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nD variational restoration of curvilinear structures
with directional regularization

Odyssée Merveille, Benoit Naegel, Hugues Talbot, Nicolas Passat

Abstract—Curvilinear structure restoration in image process-
ing procedures is a specific task, which can be complicated when
these structures are thin, i.e. when their smallest dimension is
close to the resolution of the sensor. Many recent restoration
methods involve considering a local gradient-based regularization
term, assuming gradient sparsity. An isotropic gradient operator
is typically not suitable for thin curvilinear structures, since
gradients are not sparse for these. In this article, we propose a
mixed gradient operator that combines a standard gradient in the
isotropic image regions, and a directional gradient in the regions
where specific orientations are likely. This operator is proposed
in a discrete framework and its formulation / computation holds
in any dimension; in other words, it is valid in Z", n > 1.
We show how this mixed gradient can be relevantly embedded
in variational frameworks, and then involved in various image
processing tasks while preserving curvilinear structures. Exper-
iments carried out on 2D / 3D, real / synthetic images illustrate
the relevance of the proposed gradient and its use in variational
frameworks for both denoising and segmentation tasks.

Index Terms—directional gradient, proximity operator, nD
images, variational framework, filtering, segmentation

I. INTRODUCTION

URVILINEAR structures are among the most difficult

to preserve when carrying out image processing tasks.

By curvilinear, we mean objects with a spatial dimension d
that can be considered strictly lower than the dimension n
of the space in which they are embedded. In this article, we
are interested in objects of dimension d = 1 within spaces of
dimension n > 2. For n = 2, such objects can be, for instance,
roads in remote sensing images, vessels in eye fundus imaging;
for n = 3, they can be fibres in composite materials, complex
vascular networks in medical images; for n = 4, they can be
tracked trajectories of moving objects in 3D+time images; etc.
The preservation of curvilinear structures is challenging for
various reasons. They are generally sparsely distributed within
images, due to their low dimension. They are also often thin
structures, with a thickness similar to the image resolution. In
addition, they can have complex geometry and topology, with
high curvatures, tortuosity, junctions and bifurcations, etc. All
these properties make observing curvilinear structures difficult.
In particular, they are easily corrupted by noise, and they often
suffer from partial volume effect, due to the above mentioned
properties. In this context, many existing image processing
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methods cannot efficiently discriminate them from noise and
artifacts.

For tackling these issues, a relevant solution consists of
guiding the process by information related to the location
and geometric properties (size, orientation) of curvilinear
structures. The robustness of the framework then depends on
(1) the reliability of this prior information, and (2) the ability
to efficiently embed and use this information for improving
the restoration or segmentation process.

Regarding point (1), several contributions have been specif-
ically devoted to compute information of curvilinear structures
from nD images (often with n = 2 or 3). A complete state
of the art is beyond the scope of this article; a brief survey is
proposed in Section II-A.

In this article, our purpose is related to point (2). Indeed,
we aim at developing a framework that explicitly models and
uses information about curvilinear structures for improving
their efficient processing. In particular, our approach relies on
a variational paradigm, which is versatile in terms of image
dimensions, and allows one to process nD images in a unified
way.

Many variational formulations stem from a Maximum a
Posteriori Bayesian interpretation that is expressed in a sum
of two terms, namely a data-fidelity term and a regulariza-
tion term. The regularization term corresponds to an image
model. Among these, Total-Variation-like approaches aims at
regularizing the result versus image noise, by minimizing the
overall gradient of the segmentation result. Resulting from
several decades of research, this classical regularization term
usually provides good results except on curvilinear structures.
The reasons of this failure are discussed in Section III-A.

In this context, we define a mixed gradient, which merges
a standard gradient and a directional gradient that derives
from the directional information provided by any curvilinear
structure estimator, for instance [1], [2]. This mixed gradient
is then embedded in a variational formulation to form a
directional regularization term adapted to curvilinear struc-
tures. In addition, we propose an algebraic formulation of
this directional regularization, providing a unified definition,
independent from the image dimension.

This article is an extended and improved version of the
conference paper [3]. It is organized as follows. In Section II,
we propose a brief survey of curvilinear structure processing.
In Section III, we describe the drawbacks of standard gradient-
based regularization, and we summarize our strategy for
coping with the identified issues. In Section IV, we propose
our gradient definitions. In Section V, we show how both
standard and directional gradients can be expressed in a matrix



formalism that remains homogeneous in any dimensions. In
Section VI, experiments involving our gradient-based regular-
ization are proposed for various kinds of 2D / 3D and synthetic
/ real images. Concluding remarks are provided in Section VII.

II. CURVILINEAR STRUCTURE PROCESSING

The state of the art of curvilinear structure processing and
analysis is, amusingly, both thin wide. It is thin because
it is not a mainstream topic in image processing, and it
is wide because applications cover many different fields. In
particular vascular imaging —i.e., 2D eye fundus imaging and
3D, 3D+time angiographic imaging— is certainly the object
of the most intensive activity in this context. Thousands of
bibliographic contributions have been proposed during the 25
last years. They took advantage of most paradigms classically
proposed in image or signal processing and, more recently, in
machine learning.

The short bibliographic discussion proposed hereafter is
necessarily incomplete and focuses on the topics that are
the most related to our proposed contributions. The readers
interested in a more general discussion will find a global
survey in [4, Chapters 1, 2]; a medical-oriented survey may
also be found in [5].

A. Curvilinear structure detection / description

Before actually processing / analysing a curvilinear struc-
ture, it is often relevant to make it more easily detectable in
the image. This can be viewed as a filtering task, by improving
the signal-to-noise and / or signal-to-background ratio. It can
also be viewed as a more semantic task, by determining higher
level information, for instance, local size and / or orientation
of the curvilinear structure. In this context, two main families
of approaches have been developed.

The first relies on linear operators, based on local, differen-
tial analysis of images. In particular, the analysis of second-
order derivatives of 3D images were proposed in [6], [7]. In
these pioneering works, the eigenvectors of multiscale Hessian
matrices and their associated eigenvalues are analysed to char-
acterise blobs (3D), planar (2D) and curvilinear (1D) structures
as well as their scale and orientation. This led to the proposal
of measures combining differential information into heuristic
formulations. The measure proposed in [1] is often considered
the current gold-standard. Several variants have been proposed
since then, for instance in [8], [9]. Alternatively, steerable
filters [10] can be expressed, for similar purposes, in terms of a
linear combination of basis filters. As such, they are often used
to detect oriented features such as curvilinear structures. A
framework for 3D steerable filters was, in particular, proposed
in [11], using a n™ Gaussian derivative basis filter.

The second family relies on nonlinear approaches. In par-
ticular, notions of optimal path detection in graph and math-
ematical morphology were involved in the development of
these approaches. At the frontier between these two domains,
geodesic paths [12] were introduced to consider long-range,
non-local interactions while still coping with the constraints of
thin objects, in particular noise. A curvilinear object detector
was also proposed in [13] using geodesic voting, similar to

path density. In [14], a notion of local optimal path was
pioneered. Its purpose is to restrict the research to a given
distance, and in a given cone of orientations. This paradigm led
to the development of a notion of path opening [15], enabling a
higher flexibility in geometry and size, while preserving a 1D
semantics. Algorithmic efforts were conducted to make such
approach computationally efficient [16] and robust to noise
[17], [18], leading to a notion of robust path opening. In [2],
[19], the notion of RORPO (ranking the orientation responses
of path operators), finally built upon these notions, in order
to provide a semi-global, nonlinear alternative to the Hessian
based approaches in the 2D and 3D cases.

B. Variational paradigm

In this article, we consider the classical variational image
restoration problem expressed as the minimization of a two-
term energy defined as follows:

f=arg min Egua(f) + Mrea (f) (1)

where f is the restored image, FEgy,, is the data fidelity
term and FEie is the regularization term. This framework was
popularized in the 1990s with active contour, level sets and
image restoration models.

Mathematically speaking, image restoration is an ill-posed
inverse problem. For solving it, it is necessary to impose some
regularity on the solution. In [20], a quadratic regularization
term is used. This is highly efficient, however, this can generate
blurring effects. This quadratic regularization can be replaced
by a /1 gradient norm, called total variation (TV), which better
preserves edges [21].

This framework is very flexible and can be used with sparse
and/or a blurring operator in the data fidelity for non-blind
deconvolution, for instance in the context of alpha-matting [22]
and super-resolution [23], [24]. With missing image values in
the input, it can be used for image inpainting [25].

By constraining the output image to take a restricted set
of values, this framework can be used for segmentation. In
particular, the Chan-Vese model [26] divides the image into
two regions of piecewise constant intensities. If these two
constant values are known, it results in a convex problem that
can be solved exactly [27].

In the context of curvilinear structure segmentation, ex-
tensions of the Chan-Vese model were proposed by adding
curvilinear priors, for instance, superellipsoids [28], B-splines
framelet [29], adaptive dictionaries [30] and elastical regular-
ization [31]. In [32], we also proposed a variational approach
for tubular structure restoration. By considering the Frangi
measure [1], we designed an adaptive regularization parameter
to avoid intensity loss in curvilinear structures, which is an in-
trinsic problem of classical variational frameworks. However,
this approach can prevent regularization within the curvilinear
structures, thus leading to various problems, such as potential
disconnections.

In the current manuscript, we propose a framework for
defining and embedding a mixed gradient operator coupling
the directional and standard gradient. This allows us to more



robustly take advantage of prior knowledge related to curvi-
linear structure analysis. Indeed, regularization can be carried
out everywhere in the image while remaining adapted to
the geometric context. In addition our proposed variational
framework remains fully n-dimensional, thus encompassing
any images considered in potential applications.

III. CURVILINEAR STRUCTURE RESTORATION USING
DIRECTIONAL REGULARIZATION

In this section, we first explain the limitations of classical
regularization terms in the context of curvilinear structure
restoration. Then, we give the intuition behind our directional
regularization and why it is a better suited term for curvi-
linear structure restoration. More formal explanations on the
directional regularization and its implementation details are
exposed in Section IV.

A. Regularization principle and limitations

The regularization term in a variational restoration problem
can be interpreted as choosing a solution with desirable
properties within a solutions space. A property often desired is
to minimize image noise while retaining image content. This
property is translated into a regularization term that minimizes
the norm of the image gradient, under the assumption that the
image content has sparse contours. When this norm is the ¢;
norm, the regularization term is called rotal variation (TV):

Ereg TV(f) = ||Vf||1 )

where Vf is the discrete gradient of f and || - ||; is the ¢;
norm.

Interpreting this regularization term as a statistical model, it
says that gradient intensities follow an exponential distribution.
This is indeed observed to be the case for natural images [33].
Interpreting it as an image model, it says that natural images
should have a sparse gradient, meaning that most variations in
images are small, except near a few contours where they can
be large. This corresponds to an intuitive piecewise smooth
image model.

This regularization term is effective at decreasing the image
noise in natural images; however it may also suppress image
contours when they are not highly contrasted. Moreover,
structures with a high perimeter over surface ratio (for n = 2)
or a high surface over volume ratio (for n = 3) are highly
penalized. For these reasons, classical regularization terms are
not a good model for curvilinear structures, which tend to
disappear in the resulting restored images.

To cope with this problem, Miraucourt et al. [32] proposed
to include a curvilinear structure position prior in order to
regularize more strongly outside the curvilinear structures
than inside (see Fig. 1(b)). This strategy effectively prevents
curvilinear structures from disappearing, but is not effective at
decreasing noise inside the curvilinear structures, where only
a weak regularization is applied.

(a) (b) (©

Fig. 1. Regularization principle. The dark (resp. bright) blue areas represent
high (resp. low) isotropic (i.e. with no privileged direction) regularization,
whereas the red area represents a directional regularization. (a) The classical
regularization is performed in all directions with the same intensity every-
where. (b) The regularization proposed by Miraucourt et al. [32] acts with a
low intensity inside curvilinear structures and a high intensity elsewhere, but
always in all directions. (c) Our directional regularization acts with the same
intensity inside and outside curvilinear structures; however, inside curvilinear
structures, we only regularize along the curvilinear structure direction.

B. Directional regularization motivation

The motivation behind [32] was to keep the good behavior
of the total variation outside curvilinear structures and decrease
its effects within them. However, nothing specific was done
to regularize and restore the curvilinear structures specifically.
We propose to extend the total variation formulation to better
preserve curvilinear structures, while keeping its good prop-
erties on other structures. To this end, we consider not only
a positional prior, as in [32], but also an orientation prior.
Instead of a weaker regularization inside curvilinear structures,
we apply a strong regularization but solely along the local
curvilinear structure direction. In other words, we propose an
intensity and directional spatially variant regularization term
(see Fig. 1(c)).

The total variation is an isotropic regularization term as
the discrete gradient lacks a privileged direction. Indeed, the
discrete gradient is computed by finite differences in all the
directions of the Cartesian basis. Our goal is to change the
total variation behavior inside curvilinear structures to better
preserve them. We define a directional gradient V4 f which
has a privileged direction, namely the local direction of the
curvilinear structure itself.

Based on both isotropic (V f) and anisotropic (Vqf) gra-
dients, we propose to adapt the total variation formulation to
better preserve curvilinear structures, while keeping its good
properties on other structures. This new regularization term,
called directional regularization is defined by:

Ereg(f(x)) = Vi f(x)[11 (©)
where:

V00 = {

if x € curvilinear structure
otherwise

Vaf(x)
Vf(x) @

C. Implementation

In practice, we aim at solving the following problem (see
Eq. (1)):

f(x) =arg ?2}} Baa(f (%)) + Areg (f (%))
= argmin Eaaa(f (%)) + AV f (%) ]2 ®



where C' is a closed convex subset of the image domain,
Eaaa(f) is a convex, differentiable function and ||V, f]|1 is
a convex, but non-differentiable function that forbids using
a gradient descent approach. For many inverse problems
including segmentation, the convex C' is a centered unit ball
that ensures output values are consistent with the input image
data.

It can be shown from [34] that Eq. (5) admits a solution
given by the proximal point splitting algorithm:

- 'YvEdata(un)) (6)

where v € (0,400) is a step-size parameter and h =
AV f () [

The reader may refer to [35] for a review on proximal
splitting point algorithm. Here, we only recall the definition
of the proximity operator of a function ¢:

Un+41 = Prox,, (un

1
prox (y) = argmin (¢(x) + 5llz — yl3) (7)

where || - ||2 is the {2 norm. There is no generic strategy in the
literature, that allows one to compute the proximity operator of
any function ¢. Nonetheless, several algorithms were proposed
to compute the proximity operator of specific functions.

To solve our restoration problem (Eq. (5)), we use the
iterative method of Eq. (6), that requires to compute the
proximity operator of ~h. In particular, we choose the Beck
and Teboulle algorithm [36], called Fast Gradient Projection
(FGP), that was designed to solve this specific proximity
operator (see Algorithm 1).

Algorithm 1: FGP algorithm

Data: y € RP, 29 € R™P, 2 = 2¢ and tg = 1
for n>1do

1
= P52 [yn
. 1%—\/15?447
n+l =
t, —1
An =
tn+1
L Zn+1 = Tn + )\n<xn - xnfl)

return prox., (y) = Pc(y — )\div(zN)))

In this algorithm, D is the domain of the image as described
below in Eq. (8), P, is the projection on the ¢ unit ball, Pc
is the projection on the convex set C, + is set to the Lipschitz
constant of the gradient of Fy,t,. V and div are the gradient
and divergence operators, respectively.

IV. GRADIENTS FORMULATIONS

In this section, we define formally the operators presented
in the previous section: the gradient, the directional gradient
and the mixed gradient.

In the following we define a nD image f (n € N, n > 1)

as follows:
f D —- R

x = f(x) ®)

us = (1,1)
ug = (0,1)
ug = (—1,1)
uz = (1,0)
u; = (0,0)
uo = (—1,0)

f(x+u1) (l:lx\

Fig. 2. Tllustration of two interpolations (in red and green) in the case
n =2 d4 (resp. d?B) is the local orientation of a curvilinear structure at
point x (x = x-+u1). To compute the directional gradient, the value at point
f(x +dA(x)) (resp. f(x + dB(x))) is required.

where D = [],[0,d; —
dimensions of the image.

1] € Z" and (di)icq1,n are the

A. Standard gradient

The discrete gradient of an image can be expressed, via
finite differences such that:

Vix) = (fx+e)— f(x),, 9)

where (e;)_, is the canonical basis of R™ and Z", namely
e; = (d;;)j—, for any i € [1,n], (with &;; the Kronecker
delta).

B. Directional gradient

When a curvilinear structure is identified at a point x € D,
one may wish to define a gradient operator locally oriented
in the direction of this structure, in order to allow for noise
removal without altering this structure.

Let d(x) be the unit vector lying in the direction of the
curvilinear structure observed at x. We assume that d(x)
is oriented in the half-space of R™ such that d,, > 0 (see
discussion in Appendix A). We define the directional gradient
Vaf : D — R™ via finite differences such that:

Vaf(x) = (f(x +d(x)) - f(x)).d(x)

However, f(x+d(x)) is generally undefined, since d(x) €
R™ while f is a function on D C Z™. It is then necessary to
consider an interpolation of f on the part of R™ associated
to D. In particular, the standard n-linear interpolation can be
considered, namely:

(10)

flx+d(x)) = > Meoufx+u) (1D
ue[—1,1]"—1x[0,1]
where:
d(x).u Hw (12)
_ (1—|uz|)(1—|d()|)
“’(di(x)’“i’{ usl(urdix) + a2 0P

with x = ()i, d(x) = (di(x))iy, w = (wi)iy
Fig. 2 shows two examples of interpolation in the case n =
2.



C. Mixed gradient

It is possible to associate to the function f : D — R, a
directional vector field d : D — R” that yields a unit vector
d(x) for each point x € D if a specific orientation is detected
at f(x), and the null vector O otherwise.

This vector field provides the information required to com-
pute the directional gradient V4 f, see Sec. IV-B. It is also
useful for computing and modeling in a matrix fashion a mixed
directional-standard gradient of f.

In particular, let us consider the function o : D — {0,1}
defined, for any x € D by a(x) = |/d(x)||2, namely the
norm of d(x). This function takes its values in the binary set
{0,1}. It is equal to 1 when a unit vector d(x) is defined at
x, and 0 when d(x) is the null vector 0, i.e. when no specific
orientation is defined at x.

Then, according to the binary values of a, we can build
a mixed gradient V,,f from the standard and directional
gradients V f and V4 f as:

Vfx) ifax)=0
Vi (x) = { Vaf(x) ifa(x)=1 (1
that is:
Vinf(x) = a(x)Vaf(x) + (1 -ax)Vf(x) (15

V. MATRIX FORMULATION OF THE DIRECTIONAL
REGULARIZATION

Even though the vector expression of the mixed gradient
presented above (see Eq. (15)) is simple, its implementation
and manipulation in nD (n > 2) becomes somewhat complex.
Indeed, Algorithm 1 requires the definition of our mixed
gradient operator and its associated divergence given by the
following adjoint relation:

—(divp,u)s = (p, Vu) gn (16)

with S = RP. The higher the dimension of the image, the more
complex the divergence definition. This is especially true in
terms of limit cases due to the discrete nature of an image.
To tackle these issues, we propose to consider the discrete
calculus framework, by proposing a matrix formulation M V™
of the mixed gradient operator. Thus, the adjoint divergence
of this matrix operator, M V™, will be simply obtained as the
transpose matrix (M=),

A. Vector formulation of functions

A function h : X — Y can be modeled as a vector V" €
Y1X! of | X| elements, representing the image of each element
of X by h, that is:

h(a)
Vi =[h(z)]eex = | (17)
h(z)

In particular, the function f defined in Eq. (8) is modeled

by the vector:

f((0,...,0)) of
VI = [f(X)]zen = : = :
F((di—1,...,dy — 1)) ol

(18)

where D = |D)|.

In particular, for modeling f : D — R as a vector VI eRP,
we need a transfer function o between D C Z™ and [1, D] C
Z. Such a function can be defined as:

c : D = [1,D]
n n i—1
x=(zi)imy = 1+3(I0S d)
The function o is bijective. In the sequel, we note x; =

o~1(j) e D.
Following the notations of Eq. (18), we then have:

19)

F0) =0l (20)

and we can then establish a one-to-one correspondence be-
tween the terms of f and V/

B. Matrix formulation of the gradient operator

We are now ready to establish the matrix formulation of
the standard gradient operator Vf of f. We have Vf : D —
R™. Then, it can be defined as a vector VV/ € (R™)? of D
elements or, equivalently, as a vector VV/ € R™P of n.D
elements. Practically, this vector can be split into n vectors
Vin of D elements, each of them giving the coordinates of
the gradient in the subspace R of R™ induced by a basis vector
€e;.

In other words, we have:

v
1AL
vV = : (21)
vy
with, for all ¢ € [1,n] (see Eq. (9)):
[ (x) ]
v = Fh(x) (22)
| 55 0x0) |
[ f(xa+e) — f(xa)
= | f(xj+e)— f(x)) (23)
| f(xp +e;)— f(xp)
Consequently, Vin can be expressed as:

v =(Gi - Ip)- V! (24)
where Ip is the D x D identity matrix and G; =
(9i(4,k))(j,k)eq1,pp? is the D x D matrix defined by:

gz(]a k) = 5k,o(xj+ei) (25)

For the correct handling of side effects on the boundary of the
domain D, whenever we have x; + e; ¢ D we set:

gz(]7 k) = 5k,a(x]‘) = 6k,j (26)



In other words, in such a case, we consider that the gradient co-
ordinate is null. (Note that this strategy will be also involved in
anisotropy effects correction; see discussion in Appendix A.)

Finally, we can then define the vectorial expression of V f
by combining its n coordinate vectors, as:

Gl ID
vVi=MY .V = G, |-| Ip Vi@
G, Ip

where MV is a n.D x D matrix.

C. Matrix formulation of directional gradient

In a similar way, it is also possible to express a matrix
formulation of the directional gradient. This formulation is,
however, slightly different from that of the standard gradient.
Indeed, for any x € D, V f(x) is expressed by its n coordi-
nates with respect to the canonical basis (e;)?_;. In contrast,
Vaf(x) has only one coordinate with respect to a unit vector
d(x) on the 1D line locally oriented in the specific direction
observed at x. In particular, this vector d(x) depends on x,
and the coordinate system is then spatially variant.

As a consequence, we have to compute only one coordinate
of the directional gradient for each x € D, but this computation
is more complex than for standard gradient, as it theoretically
involves 3" points of D around x (in practice, only 2™ actually
contribute to the result); see Eqs. (11-13).

The vectorial representation VV4/ of V4 f is then expressed

as:
- a -
Bd(fq) (x1)
vVl = | gils(xp) (28)
d
L ad(;{D)(XD) i
f(x1+d(x1)) — f(x1)
= | [ +d(x)) - f(x) 29)
| f(xp +d(xp)) - f(xp)
Consequently, V'Va/ can be written as:
vVal = MVa . VI = By (Gq —Ip)- VI (30)
where Ip is the D x D identity matrix, Ggq =
(9a(4, %)), k)eq,ng2 is the D x D matrix defined by:
ga(j, k) = Z Ok, (x;+u)-Ad(x;)u (€29)
ue[—-1,1]"
and Ep = [g;]52, € {0,1}7 is defined by:
6] =1 5O’Hu€[[71,1]]" G'(Xj+u) (32)

For the correct handling of side effects on the boundary of the
domain D, we still extend —by convention— o out of D by
setting o(x) = 0 for any x € Z™ \ D. With this formulation,
a useful feature is that the directional gradient V4 f vanishes
exactly on the border of the domain D, i.e. for points x =
(x;)"_, with at least one coordinate z; = 0 or d; — 1.

D. Matrix formulation of the mixed gradient

A matrix representation M Y™ of the mixed gradient V,,
can be formulated from the above matrix representations of
V4 and V, see Eqgs. (27) and (30). Indeed, we have:

(Ip = V) -(G1—Ip)

ID)

M — (Ip = V) - (G; —

(33)

(1p — V) - (Gn — Ip)
V. Ep-(Gq—1Ip)

where 1p is the vector representation of the constant function
x — 1 on D, and V is the vector representation of the
function «. Note that MV is a (n + 1).D x D matrix.

VI. EXPERIMENTS

In this section, we experimentally assess the relevance of the
proposed restoration framework. To emphasize the versatility
of our approach in terms of dimensionality and application, we
first present a segmentation application on 2D images; then we
show denoising results on 3D images.

For all experiments, we obtained the prior information, i.e.
the position and orientation of curvilinear structures, from the
RORPO operator [2].

A. Segmentation

The DRIVE database [37] is a well known dataset of 40
eye fundus images associated with their blood vessels ground-
truth. In this section, we applied our restoration framework to
the blood vessel segmentation problem. In this case, we use
the data fidelity term proposed by Chan et al. [27], Eqy, =
(cf,u)F, where:

o ¢ € RY is the function x — (1 — f(x))? — (c2 — f(x))?
(with ¢, € R some constant values assumed to corre-
spond to the background and foreground of the image);

e (-, )p the Frobenius product.

To assess the relevance of our regularization term in a
segmentation framework, we compare the classic Chan et al.
segmentation model [27] that uses the total variation:

@ =arg min_(cf,u)r + A||Vull2,1 (34)

u€l0,1]P
with our segmentation model that uses the proposed directional
regularization:

4 = arg min <cf,u>F + /\||Vmu\|21 35)

u€[0,1]P

For our experiments, we considered the single-channel version
of these images, i.e. the grey-level version of the data. We



TABLE I
QUANTITATIVE SEGMENTATION RESULTS ON THE DRIVE DATABASE [37].
TP: TRUE POSITIVE RATIO. TN: TRUE NEGATIVE RATIO. ACC: ACCURACY.

TP TN Acc
Chan [27] 0.6632 0.9846  0.9427
Our approach 0.6940 0.9823 0.9447
Staal et al. [37] - — 0.9434
Lupascu ef al. [38] 0.6728 0.9874  0.9597
Al-Rawi et al. [39] - - 0.9535
Human observer - - 0.9470

also subtracted the median filter to each image in order to
homogenize the image background, since the Chan et al. data
fidelity assumes homogeneous background and foreground
intensities. An example of such image is shown in Fig. 3(a).

We optimized the parameters of both methods and com-
puted the true positive (TPR) and true negative (TNR) rates
along with the accuracy (Acc) of each best segmentation (see
Equation 36).

TP
TPR = ————
TP + FN
TN
TNR = ——— 36
TN + FP (36)
TP + TN
Acc =
TP + TN + FP + FN

where TP (resp. FP) is the number of true (resp. false)
positives and TN (res. FP) is the number of true (resp. false)
negatives.

The mean quantitative results are summarized in Table I and
illustrated in Fig. 3. For comparison, we also provide some
state of the art results.

Qualitatively, the segmentation improvements mostly con-
cern the extremities of the blood vessels. In particular, our
directional regularization successfully reconnects these ex-
tremities, as shown in Fig. 3 (e-g). This leads to a better
connected vessel network, which is a highly desired feature in
blood vessel related applications.

Quantitatively, the directional regularization improves the
accuracy of the classical Chan et al. segmentation. As the
re-connections represent only a few pixels within the image,
the accuracy of our directional regularization is only slightly
higher than the Chan ef al. accuracy even if the improvement
is real and significant as can be seen on the images.

Moreover, the accuracy of our method is close to state of
the art methods, even though our purpose is not to propose
a dedicated segmentation model for retinal images, but only
a generic directional regularization term for curvilinear struc-
tures.

B. Denoising

In this section, we assessed the performance of our method
in the case of 3D image denoising. The classical model for
variational denoising is the ROF model [21]:

U, = arg min\Hu—fH%—l—)\HVuHle (37)
u€RP

where f € R” is the noisy initial image.

Wil =
i, sl

(a) Initial image

(c) Chan model (d) Proposed model

(e) Box 1

(f) Box 2 (g) Box 3

Fig. 3. Comparison of segmentation results with the classical Chan et al.
model (c) and with our directional TV model (d) on the first DRIVE image
(a) and its ground-truth (b). (e—g) Zoom on distal parts of blood vessels of
the Chan model results (top) and our proposed model results (bottom).

As for the segmentation application, we replaced the total
variation of the ROF model by our directional regularization
and compared the results.

It is difficult to have access to reliable ground-truth for
3D images with curvilinear structures. Thus, we generated
synthetic images using the VascuSynth software package'
[40]. We generated 10 images containing tree-like curvilinear
structures constituting our ground-truth. We then added a
Gaussian random field background to these images, in order to
simulate undesired, non-homogeneous, smooth, blob-like fea-
tures. Finally, we added 7 levels of Gaussian noise, determined
by the Gaussian variance o, to each image. This results in a
database of 70 images. An example of such image is presented
in Figure 4(b).

For each level of noise and image, we computed the ROC

Uhttp://vascusynth.cs.sfu.ca/Software html



TABLE 11
QUANTITATIVE DENOISING RESULTS ON VASCUSYNTH IMAGES. THE
MEAN MCC VALUE OVER THE 10 IMAGES FOR THE SAME LEVEL OF NOISE
IS GIVEN FOR BOTH METHODS.

Noise (c) MCC ROF [21] MCC directional gradient
0 0.9673 0.9809
10 0.9162 0.9372
20 0.8675 0.8946
30 0.7679 0.8194
40 0.7357 0.7843
50 0.6984 0.7489
60 0.6145 0.6648

curves for both methods based on the number of true positives
(TP) and false positives (FP) of each threshold set of the
denoised images. We also computed the Matthews correlation
coefficient (MCC) [41] of the best threshold of each result
(see Equation 38).

MCC — TP x TN — FP x FN 38)
/(TP + FP)(TP + EN) (TN + FP)(TN + FN)

The MCC is a similarity criterion, such as Accuracy, but it
is better suited for sparse images like those containing tree-like
structures. Nonetheless, the reader may note that we computed
the Accuracy instead of the MCC in the previous experiment in
order to compare our results with the state of the art methods.
The closer to 1 the MCC, the more similar the result to the
ground-truth.

A summary of the results is shown in Table II, and the
mean ROC curves for the maximum level of noise is shown
in Figure 5. From a quantitative point of view, we observe that
the MCC scores are significantly improved with the directional
regularization, compared to the standard ROF model for any
level of noise. This is confirmed by visual inspection of
Figure 4(c—d). In particular, we can observe that the contrast
is improved in (d), compared to (c). More importantly, the
reconstruction of the thinnest structures, with thickness close
to the image resolution, is better with the directional gradient.
This result is indeed coherent, since the directional regular-
ization is carried out only in orientations that do not lead to
alteration of the object contours.

VII. CONCLUSION

In this article, we have proposed a regularization term
for curvilinear structure restoration based on the design of a
mixed gradient operator. This spatially-variant operator can be
computed from orientation measures provided by curvilinear
structure detectors. This regularization term has a different
behaviour depending on the location in the image. Within
curvilinear structures, it regularizes only in the local main
direction of the considered structure. Within isotropic struc-
tures, it behaves like an isotropic gradient. Using the formalism
of discrete calculus, this operator has a consistent behaviour
everywhere. In particular it handles border effects gracefully
both on the border of the image and at the interface between
oriented and isotropic areas. The adjoint divergence operator
is immediately derived again thanks to the discrete calculus
formulation.

LY o i P I

(b) Initial image (o = 60)

(c) ROF [21]

(d) Directional regularization

Fig. 4. Denoising results on a 3D synthetic image. All images are
viewed as maximum intensity projections. (a) Synthetic image generated with
VascuSynth [40]. (b) Noisy image generated from (a) with a noise level
o = 60. (c) Denoising image with total variation (ROF model). (d) Denoising
image with directional regularization.
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Fig. 5. Mean ROC curves over the 10 VascuSynth images with a Gaussian

noise of o = 60. Here, the TPR is the same as presented in Equation 36 but
the FPR is the number of false positives divided by the number of positives
in the image (i.e. ground truth) instead of the number of negatives. As the
images are sparse, the number of negatives is very high compared with the
number of positives making the FPR defined as in Equation 36 meaningless.
With this definition, a FPR of 2 means that the image contains twice as much
false positives as true positives.

The mixed gradient developed in this work was developed
and formalized in a non-dimensional way, thus leading to
restoration approaches that can proceed irrespective of the
space dimension (2D, 3D, etc.).

We illustrated our approach on segmentation using the



classical Chan et al. data fidelity term, and image denoising
using the least-square fidelity term. However, other optimiza-
tion strategies may be considered, as long as they include a
regularization term expressed as a gradient measure.

Our next work will augment these strategies with additional
priors (for instance considering connectivity), as well as non-
local oriented gradient approaches.
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APPENDIX
A. Gradient anisotropy correction

As most discrete gradient formulations, the one proposed
in this article is anisotropic. Indeed, the standard gradient
formulation described in Section IV-A is based on finite
differences between values at x and at x+e; for the e; vectors
of the canonical basis of Z" (see Equation (9)). The choice
of x + e; versus x — e; is arbitrary, and leads to compute the
gradient in a cone that represents 1/2™ of the neighbourhood
of x in Z".

This anisotropy, together with the combined use of two
kinds of gradients within a same image, may cause some
slight side effects at the frontier between regions with /
without specific directions. For instance, let us consider two
neighbour points x and y such that a(x) = 0 and a(y) =1
(see Equation (14)), i.e. with a standard gradient at x and a
directional gradient at y.

At y, the gradient formulation V,,f(y) = Vaf(y) will
take into account the difference of intensities between I(y)
and I(x) only if the direction d(y) is mainly the same as
x—y. Then, at y, the global behaviour of V,, f is as expected.

By contrast, at x, the gradient formulation V,,f(x) =
Vf(x) will take into account the difference of intensities
between I(y) and I(x) whenever y —x is one of the e; vectors
of the canonical basis. In such case, a gradient value will
be computed in x, while it may correspond to the (external)
border of a curvilinear structure, where we expect to vanish
the gradient. This phenomenon happens, by definition, on one
side of the objects, oriented opposite to the canonical vector
basis. This may cause, for instance, non-symmetric, blurring
effects in segmentation results.

A simple way to get rid of such undesired effects consists
of vanishing the i component of the standard gradient at x
whenever x + e; is a point of D where a specific orientation
is defined.

Practically, we only have to modify the conditions of
validity of Equations (25-26) as follows. We set:

Dy ={xeD|alx)=0}
Dy ={xeD|alx)=1}

(39)

In other words, Dy (resp. ;) corresponds to the part of
D where a standard (resp. directional) gradient is valid (see
Equation (14)). Then, we slightly modify the definition of the

matrices G;, ¢ € [1,n] (see Equation (24)) constituting the
gradient matrix of V'V/ as follows:

9i(J k) = {

Ok,o(x;+e;) if Xj+e €Dg

6k,j if X;t+€; ¢ Dy (40)

REFERENCES

[11 A. F Frangi, W. J. Niessen, K. L. Vincken, and M. A. Viergever,
“Multiscale vessel enhancement filtering,” in MICCAI, Proceedings, vol.
1496, 1998, pp. 130-137.

[2] O. Merveille, H. Talbot, L. Najman, and N. Passat, “Curvilinear structure
analysis by ranking the orientation responses of path operators,” IEEE
Transactions on Pattern Analysis and Machine Intelligence, vol. 40,
no. 2, pp. 304-317, 2018.

[3] O. Merveille, O. Miraucourt, S. Salmon, N. Passat, and H. Talbot, “A
variational model for thin structure segmentation based on a directional
regularization,” in ICIP, Proceedings, 2016, pp. 4324-4328.

[4] H. Talbot, “Oriented patterns in image analysis: From thin objects to
flow-based methods,” Habilitation Thesis, Université Paris-Est, 2013,
https://hal.archives-ouvertes.fr/tel-01099256.

[5] D. Lesage, E. Angelini, I. Bloch, and G. Funka-Lea, “A review of 3D
vessel lumen segmentation techniques: Models, features and extraction
schemes,” Medical Image Analysis, vol. 13, no. 6, pp. 819-845, 2009.

[6] Y. Sato, S. Nakajima, H. Atsumi, T. Koller, G. Gerig, S. Yoshida, and
R. Kikinis, “3D multi-scale line filter for segmentation and visualiza-
tion of curvilinear structures in medical images,” in CVRMed-MRCAS,
Proceedings, vol. 1205, 1997, pp. 213-222.

[7]1 C. Lorenz, 1.-C. Carlsen, T. M. Buzug, C. Fassnacht, and J. Weese,
“Multi-scale line segmentation with automatic estimation of width,
contrast and tangential direction in 2D and 3D medical images,” in
CVRMed-MRCAS, Proceedings, vol. 1205, 1997, pp. 233-242.

[8] K. Krissian, G. Malandain, N. Ayache, R. Vaillant, and Y. Trousset,
“Model-based detection of tubular structures in 3D images,” Computer
Vision and Image Understanding, vol. 80, no. 2, pp. 130-171, 2000.

[9] P.-E. Danielsson, Q. Lin, and Q.-Z. Ye, “Efficient detection of second-
degree variations in 2D and 3D images,” Journal of Visual Communi-
cation and Image Representation, vol. 12, no. 3, pp. 255-305, 2001.

[10] W. T. Freeman and E. H. Adelson, “The design and use of steerable fil-

ters,” IEEE Transactions on Pattern Analysis and Machine Intelligence,

vol. 13, no. 9, pp. 891-906, 1991.

K. G. Derpanis and J. M. Gryn, “Three-dimensional nth derivative of

Gaussian separable steerable filters,” in ICIP, Proceedings, vol. 3, 2005,

pp. 553-556.

L. Cohen and T. Deschamps, “Segmentation of 3D tubular objects

with adaptive front propagation and minimal tree extraction for 3D

medical imaging,” Computer Methods in Biomechanics and Biomedical

Engineering, vol. 10, no. 4, pp. 289-305, 2007.

Y. Rouchdy and L. D. Cohen, “Geodesic voting for the automatic

extraction of tree structures. Methods and applications,” Computer Vision

and Image Understading, vol. 117, no. 10, pp. 1453-1467, 2013.

[14] L. Vincent, “Minimal path algorithms for the robust detection of linear

features in gray images,” in ISMM, Proceedings, ser. Computational

Imaging and Vision, vol. 12, 1998, pp. 331-338.

H. J. A. M. Heijmans, M. Buckley, and H. Talbot, “Path openings and

closings,” Journal of Mathematical Imaging and Vision, vol. 22, no. 2-3,

pp. 107-119, 2005.

C. L. Luengo Hendriks, “Constrained and dimensionality-independent

path openings,” IEEE Transactions on Image Processing, vol. 19, no. 6,

pp- 1587-1595, 2010.

H. Talbot and B. Appleton, “Efficient complete and incomplete path

openings and closings,” Image and Vision Computing, vol. 25, no. 4,

pp. 416425, 2007.

F. Cokelaer, H. Talbot, and J. Chanussot, “Efficient robust d-dimensional

path operators,” IEEE Journal of Selected Topics in Signal Processing,

vol. 6, no. 7, pp. 830-839, 2012.

O. Merveille, B. Naegel, H. Talbot, L. Najman, and N. Passat, “2D

filtering of curvilinear structures by ranking the orientation responses

of path operators (RORPO),” Image Processing On Line, vol. 7, pp.

246-261, 2017.

A. N. Tikhonov, “Regularization of incorrectly posed problems,” Soviet

Mathematics — Doklady, vol. 4, no. 6, pp. 1624-1627, 1963.

[21] L. I. Rudin, S. Osher, and E. Fatemi, “Nonlinear total variation based
noise removal algorithms,” Physica D: Nonlinear Phenomena, vol. 60,
no. 1-4, pp. 259-268, 1992.

(11]

[12]

(13]

[15]

[16]

[17]

(18]

(19]

[20]



[22]

(23]

[24]

[25]

[26]

(271

[28]

[29]

(30]

(311

[32]

[33]

[34]

[35]

[36]

[37]

(38]

(391

[40]

[41]

C. Rhemann, C. Rother, P. Kohli, and M. Gelautz, “A spatially varying
PSF-based prior for alpha matting,” in CVPR, Proceedings. 1EEE,
2010, pp. 2149-2156.

W. Dong, L. Zhang, G. Shi, and X. Wu, “Image deblurring and super-
resolution by adaptive sparse domain selection and adaptive regular-
ization,” IEEE Transactions on Image Processing, vol. 20, no. 7, pp.
1838-1857, 2011.

J. Yang, J. Wright, T. S. Huang, and Y. Ma, “Image super-resolution via
sparse representation,” IEEE transactions on image processing, vol. 19,
no. 11, pp. 2861-2873, 2010.

M.-J. Fadili, J.-L. Starck, and F. Murtagh, “Inpainting and zooming using
sparse representations,” The Computer Journal, vol. 52, no. 1, pp. 64-79,
2009.

T. Chan and L. Vese, “Active active contours without edges,” IEEE
Transactions on Image Processing, vol. 10, no. 2, pp. 266-277, 2001.
T. F. Chan, S. Esedoglu, and M. Nikolova, “Algorithms for finding global
minimizers of image segmentation and denoising models,” SIAM Journal
on Applied Mathematics, vol. 66, no. 5, pp. 1632-1648, 2006.

J. A. Tyrrell, E. di Tomaso, D. Fuja, R. Tong, K. Kozak, R. K. Jain,
and B. Roysam, “Robust 3-D modeling of vasculature imagery using
superellipsoids,” IEEE Transactions on Medical Imaging, vol. 26, no. 2,
pp. 223-237, 2007.

C. Tai, X. Zhang, and Z. Shen, “Wavelet frame based multi-phase image
segmentation,” SIAM Journal on Imaging Sciences, vol. 6, no. 4, pp.
2521-2546, 2013.

R. Rigamonti and V. Lepetit, “Accurate and efficient linear structure
segmentation by leveraging ad hoc features with learned filters,” in
MICCAIL Proceedings, vol. 7510, 2012, pp. 189-197.

N. Y. El-Zehiry and L. Grady, “Vessel segmentation using 3D elastical
regularization,” in ISBI, Proceedings, 2012, pp. 1288-1291.

O. Miraucourt, A. Jezierska, H. Talbot, S. Salmon, and N. Passat,
“Variational method combined with Frangi vesselness for tubular object
segmentation,” in CMBE, Proceedings, 2015, pp. 485-488.

D. L. Ruderman, “The statistics of natural images,” Network: Compu-
tation in Neural Systems, vol. 5, no. 4, pp. 517-548, 1994.

P. L. Combettes and V. R. Wajs, “Signal recovery by proximal forward-
backward splitting,” Multiscale Modeling & Simulation, vol. 4, no. 4,
pp. 1168-1200, 2005.

P. L. Combettes and J.-C. Pesquet, “Proximal splitting methods in signal
processing,” in Fixed-Point Algorithms for Inverse Problems in Science
and Engineering, 2011, pp. 185-212.

A. Beck and M. Teboulle, “Fast gradient-based algorithms for con-
strained total variation image denoising and deblurring problems,” IEEE
Transactions on Image Processing, vol. 18, no. 11, pp. 2419-2434, 2009.
J. Staal, M. Abramoff, M. Niemeijer, M. Viergever, and B. van Gin-
neken, “Ridge based vessel segmentation in color images of the retina,”
IEEE Transactions on Medical Imaging, vol. 23, no. 4, pp. 501-509,
2004.

C. A. Lupagcu, D. Tegolo, and E. Trucco, “FABC: Retinal vessel
segmentation using AdaBoost,” IEEE Transactions on Information Tech-
nology in Biomedicine, vol. 14, no. 5, pp. 1267-1274, 2010.

M. Al-Rawi, M. Qutaishat, and M. Arrar, “An improved matched filter
for blood vessel detection of digital retinal images,” Computers in
Biology and Medicine, vol. 37, no. 2, pp. 262-267, 2007.

G. Hamarneh and P. Jassi, “VascuSynth: Simulating vascular trees for
generating volumetric image data with ground-truth segmentation and
tree analysis,” Computerized Medical Imaging and Graphics, vol. 34,
no. 8, pp. 605-616, 2010.

B. Matthews, “Comparison of the predicted and observed secondary
structure of t4 phage lysozyme,” Biochimica et Biophysica Acta (BBA)
— Protein Structure, vol. 405, no. 2, pp. 442 — 451, 1975.

Odyssée Merveille received the engineering degree
from the Institut Supérieur de BioSciences de Paris
(Université Paris-Est Créteil / ESIEE Engineering) in
2013. She obtained the PhD from Université Paris-
Est in 2016. She is currently post-doctoral fellow
at Université de Strasbourg. Her scientific interests
include mathematical morphology, machine learning
and (bio)medical imaging.

Benoit Naegel studied Computer Science at the
Universite Strasbourg 1 (M.Sc., 2000; Ph.D., 2004),
specializing in image analysis. In 2005, he worked at
the University of Applied Sciences Western Switzer-
land, Geneva, as a Research Assistant. Since 2007,
he has been Assistant Professor of Computer Sci-
ence at the Université de Nancy. Since 2010, he is
Assistant Professor of Computer Science at the Uni-
versité de Strasbourg. His scientific interests include
mathematical morphology, document processing and
medical imaging.

Hugues Talbot received the Habilitation from Uni-
versité Paris-Est in 2013, the PhD from Ecole des
Mines de Paris in 1993 and the engineering degree
from Ecole Centrale de Paris in 1989. He was princi-
pal research scientist at CSIRO, Sydney, from 1994
to 2004. He is now a professor at CentraleSupelec,
Université Paris-Saclay. He is the co-author of 6
books and over 200 articles in the area of mathemat-
ical morphology, discrete geometry, combinatorial
and continuous optimization.

Nicolas Passat obtained the MSc and PhD from
Université Strasbourg 1 in 2002 and 2005, and
Habilitation from Université de Strasbourg in 2011.
He was an assistant professor at Université de Stras-
bourg, between 2006 and 2012. He is now a profes-
sor at Université de Reims Champagne-Ardenne. His
scientific interests include mathematical morphol-
ogy, discrete geometry, medical imaging and remote
sensing.



