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Abstract

Laparoscopic surgery is a popular technique that requires intensive training and prac-
tice before actual surgery. Computer simulation provides a virtual training environ-
ment for surgeons to practise. Surgery simulators are becoming practical with new
frameworks that include core components such as enhanced medical imaging, rapid
medical data modeling, realistic visualization procedures, and high fidelity animation
techniques. The emphasis on cinematic quality rendering has gained importance with
the widespread availability of affordable high end graphics capabilities on desktop com-
puters. However, the challenge is the computation of man-machine interaction with the

deformable tissues/organs.

Modeling organs for surgery simulation is a formidable challenge due to three rea-
sons. First, the organs and body parts have not only very complex shapes, but are
deformable too. The second challenge is to provide a mechanism for surgeons to inter-
act with these complex anatomical objects. The third challenge is the expensive 3D

deformation computation required for haptic feedback.

We propose a new technique that is extensively superior to the conventional rigid
Geometry Images. In our approach, a parameterized representation of virtual organs
with multi-layered 2D flat maps is used for the purpose of surgery simulation. An
unstructured 3D input mesh is parameterized and resampled into a regular 2D pa-

rameterized model called Geometry Map. To accomplish real-time interaction with



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
ABSTRACT

deformable organs, instead of computing the deformation on the organ models in 3D
space, we use a novel yet simple and fast free-form deformation on the 2D geometry

map itself. Real-time haptic feedback can be provided with this deformation technique.

Our parameterized representation can efficiently perform both collision detection
of tool tip with deformable object and contact detection between multiple deformable
objects. We also show that the application of the geometry map can even be extended
to the haptic sensing of virtual textiles. With this representation, we demonstrate that
we can construct a practical and realistic environment with both visual and haptic

rendering for interactive surgery simulation.

i
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Chapter 1

Introduction

1.1 Motivation

In recent years, laparoscopic surgery is becoming more and more common for many
procedures. In laparoscopic surgery, abdominal operations such as hepatic (liver) resec-
tions are accomplished through small incisions. The abdomen of the patient is inflated
with gas to create open space inside and a video camera is inserted into the abdomen
through one of the small incisions. The video image is magnified and transmitted to
a high-resolution monitor, allowing the surgeon to see the abdominal anatomy with
great clarity. The surgery is performed using special instruments introduced through
the incisions. With this technique, patients benefit from less pain and less strain for
the organism, and faster recovery and shorter hospitalization time. The drawback of
this technique is that it is more difficult than traditional surgery procedure, and the
surgeons need to learn and adapt themselves to this new type of surgery. To master

laparoscopic surgery, massive training and practice are required.

The use of plastic models or animal cadavers in conventional surgery training does
not fully reflect the real-life situation in the operating room as there is not realistic

tissue and physiological behavior in the models. Setting up and disposal of the animal
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cadavers are also difficult and expensive. Most importantly, the use of such models and
animal cadavers does not allow repeated training on the same scenario and does not
allow for objective assessment of the training success. Due to above-mentioned reasons,
surgery simulator becomes necessary for training surgeons in the advanced and latest

surgical procedures.

Noninvasive imaging techniques such as Computed Tomography (CT) scans and
Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET), Ultra
Sound Radiography have been revolutionary in medical imaging visualization for di-
agnostic and surgical applications. With advancing technology, it has become viable to
visualize the change in the geometry, appearance and texture of deformable tissues [86],
[72], [49]. Visualization of dynamics in the medical data leads to enormous applications
in the area of virtual reality based surgical simulations in assisting surgical training, sur-
gical planning, pre-operative rehearsal, and intra-operative execution. With the latest
medical imaging techniques and VR technology, surgery simulators can provide cheap

and intensive training without the need of cadavers or animals [60].

We feel that there is a need to build a high quality surgery simulator. We have de-
signed a framework and the components of our framework have been evaluated for both
rigid as well as deformable organs. Immediate application of the virtual surgery sys-
tem can be used for training medical students, with long term applications in everyday

planning of pre-surgery, post-surgery and also during live-surgery.

1.2 Possible Interactions

In a surgery simulator, the possible interactions that have to be taken into account

include:

Deformable Interaction: The physical modeling of a simulator includes the modeling
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of contacts between virtual instruments and soft tissues as well as the biomechanical
deformation of soft tissues. When collision between an anatomical structure and a
surgical instrument is detected, the boundary constraints on the soft tissue models are
updated and, depending on the nature of the instrument, a piece of tissue is removed.

The soft tissue is then deformed according to a given biomechanical behavior.

Clutting Interaction: By restricting the regions where cutting is allowed, it is there-

fore possible to include in the simulator deformable models of large size.

Background Structures for Better Interaction Cues: For more realistic representa-

tion of the operative field, other elements are introduced.

1.3 Challenges

The difficulty of virtual human simulation comes from the fact that human bodies are
extremely complex entities, and modeling of virtual human is closely related to subjects
besides computer science, such as medicine and biomechanics (See Figure 1.1). Until
now, the simulation of accurate human bodies still remains one of the greatest challenges

in computer graphics.

Computer
sclence

Biomechanics/
Medicme

Deformable
models

Tissue
characteristics

Graphics

Physiology

Topology

Anatonty

Haptics

Figure 1.1: Foundations of virtual human modeling.
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Simulators have been used in the area of training at medical institutions or in
preoperative procedures for surgery planning [48], or to predict the outcome of an
operation, for example, Computer-Aided Plastic Surgery used by Pieper et al. [68], and

the cleft clip surgery simulation by Sheppard [76].

In such applications, visualization is tightly integrated with interaction, haptics, as

well as volume deformation.

A major issue of surgery simulation is to model the virtual human organs in a realis-
tic way, both visually and physically, and there must be an element of unpredictability.
For realistic visual rendering, advanced graphics techniques like texture map, normal
map, light map, and bump map can be utilized. For the physical behavior, informa-
tion related to the elastic property of the tissues is needed so that the virtual organ
can be deformed in the interactive simulation. The challenges we face for the realistic

visualization of human organs are detailed below.

1.3.1 Static Model Representation

Static model representation refers to the geometry and appearance (normals and tex-
tures etc.) of the organ. The traditional model representations such as complex triangle
meshes or NURBS surfaces pose a variety of problems when it comes to interactive de-
formation. Some of the problems encountered are: determining the contact point,
application of textures, difficulty in deformation, and non-real-time response for inter-

action.

e Mesh Primitives: Traditionally, the input data for modeling 3D deformable ob-
jects have been 3D meshes and primitives which are represented as a collection of
triangles. This representation seriously limits the picking of one or more triangles

out of a large mesh. It is also extremely difficult to determine the neighborhood
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points or triangles associated with a given contact point.

e Contact Point: Determining the contact point in 3D space is tedious. This re-
quires ray intersection with the object of interest to find the closest intersection

point.

e Deformation Footprint: Even though the footprint kernel of shape deformation in
picking or pinching is quite uniform for most objects, representing the orientation

of the shape of the kernel in 3D is difficult.

e [nteractive Deformation: To visualize the deformation, we need to have an im-
mediate feedback to facilitate responsive user interaction with the 3D deformable

object.

1.3.2 Deformable Organs

There exist a number of approaches to model the deformation of the organ [40], includ-
ing Free Form Deformation (FFD), Mass-Spring Models, and Finite Element Methods

e Human Soft Tissue Simulation: The appearance of the soft tissue is obtained
from real textures or images of the organs. This texture is mapped onto a polyg-
onal mesh of the organ that is under examination. The deformation of the mesh
is generally carried out using a range of techniques from free form deformation,
mass-spring models or even realistic FEM models. To create flicker free move-
ment and collision detection, we need to compute 30 frames/sec for which the

computational requirements are high.

e Tissue Tool Interaction: The interaction between the tool and the organ is a

challenge to compute. The position of the tool has to be estimated in relation to
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the organ first. The behavior of the tissue has to be simulated in real-time when

the tool interacts with it (e.g. cut, prodded or punctured).

1.3.3 Cinematic Quality Rendering

Rendering scenes that simulate realistic surgery depends on several factors. These in-
clude lighting, choice of tissue and organ material properties. Apart from this the
system should create photorealistic renderings in real-time. These functions should not
only be for static organs or models, but also include complete deformable shape mod-
eling and animation. The renderer to achieve the best quality computes, (i) reflection,

(ii) refraction, (iii) high quality shading effects, and (iv) anti-aliasing.

To attain a cinematic quality visualization of deformable tissue, one should achieve
30 frames/sec that will give a flicker free movement and will require very high computa-
tional power and memory. The challenge is to find optimized visualization algorithms to
achieve the cinematic quality visualization of deformable tissue by exploiting maximum
performance out of the available computing resources. This study will discuss various
visualization algorithms for achieving cinematic quality visualization of body parts and

deformable tissue.

1.4 Contributions

In addressing these challenges, this thesis makes the following new contributions.

e Deformable Geometry Map Representation: We have proposed a new De-
formable Geometry Map (DGM) for laparoscopic surgery simulation. Arbitrary
input virtual organ meshes are parameterized and resampled into regular high
resolution models. The high resolution models increase the visual quality of the

virtual organs. The parameterized mesh is helpful for the simulation in a few
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aspects: collision detection, free-form deformation, simulation of the interaction
between the tool and organ, and an update rate fast enough to provide haptic
feedback. The DGM representation also helps to handle the contact between the

organ and another object.

e Deformation of Geometry Maps: Secondly, we introduce a free-form defor-
mation approach for the parameterized mesh to simulate the interaction between
the tool and the organ to achieve an update rate fast enough to provide haptic
feedback. The parametric deformable shape representation described in this work
helps to approximate the local deformation. Advantage of the local deformation
now includes the ability to interact with the 3D shape model using the parametric
space instead of the 3D mesh. As a result, the deformation computation need not

be performed on the entire mesh.

e Interaction with the Deformable Mesh: We also propose a procedure to
handle the collision between the tool and the object surface as well as the contact

between the object and another object.

e Texture Deformation: The appearance of the 3D mesh is accomplished using
appropriate textures. Because of the parameterization, the texture mapping is
implicit. In our examples, the texture mapping works well for the deformable

surfaces.

e DGM for Surgery Simulation: We have demonstrated the parameterized
representation of 3D organ meshes for the simulation of laparoscopic surgery.
Unstructured input virtual organ meshes are parameterized and resampled into
regular high resolution models. The high resolution models increase the visual
quality of the virtual organ. The parameterized mesh is helpful for the simulation

in many aspects.
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e DGM for Textile Deformation: We have demonstrated the parameterized
representation of 3D meshes for the simulation of deformation of textiles. The
high resolution models increase the visual quality of the virtual textiles. The

parameterized mesh is helpful for the simulation as shown in our examples.

1.5 Thesis Outline

The rest of the thesis is organized as follows.

e Chapter 2 gives a background and introduction to the challenges in designing
surgery simulators. Section 2.2 gives an outline of static organ shape modeling
where the focus is the geometry and appearance of the organ model. In Section
2.3 we present an extensive introduction to the modeling of the behavior of organs.
The dynamic behavior model includes the specifications of soft tissue, deforma-
tion modeling for specific organ and volumetric behavior. Section 2.4 discusses
organ shape deformation from two perspectives. First is visual feedback on defor-
mation when a tool interacts with an organ, and second is the time to compute
deformation that is necessary to provide an appropriate haptic feedback. Section
2.5 presents the various surgery simulation techniques that have been proposed
recently. In Section 2.6 we analyze the computational process or architecture
design in constructing surgery simulators. One of the important characteristics
that we feel necessary in surgery simulation is cinematic quality rendering which

is outlined in Section 2.7.

e In Chapter 3, we introduce the physically based object deformation. We discuss
the formulation of the interpolation scheme, boundary conditions, specification
and editing of nodes in the case of local and large deformation. Acceleration

schemes such as precomputation, and runtime optimization are also discussed.
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e In Chapter 4, we discuss about the object-object interactions in surgery simulation

with the physics based object deformation.

e In Chapter 5, we introduce a novel deformable geometry map (DGM) represen-
tation. Unlike previous parametric representation, we show our representation
allows control of deformation in real-time. Our method is novel as we do not

perform the 3D deformation directly, in-place on the 3D mesh.

e In Chapter 6, we exploit the DGM representation for interactions (e.g. a tool-
organ interaction). First we show how DGM representation can be used for colli-
sion detection of the tool with the organ. This interactive deformation on DGM
can be done in real-time, which enables both visual feedback and haptic feedback.
Finally we also show that DGM representation can be used for contact detection

and collision detection between objects (e.g. an organ and a plane).

e In Chapter 7, we use our interactive DGM representation for two distinct case
studies. First we show that real-time deformation results achieved are realistic
for a range of organs. The results are also visually better than other deformation
approaches known to us. Furthermore, we show results from textile simulation

that validates the usefulness of our interactive DGM representation.

e Finally, Chapter 8 closes with a summary of the main topics, a discussion of
commonly raise questions, and further issues that remain to be investigated in

the future work.

The existing literature on surgery simulation, physically based deformation and
parametric modeling is large and varied. Reviews of literature will consequently be
spread throughout the thesis. Chapter 2 contains the relevant citations for surgery

simulators, organ shape modeling, and deformation. Chapter 3 contains one section, a
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report of relevant background work on physics based meshless deformation. Chapter 5

contains one section on related work on parametric modeling and free form deformation.
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Literature Review

2.1 Introduction: Challenges in Designing Surgery
Simulators

One of the biggest challenges in a surgical simulator is real-time deformation of soft-
tissues. The challenges on real-time deformable models for surgery simulation have
been presented in 1993 by Cover et al. [26] and more recently in a survey by Meier et
al. in 2005. [59]. The reconstruction of objects using these models has two conflicting
characteristics: interactivity and motion realism. Meier et al. [59] also present the
advantages and disadvantages of each of the various deformable models. The focus
of comparison is mainly on three key requirements of simulating deformable tissue for
surgical applications described as computational demand, topological flexibility and

biomechanical realism.

Keeping the above parameters in mind, there is no outstanding model that comprises
all the parameters for surgery simulation of deformable organs. The evaluation clearly
shows that interactivity and biomechanical realism are two conflicting characteristics
of deformable models. Any one of them is promoted to the detriment of the other.

Interactivity is mostly chosen for real-time surgical simulators.

11
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This implies that the choice of a model is purely dependent on the feature to be
emphasized during the surgery simulation. The complex nature of certain models may
pose difficulty in implementation. Mass-Spring models, being the easiest to create and
modify, have found extensive use in real-time interactive and haptic surgical simulations.
Limitations may also be posed by present computer hardware configurations in terms

of computational power and memory.

Haptic rendering on the other hand requires much higher level of physical realism
and much faster update rate than graphic rendering to achieve high quality and realistic
rendering, which is essential for many applications that simulate manipulations in real
physical world. However, high-level of physical realism and fast update rate of rendering

are often conflicting requirements.

The rest of this chapter is organized as follows. Section 2.2 gives an overview of the
challenges involved in organ shape modeling for surgery simulators. Section 2.3 presents
a survey of the state-of-art techniques for modeling the deformation of organs. Section
2.4 presents a survey of related work on haptics and interactive deformation. Section
2.5 presents the various surgery simulation applications that have recently attracted
the attention of researchers. Section 2.6 presents the major architectural components
and computation steps in surgery simulations. Section 2.7 presents some of the early
attempts on cinematic quality visualization, and Section 2.8 presents a summary on the

three generations of surgery simulators.

2.2 Static Organ Shape Modeling

In this section we describe some of the recent techniques for shape modeling of organs
used in surgery simulators. Data modeling for visualization has been a research issue

for many years [63], and more recently modeling for virtual environments have been

12
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studied by Zhong et al. [90].

2.2.1 Geometric Modeling in Hepatic Simulation

Geometric modeling in hepatic surgery simulation involves the 3D reconstruction of the
principal hepatic structures of interest — the hepatic parenchyma, the main vessels, the
Couinaud (or functional) segments, and the potential lesions. The processes involved
in the creation of a 3D anatomical model of the liver from the preoperative CT images

are as follows:

e Hepatic parenchyma extraction is achieved by applying a deformed simplex mesh

geometrical model to fit the corresponding CT image.

e Main vessels extraction is based on the exploitation of mathematical morphology

and digital topology techniques.

e Couinaud segments extraction of the eight segments is based on the computation

of the first branches of the vein, which is similar to a generalized Voronoi diagram.

Marching cubes algorithm is commonly employed for surface rendering or extrac-
tion application. For example, the extraction of the external surface of the hepatic
parenchyma could be achieved by applying a sub-voxel triangulation provided by the

marching cubes algorithm.

However, such application is greatly compromised by the following two limiting fac-
tors: (1) the number of triangles generated is too large for further computer processing
(i.e. high computational costs), and (2) a smoothing of the extracted surface is neces-
sary to avoid staircase effects. Therefore, Delingette and Ayache [36] applied simplex

meshes as opposed to marching cubes algorithm for liver surface extraction.

13



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Literature Review

2.2.2 Surface vs Volumetric Soft Tissue

The geometric representation of deformable tissue may consist of surfaces or volumes.
The choice between surface and volume based models is governed by two factors: com-
putational efficiency and physical accuracy. In terms of computation, surface models are
advantageous because they have fewer vertices than volumetric models for representing

the same shapes.

However, most biomechanical models, naturally call for volumetric representations
rather than surface models. Surface models tend to give physically invalid deformations
especially in regions that are thin. Furthermore, the behavior of volumetric models
may take into account physical inhomogeneities, for instance due to the presence of
lesions. Volumetric models are better-suited to the simulation of cutting or suturing
operations. The operations change the geometrical and the physical nature of the model.
However, surface models may be relevant for modeling cavernous tissues such as vessels
or the gallbladder. In this case, the physical model of deformation can incorporate a

representation of a liquid or of a gaseous pressure combined with surface tensions.

2.2.3 Dynamic Organ Geometry Modeling

Surgery simulation in the near future will focus on intraoperative surgery planning.
The main issue in intraoperative surgery is to model the geometry shape of moving
anatomical structures in order to estimate the deformation of the structure. Fused
visualizations of preoperative and intraoperative images have also been modeled to
help the surgeon in surgical decision making. The main emphasis of Warfield et al. [89]
is on capturing intraoperative deformations of anatomical structures so as to help in

image-guided therapy.

1. Unstructured mesh creation and surface representation: a volumetric tetrahedral

14
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mesh is constructed throughout the brain. The mesh generation should be rapid
as well as accurate enough to match the patient’s geometry. Warfield et al. [89]
have developed a tetrahedral mesh generator, which is the volumetric counterpart

of marching tetrahedral surface generation algorithm.

2. Rigid registration of preoperative volumetric images to intraoperative volumetric
images: a parallel registration algorithm has been used to correct the rotational
and translational difference between the preoperative and intraoperative sets of
data. This algorithm identifies an optimal set of transform parameters that max-
imizes the spatial overlap of segmented structures in the two data sets being
aligned. The registration method used models the surface as a thin elastic sheet,
and produces a mapping that registers the two surfaces in a way that is one to

one and onto.

In summary, the shape modeling of organs for surgery simulation falls under three
major groups. They are

e generic organ models for surgery simulation,

e multi-layered patient specific organ modeling, (or)

e intraoperative modeling of organs.

2.3 Dynamic Organ Deformation Modeling

In this section we will look at the organ deformation modeling in more details. Some
examples of deformation modeling methods used in surgery simulation are investigated.
A more comprehensive review of general interactive deformation methods will be pre-

sented in Chapter 5.

There exist a variety of approaches to model the deformation of 3D objects. Depend-

ing on the geometric representation, they can be generally classified into two categories:
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deformable modeling with surface representations and deformable modeling with vol-
ume representations. These two categories of deformable modeling approaches will be
discussed in general in Section 2.3.1 and Section 2.3.2 respectively. After that a few
examples of deformable modeling methods that are used in surgery simulation will be

studied from Section 2.3.3 to Section 2.3.8.

2.3.1 Deformable Modeling with Surface Representations

Gibson and Mirtich have surveyed various deformable modeling methods with surface
representations introduced before 1997 [40]. Approaches including Free Form Defor-
mation (FFD), mass-spring models, and Finite Element Methods (FEM) were studied
with their advantages and limitations compared. Among them, FFD are classified as
non-physical models, and mass-spring models and FEM are considered as physically

based models.

While non-physical models has the advantage of computational efficiency, physi-
cally based models in general provide more accurate deformation, hence attract more
research attention. More recent developments in physically based deformable models
were reviewed by Nealen et al. [61], which included the method of finite differences,
the finite volume method, the boundary element method, mesh-free methods, reduced

deformation models, etc.

For applications in surgery simulation, the deformation must be simulated interac-
tively. The real-time simulation of soft tissue deformation is still the major obstacle
while developing simulator systems for soft tissue surgery. Meier et al. have surveyed
various real-time deformable models that can be applied to surgery simulation [59].
These approaches are compared in terms of computational demand, biomechanical re-
alism, and topological flexibility. Some examples of these techniques will be discussed

later from Section 2.3.3 to Section 2.3.8.
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The complex behavior of deformable tissue has posed many challenges to the physi-
cal modeling of human organs. The need for an accurate surgical simulation system has
created much interest in researchers worldwide in developing new techniques for simu-
lation of deformable models. The most successful deformable models in future would
be those which can provide greater interactivity without compromising on the physical

realism.

Mass-Spring Models: The biggest bottleneck for real-time simulation is the large
global deformation of human organs during surgery. The ideal improvement for mass
spring models may be to include volumetric techniques for representing large deforma-

tions. Hence the linked volume approach has the potential to offer this behavior.

Finite Element Models (FEM): The continuum-mechanical algorithms have to be
improved for better performance in simulation applications. Efficient pre-processing
techniques are required for real-time interaction of FEM models. Hence FEM models

will continue to attract attention.

Performance: Collision detection is an important factor when considering organ-
organ or organ-tool interactions. Fast and efficient algorithms are required to include

these modeling forces.

Finally, with the advancement of computer hardware, accelerated computations will
be available in future which may enhance the performance of computationally intensive

models.

Some example of organ deformation modeling methods are shown in Figure 2.1.

2.3.2 Deformable Modeling with Volume Representations

Unlike surface meshes, volume representations lack in geometrical topological and se-

mantic information, which is much required for controlling deformation and animation.
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Figure 2.1: Organ deformation modeling methods.

Chen et al. surveyed a wide-range of techniques that had developed for manipulat-
ing, deforming and animating volume date [19]. However, as pointed out by Chen et
al., most of the deformation techniques for volume representations still relies heavily
on those originally developed for surface representations. Especially, the physically-
based models are mostly adopted directly from the deformation methods for surface

representations.

Nevertheless, there are still a few deformation techniques which are unique to vol-
ume representations, including chain-mail algorithm and spatial transfer functions. In
Section 2.3.4, an approach to simulate brain tissue deformation with volume data will

be investigated.
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2.3.3 Deformation Modeling in Hepatic Simulation

Delingette and Ayache [36] introduced a hybrid model for optimizing the computation
of a realistic hepatic surgery simulation based on the FEM. The hybrid model combines
two linear elastic models, namely the quasi-static pre-computed elastic model and the

dynamic elastic model (or tensor-mass model).

The quasi-static pre-computed elastic model is suitable to model anatomical struc-
tures that only need to be visualized or deformed that greatly contribute to the visual
realism of the simulation but where surgery does not occur. The pre-computation model
assumes that the topology of the model mesh remains the same during the simulation.
Such assumption obviously prevents the simulation of cutting, tearing or suturing ges-
tures. Moreover, this method is also a quasi-static method, as it computes directly the
equilibrium solution produced by the application of the instruments against the liver
surface. Therefore, it does not take into account the visco-elastic nature of the soft

tissues [36].

Inversely, the dynamic elastic model authorizes topology change on anatomical
structures where tearing and cutting need to be simulated. This model implements
a discrete approximation of a volumetric and continuous mechanical behavior that sim-
ulates the surgery gestures [36]. However, the iteration requires extensive computational

time.

Therefore, the hybrid elastic model that combines the two models, which optimizes
the trade-off between visual realism and computational time of the surgical simula-
tion. The completed hybrid mesh of the liver model contains 1537 vertices and 7039
tetrahedra. About 18% (280 vertices and 1260 tetrahedra) of the liver hybrid mesh
was modeled as tensor-mass system and the remaining as pre-computed linear elastic

model.
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2.3.4 Dynamic Volumetric Simulation of Deformation

In Warfield et al. [89], during the process of neurosurgery, the brain undergoes defor-
mations due to many mechanical factors. Moreover, for continuous monitoring after
the surgery, new volumetric MRI data is needed. From this data, the volumetric defor-
mation field that warps the previous data into the new data set is estimated by solving
a biomechanical model that simulates the brain tissue deformation. Since there is no
access to good estimates of the true intraoperative pressures and forces acting upon

and throughout the brain, imaging data is used to establish boundary conditions.

The approach is to estimate a volumetric deformation field using biomechanical
model of the properties of the tissue throughout the brain. Previously, active surface
algorithm has been used. It identifies the surface of the ventricles and brain explicitly
in the data to be warped. Forces are then applied in an iterative fashion to drive
the surfaces towards the target. When the surfaces match the edges of the target
volume, they have to be minimized. Hence they are derived from a function of image
intensity gradients. In the recent work they have used conformal mapping strategy to
map the preoperative MRI of the prostate to intraoperative MRI of the same. The
most straightforward model is to treat the brain tissue as a homogeneous linear elastic
material. This model has also been extended to account for the inhomogeneous material
characteristics of heterogeneous white matter of the brain by modeling the brain tissue

as a transversely anisotropic linear elastic model.

Visualization of the fused data is done in the co-ordinate system of the intraoperative
data. Once the above steps are carried out, the enhanced visualization is presented to
the therapy team doing the operation. The displayed images are continuously updated
with the most recent images obtained by intraoperative MRI. During the entire course

of operation, this enables the surgeon to visualize the position in the anatomy and the
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deformation caused by the tools at that point. The above procedure has also been

carried out for capturing intraoperative deformations of MR-guided prostate biopsy.

2.3.5 Mass-Spring Mesh for Vessel Deformation

Brown et al. [14, 13, 15] represented the geometry of the deformable vessel by a 3D mesh
of nodes (mass points) connected by spring links. The nodes and links on the object
surface (vessel wall) are triangulated for graphical purpose, whereas the other points
and links are unrestricted. The mechanical properties (viscoelastic, in most surgical
simulation applications) of the object are described by data stored in the nodes and

links.

To achieve real-time performance, the algorithms take advantage of several charac-

teristics of surgical training [15]:

1. Visual realism is more important than accurate, patient-specific simulation.
2. Most tissue deformations are local.
3. Human-body tissues are well damped.

4. Surgical instruments have relatively slow motions.

2.3.6 Deformation with Sphere-Filled Organ Model

Suzuki et al. [81] introduced a deformable organ model using a sphere-filled method
instead of the finite element method. The sphere-filled organ model consists of a group
of small spheres inside and a polygonal surface mesh outside. The element spheres are
structured in layers, with the outer most spheres defined as the first layer, all spheres

neighboring the spheres of the first layer are defined as the second layer, and so on.

When an external force is applied to the model, the movement of each element

sphere deforms the shape of the surface mesh. The spheres defined as layer one are

21



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Literature Review

displaced from their positions in the direction that avoids the effect of an external
force. Other element spheres are displaced in turn by measuring their distances from
the neighboring element spheres, so that no spheres would overlap with each other.
When an incision is applied, layer one spheres are displaced from their positions in the
left and right directions of the incision plane. A new incision plane is created as the
incision of the surface mesh. Thus, various physical operations that involve pressing,
pinching, or incising an organ’s surface can be performed. Furthermore, the model is

equipped with a sense of touch by connecting it to a force feedback device.

2.3.7 FEM with Parallel Computing

One way to provide the necessary computational power for the real-time solution of
complex finite element systems is to build a parallel computer which supports fully
parallel algorithms for the explicit time integration scheme. Székely et al. [83] built a
parallel computer with 64 processors (4 x 4 x 4) to simulate the deformation of a uterus
model with about 2000 elements. The model is partitioned for parallel computation,
with each element mapped to exactly one processor, and one processor computes the
internal forces of several elements. Realistic deformation can be achieved with this
method. However, the high requirement on the hardware is prohibitive. Moreover, to
simulate a more complex model with larger number of elements, more processors are
required for the parallel computer, and the parallel algorithm needs to be adapted as

well. Therefore it is not practical for complex procedures.

2.3.8 Real-Time FE for Virtual Suturing

To improve the computational efficiency of FE analysis, novel preprocessing techniques
and alternative real-time solving methodologies are utilized. Berkley et al. [10] pre-

sented a new real-time methodology based on linear finite element analysis that is
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appropriate for a wide range of surgical simulation applications.

The principle of calculate only what you need has served as the basis for the real-
time FE approaches. A condensation process is applied to reduce the problem greatly
so that only the displacement of the nodes that can be seen or touched is calculated.
After condensation, the reduced stiffness matrix is inverted to permit the calculation
of visible nodal displacements. In addition, a constraint approach is adopted, so that
contact can be accommodated not only for the nodal points, but anywhere on the

surface of the model.

The methodology is characterized by high model resolution, low preprocessing time,
unrestricted multi-point surface contact, and adjustable boundary conditions. These

features make the method ideal for modeling suturing.

2.4 Haptics and Interactive Deformation

Interaction and haptic feedback are paramount in surgery simulators. The focus here

is to redesign the algorithms that simulate physical behavior of organs in real-time.

2.4.1 Localized Deformation with Finite Points

In spite of the great success of the finite element method as effective numerical tools
for the solution of boundary value problems on complex domains, there has been a
growing interest in the so-called meshless methods over the past decade. The primary
reason for the interest in meshless methods is that in the finite element method a mesh
is required. De and Bathe [29] introduced a meshless technique, called the method of
finite spheres, which is truly meshless in nature in the sense that the nodes are placed

and the numerical integration is performed without a mesh.

De et al. [30, 32, 33, 34] and Basdogan et al. [8] extended this meshless method and
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developed a novel point-associated finite field (PAFF) approach for real-time deforma-
tion of soft tissues. In PAFF, De et al. proposed two real-time acceleration techniques.
One is fast re-analysis technique based on localized interaction assumption and pre-
calculation of stiffness matrix. The other involves much less nodal points in the vicinity
of tool-tip and can minimize the size of stiffness matrix. It is empirically accepted that
minimum update rates of 30 Hz and 1000 Hz are required for a stable and consistent
visual and haptic feedback [16, 20, 80], respectively. Lower update rates would cause
visual or haptic artifacts. The two proposed techniques are suitable for a real-time

application.

Both techniques are based on the vicinity interaction assumption which assumes
the interaction of surgical tool-tip and soft tissue are local and the deformation dies off
rapidly with increase of distance from tool-tip. Although this assumption follows the
physical nature of elastic organ, the acceleration methods will produce computational
errors which increase with distance from tool-tip. Moreover, it is inaccurate to treat

every organ the same since they vary in elastic and viscoelastic behavior.

The advantage of fast re-analysis technique is benefited by the pre-calculation of
stiffness matrix, which may cost large amount of computation if the number of involved
nodal points is over thousands. The localized computation overcomes the problem of
big-sized stiffness matrix while, of course, only acceptable in small vicinity of tool-
tip. De et al. proved that if given the same allowable computation limit, the fast
re-analysis method can solve the real-time calculation with more degrees of freedom
(i.e. more involved nodal points) than the localized solution. It means the fast re-
analysis technique is more competent, in relative small sized problem, than localized in

real-time simulation.
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2.4.2 Localized Deformation with Beam-Skeleton

By introducing a novel beam-skeleton model, Luo and Xiao [55] computed the stresses
and strains of a deformed elastic object at certain extremal points as well as the stresses
at multiple contact regions. Based on this model, the paper further introduces fast
computation of global shape change through an interpolation method that achieves
minimization of elastic energy. Moreover, the paper takes into account the different

effects of different contact areas on shape change under the same force.

The current techniques provide the solution to deal with deformable objects under
complex contact states involving multiple contacts and compliant motions with friction.
It is new and different with the majority of previous approaches which assume single

contact region and localized deformation.

By introducing a novel approach, modeling and rendering in real-time both the
nonlinear contact force response and the shape deformation of a general elastic object
caused by a rigid object contacting it and moving compliantly on it, are realized. This

approach takes into account friction.

Both real-time efficiency and physical accuracy are achieved by taking advantage of
nonlinear physics equations, elasticity principles, beam bending theory, and geometrical

properties of general surfaces.

The implementation results show that the new approach is effective, which reached
an update rate of over 1 kHz for the entire rendering process, including collision detec-

tion and rendering both haptic force and graphic shape change.

2.4.3 Deformation with Force Transmittal Mechanism

Choi et al. [21] use a Force Transmittal Mechanism (FTM) that employs the Breadth-

First Search (BFS) algorithm to identify the nodes to be involved in the deformable
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simulation. On top of that, an artificial intelligence technique using Simulated Anneal-
ing (SA) algorithm has also been developed to identify and optimize the deformable

model parameters.

The idea of the Force Transmittal Mechanism is to model deformation as a process

where forces are transmitted to individual mass points in a mass-spring network.

To realize the Force Transmittal Mechanism, Breadth-First Search algorithm deter-
mines the propagation order among the mass points. During the search process, a node
that has been visited previously will not be re-visited. For example, Choi et al. [20]
introduced a mass-spring system to model soft tissue. Tissue deformation is simulated
as a process of force propagation among the mass points. The deformation is scalable
simply by controlling the penetration depth. Stiffness matrix formulations and opera-
tions are not needed, and the number of nodes involved in the deformable simulation

is relatively small. Therefore the update rate is enough for haptic rendering.

In actual implementation, the number of nodes increases from 2D to 3D. Thus, the
author scales the simulation simply by controlling the penetration depth of the nodes.
The connectivity information is also stored in the data structure of each node to reduce

the computational time.

To further optimize the deformable model parameters, Simulated Annealing (SA)
heuristic method is used. The main advantage of SA is that it offers a higher chance
of convergence solution to reach global minimum based on the cost function definition
as compared to other optimization techniques. The optimization process involves two
stages: during mass-spring-based force transmittal mechanism (MSM-FTM) deformable
simulation and this simulation is repeated for the same object under same conditions

using the linear static FEM (as the benchmark).

On the other hand, force feedback is also integrated into the VR system to enhance
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the realism of virtual environments to provide better sense of touch for diagnostic
purposes. Force feedback is incorporated into the force transmittal model using the six
degrees of freedom (6-DOF') haptic device PHANToM Desktop multi-threaded platform
with 1 KHz refresh rate and the authors presented experiments that report reasonable
and acceptable results. Also, the basic shape used is a hexahedron, containing 8 corner
nodes with 3-DOF for each node in the author’s work. The choice of hexahedron is to

have the same topology as the mass-spring lattice that needs to be optimized.

2.4.4 LOD in Haptic Deformation

To reduce the demand in deformation computation, a Level-Of-Detail (LOD) in haptic
rendering is introduced by Pyandeh et al. [65]. The interaction between the graphical
mesh and the haptic mesh as a function of various levels of subdivision is done by
adjusting model parameters such that the user feels the same reaction force for a given

deformation, regardless of the level of local subdivision.

2.5 Surgery Applications
2.5.1 Bone Surgery Simulation

Petersik et al. [67, 66] presented a haptic rendering algorithm to simulate petrous bone
surgery based on a multi-point collision detection approach which provides realistic tool
interactions. With the simulated virtual drill, bony structure can be removed and paths
to the middle ear can be studied. Volume model from CT scan data is directly used.
Both haptics and graphics are rendered at sub-voxel resolution, which leads to a high

level of detail and enables the exploration of the models at any scale.

Modeling of 3D shapes for orthopedic surgery simulation has gained lot of attention

[77]. This is of interest for the design of biomedical implants and prosthetic devices.
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Another area of interest is to model geometric implants and embed them in medical
data, which will help in orthopedic surgery simulation. Sourin et al. [78, 79] devel-
oped a virtual reality system called Virtual Bone-setter which can provide training
for improving skills and efficiency of orthopedic surgeons in internal fixation of bone

fractures.

2.5.2 Virtual Endoscopy

Virtual endoscopy is a convenient alternative for minimally invasive procedures. In
the past few years, virtual endoscopy modes have been widely used in virtually every
commercial medical imaging software [7], for training, planning and diagnosis without
an actual invasive intervention. Usually, minimally invasive procedures are performed
using an endoscope, which is a fiber optic device that is moved to the target area. Beside
the light source, an endoscope consists of the optic fiber for a camera to transport the
acquired image to a monitor, and has one or more working tubes that are used to move

tools such as pliers, to the target area.

Virtual endoscopy is based on a 3D scan of the respective body region. Based
on the resulting volumetric data, the organs of interest are visualized and inspected
from interior viewpoints. Bartz [7] investigated various concepts used in current virtual
endoscopy systems in research and products, and how they might be applied to daily

practice in health care.

One application of virtual endoscopy is virtual colonoscopy [48]. In virtual colonoscopy,
physicians are mainly interested in visualizing the inner surface of the colon to detect
polyps. A flight through the colon using a common endoscopic view shows only a small
percentage of the inner surface. Vilanova and Groller [87] proposed two methods to
virtually unfold the colon for a more efficient way to look at the inner surface. One

method unfolds the colon locally using local projections, and the other one obtains a
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global unfolding of the colon.

2.5.3 Bronchoscope Simulation

Bronchoscopy is a special form of minimal-access surgical procedure for examining the
trachea, bronchi, and air passages that lead to the lungs. Deligianni [35] emphasizes
that due to the complexity of instrument control, restricted vision and mobility, and
lack of tactile perception, bronchoscopy requires a high degree of manual dexterity and
hand-eye coordination. As with other forms of minimal-access surgery, the required
surgical skills are normally obtained through practice on inanimate plastic models and
subsequently on patients. However, with plastic models, it is difficult to provide the
high-fidelity physical responses that are necessary for advanced skills training and as-
sessment, while practicing on real subjects prolongs the examination time, can involve
considerable discomfort to the patient, and has certain risks of complications. With
the maturity of augmented-reality systems, there has been an increasing demand for
integration of computer simulation in certain aspects of this training, particularly for

developing hand-eye coordination and instrument control.

2.5.4 Cleft Lip Simulation

Virtual surgery has been used to bring back smiles in cleft lips by Sheppard and Potel
[76]. Three-dimensional (3D) computer animation is gaining popular to demonstrate
surgical techniques. 3D visualization would be particularly useful as a teaching tool for
cleft lip and palate surgery, which involves multiple flaps in a complex 3D environment.
The paper presents the power of virtual technology and advanced 3D animation to

articulate surgical and anatomical concepts.

29



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Literature Review

2.5.5 Liver Surgery Simulation

Delingette and Ayache [36] outlined the creation of a hepatic surgery simulator for train-
ing the physicians. This is helpful in performing invasive surgical procedures thereby
reduce surgeon’s learning curve. Their primary motivations were the importance of liver
pathologies and the inherent complexity of hepatic surgery. They realized that model-
ing the interaction with the deformable organs of the abdomen was a very challenging

research problem which they wanted to study thoroughly.

2.5.6 Intestinal Surgery Simulation

Raghupathi et al. [71] presented the design of a VR-based trainer for laparoscopic
colectomy, a surgery procedure to remove colon cancer. As a part of the current training
procedure, surgeons perform the procedure on pigs to get a feel for the organ’s behavior.
However, this procedure is prohibitively expensive and also raises numerous ethical
issues for conducting the training on live animals. A VR-based simulator platform can
significantly help nonspecialist surgeons to acquire the necessary surgical skills in a cost
effective way. Although the current scope of the research work does not include the
simulation of the cancer removal itself, Raghupathi et al. [71] managed to simulate the

behavior of the intestine.

2.5.7 Virtual Suturing and Knot-Tying Simulation

Suturing is a task fundamental to almost every surgical procedure. Surgery on the skin
ranges from simple suturing of lacerations to complex tissue movements such as flaps.
A suturing simulator requires the following capabilities [10, 51]:

e Accurate deformation and force-feedback.

e Contact at any point on the model surface.
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e Adjustable boundary conditions.
e Multipoint contact.

e Rapid preprocessing.

Berkley et al. [10] built a real-time FE model with a constraint-based methodology

for suturing simulation, which accommodates most of the objectives defined above.

Suturing inevitably involves knot-tying, which involves contact detection and man-
agement. Some practical knots can only be achieved by complicated crossings of the
rope, yielding multiple simultaneous contacts, especially when the rope is pulled tight.
Brown et al. [12] presented novel algorithms for the real-time graphical simulation of
a rope like object, with focus on tying knots. The algorithms are based more on the
geometry of the rope than on physics, nevertheless, they handle important physical
properties of knot tying, such as allowing objects to slide along each other without

passing through or penetrating each other.

2.5.8 Microsurgery Simulation

Microsurgery is a well-established surgical field which involves the repair of approxi-
mately 1mm vessels and nerves under an operating microscope. It is a necessity in many
reconstructive procedures, including the successful reattachment of severed digits. In
the procedure, the ends of two vessels are sutured together with several stitches. Mi-
crosurgeons typically acquire their initial skills through months of practice in an animal
lab. Without practice, these skills can quickly degrade. Joel Brown et al. [14, 13, 15]
built a system for microsurgical training. Goals of this system include a decrease in
training time, objective evaluation of the training, and an alternative to using lab ani-
mals. Similarly Holbrey et al. [47] introduced a model based on FEM deformation for

virtual suturing of vascular walls.
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2.6 Major Components of Surgery Simulators

In this section we describe the major architectural components and the computational
issues in some of the recent surgery simulators reported in the literature. The architec-

ture of a general surgery simulation system is shown in Figure 2.2.

Input Surgery Simulator Output
Collision
Organ Shape Detection Visual
Model El= Feedback
Deformation
4 N\
Biomechanical —
Properties ]
~ g Visual
Rendering
. Haptic
1000 Hz
User Interactions Heptic Feedback
Rendering

Figure 2.2: The architecture of a general surgery simulation system.

2.6.1 Cakmak et al. [17]

The architectural components and the procedure by Cakmak et al. [17] are outlined

below.

1. Input: The process of forming the tissue models starts with the import of medical
imaging data into the system. The medical imaging data can be from the CT
or MRI scanners and the form of the data must comply with the established

standardized image formats.
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2. Interactive Organ Modeling: The built-in volume renderer in the KisMo software
then enables the user to examine the dataset and pre-select anatomical structures
required for the tissue modeling. Following the selection process is the slice-
rendering mode. The outlines of the target structure are marked by the modeler
with spline curves in a few medical image slices. Whenever there is a significant
change of target shape during the training process, a new outline is constructed.
Missing spline curves are interpolated by the software and a new 3D spline surface
is generated. Image information in the tomography slice data is converted into a

3D object representation with deformation characteristics.

3. Interactive Tool Modeling: The instrument models are generated with CAD soft-

ware and extended with an appropriate kinematic description.

4. Output Model Representation: The system then generates the final simulator
model that contains the static and deformable organ model, the instrument mod-
els, the texture, the tissue connectivity information, the physiological organ de-
scription and the haptic interaction parameters. The simulation techniques pre-
sented allow the modeling of soft tissues based on a data-model which reflects the
physical characteristics such as mass, stiffness and damping of real tissues. Virtual

organ geometry is modeled as elastic polyhedron, NURBS or volume objects.

2.6.2 Delingette and Ayache [36]

The architectural components of the hepatic liver surgery system are outlined here.

1. The paper shows the design of a combination of image-processing techniques to
extract the principal hepatic structures of interest from the clinical CT images

taken before surgery (preoperative images).
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2. Rib-Cage Modeling: Delingette and Ayache [36] show in-depth results explaining
method for surgery simulation including a volumetric model built from medical
images and an elastic modeling of the deformations. Ribs are added for more

realistic representation of the operative field for more visual feedback.

3. Cutting: By restricting the regions where cutting is allowed, it is therefore possi-
ble to include in the simulator deformable models of a large size. In the hepatic
surgery context, the authors decomposed their model into eight regions, corre-
sponding to the detected segments, and restricted the cutting regions to a number
of 3D bands at the interfaces between these segments. These bands are described
by tensor-mass models, while the rest of the mesh is described by pre-computed

models.

4. Interaction: The physical modeling of a simulator includes the modeling of con-
tacts between virtual instruments and soft tissues as well as the bio-mechanical
deformation of soft tissues. When a collision between an anatomical structure and
a surgical instrument is detected, the boundary constraints on soft tissue models
are updated and, depending on the nature of the instrument, a piece of tissue is
removed. The soft tissue is then deformed according to a given bio-mechanical

behavior.

2.6.3 Chung et al. [22]

For patient-specific bronchoscope simulation, the structure of the bronchial tree as
well as the photo-realistic rendering of the bronchial lumen is essential. The method

proposed by Chung et al. [22] has the following computational components.

1. Input: First the patient specific 3D CT scan data is used as an input to capture

the geometry of the bronchial tree. The appearance of the inner wall is captured
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as a video sequence from a real bronchoscope.
2. Processing: There are two major processing steps.
(a) In the first stage, the video images are projected onto the surface geometry
to obtain the appropriate textures.
(b) Since the textures have illumination information, a BRDF procedure is used

to eliminate the probe specific illumination information.

3. Output: A photo-realistic output for any novel view can be synthesized by map-

ping the appropriate texture with the addition of illumination information.

2.6.4 Raghupathi et al. [71]

The architectural components of the intestinal surgery simulator are outlined here.

1. Input: The input model consists of three different models:

(a) A geometric model used for rendering. The geometry of the intestine is de-
fined by creating a piecewise tubular surface of radius 2cm along its skeleton
curve. The mesentery is defined as the surface generated by a set of nonin-

tersecting line segments.

(b) A mechanical model for animation. A mass-spring approach is applied to

animate the intestine model.

(¢) A collision detection model for evaluating the influence of the environment.
A stochastic approach which exploits temporal coherence is adopted for fast

collision detection during animation.

2. Process: A new method is used for collision response which alters the displace-

ments and velocities such that it instantaneously cancels the interpenetration

35



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Literature Review

while keeping a resting contact between the two colliding bodies with no bounc-

ing effects.

3. Rendering: A new method based on generalized cylinders is introduced for fast
rendering of the intestine. In addition, hardware-based rendering using skinning

is applied.

4. Output: The output is the real-time simulation of intestine behavior with user

interactions.

2.6.5 Haptic Browser [69]

In haptic deformation, the sense of touch is added to accomplish realistic interaction
with the organs or models. Figure 2.3 shows the architecture for a haptics simulation
system, called Haptic Browser [69]. The concept is the same as the web browser (that
can display a web page), but the haptic browser can display and enable interaction
with haptic enabled organs. Figure 2.5 shows the haptic needle interacting with various
organs. Figure 2.4 shows the same tool used to assemble/disassemble parts from a

complex organ, the human ear.

2.7 Cinematic Quality Rendering
2.7.1 Realistic Rendering of an Organ Surface in Real-Time

In the scope of simulation for training professionals, the realism of the rendering is not
a goal in and of itself. It can even be dangerous if it provides non-pertinent information
to the trainee that he might use later in real situations. For instance, vessels may be
used consciously or unconsciously to locate a site, while the vessel locations vary from

one patient to another. The presence of realism addresses three purposes: quality of
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Figure 2.3: Architecture of the Haptic Browser.
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Figure 2.5: Visualization of various organs during haptic interaction.
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immersion, carrying pertinent information, and providing 3D information that is present
in the real situation [62]. Mayoral et al. [58] emphasized the importance and stress
the integration of visual modalities with haptics for a total hip replacement planning

system.

Neyret et al. [62] addressed aspects of the appearance of the organ surface: the organ
skin texture, the specular highlights, and the reactions of the organ to the instruments
and focused on the rendering of liver surface. The organ surface texture has three
layers: skin map, effects map, and reflection map. For the reactions of the organ to the
instruments, three types of effects are addressed: blood drops rolling on the surface,
clear or deep cauterization, and whitening of the surface under local pressure. To
meet the real-time constraint, advanced graphics features are used such as multi-pass
rendering, OpenGL texture extensions and lookup-tables. The rendering effect of a

liver is shown in Figure 2.6.

Figure 2.6: The rendering of a liver model [62].

2.7.2 Glistening Effect in Anatomical Objects

The smooth glistening appearance of the internal organs is partly due to the lining
by the serous membrane (serosa). The complexity associated with modeling multi-

layered thin films and the physical behavior of light by explicitly tracing the light rays
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throughout a scene has led to the exploration of alternative techniques to simulate re-
alistic reflections. Since the simulation of glistening effects by conventional ray casting
requires considerable computational effort, it is difficult to simulate such effects at in-
teractive rates. Prakash et al. [70] studied and implemented an environment mapping
approach for texture mapping of anatomical objects with glistening using a cube envi-
ronment map. The glistening effect can be rendered in real-time for surgery simulation,

as shown in Figure 2.7.

Figure 2.7: Glistening liver rendered using a cube map [70].

2.7.3 Automatic Medical Illustration Techniques

Medical illustration [82, 37] can help to improve the quality of rendering in a system for
clinicians who teach and for medical students to provide training modules for medical
education and surgery simulation for training surgeons. The need for such a system

arises because:

1. Graphical rendering has its own limitations. Producing cinematic quality au-
tomatically is difficult and requires lots of manual intervention to create visual

effects.

2. On the other hand, traditional medical illustrative styles can effectively be used

in rendering medical data sets. The illustration approach mainly aims to enrich
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the expressiveness of rendering by highlighting important features while reducing
insignificant details, and rendering the result in a way that resembles an illustra-

tion.

To design appropriate illustrations, rendering parameters that define an illustrative
approach are used to achieve high-level control of the visualization process. They can
describe a wide variety of effects. That includes highlighting a selection to emphasize
and focus the viewer’s attention, removing layers of occluding material while exposing
the important objects, and providing a chalk sketch of the outer shape of the body part

to visualize only the contours, limiting visual confusion.

Volume rendering includes a high-level, more natural user interface and a domain-
specific illustration specification framework [82]. In spatial focusing method, a simple
ellipsoidal and rectangular focal area for general data sets is used. It allows focusing
for segmented data sets which is useful for specification of the region of interest and
for applying different rendering styles. A transfer function separates materials in the
volume that corresponding to different value ranges in volume data values. The ap-
propriate ranges in the transfer function domain are selected to define the material.
Segmentation provides the process with an extra volumetric map, which identifies a

material or part to which each voxel belongs.

The rendering of illustrations can be enhanced in three ways. First, volume ren-
dering enhancements in the toolkit can be produced when field experts in medical
visualization cooperate. Next, extensions to current illustration system should provide
more flexibility for various applications. Finally, real-time interactive systems should
be developed. This will enable dynamic adjustment of the region of interest and level

of detail based on the user’s level of expertise.
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2.8 Summary

Surgery simulators can be classified into three generations [36], as shown in Figure 2.8.

First Generation Second Generation Third Generation

Temperature Blood Cells

Deformation
Liguid/Solid

Pathology

Morphology

Anatomy Physics Physiology

Figure 2.8: Different generations of surgery simulators [36].

First-generation simulators describe only the anatomy, in particular the geometry
of the structures involved in a surgical intervention. In these simulators, the user can
essentially navigate within a virtual representation of the patient, with a limited set of
possible interactions. These simulators are mainly used as complementary diagnostic
tools, and to assist with surgery planning, but are not well adapted to the simula-
tion of surgical gestures. Examples of first generation simulators include bone surgery

simulation [67, 66, 78, 79], virtual endoscopy [7, 87] and brochoscope simulation [35].

Second-generation simulators not only include the geometric modeling of the body
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anatomy, but also the modeling of the physical properties of the soft tissues. The intro-
duction of biomechanical properties is essential to allow realistic interactions between

surgical instruments and soft tissues, including deformations and cutting.

Third-generation simulators combine anatomical, physical, and physiological mod-
eling, that is, the modeling of the functions of some organic systems such as the cardio-
vascular, respiratory, or digestive systems. There is an additional degree of complexity

due to the coupled nature of physiological and physical properties.

Although there are some efforts in the physiological modeling, for example, San-
thanam et al. [73], the focus of the current research is on the second-generation simula-
tors, especially the realistic deformations, cinematic quality rendering, real-time haptic
interactions, and incorporation of surgical gestures and procedures. We have reviewed
various research work in all of these aspects of surgery simulators in this chapter. In
the next chapter we will present a physically based method for the deformation of soft

tissues.
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Physically Based Object
Deformation

3.1 Introduction

As computer graphics has been playing an important role in modeling and simulation,
increasing levels of realism are demanded. In particular, the ability to model and trans-
form deformable objects are becoming essential for a wide range of applications. For
instance, deformable objects are used in computer animation, especially for realistic
animation of human or animal characters and facial expressions. Also, surgical sim-
ulations and training systems require physically realistic deformable objects to model

body tissues.

Approaches to model the deformation of objects can be categorized into non-physical
methods and physically based methods. In non-physical methods, individual or groups
of control points or shape parameters are manually adjusted for shape editing and de-
sign. Generally, these techniques are computationally efficient, and they rely on the
skill of the designer rather than on physical principles. In contrast, physically based
models are based on principles of mathematical physics and therefore are active: they

respond in a natural way to applied forces, constraints, ambient media, and impen-

43



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3. Physically Based Object Deformation

etrable obstacles. This category includes mass-spring models, finite element models,
approximate continuum models, and low degree of freedom models. Other physically

based models are (28], [6], and [43].

In all physically based approaches, finite element methods (FEM) are of particular
interest, because they offer the greatest accuracy. However, the use of FEM in computer
graphics has been limited because of the computational requirement. The primary lim-
itation of FEM is that it requires a mesh. The automatic generation of good quality
meshes is difficult. In addition, after the objects undergo large deformation or topolog-
ical changes, a costly process of re-meshing is required. Therefore it is difficult to apply

FEM in real-time systems.

These difficulties are circumvented when no mesh is needed. That is the reason
for the increasing interests in meshless approaches in recent years. Based on different
techniques of interpolation and integration, there are different types of meshless meth-
ods in the field of computational mechanics. However, most of them are only pseudo
meshless since they need a background mesh for the numerical integration. As truly
meshless techniques, the meshless local Petrov-Galerkin (MLPG) method [5, 3, 4] and
local boundary integral equation (LBIE) method [3] seem to be the most promising.
Based on MLPG, De et al. developed the method of finite spheres [29, 30] and applied it
into the field of medical simulation [31, 32]. However, in their simulation, only a simple
case with point interaction between the tool and the tissue was studied. In this chapter
we experiment a meshless finite element method (MFEM) mainly based on MLPG by
Atluri and Shen [4].
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3.2 The Local Weak Form

In computer graphics, the object to be deformed is usually a domain  in R? or R?
spaces. Consider a domain 2 of material of mass density p(x) enclosed by a boundary
I', in which linear elasticity is assumed. Conservation of linear momentum over the

domain €2 results in the governing equilibrium equations
V2u(x) +b(x) =0, x €0 (3.2.1)

where V? is a second-order symmetric positive definite differential operator, u(x) is the
displacement of point x, and b is the body force/unit volume (i.e. b(x) = p(x)g), and

the boundary conditions are prescribed as:

u=1u on I, (3.2.2)

Q>|QJ
SHES
Il

q=q on T, (3.2.3)

where u and ¢ are the prescribed displacement and normal flux, respectively, on the

boundary I',, and I';. The boundary I' =T, UT, and T, N T, = 0.

“T\_I_’a

Figure 3.1: Global domain €2, local domains Q! and 7, and their boundaries.
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A weak form is generated over the domain €2, which is located entirely inside the
global domain €2, as illustrated in Figure 3.1. Note that ()3 can be any shape. in our
MFEM, 2D or 3D spheres, or the intersections of 2 and the spheres, are used as the

local domain 2.

The local weak form can be written as:
/ (V2u + b)v'dQ =0 (3.2.4)
Qf

where Q! is the I'" local domain, u is the trial function, and v! is the test function
associated with this local domain. Using Green’s Theorem, we obtain the following
expression:

/ uinv!dl — / (u)(v"), — bu")d2 = 0,
00! Q!

S

i=1,..d (3.2.5)

1

I ) and (v!); are partial derivatives of

where 0Q! is the boundary of local domain {2
trial function and test function respectively, n; is the i component of the outward unit

normal to the local boundary, and d is the dimensionality of the problem. Notice that

uin; = % =q (3.2.6)

For local domains that are completely inside the global domain,
o0l = Ls’ (3.2.7)

For local domains that intersect the boundary of the domain I,
o0 = st 41! (3.2.8)

where I'! is the intersection of the boundary of local domain Q! and the boundary of

global domain T'; i.e. TY = 0QI OT.
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Substitute Equation (3.2.6), Equation (3.2.7) and Equation (3.2.8) into Equation
(3.2.5), we obtain:

/u;(vI);dQ—/ u;nivldfz/ bvldQJr/ qu'dl’ (3.2.9)
Ql Ll Ql r!

The left side of Equation (3.2.9) is the interior force or elastic force. And the right
side is external force, in which the first term is gravity force, and the second one is the
external force imposed on the global boundary I'. For local domains that are completely

inside the global domain, the second term on the right side is zero.

We distribute a number of nodes N', N2, ..., NV in the entire domain, with a local
domain Q! associated with each node NZ. These local domains overlap with each other

and the collection of all the local domains covers the global domain €2, i.e.

N
UJal=a
I=1

Over each local domain Q! a local weak form as Equation (3.2.9) can be constructed.

3.3 Interpolation Scheme and Test Functions

The trial function u in Equation (3.2.9) is interpolated as:

u(x) =Y ¢’ (x)i’ (3.3.1)

where ¢/ is the shape function associated with node N7, and @7 is the virtual displace-
ment at this node. When all the virtual nodal displacements 7/ are known, displacement

at any point x can be approximated using Equation (3.3.1).

For a local domain £, the local approximation u(x) is decided by the shape func-
tions of M nodes { N7} (J = 1,2, ..., M), whose supported domains {77} } intersect with
Of as illustrated in Figure 3.2. To achieve local control of the approximation, the shape

function should be compactly supported, i.e. ¢’ is non-zero only in small domains 77,.

47



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 3. Physically Based Object Deformation

J

sh

Shape functions in 7

Test function in T}

Figure 3.2: Intersections of shape function in T, (J = 1,2, ..., M) with the test function
in TL. T and TL are both sphere shapes, but with different radii.

Likewise, the test function v’(x) should also be compactly supported, but the sup-
ported domain of the test function T} can be different from 7. In MFEM, we choose
spheres centered at node N' as T? and TL. TL is same size as Q! and T7, is propor-

tionally bigger.

The nodal shape and test functions can also be different, as far as they satisfy some
minimal requirements. Discussion and comparison of different types of shape and test
functions can be found in [4]. In our method, the partition of unity (PU) paradigm is

used for shape function and the Heaviside step function is used as test function.

Substitute Equation (3.3.1) into Equation (3.2.9), we can obtain the local weak form

over the local domain of I node in the form:

> [0~ [ @ matar)a =

/Q , bl dQ + /F I qu'dl (3.3.2)
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Assemble N local weak form equations together, we obtain the system equation:
KU=F,+F, (3.3.3)

where K is the stiffness matrix, which is a dN x dN banded unsymmetrical matrix, U
is virtual nodal displacement vector, F is the body force vector and F is the boundary

force vector.

3.4 Imposing Boundary Conditions

There are two types of boundary conditions: essential boundary conditions (Equation
(3.2.2)) and natural boundary conditions (Equation (3.2.3)). The natural boundary

conditions can be directly applied to the right side of Equation (3.3.3):
I _
F, = / qu'dl. (3.4.1)
ort

In MFEM, the shape functions do not satisfy the Kronecker delta property at the
nodes. Therefore, the essential boundary conditions can not be imposed directly. Vari-
ous techniques of imposing essential boundary conditions have been employed in mesh-
less methods, including collocation techniques [5], Lagrange multipliers, penalty for-
mulations, use of finite elements along essential boundaries, and modified variational
principles [29]. Here we introduce a simple procedure of imposing essential boundary
conditions when only point forces are exerted on the boundary. In this method, the
point forces can be exerted at any point on the global boundary, without requiring them

to be applied at nodal points.

As illustrated in Figure 3.3, a point force is exerted on the point x, € I'. Assume
point x, is in the intersection of the boundary of two nodes N ¢ and NP, ie. X, €

I'“NTP. In this case, the system equation Equation (3.3.3) is written as:

KU=F,+F, (3.4.2)
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where F), is point force vector, whose elements are all zero except C*™ element and D"

element, which are unknown.

Iy

Figure 3.3: Point force exerted on the intersection of node N¢ and node NP.
The displacement at this point is known as U(x,). It can be written as:
N
> o(x,) i = Ulx,). (3.4.3)
J=1

The C*" and D™ equation of the system are:

N
Y Keyi! =Fe+ F, (3.4.4)
J=1

N
and Y Kp,i’ = Fp+F, (3.4.5)
J=1

respectively. Subtract Equation (3.4.4) from Equation (3.4.5), we obtain:
N

> (Eps - Key)i = Fp — Fe (3.4.6)
J=1

Substitute the C*" equation and D' equation of the system with Equation (3.4.3)

and Equation (3.4.6) respectively, the system equation Equation (3.4.2) becomes

KU=F, (3.4.7)
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where F} is the body force vector with O™ element and D' element substituted by
the right side of Equation (3.4.3) and Equation (3.4.6), respectively. The bandwidth
of stiffness matrix is normally unaffected. Elements of K’ and F} are all known, and

therefore the virtual nodal displacement vector U can be solved.

This simple method of imposing essential boundary conditions can be extended to
the cases that point forces are exerted on any number of points, with each point lies on
the intersection of the boundaries of any number of nodes. In other words, it can be

used in cases where only point forces are applied.

3.5 Addition/Deletion of Nodes

When the object undergoes large deformation or topological changes, the numerical

approximation can be adjusted by addition or deletion of a few nodes.

3.5.1 Large Deformation

When large deformation occurs, the density of nodes in the objects is detected. In
the region where nodes density has increased, some of the nodes can be dropped. In
the region where nodes density has decreased, a few nodes should be added. To add
a node, we only need to insert d rows and d columns of elements into stiffness matrix
K, and insert d elements into body force vector Fy, (d denotes the dimensionality of
the problem). Likewise, to drop a node, we only need to delete d rows and d columns
of elements from stiffness matrix K, and delete d elements from body force vector Fy.
The rest elements in K and F, do not need to be integrated again, and therefore the

computational cost is generally acceptable.
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3.5.2 Topological Change

In some applications, the topology of the objects needs to be changed. For instance, in
surgical simulation, the tissue usually undergoes cutting and stitching. Here we only

consider the splitting of deformable models.

When the force applied on the boundary exceeds a critical value, the model is cut.
There are two phases in the cutting procedure. In the first phase, the model is cut but
still stick together as one whole object. In the second phase, the model splits into two

objects.

During the first phase, the nodes whose local domains intersect the cutting are
examined and allocated to one side of the cutting according to their relative position.
Their local domains are re-evaluated and their corresponding elements in the stiffness
matrix are re-integrated. A few nodes need to be added near the cutting to ensure the
collection of the local domains covers the entire global domain. In the second phase,
the stiffness matrix are split into two matrices. No additional numerical evaluation is

needed.

3.6 Application in Surgery Simulation

We designed the application of MFEM in surgery simulation, in which human tissues
are modeled as deformable models. Complex interaction between tissues and tools are

considered, including touching and clamping. The procedure is described as below.

3.6.1 Precomputation

Given a tissue model, a number of nodes are distributed inside the entire domain, with

the collection of their local domains covering the global domain. The stiffness matrix
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K and body force vector F; are precomputed.

3.6.2 Runtime Computations

When the interaction between the tissue and a tool is detected, boundary conditions
are applied. After each time step, the system equation are solved and the tissue de-
forms. The density of the nodes is controlled by adding or dropping nodes when large

deformation occurs, and the sizes of K and F}, change accordingly.

If the tool is a cutting tool, the tissue is cut after the reacting force reaches some
threshold value. After the tissue is cut into two parts, the system breaks into two, with

deformation computed separately.

The flow chart for the deformation procedure with MFEM is shown in Figure 3.4.

3.6.3 Results

We have tested MFEM on a simple 0.1 x 0.1 x 0.1 m? cube model deformed by one
point force. 27 nodes (3 x 3 x 3) are distributed inside the cube. The cube is assumed to
be of isotropic material, which is an approximation of human tissues. An intermediate,
convenient value is chosen for Young’s modulus, E. While Poisson’s ratio, v, is set to
approximate a volume preserving material. The density, p, is set to be the density
of muscle which was obtained through experiment. These physical constants for the

experiment are obtained from [27] and are listed below.
E =100Pa v =049 p=1040 kg/m3

Figure 3.5 shows the results of the deformation of the cube model when it is deformed

by a point force. The deformation can be calculated in real-time.

Our ultimate goal is to simulate a simple surgery with MFEM, with operations

including touching and clamping, to compare with the result from the commercial
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Figure 3.4: The flowchart for the deformation procedure with MFEM.

LapSim system [1] illustrated in Figure 3.6.

3.7 Summary

In this chapter, we have introduced the formulation of an accurate meshless finite
element method for deformable models in computer graphics. In addition, a simple
method to impose exact essential boundary conditions is suggested, and an application
of MFEM to surgical simulation is proposed. In MFEM, no mesh is needed, nodes can

be easily added and dropped, and therefore large deformation and topological change
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Figure 3.5: A simple example of the deformation of a cube under point forces. 27 nodes
are distributed inside the cube model.

_— —_— = e

Figure 3.6: Proposed effect of the simulator using MFEM ([1]).
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can be achieved. This method overcomes the main problems of FEM, and hence is a
promising deformable modeling method in computer graphics. De et al. [34, 33] has
successfully applied a similar meshless method in interactive surgery simulations with

haptic feedback for very simple meshes, without much emphasis on realistic rendering.

In the next chapter we will discuss about the interactions between objects during
surgery simulation with FE analysis. In Chapter 5 we will introduce a parameterized
representation of static shape with a deformation technique, which is an alternative

approach that leads to a simpler implementation.
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Chapter 4

Physically Based Object-Object
Interactions

4.1 Introduction

In surgery simulation with finite element (FE) analysis, boundary conditions are spec-
ified on the surface of the FE model, so that the displacement of the nodes can be
calculated, and the shape of the tissue after deformation can then be obtained. In
simulation, the boundary conditions change with the interactions between the tissue
and other objects. Therefore, we must study the interactions of the tissue with all the

other objects that are in contact with it.

Another criteria for surgery simulation is the interactivity. Real-time simulation
must be achieved. Therefore, the calculation of the deformation must be fast enough.
Researchers have explored some techniques to speed up FM analysis, so that it can
be used in real-time simulation, such as the point collocation-based method of finite
spheres (PCMFS) introduced by Basdogan et al. [8] and Lim and De. [53], and the
precalculation and synthesis method developed by Mahvash and Hayward [56]. Since
the boundary conditions must be updated after every time step, the process of updating

boundary conditions must also be fast enough to ensure real-time simulation.
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In the work of Basdogan et al. [8] and Lim and De. [53], the tissue deformation was
computed locally, and only the interactions between tool tip and the tissue were studied.
Berkley et al. [10] used FE modeling for virtual suturing. In their application, the tissue
is attached on the skeleton. Those nodes in contact with the bone are assumed to be
fixed. The interactions between the tissue and a virtual needle is studied. In addition
to the normal tool-tissue interaction, Mahvash and Hayward [56] also discussed the
sliding between the tool and tissue. Hirota et al. [46] introduced a penalty method for
FE simulation based on the concept of material depth to solve the contact between soft

tissues.

In addition to the contact model for surgery simulation, there are some general
methods for the problem of contact. For example, acceleration, velocity and position
correction are used by Volkov [88] to deal with the collision between cloth in cloth

simulation. However, this method is limited for dynamical analysis.

In this chapter, we classify the interactions between objects in surgery simulation
into three types. The method to update the boundary conditions for each type of
interactions is also presented. Our algorithm covers almost all the possible interactions
between objects in a simple simulation procedure. In addition, the boundary conditions
are imposed in a point-collocation basis, and the update of boundary conditions is

therefore fast.

4.2 FE Analysis in Surgery Simulation

In FE analysis, a tissue model is discretized into finite number of elements connected
by nodes, or an FE model. Partial differential equations are solved in the FE model.

After integration and assembling of the discretized set of equations, the system matrix
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K is calculated, and the system equation for static analysis can be written as:
KU = F° + F*, (4.2.1)

in which U is the vector of nodal displacement, F? is the vector of body force, or gravity

force in most cases, and F* is the vector of external forces applied on the surface of the

FE model.

Our discussion is restrained in the content of static analysis, because surgery nor-
mally requires slow precise concentrated movements, and the dynamic contributions

can be generally neglected [10].

For every point on the surface of the FE model, there is a boundary condition
specified at it. The boundary condition can either be an essential boundary condition,
which is specified as displacement, or a natural boundary condition, which is specified as
stress. In normal FE analysis, imposing natural boundary condition requires integration
over the model surface. To speed up the process, we impose the boundary conditions
in a point-collocation basis, which means the boundary conditions are directly specified
at nodal points:

u(x;) =u’ on T, (4.2.2)

and

fS(XI) =f on Ff. (423)

The vector of nodal displacement can be partitioned as U = [U,, U,]?, in which U,,
corresponds to those boundary nodes whose displacement is known, and U, corresponds
to the other nodes whose displacement is unknown. The corresponding system equation

of this partition can be written as

K., K. U, F? F?
Lo =R ] ] 12
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In simulation, the boundary conditions are imposed by specifying the value of the

elements in vector U,, and Fj.

4.3 Method

In our method, the object-object interactions in surgery simulation are classified into
three types: tissue-tool interactions, tissue-support interactions, and tissue-tissue inter-
actions. To study the interactions between objects, we need to know when and where
the contact happens. The detection of collision between objects is a difficult problem
in computer graphics. There exist a wide range of methodologies for collision detec-
tion, such as I-COLLIDE algorithm proposed by Cohen et al. [23], OBBTree algorithm
proposed by Gottschalk et al. [41], and AABB tree algorithm proposed by Bergen [85].
Lombardo et al. [54] introduced a real-time collision detection method relying one the
graphics hardware for testing the interpenetration between a rigid tool and a deformable
organ in surgery simulation. Each of these collision detection methods possesses its own
advantages and drawbacks, depending on the intended applications. In our procedure,
we assume that the problem of collision detection is solved, and that after each time

step, we know all the points on the tissue surface that collide with other objects.

4.3.1 Tissue-Tool Interactions

Tissue-tool interactions are the most important type of interactions in surgery simu-
lation. In Lim and De [53], the contact between a tissue and a tool is considered as
point contact. To avoid artificial defect, the contact should be allowed anywhere on the
surface. Berkley et al. [10] introduced a constraint approach to accommodate general
contact anywhere on the surface of the model. In the current discussion, we assume

that the contact always occurs at the nodal point.
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In simulation, the initial configuration of the tissue model is stored. Once the tool
tip touches the surface of the tissue, unless slide occurs, the contact point P on the
tissue surface is considered to be attached on the tool tip, and the displacement of this

point is specified as the displacement of the tool tip, as illustrated in Figure 4.1.

Figure 4.1: The displacement of the contact point.

If other types of interactions are not considered, the essential boundary condition
is u(x) = Uy at point P, and the natural boundary condition is f*(x) = 0 for all the

surface points except P. That means in Equation (4.2.4),
Un - UtOOZ (431)

and

FS =0. (4.3.2)

Substitute Equation (4.3.1) and Equation (4.3.2) into Equation (4.2.4), the vector

of unknown displacement can be obtained from

Uu = K;& (FZ - szUtool)- (433>
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The force vector delivered back to the tool tip is

Ffeedback - _Fi - F?L - KnnUtool - KnuUu (434>

After each time step, we only need to track the position of the tool tip P’ and update
the boundary condition Uy,,. The haptic feedback and the deformation of the tissue

can be calculated using Equation (4.3.4) and Equation (4.3.3).

If the tool is a clamp, once it clamps the tissue, the motion of the contact point
always follows the tool tip, until the clamping action stops. If the clamp does not
clamp the tissue, or the tool is not a clamp, sliding between the tool and the tissue

might happen.

A local coordinate system is defined at the contact point P in the initial configuration
of the tissue model, so that the feedback force F fecipecr can be decomposed into a normal
component F,, and a tangential component F,, as shown in Figure 4.2. The transform of
F tecdpack in the world coordinate system to the local coordinate system can be achieved

by multiplying a rotation matrix Rp:

F, F,
F, | =Rp | F, |. (4.3.5)

We define a coefficient of friction p for the tissue surface. As we know, when
F; > uF,,, the tool tip will slide on the surface of the tissue, and the contact point
is no longer attached to the tool tip. To decide the tissue deformation after slide, we

use two steps.

In the first step we assume that there is no sliding. The feedback force F tecapack is
calculated using Equation (4.3.4). It is then decomposed into F, and F,,. If F; < uF,,,
it means there is no sliding. The tissue deformation is calculated directly and the second

step is skipped. The second step is conducted only if F; > uF,,, which means sliding
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! F feedback

Figure 4.2: Decomposing the feed back force into a tangential component F; and a
normal component F,,.

has happened. After sliding, the tool tip is in contact with a new point ) on the tissue

surface, which corresponds to a new node in the FE model.

In the second step, the essential boundary condition U,, = Uy, is specified at point
@, Equation (4.3.3) is used again to calculate the real deformation. Now the problem
is how to determine the position of point () in the initial configuration of the tissue

model.

As illustrated in Figure 4.3, we search the position of ) on the tissue surface in
its initial configuration. The displacement of the tool tip during this time step is
transformed into the local coordinate system of point P, and the tangential component
Utangential 1s calculated. The corresponding point Q" on the tangential plane is found.
From this point, a ray is cast which is normal to the tangential plane. The intersection
point of the ray and the tissue surface is the new contact point ). For this new contact

point, a new local coordinate system is defined for the sake of next time step.

From Figure 4.3 we can see that the surface distance from P to @) is usually different
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U.raﬂgen!ial

Figure 4.3: Determination of the new contact point ().

from Uygngentiar. However, the update rate of the simulation can be assumed to be fast
enough, so that the displacement of the tool tip in one time step is relatively small.

Therefore, this difference can be neglected.

When there is no collision between the tool and the original shape of the tissue,
motion of the contact point no longer follows the tool tip, and the tissue regains its

initial configuration.

4.3.2 Tissue-Support Interactions

During simulation, the tissue rests on other objects, which are called support. The
support can be bones, muscles, and other tissues. Our primary interest is the tissue
deformation during surgery. The surgery tool does not interact with the support di-
rectly, and the tool force has little influence on the shape of the support. Therefore,

the support can be considered to be rigid.

The shape of the support surface is normally not a plane. Instead, the shapes of
the support and the tissue are complementary. As shown In Figure 4.4, the tissue is in

close contact with the support.
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Figure 4.4: The interactions between tissue and support. The supporting force F* at
each node is decomposed into a normal component F; and a tangential component Fy;.

Same as tissue-tool interactions, we study the interaction between tissue and support
in two steps after each time step. The first step is a testing step, in which the essential
boundary condition is set as u(x) = 0 on the contact surface I',, and the natural
boundary condition is set as F*(x) = 0 on the non-contact surface I'y. After imposing
the boundary conditions and solving Equation (4.2.4), the supporting force at each

node on I', and the position of each node on I'y can be obtained.

First we study the supporting forces at the nodes on I',. For each such node,
a local coordinate system is defined, same as the one defined in Section 4.3.1. The
supporting force vector F* at each node is decomposed into a normal component F;
and a tangential component F;, as shown in Figure 4.4. If F; > 0, it means the support
does not provide supporting force to the tissue at this node. Instead, the support drags
this node so that it is fixed on the support surface. For this case, in the second step,
the boundary condition at this nodal point is set as F*(z) = 0. If F; at the node is

negative, the boundary condition does not change at this nodal point in the second
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step.

Next we study the positions of the nodes on I'y. It is possible that these nodes
might penetrate into the support after the first step. For such nodes, we apply a
penalty force Fy., at each nodal point, as illustrated in Figure 4.5. The method to

decide the magnitude and the direction of the force will be discussed in Section 4.3.4.

In the second step, the new boundary conditions are imposed, and the real defor-

mation is calculated.

Fpen

Figure 4.5: A penalty force F,., is applied to the node that has penetrated into the
support.

4.3.3 Tissue-Tissue Interactions

The contact between soft tissues is a difficult problem. The contact forces deform each
other. As a result of the deformation, new parts of boundary surfaces may come into
contact, or some parts of boundaries previously in contact may be separated. Therefore,
it’s difficult to impose boundary conditions for each tissue. In our work, we rely on a

penalty method which is based on the work of Hirota et al. [46].

Here we only study the interactions between two tissues, which are called tissue A
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and tissue B respectively for convenience. The method can be easily generalized into
the situations with more number of tissues. Same as with other types of interactions,
a testing step is performed before the calculation of real deformation. In the testing
step, no contact is assumed for both tissues. After the displacements of the surface
nodes are calculated, a process of detection of collision is performed. If the two tissues
collide with each other, two more steps are carried out to compute the real deformation
of each tissue. In the first step, we study one of the tissues, say, tissue A. For every
nodes on the surface of tissue A which has penetrated into tissue B, a penalty force
is applied, as illustrated in Figure 4.6. After updating these boundary conditions, the
deformation of tissue A is calculated again. In the second step, the collision between
tissue A and B is checked again. If there is still penetration, a penalty force is applied
on the surface nodes of tissue B that has penetrated into tissue A, just as the previous

step. The deformation of tissue B is then calculated.

Figure 4.6: Penalty force are applied on the surface nodes of tissue A that has penetrated
into tissue B.

4.3.4 Calculation of the Penalty Force

The magnitude and the direction of the penalty forces mentioned in Section 4.3.2 and

Section 4.3.3 are determined based on a notion called material depth. The material
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depth g(x) measures the distance from a point x which is inside an object, to the
boundary of the object, as shown in Figure 4.7. g(x) is a vector whose direction points
to the projection of point x on the boundary. If the object is deformable, the material
depth is the distance from the point to its projection on the boundary in the initial

undeformed configuration.

Fren- € 8(X2)

\E, X2

Figure 4.7: The material depth and the penalty force.

The penalty force applied on point x is defined as.

Fpen(x) = £,8(x), (4.3.6)

where ¢, is the coefficient of penalty force.

We do not evaluate the material depth for every point. Only the material depth
at some sample points are evaluated and stored before simulation. In run time, the
material depth is interpolated between these sample points. For a tissue model which

has already been discretized into FE model, these sample points are the nodal points.

4.4 Simulation Procedure

The procedure of surgery simulation is described in the following steps.
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4.4.1 Pre-Computation
The pre-computation steps before simulation are carried out as follows.

1. Load the geometry of the tissues and support from files.

2. Discretize the virtual tissues into FE models. Evaluate the material depth at the
nodal points. For the support model, evaluate the material depth at some sample

points.
3. Compute the normal vector of each surface node.

4. Compute the system matrix K and the vector of body force F°.

4.4.2 Runtime Simulation
The runtime simulation is carried out as follows.

1. Detect the collision between the tool tip and the tissues. Once the collision
happens, the point of contact P is detected, and the following steps are carried
out after each time step, until there is no longer contact between the tool and the

tissues. We assume that the tissue that is in contact with the tool tip is tissue A.

2. Define a local coordinate system at the contact point between tool tip and the
tissue. For the nodes in contact with the support, a local coordinate system is
defined at each node as well. The corresponding rotation matrices are calculated

for the purpose of coordinate system transforming.

3. A testing step is carried out. In this step, the displacement of the contact point
is set to be Uy, and the displacement of the nodes in contact with the support
is set to be 0. The feedback force and the displacement of all the other surface

nodes are computed.
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10.

11.

Check whether the tool tip slides on the tissue surface. If it does, new contact
point is determined, and the boundary condition Uy, is imposed on the new

contact point.

Check the normal component of the supporting forces. If any of the normal

component is positive, the boundary condition is changed at this point.

Check whether there is collision between tissue A and the support. If collision
occurs, penalty forces are applied at the surface nodes that has penetrated into

the support.

Check whether there is collision between tissue A and tissue B. If collision occurs,
penalty forces are applied at the surface nodes of tissue A that has penetrated

into tissue B.

Update all the boundary conditions of tissue A as described from Step 4 to Step
7. The displacement of all the nodal points are calculated again. The shape of

tissue A deforms accordingly.

Check the collision between tissue A and tissue B. Penalty forces are applied at

the surface nodes of tissue B that has penetrated into tissue A.

Update the boundary conditions of tissue B as described in Step 9. The displace-
ment of all the nodal points are calculated, and the shape of tissue B deforms

accordingly.

Go to next time step.
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4.5 Summary

In this chapter, an algorithm has been introduced to deal with the object-object in-
teractions in surgery simulation with FE modeling. Interactions between objects are
classified into three types, and the methods to specify and update boundary condi-
tions for each type of interactions are presented. Complex interactions such as sliding
between tool and tissue, and the contact between soft tissues can be solved with this
algorithm. Because the boundary conditions are imposed at nodal points only, no nu-
merical integration is needed in runtime. Therefore, the update of boundary conditions

is quite fast, which helps to come one step closer to real-time simulation.

In Chapter 3, the emphasis was on the formulation of a physically based deformation
model. In this chapter, the focus was on physically based object-object interaction in
surgery simulation. From our study, it is found that current computational limitation

does not allow to incorporate both these approaches for real-time surgery simulation.

o Computational complexity of MFEM: To simulate tissue deformation with MFEM,
a system of algebraic equations (Equation 3.3.3) need to be solved at each time
step. The size of the stiffness matrix K increases when the number of nodes in-
creases. The simple cube model we tested in Section 3.6.3 contains 27 nodes only,

and the size of the stiffness matrix is 81 by 81. This can be simulated in real-time.

o Computational limitation of MFEM for organs: However, to simulate more com-
plex models such as human organs, a much larger number of nodes are required.
The time required to solve Equation 3.3.3 increases significantly with the increase
in of the number of nodes. The real-time requirement can no longer be met.
Therefore, MFEM is not suitable for real-time simulation. Similar results were
also reported by Kim et al. [50], who stated that the global model increases lin-

early with the number of nodes and hence it is not possible to achieve real time
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haptic updates.

More efficient object representations, object deformation, and realistic rendering
need to be designed. In the next chapter a parameterized representation of shape
modeling will be introduced, which helps to accomplish deformation in an effective and

efficient manner.
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Chapter 5

Deformable Geometry Maps
Representation

5.1 Introduction

In this chapter we propose a new technique that is far superior to the conventional
rigid Geometry Images approach by Gu et al. [44]. Our approach not only flattens the
geometry, but also helps to accomplish deformation in an effective and efficient man-
ner. Our approach is suitable for haptics computing, as it performs the deformation on
the geometry map itself thereby avoiding the expensive 3D deformation computation.
We demonstrate construction of the Deformable Geometry Map (DGM) representa-
tion in this chapter. Its application utilizing practical methods for interactive surgery
simulation and interactive textile simulation are presented in Chapter 6 and Chapter

7.

5.2 Surface Parameterization

Certain types of surfaces, such as parametric surfaces and PDE surfaces, have natural
parameterization. PDE surfaces are defined as solutions of Partial Differential Equa-

tions (PDEs). Du and Qin [38] presented an integrated approach that incorporates
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PDE surfaces into the powerful physics-based modeling framework.

Unlike parametric surfaces or PDE surfaces, polygon meshes lack natural parame-
terization. Grimm [42] used manifolds for representing parameterization. Manifolds
have the ability to handle arbitrary topology and represent smooth surfaces. Grimm
presented specific manifolds for several genus types, including sphere, plane, n-holed
torus, and cylinder. Grimm also introduced an algorithm for establishing a bijective
function between an input mesh and the manifold of the appropriate genus. For most
applications, the parameter space is preferably a 2D plane instead of a 3D genus. Lee
et al. [52] introduced a piecewise linear parameterization of 3D surface that guarantees
one-to-one mapping without foldovers. This technique requires solving a simple, sparse
linear system with coefficients based on the geometry of the mesh. The non-negative
coefficients are calculated with local straightest geodesics. The resulting parameteriza-
tion guarantees visual smoothness of iso-parametric lines and preserves the conformal

structure of the input mesh.

The parameterization of surface meshes provides the solution to various problems,
such as remeshing and geometry images. It is most commonly used in computer graphics
for texture mapping to enhance the visual quality of polygonal models [45].In texture
mapping, the parameters are used to specify the coordinates of the 2D texture image for
the corresponding vertices. Alliez et al. [2] introduced a flexible and efficient technique
for interactive remeshing of irregular geometry, with the help of parameterization. Gu
et al. [44] proposed to take advantage of parameterization and remesh an arbitrary
surface onto a completely regular structure called Geometry Image, which captures
rigid geometry as a simple 2D array of quantized points. Surface information like
normals and colors is stored in 2D arrays too. The connectivity between sample vertices
is implicit and therefore the data is more compact. In our approach, we introduce

a parameterized representation of surface meshes called Deformable Geometry Map
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(DGM), which extends the idea of geometry images, to represent deformable objects for
interactive applications. We will first briefly review the various interactive deformation
methods in Section 5.3 . The procedure to built a DGM representation from an arbitrary

3D mesh is described in Section 5.4.

5.3 Interactive Deformation Methods

There exist a variety of approaches to model the deformation of 3D objects. We classify
the methods into two general categories: non-interactive deformation and interactive
deformation. Our domain of interest is interactive deformation, which can be catego-
rized into in-place deformations and mapped deformations, with subcategories in each

group, as shown in Figure 5.1.

Interactive Deformation

In-place Deformation Mapped Deformation
2D/3D Mesh Mesh Free 2D/3D Mesh Mesh Free
Non-Photo Realistic | |Perceptible Non-Photo Realistic Perceptible

Figure 5.1: The categorization of interactive deformation methods.

5.3.1 In-Place Deformation

Onoue and Nishita [64] proposed a deformation algorithm for ground surfaces composed
of granular material such as sand. In their proposed algorithm, objects and granular

material on them are represented by a layered data structure called the Height Spans
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(HS) Map, which is a two-dimensional array of Height Spans. Each height span repre-
sents the span of an object and the height of the granular material at each grid point or
column. When a column collides with solid objects, the granular material of this col-
umn is displaced to its neighboring columns, and thus the ground surface is deformed.
The technique of texture sliding is used to render the motion of granular material.
This method can simulate the contact between solid objects and the granular material

interactively in a realistic way.

De and Bathe [29] introduced the meshless technique for deformation, called the
method of finite spheres. De et al. [31, 32] and Basdogan et al. [8] extended this
meshless method and applied it to surgical simulation for real time deformation of soft
tissues. When the virtual surgery tool touches the organ model, a collection of sphere
nodes are sprinkled around the tool tip, both on the surface of the organ model as
well as inside. Because the computationally expensive process of defining the relative
location of the nodes and the tool tip, and the process of computing the stiffness matrix
are off-line, the runtime deformation can be performed in a fast update rate, i.e. 1kHz

and higher, which is adequate to provide haptic feed back [8].

Choi et al. [20] introduced a mass-spring system to model soft tissue. Tissue
deformation is simulated as a process of force propagation among the mass points. The
deformation is scalable simply by controlling the penetration depth. Stiffness matrix
formulations and operations are not needed, and the number of nodes involved in the
deformable simulation is relatively small. Therefore the update rate is sufficient for

haptic rendering.

5.3.2 Mapped Deformation

Free Form Deformation (FFD) methods are generally considered as mapped deforma-

tion. In FFD, objects to be deformed are embedded in a lattice of grid points of some
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Figure 5.2: Free-Form Deformation [75]. (a) Undeformed objects embedded in the
control lattice. (b) Deformation mapped from the control lattice to the models.

standard geometry, such as cube or cylinder. By adjusting some of the control points
of the lattice, the deformation is mapped from the control lattice to the target model

[75], as shown in Figure 5.2.

FFD was initially used as a geometric modeling technique. For instance, Coquillart
[24] used FFD to change the shape of a surface either by adding arbitrarily shaped
bumps or by bending it along an arbitrarily shaped curve. Coquillart and Jancéne [25]
first proposed to use FFD for interactive animation of deformable objects, by animating

the control lattice.

Simple FFD is a powerful tool that offers flexibility to manipulate three dimensional
objects and is still widely used in computer graphics and animation. Schein and Elber
[74] employed FFD to properly place deformable objects in arbitrary terrain. The
locomotion of non-rigid objects, mostly animals, can be simulated realistically in their
approach. In Blackett et al. [11], FFD is employed for model creation, customisation

and visualization in biomedical applications.

Chen et al. [18] proposed a novel FFD method with a parametric surface instead
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of a lattice-like structures. The method can be used to produce animation like a dol-
phin swimming along a parametric surface with shape deformation in real time. The
parametric surface is flattened to a 2D plan first, by utilizing the technique of texture
mapping with less distortion. The model to be deformed is then mapped onto the flat-
tened surface. Based on the corresponding mapping between the flattened surface and

the parametric surface, the model shape is deformed.

5.3.3 Motivation for Deformable Geometry Map

As mentioned in Section 2.1, interactivity and biomechanical realism are two conflicting
characteristics of deformable models. Any one of them is promoted to the detriment of
the other. Interactivity is mostly chosen over realism for real-time surgical simulators.
Especially, haptic rendering entails much higher demand on the update rate, therefore

requires much higher computational speed.

All the existing deformable models used for surgery simulation deal with the 3D
model directly, and the problems are: (1) Deformation in the 3D space is expensive to
compute. (2) Collision detection between the surgery tool and 3D organ models are

computationally expensive.

Deformable Geometry Map (DGM) which is going to be introduced in this chap-
ter reduces the size of the problem to 2D space, therefore significantly reduces the

computational cost and greatly increases the interactivity. The strengths of DGM are:

e Deformation is calculated on the 2D geometry map and then mapped to the
original mesh in the 3D space. Therefore the deformation process is more efficient

and is suitable for interactive application with haptic feedback.

e The geometry map also includes the ability to interact with the 3D shape model

using the 2D parameter space instead of the 3D mesh. Thus the collision between

78



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5. Deformable Geometry Maps Representation

tool and surface is handled efficiently.

e DGM also provides realistic deformation and visual rendering. The realism is not

sacrificed for the interactivity.

5.4 Geometry Map Representation

A parameterized mesh is a regular 2D array of quantized points in 3D space of the
following form.

Vij = (@i, Y3, 25),0 <1 <m, 0 < j < m (5.4.1)

where
¢ and j are the surface parameters,
m and n are the dimensions of the parameterized mesh,

Tij, Yij, and z;; are the x, y, z coordinates of the points.

The virtual 3D object meshes are usually arbitrary with low resolution. To be used
for deformable simulation, they are first parameterized and then resampled into regular

point arrays with high resolution.

5.4.1 Parametric Geometry Map Representation

Surface parameterization is the process of mapping each individual surface patch to an
isomorphic triangulation on a 2D plane, so that there is one-to-one correspondence be-
tween each vertex (x,y, z) on the original 3D mesh and each vertex on the 2D parameter

space (u,v), with 0 <wu<1land 0<wv<1.

Many different ways of surface parameterization have been proposed in the litera-
ture. Floater and Hormann [39] have surveyed various approaches up to 2001. Recently

developments include the geodesics-based approach by Lee et al. [52]. These approaches
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are mostly automatic and aim to minimize the distortions in angles and areas of trian-

gles.

For the sake of easy implementation, we choose to conduct the parameterization of

the 3D meshes semi-automatically with 3DS Max. The procedure is as follows:

1. Cutting: The original 3D mesh is usually of the topology of a sphere or cylinder.
The triangle mesh is cut along a network of edge paths, so that the resulting

triangle mesh is of the topology of a plane.

2. Unfolding: The triangle mesh is unfolded and mapped automatically onto a flat

plane, which is the UV parameter space.

3. Aligning: The vertices on the margin of the triangle mesh are manually aligned

onto the edges of a unit square on the parameter space.

4. Relazation: A number of relaxation loops are carried out automatically to mini-

mize the distortions and to avoid overlapping of triangles.

After the parameterization process, we get a unite square on the parameter space,
with triangles filled inside. Each triangle and each vertex have a corresponding triangle
and vertex on the original 3D surface. Figure 5.3 shows the parameterization of a

sphere.

5.4.2 Resampled Geometry Map Representation

After parameterization, the model is resampled into m X n points which are evenly
distributed in the parameter space.
Each sampling point is indexed as P;; = (u;,v;), where 1 <i <m, 1 < j <n, and

0<wu; <1,0 < v; <1. For each sampling point, we check for the triangle it resides.
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Figure 5.3: The parameterization of a sphere. (a) The input 3D mesh, and (b) The
parameterization of the mesh.

The sampling point lies either on the vertex, edge or interior of a triangle. If it is on
the vertex, we pick the first triangle that shares this vertex. If it is on the edge, we pick
the first of the two triangles that share this edge. If a sampling point F;; lies within
a triangle V'V, V4, which corresponds to triangle V;V5V3 on the 3D mesh, we calculate

the barycentric coordinates (ws, wq, w3) of P;; as shown in Figure 5.4.

ui(vg — ’Ug) -+ Uj (u3 — Ug) + U2V3 — U3V

w0 = - (5.4.2)
w0y — u;(v3 — 1) + Uj(ulg ug) + Uzt — u1vs (5.4.3)
w0y = ui(v1 — v2) + Uj(“?j; up) + Utz — Uzt (5.4.4)

where A is the area of triangle V/VJVy and

A= U1Vy + UgV3 + UV — ULV3 — U2V — U3V2 (545)

The barycentric coordinates are used to interpolate the coordinates of a 3D point
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WA

Vzl Vg,l

Figure 5.4: The barycentric coordinate of P;; which lies inside the triangle V/VjVJ.
Vij, which corresponds to the vertex F;; on the 3D mesh,

Vij = wiVi + waVa + w3V (5.4.6)
Similarly, the normal of Vj; can be calculated via interpolation.

5.4.3 Reconstructed 3D Representation of Geometry Map

After sampling at each point, we get a m X m point array in the parameter space.
Each point corresponds to a vertex on the 3D space, with (x,y, z) coordinates and
normal information. With this point array, the 3D mesh of the virtual object can be
reconstructed. The reconstruction of geometry map is the reverse process of surface

parameterization. The procedure is as follows.

1. Point Connectivity: Points next to each other in the array are connected, as

shown in Figure 5.5 (b).

2. UV to 3D Mapping: Each point P in the UV parameter space is mapped to
a vertex V in the 3D space. The (x,y, z) coordinates of V' are the coordinates

information stored at P.
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3. Polygon Connectivity: The connections between points are mapped to 3D space
as well. For instance, if two points P; and P, are connected in the parameter
space, their corresponding vertices V| and V5 are connected in the 3D space too,

as shown in Figure 5.5 (c).

4. Constructing Triangles: Based on the connections, triangles are constructed by

using the connections as their edges.

5. 3D Rendering of Surface: Each triangle is sent to the renderer for texture mapping

and rendering. The surface mesh of the 3D model is thus reconstructed.

The algorithm of 3D reconstruction is outlined below:

for v
for u
get the coordinate information x1, y1, and z; of point P, = (u;, v;)

map P; to a vertex in the 3D space Vi = (z1,41, 21)

get the coordinate information xs, ys, and 2z of point P = (441, v;)

map P, to a vertex in the 3D space Vo = (2, y9, 22)

get the coordinate information x3, ys, and z3 of point Py = (u;,v;41)

map Pj to a vertex in the 3D space V3 = (x3, 3, 23)

get the coordinate information x4, y4, and 24 of point Py = (u;41,v,41)

map P, to a vertex in the 3D space V4 = (24, y4, z4)

render triangle P, P, P,

render triangle P, P, Ps
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In Figure 5.5 the resampled mesh is of 80 x 80 resolution. The connectivity of

N

vertices is implicit, and requires no additional storage space.
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Figure 5.5: Reconstruction of the 3D sphere. (a) The 2D point array with neighboring
points connected. (b) Closeup look of the connection of the points. (c¢) The recon-
structed 3D sphere.
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5.4.4 Representation of Parametric Deformation

We designed a fast and easy free form deformation method which is based on the para-
meterized representation of the organ model. Although the scheme is simple, realistic

deformation can be achieved.

Deformation is calculated based on 2D parameter space. When one vertex C' is
touched by the tool and moved, the amount of displacement d. = [d,. dy. d..] of this
vertex is transferred to the corresponding point P, ; on the 2D parameter space. A
Gaussian distribution function is evaluated at each surrounding point, and the displace-

ments of these points are calculated with this distribution function as

(=) 2+ (—je)?

d(Py;) = dee (5.4.7)

In the equation above, o is the standard deviation of the distribution, and is a pa-
rameter that reflects the material property of the deformable object. Figure 5.6 shows
the shape of the Gaussian distribution function in the ¢ direction. The amount of dis-

placement that vertex V undergoes, depends on the distance between its corresponding

pr)

d

(o

0 i

C

~

Figure 5.6: The shape of the Gaussian distribution function in the ¢ direction.
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(e) (f)

Figure 5.7: The deformation of the sphere with free form deformation: (a) (b) the
deformation calculated on the 2D plane; (c), (d), (e), and (f) the deformation mapped
onto 3D mesh.
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vertex V' on the parameter space and P, j,. The further V' is from P, ; , the less dis-
placement V' undergoes. The displacements of the vertices are evaluated locally, i.e., in
Equation 5.4.7, (i. — b) < i < (i. +b),(je — b) < j < (jo + 1), where b is a constant.

Therefore, the resulting deformation is a local deformation.

The 3D coordinates of the corresponding vertex on the mesh are updated based on
the calculated displacements of each point. The shape of the 3D deformable object is
transformed accordingly, and hence deformed, as shown in Figure 5.7. The amount of
displacement d,. of the vertex in contact with the tool is restricted to a limit d,,q,. The
magnitude of the displacement ||d.|| is constrained to make sure that ||d.|| < dpaz, SO

that unrealistic deformation does not occur.

5.5 Summary

Interactive Deformation

\

In-place Deformation Mapped Deformation
2D/3D Mesh Mesh Free 2D/3D Mesh Mesh Free
Non-Photo Realistic Perceptible Non-Photo Realistic Perceptible

Figure 5.8: The deformation method with DGM in interactive deformation methods.

In this chapter, the Deformable Geometry Map have been presented, which is one of
the major contributions of this thesis. A parameterized representation of 3D meshes was
introduced which represents the shape of an object. An arbitrary 3D input mesh can be

parameterized and resampled into a regular 2D parameterized model. It has also been

87



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5. Deformable Geometry Maps Representation

shown how deformation can be accomplished using this representation. The parametric
deformable shape representation described in this chapter helps to approximate the

local deformation.

This deformation method falls into the categories with thick lines in Figure 5.8. The
deformation is calculated on the 2D geometry map and then mapped to the original
mesh in the 3D space. Therefore the deformation process is more efficient and is suitable

for interactive applications with haptic feedback.

In the next chapter it will be demostrated how interactions can be added to the
geometry map: for example, to interact with representation of human organs for the

purpose of virtual surgery simulation.
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Interactions with Deformable
Geometry Map

6.1 Introduction

In this chapter we develop the geometry maps of human organs for surgery simulation,
which can be deformed interactively with haptic feedback. An input organ mesh is
processed offline to get the deformable geometry maps representation, with the proce-
dure described in the previous chapter. Interaction and collision detection techniques
are presented in Section 6.3, the haptic force feedback is presented in Section 6.4, and

the method to handle contact between objects is described in Section 6.5.

6.2 Input Data Preparation

In this section, we develop the procedure for the deformable geometry maps represen-
tation for a more complex object shown in Figure 6.1 (a). The procedure consists of
the following three offline steps.

1. Geometry Map Parameterization

2. Geometry Map Resampling

3. 3D Reconstruction from Geometry Map
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6.2.1 Geometry Map Parameterization

The procedure starts with an object that is a surface representation. The 3D model
input to our system can be in any of the 3D model formats such as 3ds, obj, etc., which
represents the object as a collection of triangles. If the vertex color and vertex normals

are available, they are also used in the representation of the object in parametric form.

(a) (b)

Figure 6.1: The parameterization of a virtual stomach mesh model. (a) The original
3D stomach model. (b) The parameterized mesh of the stomach model.

Each vertex of the 3D object is projected onto the parameter space, using the pro-
cedure described in Section 5.4.1. Figure 6.1 shows the parameterization of a stomach

mesh.

6.2.2 Geometry Map Resampling

To facilitate the reconstruction and deformation, we transform the parametric repre-
sentation to an appropriate resolution to store the geometry data in a uniform data
structure. The resolution of the resampled mesh has been selected in such a way, so

that the object can be reconstructed in real-time.
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For our experiments, we used a resolution of 81 x81. However, with faster CPUs and
geometry rendering GPUs, we can use a higher resolution for the resampled mesh. Dur-
ing the resampling phase, the higher resolution mesh can store not only the geometry,

but also the color and normal information.

The two steps described so far, viz., geometry map parameterization and geometry
map resampling are one-time operations that can be performed once offline. Figure 6.2
(a) shows the resampled mesh. Each node in the mesh contains the vertex information.
This vertex information can be used to reconstruct the 3D shape during the dynamic

deformation stage.

6.2.3 3D Reconstruction from Geometry Map

Figure 6.2 (b) shows a possible map of the parametric mesh onto surface triangles.
Such an approach can efficiently render the shape as a triangle strip to reconstruct and
to visually render the 3D mesh. Figure 6.2 (c) shows the wireframe rendering of the

reconstructed object from the resampled parametric mesh.

6.3 Interactions
6.3.1 Tool-Organ Interactions

To perform an interactive deformation, users can select a tool and touch the deformable
object. Parameters for deformation include the contact point, the depth or height of the
deformation and the radius of influence. The deformation representation is explained in
Section 5.4.4. To join or blend the deformation onto the actual object, the deformation
is positioned with the center of deformation to correspond with the contact point.
Figure 6.3 (a) and (d) show the deformation template shown on a 2D plane. Figure 6.3

(b) shows the start phase of the inside deformation of the 3D mesh and Figure 6.3 (c)
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Figure 6.2: Reconstruction of the 3D mesh. (a) The 2D point array with neighboring
points connected. (b) Closeup look of the connection of the points. (c¢) The recon-
structed 3D stomach model mesh.

shows a snapshot of a larger deformation on the same object. Similarly Figure 6.3 (e)

and (f) show the deformation when the object surface is pulled outward.

To accelerate the computation, since the distances between points are evaluated

on a discrete 2D mesh, the Gaussian distribution value for each point can be pre-
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Figure 6.3: The deformation of the stomach model with free form deformation. (a)
(b) the deformation calculated on the 2D plane; (c), (d), (e), and (f) the deformation
mapped onto 3D mesh.
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calculated. Moreover, the Gaussian distribution function has the shape of a bell-shaped
curve. Therefore, before the simulation, we can evaluate the Gaussian distribution
values locally, and store the values in a look-up table. During the simulation, we only
need to cross-refer the pre-computed look-up table. By adopting this approach, very

little calculation is needed, and the deformation is very fast.

6.3.2 Collision Detection in the Geometry Map

We implement one pick tool wherein the user can control the tool interactively to touch,
poke, and grasp the virtual object. Like most deformation simulators, we assume that
only the tool tip touches the object, and only the collision between the tool tip and
the object is checked. Since the deformable mesh is resampled at high density, we can
assume that the collision happens only at the vertices of the deformable mesh. This

reduces the computation to a point-point collision detection.

The collision detection is performed on a 2D Collision Map, which is a (2a + 1) x

(2a + 1) point array on the parameter space, where a is a constant.

Before the simulation, the distance between the tool tip and each vertex is calculated.
We find the vertex V,, that has the shortest distance to the tool tip, whose corresponding
point on the parameter space V, = (u,, v;,,) is called collision center. The collision map
includes the points from (;,—q, Vj,—a) t0 (Wi, +a; Vj,+a). During the simulation, with the
movement of the tool tip in the 3D space, collision center and the collision map are
constantly traced and updated. After each time step, the distance between the tool
tip and each vertex in the collision map is calculated and compared. The new collision
center is the point whose corresponding vertex has the shortest distance. The new
collision map is updated accordingly, as shown in Figure 6.4. Since the movement
of the tool in one time step is limited, only the points in the collision map need to

be checked. The update of the collision map only involves a small number of point
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Figure 6.4: The collision map. The grey circles represent points of the collision map at
current time step, and the white ones represent points of the collision map at previous
time step. The black ones are the collision center at respective time step.

distances calculation, hence fast and efficient.

From the collision center V,,, two vectors are evaluated. The first vector is from this
vertex to the tool tip, noted as N;. The second is the surface normal vector at that
vertex, noted as V,, as shown in Figure 6.5. If N, - N,, < 0, a collision is detected. The
vector for V! to the tool tip is the displacement of the vertex V!. This displacement value
is transferred to the parameter space to calculate the displacements of the neighboring

vertices. The virtual object is thus deformed.

As the movement of the tool in one time step is limited, only vertices in a small area
need to be checked. The collision detection procedure involves only a small number of
point distance calculations and one dot product calculation. Therefore, the collision

detection is fast and efficient.
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Figure 6.5: The collision detection between the organ and the tool. (a) N;- N, > 0, no
collision detected. (b) N, - N,, < 0, collision detected.

6.4 (Geometry Map for Haptic Force Feedback

For rapid and reasonably accurate haptic feedback, we adopt the model used by Mah-
vash et al. [57,56]. The feedback force F' is computed directly based on the displacement
d. of the vertex in contact with the tool tip. The displacement d. is decomposed into
two components: d,, which is the component in the normal direction, and d; which is the
component in the tangential direction. Suppose the tool tip is of a hemisphere shape

with radius r. The force feedback in the normal direction is computed analytically as
4 * 3/2
F, = 5\/FE (dy) (6.4.1)

where E* is defined in terms of the Young’s modulus, and Poisson’s ratio of the material.

The force in the tangential direction is modeled as a mass-spring behavior:
Ft - kdt, (642)

where k is the spring constant. As we can see, it requires little calculation. Therefore,

fast update rate can be guaranteed for the haptic device.
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6.5 Contact Deformation Between Objects

Hirota et al. [46] introduced a novel penalty method to simulate mechanical contact
between elastic objects based on the concept of material depth. The penalty method
is used for finite-element simulation. This method results in a reliable and smooth
simulation. However, it is impractical for interactive simulation due to the exorbitant

computational cost.

We propose a method to handle the contact between the deformable object and a
plane which can deform the object in a natural way and preserve the volume of the
deformable object approximately. This method can be extended to handle the contact
between the deformable object and another object of any shape. The other object can

either be rigid, such as some kind of surgery tool, or be deformable, such as an organ.

The process of our proposed method is shown in Figure 6.6. First, the collision
between the deformable object and the plane is detected. The vertices that penetrate
the plane are projected to the plane. The areas around these vertices are then deformed

so as to conserve the volume of the object.

The flowchart of the method is shown in Figure 6.7. At each time step, the following

computations are performed.

6.5.1 Collision Detection

The collision between the plane and the bounding box of the virtual 3D object is checked
first. If collision is detected, we further check whether the object collides with the plane.
We just need to check every vertex P;; in Figure 6.6 (d) to see if it is on the other side
of the plane. The corresponding points (4, j) of these points on the parameter space are

in aset ®,ie. (i,7) € .
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(c) (d)

Figure 6.6: The process of the contact between a deformable object and a plane. (a)
The collision between the object and the plane. (b) The vertices that penetrate the
plane (in red color) are projected to the plane. (c) The vertices (in blue color) around
the contact area is deformed. (d) The corresponding points in the parameter space.

6.5.2 Displacement Computation

The vertices that penetrate the plane are displaced by simply projecting onto the plane.
The amount of displacement d;; is calculated for each vertex P;;. There are two permis-

sible limits for amount of displacements. One is the maximum amount of displacement
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Figure 6.7: The flowchart to handle the contact between objects.

allowable for a single vertex dgq.., and the other one is the maximum amount of dis-
placement allowable for the total sum of the displacements of all the vertices that are in
contact with the plane dryqy. If |dij| > dsmaes for (i,j) € ®, or Z(i,j)efb |di ;| > drmaz,
the positions of all the vertices are set back to the state at the previous time step. The

virtual organ is rendered, and we move on to the next time step.

If |dij| < dgmas for (i,j) € @, and Z( |dij| < dpmag, the following steps are

1,j) €D

performed.
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6.5.3 Volume Preserving Local Weighted Deformation

After the contact vertices are displaced, the vertices that are around them are deformed,
so as to preserve the volume of the organ. We construct an explicit deformation to
the surface over a local region that is in contact with the plane. The region of the
deformation ¥ is decided by the sum of the displacements of the contact vertices D =

Z(m)eq} |d;;|. The higher the value of D, the larger is the region.

In the parameter space, we check each point (7, j) and find its nearest contact vertex
and their distance s;;. If the value of s;; is lower than a threshold R, the vertex Pj;
corresponding to (i, 7) is in the region of deformation, i.e. (i,7) € ¥. R is defined as a
function of D. The higher the value of D is, the higher is the value of R. In practice,
we can pre-define a set of discrete threshold values Ry and its corresponding Dy, where

k=1,2,....p.

If the vertex Pj; is in the region of deformation, the direction of its displacement d;;
is in its normal direction, so that the volume of the organ is increased to compensate
the decrease of volume due to the contact area. The amount of displacement is defined

as

s2

dijlipew =€ 7 Y |diy| (6.5.1)

(i,5)e®

where o}, is the standard deviation of Gaussian distribution that corresponds to the

threshold value Rj.

Similar to the case where the object is deformed by the tool, the Gaussian distri-
bution value for each discrete value of s;; can be pre-calculated and stored. During
simulation, the distribution values are looked up in the pre-calculated data so as to

increase the speed of simulation.
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6.6 System Architecture

We designed our surgery simulator based on the DGM representation of the organ
models. The approach is simple, and realistic deformation can be achieved in real-time.
The architecture of our surgery simulator is shown in Figure 6.8. The computational

steps are as follows.

1. Input: The virtual 3D object meshes available are usually arbitrary with low
resolution. To be used for deformable simulation, they are first parameterized and
then resampled into regular point arrays with high resolution. First the specific
3D organ data is used as an input to capture the geometry map representation.

The appearance of the organ surface is captured from a texture image.
2. Processing: There are two major processing steps.

(a) In the first stage, the deformation is done on the parametric representation.

(b) The deformations are then transformed into the actual mesh in the geometry

map.

(¢) The textures are then mapped onto the 3D surface. Surface normals and

bumps are added for realism.

3. Output: A photo-realistic output for any novel view can be synthesized by map-

ping the appropriate texture and with the addition of normal and bump mapping.

6.7 Summary

In this chapter a new simple interactive deformation procedure was introduced for
achieving interactive deformation of the geometry maps, which is another major con-

tribution of this thesis. With a parameterized representation, a high resolution 3D

101



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 6. Interactions with Deformable Geometry Map

Input Low Parameterization
Resolution
Organ Mesh

Resampling

User Input Parametric
Interactions Deformation

Reconstruction

Haphe 3D Organ
Feedback Mesh
eedbac Deformation

Texture Map
Normal Map
Bump Map

Visual
Rendering Feedback

Figure 6.8: Architecture of our interactive surgery simulator.

mesh can be reconstructed and deformed interactively with a simple and fast free-form
deformation method. The amount of deformation and force feedback can be calculated

quickly [80, 9]. Therefore, fast haptic rendering can be achieved.

In addition, the parameterized mesh can be used to handle collision detection as well
as the determination of surface contact between multi-objects in an efficient manner.
In this manner, realistic visual and haptic rendering environment can be provided for

interactive deformation.
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Experimental Results

7.1 Introduction

An important issue in surgery simulation is to model the virtual human organs in a
realistic way, not only visually, but also haptically. Visually, the virtual organs should
have adequate number of polygons so that the surfaces can be rendered smoothly.
Textures are applied to add colors and details. Deformation methods should be applied

to allow interaction between the user and the virtual organ.

7.2 Experiment Setup for Surgery Simulation

The interaction between the tool and organ was implemented. Two organ models were
parameterized and resampled : stomach model and liver model, with relatively low
resolution. Each is resampled by a 81 x 81 point array. Both resampled meshes can
be simulated in real-time with user interaction. Texture and bump maps are used to
add realism to the model. The textures of the organs are generated from the snapshots
of real laparoscopic surgery. The bump maps are generated with Adobe PhotoShop
Normal Map and DDS Authoring Plug-ins developed by NVIDIA in 2004.
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7.3 Visualization of Organ Deformation

7.3.1 Initial Results

Interaction of a tool with parameterized and resampled organ models: stomach model
and liver model are shown in Figure 7.1. The results show the rendered organ, the tool

interaction and the deformation of the organ.

7.3.2 Cinematic Quality Rendering

The results shown in Figure 7.1 are not realistic. Hence we conducted experiments to
achieve cinematic quality rendering of human liver for the use in surgery simulation.
3D mesh model of liver was used in 3D Studio Max 8 software to render high quality

liver images shown in Figure 7.2.

Multi-layer textures are applied to obtain realistic effects. The 3DS tool has ad-
vanced ray tracing mechanism that has been utilized for cinematic quality visualization.
Blinn shading and refraction maps are introduced to achieve a realistic liver surface.
The main drawback is the enormous time required to render the object. Another major

issue is interactivity. We cannot interact with the organ in real-time.

7.3.3 High Quality Rendering

In this experiment, we attempt to increase the quality of rendering and accomplish it in
real-time. Bump maps are used for the vessels on the organ surface. Advanced shading
techniques are employed for the glossy effect. In addition, a mesh smoothing process
is conducted before parameterization to smooth the organ surface. Figure 7.3 shows
two snapshots of the stomach model with more realistic rendering. The one in Figure

7.3 (a) is parameterized without surface smoothing, while the one in Figure 7.3 (b) is
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Figure 7.1: Surface deformation of the liver (left) model and the stomach model (right).

parameterized after surface smoothing.

To support interactions, we use the mouse input to the system to control the move-
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Figure 7.2: Cinematic quality rendering of the liver.

(a)

Figure 7.3: Stomach model with texture and bump map. (a) Stomach model para-
meterized without surface smoothing. (b) Stomach model parameterized after surface
smoothing.

ment of the virtual tool. Figure 7.4 and Figure 7.5 show a few snapshots of the surgery
simulation with the interaction between the tool and the two organ models. Both re-
sampled meshes can be simulated in real-time with user interaction. Texture and bump
map are used to add realism to the model. The textures of the organs are obtained

from real laparoscopic surgery.

to demonstrate the simplicity and usefulness of this methodology another organ, a
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()

Figure 7.4: The deformation of the stomach model with free form deformation. (a)
(b) (c) Stomach model parameterized without surface smoothing. (d) (e) (f) Stomach
model parameterized after surface smoothing.
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() (f)

Figure 7.5: The deformation of the liver model with free form deformation. (a)(b)(c)
Liver model parameterized without surface smoothing. (d)(e)(f) Liver model parame-
terized after surface smoothing.
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heart, is modeled as deformable geometry map as an additional example. The interac-

tions between the tool and the heart model are shown in Figure 7.6.

Figure 7.6: The deformation of a heart model with user interactions.

7.3.4 Organ-Plane Interaction

We also conducted experiments to simulate the organ interacting with an object such as
a plane. The organ deforms when it is in contact with the plane. We used the geometry

map deformation introduced in Section 6.5 to accomplish the deformation of the organ
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when it rests on the plane.

The contact between the virtual stomach and a plane is shown in Figure 7.7.

Figure 7.7: Stomach-plane contact and deformation.
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7.4  Analysis of Visualization Results

Two parameters are utilized to control the shape of the deformation of the organ with
tool interaction. The first parameter is the maximum allowed deformation d,,,,, which

is represented as a value relative to the size of the virtual organ:

(xmaw - xmln) + (ymaw - ymzn) + (Zmax - Zmin)
3

dmaa; = ﬁ

where (3 is a scalar value, and Zyaz, Tmin, Ymazs Ymins Zmaz, a0d 2y, are the maximum

and minimum coordinates in the z, y, z directions respectively.

The second parameter is the standard deviation of the Gaussian distribution o.
As shown in Figure 7.8, at a point £ whose distance to the deformation center is [,
the maximum length of the displacement is dg = ade., Where « is the Gaussian
distribution value at E. If value of o at this point is small enough, the displacement
of point E is almost unnoticeable (in our implementation, & = 0.01), and [ can be
considered as the radius of the local deformation area. ¢ can be represented as a
function of [ as o = —%. Now the shape of the deformation is controlled by two
parameters, [ and 3. In Table 7.1, we compare the shape of the deformation of the
stomach model with different [ values and 3 values. Similarly, in Table 7.2, we compare

the shape of the deformation of the liver model with different [ values and ( values.

Figure 7.8: The shape of the deformation in a local area.
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In our experiments shown in Table 7.1 and Table 7.2, we find that for § = 0.25, the
deformations are not realistic. Similarly, when [ = 20, the deformations are not realistic.
So for simulation, we recommend the values along the diagonals to produce acceptable

deformation. We can conclude that, to avoid unrealistic free-form deformation,

1. the value of 8 should increase with the value of [, and

2. the value of [ and [ should not to be too large, i.e., the deformation area and the

maximum allowed deformation should not be too large.

In practice, 3 is set to increase with [, as a discrete function, e.g. § = (6, if 0 <1 < ly;

B=p0if 1y <l <ly; Bp=p3if [y <1 <l3; and so on.

7.5 Time Results

The liver model is resampled with different resolutions. The simulation time results of
DGM with different models and different deformation areas are listed in Table 7.3. The
visual frame rate means the number of simulation iterations per second with the scene
rendered in every iteration. While the haptic frame rate is the number of simulation
iterations per second when the visual rendering rate is constrained at 30, i.e. the scene
is rendered in every 0.033 second. The time results are collected from a commodity
desktop PC with Intel Pentium D 3 GHz CPU and ATI RADEON X600 graphic card
with 256 MB memory. Please note that the time results listed are simulation time,
which includes not only the deformation time, but also the time for interaction and

collision detection.

112



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 7. Experimental Results

B =10 [ =20

0.05

0.1

0.15

0.25

Table 7.1: The shape of the virtual stomach deformed with different parameter values.

7.6 Experiment Setup for Textile Simulation

We further demonstrate that our deformable geometry map can be extended to some
other applications, such as the haptic deformation of textiles (Thalmann and Wolter
[84]). A practical use of our approach is to apply the deformation computation for fabric
wrapped onto objects. In our first experiment, we wrap textiles onto 3D deformable

models. Different textile textures are used to simulate the different appearances of the
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B =10

0.05

0.1

0.15

0.25

Table 7.2: The shape of the virtual liver deformed with different parameter values.

textiles. In the second set of experiments, we use a variable kernel for deformation of
textiles. In the third experiment, we simulate the deformation of textiles wrapped on

a deformable seat.

7.7 Visualization Results of Textile Simulation
7.7.1 Draped on Irregular Objects

A prototypical example of draping a textile on a 3D deformable object is considered. A

typical scenario is a cover for a pillow. The pillow is deformable and hence the textile
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Model Size Total No. of | Deformed | Visual Frame | Haptic Frame
Triangles | Triangles | Rate (Hz) Rate (Hz)

Liver_1x 40 x 40 3,200 8 237 10,638

mesh 200 237 4,728

800 224 1,934

1,800 224 990

Liver_4x 80 x 80 12,800 8 129 1,553

mesh 200 129 1,155

800 129 932

1,800 129 665

Liver 6x | 100 x 100 20,000 8 97 582

mesh 200 97 518

800 97 466

1,800 97 358

Liver_25x | 200 x 200 80,000 8 28 —

mesh 200 28 —

800 28 —

1,800 27 —

Table 7.3: The simulation time results of DGM with different models and different
deformation areas.
that is used to cover the pillow deforms along with it. The shape of the pillow cover is

represented using DGM described in Chapter 5.

The appearance of the cover is represented as the texture. When we touch the
cover, it deforms and the texture maps onto the deformed cover. This problem setting
is described in Figure 7.9. For convenience, we use the deformable organ mesh instead
of a real pillow. The left half of Figure 7.9 shows that the surface is pressed. The right
half shows that the surface is pulled outward. The textile appearance in this example

is obtained by mapping a denim fabric texture. This particular illustration describes

the required behavior of a textile with the property of the denim fabric.

Similarly, to simulate a different types of fabric, we replace the denim texture, with
the texture of a different fabric and use the same deformation approach described earlier.

The surface appearance of a satin textile is rendered in Figure 7.10.
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Figure 7.9: The deformation of denim fabric wrapped on the 3D deformable model.

We further experimented with some other type of textiles. The interactive defor-

mations of the textiles wrapped on the deformable objects are shown in Figure 7.11.
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Figure 7.10: The deformation of satin wrapped on the 3D deformable model.

7.7.2 Draped on Planar Surfaces - Analysis

More generally, we can extend this by mapping a single textile texture onto different

underlying shapes for simulating the deformation of different shapes. To illustrate this
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Figure 7.11: The deformation of various textiles wrapped on the liver and stomach.

118



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
Chapter 7. Experimental Results

Figure 7.12: Variable kernel for deformation of a denim textile on a flat surface.

further, in Figure 7.12, we map the denim texture on a flat surface. To interact with
the fabric, we select a pre-defined deformation kernel to simulate the deformation. The
deformation kernel has a circular base as shown in the left half of Figure 7.12. Instead
of using a circular base, we can also use an elliptic kernel as shown in the right half of

Figure 7.12. Figure 7.13 shows the same pinch effect on a different fabric.
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Figure 7.13: Variable kernel for deformation of plaid textile on a flat surface.

7.7.3 An Upholstery Example - Textile Draping on Chair

Figure 7.14 shows a textile wrapped onto a deformable surface. The users are able to
push and pull the fabric on the surface of the chair model interactively. This can be

useful for online shopping, where buyers can interactively touch a chair or a piece of

fabric.
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Figure 7.14: The deformation of textile wrapped on the deformable seat.

7.8 Summary

In this chapter two different case studies have been presented which successfully uti-

lize our proposed DGM representation. In the case of organ deformation below were

demonstrated:
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1. realistic organ visualization,

2. real-time organ visualization,

3. deformation in real-time with DGM,
4. analysis of the deformation, and

5. comparison of deformation with related work by De et al. [31],

In the second case study these were demonstrated

1. realistic and real-time deformation of textile,
2. analysis of the shape of deformation, and

3. several textile examples including the draping of textile on a chair.

The main emphasis in this thesis is on visualization, realistic rendering and real-
time interactive deformation. However, it is straightforward to integrate our real-time
deformation to any haptic device for haptic feedback. To add haptical realism, a haptic
device, such as the PHANTOM device developed by SensAble Technologies, can be
used to control the movement of the virtual tool, and to convey the haptic feedback
to the user. Our deformation method can support an update rate that is sufficient to

provide haptic feedback (1kHZ for PHANTOM).
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Conclusion and Future Work

We have introduced a parameterized representation of 3D organ meshes for the simu-
lation of laparoscopic surgery. Arbitrary input virtual organ meshes are parameterized
and resampled into regular high resolution models. The high resolution models in-
crease the visual quality of the virtual organ. The parameterized mesh is helpful for
the simulation in many aspects. Firstly, it is useful for collision detection. Secondly, we
introduced a free-form deformation approach for the parameterized mesh to simulate
the interaction between the tool and the organ to achieve an update rate fast enough
to provide haptic feedback. The shape of the deformation is easily controlled by two
parameters. Lastly, we have also developed a procedure to handle the contact between

the organ and another object.

8.1 Contributions

The main contributions of this thesis are:

1. Deformable Geometry Map Representation: We have proposed a new De-
formable Geometry Map (DGM) representation. Arbitrary input surface meshes

are parameterized and resampled into regular high resolution models. The high
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resolution models increase the visual quality. The parameterized mesh can be used
as a deformable model. The DGM representation also helps to handle collision

detection and contacts between objects.

2. Deformation of Geometry Maps: We introduced a free-form deformation
approach for the parameterized mesh to simulate the interactions between the tool
and the organ to achieve an update rate fast enough to provide haptic feedback.
The parametric deformable shape representation described in this work helps to
approximate the local deformation. The advantage of the local deformation now
includes the ability to interact with the 3D shape model using the 2D parameter
space instead of the 3D mesh. As a result, the deformation computation need not

be performed on the entire mesh.

3. Interaction with the Deformable Mesh: We also proposed a procedure to
handle the collision between tool and surface as well as the contact between the

organ and another object.

4. Texture Deformation: The appearance of the 3D mesh is accomplished using
appropriate textures. Because of the parameterization, the texture mapping is
implicit. In our examples, the texture mapping works well for the deformable

surfaces.

5. DGM for Surgery Simulation: We have demonstrated the parameterized rep-
resentation of 3D organ meshes for the simulation of laparoscopic surgery. The
high resolution models increase the visual quality of the virtual organ. The para-
meterized mesh is helpful for the simulation in a few aspects: collision detection,
free-form deformation, simulation of the interaction between the tool and organ,
and an update rate fast enough to provide haptic feedback. The DGM represen-

tation also helps to handle the contact between the organ and another object.
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6. DGM for Textile Deformation: We have demonstrated the parameterized
representation of 3D meshes for the simulation of deformation of textiles. The
high resolution models increase the visual quality of the virtual textiles. The

parameterized mesh is helpful for the simulation as shown in our examples.

8.2 Discussions

In this section commonly raised questions and how this thesis addresses these con-
cerns are discussed. The solutions and contributions presented in this thesis are also

highlighted.

8.2.1 Imaging vs Deformable Object Modeling

How are the imaging modalities such as MRI, CT, US related to deformable modeling?

Imaging modalities such as MRI, CT, US have enabled geometry, appearance and

texture of deformable tissues to be visualized.

e Organ modeling from imaging (CT Data): Deformable tissue also referred to as
soft tissue can be visualized from data captured using techniques described in
Delingette and Ayache [36]. The surface of the an organ such as the liver is
extracted, and surface visualization techniques such as isosurface rendering are
used. The paper also described interactions with such surfaces. Thus the geometry
is represented as triangles in an isosurface. The surface appearance is visualized
using surface rendering and texture mapping. For deformation, the triangle mesh
is transformed to a new shape to visualize the behavior. This has been described

in detail in Section 2.2.1.

e Organ Modeling from preoperative and intra-operative images: As explained in
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Section 2.2.3, preoperative and intra-operative images have also been modeled to
help surgeons in surgical decision making. The main emphasis of Warfield et al.
[89] is on capturing intra-operative deformations of anatomical structures so as

to help in image-guided therapy.

e Modeling of deformation of organs from imaging data: Recently, such imaging
techniques have also been used to capture the deformation of soft tissue over a
period of time. Deformable tissue can be visualized with four-dimensional com-
puted tomography (4DCT) technology [86, 49, 72]. 4DCT dataset is acquired
from CT data that is oversampled at each slice during several CT tube rotations.
Multiple images are then reconstructed for each slice and distributed over the
acquisition time. FEach of these images represents a different anatomical state.

The tissue motion and deformation during the acquisition time is thus captured.

e Deformable modeling in this thesis: Our work does not deal with the imaging
modalities. It also does not deal with reconstructing the initial 3D shapes. Instead
our approach assumes a well defined organ is available in 3D shape and it is
used as an input into our system. The output of our system is an instrumented
3D model that is capable of deformation. We also introduced the approach of
deformation for such instrumented models. Since our approach is based on free-
form deformation, our system is capable of simulating a wide range of object
properties as shown in Table 7.1 and Table 7.2. Hence the exact validation to
conform to a specific object can be defined by the end user whether it is for a

surgery tool or for an interactive textile tool.

8.2.2 Medical Visualization and Virtual Surgery

How is traditional medical visualization different from virtual surgery?
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Traditional visualization applications such as virtual colonoscopy visualizes human
anatomy through image acquisition, surfaces reconstruction, and display of structures.
There is no prediction of surgical outcome as the information provided to the user is
used mainly for diagnosis. As such, it falls under category 1 (first generation) as defined
in Figure 2.8. However, it can be used as a preoperative procedure for surgery planning.
It is utilized to visualize and locate the position of polyps by navigating in the colon,
which helps to plan the surgery beforehand. Examples of simulators that can predict
the outcome of an operation would be Computer-Aided Plastic Surgery used by Pieper

et al. [68], and the cleft clip surgery simulation by Sheppard [76].

8.2.3 Physical Behavior of Tissues

How are the material (i.e. soft tissue) properties reflected faithfully in the computation?

How accurate, and therefore how useful, can the results be for haptic feedback?

There is no optimum deformable model that combines all the requirements for
surgery simulation. In computer graphics we tend to use computational models to
mimic the real objects while achieving a certain level of realism and interactivity. One
approach is to have faithful simulation of the physics. Our approach is to use heuristic
models to mimic the physical behavior of tissues. The behavior currently shown in
this thesis is an approximate deformation that creates the appearance of the real tissue
deformation (see Figure 7.4 and Figure 7.5). Like the spring constants in mass-spring

models, the parameters ¢ and [ do not have direct quantitative relation to the material

property.

e However, if the end user carefully tunes the parameters, a wide range of material

properties can be approximated, as shown in Table 7.1 and Table 7.2.

e Depending on the tissue type, one can constrain which parameter values to be
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used and the region affected by the deformation.

e [f these parameters can be pre-computed in a computationally expensive and
physically based simulation, the values can be used as parameters to control the

deformation and provide better realism.

8.2.4 Novelty of DGM

The parameterization of surface mesh has traditionally been used by researchers for
texture mapping and remeshing. We have not seen any research reported in the litera-
ture that performs deformation on parameterized mesh. This thesis demonstrates how

a parameterized mesh can support deformation.

8.2.5 Qualitative Comparison of DGM with Related Work

The organ deformation result from our experiments is compared with the result of
previous work by De et al. [31] in Figure 8.1. The example in [31] used finite spheres
for real-time simulation and display of deformation. In our case, we use a parametric
free form deformation, and a bump mapped specular shading for visualization. The
comparison shows that, although our method is simple, realistic result can be achieved.

Moreover, our visual rendering effect is more realistic.

8.2.6 Quantitative Comparison of DGM with Existing Tech-
niques

Quantitative comparisons are normally done using the number of triangles in the organ,
with the time taken for deformation, visual rendering, and haptic rendering presented.
However, it is not an easy task to compare DGM with other existing techniques quan-

titatively since only limited data has been published on the performance of each tech-
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(a)

Figure 8.1: The comparison of the organ deformation results. (a) Results from De et
al. [31]. (b) Our method.

nique. Moreover, it is difficult to have comparison between different techniques with
different hardware configurations. Table 8.1 lists the time results of various deformable
models. The comparison shows that DGM has considerably high speed in relation to

existing approaches.

8.2.7 Limitation of DGM

The models presented in Chapter 7 each have 12,800 triangles. Based on the time results
listed in Table 7.3, the limit for visual rendering with DGM is about 80,000 triangles.
The limit for haptic rendering is about 1,800 triangles for stable and consistent haptic
feedback. Force extrapolation techniques are usually employed to increase the haptic
rate [31, 36] and hence can increase the limit for haptic rendering. Moreover, with

higher end hardware configurations, this limit can be higher.

DGM is most suitable to model objects with big area of deformable surface which is

relatively flat. For surgical simulation, organs that are suitable for deformable geometry
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Deformation Total Size Deformed Visual Haptic
Techniques Size Frame Rate | Frame Rate
DGM 12800 triangles | 200 triangles | 30 Hz 4728 Hz
800 triangles | 30 Hz 1155 Hz
1800 triangles | 30 Hz 932 Hz
The Method of N.A. 34 Sphere Real-time 200 Hz
Finite Spheres (De nodes
et al. [8][31])
Hybrid Model 1537 vertices 1537 vertices | Real-time —
(Delingette and and 7039 and 7039
Ayache [36]) tetrahedra tetrahedra
Mass-spring Model | 8000 nodes 8000 nodes 30 Hz —
(Brown et al. [13]
[14][15])
Sphere-Filled Organ | 512 spheres N.A. 25-30 Hz —
Model (Suzuki et al. | 1212 spheres N.A. 12-15 Hz —
[31))
FEM with Parallel | 21 elements 21 elements Real-time 500 Hz
Computing (Székely
et al. [83])
Fast FE Model 863 nodes 724 nodes 30 Hz Above 1000
(Berkley et al. [10]) Hz

Table 8.1: Quantitative comparison of DGM to existing techniques.

map include liver, stomach, kidney, heart, etc. Tube and duct shaped organs, such as

intestine and vessel are better modeled with mass spring models [13, 14, 15| or the

approaches introduced by Raghupathi et al. [71].

8.3 Future Work

The work reported in this thesis can be extended in three distinct directions.

8.3.1

Improvements in Geometry performance

e Automatic Parameterization of Geometry: We have proposed a Deformable

Geometry Map for effective and efficient interactive deformation. One limita-
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tion of current method is that the parameterization process is conducted semi-
automatically. Even though the complexity of the input mesh is sufficient for the
examples used in this thesis, such as the stomach, liver, and textile meshes, it
is a limitation for more complex shapes. In addition, the parameterization qual-
ity in terms of least area distortion cannot be guaranteed. In future work, some
automatic processes are planned to be adopted for parameterization, such as the

geodesics-based approach proposed by Lee et al. [52].

e Multi-layered Map on GPU: In DGM, an arbitrary 3D input mesh is pa-
rameterized and resampled into a regular 2D parameterized model. The para-
meterization consists of seven layers of flat maps: geometry map, normal map,
texture map, bump map, collision map, deformation map, and contact map as
shown in Figure 8.2. These layers of parameterization have the features of com-
pact and implicit data representation. Future work will focus on the realization
of this multi-layered geometry map in hardware using GPUs to accelerate the

computational and rendering performance.

8.3.2 Improvements in Physically Based Realism

e Physically based Deformation of Geometry Maps: More realistic deforma-
tion can be produced with the physically based deformation methods explained
in Chapter 3 and Chapter 4. A possible direction of future work is to improve the
deformation with more realistic deformation methods, such as mass-spring model
and finite element method (FEM). The deformation can be calculated similarly in
the 2D parameter space, then transferred back to the 3D mesh. Since the vertices
are regularly spaced in the parameter space, no additional remeshing is required

for mass-spring model or FEM.
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Figure 8.2: Multi-layer Deformable Geometry Maps.

e Cloth Simulation with Parameterized Geometry Maps: The parameter-
ized mesh can be view as a model of cloth. Using this model, one can also solve
for the deformation of the cloth using an implicit method of integration. This
approach can also take into account deformation which can occur at different lo-
cations of the mesh (as highlighted for example in Figure 6.6). Parameterization
leads to lots of new possibilities. With parameterized mesh, now it is possible
to incorporate any algorithm designed for cloth simulation to be used in surgery
simulation. The benefit will be interactive surgery simulation with physically
based models. One possible extension will be to adapt the cloth simulation using

implicit method of integration [6] for surgery simulation.

e Validation of Material Property: The parameters used to mimic the material

property of human tissues and textiles should be compared with real soft tissues
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or textiles samples and validated.

8.3.3 Improvements in Haptics and Interaction

e Integration of Haptic Interaction: Because of the efficient DGM representa-
tion and the interactive real-time deformation, combined with the realistic cin-
ematic quality visualization, the technique of DGM has the potential for haptic
applications. To add haptical realism, a haptic device, such as the PHANTOM
device developed by SensAble Technologies, can be used to control the movement
of the virtual surgery tool, and to convey the haptic feedback to the user. Our
deformation method can support an update rate high enough to provide haptic

feedback (1kHZ for PHANTOM).

e Cutting and Suturing in Surgery Simulation: More types of tool-tissue in-
teractions can be explored using DGM in the future work. For example, cutting
of an organ can be implemented with a procedure similar to the incision proce-
dure proposed by Suzuki et al. [81]. Since the geometry map is resampled at
a high density, the incision can be assumed to be always along the edges of the
reconstructed triangle mesh. Incision planes are constructed by separating the
vertex along the incision and adding incision point based on the incision depth.
Another type of interaction in surgery simulation is suturing. A suturing process
with DGM can be implemented based on the process introduced by Berkley et al.
[10].
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Acronyms

AABB Axis Aligned Bounding Box

BFS Breadth-First Search

CT Computed Tomography
DGM Deformable Geometry Map
DOF Degree of Freedom

FE Finite Element

FEM Finite Element Method(s)
FFD Free Form Deformation
FTM Force Transmittal Mechanism
GPU Graphics Processing Unit

HS Height Spans

LBIE Local Boundary Integral Equation
LOD Level of Detail

MFEM Meshless Finite Element Method
MLPG Meshless Local Petrov-Galerkin
MRI Magnetic Resonance Imaging
NURBS  Non-Uniform Rational B-Spline
OBBTree Oriented Bounding Box Tree

PAFF Point-Associated Finite Field

PCMFS  Point Collocation-Based Method of Finite Spheres
PDE Partial Differential Equation

PET Positron Emission Tomography

SA Simulated Annealing

VR Virtual Reality
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