity function is estimated within a pre-
scribed error. A calculable algorithm is then constructed by implementing a
statistical estimator for the similarity function. The convergence of the ob-
tained filter is ensured by proving that the estimator of the similarity function
lies in the prescribed error range with high probability. The experiments show
that under low light conditions the new filter is competitive with the recent
state-of-the-art algorithms.

Compared with the filter introduced in [20], there are two main differences:
(a) in the new filter we use the Gaussian kernel while in [20] we used the
triangular kernel; (b) the statistical estimator for the similarity function used
in the present paper is also different to that used in [20]. When the peak value
is very small (especially when it is smaller than 1), the signal is low and the
effective number of observations is small. In this case the filter OWPF with
optimal weights proposed in [20] is not so efficient: our simulation results show
that while applying this filter there is still a lot of residual noise remaining in
the restored image, although it keeps well the image details. In this case, with
the new proposed filter, the restored image has much less residual noise in
the restored image. We think the reason is that the triangular kernel used in
OWPF is less smooth than the Gaussian kernel used in the new filter, so that
OWPF is less stable with the approximation error of the similarity function,
which is important under low light conditions.

It is worth noticing that similar convergence results have been established
for Gaussian noise in [19, 21], but with a different similarity function to adapt
the Poisson noise, and the proofs are significantly different due to the dif-
ferent nature of noises and similarity functions; see the comments after the
statements of Theorems 1, 2 and 3.

The remainder of this paper is organized as following. In Section 2 we intro-
duce an oracle estimator for the Poisson shot noise, and prove its convergence
under suitable conditions, with useful information on the rate of convergence.
In Section 3 we construct an estimator for the similarity function and estab-
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lish for it a convergence theorem. Simulation results are presented with a brief
analysis in Section 4.

2 The oracle estimator
2.1 Poisson noise model and notation

For an original digital image u defined on the unit square Iy := [0, 1]2, the ob-
served image is a discrete version defined on the lattice I := {0, %, cee %}2,
with N x N pixels sampled from Iy. The higher the value of N, the higher the

resolution of the digital image. The Poisson shot noise model is defined as
v(z) ~ Plu(z)), =€l (1)

where v is the observed discrete image defined on the lattice I. Our objective is
to recover the value u(xg) of the original image for each z( in the unit square
Ip, from the observation v defined on the lattice I.

For convenience, we extend the definition of the observed image v to the
whole unit square Iy by setting for all z = (z1, x2) € Io,

R R

(2)

where [t] denotes the integer part of ¢. Notice that z’ is the closest point in I
of x, which lies in the left and lower side of x. Notice that for all x € Iy and
t €1, we have (z+1t) =’ +t.
Setting e(z) = v(x) — u(z), from the Poisson shot noise model we obtain
its additive form
v(r) =u(x) +e(x), xel, (3)

where the noise variable e(x) = v(z) — u(x) satisfies
E(e(x)) =0 and Var(e(z)) = Var(v(z)) = u(z).

Compared with the additive Gaussian noise model, the particularity of this
additive representation is that the variance of the noise ¢ is not homogeneous;
such a model is sometimes called heteroscedastic.

For any point 2y € I and a positive odd integer d, denote the square window
with center xg and d x d pixels of I by

d—1
Nz,d:{yEIi ly — 2l < 2N}7 (4)

where || - || denotes the supremum norm: ||z]|e = max{|z1],|22|} for z =
(21, 22), and % represents half of the edge size of the window. For x =
(x1,22) € Ip, let 2’ € I be as in (2) and define

N;c,d = Nx’,d-
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Windows of different sizes will be used. In the following, for xg,z € Iy and
positive odd integers d and D, we will use N, 4 for similarity patches and
Nmo’ p for search windows. For each x € I, the vector

vWNea) = (W) yen, , = 0@ +1))en, ,

formed by the values v(y) of the observed noisy image at pixels y € N 4,
arranged in the lexicographical order, is called data patch or similarity patch
centered at x. For any xq,x € Iy, define

 oWeg) — oWl = 5 3 Wl +0) ol + )% (5)

teNy q

which measures the similarity between the data patches v(Ng, 4) and v(N 4).

2.2 The non-local means filter

Let us recall the non-local means filter for Gaussian noise, to well understand
its adaptation to the Poisson noise that we will introduce in the following.
The non-local means algorithm has been proposed in Buades et al. [5] for
removing the white Gaussian noise in the additive Gaussian noise model v(z) =
u(z) +n(x), z € I, where u(x) is the original image, v(x) is the observed one,
n(x) is the Gaussian noise which is a sequence of independent random variables
of mean E(n(z)) = 0 and variance Var(n(z)) = 2. The parameter o > 0 is a
measure of the noise level.

For any point o € Iy, the non-local means filter @(zp) is defined as
weighted means of the values of the observed image in the search window
Nao,p centered at xo:

dao)= Y wlxo2)(a), (6)

IGNIO,D

where the weight w (z¢,x) is given by

w(mo,x):e—ﬁ%o,x)/ffz/ R 7)

ye-/\/mo‘D

with

k(t)(v(xg + 1) — v(x + t))?
P2 (z0, ) = Z .
2 > ws)
t€No,a SE./\/'()‘d
Here H > 0 is a bandwidth parameter, and x(t) > 0, t € N 4 is a fixed kernel
function. For xg € Iy and z € I, the weight w(zg, x) measures the similarity
of the patches v(Ny, 4) and v(N, q); more similar the patches, greater the
value of the weight.
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2.3 Oracle estimator

In order to adapt the non-local means algorithm to the Poisson shot noise,
we introduce an oracle estimator (for details on this concept see Donoho and
Johnstone (1994 [10]). We define the oracle estimator on Ig as follows: for all
zg € Io,

u(zo) = ut(ap) = Y wi(ap,@)o(a), (8)

7”6/\/.16‘13

where z{, € I is defined as in (2), and for z € I,

_r (J“Q ) _P 2 () y)
R R Y ©
yEN/ D
with
p(w, ) = [u(z) — ulz)] (10)
and H(x) > 0 a control function. We set
=inf{H(z) : x € Ip}. (11)
It is obvious that
Z w*(zg,z) =1 and w*(zg,z) > 0. (12)
JCE./\/’I{),D

The function p(xf,z) = |u(z) — u(zj)| > 0 measures the similarity of the
image brightness between the pixels 2 and x{; it is thus called the similarity
function. The usual bias-variance decomposition (cf. e.g. [11, 26, 32]) of the
Mean Squared Error (MSE) yields

E (u(wo) — u*(wo))” (13)
= > wiape) (u@) —ulzp) | + Y w(zh2) ulx)
2€N, b €N b
2
<| 3 wehou@ - | + 3w o
$€Nm6,D we-/\fzé,D

The inequality (13) can be rewritten in the following form:

E (u(z0) — u*(20))* < g(w"), (14)

gw) =1 Y wiapa)plge) | + Y wiap ) ulz).  (15)

IGNT'{),D aiGNx{),D
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We shall define a family of estimates by minimizing the function g (w*) by
changing the width of the search window ./\/%, p- Under the Poisson shot noise
in low-light conditions, the upper bound of signal function is small, namely
the peak intensity

I' :=sup{u(x) : x € Iy} (16)
is low.

Definition 1 The image function u on I is called Holder if for some constants
L>0,8¢€(0,1] and all =,y € I,

[u(z) —u(y)| < Lz —y7 - (17)

Let us give some comments on the Holder assumption. This assumption
is rather natural, considering that all optical images are obtained by devices
that proceed to a spatial frequency cut-off and are therefore band-limited,
hence analytic, so that the Holder assumption (17) is satisfied with § = 1. We
should mention that in the literature discontinuous image models have also
been taken into consideration. This, however, does not diminish the interest
in the continuous models. For example the bounded variation (BV) is actu-
ally a model of the underlying physical objects emission. It is important to
realize that the noise is a discrete perturbation applied to the samples of a
smooth function, which may be viewed as the result of the convolution of a
BV function with a sinc function. According to Shannon theory, a sampled
image is a representation of a continuous image because it is interpolable, by
the Shannon-Whittaker formula. A pure BV function like a dark square on
white background cannot be sampled as such. It requires previous smoothing.

On the other hand the Holder assumption of order 8 € (0,1] is not so
restrictive. For instance, the Brownian motion, which is known as very irregu-
lar, satisfies this assumption with 8 = 1/2. With 8 < 1/2 our model can treat
images which are less regular than the Brownian motion.

The following theorem gives the rate of convergence of the oracle estimator
with D x D search windows. Let

A:% and n= N? (18)
be respectively the width (half of the edge size) of the search window and the
number of pixels of the image. In the following theorem we prove that when
the width of the search window A is properly chosen, the Mean Squared Error
of the oracle estimator u*(zg) converges at the rate n~ 7. We will use the
notation
an < b,

to mean that ¢1b,, < a,, < c2b, for some constants cy,cs > 0 and all n.

Theorem 1 Suppose that the image function u satisfies the local Holder con-
1

dition (17) with B € (0,1]. Assume also that A < n~ 2572 and v > cLAP  for

some constant ¢ > /2. Then the oracle estimator u*(xq) given by (8) satisfies

E (u*(zo) — u(z0))> = O (n—%) . (19)
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For the proof of Theorem 1, see Section 6.1.

The rate of convergence in Theorem 1 is known to be optimal under the
stated Holder condition (see Fan and Gijbels [18]). In view of the definition of
A (cf. (18)), from Theorem 1 we see that when the search window size D is
chosen suitably, the filter converges at optimal rate.

Recall that the parameter v is a lower bound for the bandwidth H(x) in
the oracle estimator (8). The condition v > cLA” that we impose here means
that the bandwidth cannot be too small. Such a condition is necessary when
we want to prove some rate of convergence of a non-parametric estimator like
u*(zg). Notice that since A converges to 0, the parameter -y can also converge
to 0.

Similar results for Gaussian noise can be found in [19, Theorem 3.1] (for
the optimal weights with the triangular kernel) and [21, Theorem 2.1] (for the
usual weights with the Gaussian kernel). Since the variance of the noise is a
constant in the Gaussian case, but varies with the pixel values in the Poisson
case considered here, it is more difficult to deal with Poisson noise rather than
with Gaussian noise.

The next result shows that the rate of convergence of the oracle filter
u*(xg) remains optimal when p?(zf,r) = |u(z) — u(x})|? is replaced by an
approximation p?(zj, ) with the error

6(]}6,3)) = ﬁ2(3§‘6,$) - p2($6,5€), T e ng,Dv 1‘6 S 107 (20)
satisfying |e(z(, z)| < n,, for some sequence 7, — 0 as n — oo.

Theorem 2 Assume the conditions of Theorem 1. Let u*(xo) be given by (8),
but with p?(x}, x) replaced by an approzimation p*(xf, ), with error satisfying
|0% (26, x) — p*(xh, )| < Cn~ 71 for some constant C' > 0. Then

E (u*(x0) — u(z0))? = O (nw‘f) . (21)

For the proof of this theorem see Section 6.2.

A similar result was established in [20, Theorem 2] but for the optimal
weights corresponding to the triangular kernel, rather than the Gaussian ker-
nel used in this paper. Another important difference is that the statistical
estimator for the similarity function used in the present paper is also different
to that in [20]. Accordingly, their proofs are also significantly different. It is
worth noting that when we use the Gaussian kernel but with the same esti-
mator of similarity function proposed in [20], then the restoration result is not
satisfactory. The proof of Theorem 2 of this paper is significantly different from
that of Theorem 2 in [20] because the filter is significantly different, although
both theorems give the same optimal rate of convergence.

For Gaussian noise, similar results have been established in [19, Theorem
3.2] (for optimal weights with the triangular kernel) and [21, Theorem 3.1] (for
the usual Gaussian weights with the Gaussian kernel). Since Gaussian noise
and Poisson noise have very different statistical properties, the approaches are
significantly different.
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3 Non-local Poisson shot noise filter
3.1 Construction of non-local Poisson shot noise filter

Utilizing the oracle estimator, we construct the non-local Poisson shot noise
filter. Let D > 0 and d > 0. Notice that

[u(@) — u(@o)* = Elv(z) — v(0)[* — (u(xo) + u(x)).

By the law of large numbers, a natural estimator of E [v(z) — v(zq)|? is given
by = [[v(Nag,a) — U(/\/’m’d)H; (see (5)), and for each x, u(x) can be estimated
by

_ 1

uq(x) == = Z v(x + ). (22)

teNy,q

Therefore, a natural estimator of |u(x) — u(zo)|? is

,
(0.2 = g5 [oNa) — o0~ Talo) - ale) ) (29

As a result, it is natural to define an adaptive estimator u by

(o) = Z W(xo, x)v(x), w0 € I, (24)

CEG.N’;EO,D

R _ 22 (@0.m) 52<2xo,y>
w(;po’ H?(xzq) HZ(xq) | (25)

UENxO D

where

The following theorem implies that the similarity function p(zg,x) can be
replaced by the estimator p(zo,z). Recall that A and n are respectively the
width of the search window and the number of pixels of the image defined by
(18). Let 6 be the width of the similarity patches:

d—1
6= ——. 26
SN (26)
Theorem 3 Suppose that the function u satisfies the local Holder condition
1
(17) and p?(xo, ) is given by (25). Assume also that A < n~ 2+ and § < n=
for some o € (2151%, %) Then there is a constant ¢ > 0 such that

lim max max ]P{|p z,x) — p*(wo, z)| < cn*(%*“)\/lnn} =1 (27
n—00 zo€l €Nz, D
For the proof of this theorem see Section 6.3.
Theorem 3 shows that, when we replace p?(xg,z) = |u(z) — u(zo)
estimator p?(zo, x), the error satisfies

|2 by its

3
P (@0,7) — p?(0,2)| < en~ 4=V < On~ 7T,
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with probability close to 1, when 213162 <a< % Therefore, from Theorems
3 and 2, we see that if we choose suitably the search window size D and

similarity patch size d so that A < n™ %2 and § = n~%, then the proposed

~ . __B_
filter w converges at the optimal rate n™ 7+1.

A similar result has been established in [21, Theorem 3.2] but for Gaussian
noise and for a different similarity function.

4 Simulation results
4.1 Computational algorithm

In this section, we explain how to calculate our filter w(xg), xo € Iy defined
by (24).

First, we calculate the estimator p2(wg,z), 7o € Iy defined by (23). First,
to save computation time, we replace the two mean values @(zg), zo € Iy and
@(x), = €1 by the same mean value up(xg), zo € Iy defined by

up(zo) == Dz Z v(z), =z €l (28)

IENwé,D

This avoids the calculation of w(z) when z varies; the replacement is reasonable
because the averages are close.

Secondly, to better measure the similarity between the patches v(Ng, q)
and v(N;,q), we replace the uniform kernel used in the similarity function of
(23) by the non-uniform kernel defined for ¢ € Ny 4 by

d—1
=
1
k(t) = Z — (29)
k=max(1,5) (Zk; + 1)
if ||t||cc = J for some j € {0,1,- - ’%}.

These considerations lead us to the following version of the estimator (23):

+
o k() oo +t) —v(@+t)?
“(zo,x) = ; —2up(xo) | - (30)
Pr{Zo te;w t/g\;&d ) D(Zo

We have therefore the following pseudocode for the calculation of the non-local
Poisson shot noise filter (NLPSNF) u(xg), o € I defined by (24):
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Algorithm 1 Non-local Poisson shot noise filter (NLPSNF)

Require: Noisy image v
1: Parameters: D,d, u,v.
Ensure: Estimated image u

2: Step 1
3: for each zp € I do
_ P2 (z0.2)
4: W(zo,z) =e H>@0) | where H?(z9) = pu/Tp (z0) + v, p2(z0, x) is defined in (30).
. ZwerO,D w(zg,w)v(z)
5: u1(zo) = EwGNIO,D @(20,7)
6: end for
7: Step 2
8: for each zg € I do
- _lae—wolI3
5 N
9: compute %i(zg) = =lz=zoll<T e I 0:21(1)7 where T' = 2.
_lz=zolly
Dlz—wgll<T © 2
10: end for

Throughout the simulations, this algorithm will be used to compute the
non-local means estimator u(xo), zo € Io.

Finally, we discuss on the choice of the parameters d, D, H?(x¢). In our
simulations, the choice d = 13 and D = 11 gives good results, for all the
tested images. Our experimental results also show that the restoration result
is good when the window search size D varies in a suitable range, and that
the evolution of the PSNR of the restored image varies as a function of the
search window size D in a similar way as in Figure 7 of [21]. In some sense this
confirms the conclusion of the convergence theorem which states that when the
research window size is chosen properly the filter converges at the optimal rate.
We have not tried to find experimentally the exact formula for the optimal
choice of D as a function of N and § as the value of 3 is in general not known.

Sutour et al. [31] suggested that a good choice of H?(x) is a linear function
of the standard deviation of p?(xg,z). Let us first give an estimate of the
variance of p?(zg,x). When the windows N, 4 and N, 4 are disjoint, by the
independence of (v(xg +t) — v(z +t))2,t € N4, we obtain

Var(p*(zo, ) = Var (dlz lv(Nag.a) — v(/\/;,d)”g — g (o) — ud(x)>

1
== Z Var (v(zo +1t) —v(z +1))2.
tG/\/’de

Since v(z) is a Poisson variable with mean u(z), for 2 < j < 4, we have
Efv(2)’] = u(z) + Y pcic; aiu(2)* for some absolute constants a;. Therefore
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R L TreX
(d) Texture (e) Fermi

(a) Spots 7 (b) Galax’ c) Cells

Fig. 1 The five test images used in the experiments.

for some constants ¢;, we have

Var(p*(zo, ) ~ % > [ulao +t) + ulz + t)]
tENo d

d4 > alwi(@o+t) +ul(z + 1))

tEND, a4 2<i<4
L - 1 i i
= Do) + Raao)) + S ealhl) + wro)),
where @)(z) = 2 Dien, ., W@ +t) and aq(x) = aj(x), for each z. We can

normalize the original image so that u(z) € [0,1] for all z. Hence for i > 2,
@ () are negligible with respect to @q(z). Therefore

~ 1 _ _ 2up(x
Var(3 (o, 2) & 5 (a(a) + alag) ~ 22, (31)
d d
Therefore, following [31], a good choice of H?(x) is of the form
H2(1'0) =l ﬂD(LIJ())) +v. (32)

We add the constant v > 0 to avoid that H?(z¢) = 0. By doing many simula-
tions, we find that the choice u = 0.2 and v = 0.0001 is suitable. This choice
can also be justified as follows. We think that the parameter H?(z) should be
a function of the standard deviation o(zg) \/u (z9) ~ \/ﬂD (z0). With the
idea of the affine approximation (Taylor’s first order expansion) of a function,
it is natural to use an affine relation of type (32), similarly to what we did in
our earlier work [21] in removing the Gaussian noise.
Throughout the paper we symmetrize images near the boundary.

4.2 Numerical performance of the non-local Poisson shot noise filter

We have conducted experiments on simulated data on gray scale images which
are presented in Fig. 1. Spots, Galaxy and Cells ( see Fig. 1 (a)-(c) ) were given
by Bo Zhang, the author of [34]; Fig. 1 (d) was downloaded from The USC-
SIPI Image Database!. Fig. 1 (e) is a part of Fermi image downloaded from

L http://sipi.usc.edu/database/



Poisson shot noise removal by an oracular non-local algorithm 13

the NASA Fermi support center?. Each image is scaled to the peak intensity
levels 0.5,1,2,3 and 5, so we focus only at low counts. We summarize our
results in the following, both with visual results and performance metrics. We
have conducted comparisons of our method and several competing algorithms
on simulated data.

As [34], we evaluated the performance of a denoising filter @ by using the
Normalized Mean Integrated Square Error (NMISE) defined by

1 ((z) — u(x))?
NMISE = — W) Z 2 |

where u(x) are the estimated intensities, u(x) are the respective true vales,
and n* = card {u(z) : u(x) > 0,z € I}. Smaller NMISE values signify better
signal restoration.

For each method and each image, we calculate the average and the stan-
dard deviation of NMISE over 30 different random noise realizations. Table 1
shows the average NMISE value + its standard deviation calculated for the
whole images reconstructed by our method and several state-of-the-art ap-
proaches, such as P-LET [23], MV+B3 and MV-7/9 [34], P-NLM [9], OWPF
[20], E+BM3D [25], NLPCA [29], FoEbin [12] and P*IP [28], for the very low
light levels of interest. As indicated in the table, our algorithm reaches the best
NMISE values in the cases of Cells and Texture with the peak intensity levels
0.5, Fermi with the peak intensity levels 1,2,3 and 5; for Spots and Galaxy,
when the peak intensity levels are low, our approach is also competitive. The
standard deviation values also show that our method is the most stable. In
Table 2, we give the rank on the number of the best and second best results
in Table 1 about the NMISE comparison of algorithms. From this table we
see that our method has the best rank with 13 best results and 8 second best
results. Table 3 lists the computation time; it reveals that our code runs fairly
quickly. From Tables 2 and 3, we see that our filter and the second best ranked
algorithm FoEbin have comparable results, but our filter runs much fast: from
Table 3 we can see that the computation time of our filter is 5.6 times shorter
than that of FoEbin. The reason is that our filter has no iterative procedure,
while FoEbin is an iterative algorithm with high computational complexity.

Visual quality is also important for denoising algorithms. In order to get a
better view of the details of restored images, in Figs. 2 - 6, red squares at the
end of an arrow of the original and restored images are zoomed twice (the large
red squares are the zoomed images). From these figures, we can see that our
filter is competitive in details conservation and visual artifacts. More precisely,
from Figs. 2 - 4 we see that the restored images by our method conserve better
the details and introduce fewer artifacts than other algorithms. In Fig. 5, we see
that the method NLPCA has the best visual result, but our method remains
competitive. Fig. 6 shows that for the case of Fermi image with Peak = 5,
our method yields the best visual quality and the lowest NMISE value. In

2 https://fermi.gsfc.nasa.gov/ssc
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Table 1 A comparison of the denoising performance of several denoising algorithms. We
give the average NMISE value computed over 30 noise realizations + its standard deviation.
The best and second best values are indicated as xxxx and xxxx respectively.

FoEbin[12] 0.0319+40.0009 | 0.0273+0.0007 [ 0.0358+0.0006
P4IP[28] 0.227540.0074 | 0.077140.0009 | 0.129240.0010
OWPF[20] 0.0263+0.0008| 0.0307£0.0006 | 0.0504+0.0010
P-NLM]J9] 0.084440.0109 | 0.035040.0008 [ 0.0397£0.0006
Ours 0.033840.0011 | 0.028240.0005 | 0.041140.0007

045340.0007 | 0.058440.0020
596340.0024 | 0.084940.0033
046940.0007 | 0.057240.0017
0.041240.0008 | 0.103240.0097
053140.0006 |0.0455+0.0024

0397+0.0010
223040.0030
04234+0.0010
0607+0.0046
0.04034+0.0011

Algorithm Peak Spots Galaxy Cells Texture Fermi Average
P-LET[23] 0.0268+0.0030 | 0.00764+0.0005 | 0.0140+£0.0004 | 0.01074+0.0003 | 0.0336+0.0062 | 0.0185+0.0021
MV +B3[34] 0.043740.0030 | 0.007440.0003 | 0.018840.0007 | 0.012840.0006 | 0.0252+0.0041 | 0.0216+0.0017
MV-7/9([34] 0.033040.0021 | 0.00704+0.0003 [ 0.0125+0.0007 [ 0.01144+0.0004 | 0.02454+0.0026 | 0.0177+0.0012
E+BM3D([25] 0.0441+0.0038 | 0.00754+0.0002 | 0.0108+0.0004 | 0.00974+0.0003 | 0.0221+0.0022 | 0.0188+0.0014
NLPCA[29] 0.5 [0.0075+0.0006 | 0.0069+0.0008 [ 0.015740.0010 | 0.0106+0.0004 | 0.0211+0.0032 | 0.0124+0.0012
FoEbin[12] 31.6557+0.0000( 2.289940.0000 | 1.3117+0.0000 | 0.03974+0.0000 |64.5154+0.0000{19.96254+0.0000
P4IP[28] 0.0277+£0.0042 | 0.008940.0005 | 0.0135+0.0006 | 0.01044+0.0003 | 0.0078+0.0014 | 0.01374+0.0014
OWPF[20] 0.037440.0024 | 0.016440.0005 | 0.018740.0006 | 0.0133+0.0005 | 0.0587+0.0045 | 0.0289+0.0017
P-NLMJ[9] 0.0192+40.0092 | 0.010740.0008 | 0.0123+0.0006 | 0.01184+0.0004 | 0.0181+0.0025 | 0.01444+0.0027
Ours 0.014940.0014 | 0.007540.0004 [0.0105+0.0004|0.0095+40.0003| 0.0087+0.0033 {0.0102+0.0012
P-LET[23] 0.045240.0044 | 0.012440.0004 | 0.020140.0011 | 0.0169 0.0005 | 0.0457+0.0037 | 0.0281+0.0020
MV +4B3[34] 0.0623+0.0027 | 0.012740.0004 | 0.0279+0.0009 | 0.02284+0.0009 | 0.0427+0.0029 | 0.03374+0.0016
MV-7/9([34] 0.0413+0.0024 | 0.011840.0004 | 0.0188+0.0006 | 0.018440.0005 | 0.0418+0.0027 | 0.02644+0.0013
E+BM3D([25] 0.056340.0049 | 0.012940.0003 [0.0152+0.0005|0.01494+0.0006 | 0.0354+0.0022 | 0.0269+0.0017
NLPCA[29] 1 0.0255+0.0167 | 0.012740.0009 | 0.0298+0.0020 | 0.02054+0.0007 | 0.0348+0.0033 | 0.02474+0.0047
FoEbin[12] 0.04594+0.0025 |{0.0101 +0.0003|0.0153+0.0006 [0.0146+0.0004| 0.02534+0.0017 | 0.0222+0.0011
P4IP[28] 0.0648+0.0069 | 0.012340.0004 [ 0.0199+0.0008 [ 0.02404+0.0006 | 0.01514+0.0016 | 0.027240.0021
OWPF[20] 0.0305+0.0013 | 0.016740.0005 | 0.0233+£0.0005 | 0.01754+0.0004 | 0.0503+0.0023 | 0.02774+0.0010
P-NLM|[9] 0.034740.0114 | 0.013940.0005 | 0.016340.0006 | 0.016140.0005 | 0.0322+0.0055 | 0.0226+0.0037
Ours 0.0243+0.0010| 0.0128+0.0004 | 0.01744+0.0005 [ 0.0155+0.0003 |0.0133+0.0019|0.0157+0.0008
P-LET[23] 0.0590+0.0040 | 0.01964+0.0008 | 0.0359+0.0124 | 0.0264 0.0004 | 0.0693+0.0054 | 0.04204+0.0046
MV+B3[34] 0.0759+0.0031 | 0.020540.0007 | 0.0413+0.0016 | 0.03884+0.0009 | 0.0653+0.0033 | 0.04844+0.0019
MV-7/9[34] 0.048040.0022 | 0.019340.0004 | 0.027940.0006 | 0.0288+0.0007 | 0.0661+0.0024 | 0.0380+0.0013
E+BM3D[25] 0.0507+0.0029 | 0.0169+0.0004 | 0.0211+0.0007 | 0.02404+0.0006 | 0.0515+0.0028 | 0.0328+0.0015
NLPCA[29] 2 [0.0222+0.0017| 0.024940.0021 | 0.058140.0041 [ 0.040040.0013 | 0.0647+0.0050 | 0.0420+0.0028
FoEbin[12] 0.039940.0022 | 0.015340.0004 (0.0210+0.00070.02354+0.0007 | 0.03644+0.0020 | 0.0272+0.0012
P4IP[28] 0.1250+0.0067 | 0.022340.0006 | 0.0372+0.0008 | 0.09334+0.0012 | 0.0329+0.0027 | 0.0621+0.0024
OWPF[20] 0.026540.0009 | 0.020240.0005 | 0.032040.0006 | 0.026340.0005 | 0.0453+0.0017 | 0.0301£0.0008
P-NLMJ[9] 0.0922+40.0167 | 0.019940.0006 | 0.0234+0.0007 |{0.0235+0.0007| 0.0559+0.0045 | 0.04304+0.0046
Ours 0.0257+0.0012 | 0.01834+0.0004 | 0.0306+0.0006 | 0.02604+0.0004 |0.08315+0.0012|0.0264+0.0008
P-LET[23] 0.071840.0059 | 0.025740.0009 | 0.073040.0814 | 0.034340.0008 | 0.0871+0.0045 | 0.0584+0.0187
MV +4B3[34] 0.080240.0026 | 0.026740.0011 [0.0511+£0.0010 [ 0.05214+0.0014 | 0.08004+0.0034 | 0.0580+0.0019
MV-7/9[34] 0.0525+0.0019 | 0.025940.0005 | 0.0356+0.0009 | 0.03724+0.0007 | 0.0861+0.0040 | 0.0475+0.0016
E+BM3D([25] 0.042340.0029 | 0.022240.0005 | 0.02684+0.0006 | 0.03024+0.0006 | 0.0622+0.0033 | 0.0367+0.0016
NLPCA[29] 3 0.032240.0020 | 0.038240.0047 | 0.0903+0.0069 | 0.05864+0.0015 | 0.0943+0.0048 | 0.0627+0.0040
FoEbin[12] 0.0356+0.0013 | 0.0204+0.0004 |0.0264+0.0006|0.03124+0.0005 | 0.0440+0.0022 | 0.03154+0.0010
P4IP[28] 0.168540.0085 | 0.036540.0005 | 0.060840.0009 | 0.2197+0.0015 | 0.0508+0.0035 | 0.1073£0.0030
OWPF[20] 0.0255+0.0008| 0.0241+0.0006 | 0.03944+0.0007 [ 0.0341+0.0006 | 0.04704+0.0015 | 0.0340+0.0008
P-NLM]J9] 0.092540.0251 | 0.025540.0008 | 0.029340.0007 |0.0800+0.0006| 0.0739+0.0063 | 0.0502+0.0067
Ours 0.0311+0.0009 | 0.0204+0.0004 | 0.0324+0.0006 | 0.0356+0.0005 |0.0335+0.0013 | 0.0306+0.0007
P-LET[23] 0.081340.0100 | 0.031440.0013 [ 0.0612+0.0248 [ 0.04114+0.0009 | 0.10354+0.0072 | 0.0637+0.0088
MV +B3[34] 0.0823+0.0023 | 0.03214+0.0011 | 0.0603+0.0011 | 0.06364+0.0016 | 0.0942+0.0043 | 0.0665+0.0021
MV-7/9[34] 0.056340.0022 | 0.030840.0006 | 0.041840.0010 | 0.044340.0008 | 0.1039+0.0039 | 0.0554+0.0017
E+BM3D[25] 0.0375+0.0024 | 0.02604+0.0006 | 0.0310+0.0007 | 0.03544+0.0008 | 0.0715+0.0033 | 0.04034+0.0016
NLPCA[29] 4 0.0419+0.0019 | 0.051040.0049 | 0.1213+0.0063 | 0.07644+0.0017 | 0.1266+0.0148 | 0.08344+0.0059
FoEbin[12] 0.032940.0011 | 0.0238+0.0006 [0.08309+0.0007|0.0386+0.0007 | 0.0513+0.0029 |{0.0355+0.0012
P4IP[28] 0.2015+0.0078 | 0.05484+0.0009 | 0.0916+0.0011 | 0.39044+0.0020 | 0.0689+0.0035 | 0.1614+0.0031
OWPF[20] 0.0257+0.0008| 0.0274£0.0006 | 0.0453+0.0009 | 0.0408+0.0006 | 0.050840.0016 | 0.0380+0.0009
P-NLMJ[9] 0.0873+0.0231 | 0.03014+0.0010 | 0.0349+0.0007 |0.0358+0.0006| 0.0906+0.0063 | 0.0557+0.0063
Ours 0.0322+0.0012 | 0.026240.0005 | 0.0449+0.0008 | 0.04484+0.0006 |0.0452+0.0015| 0.0387+0.0009
P-LET[23] 0.0884+0.0074 | 0.035940.0015 | 0.0700£0.0189 | 0.04684+0.0008 | 0.1181+0.0059 | 0.07184+0.0069
MV +4B3[34] 0.086440.0025 | 0.036340.0010 | 0.068640.0012 | 0.0746+0.0009 | 0.1077+0.0041 | 0.0747£0.0019
MV-7/9([34] 0.0596+0.0022 | 0.03604+0.0008 | 0.0473+0.0013 | 0.05044+0.0008 | 0.1197+0.0047 | 0.0626+0.0020
E+BM3D[25] 0.036340.0016 | 0.029740.0007 (0.0346+0.0009|0.0400+0.0008| 0.0799+0.0036 | 0.0441+0.0015
NLPCA[29] 5 0.052740.0022 | 0.062040.0063 [ 0.1535+0.0080 [ 0.0954+0.0021 | 0.15184+0.0072 | 0.1031+0.0052

0. 0.

0. 0.

0. 0.

0. 0.

0. 0.




Poisson shot noise removal by an oracular non-local algorithm 15

Table 2 The number of the best and second best results in Table 1.

Method P-LET MV+B3 MV-7/9 E+BM3D NLPCA FoEbin P*IP OWPF P-NLM Ours

(23] [34] [34] [25] [29] [12] [28] [20] [9]
Best 0 0 0 5 3 10 1 3 3 13
ond hest 1 0 1 10 1 7 2 2 1 8

Table 3 The average computation time in seconds for restoring 256 x 256 grayscale im-
age. (a) Microsoft Windows 10 Professional (64-bit) (Intel(R) Core(TM) i7-6820HQ CPU
@2.70 GHz) with MATLAB 2019b; (b) Microsoft Windows 7 Professional (32-bit) (Intel(R)
Core(TM) i3-550 CPU @3.20 GHz) with MATLAB 2015a.

Method P-LET MV+B3 MV-7/9 E+BM3D NLPCA FoEbin P*IP OWPF P-NLM Ours

23] [34]  [34] [25] [29]  [12] [28] [20]  [9]
(a) 176 - - 0.89  30.60 3512 71.08 7.63 - 623
(b) 095 130 269 259 3792 - 15131 15.25 70.71 11.08

Table 4 A PSNR/SSIM value comparison of the denoising performance of several denois-
ing algorithms. The best and second best values are indicated as xxxx and xxxx respectively.

Algorithm Peak Spots Galaxy Cells Texture Fermi Average

P-LET([23] 31.43/0.8230 |27.60/0.6663 | 25.86/0.6258 | 22.22/0.4410 (33.31/0.7834| 27.48/0.6579
MV +B3[34] 29.11/0.8236 | 26.79/0.6735| 24.73/0.5740 | 20.22/0.2787 | 32.69/0.7614 | 26.71/0.6223
MV-7/9([34] 30.75/0.8600 |27.15/0.6695 | 26.37/0.6539 | 21.80/0.3692 | 33.25/0.7580 | 27.87/0.6621
E+BM3D|[25] 31.04/0.8399 |27.43/0.6929|27.10/0.7067|22.64/0.4891 | 32.32/0.7606 | 28.11/0.6978
NLPCA[29] 4 31.49/0.9074(24.79/0.6003 | 22.29/0.4936 | 19.54/0.1969 | 29.86/0.7174 | 25.60/0.5831
FoEbin[12] 30.90/0.8337 |27.89/0.7148 | 26.70/0.7040 | 22.36,/0.3894 | 33.30/0.7748 | 28.23/0.6833
pPtip[28] 24.26/0.7213 | 22.53/0.6012 | 20.03/0.5274 | 11.54/0.1649 | 28.49/0.7131 | 21.37/0.5456
OWPF[20] 31.14/0.8697 | 26.97/0.6847 | 24.42/0.6173 | 21.89/0.3916 |833.52/0.7810| 27.59/0.6688
P-NLM[9] 30.65/0.8466 |27.55/0.6843 | 26.76/0.6834 | 22.84/0.4608 | 33.22/0.7748 | 28.20/0.6900
Ours 32.08/0.8912|28.21/0.6885| 25.61/0.6529 | 21.93/0.4761 | 33.35/0.7815 (28.24/0.6980
P-LET[23] 31.81/0.8369 | 27.86/0.6558 | 26.27/0.6425 | 22.79/0.4822 | 33.66/0.7908 | 28.48/0.6816
MV+B3[34] 29.69/0.8436 |27.42/0.6904 | 24.99/0.5912 | 20.45/0.2975 | 33.11/0.7764 | 27.13/0.6398
MV-7/9[34] 31.74/0.8774 | 27.87/0.6875| 26.48/0.6666 | 22.25/0.4048 | 33.51/0.7672 | 28.37/0.6807
E+BM3D[25] 32.12/0.8576 | 28.04/0.7214 |27.80/0.7389(23.20/0.5107| 32.52/0.7609 | 28.75/0.7179
NLPCA[29] 5 31.25/0.8866 |24.94/0.6062 | 22.17/0.4893 | 19.67/0.1966 | 29.90/0.7164 | 25.59/0.5790
FoEbin[12] 31.35/0.8595 |28.46/0.7332| 27.30/0.7146 | 22.64/0.4031 | 33.65/0.7811 | 28.68/0.6983
P4IP[28] 24.15/0.7292 | 22.04/0.5952 | 19.43/0.5227 | 10.71/0.1604 | 28.66/0.7182 | 21.00/0.5451
OWPF[20] 31.75/0.8870 | 27.33/0.7067 | 25.04/0.6447 | 22.33/0.4191 |33.80/0.7943| 28.05/0.6904
P-NLMJ[9] 31.42/0.8622 | 27.73/0.6957 | 27.19/0.6892 | 23.19/0.4821 | 33.76/0.7850 | 28.66/0.7028
Ours 33.78/0.9141(28.55/0.7045| 25.81/0.6713 | 22.05/0.4812 (34.12/0.7890|28.86/0.7120

the restored image by our filter, we can see clearly three points in the area of
red squares, but these points are seriously blurred or have disappeared in the
restored images by other filters.

In the preceding comparisons we have used the NMISE value to measure the
quality of restoration. The NMISE value reflects the relative error of restora-
tion, which is well adapted when the peak value is small (less than 5 in our
simulations). We have preferred to use this measure rather than the PSNR
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b) Noisy image c) P-Let [23
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Fig. 2 Denoising of Galaxy with Peak= 0.5, The NMISE value is of the recovered images.
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Fig. 3 Denoising of Cells with Peak= 0.5, The NMISE value is of the recovered images.
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(b) Noisy image

) MV B3 3322%8 M;Mvw/g 32] Igﬁ E--BM3D [25

'MISE = ISE = 0.0184 ISE = 0.014

f ]
FoEbin [12]
ISE = 0.0146

(i) PAIP
NMISE =

o~

3
0240

G

_—r NLPCA
1\5%2115}3 =0

P ‘
' 1/ Y
i) OWPF [20 (k) P-NLM [0
NMIS

NMISE = 0.0175 E =0.0161

Fig. 4 Denoising of Texture with Peak= 1, The NMISE value is of the recovered images.
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(a) Original image (b) Noisy image ) P- Let
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Fig. 5 Denoising of Spots with Peak= 3, The NMISE value is of the recovered images.
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Fig. 6 Denoising of Fermi with Peak= 5, The NMISE value is of the recovered images.
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(Peak Signal to Noise Ratio) value defined by:

2552 1 ~
PSNR = 10log;, MSE with  MSE = p—y Z(u(a:) —u(x))?,
zel

where u is the original image and % the restored one. The reason is that
the PSNR value reflects the absolute error of restoration, which is a reliable
measure of the restoration quality only when the peak value is sufficiently large
(larger than 4). In this case we have calculated the PSNR values, for which
the simulation results are coherent to those obtained for the NMISE value: see
Table 4, where the SSIM (structural similarity) values defined by Wang et al.
[33] are also indicated.

The numerical results are performed mainly on simulated noise on a typ-
ical type of images, how do they perform on natural images, and real images
taken in low light conditions. Also, it may be more helpful to present as well
PSNR/SSIM for the quantitatively comparison.

5 Conclusion

In this paper, we present a new non-local image denoising algorithm to deal
with the Poisson shot noise model. We first define an oracle filter to remove
the Poisson shot noise by an adaptation of the non-local means filter originally
introduced for removing the Gaussian noise. We next introduce an estimator of
the similarity function and define a calculable filter, called Non-local Poisson
shot noise filter, which can effectively remove the Poisson shot noise. We then
establish convergence theorems which show that the proposed filter converges
at the optimal rate when the search window size is appropriately chosen. Sim-
ulation results show that our filter is competitive to remove the Poisson shot
noise with low light conditions, and the computation is relatively rapid.
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6 Appendix: Proofs of the main results
6.1 Proof of Theorem 1

We first notice that by the Holder condition (17), for each xg € Iy, we have
u(zp) —u(zo)| < Lz — ollS, < LN~F = Ln~P/%, where 2 = (20, 205) =

([N‘Ti]\?’l], W) € I. This, together with the elementary inequality (a+ b)? <
2a? + 2b2, implies that

[w* (20) — u(zo)[* = |u”(w() — ulo)|”

< 2Ju* (25) — u(zp)* + 2Ju(zh) — ulwo)|?
< 2u*(zf) — u(xp)|® + 2Ln =",
Since n=# < Tf%, it suffices to prove that
9 __B_
Elu*(zp) — u(zp)|® = O(n” 7). (33)

In other words (since xf, € I), it suffices to prove (19) for each z¢ € I. So in
the following we suppose that o € I. In this case z coincides with x.
Denoting for brevity

_ p2(zg,2)
(X
le—zollc <A
Il = Z w*(xo,ac)p(xmx) = ~ PPg.) )

T€NLy.D E e H2(zo)

lz—z0llcc <A
(34)
and
L= Y (w(zo2)) u(x)
IGNIO,D
< Y (W(@,2)’r
xENIO,D
2(zq.x)
r Z e TG0
lz—z0llcc <A
< - 55 (35)
_ PP
Z e H2(zq)
lz—z0|lec <A
then we have

By the assumption of the theorem v > cLA®(c > /2), which implies that
for © € Ny, p, we have

2 _ 23 2 A28
Ple -l 1241

H(e) = % e BT
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T2
Noting that e #2G0) , 7 € [0,/1/2) is decreasing, and using one term Taylor
expansion, the inequality (37) implies that

2 (zg.) L2z —2q)128
Z e T (o) > Z e~ o)
lz—zolloc <A le—zolle <A
210 o (128
S Z 1L |z — @ollZZ
- H?(x)
le—z0|lec <A
1
> D1~ ), (38)

where D? = (2N A +1)? is the cardinality of the search window (cf. Eq.(18)).

7,2
Since Te” #2Go) is increasing in 7 € [0,7/v/2),

_PP(g.) _ L2 je—ali2S
Y e e plxg,x) < Y Lz —xo|le 0
lz—zolloc <A lz—zolloc <A
< Y Lz -l
lz—z0llcc <A
< D?’LA?, (39)

The above three inequalities (34), (38) and (39) imply that

D2LAP \® 2 \?
I < <D2(1—1)) = I?A% where ¢ = (CQC_ 1) . (40)
C2

Taking into account (35), (38) and the inequality
_gp%(xg.w) 9
S D SRR
lz—zolloo <A le—zollc<A

it is easily seen that

D?r r
I, < < . 41
2= (D22~ 44 (4D
Combining (36), (40), and (41), we get
* 'T2 A28 r
glw*) < LPAP + ——— (42)

4A2n°

1 1
Using the condition cyn™ 26+2 < A < ¢on™ 28+2 for some constants ci,co > 0,
from this we infer that

I
g(w*) < <c’c22’8L2 + 2) n"FE
4cf

This ends the proof of (19).
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6.2 Proof of Theorem 2

As in the proof of Theorem 1, we can assume that xg € I, so that zj, = xg.

By our condition, e(z, zo) = p*(zo, z) — p*(w0, x) satisfies |e(z, zo)| < 0y =
O(n_%), where 7, = maxg, zc1 |e(z,zo)|. Using the elementary inequality
(a —b)? < |a® — b?| for a,b > 0, we obtain that

_8
|p(wo, 7) — plo, 2)|* < [p(0, 2)* — (w0, 7)| < 1 = O(n”77).

Therefore
ﬁ(.’Iio,Jﬁ) S p(xo,m) + vV n-
As (a+ b)? < 2a® + 2b%, we have

2 2

Y wi@o)plwo,x) | < | D w(zo,2)p(z0,2) + il

T€NLy.D €Nz, D

<o 3w lu) —uto)l | + 20
T€NLy.D

Hence
E (u*(20) — u(x0))?

<2 Z w*(xo, z)|u(z) — u(zo)| | +2nn + Z *(z0, ) u(z).

TE€NLy.D 2€NLy,D

<2 Z w* (g, x)|u(z) —u(zo)| | + Z (20, z)%u(x) | + 21,

xENzO,D xENwO D

From the proof of Theorem 1 we deduce that

Z w* (zo, z)|u(z) — u(zo)| | + Z *(20,2)?u(x) = O (n—

r€NL, D 2€Nzg,D

3
Flw
i
N———

8
Since 1, = O(n™ 2427 ), we obtain

E (u"(w0) — u(w0))” =20 (n777) 420 (n™77) =0 (n ™57 ).
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6.3 Proof of Theorem 3

We first give an expression of pAz(acO7 x) defined by (23), which will be suitable
for the estimation. For convenience, let

Agy 2 (t) = u(zo +t) — u(z + 1) (43)

and

Coox(t) =e(xo+1t) —e(z+ ). (44)
With these notations and using (3), we see that the function in the definition
of p?(xo,z) (cf. (23)) can be written as:

[v(Nz,a) = v(Nag,a) 13 = Tlzo) —ul)

_ % 3 (w(wo+ ) — v(@ + 1) — (zo) — ()

teNy.q

- % Z (w(zo +t) —ux +t) + e(wog + 1) — e(z +1))* — u(xo) — u(x)
YEN =g, d

= dflg > (A a(t) + Caga(t)? = Tlwo) — ()
teNo,a

= % Z Aiow(t) + %S(xo,l‘),
teNo,a

where
S(o,7) = Y (Capa(t)® = ulmo + 1) — u(w + 1) + 2400 2 (£) Cap.a(t)) . (45)
teNo,a

Therefore, by the definition of [;\Q(I(),l‘) (see (23)),
+

~ 1 1
pao,) = | 5 D A5 () + 5 S(x0,2) | (46)
teNo, 4

We will need two lemmas for the estimation of the two sums in (46).

Lemma 1 Under the local Holder condition (17), with A and 6 defined by
(18) and (26), we have

% S A2 (1) — |u(x) — u(zo)?| < ALAPSP.
yENo,4

The proof of this lemma can be found in [19, 21].

Lemma 2 There are two positive constants c¢1 and ca, depending only on L
and I, such that for any 0 < z < ¢1d,

P (|S(zo, )| > 2d) < coz™2.



26 Qiyu Jin et al.

Proof Note that the variables
Xt = C;Co,x(t)2 - ’LL(JL‘() + t) - u(a: + t) + 2‘/1:80,:8 (t) Cxo,x(t)a te NO,d (47)

are identically distributed with EX; = 0. We prove below that the variance
EX? satisfies maxie s, , EX? < b for some constant b > 0. As v(z) has Poisson
law with parameter u(x), it holds that

€
Ev(z) = u(x),
Ev®(z) = u(z) + u®(x),
]E’U?’(x) = u(z) + 3u*(z) + u’(x),
vi(z) = u(x) + Tu?(x) + 6u(x) + u'(x).

Hence, for each x € N, p and each t € Ny 4,
Ee*(z 4+ t) = E(v(z +t) — u(x +t))*
= Ev'(z +t) — 3u(z + )Ev3(z + t) + 6u?(x + t)Ev?(z 4 t)
—3u3(z + t)Bo(x +t) +ut(z + 1)
= u(z +t) +4u*(x +t) + 3u(x +t) + 2ut(z + 1)
< T +4I% 430 + 214, (48)
where the last inequality follows by the definition of I" (see (16)). From (48)
and the inequality (a + b)* < 8a* + 8b* for a,b € R, we have
E(Ca0 (1) = E (e(zo + ) — ez +1))"
< E (8e*(zo +t) + 8*(z + 1))
< 16(I +4I% + 303 +21%). (49)
As E(e(x)) = 0 and Var(e(z)) = u(x), by the independence of e(z¢ + t) and
e(z +1t), it follows that
E(Cao s (t)?) = E (0 + 1) — ez + 1))
=Ee(z +t) + Ee?(zg + t)
=u(x+1t)+ulxg+1t)

<or (50)
As the function u satisfies the local Holder condition (17), for & € Ny, »
2 2 2 A2 2
A2 () = (u(zo +t) —u(z +1))> < LPA% < 12 (51)

Therefore, taking into account (49), (50) and (51), we obtain, uniformly in
t € Noa,
EX? = E(Cug,e(1)® = u(@o + 1) = u(@ + ) + 2450 0 (£) Cuo,2(1))?
= E(Cpy .0 (1) + (u(wo + t) + u(x +1))°
+ 443, LE(G, o () + 2(u(zo + 1) + ula + ) E(G, 4(1))
<A6(0 + 42 + 373 +2I*) +4I? + 4L* x 2T + 4 x T
= 8(2+4 L?)I" 4 72I'* + 481 4 321",
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We have therefore proved that EX? < b, where b := 8(2 + L?)I" + 721" +
4813 + 321,
The point in handling the sum S(zgp,2) = >, X; is that the variables
teNo,q
X:,t € Ny,q are not necessarily independent. Remark that (., ,(¢) and (y, 2 (5)
are correlated if and only if t — s = £(zo — ) : indeed, it can be easily checked
that
02 ift—s=x9—uz,
E(Crpe(t)Capze (8) =1 02, ift —s =2 — x,
0, otherwise.

By the definition of (g, (%), if t — s # £(z — x¢), then (. (t) and (4 0 (5)
are independent, so that X; and X are also independent. Consequently

Var(S(zo, 7)) = E(S(z0,2)?) = Y E(X,X,) (52)
t,s€No. 4
= > EX)H+ Y > E(X,X,). (53)
tENzo,d tE/\/'zo,d sENp,a:s=tE(z—xz0)

By the Cauchy-Schwarz inequality E(X;X,) < b. Hence
Var(S(zo,z)) < d?b + 2d*b = 3d%b. (54)
Therefore, by Chebyshev’s inequality

Var(S(xzo,z)) _ 3b

Now we turn to the proof of Theorem 3. Below ¢y, cs,--- stand for some
constants (independent of n). By equation (26) and the assumption on § we

have d > c;nz . Applying Lemma 2 with z = ,/é Inn < cod, we see that

1 é lnn c3
— >Ve )< 5B
P o |S(xo, z)| > ] St (55)
Therefore,
1 a—1 C3
P = |S(zo,z)| > ean®"2VInn | < o (56)

By Lemma 1 and the conditions on A and §, we have,

1 5
= D0 A1) — ue) — u(wo) 2| < ALPAPP < con”FE TR (57)

tGNoyd,

From (46), we see that

— 1 1
P (o, 2) —u(a) —u(wo) P < D7 AZ, ()~ |ule) —u(zo)|* + 5 |S(x0, )]
teNo,a
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and

~ 1

P (w0, @) — |u(x) —u(xo) |2> - > A2 L)~ |u(x )—u(a:o)|2—d—2|5(a:0,x)|,
tGNod

so that

7, ) (@) — (o) P| < |25 S A2, 16) ~ ula) — u(eo)? |+ 3 S0, )]

tENo)d

Therefore, from (57), we obtain
(20, @) — [u(w) = u(wo)[?| < csn~ #2704 *|5(330» ). (58)
Combining (56) and (58), we get

P (|7 (@0.2) — lul@) — u(zo)?| > cxn®FVinn 4 czn- 7 07) <

Inn’

Since the condition (6+1)2 < a< % implies 25‘% + af > % —a > 0, this

implies the inequality (27).
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