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Abstract: In this paper we focus on the development and implementation of
an implicit finite difference method for solving a complex diffusion differential
equation with applications to noise filtering in images. We give a complete
characterization of the implementation of the fully implicit method, including
the characterization of the derivatives for Newton’s method at each step. In
order to show the feasibility of the method, we compare the implicit method
with the semi-implicit and apply it to both in vivo images of the human retina
by optical coherence tomography (OCT) and standard images (Lena and the
Cameraman). We compute noise removal performance metrics to show the
effect of several parameters in the performance of the method.
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1. Introduction

Complex diffusion is used to characterize several processes in science. They
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are usually governed by a partial differential equation, the Schédinger equation
being probably one of the best known models. However, complex diffusion
has several other applications, including image processing. Besides examples
in inpainting, denoising and stereo vision [5, 8, 19, 20, 21], we are particularly
interested in applications to image denoising and despeckling [4, 7, 11, 15],
especially in the case where complex diffusion is used [4, 7, 14, 10]. Complex
diffusion has been used in noise filtering in specific cases of medical imaging,
such as optical coherence tomography (OCT), showing very good results [4, 9,
13, 12, 14].

The methods for diffusion processes in the image filtering context are usually
nonlinear and based on the discretization of a nonlinear diffusion equation of

the form 5
a—?(w,t) =V (D(z,t,u)Vu(z,t)), inQ x[0,T], (1)

where the solution u(z,t) represents different stages of the filtered image at
time ¢, x is the spatial coordinate defined in the square @ = [1, N1] x [1, No]
(the initial image has dimensions N X Nj), ¢ is the time coordinate defined
in the interval [0, 7] where T" is the maximum diffusion time, and the diffusion
coefficient D has to be properly defined in order to avoid blurring effects, e.g.
diffusion across intensity edges in the image. [11] proposed to use a diffusion
coefficient based on the gradient of the image, in order to distinguish between
edges and constant regions. However, in the initial steps of the image where
the noise level is high, the gradient is unstable. To overcome this problem, [7]
suggested to consider an appropriate complex filter of the form
103
D=— 2)
1+ (35

where ¢ =~ 0 and k is a positive coefficient. It was proven that this filter is
appropriate, since

lim M =G x AI(),

9—0 9
where Ij is the initial image, G is a Gaussian and * is the convolution operator.
Therefore, with the evolution of time ¢ the processed image u(.,y) tends to a
smoother version of the initial image. In [1, 2] rigorous stability results were
proven for finite difference methods for Equation (1) with a complex diffusion
coefficient. The convergence result was achieved in [3] as well.

Though implicit and semi-implicit finite difference methods are shown to be

unconditionally stable, researchers tend to implement and use explicit methods
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for the diffusion process. The explicit method is easier to implement, but the
time step is limited by the stability condition, leading to the need for a higher
number of time steps. However, since in the initial steps the image is not
smooth (due to noise) it is not clear if a large step in time is advisable anyway,
stressing the common use of explicit methods in the literature. On the other
hand, implicit and semi-implicit methods need to solve a linear system at every
time step, though the number of time steps can be considerably lower, since
there are no stability constraints [1, 2].

In this work we will characterize the implicit method for the given nonlin-
ear complex diffusion process (1) with diffusion coefficient (2), using Newton’s
method for its linearization. Moreover, we will numerically compare the per-
formance of this approach with the performance of the semi-implicit method
both for standard and OCT images in terms of image metrics, complementing
the work in [14] where the explicit and semi-implicit methods were compared.
In addition, for the semi-implicit case, we will consider both Dirichlet and Neu-
mann boundary conditions, in order to illustrate if the boundary condition has
an effect on the denoising of the image. We will illustrate how several parame-
ters of the process (1)-(2) and the numerical discretization influence the filtering
results as well. In this way we will illustrate whether the use of implicit methods
is an advantage for image noise filtering from a performance and computational
time perspective.

2. Mathematical Formulation

Let Iy be the original (noisy) image of size Ny x Na, which will define the
domain @ = [1, N1] x [1, N3] for the complex diffusion Equation (1). In order
to have a well posed problem, Equation (1) must be complemented with the
initial condition of the form

u(x,0) = Iy(z), x€Q, (3)

defined by the original (noisy) image. Moreover, one needs boundary conditions,
defined on the boundary I" of the set Q). We will consider Neumann boundary
conditions

ou
e t)=0, zel,te0T] (4)

which means there is no normal intensity flux, where v is the unit exterior
normal vector.
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For Dirichlet boundary conditions we consider an artificial domain given by
Qo = [0, Ny + 1] x [0, N2 + 1] with boundary I'g where the

u(z,t) = g(x,t), x €Ty, tel0,T], (5)

which means that the boundaries of the image are defined by some a priori
known function ¢g. In image processing, the value of ¢ is independent of time
and defined in I'y as the intensity of the original image in the boundary I'. This
is due to the fact that the original image is usually affected by noise and this
artificial boundary allows to eliminate noise on the real boundary I'.

3. Discretization

We consider an equally spaced mesh on )y, both for the Dirichlet and Neu-
mann case. Since our context is image processing, we let hy = ho = 1 be the
mesh intervals in the first and second spatial coordinate directions. The mesh
is therefore defined by the set of points x;, = (j,k), j=0,1,2,...,N; +1,
and k£ = 0,1,2,..., Ny + 1. Moreover, we consider the time step h;,, which
defines the set of points

tm+1:tm+ht,M) m:O717°"aNt'
such that ¢y, = 7. Therefore we define a mesh (), defined by the set of points
(jkstm), 7=01,2,.... N1 +1,k=0,1,2,...,

No+1,m=0,1,...,N,.
We consider a general finite difference method [1] for the differential Equa-
tion (1) given by

h
41 t,m m,0,u m,0,u +60
Uik =Uik + = [(D(jwc) + Dk )U&l,k)

m,0,u m,0,u m~+6
+ (D(j,k> + D(j—l,k)) Ui im

- m,0,u m,0,u m,0,u m—+60
<D<j+1,k> +2Dg + D(rm)) Uiix) }

ht,m m,0,u m,0, 1 m—+6
T [(D Gkt T PGk )U(j,kH)

m,0,u m,0,u m-+0
+ (Du,k) + D(j,H)) UG-

B m,0,u m,0,u m,0,u m-60
(Dt + 2D + Dt ) U . (6)
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for j =1,2,....,N1, k=1,2,...,No,m = 0,1,..., N, — 1 where Uﬁ; is the
approximation to the solution w(z;k,tm),

Dg”g)’“ =D (:vj,k, o U;Zje“) ,
and p € {0,1}, t™0 = g+l (1 —0)t™, 6 € [0,1] and
VI = 0V = 0

for V.= U, D. We note that the semi-implicit method is defined by § = 1 and
u =0 and the fully implicit method is defined by p =6 = 1.

3.1. Semi-Implicit Method

The semi-implicit method is known to be unconditionally stable [1], so one
can choose a fixed step in time hy = T/N;. For the semi-implicit method,
a linear system needs to be solved at each iteration, since the diffusion term
D7, == D (z,t™) does not depended on the unknowns U]’z}jl at each time
step m.

Therefore, along with the initial condition

Upy=1Io(j.k), j=1,2,...,Ni,k=12,...,Ny. (7)

and the Dirichlet boundary condition given

U%:ID(J’]')’ U;?N2+1:Io(j,N1), j:1727"')N17

Uor = Io(1,k), UN 41 = Io(N1, k), k=1,2,..., Ny, (8)
for m=0,1,..., Vg, or the Neumann boundary condition
%: j?:fé’ }TINQ—FIZU;?NQ—D j:]-aza"'lea
Ugflk — Ug}k" U}an-i-l,k — U]T\;Ll_Lk, :IC — 1,2, . ,NQ, (9)

one gets a determined linear system at each time step, defined by a sparse
matrix.

3.2. Implicit Method

In the case of the fully implicit method, the diffusion term depends on the
unknowns U;}jl at each time step m, then the system becomes nonlinear,
namely

ha +1 +1 +1
[1 Ty (D?fﬂ,k) +2D( + D?}-m)
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ha +1 +1 +1 +1
Y (D?},Hn +2D( + D@H)) }Uﬁ

— m+1 m+1 m—+1
2 [(D(ﬂLk) T D(j,k)) U(j+1,k)

+ (DZ‘J,Q)I + Dﬁfi,k)) U(?jll,k)}

ht m+1 m~+1 m—+1
D) [ (D Gy TP (j,k)) Ul

m+1 m+1 m—+1 m o
+(DUM‘+DUWJDZQM%D}_ ik =0, (10)

where "
YA
Dm+1 _ € (1 1)

k) — m 29
) 1+<q%5>
K

where U}?j k) is the imaginary part of U (7? k)" Therefore a linearization approach
is needed, which can be done by applying Newton’s method.

3.3. Newton’s Method

In order to apply Newton’s method, it is necessary to separate the real and
imaginary parts of the solution, rewriting now Equation (10) in order to create
the Equation (12)

m+1 m—+1 m—+1 m—+1 m—+1 m—+1
FR(j,k) <UR(j,k)7 UI(j,k)’ UR(j+1,k)’ UI(jJrl,k)’ UR(jfl,k)’ Ul(jfl,k)’

m—+1 m—+1 m—+1 m—+1 _
UR(j,k—i—l)’ UI(j,k—i—l)’ UR(j,k—l)’ UI(j,k—l)) - O’ (12)

m+1 m+1 m+1 m+41 m+41 m+41
Frii) (UR(j,kV UrGiky UrG iy UrGrey UrG-1.0) UrG-1.p)

m-+1 m—+1 m—+1 m+1 _
UR(j,k+1)7 UI(j,k+1)7 UR(j,k—1)7 UI(j,k—l)) =0

where Fp;x is the real part of left hand side of (10) and Fy; ) is its imaginary
part.

Note that Equation (10) is around the point (j, k), leading to N; x Nj
nonlinear complex equations.

T

F(U) = [Fra 1y, Fra2)s - s FrRvi Ny - Fra1)s Frazys - - Frviong |
to which we now apply Newton’s method.

At each step of the finite difference method, we consider the initial iteration
of Newton’s method given by the solution in the current step m, i.e.,

g = [Uf’r?(l,l)7 U]gL(LQ)’ ey U}r(LNl,NQ)7 U}r(LLl), U;?l,Z)’ ey U?(lNl,NQ)]'
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We now define the Fréchét derivative of F', which in this case is the Jacobian
2 x N1 X No matrix of F' given by

OFrgr | OFRrgnr
m+1 m+1
OU R p) VT p)
o . )
O | 9FiGe
m—+1 m—+1
aUR(n,p) 8UI(”»P)

where each block is a matrix N1 X Ny given by

i 8F(171) aF(Ll) 8F(171) ]
m—+1 m—+1 T m—+1
ULy 9Uy Ny Ny)
oF 12 9Fay IFa )
ik m+1 m+1 to m+1
8U§i+)1 = | 9Uny Uy OU(Ny ;)
(n,p) : :
aF(NhNQ) aF(Nl’N2) 8F(N1’N2)
m+1 m e m
oUiyy  OUTY Ui Ny |

The characterization of each derivative is fully described in [10, pp.19-25]. We
note that the Jacobian changes between two different steps of the finite differ-
ence method, since it depends on the approximation U™ at the step m.

We now iterate Newton’s method by

F'(xp)h = F(xy),
Tpyl = Tn + h.

As stopping criteria, we defined that the Euclidean norm between two different
iterations should be less than some pre-defined tolerance ¢, i.g.

chn—&-l — Tpl2 < 6.
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4. Performance Metrics

In order to compare the performance of the methods, we considered different
metrics. On one hand, noise needs to be removed, on the other hand, important
features should be kept in the image. Therefore we will consider metrics between
appropriate images, that take into account one or both of the previous.

In this way, we consider the Mean Squared Error (MSE) given by

N1 Nz

1 2
MSE (1,UY) = == 53 (T — Uily)
=1 k=1

that measures the difference between the images I and UMt In addition, we
consider the Peak Signal-to-Noise Ratio (PSNR) given by

2 2
PSNR (I,UN*) = 10.1logy (M5§E (1, UNt)>
where 255 is the maximum possible value of the image. We note that if the MSE
goes to zero, the PSNR goes to infinity. Therefore a higher PNSR is related to
higher performance of the noise filter.
Moreover, we considered the Mean Structural Similarity (MSSIM) [18],[17]
and [6] given by

1
Ny _ (Wij) 77Nt
MSSIM (1,U™) = - ZkSSIM (1), v )
-]7
where I(Wis) (respectively, U(];,f[t,. ,)) is a window of the original image I (re-
2,7
spectively, filtered image U(]‘\,f[t,, ,)) around the pixel (7,j), and the Structural
]
Similarity (SSIM) is a local measure given by

(2p1p2 + C1)(2012 + C3)
(43 + p3 + C1) (0% + 03 + (o)

SSIM (I3, I,) =

where u, and o and o012 are respectively the weighted mean, the weighted
standard deviations of the values of I, k = 1,2, and the weighted covariance,
given by

o= ) wilk(iyg), k=12
]
J

i
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ora =YY wij(I(i,j) — m)(L2(i, §) — p2)
j

7

with non-negative weights w;; satisfying >, >, wi; = 1. As in [18], we consider
the weights as a gaussian of standard deviation of 1.5, in a window of 11 x 11
pixels. Moreover Cy = (k. L)%, k = 1,2 are constants to stabilize the division
by denominators close to zero, where L = 255 is the dynamic range of the
pixel-values, and k1 = 0.01 and k2 = 0.03 as in [18]. The MSSIM checks for the
overall similarity between two images, assuming the value 1 if the images are
equal.

For standard images (Lena and the Cameraman), we added noise with a
uniform distribution. In this way we can compare the noiseless original image
and the filtered image. In this way, we compute the MSE between the original
(noiseless) image Iy and the filtered image UVt and the end time T'. If the MSE
goes to zero, the method performs well, since the filtered image is close to the
noiseless image. In a similar way, if the PNSR between Iy and U™t is high,
the method performs well. In the same way, the MSSIM between these two
images measures the similarity between them, being results close to 1 related
with a good performance of the filtering process without eliminating important
features from the original image.

As for OCT images, no original noiseless image exists, since the acquired
image is already noisy. In this case, we consider two approaches using: a) the
OCT noisy image and the filtered image and b) a synthetic original noiseless
image and added synthetic speckle OCT noise as described in [16] (giving rise
to a initial noisy image), and the filtered image. For a) the meaning of the
metrics is different since there is no ground truth (they are computed between
the initial noisy image and the filtered image), while for b) one can follow the
same procedure as previously mentioned for standard images.

5. Results

In this section we will illustrate the obtained results for both standard image
used in image denoising performance testing (Lena and Cameraman) and OCT
images, which are real medical images in need of image denoising.

For the discretization we considered a step in time h; = 0.025 for standard
images and h; = 0.05 for OCT images, and different values for the final time T’
for both semi-implicit and implicit methods. We considered § = 10~% for the
stopping criteria of Newton’s method, which was chosen by trial and error. The
experiments for the OCT images were made using a PC machine with Intel ®
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v =50 v = 100

Figure 1: Standard images with different level of noise.

Core™i5 processor running Microsoft Windows 7 and for the standard images
in a Intel ® Core™i7 running Microsoft Windows 10 both with 8GB RAM
memory, 64 bits and Matlab ® R2012b.

5.1. Standard Images (Lena and Cameraman)

We considered 3 different sets of noise for images of size 200x200 pixels. The
noise was added to the original image I to create a noisy image Ipise = I + F,
where F is a 200x200 image with each pixel with random intensity with uniform
distribution with zero mean and range [—~, 7], with v = 10, 50, 100, correspond-
ing to three different levels of noise. In this way, £ is the noise component of
the noisy image. In Figure 1 we present an example of the original (noiseless)
image and noisy images with the three considered levels of noise.

The dataset of 2000x200 images is constituted by 10 noisy images of Lena for
each noise level (in a total of 30 images) and 10 noisy images of the Cameraman
for each level of noise generated independently. To study the influence of the
image size and resolution, we considered noise images for different sizes as well,
namely 100x100 and 300x300.

The images were filtered by the proposed methods and the results of the
filtering processing will be documented in the following sections.

5.1.1. Influence of the Noise Level

Tables 1, 2 and 3 show metrics for images with the same size (200x200), same
¥ = 7/180 and k = 10 and different levels of noise v = 10, 50, 100 respectively.

These tables illustrate that the optimal final time 7" changes with the level
of noise. In fact, for v = 10 the optimal 7" is around 0.1, while for v = 50
and v = 100 it is around 0.3 and 0.5, respectively.
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Table 2: Metrics for semi-implicit and implicit methods - v = 50, ¢ =
/180 and x = 10, image size = 200x200

T Scheme Boundary Cameraman Lena
Condition MSE PSNR MSSIM MSE PSNR MSSIM
0 - - 208.015+1.145 24.984+0.024 0.549+0.001 | 208.073+0.819 24.983+0.017 0.58140.001
gy Newmann [ 12111780481 27.333£0.017  0.646:£0.001 | 113.8900.555 27.600£0.021  0.687::0.001
0.1 SCMHOPHCLnichlet | 122.52940.546  27.282-40.019  0.64740.001 | 114.67340.539  27.57040.020 0.687+0.001
implicit Dirichlet | 123.003+0.505 27.266+0.018 0.644+0.001 | 116.458+0.558 27.503+0.021 0.684+0.001
gy Newmann [ 99.161£0.509  28.201£0.022  0.716:£0.001 | 82.178+0.499  29.017+0.026 0.755::0.001
0.2 SCTMHODHCLhichlet | 101.12440.556  28.116-£0.024  0.718-40.001 | 83.574+0.480  28.94440.025 0.757+0.001
implicit Dirichlet | 99.330£0.502  28.194+0.022 0.713+0.001 | 83.774+0.505 28.934+0.026 0.752+0.001
il Neumann | 96.912:£0.639  28.301:£0.020 0.765:0.001 | 70.5080.480  20.682:£0.030 0.799:0.001
0.3 SCMHIPHCLnichlet | 98.61540.657  28.225-40.029  0.76840.002 | 72.388+0.461  29.56840.028 0.80140.001
implicit Dirichlet | 95.79140.624  28.35240.028 0.763+0.001 | 71.203+0.491  29.64040.030 0.797+0.001
gy Newmann | 113.604:£0.855  27.61140.033  0.821:£0.001 | 69.060+£0.482  20.773+0.030  0.844:£0.002
0.5 SCTHTHOPHCLpichlet | 112.42240.841  27.656-0.033  0.825--0.001 | 70.986+0.465  29.653--0.029  0.84740.002
implicit Dirichlet | 111.213+0.847 27.703+0.033 0.82120.001 | 68.855+£0.502  29.785+0.031 0.843+0.001
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5.1.2. Influence of the Parameter 9

Tables 4, 2 and 5 show metrics for images with the same size (200x200), same
x = 10, same level of noise v = 50 and different values of J, namely the
values ¥ = /60, 7/180, 7 /360.

Results do not show any considerable change in quality with the variation
of ¥ within the given values.

5.1.3. Influence of the Parameter &

Tables 6, 2 and 7 show metrics for images with same size (200x200), same
¥ = 7/180, same level of noise v = 50 and different values of x = 5, 10, 20.

They show a slight change in quality of the denoised image according to k.
Therefore, the optimal value of T changes as well, for kK = 5 it seems that the
optimal T is around 0.5 and for k = 20 around 0.2. It seems to indicate that
the higher the x the less the diffusion time 7" should be. This is expected, since
the increase in x increases the absolute value of the diffusion coefficient (2)

5.1.4. Influence of the Image Size

Tables 8, 2 and 9 show metrics for images with same ¢ = 7/180, same level
of noise v = 50, same x = 10 and different sizes of images 100x100, 200x200
and 300x300, respectively. It shows a slight change in quality according to size.
Thus, the optimal value of T" changes as well, e.g. for 100x100 7' optimal is
around 0.2 and for 300x300 it is around 0.3.

5.1.5. Computational Time

The computational time is presented in Table 10, where the mean times are
presented.

In fact, all the experiments for each diffusion time 7" had the same compu-
tation times (up to the second). It is clear that the implicit method is slower,
as expected, since at each step several iterations of Newton’s method need to
be computed. In addition, processing time seems not to change according to
9, k or v. However, and again as expected, the size of the image influences the
computational time.
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Table 5: Metrics for semi-implicit and implicit methods - v = 50, ¢ =
/60 and x = 10, image size = 200x200

T Scheme Boundary Cameraman Lena
Condition MSE PSNR MSSIM MSE PSNR MSSIM
0 - - 208.015+1.145 24.984+0.024 0.549+0.001 | 208.073+0.819 24.983+0.017 0.58140.001
gy Newmann | 12109150481 27.333£0.017  0.646:£0.001 | 113.8860.555  27.599£0.021  0.687::0.001
0.1 SCMHIPHCLnichlet | 122.49940.546  27.283+0.019  0.64740.001 | 114.666-£0.539  27.56940.020 0.687+0.001
implicit Dirichlet | 122.984+0.505 27.266+0.018 0.643+0.001 | 116.457+0.558 27.50240.021 0.684+0.001
gy Newmann [ 99.059£0.509  28.20620.022  0.716:£0.001 | 82.1210.499  29.019+£0.026 0.755::0.001
0.2 SCMHMOPHCLhyichlet | 101.0164+0.556  28.121-40.024  0.71840.001 | 83.512+0.481  28.94640.025 0.756+0.001
implicit Dirichlet | 99.23740.501  28.198+0.022 0.71340.001 | 83.721£0.506  28.935+0.026 0.752+0.001
il Neumann | 96.760:£0.639  28.308+£0.020 0.765:0.001 | 70.420::0.480  20.688:£0.030 0.799:0.001
0.3 SCMTHIPHCLnichlet | 98.45740.657  28.23240.029  0.76840.002 | 72.296+0.461  29.57440.028 0.80140.001
implicit Dirichlet | 95.646+0.624  28.358+0.028 0.763+0.001 | 71.118+0.491  29.645+0.030 0.797+0.002
gy Newmann | 113.405:£0.855  27.61620.033  0.821:£0.002 | 68.953£0.483  20.779+£0.030  0.844::0.001
0.5 SCMHTHOPHCLpichlet | 112.21540.842  27.66140.033  0.825-20.002 | 70.873+0.465  29.660--0.029 0.84740.002
implicit Dirichlet | 111.017+0.847 27.708+0.033 0.82140.001 | 68.749£0.502  29.792+0.032 0.844+0.002




109

IMPLICIT METHOD FOR NONLINEAR COMPLEX...

100'0F8IS'0  TE0°0FTLR'6T  PSVOFEISLI | 6T0°0FE8L0  EVOOFVIP8E  GT6'0FILLe6 | 1omprua  yordu
L000F7Z80  8Z0'0FL68'6C  CEVOFOITLY | STOOFO6LO 2S00F09E8E  COUTFLOETE | WIPWIA ) g s €0
100'0F028°0  0£0'0FE68'6Z  ELFOFLST'LO | CO0'0FT6L0  TEO'OFIOF'SE 669 0F6ILTG | wwewmon 0~
100°0F99L°0  920'0FILI6T 98V OFELE'6L | ET0°0FFTL 0 FPPIOFCIERT  0E'€FIG0°96 | Proma  ywoydug
[000FCLL0 920 0FIST6E 2OV OFPPELL | ET0OFPELO OETOFOTHRE  CUEFIEETE | WIPMA o qr e €0
100°0FTLL0  LEO'OFL6E6Z  LLYOFSYT'LL | CO0'0FVELO  FEOOFIIF'SE  PIGOFELETE | wwewmon 0 -
100'0F92L°0  €20°0FVIV'SE  E1G0FETHY6 | LTO'0FIRI0  86Z0FEISLE  STOSFRGYLOL | oromua  ywoydun
T000F9EL0  FZO'0OFISEST  Z670FLIRO6 | STOOFI60 8STOFCLELE  PECLFOOLTOL [ WIPWIA g s &0
100°0F€EL0  PTO'0FBLEE  FOGOFGL606 | T00°0FEGI0  6T0°0F6F0'ST  PGPOFI69°TOT | wwewmon
100'0FTL90  0C0'0FEGT'LT  GLGOFELOGEL | TO0'0FTEI0  0Z0'0FETOLE  G6GOFIS00ET | wrpoma  gwyduy
T000F6L90  020'0FILELT  SSGOFO0GGTT | TO00F6EY0  T200FLOTLL  S6GOFI6RGET | WIDIMA ) g e 10
100'0F8L9°0  0Z0'0FLLELE  G9G0FE06GIT | T00°0FSEI0  SIO0FILILE  LIGOFREY'GEL | uweumon
100°0FI8G'0  LT0'0FESGFE_618°0FELO'ROE | T00'0F6FS0  FZ0'0FIREFE  GPTTFGI0'B0T - - 0
INISSIN UNSd ASIN INISSI UNSd ASI uonIpuoy)

RUDT TRUTRISUIR)) Arepunog UG I

00X00g = ozIS oFeWl ‘¢ = ¥ pue QT /1
=@ ‘0¢ = A - spopjewn jorduat pue YOMAWI-TLS I0] SOLIPIN 9 S[qRT,



M. Oliveira, P. Serranho

110

Table 7: Metrics for semi-implicit and implicit methods - v = 50, ¢ =
/180 and x = 20, image size = 200x200

T Scheme Boundary Cameraman Lena
Condition MSE PSNR MSSIM MSE PSNR MSSIM
0 - - 208.015+1.145 24.984+0.024 0.549+0.001 | 208.073+0.819 24.983+0.017 0.58140.001
gy Neumann [ 119.939:£0.470  27.375£0.017  0.650:£0.001 | 1116860553  27.685£0.021  0.690::0.001
0.1 SCMHHOPHCLnichlet | 122.24040.547  27.293+0.019  0.65040.001 | 112.91740.535 27.63740.020 0.690+0.001
implicit Dirichlet | 120.703+0.484 27.34840.017 0.649+0.001 | 112.8720.554 27.639+0.021 0.689+0.001
gy Newmann [ 10192680544 28.08240.023  0.725:£0.001 | 79.482+£0.507  29.162£0.028  0.764::0.001
0.2 SCMHOPHCILhyichlet | 106.676+0.630  27.884-£0.026  0.7264-0.001 | 82.203+0.481  29.01640.025 0.765+0.001
implicit Dirichlet | 101.51940.543 28.099+0.023 0.724+0.001 | 80.253+0.516 29.12040.028 0.763+0.001
iy Neumann | 107.93120.686  27.833£0.027 0.775:0.002 | 70.4920.497  20.684:£0.031  0.8090.001
0.3 SCMITHIPHCLnichlet | 114.25840.777  27.58640.029  0.77740.002 | 74.542+0.470  29.44140.028  0.8104-0.002
implicit Dirichlet | 106.634+0.682 27.886+0.028 0.775+0.001 | 70.820+0.512  29.663+0.031 0.808+0.001
iy Neuwmann | 143.791:£0.863  26.5870.026  0.822:£0.001 | T6.463+£0.499  29.330£0.028  0.845:£0.002
0.5 SCMHTHIPHCLhichlet | 150.76440.994  26.38140.029  0.825--0.001 | 82.350+0.493  29.008--0.026  0.84740.002
implicit Dirichlet | 141.72040.866  26.650+0.026 0.82240.002 | 76.370£0.523  29.336+0.030 0.845+0.001
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Table 9: Metrics for semi-implicit and implicit methods - v = 50, ¢ =
/180 and x = 10, image size =300x300

T Scheme Boundary Cameraman Lena
Condition MSE PSNR MSSIM MSE PSNR MSSIM
0 - - 208.3784+0.808 24.976£0.017 0.49940.000 | 208.540+0.634 24.973+0.014 0.83140.005
gy Newmann [ 11511160401 27.554£0.015  0.608:£0.001 | 1119610434  27.674=0.017  0.633::0.001
0.1 SCMHIPHCLpichlet | 115.90240.454  27.524-0.017  0.60940.001 | 112.44240.416 27.65540.016 0.633+0.001
implicit Dirichlet | 117.391+0.426  27.468+0.016 0.604+0.001 | 114.456£0.450 27.578+0.017 0.629+0.001
gy Newmann | 85.205£0.330  28.856:0.017  0.688:£0.001 | 76.856+0.364  29.308+£0.021 0.714:0.001
0.2 SCMHODHCL - hyichlet | 86.16840.444  28.811-40.023  0.69040.001 | 77.662+0.349  29.26240.020 0.715+0.001
implicit Dirichlet | 86.368+0.348  28.801+0.018 0.684+0.001 | 78.549+0.379 29.213+0.021 0.710%0.001
il Neumann | 75.940:£0.343  20.360£0.019 0.747+0.001 | 619660340  30.243:£0.024  0.770+0.001
0.3 SCMIHIPHCLniichlet | 76.38940.492  29.335-40.028  0.74940.001 | 63.095+0.341  30.16540.023 0.772+0.001
implicit Dirichlet | 75.948%+0.354  29.36040.020 0.744+0.001 | 62.855+0.355 30.18140.025 0.767+0.001
gy Newmann | T9.863£0.403  20.141£0.022  0.817:£0.001 | 54.560+0.345  30.796:0.027  0.833:0.001
0.5 SCMHTHOPHCLpichlet | 77.81040.586  29.254-00.033  0.82140.001 | 55.744+0.385  30.70340.030 0.835+0.001
implicit Dirichlet | 78.770£0.411  29.20140.023 0.816+0.001 | 54.652+0.355  30.789+0.028 0.832+0.001
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Table 11: Times for semi-implicit and implicit methods Lena and Cam-
eraman images.

T Scheme Boundary 100x100 200x200 300x300
Condition | Lena  Cameraman | Lena  Cameraman | Lena  Cameraman
.. . .. Neumann | 0:00:00 0:00:00 0:00:02 0:00:02 0:00:11 0:00:47
0.1 Semidmplicit pblet | 0:00:00  0:00:00 | 0:00:10  0:00:10 | 0:00:25  0:01:41
implicit Dirichlet | 0:00:05 0:00:06 0:01:29 0:01:44 0:22:44 0:29:02
.. .. Neumann | 0:00:00 0:00:00 0:00:05 0:00:05 0:00:22 0:01:35
0.0 Semimplicit pblet | 0:00:00  0:00:00 | 0:00:21  0:00:21 | 0:00:49  0:03:21
implicit Dirichlet | 0:00:08 0:00:10 0:02:43 0:03:02 0:44:02 0:51:09
.. .. Neumann | 0:00:01 0:00:00 0:00:08 0:00:08 0:00:33 0:02:23
0.3 Semidmplicit pLblet | 0:00:01  0:00:01 | 0:00:32  0:00:31 | 0:0219  0:05:00
implicit Dirichlet | 0:00:12 0:00:14 0:03:59 0:04:19 1:05:45 1:12:59
.. .. Neumann | 0:00:01 0:00:01 0:00:13 0:00:13 0:01:00 0:03:59
0.5 Semmplicit pblet | 0:0001  0:00:01 | 0:00:53  0:00:53 | 0:05:18  0:08:17
implicit Dirichlet | 0:00:18 0:00:20 0:06:39 0:06:57 1:49:03 1:56:18
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Figure 2: Profile for the middle line of the Lena image for v = 50,
comparing the three approaches for 7'= 0.1.

5.1.6. Summary

It is clear that in all cases, the methods are similar in performance. Further-
more, it is clear that in each case the optimal diffusion time 7" seems to depend
on whether one wants to optimize MSE, PSNR or MSSIM. Therefore the choice
of T"must take that into account, and likewise the size of the image and the level
of noise. The implicit method seems to slightly outperform the semi-implicit,
while the Neumann condition seems to perform slightly better than Dirichlet.
However these differences are very slight, and therefore they seem not to be
worth while when taking into account the higher computational cost of the
implicit method.

In Figure 3 we illustrate the filtering result for the implicit method and in
Figure 4 for the semi-implicit method, both with Dirichlet boundary conditions.
Moreover in Figure 2, we illustrate a profile of the images comparing the three
approaches.

5.2. OCT Images

The dataset used to compute the metrics is composed by 4 different B-scan
images from each of 8 OCT volumes, in a total of 32 images with dimension
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Noisy Image

Figure 3: Result of filtering using the implicit method with Dirichlet
boundary condition for Lena standard image with v = 50.

Noisy Image

Figure 4: Result of filtering using the semi-implicit method with Dirich-
let boundary condition for Camera standard image with v = 50.

512x1024 each. Since no ground truth is known, the comparison of the metrics
will be made considering the initial noisy image and the filtered image, therefore
the interpretation of these metrics is slightly different than for the metrics for a
original noiseless image and filtered image. For instance, in this case the MSE
is expected to increase with the diffusion time, since the noise is eliminated.

In addition, we considered 4 B-scans from each of 8 synthetic OCT volumes,
generated following the procedure in [16]. In this way, we have 32 synthetic
images where the synthetic noiseless image is known, and to which synthetic
OCT speckle noise is added to obtain a synthetic noisy OCT image, again
following [16]. All the listed performance metrics can be used for these synthetic
images, since the synthetic ground truth is known.

The filtering process for each image considered a constant « = 10 and
¥ = m/180 for the definition of the diffusion coefficient (2). The results are
shown in Table 12.

We remind that for real OCT images, the performance metrics are computed
between the initial (noisy) image and the filtered version, since no ground truth
is known. It is clear that while MSE increases, the MSSIM does not change
significantly, showing that mostly noise is being eliminate (the main features of
the image remain). However, the MSSIM assumes always low values due to the
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Table 13: Times for semi-implicit and implicit methods for OCT images.

T Scheme Boundary | Times
Condition | OCT

Neumann | 0:00:25
Dirichlet | 0:00:43
implicit Dirichlet | 0:04:35

Neumann | 0:01:16

01 semi-implicit

semi-implicit

0.3 Dirichlet | 0:02:10
implicit Dirichlet | 0:13:49
mi-implicit Neumann | 0:02:07

0.5 COMHEPHCY T hiichlet | 0:03:36

implicit Dirichlet | 0:23:04

presence of noise in the original image that is being compared.

This performance is stressed in the synthetic OCT case, where the ground
truth is known. The MSE decreases (and therefore the PNSR increases) while
the MSSIM increases, showing in accordance with [4] that this is a suitable
method for OCT noise filtering. However, it seems that in this case the optimal
diffusion time 7" might be larger than 7" = 0.5, since the performance metrics
continue to improve. Moreover, since the images are quite larger than in the
previous section, the influence of the boundary condition seems to fade in the
overall performance.

Computational times are displayed in Table 13.

We illustrate the effects of the filter in Figure 5 for real OCT and in Figure
6 for synthetic OCT.

6. Discussion and Conclusion

In this work, we proposed the development and implementation of an implicit
finite difference method for solving a complex diffusion differential equation
with applications to noise filtering in images of the human retina by OCT.We
have made an extensive comparison of the performance of the semi-implicit
and the implicit methods (ours) for complex diffusion, in the context of noise
filtering. We were able to illustrate that several aspects (noise level, image
size and method’s parameters) influence the noise removal performance. In
fact, all methods are similar in performance. However, in each case the optimal
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Figure 5: Real OCT image (left) and filtered image after 7' = 0.5
(right).

Figure 6: Synthetic Noisy OCT image (left), filtered image after 7' = 0.5
(center) and noiseless synthetic image (right).
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diffusion time 7" seems to depend on whether one wants to optimize MSE, PSNR
or MSSIM. Furthermore, the size of the image and the level of noise influence
the choice of the optimal T'. In addition, different values for the 9 parameter
did not show any considerable change in quality. However, the x parameter
showed a slight change in denoising quality, thus contributing to the optimal
T.

As illustrated, though the implicit method has a few benefits in terms of
noise removal, it is more arduous to implement and has more computational
cost. As a by-result of this study, there is now available a complete characteri-
zation of the Jacobian associated with the linearization of the implicit step by
the use of Newton’s method [10, pp.19-25].

As illustrated in a previous work [14], it is clear that the boundary condition
has little influence on the performance, though the Neumann condition seems
to slightly outperform the Dirichlet case for relatively small images. For large
images this effect fades out. Finally, this method is shown to be adequate for
OCT filtering, and therefore it is expected to perform well for similar medical
images as for instance, ultrasound.

In the future we will consider the tuning of parameters regarding the size of
the image and noise level, since the optimal diffusion time seems to be dependent
on that. In general, an adaptive proper choice of the parameters of the diffusion
coefficient is still an open problem, though some advances have been made for
OCT [4].
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