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Prefacio

O Workshop de Teses e Dissertacdes em Computagdo Grafica, Processamento de Imagens e Visdo
Computacional (WTDCGPI) visa criar um espago para debate e divulgacdo dos trabalhos de doutorado
e mestrado desenvolvidos no pais em Computacdo Grafica, Processamento de Imagens, Visdo
Computacional e Visualizagdo. O evento tem sido parte integrante do SIBGRAPI — Simpdsio
Brasileiro de Computagao Grafica e Processamento de Imagens, que em 2008 ocorre na cidade de
Campo Grande, MS, no periodo de 12 a 15 de outubro de 2008.

Foram aceitas submissdes de trabalhos de alunos regularmente matriculados em cursos de doutorado ou
mestrado vinculados a cursos de Pos-Graduagdo stricto sensu no pais, ou ainda ex-alunos que tenham
defendido tese ou dissertacdo depois de 01/01/2007 e antes do prazo final para submissdo em
09/07/2008.

Como forma de permitir uma maior disseminagdo dos beneficios do Workshop aos autores, decidiu-se
por aceitar o maior nimero possivel de trabalhos, respeitando os pareceres dos revisores (pelo menos 2
aceitacoes). Ao todo, foram aceitos 8 trabalhos na area de Computacdo Grafica e 7 na area de
Processamento de Imagens e Visdo Computacional de um total de 18 submetidos.

Os trabalhos aceitos na area de Computacdo Grafica versam sobre temas variados tais como:
visualizacdo e reconstrucdo a partir de modelos baseados em pontos, sintese de fontes de luz,
visualizacdo volumétrica, deformagao de imagens e simulacdo e animacao baseada em fisica.

Os trabalhos aceitos na area de Processamento de Imagens e Visdo Computacional também
contemplaram temas variados, incluindo a segmentacdo de imagens coloridas, realce de imagens,
biometria a partir de impressdes digitais, processamento de imagens aéreas, médicas e biologicas, bem
como métodos para representagdo e analise de formas.

Claudio Esperanga
Herman Martins Gomes

WTDCGPI 2008 Co-Chairs
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Abstract

The past two decades showed a rapid growing of
physically-based modeling of fluids and solid for com-
puter graphics applications. In particular, techniques in the
field of Computational Mechanics have been applied for re-
alistic animation of systems that involve gas-fluid and
fluid-surface interaction for computer graphics and vir-
tual reality applications. The main goal of our work is the
development of a particle based framework to create re-
alistic animations of such systems. Specifically, we model
and simulate the gas through a Lattice Gas Cellular Au-
tomata (LGCA), the liquid by Smoothed Particle Hydrody-
namics (SPH) method and the surface through Mass-Spring
systems. LGCAs are discrete models based on point parti-
cles that move on a lattice, according to suitable rules in
order to mimic a fully molecular dynamics. SPH is a La-
grangian, meshfree method for numerical simulation
which is based on particle systems and interpolation the-
ory. Mass-Spring systems may be geometrically repre-
sented by regular meshes which nodes are treated like
mass points and each edge acts like a spring. When com-
bining these methods (LGCA, SPH and Mass-Spring), we
get the advantage of the low computational cost of cellu-
lar automata and mass-spring systems and the realistic
fluid dynamics inherent in the SPH to develop a new ani-
mating framework for computer graphics applications. In
this work, we discuss the theoretical elements of our pro-
posal and present some preliminary experimental re-
sults.!

1. Introduction

Physically-based techniques for the animation of natu-
ral elements like fluids (gas or liquids), flood, elastic, plas-
tic and melting objects, among others, have taken the at-
tention of the computer graphics community [25, 36, 11].

1 Full paper of M.Sc thesis.
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In particular, techniques in the field of Computational Fluid
Dynamics (CFD) have been applied for fluid animation in
applications that involve fluid-fluid and fluid-surface inter-
action [35, 28, 19, 8, 31].

A common approach in this area relies on top down
viewpoints that use 2D/3D mesh based techniques in con-
junction with fluid/solid equations [8]. Other possibility is
to apply Mass-Spring systems to model the elastic object
[19], SPH to simulate fluids [28, 34] and Lattice Gas Cel-
lular Automata (LGCA) techniques to simulate gas systems
[21, 3].

Mass-Spring models are well suited to animation due to
their flexibility to handle non-rigid solid properties, its easy
manipulation and implementation. Besides, Mass-Spring
models can be faster then their counterpart in continuous
mechanics, and so, more suitable for real time applications
specially when GPU capabilities are explored [33]. The
LGCAs are bottom up discrete models, based on point par-
ticles that move on a lattice, according to suitable and lo-
cal rules, that mimics a fully particle dynamics [17]. These
methods are cheaper and more stable than the traditional
ones for fluid simulation, because there is no need to solve
Partial Differential Equations (PDEs) to obtain a high level
of description [3]. SPH is a Lagrangian, meshfree method
for numerical simulation which is based on particle systems
and interpolation theory.

In this paper we propose a framework for animation
of fluid-fluid and fluid-surface interaction based on Mass-
Spring systems, LGCA techniques and SPH. We apply a
traditional Mass-Spring model described in [33] that can
be used for both surface and deformable solid modeling.
Among the LGCA models [10] we apply the FHP one
which was introduced by Frisch, Hasslacher and Pomeau
[18] in 1986. The traditional FHP is a model for two-
dimensional fluids that describes the motion of particles
traveling in a discrete space and colliding with each other.
The space is discretized in a hexagonal lattice. We proposed
a three dimensional fluid simulation model based on the
FHP and interpolation techniques. The SPH implementa-
tion follows the method presented in [34]. Finally, render-



ing techniques must be applied to ensure the desired level
of realism or visual effect. In this step we apply the pho-
ton map [27] method because it is able to easily generate
area light sources, color bleeding, soft shadows, indirect il-
lumination and caustics, once it collects illumination infor-
mation of the scene by a pre-trace from light sources.

The main contributions of this work are the 3D fluid sim-
ulation model based on the FHP and the development of a
particle based framework, combining Mass Spring systems,
LGCA techniques and SPH, to create realistic animations
of systems that involve gas-fluid and fluid-surface interac-
tion for computer graphics and virtual reality applications.

The paper is organized as follows. Section 2 gives a sur-
vey of related works. Section 3 offers some fundamental
concepts in Navier-Stokes equations. Section 4 describes
the SPH method. Section 5 describes the FHP model and
our extension for 3D. In section 6 we presentes the Mass-
Spring model used. The rendering model is discussed on
section 7. Section 8§ describes the proposed framework and
some preliminary results. In section 9 we present the con-
clusions.

2. Related Works

The main focus of this work is the animation of gas-fluid
and fluid-surface interaction. The former can be modeled
by a FHP method in which there are two kinds of particles
- gas particles and liquid particles [2]. Then, Boltzmann ap-
proximation is applied to calculate the surface tension as a
function of population density.

In [43] an interface model is derived for two-phase flows
with surface tension, density and viscosity differences be-
tween the phases. The derivation starts from the balance
equations for a sharp interface and uses an ensemble av-
eraging procedure on an atomic scale to obtain a diffuse in-
terface version of the equations [12, 43]. Other approach
models the interfacial tension is to detect the interfacial sur-
face (boundary between the gas and liquid phases) and then
to compute the interaction forces following some heuristic.

Fluid-surface interaction includes: (1) Representation of
the object geometry; (2) The modeling of mechanical be-
havior of elastic surfaces; (3) A suitable model for fluid sim-
ulation; (4) A model for interaction of the flow with the ob-
ject; (5) Rendering issues.

Bidimensional manifolds can be represented by using
implicit surfaces [47], triangulated meshes or subdivision
surfaces with local parameterization for representation [22,
42]. The mechanical behavior of deformable surfaces (item
(2)) can be described by continuum elasticity models that
describes how the objects deform under applied forces.
Other possibility is to apply discrete models, based on
Mass-Spring systems [19, 33]. In this case, the object ge-
ometry is represented by a mesh and its nodes are treated
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like mass points while each edge acts like a spring connect-
ing two adjacent mass points. It is known that methods that
are based on the continuum mechanics are more realistic
than their discrete counterparts [44]. However, Mass-Spring
models can be faster, and so, more suitable for real time ap-
plications [44, 14].

The item (3) involves numerous works that can be
coarsely classified in non-physically and physically based
models [25, 11]. Our work belongs to the later class,
which can be subdivided in PDEs and Lattice based tech-
niques [17, 25].

PDEs methods involve continuous fluid equation, like
the Navier-Stokes ones, and numerical techniques based on
discretization approaches that can be Lagrangian Smoothed
Particle Hydrodynamics (SPH) [29], method of character-
istics [41], Moving-Particle Semi-Implicit [37] or Eulerian
(Finite Element) ones [16].

Lattice based techniques, like HPP, FHP and Lattice
Boltzmann methods, work following a different viewpoint
[17, 5]. For instance, in the case of HPP and FHP, instead of
applying continuous mechanics (and, consequently, PDEs)
principles, they model the system as a set of point parti-
cles, that move on a lattice, interacting according to suit-
able and simple rules in order to mimics a fully dynamics
[17]. These are bottom up approaches in which the macro-
scopic behavior of the fluid can be recovered by multiscale
techniques [17].

Lattice models have a number of advantages over
more traditional numerical methods, particularly when flu-
ids mixing and phase transitions occur [38]. The sim-
ulation is always performed on a regular grid and can
be efficiently implemented on a massively parallel com-
puter. Solid boundaries and multiple fluids can be intro-
duced in a straightforward manner and the simulation is
performed equally efficiently, regardless of the complex-
ity of the boundary or interface [7]. In addition there are
not numerical stability issues because the evolution fol-
lows integer arithmetic. However, system parameteriza-
tion (viscosity, for example) is a difficult task in such lattice
models and they are less realistic than PDE based mod-
els.

The item (4), interaction between deformable manifolds
and fluids, can be addressed by hybrid methods in which
the fluid is a continuum medium, simulated by Navier-
Stokes plus SPH or grid based techniques, and the sur-
face is represented as a discrete one [19, 40, 4]. These ap-
proaches deal with the specific problem of preventing the
leaking of fluid across the polygonal surface [22, 6]. In ad-
dition, fluid flows can be simulated on 2D manifolds repre-
sented by (continuous) subdivision surfaces that have a nat-
ural quad patch parametrization [42]. Interaction between
Navier-Stokes fluids and digital terrain models is another
subclass of fluid-surface interaction [46]. Besides, a hybrid



particle and implicit surface approach to simulating water
was proposed in [15], which led to the particle level set
method of [13].

Finally, visualization and rendering techniques must
be applied to ensure the desired level of realism or vi-
sual effect. Photo-realistic rendering can properly account
through several algorithms including path tracing, bidirec-
tional path tracing [23], Metropolis light transport [45],
and photon map [27]. The interested reader is also encour-
aged to browse interesting reviews in this area [1, 25].

In this paper, the proposed method for gas-liquid interac-
tion is a hybrid one in the sense that the gas is simulated by
a discrete system and the fluid is animated by Navier-Stokes
plus SPH. On the other hand, the fluid-surface interactions
model is a discrete one because the fluid is FHP-based and
the surfaces are represented by polygonal meshes, or Mass-
Spring systems in the case of deformable manifolds.

3. Navier-Stokes for Fluid Animation

The majority fluid models in computer graphics follow
the Eulerian formulation of fluid mechanics that is based on
a top down viewpoint of the nature: the fluid is considered
as a continuous system subjected to Newton’s and conserva-
tion Laws as well as state equations connecting the macro-
scopic variables of pressure P, density p and temperature
T'. So, the mass conservation, also called continuity equa-
tion, is given by [24]:

%—FV-(pﬁ):O (1)

The linear momentum conservation equation, also called
Navier-Stokes, can be obtained by applying the third New-
ton’s Law to a volume element dV" of fluid. For incompress-
ible flows it can be written as [24]:

9z
) ((,;Z + ﬁ-Vﬁ) = —VP+F+ uv2, )

Vi = 0. 3)

where F is an external force field and p is the viscosity of
the fluid. Also, we may need an additional equation for the
pressure field. This is a state equation which ties together all
of the conservation equations for continuum fluid dynamics
and must be chosen to model the appropriate fluid (i.e. com-
pressible or incompressible). In the case of liquids, the pres-
sure P is temperature insensitive and can be approximated
by P = P (p). Morris in [32] proposed an expression that
have been used for fluid animation also [34]:

P=c D» “4)

where ¢ is the speed of sound in this fluid
[39]. Equations (2)-(4) need initial conditions
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(p(t=0,2,y,2),4(t =0,z,y,2z)) as well as bound-
ary conditions, like the usual no-sleep one: | ¢ =0.

4. Smooth Particle Hydrodynamics

In this section we follow the references [39, 30]. The
two fundamental elements in the Smoothed Particle Hydro-
dynamics method are an interpolation kernel W and a parti-
cle system that represents a discrete version (sample) of the
fluid. The kernel estimate of a scalar quantity A(r) is de-
fined by:

(A(r)) = /S AW —r h)de, (5

where the function W (r —r’, h) is an (interpolation) kernel
which must satisfies the following properties [30]:

1) Volume conservation:

W(r—r' h)dr' =1, (6)

Space

2) The kernel W should satisfy the Dirac delta function
in the limit:

}llin%) W(r—r',h)=06(r—1). 7

If we take a sampling of A then the A(r’) in equa-

tion (5) will be known only at a discrete set of N points

ri,ro,...,ry. Hence, thorough properties (6)-(7) it is pos-
sible to show that [39]:

N
(Ar) =3 Zi)A<rj>W<r—rj7h>. (8)
g=1 7

p

N .
(VeAx) =) —~

) A(r;)VoW(r —rj,h). (9

Jj=1

An analogous expression can be obtained by the Lapla-
cian. From equation (9) we can observe that there is no need
for a mesh to compute spatial derivatives. With equations
(8) and (9), we are ready to write the discrete version of the
fluid equations of section 3. The smoothing lengh A is the
width of the kernel and defines the distance at which a par-
ticle interacts with other particles. It is equivalent to the size
of a grid-cell in finite difference methods.

We rewrite the terms of the Navier-Stokes equation (2),
using this approach, as:



ress Di + =
f? = —ij %, 7VW(I'Z‘ —I'j,h)

J

Fuisc Uj — Ui

fire = uijjiv2W(ri —rj,h)
J

Pj
Fgrav -
f j = Pjig;j
rpress Fuisc : :
where the f; and f7*°¢ are the pressure and viscosity

forces. Only the gravity force f7"*" is considered as exter-
nal force. The density at each particle can be found from the
following equation:

N
Pi = ZmeJW(I‘7 — Iy, h)
j=1

In order to have stability we adopt the following kernels
[34]:

315 h2 —r2)3 0<r <h,
Wgr(w (T7 h) = 9 ( ) .
64mh® |0, otherwise
15 [(h—7)3 0<r<h,
Wress 7h = 1 B ._
press(7 h) 7hb {0, otherwise
15 et L+ —1,0<r<h
Waisce(r, h) = 2 R ne o o T =n =
(r,h) 27h3 {0, otherwise

5. FHP

The FHP was introduced by Frisch, Hasslacher and
Pomeau [18] in 1986 and is a model of a two-dimensional
fluid. It can be seen as an abstraction, at a microscopic
scale, of a fluid. The FHP model describes the mo-
tion of particles traveling in a discrete space and colliding
with each other. The space is discretized in a hexagonal lat-
tice.

The FHP particles move in discrete time steps, with a ve-
locity of constant modulus, pointing along one of the six di-
rections of the lattice. The dynamics is such that no more
than one particle enters the same node at the same time with
the same velocity. This restriction is the exclusion principle;
it ensures that six Boolean variables at each lattice node are
always enough to represent the microdynamics.

The velocity modulus is such that, in a time step, each
particle travels one lattice spacing and reaches a nearest-
neighbor node. When exactly two particles enter the same
node with opposite velocities, both of them are deflected
by 60 degrees so that the output of the collision is still a
zero momentum configuration with two particles. The de-
flection can occur to the right or to the left, indifferently, as
shown in Figure 1. For symmetry reasons, the two possibil-
ities are chosen randomly, with equal probability.
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gl

Figure 1. The two-body collision in the FHP.
Source [21]

When exactly three particles collide with an angle of 120
degrees between each other, they bounce back to where they
come from (so that the momentum after the collision is zero,
as it was before the collision). Both two- and three-body
collisions are necessary to avoid extra conservation laws.
For all other configurations no collision occurs and the par-
ticles go through as if they were transparent to each other.

The full microdynamics of the FHP model can be ex-
pressed by evolution equations for the occupation numbers
defined as the number, n; (r,t), of particle entering node r
at time ¢ with a velocity pointing along direction ¢;, where
i = 1,2,...,6 labels the six lattice directions. The num-
bers n; can be 0 or 1. We also define the time step as A;
and the lattice spacing as A,.. Thus, the six possible veloci-
ties U; of the particles are related to their directions of mo-

tion by

A,
A Y 1
i A, ; (10)

The microdynamics of a LGCA is written as
ni (r+ A Gt + Ay) =n; (r,6) + Q; (n(r,t))  (11)

where (Q; is called the collision term [9].

Now we propose an extension to 3D, using the 2D FHP
model explained above. In practice, the system of a given
cellular automata rule cannot deal with an infinite lattice,
it must be finite and have boundaries [9]. So, first we must
define a domain in the three dimensional space, where the
gas can evolve. Then, our proposal consists of regularly dis-
tribute planes along the = and z axis, like in Figure 2. Each
of these planes is a system whose cellular automata rule is
the 2D FHP.

Once simulated the two dimensional FHP in each plane
independently, we perform a simple interpolation to gener-
ate a 2D macroscopic flow in each plane. In this step, we
add new nodes to the FHP grid in order to complete a rect-
angular grid em each plane, as pictured in Figure 3.

Following the usual definition of statistical mechan-
ics, we compute the macroscopic density in each node
(z4,Yi,2;) of the plane x = x; through the expres-
sion:

6
Px (zi;yiazivt)zzznk (xjay]azj;t)7 (12)

JEV k=1

10



Figure 2. (a) Domain in 3D Space and (b) the
distribution of 2D FHP planes.

* Nodes of the 2D FHP grid

x New nodes to the 3D FHP ‘

a) b)

Figure 3. Extend the (a) FHP grid to generate
a (b) rectangular mesh.

where V' is a neighborhood of point (x;, y;, 2;).

An analogous expression can be used for the plane z =
z;. Now, we must render a 3D macroscopic flow. We shall
observe that each node (z;,y;, 2;) in Figure 2 belongs to
the planes x = x; and z = z;. So, the 3D density (or ve-
locity) can be finally obtained through a simple mean of the
corresponding values in the FHP planes, that means:

iy Yis .’t iy Yis ',t
p (Ti,yi, 2i,t) = Pz (Ti, Yi, Zi )—2|-pz (X4, Yi, 2 )

13)

6. Mass-Spring Model

In this section we follow the reference [33]. The Mass-
Spring is a discrete model in which surfaces are represented
by polygonal meshes. The surface nodes works as masses
and the edges defines the linear springs with damping. So,
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given a particle ¢ with mass m, and position vector r;, the
force system is composed by the elastic ( ﬁela8tic), gravita-
tional ( f:rq "7y and damping ( ﬁdamp ) forces, defined respec-
tively, by:

i —r

4
relastic (I‘i—I")
fereste =3 kg (L — v —x5) |7] (14)
j=1

where k;; is the stiffness of the spring linking the nodes r;
and r; and [;; the spring rest length;

Fore — m, g, (15)
Flamp — ~uiy, (16)

where § is the gravity field, ; is the damping factor and
counter(i) holds the number of particles accumulated in
the corresponding position. Following Newton’s Laws, we
get the following evolution equation:

mt; = f-'_elastic_,_ﬁdamp _"_f_-z':grav’ (17)

(2

This system of ordinary differential equations can be ef-
ficiently solved by the Verlet integration technique [33]:

r; (t+h> = 2r; (t)—[‘i (t—h)—f—l‘z (t)hQ. (18)

7. Rendering through Photon Map

Originally developed for global illumination simulation
in scenes without participating media [26], Photon Map is a
two-pass method where the first pass is the construction of
structures to store the light information (photon maps) and
the second is rendering using these information. The con-
struction of the photon maps consists of photons emitted
from the light sources and traced through the scene using
photon tracing. Along the time evolution, if a photon hits a
nonspecular surface, it is stored in the photon map.

Jensen [26] proposed the use of two photon maps: a caus-
tics photon map and a global photon map. The caustics
photon map stores all photons that have been traced from
the light source through a number of specular reflections or
transmissions before intersecting a diffuse surface, and the
global photon map contains all photons representing indi-
rect illumination on a nonspecular surface. In the rendering
pass, the caustics photon map is used to render caustics di-
rectly and the global photon map is used to limit the num-
ber of reflections traced by the distribution ray tracer and to
sample indirect illumination more efficiently.

It is possible to estimate radiance at any given surface
position z using the photon map. By locating the n pho-
tons with the shortest distance to z it is possible to estimate
the photon density around = [27]:

11



n =
- A (x,w)
— A P ’
Lo(2,@) & ) folw,w, @) —5—, (19)
p=1
where f, is the bidirectional reflectance distribution func-
tion, r is the distance to the nth nearest photon and AP,

the flux carried by each photon p in direction w_;. This ap-
proach can be seen as expanding a sphere centered at x un-
til it contains n photons.

In [27], Jensen proposed an extension of the photon map
method to be able to use in scenes with participating media,
where photons can be scattered and absorbed by the media.
To efficiently render the medium, it is necessary to store in-
formation about these scattering events. This storage of the
photons occurs explicitly in the volume, given several ad-
vantages: the photons can be concentrated where necessary
to represent intense illumination, the media do not have to
be discretized and anisotropic scattering can be handled by
storing the incoming direction of each photon.

The relationship between the density of the photons and
the illumination is different on surfaces and in volumes.
Then, the photons must be separated when the photon map
is queried for information about the incoming flux. A sep-
arate volume photon map for the photons that are scattered
in participating media was introduced in [27], and it is used
to compute the illumination inside a participating medium
while the global photon map is used, as before, to compute
the illumination on surfaces.

Just like the original method, the first pass consists of
building the photon maps using photon tracing. When a
photon is traced within a participating medium, it can ei-
ther pass unaffected through the medium, or an interaction
can occurs (be scattered or absorbed). If the photon inter-
acts with the medium, and does not come directly from a
light source, it is stored in the photon map. The cumulative
probability density function, F'(x), expressing the probabil-
ity of a photon interacting with a participating medium at
position x is:

F(z) =1-7(zs,2) = 1 — e 1 #O%  20)

where z, is the point at which the photon enters the
medium. The transmittance 7(zs,2) is computed us-
ing ray marching.

There is difference when calculating the density in the
participating media. The density on a surface is computed
using the projected area and the density in a medium is com-
puted using the full volume, as shown in Figure 4. Once
done the storage pass, we can use the photons stored in
the volume photon map to compute an estimate of the in-
scattered radiance:
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where ® is the in-scattered flux. Using (21) we can compute
a radiance estimate at any given point inside a participating
medium.

Figure 4. Radiance estimate for: (a) surfaces
and (b) volumes. Source [27]

8. Proposal and Experimental Results

In this section we firstly present some results for the
three-dimensional FHP rendered with a volume rendering
technique, the single scattering method, available in the
PBRT library (http://www.pbrt.org/). Then, we show two-
dimensional results obtained by our team and discuss their
extensions to 3D in the context of this work. The corre-
sponding videos can be found in: http://www.lncc.
br/~sicilia/assuntosAfins_pesquisa.htm.

8.1. Three-Dimensional FHP

Firstly, we highlight the simplicity and low computa-
tional cost of the FHP. Figure 5 shows an initial configu-
ration with a volume of gas in the domain (semi-sphere in
the top of the box).

The initialization is a very simple process: Firstly, the
grid nodes inside the sphere are detected. Then, for each
node detected, the algorithm randomly chose the quantity
of particles and its directions.

Figure 6 shows a similar system, with the same initializa-
tion, but now using a solid sphere out of the fluid domain. It
is used only to highlight transparency effects.

8.2. Gas-Fluid and Fluid-Surface Interactions

In [20] we combine the FHP and SPH to animate 2D
two-phase systems composed by a gas simulated through
FHP and a liquid modeled by SPH. The first point is how
to model the interactions between the two phases in the in-
terfacial area. For simplicity, in [20] we proceed as follows:
given a point 7 in the interfacial area at a time ¢, we take a
neighborhood and compute the particles mean velocity 4,
through an expression similar to equation (12). Then, we set
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Figure 5. Configurations of the volume gas:
(a) at initial step; (b) after 10 steps; (c) after
20 steps; and (d) after 50 steps of simulation.

the interaction force as:
Fint = Tﬁm(ra t)a (22)

where 7 is force scale parameter. This approach is more in-
tuitive than the other ones [17] and allows the generation of
interesting visual effects. Figure 7 shows examples of gas-
liquid systems with the forces in the interfacial area given
by expression (22). This figure shows a stream of 1000
particles with vertical macroscopic velocity and the liquid
(blue) just before interaction.

The extension of this methodology to 3D depends on the
following steps: (1) Three-dimensional FHP and SPH; (b) A
model for the surface area and surface tension; (b) A suit-
able rendering technique.

Our team have implemented the SPH 3D presented
in [34] and the three-dimensional FHP was described in
section 5. The interfacial surface/tension model will also
follows that reference. The interfacial surface is defined
through the smoothed color field given by:

1
= ij—W (r
r Pj

where m; is the mass and p; is the density of the particle j
and W is an interpolation kernel of size is h [30]. A point
belongs to the interface between the fluid and the gas if:

_rj7h)7
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(d)

Figure 6. Configurations of the volume gas,
with a solid sphere out of the system: (a)
at initial step; (b) after 10 steps; (c) after 20
steps; and (d) after 70 steps of simulation.

IVes|| > T, (23)

where T is a pre-defined threshold. Following such ap-
proach the force distribution in the interfacial can be com-
puted through the expression [43]:

M = oV?¢,Ves,. (24)

Finally, we must considerer a suitable rendering tech-
nique. Our choice is the photon map method because it pro-
vides effects like color bleeding, soft shadows, indirect il-
lumination and caustics, which is very important in scenes
with participating media. Firstly, we will use the implemen-
tation available in the PBRT library. Next we will imple-
ment a customized version of the photon map to get per-
formance for real time applications. We could try to simu-
late both the phases through a Lattice Gas Model. However,
a known problem of such approach is that no mathemati-
cal understanding is gained of which parameters lead to de-
sired behaviors. Thus, the use of Navier-Stokes for the lig-
uid modeling aims to allow standard ways to control the
system.

The interaction between fluids and surfaces will be de-
veloped in two aspects: (1) Interaction between gas and a
deformable surface. (2) Precipitation in terrain models.
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Figure 7. Configurations of liquid-gas: (a) at
initial step; (b) after 15 steps; (c) after 25
steps; and (d) after 50 steps of simulation.
Source [20]

In both cases, the fluid will be simulated by the three-
dimensional FHP and the surface by a polygonal mesh. The
first point is the collision detection. The system must be
able to detect the collision between the particles of the FHP
model and the surface. Once the surface is immersed in the
FHP framework we just perform the rasterization of the sur-
face in the FHP lattice and mark the obtained nodes (set a
flag to 1). So, when a FHP particle reaches such a node of
a rigid suface, it is just a matter of reflecting the particle
following the FHP rules stated in section 5. The Figure 8
shows an example of this method for a sphere immersed in
the three dimensional fluid simulation framework proposed
in section 5.

If we have a deformable surface modeled by the Mass-
Spring system described in section 6 then, for each node
of the surface, we apply expression (22) to compute the in-
teraction force and add this force in expression (17). After
each time step of the Mass-Spring algorithm, we must re-
build the rasterization of the surface in the FHP lattice.

Finally, we aim to explore the three dimensional FHP
model in the framework developed by our team for sur-
face flow animation in digital terrain models [3]. The sur-
face flow simulation follows a particle model, inspired in
the LGCA technique, described in [3]. The basic data struc-
tures of the model are a polygonal representation of the
surface and a regular lattice with nodes (i,j) € L x L,
where L. C IN. Particles move according to the terrain sur-
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Figure 8. Configurations of a rigid sphere im-
mersed in 3D FHP: (a) at initial step; (b) af-
ter 40 steps; (c) after 80 steps; and (d) after
90 steps of simulation.

face topography and the fluid configuration nearby. There is
a counter in each lattice node used to keep the number of
particles in the corresponding (7, ) position. A node may
contain more then one particle in this model. The Figure 9
shows some snapshots of a simulation using this technique.

In this work we will embed the framework described in
[3] in the 3D FHP framework (section 5) in order to simu-
late precipitation over terrains. The terrain surface is consid-
ered as a rigid one, so, the procedure for detection of colli-
sion between the particles of the FHP model and the terrain
surface follows the idea also explained above. Given a lat-
tice node (i, j), we take a neighborhood of the correspond-
ing surface point (i, j, z) and check the fluid density com-
puted in the 3D FHP model. This quantity is used to quan-
tify the precipitation value in the (7, j, z) point of the ter-
rain.

9. Conclusions and Future Works

The main goal of our work is the development of a com-
putational framework to create realistic animations of three
dimensional systems involving gas-liquid and fluid-surface
interactions. In this paper we propose to combine FHP, SPH
and Mass-Spring systems for simulation tasks and photon
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Figure 9. Configurations of simulation of flow
in a terrain model: (a) at initial step; and (b)
after 2500 steps of simulation. Source [3]

map realistic rendering. We discuss the theoretical elements
of our proposal and present some experimental results. We
do believe that the computational efficiency of the applied
methods will generate a useful framework for real time ap-
plications, like games and virtual reality.
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Abstract

Direct volume rendering techniques  allow
visualization of volume data without extracting
intermediate geometry. The mapping from voxel
attributes to optical properties is performed by transfer
functions which, consequently, play a crucial role in
building informative images from the data. One-
dimensional transfer functions, which are based only
on a scalar value per voxel, often do not provide
proper visualizations. On the other hand, multi-
dimensional transfer functions can perform more
sophisticated data classification, based on vectorial
voxel signatures. The transfer function design is a non-
trivial and unintuitive task, especially in the multi-
dimensional case, and its controlled modification
allows the user to selectively enhance different
structures in the volume. In this paper we discuss the
interactive approach of a transfer function design
technique that allows the user to explore volumetric
datasets by interacting with a derived space as well as
with voxels in the volume space.

1. Introduction

In direct volume rendering (DVR), transfer
functions (TFs) are used for emphasizing regions of
interest inside the volumes. The most common type of
transfer function is the one-dimensional TF, which
assigns optical properties (usually color and opacity) to
voxels based only on their scalar value.
Notwithstanding, one-dimensional TFs have a very
limited classification power because they can not make
distinction between volume regions defined by scalar
values within the same range. On the other hand, multi-
dimensional transfer functions can perform better
classification because they can take into account not
only the scalar value of a voxel [8], but also other
attributes like gradient magnitude, directional second
derivative, curvature [7] and statistical measures [23].

Figure 1. The sheep heart dataset viewed with two TFs,
represented as circle in the color map. The circle
represents a Gaussian opacity function with peak —
maximum opacity — at the center. The color maps are
fixed, with red, green and blue representing scalar value,
gradient magnitude and directional second derivative,
respectively.

Designing an appropriate transfer function, even a
one-dimensional TF, is a difficult task and much
attention has been given to this issue in the literature
after Pfister et al.[15]. As the domain dimension
increases, the visualization of the transfer function
becomes more difficult, and so the interaction with it.
Controlled modifications of color and opacity transfer
functions allow enhancing parts of the datasets, thus
hiding features and revealing others that the user is
trying to isolate. This way, the representation of the

This paper is based on the M.Sc. dissertation named "Especificacdo de Fungdes de Transferéncia Unidimensionais e

Multidimensionais para Visualizagdo Volumétrica Direta" by the first author.
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transfer functions and the ways the user can interact
with them play an important role in the exploration of
inner structures in volumetric datasets.

In this paper we present an interactive technique for
the design of multi-dimensional transfer functions.
With our approach the user can interact with a
simplified representation of the TFs obtaining different
informative visualizations in a very easy and fast way
(Figure 1). We discuss the resulting method compared
to a previous interface for specifying one-dimensional
transfer functions.

The paper is organized as follows. Next sections
present the closest related works, including a brief
review of our previous work. Section 3 describes our
approach in detail, while main implementation aspects
are discussed in Section 4. Section 5 discusses the
results obtained with our method, and finally, in
Section 6 we draw some conclusions and point out
future work.

2. Related work

2.1. One-Dimensional transfer function

specification

Traditional approaches for TF specification rely on
the user's effort in adjusting control points of a graphic
plot mapping voxel values to opacity level and/or color
tone. The control points are then interpolated in order
to build the TF. But, with no clues or prior knowledge
about the data, this is a “blind process”. Some data-
driven approaches provide to the user higher-level
information [2][14] that helps in obtaining insight
about the data distribution as well as supports the
manual TF design. Other methods build abstractions of
the TF specification process - the transfer functions can
be hidden from the user [24] or a simplified space can
be presented [6].

Kindlmann and Durkin [6] proposed a derived space
for specification of opacity transfer functions in which
the user specifies opacities for voxels as a function of
the distance between the voxel and the nearest
boundary. Informative histograms are built relating
voxel values with the first and second derivative values
associated to each voxel in the volume. From these
histograms, the mean first and second derivative values
associated to each voxel value are used to estimate the
distance to the nearest border. Since the boundaries
must be emphasized, voxel values with small estimated
distances should receive larger opacity values.
Prauchner et al. [18] used Kindlmann’s method to
classify the voxel values by the estimated distance to
the nearest border. A set of voxel values with the
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smallest distances is elected and random subsets are
then built. The values of each subset are used as control
points for the TF specification. Each of these points
receives a random color and a random opacity value
different from zero. The transfer functions are obtained
by interpolating the control points. Consequently, each
subset of the “best™ voxel values derives a transfer
function to be presented in a gallery of thumbnails,
similar to the Design Galleries method [13]. This is the
first level of the two-level interaction interface
proposed by Prauchner et al. In the second level, the
user can visualize a selected thumbnail in better
resolution and refine its TF by adjusting the control
points manually. The thumbnails can be randomly re-
generated any time at interactive rates.

Following this two-level interaction interface
approach, we [16] also adopted the gallery to present
several thumbnails generated initially through a
boundary emphasis technique, following Kindlmann
and Durkin [6]. At this level, the user can generate new
thumbnails (TFs) by either reapplying the boundary
emphasis or selecting thumbnails as parents of a next
generation of TFs, which are generated using an
stochastic approach by He et al.[4]. The user can also
select a specific thumbnail, and go to the second-level
of interaction. At this level, looking at the rendered
volume in high resolution, the user can modify the TF
manually either by interacting with the TF graphic plot
(Figure 2) or by picking voxels — to be emphasized by
increasing the opacity for its scalar value — from a
cutting plane (Figure 3). This work was published in
SIBGRAPI 2006 and its extended version is to appear
in a Computer and Graphics special issue.
function

2.2. Multi-dimensional transfer

specification

The design of multi-dimensional transfer functions
brings challenges regarding both the visualization of
the TF as well as the exploration of the TF domain.

It is possible to explicitly define a multi-dimensional
transfer function by interacting in its domain with
proper tools. Kniss et al. [8] proposed a volume
rendering environment containing a set of direct
manipulation widgets for volume inspection,
visualization of data distribution and design of three-
dimensional transfer functions, using dual domain
interaction.

However, the difficulty of exploring the transfer
function domain increases with its dimensionality;
therefore some approaches for transfer function design
provide interfaces based on interaction in a simplified
space. Region growing techniques were used by Huang
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and Ma [5] to segment volume data from seed points
specified by the user; voxel signatures of the segmented
region were used to automatically design a transfer
function.

Tzeng and Ma [25] clusterized voxel's signatures by
similarity allowing the user to specify the desired
classification by successively splitting and merging the
clusters. The user sees the results by associating visual
properties to each material class. The same authors
[26] implemented multi-dimensional transfer functions
using neural networks and support vector machines.
They evaluate a classification function learned from
training sets selected through a slice painting interface.
The user paints the voxels of interest with a specific
color, and the undesired ones with a different color.
This way they implement a binary classification
scheme.

Séreda et al. [20] used hierarchical clustering to
group voxels according to their LH signatures [21].
The user navigates through the hierarchy searching for
the branches corresponding to regions of interest.
Takanashi et al. [22] used independent component
analysis (ICA) of multi-dimensional voxel signatures in
order to represent them in a space where the
classification is performed by moving axis aligned
separation planes. Rezk-Salama et al. [19] created
models of transfer functions that are carefully adjusted
by specialists for several data sets of the same type in
order to reveal the desired structures. Then, they
applied PCA to represent the parameter set of each
model by a single variable with an associated semantic.
The models can be reused for new data sets by setting
only that variable.

In order to have a generic design technique, we can
consider designing a one-dimensional transfer function
as a case of designing a multi-dimensional TF where
the user selects only one variable to represent the voxel
signature. In [17], we reported a method for designing
nD-TFs, where voxel signatures are extracted from the
volumetric dataset to be visualized, 2D or spherical
self-organizing maps are built from the voxels
signatures, and a dimensional reduction step results in
voxels signatures being replaced by their coordinates in
map space. These processes are performed off-line and
perform non-linear dimensional reduction of voxel
signatures. The result can be thought as a non-discrete,
non-linear voxel classification scheme that group
voxels by similarity and map them to a two-
dimensional space: a square or a spherical surface.
During rendering the user can specify color and opacity
transfer functions by navigating on the map with a
cursor that is the peak of a Gaussian opacity function.
Next section presents this method in detail.
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Figure 2: Manual design of one-dimensional opacity and
color transfer functions.

Figure 3. Top image: dataset' rendered using the TF
shown at the left side. Bottom images: the voxel pointed
by the cursor has the value marked as a white square in
the TF plot. Opacity associated with this value can be
interactively increased by the user.

3. Design of multi-dimensional transfer
functions

Figure 4 shows the process of obtaining meaningful
transfer functions for nD signatures. Our work on this
subject [17] was published in EuroVis 2007.

! Dataset “Lagador” kindly provided by LACEM-UFRGS.
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3.1. Map building process

The map building process starts with a
preprocessing phase, when complex voxel's signatures
(like derivative values, statistical measures, etc.) are
extracted from the volume data and normalized. This
way, each voxel has an nD signature (a set of scalar
values represented as a vector) that can be used as a
training case for the self-organizing (Kohonen) map
building algorithm. It is important to mention that,
depending on the source of volume data, there are
many background voxels which do not carry useful
information (air around scanned objects in CT/MRI
volume data, for example), and would influence the
map due to their high occurrence. Upon user decision,
they can be partially removed from the input set of the
training process by a very simple region growing
technique using as seeds the voxels identified as
background in the most exterior regions of the volume.

The signatures of all non-background voxels are
employed as training cases presented in random order
to the self-organizing map, and two types of
neighborhood functions are applied. In a first stage we
define the overall aspect of the map by training it using
a Gaussian neighborhood function, and then, we
continue the map training with a modified
neighborhood function that depends not only on the
topological distance, but also on the distance between
the training case and the weight vector of the winner
cell (refer to [17], for further details). This modified
neighborhood function is designed in order to allow a
voxel with a signature far from the weight vector of the
corresponding winner cell (according to the distance
metric) to have more influence on the map. Without
this strategy, large homogeneous regions of the volume
would tend to dominate the map, while important
regions with fewer voxels would be badly represented
(signatures far from their respective winner cells).

We use as topological distance the Euclidean
distance between the integer 2D coordinates of two
cells in the map grid. For spherical maps, the
topological distance is the number of edges in the
shortest path connecting two cells.

At the end of this process, we have a Kohonen (or
spherical) map where each cell has an associated
weight vector that represents a class of voxels, being
the most similar weight vector for all elements in that
class.

3.2. Dimensional reduction

Dimensional reduction was motivated by the need of
providing a simplified space for the user to interact

Anais do WTDCGPI 2008

with the multi-dimensional transfer functions. When
using Kohonen maps, two-dimensional map space
coordinates in the interval from zero to one can be
associated to cells according to their position in the 2D
grid. Dimensional reduction can be performed by
replacing each voxel signature by the coordinates of its
respective winner cell. However, this would cause
unnecessary discretization. To avoid this, we create
two multiquadric radial basis functions (multiquadric
RBFs), for x and y map space coordinates, based on the
weight vectors of all cells. For spherical maps we adopt
X, y and z position coordinates ranging from -1 to 1,
and use three RBFs to obtain the coordinates of voxel's
signatures. Thus, the RBFs supports the final step in
dimensional reduction of voxel signatures by
producing, through interpolation, the proper x and y
(and z) map coordinates for each nD voxel signature.

(if volume is already nD)

yolume _‘ = l:ompuH:omﬁ volire dat
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Figure 4. Distribution of processes between CPU and
GPU for obtaining opacity and color TFs from nD voxel
signatures.

Dimensional reduction normally implies loss and
distortion of information, but volumetric data usually
have properties that reduce this problem. The voxels
signatures are usually not uniformly distributed in their
domain (they form clusters, which are well represented
in the map), and elements of the voxel signatures are
often not completely independent [22]. Moreover,
voxel signatures that are not present in the training set
do not require space in the map.

3.3. Transfer functions specification

After the dimensional reduction step, the continuous
map space defined by the RBFs becomes the TF
domain. The user can interactively define the mapping
from map coordinates (which represent voxel's
signatures) to optical properties. We propose an
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interface for specification of color and opacity transfer
functions that provides dual domain interaction [8] as
well as visualizations of the transfer function and of the
voxel signatures.

3.3.1. Interaction in TF-domain. The visualization of
voxel's signatures in our interface is obtained by
directly mapping up to three elements of the weight
vectors of the map cells (which actually are elements of
the voxel signature) to the three color channels. The
user decides which element of the nD signatures should
be mapped to each basic color. One element can be
associated to more than one color channel and a color
channel may have no elements mapped to it. This
interface feature illustrates the distribution of voxel's
signatures on the map and can be used to build color
TFs as described below. Figure 5 (a and b) shows the
distribution of voxel's signatures of the well known
engine data set. The same regions (clusters of
signatures) can be found in both maps.

The transfer function is represented as an RGBA
image and is displayed by blending it with a
checkerboard pattern. The blending function allows
TFs with small opacities to be clearly visualized.
Figure 5 displays TFs on a Kohonen map (c) and on a
spherical map (d) generated for visualizing the engine
data set. The volumetric rendering of the data set using
the TF in Figure Sc is shown in Figure 7a.

Transfer functions are composed by blending
several 2D Gaussian opacity TFs, each one having an
associated 2D color TF. We provide three types of
color transfer functions that can be associated to a
Gaussian opacity function: a constant color chosen
from a colorpicker; map coordinates directly mapped to
color channels; and elements of weight vectors of map
cells mapped to color channels (for each map
coordinate the weight vectors of the near cells are
interpolated and mapped to colors). At each step a new
Gaussian TF is specified and then blended with the
current TF, for opacity and color. The result becomes
the current transfer function and the composition
continues until the desired TF is reached. At start, the
current TF has zero opacity and RGB colors for all the
map space.

In our interface, by clicking or dragging the mouse
on the map representation, the user moves a circle
whose center is the peak of a Gaussian function and
whose radius is its standard deviation ¢. The Gaussian
TF is scaled by a constant k between zero and one
which is linearly mapped to the circle color, with blue
being zero and red, one. The parameters ¢ and & can be
increased or decreased using the keyboard. In order to
fully explore the spherical maps, they can be rotated by
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dragging the mouse using the right button. The
Gaussian opacity transfer function is defined in terms
of the distance to the center of the circle.
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Figure 5. Maps of 3D voxel's signatures (a and b). Scalar
value is mapped to red, gradient magnitude to green and
second derivative in the gradient direction to blue.
Transfer functions displayed on a Kohonen map (c) and
on a spherical map (d).

The transfer function used for rendering is the
composition of the current TF and the Gaussian
function represented by the circle. This scheme
provides interactive previewing of the effect of the
composition while the user explores the map by
moving the circle on it. When the desired effect is
reached, the user can set the composition as the current
TF using the space bar, and other Gaussian function
can be further experimented.

Our interface (Figure 8) keeps track of all transfer
functions defined during a session, and provides a tree
representation of this evolution using static thumbnails
of the volume rendered with the corresponding TF.
This allows simple recovering of previous TFs by
clicking on the thumbnails.

3.3.2. Interaction in TF-domain. At any time the user
can rotate and translate the volume and place a clipping
plane to better explore inner structures. The volume
slice defined by the clipping plane is textured by
mapping to color channels the map coordinates of the
voxels sampled by the slice. This causes an interesting
coloring effect that helps in inspecting the volume. The
slice is blended with the rendered volume using an
opacity value controlled by the user, as shown in
Figure 6. When Kohonen maps are employed, the x
and y map space coordinates of the voxels are mapped
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to red and green. When using a spherical map the x, y
and z map space coordinates are mapped to RGB
colors.

The user can also click on the clipping plane to set
the position of the Gaussian opacity function peak to
the map coordinates of the voxel pointed by the mouse
cursor, emphasizing that region. By moving the mouse
on the clipping plane, the user can see the position of
the pointed voxel depicted as a white cross in the map
graphical representation (Figure 1). This spatial domain
interaction mapped to TF domain helps in
understanding the relationship between both domains.

Figure 6. Visualizations of the tooth data set: a semi-
transparent slice blended with the tooth image rendered
using a transfer function specified in a 2D space built
from a Kohonen map (a); and a fully opaque slice of the
tooth colored according to voxel coordinates in a
spherical map (b). The noisy regions can be clearly seen.
The red arrow is the plane normal.

4. Implementation aspects

We implemented map training and dimensional
reduction as offline processes, but rendering and
transfer function specification demand interactive rates,
which are achieved through an intensive use of the
GPU (see Figure 4).

The map coordinates of the voxels are stored in a
3D RGB texture, which is sampled using view-aligned
slices as proxy geometry. When using a Kohonen map,
the transfer function is stored in a 2D RGBA texture
which is accessed by using the R and G components
(the x and y map coordinates) of the sampled 3D RGB
texture. The blue component is used to identify
background (zero) or non-background (one) voxels.
Background voxels must receive zero opacity during
rendering since they are not well represented in the
map. Nevertheless, due to hardware interpolation, the
blue component can assume values between zero and
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one. With this in mind, the opacity is actually
modulated by a smoothed step function of the blue
component. When using a spherical map, the TF is
stored in the GPU memory as an RGBA cube map and
is accessed using the RGB values of the 3D texture,
taken as vectors (the value of each color channel is first
converted to the interval [-1, 1]. Background voxels
have null vectors and the opacity is modulated by a
smoothed step function of the L2-norm of the vectors.
The blending of TFs and the evaluation of Gaussian
opacity functions also run in GPU.

When sampling the three-dimensional texture for
rendering, interpolation must be performed. The
hardware can automatically interpolate the map
coordinates stored in the 3D texture and generally this
produces good results. However, in our approach, it is
more correct to interpolate color and opacity associated
to voxels (see [3] for better understanding). In our
implementation, we use the GPU to create another 3D
texture, with the same size, containing the RGBA
values that result from the evaluation of the transfer
function for each voxel, and this texture is sampled for
rendering. When the transfer function changes, this
texture must be recomputed, but this strategy is fast
enough for our purposes. We also calculate another 3D
RGB texture to store the gradient field of the opacity.
This is done in GPU by applying central differences on
each voxel. The opposite vector of the gradient of the
opacity is used as surface normal for shading. Since we
are using complex signatures for each voxel, this
scheme for normal evaluation is more accurate than to
sample a 3D texture containing the precomputed
normals of the scalar field. Additionally, the normals of
the opacity field do not have ambiguity in their
orientation (see [11]). In our implementation, we set
hardware interpolation of map coordinates and pre-
computed normals as default options, but the user can
select color and opacity interpolation and normals
computed on the fly as high-quality rendering options.

As for the RBF design, we solve the systems of
equations with the Lapack library [1]. GLUT and the
GLUI libraries are used for the interface, while the
rendering is based on OpenGL and Cg, with the
framebuffer objects extension of OpenGL used in
hardware accelerated computing (Figure 8 depicts the
whole interface).

5. Results and discussion

5.1. Visualization

We tested our method using well-known data sets
(see Figure 7), comprising scalar and multivariate
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volume data. Similar results were obtained using
Kohonen and spherical maps. Most of the data sets
were successfully visualized using voxels signatures
based on the scalar value, gradient magnitude and
directional second derivative. For noisy scalar data,
however, we achieved better results using statistical
signatures like mean scalar value, standard deviation,
and cubic root of the third-order statistical moment,
taken from a small subvolume centered at the voxel
under focus.

(@ (b)

(c)

(d) (©)

-

Figure 7. Visualizations obtained using Kohonen maps:
(a) engine data set and (c) carp data set, both using scalar
and derivative values (gradient magnitude and directional
second derivative) as voxel signature; (b) foot data set,
using statistical signatures (mean scalar value, standard
deviation, cubic root of the third-order statistical
moment); and (f) carp data set, using the normalized z
coordinate of the voxels and same three statistical
signatures, (z axis is horizontally represented); and
Spherical maps: (d) hurricane data set at the 24th time
step, using wind speed, pressure and temperature as voxel
signature; and (e) sheep heart data set, using the same
statistical signatures as (b).
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Due to the loss and distortion of information usually
caused by dimensional reduction, our method can not
provide accurate quantitative information about the
volume data during the transfer function specification.
However, our approach is well suitable for revealing
qualitative aspects like shape of structures and
dissimilarity between regions.

Figure 7 shows visualizations of test data sets
obtained using different sets of voxel attributes as
signatures. In all these renderings, we used the
automatic generated color transfer functions (see
Subsection 3.3.1). For the hurricane data set we used
only the colormap which assigns voxel attributes to
color channels, since the attributes carry a clear
physical meaning: temperature was mapped to red,
pressure to green and wind speed to blue. However, the
tooth data set (see Figure 6) was visualized using
manually chosen colormaps and statistical signatures,
achieving a very good separation of the pulp.

Since self-organizing maps group similar voxel
signatures, the automatic generated color transfer
functions produce very good results because they
assign different colors to different regions of the map,
which correspond to voxels with considerably different
attribute's values.

The importance of each voxel attribute is defined by
weights. We suggest associating smaller weights for
higher-order voxel attributes. The visualizations
presented in this paper were produced using weights of
1.3, 1.0 and 0.7 for the statistical variables formerly
mentioned, respectively, and the same weights for
scalar and first and second derivative values,
respectively. For the hurricane data set the weights
were 1.0 for wind speed and pressure, and 0.5 for
temperature.

Regarding the shading using normals computed on
the fly, results can be seen in Figure 7 (c, d and e). It is
worth to mention that for the multivariate data sets, like
the hurricane, we can not use meaningful pre-computed
normals.

5.2. Interaction

Figure 1 (a and b) shows 2 views of the well-known
sheep heart dataset obtained by simply moving the
peak of the Gaussian TF on the map space (see
Subsection 3.3.1) from the position in Figure 1(a) to
that on Figure 1(b). The difference in the color of the
circle also indicates a difference in the value of a
specific parameter (k) from one opacity function to the
other. Automatically generated color transfer functions
are usually a good choice, which turns the design
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process less difficult. This is the case in the examples
shown here.

By moving the Gaussian opacity function on the
map space, the user quickly obtains an overview of the
main structures in the data volume. Users can tune
opacity levels and combine TFs with simple (keyboard)
input. Careful tuning of parameters of the Gaussian
functions and their combination allow building
meaningful visualizations.

In comparison to the previous design technique,
targeted at one-dimensional transfer functions, the
method described herein can be thought as including
boundary emphasis since the derived attributes are
often intended to capture the boundaries between
regions. Thus, the interactive tasks of enhancing
boundaries that a user had to accomplish with the
previous interface are automatically included in the
exploration of the map and setting of Gaussian
functions at specific positions on it.

The history tree, briefly described in Subsection
3.3.1, provides a powerful mechanism for exploring the
transfer function domain, allowing not only “undo” and
“redo” operations, but navigation in the whole history
of TF modifications. Both design interfaces have this
feature, which proved to be necessary due to the
interactivity of the TF design process, which can yield
to situations where the user “looses” a good transfer
function.

6. Conclusions

In this paper we presented a new approach for the
design of multi-dimensional transfer function that uses
self-organizing maps to perform dimensional reduction
of the voxel attributes. The strongest points of our
technique are simplicity and flexibility. Our approach
allows building multi-dimensional transfer functions
through the exploration of a simplified (reduced) space
where traditional interaction techniques can be
employed. A simple and effective interface for transfer
function design is provided, and the user can interact
with the system in both spatial and TF domains.

Self-organizing maps have the ability of
representing clusters of voxel's signatures in a compact
way, and this helps to understand the data distribution.
All relevant voxel's signatures are represented in the
map and every region of the map has voxels mapped to
it. Moreover, exploring two-dimensional maps is easier
and faster than navigating through a class hierarchy.
The proposed dimensional reduction scheme requires a
preprocessing step, but it has clear advantages in
relation to volume segmentation techniques because it
performs a non-discrete classification which can
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represent uncertainty. In addition, with simple
interaction, the user can change the transfer function
defined in the map space, interactively obtaining new
visualizations in real-time.

As future work, regarding interaction with the TF,
we want to transport transfer functions designed in map
space to the actual multi-dimensional space using the
Gaussian multi-dimensional TFs proposed by Kniss et
al. [9]. Another promising future work is the semi-
automatic search for important structures in the map.
This search could be aided by an interface that would
provide additional information about the spatial
distribution of voxels.
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Fluid Warping
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Abstract

Warping techniques can be complicated and difficult to
use, but through the use of fluid dynamics the warping be-
comes simple and it is intuitively controlled by physical
properties such as viscosity and forces. These properties
are naturally associated with the image itself or with spa-
tial control handles. The key idea is to think of the im-
age domain as a two-dimensional incompressible and ho-
mogeneous fluid, and to use the Navier Stokes equations
to change it by applying forces to the image function. In
this way, the process does not move the image values as
in fluid simulations, but transforms the coordinates of a
parametrization of the image through a vector field gener-
ated by the simulation equations — effectively acting as a
texture mapping.'

1. Introdution

The process that changes the shape of objects in an im-
age is called warping. The use of warping plays an impor-
tant role in many applications, from the correction image
distortions in medical data to the creation of special effects
in the entertainment industry. Warping can also be used to-
gether with blending for creating transitions between differ-
ent objects, a technique known as morphing [7].

More formally, given an image, f : U C R? — C, the
mapping between source space (u,v) and destination space
(x,y) is called warping filter. Such a map, W(f) = g, acts
on the input image f(u,v) giving rise to an output image
g(x,y) that can be regarded as a deformation of the image
domain [8]. Furthermore, in the case of morphing, a com-
position operator combines the result of two synchronized
warping filters applied to different images.

Spatial transformations based on Navier-Stokes equa-
tions, and the use of fluid dynamics in general, present a
great potential in the above context because they are very
powerful to derive warping transformations. In the present
paper we develop a framework where such a technique is
exploited.

1  Extended abstract of doctorate thesis.

Anais do WTDCGPI 2008

André Nachbin

Luis Gustavo Nonato
Universidade de Sao Paulo - Sao Carlos

2. Related Work

There are many methods for image warping. They can be
classified into: parameter-based; feature-based; free-form;
and hybrid [9].

Parameter-based methods are warping techniques con-
trolled by a family of transformations, such as scaling,
twisting, and bending. This type of technique was intro-
duced in Computer Graphics by Alan Barr[2].

Feature-based methods encompass a whole class of
warping techniques, which differ regarding types of geo-
metric features and reconstruction functions. In these meth-
ods a correspondence of features in the source and des-
tination objects must be provided by the user. Typical
reconstruction functions include scattered data interpo-
lation, inverse distance weighted kernels,and radial ba-
sis.

Free-form based methods use specification by coordinate
systems. For this purpose, they employ free-form curves (B-
splines, Bézier etc.) to define the coordinate curves [4].

The pioneer work using fluid dynamics in image process-
ing was introduced by Bertalmio et al. [10], with a method
for digital inpainting. They think of the image intensity as
a stream function and the Laplacian of the image intensity
plays the role of the vorticity of the fluid, which is trans-
ported into the region to be inpainted by a vector field de-
fined by the stream function. Even though their idea is based
on Navier-Stokes equations, our work is different. In our
technique, the fluid warping uses a vector field directly cre-
ated by the velocity of fluid by Navier-Stokes equations: we
neither use the stream function nor vorticity.

The proposed fluid warping technique carries the coor-
dinates of a parametrization of the image through of a vec-
tor field generated by the Navier-Stokes equations. Warp-
ing is controled by physical parameters associated with the
characteristics of the image itself or by other auxiliary im-
ages and applied to the dynamic simulation.

Depending on the application (for example in those al-
ready mentioned above) an important aspect of fluid warp-
ing is user control. Deformations are easy to specify using
fluid dynamics through physical properties, such as viscos-
ity and forces.
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3. Fluid Simulation

In this section we present the fluid simulation setting
that will be adopted in our framework for image warping.
We are interested in modeling homogeneous, incompress-
ible fluids with variable viscosity. Such formulation gives a
good compromise between simplicity and expressive power.
Moreover, we require an efficient implementation, that al-
lows large time-steps, for this purpose we will employ the
Stable Fluids algorithm, extending it to handle variable vis-
cosity.

3.1. Mathematical Formulation

First we review some mathematical concepts for the def-
initionn of the fluid equations. The fluid is defined over a
region D € R? Letx = (z,y) be any point of D. Let
v(ax,t) denote the velocity of the particle of fluid moving
through x at time ¢. The velocity field of fluid is denoted by
v and it is a vector field tangent to the trajectory of the par-
ticle. For each time ¢ assume that the fluid has mass density
p(x,t). The fluid is called incompressible when

V-v=0.

Assuming that the fluid has mass density constant in space
(i.e., the fluid is homogeneous) and that p is constant in time.
Then we have

p(x,t) = constant in particular p(x,t) = 1.

Let p be the viscosity of fluid and p the pressure. Then for
constant viscosity, the basic Navier-Stokes equations for in-
compressible fluids are: (see [5])

Oov=—-Vp—v-Vot+ulAv+f (1
V.-v=0.

where the ”-”” denotes a dot product between vectors, while
vV = (0/0z,0/0y) is the vector of spatial partial deriva-
tives, 0y is the partial derivative 3%7 and V- is the divergent.
We also adopt the notation A=V - V.

For more expressivity, we want to consider changes of
viscosity in space and thus we have to formulate the Navier-
Stokes equations for variable viscosity. The equations are:

Oy =—Vp—w-Vuv 2)
+vu(z)(Vo + Vo) 4+ plx) Av
+f

_ 83;1;1 8yv1 T _ a:zcvl ax'U2
Where Vv = <81v2 &ﬂﬂ) and Vv = a0 B3
then

T _ 20,0 902 + 8yv1
Vet ve = (6yvl + 9,02 20,v* ’
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We will use the Helmholtz-Hodge Decomposition theorem,
where a vector field w on D can be uniquely decomposed
in the form

w=u+ Vg

such that v has zero divergence and q is a scalar field. If we
have w = u + Vp, then

V-w:V~Vq=Aq,andw-n:Vq-n:g—fb =

This is a Poisson equation for a scalar field with the Neu-
mann boundary conditions. A solution to this equation can
be used to compute u:

u=w— Vgq.

Now we define the operator P which projects any vector
field w onto its divergence free part u: V - v = 0 and
Pw =u.

P is a linear operator and thus w = Pw + Vp, u = Pu,
P(vp) = 0. We apply the operator P to both sides of the
basic Navier-Stokes equations (1) and obtain

Ov=POw+Vp)=P(—(w-Vv+prv+f). (3)

This form of equation eliminates the pressure and expresses
Owv in terms of v alone. The pressure can then be recov-
ered as the gradient part of —(v - V)v + pu A v+ f. In
the same way, we obtain for the variable viscosity Navier-
Stokes equation (2).

Ov = 4)
P(—(v-V)v+ V@) (Vo + Vo) + p() A v+ f)

3.2. Computational Method

Now we briefly review the Stable Fluids algorithm that
we adopt for the implementation of the fluid simulation. For
further details we refer to the original papers [16] and [17].
Since the algorithm was designed for fluids with constant
viscosity, we adapt it for our setting by developing an ex-
tension for variable viscosity fluids.

The algorithm solves the Navier-Stokes equations (4)
and it is unconditionally stable. This method is based on
an operator splitting strategy.

For each time step At the algorithm solves the equations
in four stages, starting from a velocity field wy = v(x,t)
of a previous time step and then sequentially resolving each
term of the equations. The stages are

add force advect diffuse project
w1 w2 w3

Wy
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The first stage is the addition of external force f. It adds
the force field multiplied by the time step to velocity w; =
wo + Atf(z,t).

The second stage accounts for the effect of advection of
the fluid on itself. It is given by an advection equation

Orwe = —(w1 . V)’LUQ
and is solved by using a semi-Lagrangian technique [6]
wg(a;) = w1 (J} — Atwl (.’13))

The basic idea behind the advection step is, instead of mov-
ing the particle forward in time through the velocity field,
to move it backwards in time through the field and calcu-
late a new velocity by interpolation (guaranteeing stability).

The third stage solves for the effect of viscosity and is
given by equation

Oyws = n A ws
it uses a simple implicit solver for the diffusion equation
(I— Atp A)wg = Wa

where I is the identity operator. One way to solve this equa-
tion is to get the solution for system

Aw3 = W2

by using the Jacobi method.

The fourth stage projects the velocity field onto the in-
compressible (divergence free) field. This step also involves
the solution of a Poisson equation

A q=V-wsand wy = wz — Vq.
The methods used for solving this stage are finite difference
schemes and Jacobi.

We will extend the formulation above to solve our equa-
tion (2) using the same stages, except that because we as-
sume variable viscosity the diffusion stage will be different.
More precisely, the original Stable Fluids solve the equa-
tion

Oyw3 = 1 A w3

and we have to solve the equation
Orwz = V() (Vws + Vws ") + p(x) A ws.

To solve this step, let wz = (w!, w?) and we write again
in this form

Wi = 2pipwy + pry(wy +w3) +p A w!
wi = 24wy + po(wy, + w2) + p A w?

where the sub-indices ¢,z and y denote the partial deriva-
tives 0, 0, and d,. And we discretize again using implicit
difference schemes backward in time and central space to
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ws and central space scheme to u. The results are stable,
just as we wanted. Once again time we have used Jacobi to
solve this modified stage.

The Stable Fluids also includes a method to compute the
motion of a density ¢ immersed in the fluid [17]. The equa-
tion for the evolution of this density is

Op=—v - V)p+rAp+S %)

where « is a diffusion rate and S is a source of density. The
density is advected by the fluid using a semi-Lagrangian
technique, as in the second stage of the algorithm.

4. Warping with Fluids

The first idea to use fluids for image warping would be to
consider the image as a density field immersed in the fluid,
and as such could be transported by fluid motion. However,
as can be seen in Figure 1 this approach does not work well.

(a) Image (b) Forces

©T =t

DT =t2

Figure 1: Image warping with fluids.

For this experiment we used the source image in Fig-
ure 1a and the force field in Figure 1b. We performed a fluid
simulation using these external forces, and then applied the
resulting velocity field to the image in two ways.

First, we treated the image intensity as density values im-
mersed in the fluid and computed the motion of the image
function using equation (5), which moves the grey level val-
ues of the image directly, The result is a blurred image and
a fast disappearance of the image after applying additional
forces, as shown in Figure 1(c). This phenomenon happens
because of the intrinsic dissipation of the fluid equation.

The best strategy to avoid the above problem is to move
through the fluid velocity field, instead of image values,
the coordinates of a parametrization of the image. In this
way, the image features are preserved by a texture mapping
mechanism, as shown in Figure 1(d).

4.1. Texture Mapping and Warping

Based on the conclusions of the previous experiment, the
image warping using fluid simulation can be formalized as
a deformation induced on a texture.

Let [0, M] x [0, N] be the image domain. Given a force
applied to the image domain, we regard a fluid in [0, M] X
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Figure 2: Texture Warping: image coordinates carried by
vector field generated by the Navier Stokes equations.

[0, N] and move this fluid taking external forces as ini-
tial data. For point (z,y) in the image domain, the coor-
dinates are transported to point (p1, p2) in [0, 1] x [0, 1] by
parametrization p.

Now, each coordinate p; and p- is interpreted as a den-
sity immersed in the fluid on [0, M] x [0, N]. We move
each coordinate separately through the fluid velocity field,
by equation (5) getting for a time step At the coordinates
q1 and q2.

Finally, for a point (z,y) on domain of a new image the
value is computed as follows. If (¢1, g2) belongs to [0, 1] x
[0, 1], then it is transported by the inverse parametrization
at the point (w, z) of [0, M] x [0, N]. The value of the new
image at point (z,y) is the value of the original image at
(w, z). If (¢1,42) do not belong to [0, 1] x [0, 1] then the
value of (z, y) is zero.

This computational scheme for fluid warping using tex-
ture mapping is illustrated in the diagram of Figure 2.

The warping function induced by the velocity field of
a fluid simulation has many desirable properties, such as
smoothness and continuity, that can be exploited in applica-
tions.

Additionaly, the mapping is naturally time dependent,
such that given the initial conditions (i.e., forces and pa-
rameters) at time ¢ = 0, we have a one-parameter family
of warpings Wy, t € R, which directly applies for anima-
tion, and may also be interpreted in terms of evolution.
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4.2. Control Mechanisms

Fluid simulation is capable of producing potentially
very complex deformations with good properties for im-
age warping, as we have discussed so far.

However, in order to be useful, we need to be able to
control the simulation such that the desired transformation
is obtained.

The simplest way to control the fluid warping is through
the direct specification of the simulation parameters.

By inspection of the fluid equations (2) is easy to verify
that the available parameters are:

e external forces f(z,t); and
o fluid viscosity u(x).

An extra parameter is the total duration 7" of the simulation.

Surprisingly, just this small set of parameters already
provide powerful and intuitive mechanisms for controlling
the image warping.

First, note that both the forces and viscosity are spatially
variable. Thus, they are identified with functions on the im-
age domain which could be associated with image features.
Therefore, one natural way to specify forces and viscosity
is by auxiliary images.

We define the viscosity from the intensity of an auxiliary
image function on [0, M] x [0, N]. The viscosity values are
computed from a normalization of the image values to [0, 1]
and global scaling factor.

While the viscosity is defined by a scalar field, forces are
defined by a vector field, which can be encoded as an RGB
image. However, in many situations it is also convenient to
specify forces from point or curve sources. For this we em-
ploy procedural definitions.

Furthermore, for specification purposes it is convenient
to take the total external force f = > f;, as the additive
combination of separate individual forces f;.

Since forces vary in time too, we must take this fact into
consideration for the definition of forces. More specifically,
useful options are: 1) instantaneous forces (i.e., acting at
specific time instants ¢;, ¢ = 1,...,N) In this case, it is
common to use initial forces at ¢ = 0; 2) constant forces
(i.e., acting during a certain time interval [to,¢1]; 3) arbi-
trary forces (i.e., fully variable in time).

Also, the application of forces may be defined a pri-
ory or may depend on a sensing function on the simulation.
This second option is related to the so-called force-feedback
mechanism of control theory.

Up to now, we have adopted only basic specification of
forces, such as instantaneous and constant force fields. We
have also made use of a simple sensing mechanism, mainly
for stopping the simulation.
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5. Results and Examples

In this section we give some examples of the results that
can be obtained with fluid warping.

The first set of examples demonstrate the use of forces
and viscosity to control image deformations.

Figure 3 shows a warping of a train leaving the station,
defined only by an instantantenous force at t = 0 along a
curve on the top part of the image. The goal was to get a
time-space distortion effect suggesting speed. Note that we
are able to create extreme distortions just by running the
simmulation for a longer period.

Figure 4 exhibits a warping of a Van Gogh’s painting,
defined by forces and variable viscosity. Here, we gener-
ated forces from the gradient of a segmentation of the hat
and the viscosity from a quantization of the image values.
Note that the forces act to expand the hat and, because the
surrounding background has variable viscosity, the hat de-
forms in a non-uniform way.

The second set of examples is an attempt to evaluate fluid
warping as a regular warping technique. For this purpose,
we make a comparison using examples from the paper of
Arad et al [1]. In this seminal work, the authors describe a
technique based on radial basis functions.

Figure 5 is an example in [1] for lifting the corner of a
girl’s mouth. To achieve this effect we constructed a viscos-
ity function, shown in Figure 5(b), that imposes a restriction
on the warping area. In this function, the region outside the
desired warping is white and more viscous (i.e., opposing
great resistance to fluid motion). The warping area is dark
and less viscous (i.e., offering small resistance to fluid mo-
tion). The forces used in the process are given by the gra-
dient field of the image shown in Figure 5(c). They exert
an upward force at the mouth location, producing the de-
sired effect. The results in Figures 5(d) and (e) demonstrate
that we are able to closely match their technique.

6. Conclusions and Future Work

In this paper we introduced fluid warping, a framework
for image deformation using fluid dynamics. Our technique
provides good results and is simple to use.

Future work includes two avenues of investigation. One
direction is towards a finer and more precise control of
the warping transformation. This can be achieved by ex-
ploiting sophisticated force-feedback mechanisms, possibly
combined with an optimization strategy. Another direction
is to extend the framework for image morphing. In this con-
text, the coupling of two parallel fluid simulations could be
considered together with a composition operator for image
blending. Ideally, such an operator should be physicallly in-
spired.
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(a) Original Image (b) Velocity field at t = 0 (c) Image warping at t1 (d) Image warping at ¢,

Figure 3: Train warping.

i Ilii N

(a) Original image. (b) Gradient field. (c) quantization for viscosity (d) Image at t3

Figure 4: Melting the Van Gogh hat.

(a) Original image. (b) Viscosity function (c) Edges for force field. (d) Fluid Warping (e) Result of Arad et al.[1]

Figure 5: Comparison with example in Arad et al., (1)
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Abstract

Image based methods have proved to efficiently render
scenes with a higher efficiency than geometry based ap-
proaches, mainly because one of their most important ad-
vantages: the bounded complexity by the image resolution,
instead of by the number of primitives. Furthermore, due
to their parallel and discrete nature, they are highly suit-
able for GPU implementations. On the other hand, during
the last few years point-based graphics has emerged as a
promising complement to other representations. However,
with the continuous increase of scene complexity, solutions
for directly processing and rendering point clouds are in
demand. In this paper, algorithms for efficiently rendering
large point models using image reconstruction techniques
are proposed. Except for the projection of samples onto
screen space, the reconstruction time is bounded only by
the screen resolution. The method is also extended to inter-
polate other primitives, such as lines and triangles. In ad-
dition, no extra data-structure is required, making the strat-
egy memory efficient.

1. Introduction

The area of point based graphics has grown during the
last decade, reaching a high level of acceptance among the
computer graphics community. With the advent of high-
resolution registration equipments, such as 3D scanners, its
importance became apparent as methods that could directly
deal with the provided data. Furthermore, since scene com-
plexity increases in a much higher rate than the output de-
vices’ resolution, the usefulness of some traditional repre-
sentations were put on doubt for a set of applications.

Nevertheless, point-based graphics is still an emerging
area. By far its goal is not to replace other representations,
such as polygonal meshes, but to complement them where

+  This paper contains extracts of the D.Sc. thesis “Interactive Point-
Based Rendering” by the first author.
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it is advantageous. With a dedicated symposium during the
last five years, devoted sessions in the most important com-
puter graphics conferences, and a recently released point-
based graphics book [6], the area has broadened its scope
and embraced techniques on various fields, e.g., 3D acqui-
sition, surface reconstruction, processing & modelling, ren-
dering, and animation.

The main advantage of the point-based representation is
its lack of explicit connectivity information. Each sample
contains all information necessary for processing and ren-
dering, implying in a few benefits: first, memory space is de-
creased, since there is no need to store connectivity; second,
during processing and modelling connectivity and topolog-
ical restrictions do not have to be preserved; third, there is
no need for surface reconstruction from the point cloud, for
example, to generate a polygonal mesh; and finally, as the
geometric primitive approaches the image primitive, i.e., a
point and a pixel, valuable gains can be obtained by exploit-
ing the rendering pipeline.

This work is mainly focused on rendering techniques for
point-based models. The first researches evolved from the
image-based rendering field, but quickly became an inde-
pendent area itself. Surface Splatting is today the most pop-
ular method for the direct rendering of unstructured point
clouds. However, it has long distanced its foundation from
the image-space techniques premises. It is at this point that
we advocate such methods to reclaim one of its most im-
portant contributions: the decoupling of the algorithm cost
from the scene complexity.

We direct our attention to the visualization of large data-
sets, varying from a few hundred thousand to a few mil-
lion samples, where we believe point representation is more
valuable. This is specially true, since for very dense models
triangles are projected to less than one pixel, causing an un-
necessary overhead due to the primitive assembly process.
The main contributions of this work are:

e An efficient algorithm for surface reconstruction
of point-based models using image-based tech-
niques. This work was published at the Symposium on
Point-Based Graphics 2007 [12].
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e The extension of the previous algorithm to deal with
other primitives using the same pipeline. The possibil-
ity to render models with triangles, lines, or points fur-
ther demonstrates the usefulness of the method. As a
proof of concept, a scheme for rendering tree models
using lines is described, where not only fewer prim-
itives are needed, but performance is improved. This
work was published in the Computer & Graphics Jour-
nal [13].

e Further investigation of the screen-based surface re-
construction has led to new insights on how to improve
the rendering quality. By creating a more exact recon-
struction strategy, silhouettes and details are better pre-
served, while the performance is not significantly de-
graded. This work is to be published at the Sibgrapi
2008.

e Finally, we investigate the use of Level-of-Detail struc-
tures to improve the performance of the point projec-
tion phase (the only that depends on the number of
samples). A first effort using recent GPU techniques
is to be presented at the Siggraph 2008 posters ses-
sion.

2. Related Work

The pioneer work on point-based rendering by Levoy
and Whitted [11], proposed the conversion of any repre-
sentation to points. In this manner, a standardized render-
ing algorithm could be employed using points as the Lin-
gua Franca of computer graphics. Even if it did not cause
much impact at the time, in a sense, they anticipated one
of the reasons point-based representation has become popu-
lar recently: the continuous increase of visual complexity of
graphics scenes. More than ten years later research on point
based rendering was resumed, but this time coming from
a different source, image-based techniques. For this reason
here we present relevant related methods on both areas, al-
lowing for a more thorough understanding of this work’s
motivations and purposes.

2.1. Image-Based Rendering

The area of image-based rendering is overlapped by sev-
eral others, such as image-space and image-processing tech-
niques. Here, we classify image-based as an approach that
uses the image as graphics primitives, instead of the tra-
ditional geometric primitives. This classification is impor-
tant, since methods such as ray tracing are accomplished in
image-space, but rely heavily on the model’s geometry, that
is, are physically based.

The main motivation comes from photorealism: if the
goal is to render images with photo quality, then why not
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use it as the input primitive? However, even though a pho-
tography offers an enormous quantity of information about
structure and appearance, it is still a static image. Image-
based rendering is mainly about solving the following prob-
lem: given a set of static images describing the scene, how
can new viewpoints be efficiently extracted to provide a dy-
namic high quality setting?

Two algorithms, which were developed almost simulta-
neously, describe appropriately the use of images as prim-
itives: the “Light Field” by Levoy and Hanrahan [10], and
the “Lumigraph” by Gortler et al. [5]. They are both based
on the use of the plenoptic function to describe the rays
of light traversing a scene. The full 7D plenoptic func-
tion is defined as the intensity of light rays passing through
the camera center at every 3D location (V,,V},, V), at ev-
ery possible angle (6, ¢), for every wavelength A, at every
time ¢, i.e., Pr(Vy,Vy, V., 60,0, A, t) [9]. The authors real-
ized that this function could be reduced to 4D by parame-
terizing the rays as a line intersecting two planes, one be-
ing the camera plane and the other the object plane. By us-
ing the 4D function Py(u,v, s,t), it is possible to treat the
scene as a volume, where each specific viewpoint is char-
acterized by the extraction of a 2D image from the 4D vol-
ume.

As the area evolved, it strayed away from a pure appear-
ance based approach; new algorithms emerged adding geo-
metric information to the image primitives (in fact, Lumi-
graph already used some geometric hint to accomplish bet-
ter depth tests). Techniques such as Billboards and Depth
Sprites use some geometric information to efficiently ren-
der dynamic scenes with few images. These strategies were
specially employed in the game industry to add details to
the environment, without having to resort to complex geo-
metric models.

However, to provide a fully interactive environment, or
a system able to render the scene from any viewpoint, it
is necessary to turn to more complex structures. 3D Warp-
ing uses multiple reference images from a scene and stores
depth information per pixel. To render an arbitrary scene,
the pixels are reprojected to 3D space and then projected to
the new viewpoint.

In the same sense, Shade et al. [18] proposed the Lay-
ered Depth Images, or LDIs. Basically, it is the use of a
single reference image with multiple color and depth infor-
mation per pixel. To render from a new viewpoint, the ref-
erence image’s pixels are projected to the new reference.
However, this method is limited by its fixed resolution, im-
plying that the sample density may not be convenient for ev-
ery viewpoint. To overcome this problem, Chang et al. [3]
proposed the LDI Trees, using an octree with an LDI stored
per node. In this way, each pixel is stored in different reso-
lutions and can be dynamically selected to compose the fi-
nal image.
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2.2. Point-Based Rendering

Following Levoy and Whitted’s [11] initial pro-
posal to use points as graphics primitives, Grossman and
Dally [7] derived a point-based rendering system from pre-
vious image-based techniques. In fact, the idea was not yet
to render point clouds, but to project the point data onto uni-
form structures, i.e., reference images. However, differently
from 3D Warping, each sample also stores a normal, adding
surface variational information. This is specially impor-
tant because, with view-independent samples, it is not only
possible to eliminate much of the redundancy from previ-
ous approaches, but also to compute dynamic illumination.
The “pull-push” image-processing technique is em-
ployed to fill holes left by the reconstruction algorithm, that
are usually caused by insufficient sampling under magnifi-
cation.

The Surfels approach, by Pfister et al. [15], uses a sim-
ilar methodology as the previous algorithm. However, in-
stead of reference images, an LDI Tree is created. In addi-
tion, the samples are splatted onto the image buffer to per-
form a depth test. Nevertheless, they also make use of the
“pull-push” algorithm to fill holes between the splats.

Surface Splatting [23, 24, 22] is today the most popu-
lar point-based renderer. It proposes to directly render un-
structured point clouds by projecting to image space a sur-
face patch, representing the sample’s local approximation.
These projections are called reconstruction kernels, and to-
gether with an anti-aliasing filter, compose the frame buffer
by computing the contribution to every covered pixel. In a
last phase, all contributions per pixel are weighted averaged
to render the final surface reconstruction of the object.

Motivated by the high quality images provided by Sur-
face Splatting, efficient implementations were proposed us-
ing modern GPU techniques [17, 2, 1, 8]. The main lim-
itation of these algorithms is the impossibility of using the
graphics hardware pipeline to perform the necessary ternary
depth test. This test includes not only the visible/occluded
traditional options, but also an extra merge configuration
to allow splat composition of pixels on the same surface.
In this way, GPU implementations relied on a two-pass ap-
proach: one for visibility and another for rendering. More
recently, Zhang and Pajarola [20, 21] proposed a one-pass
approach, but it depends on complex structures to separate
the splats in non-overlapping groups.

3. Point Rendering Using Image Reconstruc-
tion

We propose to extend the use of image processing tech-
niques used in early point-based works, to directly render
unstructured point clouds. As will be shown, image recon-
struction offers a complexity advantage over splatting, since
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it is independent of the number of samples and their sizes.
Furthermore, differently from other image reconstruction
approaches for point based models, no extra data structure
is needed, thus, much less restrictions on sampling density
or uniformity are imposed.

An overview of the proposed Pyramid Point Renderer
(PPR) algorithm is depicted in Figure 1. The input data is
an unordered set of three-dimensional points with attributes,
which are projected to the viewport. Each projection is ras-
terized as a single pixel. Then, by means of a pull-push in-
terpolation the continuous surface is reconstructed. In a last
pass, deferred shading is applied. These steps are described
in the following subsections.

3.1. Point Projection

A point is projected to the viewport, and rasterized as a
single pixel. Each point contains, apart from its three dimen-
sional coordinates, a surface normal and a radius indicating
the local sampling density. These attributes are enough to
reconstruct the surface in image space. However, extra at-
tributes such as color or texture coordinates can also be in-
terpolated. During projection, backface culling is applied,
as well as a depth test to deal with multiple projections onto
the same pixel.

3.2. Pull-Push interpolation: Pull Phase

The pull-push algorithm was employed by Ogden et
al. [14] to interpolate scattered data in two-dimensions.
Its main purpose was to reconstructed missing pixels or
patches from images. It was later employed in the Lu-
migraph pipeline [5], and following, in early point-based
methods [7, 15]. The algorithm was recently adapted to the
GPU by Strengert et al. [19], achieving interpolation times
of a few milliseconds for high resolution settings, i.e., 10242
and 20482. The pull phase consists of building a hierarchi-
cal pyramid of the image by reducing its dimensions by a
factor of two. In the subsequent push phase, the pyramid is
traversed from top to bottom synthesing missing informa-
tion, i.e., empty pixels.

During the pull phase, the pyramid is constructed by cre-
ating coarser resolutions of the framebuffer containing the
projected samples. In each step, a coarser pixel is computed
by averaging the corresponding four pixels of the finer level.
However, only valid pixels are included in the average, that
is, pixels that contain sample projections. If all four pix-
els are invalid, the coarser pixel is also marked as so and
left to be reconstructed during the next phase.

A sample’s projected attributes represent an ellipse in
two-dimensions. In other words, it is the projection of the
circular extent of the sample in object space. Since the radii
are usually very small, the circle is orthogonally projected,
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Figure 1. Data flow in the proposed point-based surface rendering technique.

(2) (b)

Figure 2. (a) A merge of two ellipses. (b) The
displacement vector summed after three iter-
ations of the pull algorithm, where p, is the
original projected sample at the center of the
ellipse, p; is the pixel at level 1, and so forth.
The dotted line represents the displacement
vector for p; at level 3.

instead of perspectively, without introducing significant er-
rors. Furthermore, an early depth test is employed to dis-
card occluded samples. This is done by comparing the depth
component for each sample to be averaged with the front
most sample. Occluded pixels are not included in the aver-
age, and are left to be recomputed during the push phase.

A displacement vector is the last information stored per
pixel. It indicates the 2D distance from the pixel’s center to
the center of the stored ellipse. An example of the evolu-
tion of the displacement vector during the pull phase is il-
lustrated in Figure 2.

3.3. Pull-Push interpolation: Push Phase

Once the pyramid has been built from bottom to top, the
push phase reconstructs the missing pixels in the opposite
direction. Each invalid pixel computes its value by aver-
aging up to four corresponding pixels in the immediately
coarser level. An inside/outside test is carried out to deter-
mine if a coarser pixel will be used in the averaging scheme,
i.e., if the pixel is inside its elliptical extent. The new at-
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tributes are interpolated by averaging the coarser valid pix-
els, weighted by the elliptical distance from the pixel to the
ellipse’s center. This is similar to the elliptical kernels used
in Surface Splatting.

As in the pull phase, a depth test is also employed here. It
is applied to the valid pixels in order to determine if they are
occluded and must also be recomputed. The pixel’s depth is
tested against the depth interval of the pixel directly above
it in the pyramid.

3.4. Deferred Shading

After the push phase has been performed for all levels,
the highest resolution level contains interpolated attributes
for all pixels considered to be inside the reconstructed sur-
face. Since each pixel has a normal vector, Phong shad-
ing can be computed in a O(n) pass, where n is the num-
ber of pixels. If other attributes were also interpolated, such
as color or texture coordinates, they can be included in the
shading computation. Figure 3 illustrates the buffer contain-
ing the interpolated normals and the final image with de-
ferred shading; while Figure 4 depicts the head model with
and without per vertex color interpolation.

(b)

Figure 3. The normal map (a) generated by
the pull-push algorithm, and the resulting im-
age (b) after per-pixel shading.
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Without Color Buffer

With Color Buffer

model # points  fps time per frame* fps time per frame*
Armadillo 173K 89 11 ms (1.2ms, 8.5ms) 46 22ms (1.5ms, 18 ms)
Dragon 437K 78 13 ms (2.2 ms, 8.9 ms) 44 23ms (2.9ms, 18 ms)
Happy Buddha 544K 76 13ms (2.6 ms, 8.8 ms) 42 24ms (3.4ms, 18 ms)
Asian Dragon  3610K 36 28 ms (18 ms, 8.3 ms) 23 45ms (25ms, 17 ms)
Thai Statue  5000K 29 35ms (25 ms, 8.2 ms) 18 55ms (34 ms, 18 ms)

Table 1. Models and rendering performance. *Each total rendering time per frame is followed in
parentheses by the time for the point projection and the time for the pull-push interpolation (all ren-

dering times are in milliseconds).

(@ (b)

Figure 4. Deferred shading with (a) con-
stant material color and (b) per-vertex diffuse
color.

3.5. Results

We tested our algorithm on a GeForce 8800 GTS with
640 MB memory with an Intel Core 2 Duo 6600 CPU (2.4
GHz) with 2 GB RAM. The models were preprocessed to
compute a normal vector and a radius of influence of each
point.

Rendering times for several point-based models are sum-
marized in Table 1, while exemplary renderings of these
models are depicted in Figure 5. The fourth and sixth
columns of Table 1 present rendering times in milliseconds
without and with interpolation of a surface color, respec-
tively. Apart from the total time per frame, two times in
parentheses are also included: the time required for the pro-
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jection of points, as described in Section 3.1, and for the
pull-push interpolation, discussed in Sections 3.2 and 3.3.
As expected, these two operations require most of the ren-
dering time while other operations, e.g., the deferred shad-
ing, are almost negligible. Note that the interpolation time
is nearly constant for all models. All renderings where per-
formed with a 1024 x 1024 viewport.

For large models without interpolation of surface color,
our implementation renders the equivalent to about 130 M
splats per second, including surface reconstruction and de-
ferred shading. If the surface colors are included, the ren-
dering performance is reduced to about 90 M splats per sec-
ond.

Our previous implementation using a GeForce 7800
GTX achieved the equivalent to between 50 M and 60 M
splats per second. For comparison, Zhang and Pajarola [20]
reported a performance of up to 24.9 M splats per sec-
ond, and Guennebaud et al. [8] reported 37.5 M splats per
second, both for the same viewport size on the same GPU.

4. Line Rendering Using Image Reconstruc-
tion

The work presented in Section 3 was extended to in-
clude line strips as rendering primitive. More specifically,
two new types are included: flat line strips (ribbons) and
cylindrical line strips (tubes). These two primitives are not
only illuminated using different methods, but are also re-
constructed differently using the pyramid algorithm. An
identifier is included with the point sample to allow differ-
ent types of primitives to be rendered in a single pass. A
plant rendering system is described in Section 4.3 to exem-
plify the use of line primitives.
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(b)

Figure 5. Renderings with our method of the
(a) Asian Dragon and (b) Thai Statue.

4.1. Ribbons

In order to use the PPR algorithm to render flat line
strips, or ribbons, they must be represented as projected
samples in image space. This is achieved by rendering poly-
lines, where each point is attributed with the local normal
vector of the ribbon’s surface, and half its width as the
radius parameter. The rasterized polyline generates a se-
quence of pixels representing point samples. The scheme
is depicted in Figure 6. However, in contrast to the point
samples described in the previous section, backface culling
is not employed to ribbons. Furthermore, lightning must be
computed for both sides.
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Figure 6. (a) Representation of a ribbon by a
polyline consisting of five vertices with nor-
mals and radii. (b) lllustration of the rasteriza-
tion of a one-pixel-wide polyline correspond-
ing to the centerline of a ribbon. Normals and
radii are interpolated for each pixel covered
by the polyline.
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4.2. Tubes

Tubes represent bended cylinders of varying width and
curvature, as illustrated in Figure 7a. The tube’s centerline
is approximated by a polyline, where each vertex has radius
equals half the diameter, and normal with the same direction
as the tangent vector. Differently from ribbons and point-
based surfaces, the interpolation algorithm always consid-
ers the normalized vector to the camera center as the sur-
face’s normal vector. As shown in Figure 7, this procedure
renders disks parallel to the view plane approximating the
width of the projected tube.

AN

(b)

Figure 7. (a) Representation of a tube where
each vertex stores a tangent vector and ra-
dius. (b) lllustration of the rasterization of a
tube’s polyline.

The deferred shading of tubes uses a basic approach for
diffuse illumination of a line by a single light source. A sur-
face normal n is determined by projecting the light vector
onto the plane orthogonal to the tangent vector ¢.

4.3. Example: Leaves and Branches

The use of lines is exemplified using a tree model, where
branches are approximated by tubes and leaves by ribbons.
The apple tree model from the pbrt book [16] is initially
converted from polygons to lines. Leaves are converted
from four triangles and six vertices to a polyline with four
vertices; on the other hand, rings of the branches are heuris-
tically determined to create the representing polylines. Fig-
ure 8 illustrates the conversion strategy.

The leaves were converted from 200K triangles and
451K vertices to 150K ribbons with 200K vertices. Like-
wise, 351K triangles and 371K vertices representing the
branches, resulted in 63K tubes with 69K vertices. Only the
227 trunk triangles were not converted, since tubes are not
appropriate for representing thick structures. The direct ren-
dering of triangles using the pyramid algorithm is further
discussed in Section 5.

The full original and line-based models are presented in
Figure 9. Our implementation achieves 3 1{ps against 28fps
of the triangle model. However, as the number of primitives
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Figure 8. (a) lllustration of the conversion of
a leaf (a) and a branch (b) to polylines.

increases so does the difference, e.g., the pyramid algorithm
renders 10 trees in 15fps, while the traditional triangle ren-
derer achieves 9fps. In addition, only about one third of the
vertices are required for the tubes and ribbons representa-
tion.

5. Combining Points, Lines, and Polygons

As stated in Section 1, points complement other rep-
resentations; it is unlikely one primitive is optimal for
all elements of a scene, and LOD strategies may benefit
from switching primitives dynamically. Fortunately, our al-
gorithm can easily combine different primitives using the
same rendering pipeline.

Apart from points and lines, triangles can also be ren-
dered within the pyramid approach. The vertices are as-
signed normals as usual, and a radius size close to zero.
When a triangle is rasterized, fragments are generated as
point samples with radii limited to one pixel, that is, they
will not expand during the interpolation. Since the perfor-
mance of the pull-push is independent of the number of
samples, this imposes no overhead. An example of models
represented by different primitives is shown in Figure 10.

Even more, hybrid models containing different types of
primitives can be similarly rendered. This allows, for exam-
ple, for a smooth transition between primitive types when
working with multiresolution hierarchies. Figure 11 illus-
trates an example of an hybrid model.

6. Pyramid with Templates

In this section, a new solution based on the pyramid
structure is describe to render smoother and more precise
silhouettes. This improves on one of the weakest points
of the pyramid point renderer: the discontinuity caused
by merging ellipses during reconstruction. The problem is
more evident at the silhouettes, because some ellipses are
only partially rasterized when they are not fully propagated
to the highest resolution level.

The only difference in the pull phase, is that each sample
is only available in one specific level. This is determined as
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(b)

Figure 9. (a) The original triangle model and
(b) the line-based model.

the first level that can cover the elliptical extent with a tem-
plate of size k x k pixels. The correct level can be easily
computed using the following equation:

l= (1092917 6]
ls

where D and ¢, are, respectively, the projected radius and
the template size in pixels. In the same manner as the PPR
algorithm, ellipses are merged when needed. Note, however,
that less merging occurs since the ellipses are not propa-
gated to the coarsest level. Even more, the larger the ker-
nel the less they propagate, and consequently, the less they
merge.

During the reconstruction phase, analogous to the push
phase, each pixel in the highest resolution level searches
for projections in all coarsest levels. The search is carried
out only in a template of size k x k, and, for each projec-
tion found, the inside/outside test is performed. If the ellipse
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Figure 10. Combined rendering of a point-
based model (Dragon) and a triangle-based
model (Buddha).

Figure 11. (a) A hybrid surface model with tri-
angles (blue) and points (red). (b) Rendering
of a detail and (c) illustration of the underly-
ing primitives.

covers the pixel its contribution is added. The scheme is de-
picted in Figure 12. Note that this strategy does not create
new ellipses during reconstruction, thus avoids discontinu-
ities, i.e., even if ellipses are merged during the pull phase,
the new ellipses are faithfully rasterized. In a last pass, de-
ferred shading is also employed.

The template strategy depends on the kernel size k,
which is a trade off between speed and quality. A 32 kernel
achieves performance similar to the pyramid point renderer
algorithm. However, since more ellipses merges more arti-
facts are noticeable. A 52 renders high quality results with
performance dropping approximately 40%. Kernel sizes
larger than 52 have not proven to increase the quality sig-
nificantly. A detail of the Armadillo model rendered with
different kernel sizes is shown in Figure 13, while a magni-
fied view of the Neptune model can be seen in Figure 14.

Even with a higher complexity than the original algo-
rithm, O(nlogn) against O(n), this new strategy proves to
be a good alternative for high quality rendering. By raster-
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Figure 12. The search coverage (dark gray)
for the projected pixel with a 32 search tem-
plate. Painted black is the same pixel repre-
sented in different resolutions.

Figure 14. Magnified view of the Neptune
model using a 5 x 5 kernel.

izing the ellipses in a more faithful manner, the results ap-
proach the Surface Splatting quality. In fact, if not for the
merges during the pull phase, they can, in practice, be iden-
tical.

7. Level-Of-Detail for Point Based Models

Image reconstruction of surfaces using point representa-
tion proved to be a valuable alternative to traditional meth-
ods, mainly because its cost is independent of the number
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Figure 13. Same scene rendered with three different kernel sizes. From left to right, the kernel sizes
are 32, 52, and 72. Note how there is little qualitative gain between the 52 and 72 kernels, even though
the performance drops around 38%.

of projected samples. However, the projection phase is still
O(s), where s is the number of samples. Since the recon-
struction is carried out in a few milliseconds, the projec-
tion time must be decreased in order to improve perfor-
mance. One obvious way is to reduce the number of pro-
jected points. In this work, a Level-Of-Detail structure is
employed to determine which points are projected given a
viewpoint.

We introduce Object Texture to create our LOD struc-
ture. An Object Texture stores the object’s primitives
grouped in patches, where each patch is associated with
a single primitive that is actually sent to the GPU. To re-
trieve the entire object during rendering, each patch con-
tains information of where its first primitive is stored and
how many it contains.

The different resolution levels are created in a simple
manner by merging adjacent samples. Each sample in a
coarsest resolution level is created by combining up to
four adjacent samples from the immediate higher resolution
level. The number of levels is limited to four in this appli-
cation, however, this restriction can be easily extended. The
three highest resolution levels are stored in an Object Tex-
ture and ordered from coarsest to finest inside each patch.
The fourth level, with the coarsest resolution, contains the
vertices sent to GPU and used to reference the patches, thus
called patch vertices. These vertices are coarse resolution
samples containing some extra information: the texture co-
ordinates of the first vertex of the patch and the number of
vertices in each level.

Each merged sample stores a perpendicular error pre-
computed as in Sequential Trees[4]. This error estimates the
local surface smoothness prioritizing details along the sil-
houette, while, at the same time, taking into account the dis-
tance to the camera position. In the geometry shader, the er-
ror of the patch vertex (coarsest resolution) is projected and
compared with a threshold to decide which level should be
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used. The chosen primitives are projected for rendering us-
ing the PPR algorithm, described in Section 3.

Since the geometry shader is still not fully optimized
in its initial releases, no significant improvement in perfor-
mance was noted. Yet, we expect that next generation GPUs
shall improve them enhancing the contributions of our LOD
structure. This deficiency is mainly attributed to a parameter
that sets the maximum number of primitives to be outputed
by the geometry shader. As this maximum limit increases,
even if it is not reached in practice, performance drops sig-
nificantly. The number of primitives sent to GPU was ap-
proximately one order of magnitude less than the model’s
samples.

8. Conclusions

With the growing complexity of scenes, new bearings are
needed for efficiently processing, modelling and visualizing
models. Point based representation is gaining an increasing
attention due to the evolution of registration devices. Even
though there exists methods for converting point clouds to
polygonal meshes, there are several advantages on working
directly with points for some applications.

This work presents an image reconstruction method for
direct rendering of unstructured point clouds. In general,
this approach is a good compromise between image qual-
ity and rendering performance for large models. One of its
most significant advantages is that the reconstruction cost is
independent of the number of projected samples. While the
projection phase does not share this characteristic, the com-
putation per sample is very small, thus interactivity is pos-
sible for millions of points. By extending the framework to
include other primitives, such as lines and triangles, we also
improve on the method’s applicability.

Even though it is not possible to fully profit from the
triangle specialized pipeline of graphics card, the simplic-
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ity of points together with image based methods map ex-
tremely well to the GPU. This allows for efficient imple-
mentations and competitive performance.

The algorithm still lacks appropriate anti-aliasing tech-
niques. However, with the quality improvement gained from
the template kernels, much of the artifacts and flickering
from the original implementation have been eliminated.

In all, image-space techniques still have some draw-
backs, specially due to resampling problems. Nevertheless,
the field continues to prove its value by achieving high per-
formance rates while generating quality images.

9. Acknowledgments

We would like to acknowledge the grant of the first au-
thor provided by Brazilian agency CNPq (National Coun-
sel of Technological and Scientific Development), and all
published works co-authors: Martin Kraus, André Maximo,
Antonio Oliveira and Claudio Esperanga.

References

[1] M. Botsch, A. Hornung, M. Zwicker, and L. Kobbelt. High-
quality surface splatting on today’s gpus. In PBG '05: Pro-
ceedings of the Eurographics Symposium on Point-Based
Graphics, 2005.

[2] M. Botsch and L. Kobbelt. High-quality point-based render-
ing on modern gpus. In PG '03: Proceedings of the 11th
Pacific Conference on Computer Graphics and Applications,
page 335, Washington, DC, USA, 2003. IEEE Computer So-
ciety.

[3] C.-F. Chang, G. Bishop, and A. Lastra. Ldi tree: a hierarchi-
cal representation for image-based rendering. In SIGGRAPH
'99: Proceedings of the 26th annual conference on Computer
graphics and interactive techniques, pages 291-298, New
York, NY, USA, 1999. ACM Press/Addison-Wesley Publish-
ing Co.

[4] C. Dachsbacher, C. Vogelgsang, and M. Stamminger. Se-
quential point trees. ACM Trans. Graph., 22(3):657-662,
2003.

[5] S. J. Gortler, R. Grzeszczuk, R. Szeliski, and M. F. Co-
hen. The lumigraph. In SIGGRAPH ’96: Proceedings of the
23rd annual conference on Computer graphics and interac-
tive techniques, pages 43—-54, New York, NY, USA, 1996.
ACM Press.

[6] M. Gross and H. Pfister, editors. Point-Based Graphics. Mor-
gan Kaufmann Publishers, 2007.

[7] J. P. Grossman and W. J. Dally. Point sample rendering.
In Proceedings Eurographics Workshop on Rendering Tech-
niques ’98, pages 181-192, June 1998.

[8] G. Guennebaud, L. Barthe, and M. Paulin. Splat/Mesh
Blending, Perspective Rasterization and Transparency for
Point-Based Rendering. In /EEE/Eurographics/ACM Sym-
posium on Point-Based Graphics, Boston, USA, 29/07/06-
30/07/06, pages 49-58, http://www.eg.org/, 2006. Euro-
graphics.

Anais do WTDCGPI 2008

[9] S. B. Kang, Y. Li, X. Tong, and H.-Y. Shum. Image-based
rendering. Foundations and Trends in Computer Graphics
and Vision, 2(3):173-258, 2006.

[10] M. Levoy and P. Hanrahan. Light field rendering. In SIG-
GRAPH ’96: Proceedings of the 23rd annual conference on
Computer graphics and interactive techniques, pages 3142,
New York, NY, USA, 1996. ACM.

[11] M. Levoy and T. Whitted. The use of points as a display
primitive. Technical report, University of North Carolina at
Chapel Hill, January 1985.

[12] R. Marroquim, M. Kraus, and P. R. Cavalcanti. Efficient
point-based rendering using image reconstruction. In PBG
'07. Proceedings of the Eurographics Symposium on Point-
Based Graphics, pages 101-108, September 2007.

[13] R. Marroquim, M. Kraus, and P. R. Cavalcanti. Efficient Im-
age Reconstruction for Point-Based and Line-Based Render-
ing. Computer Graphics, 32:189-203, 2008.

[14] J. Ogden, E. Adelson, J. Bergen, and P. Burt. Pyramid based
computer graphics. RCA Engineer, 30:4—15, 1985.

[15] H. Pfister, M. Zwicker, J. van Baar, and M. Gross. Surfels:
Surface elements as rendering primitives. In K. Akeley, ed-
itor, Siggraph 2000, Computer Graphics Proceedings, pages
335-342. ACM Press / ACM SIGGRAPH / Addison Wes-
ley Longman, 2000.

[16] M. Pharr and G. Humphreys. Physically Based Rendering:
From Theory to Implementation. Morgan Kaufmann Pub-
lishers Inc., San Francisco, CA, USA, 2004.

[17] L.Ren, H. Pfister, and M. Zwicker. Object space ewa surface
splatting : A hardware accelerated approach to high quality
point rendering. Computer Graphics Forum, 21(3):461-470,
2002.

[18] J. Shade, S. Gortler, L. wei He, and R. Szeliski. Lay-
ered depth images. In SIGGRAPH '98: Proceedings of the
25th annual conference on Computer graphics and interac-
tive techniques, pages 231-242, New York, NY, USA, 1998.
ACM.

[19] M. Strengert, M. Kraus, and T. Ertl. Pyramid Methods in
GPU-Based Image Processing. In Workshop on Vision, Mod-
elling, and Visualization VMV 06, pages 169-176, 2006.

[20] Y. Zhang and R. Pajarola. Single-pass point rendering
and transparent shading. In Proceedings of the Eurograph-
ics/IEEE VGTC Symposium on Point-Based Graphics 06,
pages 3748, 2006.

[21] Y. Zhang and R. Pajarola. Deferred blending: Image compo-
sition for single-pass point rendering. Computer & Graph-
ics, 31(2):175-189, 2007.

[22] M. Zwicker. Continuous Reconstruction, Rendering, and
Editing of Point-Sampled Surfaces. PhD thesis, Swiss Fed-
eral Institute of Technology, ETH, Zurich, 2003.

[23] M. Zwicker, H. Pfister, J. van Baar, and M. Gross. Surface
splatting. In Siggraph 2001, Computer graphics Proceed-
ings, pages 371-378, New York, NY, USA, 2001. ACM Press
/ ACM SIGGRAPH / Addison Wesley Longman.

[24] M. Zwicker, H. Pfister, J. van Baar, and M. Gross. Ewa
splatting. /[EEE Transactions on Visualization and Computer
Graphics, 8(3):223-238, 2002.

42



Least Squares and Point-based Surfaces: New Perspectives and Applications

Jodo Paulo Gois

Antonio Castelo Filho

Instituto de Ciéncias Matematicas e de Computacao
Universidade de Sao Paulo
{jpgois,castelo} @icmc.usp.br

Abstract

Surface approximation from unorganized points belongs
to the state-of-art of computer graphics. In this work,
we present approaches for surface reconstruction that
are based on efficient numerical schemes for function
approximation from scattered data and on sophisticate
data structures. In addition, we develop a relevant
surface reconstruction method to model moving interfaces,
specifically, interfaces of numerically simulated multiphase
fluid flow. Finally, from our accumulated experiences
on numerical schemes and on the development of surface
reconstruction methods, we propose a matrix-free approach
for rendering arbitrary volumetric scattered data, which
presents interesting properties to be implemented on GPU.

1. Introduction

It is not difficult to find reasons for surface reconstruction
methods being a strong tendency in computer graphics.
First, despite significant advances, the manipulation
of complicate point clouds originated from arbitrary
geometries is an important issue that still requires
improvements. Second, several research areas have make
use of surface reconstruction methods, for instance, reverse
engineering, optimization and medicine.

In this work, we present our contributions to surface
reconstruction from unorganized points, whose their
developments were focused on novel moving-least-
squares and partition of unity implicits methods. It will
be noticed that our methods have common features of
having low computational cost (mainly regarding matricial
computations) and being robust. The use of efficient data
structures to aid the surface reconstruction is also in the
scope of our work [7, 9, 8, 10, 18, 6, 17]. In addition,

0 Ph.D. thesis
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we address a surface reconstruction scheme for the front-
tracking problem. An important contribution of such
scheme is the absence of Lagrangian meshes. In fact, it
is designed on the algebraic moving-least-squares method
and on a approach for Lagrangian advection of particles.
Finally, from our experiences on surface reconstruction
and function approximation, we also developed a method
for rendering scattered volumetric data based on a recently
proposed matrix-free approach.

In the following sections, we describe relevant details of
our approaches. Further information and comparisons can
be found in [7, 9, 8, 10, 18, 6].

2. Twofold Adaptive Partition of Unity
Implicits

We propose an approach based on partition of unity
implicits [8, 9] which combines an adaptive and algebraic
triangulation, named J{ [3], and a recursively defined local
approximation method based on multivariate orthogonal
polynomials [2].

Similar to other implicit methods for surface
reconstruction, the partition of unity implicits defines
the reconstructed surface as the zero set of a function
F, in a finite domain €, from a linear combination
of local approximations and weighting functions. For
that purpose, we define a set of nonnegative weighting
functions with compact support ® = {wy,...,w,}, satisfying
Z:':Ow,'(x) =1, xe€Q and we also consider a set of signed
local approximations F = {fj,..., fn}, which completely
define the function F: R3 — R:

n
FX =) fi®w;x), xeQ. (1)

i=0
The partition of unity is then defined from a set of
nonnegative functions with compact support 6:

_ O(lx—c;ll/R;)
Yi 0Ux—cill/Ry)’

2)

w;(X)
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where c¢; and R; are the center and the support radius of w;,
respectively, and 0(s) = (1 - s*)* if s < 1; 0(s) = 0 otherwise.

Thus, the implicit surface is given by .% = {x € R3 :
F(x) = 0}. Figure 1 illustrates a CSG operation between
Neptune model reconstructed from our method and a
cylinder.

Figure 1. A CSG operation from Neptune
dataset reconstructed using our partition of
unity implicits method and a cylinder [9].

Briefly, the main contributions of this approach are:
Adaptive isosurface extraction with topological
guarantee: in contrast to previous works, our method
is able to extract the isosurface directly from the data
structure which subdivides the space (the J{ triangulation).
In addition, since J{ triangulation is defined by tetrahedra,
the isosurface algorithm is not affected by ambiguous
cases.

Numerical stability: despite their simplicity, canonical
polynomial basis leads to ill-conditioned normal equations.
In order to avoid such an issue, we make use of the
multivariate orthogonal polynomial basis proposed
by Bartels and Jezioranski [2], which improves the
approximation quality without increasing the computational
burden.

Adaptiveness of the local fittings: the use of orthogonal
polynomials allows to increase the polynomial degree
recursively. For that reason, our method is not only adaptive
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Figure 2. Twofold adaptiveness: Stanford Lucy
with 16 M points. Reconstructed model with 7 M
triangles. On the left, the color scale represents
the polynomial degree of the local approximation
in the surface. In the entire domain, the numbers
of polynomials with degrees one to four are 946601,
144956, 38236 and 26862, respectively. On the right,
the scale color represents the ji triangulation
depth level, ranging from 6 to 10 in the surface [9].

with respect to the spatial decomposition, but also with
respect to the local fittings, defining a twofold adaptiveness.
Figure 2 illustrates such a twofold adaptiveness.
Robustness: we propose not only computationally
inexpensive, but also effective robustness criteria which
allow our method to produce better results than previous
works based on partition of unity implicits. In fact, our
method is less susceptible to generate spurious surfaces.
Mesh enhancement: the aspect ratios of the triangles
generated by the isosurface extractor based on the J{
triangulation, in general, are poor. For that reason, we define
a simple, but efficient procedure to improve the surface
mesh quality. This procedure is based on the displacement
of the J{ vertices [4]. Figure 6 presents a result attesting that
the mesh quality significantly increases. For quantitative
analyses, see [9, 6].

Interactive implicit function edition: in order to satisfies
the robustness criteria, details in some regions can be poorly
approximate, since low degree polynomials are used. On
the other hand, neglecting the robustness criteria is not
a convenient choice, since spurious surface and artifacts
can occur. In addition, increasing the restrictions on the
robustness conditions may cause undesirable smoothing of
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surface details without ensuring that all imperfections will
disappear. Therefore, we developed an interactive implicit
function edition which allows to locally change the local
fittings without the need of re-computing completely the
implicit function (Figures 3-(e)—(f) and 4).

Sharp features modeling: finally, we also properly adapt
the scheme from Ohtake et al. [14] for detecting and
modeling sharp features to our twofold partition of unity
implicits method (Figure 5).

3. Front-tracking with moving-least-squares
surfaces

We propose a meshfree front-tracking method for
numerical simulation of fluid flows, where the interface is
represented by an algebraic-moving-least-squares (AMLS)
surface. Our method is interesting for being capable of
preserving mass and geometry as well as mesh-based front-
tracking methods [19] and being as flexible as level-set
methods [15].

Let us again consider a finite set of points
2 = {p1,...,pm} almost regularly spaced at a distance
h and {qi} an algebraic sphere basis [16], i.e., q1(X) =
L, 2(%) = x1, gs(X) = X2, G4(X) = X3, g5(X) = X3 + x5 + x3,
where x = (x1,x2,x3). Thus, we define a function fy(x)
whose zero level approximates 22:

5
fa®) =) arqi(x) (3)
k=1
where a« = (aj,---,as5) are the coefficients which
completely defines f, and a satisfies:

m
a=argmin Y w;lfs(p)I? 4
gﬁer; ilfep;

where w; = wX) = 0(%), defining non-negative

weights (0(s) = (1 - 2 if s<1; 0(s) =0 otherwise)
and Q = {BeRS:p5+p5+p2—-4P1Ps=1}, being the
restriction used to ensure that fy(x) approximates the
signed distance of x to the surface f, =0.

The minimization (4) can be computed by a generalized
eigenvalue problem in R® [11]. In addition, for each point
pi. the approximate normal is given by:

N; =V fo, )/ IV fo; (). ®)

The sphere-fitting problem, previously described, can
be substantially improved by introducing the normals [11].
Furthermore, the introduction of normal in the minimization
problem allows the splitting of the problem in two main
steps. First, we compute the subset:
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() (b)

Figure 3. Interactive function edition: (a)-
(b) present results from Ohtake et al. [14]
with their default parameters and those one
that we suggested, respectively; (c) our
method but not using the coverage domain
criterion [9]; (d) our method making use of
the coverage domain criterion; (e) selecting
surface artifacts; (f) the edited function
eliminates imperfections [9].
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(a)

(b)

(©]

Figure 4. Reconstruction enhancement by the interactive function edition: (a) original result with low
degree approximations, (b) support selection for function edition (c) final result [9].

Figure 6. Mesh enhancement: Comparison between the mesh produced by the j{ triangulation
without the displacement vertices procedure (left) and the mesh produced by the displacement
vertices procedure (right) [9].

YX = (y2(%),...,Y5X) of y = (y1,---,7s) finding:

m
700 =argmin ) wi |V f5(p) ~Nill*. 6)
BeR* =1
where N; is computed as previously described. Notice that
the solution 7 (x) of (6) can be determined simply by solving
a4 x 4 linear system.
Finally, the first term y; of y is computed by:

m
Y wilEg(po)l?
i=1

where f = 7(x). Thus:

)
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I wi (30, 7™ qrp))
YL wi

Y1x) =- . ®)

We name such an approximation RAMLS-Robust
Algebraic Moving Least-Squares. It can be seen as an
improvement of the Guennebaud and Gross method [11],
since we eliminate the parameter that weighs the normal
restriction into the minimization problem (in fact, we
assume that the parameter §, in [11], as f — 00).
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Figure 5. Sharp features detection and
modeling (Fan Disk dataset): in yellow are the
faces labeled as sharp edges, whereas in red
are the faces labeled as sharp corners [9].

. h "

Vo o o o o o o o e e e e e e

R

Figure 7. The set of rays R and the points (1)
(red) define the RAMLS surface # (1) (green
curve). The new set of points 22(¢) (purple)
is created at the intersections between R and
Z(1). The set of points is, thus, transported,
defining the set 22(¢+ A1) (black points), which
will define the new surface RAMLS (1 + Ar).
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3.1. Point Advection

In order to update the RAMLS surface during the
simulation, we move the points £ according to the velocity
field v. Mathematically, we solve the following equation:

api _
E _v(pl(t)) t) » (9)

where p;(0) are the initial points.

We denote by 22(t) = {p;(#)}i=1,.,m the set of points to

be advected from ¢ to t+ At (At is the time step). During the
transport, the points in £2(#) can become poorly distributed,
which could compromise the surface #(f). In order to
avoid such an issue, we propose to re-generate the point set
periodically in a regularly spaced grid.
Re-generation points process: Let us consider a set of
regularly spaced rays R with spacing h (Figure 7). The set
of points 2(t) is transported along the trajectories given by
Equation 9. The point transportation is used to define the
new RAMLS surface. The intersections between R and the
surface define the new set of points 22(r + At). We depict
such a re-generation process in Figure 7.

It is important to mention that Equation 9 is solved by
the fourth-order Runge-Kutta method. A ray-tracing-like
algorithm is used to detect the intersections between R and
the RAMLS surface. Since points can be re-generated very
close, we remove points that are closer than % Finally,
the normals remains unchanged during the transportation in
order to be used to orient the new normals in Z2(¢ + At).

Considering the convergence rates, for the two-
dimensional case, we are able to show that RAMLS
accomplishes order O(h®), O(h?) and O(h) for geometrical,
normal and curvature, respectively. Considering the three-
dimensional case, RAMLS achieves rates of O(h?) and
O(h) for geometrical and normal curvature, respectivelly.
During the transportation, the error is O(h'/At), where
r = 2,3 according to the geometrical error, previously
argued.

For the Zalesak Sphere Test, we consider a sphere with
radius 0.15, slope with length 0.10 and width 0.20, centered
at (0.5,0.75,0.75) in a unity cube. The velocity field is given
by a rigid rotation:

7
, X2, = —(0.5—x,x; —0.5,0). 10
v(x1, X2, X3) 314( X2, X1 ) (10)

We assume At =1 and a complete turn takes 628 time
steps. We show the geometry of the Zalesak spheres at the
times ¢t =0, 79, 157, 236, 314, 393, 471, 550 and 628 in
Figure 8. We adopt the mesh size i = 1/256, and the number
of particles as about 19000 for each time step. It can be
noticed that the sharp features become smooth along the
time, but the volume and shape remain similar [7, 6].

We also test our method to a three-dimensional
deforming problem. We consider a sphere as .¥(0) with
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Figure 8. Zalesak sphere rotation (k2 = 1/256): (about 19000 points) and time steps r =
0,79,157,236,314,393,471,550 and 628 time units (from left to right and from top to bottom) [7].

radius 0.15, centered at (0.35,0.35,0.35). The computational
domain is the unity cube. The velocity field is given by:

2sin? (7w x;) sin (2w x,) sin(2mwx3)
v(x1, X2, X3) = | —sin(@mx;) sin? (7w x,) sin(27wxs) | .
—sin(27x;) sin(27wx,) sin? (7 x3)

At t = T/2 =1 time units, we reverse the velocity field
in order to check the capability of the method in preserving
topology and geometry. Figure 9 presents results of such
a simulation, using h = 1/512, At = 0.0064 and 628 time
steps.
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4. Iterate Approximate Moving Least Squares
Surfaces

One of the challenges to develop efficient surface
reconstruction methods in modern GPU is the conformance
of numerical computations to textures [18], represented by
4 x 4 matrices.

When implementing a moving-least-squares surface
method, in order to achieve high order approximations, the
local approximations must be constructed by higher order
polynomial basis, and consequently, a single 4 x 4 matrix
does not allow to achieve efficiently such a requirement.
Studies to select a reduced polynomial basis [18, 10] have
been done. However, the local approximation quality and
high order approximations are not ensured.
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Figure 9. Three-dimensional torsion (2 = 1/512): the humber of points for each set is (from left to right
and from top to bottom): 65000,69314,109728,187571,277021,193238,114898,72774 and 68031 [7].

To overcome the matrix reliance, we propose an iterative
method based on the “iterate approximate moving least
squares — iaMLS” [5]. This method is interesting for being
able to enhance features simply by controlling the number
of iterations and the single smooth parameter €. Formally,
let us consider a function F : R3 — R, which its zero set
approximates the surface. Let us also consider a set of points
X;, equipped with their normal vector n;. Thus, we define:

FX) =) 4V¥;x), (11)
i=1
where & =< x; —x,1n; >, ¥; (%) = -5 (r; () exp (~17(x)),

= Ix=x ]
h

T and h is the average spacing between the points
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[6]. The functions ¥; are named second order generating
functions [5].

From these definitions, and making use of the iterative
process of the iaMLS [5], we define the iaMLS surface from
the following iterative process:

FO =) 4¥ix) (12)
i=1

m
F''Vx)=F"x+) [4-FPx)]¥;x, (13)
i=1

where F =0 gives the implicit surface reconstruction.
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Figure 10. Effects caused by the number of iterations and the ¢ parameter. From left to right: 3,4 and
5 iterations. From top to bottom: ¢ = 0.4, € = 0.8, ¢ = 1.22, ¢ = 2.0. The greater the number of iterations or

¢ are, the more detailed the surface becomes.

Figure 10 depicts how the number of iterations and
the parameter € affect the solution. Figure 11 presents
comparisons of our approach with other implicit MLS
surface methods. It can be noticed that, even using a
small number of iterations, we are able to enhance object
characteristics. We present comparisons assessing the
computational cost of this scheme [6, 17].
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5. Volumetric approximation from

unorganized points

The last contribution of this work is related to
unorganized volumetric data rendering. In fact, the
goal is the definition of a method for rendering arbitrary
meshes, i.e., a unified approach that explores the iaMLS.
Firstly, in order to make the method more efficient for all
mesh types, we make use of anisotropic spaces. Notice that
the original iaMLS, to the best of our knowledge, does not
make use of any anisotropy scheme [6, 17].

Our method is also able to render isosurfaces from
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Figure 11. Comparison among Adamson
and Alexa [1] (left), Kolluri [12] (middle)
and iaMLS [6, 17] (right) methods. We use
the same h parameter for each model. We
performed 3 iterations and ¢ =0.8.

unorganized volumetric data. For that purpose, we also
apply the iaMLS to estimate the gradient function [6, 17].
In fact, it is required to define, for each mesh vertex x;,
a gradient vector estimate, using a least-squares approach.
It is achieved by extending the approach by Mavriplis to
the three-dimensional space [13]. It is important to notice
that the use of such an approach remains our method
independent of meshes.

Let us consider a mesh vertex x;, in which we evaluate
the gradient, and its neighbors X = (X, ¥k, 2¢) in its star V;.
Thus, we minimize the following equation with respect to

Vo) = (Fi ()i, (f2)):
Y exp(— <xp —X;, X —X; >) (Ejp)® (14)
X, €V;

where:

Eir = ((fi-dxix+ (fy)i-dyix + (f2)i - dzik —d fix) (15)

and d fir = f(xx) — f(x;). By the same token, dx;; = xj —
Xi, dYix = Yk — Vi, dzik = 2k — Zi.

The gradient vector, in an arbitrary point X, indeed, is
given by the iterative process:

v =Y Vix)¥ix), (16)

x;€X

Q(anﬂ)(x):Q(V"f)(xH > [Vf(xi)—Q(V"f)(xi) ¥v;x). (17)

x;€X

Another interesting feature of our approach is its
capability to be efficient for GPU implementation. We are
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able to provide pre-computations, which are stored in GPU
textures. We perform two pre-computations based on the
iterative process of iaMLS. They are related to the function
evaluation and the gradient estimate.

Thus, we can rewrite the iterative process by Fasshauer
[5] as:

Qj(cn+1)(x) =y

x;eX

V;(x),

fo)+ Y (foxn -2 )
j=0

(18)
where, we can accumulate the results for each mesh vertex
as:

g =fon+ Y (Fxn-2P ), (19
j=0

and store them in textures which accommodate the
unorganized volumetric data. Then, during the rendering,
the reconstructed function value is simply given by:

2f"Vx =Y gx)¥;X). (20)
x;eX
Rendering results are presented in Figure 12 for different
meshes. We use h = 0.25 and € = 0.9. Both parameters are
chosen empirically after numerical tests.

Figure 12. Volumetric rendering of Blunt
Fin and Oxygen Post datasets. Isosurface
extracted from the Bucky Ball dataset [6, 17].
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6. Conclusion

In this work, we presented novel and important
contributions towards the field of dynamic and static
surface reconstruction methods from unorganized points.

There are several ways to extend the techniques here
presented. First, we intend to investigate theoretically our
surface reconstruction method based on iaMLS.

With respect to the twofold adaptive partition of unity
implicits, we intend further to improve the function
edition process by incorporating new local approximating
functions. In addition, we want to improve the mesh
enhancement technique, making use of the whole scheme
by Dietrisch et al. [4], but, in our case, considering the
adaptiveness of J{ triangulation.

Considering the front-tracking with AMLS surfaces
approach, the definition of a good curvature from RAMLS
is a mandatory future work. In addition, we aim at applying
this surface representation for numerical simulation of
fluid flows. We are also investigating schemes to perform
topological changes efficiently.

Finally, we intend to investigate the possibility to
estimate automatically the parameters & and € of the iaMLS
defined in anisotropic domains for volumetric rendering.
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Abstract areia 2D, e duas técnicas que imitam os efeitos criados pe-
los arteséos usando sua ferramenta. Além disso, apresenta-
Non-Photorealisitc Rendering (NPR) can be defined as mos um método para geracéo de animached em @ixas
the processing of scenes, images or videos into artwork.de areia a partir do video estilizado. A coeréncia tem-
This work presents a new method of NPR for stylization of poral nos videos estilizados pode ser obtida nos objetos
images and videos, based on a typical artistic expressionindividuais do video com auxilio de um algoritmo de seg-
of the Northeast region of Brazil, that uses colored sand mentac&o de video.
to compose landscape images on the inner surface of glass
bottles. This method is comprised by one technique for gen-
erating 2D procedural textures of sand, and two techniques
that mimic effects created by the artists using their tools.
We also present a method for generatitgD animations 1. Introdugao
of stylized videos as if they were placed in a sandbox. The
temporal coherence within these stylized videos can be en- A Renderizacdo Nao Fotorealisti¢dlon-Photorealistic
forced on individual objects with the aid of a video segmen- Renderingou NPR) é uma classe de técnicas definida de
tation algorithm. forma negativa a partir da renderizagdo fotorealistica, ou
seja, seu objetivo é a criagdo de técnicas alternativas a ren-
derizacdo de imagens que buscam reproduzir cenas foto-
Resumo realisticas, e é também conhecida como renderizacao es-
tilizada. Outra forma de definir a NPR € como o proces-
Renderizagdo N&o Fotorealistica (NPR) pode ser samento de cenas, imagens ou videos em trabalhos de arte,
definida como o processamento de cenas, imagens ogerando cenas, imagens ou videos que podem ter o atra-
videos para geragdo de trabalhos artisticos. Este tra- tivo visual de pegas de arte, expressando caracteristicas vi-
balho apresenta um novo método de NPR para estilizacdosuais e emocionais de estilos artisticos.

de imagens e videos baseado em uma expresséo artis- Neste trabalho desenvolvemos um método de renderiza-
tica tipica da regido Nordeste do Brasil, que usa areia 50 n3o fotorealistica para a estilizacio de imagens e videos
colorida para compor imagens de paisagens na super-com areia colorida denominad@sand do inglés ‘tolored

ficie interna de garrafas de vidro. Este método pos- sand. Esse método é baseado na confeccdo artesanal de
Sui uma técnica para geracéo de texturas procedurais de garrafas com areia colorida, um estilo artistico tipico da
regido Nordeste do Brasil, desenvolvido principalmente nos

+ Este artigo completo contém trechos da dissertacdo de mestrado Blestados do Rio Grande do Norte e Ceara. Desenvolvemos
do primeiro autor, defendida no PPgSC do DIMAp/UFRN. Esta dis- )

sertacio é apoiada pelo CNPq sobre o processo PDPG-TI 506555/04—tambem um r_netOdo para a criagao .de amma@é@ em
6. A versdo completa e videos relacionados estdo disponiveis em:caxas de areia a partir do video estilizado. Desta forma, as

http://www.ufpi.br/laurindoneto . principais contribui¢des do trabalho s&o:
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Criagcdo do método de renderizagdo ndo fotorealisticaem quadros sucessivos foi proposta por Hertzmann e Per-
Csand; lin em [11], onde sdo mantidas as pinceladas das areas que
Criacio de uma técnica para gerago de texturas prc)_nz?to apresentam movimentos. A coeréncia temporal é optida
cedurais de areia 2D: através do de;locamento de pontos de controles das.plnce—
’ ladas usando informacdes de um método de fluxo Optico.
Criacdo de duas técnicas que simulam efeitos produzi- No trabalho de Wang et al. [15], os autores propdem um
dos pelos artesdos, com sua ferramenta, na confeccadmétodo para criacartoonsa partir de video utilizando um
das garrafas com areia colorida; algoritmo de segmentacéo para segmentar o video por com-
leto. Apds a segmentacdo, o usuario especifica pontos em
guadros chaves do video através de uma interface gréfica.
Esses pontos sdo entdo usados para interpolar as bordas das
regides entre os quadros.
2. Trabalhos Relacionados No método proposto por Collomosse et al. [7], o video
é tratado como um volume 3I(z,y, z), onde as faixas
Os trabalhos relacionados com a renderizagdo néo fotode valores para as coordenadasg e z séo a largura, a al-
realistica para estilizagcao de imagens e videos usando areisyra dos quadros do video e o nimero de quadros do video,
podem ser agrupados em dois grandes grupos: trabalhos d@spectivamente. Neste método é aplicado um algoritmo de
renderizacBes nao fotorealisticas para estilizagéo de videosegmentagdo 2D em cada quadro do video seguido de um
e trabalhos que usam areia como material, mas com o foc@lgoritmo que, baseando-se em regras heuristicas, associa
voltado para o fotorealismo. as regides segmentadas entre os quadros. O resultado deste
No primeiro grupo, renderizacbes n&o fotorealisti- Método sdo objetos temporalmente convexos segmentados
cas para estilizacdo de videos, Meier (1996) [13] apresentdor¢ando a coerénciatemporal na renderizagdo dos mesmos.
o primeiro trabalho relacionado a renderizagdo nao foto- Winnemodller [16] fornece um certo nivel de coeréncia
realisticas a partir de animagdes em cenas tridimensionaisemporal a videos estilizados congartoons através de
(3D). Logo em seguida, Litwinowicz (1997) [12] apre- uma quantizagcdo suave das cores dos quadros abstraidos.
senta o primeiro trabalho propondo o uso de renderiza¢de#\ quantizacdo suave das cores faz com que mudancgas de
estilizadas para o processamento de videos. iluminacdo causadas na captura do video sejam espalhadas
Um dos fatores mais importantes na producéo de videogoelo video diminuindo a notoriedade dessas mudancas.
estilizados, seja a partir da descri¢éo de uma cena artificial Em Gomes et al. [9], € apresentado um método para
3D ou de um video real, é a exibicdo de coeréncia tempo-forcar a coeréncia temporal intra-objeto em NPR de videos
ral dos elementos de desenho (e.g. pinceladas, curvas, ciutilizando a combinacéo de um algoritmo de segmentagéo
culos, etc). No caso de cenas 3D, isso é feito movendo-se 0§6] e um algoritmo de fluxo éptico [1]. O resultado do al-
elementos de desenho de acordo com a superficie dos objegoritmo de segmentagéo é utilizado para restringir a area de
tos que estdo sendo desenhadas. Caso isto nédo seja feitobaisca do algoritmo de fluxo 6ptico para as bordas do objeto
animacao parecerd como sendo vista através de um vidreegmentado. A restricdo da area na qual o fluxo éptico é cal-
texturizado, também chamado de efatmwer doof13]. culado possibilita a obtencao de mapas de fluxos mais pre-
A falta de coeréncia temporal na renderizagdo estilizadacisos. Desse modo, a informac&o de fluxo 6ptico pode ser
de videos reais pode causar oscilagcdes e/ou tremulacGestilizada para forcar a coeréncia temporal nestes videos.
chamados déickering O efeito deflickering também co- No segundo grupo, trabalhos que usam o material areia,
nhecido comesswimming[7], surge tanto em objetos que mas que objetivam o fotorealismo, Hanrahan e Krueger
estdo em movimento e séo renderizados com elementog1993) [10] descrevem um modelo de reflexdo de super-
gue ndo 0s seguem corretamente quanto em areas estafiicies que possuem camadas, tais como tecidos bioldgicos
cas que séo renderizadas diferentemente nos quadros ade.g. pele, folha, etc.) ou materiais inorganicos (e.g. areia,
jacentes, devido a ruidos na captura dos videos ou algumaseve, tinta, etc.), causada pela disperséo da luz através das
diferencas de sombreamento e iluminag&o. camadas da superficie. Sumner et al. (1999) [14] introduz
Varias abordagens tentam impor a coeréncia temporal naum modelo para deformar materiais de terrenos como areia,
estilizacao de videos. No trabalho de Litwinowicz [12], foi lama e neve, onde objetos rigidos em 3D se movimentam
introduzido um método para manter a coeréncia temporalsobre estes terrenos deixando seus rastros ou pegadas. Zhu
em pinturas impressionistas. Para isto, foram utilizadas in-e Bridson (2005) [17] descrevem um método baseado em
formacdes de um método de fluxo éptico [8] para rastrearfisica para animar areia, onde € abstraido os graos indivi-
movimentos no video, e desta forma poder movimentar,duais da areia em um objeto continuo, e através de peque-
adicionar ou remover pinceladas de um quadro para outronas mudancas em um simulador de 4gua existente é gerado
Um método para a renderizagao coerente de areas estaticasn simulador de areia. Bell et al. (2005) [2] apresentam

Criacdo de um método para a geragdo de animacde
25D em aixas de areia.
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Figura 1. Pipeline de renderizagdo Csand.

um método que simula materiais granular, tais como areia
e gr@s, onde particulas representam elementos discreto do
material simulado e fenémenos altamente dindmicos como
avalanches e esparrames séo gerados.

3. A Garrafa com Areia Colorida

Um exemplo tipico de garrafa preenchida com areia co-
lorida produzida por um arteséo pode ser vista na Figura 3. @) (b)

Figura 3. A pontas chata (a) e a ponta aguda
(b) da ferramenta usada pelos arteséos.

passoanimacao de efeitosd garece se algum efeito de
areia estiver presente) enquanto que a linha de entrada trace-
jada representa uma entrada opciongbipeline

4.1. Texturas Procedurais de Areia

Neste trabalho, utilizamos uma funcao de ruido para
) ) i gerar texturas 2D. Assim a imagem texturizada sera colo-
Figura 2. Garrafa com areia colorida. cada dentro de um modelo de garrafa 3D e todas as in-
teracdes utilizadas para simular os efeitos dos movimen-
tos manuais da ferramenta dos artesdos, chamados aqui de
A técnica para fazer tais pecas de arte consiste nopinceladas de areigserdo feitas na interface da areia com a
preenchimento de uma garrafa de vidro vazia com areia superficie interna da garrafa.
de diferentes cores, movendo-as para formar uma ima- Em Carvalho et al. (2006) [5], introduzimos a técnica de-
gem usando uma ferramenta de ferro onde uma dassenvolvida paraa producdo de texturas procedurais de areia.
pontas é fina e aguda (Figura 3(a)) e a outra € chata parePara gerar uma textura adequada que represente a areia ar-

cida com uma chave de fenda (Figura 3(b)). tificial usada na geracdo dessas garrafas, foram fotografa-
dos varios exemplos de areia de véarias cores usadas pe-
4. Renderiza¢ao Estilizada de Areia los artes@os. Notamos, pela andlise dessas imagens, que a

variacdo do matiz € muito menor do que as variagdes ob-
O processo para geragdo das imagens renderizadas coservadas na saturagdo e no brilho e/ou intensidade. Desta
areia é realizado através de uma interface gréfica, na orforma, utilizamos o sistema de cores HSV, decompondo as
dem dopipelinevisto na Figura 1, que recebe como en- fotografias nos trés canais de cores para analisar e deter-
trada uma imagem ou um video. Os retangulos tracejadosninar qual a melhor distribuicdo que as represente. Os his-
do pipeline representam passos opcionais no processo (aogramas dos exemplos de areia coletados, paratodos os trés
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canais, mostrou uma representacéo que se aproxima de umaa escala de tons de cinza, e deve ser representada usando-se
distribuicdo normal, também chamada de distribuicdo gaus-uma ou mais das texturas de areia preta, cinza e branca. No
siana. caso geral, aplicamos a textura cujo valor de V é mais pré-

Deste modo, a fun¢éo de ruido gaussiano que foi uti-ximo, ou criamos uma mistura entre duas texturas que defi-
lizada para gerar perturba¢des nos valores dos pixels dosam um intervalo contendo o valor de V.

trés canais do espaco de cores HSV, é dada por Se a cor do pixel estd localizada entre duas cores
1 o2 primérias no espag¢o do matiz (H), calcula-se uma mis-
P(z) = 5 e 202 (1) tura entre duas texturas primérias correspondentes as duas
g e

cores primarias. Para isso, sorteamos um namero aleatério
ondey, € amédia & o desvio padrdo para as cores primarias que determinard de qual textura de areia sera o valor
de texturas de areia, que sdo determinados pelos valoredo pixel retornado. Por exemplo, se a cor do pixel sob
das amostras de areia. A partir dai, geramos as texturasnalise pode ser decomposta em 30% de laranja e 70% de
primérias de areia colorida para ca&i8 no espago do ma- amarelo, e um namero aleatorio menor do que 0.7 (no in-
tiz ([0°,360°]), armazenando-as na meméria com o mesmotervalo de [0,1]) é sorteado para renderizar o pixel, o
tamanho das imagens ou videos de entrada. A Figura 4ixel tera o seu valor retornado da textura amarela, en-
mostra um exemplo de fotografia real de areia em (a) e aguanto que se um valor maior que 0.7 for sorteado o pixel
textura procedural de areia que simula a fotografia real emtera o seu valor retornado da textura laranja.

(b). Neste exemplo, pode-se observar como a textura sin- Para simular o processo manual de forma mais realis-
tética consegue simular de forma realistica a fotografia realtica na criagdo das misturas, é necessario controlar a pro-
de areia. por¢do entre as areias misturadas, evitando a criacdo de
misturas com quantidades muito desproporcionais. Dessa
forma, foram criados dois limiares para o controle de mis-
turas sendo um inferior e outro superior. Esses limiares con-
trolam, dentro de cada espaco entre duas cores primarias do
matiz, o tamanho do intervalo onde ocorrerd misturas en-
tre as texturas que representam essas duas cores.

Foram criados dois métodos de renderizagéo, que sao:
renderizacdo por pixele renderizacdo por objetoNo
método de renderizacdo por pixel, para cada pixel da ima-
gem de entrada, é analisado o valor dos canais HSV a fim
de escolher a textura mais apropriada para representa-lo.

(@) (b) Ap0s escolhida a textura, acessamos a posigao do pixel cor-

] ] ] respondente na textura de areia previamente armazenada
Figura 4. Fotografia real de areia em (a) e tex- na memoéria, e escrevemos o valor do pixel da tex-
tura procedural de areia em (b). tura na posicdo correspondente do pixel na imagem. No

método de renderizacéo por objeto, € necesséria a segmen-
tacdo dos objetos do video. Para cada objeto do video sé@o
usadas uma ou mais texturas de areia de acordo com a mé-
dia calculada dos canais HSV dos pixels pertencentes ao

objeto.

4.2. Renderizacdo da Areia

Quardo uma imagem € renderizada, computamos, para ] ) ) ]
cada pixel, o pixel correspondente em uma das texturas®- Simulando Efeitos de Pinceladas de Areia

primarias de areia previamente armazenadas na memoria,

e desenhamos 0 Va'or do pixe| da textura na imagem Ori_ Foram simulados dois efeitos tipiCOS usados por artistas
ginal na posicao correspondente do pixel. Entretanto, ha alas garrafas com areia colorida, que introduzimos em Britto
guns casos especiais que devem ser tratados diferentemenfd€to e Carvalho (2007) [4], e denominamos coefeito de

e para isso foram criados alguns limiares. Por exemplo, se @ltura e profundidade efeito de vegetacéo

canal valor (V do modelo de cores HSV) do pixel é igual a

0, a cor é preta. Entdo criamos um limiar para os pixels que5.1. Efeito de Altura e Profundidade

tem o V préximo a 0, aplicando a textura de areia preta nos

pixels com valor abaixo do limiar. Criamos também outro  Na criacdo do efeito de altura e profundidade, represen-
limiar para configurar o canal de saturagéo, pois quando o Sado na montanha da Figura 6, o arteséo traz areia de dife-
€ igual a 0 o valor de H ¢é indefinido, logo a cor do pixel esta rentes cores do centro da garrafa para a superficie interna da
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Figura 5. Simulagéo do efeito de altura e profundidade, onde sé@o exibidos: a imagem original (a),
mascara (b), efeito simulado com « = 20° (c) e a = 40° (d).

garrafa, usando a ponta chata da ferramenta, trazendo matextura de areia selecionada ou se permanecera com o valor
ou menos areia de acordo com o angulo de aproximacgdodo pixel da textura de areia associada antes da aplicacéo do
gue a ferramenta faz com o eixo vertical. Definimos como efeito. Um exemplo de simulacdo deste efeito pode ser visto
0° quando a ferramenta traz mais areia & §dando a fer-  na Figura 5.

ramenta traz menos areia.

5.2. Efeito de Vegetacao

Para a simulacdo do efeito de vegetacéo, representado
pelo objeto verde na Figura 7, o usuério desenha duas li-
nhas horizontais para delinear a variacdo da altura da ve-
getacdo simulada, e especifica a largura minima e maxima
da vegetacao que seréa renderizada. O algoritmo entao per-
corre a imagem verticalmente procurando pela primeira co-
luna onde ambas as linhas aparecem. A partir dai, ele vai
Figura 6. Efeito de altura e profundidade. desenhando quadrilateros entre as duas linhas, sendo que
a largura do topo e da base sdo definidos por niumeros
aleatdrios no intervalo de [hin] para o topo e no intervalo

O usuério entdo desenha uma mascara indicando ondd® [’?m'max] prxraabasg, ondeinéa Ialrguramlrlljlmaemd
os ekitos serdo aplicados, seleciona a textura de areia qué'X®'S €mar alargura maxima em pixels que a base pode

sera arrastada para frente da areia original e o angulo d&SSumir, de acordo com uma distribuicéo uniforme, até que

aproximacdo da ferramenta através da interface grafica de@ Ultima coluna forme um quadrilatero completo. O topo de

senvolvida. Um mapa de distancia da mascara desenhad%ada guadrilatero é substituido pelo recorte da linha supe-

é calculado e seus valores sdo armazenados. Este mapa &Qr,éazgntlj_o'::org que E tgpo(f;que_curvofo_u retllljneo depen-
distancia é entdo usado para determinar se a areia selél€ndo dalinha desenhada. Com isso, foi gerada uma mas-

cionada substituira a areia atual naquela posicéo ou naccara (Figura 8 (2)) que € invertida para gerar sua mascara

de acordo com uma distribuicdo gaussiana com média 0 &omplementar (Figura 8 (b)) formada apenas por triangu-
desvio padrio dado pela equacso los.

Omins sel— ajam < t,
o= 1 o trari (2)
Omas (1= 32—, caso contrario,

onde« € a4, Sa0 0 angulo que a ferramenta faz com

a superficie interna da garrafa e o &ngulo maximo permi-
tido pela ferramenta (99 respectivamenté,é um limiar
configurado para limitar o valor do menor desvio padrdo, e
Omaz € Omin SA0 0 MAximo e o0 minimo valores de desvio
padréo permitidos, respectivamente. O valosggQ,. paraa
mascara é configurado como o maior valor do mapa de dis-
tancia da méascara. Entdo, baseando-se no valor do mapa de
distancia de um pixel, a probabilidade da distribuicdo gaus-
siana é calculada e um namero aleat6rio é sorteado para de-
terminar se o pixel sera ou ndo substituido por um pixel da Depois das mascaras geradas, € computado um mapa

Figura 7. Efeito de vegetacéo
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Figura 8. Mascaras original (a) e complementar (b) aplicados na imagem original (c) para gerar o
efeito de vegetacao visto em (d).

(@) (b)

Figura 9. Trés quadros da animagédo de um efeito.

de distancia modificado para a mascara complementar, déigura 9 mostra 3 quadros de uma animacéao criada usando
maneéra similar ao usado no efeito de altura e profundidade, este método.

mas com uma pequena diferenca. Para cada triangulo, de-

pois que o0 mapa de distancia padréo é calculado, calcula-sg AnimagéesQ%D em Caixas de Areia

o0 centro de cada um, conectando cada centro com oS Vér-

tices das respectivas bases dos triangulos, criando uma mas- para a criagéo das animac@e®D, adciona-se ao video
cara auxiliar. Os valores do mapa de distancia para essgstilizado informagdes 3D através de um campo de alturas,
mascara auxiliar sdo substituidos pelo valor maximo dognge o objeto que estd em movimento causa deslocamen-
mapa de distancia. Isto & feito para limitar o efeito da mis- tos nos graos de areia de areas estaticas, deslocando as co-
tura nas bordas verticais dos triangulos, deixando a area dnas do campo de alturas verticalmente para que o objeto
base dos triangulos intacta. A renderizacéo deste efeito gjeixe seu rastro e crie amontoados de areia por onde passa.
realizada para ambas as mascaras, sendo que a inferior Ra criagio dessas animagdes utilizou-se uma abordagem se-

renderizada por completo e a superior € renderizada com@ne|hante a proposta por Sumner (1999) [14].
no efeito de altura e profundidade, permitindo um pouco de

mistura somente nas bordas verticais.

5.3. Animando Efeitos de Pinceladas de Areia

Na criagdo de animacdes com esses efeitos, foi imple-
mentado um mecanismo simples que permite ao usuario in-
cluir animag¢des nos mesmos. O usuario define os quadros
inicial e final do video onde a seqiiéncia ir4 aparecer, sele-
ciona uma funcéo (linear ou sigmoide) que ira controlar a ) i
aplicacdo do efeito e um fator de inclinagéo (que dira qudo  Figura 10. Um quadro do video de exemplo.
rapido o efeito ir4 aparecer ou desaparecer). Baseado nessa
funcdo e no fator de inclinacdo escolhido, os valores ar-
mazenados no mapa de distancia (mapa de distancia modifi- No método desenvolvido neste trabalho sdo necessérias
cado no caso da vegetacdo, que podera ser aplicado tambéseis etapas para criacdo das animagfes, a saber: segmen-
na mascara inferior), serdo multiplicados por um fator (en-tacao do video, estilizacdo do video com areia colorida,
tre O e 1) antes da renderizacdo do efeito ser realizada. Anodelagem 3D do objeto de interesse, compresséo, deslo-
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camento e erosdo. A Figura 10 mostra um quadro de um
video real, que sera usado para exemplificar nosso método.
O video exibe uma caneca movimentando-se da esquerda
para a direita, através de um fio de néilon.

A primeira etapa para gerar a animacao € a extracdo do
objeto de interesse no video real que vai causar os desloca-
mentos na areia. Para isto utilizou-se o algoritmo rapido de
segmentacdfuzzy[6] para segmentar o video. A segunda
etapa é a fase de estilizacdo do video com areia colorida.
Na Figura 11 temos o quadro do video da caneca segmen-
tado em (a) e o quadro do video estilizado com areia colo-

ridaem (b), correspondendo a primeira e segunda etapa res-
pectivamente. ?

(a) (b)

(©)

Figura 12. Forma 3D abstrata do objeto.
Viséo superior (a), visdo em 45 ° (b) e visdo
de fundo (c).

(b)

Figura 11. Quadro do video segmentado (a) cular a quantidade de material que sera distribuldo,que
e quadro do video estilizado com areia colo- é calculado porAh = am, ondem é a quantidade total de
rida (b). material que foi deslocado. O material n&o comprimido é

distribuido igualmente entre seus vizinhos com menor valor
de distancia (de acordo com o mapa de distancias) até que

) o . todo o material fique depositado nas colunas ao redor do ob-
Na terceira etapa, definimos uma forma 3D abstrata (veja]-eto formando um anel de colunas.

Figura 12) para o objeto de interesse, para que 0 Objeto  \5 etapa de erosio, as colunas do anel sdo erodidas. O
possa deformar a malha da superficie da caixa. Para isto,

X " algoritmo verifica a inclinagdo entre cada par de colunas ad-
calculamos, a partir do mapa de segmentacdo, 0 mapa dgycentes na malha. Para cada colgha um vizinhokl, a
distancia do objeto que sera usado para definir uma pmf“ninclinagéo& é dada por
didaded ao objeto. O objeto 3D abstrato é formado por dois
campos de alturas, um superior e outro inferior. Os valo- s = tan"" (hij — hwi)/d 3)

res das alturas, dos campos de alturas do objeto, s&o os V%'ndehij é a altura da colungj e d é a distancia entre as
Io_res do mapa de d|stgnC|a ate a pr9fund|d%}def|n|da_ A duas colunas. Se a altura entre as duas colunas vizinhas é
Figura 12 mostra o objeto 3D extraido do video da caneca, i-r que um limiar entdo o material € movido da

- , . A . outs
utilizando o método do mapa de distancia para dar UM3maior coluna para a coluna menor. Em um caso especial

forma 3,D.abstrata, ern a]!gumas VISOES d|fe~rentes. | onde uma das colunas estd em contato com o objeto, um
A proxima etapa € a fase de compressao, onde as colujmiar diferente;,, é usado para fornecer um controle inde-

nas que estdo sob o objeto de interesse sao comprimidas dg,njente da inclinagéo interna. O material € movido usando
acordo com a profundidade definida. Nesta fase, 0 mapa d¢, caiculo da diferenca média das alturag,,, para as: co-

segmentacdo nos fornece as informagdes sobre quais colyynag vizinhas com grande inclinagéo, que ¢ dada por:
nas serdo comprimidas e o mapa de distancia nos fornece as

informacdes sobre o quanto essas colunas serao comprimi- Ah, = E(hi; — hw) . (4)

das. Em cada quadro do video, as alturas das colunas que n

estéo na regido do objeto de interesse e que ainda néo sofrex diferenca média das alturas é multiplicada por uma cons-

ram compresséo até a profundidaidesdo decrementadas tante fracionariag, e a quantidade resultante é igualmente

até a superficie da malha ficar abaixo do objeto. distribuida entre os vizinhos. O algoritmo repete este passo
No deslocamento de materiais, o0 material € distribuido até todas as inclinag6es ficarem abaixo de um liriigs,.

para as colunas ao redor do objeto. Uma taxa de compresséa Figura 13 mostra as quatro etapas finais do processo para

o, que é um valor controlado pelo usuério, é usada para calgeracéo da animacagD.
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Figura 13. Modelagem 3D (a), compresséo (b), deslocamento (c) e eroséo (d).

7. Experimentos 8. Conclusao

Neste trabalho propomos um método de renderizacao

. . nao fotorealistica, que simula uma expressao artistica tipica
Agora descrevemos alguns experimentos realizados para T~ ) . .
. - . da regido Nordeste do Brasil, usando areia colorida para

mostrar o funcionamento do método proposto. A Figura 14 : . L
. . e . compor imagens de paisagens na superficie interna de gar-
exibe exemplos dos métodos de renderizacé@o por pixel e

) - - ~ . rafas de vidro. Uma técnica para geracao de texturas proce-
por objeto utilizados na estilizagéo do video de um sapo de bara gerag P

. . o Rurais de areia 2D foi descrita, e duas técnicas que imitam
pellcia que se movimenta da esquerda para direita da tela.

T L . . . efeitos criados pelos artesaos na producao de garrafas foram
renderizacao por pixel € mais proveitosa quando deseja-sé€ A . ~
. apresentadas. Propomos também um método para geragao

manter alguns detalhes da imagem. Neste exemplo, pode-sg ; o1 ) .
e animacgdes;D em aixas de areia.

observar como a renderizagédo por pixel mantém alguns pe- As técnicas descritas aqui s3o usadas para estilizacio
guenos detalhes dentro do corpo do sapo, tais como olhos, ! : qui u P izag

nariz, e parte da boca. Por outro lado, quando a intengéo dle videos, algo quase impossivel de ser produzido por um

limitar as cores usadas para renderizar um objeto, utiliza-seﬁ:;e%a; r&za\ggi rze:lr’a;g;n\?irr]t?%iEocsc?rlr:/eallr:ie(\:rcl:?)(fgg dge é‘:}"
0 método de renderizacao por objeto. ¢ 9 )

pregamos o algoritmo rapido de segmentdgaay[6] para

A Figura 14(b) mostra o mapa de segmentac&o do qua(jr(§egmentar 0s videos como vol~umes 3D, e assim, permitir
original da imagem exibida na Figura 14(a), onde o matiz 9u€ 0 algoritmo de segmentacao trate oclusao de objetos e
indica a qual objeto pertence o conjunto de pixels, e a inten-CPJ€t0S ndo temporalmente convexos. A coeréncia tempo-
sidade (mapeada em cada objeto, no intervalo de [0,1]) reJal nos videos estilizados sao forcadas em objetos indivi-
flete o grau de pertinéncia que o pixel tem em relacéo aoduais através dos resultados da segmentacéo, utilizados na
objeto. A Figura 14(c) mostra uma renderizac&o por pixel restricdo das texturas de areia usadas em alguns objetos.
do quadro, enquanto que a 14(d) foi gerada usando o mapa
de segmentacgéo mostrad_o em 14(_b) para restringir as texReferénciaS
turas usadas para renderizar os pixels pertencentes ao ob-
jetq azul (barriga e joelhos) Para a te_xtura,verde. P::ir_a n- [1] S.S. Beauchemin and J. L. Barron. The computation of op-
Sﬁf”tdeta'?es ”a_re”dzf'z_aga‘; por objeto, © NeCessaro G tical flow. ACM Compu. Sun27(3):433-466, 1995.
objetos extras sejam adicionados no passo de segmentaca . . ]
Por outro lado, a renderizag¢&o por objetos pode ser usad:f[z] i\ilc'mBsf”égnIfér?:teF;a‘:é N:;Céf,os?agtr'&l:ee:;?;i z;n:#éa
para mf;mter a aparéncia de todas as estruturas, forcandoum 55455 Acm SIGGRAPH/Eurographics Symposium on Com-
certo nivel de coeréncia temporal. puter Animation pages 77-86, New York, NY, USA, 2005.

ACM Press.

ferent nd d delas dentro d rraf nd £3] L. S. Britto Neto. Renderiza¢des ndo fotorealisticas para
erentes, sendo qué duas delas dentro da garrafa, onde a estilizacdo de imagens e videos usando areia colorida.

imagens que compdem essas animacoes lembram 0 tipo de  piseertacso de Mestrado, Departamento de Informatica e
cena geralmente produzida pelos artesaos, e as outras duas  pjatematica Aplicada, Universidade Federal do Rio Grande
mostram o resultado do método para geracé@o de animagdes  do Norte, Setembro 2007.

1 : . Lo A
25D em @ixa de areia. Em (c) e (d) temos a estilizacdo de 4] | s pyitto Neto and B. M. Carvalho. Message in a bot-
um video real, onde uma caneca é puxada através de um fio' * ye. stylized rendering of sand movies. IBGRAPI '07:

A Figura 15 mostra oito quadros de quatro animacgdes di-

de nailon, e em (h) e (g) temos a estilizagéo de um video sin- Proceedings of the 20th Brazilian Symposium on Computer
tético, onde uma joaninha anda pela areia deixando seu ras-  Graphics and Image Processingages 11-18, Los Alami-
tro e escrevendo a palavabbha tos, CA, USA, 2007. IEEE CS Press.
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(b)

(d)

Figura 14. Um quadro do video do sapo (a), 0 mapa de segmentacao associado (b), a renderizagao
por pixel do quadro (c), e o quadro onde o objeto azul de (b) foi renderizado usando o método de
renderizagdo por objeto (d).
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Figura 15. Resultados da aplicagcdo das técnicas de renderizacdo de areia na garrafa e do método
para geracdo de animacgdes 2%D em caixas de areia.
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Sistema Composto para Amostragem e Geracao de Luzes
a partir de Mapas de Iluminacao

Aldo R. Zang
Laboratorio VISGRAF - IMPA
zang @impa.br

Abstract

In this paper' we introduce a new approach to the pro-
blem of direct illumination in physically-based rendering of
3D scenes using illumination maps captured from real en-
vironments. We developed a system that takes advantage of
the best features of the current solutions to the problem: na-
mely, the approximation of illumination maps through di-
rectional lights; and stochastic sampling of the light maps.
Our framework is flexible and can be used with most rende-
ring programs.

Keywords: Three-dimesional Graphics and Realism, Sam-
pling, Rendering, Environment Maping, Importance Sam-
pling, Deterministic Sampling.

Resumo

Neste artigo' apresentamos uma nova abordagem para
o problema de iluminagdo direta na renderizagdo fotorea-
lista com mapas de iluminacdo provenientes de cenas re-
ais. Desenvolvemos um sistema que extrai o melhor das
duas principais abordagens existentes para o problema:
aproximagdo dos mapas de ilumina¢do com luzes direci-
onais, e amostragem estocdstica dos mapas.

1. Introducao

A renderizagado de cenas complexas, com iluminag¢do in-
direta, iluminacdo ambiente, e outros tipos de fontes de
luz representa um problema desafiador e de grande in-
teresse da comunidade de computacdo grafica. Atual-
mente a renderizacdo fotorealista de cenas sintéticas
com iluminacdo proveniente de mapas de iluminacdo ex-
traidos de ambientes reais é um ponto muito estudado no

1 Resumo estendido de dissertagdo de mestrado.
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processo de sintese de imagem, e também com grande de-
manda de solugdes eficientes, uma vez que técnicas de
incorporagdo de objetos sintéticos em filmes e comerci-
ais sdo muito procurados. E verdade que um resultado fo-
torealista depende de varios fatores além da iluminagdo,
como a modelagem dos objetos e propriedades dos materi-
ais, mas tudo isto ndo pode ser apreciado se nao tivermos
um método de visualizagdo efetivo e uma iluminagao rea-
lista.

Para renderizar objetos sintéticos em cenas reais é pre-
ciso dispor da iluminacdo do ambiente real onde sera feita
a inser¢do, que pode ser capturada como uma imagem
esférica de alta variagdo dinamica (HDR - High Dynamic
Range). Esta técnica de captura de iluminagao foi introdu-
zida por Paul Debevec [1], estd presente em muitos progra-
mas comerciais e foi utilizada em vdrios filmes.

1.1. O problema de iluminacao direta

O problema central do rendering é calcular a equagao

Lo(p,wo)Z/ J (D, wo, wi) Li(p, w;)|cost;| dw;
SQ

da radiancia L, que chega ao ponto p na dire¢do w,;
onde L;(p,w;) é a radidncia incidente em p na direcdo wj,
f(p,wo,,w;) é a BSDF (fungdo de reflectincia bidirecional),
e 6; é o angulo de incidéncia [4].

No contexto de iluminacdo direta estamos interessados
na radiincia proveniente diretamente das fontes luminosas
(denotadas L4 (p,w)), portanto a integral anterior pode ser
escrita como

, f(pv Wo, wi)Ld(pv wi)|0030i‘dwi
S

A mesma pode ser quebrada num somatério sobre as fon-
tes de luz da cena

luzes

Z . J (P, wo,wi) Laj) (P, wi)|cost;|duws,
j=1
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onde L,y denota a radidncia incidente em p proveni-
ente da j-ésima fonte de luz e

p7wL ZLd(] pvwl

Como num ambiente real temos iluminagao proveniente
de todas as dire¢des, considerando um mapa de ambiente
tradicional de 1024 x 512 pixels, terfamos 1024 x 512 so-
mas, o que torna a solucdo computacionalmente inviavel.
Para reduzir este somatdrio, entram em cena os métodos de
integracdo probabilisticos com estimadores de Monte Carlo.
Entdo escolhem-se N dire¢des w; com algum método pro-
babilistico, obtendo a estimativa

ii [, wo,w;i) La(p, wj)|cosb; |
N p(w;)

Neste artigo, propomos uma abordagem que pre-
tende extrair as vantagens dos métodos de integracdo de
Monte Carlo, introduzindo a utilizacdo de pré-amostragem
e geragdo de luzes direcionais. A maioria dos softwa-
res de renderizagdo ndo permite muita escolha de mode-
lagem da iluminacdo real. Em alguns softwares pode-se
trabalhar com o préprio mapa, o qual é utilizado pe-
las rotinas de amostragem de Monte Carlo, como no
caso do PBRT [4], ou em outros casos € preciso reali-
zar algum pré-processamento e transformar o mapa numa
colecdo de luzes pontuais ou direcionais, como € feito no
Maya.

Nosso objetivo € apresentar um sistema de pré-
processamento multifuncional que permita trabalhar com
Mapa de Iluminagdo de variadas formas: obtendo uma
colecdo de luzes direcionais mediante métodos de amos-
tragem como Median Cut de Debevec [2]; ou amostragem
por importancia baseado em Penrose Tiling de Ostro-
moukhov et al. [3]; ou selecionando um niimero grande
de amostras para ser passadas as rotinas de Monte Carlo
de renderizadores como PBRT e POV-Ray entre ou-
tros. Também trataremos os Mapas de [luminagdo de ma-
neira intermedidria, estratificando-os, selecionando regides
das quais extrairemos luzes direcionais e outras que man-
teremos para passi-las as rotinas de Monte Carlo. Um
sistema desta indole € muito qtil, pois permite ter um con-
trole fino dos resultados nas renderizacdes. Permite adaptar
um Mapa de Iluminacdo para a maioria dos softwa-
res de renderizacdo, ou pela utilizacdo do mapa como
um todo, ou por partes (luzes e um conjunto de amos-
tras).

Jj=1

2. Mapa de Iluminacao

Existem diversos formatos para o Mapa de [luminagao,
entretanto adotaremos o formato retangular latitude-
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longitude. Dado um mapa de dimensdes W x H neste for-
mato, um ponto (z,y) pode ser identificado com uma
dire¢do w; = (¢, 0) (coordenadas esféricas) tomando

00 = (5 )

A direcdo w; também pode ser representada por coor-
denadas retangulares (z,y, z) em fungdo das coordenadas
esféricas (¢, 0) com

x = sinb - cosp, y=sinb-sing, z=cosl. (1)
2.1. Representacao do Mapa de Iluminacao

Em lugar de entrar diretamente com a imagem HDR do
mapa de iluminag@o, calculamos e incluimos a deformacio
de 4rea induzida pela transformacdo F' que mapeia o mapa
latitude-longitude na esfera de dire¢des. Os pixels das pri-
meiras e tltimas linhas da imagem do mapa correspondem
a uma minuscula regido circular com centro no pélo norte e
sul da esfera respectivamente. Para fazer a correcio, aplica-
mos ao mapa a fungdo

F(x,y) = L(x,y)sin (%ﬂ') = L(z,y)sin(0)

onde, (z,y) é a posicdo no mapa latitude-longitude;
L(z,y) é o valor da luminincia no ponto (z,y);e 6 = }j’ﬂr
€ o angulo subtendido entre o p6lo norte e a direcdo associ-
ada ao ponto (z, y) na esfera unitéria (i.e 6 € [0, 7]). Desta
forma temos a seguinte relacdo entre o mapa original e o
corrigido

M (z,y) = sin (%w) M,(z,y).

(a) (b)

Figura 1. Amostragem com Penrose Tiling [3]: 1(a) mapa ho-
mogéneo, 1(b) mapa homogéneo com corregao de area.

Na Figura 1 vemos o efeito de amostrar um mapa isolu-
minante e sua transformacdo. Como resultado, as posi¢des
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das amostras mudam quando considerarmos a deformacio
induzida pelo mapeamento esférico.

Com esta estratégia podemos amostrar varias superficies
curvas desde que se tenha uma parametrizagao da superficie
no plano que permita proceder com a amostragem.

Feita esta correcdo do mapa, aplicamos a técnica de
amostragem por Penrose Tiling de [3]. Uma vez que dispo-
mos das amostras adaptadas, podemos trabalhar com elas.

2.2. Geracao de luzes direcionais

Com a localizacdo das amostras no mapa de iluminagao,
calculamos sua posi¢do (z,vy, z) na esfera unitdria com a
equacdo (1). Em seguida calculamos as células de Voronoi
sobre a esfera, e finalmente somamos a radiidncia em cada
célula e dividimos pela sua drea para obter a radidncia me-
dia que representara cada luz direcional. Utilizamos o con-
junto de luzes para renderizar a cena.

2.3. Geracao de mapa de amostras

Uma alternativa a geracdo de luzes direcionais e a amos-
tragem direta do mapa por métodos de Monte Carlo € rea-
lizar uma pré-amostragem do mapa e passar estas amostras
ao renderizador para utilizd-las na renderizagao.

(b)

Figura 2. mapa HDR Galileo [1], 124 amostras com Penrose
Tiling [3]: 2(a) amostragem do mapa com prévia correcao da
fungao de importancia (luminancia), 2(b) células de Voronoi da
amostragem 2(a).

Anais do WTDCGPI 2008

Desenvolvemos um plugin (FHIS) para o PBRT
[4] que utiliza um mapa de pré-amostras para realizar a
renderizacdo. Na criacdo do mapa de pré-amostras guarda-
mos: a posicdo das amostras no mapa ( Figura 2(a) ); uma
imagem latitude-longitude da divisdo do mapa em células
de Voronoi sobre as amostras, calculada sobre a esfera ( Fi-
gura 2(b) ); e uma lista da radiancia total de cada célula de
Voronoi. Esta aproxima¢do do mapa de iluminagdo origi-
nal por uma segmentacdo de Voronoi diminui entre 20 e 25
porcento o tempo de renderizagcdo da cena, além de con-
tribuir para uma pequena melhora na qualidade visual da
imagem final.

3. Método composto

Gostariamos de aproveitar os beneficios de ambas as
abordagens vistas anteriormente, i.e. obter diminui¢do da
variangia na cena utilizando luzes direcionais importan-
tes e suavizar as bordas das sombras amostrando com
métodos de Monte Carlo nas regides do mapa onde a
iluminacdo é mais fraca. Na pratica existe uma infini-
dade de combinagdes a serem testadas. Até o presente
momento realizamos os primeiros testes nesta nova abor-
dagem e obtivemos resultados relevantes. Descreveremos a
continuagdo sobre o pré-processamento realizado:

Primeiramente, estratificamos o mapa de iluminacdo
utilizando a funcdo luminancia para definir os estra-
tos, criando duas regides A e B. Por exemplo, pode-
mos tomar n estratos FEy,FEs,---,FE,, entdo a regidao
B = {E17 e ,En/2} ,[formada pelos n/2 primeiros es-
tratos, delimitard a regido do mapa que acumula 50%
da luminincia, somando a luminancia em ordem cres-
cente; logo a regidao A = {E, /21, -, Ey, }, formada pe-
los n/2 estratos restantes, acumula 50% da luminéncia
proveniente das zonas mais brilhantes do mapa. Em ge-
ral, quando dispomos de um mapa de iluminagdo pro-
veniente de um ambiente real, a drea da regido A repre-
senta menos que o 5% da area total do mapa (por exemplo,
no caso do Mapa Galileo a drea da regido A é aproximada-
mente 1% da drea do mapa, Figura 3(a) ). Esta acumulacio
de luminincia numa pequena area pode ser aproveitada ti-
rando amostras da regido (A) e convertendo-as num con-
junto Q de luzes direcionais, Figura 3(a). Como a area
é pequena, podemos representar bem a regido com pou-
cas amostras, i.e poucas luzes direcionais. A regido com-
plementar (B), cuja drea representa a maior parte do mapa
de iluminacdo, pode ser tratada de duas formas:

e Guardar a regido B como um mapa HDR Mg, onde
os pixels da regido A tém radiincia nula (Figura 3.b).
Neste caso a renderizac¢do da cena serd feita utilizando
o plugin InfiniteSample (I5) do PBRT [4] com o
mapa Mp, e a renderizacio do conjunto €2 de luzes di-
recionais obtidas a partir da regido A.
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(a) amostragem sobre estrato A com [3], acumula 50% da radiancia.

(c) amostragem sobre o estrato B com [3].

(d) células de Voronoi da amostragem do estrato B.

Figura 3. Estratificacdo do Mapa HDR Galileo [1] e amostragem pelo método de Penrose Tiling [3]: 3(a) 64 amostras transformadas em luzes

direcionais, 3(c) 493 amostras, 3(d) células de Voronoi esféricas das amostras de 3(c).

e Amostrar com Penrose Tiling [3], calcular as células
de Voronoi sobre a esfera e guardar um mapa HDR
de Voronoi Mpy . Aqui a renderizacdo serd feita com
o plugin FHIS, criado para o PBRT [4], para rende-
rizar a ilumina¢do dada pelo mapa Mgy, juntamente
com renderizagdo do conjunto (2 de luzes direcionais.

Nos testes apresentados neste artigo trabalhamos com li-
miares de 50% de luminancia para determinar cada uma das
regides A e B. Estes limiares podem variar, se X% ¢ o li-
miar utilizado para determinar A o limiar que determina B é
(100— X)%. E evidente que a medida que aumentamos o li-
miar X, temos um conseqiiente aumento da area de A. Em
mapas provenientes de cenas reais a relacio entre o limiar e
a respectiva drea € de tipo exponencial. O objetivo é tomar
um limiar X alto, mas com a drea da regido A associada re-
lativamente pequena, pois uma vez que a regido A delimite
uma area substancialmente grande do mapa, ndo é conve-
niente extrair luzes direcionais, uma vez que vamos preci-
sar de uma quantidade grande de luzes para obter suavi-
dade entre as sombras. Visamos continuar trabalhando neste
tépico de escolha do limiar, para desenvolver um método de
automacio do calculo do limiar 6timo para cada mapa.

Juntamente com a estratificacdo, também tivemos cui-
dado de introduzir controles adicionais, dado que o método
Penrose Tiling de Ostromoukhov [3] apresenta alguns in-
convenientes. Como o método de Ostromoukhov [3] apli-
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cado a um mapa de iluminagdo faz amostragem hierarquica
por importancia de uma regido retangular continua do
plano com as dimensdes do mapa, e funcdo de im-
portancia constante por partes igual a luminancia do mapa,
tem-se freqiilentemente uma alta condensacdo de amos-
tras em regides de area muito pequena. Por exemplo, muitas
vezes temos duas ou mais amostras numa area que corres-
ponde a um pixel do mapa. Este fendbmeno acontece porque
nos mapas extraidos de ambientes reais a varia¢do de lu-
minancia € muito grande. Como o objetivo é obter luzes
direcionais que iluminem a cena, precisamos de amos-
tras devidamente espalhadas para cobrir bem a regido A
(por este motivo ndo temos interesse em amostras cu-
jas proximidades € inferior a 1 pixel). Por fim, agrupamos
estas amostras, aplicando um método de clusterizacdo su-
gerido por Velho et al. [5], eliminando desta forma as
amostras redundantes. Implementamos em nosso sis-
tema a clusterizagdo com trés op¢des para a freqiiéncia F'
definidas abaixo.

Dado um cluster com dois elementos K = {c¢;,¢;}, o
nivel de quantizacdo 6tima utilizando a métrica do qua-
drado da distancia geodésica sobre a esfera é:

F; Fj
¢= i+ i
F;F?+F;F?
E(cicj) = <y llacos(ci - ¢)| I,
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onde as opg¢des para F; sdo
° F’L - ]-7
o I, = fvor(c_) L(x)dzx,

f L(z)dz
o F. — Y‘”"(Ci)
v Area Vor(c;) ’

4. Resultados

Desenvolvemos o plugin FHIS (Fast Hierarchical Impor-
tance Sampling) para o PBRT [4] que realiza amostragem
por importincia sobre uma pré-amostragem do mapa de
iluminag¢do pelo método de Ostromoukhov [3]. Realizamos
comparagdes numéricas com varios métodos: aproximacio
do mapa de iluminacdo por luzes direcionais (D.L.) obtidas
com algoritmos de Median Cut (MC) [2] e Ostromoukhov
(OS) [3]), amostragem direta por importancia (Plugin 1.5,
PBRT [4]).

Na Tabela 1 incluimos os resultados dos testes mais re-
levantes. Na Figura 4 pode-se apreciar a comparacido dos
erros RMS ( Figura 4(a) ) e dos tempos de renderizacao
( Figura 4(b) ). Na Figura 5 mostramos a imagem de re-
feréncia e o resultado obtido utilizando o método misto, e
na Figura 6 mostramos as renderizagdes de uma cena 3D
com os parametros da tabela 1 e detalhes ampliados de uma
regido das mesmas, onde pode-se ver a diferenca de quali-
dade na reconstrugdo para valores similares de amostragem.

5. Conclusoes

Estamos propondo uma abordagem alternativa para o
tratamento de problemas de renderizag@o fotorealista ba-
seados em iluminag@o real que oferece ao usudrio liber-
dade de escolha dos pardmetros para ter um controle mais
fino do resultado da renderizacdo. O sistema apresentado
neste trabalho utiliza o método de amostragem hierdrquica
por importéncia, desenvolvido por Ostromoukhov et al. [3].
Porém, poderiamos utilizar outros métodos de amostragem,
como por exemplo Median Cut [2]; aspecto que pretende-
mos continuar pesquisando.

[ Imagem [ Método [ Amostras por pixel | Erro RMS [ Tempo |
IS 64 (4x16) 0.112324 90.0s
Fig.6(a) IS 128 (4x32) 0.070817 173.1s
IS 256 (4x64) 0.049604 339.5s
FHIS 64 (4x16) 0.104842 73.2s
Fig.6(c) | FHIS 128 (4x32) 0062812 | 141.3s
FHIS 256 (4x64) 0.043516 275.3s
Fig6() | FHIS + D.L.(OS) | 128 (4x16 + 64) 0.041018 | 157.6s
Fig.6(m) | FHIS + D.L.(OS) | 192 (4x32 + 64) 0.032888 | 224.0s
Fig.5(b) FHIS + D.L.(OS) 320 (4x64 + 64) 0.028287 357.8s
FHIS + D.L.(OS) 128 (4x16 + 64) 0.040586 156.6s
FHIS + D.L.(OS) 192 (4x32 + 64) 0.032419 225.0s
D.L.(OS) [3] 128 (4x + 128) 0.088624 173.6s
D.L.(OS) [3] 256 (4x + 256) 0.036659 337.6s
D.LMC) [2] 256 (4x + 256) 0.049800 | 3342

Tabela 1. Comparagao entre renderizacdes. A Imagem de re-
feréncia foi renderizada com 7S no PBRT [4], com 4096 (8x512)
amostras (Figura 5(a)). (AMD64 3000, 2Gb RAM).

Comparsgio do erro RIS

Comparagao dos tempos de renderizasao

(2)

Figura 4. comparagdes: 4(a) Erro RMS, 4(b) Tempo de
renderizagao.
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(a) Imagem de referéncia. 4096
amostras, 256 amostras por raio, 4 raios
por pixel para anti-aliasing.

(b) FHIS 64 amostras por raio + 64
D.L.(OS) (luzes direcionais). 4 raios
por pixel para anti-aliasing.

Figura 5. Renderizagdo do modelo com o Mapa Galileo.
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(a) IS 32 amostras por raio. (b) detalhe, 16 amostras por raio. (c) detalhe, 32 amostras por raio. (d) detalhe, 64 amostras por raio.

(e) F'HIS 32 amostras por raio. (f) detalhe, 16 amostras por raio. (g) detalhe, 32 amostras por raio. (h) detalhe, 64 amostras por raio.

(i) FHIS 16 amostras por raio + 64  (j) detalhe, FF H1S 8 amostras por raio (k) detalhe, FFHIS 16 amostras por raio (1) detalhe, F'H IS 32 amostras por raio

D.L.(OS) (luzes direcionais). + 32 D.L.(OS). + 64 D.L.(OS). + 64 D.L.(OS).
(m) F'HIS 32 amostras por raio + 64 D.L.(OS) (luzes (n) detalhe, F"H IS 32 amostras por raio + 64 (0) detalhe, F"H IS 32 amostras por raio + 64
direcionais). D.L.(OS). D.L.(OS).

Figura 6. Renderizacdo do modelo killeroo com o Mapa Galileo. Foram amostrados 4 raios por pixel para o anti-aliasing.
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Abstract

We present a simplified approach for animation of geo-
metrically complex deformable objects represented as te-
trahedral meshes. Our prototype system detects and res-
ponds to collisions of objects subject to elastic deformati-
ons of variable stiffness. The proposed approach combines
several techniques, namely, collision detection using a Spa-
tial Hashing, collision response through a contact surface
that use a consistent penetration depth using propagation,
an estimate for displacement vector of the deformation re-
gion and binary search to separate objects. The dynamics
is based on shape matching and a modal analysis scheme,
using an Euler explicit-implicit integrator. Preliminary re-
sults show that collisions between objects containing seve-
ral hundreds tetrahedra can be animated in real-time.

Resumo

Apresenta-se uma abordagem simplificada para
animagdo de objetos deformdveis geometricamente com-
plexos, representados como malhas tetraedrais. O sis-
tema detecta e responde a colisdes de objetos sujeitos
a deformagées eldsticas de rigidez varidvel. A aborda-
gem combina vdrias técnicas, como a detec¢do de colisoes
usando Hashing espacial, resposta as colisoes através do
computo da superficie de contato, que usa o cdlculo da
profundidade de penetracdo por propagagdo, a estima-
tiva dos vetores de deslocamento dos vértices da regido
de deformacdo e busca bindria para separar os obje-
tos. A dindmica estd baseada no casamento de formas e na
andlise modal, na integragdo do sistema é usado um es-
quema de Euler explicito-implicito. Resultados prelimi-
nares mostram a intera¢do entre objetos constituidos de
vdrias centenas de tetraedros em tempo real.
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1. Introducao

O que se entende pelo termo “animagdo baseada em
fisica” (physically based animation, em inglés) é um pro-
cesso computacional que visa obter animagdo de obje-
tos com plausibilidade fisica. Isto contrasta com o termo
“animacdo fisica”, empregado usualmente para desig-
nar animagdes que visam replicar processos fisicos com
alto grau de acuricia, embora por vezes os dois termos se-
jam usados indistintamente. Este trabalho insere-se mais
no contexto do primeiro termo, uma vez que trata de abor-
dagens onde a preocupacdo com desempenho leva a um
tratamento simplificado de determinadas interacdes en-
tre objetos.

Embora os modelos baseados em fisica ndo pretendam
reproduzir a realidade, eles tentam produzir movimentos
com base nos mesmos principios fisicos. A parte da fisica
que estuda o movimento dos corpos € a dindmica, que € ba-
seada nas Leis de Movimento de Newton.

A animacgdo de objetos rigidos e deformaveis frequen-
temente se baseia em sistemas de particulas, sendo que a
animacgdo de objetos deformaveis deve adotar algum mo-
delo de deformacgdo fisico, que permita deformacdes
eldsticas ou plésticas. Tais deformagdes podem ser obti-
das usando métodos baseados em malhas como os sis-
temas massa-mola e elementos finitos ou métodos sem
malhas [14, 13, 16]. Mas, objetos deformaveis t€ém nor-
malmente representacdo complexa quando compara-
dos com corpos rigidos, ji& que podem mudar de forma
no tempo pela interagdo com ele mesmo ou com ou-
tros agentes no cendrio, pesquisas recentes nessa area
vém adaptando diversas técnicas para animacdo de cor-
pos rigidos.

Este trabalho enfoca o uso de uma metodologia simples
para animac¢do de objetos deformdveis, geometricamente
complexos, que sao representados por malhas tetraedrais. O
objetivo é obter uma simulagdo dindmica estavel, com com-
portamento fisico plausivel. Ressalve-se, entretanto, que
as propriedades do material ndo foram modeladas neste
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protétipo. O método apresentado combina vdrias técnicas
empregadas para a modelagem de objetos deformdveis, a
saber:

e A deteccdo de colisdes usa uma abordagem de volu-
mes limitantes para diminuir o niimero de colisdes po-
tenciais e uma abordagem baseada em um Hashing es-
pacial (usando subdivisdo espacial) para encontrar as
colisoes reais [23]).

e A resposta as colisdes envolve o computo da pro-
fundidade de penetragdo por propagacdo [7], o
célculo de uma regido de deformacgdo e seus veto-
res de deslocamento [7], e a resolucdo das colisdes
assimétricas [8] dos vértices envolvidos na colisdo. Fi-
nalmente, a separacdo dos objetos € efetuada usando
Busca Bindria [19] encontrando a superficie de con-
tato.

e A dindmica estd baseada numa técnica de casamento
de formas na qual ndo € necessario o uso de malhas,
embora estas sejam usadas no processamento de co-
lisdes e na integracdo do sistema, é usado um esquema
de Euler explicito-implicito [13].

Resultados preliminares mostram a interacao entre obje-
tos constituidos de vérias centenas de tetraedros em tempo
real.

O resto do texto estd organizado na seguinte forma: a se-
guinte secdo apresenta os trabalhos relacionados, a se¢ao 3
descreve o pré-processamento necessario, a secao 4 apre-
senta como a deteccdo de colisdo € realizada em duas eta-
pas, a se¢do S trata o processo de resposta as colisdes, a
secdo 6 descreve o modelo dindmico usado, a secdo 7 apre-
senta o método de integracdo usado, a secdo 8 mostra os
resultados obtidos, e finalmente a secio 9 apresenta as con-
clusdes e trabalhos futuros.

2. Trabalhos relacionados

O processo de deteccao de colisdo usualmente € dividido
em duas etapas, uma etapa que determina grupos de objetos
em colisdo potencial (broad phase, em inglés), e a segunda
etapa que executa verificacdes de colisao exatos entre os ob-
jetos em colisdo potencial (narrow phase, em inglés).

2.1. Deteccao de colisao grosseira

Esta etapa tipicamente ¢ realizada usando um esquema
de varredura e poda (sweep and prune, em inglés) [5]. Esta
técnica mantém uma lista ordenada para cada eixo principal,
onde os elementos na lista sdo as projecdes dos objetos nos
eixos. Estas listas s@o atualizadas freqiientemente usando as
formas atuais dos objetos. Assim, um par de objetos pode
intersectar apenas se os intervalos de suas projecdes inter-
sectam nos trés eixos.
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2.2. Deteccao de colisao exata

As técnicas de deteccdo de colisdo sdo classificadas em
trés grandes grupos: baseadas em volumes limitantes, ba-
seadas em subdivisdo espacial e as baseadas no espago-
imagem. As técnicas que usam hierarquias de volumes li-
mitantes, tem mostrado maior eficiéncia para deteccio de
colisdo entre objetos rigidos [6, 11] do que para objetos de-
formaveis [25, 9], ja que precisam ser atualizados freqiien-
temente. Os volumes limitantes permitem aproximar um
objeto complexo por outro de geometria mais simples, ajus-
tando o objeto original da melhor forma possivel. Assim,
testes de colisdes sdo realizados apenas entre pares de obje-
tos cujos volumes limitantes se intersectam. J4 as técnicas
baseadas em subdivisdo espacial sdo mais adequadas para
objetos deformdveis, ja que o espaco do mundo é subdivi-
dido em células, onde cada célula contem primitivas do ob-
jeto que a intersectam. Uma dificuldade € a escolha da es-
trutura de dados que represente o espaco 3D. Teschner apre-
sentou uma estrutura de dados baseada numa tabela de dis-
persdo (hash), que € eficiente em memoria e tempo compu-
tacional [23, 24]. Em contraste com as técnicas anteriores,
as técnicas baseadas no espago-imagem fazem uso de fun-
cionalidades das placas graficas (GPUs). Estas técnicas sido
apropriadas para aplicag¢des interativas ja que nao requerem
de pré-processamentos nem de atualizacdes de estruturas de
dados complexas [24] , mas em geral sdo restritas a objetos
convexos [2, 17].

2.3. Resposta a colisoes

Existem dois esquemas para obter a resposta a colisdes:
os métodos baseados em restri¢des e os métodos baseados
em penalidades.

Os métodos baseados em restricoes evitam a
interpenetracdo entre objetos e sdo particularmente in-
teressantes na dinamica de corpos rigidos ou semi-rigidos,
ja que estes fornecem menos graus de liberdade [10, 16]. J&
os métodos baseados em penalidades computam uma forga
de resposta para cada ponto colidido, cujo valor estd rela-
cionado com uma medida de interpenetracdo. Consequen-
temente, o esforco numérico cresce com a intensidade da
penetragdo [12], o que torna necessaria uma computagao ro-
busta da profundidade de penetracdo dos pontos colidi-
dos.

Pode-se dizer que os métodos baseados em penalida-
des sdo mais rdpidos, enquanto que os métodos basea-
dos em restrigdes sdo mais robustos, permitindo interva-
los de tempo maiores. Entretanto, os sistemas de restricdes
sdo mais custosos e inadequados para resolver colisdes em
tempo real.
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2.4. Animacao

Na dindmica, pode-se empregar métodos como [15]: os
métodos de elementos finitos (FEM) sdo usados para discre-
tizar o objeto em um conjunto de células disjuntas (malha),
e resolve comportamentos eldsticos para cada particula. Nos
sistemas massa-mola [4, 3, 22] os modelos consistem de
particulas conectadas entre si por uma rede de molas, onde o
alongamento das molas gera forcas eldsticas em cada massa.
Sao intuitivos e simples de se implementar. Entretanto, eles
ndo s@o necessariamente exatos porque ndo sao construidos
sobre elasticidade continua. Os métodos sem malhas se ori-
ginam no FEM, mas ndo requerem nenhuma informacao de
conectividade, uma vez que os objetos sdo tratados como
sistemas de particulas [13].

3. Pré-processamento

As estruturas de dados sdo iniciadas e os parametros ini-
ciais da tabela de dispersao (hash) sdo calculados [23] (veja
Figura 1):

grade implicita: fungdo hash:
H{céhuls) -»indice da tabels hash
/
““" tabela hash:
L [ T e[ |

ct£hila tamanhe da célula tamanha da tabela hash

Figura 1. parametros da tabela de dispersao
(hash).

tamanho da tabela: o tamanho 6timo tem relagdo direta
com o nimero de primitivas a serem avaliadas; tipica-
mente € um nimero primo grande e influi no desem-
penho do algoritmo;

tamanho da célula: influi diretamente no ndmero de pri-
mitivas que intersectam uma célula da grade. O sis-
tema usa a média do comprimento das arestas dos te-
traedros;

funcao “hash”: serve para encontrar um indice que distri-
bua as células arbitrariamente na tabela de dispersao:

h = hash(i, j.k) = (i-a @ j - B&k-7)%n, (1)

onde i, j, k sdo coordenadas do vértice nas coordena-
das da grade, o, (3 e v s3o niimeros primos grandes e
n € o tamanho da tabela de dispersdo.
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4. Deteccao de colisoes

A deteccdo de colisdes ¢ um componente fundamental
na simulacao fisica e um problema amplamente pesquisado
nas ultimas décadas. Seu objetivo ndo € apenas saber quais
objetos colidem, mas também os pontos exatos de colisdo e
assim permitir computar uma resposta realista a colisio. Em
se tratando de objetos deformdveis, problemas como auto-
colisdes, busca de informagao de colisdo (profundidade de
penetracdo, pontos de contato, etc.) e eficiéncia no desem-
penho t€m que ser avaliados. Entre as abordagens para tratar
os problemas mencionados temos os métodos de parti¢dao
do objeto, que empregam hierarquias de volume limitante
para estruturar o processo geométrico dos objetos envolvi-
dos em colisdes e os métodos de subdivisdo espacial, que
repartem o espaco de forma explicita ou implicita, a fim de
detectar regides ocupadas por mais de um objeto.

Enquanto que abordagens de subdivisdo espacial ma-
peiam todo o espaco do universo da simulagdo, o método
proposto mapeia somente as regides onde existem colisdes
potenciais, evitando assim atualizar desnecessariamente a
tabela, para tanto primeiro se usa uma fase de filtragem
grosseira (em inglés, broad phase), que trata colisdes entre
os volumes limitantes dos objetos diminuindo o niimero de
colisdes, e subsequentemente a fase de filtragem exata, para
encontrar as colisdes reais nessas regides, usando o Hashing
espacial, baseado em subdivisdo espacial.

4.1. Filtragem grosseira

O objetivo dessa fase é descartar regides onde nio ha co-
lisdes. Para tanto, é efetuado um teste simples de colisdo
entre cada par de objetos, considerando apenas seus volu-
mes limitantes. Para um par de objetos A e B, existe co-
lisdo se a distancia entre os centros de suas esferas é me-
nor que a soma de seus raios (ver equagdo). Assim, para
cada par de objetos, sdo identificados os vértices envolvi-
dos na coliséo potencial (v C A N B), usando apenas con-
sultas para verificar se um vértice v do objeto A esta dentro
da esfera do objeto B e vice-versa.

(1 —ea)(er —e2) < (1 + 7”2)2 )

4.2. Uso da subdivisao espacial

Apéds ter encontrado as regides de colisdo potencial, en-
contramos as colisdes reais, isto €, encontrarmos os vértices
que realmente colidem. Para encontrar tais vértices usamos
um Hashing espacial [23], que subdivide implicitamente o
espaco do mundo numa grade uniforme de células regu-
lares, onde cada célula é uma caixa alinhada com os ei-
xos coordenados e contem uma lista das primitivas de ob-
jetos que a intersectam, armazenando-as num endereco da
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Figura 2. intersecc¢ao entre duas esferas.

tabela de dispersdao obtido usando a fungio “hash”= h =
hash(i, j, k). Cada célula tem trés coordenadas inteiras 4, j
e k que a associam a uma posi¢ao na tabela de dispersao.
Este esquema atenua o desperdicio de memoria mantendo
acesso rapido as células.

A tabela € atualizada somente nas células onde existe co-
lisdo potencial. Também sdo mapeados os tetraedros e as fa-
ces incidentes nesses vértices e inseridos na tabela. Para evi-
tar insercdes duplicadas, é armazenado em cada célula um
inteiro que identifica em qual quadro da animacao esta foi
alterada. Este identificador é conhecido como timestamp.
Assim, cada célula tem uma lista de tetraedros e faces que
a intersectam e vice-versa. As células sdo acessadas por um
indice inteiro como mostra a Figura 3.

1 A —> {2356}
/A —»{1,2,4,5}

>\A

Figura 3. a célula 5 contém as faces verde
e amarela, do mesmo modo, estas faces
contém as células 2,3,5,6 e 1,2,4,5, respec-
tivamente.

4 5

A seguir, a inser¢@o das primitivas:

vértices: cada vértice é armazenado na célula correspon-
dente da forma:

(4,4, k) == Lz /1); Ly/1), [2/1].

Logo, uma fungdo hash insere a célula (4, j, k) num
indice h = hash(i, j, k) da tabela de dispersdo como
mostra a Figura 4;

tetraedros: para simplificar o armazenamento do tetraedro
nas suas células correspondentes € utilizado o AABB
do tetraedro. Assim, os vértices minimo € maximo
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> A

Figura 4. exemplo de mapeamento de primiti-
vas de objetos. As faces amarela e verde sao
armazenadas na célula 5. Por outra parte, a
célula 5 é mapeada num indice arbitrario da
tabela de dispersao.

que descrevem o AABB representam o intervalo das
células que intersectam o AABB. Finalmente, todos os
indices h encontrados sdo inseridos na tabela de dis-
persdo, como mostra a Figura 4;

faces: para mapear as faces, segue-se 0 mesmo esquema
usado para inserir tetraedros, usando as AABB das fa-
ces;

arestas: usa-se uma técnica [1] que permite armazenar so-
mente as células cruzadas por arestas de intersec¢ao,
avaliando a vizinhanga da aresta na parti¢do do espaco
3D.

A cada quadro da animacdo, os tetraedros de cada ob-
jeto sdo inseridos nas células que os intersectam, indistinta-
mente do objeto. Numa segunda etapa, um teste de colisdo
¢é efetuado para encontrar os vértices colididos, que sdo os
vértices que penetram tetraedros de outros objetos ou do
mesmo objeto (auto-colisdo). Logo, para cada entrada da
tabela é executado um teste de interseccdo entre os vértices
que pertencem a regido em colisdo potencial e os tetraedros
contidos nessa célula, encontrando assim os vértices colidi-
dos.

Para cada vértice v € realizado um teste de interseccao
com cada tetraedro ¢ da célula. Para acelerar o processo,
primeiro se verifica se o vértice estd dentro do AABB do te-
traedro (v C t.AABB()). Em caso afirmativo, se verifica
se estd dentro do tetraedro. Se a verificacdo resulta verda-
deira, o vértice € marcado como vértice colidido. Este pro-
cesso também detecta auto-intersec¢cdo, como mostra a Fi-
gura 5. A verificagdo ponto-tetraedro pode ser feita usando
coordenadas baricéntricas.

5. Resposta as colisoes

O processo de deteccdo de colisdo, descrito na secdo an-
terior, fornece uma lista de vértices colididos. Estes sdo
usados na resposta as colisdes. O processo comega com
o célculo da profundidade de penetragcdo dos vértices co-
lididos, seguido do computo da regido de deformacio, a
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Figura 5. para cada entrada nao vazia da ta-
bela de dispersao, testa-se interseccao en-
tre vértices e tetraedros, para verificar se
existe: (a) colisao, (b) nao colisao ou (c) auto-
colisao.

® vértices inlernos
® vértices colididos
O vértices ndo colididos

<

Figura 6. vértices colididos: da borda ou in-
ternos.

qual contém todos os vértices envolvidos na colisdo. Fi-
nalmente, os objetos sdo separados usando uma técnica de
Busca Bindria.

5.1. Profundidade de penetracao

A profundidade de penetracdo entre dois objetos é a
translacdo minima necessdria para separa-los.

O Algoritmo baseado em malhas tetraedrais [7] computa
a profundidade e a dire¢@o de penetracdo para cada vértice
colidido fazendo uso das malhas tetraedrais. Tal profundi-
dade pode ser usada para computar forcas de penalidade que
fornecam respostas realistas as colisoes.

A 1idéia é classificar os vértices colididos em relagdo a
sua profundidade de penetragdo. Assim, primeiro sdo ava-
liados os vértices mais proximos a superficie. Essa
informacdo € entdo propagada aos vértices que pos-
suem maior penetracdo, até que todos os vértices colididos
sejam processados. No final, cada vértice colidido pos-
sui uma profundidade de penetracio d e um vetor de
dire¢do de penetracao .

Finalmente, um tridngulo de contato é calculado para
cada vértice colidido. Tal tridngulo de contato € uma face
na superficie do objeto penetrado que intersecta com o ve-
tor de direcdo de profundidade de penetracdo.

Classificagdo: se um vértice colidido tem um ou mais
vértices incidentes nao colididos este € um vértice da
borda, caso contrario é um vértice interno (Figura 6).

Profundidade de penetracdo dos vértices da borda: pri-
meiro sao identificadas as arestas de intersec¢do, ou seja,
arestas que possuem um vértice da borda e um vértice nao
colidido. A seguir, procura-se a face da superficie mais
préxima que intersecta a aresta. O teste pode ser feito
usando coordenadas baricéntricas, ja que permitem compu-
tar a normal da face intersectada n,,y € obter o ponto exato
de interseccao p;,¢. Estes dados sdo armazenados na aresta
e servem para encontrar a profundidade de penetragdo dos
vértices da borda (Figura 7). Para cada vértice da borda v,
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® vértices da borda
\ arestas de intersecgdo
o pontos de intersecgdo

\ normal & face intersectada

Figura 7. vértices da borda, arestas de
interseccao, pontos exatos de intersecc¢ao e
normais as faces intersectadas.

é computada sua profundidade de penetragio d(v) e seu ve-
tor de dire¢do de penetracdo 7(v) da seguinte forma: para
cada aresta de intersec¢@o incidente em v, computa-se um
peso ponderado w entre o ponto de interseccdo da aresta
Pint € V! ]

w(pmta 1)) ||pmt —v |27 3)

logo, sdo computados d(v) e 7(v) através das formulas:

S (w(pi,v) - (pi—v) )
SF L (piv)

k
> it (w(piyv) - i)
k
Zi:l (plv U)

onde k é o nimero de arestas de intersec¢do incidentes em
v, p; € n; representam o $-€SimMo P;y¢ € N a serem avali-
ados. A Figura 8 ilustra a profundidade de penetrag@o para
os vértices da borda v. No final, todos os vértices da borda
sao inseridos numa lista de vértices processados.

d(v) = ; “)

7(v) =

) ®)

Profundidade de penetracdo dos vértices internos: apés o
processamento de todos os vértices da borda, a informacao
da profundidade de penetracdo obtida é propagada para os
vértices internos v; (Figura 9).

Encontra-se uma lista de vértices a processar, isto €, dada
uma lista de vértices processados, é obtida uma lista de
vértices a processar. Desta forma, vé-se que o computo da
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Figura 8. profundidade de penetracao de
vértices da borda.

D
FavaVAVAYA

Figura 9. profundidade de penetracao de
vértices internos usando propagacao.

profundidade de penetracdo é feito por niveis, até que to-
dos os vértices internos sejam computados.

Computa-se a profundidade de penetragdo d(v) e a
direcdo de penetragdo 7(v) dos vértices internos v, en-
quanto existam vértices internos a serem processados. Pri-
meiro, para cada vértice processado v;,. incidente no
vértice v, computa-se um peso ponderado p:

1
>’

(Vine, v) = TVime — 0|
wmc

depois, computa-se d(v) e 7(v) segundo as férmulas:

k

21 (s, v) - ((v; —v) - 7(v) + d(v;)))

k b)
> i Mg, v)
. (6)
C (v
fw) = 2z 7). ™

Zj:l Hj

onde k € o niimero de vértices incidentes no vértice v, e v;

e 0 j-ésimo v, avaliado.

d(v) =

5.2. Regiao de deformacao

5.2.1. Resolucao de colisdes assimétricas Apds o calculo
da profundidade de penetragdo, os objetos devem ser sepa-
rados, a fim de fornecer um estado fisicamente correto. Para
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tal encontra-se uma regido de deformagdo dos vértices en-
volvidos na colisdo. Esta regido de deformagdo considera
os vértices colididos e os vértices dos tridngulos de contato
destes, que ndo necessariamente colidem (x;, z; € x), na Fi-
gura 10, colisdes com essa configura¢do sdo chamadas de
colisdes assimétricas). Para todos os vértices da regido de
deformacdo é computado um vetor de deslocamento, que
serd usado no processo de separacdo. Nesta etapa também
sdo resolvidas as colisdes assimétricas, usando o método de
projecdo de Jakobsen [8]. Este método projeta os vértices
colididos para fora do obsticulo, movendo-os até que fi-
quem livres da interseccao.

Figura 10. solucao de colisdes assimétricas.

Por exemplo, na Figura 10, o vetor de deslocamento de
x; € sua profundidade de penetragio, e os vetores de deslo-
camento dos vértices ndo colididos x; e xj sdo calculados
da forma:

- aq ’

5, = ———=(x; —;
J a%—i—oz%( [ 2)’
- Qo I
Sk = a% —I—Ot% (l‘z IZ)a

onde x; é o vértice colidido, x} sua proje¢do na aresta
de contato (x; € 1), s; € s, sdo os vetores de desloca-
mento de x; e xy, respectivamente, os valores « represen-
tam a propor¢do de deslocamento dos vértices da aresta de
contato, sendo que a; + g = 1.

5.2.2. Busca binaria para computar a superficie de con-
tato Apos ter computado os vetores de deslocamento, € es-
timada uma superficie de contato implicita que permite a
separacdo dos objetos. Este deslocamento deve ser algo em
torno da metade do comprimento dos vetores de desloca-
mento, para tal pode ser usado um esquema de busca bindria

[19]:
1

i+1
WS’ ()

T —zt+

onde s € o vetor de deslocamento, x € a posicdo do vértice
de deslocamento original. Em outras palavras, para cada
iteracdo, o intervalo de deslocamento ¢ dividido por dois.

6. Dinamica do sistema

Na animacdo dos objetos € aplicado o método de ca-
samento de formas usando minimos quadrados [13], onde
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os n6s da malha sdo tratados como particulas e animados
como um sistema de particulas simples, sem conectividade.
Esta técnica permite encontrar uma correspondéncia entre
os vértices no estado inicial x? e estado atual x;. Ou seja, a
correspondéncia com o menor erro quadratico.

O objetivo € encontrar a melhor matriz de transformacio
afim, que permita efetuar deformacdes plausiveis e que per-
mita que o objeto volte a sua forma original (Figura 11).

(a) b)

Figura 11. (a)superficie de contato, objeto
deformado e (b) a possivel solucao da
deformacao.

O algoritmo tem dois componentes principais: (1) en-
contrar uma transformacao rigida 6tima que aproxime uma
nova posi¢do e a orientagdo do objeto (problema de corres-
pondéncia) e (2) mover as particulas para as posi¢cdes alvo
aplicando um modelo de deformagdo linear.

Considerando os pesos das particulas, uma
transformag@o linear composta de uma translacio t e
uma rotacdo R sobre o ponto ty pode ser encontrada mini-

mizando:
> wi(R(X) — to) + t — x;)°.

Podemos estabelecer para o problema w; = m;, isto é, que
a ponderagdo das particulas é representada por suas massas,
e que os vetores de translacio 6timos sio o centro de massa
da forma inicial e o centro de massa da forma atual. Assim,
temos

0o _ DOF mix?
cm Z’L ml b

Para encontrar um R 6timo é necessario encontrar uma
matriz de transformagao linear A. Observe que A ndo ne-
cessariamente € orto-normal. Para encontrar A define-se as
posicdes relativas

t():X

0_ (0
q4; =X; —Xem e
Estas posicdes definem o campo de deformagdo das
particulas, tratando deformacdes eldsticas de forma
implicita.

P; = X; — Xem-
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O problema de correspondéncia é resolvido com a
técnica de minimos quadrados, que € um método classico
usado para estabelecer a melhor correspondéncia com o me-
nor erro quadrdtico. Assim, a matriz de transformacao li-
near 6tima A é encontrada minimizando o termo:

Z mi(Ag; — p;)*.
i
Onde:

A= (Z mipiqz'T)(Z migid; ) = ApgAgg, 9

na equagio A,, ¢ uma matriz de correlagdo e A,y € uma
matriz simétrica que pode conter escala mas nao rotagoes.
Conclui-se portanto que a estimativa de A requer que se es-
time o componente de rotagdo da matriz A4, 0 que pode
ser realizado através de algum método de decomposicao.
Em particular, o trabalho de Miiller et al. [13] emprega
decomposicdo polar de matrizes [18] e o algoritmo Jacobi
[20], que é um algoritmo simples e estdvel, usado para a
diagonalizacio de matrizes e o computo de auto-vetores. O
funcionamento do algoritmo se caracteriza pela aplicacio
de sucessivas operacdes elementares chamadas de Rotacdes
de Jacobi. Geralmente sdo realizadas de 5 a 10 Rotagdes de
Jacobi para diagonalizar uma matriz 4 x 4.
Assim, a matriz de rotagdo 6tima é:

R =Ay( \ A;quq)_l~

Finalmente, havendo encontrado a matriz de rotagdo é
realizada a seguinte transformacgdo linear para rotacdo e
translacdo do objeto, a fim de encontrar a melhor posi¢io
alvo de cada particula:

g = R(X? - X(c)m) + Xem -

Os pontos sdo movidos para as posicdes g;, exatamente
a cada intervalo de tempo.

7. Integracao fisica

Nosso esquema deriva de um método de integracdo de
Euler, que inclui uma parte explicita (a atualizacdo da velo-
cidade) e uma parte implicita (a atualizacio da posi¢do).

Para computar as posi¢des dos objetos, as aceleracdes e
velocidades sdo integradas numericamente para cada inter-
valo de tempo utilizando as seguintes equagoes:

gi(t) —xi(t)
At

Vi(t-i-At) ZVi(t)—FOé +%f€wt(t), (10)

onde v;(t + At) é a velocidade no préximo intervalo de
tempo, v;(t) é a velocidade no intervalo de tempo atual, «
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é o pardmetro que simula rigidez, g,(¢) é a melhor posigdo
do vértice x;(t) (para resolver a deformac@o), At é a mag-
nitude do intervalo de tempo, m; é a massa da particula e
f..:(t) séo as forgas externas.

8. Resultados

O protétipo destinado a servir como prova de conceito
para o sistema foi desenvolvido utilizando a linguagem
C++, a API OpenGL e a biblioteca Glut. Uma observagao
importante € o uso do Vertex Buffer Object (VBO), ex-
tensdo do OpenGL, para a obtencdo de uma boa taxa de
renderiza¢do dos objetos. Para avaliar o protétipo desen-
volvido foram conduzidos experimentos envolvendo obje-
tos deformdveis de formas variadas. Todos os experimen-
tos foram executados numa estacdo de trabalho com sistema
operacional Linux (Fedora 8) com processador Intel Core 2
Duo a 2.4Ghz e 1 GB de memodria.

Os experimentos visam avaliar o desempenho do sistema
em funcdo do nimero de objetos envolvidos na simulagdao
e da complexidade desses objetos. A Tabela 1 mostra as
resolucdes em vértices, faces e tetraedros dos objetos usa-
dos.

Objeto  Vértices na  vértices faces tetraedros
superficie
coelho 436 510 868 1750
pato 424 519 846 1819
tubo 220 340 436 1270
esfera 386 729 768 2560

Tabela 1. objetos com resolucoes diferentes.

Todas as simulagdes usaram coeficiente de rigidez o« =
0.8 nos objetos (quase rigidos).

Foram coletados alguns indicadores em termos de qua-
dros por segundo, quantidade de primitivas em colisdo
(vértices em colisdo potencial, faces, tetraedros e vértices
em colisdo real) processadas a cada intervalo de tempo e a
porcentagem gasta por cada sub-processo (detec¢do de co-
lisdes potenciais, deteccao exata de colisdes, profundidade
de penetracdo, casamento de formas) em milisegundos.

Um primeiro experimento consiste na simulacdo fisica
de uma cena com diferentes tipos de objetos (veja a Figura
12): 3 patos, 2 coelhos e 3 esferas (Tabela 1). Este resul-
tado mostra que o protétipo lida com objetos de geometria
arbitraria desde que estejam triangulados adequadamente.

Do experimento podemos obter algumas informagdes,
por exemplo, a Figura 13 mostra o tempo gasto em mili-
segundos nos sub-processos mais importantes: detecgdo de
colisdes potenciais, detec¢@o exata de colisdes, computacio
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Figura 12. oito objetos em contato: 3 patos,
2 coelhos e 3 esferas. A cena contém 2952
veértices e 9917 tetraedros animados a 32 fps.

da profundidade de penetracdo e casamento de formas a
cada intervalo de tempo. Pode-se ver que a detec¢do de co-
lisdes, nas duas fases, toma a maior parte do tempo, sendo
que o cdlculo da profundidade de penetragdo se mantém
quase constante e o casamento de formas, usando todos os
vértices da superficie dos objetos, toma um tempo insigni-
ficante em relacdo aos outros sub-processos.

——Deteccéao de colisdes potenciais —=— Detec¢ao de colisao exata
« Profundidade de penetragdo Casamento de formas

50

40 aN
" 30 N ./_./ ‘—\
£ /’._( \*\// \ -
- e SRS ——
10 ;*"*..._q___f - .
0 Ao et T e e e el e

12345678 9101112131415161718192021222324252627282930
FRAME

Figura 13. tempo gasto em milisegundos
para cada sub-processo a cada intervalo de
tempo.

A Figura 14 mostra, para 0 mesmo experimento, a quan-
tidade de primitivas em colisdo (vértices em colisdo poten-
cial, faces, tetraedros e vértices em colisao) por intervalo de
tempo. Note que a filtragem grosseira detecta uma quanti-
dade de vértices em colisdo potencial significativamente in-
ferior ao total de vértices na cena. Em média, a simulagdo
registra 487 vértices em colisdo potencial, sendo que as co-
lisGes reais envolvem 37 faces, 82 tetraedros e 28 vértices
em média.

Foram também conduzidos outros experimentos usando
quantidades varidveis de esferas de forma a avaliar a esca-
labilidade do método. A Figura 15, mostra a simulagdo de
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Figura 14. nimero de primitivas em colisao,
a cada intervalo de tempo.

cenas com 8,18 e 27 esferas (Tabela 1). As cenas contém
5832 vértices e 20480 tetraedros (8 esferas), 13122 vértices
e 46080 tetraedros (18 esferas) e 19683 vértices e 69120
tetraedros (27 esferas). O desempenho do método para es-
ses experimentos foi de 62, 41 e 22 quadros por segundo
em média, respectivamente. Um grafico com a taxa de qua-
dros por segundo a cada intervalo de tempo é mostrado na
Figura 16.

(a) (b) ()

Figura 15. experimentos com 8 (a), 18 (b) e 27
(c) esferas.

9. Conclusoes e Trabalhos Futuros

Foi apresentado um protétipo de sistema de animagao
baseada em fisica, que usa vdrias técnicas, como a deteccio
de colisdes usando um Hashing espacial [21] e volumes li-
mitantes, a resposta as colisdes através do computo da su-
perficie de contato, que utiliza o cdlculo da profundidade
de penetrag@o por propagacio [7], a estimativa dos vetores
de deslocamento [7] e a resolucdo das colisdes assimétricas
[8] dos vértices da regido de deformacdo, e Busca Bindria
para separar os objetos [19], a animagao € feita usando uma
técnica de casamento de formas e um integrador de Euler
explicito-implicito [13].
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Figura 16. tempo gasto em milisegundos a

cada intervalo de tempo de esferas com 8, 18
e 27 objetos.

A estrutura original de detec¢do de colisdes foi esten-
dida usando-se um mecanismo de detec¢do de regides de
colisdo potencial, para minimizar as regides atualizadas
pela tabela de dispersdo, onde se efetuam as colisdes re-
ais. Também, no esquema de resposta a colisdes, é usado o
método de projecao de Jakobsen [8] para resolver colisdes
assimétricas.

A deteccdo e resposta as colisdes permitem identificar
e resolver colisdes dos objetos baseados em malhas tetrae-
drais, em objetos rigidos e deformaveis.

O sistema oferece simulagdes plausiveis, produzindo
respostas as colisdes de forma convincente e préxima as
metodologias tradicionais, conseguindo manipular objetos
complexos e objetos empilhados.

Para trabalhos futuros, planeja-se estender o protétipo do
sistema apresentado, na animagdo, da deformacao (agora li-
near) a quadrética, e pldstica; na detec¢do de colisdes o uso
de uma hierarquia de esferas limitantes, e finalmente, para
aperfeicoar o c6digo e alcangar um melhor desempenho, de-
senvolver o sistema usando GPU.
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Resumo 1. Introducao

O ajuste de segmentadores de imagens que detectam ma- A deteccdo de superficie de materiais em imagens € um
teriais é executado manualmente, com pouca automatizaPasso importante para diversas aplicacdes em Visao Com-
cd0. Uma vez que esta segmentacéo é geralmente um pasgd/tacional. A deteccdo de pele humana, por exemplo, pode
intermediario de uma aplicacdo maior da Visdo Computa- restringir o espaco de busca de algoritmos de localizagéo de
cional, a falta de automatizagéo faz com que esforco sejafaces [4, 7, 11] ou fornecer informagao semantica das ima-
investido em uma tarefa secundaria. Neste trabalho é pro-gens que indica a presenca de pornografia [8]. Outro exem-
posta uma técnica de automatizacdo do ajuste de Rede®l0 € a deteccdo de grama em quadros de videos esportivos,
Neurais Artificiais que segmentam imagens ao detectar ma-Para facilitar a sua sumarizagao [3, 15].
teriais baseando-se em informac&es de cor. Esta técnica A obteng&o de segmentadores de imagens capazes de de-
ndo necessita de supervisdo humana, permitindo uma retectar materiais envolve (i) construir um conjunto de ima-
ducéo no esforgo de obtengdo dos segmentadores. As redegens segmentadas manualmente — ou, eventualmente, uti-
neurais obtidas detectam 2,56% a mais da area da superfi-lizar uma base publica de imagens —; (ii) analisar os me-
cie que se deseja segmentar — em relacéo a outros segmerhores pardmetros — espaco de cores, quantidade de niveis
tadores também testados — com taxa de falsas aceitacfes dée quantizagéo, tamanho da janelgpdeslsa ser conside-
6,89%. rada, dentre outras — para detectar o material em questao;

(i) ajuste de um classificador que decide se gaidel faz
parte ou ndo da superficie do material e (iv) testar o seg-
mentador para verificar a sua qualidade.

Estas tarefas séo feitas com pouca ou nenhuma automa-
tizacdo, uma vez que, apos extensiva revisdo da literatura,

Tuning material-detecting-capable image segmenters isndo foi encontrado um método automatico para obtencéo e
performed manually, with little automation. Once the seg- ajuste de segmentadores deste tipo. Assim, é necessario in-
mentation is usually an intermediary step to a myriad of ap- vestir tempo e esfor¢o para uma atividade secundaria du-
plications within Computer Vision, the lack of automation rante um projeto em Visdo Computacional, que poderiam
leads to effort wasting in secondary tasks. In this work, we ser investidos em outras atividades que contribuem mais di-
propose a techinique to automatically tune neural networks retamente com o seu objetivo geral.
that segment images based on color and texture informa-  Desta maneira, a automatizagéo dos processos de obten-
tion. This technique does not require human supervision, cao e ajuste de segmentadores introduz uma maior agili-
reducing the effort in obtaining segmenters. The automati- dade para alcancar resultados nos projetos de pesquisa em
cally tuned neural networks detect 2.56% more of the ma- Visao Computaciona| que necessitam da detecgao de mate-
terial's surface — related to other segmenters also tested —riais como passo intermediario, ndo sendo mais necessario
with false acceptance rate of 6.89%. desviar esforcos para resolver um problema periférico.

A principal contribuicdo deste trabalho é a proposicao de
um método automatizado de obtencéo e ajuste de segmenta-
dores neurais capazes de detectar materiais (Se¢do 2), cujo

*  Resumo estendido de dissertacdo de mestrado. prototipo preliminar foi testado para detectar dois tipos de
t Est trabalho é parcialmente financiado pelo CNPq (831590/1999-8). material: grama e pele (Segéo 3).

Abstract
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S&o apresentados também uma visdo comparativa da té¢:

nica proposta com trabalhos relacionados (Secao 4) e as

conclusdes finais, juntamente com sugestdes de trabalh

futuros (Sec¢éo 5).

2. Método Proposto

O método proposto neste trabalho tem por objetivo auto-|

matizar a obtencéo e o ajuste de segmentadores neurais q
sdo capazes de detectar materiais em imagens digitais: cad
pixel da imagem é submetido a um classificador neural ba-
seado em redgzerceptronde multiplas camadas — MLP —

(a) Imagem original.

(b) Imagem segmentada.

[5] para que seja determinada a sua pertinéncia ou ndo a su-

perficie do material em questéo.

2.1. Avaliagdo dos Classificadores

As métricas utilizadas para verificar a qualidade de um
segmentadaf capaz de detectar materiais sdo a Taxa de De-
tecgdo -D,.(¢) — e a Taxa de Falsas AceitagdeBH(). A

Figura 1. Exemplo de imagem e sua respec-
tiva segmentacdo manual para composicao
da base de treinamento — material: pele. A
area em destaque exibe um exemplo de re-
gido de dificil segmentacao.

Taxa de Deteccéo é a raz3o entre a area da superficie que ® Ospixelscorrespondentes ao material que se quer de-

foi corretamente detectadaP?(¢) — e a area total da su-
perficie do material em questdaSt —, conforme a Equa-

tectar — superfici¢’ — devem ser marcados de branco;
e Os que nao fizerem parte de nenhuma superficie do

cdo 1.Ja a Taxade Falsas AceitacOes € arazdo entre a area material em questéo — superfidie— sdo marcados de

da superficie que foi erroneamente considerada como per
tencente ao material em questa®L{(() — e a area total da
superficie que ndo faz parte do mesm&’™-—, conforme a
Equacao 2.

D)= @
f
Pl = T @

preto;

e Ha ainda opixelsque sédo de dificil segmentacao por
estarem em regides de transicdo entre superficies ou
gue nao se pode determinar com precisdo em que Su-
perficie se encontram. Estpixels sdo marcados de
cinza (50% de brilho).

A extracdo do conjunto de treinamento é feita respei-
tando a igualdade entre as amostrapigelspertencentes a
superficie do material que se deseja detectar: em cada ima-

Paa unificar estes dois valores em apenas um, utiliza-segem da base segmentada manualmente s&o extraidos nime-
como critério de decisdo entre dois segmentadores a diferos iguais de amostras das duas classes. Isto garante tam-

renga entre as taxas de deteccéo e falsas aceitagdes
conforme a Equacgéo 3.

5(¢) =Dy (¢) — PL(Q) ®)

bém a igual distribuicdo no conjunto de treinamento como
um todo e desta forma é possivel treinar a rede neural sem
gue haja efeitos colaterais devido a maior presenca de uma
das classes.

Com base nesta Equacéo, pode-se considerar o0 segmen-

tador ¢, melhor que um concorrentg quandod(¢,) >

5(Cp)-

2.2. Composicdo dos Conjuntos de Imagens de
Treinamento

O Unico insumo para obtencdo de um segmentador uti-
lizando a técnica deste trabalho € um conjunto de imagen
acompanhadas do resultado de sua segmentacdo manual,

qual sera extraido o conjunto de treinamento para a rede

neural artificial. O rotulamento manual deve estar em con-
formidade com as seguintes diretrizes (Figura 1):
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2.3. Paradmetros dos Segmentadores

A técnica de automatizacdo da obtencéo e do ajuste dos
segmentadores se baseia na determinacdo dos valores que
seus parametros devem assumir para maximizar a taxa de
deteccdo e minimizar a taxa de falsas aceita¢ges. Os para-
metros dos segmentadores no estado atual do trabalho séo:
Espaco de Cor, Quantidade de Niveis de Quantizagédo, Ta-
anho da Janela deixelse Quantidade de Neurbnios na
amada Oculta.

2.3.1. Espacos de ColO espaco de cor “padrédo” no qual
as imagens digitais séo codificadas é o RGB. No entanto,
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nem sempre este € 0 espaco que prové maior separabilidade¢cdo em cada canal e é escolhido o que apresentar melhor
entre as superficie® e N. Desta maneira, sdo explorados ¢.

também os espacos de cor HSV, YCbCr, XYZ, HLS, CIE  Por fim, a quantidade de neur6nios na camada escondida

L*a*b* e L*u*v*. € ajustada da mesma maneira: sdo obtidos segmentadores
para cada uma das quantidades de neurdnios na camada es-

2.3.2. Niveis de Quantizacd®? quantidade de niveis de condida e a quantidadd,,, ideal & a que apresentar maior

guantizacéo depende do numerohits utilizados para re-
presentar as intensidades de cada canal. Apesar de, normaql
mente, as imagens digitais utilizarem 256 niveis de quan-
tizacdo em cada canal, a separabilidade eRteeN pode

Vale ressaltar que, para cada configuracao de rede neu-
ral MLP testada (combinacao de espaco de cor, quantidade

: o .___de niveis de quantizacédo, tamanho de janela e quantidade
ser aumentada caso a quantidade de niveis de quantlzaga}]o " ~ . .
e neurdnios na camada oculta) sdo treinddasdes di-

seja reduzida. Para tanto, a quantidadéitkeem cada ca- : . . . .
. : ~ p ferentes, a fim de se reduzir os efeitos da aleatoriedade ine-
nal é reduzida e sdo explorados também 128, 64, 32, 16, 8 S T .
A ™ fente a inicializacdo das MLPs [5]. Dentre est@sé ado-
4 e 2 niveis de quantizacdo em cada canal.
tada a que apresentar maioy.

2.3.3. Tamanho da Janela de Pixel€onsiderar uma vi-

zinhanga em redor doixel que esta sendo classificado dda 3. Resultados Obtidos

rede maior informacgé&o acerca da superficie em que este se

encontra, uma vez que considera a sua localizagdo em uma Com o objetivo de verificar a aplicabilidade da técnica
regido maior em vez de considerar sua cor isoladamente. Gyroposta, ela foi utilizada para obter automaticamente seg-
tamanho desta vizinhanga € um dos parametros a serem denentadores para dois tipos de materiais: pele e grama. Os
terminados pela técnica proposta, que além de janelas de tgesultados fornecidos por estes segmentadores foram entdo
manhol — o pixelisolado — considera tamanhos impares de confrontados com os resultados de outros trabalhos, e de
janela variando d& a 9. classificadores genéricos, a fim de se estabelecer uma anéa-

2.3.4. Neurdnios na Camada OcultaA qualidade dos re- lise comparativa da técnica abordada.

sultados de uma rede neural artificial do tipo MLP depende

da quantidade de neurdnios em sua camada oculta [5]. Destd-1. Deteccdo de Grama em Quadros de Videos
forma, é necessario explorar a quantidade ideal para cada Desportivos

tipo de material que se deseja detectar. No estagio atual do

trabalho os valores explorados para a quantidade de neurs- A deteccdo de grama em quadros de videos desportivos
nios na camada escondida vaitia12. é util para prover informagdes que subsidiam a sua poste-

rior sumarizacao (geracdo automatica de resumos das par-
tidas, contendo apenas os melhores momentos), através da
distincdo entre tomadas de longa distancia - lances que pro-

A obtencio e o ajuste do segmentador neural capaz d&avelmente serédo interessantes para o espectador - e de curta
detectar o material desejado ocorre variando-se automaticadistancia ¢losese tomadas da torcida, por exemplo) - que
que se encontre a combinag&o mais adequada dos mesm@4 partida -, da determinacéo da posicao da bola com rela-
(Figura 2). Primeiramente fixa-se a quantidade de niveis des80 20 campo de jogo, entre outros [10]. . .
quantizagéo eri56, o tamanho da janela gexelsem1 e O conjunto de Imagens que compoe o conjunto d? trel-

a quantidade de neurdnios na camada escondidiaara namento para obtencéo e ajuste do segmentador fC_)I. com-
que se possa testar todos 0s espacos de cor a fim de se deosta de25 imagens extraidas da base de dados utilizada
terminar o espago de ck,.; cujo segmentador apresenta POr Firmino Jr. e Gomes [3] para parametrizar seu detec-
menors. tor de grama baseado em casamento de padrfes. Devido ao

Em seguida, para que seja obtida a quantidade de niveito de a base ter sido preparada por terceiros, néo ha re-
de quantizacio adequadh..:, testam-se todos os valo- gibes de indecisao (areas marcadas de cinza) neste conjunto
res que este parametro pode assumir, utilizafidg como ~ de treinamento. A Figura 3 exibe um exemplo de imagem
espaco de cor e fixando-se o tamanho da janeld ena contida neAste conjunto.
guantidade de neurdnios na camada escondida ainéaeem Os parametros ideais encontrados para o segmentador de
adota-se a que apresenianais alto. grama foram:

0] terc_eiro pardmetro a ser ajustado _é o tamanho da ja- Espaco de Cor: RGB;
nela depixels para obter o tamanhd,.,; ideal sdo testa-
dos segmentadores obtidos com cada um dos tamanhos pos-
siveis, no espaco de cor€g..; COMQy.s; Niveis de quanti- e Tamanho da Janela:pixele

2.4. Obtencéo e Ajuste dos Segmentadores

¢ Niveis de Quantizacdd?2s;
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Pesquisa Pesquisa
— Espaco de Cor Niveis de Quantizacao
Inicio C={RGB, HSV, YCbCr, XYZ, HLS, CIE L*¥a*b* e L*u*v*} C=Coes
Q=256 Q={256, 128, 64, 32, 16, 8, 4, 2, 1}
W=1 w=1
— / Hee
Pesquisa Pesquisa
Tamanho de Janela Espaco de Cor -
C=Cot C=Cbest Fim
Q=Qpest Q=Qbest
w={1, 3,5, 7,9} W=Wbest
H=6 H={3,4,56,7,8,9, 10,11, 12}
Figura 2. Esquema do ajuste dos segmentadores utilizando a técni ca proposta.

E’, “ - i k, “ = "
(a) Imagem original. (b) Imagem segmentada. (a) Imagem Original. (b) Imagem Segmentada.
Figura 3. Exemplo de imagem e sua respec- Figura 4. Exemplo de imagem segmentada
tiva segmentacdo manual para composicao com a técnica proposta.
da base de treinamento para o segmentador
de grama.

teve o maiow (ver Equacéo 3).

3.2. Detecgéo de Pele em Fotografias

Segmentador () | D.(Q) | PI(Q) | 0(Q)
MLP Auto-treinada| 88,42%| 5,93% | 82,50% A deteccéo de pele em fotografias é utilizada para redu-
Naive Bayes | 86,25%| 6,42% | 79,83% zir o espago de busca em outras aplicacées da Visdo Com-
Firmino Jr. e Gomeg 98,12%| 20,79%| 77,33% putacional, como a deteccéo de faces humanas, ou a detec-
¢do de nudez, uma vez que em ambas aplicac6es s6 faz sen-
Tabela 1. Resultados Obtidos para Segmen- tido executar buscas em regides compostas de pele humana.
tacdo de Grama Para que se pudesse utilizar a técnica proposta e obter um

segmentador de pele, foi utilizado um subconjunto da base
de imagens fornecida por Jones e Regh [8]. Este subcon-
e Neurbnios na Camada Oculta: junto foi re-segmentado manualmente devido a alguns erros

. A : encontrados na segmentag¢do semi-manual executada pelos
O sgmentador obtido com estes parametros foi testado, . i .
autores. O subconjunto utilizado contava ctitfi imagens.

juntamente com um classificadbayesiane- gerado atra- A Figura 1 (pagina 2) exibe um exemplo de imagem con-

vés da plataforma de mineragdo de dados Weka [16] — €. :
tida neste conjunto.

com o segmentador de grama proposto por Firmino Jr. e Go- A S
. . Os parametros ideais encontrados para o segmentador de
mes [3], em um conjunto de imagens de teste composto pe-

las demais imagens da base de dados da qual foi extraido Bele foram:

conjunto de treinamento. A Tabela 3.1 exibe os resultados ® Espaco de Cor: YCbCr;
obtidos e a Figura 4 exibe dois exemplos de imagens seg- e Niveis de Quantizacia2s;
mentadas utilizando a rede neural MLP automaticamente
obtida.

A Tabela de mostra que os resultados obtidos pela rede
neural MLP treinada automaticamente utilizando o método O segmentador obtido com estes parametros foi testado,
proposto neste trabalho foram os melhores para deteccdo digintamente com um classificadoayesiano- também ge-
grama em quadros de videos desportivos, uma vez que obrado através da plataforma de mineracdo de dados Weka —,

e Tamanho da Janel&:pixele
e Neurdnios na Camada Oculta:

Anais do WTDCGPI 2008 83



Segmentador ¢) | D,(Q) | PI(0) 50 4.1. Detecgdo de Materiais

HSV Cluster 88,03%| 12,01%| 76,02%
MLP Auto-treinada| 81,40%| 6,89% | 74,51%
RGB-H-ChCr 61,17%| 7,52% | 53,63%
Naive Bayes 79.60% | 31.90% | 47,70%

ApOs exaustiva revisdo da bibliografia, foi encontrado
apenas um grupo de pesquisa na area de deteccdo de ma-
teriais em imagens: o projeto PERMM [9], apesar de seu
objetivo principal ser a disponibilizacdo de imagens para re-

Cardoso e Gomes| 72.77%| 34.87% | 37.90% cuperacéo baseada em contetido (RIBC).
) Para alcancar este objetivo, as imagens sdo primeira-
Tabela 2. Resultados Obtidos para Segmen- mente segmentadas — utilizando uma técnica de segmen-
tacéo de Pele tacdo baseada em diagramas de Voronoi [14] — e posteri-

ormente fornecidas a extratores de caracteristicas que ana-
lisam informagédo de cor, textura, forma e contetido. Por
fim, as caracteristicas extraidas sdo utilizadas como entrada
de redes neurais artificiais MLP que classificam semantica-
mente o contelido da imagem, ou seja, determinam que tipo
de material esta presente nas mesmas.

De acordo com a descri¢do do projeto, as suas redes neu-
rais sdo capazes de detectar 0os seguintes materiais: pele,
céu, grama, arvores, agua, areia, tijolos, tecidos, paredes in-
W teriores, nuvens, neve, asfalto e madeira. Cada classificador
(a) Imagem Original. (b) Imagem Segmentada. utiliza diferentes combinac¢8es das caracteristicas extraidas
para classificar as imagens: os detectores de paredes interi-
ores e tecidos, por exemplo, ndo se utilizam de informacéo
de matiz quando analisando a informacéo de cor. Todos 0s
classificadores tém acuracia entre 85% e 95%, mas néo fo-
ram localizados valores exatos.

A principal diferenca entre a técnica proposta neste tra-
com um segmentador de pele probabilistico de nossa autopgihg e o projeto PERMM ¢ que este utiliza varios segmen-
ria [2], outro que utiliza o modelo de pele RGB-H-CbCr (aqores dedicados e previamente ajustados manualmente
proposta por Nusirwaat al. [12] e por fim, com um seg-  para cada classe de material. Na técnica deste trabalho, cada
mentador baseado na técnicaatiesterno espaco de cores  cjassificador é obtido automaticamente apés a aplicacdo de
HSV, proposto por Herodotcet al. [6]. um método sistematico.

O conjunto de imagens de teste compostolg@&ima-
gens também retiradas da base. A Tabela 3.2 exibe os re- ~ . e
sultados obtidos e a Figura 5 exibe dois exemplos de ima-4'2' Segmentacdo com Redes Neurais Artificiais
gens segmentadas utilizando a rede neural MLP automati-
camente obtida.

Figura 5. Exemplo de imagem segmentada
com a técnica proposta.

Redes Neurais Artificiais do tipo MLP sédo modelos ma-
teméticos do cérebro humano, dedicadas a resolucéo de pro-

A Tabela de mostra que os resultados obtidos pela red . .
. . ” ! lemas de classificacdo [5]. Elas podem, portanto, ser apli-
neural MLP treinada automaticamente utilizando o método ~ L
cadas a problemas de deteccéo de materiais: giadbda

proposto neste trabalho ndo foram os melhores para detec:

= : imagem é classificado como sendo pertencente ou nao a su-
¢do de pele humana. No entanto, se forem consideradas a

L P 5« - éoerficie de um dado material. Elas tém também a vantagem
automatizacao da técnica proposta (ndo € uma técnica es;

e ~ o de serem classificadores que necessitam de pouca memoria,
pecifica para deteccdo de pele) e a proximidade dos valores

ded da MLP Auto-treinada e do segmentador ploisterno 0 que as fazem boas pand|datas para exef:ugao em dlqus_m-
Y ~ . vos de recursos restritos, como PDAs, Maquinas Fotografi-
espaco HSV, os resultados da técnica proposta sdo muito sa-
T cas, dentre outros [13].
tisfatérios. . - ~
Especialmente no dominio da deteccéo de pele, as redes
neurais MLP j& foram utilizadas com relativo sucesso em
4. Trabalhos Relacionados alguns trabalhos. Phured al. [13] demonstraram, em seu
surveyde técnicas para detecgéo de pele, que a rede MLP
Para melhor organizar esta Secéo, ela foi dividida emfoi 0 método mais preciso entre os demais — foram inves-
duas subsecdes: uma dedicada a detecgdo de materiais e digados também a Mistura Gaussiana (2D e 3D) e classi-
tra a utilizacao das redes neurais artificiais na segmentacéaficadores Bayesianos, dentre outros. Neste trabalho, a rede
de imagens. MLP foi treinada a partir de informacao de cor extraida de
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30.000pixelsde @ada classe (pele e ndo-pele), no espaco de
cores RGB. A acuracia maxima obtida for de 89,49% (em
uma base de teste diferente da usada neste trabalho).

Akbari e Nakajima [1] também adotaram redes neurais [2]
para detectar pele em fotografias a partir de informacao de
cor. Em seu estudo, eles propuseram uma técnica de ho-
mogeneizacao para ser utilizada apos a classificacédo das re 3
des neurais. O modelo neural adotado fhearning Vector
Quantization(LVQ), e também considerava como entrada
os valores de cadazixelno espaco de cores RGB. A camada 4]
de saida era composta de dois neurbnios — um para determi-
nar ospixelsde pele e outro para os de ndo-pele. Seu clas-
sificador foi capaz de detectar corretamente 92,75% da areays)
de pele (em uma base de testes diferente da utilizada neste
trabalho). [6]

5. Conclusao e Trabalhos Futuros 7
Este trabalho propde uma técnica automatica de obten-
¢cdo e ajuste de segmentadores neurais de imagens, baseﬁ\é]
dos em informacéao de cor. O objetivo desta segmentacéo é
detectar determinados materiais — grama, pele, dentre ou-

onal conference on Computer graphics and interactive tech-
nigues in Australasia and South East Agiages 269-272,
New York, NY, USA, 2005. ACM.

F. H. Cardoso and H. M. Gomes. A probabilistic approach
to skin detection. IrAnais do Simpdsio Brasileiro de Com-
putacéo Grafica e Processamento de Imagens 2P007.

] Firmino and H. M. Gomes. Detecc¢éo de lances no campo de

ataque em uma partida de futebol Anais do Simpésio Bra-
sileiro de Computacao Grafica e Processamento de Imagens
2007, 2007.

C. Garcia and G. Tziritas. Face detection using quantized
skin color regions merging and wavelet packet analydid-
timedia, IEEE Transactions 9i(3):264—-277, 1999.

S. Haykin. Redes Neurais, Principios e Praticagditora
Bookman, 2a edition, 2001.

N. Herodotou, K. N. Plataniotis, and A. N. Venetsanopou-
los. Image Processing Techniques for Multimedia Proces-
sing 2000.

R.-L. Hsu, M. Abdel-Mottaleb, and A. K. Jain. Face detec-
tion in color images.Pattern Analysis and Machine Intelli-
gence, IEEE Transactions pp4(5):696—706, 2002.

M. J. Jones and J. M. Rehg. Statistical color models with ap-
plication to skin detectionlnternational Journal of Compu-
ter Vision 46(1):81-96, 2002.

tros —em imagens. [9] A. Laboratories. Permm: Image analysis. Project Home

De acordo com os resultados obtidos, e comparando-os
com outras técnicas mais tradicionais, a segmentagao propoj
duzida com a utilizacao das redes neurais automaticamente
treinadas tem alta qualidade. Desta forma a técnica apresen-
tada contempla o seu objetivo de fornecer ao usuario segf11]
mentadores de alta qualidade, sem a necessidade do em-
prego de esfor¢o na supervisdo e ajuste dos mesmos.

Futuramente, técnicas de otimizagdo global serdo incor-
poradas no protétipo apresentado neste trabalho, com o ob12]
jetivo de facilitar a descoberta da arquitetura ideal da rede
neural artificial a ser utilizada para cada um dos materiais
para 0s quais se deseja obter segmentadores. Assim, a ex:-
ploracdo da quantidade de neurbnios da camada escondida
sera restrita a menos valores, além de serem ampliadas as
possibilidades no que diz respeito aos outros aspectos ar-
quiteturais das redes neurais: numero de camadas escondir4]
das, conectividade entre neurdnios, dentre outros.

Aléem disto, extratores de caracteristicas de textura seq{15]
réo adicionados ao protétipo, fornecendo mais pistas sobre
a pertinéncia de urpixel a determinado material. Com isto,
surgirdo oportunidades de automatizacdo tanto para desco-
berta dos parametros do extrator de textura, quanto para de$16]
cobrir a melhor combinacgédo entre os classificadores de cor
e textura para compor o resultado final da segmentacgéo.

3]
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Abstract

This work proposes two methodologies for fast im-
age contrast enhancement based on histogram equal-
ization (HE), one for gray-level images, and other for
color images. For gray-level images, we propose a tech-
nique called Multi-HE, which decomposes the input im-
age into several sub-images, and then applies the classical
HE process to each one of them. In order to decom-
pose the input image, we propose two different discrepancy
functions, conceiving two new methods. Experimental re-
sults show that both methods are better in preserving
the brightness and producing more natural looking im-
ages than other HE methods. For color images, we
introduce a generic fast hue-preserving histogram equal-
ization method based on the RGB color space, and
two instantiations of the proposed generic method, us-
ing 1D and 2D histograms. HE is performed using shift
hue-preserving transformations, avoiding the appear-
ance of unrealistic colors. Experimental results show that
the value of the image contrast produced by our meth-
ods is in average 50% greater than the value of contrast
in the original image, still keeping the quality of the out-
put images close to the original.

1. Introduction

Nowadays digital cameras are certainly the most used
devices to capture images. They are everywhere, includ-
ing mobile phones, personal digital assistants (PDAs -
a.k.a. pocket computers or palmtop computers), robots, and
surveillance and home security systems. There is no doubt
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that the quality of the images obtained by digital cameras,
regardless of the context in which they are used, has im-
proved a lot since digital cameras early days. Part of these
improvements are due to the higher processing capabil-
ity of the systems they are built-in and memory availabil-
ity. However, there are still a variety of problems which
need to be tackled regarding the quality of the images ob-
tained, including: 1) contrast defects; 2) chromatic aber-
rations; 3) various sources of noises; 4) vignetting; 5)
geometrical distortions; 6) color demosaicing; and 7) fo-
cus defects.

Among the seven problems related above, some are more
dependent on the quality of the capture devices used (like 2-
7), whereas others are related to the conditions in which the
image was captured (such as 1). When working on the lat-
ter, the time required to correct the problem on contrast is
a big issue. This is because the methods developed to cor-
rect these problems can be applied to an image on a mobile
phone with very low processing capability, or on a power-
ful computer.

Moreover, in real-time applications, the efficiency of
such methods is usually favored over the quality of the
images obtained. A fast method generating images with
medium enhancement on image contrast is worth more than
a slow method with outstanding enhancement.

With this in mind, this work! proposes two methodolo-
gies for contrast enhancement in digital imaging using his-
togram equalization (HE)?. Although there has been a lot of

1 This paper comes from the doctoral thesis of David Menotti [10], sub-
mitted to the Department of Computer Science, Universidade Federal
de Minas Gerais, in April 2008.

2 Inthis work, the contrast is defined as the standard variation of the im-
age gray-levels or luminance.
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research in the image enhancement area for 40 years [5, 10],
there is still a lot of room for improvement concerning the
quality of the enhanced image obtained and the time neces-
sary to obtain it.

HE is a histogram specification process [3] which con-
sists of generating an output image with a uniform his-
togram (i.e., uniform distribution). In image processing, the
idea of equalizing a histogram is to stretch and/or redis-
tribute the original histogram using the entire range of dis-
crete levels of the image, in a way that an enhancement of
image contrast is achieved. HE is a technique commonly
used for image contrast enhancement, since it is computa-
tionally fast and simple to implement. Our main motivation
is to preserve the best features the HE methods have, and in-
troduce some modifications which will overcome the draw-
backs associated with them.

In the case of gray-level image contrast enhancement,
methods based on HE have been the most used. Despite
its success for image contrast enhancement, this technique
has a well-known drawback: it does not preserve the bright-
ness® of the input image on the output one. This problem
makes the use of classical HE techniques [5] not suitable for
image contrast enhancement on consumer electronic prod-
ucts, such as video surveillance, where preserving the in-
put brightness is essential to avoid the generation of non-
existing artifacts in the output image [14, 10].

In order to overcome this problem, variations of the clas-
sic HE technique, such as [6, 22, 2, 1], have proposed to
first decompose the input image into two sub-images, and
then perform HE independently in each sub-image (Bi-HE).
These works mathematically show that dividing the image
into two rises the expectance of preserving the brightness.
Although Bi-HE successfully performs image contrast en-
hancement and also preserves the input brightness to some
extend, it might generate images which do not look as natu-
ral as the input ones. Unnatural images are unacceptable for
use in consumer electronics products [14, 10].

Hence, in order to enhance contrast, preserve brightness
and produce natural looking images, we propose a generic
Multi-HE (MHE) method that first decomposes the input
image into several sub-images, and then applies the classi-
cal HE process to each of them. We present two discrep-
ancy functions to decompose the image, conceiving two
variants of that generic MHE method for image contrast
enhancement, i.e., Minimum Within-Class Variance MHE
(MWCVMHE) and Minimum Middle Level Squared Er-
ror MHE (MMLSEMHE). Moreover, a cost function, which
takes into account both the discrepancy between the input
and enhanced images and the number of decomposed sub-
images, is used to automatically determine in how many

3 In this work, the brightness is defined as the mean of the image gray-
levels
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sub-images the input image will be decomposed on.

Regarding color image contrast enhancement, the
classical methods are also based on HE. The exten-
sion of HE methods to color images is not straightforward,
because there are some particular properties of color im-
ages that need to be properly taken into account during im-
age contrast enhancement. These properties include the lu-
minance (L) (or intensity (I)), saturation (S), and hue (H)
attributes of the color.

The luminance represents the achromatic part of the
color (e.g., it can be defined as a weighted function of the
R (red), G (green), and B (blue) color channels), whereas
the saturation and hue refer to the chromatic part of the im-
age. The saturation can be seen as measure of how much
white is present in the color, and the hue is the attribute of
the color which decides its “real color”, e.g., red or green.
For the purpose of enhancing a color image, the hue should
not be changed for any pixel, avoiding output images with
unnatural aspect.

Color spaces such as HSV, HSI, CIELUV, and CIELAB
were conceived based on these three attributes. However,
color images in digital devices, such as mobile phones, cam-
eras, and PDAs, are commonly transmitted, displayed, and
stored in the RGB color space (i.e., R-red, G-green, and B-
blue). This color space is not the most appropriated one for
image processing tasks, since the meaning of the attribute
colors is not explicitly separated as it would be in other
color spaces. The conversion from the RGB color space
to a Luminance-Hue-Saturation (LHS)-based color space
is trivial, but can be both not suitable for real-time appli-
cations and the digital devices referred above. Moreover,
working on a LHS-based color space requires tackling the
well-known gamut problem [16].

The literature of HE methods for color image con-
trast enhancement presents works based on the RGB,
LHS, CIELUV, and other color spaces. Neither meth-
ods based on the RGB color space nor methods based
on other color spaces present all the characteristics re-
quired for use in portable devices: to be fast, improve
the images contrast and still preserve the hue. Meth-
ods based on the RGB space do not preserve the hue, while
methods based on other color spaces are slower due to con-
versions required among color spaces and may also be not
hue-preserving. In order to achieve all these three require-
ments, this work presents a generic fast hue-preserving
HE method based on the RGB color space for image con-
trast enhancement.

From the generic method we create two variants, which
are characterized by the histograms dimension they use, i.e.,
1D or 2D. The equalization is performed by hue-preserving
transformations directly in the RGB color space, avoiding
the gamut problem, keeping the hue unchanged, and the re-
quirement of conversion between color spaces. Moreover,
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our methods improve the image contrast (i.e., improve the
variance on the luminance attribute) and, simultaneously,
the saturation is modified according to the equalization of
the RGB histogram. The methods estimate the RGB 3D his-
togram to be equalized through R, GG, and B 1D histograms
and RG, RB, and GB 2D histograms, respectively, yield-
ing algorithms with time and space complexities linear with
respect to the image dimension. These characteristics make
these methods suitable for real-time applications.

The remainder of this work is organized as follows. Sec-
tion 2 present the Multi-HE methods for gray-level images,
whilst Section 3 introduces our fast hue-preserving HE for
color images. Section 4 shows some experimental results,
and finally conclusions are pointed out in Section 5.

2. Multi-Histogram Equalization Methods
for Contrast Enhancement and Bright-
ness Preserving

As mentioned before, the classic HE method enhances
the contrast of an image but cannot preserve its brightness
(which is shifted to the middle gray-level value). As a result,
it can generate unnatural and non-existing objects in the
processed image. In contrast, Bi-HE methods [6, 22, 2, 1]
can produce a significant image contrast enhancement and,
to some extend, preserve the brightness of the image. How-
ever, the generated images might not have a natural appear-
ance [14, Figure 1]. To surmount such drawbacks, the main
idea of our proposed methods is to decompose the image
into several sub-images, such that the image contrast en-
hancement provided by the HE in each sub-image is less in-
tense, leading the output image to have a more natural look.
The conception of this method arises two questions.

The first question is how to decompose the input image.
As HE is the focus of the work, the image decomposition
process is based on the histogram of the image. The his-
togram is divided into classes determined by threshold lev-
els, where each histogram class represents a sub-image. The
decomposition process can be seen as an image segmen-
tation process executed through multi-thresholding selec-
tion [7]. The second question is in how many sub-images
an image should be be decomposed on. This number is di-
rectly related to how the input image is decomposed.

In order to answer these questions, Section 2.1 presents
two functions to decompose an image based on thresh-
old levels, whereas the algorithm used to find the optimal
threshold levels is presented in Section 2.2. Finally, a cri-
terion for automatically select the number of decomposed
sub-images is exposed in Section 2.3.

Note that the methods described in this section are pub-
lished in [14].
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2.1. Multi-Histogram Decomposition

Many HE-based methods have been proposed in the lit-
erature to decompose an image into sub-images by using
the value of some statistical measure based on the image
gray-level [6, 22, 2, 1]. These methods aim to optimize the
entropy or preserve the brightness of the image. Here, we
will focus our attention on decomposing an image such that
the enhanced images still have a natural appearance. For
such aim, we propose to cluster the histogram of the image
into classes, where each class corresponds to a sub-image.
By doing that, we want to minimize the brightness shift
yielded by HE process into each sub-image. By minimiz-
ing this shift, we expect to preserve both the brightness and
the natural appearance of the processed image.

From the multi-threshold selection literature point of
view, the problem stated above can be seen as the mini-
mization of the within-histogram class variance (the well-
know Otsu method [18]), where the within-class variance
is the total squared error of each histogram class with re-
spect to its mean value (i.e., the brightness). That is, the
decomposition aim is to find the optimal threshold set
TF = {th, ..., t¥ |} that minimizes the decomposition er-
ror of the histogram of the image into k histogram classes,
and decomposes the image I[0, L — 1] into k sub-images
I[l}k,l}’k], ...,I[Zk’k,lfc’k]. 17k and l}k are the lower and
upper gray-level boundaries of each sub-image ;7 when the
image is decomposed into k sub-images, and are defined
as: lg’k = ] 1, if 5 > 1, and lj k= 0 otherwise, and
l}’k = té? +1,if j # k, and l}’ = [ — 1 otherwise. The dis-
crepancy function for decomposing the original image into
k sub-images following the minimization of within-class
variance can be expressed as
gk
s

k
Disc(k Z (I=1n

J=1 =13k

l‘j k lj k])) PZI[O,L—l].

ey
The method conceived with this discrepancy func-
tion will be called Minimum Within-Class Variance MHE
method (MWCVMHE). Note that the mean gray-level
(i.e., the brightness) of each sub-image processed by the
CHE method is theoretically shifted to the middle gray-
level of its range, i.e., 1,,(O[ls,lf]) = LumI[ls,l7]) =
Lnm (Olls, lf]) = (Is + 1f)/2. As we want to mini-
mize the brightness shift of each processed sub-image
such that the global processed image has its contrast en-
hanced and its brightness preserved (creating a natu-
ral looking output image), we focus our attention on the
brightness of the output image. Hence, instead of us-
ing the mean [,,(I[l,,lf]) of each sub-image I[l,,[/]
in the discrepancy function, we propose to use its mid-
dle level (I + l¢)/2, since every enhanced sub-image
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Ol[ls,ly] will theoretically have its mean value (bright-
ness) on the middle level of the image range - thanks to the
specification of a uniform histogram distribution. There-
fore, a new discrepancy function is proposed and it is
expressed as

1k

k °f
DZSC(I{,‘) = Z Z Z _ lmm lj k l] k]))QPlI[O’L71]7

J=Li=i3*

, 2)
where 1., (I[12°F, l;k]) stands for the middle value of the
image I[19F, 1% k] and it is defined as ||({; + lf)/2]||. The
method concelved with this discrepancy function will be
called Minimum Middle Level Squared Error MHE method
(MMLSEMHE).

2.2. Finding the Optimal Thresholds

The task of finding the optimal & — 1 threshold leves
which segment an image into k classes can be easily per-
formed by a dynamic programming algorithm with O(kL?)
time complexity [7]. Algorithm 1 shows the pseudocode of
this algorithm, where ¢(p, q) stands for the “discrepancy
contribution” of the sub-image I[p, g, i.e.,

I I[0,L—1
10.L-1], 3)

¢(pa) = (1—7)°P

l=p

where v stands for {,,(I[p, q]) or Lynm(I[p,q]), depending
on the discrepancy function used (see Equations 1 and 2).
Once Algorithm 1 is run, the optimal threshold vector
T* can be obtained through a back-searching procedure on
PT,ie.,
= PT(j +1,1§%,), €

where 1 < j < k, tk+1 =L-1ifj+1=k, andtkH:
tj 1 otherwise.

2.3. Automatic Thresholding Criterium

This section presents an approach to automatically
choose in how many sub-images the original image should
be decomposed on. This decision is a key point of our
work, which has three main aims: 1) contrast enhance-
ment; 2) brightness preserving; 3) natural appearance.
Nonetheless, these goals cannot be all maximize si-
multaneously. We take into account that as the number
of sub-images in which the original image is decom-
posed increases, the chance of preserving the image bright-
ness and natural appearance also increases. However, the
chances of enhancing the image contrast decrease. To de-
cide in how many sub-images the original image should be
decomposed on, a tradeoff between brightness, natural ap-
pearance and contrast should be considered. Hence, we
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Algorithm 1: Computing Disc(k) and PT(k,L — 1)
Data: ¢(p, q) - discrepancy of sub-image I [p, q]
Result: D(p), - discrepancy function Disc(p) up to

level ¢
Result: PT' - optimum thresholds matrix
1for¢g—0;¢g<L;qg++do D(1); — ¢(0,9);
2forp—1;p<k;p++do

3| Dp+1)p < Dp)p-1+elp—1p-1);

4 Pr(p+1,p)«—p—1;

5 for qg—p+1;,¢q<L—-—k+p,;q++do

6 D(p+1), — —o0;

7 for | —p—1;1<qg—1;1++do

8 if (D(p+1)q > D(p)i +¢(l+1,q)) then
9 L D(p+1)g — D(ph + (1 +1,9);
10 PT(p+1,q) «1;

propose to use a cost function, initially used in [23], to au-
tomatically select the number of decomposed sub-images.
This cost function takes into account both the discrep-
ancy between the original and processed images (which
is our own aim decomposition function) and the num-
ber of sub-images to which the original image is decom-
posed, and it is given as

C(k) = p(Disc(k))!/? + (log, ()%, 5)

where p is a positive weighting constant. The number of de-
composed sub-images k is automatically given as the one
which minimizes the cost function C'(k). It is shown in [23]
that the cost function presented in Equation 5 has a unique
minimum. Hence, instead of finding the value &£ which min-
imizes C(k) throughout %k values range, it is enough to
search for k from 0 up to the point C'(k) starts to increase.

3. Fast Hue-Preserving Histogram Equaliza-
tion Methods for Color Image Contrast En-
hancement

This section presents a generic method that, in con-
trast with the classical method presented in [5] (frow now
on C1DHE method) and the one in [20] (from now on
TV3DHE method), is both hue-preserving and has time
and space complexities which complies with real-world
and real-time applications. We propose two variants of this
generic method, which are characterized by the histogram
dimensions used to estimate the 3D probability functions,
i.e., 1D or 2D histograms.
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3.1. Generic Hue-preserving Histogram Equaliza-
tion Method

Our generic hue-preserving HE method is divided in
three phases. Let I and O be the input and output images,
respectively. Let the input # D histograms and probability
functions be defined as in [15, Section 2] and [10, Sec-
tion 4.1] (omitted due to space constraints), where # is the
histogram dimension used (the variant point of our method).
The first phase of our method consists of computing the # D
histograms of . Although the proposed method works with
# D histograms and probability functions, we do not equal-
ize the # D histograms per say, but a 3D pseudo-histogram,

IRGB . . IRGB .
H . Indeed, the equalization of H’ is based on a
pseudo 3D cumulative density function, built through prob-
ability density functions.

The computation of this cumulative density function,

C’ IRGB, which constitutes the second phase of our method,
is performed as the product of the three #D cumulative
functions. We show in details the variant methods in Sec-
tions 3.2 and 3.3.

The third phase works as follows. Let H 0" be the
uniform histogram of the output image, where any entry
(R,,G,, B,) has the same amount of pixels, since such out-
put histogram is desired, i.e.,

RGB 1
0GBy = 73 (mn), (6)

or any entry (R,,G,, B,) in PO"” has the same density,
ie.,
ORGB

PR, .5, = 1/L°. (7
Hence, any entry (R,,G,,B,) in cO"% s directly

computed using POTE e
ORrGn.m, = (Bo+ D)(Go+ 1)(B, +1)/L% ®)
To yield the output enhanced image, for every input pixel
(z,y) € X, where (R;,G;, B;) = I*%B(z,y), we obtain
the smallest (R,, G,, B,) = OF%B(z, y) for which the in-
equality

JIRGEB ORGB
IC"r, c..8; = CRy.c0,8,1 2 0, ©)

holds.

However, this step of calculating the output pixel value
presents an ambiguity, mainly because there are many pos-
sible solutions for (R,, G,, B,) which satisfy Equation 9.
This ambiguity is remedied as follows. Unlike the method
described in [20] (TV3DHE method), which iteratively in-
creased or decreased the values of R,, G,, and B, in or-
der to minimize Equation 9, we propose to find the output
triplet (R,, G,, B,) for any image pixel in a single step, i.e.,
O(1). Thus, from Equations 8 and 9, we have

[RGB R,+1)(G,+1)(B,+1
g DO B
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If we take R,, G,, and B, as R; + k, G; + k, and B; +
k, respectively, where k is the number of iterations required
for minimizing Equation 9, we obtain

k34

kR + G, + B+ "

KR, x G, + R, x B, + G, x B+ (1D
’ ’ ’ IRGB

R x Gy x B; = L*x C'y. . 5, = 0.

where R;, G;, and B; mean R; + 1, G; + 1, and B; + 1,
respectively. By solving this cubic equation in function of
k, we obtain the desired output triplet (R,, G, B,) as the
input one plus the displacement &, i.e., (R; + (k),G; +
(k) , B; + (k)), where (k) stands for the nearest integer to
k eR.

Equation 11 can be easily solved by [17] or by the clas-
sical Cardan’s methods which use transcendental functions.
As the former method is faster and mathematically simpler
than the latter, we chose to use it.

Observe that any image pixel is enhanced following a
shift transformation by a k factor, i.e., from (R;, G;, B;) to
(Ro, Gy, By) = (R; + k,G; + k, B; + k), which makes our
generic method hue-preserving [16].

Having described this generic method, the next sub-
sections show our variant methods, which differ only on
the histogram dimension used. By respecting the chronol-
ogy’s conception of our methods, the method based on RG,
RB, and GB 2D histograms [12] (from now on HP2DHE
method), is described first in Section 3.2. Then, the method
based on 1D histograms [13] (from now on HP1DHE
method) is presented in Section 3.3.

3.2. Hue-preserving 2D Histogram Equalization

In this section, we present our HP2 DHE method, ini-
tially introduced in [12]. It uses 2D histograms (as defined
in [15, Section 2] and [10, Section 4.1]) and is based on the
joint probability distribution functions of channels two-at-
a-time to perform HE. The cumulative probability density

RGB
function (or the probability distribution function), C” e
is computed as the product of the three 2D cumulative func-
tions for any entry (R;, G;, B;), i.e.,

C'hcm = Ch6,.Chin Chip (1)
For details on how to directly calculate C! el
and C1°” through the probability density function P’ RG,
PI™® and PI°” see [15, Section 2] or [10, Section 4.1].
The main rationale for computing this pseudo-cumulative
density function as the product of three 2D cumulative den-
sity functions is that the three channels in an image are usu-
ally not simultaneously correlated.
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Image HE | BBHE | DSIHE | MMBEBHE | BPHEME || RMSHE | MWCVMHE | MMLSEMHE
arctichare || 8.11 16.63 13.09 23.55 22.95 30.74 31.44
bottle 12.88 | 18.68 17.53 28.44 25.72 29.68 35.99
copter 10.61 | 15.95 14.20 25.50 23.20 25.62 33.83
couple 7.57 | 13.18 11.61 19.86 38.54 19.65 30.59
Einstein 15.08 | 15.15 15.58 18.91 16.21 19.51 31.42
F16 11.92 | 20.69 16.02 20.32 21.61 22.72 24.43
girl 13.03 | 13.30 12.99 14.03 13.19 28.00 29.39
hands 436 | 19.58 17.76 19.99 17.18 30.93 24.49
house 10.82 | 14.27 14.07 21.41 19.93 21.36 31.81
jet 9.51 | 22.50 14.37 30.78 23.99 27.85 29.14
U2 6.99 | 15.06 10.94 19.87 27.32 22.12 26.21
woman 17.83 | 17.73 18.25 21.60 19.23 23.67 28.83

Table 1. PSNR = 10 x log,, (L — 1)2/MSE

Note that, in [13], we proposed to solve Equation 9 itera-
tively, as done in [20], by using a non hue-preserving trans-
formation. Here, we modify the method originally proposed
in [13] to use the hue-preserving shift transformation and
the solution of Equation 9 described in the previous subsec-
tion. These two modifications make the HP2 DHE method
presented here hue-preserving, and reduces its time com-
plexity from O(max(mnL, L?)) to O(max(mn, L?)).

3.3. Hue-preserving 1D Histogram Equalization

In this section, we present a hue-preserving HE method
based on the RG B color space for image contrast enhance-
ment, which uses 1D histograms, and is also a variant of
the generic method described in Section 3.1. The method is
based on the independence assumption of color channels,
which is used for computing the cumulative density func-
tion.

We use 1D histograms to estimate a 3D probability dis-
tribution function (or a cumulative density function), and
then equalize the conceived histogram through the esti-
mated function. Hence, the function C! "9P s estimated
for any entry (R;,G;, B;) as the product of every proba-
bility distribution function Cg:, Cg;, and ng, following
the rule, i.e.,

RGB R G B
C'c.p, = Ch CLCL (13)

For details on how to directly calculate cr R, cr G, and
o1’ through PI™, PI% and P1” see[15, Section 2] or [10,
Section 4.1]. Note that, in Equation 13, C’ I7G% is defined

RGB
with a correct dimensional meaning, i.e., C’ I ,a3D
cumulative function, is computed as the product of three
RGB
1D cumulative functions, while in Equation 12 C’ I is

. . . . . JRGE
defined with a wrong dimensional meaning, i.e., C’
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is computed as the product of three 2D cumulative func-
tions. Nevertheless, the images processed by the HP2DHE
method produce similar results to the HP1 DHE method, as
the experiments reported in Section 4.

As we use 1D histograms, this method has a
smaller time complexity than the HP2DHE method,
i.e., O(max(mn, L)), and the space complexity is lin-
ear, i.e., O(L). Moreover, the time and space complex-
ities of HP1DHE are exactly the same of the C1.DHE
method, which are the best to our knowledge.

A complete description of the methods presented in this
section can be found in [15, 10].

4. Experiments

In this section, we report experiments performed to com-
pare and evaluate the methods proposed in Sections 2 and 3.
Section 4.1 presents the experiments involving methods
proposed for handling gray-level images, and Section 4.2
analyzes and discusses the experimental results concerning
the methods proposed for handling color images.

4.1. Experiments with Gray-level Images

In this section, we report results of experiments com-
paring our proposed methods with other HE methods (HE,
BBHE, DSIHE, MMBEBHE, and RMSHE (r = 2)) and the
method proposed in [21]. The input images used in the ex-
periments were the ones previously used in [6, 22, 2, 1, 21].
They are named as they were in the works where they first
appeared: arctic hare, bottle, copter, couple, Einstein, F16,
girl, hands, house, jet, U2, woman (girl in [21]). Images
were extracted from the CVG-UGR database [4] and pro-
vided by the authors of [2, 1].

Besides an analyzes of brightness (the mean) and con-
trast (the standard deviation) values of the original and out-
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Figure 1. From left to right: the Einstein original, enhanced RMSHE (r = 2), MWCVMHE (k = 6), and

MMLSEMHE (% = 7) images.

put images, in order to assess the appropriateness of the pro-
cessed images for consumer electronics products, for each
image, we compute the P.S N R measure [19]. In image pro-
cessing literature, the PSN R has been used as a standard
measure to evaluate and compare compression and segmen-
tation algorithms [19]. It is well-known that a processed
image with good quality (with respect to the original one)
presents PS N R values within 30 db and 40 db [19].

Due to space constraints, the analysis of brightness and
contrast of the original and the output images obtained by
the HE methods was omitted and it is presented in [14, 10].
The values of PSNR obtained for each image are pre-
sented in Table 1. This table is divided into three parts: 1)
The names of original images; 2) The data values obtained
by the Uni- and Bi-HE methods, i.e., HE, BBHE, DSIHE,
MMBEBHE, and BPHEME; 3) The values obtained by the
MHE methods, i.e., RMSHE (r = 2), and our proposed
MWCVMHE and MMLSEMHE.

For each image in Table 1, we highlight the best data val-
ues in the second and third parts of the table in either dark or
light gray. We then compare these best values in the second
and third parts of the table against each other (i.e., Uni- and
Bi-HE methods against MHE methods). The best value is
dark-grayed, the worst light-grayed. Recall that the greater
the value of the PSN R, the better it is.

Analyzing the data presented in Table 1, we observe that
the images processed by the MMLSEMHE method pro-
duces the best PSN R values, as they are within the range
[30 db, 40 db]. Hence, we can argue that the MMLSEMHE
method performs image contrast enhancement and bright-
ness preserving while still producing images with a natural
looking. Moreover, this result corroborates, in practice, our
hypothesis that the MMLSEMHE method, using the dis-
crepancy function in Equation 2, yields images with the best
PSNR values among all HE methods.

Besides this PS' N R analysis, we also perform an image
visual assessment. Remark that all the 12 input images, their
histograms, their respective enhanced images and equalized
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histograms (obtained by all the method listed in Table 1),
adding up more than 200 images, can be seen in [9]. Here,
we show the images obtained by the image Einstein.

Figure 1 shows the Einstein image and the resulting im-
ages obtained by the MHE methods, i.e., RMSHE (with
r = 2), MWCVMHE, and MMLSEMHE. By observing the
processed images, it is noticeable that our proposed meth-
ods are the only ones among the MHE methods that can
produce natural looking images.

After analyzing the data presented in Table 1 and vi-
sually observing the processed images, we can conclude
that the MMLSEMHE method produces images with better
quality than the other methods with respect to the PSNR
measure. By further analyses made in [14, 10], we can
also conclude that: 1) A better image contrast enhance-
ment can be obtained by the MWCVMHE method, which
also presents satisfactory brightness preserving and natu-
ral looking images; 2) The RMSHE method (r = 2) should
be employed if even more contrast enhancement than of-
fered by the the MMLSEMHE and MWCVMHE methods
is desired. However, in this case, the processed image may
present some annoying and unnatural artifacts (for instance
Figure 1-RMSHE (r = 2)).

4.2. Experiments with Color Images

The majority of image enhancement methods found in
the literature, including our previous works [12, 13], as-
sesses the contrast improvement of the output image by
visually comparing it to the original one. In [12, 13], we
claimed that it is difficult to judge a processed enhanced im-
age using a subjective assessment. Hence, in this work, we
use two types of quantitative measures to assess the orig-
inal and processed images produced by the C1DHE and
TV3DHE method and ours (presented in Section 3), and
then perform an objective comparison among them.

The first quantitative measure used is a color image qual-
ity measure (CIQM) [24], defined by the image color nat-
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Method L* LTCE Q CNI CCI

Original 1253 £398 | 31.13 + 990 || 068 =+ 002|081 =+ 003]08 =+ 012
C1DHE 1838 +3.78 | 47.11 4+ 976 | 068 + 001|078 + 003|103 + 013
HP1DHE | 18.14+371 | 4673 + 961 | 066 + 002|078 =+ 004|078 + 007
HP2DHE || 18554391 | 4702 + 1001 || 067 + 002|078 + 004|091 =+ 0.10
TV3DHE || 13.30+2.89 | 3644 + 772 || 058 4+ 002|072 4+ 002|049 + 0.05

Table 2. Contrast for the images in the CIELUV and RGB color spaces and Color Image Quality

Measures

uralness and colorfulness indexes, and applied to verify if
the HE methods preserve the quality of the images. The sec-
ond measure refers to the contrast in the CIELUV and in
the RG B color spaces, and aims to show how much the HE
methods improve the contrast of the original image.

This section presents and discusses the numerical re-
sults obtained by using the CIQMs and the contrast mea-
sure above mentioned and detailed described in [15, Sec-
tion 5.1] and [10, Section 5.2.2.1] to evaluate our proposed
methods (HP1 DHE and HP2 DHE) and the others (C1 DHE
and TV3DHE) in a data set of 300 images taken from the
University of Berkeley [8].

We compute, for both the original and the processed im-
ages, the contrast in both the CIELUV and RGB color
spaces and the CIQMs, as showed in Table 2. Table 2 is di-
vided in three parts. In the first part, we present the image
source name, i.e., the original or the methods that originated
the image. In the second and third parts, we show the val-
ues obtained for the contrast and CIQMs, respectively. Note
that the values in the table are presented in the form p + o,
i.e., the mean and standard deviation of the measures com-
puted on the data set of 300 images. All images used in this
experiment can be seen in [11].

From the second part of Table 2, we observe that the im-
ages processed by our methods, ie., HP1DHE and
HP2DHE, have the value of contrast increased, in av-
erage, about 50% in both the CIELUV and RGB
color spaces. The values of the contrast of images pro-
cessed by the C1DHE method also increase in a simi-
lar fashion. In contrast, the TV3DHE method is the one
that increases the less the contrast. Remark that, in gen-
eral, the improvement of the value of contrast in the
CIELUV color space is proportional to the one in
the RGB space (the range of the CIELUV lumi-
nance is [0,100] and the RG B luminance is [0, 255] (with
L = 256)). From this first analysis, we state that our meth-
ods and the C1DHE are effective in yielding significant
increasing in the value of image contrast.

In the third part of Table 2, we find the @, C NI, and
CCT measures for the original and processed images. Note
that the third numerical column in this table reports the @
measure values, which are a weighting function of the C N 1
and CCT measures. We observe that, in average, the im-
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ages processed by our methods have preserved values of
@ in the processed images close to the value in the origi-
nal ones. This means that our methods produce images with
quality similar to the original images. Also note that the im-
ages enhanced by the C1 DHE method have obtained sim-
ilar @ values to the ones obtained by our methods. In con-
trast, the images produced by the TV3 DHE method have Q
values quite smaller than the ones calculated from the orig-
inal images. This shows that the TV3DHE method yields
images with deteriorated color quality.

On the fourth numerical column of Table 2, we have the
values for the C'N I measure. Observe that, in average, our
methods and the C1DHE keep the naturalness of the pro-
duced images close to the one in the original image, whereas
the images produced by the TV3DHE method have CNT
values significatively smaller than the ones obtained from
the original images.

On the fifth numerical column of Table 2, we report the
values for the C'C'I measure. Observe that the CCI mea-
sure is based on the mean and standard deviation of the sat-
uration of the image in the CIELUV color space. The re-
sults reported show that, in average, the C1DHE method
is the one that more frequently increases the value of the
CC1T measure from the original to the processed images.
The C1DHE method achieves such result because it equal-
izes the three R, GG, and B 1D histograms freely and sep-
arately. On the other hand, it has the well-known draw-
back of not being hue-preserving, which will be discussed
and illustrated further in this section. The images produced
by the TV3DHE method, in average, do not preserve both
the CNI and C'CT values and, consequently the () value,
close to the values of the original images. The fact that
the TV3DHE method produces images with CCI values
quite different from the ones in the original images corrob-
orates the hypothesis subjectively stated in [12] and [13]
that the TV3 DHE method produces overenhanced / under-
satured images (i.e., brighter images). That is, in general the
saturation values of the images produced by the TV3DHE
method are smaller than the saturation values of the images
produced by the other methods, and so are their variances.

From the analysis regarding the contrast and the CIQMs,
we claim that: 1) The contrast of the images processed by
our methods is in average 50% greater than the contrast of

93



(a)

Figure 2. Results for the landscape image: (a) original image; (b) C1DHE; (¢) TV3DHE; (d) our

HP1DHE; (e) our HP2DHE.

Color Quality Contrast
Method Q0 ONI _COCT | CIELUV RGB
Origmal | 0.7038 0.8540 0.7196 7.00 17.03
CIDHE | 07681 09292 08089 | 1209 3032
HPIDHE | 07210 08725 07575 | 1150 2898
HP2DHE | 0.6504 0.7688  0.8381 11.00  27.59
TV3DHE | 07140 09004 04392 8.76 23.68

Table 3. Color Image Quality and Contrast
Measures for the Images in Figure 2.

the original images, whilst the color quality, measured by
the naturalness and colorfulness indexes, of the processed
images are close to the ones of the original image; 2) The
TV3DHE method is the one that show the smaller improve-
ment on the contrast of the original image. Moreover, it pro-
duces images overenhanced, deteriorating the color quality
of the images; 3) The results achieved for contrast enhance-
ment and color quality preservation by the C1 DHE method
are as good as our methods.

Note that we could perform changes in the TV3DHE
method in order to make it faster and hue-preserving, by
applying our shift hue-preserving transform. Nonetheless,
even after these modifications, the images enhanced by the
TV3DHE method would continue to be overenhanced and
the contrast improvement would not be significant.

Despite the good results that our numerical analysis at-
tributed to the C1.DHE method, and the fact that it is six
times faster than our methods, the C1.DHE is not suitable
for real-world applications: the images produced by this
method do not preserve the hue of the original image. As
a result, the images produced by the C1 DHE method may
have unnatural colors, even though the C NI, C'CI, and,
consequently, (), indicate that the images produced by the
C1DHE method have image color quality close to the ones
of the original images. These contradictory results show
that the CQIMs used in this work have a drawback. They
can quantitatively represent the color quality of a image
by means of the naturalness and colorfulness indexes, but
they do not take into account simultaneously the original
and processed images in such assessment.
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In order to exemplify the conclusions reached, we will
careful analyze one example of an image extracted from the
300 presented in the data base, named “landscape”. Table 3
shows the contrast and the C NI, CC1, and () values for
the original and processed landscape images in Figure 2.
Figure 2(b) shows the landscape image processed by the
C1DHE method, and highlights the fact that it is not hue-
preserving. We observe that the colors present in the image
in Figure 2(b) look unnatural with respect to the original im-
age in Figure 2(a), even though the CN I, CC1, and @ val-
ues of the processed image are close to the ones in the orig-
inal image. We can also observe that the image produced
by the TV3DHE method in Figure 2(c) is overenhanced,
i.e., the colors are undersaturated, as explained before in this
section. Moreover, we can see that the increase in the value
of the image contrast produced by the TV3DHE method is
the smallest among the compared methods, as shown in Ta-
ble 3.

Finally, the claims about our methods are verified in the
images in Figures 2(d) and 2(e) and confirmed in Table 3.
As observed, the images have their contrast value increased
by, in average, 50%, while their color quality measures are
kept close to the ones of the original image. Besides, our
methods are hue-preserving.

5. Conclusions

In the first part of this work, we proposed and tested
a new framework called the MHE for image contrast en-
hancement and brightness preserving which generated nat-
ural looking images. The experimental results showed that
our methods are better at preserving the brightness of the
processed image (in relation to the original one) and yield
images with natural appearance, at the cost of contrast en-
hancement. The contributions of this part of the work are
threefold: 1) An objective comparison among all the HE
methods using quantitative measures such as the PSNR,
brightness, and contrast (the comparison of these last two
measures can be seen in [14, 10]); 2) An analysis show-
ing the boundaries of the HE technique and its variations
(i.e., Bi- and Multi-HE methods), for contrast enhancement,
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brightness preserving and natural appearance; 3) Our pro-
posed methods.

In the second part of this work, we presented two fast
hue-preserving HE methods based on 1D and 2D his-
tograms of the RGB color space for image contrast en-
hancement. The HP1DHE and HP2DHE methods have
time and space complexities that comply with real-time ap-
plication requirements. Although the C1 DHE method is six
times faster than ours, it is not hue preserving. We eval-
uated the resulting images objectively by using measures
of contrast, naturalness and colorfulness [24] on a data set
composed of 300 images, such that a quantitative compar-
ison could be performed. The experimental results showed
that the value of the contrast of the images produced by our
methods is in average 50% greater than the original value.
Simultaneously, our methods keep the quality of the image
in terms of naturalness and colorfulness close to the qual-
ity of the original image. In practice, our methods enhance
512 x 512 image pixels in 100 milliseconds on a Pentium 4
- 2GHz.

Recall that both proposed methodologies are suitable for
real-time and real-world applications.
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Resumo

Biometria é wuma das maiores tendéncias na
identificagdo humana e a impressdo digital é a
caracteristica biométrica mais amplamente utilizada.
Entretanto, considerar o reconhecimento automdtico
de impressdes digitais um problema totalmente
resolvido é um erro comum. Imagens de baixa
qualidade e contendo impressdes digitais parciais
ainda representam um grande desafio para os
métodos  baseados em  minucias, os mais
extensivamente A Multibiometria ¢é
considerada uma das chaves para superar as
limitacbes e aprimorar a acurdcia de sistemas
biométricos. Esta dissertagdo de mestrado apresenta a
fusdo de métodos baseados em cristas e em minucias
para reconhecimento de impressdes digitais. Os
resultados obtidos (reducdo média na Taxa de Erro
Igual de mais de 30% e o aumento na Taxa de
Recuperagao Correta de 75%) mostram que a fusdo de
métodos baseados em cristas e em minucias pode
representar uma melhoria significativa na acurdcia
dos sistemas de reconhecimento de impressdes
digitais.

utilizados.

Abstract

Biometrics is one of the major tendencies in human
identification and fingerprints are the most widely
used biometrics trait. However, considering the
automatic fingerprint recognition a completely solved
problem is a common mistake. The most extensively
used methods, the minutiae-based methods, do not
perform well on poor-quality images and when just a
small area of overlap between the template and the
query image exists. The Multibiometrics is considered
one of the keys to overcome the weakness and to
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improve the accuracy of biometrics systems. This
master thesis presents the fusion of minutiae-based
and ridge-based methods. The achieved results (mean
reduction of the Equal Error Rate of more than 30%
and an increase of 75% in the Correct Retrieval Rate)
have showed that the fusion of minutiae-based and
ridge-based methods can provide a significant
accuracy improvement of the fingerprint recognition
systems.

1. Introducgéo

Reconhecimento biométrico refere-se ao uso de
caracteristicas fisicas (face, impressdo digital, etc) ou
comportamentais (assinatura, voz, etc) para estabelecer
a identidade de uma pessoa.

Para que uma caracteristica humana possa se tornar
um identificador biométrico ela deve possuir alguns
requisitos como universalidade, unicidade,
permanéncia, entre outros. Devido a isso, nenhum
identificador biométrico € considerado o melhor.

As impressdes digitais, no entanto, sd3o o0s
identificadores biométricos mais amplamente utilizados
devido ao fato de praticamente todo ser humano as
possuirem, delas serem distintas até mesmo em gémeos
idénticos e mesmo diante de mudancas temporarias,
como cortes e cicatrizes, elas se regenerarem voltando a
sua forma original [9].

Os métodos baseados em mintcias s30 os mais
extensivamente utilizados em sistemas automaticos de
reconhecimento de impressdes digitais. Todavia, ¢ um
erro comum considerar o reconhecimento automatico de
impressdes digitais um problema totalmente resolvido.
A extragdo de pontos de minucias ainda representa um
problema complexo em imagens de baixa qualidade [9].
Além disso, o casamento de pontos de minucias,
quando existe apenas uma pequena area de
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sobreposicdo entre a imagem de consulta e a imagem
template, também representa uma dificuldade.

Estes cenarios, porém, estdo se tornando cada vez
mais comuns na medida em que sensores de impressdes
digitais estdo se popularizando em celulares,
notebooks, pendrives e outros dispositivos moveis.

Atualmente, o uso de sistemas multibiométricos é
considerado uma das chaves para contornar as
limitagdes ¢ melhorar a acurdcia dos sistemas
biométricos. De acordo com Ross, Nandakumar e Jain
[14], é extremamente dificil aumentar
significativamente a acuricia dos sistemas utilizando
apenas um identificador biométrico, uma unica forma
de representag@o e um Unico algoritmo de casamento.

Neste contexto, o presente trabalho vem contribuir
ao apresentar um estudo sobre a multibiometria, uma
das principais tendéncias na area de reconhecimento
biométrico, e ao buscar formas de melhorar a acuracia
de sistemas baseados na impressdo digital, identificador
biométrico que estard cada vez mais presente no
cotidiano das pessoas.

1.1.Objetivo

O objetivo geral deste trabalho ¢ aprimorar a
acuracia dos sistemas atuais de reconhecimento de
impressdes digitais por meio da fusdo de métodos
baseados em minucias e em cristas, possibilitando,
dessa forma, uma adog¢do mais segura e confiavel dessa
tecnologia.

1.2. Justificativas

Estudos realizados pelo International Biometric
Group (IBG), empresa de consultoria do setor de
Biometria dos Estados Unidos, apontam que as vendas
globais dos equipamentos de Biometria vao saltar de
US$ 2.1 bilhdes em 2006 para US$ 5,7 bilhdes em
2010. O reconhecimento de impressdes digitais, o mais
difundido e barato dos sistemas biométricos, deve
responder por 44% do mercado global do setor [15].

Tais estudos apenas confirmam que o uso de
sistemas biométricos deixou de fazer parte somente dos
filmes de ficcdo cientifica e passou a estar presente na
vida real, sendo utilizados até mesmo em aplicagdes
cruciais para a sociedade.

Viarios exemplos corroboram este fato, como o
Sistema de Eleicdo Brasileiro com o uso da foto e da
impressdo digital estar em teste em trés cidades
brasileiras [2]. O novo passaporte, incluindo a foto
digital do rosto e as impressdes digitais. Além disso, o
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uso da biometria também ja pode ser visto em varias
situacdes do cotidiano, como em bancos, planos de
saude, locadoras, academias, etc.

A primeira pergunta a ser respondida, portanto, deve
ser: O uso da Biometria em larga escala ¢é
suficientemente seguro?

Para responder a essa pergunta, € mnecessario
entender a real extens@o dos problemas que podem ser
causados por uma margem de erro aparentemente
insignificante. Por exemplo, uma taxa de erro de 1% em
um banco de dados de 47 milhdes de impressdes
digitais, como o instalado pelo Federal Bureau of
Investigation (FBI) aproximadamente no ano 2000,
significaria 470 mil impressdes que poderiam ser
falsamente reconhecidas.

No entanto, margens de erro até mesmo acima de 1%
ndo sdo raras, mesmo em sistemas biométricos
considerados eficientes. Esses erros sdo geralmente
ocasionados por algumas dificuldades inerentes a
caracteristica biométrica utilizada. No caso das
impressdes digitais, por exemplo, de acordo com
Maltoni et al. [9], a extragdo dos pontos de mintcias
ainda é um problema complexo em imagens de baixa
qualidade, enquanto que a extragdo de outras
informagdes, como as cristas e suas caracteristicas,
apresenta-se de forma mais confidvel. Além disso,
segundo Jain et al. [7], em aproximadamente 3% da
populagdo, as imagens das impressdes digitais sdo de
baixa qualidade devido a presengca de cortes ou
simplesmente pelas condig¢des da pele (dedos secos ou
oleosos demais).

Desse modo, a pergunta a ser respondida ento
passa a ser: Como essa melhoria na acurdcia pode ser
alcangada?

O uso de sistemas multibiométricos pode ser a
resposta para essa questdo. A Multibiometria ¢
considerada uma das chaves para melhorar a acuracia
dos sistemas biométricos por ser capaz de explorar os
diferentes pontos fortes e contornar as diferentes
limita¢des dos métodos biométricos [14].

Neste contexto, a justificativa para o presente
trabalho ¢ a necessidade de aprimorar a acurdcia dos
sistemas de reconhecimento de impressdes digitais. A
fusdo de métodos baseados em mintucias e em cristas,
proposta neste trabalho, vem ao encontro dessa
necessidade, contribuindo ao mesmo tempo para a area
académica, ao apresentar um estudo sobre a
multibiometria, uma das maiores tendéncias da area de
reconhecimento biométrico e para a sociedade, ao
buscar formas de melhorar a acuracia de sistemas
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baseados no identificador biométrico que estara cada
vez mais presente em seu cotidiano: a impressao digital.

2. Impressdes Digitais

Impressdes digitais sdo os desenhos formados
pelas cristas papilares (elevagdes da pele), presentes
nas polpas dos dedos das mios [13]. As cristas sdo
formadas no feto através da combinagdo de fatores
ambientais e genéticos de cada individuo.
Conseqlientemente, as impressdes digitais sdo uma
marca exclusiva de cada individuo, mesmo entre
gémeos idénticos.

Além das cristas, outras caracteristicas estruturais
evidentes sdo encontradas nas impressdes digitais, as
mindcias. Mintcia, no contexto de impressdes digitais,
se refere aos varios modos pelos quais uma crista pode
se tornar descontinua [9]. Em sistemas automaticos de
reconhecimento de impressdes digitais dois tipos de
minucias sdo utilizados: terminagdes e bifurcacdes. Na
Figura 1 ¢é possivel observar uma mintcia do tipo
terminacdo e outra do tipo bifurcagdo bem como suas
coordenadas (X,, ¥,) € sua orientacdo (0).

Figura 1: a) Terminagdo e b) Bifurcacdo [9].
2.1.Reconhecimento de Impressdes Digitais

De acordo com Maltoni et al. [9], as abordagens
utilizadas no casamento automatico de impressdes
digitais podem ser divididas em duas grandes
categorias:

e Baseadas em mindcias: abordagem  mais
amplamente utilizada. A fase de casamento consiste
em encontrar o alinhamento entre o conjunto de
mintcias da imagem femplate ¢ da imagem de
consulta que resulta no nimero maximo de pares de
minucias. Exemplos da abordagem basecada em
minucias sdo os métodos propostos por Jain et al.
[6] e o software NIST Biometric Image Software
(NBIS) do National Institute of Standards and
Technology (NIST) [12]. Ambos os métodos sio
descritos na secdo 2.1.1;

e Baseadas nas caracteristicas das cristas: as
abordagens pertencentes a esta familia comparam as
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impressdes digitais em termos das caracteristicas
extraidas das cristas como orientagdo local,
freqiiéncia, forma da crista, informacdo da textura,
etc. Uma das pesquisas mais recentes desta
abordagem foi o método proposto por Marana e Jain
[10], que faz uso da transformada de Hough. Este
método ¢é apresentado na se¢do 2.1.2.

2.1.1. Métodos Baseados em Mintcias

Esta secdo apresenta uma breve descri¢do dos
métodos baseados em minucias objetos de estudo do
presente trabalho.

Método de Jain

No algoritmo proposto por Jain et al. [6], para cada
mindcia detectada, além das coordenadas x,y e da
orientagdo (0), ¢ armazenado também o segmento
associado a crista (aproximadamente dez pontos
eqiiidistantes uns dos outros pela média da distancia
intercristas). Esse segmento é utilizado para obter o
alinhamento (rotagdo e translagdo) entre a imagem de
consulta e a imagem template.

Uma vez obtidos os pardmetros de alinhamento, na
etapa de casamento, os conjuntos de pontos de
mindcias sdo representados como uma cadeia no
sistema de coordenadas polares. Para ser mais tolerante
a erros provocados pelas deformagdes e pelos ruidos, €
utilizada uma caixa de tamanho ajustavel dentro da qual
pontos coincidentes sdo procurados. Um algoritmo de
casamento de seqii€ncias fornece a pontuago final de
casamento. A Figura 2 mostra um exemplo de
casamento obtido por este método. O algoritmo
completo pode ser encontrado em [6].

Figura 2: Exemplo de casamento obtido por este
método [6].

Método do software NBIS

O software NBIS [12] é composto de dois
programas  principais que sdo utilizados no
reconhecimento de impressdes digitais:
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e Mindtct: responsavel pela detec¢do das minucias.
Esse programa tem como entrada uma imagem de
impressdo digital e como saida um arquivo texto
com o conjunto de pontos de mindcias detectados
com seus descritores: coordenadas x,y e a orientagéo
6 da mintcia.

e Bozorth3: ¢ uma versdo modificada do algoritmo
proposto por Allan S. Bozorth [17]. Esse programa
¢ responsavel pelo casamento de dois conjuntos de
mintcias. Ele tem como entrada o arquivo texto
gerado pelo programa Mindtct e gera como saida
uma pontuagdo de casamento. Para isso, esse
programa computa para a imagem de consulta e de
template, as medidas relativas de cada minucia em
relacdo a todas as outras minucias € armazena em
uma tabela. Sao essas medidas relativas que fazem
com que esse algoritmo seja invariante a rotacdo e
translagdo. A Figura 3 ilustra um exemplo das
medidas relativas obtidas para um par de mintcias
da impressdo digital de consulta e um par de
minucias da impressdo template.
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Figura 3: Exemplo de duas impressdes digitais do
mesmo dedo com variacdes de rotagdo ¢ escala [17].

Na etapa de casamento, sdo procuradas as
entradas compativeis da tabela da imagem de consulta
em relagdo a imagem template. Essas associagdes
compativeis entre pares de mintcias sdo consideradas
como um grafo a ser percorrido para encontrar o
caminho mais longo (caminho com maior numero de
associagoes).

Os detalhes da implementagdo dos programas
Mindtct e Bozorth3 podem ser encontrados em [17].

2.1.2. Método Baseado em Cristas

O método baseado em cristas proposto por Marana
e Jain [10] e adotado neste trabalho extrai as retas que
passam pelas cristas utilizando a Transformada de
Hough e depois utiliza essas retas para estimar os
pardmetros de rotagdo e translacdo. A Figura 4 ilustra
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as cristas detectadas e as retas extraidas para uma
determinada crista.

a) h)
Figura 4: a) Cristas detectadas; b) Retas extraidas a
partir de uma das cristas [10].

Para calcular a pontuagdo de casamento ¢ utilizada
uma matriz que identifica quantos pixels de cada crista
das duas impressdes digitais casaram. A Figura 5 ilustra
um casamento de impressdes digitais obtido por este
método.

a) ) o
Figura 5: a) Imagem de Consulta; b) Imagem Template;
¢) Alinhamento obtido pelo método proposto por
Marana ¢ Jain [10].

A descri¢io completa deste método pode ser
encontra em [10].

2.2.Desafios do Reconhecimento de Impressoes
Digitais

O reconhecimento de impressdes digitais ainda
apresenta desafios, principalmente devido a grande
variabilidade presente em diferentes impressdes do
mesmo dedo. Os principais fatores que contribuem para
este problema sdo [9]: (i) deslocamento; (ii) rotacdo;
(ii1) pequena area de sobreposi¢do entre a imagem de
template e a imagem de consulta; (iv) deformacéo e (v)
outros problemas como as condigdes da pele
(cicatrizes, oleosidade), os ruidos devido a sujeira no
sensor, etc.

3. Multibiometria

Multibiometria significa a fusdo de diferentes tipos
de informag@o em um sistema biométrico. Na secdo 3.1
sdo apresentados os diferentes niveis e as técnicas de
fusdo utilizadas e avaliadas no presente trabalho. Na
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secdo 3.2 sdo apresentados os desafios dos sistemas
multibiométricos.

3.1.Niveis e Técnicas de Fusao

Um sistema multibiométrico pode ter os seguintes
niveis de fusdo [14]:
e Fusdo antes do casamento: nivel de sensor e nivel
das caracteristicas;
e Fusdo apds o casamento: nivel de pontuagdo, nivel
de decisdo e nivel de classificagdo.
Dentro de cada nivel, existem varias técnicas de
fusdo.

3.1.1. Nivel de Classifica¢ido

Para este nivel, as técnicas de fusdo propostas por
Ho, Hull e Srihari [5] podem ser utilizadas: (i)
Classificagdo mais Alta: a melhor classificagdo ¢
associada a amostra; (ii) Contador de Borda: utiliza a
soma das classificagdes obtidas pelos métodos que
serdo combinados e (iii) Regressdo Logistica: refere-se
a uma generalizagdo do método de Borda no qual um
peso é associado para cada método.

3.1.2. Nivel de Decisao

Para a fusdo em nivel de decisdo, a técnica Decisdo
Bayesiana estudada por Xu et al. [18] pode ser
utilizada. Esta técnica consiste em transformar os
rotulos de decisdo (classes) em valores de
probabilidade. Sendo que para isso, é necessaria uma
fase de treinamento onde a matriz de confusdo de cada
método ¢ calculada.

3.1.3. Nivel de Pontuacio
Na maioria das vezes, para este nivel de fusdo ¢

necessario incluir uma etapa de normalizagdo das
pontuagdes, uma vez que as pontuagdes de casamento
obtidas pelos métodos a serem combinados podem estar
em intervalos diferentes. As técnicas de normalizagdo
estudadas e avaliadas no presente trabalho foram:

e Min-Max: técnica mais utilizada quando os valores
dos limites das pontuagdes sdo conhecidos [9];

e Funcio Sigmdide Dupla: técnica utilizada por
Cappelli, Maio ¢ Maltoni [1] e consiste em realizar
uma transformagfo linear das pontuagdes na regido
de sobreposi¢do entre os casamentos genuinos e
impostores, enquanto que as pontuagdes fora dessa
regido sdo transformadas de maneira ndo-linear;

e Estimadores Tanh: técnica introduzida por Hampel
et al. [4] que objetiva reduzir a influéncia das
pontuagdes nas extremidades da distribuig@o.
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Uma vez normalizadas as pontuagdes, as técnicas de
fusdo que podem ser aplicadas sdo: Soma, Produto,
Pontuagdo Maxima, Pontuagdo Minima e Soma com
Pesos [9].

3.2.Desafios de Sistemas Multibiométricos

Segundo Nandakumar [11], o projeto de sistemas
multibiométricos ¢ um problema desafiador, pois ¢
muito dificil predizer a estratégia de fusdo 6tima. Estas
dificuldades se devem, principalmente, aos seguintes
fatores:
¢ Fusio antes do casamento: (i) incompatibilidade:

a fusdo no nivel de sensor e no nivel de
caracteristicas nem sempre ¢ possivel devido a
incompatibilidade das informagdes capturadas; (ii)
complexidade: a complexidade de se projetar um
algoritmo de fusdo visando desenvolver um novo
método para extrair as caracteristicas e realizar o
casamento dos dados combinados pode anular as
vantagens da fusdo em termos do custo-beneficio;

e Fusio apés o casamento: (i) habilidade de
discriminacdo variada: existem medidas que sfo
menos discriminativas que outras. Por exemplo, as
cristas de uma impressdo digital sdo medidas menos
discriminativas que as minucias; (ii) correlacfo
entre os métodos: em geral, a fusdo de métodos
independentes tende a gerar uma melhoria mais
significativa na acuracia do que métodos
correlacionados.

De uma perspectiva académica, pesquisas em
multibiometria apresentam inumeros desafios que vao
desde determinar o tipo de informagdo que sera
fundida, projetar uma metodologia 6tima de fusdo
considerando o cenario, o nivel e a técnica de fusdo até
avaliar e comparar as diferentes metodologias de fuséo
e construir um sistema multibiométrico automatizado
[14]. Tal cenario representa o objeto de estudo do
presente trabalho e seu desenvolvimento incluindo seus
materiais ¢ métodos serdo expostos nas segdes
seguintes.

4. Material

Para analisar o desempenho dos métodos baseados
em minucias e em cristas individualmente bem como as
técnicas de fusdo implementadas foi utilizada a base de
dados DB1A da FVC2002 (Fingerprint Verification
Competition 2002) [3], uma base de dados gratuita e
utilizada como referéncia para avaliagdo de métodos de
impressoes digitais.
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Essa base de dados ¢ composta por 800 imagens
(100 individuos, 8 imagens por individuo) de 388 x 374
pixels e 500 dpi de resolugdo com as seguintes
caracteristicas [54]:

e As impressdes foram coletadas em trés sessdes com
pelo menos uma semana separando cada sessio;

e Nenhum esfor¢o foi despendido para controlar a
qualidade da imagem e o sensor ndo foi
sistematicamente limpo;

e Durante a segunda sessdo, os individuos foram
instruidos para exagerar no deslocamento e na
rotagdo;

e Durante a terceira sessio, os dedos foram
alternadamente secos e umedecidos.

Para a realizagdo da fuso de métodos de
reconhecimento de impressdes digitais baseados em
cristas e em minucias foram escolhidos os seguintes
métodos:

e Me¢étodo Baseado em Mintcias de Jain et al. [6];

e Método Baseado em Cristas de Marana e Jain [10];

e Método Baseado em Mintcias do software NBIS
[12].

5. Metodologia

Esta secdo apresenta a metodologia proposta para a
fusdo dos métodos de reconhecimento de impressdes
digitais baseados em minucias e em cristas, bem como a
forma de avaliag@o dos resultados.

5.1.Estratégia de Fusao

O objetivo do presente trabalho ¢é aprimorar a
acuracia dos sistemas atuais de reconhecimento de
impressoes digitais por meio da fusdo de métodos
baseados em minucias e em cristas. Para que fosse
possivel avaliar de forma consistente as técnicas de
fusdo, as seguintes fusdes foram realizadas:

e Fusfo 1: Método baseado em cristas proposto por
Marana e Jain [10] com o método baseado em
Mindtcias proposto por Jain et al. [6].

e Fusdo 2: Método baseado em cristas proposto por
Marana ¢ Jain [10] com o método baseado em
minucias do software NBIS [12].

e Fusdo 3: Método baseado em minucias proposto
por Jain et al. [6] com o método basecado em
minucias do software NBIS [12].

e Fusfo 4: Método baseado em cristas por Marana e
Jain [10] com os métodos baseados em mintcias:
proposto por Jain et al. [6] e implementado no
software NBIS [12].

Anais do WTDCGPI 2008

Embora a viabilidade (melhoria na acuracia) da
fusdo pudesse ser validada com apenas umas das trés
primeiras fusdes acima citadas, a estratégia definida
permitiu analisar de forma mais abrangente a fusdo de
métodos baseados em minucias € em cristas,
possibilitando verificar o comportamento da fusio de
métodos  baseados nas mesmas caracteristicas
(mintcias) em relacdo a fusdo de métodos que utilizam
diferentes caracteristicas (minucias versus cristas), bem
como o comportamento da fusdo de trés métodos em
comparagdo com dois métodos, além de verificar a
viabilidade da fusdo quando um dos métodos
isoladamente apresenta uma alta acurdcia, como
acontece com o software NBIS.

No entanto, conforme apresentado na se¢do 3.2, um
dos fatores que impactam um sistema multibiométrico ¢
o grau de dependéncia entre os métodos utilizados na
fusdo. Diante disso, visando identificar a viabilidade da
estratégia de fusdo definida, foi aplicada uma técnica
para medir o grau de dependéncia entre os métodos a
serem combinados.

As medidas escolhidas para calcular o grau de
dependéncia entre os métodos foram a Q-Statistic e a
Q-Average. A escolha dessas medidas foi baseada nas
pesquisas realizadas por Kuncheva e Whitaker [8], que
avaliaram dez técnicas estatisticas para medir a
diversidade entre classificadores e recomendaram o uso
da medida Q-Statistic e, quando mais de dois métodos
sdo combinados, da medida Q-Average.

Pelo fato do grau de dependéncia dos métodos ter
resultado em valores que indicaram que para todas as
fusdes pretendidas uma melhoria na acuracia poderia
ser obtida, (atingindo, portanto, os objetivos do
presente trabalho), as quatro fusdes propostas foram
realizadas.

5.2.Niveis e Técnicas de Fusio

Para que fosse possivel avaliar o desempenho da
fusdo em diferentes niveis, foram utilizadas e
implementadas as técnicas de fusdo explicadas na sec@o
3.1

5.3.Protocolo de Testes

Para avaliar o desempenho dos métodos baseados
em minucias e em cristas individualmente, bem como as
técnicas de fusdo implementadas, os experimentos
foram conduzidos de acordo com o protocolo de teste
FVC-2002 [3], a saber:
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e Reconhecimento Genuino: cada impressdo digital
foi testada com as impressdes restantes do mesmo
individuo, mas evitando casamentos simétricos;

e Reconhecimento Impostor: cada impressdo digital
de um individuo foi testada com a impressdo digital
de mesma ordem dos individuos restantes (por
exemplo, a primeira impressdo digital de cada
usuario foi testada com a primeira impressdo digital
de todos os outros usuarios)

5.4.Medidas de Desempenho

As medidas de desempenho calculadas para cada
método de reconhecimento de impressdes digitais
foram: (i) Taxa de Erro Igual (EER); (ii) Taxa de
Recuperacdo Correta; e (iii) Taxa de Identificacdo.

A avaliagdo de desempenho das técnicas de fusdo
implementadas varia de acordo com o nivel de fusdo,
pois, em cada nivel, uma informacdo diferente ¢
trabalhada. Para a fusdo em nivel de pontuagdo, o
trabalho ¢ realizado sobre as pontuagdes de casamento,
e, portanto, foi utilizada a EER. Para a fusdo em nivel
de classificagdo, a lista de classifica¢do (rank) de cada
imagem ¢ utilizada, e por isso, foi utilizada a Taxa de
Recuperagdo Correta. Para a fusdo em nivel de decisao,
apenas a decisdo final do sistema (identidade do
individuo com maior pontuagdo de casamento) ¢
considerada e, diante disso, a Taxa de Identificacdo foi
utilizada.

5.5.Abordagens Utilizadas

Durante a implementagdo das técnicas de fuséo foi
necessario estabelecer algumas abordagens para a
selecdo das imagens da fase treinamento e para o
estabelecimento de pesos. Tais abordagens foram
condensadas nessa subsecdo para possibilitar uma
organizacdo melhor do texto.

Estabelecimento de Pesos

A técnica de fusfo Regressdo Logistica no nivel de
classificagdo e a técnica Soma com Pesos no nivel de
pontuagdo requerem que pesos sejam estabelecidos para
os métodos utilizados na fusdo. Para determinar esses
pesos, duas abordagens foram utilizadas:

1. A abordagem proposta por Wang, Tan e Jain [16]
que faz com que cada método receba um peso
proporcional as suas taxas de erro FAR (False
Acceptance Error) e FRR (False Rejection Rate).

2. A segunda abordagem utilizada consistiu no calculo
empirico dos pesos. Para isso, os pesos foram
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variados e os resultados foram calculados seguindo
as medidas de desempenho utilizadas em cada um
dos niveis de fuso.

Selecdo das Imagens de Treinamento

Para a técnica de fusdo Decis@o Bayesiana no nivel
decisdo é necessario uma fase de treinamento para se
calcular a matriz de confusdo. Duas abordagens foram
utilizadas para selecionar as imagens do conjunto de
treinamento:

1. Abordagem 1: A base de dados foi dividida de tal
forma que das 8 imagens de cada usuario, mais de
50% fizessem parte da etapa de treinamento (4, 5, 6
e 7 imagens). Para isso, foram gerados
randomicamente 10 conjuntos de treinamento para
cada pacote de imagens. Os resultados de todos os
conjuntos da mesma quantidade de imagens (por
exemplo, os 10 conjuntos de 4 imagens por usuério)
foram calculados e depois se obteve a média.

2. Abordagem 2: Semelhante a abordagem anterior,
foram utilizados conjuntos de treinamento de 4 a 7
imagens por usuario com a diferenga que nem todas
as imagens foram escolhidas randomicamente, 4
imagens foram fixadas para cada usudrio por
representarem mais completamente a variabilidade
intraclasse de cada usudrio.

6. Resultados Experimentais

Esta secdo apresenta os resultados obtidos
individualmente pelos métodos utilizados bem como os
melhores resultados obtidos pelas técnicas de fusdo
realizadas.

6.1.Resultados Obtidos pelos Métodos de
Reconhecimento de Impressdes Digitais

A Tabela 1 apresenta os resultados obtidos pelos
métodos de reconhecimento de impressdes digitais
utilizados nas fusdes.

E possivel observar que para o método baseado em
cristas € necessario recuperar 13 imagens do banco de
dados para garantir uma recuperagdo correta (uma
imagem do mesmo individuo) para 100% do banco de
dados (rank 13). Para o método baseado em mintcias
do método de Jain, é necessario recuperar 8 imagens
(rank 8) e para o método baseado em minucias do
software NBIS, recuperando 1 imagem foi garantido
para 100% das imagens do banco um casamento
genuino (rank 1).
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Além disso, quando um sistema biométrico retorna
a imagem de femplate mais similar a uma dada imagem
de consulta e essa imagem de template é uma imagem
do mesmo usudrio, significa que a identificacdo foi bem
sucedida. A taxa de identificacdo geral de cada método
foi obtida calculando a porcentagem das imagens
pertencentes ao rank I, ou seja, a porcentagem de
imagens que entre todos os casamentos genuinos e
impostores possiveis, um casamento genuino obteve
maior pontuagio.

Os resultados obtidos mostram que o método do
software NBIS apresenta acuracia maxima tanto para a
Taxa de Recuperagdo Correta quanto para a Taxa de
Identificagdo na base de dados utilizada e, portanto, a
fusdo no nivel de classificacdo ¢ a fusdo no nivel de
decisdo que sdo avaliadas por essas duas medidas ndo
sd0 necessarias para este método.

Tabela 1: Resultados obtidos por cada um dos métodos.

treinamento. A Taxa de Identificacdo da segunda
abordagem apresentou uma melhoria na acuracia
passando de 99,25% para 99.,75%. A primeira
abordagem, no entanto, apresentou uma queda de
acuracia em todos os conjuntos de imagens. O grafico
da Figura 7 apresenta os resultados obtidos comparados
entre si.

Tabela 2: Resultados da fusdo no nivel de classificagao.

Medidas de Desempenho
Recuperacio
z Correta Taxa de
Métodos EER 100 % Casamento | Identificagcdo
Genuino
Metodo Baseado | g 27% Rank 13 98,75%
Método Baseado | 0, Rank 8 99,25%
em Minucias (Jain)
Método Baseado
em Minucias 3,08% Rank 1 100%

(software NBIS)

6.2.Resultados da Fusio

Esta secdo apresenta os melhores resultados
obtidos pelos niveis e técnicas de fusdo aplicadas.

6.2.1. Nivel de Classificacio

Considerando as técnicas utilizadas, a técnica
Classificacdo Mais alta alcangcou o melhor resultado.
Na andlise pela Taxa de Recuperagdo Correta, com
rank 2, pelo menos um casamento genuino foi obtido
para 100% das imagens. Isso representou um aumento
de 75% na acuracia quando comparado ao método mais
preciso. A Tabela 2 apresenta os resultados da fusdo no
nivel de classificagdo e a Figura 6 apresenta uma
representacdo grafica da técnica que obteve melhor
resultado.

6.2.2. Nivel de Deciséo
A técnica Decisdo Bayesiana foi aplicada utilizando
duas abordagens para a escolha das imagens da fase de
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Nivel de Classificacio Rank | % Melhoria
Classificacdo Mais Alta 2 75
Contador de Borda 4 50
Regressio Logistica - Abordagem 1
para estabelecimento de pesos 6 25
Regressio Logistica - Abordagem 2
para estabelecimento de pesos 4 50
Recuperagdo Correta
100,20%
100,00% - ’, 100,00%
) g A e A & 99,88% %
92.80% -+ -+ -9 Fo575%
(LR [ s
C =10 T
] f Moo 50% - e
o 99.40% 7 —@— Fusio - Classificacio
E 28,20% J 5 #39,25% Mais Alta
: 99,003 |4 213%
[} . ! ==#=-Método baseado em
98,80% 1gh= -
o K CEREES Cristas proposto por
a?.. 98,60% Marana e Jain
98,40%
e - Metodo Baseado em
88.20% Minucias proposto
98,00% — T por Jain et al.
12 3 4 5 6 7 8 9 10111213
Rank

Figura 6: Taxa de recuperacdo correta obtida pela
técnica classificacdo mais alta na fusdo do método
baseado em cristas com o método baseado em minucias
proposto por Jain et al. [6].

100,00% -
2375% g 673 99,60% 9,70%
99,50%
=] 99,25%
ug
% 99,00%
2 98,75%
=
4’-:' 98,50%
o —— Decisdo Bayesiana -
= 07,97% Abordagem1
- o L2
o B0 57 ,80%
o 97,67% 097,70% —@— Decisdo Bayesiana -
E 97.50% Abordagem2
L]
[l Método baseado em
97,00% Cristas
Método baseado em
96,50% Mindcias
4 5 -] 7
Treinamento - Quatidade de Imagens Por Usunario

Figura 7: Taxa de identificagdo obtida pela técnica de
fusdo decisdo bayesiana na fusdo do método baseado
em cristas com o método baseado em mintcias
proposto por Jain et al. [6].
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6.2.3. Nivel de Pontuacio

O nivel de pontuacdo foi utilizado nas quatro fusdes
realizadas e explicadas na se¢do 5.1. Sendo que para
todas as fusées, a técnica de normalizacdo de melhor
desempenho foi a Estimadores Tanh e a melhor técnica
de fusdo variou entre o Produto e a Soma com Pesos. A
porcentagem de melhoria média na Taxa de Erro Igual
foi de mais de 32%, sendo que a melhoria mais
significativa chegou aos 42,53%. A Tabela 3 apresenta
os resultados obtidos pelas quatro fusdes realizadas no
nivel de pontuagdo bem como a melhor técnica de
normalizagdo e de fusdo de cada uma delas. Na Figura
8 ¢ possivel observar o comportamento da fusdo em
nivel de pontuagdo para a fusdo que obteve a maior
porcentagem de melhoria na acuracia.

Tabela 3: Resultados da fusdo no nivel de pontuagio.

Nivel de - ~ ~ ~
~ Fusidol | Fusio2 | Fusiao3 | Fusao4
Pontuacao
Melhor
Técnica de | Estima- Estima- Estima- Estima-
Normali- | dores Tanh | dores Tanh | dores Tanh | dores Tanh
zacao
LB Soma com | Soma com
Tecn1c~a de Produto Pesos Pesos Produto
Fuséo
EER EER EER EER
Resultado
Obtido De: 4,09 De: 3,08 De: 3,08 De: 3,08
Para: 2,79 | Para: 2,36 | Para: 1,77 | Para: 2,13
o,
% de. 31,78% 23,38% 42, 53% 30,84%
Melhoria
4,50% EER
4I3335 SN EEEEEEEEEEEEEEESR IIIIIIIMétOdOdeJain
350% T— —
o _—— s . — - EER
3,00% | ] Método do
e 2.50% | |@M— i i ——@— software NBIS
t o000 00BN R0
1,50% —+ |- |- | |- L MWlin-Pax
100+ C0— 0 "B— H— IR
0s0% 1 | | 1 | | | = Fungdo
SR Sigmdide Dupla
0,00%

W Estimadores
P < Tanh

Nivel Pontuagdo - Técnicas de Fusdo

Figura 8: EER obtidas pelas técnicas de fusdo em nivel
de pontuacdo na fusdo do método proposto por Jain et
al. [6] com o0 método do software NBIS [12].
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7. Conclusoes

Os indicios obtidos pelas medidas Q-Statistic e Q-
Average de que as estratégias de fusdo definidas no
presente trabalho poderiam obter um ganho de
desempenho, foram comprovados na pratica em todas as
fusdes propostas e em todos os niveis de fusio.

Neste contexto, algumas conclusdes importantes
puderam ser obtidas dentro de cada nivel de fusdo:

i. Fusdo no Nivel de Classificagdo

o A técnica de fus@io Classificagdo mais Alta é a
mais indicada quando os métodos apresentam
diferentes niveis de acurdcia por ser capaz de
fazer uso eficiente dos pontos fortes de cada
método;

o As técnicas Contador de Borda e Regressdo
Logistica ndo sido recomendadas quando os
métodos tém uma diferenga de acuracia
significativa, por representam uma medida do
grau de concordincia entre os diferentes
métodos, sendo dependente do desempenho de
ambos.

ii. Técnica de Fusdo Decisdo Bayesiana no Nivel de

Decisao

o A escolha das imagens que fardo parte da fase de
treinamento ¢ crucial. Isso se torna ainda mais
critico quando apenas um ntmero limitado de
imagens por usudrio estd disponivel;

o Quando a fase de treinamento ¢ realizada de
forma a representar a variabilidade intraclasse de
cada usuario, essa técnica de fusdo pode obter
uma melhoria significativa na acuracia.

iii. Fusdo no Nivel de Pontuagao

o A técnica de normalizagdo é um ponto
importante a ser considerado. A técnica de
normalizagdo Estimadores Tanh € mais indicada
quando comparada as técnicas Min-Max e
Fungo Sigmdide Dupla;

o As téenicas de fus@o Produto e Soma com Pesos
sd0 as mais indicadas para as fusdes no nivel de
pontuagdo. Em todas as fusdes a técnica Soma e
Produto apresentaram melhoria na acuracia,
sendo que, na média geral, a Soma obteve 30%
de melhoria e o Produto 20%.

Pode-se observar, no entanto, que a fusdo dos dois
métodos baseados em mindcias propiciou para a base
de dados utilizada (DB1A-FVC2002) uma melhoria
mais representativa na acuracia em relagdo as fusdes
que utilizaram o método baseado em cristas.
Acreditamos que para uma base de dados obtida com
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pequenos  sensores, cada vez mais comuns
principalmente nos dispositivos mdveis, a quantidade
reduzida de minucias pode comprometer o desempenho
de métodos baseados apenas em pontos de minucias e
favorecer o desempenho do método baseado em cristas.

Ao analisar as taxas de melhoria na acurdcia mais
significativas (75% de melhoria obtida pela fusdo em
nivel de classificacdo, 0,50% de melhoria obtida pela
fusdo em nivel de decisdo fazendo que a taxa de
identificagdo alcangasse o patamar de 99,75%, 42,53%
de melhoria obtida pela fusdo em nivel de pontuagio),
pode-se concluir que esse aumento na acuracia
dificilmente seria possivel de se obter utilizando uma
unica forma de representacdo, um Unico algoritmo de
extragdo de caracteristicas e um unico algoritmo de
casamento.

Esses resultados evidenciam que a fusédo ¢ capaz de
explorar os diferentes pontos fortes e contornar as
diferentes limitagdes de cada método e apresentar um
ganho significativo na acurécia.
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Abstract cost and hardware limitations. For instance, the size of each
detector of a charged-couple device (CCD) camera cannot
Super-Resolution reconstructionethods intend to re-  be made arbitrarily small because of the shot noise effect
construct a high-resolution image from a set of low- [17]. Also, in positron emission tomography (PET) technol-
resolution observations. For that, the observed images mustogy, besides the problem with the detector size, spatial res-
have sub-pixel displacements between each other. This reolution is limited by several factors such as patient motion
quirement allows the existence of different information and positron range of the isotope of interest [13]. Thus, it is
on each of the low-resolution images. This paper dis- of great interest to reconstruct a high resolution image us-
cusses a Bayesian approach for the super-resolution re-ing signal processing techniques. The super-resolution im-
construction problem using Markov Random Fields (MRF) age reconstruction approach uses a set of low-resolution
and the Potts-Strauss model for the image characteriza- observations of the same scene to reconstruct an image in
tion. Since it is difficult to maximize the joint probabil- g high-resolution grid. For that, the low-resolution obser-
ity, the Iterated Conditional Modes (ICM) algorithm is vations must have sub-pixel displacements between each
used to maximize the local conditional probabilities se- other. This characteristic allows the existence of different
quentially. For the oversmoothness inherent to Maximum information on each of the low-resolution images and the
a Posteriori (MAP) formulations using MRF prior mod- exceeding information can be used to increase the spatial
els, we adopt a discontinuity adaptive (DA) procedure resolution of the image. According to Park et al. [17], im-
for the ICM algorithm. The proposed method was evalu- ages with this characteristic can be aquired in many ways:
ated in a simulated situation by the Peak signal-to-noise from a single camera with several captures; from multiple
ratio (PSNR) method and the Universal Image Quality In- cameras located in different positions; by scene motions or

dex (UIQI). Also, video frames with sub-pixel displace- |ocal objects movements; by vibrating imaging systems.
ments were used for the visual evaluation. The results

indicate the effectiveness of our approach both by numeri-
cal and visual evaluation.

Tsai and Huang [20] were the first to address the prob-
lem of reconstructing a high-resolution image from a set
of low-resolution observations of the same scene. They
used a frequency domain approach based on the shifting
property of the Fourier transform to model global trans-
1. Introduction lational scene motion. More recently, several algorithms

were proposed to solve the same problem, most of them

High-resolution images are usually necessary in a greatin a spatial domain context. In fact, despite the simplicity
number of applications: medical imaging; image surveil- of frequency domain approaches, there are several disad-
lance methods; digital television picture technology; and vantages on this formulation [2]. For instance, it does not
high-precision classification in remote-sensing, just to nameusually permit more general motion models. Spatial do-
a few! This kind of images can be acquired using high- main approaches allow arbitrary motion models, complex
resolution acquisition devices. However, there are severaldegradation models and, mainly, the inclusionaopri-
ori constraints. Note that super-resolution reconstruction is

1 This paper contains excerpts from the M.Sc. thesis named “Uso do cgonsidered an iII-posed problem. Thus regularized solu-
Algoritmo ICM Adaptativo a Descontinuidades para o Aumento da )

Resolugo de Imagens Digitais por€tnicas de Reconstréag por Su- tions usinga priori ConStra.inFS are usually reqUire_d' SeY'
per Resolugo” by the first author. This research project was finan- eral methods that follow this idea were proposed, including

cially supported by CAPES. the following: projection onto convex sets (POCS) based
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approaches [19][24][22]; deterministic regularized methods 2. Super Resolution Reconstruction

[10][9][3]; and probabilisticreconstruction techniques im-

posing the prior probability density functions (MAP recon-  The super-resolution image reconstruction methodology

struction methods) [18][8]. A remarkable pointis that MAP yses a set of low-resolution observations of the same scene

formulations using MRF prior models are considered the to reconstruct a high-resolution image. It has proved to be

most flexible and realistic approaches. Even under limited yseful in many practical situations in which high resolution

prior information, these formulations allow the imposition images are required. In fact, super-resolution methods use

of usual images characteristics using just neighborhood re-signal processing techniques to obtain the high-resolution

lationships [2]. image. Thus, it overcomes the resolution limitation inher-
ent to acquisition devices.

In the super-resolution context, there are usually only ~ Each pair of low-resolution observations must present
low-resolution noisy observations. Therefore, a common Sub-pixel displacements between them. This requirement
constraint to be imposed is smoothness. In a MAP-MRF guarantees that each low-resolution image contains addi-
approach, this constraint is expressed as the prior probabniional information that can be used to increase spatial res-
ity of the high-resolution image, which is uniquely deter- olution. If these displacements were multiples of the low-
mined by its local conditional probabilities [1]. Besides, in resolution pixel size, images would contain redundant in-
MRFs, only neighboring pixels have direct interation. Thus, formation. Figure 1 illustrates two low-resolution grids with
the smoothness constraint can be imposed just by consideriteger displacements between each other. Note that both
ing that in a neighborhood the pixel values do not changeimages contain the same information. Images presenting
abruptly. However, despite this facility, the maximization Sub-pixel displacements can be acquired from a single cam-
of the joint probability usually demand high computational €ra with several captures; from multiple cameras located in
power. Besides, the global optimization is difficult to be different positions; by scene motion or local object move-
computed exactly and an approximation has to be used [15]Ments; by vibrating imaging systems; using video frames.

In this context, the ICM algorithm is an interesting alter-

native. It is a deterministic algorithm proposed by Besag
[1], which maximizes the local conditional probabilities se-

quentially. A remarkable point about this algorithm is the

very fast convergence rate. It is important to note that im-
age models based on a MAP-MRF formulation usually im-
plies uniform smoothness of the image. This oversmooth-
ness do not respect discontinuities, where abrupt changes
occur. Therefore, we adopt a DA procedure for the ICM al-
gorithm. In this way, when a discontinuity is detected, the
degree of interaction is adjusted not to smooth the area.

High-resolution grid Low-resolution grids

This work presents a coherent image formation model
and a MAP-MRF approach for super-resolution image re-
construction using the DA ICM algorithm. We discuss the
use of the Potts-Strauss model for thgriori probability
density function of the high-resolution image.

Figure 1. Integer displacements between two
low-resolution grids.

The PSNR method and the UIQI were used for the nu-
merical evaluation of the proposed approach in a simulated According to Borman and Stevenson [2], the super-
situation. Besides, video frames with sub-pixel displace- resolution methodololy emergdtom image interpolation
ments were used for the visual evaluation. The results in-methods applied for single frame resolution enhancement.
dicate the considerable effectiveness of our approach. SecAs illustrated in Figure 2, more general problems have
tion 2 discusses some super-resolution approaches. Sectioavolved from the actual methodology: spatial resolution
3 briefly reviews some MRF concepts and the Potts-Straussenhancement of video sequences; temporal resolution en-
model. Section 4 presents the proposed method. Section fiancement of video sequences; and spatial-temporal reso-
shows some results obtained in the simulation and in thelution enhancement of video sequences. In this work we fo-
real situation. Finally, Section 6 presents some discussionscus on the problem of reconstructing a high-resolution im-
about the proposed method. age, based on a set of low-resolution observations.
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they can be classified into two main classes: spatial and fre-
Spatial-Temporal Resolution d . had ite th . licit ff
Enhanced Video Sequence quency Oma_m approac espite the simplicity o re'
from a Low-resolution Video quency domain approaches, they usually do not permit more
, , ! ! , general motion models. Spatial domain methods are able to
Spatial Resolution Enhanced Temporal Resolution . . .
Video from a set of Low- Enhanced Video Sequence work with more general observation models. Besides, they
resolution V'de°+ fro"‘f‘ Low-resolution Video allow the inclusion ofa priori constraints. In fact, there are
Spatial Resolution Enhanced usually only degraded observations and, besides increasing
from a set of Low-resolution spatial resolution, super-resolution methods intend to re-
images . . .. . . .
: construct a high-quality digital image. In this sense, simi-
. . lar to restoration problems, super-resolution reconstruction
Spatial Resolution Enhanced . i A .
from a Low-resolution image is considered an ill-posed problem. Thus, some kind of reg-
ularization usinga priori constraints is usually required.
Figure 2. The hierarchy of the spatial K P(?CdS bgsed approact:hei_h[_lgj[24][22] |mtp?se Ip rior
and temporal resolution enhancement  tech- nowiecge by convex sSets. 'his Is a computational ap-
niques [2] proach based on the theory that iterative projections onto

convex sets converge to the intersection of all sets. In
this way, given an initial estimation, the solution will re-
spect all of the constraints represented by the sets. Despite
Figure 3 illustrates the process of increasing the spa-the simplicity and flexibility of this approach, if the inter-
tial resolution based othe observations. Note that to in- section of the sets is not a single point, there will be more
crease resolution, first of all it is necessary to identify the than one solution. Thus, the result depends on the initial es-
sub-pixel displacements among the low-resolution images.timation. Besides, this approach demands high computa-
Image registration methods intend to map points in one im-tional power. On the other hand, deterministc regulariza-
age to the corresponding points in another image [4]. In thistion methods use desired information about the solution to
way, these images can be aligned with one another so thattabilize the inversion of the problem [10][9][3]. Smooth-
differences can be detected. Several sub-pixel image regness is the most common constraint imposed. It assumes
istration methods were proposed in the literature. For in- that, in general, images present limited high-frequency ac-
stance, Irani and Peleg [11] proposed a sub-pixel imagetivity. However, in many cases, other priors would pre-
registration and resolution enhancement method based orerve high-frequency information in a better way. In this
the back-projection procedure used in tomography; Xing way, this approach models the prior information in an un-
et al. [23] proposed a multi-sensor and multi-resolution re- favorable way. It only includes a regularization term in the
mote sensing image sub-pixel registration scheme; Guizar-optimization function.
Sicairos et al. [6] proposed a sub-pixel displacement esti-  propabilistic reconstruction techniques usually includes
mation procedure based on the upsampled cross correlatiorior knowledge in a more natural way. The Bayesian MAP
of the reference image and each of the other observations. estimation is the most promissing method. This approach
Several algorithms were proposed in the last years foruses the prior probability density function of the image to
super-resolution image reconstruction [2][17]. In general, impose constraints to the solution. In this context, MRFs
prior models are considered the most flexible and realistic
because they allow the inclusion of images characteristics
using only neighborhood relations.

3. Markov Random Fields

MAP formulations using MRF prior models are con-
sidered the most flexible and realistic approaches in the
super-resolution context [2]. The MRF theory is based on
contextual dependencies of physical phenomenaFLet
{F1, Fy,... F,,} be a set of random variables defined on

Figure 3. Spatial resolution increased based a regular latticeS, and eachF; takes a valuef; € L.

on three low-resolution  grids with sub-pixel (Fy = f1,Fy = fa,..., F,, = fm) denotes the joint event

displacements. that eachr; takes the valug;, i = 1, ..., m. In this way,F'
is called a random field anfl= { f1, f2,..., fm} is areal-

ization of the field.
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The sites inS are related by aeighborhood system,
defined by

n={ni|Vi € S}, 1)

wheren); is the set ofis neighbors. This neighborhood has
the following properties:

1.i¢m;
2. ieny <=1 emn,.

DDHE

)
i |

Figure 5. Cliques on a regular lattice.

In the first order neighborhood system, every site haswheresS — {i} is the set obites inS withouti and fs_
four neighbors. On the other hand, in the second orderis the set of labels of the sites f— {i}.

neighborhood system, every site has eight neighbors. Con-

sidering the site:, Figure 4 illustrates these neighborhood

The second property is callddarkovianity. It depicts
that in MRFs, only neighboring labels have direct interac-

systems together with higher order systems indicated by thetions. In this way, a MRF is uniquely determined by its lo-

numbers in the third figure.

Figure 4. Neighborhood systems on a regular
lattice.

A clique ¢ is defined as a subset of sites$nthat are
neighbors to onanother. Thus, it can consist of a single site
¢ = i, a pair of sites: = 7,4/, a triple of sitesc = 7,4/,4",
and so on.

The collection of all cliqgues in a MRF is

C=CLUCUCs... @)
where
Cy = {ili € S}
Cy = {i,i'|i’ € m;,i € S}
Cs = {i,i',7"]i,i',i € S are neighbors to one another

and so on. In this way, considering the first order neighbor-
hood system, the possible cliques are the first three clique

presented in Figure 5. The second order neighborhood sys

tem presents all the cliques showed in Figure 5.

For a discrete label sét, P(f) denotes the joint proba-
bility of the realizationf. F' is called a MRF orf with re-
spect to the neighborhood systeyyif and only if

1. P(f) >Olvf:{f11f2w~~afm}nfi GL,
2. P(filfs—giy) = P (fil fn)
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cal conditional probabilities.

3.1. The MRF-Gibbs Equivalence

A random fieldF is said a Gibbs random field (GRF) on

S according ton, if it is characterized by the Gibbs distri-
bution

P(f)=z"tetVD

Z = ZB_%U(f).
f

Z is called partition functionand the energy functioti (f)
is given by

©))
where

(4)

Uf)=>_Ve(f), (5)

ceC

whereV, (f) are the clique potentials that characterize the
interaction between neighbors.

The Hammersley-Clifford theorem established the
MRF-Gibbs equivalence [7]. It stated thAtis a MRF on
S according to a neighborhood systerif and only if £ is
a GRF on$ according ton. This theorem provides a sim-
ple way of specifying the joint probability.

3.2. The Potts-Strauss Model

In general, since the Hammersley-Clifford theorem, the
Gibbs distribution is adopted for the image characteriza-
tion in MAP-MRF approaches. However, the maximization
of the joint probability usually demand high computational
Jpower and the global optimization is difficult to be com-
puted exactly. The Potts-Strauss model can be defined by

the set of all the local conditional distributions f;|f,),
which are defined as

D(filf) ~ PHUERE =1y € 5, ©)

The parametef is often referred to as the attraction or re-
pulsion parameter whether it is positive or negative, respec-
tively [16]. We believe the estimation process could be op-
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timizated by this model together with the maximization of given byb = Hd andH is aN? x N? block-circulant ma-
the local conditional probabilitiesequentially. trix. In this sense, a low resolution degraded version of the
high-resolution imagé¢, can be modeled by

4. TheProposed Method g=HDf +n, ®)
In a typical MAP reconstruction context, first of all it is
necessary to formulate the image formation model that re-
lates the desired high-resolution image to the low-resolution ) .
observations and tha priori distribution to be adopted. 4-2. |mage Registration

Also, for the sub-pixel displacements estimation, we must o ) ]
define how image registration will be applied. The proposed method uses an initial high-resolution esti-

mation to perform super-resolution reconstruction. This es-
timation can be derived according to the sub-pixel displace-
ments between the low-resolution observations. Note that,
in the alignment of the low resolution images with the high-
resolution grid, several low-resolution pixels lay over one
high-resolution pixel. Figure 7 illustrates the superposition
of two low-resolution pixels over a fixed high-resolution
pixel. Thus, in an intuitive way, each high-resolution pixel
can be modeled as a composition of the low-resolution pix-
d = Df, @) els ianL_Jenci_ng it. In this_context, we implement the hig_h-
resolution pixel as a weighted sum of each low-resolution
whereD|u,v],0 < u < N? and0 < v < M?, is the down- pixel that lay over it. The weights are defined according
sampling operator. In this sense, a low-resolution pixel is to the position of the high-resolution pixel under the low-
modeled as a weighted sum of the high-resolution pixels, resolution one.
in which the weights are given by the elements of opera-
tor D. Note that, according to the position of the acquisi-
tion sensors, this operator can be responsible for the pres- aa
ence of sub-pixel displacements among the low-resolution 3 3 :
observations. As illustrated in Figure 6, the second low res-
olution grid is displaced from the previous grid by a frac-
tion of the low-resolution pixel dimension in both horizon-
tal and vertical directions.

wheren is additive noise.

4.1. Image Formation Model

Considerfli,j], 0 < ¢,5 < M, the ideal undegraded
image sampled above the Nyquist rate from the continu-
ous scene of interest : R2 — R. Following a lexico-
graphic ordering off [, 7], an undersampled versiaifk, [,
0<k,0<N,N < M, can be modeled by

Figure 7. Low resolution pixels that lay over
a fixed high-resolution pix el.

Figure 8 illustrates six of sixteen simulated im-
ages formed undersampling tfee high-resolution image
by four in each direction, each time starting from a dif-
ferent pixel within the first 4x4 block [19]. In this way,
Figure 6. Sub-pixel displacements caused by the low-resolution simulated images present sub-pixel dis-
the downsampling operator . placements between each other. Figure 9 shows a 256x256
image used for this purpose (a); one of the 64x64 low-
resolution simulated images (b); the high-resolution im-
age reconstructed modeling each high-resolution pixel as a
In a realistic situation, the digital image is usu- weighted sum of the low-resolution pixels that lay over it
ally blurred by theoptical system during acquisition and (c); and the bilinear interpolation of the low-resolution im-
also corrupted by noise. The blurring operator is often con- age (d).

sidered a linear space-invariant operdtrwhich elements For the sub-pixel displacements estimation, all observed
are given by samples of the optical system point spread fun-images are compared with a reference image;, ). The
tion (PSF). Thus, the blurred low-resolution imafges displacements;, andy, are estimated by minimizing the
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Figure 8. Six low-resolution simulated grids.

Figure 9. High-resolution image used to sim-
ulate sixteen low-resolution  observations (a);
first simulated image (b); reconstructed im-
age (c); and bilinear interpolation of the low-
resolution image (d).

similarity function

s(z0,y0) = Z Z [90(7,y) — g1(x — 20,y — yo)]z,

zeX yey
9)

where X and Y are finite sets of points.

Expandingg: (z, y) to the first term of its Taylor series,
it is easy to show that; andyg that minimize Equation (9)
are given by

ch Zy[(go - gl)(x’ y) - ysgly(‘T? y)]glm(x’ y)
D 2y Gt (5 y)

*
Toy=

(10)
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and

o _ 2w 2yl(90 — 1) (@) — 25910(2, )91y (2, 9)
%0 S, 93, (7,y)
(11)

where gi,(z,y) and gi,(x,y) are the first deriva-
tives of g;(x,y) in relation to x and y, respectively.
This method only considers a set of globally translated
and low-resolution observations. However, this assump-
tion has been proved not to be so restrictive since we are
considering very slight displacements between the im-
ages [11].

4.3. Bayesian Formulation for Super-Resolution

It is well known that high-resolution image reconstruc-
tion is an ill-posed problem. Thus, some kind of regulariza-
tion is required to reach a good approximation of the orig-
inal scene. In fact, a high-resolution estimatignmust be
reconstructed considering a set of low-resolution observa-
tionsgg, k = 1,...,q, each of them modeled by Equation
(8). A Bayesian formulation usually provides a flexible and
realistic way of imposing priori constraints to the estima-
tion. In this sense, the prior information is expressed as the
prior probability of the high-resolution image and the MAP
solution decides for the estimation that maximizes the con-
ditional probability density off given all the observations,

f=argmax; {p(flg)}, (12)

whereg is composed by all of the low-resolution observa-
tionsgr, k=1,2,...,q.

4.4, The Discontinuity Adaptive Approach

MAP-MRF formulations usually imply a uniform
smoothness of the image. According to Li [14], since Ge-
man and Geman [5] introduced thi@e fieldsidea, the
application of the smoothness constraint while preserv-
ing discontinuities has been an active research issue in the
image processing context. Discontinuity adaptive meth-
ods control the interaction between neighbors in such a
way that the degree of interaction is adjusted when a dis-
continuity is detected.

The discontinuity detection is performed by an adaptive
interactive function (AIF). Lek be the difference between
a pixel and each of its neighbors. According to the value
of this difference, the AIF has to distinguish noise from the
presence of a discontinuity. For that, this function is con-
vex in the interval— B, B], increasing monotonically with
k to smooth out the noise. Outside this interval, the func-
tion is non-convex, decreasing faicreases and becoming
zero ask — oo [14].

111



We adopt an AlF parameterized kygiven by 2. Forifrom1to M?, updatef; by one of the value# ¢
7n; that maximizes
Ay(z) =7 —

p(gil f)p(fil )

which is conex in the intervalB., = (—/7, /7). Figure andA, (i') is close toA, (7).
10 shows theualitative shape of the adopted AIF function. 3. Repeat item (2j;;., times.

Titer 1S the maximum number of iterations.

We used the image reconstructed using the low-
resolution observations as discussed in Section 4.2, as the
initial high-resolution estimation.

13)

x2 )
1+ 2

9(x)

5. Reaults

Peak signal-to-noise ratio (PSNR) method and the Uni-
versal Image Quality Index (UIQI) were used for the nu-
‘ ‘ merical evaluation of the proposed approach in a simulated
® : - situation. Besides, in a real situation, video frames with sub-
pixel displacements were used for the visual evaluation.

Figure 10. AIF adopted to the discontinuities
detection. 5.1. Simulation Description

The proposed method was evaluated in a simulated sit-
uation where sixteen low-resolution images were generated
) L. . i according to the image formation model discussed on Sec-
4.5. The Discontinuity Adaptive |ICM Algorithm tion 4.1. The image adopted as the high-resoluton image to
be reconstructed was undersampled as discussed on Sec-
tion 4.2. In this way, the simulated observations present
sub-pixel displacements between each other. Then, the im-
ages were convolved with a 3x3 uniform rectangular ker-
nel to simulate the blur due to the image process acquisition
and corrupted by additive and independent Gaussian noise
p(filg, fui) ~ (gl £)-p(Fil Fn)s (14) at 30 dB. Figure 11 shows the 512x512 high-resolutiqn im-
age used (a) and the reference 128x128 low-resolution ob-
given the observationgand the current values in the neigh-  servation (b).
borhood;. As discussed in Section 3.2, the Potts-Strauss  Figure 12 shows the high-resolution registered image as

The Iterated Conditional Modedgorithm was proposed
by Besag [1] as a computationally feasible alternative for
the MAP estimation. It usesgreedystrategy to maximize
the local probabilities sequentially. The method is based on
the local posterior distribution

model is adopted as the prior distributip(y;|f;, ). discussed on Section 4.2 (a); the bilinear interpolation of the
We assume that the conditional probability density func- reference low-resolution image (b); the high-resolution es-
tion p(g;|f;) is given by timation reconstructed using the proposed method without
1 (o1 ms)? the DA procedure (c); and the result using the DA constraint
p(gilfi) = e 27, (15) (d). As one can see, the registration procedure is able to give
o\/2m better results when compared with the interpolated image.

where g; is the weighted sumof the low-resolution Although in this simulation we have knowledge of the ac-
pixels that lay over the high-resolution pixel, tual displacements between each low-resolution image and
=1 _ ] 1 £ andC = fn; + 1. the reference image, we have estimated the displficement
mn n e%c:(r%t:éfgiig;) t+heCI];M al oriti?n: dates by the values. We note that the proposed method for sub-pixel reg-
value that maximiz’e$>( ) (?c ) foFr) eachi Z g istration has demonstrated to be very accurate in all con-
“OP\GilJi)-P\ il n: )» N : ducted experiments.
I_neogr;’:‘gg{gﬂi‘ggn_l’_;?t( Of‘ ?I;’ t?ﬁ {;‘IF)‘Q’éWrE]’;’X;?{iild In the simulations, the algorithm was initialized with the
Zconsfderin onl the.valugsgel rl- \;\f)hiclh /nl (') is close to rggistered image in Figu_re 12 and thiparameter in Equa-
g only Ji v tion (6) was found following the procedure proposed in [12]

Avl(i)t-h. ext. the DA ICM aldorithm is aiven by: for the second order neighborhood system. Also, in this ex-
n this context, the aigorithm 1S given Dy- periment we do not take into account the blur from the op-
1. Choose an initial high-resolution estimation; tical system in the restoration process. From the presented
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Figure 11. High-resolution image used in the
simulation (a) and one of the low-resolution
images (b).

results, we can see that the algorithm was able to improve

the quality of thenitial high-resolution estimation. We also
note that in most of the experiments, the algorithm had fast
convergence rate, where 5 or 6 iterations were suficient to
produce good results.

The oversmoothness inherent to the MAP-MRF formula-
tion can be identified by uniform areas in the image. Figure
13 shows a zoom of the image reconstructed without impos-
ing the DA constraint (a) and the image reconstructed with
the DA procedure (b). Note that the DA approach avoids the
formation of uniform areas in the image, preserving the de-

Figure 12. Registered image used in the
simulation (a); Bilinear interpolation of the
reference low-resolution image (b); high-
resolution estimation reconstructed without
the DA procedure (c); and the result using DA
constraint (d).

tails.

We used the Universal Image Quality Index proposed by
Wang and Bovik [21] for the numerical evaluation. This in-
dex is given by

4(quf_ﬂ
(o3 +02) [(D? + (@]

whereq is the imageo be compared with the original im-
agef and

(16)

)

- 1 g 1 &
fZMZfi,QZMZ% 17)
i=1 i=1
1 & .
aizM_lgfi—f)z, (18)
1 M
oy = M_lz(qz—q)Q, (19)
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1
o =
fa M-—1

M —
> (fi— Hlai— ) (20)
=1

@ assumes values the interval[—1, 1]. We believe this
quality index is more appropriate to the super-resolution
context since it models any distortion as a combination of
three different factors: loss of correlation, luminance distor-
tion, and contrast distortion.

Irani and Peleg’s method [11], which presented the most
important results in the super-resolution context, is used for
comparison purpose. Since the proposed method does not
include the deblurring process, the quality index was cal-
culated using the blurred image as the original one. Table
1 shows the resulting quality indices. Indeed, the values
shown are in agreement with a visual evaluation of the im-
ages. The proposed algorithm with the DA procedure pre-
sented a very similar evaluation compared with Irani and
Pelegs method.

We also used the normalized mean squared error
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Figure 13. Zoom of the image reconstructed

without the imposition of

procedure (b).

the DA constraint
(a) and the image reconstructed with the DA

(NMSE), given by

If = all® XM (fi — a)?

NMSE = =

If11?

to evaluatehe same images. Table 1 shows that the results
were very similar to the evaluation by the UIQI.

St £

UIQl [ NMSE
Registered Image 0.9660 | 0.1439
ICM 0.9331 | 0.1709
DA ICM 0.9875 | 0.0577
Bilinear interpolation| 0.9668 | 0.1445
Irani-Peleg 0.9897 | 0.0209

Table 1. UIQI and NMSE using the blurred im-

age.

David Capol David Capol
Image Mosa Image Mosa
and Super-rq and Super-r

s

Lavi el
d Cay David Capel

Image Mosa Image Mosa
and Super-r and Super-r¢

Figure 14. Frames of a video, containing sub-
pixel displacements between each other.

Iavic & ;p?

Image Mosa

and Super-r

Figure 15. High-resolution reconstructed im-
age.

5.2. Case Study

In a real situationye used video frames with sub-pixel

Conditional Modes algorithm for computing the maxi-
mum a posteriori conditional probability.Indeed, the re-
sults demonstrate that the algorithm can be extremely effi-
cient in a super-resolution reconstruction framework where
the method has demonstrated good performance both in vi-

displacements between each other to visual evaluate thesual accuracy and computational cost. We also note that,
proposed method. Figure 14 shows four 128x128 videoalthough we do not address the image debluring proce-
frames. Considering the upsampling/downsampling factor dure in this work, it can be easily incorporated into the

2, Figure 15 shows the 256x256 reconstructed image.

6. Concluding Remarks

proposed algorithm. In future works, we intend to make ad-
ditional experiments in order to verify the accuracy of the
proposed method when compared with the Irani-Peleg al-
gorithm and also considering different levels for the sig-

We have presented an eficient algorithm for super- nal to noise ratio in the observations. We also intend to test
resolution image reconstruction based on a Markov ran-the algorithm with other models for thee priori probabil-
dom field where we used a DA procedure with the Iterated ity density function of the actual image.
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Resumo

No presente trabalho ' descrevemos uma metodologia
para a construcdo de mosaicos georreferenciados a partir
de imagens aéreas de pequeno formato, ou SFAI, conside-
radas ndo controlada. Técnicas de Estéreo-Fotogrametria e
de Visdo Computacional sdo aplicadas para auxiliarem em
resultados de qualidade e confiabilidade. As imagens sdo
obtidas através de uma camera digital comum acoplada a
um helicoptero aeromodelo. Técnicas para eliminar distor-
coes comuns sdo aplicadas e a orientacdo relativa dos mo-
delos é realizada baseada na geometria perspectiva. Pontos
reais do terreno sdo usados para executar a orientagdo ab-
soluta, além de uma definicdo de escala e de um sistema
de coordenadas que relaciona a imagem medidas no ter-
reno. O mosaico serd manipulado em um SIG (Sistema de
Informagdo Geogrdfica), fornecendo informagdo titil para
diferentes tipos de usudrios tais como pesquisadores, insti-
tuicdes governamentais, pescadores e empresas de turismo.
Resultados sdo mostrados, ilustrando a aplicabilidade do
sistema. A principal contribui¢do é a geragdo de mosaicos
georreferenciados usando imagens aéreas de pequeno for-
mato, o que tem sido pouquissima explorada em projetos
de cartografia. A arquitetura proposta apresenta uma solu-
¢do vidvel e bem barata quando comparada com sistemas
que utilizam imagens controladas.

Abstract

We propose a technique that uses small format aerial
images, or SFAI, considered as not controlled, and stereo-
photogrammetry techniques to construct georeferenced mo-

1 Este documento contém informagdes da dissertacdo de mestrado de-
nominada "Construgdo de Mosaicos Georreferenciados Usando Ima-
gens Aéreas de Pequeno Formato".
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saics. Images are obtained using a simple digital camera
coupled to a radio controlled (RC) helicopter. Techniques
for removing common distortions are applied and the rela-
tive orientation of the models are recovered using perspec-
tive geometry. Ground truth points are used to get absolute
orientation, plus a definition of scale and a coordinate sys-
tem which relates image measures to the ground. The mo-
saic is read into a GIS system, providing useful informa-
tion to different types of users, such as researchers, govern-
ment officers, fishers and tourism enterprises. Results are
reported, illustrating the applicability of the system. The
main contribution is the generation of georeferenced mo-
saics using SFAIs, what has not been widely explored pre-
viously in cartography projects. The proposed architecture
presents a viable and much less expensive solution, when
compared to systems using controlled pictures.

1. Introducao

Neste trabalho, propomos uma metodologia visando pro-
duzir mosaicos georreferenciados usando imagens aéreas de
pequeno formato (small format aerial images - SFAI). Um
mosaico nada mais é que uma composicio de vdrias fotos
ou imagens adjacentes, visando ter uma visdo mais ampla
(e na mesma escala) de uma determinada cena, no caso,
com mais realismo que os mapas. Imagens aéreas de pe-
queno formato resumem-se a imagens capturadas com uma
camera digital comum, de baixa resolucéo.

Esta metodologia envolve a realizacdo de uma série de
etapas, desde a retirada de erros e distor¢cdes causados pelo
processo (ou pelo sistema) de aquisi¢do, até a colagem final
das imagens. No processo, devem ser aplicadas transforma-
c¢des, visando reconstruir a orientagao relativa das imagens,
umas as outras, e absoluta, em relacdo a cena; Finalmente,
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a definicdo e a adocdo de uma escala e de um sistema de re-
presentacdo, em relacdo a cena (terreno) imageada.

A metodologia para SFAI, em linhas gerais, segue apro-
ximadamente o mesmo processo tradicional de cartografia,
e do caso de se usarem imagens de grande formato (big for-
mat aerial images - BFAI), sendo que esta dltima, permite
uma precisdo significativamente melhor, uma vez que o sis-
tema de aquisi¢d@o € controlado.

Quando mencionamos sobre um sistema de aquisicdo
controlado, significa dizer que as imagens podem ser toma-
das em um momento desejado e a uma altura significativa,
em que permite diminuir substancialmente as distor¢des ge-
radas pelas variacdes de vdo e de vista perspectiva compa-
rado com as obtidas usando uma camera digital comum aco-
plada a um helicéptero aeromodelo. E importante ressaltar
que estas imagens(BFAI) possuem alta resolucdo e ndo ge-
ram distor¢des oriundas da curvatura da lente como com-
parado & uma camera digital comum. Dessa forma, existe
a possibilidade de se produzir orto-imagens, ou imagens
muito proximas de uma projecéo ortografica.

Isso facilita muito o processo de correcao das distor¢oes.
Neste trabalho, o uso de imagens aéreas de pequeno for-
mato implica o célculo de todos os coeficientes das transfor-
magdes(orientacdo relativa e absoluta) citadas acima, antes
da geracao do mosaico. Um dos principais problemas na ge-
racdo de mosaicos georreferenciados refere-se a qualidade
das imagens adquiridas.

No processo cartogréfico tradicional, imagens adquiridas
por técnicas controladas sdo utilizadas, sendo que este pro-
cesso, no entanto, mesmo com a introducdo de etapas auto-
matizadas pelo uso de tecnologia recente, € ainda caro, pois
envolve também o uso de cAmeras especiais e o emprego de
avides especificos para aquisi¢do dos dados.

O uso de imagens de satélite ¢ uma alternativa, porém
menos precisa que as imagens obtidas a partir de avides, por
serem estas dltimas adquiridas de altitudes menores, com 0s
sensores mais proximos da cena, portanto em escalas maio-
res.

O uso de cameras comuns e helicépteros ou avides ae-
romodelos tornam o processo muito mais barato. Claro,
ocorre também uma perda na precisdo do controle de geor-
referenciamento do produto final, mas hd o apelo de que a
precisdo visual € muito melhor que as outras duas, sendo por
isso aceitavel em algumas aplicagdes, tais como em moni-
toramento ambiental, inspecdo de locais, turismo, entre ou-
tras. No presente trabalho, buscamos justamente uma nova
abordagem para a geracao de mosaicos georreferenciados,
que se encaixe nesta terceira categoria.

Usamos imagens aéreas de pequeno formato (Small For-
mat Aerial Images - SFAI), obtidas por uma camera digi-
tal Sony comum, acoplada ao helicéptero aeromodelo mos-
trado na Figura 1. O helicéptero € guiado remotamente, so-
brevoando dreas de interesse para a aquisicdo de seqiién-
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cias de video, que sdo posteriormente quebradas em qua-
dros que, finalmente processados, produzem o mosaico fi-
nal.

Figura 1. Helicoptero Aeromodelo.

2. Trabalhos Relacionados

Neste trabalho, como sdo disponibilizadas apenas ima-
gens aéreas de pequeno formato sem um maior controle,
torna-se indispensavel adaptar e/ou criar metodologias ade-
quadas para trabalhar com este formato de imagem. Siste-
mas como o ArcView da ESRI, ERDAS da Leica Geosys-
tem, Regeemy e Spring do INPE, entre outros permitem ge-
rar mosaicos de qualidade, usando a técnica de registro em
imagens aéreas de grande formato (BFAI).

Convém ressaltar que, por definicdo, imagens do tipo
BFALI sao controladas. Imagens controladas ndo apresentam
distor¢des, como as geradas pelo processo usando camera
digital comum e pelas orientagcdes do vdo, principalmente
quando se obtém imagens de escala grande. Ainda equipa-
mentos que adquirem BFAI permitem gerar conhecimentos
prévios, tais como de que forma e em que momento adqui-
rir uma imagem. Desta maneira, as imagens de grande for-
mato, controladas, podem possuir algumas distor¢des. Mas
sdo minimas e, em alguns casos consideradas livres de dis-
tor¢des e até mesmo ja georreferenciadas, dependendo da
aplicacdo. Isso facilita substancialmente o processo, o que
ndo ocorre no tipo de dados que estamos tratando.

As imagens obtidas com cameras digitais comuns tém o
angulo de abertura maior em relag@o as fotografias aéreas
controladas ou as imagens de satélite, o que causa maior
distorcdo radial e radiométrica.

Ainda devido a baixa altitude, geralmente necessita-se
de inimeras imagens a partir de diferentes pontos de vista,
sendo que a projecdo perspectiva caracteriza as imagens
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dessas cameras, em contraposi¢ao a projecao ortogonal, ou
muito préxima desta, conseguida usando cameras fotogra-
métricas ou imagens de satélite,

Notamos que o processo de mosaicamento serd utilizado,
justamente quando a drea de estudo é maior que a imagem
disponibilizada pela cdmera, visando cobrir melhor a area
de interesse. Além dos sistemas comerciais € outros acima
citados, vimos na literatura alguns que projetos usam técni-
cas de registro de imagem para correcdo geométrica antes
do processo de geracdo do mosaico [6, 17, 8, 7, 16].

As técnicas de registro de imagens propiciam corrigir
pequenas distor¢cdes geométricas, presentes em imagens
de grande formato, principalmente pela baixa resolucdo,
mesmo com distor¢des irrelevantes, usando uma variedade
de pontos de controle (pontos no terreno). Observamos que
este modelo é diferente para as imagens de pequeno for-
mato, cujos sistemas de aquisi¢do nio tém os mesmos re-
quisitos.

No presente projeto, estaremos empregando SFAIs nio
controladas e com vdrios tipos de distor¢des e, o que com-
plica mais, usaremos poucos pontos de controle devido a re-
gido de trabalho ser marinha, dificultando a sua aquisi¢@o.
Observamos que o mosaico final é mais rico de detalhes,
por usarmos imagens com escala maior, obtidas mais préxi-
mas da superficie terrestre. Por outro lado, projetos que uti-
lizam BFAI permitem monitorar dreas maiores, apesar do
custo de aquisicao ser maior.

O Global Rain Forest Mapping Project (GRFM) [6] é
um projeto gerenciado pela Agéncia Nacional de Desenvol-
vimento do Espaco do Japao (NASDA). Tem por objetivo
gerar mosaicos georreferenciados a partir de BFAIs adqui-
ridas por satélites. Sdo aplicadas técnicas para corre¢do ra-
diométrica nas imagens, a fim de melhorar a qualidade e de
ndo perder informagdes nas regides de sobreposi¢do do mo-
saico. O trabalho apresentado por Xiao e seus colaborado-
res [16] também se preocupa com problemas ocorridos de-
vido a iluminacdo, criando um método que combina ruidos
na busca de qualidade. O método criado por Albrecht e Mi-
chaelis [1] apresenta técnicas de estéreo-fotogrametria com
melhorias na resolucdo espacial dos pares estereoscopicos,
a fim de reduzir erros em regides com relevo acentuado.

Ja Nicolas [10] criou um método de mosaicamento, uti-
lizando um critério de minimizagdo analitica, para determi-
nacdo de coeficientes baseados na variacdo temporal das
imagens de fundo, com foco em corrigir distor¢des geo-
métricas. Zomet [18] propde novos métodos com melho-
res formas de correcio geométrica de distorgdes resultan-
tes da transformacdo 2D para 3D. Este projeto utiliza cdl-
culos analiticos para resolu¢do do problema, e a sua relagao
com o nosso projeto (NatalGIS) é a busca de disponibili-
zar informagoes confidveis ap6s corregdo das distor¢des.

Syuhei [12] descreve uma nova abordagem para o posici-
onamento de helicépteros aeromodelos operados de forma
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autonoma. Métodos para obter a terceira dimensao e a alti-
tude do helicoptero sao realizados através de sensores, GPS
(Global Positioning System), IMU (Inertial Measurement
Unit) e imagens, que so utilizadas para permitir que o sis-
tema de controle do helicéptero seja autbnomo. Metodolo-
gias para a detecg@o de pontos no terreno sdo usadas para a
solugdo do problema de posicionamento.

No trabalho em quest@o [12], o helicéptero aeromodelo
ndo € utilizado para mapeamento da 4rea ou para gerar mo-
saicos georreferenciados. Entretanto as técnicas utilizadas
sdo interessantes para aplicagdes que podem usar helicop-
tero aeromodelo e para futuros trabalhos relacionados ao
presente projeto.

3. Construcao de mosaicos georreferenciados
usando SFAIs

Como visto anteriormente, o processo de construgdo de
mosaicos georreferenciados € dificultado pelo uso de ima-
gens aéreas de pequeno formato (SFAI). Além disso, o am-
biente escolhido (regido marinha) para mapeamento neste
projeto é muito dindmico, sofrendo mudangas devido a
vento, maré e iluminagdo (sol), aumentando a probabilidade
de ocorréncia de erros nas imagens. Também ocorrem vari-
acoes de posicao e orientag@o do helicoptero durante o vdo,
que podem gerar erros imprevisiveis. Outras distor¢des ge-
odésicas, como as geradas pela curvatura da terra e a vari-
acdo do relevo, sdo insignificantes neste projeto, podendo
ser desprezadas. Porém distor¢des causadas pelos parame-
tros intrinsecos da camera digital usada, tais como a radial
e radiométrica devem ser retiradas.

Gongalves [5] esclarece que, no processo de cartogra-
fia tradicional, as condi¢des de clima (vento, etc) e pilota-
gem ndo permitem que o avido mantenha sua altitude cons-
tante, bem como a velocidade e horizontalidade das asas.
Esses, entre outros fatores, afetam a obtengdo de um mo-
delo "ideal"para a estéreo-fotogrametria. Ou seja, mesmo
usando dados supostamente controlados (no caso tradicio-
nal), o que se obtém é um modelo mais ou menos préximo
do ideal, com pequenas distor¢des. Isso se agrava ao usar
dados nao controlados, ou seja, imagem sem nenhum con-
trole na sua aquisi¢do como € o caso no presente trabalho.

As cimaras de pequeno formato podem produzir ima-
gens instdveis em relag@o a iluminacdo e a geometria, ndo
somente pelas distor¢des radial e radiométrica, mas também
pela instabilidade do voo, freqiiente no helicptero acromo-
delo, no momento da aquisi¢do de imagens. O fato de a ca-
mara digital comum ndo se manter ortogonalmente a super-
ficie terrestre € um outro problema que produz mais dis-
tor¢cdes. Desta forma, sdo obtidas vdrias imagens, em vista
perspectiva, o que gera outras distor¢cdes geométricas na
transformacdo da imagem de mundo (3D) para a imagem
digital (2D).
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O processo de criacdo do mosaico resume-se a realiza-
¢do das fases descritas a seguir: Calibracio de cAmera, cor-
recdo das distor¢des radial e radiométrica, reconstrucio a
partir de estéreo-fotogrametria, geracdo do mosaico georre-
ferenciado;

3.1. Calibracao da camera e correcao da distorcao
radial e radiométrica

Quando se pretende obter informacéo tridimensional de
uma cena ou objeto utilizando Visao Computacional, é ge-
ralmente necessdrio determinar um modelo matematico da
camera utilizada. No presente projeto, usamos o método
Tsai [14] para a etapa de calibracdo de camera. O método
usa um esquema de transformagao do sistema de coordena-
das de mundo para o sistema de coordenadas de imagem.
No método tradicional, sdo determinados 11 pardmetros,
sendo 5 deles intrinsecos (f (distincia focal), K; (coefici-
ente de distor¢do radial da lente de 1% ordem), C; e C, (co-
ordenadas de centro de distor¢do radial da lente), S, (fator
de escala)) e 6 extrinsecos (Ry, R, e R; (4ngulos de rota-
¢do para a transformacio entre as coordenadas nos frames
de mundo e de camera), T, T, e T; (componentes de trans-
lagdo para a transformacdo entre as coordenadas nos fra-
mes de mundo e de camera)) [14]. Além destes parametros,
neste trabalho, determinamos também o coeficiente de dis-
tor¢do radial de 2% ordem da lente, conhecido como x;, para
o processo de retirada de distor¢do radial e também o an-
gulo o (para retirada de distor¢do radiométrica, vista adi-
ante). Ap0s realizar a calibracdo da camera, podemos cor-
rigir a distor¢do radial (equagdo 1) e radiométrica (equagio
2) usando as equagdes abaixo [13].

x=xg(1+kir? +kar*),
y=ya(l+kir +kr?), (1)

r=\/ 5,

onde, x; e y; sdo pontos na imagem distorcida. A incog-
nita r € a distancia do centro da imagem até o pixel. O x; e
K> s@o os coeficientes de distor¢do descobertos na etapa de
calibrac@o de cimera.

2
E(p)=L(P) Z(g) cos*a| . (2)

Convém ressaltar que a ilumina¢do na imagem P de-
cresce 0 mesmo que a quarta poténcia do cosseno do an-
gulo formado entre o raio principal que chega a P e o eixo
6tico. Em caso de pequena abertura, este efeito pode ser ne-
gligenciado; entdo, a irradidncia na imagem pode ser enten-
dida como uniformemente proporcional a radidncia da cena
sobre todo o plano da imagem [13].
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3.2. Estéreo-Fotogrametria

Na aplicacdo em monitoramento ambiental, foco deste
trabalho, temos recobrimento tanto longitudinal (pelo me-
nos 70%) quanto lateral (pelo menos 30%) entre as ima-
gens que fardo parte do mosaico e cada imagem ¢é adqui-
rida de uma posicao diferente. Isso propicia que técnicas de
reconstrucdo estéreo possam ser empregadas visando me-
lhorar ainda mais a qualidade do mosaico final. O princi-
pal problema das técnicas de reconstru¢do a partir de ima-
gens estéreo € descobrir quais pontos em cada imagem cor-
respondem as proje¢des de um mesmo ponto da cena. Este
problema é mais conhecido como matching [9], e o deno-
minaremos simplesmente de correspondéncia, sendo ele a
etapa mais demorada e uma das mais estudadas em Visao
Estéreo.

Em nossa aplicacdo, depois de determinadas as corres-
pondéncias de todos os pixels das imagens, esta informa-
¢do € utilizada na constru¢do do mosaico. A profundidade
de cada pixel pode ser determinada em relacdo a um refe-
rencial fixo, por triangulacdo, em relagdo as cAmeras. Essa
profundidade pode ajudar a distinguir as caracteristicas ou
atributos de um dado pixel que aparece em mais de uma
imagem. Note que, no pior caso, uma média entre os atri-
butos pode ajudar a minimizar problemas de erros das ima-
gens devidos ao processo de aquisicdo.

A correspondéncia entre as imagens pode ser feita por
area [4] ou atributo [9]. Neste trabalho, a correspondén-
cia por 4rea poderia ser usada com algumas simplifica¢des
observadas adiante. Esse tipo de operacao é realizado com
aplicacdo de operadores de correla¢do cruzada normalizada
(ou simplesmente correlacdo) ou entdo, pela soma do qua-
drado das diferencas (SSD) [2]. A SSD ¢é mais rdpida de ser
calculada do que a correlagdo, mas ndo € imune a variagdes
de contraste e brilho nas imagens, problemas que ndo afe-
tam a correlagdo cruzada normalizada, que pode ser dada
pela Equacao 3:

nY (xiyi) — Y(x:) L(vi)

U E0d) - ()2 nr0?) - (T
3)

onde n € o numero de amostras em cada sinal. Para o
matching, a correlacdo € restrita a uma regido (janela de
comparagdo) de cada imagem, sendo n o nimero de pixels
dessa janela.

3.3. Orientacao Relativa

Uma simplificagdo adotada neste trabalho, com o obje-
tivo de reduzir a complexidade do modelo acima, é consi-
derar que o relevo da regido € plano. Essa simplificacdo se
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justifica pelo fato de ser uma regido marinha com diferen-
cas minimas de nivel do fundo (variando entre zero e dois
metros), o que € desprezivel em relacdo a altitude de vdo.

Dessa maneira, distor¢des causadas pelo relevo podem
ser desconsideradas. Isto simplifica substancialmente o pro-
cesso de reconstrucdo, permitindo realizar a orientagao re-
lativa entre cada par de imagens, [15] usando 6 pontos ape-
nas, ndo exigindo, portanto, que a correspondéncia estéreo,
o gargalo do processo de reconstrugdo estéreo [9] seja deter-
minada para todos os pixels de cada par de imagens. Mais
especificamente, os principios de estéreo-fotogrametria sdo
empregados na fase de orientacdo relativa dos modelos pro-
duzidos por cada par de imagens consecutivas, visando de-
terminar as relagdes espaciais que o helicOptero possuia no
momento da tomada de cada imagem. A posicdo aproxi-
mada do momento da tomada das imagens é dada pelo GPS
de bordo, facilitando a determinacdo de uma primeira apro-
ximacdo para os pardmetros de orientagao exterior.

Com essas simplificagdes, com apenas 6 pares de pontos
conhecidos (pontos de Von Griiber) em cada modelo (en-
tre cada par de imagens), uma boa precisdo pode ser con-
seguida na determinacdo de coeficientes das transformagdo
que deverdo retirar as distor¢des causadas pelo posiciona-
mento e orientacdo nio conhecidos do helicéptero. Dadas
duas imagens da mesma cena, supondo-se uma a direita ()
e outra a esquerda (/) sendo p; e p, pixels nessas imagens,
o que se deseja é determinar a transformagao que leva os pi-
xels de uma imagem p, na outra p;. A principio, esta trans-
formagdo envolve mais que uma transformacdo 2D, uma
vez que os pontos homdlogos sdo projecdes de pontos 3D
na cena.

3.4. Orientacao Absoluta

Para o georreferenciamento em si (determinagéo de es-
cala e referéncia a um sistema de coordenadas) sdo deter-
minados a priori, na regido a ser imageada, pontos de con-
trole, cujas coordenadas sdo determinadas por GPS. Neste
projeto, poucos pontos de apoio de campo serdo determi-
nados, o que dificulta o processo de georreferenciamento
usando SFAI Essa complexidade ¢ existente por vérias des-
tas imagens ndo presenciarem os pontos previamente esco-
lhidos no terreno. Usando técnicas de aerotriangulacao [15],
as coordenadas (Geogréficas, UTM) conhecidas (dos Pon-
tos de controle) sdo estendidas para os pontos determinados
pelo processo de orientagdo relativa.

A partir desses, em caso de ndo assun¢ido de um modelo
de relevo plano, seria possivel estender a todos os outros
pontos de todas as imagens, gerando assim coordenadas de
terreno, referenciadas em relacdo a um sistema de coorde-
nadas, para todo o mosaico [5]. Note que cada modelo (par
de imagens) pode ser ligado ao posterior via uma das ima-
gens comum a dois modelos adjacentes.
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Estender as coordenadas dos pontos de controle signi-
fica usar este recobrimento para extrapolar as coordenadas
de uma imagem a outra. Note que um erro inerente ao pro-
cesso de digitalizacdo aparece aqui. Esse erro pode ser mi-
nimizado através de outros cdlculos, a partir de um outro
ponto de terreno (Obtido pelo GPS) presente em uma ou-
tra imagem selecionada para o mosaico. Dessa forma, ex-
trapolarfamos novamente as coordenadas das imagens.

A técnica tradicional de aerotriangulacdo € readaptada
neste trabalho, usando minimos quadrados, para minimizar
erros no processo de determinac@o de coordenadas para os
pontos de cada modelo. Ao final, obtém-se, por uma técnica
de ajuste de bloco, as coordenadas georreferenciadas de to-
dos os pontos. Usando essas, podem-se determinar quais os
coeficientes das transformagdes necessdrias a serem aplica-
das em cada imagem para geragdo do mosaico final.

4. Implementaciao

O sistema foi desenvolvido em C++, usando a biblioteca
QT para criacdo de interfaces gréficas com o usudrio. A es-
trutura geral do sistema € mostrado na Figura 2. Note que
o médulo de calibracdo de cimera estd localizado externo
a regido com linhas tracejadas. Isto ocorre devido ao pro-
cesso de calibrag¢@o de camera ser realizado apenas uma vez,
em que determina-se os pardmetros intrinsecos para corre-
¢do da distorcdo radial e radiométrica.

Na fase de calibra¢do, computamos todos parametros ne-
cessarios usando método de Tsai, em que relaciona-se co-
ordenadas do mundo com coordenadas da imagem. Assim,
a correcdo radial e radiométrica foram realizadas aplicando
a Equacdo 1 e a Equacgdo 2, seguido por interpolacao de pi-
xels, resultando em uma imagem corrigida. Apds a corre-
cdo radial e radiométrica, a orientagdo relativa é determi-
nada. Para calcular esta, definimos pontos homélogos entre
pares estéreos e computamos as transformacdes de mapea-
mento de uma imagem em relacdo a outra através do método
de minimos quadrados. As transformacdes, contém transla-
¢do, rotacdo e escala, em que estas operagdes sdo usadas
para mapear os pixels correspondentes em diferentes ima-
gens, entdo, estes sdo ajustados no mosaico final.

Para gerar mosaicos georreferenciados, precisamos exe-
cutar a orientacdo absoluta, assim, obteremos coeficientes
pararealizar o processo de aero-triangulacio e ajustar o mo-
saico com as coordenadas do mundo (terreno).

No médulo de correcido geométrica, transformagdes afim
(Equacdo 4) ou projetiva (Equacio 5) sdo aplicadas (usando
interpolacdo bilinear ou bicibica). A transformagado afim é
formalizada a seguir:

X Ao—l—AlX/—l—AzY/

20 = 4
Y Bo+B1 X'+ ByY’ @)
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Figura 2. Estrutura do sistema.

onde Ag, A1, Az, By, B, By sdo parametros corresponden-
tes a dois fatores de escala, um de rotagdo e um de néo orto-
gonalidade(cisalhamento), comie j=1 ou 2; X e Y sdo co-
ordenadas a serem transformadas no espago; X’ e Y’ so co-
ordenadas no espaco transformado; Xy e Y sdo parametros
de translacdo na dire¢do X e Y [11].

A transformacdo projetiva é dada por:

X/ _ |lanX+4apY+as
| anX+anY+1
&)
y! — |auX+tanY tax
| a3 X+azxnY+1

onde a;; sdo os parAmetros das transformagdes geométricas,
comie j=1,20u3; X eY sido os valores medidos no sis-
tema de referéncia; X’ e Y’ sdo os valores calculados para o
sistema de ajuste [3].

A implementacdo dessas duas transformacdes ¢ de suma
importancia para que possamos comparar 0S mosaicos ge-
rados apds as suas aplicagdes nas imagens. O objetivo € re-
tirar distor¢cdes geométricas referentes s imagens que fa-
rdo parte do mosaico, principalmente da drea de sobreposi-
cdo. No caso, distor¢des geradas pela variacdo da orienta-
¢do do helicoptero aeromodelo na capta¢do das imagens em
pontos diferentes.

Essa diferenca de resultados entre as transformacdes
afim e projetiva pode ser justificadas, porque o paralelismo
na transformacdo afim é mantido, enquanto que, na trans-
formacao projetiva pode ndo se manter. As duas transfor-
magdes sdo semelhantes nos aspectos de posicdo, escala e
forma. Esses itens sdo alterados na transformagdo da ima-
gem. Contudo a colinearidade ndo € alterada.

5. Experimentos e Resultados

Com intuito de verificar nossa metodologia, primeira-
mente realizamos testes para validar os médulos do sistema
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desenvolvido, passo a passo. Na Figura 3(a) mostra-se uma
imagem aérea de pequeno formato obtida com a camera di-
gital comum acoplada ao helicéptero aeromodelo. Na Fi-
gura 3(b) € ilustrado a corre¢do radial e radiométrica, obtida
ap6s aplicar a distor¢do "pincushion”. E interessante ressal-
tar que esta corre¢do foi realizada justamente com os coefi-
cientes gerados no processo de calibracdo de camera (Tsai).
Nestes resultados pode observar-se uma sutil diferenca ge-
ométrica e de iluminag@o, principalmente nas dreas colate-
rais da imagem.

Posteriormente, vdrios experimentos foram executados
no processo de orientagdo relativa, usando ambas as trans-
formacdes, e observamos visualmente que a transformacio
projetiva produziu mosaicos com melhor qualidade. Essa
diferenca de resultados entre as transformacdes afim e pro-
jetiva pode ser justificadas, porque o paralelismo na trans-
formacgdo afim é mantido, enquanto que, na transformacgao
projetiva pode ndo se manter. As duas transformacdes sido
semelhantes nos aspectos de posicdo, escala e forma. Es-
ses itens sdo alterados na transformagdo da imagem. Con-
tudo a colinearidade ndo € alterada e essas informagdes sao
visiveis na figura 4.

Na Figura 4 € ilustrado o médulo de correcdo geomé-
trica e orientacdo relativa, além dos resultados das trans-
formacdes oriundas desse médulo. Pode ser observado que
neste caso, as tranformagdes foram geradas somente com a
transformacdo projetiva, justamente pela geracdo de resul-
tados melhores. Na Figura 5 é mostrado dois exemplos de
mosaicos produzidos usando os mesmos mddulos e as mes-
mas transformacdes. Finalmente, na Figura 6 ilustramos o
resultado de um mosaico georreferenciado. Para este pro-
cesso foi necessdrio conhecer as coordenadas geogréficas
dos pontos de controle (terreno) usando GPS. Assim, atra-
vés de uma interface grifica, o usudrio insere estas infor-
magdes, clicando nos pontos de controle planejados no mo-
saico (imagem) e associando com as coordenadas geografi-
cas colhidas no terreno.

121



()

(b)

Figura 3. Imagem Original (a), e imagem corrigida da distor¢ao "Pincushion"x; = -2, ¥, =-0.025 e o = 0.45 (b)

6. Conclusao

Propomos, neste trabalho, um sistema completo para ge-
rar mosaicos georreferenciados, usando imagens aéreas de
pequeno formato, obtidas por uma filmadora digital comum
acoplada a um helicéptero aeromodelo. Por meio de técni-
cas da estéreo-fotogrametria e da visdo computacional, re-
tiramos distor¢des, corrigimos as imagens visando a sua or-
togonalizacdo e construimos o mosaico final.

Entdo, com base em coordenadas de terreno (reais) de
pontos de controle, previamente escolhidos, o georreferen-
ciamento foi realizado. O mosaico final estd, entdo, pronto
para ser usado em um SIG, correntemente em desenvolvi-
mento na UFRN.

Uma das principais contribui¢cdes do presente trabalho
reside no fato de que esse tipo de imagem tem sido ainda
muito pouco explorado na geracao de mosaicos georrefe-
renciados; especificando ainda mais, com o uso de um he-
licoptero aeromodelo ndo foi encontrado nenhum trabalho,
talvez em fungdo de uso de imagens de grande formato, e
controladas (BFAI) ser geralmente a técnica adotada nos
projetos de cartografia, solicitados pelos 6rgdos governa-
mentais e empresas.

Note que o uso de BFAI encarece o mapeamento, prin-
cipalmente em projetos como 0 nosso, onde um monitora-
mento constante da regido de interesse é necessdrio. Ainda
projetos dessa natureza em regides costeiras, que implicam
sobrevOos rotineiros, visando checar determinadas caracte-
risticas, tornam-se factiveis com a nossa técnica.

Assim, como principal contribui¢iio, com a implemen-
tacdo dessas técnicas, mostramos ser possivel desenvolver
uma metodologia de baixissimo custo, com o uso de um
helicéptero acromodelo e cAmera digital comum, voltada a
projetos de monitoramento ou a projetos onde a coleta de
dados deve ser constante. No caso, uma camera Sony sem
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controle fotogramétrico foi usada.

Ainda como trabalho futuro, faremos mais alguns voos
na regido dos Parrachos de Maracajaud, com o helicéptero
ja operacional (varios vOos experimentais ja foram realiza-
dos em terra). Depois de adquiridos novos dados, estes ser-
virdo de base para a constru¢o do mosaico e, conseqiiente-
mente, a alimentacdo do SIG de monitoramento ambiental
em desenvolvimento na UFRN.
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Figura 5. Mosaico com trés SFAIls da Figura 4 (a), Outro exemplo de mosaico com cinco SFAls (b).
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Resumo

Diversos métodos biométricos baseados em
caracteristicas fisicas como impressdo digital, face e
iris tém sido propostos para identificagdo humana. No
entanto, para a identificagdo post-mortem, tais
caracteristicas podem ndo estar disponiveis. Nestes
casos, partes do esqueleto do corpo humano podem ser
utilizadas. Investiga¢des anteriores mostraram que 0s
padroes dos sinus frontais sdo unicos para cada
individuo. Esta dissertagdo de mestrado propde um
método computacional para o reconhecimento de sinus
frontais. Para tanto, foram avaliados métodos de
segmentagdo  de  imagens de  radiografias
anteroposteriores de sinus frontais. O método baseado
na Transformada Imagem-Floresta demonstrou ser
eficiente para segmenta¢do dos sinus frontais das
imagens de radiografias. Foram também investigadas
e implementadas técnicas para extrag¢do de descritores
geométricos e baseados nas formas dos sinus frontais.
Os resultados obtidos nos experimentos corroboram os
encontrados na literatura sobre a individualidade dos
sinus frontais e sua viabilidade em termos de precisdo
e usabilidade para a identificagGo humana post-
mortem.

Abstract

Several methods based on Biometrics such as
fingerprint, face and iris have been proposed for
person identification. However, for postmortem
identification such biometric measurements may not be
available. In such cases, parts of the human skeleton
can be used. Previous investigations showed that
frontal sinus patterns are unique for each individual.
The objective of this master thesis is to propose a
computational method for frontal sinus recognition for

*Artigo completo de dissertagdo de mestrado
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postmortem human identification. In order to achieve
this, methods for frontal sinus segmentation from
anteroposterior radiographs were evaluated. The
method based on Image-Foresting Transform has
shown itself efficient in frontal sinus segmentation from
radiograph images. Techniques for extracting frontal
sinus geometrical and shape-based descriptors were
investigated and implemented as well. The results
obtained in our experiments confirm the outcomes
described in literature about the individuality of the
frontal sinus and its feasibility in terms of precision
and usability for postmortem human identification.

1. Introduciao

A identificagdo biométrica de individuos refere-se
ao uso de atributos fisicos ou comportamentais
(impressdes  digitais, face, iris, sinus frontais,
assinatura, voz, etc.) para estabelecer suas identidades.
Para que um atributo humano seja utilizado como um
identificador biométrico, ele deve satisfazer alguns
requisitos como: universalidade, unicidade,
permanéncia, aceitabilidade, entre outros [1].

No caso de identificagio de cadaveres ha a
possibilidade desses atributos fisicos ndo estarem
disponiveis. Nestes casos, partes do esqueleto do corpo
humano tais como: dentes, torax, vértebras, ombros e
os sinus frontais podem ser utilizadas.

Os sinus frontais, também conhecidos como seios
frontais da face, sdo cavidades loculadas e irregulares
localizadas no osso frontal do cranio e que se
comunicam com a fossa nasal através do infundibulum
[2].

Diversas investigacdes realizadas anteriormente
mostram que os padrdes dos sinus frontais sdo
altamente varidveis e Unicos para cada individuo
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2,3.,4,5] sendo, portanto, uma caracteristica fisica que
9~ Ty b b
pode ser utilizada em sistemas biométricos forenses.

1.1. Objetivo

O objetivo do presente trabalho de mestrado ¢
propor, implementar e avaliar um método para
automatizacdo do reconhecimento de sinus frontais
para identificagdo humana, de modo que sistemas
biométricos forenses baseados neste método sejam
viaveis em termos de precisdo e usabilidade.

1.2. Justificativas

Mais do que uma necessidade, a identificagdo post-
mortem de pessoas ¢ uma obrigacdo legal para a
resolucdo de diversas questdes como heranca e
sucessdo de propriedade, cobranca de apdlices de
seguro e pensdes, reparagdes ¢ indenizagdes em casos
de acidentes, entre outras. Além disso, a identifica¢do
rapida e precisa de um individuo é também uma
questdo humanitaria, uma vez que pode abreviar o
sofrimento de sua familia em caso de desaparecimento
ou de acidentes envolvendo dezenas ou centenas de
pessoas.

Os sistemas biométricos computacionais podem ser
importantes aliados no processo de identificagdo post-
mortem de individuos, acelerando e facilitando o
trabalho dos peritos forenses. No entanto, a Biometria
aplicada a medicina legal pode apresentar sérias
limitagdes, principalmente no que diz respeito a
indisponibilidade de certas caracteristicas fisicas,
devido ao estado de conservagdo precario do corpo do
individuo que se deseja identificar.

Neste contexto, o sinus frontal é um excelente
candidato a caracteristica fisica a ser utilizada em
sistemas biométricos para a identificacdo de cadaveres
[2,3,4,5], ndo sé por sua unicidade e permanéncia, mas
também por estar localizado em uma parte da estrutura
Ossea muito resistente (osso frontal do cranio).

Em comparagdo com outras caracteristicas fisicas
geralmente utilizadas na medicina legal, os sinus
frontais podem apresentar algumas vantagens. Com
relagdo a identificacdo de individuos baseada no
formato e disposicdo dos dentes, muito utilizada pela
medicina forense, os sinus frontais podem apresentar
certa vantagem quanto a caracteristica de permanéncia,
uma vez que seu formato se estabiliza em torno dos 20
anos de vida do individuo e permanece inalterado, a
ndo ser em casos de acidentes que ocasionem traumas
no osso frontal do crdnio ou em caso de algumas
doengas que possam alterar seu formato. No caso do
formato e disposi¢cdo dos dentes, estes estio mais
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sujeitos a alteragdes durante a vida do individuo,
devido a doencas, extragdes dentarias, restauragdes
odontologicas, tratamentos ortodonticos e traumas, que
podem dificultar a identificacdo do individuo ao se
comparar radiografias post-mortem com radiografias
antemortem.

Os sinus frontais podem ser também uma Otima
alternativa aos exames de DNA, uma vez que este,
apesar de ser extremamente preciso, pode ser
demorado, altamente custoso e estar sujeito a
contaminagao.

No entanto, apesar da literatura registrar diversos
casos de identificacdo positiva de pessoas por meio dos
sinus frontais [4,5,8] sdo raros os métodos para o
reconhecimento  destes que utilizam recursos
computacionais para a automatizagio ou facilitacdo dos
processos, o que se configura em importante
justificativa para os esforcos empreendidos neste
trabalho.

2. Sinus Frontais

Os sinus frontais (ou seios frontais) da face estdo
localizados dentro do osso frontal do cranio e
consistem em um par de cavidades loculadas e
irregulares que se comunicam com a fossa nasal através
do infundibulum [2].

A Figura 1 exibe uma radiografia anteroposterior
(AP) (a) e outra em perfil (b) de um individuo, com as
bordas dos sinus frontais no destaque.

(b)

Figura 1. (a) Radiografia anteroposterior e (b) perfil
com as bordas dos sinus frontais no destaque.

Os sinus frontais se desenvolvem embrionariamente
de uma célula etmoidal e ndo sdo visiveis ao
nascimento. Eles comegam a se desenvolver a partir do
segundo ano de vida e atingem seu tamanho maximo
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por volta do vigésimo ano, permanecendo estaveis a
partir de entdo [9,10].

A configuragdo dos sinus frontais ¢ considerada
Unica para cada individuo [2,3,4,5] e € controlada por
fatores ambientais, embora a raca, o sexo e algumas
doengas também afetem o seu desenvolvimento [4].
Variagdes dos sinus frontais foram registradas na
literatura até mesmo para gémeos monozigoticos [2,5].
A Figura 2 apresenta imagens de radiografias em
incidéncia AP de quatro individuos, onde ¢ possivel
observar as peculiaridades dos sinus frontais para cada
um deles.
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Figura 2. Imagens de radiografias de sinus frontais de
quatro individuos, onde ¢ possivel observar as
diferengas entre seus formatos.

2.1.Reconhecimento de Sinus Frontais

O reconhecimento de sinus frontais € composto
por trés etapas principais: (i) segmentagao; (ii) extragdo
das caracteristicas e (iii) casamento.

A segmentagdo ¢ o processo pelo qual, dada uma
radiografia AP do cranio de um individuo, apenas os
pontos pertencentes a borda que separa a area externa e
interna dos sinus frontais sfo extraidos.

Na etapa de extragdo das caracteristicas, métodos
para analise de formas sdo utilizados para se obter
informagdes a partir das bordas dos sinus frontais, de
maneira que se possa compor um descritor para cada
borda. O descritor é, em geral, um vetor de
caracteristicas que armazena algum tipo de medida
relacionada a forma do objeto, de modo compacto, que
pode ser armazenado em um banco de dados e,
posteriormente, utilizado na realizagdo do casamento.

Na etapa de casamento, os descritores extraidos
dos sinus frontais sdo comparados de algum modo a se
obter uma medida de similaridade entre eles. Esta
medida pode ser obtida, por exemplo, através de uma
equacdo matematica que exprima o grau de
alinhamento entre os vetores de caracteristicas. Dessa
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forma, se a medida de similaridade entre duas imagens
de sinus frontais estiver acima de um determinado
limiar, entende-se que estas pertencem ao mesmo
individuo (genuinas), caso contrario, consideram-se
imagens pertencentes a individuos diferentes
(impostores).

2.2.Desafios no Reconhecimento de Sinus
Frontais

Os maiores desafios no reconhecimento de sinus
frontais estdo concentrados na etapa de segmentagio,
na qual os pontos da borda dos sinus frontais devem ser
extraidos a partir de uma radiografia AP do crénio.
Esta etapa ¢ considerada complexa uma vez que a
detecgdo das bordas dos sinus frontais pode ser
dificultada pela presenca de ruidos na imagem, como
os descritos a seguir.

2.2.1. Ruidos Causados pela Projecio de Outras
Estruturas Craniais

No momento em que uma radiografia AP do cranio

feita, as estruturas de todo o crénio, que estdo
dispostas em trés dimensdes, sdo projetadas em um
filme de duas dimensdes.

Uma estrutura da parte traseira do crénio,
denominada lamina interna, pode ser projetada durante
a geracdo da radiografia e aparecer proxima aos sinus
frontais ou até mesmo atravessando-os de forma
longitudinal.

O mesmo acontece com trés outras estruturas do
cranio: a crista gali e a crista frontal interna, que
atravessam os sinus frontais de forma latitudinal, e as
paredes superiores das oOrbitas oculares, que podem
atravessar os sinus frontais pelos dois lados. No caso
das paredes, estas podem ajudar a delimitar os sinus
frontais, pois suas bordas geralmente coincidem com as
bordas laterais inferiores dos sinus. No entanto, como é
possivel observar na Figura 3, a borda direita inferior
dos sinus frontais invade o interior da 6rbita ocular de
modo que a parede superior da Orbita direita cria a
impressdo de uma falsa borda dos sinus.

A Figura 3 apresenta um sinus frontal com suas
bordas e com as estruturas citadas demarcadas.

2.2.2. Ruidos Durante a Geracio da Radiografia

A geragdo da radiografia no aparelho de Raios-X
pode sofrer interferéncias que prejudicam a
visualizagdo dos sinus frontais, por diversas razdes,
como por exemplo, a falta de imobilizag¢do do paciente
ou ainda por questdes estruturais do proprio aparelho.
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Figura 3. Sinus frontal com algumas estruturas do
cranio em destaque e com suas bordas demarcadas.

No caso especifico do banco de imagens de sinus
frontais utilizado neste trabalho, todas as radiografias
apresentam uma faixa vertical no centro da parte
superior do cranio, sobrepondo-se aos sinus frontais.
Esta faixa € causada por um suporte do aparelho de
raios-X, que tem por objetivo centralizar e imobilizar o
cranio do paciente. A Figura 4 exibe a imagem
digitalizada a partir de uma das radiografias do banco
de imagens citado, na qual é possivel observar a faixa
vertical sobrepondo-se ao sinus frontal, dificultando a
defini¢fo de parte da borda superior.

2.2.3. Ruidos Causados por Secre¢io na Area
Interna dos Sinus Frontais

Por se tratarem de camaras de ar, os sinus frontais
devem apresentar na radiografia, em sua regido interna,
niveis de cinza menores (mais escuros) do que a regido
externa adjacente. Este contraste entre as regides
interna e externa aos sinus frontais contribui para a
determinagdo precisa dos pontos de suas bordas.

No entanto, devido a comunica¢do existente com a
fossa nasal [2], os sinus frontais muitas vezes
armazenam secregcdes que causam na radiografia um
clareamento de sua regido interna. Caso este
clareamento aconteca proximo a regido de fronteira
entre as regides interna e externa, a deteccdo dos
pontos da borda pode ser dificultada ou comprometida.

A Figura 5 exibe uma imagem na qual ndo ¢
possivel observar parte da bordas do sinus frontal
devido a um clareamento na sua area interna, causado
por excesso de secregdo. Observe no destaque uma
pequena por¢do da borda na qual a visualizagio de seus
pontos fica prejudicada pelo acumulo de secre¢do na
regido de fronteira.
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Figura 4. Radiografia AP na qual é possivel observar
uma interferéncia causada pelo suporte do aparelho de
raios-X.

Figura 5. Imagem na qual ndo € possivel observar
parte da borda do sinus frontal devido a um
clareamento na sua area interna, causado por excesso
de secregdo.

3. Material

Nesta secdo sdo apresentados o banco de imagens e
o ground truth utilizados nos experimentos para a
comprovacdo da efetividade do método proposto no
presente trabalho.

3.1.Banco de Imagens

As técnicas para segmentacdo e reconhecimento de
sinus frontais foram avaliadas utilizando-se um banco
contendo 90 imagens de radiografias AP de 29
individuos com mais de 20 anos de idade. Nesse
conjunto de radiografias ha pelo menos duas imagens
de radiografias para cada individuo.

As imagens encontram-se na mesma escala e
orientagdo, uma vez que o aparelho de raios-X
utilizado na obten¢do das radiografias contava com um
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suporte para centralizagdo e imobiliza¢do do cranio do
paciente

As radiografias foram obtidas dos arquivos de
radiografias do Denver Growth Study, mantidos pela
Faculdade de Odontologia da Universidade de
Michigan, localizada em Ann Arbor, Michigan, EUA.

3.2.Ground Truth

Com o objetivo de prover uma avaliagdo consistente
do método de segmentacdo proposto, realizou-se, sob a
supervisdo de um profissional médico da area de
Radiologia do Hospital Estadual de Bauru, a
segmentagdo manual dos sinus frontais do banco de
imagens utilizado. Ao final do processo obteve-se um
banco de bordas ‘“verdadeiras” dos sinus frontais, o
ground truth, com o qual é possivel realizar a avaliagdo
supervisionada do método de segmentagéo.

Para a segmentagdo manual, foi utilizada a
ferramenta “paint brush” do software de edigdo de
imagens Serif Photoplus [11]. Sobre uma nova camada
na imagem original, a borda foi manualmente tracada
com a utilizagdo do mouse e os pontos da borda
puderam ser extraidos diretamente da camada superior.

4. Métodos

Nesta se¢fo, é apresentado o método proposto para
o reconhecimento de sinus frontais, composto pelos
métodos Transformada Imagem-Floresta Diferencial
(DIFT) e Shape Context, para as etapas de
segmentacdo e extracdo de caracteristicas.

4.1.Método da Trasformada Imagem-Floresta
Diferencial

O método baseado na Transformada Imagem-
Floresta Diferencial (DIFT - Differential Image-
Foresting Transform) para segmentagdo de imagens foi
proposto por Falcdo e Bergo [6]. Esse método reduz o
problema de segmentacdo de imagens ao calculo de
florestas de caminhos de custo minimo no grafo
derivado da imagem. A busca por caminhos de custo
minimo ¢ restringida a caminhos que se originam em
um conjunto de pixels iniciais, denominados sementes
[6,12].

A fun¢do que determina o custo do caminho de um
vértice do grafo até outro ¢ a diferenga entre os niveis
de cinza dos pixels que sdo representados pelos
vértices. Dessa forma, pixels com niveis proximos de
cinza terdo custos menores de caminho e tenderdo a se
conectar ao caminho com o qual tenham maior grau de
similaridade.
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Portanto, com a utilizacdo desse algoritmo, a
intervencdo do usuario durante a segmentagdo da
imagem ¢ reduzida a escolha de algumas sementes
dentro e fora da 4area de interesse. As sementes
competem por vértices no grafo a cada iteragdo e
geram, ao final, regides internas e externas a area de
interesse cujos pixels terminais delimitam o objeto
[12].

A Figura 6(a) apresenta um grafo de uma imagem
bidimensional em tons de cinza, com vizinhanga 4. Os
nimeros correspondem as intensidades /(p) dos pixels
e os circulos maiores denotam duas sementes: uma
interna ao objeto que se deseja segmentar (um
retdngulo no centro da imagem) e outra externa ao
objeto. A Figura 6(b) mostra uma floresta de caminhos
de custo minimo para o grafo da Figura 6(a), usando
como fung¢do de custo, C(p,q) = I(q) - I(p), onde I(p) é
a intensidade de um pixel e /(g) ¢ a intensidade do seu
pixel predecessor. Os numeros mostrados na Figura
6(b) sdo os valores de custo.

A segmentag¢fo do retangulo no centro da imagem ¢
obtida pela arvore enraizada na semente interna. As
setas da Figura 6(b) apontam para o predecessor do
vértice no caminho 6timo.
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Figura 6. (a) Grafo de uma imagem 2D em tons de
cinza com vizinhanga 4. (b) Floresta de caminhos de
custo minimo para o grafo da Figura 6(a) [12].

Caso o resultado da segmentagdo ndo seja ideal, o
usudrio pode acrescentar mais sementes dentro ou fora
da area de interesse e executar novamente o algoritmo,
que ao invés de recalcular uma nova floresta de
caminhos 6timos toda vez que o conjunto de sementes
¢ alterado, somente atualiza o resultado da
segmentagdo de forma diferencial, em tempo
proporcional ao numero de vértices nas regides

modificadas da floresta [12].
4.2.Método Shape Context

O Contexto da Forma (Shape Context) ¢ um
descritor de formas proposto por Belongie et al. [7].

Dado um ponto p pertencente a uma borda, esse
descritor captura a distribuicdo polar-logaritmica dos
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demais pontos da borda em relagio a p,
proporcionando uma  caracterizacdo  global e
discriminativa do contexto da forma da borda. Desse
modo, pontos correspondentes em duas bordas
semelhantes, apresentam contextos de forma
semelhantes [7].

A Figura 7(a) apresenta a imagem de uma borda de
sinus frontal, na qual se ilustra o calculo do histograma
polar-logaritmico de um dos pontos da borda. Para
tanto, conta-se o nimero de pontos da borda em cada
compartimento. A Figura 7(b) ilustra o histograma
completo do ponto da borda selecionado na Figura
7(a).
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Figura 7. (a) Ilustracdo do célculo do histograma
polar-logaritmico de um dos pontos da borda de um
sinus frontal; (b) Histograma computado para o ponto
da borda selecionado em (a).

A Figura 8 ilustra a comparag@o entre histogramas
de trés pontos de bordas de duas imagens obtidas em
momentos distintos do sinus frontal de um individuo.
Note que os histogramas dos dois pontos das bordas
localizados em regides semelhantes apresentam
histogramas semelhantes. Note também que o terceiro
ponto da borda localizado a direita, em uma regido
bastante diferente das anteriores, apresenta um
histograma completamente diferente dos outros dois
pontos. Para facilitar a comparagdo entre o0s
histogramas, seus valores foram substituidos por niveis
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de cinza: quanto mais escura a cor da posi¢do no
histograma, maior é a ocorréncia de pontos da borda
naquele angulo e distancia.
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Figura 8. Comparacdo entre histogramas de trés
pontos distintos de duas bordas obtidas dos sinus
frontais do mesmo individuo.

Para o método Shape Context, o casamento entre
dois sinus frontais é feito através do calculo da
similaridade entre eles. A similaridade ¢ determinada
pelo custo do melhor alinhamento obtido entre os dois
sinus, utilizando os descritores dos contextos de forma
para cada um dos pontos pertencentes as suas bordas.
Quanto menor o custo de alinhamento, maior o grau de
similaridade entre os sinus frontais.

Dados dois pontos p; € p;, pertencentes a cada uma
das bordas sendo comparadas, o custo de casamento
C; entre os pontos p; € p;, ¢ dado pela equagdo (1),
onde /;(k) e h;(k) denotam os histogramas normalizados
dos pontos p; e p;, respectivamente, e K representa a
quantidade de compartimentos do histograma [7].
Como os contextos das formas associados a cada ponto
sdo distribuigdes representadas por histogramas, ¢
natural utilizar-se o teste estatistico Chi-quadrado.

SR S VIGEING)
(k) + b (k)

y 2 — (1)

4.3.Fases de um Sistema Biométrico Baseado
no Método Proposto
Os sistemas biométricos sio compostos de duas
fases principais: registro e reconhecimento. Desse
modo, as duas fases do sistema biométrico baseado no
método proposto, sdo apresentadas a seguir.

4.3.1. Fase de Registro

O objetivo principal da fase de registro é obter
descritores de sinus frontais a partir de imagens digitais
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de radiografias AP antemortem de individuos que se
deseja identificar, de forma que possam ser
armazenados, de forma compacta, em um banco de
dados e, posteriormente, na fase de reconhecimento,
possam ser submetidos a um processo de analise de
similaridade contra sinus frontais obtidos de
radiografias AP post-mortem.

A Figura 9 exibe uma visio geral da fase de registro
de um sistema biométrico baseado no método proposto.

Segmentagio do sinus
Entrada: Imagem de frontal pelo método
radiografia AP DIFT

antemortem i}

N
T .

~

L i

Borda do sinus
frontal

Extragdo das caracteristicas
pelo método Shape Context

U

nn
F

::> Banco de

descritores de
sinus frontais

a8
Histogramas: descritores
do sinus frontal

Figura 9. Fase de registro de um sistema biométrico
baseado no método proposto.

As etapas que compdem a fase de registro sdo:

1. Entrada de dados: Sio apresentadas ao
sistema, imagens digitais de radiografias AP
antemortem de individuos que se deseja cadastrar.

2. Segmentacdo: Os sinus frontais presentes nas
imagens das radiografias sd3o segmentados
utilizando-se o método da Transformada Imagem-
Floresta Diferencial (DIFT). Ao final do processo
de segmentacdo, imagens bindrias contendo apenas
as bordas dos sinus frontais sdo obtidas e
submetidas a extragdo de caracteristicas.

3. Extracido de caracteristicas: As caracteristicas
das bordas dos sinus frontais segmentados sdo
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extraidas por meio do método Shape Context para
andlise de formas. O processo de extragdo resulta
em um histograma polar-logaritmico para cada um
dos pontos das bordas dos sinus frontais.

4. Armazenagem na Base de Dados: Os
histogramas, que s3o os descritores dos sinus
frontais para o método Shape Context, sao
armazenados em um banco de dados (de templates)
para serem utilizados na fase de reconhecimento.

4.3.2. Fase de Reconhecimento

Na fase de reconhecimento, a imagem digital de
uma radiografia AP post-mortem de um individuo
(imagem de consulta) ¢é apresentada ao sistema
biométrico a fim de se determinar a identidade deste,
através do calculo de similaridade dos descritores de
seu sinus frontal em relacdo aos descritores dos sinus
frontais armazenados em um banco de dados na fase de
registro.

A Figura 10 exibe uma visdo geral da fase de
reconhecimento de um sistema biométrico baseado no
método proposto.

As etapas que compdem a fase de reconhecimento
sdo:

1. Entrada de dados: A entrada do sistema de
reconhecimento de sinus frontais ¢ uma imagem de
uma radiografia AP, denominada imagem de
consulta. A imagem de consulta é apresentada ao
sistema e os descritores do sinus frontal sdo obtidos
de modo idéntico ao descrito na fase de registro.

2. Casamento: Os graus de similaridade entre os
descritores do sinus frontal de consulta e todos os
descritores dos sinus frontais armazenados no
banco de dados (os templates) sdo obtidos através
da equacdo (1).

3. Decisdo: Se o sistema biométrico estiver
operando no modo de autenticagdo, ou seja, se
existir uma hipotese prévia para a identificacdo do
cadaver, o sistema aceitara ou rejeitara a identidade
presumida, dependendo do valor do limiar

estabelecido para o grau de similaridade entre o

sinus frontal de consulta e os templates.

De outro modo, se o sistema biométrico estiver
operando no modo de identificagdo, sera retornada uma
lista ordenada contendo as identidades associadas aos
m templates do banco de dados que apresentam os
maiores graus de similaridade com o sinus frontal de
consulta.
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Figura 10. Fase de reconhecimento para o método
proposto.

4.4. Avaliacao do Método Proposto

Para realizar uma avaliagdio de desempenho
consistente do método proposto para reconhecimento
de sinus frontais, além dos experimentos realizados
com os métodos de segmentagdo de imagens e analise
de formas que o compdem (DIFT e Shape Context),
foram realizados experimentos com outros métodos de
segmentacdo e analise de formas.

Além do método manual de segmentacdo de
imagens, o método Watershed [13] foi utilizado para
fins de comparagdo de desempenho com o método
DIFT, por se tratar de um método amplamente
utilizado para a segmentagdo de diversos tipos de
imagens, inclusive de imagens médicas. No entanto,
devido aos ruidos apresentados nas imagens de sinus
frontais, descritos anteriormente, o método Watershed
nido obteve resultados satisfatorios sendo, portanto,
descartado.

Portanto, o desempenho do método semi-automatico
de segmentacdo dos sinus frontais baseado na DIFT
pode ser avaliado quantitativamente por meio de
compara¢des com a segmentagdo manual (o ground
truth).

Os métodos de analise de formas escolhidos para
fins de comparacdo com o método Shape Context
foram: (i) método de analise por descritores
geométricos, proposto por Marana et al. [14] e (ii)
método de analise por estatisticas dos angulos dos raios
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(BAS), proposto por Arica e Vural [15]. Os dois
métodos, assim como o método baseado no contexto da
forma, foram implementados em Matlab [16].

Os experimentos realizados com estes métodos
seguiram as mesmas etapas de registro e de
reconhecimento descritas nas seg¢bes 4.3.1 ¢ 4.3.2,
respectivamente.

Para cada método de analise de formas, foram
utilizadas como entrada as bordas dos sinus frontais do
banco de imagens, segmentadas pelo método manual,
com o auxilio de um software grafico de propdsito
geral e pelo método DIFT, por meio do software
Mflow [17]. O Mflow apresenta uma implementagdo
deste método que permite a marcacdo por parte do
usuario de sementes internas e externas a regido de
interesse. Apos a defini¢do das sementes, executa-se o
método DIFT e caso a segmentacdo ndo esteja
satisfatoria, é possivel determinar novas sementes
externas ou internas e executar o software novamente
(de modo incremental), até que uma segmentagdo
considerada adequada seja obtida.

Apo0s a obtencdo dos descritores por meio dos trés
métodos de analise de formas utilizados para as bordas
dos sinus frontais segmentados manualmente e pelo
método DIFT, foram realizados casamentos entre estes
descritores a fim de se obter os graus de similaridade
entre todos eles. Dessa forma, nove experimentos
foram realizados.

Apds a realizagdo de cada experimento foram
calculadas as taxas de erro igual (EER) e de
recuperagdo correta (CRR). Desse modo, foi possivel
analisar, a partir de diversos cenarios, o desempenho
do método proposto para reconhecimento dos sinus
frontais utilizando-se a transformada imagem-floresta e
os descritores do contexto da forma (Shape Context),
comparativamente a segmentagdo manual (ground
truth) e com os descritores de formas alternativos.

5. Resultados Experimentais

Nesta se¢do sdo apresentados os resultados dos
experimentos realizados na etapa de segmentagio e os
resultados gerais para os métodos de reconhecimento
de sinus frontais, compostos pela combinagdo dos
métodos de segmentacdo com os métodos de analise de
formas para a extrag@o das caracteristicas.

5.1.Segmentacio de Sinus Frontais
A avaliagdo das segmentagdes dos sinus frontais
pelo método DIFT foi realizada de duas maneiras: (i)

analise qualitativa, por meio de sobreposi¢do com as
segmentagdes manuais obtidas com a supervisdo de um
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profissional médico da area de Radiologia; e (ii)
andlise quantitativa, por meio do calculo da
similaridade entre as segmentagdes obtidas pelo
método DIFT e pelo método manual, por meio dos
métodos de andlise de formas implementados (Shape
Context, BAS e Medidas Geométricas) e a subseqiiente
geracdo das taxas EER e CRR.

Na analise qualitativa, o profissional médico da area
de Radiologia que supervisionou a segmentagdo
manual atestou que as segmentagdes obtidas utilizando-
se 0 método DIFT estavam muito proximas do ideal,
pois ndo foi possivel notar diferengas significativas em
relacdo as segmentagdes manuais, como mostra a
Figura 11.

Figura 11. Segmentagdes de 3 sinus frontais,
utilizando o método manual (a esquerda) e por DIFT (a
direita). Os pontos pretos e brancos representam,
respectivamente, as sementes internas e externas
definidas pelo usudrio.

Os resultados da andlise quantitativa para o
casamento entre as bordas segmentadas pelo método
DIFT versus 0 método manual (ground truth) por meio
dos trés métodos de analise de formas, estio mostrados
na Tabela 1. As taxas de erro igual (EER) e de
recuperagdo correta (CRR mostram o alto grau de
similaridade entre as bordas segmentadas pelo método
DIFT e as bordas segmentadas manualmente (ground
truth).

O profissional médico da area de Radiologia, que
supervisionou a segmenta¢do manual para obtengdo do
ground truth realizou também algumas segmentacdes
de sinus frontais manualmente, com o auxilio de um
software grafico de proposito geral (Serif Photo Plus) e
utilizando o software Mflow. Desse modo foi possivel
obter o relato da experiéncia do usuario.
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O profissional atestou que se sentiu muito mais
confortavel em realizar as segmentagdes pelo método
DIFT do que pelo método manual uma vez que no
método DIFT h4 apenas a necessidade de se selecionar
alguns pontos dentro e fora da area de interesse.

5.2.Reconhecimento de Sinus Frontais

Para a avaliagdo do desempenho dos métodos para
reconhecimento de sinus frontais implementados,
foram realizados nove experimentos. Para cada método
de analise de formas, os seguintes casamentos entre 0s
bancos de bordas foram feitos: (i) casamento ¢ calculo
da similaridade entre as bordas segmentadas
manualmente; (ii) casamento e calculo da similaridade
entre as bordas segmentadas pelo método DIFT e (iii)
casamento e calculo da similaridade entre as bordas
segmentadas  manualmente  versus as  bordas
segmentadas pelo método DIFT. Os casamentos entre
as bordas dos sinus frontais dos individuos foram feitos
no modo de identificacdo, ou seja, cada borda foi
comparada com todas as bordas restantes do banco,
calculando-se a similaridade para cada casamento. Ao
final do processo foram obtidas as taxas de erro para os
casamentos entre genuinos e impostores e calcular a
taxa de erro igual (EER- Equal Error Rate) e a taxa de
recuperagdes corretas (CRR — Correct Retrievals Rate).

Os resultados obtidos para cada método de
reconhecimento de sinus frontais estdo descritos na
Tabela 1, onde estdo destacados os resultados para o
método de proposto no presente trabalho.

Tabela 1. Resultados dos experimentos realizados para
avaliar os métodos de reconhecimento de sinus
frontais.

Descritores Método de EER CRR
da Forma Segmentacio Top 1
Manual 12,22% | 36,7%
L. DIFT 12,63% | 26,7%
Geométrico
Manual vs. 12,39% | 52,22%
DIFT
Manual 3,85% 100%
Shape DIFT 3,73% 95,5%
Context
Manual vs. 7,37% 95,5%
DIFT
Manual 8,28% 91,1%
BAS DIFT 8,81% 83,33%
Manual vs. 10,52% 75,6%
DIFT
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6. Conclusoes

O método proposto para reconhecimento de sinus
frontais, que combina os métodos DIFT e Shape
Context para segmentagdo e extracdo das
caracteristicas obteve a melhor taxa de erro igual (EER
= 3,73%) entre todos os outros métodos para
reconhecimento de sinus frontais. Porém, apesar do
método proposto ter obtido uma taxa de recuperagdes
corretas muito boa (CRR = 95,5%), ele ficou atras do
método que combina a segmentagdo manual com o
método Shape Context (CRR = 100%).

No entanto, a segmentagdo manual com auxilio de
software exige esforgo e destreza muito maiores por
parte do usudrio do que o método DIFT.

Sendo assim, uma vez que a segmentacdo manual
foi realizada neste trabalho por um usudrio com boa
destreza manual, é licito acreditar que usudrios com
pouca experiéncia de uso de computadores ou com
pouca destreza manual venham a obter melhores
resultados através da segmentagdo pelo método DIFT
do que pela segmentagdo manual.

Desse modo, os resultados experimentais obtidos
permitem concluir que o método proposto para o
reconhecimento de sinus frontais, que combina a
segmentacdo pelo método DIFT e a extragdo de
caracteristicas pelo método Shape Context ¢ adequado
para a identificacdo forense de individuos, baseada nas
caracteristicas de sinus frontais obtidos a partir de
radiografias AP antemortem e post-mortem. Além
disso, estes resultados corroboram os descritos na
literatura sobre a viabilidade do uso das informacdes
dos sinus frontais como uma alternativa para a
identificagdo humana post-mortem em aplicagdes
forenses.
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Abstract

Tensor scale is a morphometric parameter that unifies
the representation of local structure thickness, orientation,
and anisotropy, which can be used in several computer vi-
sion and image processing tasks. We exploit this concept for
binary images and propose two shape descriptors — Ten-
sor Scale Descriptor with Influence Zones and Tensor Scale
Contour Saliences. It also introduces a robust method to
compute tensor scale, using a graph-based approach — the
image foresting transform. Experimental results are pro-
vided, showing the effectiveness of the proposed methods,
when compared to other relevant methods with regard to
their use in content-based image retrieval tasks.

1. Introduction

The recent growth of the World Wide Web and the new
technologies that became available for image acquisition
and storage have increased the demand for image retrieval
systems based on image properties. In content-based image
retrieval (CBIR) systems, image processing techniques are
used to describe the image content, encoding image prop-
erties — shape, color, or texture — that are relevant to the
query. These properties are processed by image descriptors
that can be characterized by two functions: a feature vec-
tor extraction function and a similarity function that com-
putes the similarity between images based on their feature
vectors [7].

The shape of an object is an important and basic visual
feature for describing image content [16]. Shapes are of-
ten the archetypes of objects belonging to the same pattern
class, and can be used in a wide range of practical prob-
lems, such as document analysis (optical character recogni-
tion), internet (content-based image retrieval), security (fin-
gerprint detection), etc [6].

This work focus on shape feature extraction and de-
scription for CBIR systems and, for this purpose, we
need a parameter for characterizing the structures presented
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in the images. In [15], Saha introduces a new concept
called fensor scale — a local morphometric parameter that
yields a unified representation of structure size, orienta-
tion, and anisotropy. We extend the application of tensor
scale, proposing two shape descriptors — Tensor Scale De-
scriptor with Influence Zones (TSDIZ) and Tensor Scale
Contour Saliences (TSCS). We also present a much faster
tensor scale computation, as compared to previous meth-
ods [15, 14], by exploiting the Euclidean Image Foresting
Transform (Euclidean IFT) [10]. This new tensor scale al-
gorithm can also be applied to the solution of other prob-
lems not related to image description, such as clustering,
classification, image filtering and image registration.

The complete work! is available at [1] and its related
publications are [2, 3].

This paper briefly overviews the methods as follows.
Section 2 describes the previous methods for computing
tensor scale and also the new method proposed for binary
images. Section 3 describes the proposed shape descriptors
and Section 4 shows the related experiments and results. Fi-
nally, Section 5 concludes this paper.

2. Tensor scale

In [15], Saha introduced the tensor scale of a pixel p in a
gray-scale image as the largest ellipse within the same ho-
mogeneous region, centered at p. The homogeneous region
is defined based on small differences between the pixels’ in-
tensity.

Tensor scale defines the ellipse by three factors:

e Orientation(p) = angle between t1(p) and the hori-
zontal axis;

_ lt(p)P?
[t (p)[?

bl

e Anisotropy(p) = 4/1

e Thickness(p) = |ta(p)l;

1 This paper contains extracts of the M.Sc. dissertation named “De-
scritores de forma baseados em tensor scale” by Fernanda A. Andalo.
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where |t1(p)| and |t2(p)|, with [t1(p)| > |t2(p)], denote the
length of the two semi-axis of the ellipse centered at p. Fig-
ure 1 illustrates the components to compute each one of
these factors.

Figure 1. Tensor scale factors.

In the following subsection, we describe two previously
proposed tensor scale computation methods for gray-scale
images [15, 14]. After that, we provide a faster tensor scale
computation for binary images.

2.1. Tensor scale for gray-scale images

In Saha’s approach [15], a tensor scale ellipse is calcu-
lated from sample lines that are traced around a given pixel,
from O to 179 degrees (Figure 2(a)). The axes of the ellipse
are determined by computing the image intensities along
each of the sample lines and the localization of two opposite
edge points on these lines (Figure 2(b)). The next step con-
sists of repositioning the edge locations to points equidistant
to that given pixel, following the axial symmetry of the el-
lipse (Figure 2(c)). The computation of the best-fit ellipse to
the repositioned edge locations is done by Principal Com-
ponent Analysis (PCA) (Figure 2(d)).

These computations are performed for every pixel of
the image and a critical drawback is that the computa-
tional cost of the algorithm makes the method quite pro-
hibitive for more complex tasks, such as image description
for content-based image retrieval. For this reason, Miranda
et al. [14] proposed an efficient implementation of the orig-
inal method, which differs in the following aspects.

The first change was in the localization of the edge
points. Miranda’s approach proposes to go along each pair
of opposite segments, alternately and at the same time, in-
stead of going along one entire segment by turn. By doing
this, the reposition phase is no longer necessary. The sec-
ond change was the use of two connected thresholds to im-
prove and simplify the original method of detecting edges.
The third and final change was the improvement of the el-
lipse computation phase. Miranda et al. proposed a func-
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(a) (b)

© (d)
Figure 2. Tensor scale Computation.

tion g (Equation 1) that gives the angle of the ellipse di-
rectly, instead of using PCA. The ellipse orientation is ob-
tained from the value of ~ that minimizes the function

g = >

i=1,2,...,2m

[xzzﬂ, _yi]’ (1)

where z; = x;cos(y) — yisin(y), yi, = x;isin(y) +
y; cos(7y), (z;,y;) are the relative coordinates of the edge
points with respect to the center pixel p = (x,,y,) of the
ellipse, and (z;_,¥;. ) are the new coordinates after apply-
ing a rotation by the angle ~.

In the next subsection, we provide a faster tensor scale
computation, as compared to the described approaches [15,
14], by exploiting the Euclidean IFT.

2.2. Tensor scale for binary images

The improvements achieved by Miranda et al. algorithm
are important for computing tensor scale in gray-scale im-
ages. However, for binary images the tensor scale computa-
tion can be further improved.

The first simple change consists of the elimination of
the thresholds used for edge detecting. These thresholds
are not necessary, because the images have already been
segmented. Furthermore, the method can incorporate tech-
niques to easily find the edges in the directions of the
sample lines. Such techniques comprehend the use of Eu-
clidean Distance Transform, computed by the Image Forest-
ing Transform, that is described in the next subsection.

2.2.1. Euclidean Distance Transform via Image Forest-
ing Transform The Image Foresting Transform (IFT) is a
graph-based approach to the design of image processing op-
erators based on connectivity, in which the images are rep-
resented by graphs — the pixels are considered as nodes and
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the arcs are defined by an adjacency relation between pix-
els. For a given seed set (roots), the seeds compete with each
other, defining influence zones. Each influence zone con-
sists of pixels that are “more closely connected” to a seed
than to any other, according to a path-cost function [10]. We
use a path-cost function that assigns the closest Euclidean
distance between object pixels and contour pixels to each
pixel inside the object (Euclidean IFT).

In the Euclidean IFT (Algorithm 1), the path-cost func-
tion is such that the cost of a path from a seed s to a pixel ¢
in the forest is the Euclidean distance between s and ¢. The
algorithm also needs an Euclidean relation A defined as

q€AD) = (mg— 2p) + (Yg — yp)* < p°

where p is the adjacency radius and (z;, y;) are the coordi-
nates of a pixel ¢ in the image.

Algorithm 1 assigns to each object pixel p three at-
tributes: the squared Euclidean distance C(p) between p
and its closest point s in the contour (forming an optimum
cost map), its closest seed R(p) = s (forming a root map),
and the label L(p) = L(s) of the segment that contains s
(forming a label map).

The advantages of computing the Euclidean Distance
Transform via IFT is that label propagation is executed on-
the-fly and in linear time. The Euclidean IFT is used for two
purposes in the proposed methods: faster tensor scale com-
putation, that is described in the next subsection, and tensor
scale orientation mapping (Section 3.1).

2.2.2. Tensor scale computation via Image Foresting
Transform A considerable speed up in the computation of
the tensor scale for binary images is possible by exploiting
the following aspect: if we have the shortest distance be-
tween a pixel p and the contour, there is no need to search
for edge points inside the circle with radius /C(p) (Fig-
ure 3(a)). For every pixel p, this distance can be obtained
from the cost attribute C'(p) returned by Euclidean IFT.

According to Miranda’s algorithm, edge points are
searched along opposite sample lines, alternately. However,
in our approach, the algorithm jumps along the lines and
visits the pixels ¢ and r at the same time (Figure 3(b)). The
searching for edge points continues outside the area defined
by the cost y/C(p) in Figure 3(b), and the minimum be-
tween /C(r) and y/C(q) indicates the location for the
next jump. These jumps may continue iteratively until the
closest edge point along the sample line is found.

In the example, the edge is found at the pixel R(r) (i.e.,
at the contour point 7’ nearest to ). The algorithm defines
that the two edge points in this sample line are at r’ (coordi-
nate of R(r) relative to p) and at ¢’ (coordinate of the point
diametrically opposite to 7/, relative to p), as shown in Fig-
ure 3(c).
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Algorithm 1:

Input: A binary image I, a set .S of contour points or seg-
ments in [ (seeds), an Euclidean adjacency relation A, and
a labeling function A(p) that assigns a label to each point
or segment p in S.

Output: The cost map C, the root map R, and the la-
bel map L.

Auxiliary data structure: A priority queue ().

foreach p € I do
C(p) < +o0;
R(p) « NIL; L(p) < NIL;
foreach p € S do
C(p) < 0;
R(p) — p:
L(p) < A(p);
insert p in Q;
while () is not empty do
remove from @ a pixel p = (z,,yp) such that C(p)
is minimum;
foreach ¢ = (z4,y,) such that ¢ € A(p) and
C(q) > C(p) do
C" — (l‘q — JL‘R(p))Q + (yq — yR(p))Z, where
R(p) = (T r(p)s YR(p)) is the root pixel of p;
if " < C(q) then
if C'(q) # +oo then
remove ¢ from Q;
Clq) < C"
R(q) — R(p):
L(q) < L(p);
insert ¢ in Q;

By performing this procedure for all sample lines, the al-
gorithm defines all edge points and uses the same formula
defined by Miranda et al. (Equation 1) for finding the orien-
tation of the ellipse.

The localization of the edge points is formalized in Al-
gorithm 2.

3. Shape descriptors

The key idea of the proposed methods is to compute the
tensor scale ellipse for every object point and to map the ori-
entations onto the object’s contour. The tensor scale compu-
tation is done by the proposed method described in the pre-
vious section. The orientation mapping is described in the
next subsection.
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Figure 3. Example of optimization by using
Euclidean IFT.

3.1. Orientation mapping

The orientation mapping (Algorithm 3) consists in map-
ping the tensor scale ellipse orientation (computed for all
the object pixels) onto the object’s contour. Although the
tensor scale orientation mapping is different for each pro-
posed method, they both exploit the discrete Voronoi re-
gions (influence zones) of contour points inside the object.
The influence zones can be efficiently obtained by label
propagation using the Euclidean IFT [10].

It is necessary to compute the discrete Voronoi regions
inside the object and summarize, in some way, the orien-
tation information contained in each of these regions. The
introduced methods require two different types of orienta-
tion mapping: one that assigns information to each contour
point and one that assigns information to contour segments.
The former can be understood as an instance of the latter
with one-point length segments.

The orientation mapping (Algorithm 3) requires label
map L returned by the Euclidean IFT (Algorithm 1), us-
ing the segments as seeds and a labeling function that as-
signs a different label to each segment. Map L groups pix-
els and their ellipses in the influence zone of each segment.

The meta-function Summary(V[i]) returns a summa-
rization of ellipses information inside the correspondent in-
fluence zone. Each method has its own summary function
and they will be discussed in the next subsections.
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Algorithm 2:

Input: A pixel p = (xp,yp), the number m of sam-
ple lines, and the cost map C' returned by Algorithm 1.
Output: The vector edge that contains m pairs of edge
points localized at the sample lines.

for § — 0° to 179°, with increments 15 do
v — m;
p1 «— NIL;
po — NIL;
q1 < 0;
g2 — 0;
while p; # 0 and po # 0 do
x «— v x cos(h);
y — v *sin(0);
ifg; =0
temp — (zp + ,Yp + Y);
p1 — /C(temp);
ifg; =0
temp — (zp — z,Yp — V);
p2 — /C(temp);

d — min(p1, p2);

v—v+d,;
q1 < p1—d;
G2 — p2 — d;

edgeld] — ((z,y), (z',y")), where (2',y") is the co-
ordinate of the point diametrically opposite to
(z,y), relative to p;

3.2. Tensor Scale Contour Saliences (TSCS)

The saliences of a shape are defined as the higher cur-
vature points along the shape contour [9], or vertex points
along the contour with first derivative discontinuity [6].
Their detection is the key to various applications in image
processing (e.g., image registration, polygonal approxima-
tion, motion analysis, and shape description [8]).

The TSCS method consists of three steps: the tensor
scale computation for all pixels inside a given object, fol-
lowed by the mapping of such tensor scale orientations onto
each contour point, as described in Algorithm 3, and finally
the detection of saliences based on the mapped orientations.
These saliences are used to form the feature vector of the
TSCS descriptor.

In this case, the Summary(V[i]) function of Algo-
rithm 3 returns the orientation of the ellipse with maximum
anisotropy inside the influence zone with label ::
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Algorithm 3:

Input: A binary image containing an object O, the num-
ber ns of contour segments, the label map L returned by
the Euclidean IFT, and the vectors Ani and Ori that con-
tain the anisotropies and the orientations of the tensor scale
ellipses computed for all pixels of O, respectively.

Output: A vector M that contains the mapped orientations
for each contour segment.

Auxiliary data structure: A vector V of n lists to store el-
lipse information in each influence zone of segment.
foreach pixel p € O do

insert (Ani[pl], Ori[p]) in list V[L(p)], where L(p) is the
label of the influence zone in which p is contained;

foreachi € [1,...,n4] do

MTi] = Summary(V[i));

Summary(V[i]) = argmax Ani[p], (Ori[p], Ani[p]) € V],

p

where the vectors Ani and Ori contain the anisotropies and
the orientations of the tensor scale ellipses computed for all
the object pixels.

Therefore, the vector M contains ng values, where ng is
the number of points in the object’s contour. Contour points
with no influence zone inside the object borrow the orienta-
tions of the neighbors.

In order to localize the salience points, the method calcu-
lates the differences between adjacent mapped orientations
in M. The difference value at p € M is

Dif ference(p) = AngularDist(M(p — 1), M(p + 1)),

where the function AngularDist(«, 3) gives the smallest
angle between the orientations « and 3.

Now, the method uses a threshold value to eliminate low
values of difference along the contour. Figure 4(a) shows
the adopted threshold and the difference values computed
for every contour point of the shape illustrate in Figure 4(b).
Figure 4(c) shows another example of the detected saliences
(dots) using threshold 16, i.e, saliences related to angle dif-
ferences lower than 16° were not represented.

After the salience detection phase, the descriptor is
formed by the feature extraction and metric functions used
in CS [8].

3.3. Tensor Scale Descriptor with Influence Zones
(TSDIZ)

The key idea of the Tensor Scale Descriptor with Influ-
ence zones (TSDIZ) is to map the tensor scale orientations
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Figure 4. Difference values along a contour
and detected saliences.

inside an object onto a few segments of its contour, and use
this information for shape description.

First, the TSDIZ approach computes tensor scale for all
pixels inside an object. Next, it divides the object’s contour
into segments and maps the tensor scale orientation onto
each contour segment, as described in Algorithm 3.

For TSDIZ, the Summary(V]i]) function returns the
weighted angular mean [13] of the ellipses orientations con-
tained in the influence zone with label ¢, considering the
anisotropies as the weights:

Summary(V[i]) = arctan (K),

> Ani[p] * sin(20ri[p))
_ (Orilp),Anilp)eV i)

K= .
Ani[p] * cos(207i[p])
(Ori[p], Ani[p])eVi]

The vector M returned by Algorithm 3 is used as TS-
DIZ feature vector and contains n values, where ng is the
number of contour segments.

The similarity function has to determine the rotation dif-
ference of the orientations between two TSDIZ vectors.
This function also has to determine the segment in which
the feature vectors must be lined up to obtain the best
matching between the underlying shapes.

The exhaustive algorithm (Algorithm 4) consists of the
registration between the orientation feature vectors. For this
purpose, the algorithm computes, for each rotation «, where

a = 0°...,179°, and for each shift j in the feature vec-
tor, where j = 1,...,ns and n is the size of the vectors,
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the difference between the vectors, after rotating all orienta-
tions of one vector by « and circular shifting the same vec-
tor by j. The minimum difference obtained corresponds to
the distance between the vectors.

Algorithm 4:
Input: Two feature vectors F'4 and F'p.
Output: Distance dist between F4 and Fg.

dist «— o0;
foreach j € [1,...,n4] do
foreach o € [0,...,179] do
foreachi € [1,...,n] do
distgus — AngularDistance({Fp[(j —
i) mod ng| + a} mod 180, F4[i]);
if dist . < dist then

dist «— distyuz;

The complexity of this algorithm is O(c x ns2), where ¢
is a constant (in this case, 179°). Although it is an exhaus-
tive search, small values of ng (e.g., ns < 70) makes it still
fast. Figure 5 illustrates the registration between two TS-
DIZ vectors. An orientation curve is computed for each ob-
ject and then, applying the matching algorithm, these curves
can be matched.

4. Experimental results

Experiments were conducted using two databases: Fish-
shape? and MPEG-7° part B.

4.1. TSCS results

The experiments are based on comparisons between the
TSCS and the Contour Salience (CS) method [8], because
of its interesting previous results. But, before comparing
the different approaches, we need to find the best thresh-
old for our method. For this purpose, we constructed a
database consisting of 42 shapes of the Fish-shape database
and 112 shapes of the MPEG-7 Part B database, resulting in
2835 saliences. The images were chosen by taking into ac-
count the obviousness of the contour salience points loca-
tion. Then, a set of ground truth images were constructed
with the location of the salience points.

This experiment relies on counting the true positive
saliences (1) and false positive saliences (F.) for the

2 http://www.ee.surrey.ac.uk/research/vssp/imagedb/demo.html
3 http://www.chiariglione.org/mpeg/
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Figure 5. Examples of TSDIZ curves and reg-
istration.

ground truth images. After this counting, three effective-
ness measures were calculated: recall, precision, and accu-
racy. Recall (Rec) and precision (Prec) are computed as

T4
Rec = T 3T

and T
Prec= —1
T, + Fy

where T is the number of true negatives, and (77 + 1)
represents the total number of points. The accuracy (Acc) is
calculated as
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Measures | 10 | 12 | 14 [ 16 [ 18 |

Recall [ 0.964 [ 0.964 [ 0.963 | 0.963 [ 0.962
Precision | 0.889 | 0.923 [ 0.946 [ 0.963 | 0.968
Accuracy | 0.840 | 0.862 | 0.874 | 0.875 | 0.867

Table 1. Effectiveness measures.

T, +T-

Acc =
T, +T_+4+F  +F_

where F_ (false negatives) represents the number of miss-
detections.

The results with different threshold values (from 10 to
18) are presented in Table 1. Note that the method is ro-
bust to the choice of the threshold. However, the accuracy
was maximized with threshold value 16 and this is the value
adopted for this method in further experiments.

The first consideration made between the approaches
was related to performance issues. Our method was twice
faster (speedup of 2.04), on average, than the CS approach,
when executed for the entire Fish database (on an AMD 64
3000+ with 1GB of memory).

The second consideration is that our method is com-
puted locally, looking for each mapped orientation and for
its neighbors along the contour. The CS method is more
global, because it uses the internal and external skeletons
of the whole shape for salience detection. This difference
in granularity also makes the detection of saliences less
robust in the CS approach, because the multiscale skele-
tons have to be thresholded to obtain salience points. This
threshold represents a smoothing of the contour and, conse-
quently, loss of some important saliences. In order to detect
these saliences, we would have to reduce the threshold. Our
method is also dependent of a threshold, but it is much eas-
ier to fix a single threshold for the entire database, which is
the case of our approach, than to find the best threshold for
every single image in the database, which is the case of the
CS approach.

The last consideration is about the impact of a better
salience estimation in shape description. Corners and high
curvature points concentrate more information than other
points of the shape [5]. For this reason, it is intuitive to con-
ceive that curvature is an important key for the identifica-
tion of many geometric aspects. Based on this, we use the
saliences as key points for shape description.

We compared the descriptors using the multiscale sepa-
rability (MS separability) effectiveness measure. Separabil-
ity indicates the discriminatory ability between objects that
belong to distinct classes [8]. The TSCS and CS descriptors
were computed for Fish-shape database and the MS sep-
arability curves for the descriptors are shown in Figure 6.
Higher is the curve, better is the method.
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By analyzing Figure 6, we observe that TSCS is more ef-
fective or equal to CS in 80% of the search radii.

4.2. TSDIZ experiments

In [8], Torres et al. showed that MS separability repre-
sents better than precision vs. recall (PR) curves the separa-
tion among clusters (groups of relevant images) in the fea-
ture space. However, PR is still the most popular effective-
ness measure in CBIR. For this reason, we present the re-
sults with both measures.

Precision is defined as the fraction of retrieved images
that are relevant to the query. In contrast, recall measures
the proportion of relevant images among the retrieved im-
ages. The Precision vs. Recall curve, or PR curve, indicates
the commitment between the two measures and, generally,
the highest curve in the graph indicates better effectiveness.

In this experiment, TSDIZ is compared with the follow-
ing shape descriptors: Beam Angle Statistics [4] (BAS),
Multiscale Fractal Dimension [9] (MS Fractal), Moment
Invariants [12] (MI), Fourier Descriptor [11] (Fourier),
Tensor Scale Descriptor [14] (TSD), and Segment
Saliences [8] (SS).

Figure 7(a) presents the PR curves for the evaluated de-
scriptors and TSDIZ with 60 contour segments. We have
tested different number of segments (30 to 120) and the
method is quite robust to this choice.

TSDIZ descriptor has the second better PR curve among
the tested descriptors. As TSDIZ has outperformed all other
descriptors for MS separability as well, we show in Fig-
ure 7(b) the MS separability curves of TSDIZ and BAS
only.

TSDIZ and BAS present equivalent effectiveness for
search radii less than 10% of their maximum distance. From
this point on, the BAS separability curve decreases quickly,
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Figure 7. TSDIZ experiments.

indicating that this descriptor is neither robust nor effective
for search radii greater than 20%.

Table 2 shows a visual CBIR example for a query image.
The images that are not in the same class of the query image
and should not be returned by the query are shown with a
border around them. 7

5. Conclusions

This paper describes a faster algorithm for tensor scale 8
computation in binary images using Image Foresting Trans-
form (IFT), and two shape descriptors based on tensor scale.

For the TSCS descriptor, the experimental results
showed that it is faster and more robust than the CS descrip-
tor. The experiments for TSDIZ indicate that this descriptor
has better PR curve than all relevant shape descriptors (ex-
cept BAS) and the best separability among them, making it
the most robust and effective according to this metric.
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