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NONLINEAR TENSOR DIFFUSION IN IMAGE PROCESSING*

OLGA STASOVA , KAROL MIKULA , ANGELA HANDLOVICOVA', AND NADINE
PEYRIERAS!

Abstract. This paper presents and summarize our results concerning the nonlinear tensor
diffusion which enhances image structure coherence. The core of the paper comes from [3, 2, 4, 5].
First we briefly describe the diffusion model and provide its basic properties. Further we build a
semi-implicit finite volume scheme for the above mentioned model with the help of a co-volume mesh.
This strategy is well-known as diamond-cell method owing to the choice of co-volume as a diamond-
shaped polygon, see [1]. We present here 2D as well as 3D case of a numerical scheme, see [3, 4].
Then the convergence and error estimate analysis for 2D scheme is presented, see [3, 2]. Last part is
devoted to results of computational experiments. They confirm the usefulness this diffusion type not
just for an image improvement but also as a pre-processed algorithm. Numerical techniques which
require a good coherence of image structures (like edge detection and segmentation) achieve much
better results when we use images pre-processed by such a filtration. Let us note that this diffusion
technique was successfully applied within the framework of EU projects. It was used to pre-process
images for the structure segmentation in zebrafish embryogenesis, see [5].

Key words. image processing, nonlinear tensor diffusion, coherence enhancing diffusion, nume-
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1. Introduction. Coherence enhancing diffusion (CED), see [11], is a technique
which enables to achieve an improvement of image structure connectivity. It is also
helpful as a pre-processed algorithm for numerical methods in which a precise image
structure coherence is desirable (e.g. edge detection, segmentation). Applying these
procedures on images filtered by CED yields an enhancement of their results. The
filtration process is driven by the diffusion tensor in such a way that the diffusion
is strong in preferred directions, e.g. along edges (in 2D images) or along 2D edge
surfaces (in 3D images) which causes a recovery of defects in image structures. In-
terrupted places will be completed. On the contrary, the smoothing is low in the
perpendicular direction and therefore the edges are not significantly blurred.

2. Mathematical model. Let Q)7 is a spatio-temporal domain, where a time
interval is given by I = [0, 7] and € (subset of R2 or R3) is an image domain with the
boundary 0. We consider the coherence enhancing diffusion model on this domain.
It has the following form, see [11, 3, 7, 4],

(2.1) %—V~(DV1¢)=O inQr=1xQ,
(2.2) u(z,0) =wup(x) in
(2.3) DVu-n=0 on I x 89,
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where u(z,t) denotes an unknown function and represents a grey level image intensity,
up € L?(2) and n denotes the outer normal unit vector to the 9Q. The matrix
D represents the so-called diffusion tensor. Its design differs in dependence on a
dimension order.

2.1. 2D diffusion tensor. The construction of the 2D diffusion tensor is based

on the eigenvalues and eigenvectors of the (regularized) structure tensor J,(Vu;) =
b

G, x (Vu;Vuy;T) = < Z . ) , where uz(z,t) = (Gi * u(-,t))(z). G; and G, are

Gaussian convolution kernels, see [11, 3]. The matrix J, is symmetric and positive

semidefinite and its eigenvectors are parallel and orthogonal to Vu;, respectively.

Its eigenvalues are given by p1 = % (a +ety/(a—c)?+ 4b2> , 1 > po. The cor-

responding orthogonal set of eigenvectors (v, w) to eigenvalues (u1,p2) is given as
follows

V:(Ul7v2)7 W:(wth)v WJ—Vv w1 = —v2, w2 = U1,
(2.4) vy = 20, vo =c—a++/(a—c)?+4b2.

The orientation of the eigenvector w corresponding to the smaller eigenvalue ps is
called the coherence orientation. This orientation has the lowest fluctuations in image
intensity. The diffusion tensor D is built to steer a filtering process such that the
smoothing is strong along the coherence direction w and increases with the coherence
(1 — p2)?. To achieve it, we require D to possess the same eigenvectors v and w as
the structure tensor J,(Vu;) and we choose the eigenvalues of D as follows

(2.5) ki=a, ac(01), akl,

{ «, if H1 = 2,

a+(1—a)exp (ﬁ), C >0 else.

Ro =

Hence we get the diffusion tensor in the form

(26) D=ABA™' where A= ( U1 ) and B = ( F 0 ) ,

va U1 0 ko
which depends nonlinearly on partial derivatives of solution wu, possesses smoothness,
symmetry and uniform positive definiteness properties.

2.2. 3D diffusion tensor. The construction of the 3D diffusion tensor is based
on a smoothed intensity gradient given by Vu; = (uy,, Us,, Uz, )T, where uz(z,t) =
(G7 * u(-,t))(z), (f > 0) and G; is a Gaussian kernel, see [4, 7]. Provided that
p = ||Vuz||> > 0 we choose a triplet of vectors (vi,va,vs) by v || Vuz, va L Vug,
vs L Vu;, va L v3. The direction of vector vy corresponds to the direction of the
largest intensity change. The other two vectors give a tangential plane to a level set of
image intensity which may represent a 2D surface edge in a 3D image, provided that u
is large. It is called coherence plane P and represents an eigenspace corresponding to
the eigenvalue 0 of the outer product Vu; ® Vuz. In order to enhance the coherence,
the diffusion tensor D must steer the filtering process such that the diffusion is strong
and increasing with the level of p along the coherence plane P and is small in the
perpendicular direction. We achieve it by choosing the eigenvalues of the diffusion
tensor, which determine the diffusivities in the directions vy, vo and vg as

(2.7) ki=a, ac(0,1), ak]l,
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o, if u=0,
Ko = K3 =4 +(1-a)exp (*TC)’ C >0 otherwise.

Then we apply another convolution with a smoothing kernel G, and get the diffusion
matrix D in the form

(2.8) D = G, % Dy, where Dy =4 D1 =0, P B
: = e X P0, WACKE H0 = ppp-1 gtherwise, - 0 %2 .
2

and P denotes a transition matrix from the basis (v1,va,vs) to (e1,ea,e3). If u > 0,
the matrix Dy has the following form

L[ uRs (Ul Ful ke e Ua, (K1 — K2) Uz, Ugy (K1 — K2)
- UpyUgy (K1 = K2)  ug ki + (UG, Hud, ke Ugy Uy (1 — K2)
Ugy Uy (K1 — K2) Upy Uy (K1 — K2) Ui?,/ﬂ + (ui1 + uiQ)/ﬁg

in the standard basis (e1, ez, e3). Such choice of the matrix Dy was given in [4], it is
independent on a concrete choice of vo and v and can be directly and fast evaluated
using the diamond-cell finite volume technique (see also next section). The 3D dif-
fusion tensor satisfies the smoothness, symmetry and positive definiteness properties,
see [4], as does the 2D diffusion tensor.

3. Diamond-cell finite volume scheme. We design the numerical scheme
for CED using the finite volume method, see [6], since this discretization technique
uses the piecewise constant representation of approximate solutions similarly to the
structure of digital images. The restrictions of the classical five-point method for the
tensor models, see [8], lead to choice of the nine-point diamond-cell method in 2D,
see [1, 3]. Similarly, we switch to 27-point scheme instead of simpler 7-point scheme
in 3D space, see [4].

Let the image be represented by m; X ms pixels (finite volumes) in 2D or by
n1 X no X ng voxels in 3D such that it looks like a mesh with n; rows and ny columns in
2D or a mesh with ny rows, ns columns and ng layers in 3D. Let = (0,n1h)x (0, n2h)
in 2D or Q = (0,n1h) x(0,n2h) x (0, ngh) in 3D with a pixel(voxel) size h. We consider
the filtering process in a time interval I = [0,T]. Let the time discretization be given
by 0 =t <t <. <tn,,, =1 witht, =t,_1 + k, where k is the length of
the discrete time step. 7T is an admissible finite volume mesh, see [6] and further
quantities and notations are given as follows: m(W) is the measure of the finite
volume W with boundary OW, owr = W N E = W|E is an edge(face) of the finite
volume W, where E € T;, is an adjacent finite volume to W such that the measure
m(W N E) # 0. At several places we will replace owg by o to simplify notation.
m(o) is the measure of edge (face) o. Ew represents the set of edges(faces) such that
OW =U,ce,, @ and € = Uy 7, Ew. The set of boundary edges(faces) is denoted by
Eext, that is Eepr = {0 € £,0 C 0N} and denote &t = €\ Eeut. T is the set of pairs
of adjacent finite volumes, defined by T = {(W,E) € T2, W # E, m(owr) # 0}
and nyy,, is the normal unit vector to o outward to W. Let ujj, represents a numerical
solution on finite volume W, W € T, at time t,, n =1, ..., Npaz-

Our discrete solution is given by up, (2, t) :ZJZZSI ZWGEU%X{IEW}X{tn—1<t§tn ¥
where the function x4y is defined as

~f 1, if Ais true,
X{Ay = 0, elsewhere.
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The finite volume approximation at the n-th time step is given by

up () = Y uppx{z € W}
WeT,

and initial values as u9, = W% uo(x)dz, W € Tj.

We start the scheme derivation integrating the equation (2.1) over the finite vo-
lume W, then provide a semi-implicit discretization and use the divergence theorem
to have

n n—1
u —Uu
WTWm(W) - (D" 'Vu™) - nyyods = 0.

c€EWNEint ¥ 7

(3.1)

We can define an auxiliary unknown qbg(uz ) representing an approximation of the
exact averaged flux ﬁ fU(D"_1Vu") - ny,sds for any W and o € £y in order to
rewrite (3.1) in the form

n—1 1

’U’TVLV — Uy o n(,n _
(3.2) 3 () Z ¢ (uh g)m(o) = 0.
oc€EwNEint

Approximation of the flux ¢y (uj ;) is built with the help of a co-volume mesh,
see e.g. [1, 3]. The 2D co-volume Yy, associated to o is constructed around each edge
by joining endpoints of this edge and midpoints of finite volumes which are common
to this edge, see Fig. 3.1. We create a co-volume Y, associated with ¢ around each

Tan T
ny,s.. CNE o
Twe, Xows|—> o TE TEe +—7 Xogw ® TW

a oW . OEW
Acm'ff-.-'is Aca Gl TN

F1G. 3.1. The co-volumes xo associated to edges o = owg (left) and o = opw (Tight).

QI
Qi

finite volume face by joining four vertices of this face and midpoints of the finite
volumes which are common to this face, see Fig. 3.2. Using this technique we obtain
the scheme in the form, see [3, 4],

n—1
Uy — u 1 n(,n
c€EWNEint
. n/on = U — U — o uR — ul
(3.4) with 2D @7 (uj, ;) = 11% + D12%,
3 n(,n o ufy — uy Ao Wiy + Uk — Whe — Uk
(3.5) with 3D @7 (uj, ;) = 11% + Dg,~IN BN2h TS BS
o Wiy + Uy — Uy — U
De. TN TS BN BS.
+ Dy o7

where D, and DY, in 2D ¢5(up, 1) are elements of the matrix D, = D! written
in the basis (nw,, tw,), see [1], where ty,, is a unit vector parallel to o such that
(xn — xs) - tw,, > 0. The values at xx and zyw are taken as ug and uw, and the
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F1G. 3.2. The co-volumes associated with the face o = owg (left) and o = ogw (right).

values ug and upy at the vertices xny and xg are computed as the arithmetic mean
of uy, where W are finite volumes which are common to this vertex. Further, DY,
D¢, and DYy in 3D ¢7(ull ) are elements of the matrix D, = D?~! written in the
basis (nW7a,t1W,U,t2W7{,),V where tlg , is a unit vector parallel to zpy — z7s such
that (xonv — z7s) - tlx » > 0 and 2k , is a unit vector parallel to zpy — xgy such
that (z7n — 2BN) - 2K,» > 0. Due to the computation of the values ury, urs, upny
and upg in (3.5) as the arithmetic mean of neighbouring voxel values, we get the 27
point finite volume scheme.

4. Convergence analysis for 2D discrete scheme. We proved the conver-
gence of the numerical solution of the scheme (3.3)-(3.4) to the weak solution of the
problem (2.1)-(2.3) in [3]. Our convergence analysis follows the convergence proof
from [8], see [3]. However, our scheme is 9-point scheme compared with the 5-point
scheme from [8]. Due to this fact, we must take into account also values of corner’s
neighbouring volumes. They appear in the scheme in the form of a derivative in the
tangential direction, since uy and ug are computed as arithmetical mean of their 4
adjacent volumes. In order to overcome the difficulties arising in the occurrence of
uy and ug we bound the derivative in tangential direction by using the derivative in
normal direction with the help of the following lemma.

LEMMA 4.1. (Bounding of the derivative in tangential direction) The derivative
in tangential direction is bounded by the derivative in normal direction (see Fig. 3.1)
as follows

_ 2 2 2
DY. u —ud\ " =, Uy — Uy —
T R AN R A Sy A

g
0EEint 1 0€Eint
NS\ 2 s
_ _ L (Djy\" Dy,
where 0<~vy <1, Y=maxY,, Yo = B ) B
€
7 SE€EP,NEint 11 11

where edges § and set P, are given in the following definition.
DEFINITION 4.2. Let P, be the set of all edges § perpendicular to o, which have
common vertex with o and fulfill the following conditions:
(B, —zw;) - twe > 04f (zn, —2s,) - tw,e >0 and
(JZE(; - J,‘Wé) “twe <0 if (CUNU — 5850) “tw,e <0,
which means that xg; — xw, has the same orientation as the tangent tyw,. Let us

note that zw, = fil/[/(; = x%é, for o = owr, xp, = m%/v(; = x‘,{;é, for o = owg,

_ .2 _ 4 _ _ .1 _ .3 _
Tw, = Th, = Tyy,, for o =opw and xg, =Tp, = Tiy,, for o = opw.
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Our convergence proof is based on Kolmogorov’s compactness theorem. We
proved the following lemmata: Uniform boundedness, Time translate estimate, Space
translate estimate and stronger Space translate estimate in [3]. Using these lemmata
we know that the sequence of discrete solution uy, j is relatively compact in L?, which
implies that there exists a subsequence of uy j which is bounded. The main theorem
of the convergence analysis is given below.

THEOREM 4.3. (Convergence of the scheme) The sequence up, i, converges strongly
in L?(Q7) to the unique weak solution u of (2.1)-(2.3) as h,k — 0.

The crucial ideas used in our convergence proof are the convergence of the dis-
crete weak form to the continuous weak form, which follows from the Lipschitz con-
tinuity of diffusion tensor elements and the fact that the limit u of uy j is in space
L?(0,T; HY(Q)), which follows from stronger Space translate estimate. The detailed
convergence proof can be found in [3].

5. Error estimate analysis. This section concerns with an estimate of the dif-
ference between the weak solution of the model (2.1)-(2.3) and the numerical solution
satisfying the scheme (3.3)-(3.4) in dependence on spatial and time discretization step,
see [2]. Subtracting the discrete form from the continuous form and rearranging it
we get a relation. It can be split in several terms and each of them can be bounded.
Using these estimations we can state the following theorem.

THEOREM 5.1. (Error estimate) Let the weak solution fulfil the following re-
gularity properties: Vu € Loo(Qr), uy € Lo(Qr), u € Lo(I, W?2(Q)), Vu; €

Ly(I,Lo(R2)). Let ey, = u(zw, t,)—uy, and 627;@(93%) WZ EW X{zeW I X{tn_1<t<tn}-
€Th
Then, there exist a constant C, such that for sufficiently small h

/|€hk| dx+2/|ehk*€hkl\ dl’*Z/ Z b —eiy)?dt < C(h* + k)

n= 1t 0€Eint

for every m =1, ..., Npax-

One can observe that the error of the piecewise constant approximation given by
our scheme in Lo (I, Lo) is of order h. The core of error estimate proof consists of a
bounding of the derivative in tangential direction by means of the derivative in normal
direction, a time translate estimate for approximate solution and the Lipschitz conti-
nuity of the diffusion tensor elements with respect to the smoothed partial derivatives
of the solution. The detailed error estimate proof is given in [2].

Let us note that the 3D convergence / error estimate analysis is still an outstand-
ing problem since we are not yet able to extend the inequality from Lemma 4.1 to its
3D version.

6. Computational experiments. The goal of this section is to demonstrate
benefits of our numerical technique. We performed our experiments on a 2D finger-
print image (type of flow-like structures image) and 3D image sequences coming from
the two-photon laser scanning microscopy. They represent early stages of zebrafish
embryogenesis.

First experiment represents the behaviour of the CED (coherence enhancing dif-
fusion). This technique yields a coherence improvement of image flow-like structures.
After several filtration steps round interrupted places become gradually elongated in
the coherence direction and they will be eventually corrected, see Fig. 6.1 and Fig. 6.2.
We used the following filtration parameters: a space step 0,01, a time step 0,0001,
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Fic. 6.1. A fingerprint image. Top: the original image(left), the filtered image after 5 time
steps(middle) and the filtered image after 20 time steps(right). Bottom: the Sobel edge detections
of these images.

t = 0,000025 and p = 0,002. Fig. 6.1 shows a fingerprint image. The original image
is deteriorated by numerous redundant apertures while most of them are lost in the
filtered image. Fig. 6.2 depicts damaged cell membranes. Some boundaries are almost
lost in the original image, but we are able to clearly recognize them in the filtered
image.

6.1. Pre-processing technique. Further, we concern our method as a pre-
processing technique. We show its contribution to the subsequent image algorithms.
If we pre-process images for techniques which depend on the connectivity of coherent
image structures by the CED, we achieve significantly better results. We can adduce
an edge detection as an example. If we compare the edge detections of an original
and filtered image, see Fig. 6.1 and Fig. 6.2 (bottom), we can observe that the edge
detection of the original image depicts many superfluous image structures caused by
noise which are omitted in the edge detection of the filtered image. Moreover, several
boundaries which are lost in the first edge detection are reconstructed in the second
edge detection, see Fig. 6.2 (bottom).

The structure segmentation, see [5], is also the post-processing algorithm following
CED. We use the segmentation based on the subjective surface method, see [10] and
its finite volume implementation from [9]. The segmentation model has the following
form

Vu

Ve2+ |Vul?

(6.1) Oyu = /2 + |Vu|?V. (g(|VGg « 1%) ) inQr=1xQ,

(6.2)  u(x,0) =ug(z) inQ,
(6.3) u=0 on I x 99,
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Fic. 6.2. Cell membranes. Top: the original image(left) and the filtered image after 5 time
steps(right). Bottom: the Sobel edge detections of these images.

where I° is the image intensity and ¢ is the regularization parameter. The solution u
denotes the evolving segmentation function. The function g = g(|VG, * I°|) has the
role of the edge detector. We start the segmentation imposing the initial segmentation
function in an approximate center of segmented object. This function is evolved by
equation (6.1) to a final steady state which gives the boundaries of the segmented
object. The question is which isoline of the final steady state most precisely represents
the object shape. The chosen isoline is most naturally taken as the average of maximal
and minimal value of the final segmentation function.

The goal of this experiment is to segment an eye retina of a zebrafish embryo.
Let us note that the structure segmentation is much more complicated than image
segmentation since evolving segmentation function is restrained to achieve correct
segmentation steady state by fine image objects representing inner cell structures. In
order to overcome these constraints we pre-processed images for the segmentation by
the CED. Even though they look too blurred they are very suitable for the structure
segmentation, see Fig. 6.3. The segmentation result for the original image consists of
amount of various isolines and chosen medium isoline bounds only a part of segmented
object. On the contrary, the final segmentation function for the image filtered by the
CED is represented by a variety of almost identical isolines and each of them precisely
illustrates shape of segmented object.

In order to compare our method with other filtration techniques, we pre-processed
images for segmentation by the GMCF (geodesic mean curvature flow), MCF (mean
curvature flow) and PM (Perona-Malik) smoothing. Fig. 6.4 depicts their segmenta-
tion results which are much worse than the final steady state achieved by the coherence
enhancing technique. It is caused by the fact that this diffusion not only smooths noise
and image objects but emphasizes image structure boundaries as well.

Last experiment is devoted to results of the 3D CED as well as the 3D segmen-
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F1G. 6.3. The eye retina segmentation using the 2D slice of 3D original image (left) and the
2D slice of 3D image filtered by 20 time steps of the 3D nonlinear tensor diffusion (right). Top:
the averaged isoline of the final state of segmentation function is superimposed to the original and
filtered slice, respectively. Bottom: the graph of the final state of segmentation function is plotted
after 2000 segmentation time steps using the original slice and after 200 time steps using the filtered
slice.

tation algorithms, see Fig. 6.5. These techniques were performed on the 3D image
detail representing two cell nuclei. One can observe that the original image is much
more deteriorated by a noise than the image filtered by the CED and the noise of
the filtered image is less distinct. The contours of the filtered nuclei are smoother
than the nucleus contours from the original image since the diffusion tensor of the
CED steers the smoothing process in such a way that the diffusion is strong along
the coherence plane and very low in the perpendicular direction to this plane. Owing
to the above mentioned facts we achieved more precise segmentation results for the
nuclei filtered by CED, cf. Fig. 6.5(left) and (right).

The experiments mentioned before confirm the utility of this filtration as a pre-
processing technique for algorithms which depend on the connectivity of coherent
image structures.
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