
���������������	�
�	��

���
�����������������	���������������������
���
�������
�����
��
�����	���
�	�������	�
��������������

���������������	���
�����
���


���������������
����
�������������������������������
�
��

�������	��������������������������
��������

���������������������	��������
������������� � �������!���	��� ������������� � �������!���	��� �"���!�#�$���$� �
�����%���
�������&���'�&���(�"

�����������
�������	���������
����
�)�����*�������	���������������+�������*���,�,�
�	�����
�����-���
���.�
�	�,�������
��

�������������
���
���/�
�������
���
�	�
���
�����
�������,�
�������
�����������������������/�������
�������	���,�������
�����������0���	�����������
���
�
�	�������*�������
�����������!
�1���	���,���	�
�����������	�,�
�����������������
�
���
�����������������������
�����
�	�,���������������
�!

https://doi.org/https://doi.org/10.3929/ethz-a-004064081
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Rolf Michael Koch
ETH Zurich

Computer Graphics Laboratory
Institute of Scientific Computing

Methods for Physics Based

Facial Surgery Prediction
Diss ETH No 13912

Härtung Gorre Verlag Konstanz 2001



Repnngof Diss No 13912

Selected Readings in Vision and Graphics Volume 13

edited by Luc van Gool

Gabor Szeleky
Markus Gross

Bernt Schhele

examiner Prof M H Gross

co-exam mer Prof E Welzl



"The nose of Cleopatra - if it had been shorter,

the face of the earth would have been changed.
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Blaise Pascal





"The best way to have a good idea
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Abstract

This thesis presents a framework for facial surgery simulation, the prediction of the postsurgical
outcome, and facial expression synthesis which is constructed on surface based and volumetric

finite element modeling.

There is a wide spectrum of facial malformations and diseases which maxillofacial and cranio¬

facial surgeons have to treat. These include, but are not restricted to, injuries and tumors as well

as deformities due to inherited syndromes or developmental disorders. Furthermore, facial sur¬

gery has to strive for the reconstruction of a balanced face, as even very fine variations in facial

proportions can affect the appearance of a face strongly and thus distort its harmony. Therefore,
both surgeon and patient have a strong need for a method which enables them to compute highly
realistic pictures of the expected post-surgical shape during the planning of a surgical procedure.
In addition to the prediction of the postsurgical appearance, it would be very helpful not only to

predict the static face, but also the dynamic behavior and emotional expressions. Besides sur¬

gery simulation, a physics based facial model could also be used in the field of lifelike anima¬

tion. In addition, the development of lifelike avatars for applications in virtual environments,
for instance conference systems, is of great importance in recent computer graphics research.

More generally, any application that could benefit from a humanlike interface could also make

good use of a facial model.

For these purposes, two facial models have been developed differing in regard to the exact ana¬

tomical representation used. These models are based on either a combination of an elastic sur¬

face and a spring mesh, or on elastic volume elements that are simulated using the fundamental

theory of linear elastomechanics and the finite element method.

Especially in facial animation, facial models are mostly adapted from a template face instead of

generated directly from the underlying data set. Furthermore, unsatisfactory approximations of

the patient's skull surface have been used. Since the skull and the exact representation of the

facial surface are essential for surgical applications, the facial models presented in this thesis

are constructed based on real patient volume scan and laser range scan data. Furthermore a

tissue segmentation based on CT data is applied to enable the discrimination of different tissue

types and to take into account the variation of tissue stiffnesses as well as tissue incompressibil-
ities throughout the body.

A principal contribution made in this thesis is the combination of the physical correctness of

volumetric or surface-based finite element simulation with the superior quality of a C -contin¬

uous surface representation to optimize both accuracy and rendering quality.

Another important contribution is a thorough evaluation of the volumetric approach with a

group of test patients. With this aim, a prototype application was built which is based on data

available from individual patients in a clinical environment. This includes CT scans of the pre-

and postsurgical situation in combination with high resolution laser range surface scans. Both

individual parameters, such as varying stiffness and elasticity of tissue, and the bone move¬

ments introduced by the surgeon are taken into account in order to simulate as accurately as pos¬

sible the outcome of real surgery. With validation in mind, the surgical procedures are re-

simulated on the test group of patients with cranio-maxillofacial abnormalities.
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Zusammenfassung

Diese Arbeit beschreibt Methoden zur Simulation von gesichtschirurgischen Eingriffen, zur

Vorhersage des postoperativen Ergebnisses und zur Synthese von emotionalen Gesichtsaus¬

drücken.

Chirurgen der cranio- und maxillofazialen Chirurgie behandeln eine große Anzahl von Defor¬

mationen und Krankheiten. Diese beinhalten unter anderem Verletzungen und Tumoren, ebenso

wie Deformationen infolge von vererbten Syndromen oder wachstumsbedingten Störungen.
Darüberhinaus strebt die Gesichtschirurgie nach einem ausgeglichenen Gesicht weil selbst sub¬

tile Veränderungen der Gesichtsproportionen das Erscheinungsbild erheblich beeinträchtigen
und die Harmonie empfindlich stören können. Aus diesen Gründen sind Techniken zur Simu¬

lation und Planung sowie zur Vorhersage des postoperativen Gesichtes sowohl für den Arzt, als

auch für den Patienten von grosser Bedeutung. Darüberhinaus wäre es sehr hilfreich, wenn

neben der Vorhersage des postoperativen Ergebnisses nicht nur ein statisches Gesichtsmodell,
sondern auch das Ergebnis für verschiedene Gesichtsausdrücke berechnet werden könnte.

Neben der Gesichtschirurgie ist ein physikalisch basiertes Gesichtsmodell zusätzlich im

Bereich der computergestützten Gesichtsanimation von Vorteil, wo es in virtuellen Umgebun¬

gen als Schnittstelle zwischen Mensch und Maschine benötigt wird. Jedes System, das Vorteile

aus einem menschenähnlichen Interface ziehen würde, würde von einem physikalisch basierten

Gesichtsmodell profitieren.

Zu diesem Zweck wurden unter Beachtung der exakten anatomischen Gegebenheiten im

menschlichen Gesicht zwei Gesichtsmodelle entwickelt. Zur Simulation der Elastizität des

Gesichtsgewebes basieren diese Modelle entweder auf einer Kombination elastischer Oberflä¬

chen mit einem Netz elastischer Federn oder auf Volumenelementen unter Berücksichtigung
der Theorie der Elastomechanik.

Speziell in der Gesichtsanimation wurden die Gesichtsmodelle bisher zumeist aus vorgefertig¬
ten Templates erstellt, die nur rudimentär auf die individuelle Person adaptiert wurden. Dar¬

überhinaus wurden nur sehr ungenaue Approximationen des individuellen Schädels verwendet.

Weil aber gerade Schädel und individuelles Gewebe in der Gesichtschirurgie von grösster

Bedeutung sind, basieren die mit dieser Arbeit vorgestellten Gesichtsmodelle auf den individu¬

ellen Patientendaten. Hierzu wurden Schädelrekonstruktionen aus Computertomographien,
Oberflächenscans des individuellen Gesichtes und Elastizitäts- und Inkompressibilitätsdaten

herangezogen, die aus einer Segmentierung der individuellen Volumenscans stammen.

Umdie Genauigkeit der Ergebnisse zu optimieren und umden Photorealismus der Prädiktionen

zu optimieren, wurde besonderer Wert gelegt auf die einmal stetig differenzierbare Repräsenta¬
tion der geometrischen Gesichtsoberflächen.

Darüberhinaus ist die quantitative und qualitative Evaluation der vorgestellten Ansätze unter

Berücksichtigung authentischer Patienten- und Operationsdaten ein wichtiger Beitrag dieser

Arbeit.
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1
Introduction

The human face is the most important means of nonverbal communication and therefore it plays
a crucial role in interpersonal relationships. Over hundreds of thousands of years, in order to

reproduce successfully, human beings and all other creatures have evolved to choose between

normal and abnormal, beautiful or aesthetically disadvantaged. Therefore, the mechanism to fix

a face visually and to judge an individual's beauty is burnt into our subconscious. The face is

equipped with a complex physical structure, and has more than 100 muscles situated between

skin surface and skull with very different shapes and functionality. They allow us to control

even minimal muscular movements, and apart from the generation of facial expressions, we do

not know the biological significance for many of them. Besides the expression of so-called base

emotions like happiness and sadness, anger and fear, surprise and disgust, the face is able to

express a tremendous range of more subtle moods and emotions. Even if the individual invol¬

untarily changes a facial expression, the visual system of another person may subconsciously
recognize the message. This tremendous subtlety and scope pose enormous challenges to com¬

puter scientists in the field of computer graphics and physics based modeling seeking to simu¬

late facial expressions.

The prediction of postsurgical morphology and appearance of human faces for patients with

facial deformities is a critical issue in facial surgery. Even very subtle malformations of facial

proportions can strongly affect the appearance of a face and determine aesthetic aspects such as

individual beauty [23]. In order to help those individuals, surgeons have developed several

methods to correct maxillofacial and craniofacial diseases. The treatment of these diseases tar¬

gets the correction of biological functions as well as the reconstruction of facial proportions.
Therefore the development of a facial model predicting soft tissue movements due to orthog-
natic surgery and facial behavior in an anatomically correct way has a high priority in computer

graphics research.

Besides surgery simulation, a physics based human model could also be used in the field of life¬

like animation. Here, the animation industry could make dangerous stunts obsolete and keep an

actor or actress young and immortal forever by using virtual humans [59]. A second very impor¬
tant field is the development of life-like avatars for applications in virtual environments, for

instance conference systems. More generally, any application that could benefit from a human¬

like interface could also make good use of a facial model, for example in recent developments
in teaching software [2].

15



16 1. Introduction

This thesis addresses the topic of facial simulation with a computer. For this purpose, two facial

models have been developed differing with respect to the exact anatomical representation.
These models take advantage of both a skull representation that is extracted from medical imag¬
ing resources and of tissue properties that are obtained from a tissue segmentation on volume

data. By combining a geometrical scan of the facial surface and volume scans obtained from the

individual patient, we establish the facial models. These models are based on either a combina¬

tion of elastic surface and a spring mesh, or on elastic volume elements that are simulated using
the fundamental theory of linear elastomechanics and the finite element method. For evaluation

purposes, both models are applied to facial surgery simulation and facial expression synthesis.
In order to evaluate the system performance, a field study was carried out on a set of example
patients.

1.1 Motivation

During the past 20 years, the development of facial models has become more and more impor¬
tant in computer graphics research. Since the first approaches in which three dimensional

parameterized models were provided that were just used to represent the facial shape on a com¬

puter, more recent work has tried to simulate the human face in a physically and anatomically
correct manner. The motivations for the work presented in this thesis relate to two fields of inter¬

est in facial simulation: the prediction of the postsurgical outcome after maxillofacial and cran¬

iofacial surgeries; and the simulation and synthesis of facial expressions.

1.1.1 Surgery Simulation

There is a wide spectrum of facial malformations and diseases which maxillofacial and cranio¬

facial surgeons have to treat. These include, but are not restricted to, injuries and tumors as well

as deformities due to inherited syndromes (e.g. Crouzon-Syndrome, Apert-Syndrome) or devel¬

opmental disorders (e.g. disturbed growth of the jaw). For patients seeking surgical treatment to

correct such malformations it would be of great benefit to be able to predict the postsurgical

appearance of their faces in a reliable way. Facial surgery is further challenged to reconstruct a

balanced looking face, for even very fine variations in facial proportions can strongly affect the

appearance of a face and thus distort its harmony [23].

Many procedures in maxillofacial surgery lead to changes in the facial morphology of the

patient, e.g. cutting of facial bones (osteotomies) and bringing them into a desired position.
Maxillofacial surgery also consists of the resection of malformed parts of the face or tumours

and the reconstruction of missing or malformed structures. Furthermore, the treatment of

patients with facial fractures influences facial shape and surface. Therefore, surgeons often face

the problem of predicting a fair facial surface before the actual surgery is carried out. Figure
1.1a and 1.1c illustrate a typical malformation of a young girl's face and its correction after sur¬

gery.

The prediction and planning of such surgical procedures can to date only be performed in a two-

dimensional way from a single perspective, which is most often a profile view of the patient.
Therefore, a medical artist is typically employed to aid the maxillofacial surgeon by sketching
a predicted profile to give at least an approximation of the 2D appearance of the postsurgical
face. A lateral X-ray showing actual and predicted soft tissue profiles is presented in figure 1. lb.

Beside the profile, all other views can only be roughly estimated. Hence, the fullness of the lips,
the width of the nose, the width and projection of the cheekbones and the influence of the sur¬

gery on the appearance of the eyes cannot be predicted. For the time being, only the surgeon's
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Figure 1.1: Example of a facial disharmony resulting from a craniofacial disorder and its

correction. (Data source: Courtesy Prof. H. F. Sailer, Dept. of Cranio-Maxil-

lofacial Surgery, University Hospital Zürich, Switzerland)
(a) Presurgical facial shape contour (profile).
(b) Lateral X-ray image with actual and planned soft tissue profiles.
(c) Postsurgical appearance after maxillofacial procedures.

experience gives information on the overall outcome of a patient's facial appearance (see

e.g. [24, 9]).

Therefore, both surgeon and patient have a strong need for a method which enables them to

visualize highly realistic pictures of the expected postsurgical shape during the planning of a

surgical procedure. Hence, in a medical environment, a system that allows the prediction of

postsurgical facial appearance would be advantageous in the following aspects of surgery:

• medical education of a surgeon new to the field of cranio- and maxillofacial surgery.

With such a simulation system the surgeon would be able to practice the osteotomies

for an individual patient, and would get an idea of the results to the facial morphology
after repositioning bony regions.

• medical planning of a surgery considering aesthetic aspects. Due to the fact that aes¬

thetic measurements are mostly available for the facial surface and not the skull, sur¬

geons depend on their experience accumulated over years to acquire an idea of the

required bone movements to obtain a desired facial shape.

• patient care to support a surgeon in preparing a patient for the forthcoming surgery and

the facial surface changes. Here, a tool for the prediction and the photo-realistic visual¬

ization of the changes and the postsurgical outcome of a facial surgery procedure would

be desired.

Itis noteworthy that in the context of surgical training, the application of atool for the prediction
of surgical results would require a high rate of interaction between the surgeon and the system,

while the precision would be of less importance, whereas, in medical planning and in patient

care, the accuracy of such a system would be more important than its interactivity.
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1.1.2 Expression Editing

After surgery, when patients are confronted with their altered face for the first time, they are

sometimes startled by the modifications. This results not only from the swelling but also from

the long term changes they have to live with for the rest of their lives. From their point of view,
the face looks strange and it takes time to become familiar with their new appearance. In order

to adapt them to the forthcoming changes the surgeons as well as the patients have a strong need

to preview the changed face during the consulting phase in advance of the surgery. In addition

to prediction of the postsurgical appearance, it would be very helpful if this preview would not

only visualize the static face, but also the dynamic behavior and emotional expressions.

Facial animation and facial expression synthesis is one of the most researched and most inter¬

esting topics in computer graphics. This is evident in many applications of artificial faces in the

animation industry, teaching software for children, avatars for teleconferencing, human-like

computer interfaces and preprocessing for facial recognition.

1.1.3 Requirements

The use of a facial model in the context of medical treatment, patient care, and facial expression
synthesis requires an elaborate physics based model that takes advantage of individual anatom¬

ical data. In other words, a physics based facial model intended for application in the aforemen¬

tioned medical context should include the following features:

• To date, software products that are commercially available in the context of orthognatic

surgery prediction are restriced to the prediction of the post-surgical profile from move¬

ments of upper or lower jaw. To increase the acceptance by both patient and surgeon, it

would be desirable to predict the facial surface completely in 3D, including a photore¬
alistic visualization and surface texture.

•

•

•

In order to reduce the complexity of the surface representation and to conform to the

underlying physics the surface approximation should be analytically given. Further¬

more, the facial geometry should be smooth in terms of a continuous first derivative,
i.e. C -continuity.

Up to now, facial models are mostly adapted from a template face instead of generated
directly from the underlying data set. Furthermore, some approaches make use of facial

surfaces that are extracted from a CT scan via iso-surface algorithms. Due to both the

coarseness of such discretizations and artifacts arising from dental braces, the integra¬
tion of surface scans into a facial model is of paramount importance.

Since the skull geometry is used for modeling the surgical procedure, it has to be ana¬

tomically correct and therefore extracted from available CT volume data instead of

using a template skull fit under the facial surface.

The biomechanical parameters required for the behavior of the facial tissue, e.g. elastic¬

ity and incompressibility, must be as correct as possible and hence must also be

extracted by employing a segmentation of the volume data set.

The facial expression synthesis should be performed in an anatomically correct way.

Therefore, the muscular system must also be defined anatomically correctly. This

means that muscular parameters like strength, length and width have to be extracted

from medical data bases. Data for the connection points in tissue as well as on the bone

must also be extracted.
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• In order to increase the acceptance of the prototype in medical circles, the prediction
capability of the facial model should be evaluated on real patient data and the predic¬
tion error has to be quantitatively measured.

1.2 State of the Art

In this section, previous work in the field of facial simulation is described in detail. Wewill

focus on two aspects of the simulation: firstly on different approaches that can be applied to

tissue simulation, for example finite differences, spring mass models, or the finite element

method; and secondly on different frameworks published in the field of facial simulation, com¬

prising the data resources employed, the preprocessing of the underlying data, as well as certain

aspects of surgery simulation and emotion editing.

In order to build up a facial model that enables both facial expression simulation and facial sur¬

gery simulation, several fields of research are involved. From computer graphics, the fields of

physics based modeling, mesh generation, mesh decimation, and surface registration are rele¬

vant. Elastomechanics and numeric analysis provide the construction and the solution of the

partial differential equations representing the soft tissue and its deformation due to loading
forces or prescribed displacements. Furthermore, techniques from computer vision, such as seg¬

mentation approaches to separate different tissue types and filtering methods to reduce measure¬

ment artifacts have to be investigated. Anatomy and biophysics help establish an anatomically-
based muscle model comprising muscular strength and localization. Due to the involvement of

these different fields, a state of the art report in facial simulation must reduce to the explanation
of the system approaches for facial simulation. However, soft tissue simulation is the most cen¬

tral problem in facial simulation and the developments in this field are discussed in the follow¬

ing section.

1.2.1 Tissue Simulation Techniques

In order to simulate soft tissue in general, several methods have been established. They differ

in the physical idealizations of the tissue and therefore in the accuracy of the simulation, and in

the computational effort required. It has to be mentioned that according to the accuracy with

which the physics is actually simulated, the computation time can increase immensely, and it

can be stated that the faster a physical model is, the less accurate is the result in comparison with

reality. In order to classify several methods, we would like to distinguish between geometric
methods as proposed in [77] or the ChainMail algorithm due to Sarah Gibson [28, 29], particle
methods or spring mass models as proposed for facial animation purposes by Terzopoulos et al.

[56], and methods based on finite differences. The last method to be explained is the finite ele¬

ment method. This approach is most accurate but also the most expensive due to its need to

solve large equation systems.

1.2.1.1 Geometric Morphometries

For the case in which medical imaging data sets have to be investigated directly and data pre¬

processing, such as tissue segmentation or geometry extraction must be avoided, it is desirable

to simulate or at least roughly approximate the tissue behavior directly on the volume data base.

These data sets could be obtained from computerized tomographies (CT) or magnetic resonance

imaging (MRI). Since the volume data available from medical imaging may contain hundreds

of millions of samples just for the head of a person, it would be too expensive to bother simu¬

lating each voxel by means of a single volume element in a physics based manner. In addition,
the demand for interactive modeling methods based on this visualization technique increased

with research progress in the field of hardware aided volume rendering together with the devel-
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opment of scalable architectures for this purpose [42, 63, 69, 70]. Voxel based tissue simulation

techniques benefit from the fact that the data structures employed could be also used for voxel

based rendering and collision detection. In the following we will discuss two approaches to

directly compute the deformation on the original volume data, the ChainMail approach due to

S. Gibson [29], and the surface-based geometric morphometries approach of T. Schiemann [77].

ChainMail

The volumetric tissue to be simulated or rendered in a voxel-based environment is stored in a

discrete 3D array of voxel elements. Beside the original scalars obtained from CT or MRI these

voxels may contain derived information, such as local gradients and opacity for rendering pur¬

poses as well as pointers to the local neighborhood of each voxel. An occupancy map, as shown

in figure 1.2a for the 2D case, is employed to store the voxel positions. Such scene représenta-
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Figure 1.2: ChainMail: (a) collision detection using an occupancy map and (b) 2D tissue

deformation.

tion enables fast collision detection during object movements and haptic exploration of large
data volumes. In order to perform a collision detection, the obj ects to be moved are copied voxel

by voxel until a double occupancy is detected in the occupancy map. For the simulation of phys¬
ically realistic interactions with the tissue, rigid as well as deformable objects can be modeled

and their physical behavior approximated.

The ChainMail algorithm can now be summarized as follows. Based on the original discrete

volumetric data representation, the user interacts with the virtual world using a 3D cursor that

allows both the selection of a single voxel and its movement. During a subsequent iterative pro¬

cedure, the distances between neighboring elements are stretched or compressed according to

globally defined material properties. Those parameters are set in terms of minimal or maximal

distances between the voxels in each direction. As stated in [29], the voxel distribution obtained

by ChainMail throughout the volume does not represent a minimum energy configuration.
Hence, an energy relaxation method has to be applied between the computing steps of the 3D

ChainMail algorithm, whenever processor capacity is available.

While the original ChainMail algorithm is based on material parameters that have to be defined

globally, an extension developed for the resection of the vitreous humor in the eye [78] allows
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the simulation of an anisotropic and inhomogenious material. Therefore, each voxel holds mate¬

rial information in terms of of a minimal and a maximal deviation for each coordinate.

While this concept provides an elegant synergy of modeling, collision detection, and volume

rendering, a large drawback is the lack of volume preservation and loading forces. A volume

preservation would require the introduction of a deformation perpendicular to the volumetric

displacement. As discussed in [78], ChainMail must be extended towards the desired volumetric

behavior. Furthermore, an inter-element rotation can not be represented, and ChainMail is lim¬

ited to a trivial topology like voxelized volumes. In conclusion, ChainMail is a very promising
approach that can be regarded as a fast precomputing step of a standard relaxation approach.

Surface-based Geometric Morphometries

In order to cope with some of the problems discussed above, T. Schiemann in his Ph.D. thesis

proposes a purely geometric approach. For the simulation of a surgical procedure, for example
the needle examination of a kidney, he employs two representations of the organ to be simu¬

lated. A fast surface representation is used to define the boundaries and provides interactivity,
whereas a voxel representation is used for the subsequent visualization of the surgical outcome.

The surgical device required for the examination, e.g. a needle, is equipped with sensitive ver¬

tices at its surface. During the manipulation of the surface representation of the organ to be

observed, e.g. the kidney, two sets of vertices are generated, {At} defines the original vertex

positions of the surface representation, and {Z{} contains the destination points obtained from

the sensitive needle tip. The original vertex positions are computed by implementing a sensitive

needle surface which recognizes each surface penetration. Figure 1.3 shows the sketch of a sur-

origin vertices

surgical tool

destination vertices: Z

kidney

Figure 1.3: Surgical examination of a kidney.

gical examination, both sets of control vertices, the surgical needle and the organ to be observed.

With the computation of the set of original surface vertices {At}, and a second set of destination

3 3
vertices {Zt\ of the current needle position, a continuous volumetric function /: R —>R

may be defined as

M) (l.i)

The requested mapping function/must represent a certain kind of elastic deformation and must

also be smooth to allow a continuous volumetric deformation. Both properties are ensured by
applying three dimensional thin plate splines []. A thin-plate spline models the form taken by a
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thin plate under given constraints that are applied in terms of fix points, therefore a surface

bending is minimized while the constraints are still interpolated. For an application of thin plate

splines in the context of 2D image processing the reader may refer to [6].

1.2.1.2 Mass-Spring Systems

Moving towards more realistic simulation, mass-spring systems have been widely used in phys¬
ics based modeling, because they provide a simple and easy to implement method of tissue sim¬

ulation. The tissue representation for a mass-spring simulation is idealized as follows. We

assume the mass of a tissue block to be discretely distributed throughout the tissue by means of

mass nodes that are connected by a system of damped elastic springs. The tissue springs have

to be attached with the mass nodes in a way that disables any nodal movement without changing
the global potential of the system. This can for instance be ensured by using a tetrahedrization

of the body under observation.

T
Let the tissue be represented by n nodes with masses M= [mv ..T mn] ,

let further each

nodal position at time t be defined by xt(t). Spring stiffnesses and spring connections are

expressed in terms of a stiffness matrix K obtained during a global assembly step. Similarly,
for dynamic simulation, the viscoelasticity of each spring contributes to a global damping

matrix D. The damping term is required to avoid an oscillation and hence to ensure conver¬

gence. Using the definitions from above, the force equilibrium equation can now be established

in terms of a partial differential equation as

Mx+ Dx + Kx = F

T
> (1-2)

X = [Xj(0, .., xn(t)]

Where ¥ext represents a matrix with the external forces in each of its rows. The internal forces

comprised of static and dynamic contributions are in equilibrium with external loads. These

external forces are defined by the sum of all global contributions, for example the gravitational
forces and local forces on a certain node likely to be caused by a muscle contraction or a surgical
procedure.

In order to enable a volume preservation, Lee, et al. [56] propose volume preservation forces to

be integrated into the ordinary differential equation (1.2). The required forces are computed
from the volume differences between rest volume and current volume. The force directions are

normal to the tissue surface, and additionally the forces are scaled using two independent scal¬

ing factors. Further research is done in the field of collision detection and the avoidance of col¬

lisions and penetrations of tissue with bones. Here, skull penetration forces are proposed by the

same author and integrated into equation (1.2).

A stepwise solution of the system of partial differential equations (PDEs) from above is

obtained by applying a Runge-Kutta approach. Therefore in each step the force contribution of

each spring is accumulated for each node and divided by the nodal mass to obtain the nodal

acceleration at time t. Then the velocity of the next time step is computed from the acceleration

by integrating once and the required nodal positions at time t+1 from the velocity with a second

integration.
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1.2.1.3 Finite Differences

In the case of rectilinear or curvilinear regular grids, the method of finite differences may be

used for tissue simulation. In this method, a three-dimensional block of tissue is represented by

a regular grid of sample points xk r m.
Here, the indices k, l, m denote an indexing of the reg¬

ular grid nodes and hence a parametrization of the volume. Furthermore, essential and natural

boundary conditions have to be applied, i.e. the block has to be fixed at some vertices in order

to avoid rigid body motions and might be exposed to a forcing function that causes tissue defor¬

mation.

In combination with the aforementioned boundary conditions, the PDEof elastomechanics [5],

represents the problem definition in differential form that is appropriate for the method of finite

differences. In order to find the solution of the specified problem, a global equation system com¬

prising a stiffness matrix K and a forcing vector/has to be established and solved for the coor¬

dinates of the displacement fields. The contribution of each node xk r m
to the global stiffness

matrix K is computed by approximating the tissue strain from a unit displacement of xk r m.

The key idea of the method of finite differences is the approximation of the derivatives in the

,
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Figure 1.4: Central finite difference stencils for the first three derivatives.

differential formulation using a computational scheme. Figure 1.4 illustrates the finite differ¬

ences computation method with so-called molecules or stencils. These stencils are used to

approximate the derivatives of a function x(t) that is given by regular samples xt. Without loss

of generality, we reduce to the definition of the finite differences on a ID grid. The approxima¬
tion of higher order derivatives, or the computation of the derivatives in a 3D structure require
more complicated stencils and is described in [5, 95].

1.2.1.4 Finite Element Method

In contrast to the mass-spring approach and the finite differences method, the finite element

method enables both the approximation of the solution throughout the whole body under obser¬

vation, and an analytical and volumetric formulation of the required derivatives. In contrast to

the methods mentioned above which assign local properties to springs, nodes and (tri-)linear
elements, the finite element method is capable of handling the tissue in terms of a volumetric

function of higher degree.

Applying the finite element method, the tissue is discretized into finite volume elements, e.g.

cubes, prisms, or tetrahedrons, whose shapes can be described by a finite set of interpolation
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functions. The contribution of each local interpolation function to a global energy potential is

computed in order to establish a global equation system.

The volumetric description further allows the elegant inclusion of incompressibility. Since the

finite element method is a central topic of this thesis, it will be discussed extensively in

chapter 3. For further information we refer to [5, 46, 94, 95].

1.2.2 Facial Models

The field of facial modeling has been an area of growing research for more than two decades.

First approaches such as [66, 67] were based on geometric deformations using parametric sur¬

faces and were aimed primarily at facial animation. Later, physics based simulation paradigms
were adopted in order to model more accurately the physical properties of elastic materials (see

e.g. [86]). For a survey of facial animation see for example [65].

In 1986, Larrabee [54] produced a finite element model of skin deformation. This work was fol¬

lowed by Deng's PhD thesis [12], where she presented an analysis of plastic surgery by means

of the finite element method. In 1991, Pieper [71] summedup his efforts to provide a system for

computer-aided plastic surgery in his Ph.D thesis. To our knowledge, this is the first time that

facial simulation in combination with finite element modeling was employed as a means of

planning surgical procedures. He focused on plastic surgery and therefore concentrated on cut¬

ting and stretching of skin and epidermis rather than on repositioning bones. His model also

lacked the resolution required for a reliable simulation of very subtle changes in the appearance

of a face and did not provide a C -continuous surface.

At SIGGRAPH95, Lee et al. [56] presented a promising approach to facial animation where

they introduced a layered tissue model based on masses and springs connected to form prism-
shaped elements. The facial model is adapted from a template face, takes into account various

anatomical aspects and aims at facial animation.

In the field of surgery simulation, attention has shifted to the development of volume-based

models in combination with more and more sophisticated finite element solution schemes.

Keeve et al. [49] presented a system for facial surgery simulation combining Lee's layered
tissue model with a finite element approach in order to solve the inherent partial differential

equations. Another interesting approach aiming at real-time applications was proposed by Bro-

Nielsen et al. [7]. Both methods only made use of linear interpolation within the elements, and

therefore suffer from C artifacts both on the surface and within the volume.

In 1998, Roth et al. [75] presented a versatile framework for the finite element simulation of soft

tissue using tetrahedral Bernstein-Bézier elements. They incorporated higher order interpola¬
tion as well as incompressible and nonlinear material behavior, but again restricted themselves

to (^-continuous interpolation across element boundaries.

Apart from the limitations mentioned above, all previous approaches lack an extensive valida¬

tion and error analysis with respect to surgery simulation.

1.3 Contributions

The contributions of this thesis are listed below. The work presented might be regarded as a

combination of several approaches from previous work done in the field of computer aided

craniofacial surgery simulation with important enhancements to increase simulation and predic¬
tion quality.
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Surface-based facial model

By combining an elastic skin model with a spring mesh, a surface-based facial model is

presented that is capable of craniofacial surgery simulation. In contrast to other surface

based models, e.g. [77], the deformation of the surface is physics based in the sense that

forces can be applied to the facial surface instead of interpolating a prescribed deforma¬

tion. Furthermore, the soft tissue is simulated by means of a spring mesh situated

between the rigid skull geometry and elastic surface. Each surgical procedure, e.g.

osteotomies and movements of facial bones affect the spring mesh which in turn affects

the elastic surface. This work was presented at SIGGRAPH96 in NewOrleans [52].
Facial expression synthesis

An extension of the surface-based model mentioned above is the prototype of a facial

expression editor. In contrast to existing facial animation systems, as for example [56],
this editor additionally takes advantage of both medical data for the simulation and facial

anatomy during the definition of muscle groups. The C -continuous geometry and the

high degree of abstraction for the expression editing sets this system apart from others.

Using finite elements we achieve a better precision in comparison to spring mass sys¬

tems. The precomputing of facial action units enables the composition of facial expres¬

sions by a superposition of facial action geometries interactively. Furthermore, a system

capable of both facial surgery simulation and facial expression synthesis increases the

quality of patient care immensely. A patient envisioning a forthcoming surgical proce¬

dure would be able to receive an impression not only of the static shape of his face after

surgery, but also of its dynamic behavior. The prototype for facial expression synthesis as

described in this thesis, was presented to the computer graphics community at

Eurographics '98, and the reader may refer to [51] for an overview.

Volumetric tissue model

Surface-based tissue models suffer from the lack of true volumetric behavior such as for

example the effect of incompressibility. In order to cope with this problem the surface-

based model from above is extended towards volume elements. Therefore, the spring
mesh established by connecting corresponding triangles on the facial surface and the

skull surface is replaced by prism elements, and the physics is reformulated using the

theory of linear elastomechanics. While still providing a C -continuous surface using a

reduced number of degrees of freedom, this volumetric model features a more accurate

simulation of tissue behavior including volume preservation and pressure calculations.

Anatomy based modeling
Especially in facial animation, facial models are mostly adapted from a template face

instead of generated directly from the underlying data set. Furthermore, unsatisfactory
approximations of the patient's skull surface were used. Since the skull and the exact rep¬

resentation of the facial surface are essential for surgical applications the facial models

presented here are built-up based on real patient data as volume scans and laser range

scans. A tissue segmentation based on CT data is applied to enable the discrimination of

different tissue types and to take into account the variation of tissue stiffnesses as well as

tissue incompressibilities throughout the face.

C -continuous facial surface

To optimize both accuracy and rendering quality, a main contribution is the combination

of the physical correctness of volumetric or surface-based finite element simulation with

the superior quality of a C -continuous surface representation, as described in [94].
Field study with real patient data

Another important contribution is a thorough evaluation of the volumetric approach with

a group of test patients. To achive this, a prototype application was built which is based
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on data available from individual patients in a clinical environment. This includes CT

scans of the pre- and postsurgical situation in combination with high resolution laser

range surface scans. Both individual parameters, such as varying stiffness and elasticity
of tissue, and the bone movements introduced by the surgeon are taken into account in

order to simulate as accurately as possible the outcome of real surgery. With validation in

mind, the surgical procedures are re-simulated on the test group of patients with cranio-

maxillofacial abnormalities.

1.4 Thesis Overview

This thesis describes our vision of surgery simulation and patient care in the future. Chapter 2

continues with an overview about the envisioned patient pipeline for surgical planning, patient
care and evaluation of the prototype system. Based on a real patient, the individual steps the

patient goes through are described. Furthermore, the conventional methods are compared with

the envisioned setting. Additionally, the set-up and data requirements of the presented prototype

system are explained.

Since the facial tissue is simulated by using the theory of finite elements and elastomechanics,
and the design of interpolation functions plays a key-role in the development of finite element

approaches, the following two chapters deal with these topics. Chapter 3 introduces the finite

element method employed for surgery simulation. Based on the example of an elastic curve, the

finite element preliminaries are explained and alternatives for the solving of partial differential

equations are described. In order to describe the fundamentals of both facial models evaluated,
variational surfaces as well as volumetric elements are elucidated and compared. With

chapter 4, C -continuous interpolation functions for both surface model and the volumetric

model are derived. The trivariate interpolation functions are discussed in the context of confor¬

mity.

Considering certain setup requirements of both approaches we proceed in chapter 5 with data

preprocessing steps such as mesh reduction, volume segmentation, material parameter extrac¬

tion and mesh generation. Furthermore, several suggestions for increasing realism are pre¬

sented.

Chapters 6 and 7 introduce the application of the physics based facial models. First, we focus

on the application to craniofacial surgery prediction. In particular, special processing require¬
ments for surgical applications for the realization of osteotomies and movements of bony
regions are explained. In chapter 7 we discuss several extensions of the models for the purpose

of facial expression synthesis.

The thesis closes showing examples of facial surgery prediction and facial expression synthesis
and an extensive discussion. While the trivariate model is used to evaluate the performance of

the volumetric approach with the examples of several patients, the surface-based approach is

tested for the case of the Visible HumanDataset. Additionally, several results showing the

capability of the surface-based approach in facial expression synthesis are presented.
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System Overview

This chapter summarizes both our approaches to build-up the physics based facial models and

their application in a clinical environment. Weelucidate both the general set-up of the simula¬

tion system used for the purpose of surgery simulation and facial expression synthesis, and our

vision of facial surgery simulation and patient care in the future. Wecontrast conventional pro¬

cedures for surgical planning against our system by accompanying a patient through the entire

process consisting of a first consulting, surgical planning, surgery, and follow-up treatment.

The first section starts with a brief introduction of the patient who was willing to be an example
case for the whole project, and a description of our vision. Then, the data requirements and the

physical model build-up are briefly described. For a further extension on this topic, see the

chapter 5. Wefurthermore briefly introduce the application of both models in the context of

facial surgery simulation and facial expression synthesis.

2.1 Our Vision

The patient accompanied through the following chapters is depicted in figure 2.1a. He suffers

from a so-called short face syndrome with a deep bite caused by the retropositioned mandible,
i.e. the lower jaw. The right part of the figure illustrates the same patient after a surgical treat¬

ment comprising osteotomies and movements of the upper jaw and the mandible. The postsur¬

gical photographs were taken after a recovery time of about two months.

In order to bring the surgical planning of today face to face with our vision presented in this the¬

sis, we will compare the different steps in data acquisition as well as differences in the planning

set-up and postsurgical treatment. A general view of the major phases of treatment including
timing information is depicted in figure 2.2. The right column contrasts the conventional with

the envisioned setting presented in the left column.

In both cases the treatment begins with a consulting phase during which patient and surgeon dis¬

cuss the details of the surgical procedure. This includes considerations about the required bone

movements and expected convalescence time. Data acquisition follows afterwards as a first step
to the planning and preparation for the surgical procedure. This consists of the acquisition of a

CT scan and, for documentation purposes, lateral as well as frontal photographs of the presur-

gical situation. The volume data set might be used to build 3D hardcopies, i.e. stereo litho¬

graphs, of bone structures. It may also serve as an integral component of the facial model used

to simulate the surgery. In addition to the above mentioned data, the envisioned simulation

27
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Figure 2.1: Example patient:
(a) presurgical frontal and profile view and

(b) postsurgical situation.

approach requires surface scans which are also incorporated into the model. In cases where mal-

positionings of mandible or upper jaw have to be corrected, the acquisition of plaster models

based on dental impressions are required for both scenarios.

In the conventional method, the planning mainly consists of analyzing the lateral X-ray images

upon which studies of the actual and envisioned profile can be sketched. Therefore, in order to

enhance the facial surface visibility in terms of a profile line, barium is spread on the facial sur¬

face as a contrast medium. The sketches of the envisioned profile in combination with the sur¬

geon's experience allow the estimation of bone movements and cuts necessary to correct the

disfigurement.

In the envisioned setting, the data acquisition phase is followed by the model build-up which

consists of skull and surface extraction, tissue segmentation, and mesh generation. This process,

together with the modeling of the surgical procedure on this model, will be described in detail

in chapter 5 and 6. In addition to the surgical prediction, the patient might desire to see facial

expressions of the postsurgical face. Therefore, a muscle model is integrated into the facial

model and static expressions can be synthesized. Chapter 7 will extensively discuss all technical

aspects concerning the synthesis of facial expressions.

Notice that the reconstruction of the masticatory function - in terms of relative repositionings of

lower and upper jaws - cannot be planned in the presented setting. This would require a well-

suited scanning device for the acquisition of the teeth and the implementation of a prototype

allowing the planning of this surgical aspect. Aside from the medical indications of the surgery,

such as the reconstruction of the masticatory function, aesthetic aspects also play an important
role. Here, the genioplasty as well as the movements of the complex of upper jaw and mandible

have to be mentioned. Chapter 6 will elucidate these elements of a craniofacial surgery.

A convalescence and recovery time of up to six or even nine months follows the operative treat¬

ment. In addition to several follow-up checks by the surgeons, laser range scans of the post-sur¬

gical facial surface enable comparison of the correspondence of simulation and the real outcome

of surgery. Furthermore, the process of detumescence, i.e. swelling down of the tissue, can be

documented to a new level of accuracy.
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Figure 2.2: Accompanying a patient, presurgical procedures
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Figure 2.2 cont.: Accompanying a patient, surgery and postsurgical treatment
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2.2 The Facial Model

In order to build-up the generic facial model, at least computer tomographies are required This

would be the minimal precondition of the prototype presented Based solely on the volume data,
both facial and skull surfaces could be extracted, and the tissue stiffness computed, by applying
a threshold-based segmentation of the soft tissue For further enhancements, we additionally
acquire a facial surface scan and register it with the CT The reason for this approach lies in the

requirement to eliminate surface artifacts caused by teeth inlays and orthodontic treatment on a

facial surface reconstruction based on computer tomographies, see chapter 5 In some cases, as

for the simulation based solely on the Visible HumanDataset [62], cryosections provide addi¬

tional high resolution volume data, but no laser range scans exist Here, we obtain the facial sur¬

face by simulating a laser range scan procedure, as described in chapter 5

Data Acquisition and Preprocessing

Volume Data

Registration with Surface

Tissue Segmentation

Surface Data

Editing
Mesh Decimation

Skull Surface Extraction

Model Generation

Volumetric Surface-Based

Figure 2.3: Set-up of the physics based model

Figure 2 3 sketches the data flow for creating a facial model based on computer tomographies
and additional surface scans The following preprocessing steps are required mesh editing on

the laser range scan to get rid of scanning artifacts, iso-surface extraction of the facial surface

based on the volume data, registration of the iso-surface with the scanned surface in order to
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combine both data sets into one model Furthermore, a mesh decimation is performed on the

facial surface scan and a tissue segmentation allows for the definition of local tissue parameters
as stiffness, elasticity or incompressibility Aside from extracting tissue properties, the tissue

segmentation enables the subsequent extraction of the skull surface Therefore, we perform a

radial projection of the decimated facial surface into the volume All preprocessing steps are

extended in chapter 5 Based on tissue properties, facial surface and skull, the generation of a

physics based model follows Here, we chose between two approaches the bivariate (or surface
based) approach simulates the soft tissue by means of an elastic hull stretched over a mesh of

springs, and the trivariate (or volumetric) model employs the theory of linear elastomechanics

to establish a FEMproblem definition To different levels of accuracy, both models are capable
of either simulating facial surgery or synthesizing facial expressions

2.3 Surgery Simulation

The simulation of craniofacial surgeries requires a physically-based facial model that must com¬

prise both skull geometry for carrying out the osteotomies, and a soft tissue representation
between skull and facial surface Any osteotomy and subsequent movement of a skull region
affects the soft tissue that in turn changes the facial surface

The application of both the surface based approach and the volumetric model requires the

osteotomies to be carried out at the geometric model of the patient's skull Due to the method

chosen for extracting the skull surface, we are able to represent the skull in terms of a cylindrical
coordinate system In this case it is possible to define the osteotomies and skull regions by draw¬

ing on a 2D height field, as depicted in figure 2 4

The movements of skull regions result in strains in the soft tissue that in turn affect the tissue

surface and therefore the postsurgical face Using the models developed, this process is approx¬

imated as follows In the case of bivariate tissue modeling, the movements of skull regions
cause deviations of elastic springs This causes a load distribution on the elastic hull stretched

over the spring mesh In the case of volumetric tissue modeling, prescribed displacements of the

volumetric tissue elements at the skull surface result in a local ascent of the internal energy

defined by means of the theory of elastomechanics A minimization of this internal energy is

Figure 2.4: Virtual surgery (a) 3D skull geometry, (b) height field for texturing

achieved by employing the finite element method to approximate the facial surface
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2.4 Facial Animation

In contrast to the prescribed displacement approach used in the context of facial surgery simu¬

lation, the synthesis of facial expressions requires the definition of muscle fibres between skin

surface and bone and the introduction of tissue forces caused by muscle contractions The mus¬

cles have to be defined manually because they cannot be obtained from a volume data segmen¬

tation based on CT In order to establish the facial muscular system, for each muscle the user

defines a central muscle fibre in terms of coordinates of the muscle ends Strength and extension

of a muscle belonging to the central muscle fibre depend on the muscle type and anatomy Fol¬

lowing [55, 56, 87], they are used to construct the remaining fibres of the muscle to be simu¬

lated Figure 2 5a and 2 5b show the mimical muscular systems exemplified at the Visible

HumanDataset and the facial geometry of an example patient

Figure 2.5: Mimical muscular system (a) Visible HumanDataset, (b) Example Patient

The activation of a single muscle is represented by contracting each muscle fibre, that in turn

leads to forcing vectors at the facial surface Similarly to the prescribed displacements during
facial surgery simulation, these forces are taken into account to establish a FEMproblem defi¬

nition The problem solution provides the facial surface caused by the muscle contraction We

expand on the finite element method and the muscle force computations in the chapters 3 and

7, respectively

Furthermore, by employing the facial action coding system of Ekman and Friesen [21], and fol¬

lowing an idea of Waters [92], we developed an editor for facial expression synthesis to evaluate

the capabilities of our bivariate approach, see chapter 7
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3
The Finite Element

Method

Over the past four decades, progress in computer science has established the finite element

method (FEM) as a powerful tool in engineering analysis. It is used in several fields including
the analysis of solids and structures, heat transfer computations, and the simulation of fluid

dynamics. Since the finite element analysis has not been traditionally a part of standard com¬

puter graphics technique, this chapter expands on the application of FEMin the simulation of

elastic materials. For a more detailed description, the reader may refer to [5, 46, 94, 95]. To

illustrate, figure 3.1 shows the result of a FEMsimulation of elastic materials.

Figure 3.1: Simulation of elastic materials: (a) elastic surface, (b) tissue block.

Starting with a short overview over the FEMpipeline, we then introduce the basics of the

method using the example of an elastic curve. The problem definition, including both its weak

as well as its strong forms will then be derived. The equivalence of these two forms will be

shown next in section 3.2. Based on the weak or variational form we discuss Ritz' method as

well as the Galerkin approach to solving elasticity problems. In section 3.3 elastic surfaces will

be derived that combine thin plate and membrane behavior. Through this example we show the

application of surface loads, and the extension of elastic surfaces towards volumetric behavior

is briefly discussed. To describe how one may approach full volumetric behavior with elasto-

mechanics we introduce the notion of linear elasticity in section 3.4. Both, the derivation of the

35



36 3. The Finite Element Method

governing equilibrium equations and the mixed formulation suited to model full or almost

incompressible materials are also described in this section.

3.1 FEM-Overview

As depicted in figure 3.2, each physical simulation starts with the definition of the physical
problem including the data acquisition of the body to be simulated and the physical description
of experimental results. Based on these observations, an idealized physics based model of the

concrete body is established, and experimentally verified. Such an idealized model would for

instance neglect such environmental influences as gravitational forces or friction and requires
the definition of certain measurements such as loading forces and material parameters.

In order to establish a mathematical model, additional idealizations have to be met to enable the

computability of the problem. These could be comprised of assumptions concerning the linear¬

ity of the body's behavior, e.g. stress-strain relationships, or the decision on the use of strong or

weak formulation. With the mathematical definition, the problem is formulated adequately to

proceed with a finite element analysis. Therefore, the body under observation, in combination

with an appropriate design of a function space, has to be discretized into finite elements to

enable the piece-wise definition of the functions to be solved for. In the case of simulating prob¬
lems from the field of static elastomechanics, this solution would describe the displacement
function or pressure distribution of the body under observation. Then, in the case of a variational

formulation, the contribution of these solution functions to a global energy potential can be

piece-wise and analytically described. Finally, the solution functions are obtained during a solv¬

ing step and provide a minimization of the global energy potential.

physical problem
mathematical problem:

simplifying assumptions
selection of formulation (weak or strong)

mathematical problem boundary conditions

loading forces

„ . , ,
finite élément solution:

finite element solution

design of interpolation function
discretization of problem space

interpretation assembly of global equation system
v

solving

Figure 3.2: General flow-chart of a finite element approach.

A subsequent evaluation compares the obtained results with physical experiments in order to

confirm or refine simplifying assumptions of the mathematical or physical models.

3.2 Preliminaries

In the following section we discuss the different mathematical forms describing the behavior of

an elastic curve that resists against stretching and bending. Therefore, both the variational and

the differential forms of this problem are presented. Subsequently, we show their equivalence
by deriving the differential problem definition from the variational one and vice versa. By
means of the elastic curve we additionally introduce several boundary conditions as essential

and natural boundary conditions. In order to simulate their deformation we will discuss, exem¬

plify and compare several solution approaches either based on the differential or on the varia¬

tional problem definition. Finally, we end with the finite element method that provides the most

accurate solution.

refinement
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3.2.1 Elastic Curve: Problem Description

Weconsider a one dimensional elastic curve co(w) e R with u e (0, 1 ) as shown in figure 3.3

°°l« = o

chù

du

0

0

u
= 0

co(w) e i?

c°l« = i
0

0

M
- 1

Figure 3.3: The elastic curve.

that is fixed on its left and right ends by essential boundary conditions:

c°l« = i

0

0. (3.1)

Essential boundary conditions are sometimes denoted by geometric or Dirichlet boundary con¬

ditions. Furthermore, the endpoint derivatives are also prescribed, as

da>

du

ckù

du

u
= 0

u
- 1

(3.2)

In the general case of a prescribed derivative, the corresponding boundary condition is called

Neumann boundary condition.

At the center of the elastic curve a force/ sometimes called the natural boundary condition, is

applied, and causes a deviation of the curve from its rest position co = 0
.

In order to quantitatively describe the stretching resistance of the curve caused by the applied

force, we introduce a scalar penalty function oc(w) with u e (0, 1 ). Similarly, a bending func¬

tion ß(w) controls the bending in correspondence to the parameter u.

The following discussion requires an appropriate formulation of the problem. In order to find

an analytical approximation of the resulting curve with given boundary conditions and under

the applied load/ existing literature proposes two classes of methods based either on the strong
or on the weak formulation [5, 46, 95]. The weak and strong formulations are also termed vari¬

ational form and differential form of the problem, respectively. Both formulations are fully
equivalent, a fact we show in section 3.2.4.

3.2.2 Elastic Curve: Differential Form of the Problem

The differential formulation of the elastic curve problem is governed by an ordinary differential

equation (ODE) of Euler type, as
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i rXf CO

P 2
du

,

du

„
dm

d\ a—
du

du
f (3.3)

including the boundary conditions

, n
d(£>

^ = o
= 0

du

1=1= 0
^

W
= 0

M
- 1

(3.4)

Note that the elliptic differential equation (3.3) governs the steady-state response of the system.
This can also be observed by regarding the equilibrium between a forcing function on the right,
with the fourth and second order derivatives of the function co on the left. The exact solution of

the differential form satisfies all five equations above. It is noteworthy that due to equation (3.3)
the exact analytical solution must be continuous and at least four times differentiable.

3.2.3 Elastic Curve: Variational Form of the Problem

The essence of the variational formulation of the elastic curve is the calculation of the total

energy potential n and the invocation of its stationarity, i.e. on = 0, with respect to the

boundary conditions. Considering the highest order derivative min the functional, such prob-
m- 1

lems are denominated C

we have

variational. For the internal energy of a stretched and bent curve

n
(d(ß^

,

Jcfar
internal I <f) +ß

\du j

du. (3.5)

Furthermore, the externally applied load function contributes

n
external

- j 2f(tdu. (3.6)

Therefore, the global potential can be written by the sum of (3.5) and (3.6), as

n i Kf) +ß
2 (f.XCO

\du j

2f(àdu, (3.7)

to yield the functional of the problem. Invoking stationarity of n

on = 0. (3.8)
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and taking into account the boundary conditions (3.4) that have additionally to be satisfied for

any arbitrary variation in co, as

H= o
= 0

H= i
= 0

Mod

du

Mod

du

0

u
= 0

u
- 1

(3.9)

establishes the weak or variational formulation of the elastic curve problem.

3.2.4 Elastic Curve: Equivalence of the Strong and the WeakForms

In the following, the equivalence of the differential and the variational forms is demonstrated at

the example of an elastic curve. Therefore, by using the calculus of variations [5, 76], we firstly
derive the differential formulation from the variational and vice versa the variational from the

differential form.

Starting from the variational approach we yield the functional

n-Htf-p frfV

du

2f Od du

on = 0

with the boundary conditions

(3.10)

c°l« = o

dm

du
u

= 0

dm

du
u

- 1

0

0 ScoUi

JSco

du
u

= 0

JSco

du
u

- 1

0

0

(3.11)

Note that the highest order mof the functional (3.10) is 2 and the elastic curve problem is there¬

fore denoted as a C problem. In addition, a C problem requires Neumanboundary conditions

as defined in (3.11) and trial functions that are continuous in the first derivative.

By invoking stationarity on = 0 we obtain
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J °W \du
CO

2

Va« y

2flu du = 0

i HÎH (^ CO
.A2

V^/w y

hlfiûdu = 0

5 Fafw = SFdu

5(F + G) = 5F+5G

OF* = «F^'ôF

?WF = ^SF

(3.12)

further reformulation and integration by parts twice

r (did\
1 «UJ

did\fdbid\
« ûTcoY a ôco

\du j \ du j

-fölüdu = 0

«J fgdu=fg\ba-8J fg' du

~
0?C0

aöco-r
du

i
.

l
ß(r c

a CO .

a oo>^— du

+ ß
ddaxf

0 o

1 i

CO

du
du

ß[ — -du-\ fôiùdu = 0

o 0
du"

(3.13)

yields

c.
dm

aöco-r
du

i
.

l

I.5

+ ß
ddaxf CO

JwJW2
0?

a co

ßoco—-
du

a

o
'

o

1

rf2 CO

du

ai

du

ßj ôco—-ßu-\ föudu
du

0 0

(3.14)

Considering the boundary conditions for the variation ôco in equation (3.11), the following
terms of equation (3.14) are vanishing:

c.
dm

aöco-r
du

.JÔCÛ3 CO

du
du

.JÔCÛ3 CO

du
du

(3.15)

and the remaining terms form the equation
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f ? Jo" CO a CO -.

0
v 7

du = 0
. (3.16)

Since ôco fulfills the boundary conditions but is arbitrarily chosen, we yield from equation

(3.16) the Euler equation of the problem

aaod aod -

,,,»

du
du

Equation (3.17) denotes the differential statement of (3.10) and (3.11). In order to obtain the

variational statement from the differential formulation again, we multiply (3.17) with the arbi¬

trarily chosen ôco that satisfies the boundary conditions. Due to the equality of (3.17) we can

write

r,a(ù a CO ,.

du = 0 (3.18)

and by integration by parts we return to the variational formulation.

The highest order derivative of the differential form, derived from a Cm variational problem,
is 2m, since integration by part is employed mtimes.

Besides the fact that the variational approach is more intuitive, it possesses several additional

advantages in comparison to the differential formulation. First, using the variational approach,
with the potential energies scalar quantities are considered rather than vector quantities. Fur¬

thermore, it is noteworthy that the most important advantage is the lower order of the maximum

derivatives. This leads to a clearly larger function space for approximate solutions.

In references [5, 46, 95] we find several numerical methods to approximate co; some of them

are discussed in the following section.

3.2.5 Weighted Residuals

The exact solution for differential and variational problems can be calculated directly for rela¬

tively simple systems. Here, several techniques like integration or separation of variables are

employed. More complex systems require approximation methods as explained in the follow¬

ing.

Well-known approximation schemes using the weighted residuals are the Galerkin method and

the least squares method. Based on the differential or strong form of the problem they define a

residual that has to be minimized using a family of basis functions. Both methods differ in the

way this residual is defined and exploited to find an approximation of the solution.

Therefore, an important prerequisite of the differential form is its linearity, symmetry, and pos¬

itive definiteness. Considering a differential form as

L2m[® = r (3.19)
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with L2m representing a differential operator of order 2m, r the forcing function and (f> the state

variable for the solution that satisfies the boundary conditions. Then linearity, symmetry and

positive definiteness are defined as

linearity:

L2m[au + bv] = aL2m[u] + bL2m[v] (3.20)

symmetry:

J (L2m[u])vdD= J (L2m[v])udD
D D

(3.21)

positive definiteness:

J (L2m[u])udD > 0

D

where a and b are constants, u and v are any functions satisfying the boundary conditions and

Dthe domain of L2m .

A common step of the weighted residual as well as Ritz' method is the design of a set Oof n

basis functions in order to discretize the approximation in the form

co~ CO 5>,<k> (3-22)

= i

or by using the scalar product

co« co= aO. (3.23)

Here, co is the approximate solution, ^ are the trial functions and at are weights that have to be

determined by establishing a system of equations. The basis function have to meet the boundary
conditions for the problem. The residual R to be minimized is then defined as

R = r~L2m I>^
.i

= l

(3.24)

3.2.5.1 Gal erkin Method

The Gal erkin method computes the at from the systems of« equations defined by

j" Rfy dD = 0; i = 1, 2, ..r
n. (3.25)

D

The resulting equation system is symmetric and positive definite if L2m is also symmetric and

positive definite.



3.2 Preliminaries 43

3.2.5.2 Least Squares Method

Here, the weights are determined by the equations

J RL2m[<\>] dD = 0; / = 1, 2, ..r
n (3.26)

D

and the equation system is always symmetric, independent from the properties of the operator.

3.2.6 Ritz' Method

In contrast to the weighted residual methods, Ritz' method uses the C variational formula¬

tion of the C
m

differential form L2m. Based on this variational form we substitute the trial

function co from (3.22) into the potential. Invoking its stationarity on = 0 results in

^ = 0; 7 = 1, 2, ..». (3.27)
dai

This method leads to a set of« linear independent equations for obtaining the solution vector a.

3.2.7 Examples

In the following, we exemplify the approaches discussed above with the problem of the elastic

curve. Therefore, a set of basis functions has to be defined for which each function fulfills the

given geometric boundary conditions. The trial functions must be at least four times differen-

tiable, in order to use the weighted residuals that operate on the differential formulation. This is

4
due to the fact that the differential formulation of the elastic curve is a C problem and therefore

the highest order of the derivatives present is 4.

For this reason we use a subset of the family of degree 8 Bézier basis functions. This leads to

an approximation of the solution in the form

«»= 5>,*, + i (3-28)

i
= i

with the definition of the Bézier basis functions as

B"(u) = (n\\l-u)n~l. (3.29)

Figure 3.4 shows the Bézier 8 subset as required for the approximation. By definition, these

basis functions satisfy the boundary conditions: They are zero at w=0 and u=\ and furthermore,
the first order derivatives at the interval bounds are zero
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Figure 3.4: Bernstein polynomials.

*? = 0
u

= 0

*? = 0
u

- 1

dB]
du

= 0

M
= 0

with 2<i<6

dB]
du

= 0

M
= 0

(3.30)

For the following examples we define a constant stretching and bending penalty function of

a = ß = 1 and a load function of f(u) = BA(u) .

By substituting (3.28) into (3.27) we yield for the elastic curve problem the following symmet¬
ric equation system:

100,54 37,96 -16,47 -33,42 -21,68

37,96 58,87 29,59 -12,31 -33,42

-16,47 29,60 50,52 29,60 -16,47

-33,42 -12,31 29,60 58,87 37,96

-21,68 -33,42 -16,46 37,96 100,54

22,86

30,01

32,74

30,01

22,86

(3.31)

with the solution

a = [o,58 -0,25 1,3 -0,25 0,58]

For the Galerkin method, we yield

(3.32)

a =

L0,23 0,52 0,74 0,52 0,23j ,

and the application of the least squares approach results in the solution vector

(3.33)

a =

0,22 0,50 0,69 0,50 0,22 (3.34)
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The resulting plots of the functions are depicted and discussed in section 3.2.9.

In order to operate with large systems over an irregular and complex domain and difficult

boundary conditions, it is hard to find suitable basis functions for the approaches discussed

above. Therefore, we discretize the domain in terms of a regular or irregular mesh of finite ele¬

ments and define basis functions with local support for each element. This leads to the finite ele¬

ment method discussed next.

3.2.8 Finite Element Method

As depicted in figure 3.5 the first step of the finite element method is a suited discretization of

°°l« = o

dco

dw

0

0

c°l« = i

u
= 0

dco

dw

h-

0

0

u
- 1

'l + l

Figure 3.5: The elastic curve, discretization of the problem domain.

the problem domain. The number of elements iV-1 (or the number of nodes N) for the discreti¬

zation must be chosen depending on both the degree of the basis functions used for the approx¬

imation and on the required precision of the result. With both the degree of basis functions, and

the resolution of the domain discretization, the accuracy of the result increases. Current research

in finite element analysis focuses on Ap-refinement methods that deal with the trade-off between

the mesh resolution \lh and the polynomial degree/» of the basis functions used for interpolation
[82].

The second step is the approximation of the solution function of each element mby a weighted

set O
m

of shape functions. Therefore we yield analogously to (3.22)

CO
O) "O)

CO
(m) Am)

2>* ^ (3.35)

= i

This process is known as Galerkin projection. As proposed by Celniker and Gossard [10], for

the elastic curve problem we use a set of Hermite spline functions as depicted in figure 3.6, and

defined as
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o

>-3lI)2+2(C3

3'iMf

"'-'I)2+(f

(3.36)

Since the interval length of each element could vary throughout the domain, the definition of

coW(0)

du

cé'\h)

b)

(a) Hermite type interpolation functions and

(b) Hermite interpolated 2D curve element with four degrees of freedom.

the interpolation function depends on the element length h. Furthermore, the interpolation func¬

tions are designed to yield a C -continuous curve.

The next step is the computation of local stiffness matrices representing the stretching and bend¬

ing stiffnesses for each degree of freedom per curve element. These stiffness matrices are com¬

puted by evaluating the local changes in the potential energy belonging to one specific
interpolation function. Following [10], the local stiffness matrices for stretching and bending
stiffnesses can be found analytically by substituting (3.36) into the functional of the problem

jm2
n-J<Q+ß

d co

A
2

au
,

2/co du. (3.37)
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â d2
In order to simplify the notation, we write CO for —and CO for —- yielding

du du

n = f aof+ ßofM-2/coJw. (3.38)

Wenow aim to find an approximate solution that minimizes the energy functional above. Since

the differential form of the variational statement (3.37) is positive definite, the resulting energy

must be a global minimum. Therefore, we invoke the stationarity of fl as

r 2 2
ôn = 51 acoM +ßcoMM-2/coö?w= 0 (3.39)

By using the variational computation schemes from section 3.23 we yield from the variational

formulation the principle of virtual work. This principle of virtual work states that the equilib¬
rium of the body requires the equivalence of the total internal and external virtual work caused

by any imposed small virtual displacement satisfying the boundary conditions.

j ôo^ocq, + ScqIMßa|IM du= \ ßudu.

0 0

Following Bathe [5], we denote virtual quantities by an overbar:

i i

j" c^occc^ + cq^ßcc^ dw= j" fco du
.

(3.40)

(3.41)

To obtain the local matrix equations we substitute (3.35) into the principle of virtual displace¬
ments

j « $aa<!>u + a <CßaOMMdu= \ fa® du (3.42)

o o

and establish for each basis function out of Oa linear equation by imposing a unit virtual dis-

—Q —

placement ax for all components of a, yielding

-eT

a, j ®la®uudu + \ ^ui$%udu
-el f

a =

a, \ f$>du

(3.43)

row / of K element / of F

Following the description above, we obtain for each element mthe local stiffness matrix
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K„

36 3/7 -36 3/7 12 6/7 -12 6/7

a

Oh

3/7 4/72 -3/7 -/72

-36 -3/7 36 -3/7

+
1
/73

6/7 4/72 -6/7 2/72

-12 -6/7 12 -6/72

3/7 -h2 -3h 4h2 6/7 2/72 -6/7 4/72_

(3.44)

which is positive definite and symmetric according to the differential form of the elastic curve

problem.

The local force vector Fmis determined as follows: According to Celniker and Gossard [10] we

sample the forcing function f(u) = BA(u) at the endpoints of each element and approximate

it linearly.

Fm = j (m) + ^(/K + 1)-M))W (3.45)

where ut and ul+1 are the parameter values at the element boundaries. This results in the forcing

vector

F_ = —

h

60

21 9

3/7 2/7

9 21

-2/7 -3/7

A«,)

M+ i)
(3.46)

It is noteworthy that due to the global definition of the forcing function in this example, the

exact computation of the integral would be possible. While this would increase the accuracy

with fewer finite elements in the discussion 3.2.9, in general a global definition is not available

and the piece-wise definition of the forcing function has to be preferred.

Weare now left with the assembly of the local stiffness matrices to a global equation system.
This step can be mathematically formulated by means of a sum of the local stiffness matrices.

Therefore we consider each row and each column of the local stiffness matrix Km. According

to the set Oof interpolation functions, each pair of rows as well as each pair of columns repre¬

sents the displacement of a node and its derivative in w-direction. Let element mstart at node

nm and end at node nm+ l.
Weregard KOT as a part of a matrix KOT' with a dimensionality of

twice the number of nodes Nin the problem discretization and zero entries at all rows and all

columns with index k < 2m+ 1 or k > 2m+ 4 :
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K„

position
27+1,27+1

0

K„

(3.47)

Then the assembly procedure for both, the global stiffness matrix K and the global forcing
vector F can be regarded as a summation of the form

K= £ IS«' and F= ^FJ.
N-] AT—1

Weare now able to setup the global equation system as

Ka = F

which represents directly the matrix formulation of equation (3.43).

(3.48)

(3.49)

Since boundary conditions are defined at both ends of the curve in terms of zero displacements
and zero derivatives, the corresponding lines and columns from the global system can be elim¬

inated. The resulting equation system can be solved with appropriate iterative solvers for sym¬

metric matrices that are positive definite (e.g. incomplete Cholesky preconditioning and

conjugate gradients, as proposed by [3]).

3.2.9 Discussion of the results

The presented approaches for the computation of an approximate solution of the elastic curve

problem differ mainly in

• the choice of the formulation of the problem (strong form or weak form),

• the support of the trial functions O(e.g. piece-wise or global support),

• the way the boundary conditions have to be taken into account, and

• the accuracy, and the ways in which the solution may be improved.

The most striking drawback of the weighted residual methods and the Ritz' approach is the re¬

quirement of trial functions satisfying several properties: Order of derivative, support of the

whole problem domain, and satisfaction of the boundary conditions.

Since the finite element method ensures a piece-wise discretization of the problem domain, it

translates the required design effort for the trial functions into the problem dimension, and there¬

fore into computational costs.

The following plot shows the results obtained with the methods discussed above. As it can be

easily observed, the approximations obtained employing the FE method converge against the

exact solution with increasing mesh resolution. The exact solution is best approximated by FEM

with sufficient mesh size, by the Ritz' method and by the Galerkin approach. Each result is

obtained for a = ß = 1 and for a force distribution of f(u) = BA(u) .
The error of the finite

element method for coarser meshes can be partially described with the linear approximation of
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Least Squares (> Ritz)

Ritz (> Galerkin)

Galerkin (> FEM, 16 elements)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 3.7: Results of the discussed approaches for the problem of the elastic curve.

the forcing function, see equation (3.45). In contrast to the finite element approach, the remain¬

ing methods take advantage of the exact description of the forcing function. If we would write

j B4<ï> du (3.50)

instead of equation (3.45), the approximation error of the FEMsolution would be lowered but

we would be restricted to forcing functions supporting the whole problem domain.

3.3 Surface Elements: Plate-Membrane Approach

This section deals with the surface extension of the elastic curve problem described previously.
Wediscuss required extensions for surfaces in 3D and elucidate the application of the finite ele¬

ment approach used for the modeling of the surface-based facial model. In Computer Graphics,
variational surfaces are proposed for a new modeling paradigm by Celniker and Gossard [10].

3.3.1 Surface Energy

The elastic surface resists changes of its surface area by minimizing a stretching energy.

Smoothness is ensured by avoiding a surface folding due to minimizing a bending energy. We

consider a parametric surface co(w, v) defined in a 3D cartesian coordinate system as

co(w, v)

C%(tt, v)"

<$(u, v)

c%(m, v)_

(3.51)
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The following steps have to be considered for each direction in space (i.e. x, y, and z). In order

to simplify the notation and since the solution is obtained by separately minimizing the potential
of each component, we furthermore write co and / instead of cq and f for each cartesian com¬

ponent of the surface and the forcing function, respectively.

Analogously to the elastic curve problem, the fourth-order partial differential equation (PDE)
of the elastic surface can also be separated into a stretching and a bending term. For convenience

we follow the notation of the previous section. The differential formulation yields

p2(ßnqJ a2(ßi2^v) a2(ß22^
du dudv dv

du dv

J =f (3.52)

with the boundary conditions

where a and ß are now denoting tensors as

a
an(w, v) a12(w, v)

OC^W, V) <X22{U, v)

ßn(w, v)

ß22(w, v)

(stretching tensor)

ß12(w, v)

(bending tensor).

(3.53)

For aforementioned reasons, the variational formulation has to be preferred for the subsequent
FEMcomputations. It is derived from the differential form by multiplying (3.52) with a varia¬

tion of CO and the subsequent integration by parts. Adding the boundary conditions yields the

complete problem definition:

n = j (aii^ + 2ai2^^ + 0^2o;l + ßii0lw + 2ßi20lv + ß220fv-2/CU)^
Q

with essential boundary conditions defined at the region Q,
be-

(3.54)

°*W' %u, v)EQic
= S^ V)-

Similarly to the curve the resulting shape resists against stretching and bending caused by the

external surface load/

3.3.2 Matrix Formulation

In order to yield a FEMsolution of the problem definition (3.54), and similar to the elastic curve

problem, the surface under observation has first to be discretized into patches as depicted in
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figure 3 8 for both an elastic plane and a 3D facial surface Based on the functional n of the

k v

a) b)

Figure 3.8: Surface discretization and parametrization for (a) plate and (b) facial shape

problem we next have to establish the matrix formulation Similar to the elastic curve we there¬

fore design for each element ma vector of interpolation functions O
m

whose linear combina¬

tion with a weight vector alt performs a piece-wise approximation of the unaffected surface

patch m Additionally, we introduce a weight vector a
m

that defines the surface displacements
caused by a forcing function or prescribed displacement boundary conditions Then for each

element m, the surface can be approximated as

(m) ~0) Am), (ni)
,

(m).
(3 55)

12

Triangular basis functions well suited for this purpose are the Hermite type N presented in

[52, 94] and discussed in chapter 4

Since amit describes the original surface at rest, it contributes no additional energy and can be

dismissed in the energy functional Using the surface approximation as depicted above, the

remaining form can be written for each element mas

U{m) = \ anm\éb{m)^m)ë^ + <${m)a{m)ësm)do)a{m) - a{m)'<&{m)fm) ddm) (3 56)

a
im)

where Oè and Os are the first and second order derivatives of the set of interpolation func¬

tions as
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o,

uu

vv

20

and 0„
, respectively. (3.57)

For the exact definition of the operators the reader may refer to chapter 4. By invoking station-

arity we yield the matrix equation for element m

\ ha{m\^l{m)^m)ë^ + ^{m)a{m)ë^)a{m)ddm) =\ ôaM<Drm)J-m)ddm) (3.58)

ti (m) ti (m)

with the virtual displacement vector a = 8a. Similarly to the elastic curve, the local equation

system for element mcan now be established by substituting the virtual quantities with the unity
vector n times. This yields n equations written in matrix notation as

jAm) (m)
_ p{m) (3.59)

with the local stiffness matrix

K
(m) f «tJCOqWAm) .

*T(m)-(m) (m) (m)
=

J Oè' ß % +<ï>s a % "^

a
im)

(3.60)

and the right hand side

J m)
F"-> = J ®T""jf"j da*J(m) im) içSm)

a(m)

(3.61)

Similar to section 3.2.8 the global system has to be built-up during a subsequent assembly step
that can be regarded as a summation of each element equation system into a global stiffness

matrix K and into a global right hand side vector F, yielding

Ka (3.62)

Since the surface potential is defined by the sum of the contributions of each space direction,
the global solution is established by finding a minimum to each term of this sum, and the equa¬

tion system (3.62) has to be solved three times.

3.3.3 Results and Discussion

This section shows results obtained with the previously described approach. The images pre¬

sented in the figures 3.9, 3.10 and 3.11 are rendered by subdividing the C -continuous interpo¬
lation. The stretching and bending tensors are defined constantly as a = 0,02 and ß = 0,02 .

Figure 3.9a depicts results obtained by applying a point-load force in a Z-up system at the front

and back edges of the original surface, as
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-0,67

-1

0,67

and f2 =

0,67

1

0,67_

Figures 3 9b and 3 9c are showing the same set-up with increased forces, and figure 3 9d depicts
a twisted surface As expected and as shown in figure 3 9b-c, a linear increase in the forcing
vector leads to linear growth of the displacements

Figure 3 10 and 3 11 show the resulting surfaces for a unit force vector applied at the center and

variations of a and ß, respectively The surface is fixed at the four boundary corners Increas¬

ing the bending penalty by keeping a constant results in a smaller deviation of the surface as

shown in figure 3 10 While the surface remains symmetric for variations of ß, increasing the

stretching penalty results in an asymmetry

Figure 3.9: Variation of the force vectors

In order to achieve a smooth rendering, the depicted surfaces are subdivided as shown in figure
3 12

In order to use the variational surfaces in the context of facial modeling, they have to be

extended towards volumetric behavior This can be accomplished by modeling the tissue with

a mesh of springs between the skull and the facial surface While the skull remains rigid, the

facial surface is represented by a variational approach Osteotomies and movements of bone

regions affect the spring mesh which in turn affects the variational surface via surface loads As

shown in [52] and as described in chapter 8, this approach yields reasonable results

It has to be mentioned that this method requires an iterated solving procedure This is because

the spring contributions are represented statically in terms of surface loads Since the forcing
function depends on both its deviation and its direction which can change during tissue move¬

ments, it should be expressed in the functional in terms of an additional state variable This
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a = 0,01 a = 0,02 a = 0,03

a = 0,04 a = 0,05 a = 0,1

Figure 3.10: Variation of a for ß = 0,01

ß = 0,01 ß = 0,02 ß = 0,03

ß = 0,04 ß = 0,05

Figure 3.11: Variation of ß for a = 0,01

ß = 0,1
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Figure 3.12: Subdivision of a C continuous surface

would require non-linear solution procedures, which would have to be performed iteratively
Furthermore, the lack of volume elements disables the simulation of real volumetric behavior

as for instance incompressibility

3.4 Volume Elements: Elastomechanics

In this section we discuss a finite element approach of facial tissue simulation that is capable of

linearly approximating the behavior of incompressible elastic materials At first we touch the

basics of static elastomechanics required for the subsequently discussed volumetric FEM

approach Then we derive the equilibrium of virtual displacements During the following sec¬

tions we mainly use the notation of Bathe [5]

3.4.1 Linear Elasticity

Weconsider the facial tissue B in a cartesian X, 7, Z coordinate system as depicted in figure
3 13 The volume is parametrized in u and v over the facial surface and in w towards the skull

The computational problem consists now of finding the 3D displacement function U which

describes the geometric changes resulting from craniofacial surgery In our model this function

is a priori known at rigid parts of the face and skull (zero displacement boundary condition) as

well as on the skull regions repositioned during the surgical procedure (prescribed displacement

boundary condition) Given the displacement function U, the postsurgical face B' would be

defined as

B = B(u, v, w) + U(u, v, w) (3 64)

Considering the theory of linear elastomechanics, a strain tensor e is defined as
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B(u, v, w)

BJu, v, w)

By(u, v, w)

BJu, v, w)

U(u, v, w)

UJu, v, w)

Uy{u, v, w)

UJu, v, w)

Elastic body under observation.

ZXX ZYY ZZZ yXY yYZ 7'ZX (3.65)

consisting of both volumetric and deviatoric components. The volumetric strain components are

defined by

dU dU
y

dU,
-XX dX -YY dY *ZZ dZ

whereas the deviatoric strain coefficients can be computed as

IXY

(3.66)

dUr dUv dU dU7 dU7 dUr
x

!
y

dY dX 1yz
=

y |
z

dZ dY
lzx

=

dX dZ (3.67)

In contrast to the volumetric strain the deviatoric strain does not contribute to changes in the

volume of the body. This can easily be seen by considering figure 3.14a and b depicting a patch
P with an applied volumetric strain of exx inXand eyy in 7 direction. It is clear that a uniform

strain enlarges the area of the plate whereas deviatoric strains eYx an<^ £xy cause a shear trans¬

formation of the plate P and keep its area unchanged.

For further investigations, the stress in the body B

XXX XYY XZZ XXY XYZ XZX (3.68)

also composed of a volumetric and a deviatoric component, can be computed from the strain

using the linear constitutive relation C

Ce+x (3.69)

where x denotes an initial stress in the body. Initial stresses, e.g. caused by muscle activations

or gravitation, can not be measured directly and have to be neglected in facial simulation. Thus,
a zero initial stress is supposed. The stress-strain relation C represents linearized tissue proper¬

ties and is defined as
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Volumetric Strain

1 dp
Zyy dY

T
* *~l

dp
txx dY

Deviatoric Strain

A

YX

¥ r
—'—#— —v"^ ;

I / / £XY

| / I /

\i s' P /

*^ *

AV
=

y
eXX+£YY (+eXXeYY>

—30, for small strains

f=°

P'

a)
*

b)

Figure 3.14: Volumetric and deviatoric strains.
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(3.70)

where E denotes the Young's modulus of the material and v its Poisson's ratio. Both material

parameters are also termed elasticity modulus and incompressibility, respectively.

If we consider a ID problem, for example the rod as depicted in figure 3.15, then we have for

the constitutive relation between stress and strain

x
.,

dU
e = - with e = —

E du
(3.71)
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U(u) ^ }
H H 11 u

Figure 3.15: Elastic rod, fixed on the left.

which is comparable to the relation between voltage and electric current in electrical engineer¬
ing.

By extending relation (3.71) into 3D and assuming an isotropic and fully incompressible mate¬

rial, a volumetric strain in X-direction causes a stress distribution as

Zxx=J£L-- ë • (372)

This means that each volumetric strain in X-direction must result in a stress in X-direction and

equally distributed stresses in Y- and Z-directions, that in turn cause strains in Y- and Z-direction

to keep the volume constant.

In order to introduce a degree of incompressibility, the factor 0.5 in front of the second term is

denoted by v and can be varied between the values v = 0 for full compressible and v = 0,5

for full incompressible materials. Similar considerations for deviatoric stress-strain relations

lead to

_
x^-vxyy-vx^z c =T

2(l+v)
£XX -

E
^XY %XY E

_

-V^XX+^YY-V^ZZ
c = T

2(1+V) n 7~.
£YY —

hYZ %YZ £
\J/J)

_
-v^xx-^Illlzz

c =T
2(l+v)

ZZZ
£

^ZX %ZX £

and (3.70) follows directly.

Notice that the strain must be theoretically infinitesimally small to enable the stress computed
from the strain using the linear relation (3.69). Furthermore, displacements must be infinitesi¬

mally small to enable the analytical description of the strain as in (3.66) and (3.67) and the

neglect of quadratic and cubic terms in the volume change.

3.4.2 Derivation of the Variational Problem Definition

In the following we think of B as depicted in figure 3.13 to be exposed to surface loads ff on

the surface area Sr and externally applied body loads / . Additionally, B is supported at the

surface region S in terms of prescribed displacements if". In order to compute the displace-
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ment function Uwith regard to the applied loads and boundary conditions, we establish the vari¬

ational formulation as follows:

The internal potential of B is defined as

lr T

ninter„ai = ôj e^rfQ. (3.74)
2

Q

In state of rest, the external energy, defined by volume and surface loads,

nexternai = -j füdQ-\ fflffdSf (3.75)

Q Sf

is balanced with ninternal

n = U eTx dQ-j fuda-j fflffdSf, (3.76)

Q Q Sf

forming a local minimum, i.e. on = 0. From a physics point of view, the external energy can

be compared with the well-known Newton's law of force and motion. Furthermore, iff

denotes the displacement field at the surface of the body under observation. As described in sec¬

tion 3.2.8, equation (3.76) has to be reformulated by invoking stationarity to obtain the principle
of virtual displacements,

(3.77)

j" e^Ce dQ = j" fudn+j ffUfdSf
q a sf

with the virtual quantities denoted

by the overbar,

fs, fB for surface and volume loads,

Va for prescribed boundary condition, and

C for stress-strain material matrix.

Note that the virtual displacement function U must be at least once differentiable in order to

evaluate e and must further satisfy the boundary conditions. Equation (3.77) can now be trans¬

posed into matrix notation as stated in section 3.2.8.

As stated above, the Poisson's ratio varies between zero for fully compressible and 0.5 for fully

incompressible materials. Note that the coefficients of C increase with v —>0,5 and, conse¬

quently, C is not defined for v = 0,5 .
For the simulation of incompressibility used to model

volume preservation we therefore require a different formulation which will be described in the

next section.
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3.4.3 Volume Preservation: Mixed Formulation

In order to deal with incompressible or at least almost incompressible materials the strain has to

be separated into its volumetric and deviatoric components and in addition to the displacement
function U the pressure p needs to be introduced as an additional variable. This approach is

termed the finite element mixed formulation [4] and will be briefly described here.

The constitutive equation (3.69) can be reformulated using indicial notation by separating vol¬

umetric and deviatoric components

volumetric

T„
= KeF5 + 2Ge'

,
i, je ÇC, Y, Z) (3.78)

deviatoric

with the new material parameters bulk modulus K and shear modulus Gwhich follow from E

and v to

K = ,,iE,
^

and G = —^—
. (3.79)

3(l-2v) 2(l+v)

Further in (3.78), 8 is the Kronecker delta, while e' and ev denote the deviatoric and volu¬

metric strains, respectively:

[0 if (/*/')

H. e,se
' (380)

i A.A. 11 Zj/j o //-* r» i \

ev
=

ev- Ï %> ^3-81)

V
:v ~ exx+eYY + ezz~

~ (3.82)

The volumetric strain approximates the proportional change of the volume of the body denoted

AV
by —

. Relating a change in volume to a change in pressure we find

p
=

-K£F. (3.83)

Note that in the case of full incompressible materials, i.e. v = 0,5 ,
k in (3.83) is infinite but

the pressure/» remains to be defined.

Hence, we use (3.83) to reformulate the constitutive equation (3.78) as

zlJ
= -pblJ+2GE\J, (3.84)

and the governing equation of virtual displacements (3.77) converts to
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J e'rCe' dQ-\ ZypdÇl = J fudQ+\ ffUfdSf, (3.85)

Q Q Q Sf

Where C is the deviatoric stress-strain relation as defined in section 4.3. In order to establish a

relationship between the independent variables pressure and displacement in (3.85), we addi¬

tionally introduce (3.83) written in integral form as a second equation:

J r^ + eFlp dQ. = 0. (3.86)

Q

Wecan think of p in (3.86) as a Lagrange multiplier enforcing the constraint (3.83) between

the independent variables pressure and displacement.

If both equations (3.85) and (3.86) are fulfilled, the displacement field Uprovides a solution to

the problem and the resulting post-surgical surface is given by B = B + U.

In the following chapter we focus on the construction of Hermite-type interpolation functions

used to discretize B. Furthermore, we expand on the derivation of the matrix form for the mixed

formulation.



Interpolation

Functions

The design of a set of shape functions O, sometimes also termed interpolation functions, is a

fundamental task of the finite element method. This lies in the fact that shape functions have to

meet several criteria to conform with the underlying physics and to yield visually appealing
results. In the following sections we denominate a set of shape functions C -continuous if the

boundaries between two adjacent elements are continuously differentiable. It is clear that shape
functions used for FEMare in general C -continuous at the interior of each element.

In the presented work, the C -continuity of the facial surface is important for the following rea¬

sons:

• Depending on the FEMproblem definition and in accordance with the underlying
physics, the application of higher order interpolation functions is crucial to FEM. Con¬

sidering the example of elastic surfaces: While the variational formulation of the sur¬

face-based approach requires the interpolation functions to be at least twice

differentiable, the FEManalysis based on the differential formulation requires shape
functions to be four times differentiable. In a FEMsense it would be sufficient to carry

out the analysis with elements whose interior provides the required degree of differen¬

tiability. Representing the entire domain in this way would, however, increase the qual¬
ity of simulation.

In order to produce aesthetically pleasing results and to be visually convincing to both

surgeons and patients, a C -continuous facial surface representation is required. This

has even greater impact if ray-tracing is used to render the postsurgical outcome. Ray-

tracing benefits from computing the ray-surface intersection directly on the FEMinter¬

polation functions, instead of subdividing the spline surfaces as briefly mentioned in

section 3.3.3. For ray-tracing C -continuous FEMinterpolation functions, the reader

may refer to [72, 13].

Furthermore, the FEMsimulation of an elastic tissue block by using C -continuous ele¬

ment boundaries must result in a spike when a nodal load is exerted on the surface. This

is illustrated in figure 4.1 for the 2D case of C -continuous displacement interpolation.
Aside from C -continuous elements, to reduce these artifacts high resolution tissue dis¬

cretization and continuous force fields have to be employed.

63
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• The use of C -continuous displacement interpolation functions reduces the number of

finite elements required for the discretization of the domain Q, Hence, continuous

shape functions reduce the overall degree of freedom and increase the quality of the

result

In order to represent a surface by piece-wise polynomials, the most appropriate elements are tri¬

angular or at least rectangular Rectangular elements would enable the definition of tensor prod¬
uct surfaces However, they would suffer from a lack of well-suited methods for the adaptive

generation of crack-free meshes Interpolation functions on triangular domains take advantage
of a triangular coordinate system that simplifies shape function design Furthermore, mesh

reduction and rendering schemes mostly operate on triangle meshes [41] This is reasoned in the

fact that a 3D-plane is uniquely defined by three points

The following section starts with mathematical preliminaries Weintroduce the barycentric

Figure 4.1: 2D simulation of a nodal load exerted on an elastic tissue block,
the pressure distribution is indicated by pseudo-colors

coordinate system which is suited for triangular shape functions A description of the tensor

product extension towards 3D based on the barycentric coordinates follows Finally, the use of

local coordinate systems for FEMintegration purposes is described

In order to derive interpolation functions such for our purpose here, we start with the C -con¬

tinuous A^ functions Towards C -continuity we subsequently introduce a set of rational shape
functions that is capable of controlling the cross boundary derivative of triangular interpolation
functions Based on these elements, two approaches to obtain continuous surfaces with 12 and

9 degrees of freedom are derived The extension of the surface-based interpolation functions

towards volumetric elements, considerations about conformity of interpolation functions in the

context of the mixed formulation approach, and the description of surface fairing strategies to

obtain an initial C -continuous surface will finish this chapter

4.1 Preliminaries

In the following we describe some preliminaries required for the design and the definition of

FEMinterpolation functions on triangular domains
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4.1.1 Barycentric Coordinates

Triangular shape functions can be easily described in barycentric coordinates which are well-

known in finite element and CAGDliterature [5, 10, 45, 95, 94]. Barycentric coordinates, some¬

times termed area coordinates, are briefly described in the following:

Let a triangle patch m be defined by three linearly independent coordinate pairs (iit, vt),

z'e {1, 2, 3 } in a 2D cartesian (surface) coordinate system, then for each triangle a linear trans¬

formation matrix Lm is defined with:

j
m

_

1
L

"

2Ä

bl cl al

b2 c2 a2

b3 c3 a3

and

1— —1

r U

s
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(4.1)

where If1 is obtained via the inverse of the relation
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V3 ~V2 U2~ U3 W3V2+ W2V3

vx-v3 u3-ux uxv3-u3vx

v2-v1 u2-ux u2vl-ulv2

(4.3)

Here, A denotes the triangle area defined by

A = -{-ulv2 + ulv3 + vlu2-vlu3-u2y3 + u3v2) (4.4)

As depicted in figure 4.2a, barycentric coordinates can be considered as area coordinates, since

each point inside subdivides the triangle into three subtriangles Ft whose area AFt, in relation

to A, represent the coordinates r, s, and t. In addition, barycentric coordinates enable the inside

test of a vertex by exploiting the relation r + s + t = 1 that is valid for each coordinate triple
inside the triangle. Each point at the edges is determined by at least one vanishing coordinate.

The triangle corner nodes are obtained by setting two coordinates to zero.

For further computations in the following subsections, the edge lengths are defined and denoted

as

aK + ci 4bl + C2 4bl + cl (4.5)

In addition, we require the following definitions:
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V

(u3, v3)
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Figure 4.2: Barycentric coordinates: (a) interpreted as portions of the triangle area and (b)
iso-line representation.
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4.1.2 A Local Coordinate System for Prism Elements

In order to obtain a local coordinate system for prism elements, we propose the linear extension

of the barycentric coordinate system into 3D, as shown in figure 4.3. Therefore, the coordinate

T (0,0, 1,0)

Figure 4.3:

R(l, 0,0,0)

S (0,1,0,0)

R'(l, 0, 0, 1)
~~~

S'(0, 1,0, 1)

Prism element obtained by the linear extension

of barycentric coordinate system.

q has to be additionally introduced. While the three barycentric coordinates define the position
of an arbitrary vertex in a horizontal intersection plane of the prism, the coordinate q denotes its

vertical position.

4.1.3 Jacobian Matrices

Since barycentric coordinates define a local coordinate system, the computation of the first and

second order Cartesian derivatives of barycentric functions requires the application of the cor¬

responding Jacobian matrices. This is required to take into account the representation of the
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local triangle in a global cartesian coordinate system and to define relations between adjacent
triangles. Furthermore, using the Jacobian determinant, the global integration can be expressed
by means of local coordinates.

With the definitions from section 4.1.1, we have for the first order Jacobian

a

a dr

du
= Ji

d

d ds

dv d

dt

2- With Jj =

TT
2
2A

bl b2 b3

Cl C2 C3

(4.7)

and for the second order derivatives we require the relation

du

2d2
dudv

d2 d2 d2 d2 d2 d2

dr
2 drds 3

2 dsdt ^ß dtdrds dt

(4.8)

with

2AZ

2*1*2

2bxb2 2cjC2 2{blc2 + b2cl)

b\ c\ 2blb2

2b2b3 2c2c3 2(ô1c2 + ô2c1)

b3 c3 2o3c3

2b3bl 2c3cl 2(ô1c2 + ô2c1)

(4.9)

Due to the equality

du dv = \jAdr ds dt, (4.10)

the local stiffness integration of shape functions defined in barycentric coordinates benefits

from the Jacobian determinant.

4.2 Construction of (^-Continuous Surface Elements

This section discusses the construction of C -continuous Hermite-type triangular interpolation
functions. Since Hermite-type interpolation functions are defined nodal, i.e. each entry in the

stiffness matrices belongs to a corresponding mesh node, they benefit from a simple assembly
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procedure. Although some of the surface interpolation functions presented in the following sec¬

tions are briefly discussed in finite element and CAGDliterature, as for example in [5, 45, 83,

94, 95], there is no ready-to-use recipe on how to construct them. For this reason, we extend on

the construction scheme in detail below. Starting from planar elements, we will derive cubic

shape functions defined on barycentric coordinates. Subsequently, in order to reach C -continu¬

ity, also across boundary edges of each element, rational functions will be introduced to control

the cross-boundary derivative. Together with the aforementioned cubic triangular shape func¬

tions the rational blend functions ensure the required fair surface interpolation.

4.2.1 N : C -Continuous Interpolation Functions of First Degree

The C -continuous set of linear shape functions JV is an impressive example of the capabilities
of the barycentric coordinate system. Due to the property of barycentric coordinates to interpo¬
late the triangle corner nodes, a set of linear shape functions can be easily defined as

N3 (4.11)

The volumetric extension of the N will be used later for the linear pressure interpolation
throughout prism shaped elements. Since both the variational surface approach and linear elas¬

ticity require shape functions to be of higher order, they will be derived in the next subsection.

R

m

Figure 4.4: Linear barycentric interpolation functions.

4.2.2 Pr: C -Continuous Interpolation Functions of Third Degree

Hermite type polynomials, also in barycentric coordinates, can be derived by establishing an

equation system whose solution provides the coefficients of the general polynomial of the

desired degree. Weconsider a set of Hermite-type interpolation functions such as depicted in

figure 4.5 that is defined over a triangular domain and provides the control of nodal displace-

displacement

derivatives in u

v derivatives in v

Figure 4.5: Properties of the N interpolation functions.

ments as well as nodal derivatives. In order to control displacement and two derivatives at each
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triangle vertex, nine degrees of freedom are required.Considering the set of all possible qua¬

dratic polynomials

P2(f, s) =

a\ + a2r + a3s + a4r + a5s + a6rs (4.12)

results in a maximum of six variables that can be exploited in order to design the interpolation
functions. Hence, cubic polynomials are required. Given the complete set of ten terms for the

cubic approach

2 2

P3(u, v) =

al + a2u + a3v + a4u + a5uv + a6v
3 2 2 3

+ a7u + a%u v + aguv + al0v

(4.13)

and the partial derivatives in u and v direction

dP
3 2 2

r—
=

a2 + 2a4u + a5v + 3a7u + 2a%uv + agv

dP
3 2 2

-r—
= a3+ a5u + 2a6v + a%u +2aguv + 3al0v

(4.14)

a 10x10 coefficient matrix can be established. Each row represents a desired condition such as

displacement or derivative, and each column /' comprises the factors belonging to the coefficient

a,.

P3(0, 0)

dP3(0, 0)

du

dP3(0, 0)

dv

P3(h 0)

dP3(h 0)

du

dP3(h 0)

dv

P3(0, 1)

dP3(0, 1)

du

dP3(0, 1)

dv

p(l I
^U' 3

ci-i ci^ c/q ci a ci c ci r ein ^*q £*q ^* 1 n

100000000 0

010000000 0

001000000 0

110 10 0 10 0 0

010200300 0

0 0 10 10 0 10 0

10 10 0 10 0 0 1

0 10 0 10 0 0 1 0

001002000 3

11111J_J_J_J_
3 3 9 9 9 27 27 27 27

(4.15)
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In order to obtain interpolation functions providing unit displacements and unit derivatives, the

inverse of the condition matrix has to be computed. Hence, an additional condition in terms of

the mid-patch displacement PJ -,
- is required to keep the condition matrix quadratic and

invertible.

As stated in [83], the shape functions obtained this way lack two properties required for use in

a FEMcontext.

Symmetry:
Each interpolation function should be derivable from another interpolation function sim¬

ply by a permutation of the barycentric coordinates. For example, the cyclic permutation
of the barycentric coordinates for the displacement interpolation function of the first ver¬

tex should result in the displacement function of the second vertex. The lack of symme¬

try would result in a local stiffness contribution of each function that depends on the

node numbering of the FEMmesh.

Planarity:
The sum of the displacement interpolation functions of each triangle node should result

in a planar interpolation.

The A^ shape functions, defined in barycentric coordinates and introduced by Zienkiewicz [95],
ensure both conditions:

Ny

2 2 2
r + r s + r t-rs --rt2
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(4.16)

As illustrated in figure 4.6, the cubic A^ provide the Hermite-type interpolation of triangular
9 9 9

meshes. The functions NX,NA, and N7 control the vertex displacement of a triangle corner. The

remaining functions are required for the nodal derivatives: Considering an order of the triangle
9 9 9

vertices, such as RST, N2, N5, and jV8 control the derivative at each vertex in direction to the

9 9 9
next vertex, and N3, N6, and N9 in direction to the previous vertex.
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Figure 4.6: I"r interpolation functions.

Although the interpolation functions as shown in (4.6) comprise the desired properties of inde¬

pendently controlling displacement and derivatives at each corner, their direct application in

FEMfails for the following reasons: While the derivatives are defined along a triangle edge,
FEMassembly would require the unique definition in direction according to a global cartesian

(u,v) coordinate system. Furthermore, the barycentric coordinate system is independent of the

triangle geometry. This means that the transformation into a global system causes a non-propor¬

tional scaling of the triangle which in turn affects the derivatives of the barycentric formulation.

H *#
^ u

a) b)

Figure 4.7: One-ring of prism elements as represented by the A^c interpolation functions.

Therefore, [10, 94, 95] introduced the set of functions A^c which controls the derivatives at ver¬

tices with respect to the underlying global parametrization in u and v rather than in the direction

of the triangle edges within a local coordinate system. This is accomplished by linear combina¬

tions and takes into account the triangle geometry. The shape functions reformulated according
to these requirements are given with
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N
9c

2 2 2 2
r + r s + r t-rs -rt

,2 1 ^ ( 2 1

c3| r s + -rst \- c2\r t + -rst

bAr s + -rst J + b2\r t + -rst

,
2., 2 2 2

s + s ^ + rs -st -r s

2.
,

1 2
,

1

c^s t +-rst \-c3\rs + -rst

bA s t + ~rst\ + b31rs + -rst

2 2 2 2
t + rt +st -r t-s t

,
2 1 ^ ( 2 1

c2\rt + -rst \- cAst + -rst

b2\ rt2 + -rst) + bJst2 + -rst

(4.17)

where b{ and cv as introduced in section 4.1.1, denote geometric constants depending on the

actual triangle shape.

discontinuities

+~ u

Figure 4.8: Contour lines corresponding to the one-ring in figure 4.7.

Nowthe properties of the N are briefly discussed. Weconsider a one-ring around a center

node uc consisting of six congruent triangles and lying in the (w.vj-coordinate plane as depicted

in figure 4.7a. If there is neither a vertex displacement nor a u- or v-derivative at the mesh nodes,
a planar mesh would result. The introduction of a unit derivative in w-direction at the center node

uc gives the plot of figure 4.7b. Note that the resulting 2D function is sufficiently defined by

9c

N2 rotated around the center node. Changes in the shape caused by the rotation are due to the

linear combinations in equation (4.17). The resulting shape is continuous and no hole occurs at
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the element edges because each element boundary can be analytically described with quadratic
curves. This curve is constrained sufficiently by two displacements and two derivatives.

Although the surface is C -continuous at each mesh vertex and also within each patch, discon¬

tinuities occur at the middle of each edge of the triangle. These discontinuities are shown by
means of iso-lines in the contour plot of figure 4.8.

In order to cope with this problem Zienkiewicz introduced further a set of three rational blend

functions to control the cross boundary derivatives.

4.2.3 N : C -Continuous Interpolation Functions

The design of suited shape functions to C -continuously interpolate an irregular triangular sur¬

face requires the introduction of rational blend functions as provided by Zienkiewicz [94]. This

set of blend functions is denoted by e and controls the three cross-boundary derivatives without

changing nodal displacements or slopes. The e-functions are defined as

(1 + r)(rs t )

(/ + s)(r + t)

(1 + s){r2st2)
(s + t)(s + r)

(1 + t){/s2t)
(t + r)(t + s)

(4.18)

and they are depicted in figure 4.9 for each triangle edge.

T T

Figure 4.9: Rational e-functions used to control the cross-boundary derivatives of each

edge.

Similarly to the JV% the application of the barycentric e-functions within a global Cartesian

system requires the adoption to the triangle geometry. Thus, we evaluate the cross-boundary
derivatives at the edge midpoints and perpendicular to the corresponding edges ST, TR, and RS,
within the underlying (w,v) parameter space. Therefore, the differential operators

R

3«,

dn~

L
4A

'1+L
ds dt

4A|i)^ dr

I

dn, 4A dr ds

4+<s- --11
ds)_

4+m*(I- -^11
dt)_

2dt + ^{Ts- dr)_

(4.19)
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have to be employed to compute the derivatives in direction to the edge normals n
,
n

,
and n

,

where the lt are the lengths of each edge i, A gives the triangle area, and \it as defined in equa¬

tion 4.6. Evaluating the cross boundary derivatives of the functions from equation 4.18 yields

/i

5^1(0,0,5,0,5)
= -

yU(0,5, 0, 0,5) =
± (4.20)

g-«3(0,5. 0,5, 0) - ji

and the correction of the cross boundary according to 4.20

8Ae

h

8Ae.

h

8Ae,

/,

(4.21)

results in globally defined interpolation functions with unit derivatives. In order to use the ë in

connection with the ]Src shape functions in a Hermite sense, the cross boundary derivatives of

the A^c functions have to vanish. Therefore, a modified set N with zero cross boundary slopes
is defined by using the operators of (4.19) as

-9c

N, = n:
9 c

On;
9 c

dN;
9 c

dN;
9 c

dn e< +

lï. e> +

l*. (4.22)

Since the cross boundary derivatives as defined in (4.19) are always directed from inside the

triangle outwardly, additional effort has to be spent to unify their directions in a triangular mesh

with two triangles sharing the same edge [10]. Figure 4.10 shows two adjacent patchesp\ and

P2- In order to keep the C -continuity across the commonedge, the corresponding cross bound¬

ary normals n. and nk have to point in the same direction. Thus, the ë are weighted additionally

using a sign operator defined as
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V

-w

Figure 4.10: Commondefinition of an edge shared by two elements.

positive n

negative n

sigr

sigk st

Mg, tr

1 ifwj- -u2

1 else;

1 if u2
-

-u3

1 else;

1 ifu3- -

Wj

1 else;

0av1-v2>0v w1-w2>0

0 a v2
-

v3 > 0 v u2
-

u3 > 0

0av3-Vj>0v u3-ul>0

(4.23)

1 19

Following the descriptions above, a set of C -continuous N triangular shape functions is

obtained by correcting the cross-boundary derivatives of the A^c and appending the unified e'

N
12 siSrse\

siSste2

siStre3

(4.24)

1 9
As schematically illustrated with figure 4.11, each function out of the N controls indepen¬
dently either displacement, w-derivative or v-derivative at a triangle corner or the cross-bound¬

ary derivative at the midpoint of a triangle edge.

displacement

A derivatives in u

v derivatives in v

® cross-boundary derivative

1 9

Figure 4.11: Properties of the N interpolation functions.
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4.2.4 N : C -Continuous Interpolation Functions

While successfully used in the shape-wright paradigm [10] or in craniofacial surface simulation

[52], the N shape functions as presented above bear three drawbacks that impede its use in the

FEMcontext: First, the number of basis functions required per element is relatively large.
Beside nodal properties such as displacement and derivatives we additionally introduce deriva¬

tives at the triangle edges. Second, each row of the global stiffness matrix K obtained during
assembly represents either nodal stiffnesses or edge stiffnesses and K loses its diagonal struc¬

ture. Third, the case decision of equation (4.23) is quite unpleasant for analytical descriptions.

In order to cope with these problems, a C -continuous surface interpolation with fewer basis

functions is required, whereby shape functions defined at the edge midpoints may be avoided.

With the ISr
,

Zienkiewicz sketches the idea of a set of C -continuous shape functions that pro¬

vide the desired features, see [94]. Therefore, the weights controlling the cross-boundary deriv¬

atives at the edge midpoints are computed from the nodal derivatives perpendicular to each

edge.

To obtain the C -continuous ISr interpolation functions, we first compute the average of the

corresponding cross-boundary derivatives at the endpoints of each edge for each of the nine

components of ISr c. This yields a vector Fas

^-N9cT(0, 1, 0) + ^-N9cT(0, 0, 1)
anl anl

^-N9cT(\, 0, 0) + ^-iV9cr(0, 0, 1).

d
N9cT(\, 0, 0) + ^-iV9cr(0, 1, 0)

(4.25)

dn dltn

Computing the vector Z of cross-boundary derivatives at the edge midpoints of the A^c yields

d

9rT°

N9c\0, 0,5, 0,5)
dn

l

d

9rT°

N9c\0,5, 0, 0,5)
dn

d
-iVc9r(0,5, 0,5, 0)

dn

(4.26)

Y and Z enable the definition of nine triangular interpolation functions featuring the desired

global C -continuity:

9* 9r
N = N +ë(Y-Z) (4.27)

Figure 4.12 again depicts the contour lines for the one-ring example of figure 4.7 using the A^

shape functions for interpolation. All discontinuities are resolved.
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V

- u

a)

Figure 4.12:

b)

i\r shape functions:

(a) Resolved discontinuities and

(b) Element degrees of freedom.

4.2.5 Discussion of the Interpolation Functions

By still featuring C -continuity, the ISr comprises advantages such as fewer degrees of free¬

dom and the nodal definition of each interpolation function. While these shape functions are

appropriate for the modeling of human faces, minor problems occur in special cases. Figure

2

1 9^

1 8

1 7

1 6

1 5^

1 4

1^S
T2.

1 1

1

09

085
07

06

05

1 1

a)

Figure 4.13:

1 1

b)

Properties of the Wshape functions, undesired side effects:

(a) Triangular mesh, and

(b) Interpolated surface.

4.13a shows a mesh of eight triangles comprising a flat rectangular plate composed of four tri¬

angles around the center. At each edge of the rectangular plate additional triangles are attached

that point in different directions. In order to interpolate the resulting mesh with the A^ shape
functions, we straightforwardly set the displacement to the vertex positions and compute the u-

and v-derivative via finite differences. This results in a zero derivative at the center of the rect-
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angular plate and unit derivatives at two corners left and right of the center. The cross-boundary
interpolation scheme gives a 0.5 derivative at both mid-sides between center and corners of the

plate. While the surface still preserves C -continuity, a curvature occurs at the midpoint of each

edge with undesirable energy contributions.

In contrast to the ISr
,

the N interpolation functions do not suffer from this disadvantage due

to additional degrees of freedom for the cross boundary derivatives. As stated above, this prob¬

lem occurs for course meshes and large derivatives. Furthermore, the advantages of the ISr are

predominant.

4.2.6 Local Stiffness Computation

The use of the ISr for the computation of the local stiffness matrices is straightforward. We

consider again the problem of variational surfaces of the last chapter, thus having for the prin¬
ciple of virtual displacements

f -T(m) T(m)n(m) (m) T(m)-(m) (m) (m) (m) r ~(m) T(m) im) (m)
I a (Oè ß <ï>b +<ï>s a % "^ )" I a ® f "^

• (4.28)

Q(m) Q(m)

By substituting the set of interpolation functions O
m

for element m

4m) =N9*{m\ (4.29)

we yield for the bending as well as for the stretching component

ébm) = V1(JV9*(OTV[(OT) , (4.30)

and

ésm) = V2L(N9*{m))f2{m) (4.31)

12 1

respectively. Where VL and VL are the first and second order differential operators; VL/j and

VL/2 denote the Jacobian of first and second order as described in (4.7) and (4.8).

Substituting (4.30) and (4.31) into (4.28) yields the principle of virtual displacements in matrix

formulation. Establishing the local equation system results in the local stiffness matrices K(-m-)

and the forcing vector F^1 as

K J ëbm)T0bm) + ësm)T0sm)dudv (4.32)

Q(m)

and

j" /iV9*dwdv . (4.33)

Q(m)
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The governing global equation system is positive definite as well as symmetric according to the

properties of the differential formulation of the membrane-plate approach

4.3 Volume Elements with (^-Continuous Surface

The design of the volumetric interpolation functions is motivated both by the demand to con¬

form to the underlying physics and the need for visually appealing facial surfaces In order to

satisfy both aims we come up with a set of prismatic interpolation functions featuring C -con¬

tinuity at the facial surface Both the interior and the boundary triangle at the bottom -represent¬

ing a patch of the skull surface- are left to be C -continuous in order to reduce the overall

number of degrees of freedom of the system The prismatic topology of the elements simplifies
the FEMmesh generation

4.3.1 Derivation of Prism-Shaped Interpolation Functions

As stated in section 4 1 2, a set of bivariate barycentric interpolation functions can be easily
extended towards three dimensional prism functions by using the tensor product approach

Starting from the N and let r, s, and t define a barycentric surface coordinate system and let

further q denote the volumetric extension with q
= 0 at the top surface and q

= 1 at the bottom

of the prism Then a seti^ of degree one C -continuous shape functions can be constructed as

P (r, s, t, q)

r(\- q)

s(\- q)

t{\- q)

rq

sq

tq

(4 34)

This simple set of six linear shape functions controls the displacement of each prism vertex

Figure 4 14 shows a representing subset of P^

(a)

Figure 4.14

T R

(b) ^V (c)

Linear i3" interpolation functions for the displacements at the top of the prism
(a) displacement at/?, (b) displacement at»S, and (c) displacement at 71

4.3.2 Volumetric Extension of the N

In the following we present a set of twelve functions that feature the required C -continuity at

the prism surface The major advantage of these functions over a tensor product extension of the
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tUN shape functions is that they achieve the desired smoothness at the surface with only twelve

DOFsinstead of 15. In order to apply the proposed displacement interpolation in the mixed for¬

mulation of FEM, we further introduce the pressure interpolation by employing the P* linear

prism functions as described in 4.3.1.

B displacement

A derivatives in u

V derivatives in v

iE pressure

facial surface
_aq

3»—-^ / T

skull surface

Figure 4.15: Proposed prism element with C -continuous surface at the top and C -conti¬

nuity at the bottom plane.

The element comprising both displacement and pressure interpolation and all degrees of free¬

dom is depicted in figure 4.15.

The corresponding displacement interpolation is defined as

P (r, s, t, q)

q*

rq

sq

tq

(4.35)

and a representative subset is depicted in figure 4.16.

T R

(b) \K (c)

Subset of the P controlling the DOFsat the top-surface node R.

4.3.3 Set-up of the Global Equation System

4.3.3.1 Node Vector

In addition to the interpolation of the displacement by using the P functions that feature a C -

continuous top surface and a C -continuous bottom, the i3" functions are employed to interpo-
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late the pressure variable. While the displacement is vector-valued, the pressure is scalar. The

full node vector is given with

[UP]
(m)

displacement interpolation

(m)
~

(m)
~

Cm)
~

Cm)
Ux Uy Uz J>_

pressure interpolation

(4.36)

~

(m)
~

(m)
~

(m)
and comprises the weight sub-vectors Ux

, Uy and Uz for the interpolation of displace-
"

(»0
ments in the corresponding coordinate direction and the weights P for the pressure interpo¬
lation. These components are defined as

Ux
Cm) du du du du du du

X/i Xr X/:1 du dv 2 du dv 3 du dv 4 5 6

U

u

Cm)

Cm)

'

(m)

dUyi dUn dUv dU
yi yi dUy, dUy,

yi dU dv ^ dU dv yl dU dv y4y5y6

du du du dU dU dU

Z/I Zr Z/L1 du dv 2 du dv 3 du dv 4 5 6

P\ P2 P3 Pa Ps Pe

(4.37)

where Ua abbreviates Ua(ab) and [xt, yt, zt] denotes the coordinates of element node/', see

figure 4.15 for node numbering.

The P are used to interpolate displacements of each coordinate direction, therefore, we define

H
Cm)

~ -

p\2Cm)T 0 0

0

0

p\2Cm)T
0

0

p\2Cm)T

(4.38)

for displacement interpolation. Similarly for the pressure interpolation we have

j^m) = p6 (4.39)

Note that in contrast to the P the linear shape functions i3" are independent of the element

shape. With the definitions above, the global equation system can be established as described in

the following subsection.

4.3.3.2 Matrix Formul ati on

In order to set-up a global equation system, we aim to discretize the relations
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J e,7Ce* dV-\ £vp dV = J fudV+l ffUfdSf (4.40)

and

R

\ g + *,-> dV = 0 (4.41)

that have to be valid throughout the volume under observation, such as derived in section 3.4.

Using equation (4.38), the displacement interpolation U
m

(u, v, q) is defined as

J (u, v, q)

U^ku, v, q)
(m)

Ux

Uym\u, v, q)
_ Tj() (m)

Uy

Ulm\u, v, q)
(m)

tf>i? (4.42)

and for the interpolation of pressure within an element mwe obtain

()/ \ ZT D{m)
o (u, v, q)

=

HpP . (4.43)

By introducing an operator Ve that appropriately differentiates and combines rows of the

matrix H
O)
d '

dx

d_
dY

d_
dZ

dYdX

dZ dY

d_ d_
dZ dX

(4.44)

the definition of the deviatoric strain-displacement matrix BD is given with
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B(m)
'D

2 -1 -1

-1 2 -1

-1 -1 2 VeH?} (4.45)

and similarly for the volumetric strain-displacement matrix we have

B
O)

[l 1 1 0 0 o]VeH
O)
d (4.46)

By employing (4.45) and (4.46), both deviatoric and volumetric strains are defined as

e,(«) = B(>n)^m) (4.47)

and

(4.48)

respectively.

Straightforwardly, for each element w, we substitute (4.43), (4.47), and (4.48) into (4.40) and

(4.41). With C
m

representing the deviatoric stress-strain material matrix

,0)'

2G
O)'

2G
O)'

2G
(m)'

G
(m)'

G
(m)'

G
O)'

(4.49)

we have for (4.40)

-(m)T -{m)T
u f B^)rc(OT) <V"> f/ + u - f B<?)7//«fl*

1J
p/m) J L J

^x)
p

m)
P = R (4.50)

and for (4.41), after multiplication with -1,

-pim)Tr HTpl-Hpd^
L J

y(m) FK F

m)

J
y(m)

P
P = 0, (4.51)

while the virtual quantities e' and ev are in analogy to (4.47) and (4.48) defined by
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-,(»)
= B(j,)-(») (4.52)

and

-im) B^d{m\ (4.53)

Subsequent repeated application of the principle of virtual displacements yields the following

system of linear equations the solution of which fulfills the conditions (4.50) and (4.51) within

an element m

jAm) jAm)
uu up

jAm) jAm)
pu pp

u
O)

'

(m)

R
(pi)

(4.54)

with the stiffness submatrices corresponding to (4.50) and (4.51)

K
O)

"up

K
ym)

K
(m)T

pu

K
(m)

pp

Bym)i ^ymjy^ym) „Am)
C{""'B'""dl^J -D

-\ Bp)THpdft

'D

m)

rTl
-I VA-M

m)

(4.55)

Evaluating the integrals in (4.55) analytically or by using Gaussian quadrature, see [5, 95, 73],
and summing up the contributions of all elements during the element assembly, finally results

in the global system of linear equations

K
u

p

=

K K
uu up

K K
pu pp

u

p

R (4.56)

where the submatrices and subvectors are the global counterparts to the local matrices and vec-

tors in (4.54); K denotes the global stiffness matrix and
UP represents the global node

vector we are solving for. The right-hand side Rdenotes the forcing vector as computed accord¬

ingly to (4.40) and (4.41). The derivation of Rin the matrix formulation requires both volumet¬

ric and surface-based forcing fields for the definition of volumetric and surface loads. Since we

use the volumetric approach in connection with prescribed displacements, i.e. R= 0, we refer

to the literature [5] for its derivation.

4.3.3.3 Solving

Accordingly to the differential form of static elastomechanics and similarly to the surface-based

approach, the resulting equation system will be symmetric and positive definite whenever rigid
body motions may not occur. If the body is constrained properly to disable rigid body motions,
then each deviation Uof the body in rest would increase the global potential, i.e.
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UTKU>0. (4.57)

Hence, the resulting stiffness matrix is positive definite. In this case a conjugate gradient solver

in conjunction with a simple diagonal preconditioning is a suited choice for the solving step.
Therefore we employ a public domain solving package, see [15, 14].

In the special case of totally incompressible materials, i.e. k is infinite and therefore - = 0, we

have

KpP = "J vHliHPdV = °> (458)

and therefore the pressure submatrix would be zero. While the global stiffness matrix is still

positive definite for boundary conditions that are properly defined, the diagonal preconditioner
is no longer applicable. Here, we employ an incomplete LU-preconditioning. See [31] for a

survey of matrix computations.

In the special case of a constant pressure per element, the K„„ submatrix can be condensed out

from the global equation system. While a constant pressure would disable any pressure flow

between adjacent elements, the simulation of fully incompressible materials would have to cope

with zero pivot elements during a LU decomposition.

4.4 Initial Surface Fairing

In this section some aspects of the precomputing steps in advance of the finite element compu¬

tations will be addressed. Besides the generation of a suited mesh for finite element analysis,
both surface-based and volumetric approaches require an initial surface fairing.

As we are computing a smooth displacement U to the original input mesh B we require both to

be smooth in order to have a C -continuous result: for the approach of the variational surfaces

B'O, v) = BO, v) + UO, v), (4.59)

and for the simulation of the elastic body

B'(w, v, w) = B(w, v, w) + V(u, v, w). (4.60)

More specifically, a fundamental task of our prototype is the approximation of an initial node

vector ab which controls the contribution of each (of N) shape function <I> to the overall con¬

figuration B under observation

B« B = Yah ,<&. (4.61)

i
= i

The node vector ab comprises the displacements, surface derivatives and, for the case of mixed

formulation, additional pressure weights. The values of the nodal displacements can be directly
obtained from the nodal positions in the mesh. Furthermore, for the case of trivariate analysis,
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the initial pressure all over the mesh has to be zero, since the initial body is not exerted to any

forcing functions and no initial strains occur.

Weare now left with the approximation of the derivatives from the original mesh. Therefore, it

is desirable that the initial surface minimizes its energy if, besides nodal displacements, no fur¬

ther information is available.

In order to find the derivatives at each surface node in u- and v-direction, several methods could

be applied. The most expensive, but also most convenient method would be the direct minimi¬

zation using the finite element method. This approach is described earlier and follows the liter¬

ature, as [10, 52]. The computation of the derivatives using an energy minimizing surface is

obtained during the following steps:

•

•

Projection of the initial surface onto a primitive surface as for example a planar mesh.

In the case of facial simulation, the most convenient primitive geometry would be a

cylinder. In trivariate analysis, the surface has to be first extracted from the prism mesh.

The primitive configuration allows for the exact computation of the initial derivatives.

In the case of the planar (x, y) -mesh we have for each node i

%T = [1, 0, 0]
du

(4.62)

I = to. i. o]

and for the z-up cylinder, we obtain the derivatives

I - R<".>
dw

(4.63)

•

where R and Qt respectively denote a 3x3 rotation around the z-axis and the angle cor¬

responding to the nodal position /'.

Subsequently, we establish a finite element problem with prescribed displacements for

each node pointing from the primitive configuration to the original nodal positions and

solve for the derivatives.

It has to be stated that due to the large prescribed displacements from the primitive configuration
to the initial surface, the exact minimizing derivatives are approximated roughly. Furthermore,
this approach requires an expensive FEMcomputation in advance.

Figure 4.2 shows the presented approach for a simple planar configuration.

Due to the high computational costs of the finite element analysis, the computation of the deriv¬

atives should be accomplished locally by considering the direct neighbors of each vertex. Given

a one-ring, consisting of a center node x0 and its neighbors xl. ,xN as depicted in figure 4.18

for a regular quadrilateral structured grid, a curvilinear quadrilateral structured grid and a irreg¬
ular triangular unstructured grid. The computation of the derivatives on linear or curvilinear

structured meshes are performed with approaches proposed in literature in the context of the

finite difference method. As stated by Bathe [5], the derivatives at x0 for the first case are

approximated as
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Derivative estimation with minimization constraint, (a) Original mesh (b) re¬

sulting surface, obtained by prescribing the displacements and solving for the

derivatives.

x3

"Vf "'fl *\'*y

— — JC-t — —

\
\

__
x

l -
-

a) b)

v

c)

Figure 4.18: Computation of the first order derivatives at node x0 on (a) a rectilinear grid,
(b) curvilinear grid, and (c) an unstructured grid.

Vw\

dw(u0, Vq)
du

dw(uQ, Vq)
dv

~

2h

x3 -x1

2/7

(4.64)

Note that for a parametric surface in a three dimensional coordinate system, the derivatives are

vector valued.

In the case of a curvilinear grid, the same approach is employed in a local coordinate system.

Therefore, the local curvilinear grid u,v has to be mapped onto a rectangular grid t,, r\ as

depicted in figure 4.18a by means of a quadratic function, as

"(4, rf = Yi+Y2^ +Y3rl+Y4^2 + Y5^rl+Y6T12

v(Ç , îD = ôj + ô2^ + ô3îi+ ô4^
2

+ ô5^ îi+ 86t?
(4.65)

where the y t
and 8t can be obtained by establishing an equation system, as stated in [83]. The

Jacobian can now be computed as
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d(u, v) Kt Vt

m> m _M-n vii

y2 + 2y4^ +y5îiô2 + 2ô4^ +84^

Y3 + y5^ +2y6î1Ô3 + ô5^ +2ô6ti
(4.66)

Subsequent to the computation of the derivatives as in (4.64), we transform the resulting vector

with the inverse of the Jacobian, as

Vwl
2/7

Ih

(4.67)

The computation of the first order derivatives on an unstructured grid, as shown if figure 4.18c,

requires more sophisticated methods: The most convenient approach would be the approxima¬

tion of the center and neighborhood nodes by a C -continuous and at least once differentiable

function/that is parametrized in u and v. In order to obtain the derivatives together with the

function a, Taylor series is proposed

« a a.
3/\ 3/\

a.

d'/2f

f(u, v)
=

n+T^
+

T^+...+ T}+1—£
dv

(4.68)

Since we are interested in the first order derivatives, the approximation would be sufficiently
described by the first three terms of the Taylor series

f(u, v)« t\+t\± + t\±

du B3v
(4.69)

Considering the center node and all its neighbors, an equation system can be established con¬

sisting of three equations for each neighboring node, as

xn + tt„
¥+

x°3w

3/
V 7T-

x, x0()y
(4.70)

where uv v
and vv v

denote the parametric distance of each vertex to the center node. The

solution is exactly determined by at least three neighboring nodes. For the general case of more

than three nodes, an overdetermined equation system has to be solved in a least squares sense.

In order to compute the derivatives taking into account the global aspect of energy minimiza¬

tion, subdivision schemes such as [57] and discrete fairing methods like [50] or Catmull-Clark

surfaces [36] could be used in advance to find estimates of an energy minimizing surface.

The presented approach for the computation of the derivatives on unstructured grids requires
relatively large computational efforts. In order to reduce the computational costs for the com¬

putation of the derivatives, we have to take into account that the unstructured triangular mesh

used during the FEMsurgery simulation is derived from a regular mesh obtained during a laser

range scan. Hence, the nodal derivative computation is performed in advance to the mesh reduc¬

tion by using (4.64).



5
Set-up of the Facial

Model

This chapter deals with the preprocessing of the surface and volume data available for setting

up a facial model in order to simulate the static shape as well as facial expressions after surgery

Wepresent both models implemented, first the surface-based (bivariate) approach and second

the volumetric approach As shown in figure 5 1, both models differ in the way the tissue

between facial surface and skull is represented The bivariate model simulates changes of the

facial surface resulting from bone movements by computing force vectors that arise from tissue

springs between skull and bone The trivariate approach is based on the theory of elastomechan-

ics and simulates the tissue behavior directly by applying the finite element analysis

Figure 5.1: Illustrations of the physics based models

(a) Trivariate model and

(b) Surface based model

Since the presented prototype is evaluated on real patient data as well as on the Visible Human

Dataset (VHD) [62], the set-up of the facial model differs according to which type of volume

data is available On the one hand, the simulation of living patients ensures the acquisition of

89
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laser range scans from the facial surface, and the geometry obtained this way has to be subse¬

quently registered with the volume. On the other hand, the VHDprovides high resolution cry-

osections that are used to simulate the range scanning process on the medical images and no

registration is required. The computation of material parameters for both models is described

separately: the spring stiffness and surface parameters for the bivariate approach and the elas¬

ticity and incompressibility for the trivariate finite element analysis.

In this chapter we first give an overview of the preprocessing steps for volume and surface data

available for the simulation. Hereafter, the data requirements, the data acquisition and the mesh

generation of both models are described in detail.

5.1 Overview

The real patient data consists of facial surface scans obtained from a Cyberware Laser Range
scanner and volume data in terms of helical computer tomographies. Surface scans and tomog¬

raphies are acquired for both presurgical and postsurgical situation. Additionally, lateral X-rays
and photographs from three different camera positions are available. The Visible Human

Dataset provides cryosections and two types of volume data obtained by medical imaging meth¬

ods, magnetic resonance imaging and conventional computer tomographies.

As depicted in figure 5.2 we extract the following components from the data available: First, the

facial and the skull surface geometry where a mesh reduction step is essential for the subsequent
computations. If volume data is not available, e.g. for facial animation purposes, we generate a

template skull by a volumetric transformation of volume scans from the patient data base. The

extraction of tissue material parameters for the surface as well as for the volumetric approach is

based on a segmentation and a subsequent integration. Here, the spring mesh approach requires
a line integration for each tissue spring and the trivariate approach a volume integration for each

volumetric element. The facial animation capabilities of the presented system require the inter¬

active definition of the facial muscular anatomy.

5.2 Data Requirements

Due to the requirement of a high quality facial representation in the physics based models we

need the following data sets from the patient:

• high resolution facial surface geometry

• facial surface texture

• high resolution skull surface geometry

• segmentation and stiffnesses of the tissue types between skull and facial surface

• muscular anatomy

These data sets have to be extracted from the data available as

• computerized tomographies from the patient (e.g. conventional or helical scan)

• cryosections (in the case of simulating the Visible HumanDataset)

• a Cyberware laser range scan including texture information

• general information from literature (e.g. facial anatomy, muscular structure, stiffnesses

of several tissue types etc.)
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patient: Visible Human:

tecîtl #tf iffft

itoi «urtgc«

tl#fii#ff»«ih

motel»

laser range scan

helical CT

X-rays
photographs

cryosections
MRI

conventional CT

laser range scan ] simulated laser range scan

; on cryosections

subsequent mesh reduction

original skull:

rigid registration of volume

with facial surface

\ original skull:

linherent registration of CT and

[cryosections

or template skull:

non-rigid registration of volume

from patient data base with facial

surface

radial projection of the facial surface vertices

onto the skull iso-surface obtained from CT

bivariate model:

construction of a spring mesh between facial sur¬

face and skull with main springs and strut springs

trivariate model:

establishment of a (multi-layer) prism mesh by con¬

necting corresponding facial and skull triangles

bivariate model:

line integral on CT

trivariate model:

volume integral on CT

line integral on cryosections

volume integral on cryosections

muscle model:

interactive definition of the central muscle fibres

Figure 5.2: Preprocessing of the input data for both patient and VHdata
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In the following sections we describe the acquisition and properties of the different data sources.

5.2.1 Surface Scan

For the acquisition of the facial surface geometry as depicted in figure 5.3a as well as for the

a) b)

Figure 5.3: Laser range scan (a) and scanning process (b).

facial texture we employ a Cyberware Laser Range Scanner as shown in figure 5.4d. The

scanner is comprised of a 3030RGB scanning head and a PS motion platform suited for captur¬

ing human faces. The patient takes a seat at the motion platform and the scanning head is

adjusted vertically as shown in figure 5.4a. During the capturing process the scanning head

moves cyclically around the patient's head and samples the facial surface in a cylindrical coor¬

dinate system by projecting a vertical edge onto the facial surface using a low-intensity laser,
see figure 5.3b. At the same time, sample points on this edge are localized with a CCDcamera

and the distance between each sample point and the scanning head is transmitted via a SCSI

interface to a SGI workstation. Simultaneously, the texture is obtained by a second CCDcam¬

era. In order to avoid shading artifacts from peripheral light, the face is illuminated with two

fluorescent tubes attached to the scanning equipment. An example of the facial texture, as well

as a shaded visualization of the geometry interpreted in terms of a height field, is presented in

figure 5.4b and c. The acquired geometry as well as the captured surface texture provide a res¬

olution of 512 times 450 samples in latitudinal and longitudinal directions, respectively. The

maximal height of an object to be scanned is 30 centimeters. Due to the cylindrical coordinate

system there is no possibility to handle cavities occurring at the ears or the nose. This drawback

is partially compensated by an inherently given cylindric surface parametrization which is

required for the construction of the surface continuity as described in section 4.2 and 4.3. The

capturing process with the Cyberware equipment requires approximately 15 seconds. Hence, in

order to reduce motion artifacts, the patient has to avoid any movement of the head during the

scan. Since this problem is a well-known issue in patient data acquisition, faster devices are

being developed, as described in [91].

Commercially available scanning systems as for example the VIVID 700 from Minolta cope

with the problem of motion artifacts by the acquisition of a height field in a cartesian instead of

a cylindrical coordinate system. Therefore no moving scanning devices are necessary and the
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Figure 5.4: Cyberware Laser Range Scanner

a) movements of the scanning device,

b) texture created during scanning process,

c) geometry visualized by means of a shaded height field,

d) photography of scanner

surface scan can be accomplished in about 0 6 seconds The acquisition of the whole head,

including ears and back head or details around the nose, would therefore require several scans

that have to be registered by landmarks placed on the face Unfortunately, the resolution of this

scanning device is 200 x 200 x 256 samples, too coarse for the required accuracy in facial sur¬

gery simulation In addition the device suffers from a low resolution texture of 360 x 280 pixels

A software package is delivered with the Cyberware scanner that provides the postprocessing
of the geometry This postprocessing comprises a centering of the scan, the closing of holes and

the smoothing of discontinuities Special procedures perform the closing of the gap at the back

head, resulting from different head positions at the beginning and ending of the scanning pro¬

cedure, as well as the filling of void data in hairy regions

5.2.2 Simulated Surface Scan

An alternative to the cylindrical surface scan with a laser range scanner is the simulation of the

scanning procedure based on volume data, as for instance on cryosections, on magnetic reso¬

nance immision tomographies, or on computer tomographies Such a simulation is required for

facial simulations on data sets that do not comprise a laser range scan, such as the Visible
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HumanDataset. This approach additionally provides the skull surface inherently registered with

a) b)

Figure 5.5: Visible HumanDataset:

(a) Canny edge detection and 2D registration,
(b) Simulated range scan on registered tomographies.

the facial surface.

In the case of the VHDthe facial geometry is best extracted from high resolution cryosections,
while the skull extraction is performed on the CT. The range scan simulation is accomplished
by a three pass procedure, as shown in Figure 5.5. At first, the tomographies have to be scaled,

clipped, and registered with respect to reference points. The general procedure for obtaining a

transformation matrix for registration purposes from reference points is presented in section

5.3.2. The second pass, which performs an edge detection using the Canny operator, is applied
on both the cryosections for obtaining the facial surface and on the computer tomographies for

the skull. In order to improve the results we chose the red channel providing the highest contrast

between air and tissue. Bone tissue produces high intensity values in CT data and can be

enhanced with windowing operations. Figure 5.5a sketches the results of the edge detection.

Finally, we compute intersection points of the Canny edges with rays through the center and an

angular resolution À(f). The respective facial range value is computed in accordance with the

first intersection of the ray with the Canny edges on the cryosection. By completing the ray

towards the center, the next intersection with the edges on the computer tomographies provides
a sample point on the skull surface. At regions without bone intersection between facial surface

and center of the tomography, e.g. at the orbitals, we stop the ray tracing process at a minimum

radius. This procedure is depicted in figure 5.5b. Due to the prior matching of the cryosection
to the CT on tomography level, a subsequent 3D registration is obsolete. It has to be noted, that

this procedure is vulnerable to some minor artifacts due to cavities, but it successfully avoids

the generation of non-manifold shapes as an iso-surface tool might produce [90]. Furthermore,
like the laser range scan this procedure provides a surface parametrization. The resulting skull

is sufficiently shaped to perform craniofacial surgery.

It is clear that the surfaces computed in this way can be represented in terms of a cylindrical
coordinate system ((f) = angle, z = slice number of tomography, r = radius). Substituting u := §

and v := z results in a surface coordinate system initially applied to define tangential vector ori¬

entations used during the FEMpreprocessing step and is visualized as a grid mapped onto the

surfaces of figure 5.6.
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Due to the relatively low resolution of some volume data sets and artifacts arising from orth¬

odontic treatments on the computer tomographies, the resulting surfaces of the facial shape, as

well as of the skull, might have to be postprocessed by a smoothing operator that has to be per¬

formed locally, see figure 5 7

b)

Visible HumanDataset, geometries obtained using a simulated range scan

(a) Facial surface and

(b) Skull surface

a)

Figure 5.7 (a) Original skull surface and

(b) Surface after applying a local smoothing operator

5.2.3 Surface Texture Alternatives

In order to increase the realism of the postsurgical renderings, the visualization of the facial

shape might be improved using facial texture information Due to the inherent generation of the

texture using the Cyberware Laser Range Scanner, this problem does not occur for the general
patient pipeline proposed, but in special cases we depend on further methods for texture acqui¬
sition Examples for such a case would be the VHD, and the facial simulation of infants too
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young to be scanned with our equipment. The most convenient but less realistic method is the

design of a shader in a modeling system such as Alias. Therefore, Parish [64] proposes a layered
shader comprising both a skin colored color map and a fractal and smeared specular map as

depicted in figure 5.8a. Bumpmaps and hairs, modeled by employing particle systems, might

Figure 5.8: Skin shader as composed in Alias.

further increase realism, as illustrated in figure 5.8b. Furthermore, an interesting approach for

the photo-realistic rendering of the facial skin that provides the simulation of subsurface scat¬

tering effects is proposed by Hanrahan and Krueger [37]. While increasing realism, the use of

such techniques suffers from high computational costs during the visualization. Hence, we per¬

form the surface renderings based on the aforementioned layered shader. The corresponding
bust of the Visible HumanDataset is shown in figure 5.9a.

Aside from surface shaders, one idea might be the extraction of the surface texture from the cry-

osections. Wesampled the color information of the cryosections at the skin surface, but as

shown in figure 5.9b, this approach results in a patina like appearance of the bust, due to the blue

frozen paste around the specimen.

If photographs are available from the patient, they may be used for texturing purposes and there¬

fore, are projected onto the facial geometry. This requires the exact camera parameters that have

to be measured from the scene set-up and the position of the patient. In practice, such measure¬

ments are difficult to be obtained exactly. To cope with this problem, the camera position and

the scene set-up are computed by reconstructing a corresponding proj ection matrix. For this pur¬

pose Kolb et al. [53] developed a realistic camera model. In order to compute each entry of the

projection matrix, landmarks have to be defined on the facial geometry and the photographs.
This approach, described in [89] and [64], leads to an overdetermined linear equation system
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a) b)

Figure 5.9: Surface textures of the Visible HumanDataset

a) layered shader used for visualization,

b) surface texture extracted from cryosections

that has to be solved iteratively by taking into account nonlinear constraints between several

camera parameters For further details, the reader may refer to the literature mentioned above

5.2.4 Computer Tomography

The proposed facial models require a volume data set for two purposes First, for the extraction

of the skull geometry to carry out the virtual surgery and to build up the FEMmesh, and second

for a volume segmentation required to obtain the material parameters From a medical imaging
point of view, there are two possible approaches Computer (assisted) tomographies (CT, or

CAT), and magnetic resonance imaging tomographies (MRI) In spite of the fact that MRI pro-

a) b) c)

Figure 5.10: Volume data acquisition (a) Scanning process, (b) reconstructed facial sur¬

face from helical CT, and (c) artifacts due to inlays or orthodontic treatment

vides a better distinction between soft tissue types, bone and skull structures are best extracted

from CT data by simple windowing operations The exact skull extraction is of more importance
to craniofacial surgery simulation than the soft tissue segmentation Hence, and due to econom¬

ical reasons, we prefer CT-based volume data

Two computer tomography acquisition methods have to be considered the conventional CT and

the helical (or spiral) CT In conventional scanning, the patient is advanced step-wise and the

tube only turns on for scanning whenever the patient is stationary In helical scanning, the



98 5. Set-up of the Facial Model

patient is transported continuously as the tube and detector rotate continuously around the

patient. This produces a helical path through which data is acquired. Helical scanning of the

patient reduces artifacts due to movements, and increases patient comfort. Newgeneration com¬

puter tomography scanners are able to acquire both types of CT data. Figure 5.10 shows a CT

scanner used for these purposes, a reconstructed iso-surface from a patient's face and a single
tomography of the area around the mandible. As can be observed, both the CT and iso-surface

suffer from metal artifacts in the mouth region.

5.3 Data Preprocessing

The following section describes different preprocessing steps required to build-up the FEM

mesh for the subsequent simulation. Most of these steps are standard repertoire of computer

graphics or data visualization, hence the methods and alternatives are mentioned and described

only briefly. For further details, additional publications should be consulted.

5.3.1 Mesh Simplification

As introduced in chapter 3, FEManalysis requires the design of an appropriate function space

to approximate the solution function of the problem definition. Therefore, the problem domain

is discretized into finite elements to piece-wise approximate the solution via interpolation func¬

tions. The coefficients of these interpolation functions are assembled into a node vector that

contributes to a global equation system.

In order to reduce the entries of the node vector and therefore the computational costs, the facial

tissue has to be discretized by taking into account the trade-off between computational costs and

precision. Considering a facial model, the number of elements in the FEMmesh should corre¬

spond to the surface complexity. Hence we employ an adaptive surface reduction.

Because of the importance of mesh simplification in several areas such as cartography or com¬

putational geometry, many techniques have been published. In his survey of polygonal surface

simplification algorithms, Heckbert and Garland [41] categorizes the different approaches
according to the classes of surfaces that have to be simplified, e.g. height fields or parametric
surfaces, manifolds, and non-manifolds. For each surface class, among others, refinement and

decimation methods can be distinguished. Refinement methods, e.g. subdivision approaches,
start from a rough approximation and insert vertices according to a given scheme until a mini¬

mumerror is achieved. A typical algorithm of this class is the greedy insertion scheme. In con¬

trast to refinement methods, decimation algorithms start with a high-resolution original surface

and simplify it by selecting primitives to be deleted. This primitive could be a vertex [80], an

edge [44, 35] or a triangle. Vertices are removed and the resulting hole is re-triangulated. Edges
or triangles are collapsed into a new vertex whose position has to be determined. The techniques
available in the literature differ in according to which criteria is used to select the primitive.
They also vary in the computation of the vertex position after an edge or triangle collapse, in the

surface categories that can be handled and in additional features that are provided, e.g. hierar¬

chical representations [17] for mesh editing, or progressive meshes [43].

Aside from polygonal mesh reduction methods, additional schemes are provided with polyno¬
mial mesh decimation. For example, Schmitt et al. [79] sub-samples an original regular grid and

approximates the shape between four grid points by bi-cubic patches. The patch is subsequently
subdivided if the difference between the patch and the original grid exceeds a maximum. A

mesh reduction scheme taking into account higher degree surface patches would benefit from

the higher order displacement approximation functions in the FEMcontext.
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The mesh reduction applied in the context of this thesis is a slightly modified version of the

algorithm presented by Schroeder et al. [80], proposed in the context of scientific visualization.

Based on a manifold triangle mesh the algorithm processes each vertex and depending on its

position in the mesh, different criteria are applied: for boundary vertices the distance da between

the vertex and the edge defined by its left and right neighbor on the boundary is taken into

account, see figure 5.11a; for nodes inside the mesh, an approximating plane through its sur¬

rounding vertices is employed to compute the distance db as depicted in figure 5.11b. If the dis-

average plane

a)
a "« b)

Figure 5.11: Distance criterion for boundary vertices (a) as well as for internal vertices (b)

tance between the vertex under observation and the plane or edge is below a minimum distance,
the vertex is removed and the surrounding polygon is retriangulated.

Through several iterations, the distance value belonging to each node is computed and the algo¬
rithm stops either after a predefined number of iterations or if no vertex is removed. Note that

this procedure suffers from an accumulated error, since at each pass the distance value is com¬

puted from the previous mesh instead of the original mesh. Furthermore, due to the simple retri-

angulation of the resulting holes, the reduced mesh could contain slivers.

n.

X
n,

dh = arccos(min(«è«-))

a)
"

b)

Figure 5.12: Normal criterion for boundary vertex (a) and for internal vertex (b)

In our case we start from a given trivial mesh directly obtained from the laser range scan as pre¬

sented in figure 5.13a. The polygonal surface is given in terms of a vertex list and a triangle list
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containing references to the vertices. To simplify the computations, we modified the distance

criterion and use the angular difference between the vertex normal, computed by averaging the

normals of the surrounding edges, and the normals of the surrounding triangles, see figure 5.12.

The angle distance is hence defined between zero and %/ 2
.

In order to cope with the retrian¬

gulation problem mentioned above and to avoid slivers, we just mark the vertices to be deleted

and remove them at the end of each iteration. Therefore, in each iteration only vertices can be

considered, whose surrounding polygon consists of nodes without a delete-flag. After each iter¬

ation the marked vertices are removed and the resulting mesh is retriangulated as a whole using
the Delaunay algorithm on the 2D surface parametrization.

Table 5.1: Facial mesh decimation results for an angular deviation of %/ 200
.

Iteration # Vertices # Triangles Figure 5.13

1 89607 178000 (a)

2 69022 137092 -

3 55192 109557 (b)

4 46002 91239 -

5 39667 78594 (c)

6 35237 69749 -

7 32156 63597 (d)

8 30013 59314 -

9 28526 56346 -

Table 5.1 contains the mesh complexity after each iteration, based on a facial surface data set

obtained by the laser range scanner. Someselected intermediate results are shown in figure 5.13.

a)

Figure 5.13

b) c)

Selected decimation results from table 5.1.
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5.3.2 Semi-automatic Surface Matching

In order to build-up a facial model by combining surface and volume data, and to compare the

surgical outcome with the simulation result, a registration step is required. Wereduce the first

problem of fitting a surface into a volume data set by first extracting the facial iso-surface from

the computer tomographies. Here, we employ the marching cubes algorithm of Lorensen et al.

[58]. Then, we are left with the problem of finding a transformation that registers two surfaces.

In the end we have tested a manual technique and two semi-automatic approaches. In the fol¬

lowing each approach is described in detail.

5.3.2.1 Regi stering Manually

The manual registration method requires both surfaces to be scaled correctly. Then, at least one

reference point has to be defined interactively on both surfaces. Figure 5.14 shows an example,
where the base of the nose is chosen for this purpose. In order to increase accuracy, such a ref¬

erence point can also be defined by averaging the coordinates of several landmark pairs on both

faces.

Subsequently, the distance vector between both reference points is used to translate one surface

in order to define a commonorigin with the other surface. Now, the registration reduces in find¬

ing three rotation angles around the coordinate axes through the commonvertex [27].

nually matching approach. CT iso-surface and laser range

intersection plane (a) and contour lines (b).

Therefore, the user interactively rotates the second surface to match the first one. This procedure
is aided by the system by providing contour lines defined by the facial geometries and an inter¬

section plane through the origin.

Each matching algorithm implemented for our prototype requires the user to define landmark

pairs on the geometrical models. These are selected to represent characteristic facial features, as

e.g. the corners of the eyes or the mouth and the tip of the nose. Since the span of the landmark

3
vectors should define the R

, especially in the semi-automatic approaches, additional land¬

marks should be added at the back head or at least at the ears. An illustration of typical feature

points is given in figure 5.15.

5.3.2.2 Registering using a Linear Approach

The semi-automatic approaches require a set of« landmark points to be chosen interactively by
picking surface vertices. Theoretically, a set of at least four linear independent landmarks are

sufficient for the following computation steps. In order to resolve small errors, however, prac-

a)

Figure 5.14: Set-up for the m;

scan with vertica
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Figure 5.15: Landmarks used for the registration of the laser range surface (a) and CT scan

(b) The facial surface (b) results from a marching cubes iso-surface extrac¬

tion in the CT data set

tice has shown that a set consisting of at least seven landmarks is preferable due to errors that

would arise from coarse surface meshes, different muscular activities between the scans to be

matched, or simply from the user interaction

In order to find a linear transformation comprising a rotation, a scaling and a translation of the

surface, the following computations are accomplished in homogeneous coordinates Therefore,

we have to find a 4 x 4 transformation matrix Mthat in a least squares sense defines a linear

relation between each pair i of landmark points ut on the iso-surface and u\ on the surface

obtained from the laser range scan
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and we are left with solving four overdetermined equation systems of the form m' ~ Vmwith

U is a n x 4 matrix with rank(U) = 4, mis a 4 x 1 vector and m' a n x 1 vector To find the

desired approximation m, the Euclidean norm of a residual r, defined as

IIUim-m'
2' (5 3)

or equivalently its square has to be minimized as
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d|HI2
=

d(Vm-u')T(Vm-u')
dm, dm.

(5.4)

This yields to the normal equations that become

VTVm= VTiï (5.5)

and its solution

m= (VTV) 1VTiï (5.6)

As mentioned in [30] the inverse of U U can be computed by decomposing its lower triangular
matrix using the Cholesky approach. In order to avoid numerical problems arising from the pos-

T

sibly ill-conditioned matrix U U we solve u' ~ \Jm directly using singular value decomposi¬
tion (SVD).

Therefore, we take advantage of the fact that any (m,n) matrix U can be decomposed into

u = osv (5.7)

with the orthogonal mx m matrix O, the orthogonal matrix V of size n x n and S containing

the singular values Gj > (% > (% >
..

> o>min/m ns
> 0 at the positions st t

and zero elsewhere.

Note that S does not have to be quadratic. The rank of matrix U is defined by the largest index

of the non-zero singular value. Using SVDa solution of equation 5.6 is provided with

m = VS 10Tu (5.8)

T -1

In contrast to the solution provided by resolving (U U) in (5.6) the singular value decompo¬
sition is numerically robust.

As depicted in figure 5.16, a main disadvantage of this surface matching approach is the lack of

orthonormality of the resulting rotation matrix, i.e. Mmight contain non-uniform scaling and

shearing that results from small errors in the definition of the landmark points.

Figure 5.16: Matching artifacts (shearing) as a result of an inappropriate definition of the

landmark points.
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Although this property is desired for the construction of a template skull for facial animation

purposes, as described in 5.3.3, it would cause large errors in both evaluating the result as well

as in matching laser range scans with iso-surfaces. Therefore, a second semi-automatic

approach is applied as described in the next section.

5.3.2.3 Regi stering Using Procrustes Method

Since the surface acquisition with the Cyberware laser range scanner and the computer tomog¬

raphies are true to scale and the scale factor is given for both, the surfaces can be scaled without

employing any matching algorithm to share a common coordinate system. The remaining
degrees of freedom are translation and rotation to be expressed with a translation vector t and a

vector r containing the rotation amounts around the axes (1,0,0), (0,10) and (0,0,1).

As shown by Hanson and Norris [38], and comprehensively described and proven in Ganders

text [27], the least squares fit of point clouds, denoted there as Procrustes Problem, is best per¬

formed as follows:

• First, we require that the translation vector t can be computed using the distance

between the centers of gravity of both point clouds and the unknown rotation matrix

Mrot, as

n n

" = £ 5>« '
"' = £ I"'. »

and * = "' " Mrot" • (5-9)

i
= i i

= i

• Then, we transform the landmark pairs into relative coordinates as

A — (flj, a2, ..r an

B = (bv b2, ..r bn

with
s (5.10)

at
=

ut- u

• and compute the singular value decomposition to extract the orthogonal component of

T
the least squares approximation of the matrix AB :

ABT = USVT
. (5.11)

• This results in the rotation matrix Mrot as

Mrot = VUT. (5.12)

Depending on the landmarks chosen, the determinant of the rotation matrix might be -1. Then,
a reflection has to be performed additionally.

5.3.3 Template Skull

The surface of the skull is of considerable importance for simulating a craniofacial surgery.

Therefore, we depend on a skull surface extracted from a computer tomography data set by sim-
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ulating a range scan as described in section 5 2 2 In contrast to surgery simulation, in facial

expression synthesis the skull surface is only used to define the muscle origins and can therefore

be approximated roughly

Figure 5.17: Template skull, obtained by non-proportional scaling, shearing and transla¬

tion from computer tomographies of a different patient

While the work of Schiemann [77] is preferable for this purpose, for practical reasons, we use

the linear matching approach, as described in section 5 3 2 2, to generate a template skull sur¬

face from a range scan Given the laser range scan of a facial surface, a volume data set from a

person of the same gender and ethnic affiliation is chosen from our data base

The next step is the volumetric transformation of the volume dataset, where we aim to morph
the facial iso-surface extracted from the CT into the facial surface of the person chosen for emo¬

tion editing This is accomplished by using the linear matching algorithm presented previously
For the purpose of matching two different faces, shearing and non-proportional scaling are now

desired Hereafter, the skull is reconstructed from the transformed volume by computing the

facial iso-surface from the CT Figure 5 17 shows a skull surface fit into the facial surface,
where skull and face are obtained from different patients Note, that beside gender and ethnic

affiliation also the pathology of the patient to be simulated should be the same Due to the small

size of the patient data base, facial and skull surfaces presented above do not fit together in the

area of the mid-face

5.3.4 FEM-Mesh Generation

Based on the decimated facial surface mesh, the FEMmesh is constructed for the volumetric as

well as for the surface-based approach As described earlier, we first match the original face

obtained from the laser range scanner with the facial surface reconstructed from the computer

tomographies Hereafter, a surface reduction of the facial geometry is performed and the deci¬

mated mesh is radially projected towards the center of the tomographies This results in two

topologically identical meshes representing the facial surface as well as the skull

While the surface approach connects both surfaces by elastic springs, the volumetric mesh is

generated by extending related triangles to prism elements In the following, the mesh genera-
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tion for both approaches is described in detail. The extraction of tissue parameters, e.g. spring
stiffnesses and prism elasticity, are also explained.

5.3.4.1 Surface Mesh Generation

Each vertex jc^ of the facial surface mesh belongs to a vertex xb on the skull. This relation

enables us to construct a mesh of springs between skin and skull. The skull intersection point

xb is found by thresholding the CT data set registered to the facial surface. Wedistinguish

between two types of springs:

Main springs connect the skin vertices jc^ with the skull vertices xb on the bone. Their

direction points from the facial surface radially towards the skull. The connection of the

facial surface with the skull by means of radial springs ensures the propagation of skull

displacements, e.g. due to a surgical procedure, towards the face. Additionally, strut

springs have to be introduced, in order to model the volumetric tissue properties and to

cope with deviatoric strains.

Strut springs connect a skin vertex jc^ with the neighbors x^e'8
°r '' J

of the related skull

vertex xb .
The relation neighbor (/', j) represents the neighboring nodes of vertex /' in

the mathematical positive direction.

The topology of the spring mesh is best described by considering a one-ring example as shown

Figure 5.18: Tissue mesh modeled by main springs and strut springs.

in figure 5.18.

5.3.4.2 Volume Mesh Generation

In contrast to the surface-based approach, prism elements between skin and skull represent the

tissue in the volumetric approach. In order to establish the prism mesh from both the reduced

facial surface and its counterpart on the skull, skin and skull triangles are directly connected.

After performing this step, the facial tissue is tiled with prism shaped elements. Wefollow the

approach of Waters [93] which in essence performs a cylindrical projection of each vertex of
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the decimated mesh onto the skull inside the volume data set Figure 5 19 schematically illus¬

trates the procedure

•——____
Prism Elements

Representing Tissue

Direction of

Projection

Figure 5.19: Prism mesh constructed by cylindrical projection of surface triangles onto the

skull

In order to increase the FEMprediction quality and to represent different material properties in

the direction perpendicular to the facial surface, one might wish to discretize the facial tissue

with more than one layer of prism elements A mesh consisting of« layers between skin and

skull could be generated by dividing each vertical prism edge into n equally sized components
In order to keep the multi-layered mesh computable in a FEMsense, it would be desirable to

adapt the number of layers between skin and skull according to the tissue thickness This leads

to an adaptive FEMmesh generation described by Motsch [61] and is summarized below

Based on the triangle pairs described above, the adaptive multi-layered tissue mesh is computed
by first assigning a minimal as well as a maximal number of layers to each vertex pair, i e skin

and corresponding skull vertex These values are computed directly from a maximal and mini¬

mal prism height These heights are in turn defined by considering the trade-off between accu¬

racy in tissue simulation and computational costs

Then the number of prism layers is obtained from the local tissue thickness as the distance

between skin and corresponding skull vertex In order to crack-free model the boundaries

between tissue regions with different numbers of tissue layers, the introduction of additional tet¬

rahedrons is required Figure 5 20a shows the transition between a two- and a one-layered

Figure 5.20: Cracks occurring at the transition between different layer amounts

region additional tetrahedral elements In order to reduce the number of tetrahedral elements

used, the difference in the number of layers between two neighboring elements should be at

most one Therefore, Motsch [61] reformulates this problem in terms of graph theory and pro¬

poses an iterative approach

Facial surface

Skull surface
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5.3.5 Material Parameter Extraction

Both the surface-based and the volumetric approaches enable the representation of different

tissue types in terms of different material parameters. These material parameters describe the

tissue stiffness or - in the case of volumetric elements - tissue elasticity and tissue incompress-
ibility. In the bivariate formulation, these parameters are introduced into the simulation by
means of spring stiffnesses, and stretching and bending penalties at the facial surface. The vol¬

umetric approach enables the definition of elasticity and incompressibility for each finite ele¬

ment, as described in chapter 3. In order to assign material parameters to each spring or prism
element, we first perform a volume segmentation that identifies a tissue type with each voxel of

the volume data set. During a subsequent scan conversion, the voxels belonging to each element

are computed. Finally, an integration step determines the material parameters for each element.

Therefore, a look-up table provides the material parameters of each tissue type. Next, we

describe several aspects concerning the assignment of tissue parameters to finite tissue ele¬

ments.

5.3.5.1 Volume Segmentation

A volume segmentation is comprised of the process of recognizing disjoint regions within an

image that represents different tissue types which differ in particular features. The segmentation
of image data is an important preprocessing step for many kinds of visualization or simulation

techniques, and therefore, much research effort has been spent on this topic. Unfortunately,
there exists no general method which works on all kinds of images. For a survey of different

segmentation techniques, the reader may refer to the publications of Pun et al., or Nicholas

Ayache [1, 74].

The segmentation of medical image data can be categorized by regarding each step of the seg¬

mentation pipeline [74, 39]. Besides feature extraction, feature preprocessing, feature normal¬

ization, feature clustering and feature classification, further information like user aided and fully
automated algorithms are distinguished. Also the dimensionality of the input data, as 2D or 3D,
has to be considered.

Regarding the segmentation techniques, we distinguish between single voxel and neighbor¬
hood-based methods. Single voxel approaches make use of thresholding or windowing opera¬

tions for assigning a tissue type to each voxel intensity [39]. Those thresholding methods are

very simple and fast, but unfortunately, they only work for unique intensity values. They fail

whenever different tissues can only be discriminated in texture features or whenever different

tissue types are represented by overlapping intensity windows. In the field of medical image
data, further problems occur due to natural noise and metal artifacts that have to be cleared in

advance using morphology operators or filters [84, 47, 68]. Furthermore, additional problems
arise from segment boundaries where a voxel possibly contains more than one kind of tissue and

a binary decision is not possible. Here, percentage classification methods do a better job when¬

ever binary classification is not required.

Region based methods belong to the second category of segmentation techniques. Taking into

account the neighborhood of each voxel to be classified, those methods enable the discrimina¬

tion of different textures and do not suffer from noise artifacts in the data base as threshold based

methods do. In order to extract a local feature vector from the neighborhood of each voxel, sev¬

eral methods have been established. For example wavelet based techniques [8, 32, 34] and sta¬

tistical approaches [39]. A subsequent preprocessing step on the feature vectors comprises
normalization procedures or subspace mapping methods [32]. Among others, neural networks

are proposed for the classification step [33]. Furthermore, 2D and 3D snakes [48] and region
growing algorithms, as for example [11, 39], have to be mentioned.
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In the case of facial surgery simulation we propose a pixel based approach for the following rea¬

sons:

• The finite element discretization of the facial tissue into several elements must take into

account the trade-off between exactness of tissue representation and computational
cost. Since, in our approach, each finite element is represented by a single elasticity
parameter, an exact tissue segmentation inside this element is not required. The prism
elasticity is sufficiently described by average values. Furthermore, the element bound¬

aries, as used in the presented system does not match the region boundaries of different

tissue types.

• A threshold based pixel classification is easy to implement and further easy to adapt to

other types of volume data.

• In order to establish an operational system, the surgery simulation of one single patient
should be carried out within less than one hour and by considering the computing time

for the solution of the global equation system, the model construction should take not

more than 30 minutes.

a) b) c)

Figure 5.21: Volume data sets available from the Visible Human: Cryosections (a), mag¬

netic resonance immision (b), and computer assisted tomographies (c).

Figure 5.21 shows three tomographies from the Visible HumanDataset. It is clear, that the best

soft tissue segmentation is obtained from the cryosections and the MRI volumes. Since these

tomographies are available for example cases only, and the required bone structure is best

extracted from computer tomographies, we describe the tissue segmentation based on CT vol¬

umes.

In general, the thresholds for a pixel-based segmentation are obtained by considering the inten¬

sity histograms of the volume. Figure 5.22 shows the idealized distribution of different tissue

intensities. In order to segment a volume data set, each maximum has to be labeled with the

respective tissue type, and the minima represent the border intensities between two different

neighboring tissue intensities. In our case, the data set contains four disjoint maxima that can be

easily discriminated as shown in the histogram of figure 5.23. The first maximum belongs to

zero intensity, representing the volume outside the measured area where no samples exist. The

second maximum concerns the airy regions outside and inside the specimen, then follows the

soft tissue and bone. The maximum at the highest intensity level represents the metal inside the

mouth arising from orthodontic treatments and tooth inlays. It is clear that different tissue types
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Figure 5.22:

intensity

Idealized voxel intensity distributions for several tissue types in a CTvolume

inside the head cannot be distinguished just by considering an intensity distribution In order to

cope with this problem, in cooperative with a surgeon, the user interactively defines different

regions inside the tissue that represent several tissue types The averaged intensities of these

training areas are used to generate a look-up table for material parameters as presented with

table 5 5 in section 5 3 5 4
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air (b) soft tissue & bone (c)

Figure 5.23:

1000 2000

Voxel intensity distributions for several tissue types in a CT volume

i r

3000 4000

5 3 5 2 Trivariate Model Elasticity Module and Poisson Number

Subsequently to the volumetric mesh generation, material parameters have to be assigned to

each finite element in accordance to the CT data As stated above, this is accomplished by a seg¬

mentation of CT data into four distinct regions skin, fat, muscle, and bone In order to achieve

this segmentation we isolate four training regions belonging to one of the above categories The

averages of their CT values provide centroids for further segmentation In addition, each tissue

type is assigned both a Young's modulus E, defining its elasticity and a Poisson 's ratio v

0 <v <3,5 which describes its compressibility Linear interpolation between the centroids pro¬

vides us with intermediate values both for £ and v for all voxels of the CT data set Figure 5 24

shows a schematic overview of the procedure
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Figure 5.24: Schematic view of the process of CT segmentation and corresponding param¬

eter assignment

It has to be stated, that E and v highly depend on a patient's gender, age and other parameters.

Consequently, the problem of measuring and assignment of accurate soft tissue material param¬

eters is still subject to current research in the field of biophysics. However, the prescribed dis¬

placement approach we employ for the FEMcomputations makes the system robust against
variations of E and v.

After having determined E and v for each CT voxel we still have to assign them to the prism
elements resulting from the mesh generation step. This is accomplished by averaging E and v

over all the voxels interior to the corresponding prism using a 3D scan conversion algorithm.
For this purpose, we extended the approach provided with [40] towards 3D.

5.3.5.3 Bivariate Model: Spring Stiffness

The bivariate tissue simulation approach discussed earlier requires the assignment of stiffness

values to each tissue spring between the rigid skull surface and the elastic facial surface. In order

to extract the spring stiffnesses from the volume data we first perform the threshold based seg¬

mentation presented in the previous section. It is clear that each spring can penetrate different

types of soft tissue on its way from the skin surface to its skull attachment point. Therefore, the

spring stiffness computation must take into account that each voxel penetrated contributes to the

overall stiffness of a single spring. Wecope with this by decomposing the whole spring into a

set of smaller springs which are connected in series.

Let c(x) be the tissue stiffness as a scalar function of the spatial position vector x. Similarly to

section 5.3.5.2, c(x) is obtained by the definition of tissue centroids using training areas and

the linear interpolation of the corresponding stiffness values. Let further jc^ and x1h be the

parameter values for the skin and bone attachment points of one individual spring k. The overall

stiffness ck of spring k would then be computed by line integration from the surface node to the

skull attachment point. As in electrical engineering, where the resulting inverse capacity of a

series of capacitors is computed by summing-up the inverse capacities of each single capacitor,
the inverse stiffness is defined by integrating the inverse stiffness function, as
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l-
= \

r, J c(x)
-dx. (5.13)

V.

For a discrete set ofZ springs, representing L different tissue segments penetrated, of individual

,1 £ , ,.—
1 L

ik and stiffnesses ck,lengths lk,

upper integral collapses to

c, connected in series, as in figure 5.25a and b, the

k c,
h = l k

with /,, I <l (5.14)

h = 1

This summation starts at the skin surface and proceeds in radial direction towards the axis of the

cylinder coordinate system used for obtaining the facial surface. If the skull is not penetrated,
as for example at the orbital cavities, a minimum distance from the axis is assumed and the

spring stiffness is set to zero. The stiffness values obtained as described above are visualized in

terms of pseudo-colors in figure 5.25c. The skull attachment points are also used for the latter

computation of the loading forces after bone repositioning.
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Springs connecting the facial surface nodes with the skull:

(a) Decomposition into small springs connected in series

as they penetrate different tissue types, and

(b) Distribution of spring stiffnesses by means of pseudo-colored vectors.

5.3.5.4 Material Parameters

Table 5.5 shows the averaged intensities for a set of chosen tissue types and the material param¬

eters assigned to the different tissues. For a more detailed and comprehensive description of this
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topic, and additional information concerning the non-linear behavior of living tissue, the reader

may refer the work of Fung [26, 25] or Duck [16].

Table 5.5: Material values from CT and assigned parameters.

tissue type averaged intensity elasticity incompressibility spring stiffness

air 203 d.c. d.c. d.c.

bone 2730 0 d.c. OO

fat 1290 140 0.45 124

muscle 1246 140 0.45 120

(metal) 4150 0 d.c. OO

5.3.6 Interactive Definition of Surface Parameters

At several steps in the facial simulation pipeline, surface parameters have to be defined interac¬

tively. Such definitions are required for example for the osteotomies at the skull surface, for the

definition of the boundary conditions at the skull and the face, as well as to define the kind of

connection of soft tissue with the bone, e.g. no connection around the teeth, or grown together
as at the chin. Next, we describe the definition of surface parameters directly concerning the

model build-up.

5.3.6.1 Boundary Conditions

For all finite element approximations, the boundary conditions are fundamental. Boundary con¬

ditions define a unique solution and decrease the overall degree of freedom. Figure 5.27a-c

illustrates the influence of different boundary conditions on the final shape for a simple 32 patch
membrane-plate surface. Although the same external force vector is applied, due to the different

boundary conditions at the four boundaries, the resulting shapes differ. Note that the boundary
conditions are set both for nodal displacements and for all derivatives. Figure 5.27d shows the

boundary conditions on a membrane-plate surface and the facial animation capabilities.

In order to build-up the facial model, a careful definition of the boundary conditions is critical

to a satisfying solution and helps to enhance computational performance by lowering the dimen¬

sionality of the global stiffness matrix. Since in facial surgery most procedures affect only parts
of the facial shape, we explicitly define displacement conditions. A distinction between rigid
and non-rigid nodes is proposed, i.e. only non-rigid nodes can be displaced during the FEM

computation. This is very effective because even in very complicated cases, backside, neck, and

hair do not change in shape. It has to be stated that the boundary conditions should not be

defined too close to the manipulated skull areas because changes in the facial appearance com¬

puted during an FEMrelaxation could affect facial regions far away from the origin of the dis¬

placements.

For convenience we define the whole set of boundary conditions in terms of binary texture maps

on the facial shape, as shown in figure 5.27 for both the facial surface as well as the skull.

The texture map itself can be generated with an interactive 3D paint program, for instance Alias

Studio Paint. Alternatively, we define the boundary conditions on the height-field according to

the cylindrical coordinate system. Therefore, layer based paint programs can be applied, as for

example Adobe Photoshop or gimp.
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Figure 5.26: a-c) Different boundary conditions and their influence on a simple shape un¬

der the presence of the same external load vector a) All edges fixed b) Ver¬

tical edges fixed c) Corner vertices only fixed

d) Boundary conditions used in the context of facial animation

5 3 6 2 Bivariate Model Bending and Stretching Weights

Similar to the spring stiffness, the stretching and bending tensors may change their values for

different regions of the face More specifically, facial skin stiffness is a function of age, sex,

weight, and other parameters [25, 26] Higher values lead to higher internal energy of a

deformed surface patch, thus giving rigid parts of the face high a and ß values Changing the

stretching and bending parameters influences the size of the deformed facial region and the dis¬

placement of individual surface nodes if a surface load is applied
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a) b)

Figure 5.27: Boundary conditions defined by means of binary texture maps

(a) on the face and

(b) the skull

a -10%, ß^-10%
o

' ^o

aQ
= 0,01, ßQ = 0,02

a +10%, ß +10%

Figure 5.28: Definition of stretching and bending penalty for bivariate tissue simulation

An interactive paint procedure is also used to assign stretching and bending parameters of dif¬

ferent regions of the face A well-suited facial segmentation algorithm for the automatic setting
of facial stretching and bending parameters can be found in [32] For all computations, the

parameters were set constant over the surface of one triangular patch Typical settings are

a = 0,01 for stretching, and ß = 0,02 for the bending factor Higher values guarantee appro¬

priate deformations of facial regions with underlying cartilage (ears, nose) Figure 5 28 illus¬

trates the variation of the surface parameters color-coded for the VHD Darker colors indicate

positive deviations and brighter colors negative deviations from the values above

5 3 6 3 Tissue Sliding

In the trivariate FEMapproach, the bone movements are fed into the system in terms of pre¬

scribed displacements Therefore, we assume that the tissue is connected with the bone and bone

115



116 5. Set-up of the Facial Model

movements would in turn affect the soft tissue, independent of the moving direction. This

assumption is correct for the most facial regions as midface or lower chin, but at some areas,

e.g. teeth and lips, tissue sliding would be desired. The simulation of sliding over a predefined
bent surface in a FEMsense would require a constraint solution of the global equation system.
Since such an approach would immensely increase the computational costs during the solving
step, we define boundary condition in terms of prescribed displacements at regions where bone

is grown together with the tissue.

tissue not connected with the bone

prescribed displacements due to surgery

Figure 5.29: Definition of skull regions affecting the facial tissue due to surgery.

As shown at a presurgical skull in figure 5.29, regions on the skull that are changed during sur¬

gery and grown together with the soft tissue are defined by means of a surface texture. Similarly
to the boundary condition, these textures are easily defined by means of a 3D paint program.
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In the following chapter the previously described facial model is employed to predict the post¬

surgical morphology after a craniofacial treatment. Therefore, we will first give an overview of

the system as it is used for surgery simulation. Subsequently, application details such as the use

of additional data requirements, e.g. postsurgical volume data, are discussed. Furthermore, the

craniofacial surgery procedure is described, focussing on both medical and simulation issues.

Weexplain the simulation procedure, including accompanying simplifying assumptions, to

enable use of the presented model in practice. Weconclude by showing some preliminary
results in the field of craniofacial surgery simulation yielded with the system prototype.

6.1 System Overview

The physics based models created by applying the techniques described in the previous chapter
are capable of cranio- and maxillofacial surgery simulation. Therefore the surgical procedure,
comprised of osteotomies and bone repositionings, is performed on the skull geometry to deter¬

mine a displacement vector for each surface vertex. Depending on the facial model used for the

simulation, the aforementioned displacements are fed into the FEMpipeline, either in terms of

boundary conditions, or, in case of employing the bivariate tissue model, by computing surface

loads arising from spring deviations. The proper definition of the finite element problem, the

local stiffness matrix computation, the assembly and the solution of the global equation system

complete the simulation. The predicted result is then visualized, compared with the presurgical
face, and, after carrying out the surgery in real world, evaluated by computing the difference

from the actual postsurgical outcome.

Figure 6.1 shows the proposed surgery simulation pipeline consisting of a physics based model,
the virtual surgery, the FEMcomputations, and the result visualization. In contrast to reality, the

simulation can be repeated in order to improve on aesthetic considerations.

6.2 Additional Requirements

In order to employ the prototype in facial surgery simulation, with surgery planning schemes,

postsurgical volume scans, postsurgical surface scans and both pre- and postsurgical photo-
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physics based model virtual surgery FEMsimulation simulation result

repeat in presence of the patient

Figure 6.1: Surgery simulation pipeline.

graphs, additional information needs to be provided. In the following sections these require¬
ments are discussed and the motivation behind their use is described.

Surgery planning, Relative movements of upper jaw and mandible: Although our system is

capable of predicting the postsurgical outcome based on virtual osteotomies and bone move¬

ments, the envisioned setting also requires conventional methods for planning the surgical treat¬

ment. Here, the reconstruction of the masticatory system has to be mentioned. In order to plan
the relative movements and rotations between upper jaw and mandible, plaster models are

required for surgical planning. By using a special medical device, a fixture comprised of the

plaster models of the upper and lower jaw, the surgeon is capable of defining the exact move¬

ments (-o.lmm) of the upper jaw in relation to the mandible. Figure 6.2a shows the plaster
models of the example patient and the fixture.

Surgery planning, Movements of the maxillomandibular complex: Since the surgeries of

patients willing to participate in our field study are still planned in the conventional way, profile
sketches and lateral X-scans of the presurgical situation were available for the prediction of the

postsurgical morphology from a medical artist. While relative movements between upper jaw
and mandible are required to reconstruct the masticatory function, the movements of the max¬

illomandibular complex, i.e. upper and lower jaw together, have to satisfy aesthetic aspects and

therefore have to be planned based on a prediction of the postsurgical face. Using the sketches

of the medical artist, such as shown in figure 6.2c, the surgeon constructs a plan of the forth¬

coming surgery that comprises both relative and absolute movements of upper and lower jaws.

Postsurgical computer tomography: During an evaluation of the prototype, the postsurgical
facial shapes were first predicted based on the surgical planning discussed above. Unfortu¬

nately, practice has shown that small deviations between surgical planning and postsurgical
skull morphology occur. In order to eliminate errors in soft tissue prediction caused by such

deviations of the surgery from planning, we additionally employ postsurgical computer tomog¬

raphies for our evaluation. Therefore the postsurgical CT has to be registered with the presurgi¬
cal tomographies to obtain more accurate bone movements. In section 6.3.4 aspects concerning
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b) c)

Figure 6.2: Additional data requirements for planning the surgical reconstruction of the

masticatory system

(a) Plaster model of the teeth,

(b) Photographs for documentation purposes,

(c) Sketches of bone movements during surgery

the postsurgical determination of the osteotomies and the movements of bone regions are dis¬

cussed in detail

Postsurgical surface scans: In order to evaluate the prediction capabilities and document the

detumescence, i e swelling down of the soft tissue, several postsurgical surface scans are

obtained from the patient

Photographs: For documentation purposes, photographs of the teeth, of the facial profile and

from the frontal view are additionally acquired Figure 6 2b shows the photograph of the teeth

and the dental braces of the example patient Photographs comparing presurgical and postsur¬

gical appearance are shown for several patients in chapter 8

6.3 Repositioning of Bones

In order to simulate a surgical procedure, the bone cuts (osteotomies) and bone movements (e g

advancement of the mandible) are modeled with the help of a craniofacial surgeon Due to the

high resolution of the skull models used in our prototype set-up of up to 100k vertices and 50k

triangles, and due to the desired topological identity between the facial and the skull geometry,
the definition of the osteotomies is best performed on the two-dimensional enrolled height field

of the skull In the following section we describe advantages and drawbacks arising from this

simplification Wefirst elucidate the medical aspects of an orthognatic treatment on the human

skull Then the definition of both osteotomies on the skull and definition of the bone movements

is described Subsequently, we discuss the differences between the re-modeling of the surgery
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based on surgical planning and the recomputation based on postsurgical computer tomogra¬

phies

6.3.1 Medical Preliminaries

An orthognatic surgery on a patient is deemed medically necessary if he or she suffers from

problems with the masticatory system, for example a malpositioned mandible, upper jaw, or

both If there is no treatment based on orthodontics, i e dental braces, e g the displacements are

too large, the malformation has to be treated with an orthognatic surgery The exact description

Figure 6.3: Pre- and postsurgical situation shown at the skull of the example patient Ref¬

erence points for repositioning the of upper jaw, I-Point (a) and Molar Refer¬

ence (b)

of the surgical procedure lies beyond the scope of this thesis, but the main elements are

described here In a first step, the surgeon detaches the upper and lower jaws from the remaining
skull Therefore, a so-called Lefort 1 osteotomy, and additionally a sagittal split is carried out

at upper jaw and mandible, respectively While the upper jaw can be disconnected from the skull

as shown in figure 6 3a, the sagittal split has to be performed in a way that ensures the blood

circulation in the mandible, see figure 6 4c In order to reconstruct the functionality of the mas¬

ticatory system, the surgeon repositions upper and lower jaws relative to one another After¬

wards, the upper and lower jaws are combined and commonly repositioned to maximize

aesthetic objectives [23]

a) b) c)

Figure 6.4: Neutral occlusion, genioplasty, and sagittal split
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Figure 6.3 depicts the bone repositionings performed on the upper and lower jaws of our exam¬

ple patient. In order to reposition the upper jaw, three reference points are used: the i-point, sit¬

uated between the upper incisors, and either the tips of the upper canines, or the molars 17 and

27 on the right and left side of the upper jaw, respectively. The tooth numbering in figure 6.3b

refers to the standard of the World Dental Federation (FDI). The lower jaw is repositioned with

respect to the upper jaw in order to reach a neutral occlusion of two millimeters, as shown in

figure 6.4a. In some cases an additional genioplasty is indicated for aesthetic concerns where a

part of the lower jaw is cut and moved according to figure 6.4b.

6.3.2 Definition of the Osteotomies

Much research has focussed on the field of interactively modeling osteotomies. While some¬

times the osteotomies are modeled exactly using several interaction techniques as sketching the

osteotomies on the geometric model of the skull or the definition of the twist and depth of the

surgical device [81], other approaches use a deformed cube to interactively define the bone

region to be cut. Since the presented research focuses on the prediction of the postsurgical mor¬

phology instead of on exactly replicating the real world surgery on the computer, we have rep¬

resented the skull model in a cylindrical coordinate system. By displaying the skull surface by
means of a height-field, the user is able to draw on the surface using an advanced painting pro¬

gram which provides layered images (e.g. Adobe Photoshop). It has to be noted that this

requires ignoring occlusions on the skull (e.g. at the zygoma). Figure 6.5a shows the height field

of the enrolled skull surface, figure 6.5b illustrates the definition process of the osteotomies, and

figure 6.5c the resulting texture used to select surface vertices to be moved during surgery sim¬

ulation.

Figure 6.5: Definition of osteotomies by means of a surface texture:

(a) original skull (enrolled),
(b) interactive definition of osteotomies,

(c) texture obtained from (b).

Alternatively to the technique described above, a commercially available painting tool featuring
surface painting can be applied for the definition of the osteotomies, e.g. StudioPaint 3D. The

required texture for defining the bone regions to be repositioned is interactively generated using
the 3D skull model and painting directly on its surface.

In some cases, whenever an exact 3D skull model is required, e.g. for a video animation or the

simulation of more complex surgeries, a commercially available modeling system is applied.
The skull model for this purpose is therefore obtained from an iso-surface algorithm, e.g. march¬

ing cubes. Figure 6.6 shows the definition of the vertices belonging to the bone region of the

mandible, their repositioning using Alias, and the ray-traced counterparts.
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Figure 6.6: Maxillofacial surgery in a commercial modeler

a) Mandible vertices selected in Alias,

b) Presurgical rendered skull,

c) Repositioning of the vertices selected in (a),
d) Final skull, ray-traced using Alias

It is noteworthy that for simulation purposes, the osteotomies are carried out by selecting clus¬

ters of surface vertices, i e the cutting of geometries is not required and vertex connectivity does

not change The repositioning of each cluster may then be carried out as described in the fol¬

lowing subsection

6.3.3 Modeling the Surgical Treatment

Aside from definition of the osteotomies, the exact translation and rotation amounts of the bone

regions that are changed during the surgery have to be fed into the system prototype In order to

prepare the forthcoming treatment conventionally, orthognatic surgeons have developed a plan¬
ning method based on reference points at the teeth Table 6 1 shows a typical planning table for

Table 6.1: Surgical planning using reference points

region osteotomy reference point movements direction

upper jaw Lefort 1 i-point (incisor) 4mm(absolute) forward

upperjaw Lefort 1 i-point (incisor) 4mm(absolute) downwards

upper jaw Lefort 1 molar reference 5mm(absolute) upwards

lower jaw sagittal split incisor 8mm(absolute) forward

lower jaw sagittal split incisor 5mm(absolute) downwards

chin genioplasty tip of the chin 3mm(rel to mandible) diag forward

orthognatic surgery to correct a short face syndrome The relative movements given above have

to be carried out on the geometric model of the skull to compute the displacement vector of each

surface vertex that is moved during surgery Therefore, several transformation matrices com¬

prising translations and rotations are obtained from the planning
Thisincludestransformationsofupperjaw,mandible,and-inthecaseofagenioplasty-ofthechinThetransformationisthencarriedoutforeachvertexclusterdefinedearlierForpracticalreasons,surgicalplanningdiffersfromtheactualsurgerycarriedoutonapatientInordertoreliablyevaluatetheprototype,therefore,movementsofboneregionshavetobere¬modeledasexactlyaspossibletoavoidpredictionerrorsarisingfromdifferencesbetweensur¬geryminutesandsurgeryitselfTherefore,apostsurgicalCTscanisemployedtoreconstructthesurgerybasedonvolumedataWedescribethisinthenext

section
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6.3.4 Surgery Re-modeling

A difference in bone movements between surgical minutes and surgery must be considered for

an evaluation of the predicting capabilities of the presented system While the accurate model¬

ing of the osteotomies (e g depth and twist of the cut) is of less importance, the exact transfor¬

mation amounts are substantial for quality of prediction This leads to additional data

requirements such as a postsurgical computer tomography scan Based on the postsurgical
volume data, several methods may be considered to obtain the bone movements at a higher pre¬

cision than that available from surgical planning

Figure 6.7: Comparison of pre- and postsurgical skull iso-surfaces

(a) Presurgical skull,

(b) Postsurgical skull,

(c) Pre- and postsurgical skull (overlaid)

Analyzing postsurgical skull iso-surfaces

As illustrated in figure 6 7 the measurements necessary to re-simulate the craniofacial

surgery procedure can be obtained in the following steps Firstly, the skull iso-surfaces

extracted from the pre- and postsurgical CT volume, depicted in figure 6 7a and b, have

to be registered Therefore the methods discussed in section 5 3 2 are employed While

landmarks on the skull are easy to define due to the complexity of the surface, it is clear

that repositioned bone regions may not be taken into account for landmark positions If

no genioplasty is carried out at the chin, the vertical as well as the horizontal movements

of the mandible can be measured using the scale overlaid onto the visualization of the

matched iso-surfaces This is illustrated in figure 6 7c It is of high importance to extract

these values at bone portions not suffering from artifacts arising from metallic plates or

orthodontic braces While movements perpendicular to the profile view are easy to

obtain this way, the acquisition of translations and rotations visible only in frontal view is

much more difficult This is attributed to the lack of feature points available at the jaw
regions and the metal artifacts covering the teeth

Registration of Bone Regions
A registration of the moved bone regions must be performed after the osteotomies

Unfortunately, due to the metal artifacts mentioned above, these regions do not provide
sufficient feature points for the definition of landmarks required for a manual registra-
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tion

Volumetric registration
The most promising approach would be the automatic registration based on volume data,
as proposed by [88] Based on this approach, two volume data sets could be registered
Furthermore, this method would be tolerant of errors Aside from registration, the

approach additionally provides displacement vectors for each volume element Since our

prototype is applied to predict the surgical outcome, and is used in advance of the sur¬

gery, the exact re-modeling of the surgery is only a side aspect of this thesis and the

implementation and evaluation of the volumetric registration is left for future work

For the reasons discussed above, we re-model the surgery by comparing pre- and postsurgical
skull iso-surfaces to verify the surgery minutes Nevertheless, differences between re-modeling
and surgery as it is performed on the patient are unavoidable and have to be taken into account

for evaluating purposes, see 8 2 for a general discussion of error sources interfering with the

system evaluation

6.4 FEMSimulation

In the case of surgery simulation, both the surface-based and the volumetric tissue simulation

approaches differ in the way changes to the rigid bone are accounted for during the finite ele¬

ment analysis While in volumetric elasticity simulation each movement of the bone regions
directly defines the boundary conditions of the finite element problem in terms of prescribed
displacements, the surface based approach requires the computation of surface loads

6.4.1 Computation of Displacement BC

Knowing corresponding vertices of pre- and postsurgical skull surfaces makes it possible to cal¬

culate the displacement field to be used as input into the finite element engine as prescribed dis¬

placement boundary conditions Figure 6 8 shows the prescribed displacements for the surgical
treatment of the example patient

Figure 6.8: Prescribed displacements on presurgical situation
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6.4.2 Computation of Nodal Loading Forces

As discussed in section 5.3.4.1, the spring mesh representing the soft tissue in the surface-based

simulation is established by connecting corresponding vertices on skin jc^ and skull x\ to yield

main springs. Strut springs are constructed by attaching each skin node x[s with the neighbor

^_neig or i

^ .^ correSp0n(Jmg vertex x\ .

After surgery on the skull, the translations i and tneig °r '

of the spring-related skull attach¬

ment points originating at the coordinates x'b and xnbl%
or '

have to be computed. Since the

postsurgical skull is obtained by carrying out the surgery directly on the presurgical model, the

displacement vectors i can be computed directly from the difference between pre- and postsur¬

gical vertex positions.

Then, any vertex movement on the skull causes several force vectors /def t
on facial surface

nodes jc^, and therefore influences the energy equilibrium between the potential energy of the

surface and the external energy contribution. /def t
is computed as follows:

/de.^^llr^-r^Kl-k-^l)
jesS\S'J~'

(6.1)

Vertex indices are equal for related skin and skull nodes.

/def t
Deformation force at skin vertex /' as a result of a deformation of

the skull.

kc Force scaling constraint.

St Set of skull nodes for all springs attached at vertex /' on the skin.

s Spring connecting skin vertex /' at position x\, i.e. x's-xb .

i Translation vector of the skull vertex y as a result of a surgery on

the skull.

c Stiffness of spring s
.

Figure 6.9 illustrates the upper relations for a particular node i. In order to obtain a forcing field

from the nodal forces /def t,
[10] proposes the linear interpolation of the forces in the case of

elastic curves. Extending this approach towards 3D, we chose the setN of C -continuous inter¬

polation functions as discussed in section 4.2.1. Given the nodal force f^f m
(u, v) at each

node i of the triangular patch m, a vector-valued continuous force field function fm (u, v) is

defined, as
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l'Ù /def, i

facial surface node

initial node on the surface

of the skull

repositioned skull node

Figure 6.9: Computation of the nodal loading forces.

(6.2)

= i

Am)
and Fdef ,

the matrix providing the right hand side of the three global FEMequation systems, is

computed from the local force field definition (6.2) as

Q

(6.3)

?{m)
It has to be noted that Fdef comprises the contribution for each component of Oand for each

direction in space, e.g. X, 7, and Z, in its rows and colons, respectively. This establishes a global
equation system for each component.

6.5 Preliminary Results

Figure 6.10 and figure 6.11 shows preliminary results obtained with the bivariate and trivariate

approaches, respectively. For an extended discussion, including a quantitative evaluation on

several example patients, the reader may refer to chapters 8.
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Figure 6.10: Surgical treatment simulated with the surface based model on the Visible Hu¬

man Dataset

a) Presurgical situation,

b) Prediction

Figure 6.11: Surgical Prediction of the example patient
a) Presurgical situation,

b) Prediction
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7
Facial Expression

Synthesis

This chapter extends on the bivariate facial model described previously with facial expression
synthesis. In contrast to existing physics based facial animation systems which register a generic
mesh with a laser range scan [55, 56], we strive to simulate the facial anatomy as closely as pos¬

sible. To this aim, our models benefit from the individual face and skull anatomy directly
obtained from medical imaging devices.

In order to simplify the build-up of the muscular system, tissue loads caused by a muscle con¬

traction are computed by means of a single muscle fiber. Therefore, we employ the approach of

Lee e.a. [55]. Furthermore, muscles are combined to so-called action units as proposed by
Ekman and Friesen in 1977 with the manual for the facial action coding system [21]. In turn,

several action units are combined to establish one of six base emotions. As stated by Waters [92]
- and denoted as future developments - this approach reduces the parameter space of facial

expression editing immensely.

In order to benefit from the linearity of our tissue model and to ensure interactivity, we propose

a precomputation of either the facial action units or the base emotions. Then, the precomputed
geometries can be weighted and superimposed to create an arbitrary facial expression.

The following chapter starts with a system overview elucidating the components of the pro¬

posed prototype of expression synthesis. Then a section follows dealing with the preliminaries
of expression editing: the muscle model employed and the facial action coding scheme of

Ekman and Friesen. A subsequent data preprocessing section describes the extension of the sur¬

face based facial model presented in chapter 5 required to perform facial expression synthesis.
Section 7.4 details user interaction for the system to work. It includes the definition of both

action units and base emotions, and the final composition of a facial expression. Some perfor¬
mance improvements are described in section 7.5. This chapter concludes with preliminary
results obtained with our prototype using the bivariate physical model.

7.1 System Overview

In order to compute the facial surface geometry resulting from muscular contractions in the

underlying tissue, the facial expression simulation starts with the build-up of the physics based

facial model, as described in chapter 5. With the set-up of the facial model, all anatomical data

129
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Physics Based Model

Set-up of the Mimical Model

Figure 7.1: System overview of the expression editor

available from the patient, such as the facial surface scan and individual skull and tissue stiff¬

nesses are integrated into the model of the face to be simulated In the case where the facial

expression synthesis is to be performed to improve patient care in advance of a facial surgery,

as envisioned in chapter 2, the data source may be the same as that used for facial surgery sim¬

ulation

After setting up the facial model, additional improvements of the anatomical representation
have to be carried out In figure 7 1, this step is termed "Set-up of the mimical model" and is

comprised of the anatomical definition of the mimical muscular system Therefore, the user

defines the muscle attachment points at the skull and in the tissue Such, muscular parameters

as width and strength have to be assigned to each muscle The set-up of the emotion model fin-
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ishes with the combination of several muscles into action units (AUs) and the computation of

the muscular forces corresponding to each AU.

Our FEMengine then determines the resulting facial expression, i.e. facial surface geometry,
caused by the activation of a single action unit. This computation step is comprised of precom-

putations to obtain an initial smooth facial surface. It also solves for local stiffness integration,
global assembly, the global equation system, and disassembly to obtain the displacement fields

belonging to a certain AU. Further details concerning the finite element method are described

in chapter 3.

The last computation step consists of the expression synthesis that superimposes displacement
fields belonging to selected action units. Aside from a composition employing facial action

units, a facial expression can also be synthesized by superimposing base emotions such as sur¬

prise and happiness. Finally, the facial surface is visualized.

7.2 Preliminaries

This section describes the muscle model and the facial action coding system used for both the

selection of a set of relevant muscles out of the facial muscular system and the combination of

several muscles into action units. The muscle model employed follows the approach of Lee,

Terzopoulos, and Waters [55, 56, 87], where it is used in combination with a mass-spring tissue

model. The facial action coding scheme was presented in 1977 by Ekman and Friesen [21].

7.2.1 The Muscle Model

As shown in figure 7.2a and 7.2b the muscular system responsible for facial expressions is com¬

prised of approximately 50 muscles. Depending on the resolution of the facial model used for

simulation, the contraction of a certain muscle generates force vectors at about 50 vertices on

the tissue surface. Each force is thought to be caused by a single muscle fibre. During the muscle

editing procedure as mentioned above, the user defines a central fiber of each muscle and the

computation of the force distribution at the skin is the task of the muscle model. The following
subsection addresses the generation of the entire muscular system from all central fibers and

from facial and skull geometry. This approach follows the work of Lee e.a. [55].

Ideally, each muscle is connected at its origin with the skull and by short elastic tendons in the

fascia at several points with the tissue. Due to the fact that the surface-based facial model pre¬

sented earlier does not contain any nodal points within the tissue, each tissue attachment of a

muscle is located at the facial surface. Therefore, each muscle contraction causes a surface load

function with a support comprised of all points on the facial surface that are inside the region of

influence of the muscle under observation.

In order to obtain the force vector at a certain point on the facial surface, we sum up all force

vectors caused from all muscle contractions in the neighborhood of the point at issue.

A forcing vector located at a certain surface vertex x is computed by taking into account two

geometric distances. First, the distance oîx perpendicular to the projection of the central muscle

vector onto the facial surface, and second the distance to the bone attachment point in the direc¬

tion of the muscle. In order to shorten the description, both values will be denoted with latitu-

dinally and longitudinally, respectively. In the following, we describe their computation from

the muscle definition and the facial geometry in detail.

Westart with the definition of several geometric parameters, namely:
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a) b)

Figure 7.2: The facial muscular system, accordingly to [85],

(a) frontal view and (b) profile view

arbitrary point i at the facial surface

s

Iff-

b
Itt:

Iff,

attachment of muscley at the facial surface

attachment of muscley at the skull surface

direction vector of muscley

«, surface normal at iff,

if. surface normal at iff,

if. averaged normal of muscley

Pa distance between m and jc-

For clarification, one might refer to figure 7.3a. The direction vector iff, and the averaged normal

if, of the muscley are computed as

iff

iff - iff

iff - iff

if.

b s

n + n
i i

b s

n + n
j j

(7.1)

Furthermore, the anatomical constants k and ca are introduced to respectively define strength

and latitudinal support of muscley'.
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Figure 7.3: Computation of the force distribution from the central muscle fiber

(a) variable definition, perspective view,

(b) variable definition, orthogonal view,

(c) central muscle fiber m..

Then, the distance value between the skull attachment point m and the orthogonal projection

of x'l onto the muscle vector

P,«
= {rn-x^m (7 2)

is used to compute the difference vector p between skull attachment and orthogonal projec¬

tion, as

Pp =x>- mj
~

Pj>mj (7 3)

This is in turn required to determine the distance between xt and the projection of the muscle

onto the facial surface, as
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%
= \K-<pJl"M\ • a4)

In the following, a normalization of p according to the length of the central muscle fibre yields

e"= Eil <7 5)

and is required for the definition of a longitudinally weighting function

0(e ) with e e (0, 1). Similarly, the support of a latitudinally weighting function

¥(7 ): ye (0, oi) is restricted between zero, and the width parameter m of muscle j,

yielding

Y»

% u

0 else

if(9»<(9
. (7.6)

As described in [55], the muscular force at the surface vertex /' is computed using both weighting
functions as

/„ = tytjWyjJmj > (7-7)

where the longitudinal weight distribution 0(e ) of muscley is defined by

0A<) = sin(ie^)+i(sin(2^e^ -1)+0 (78)

and the latitudinal weight ^Xlj,) of muscley is given with

*(Y7I) = ^(cosCTty^+l). (7.9)

Note that the longitudinal force distribution function 0(e) depends on the muscular constant

k ; this is expressed by the index/ k determines the longitudinally influence of muscle j:

Increasing its value beyond unity causes a narrowing of the sine weighting function and a wid¬

ening is yielded with k decreased below unity. Figure 7.4 shows the weight distributions for

both longitudinal and latitudinal direction, where 0(e ) is depicted for several values of k
.
For

a motivation and derivation of 0(e) and ^Xlj,), and for reasonable values of k and ca for

each muscle, we refer to [55].

Assuming that Nmuscles take influence on surface node i, the resulting nodal load/, is com¬

puted from the sum of all/,, as
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In contrast to [55], where a mass-spring approach is employed for the tissue simulation, the

finite element method requires a continuously defined forcing function at the surface. There¬

fore, we linearly interpolate the nodal surface loads/.

Since the tissue behavior is simulated by employing linear elastomechanics, increasing the mus¬

cular activity would result in a linear rise of the nodal forces that in turn leads to a linear surface

displacement. This enables the weighted superposition of displacement fields, and an additional

variable to describe the muscular activity is not required during force computations. Weexpand
on this topic in section 7.5.

7.2.2 The Facial Action Coding System

In 1969, Paul Ekman and Wallace V. Friesen faced the problem of finding a relation between

facial movements and the emotions non-verbally expressed in this way. They presented photo¬
graphs of facial motions to test-persons to statistically evaluate the emotions expressed. In order

to categorize the results, a parametrization of the space of possible facial movements was

required. This parametrization could have been obtained by measurements of the muscle acti¬

vations responsible for a certain facial emotion. While this approach would establish a list of

activated muscles as well as the degree of activation for each facial expression, it is inappropri¬
ate for the reasons listed below:

• Somefacial movements, e.g. raising of the inner or outer eyebrow, are caused by differ¬

ent parts of the same muscle.

• Several muscles are only moved in combination with others.

• It is quite difficult to measure the activation value of a single muscle.

Hence, Ekman and Friesen established a coding scheme for facial movements: Based on the

facial anatomy and by observing the motions resulting from muscle contractions they collected

a set of so-called action units of the human face. These action units correspond to muscular

activities that are visible for an observer on the one hand and can be separately activated on the



136 7. Facial Expression Synthesis

other hand. This facial parametrization approach is called Facial Action Coding System (FACS)
[21]. Based on the FACS, they found a unique categorization of the emotions surprise, fear, dis¬

gust, anger, happiness, and sadness into facial base movements.

7.2.2.1 Facial Action Units

As stated above, a description of facial expressions by means of facial action units is preferred
since there is no one-to-one relation between facial actions and muscle contractions. This fol¬

lows from two reasons: first, the inability of the facial muscular system to activate each muscle

separately, and second, single parts of large muscles may cause different facial actions. The first

case is easily verified by considering facial symmetry, especially in the context of mimical

expressions. As shown in table 7.1, an example for the second case would be the muscle fron¬

talis that causes AUj and AU2.

An individual facial play is generated by the activation of one or several entities from the facial

action coding system which is comprised of a total of 66 AUs. The action units are categorized
into four classes:

1. action units of the upper face

2. action units of the lower face

a) horizontal action units (e.g. dimpler)

b) vertical action units

c) diagonal action units (e.g. lip corner puller)

d) orbital action units (e.g. lip pressor)

3. mixed action units (e.g. sticking out the tongue)

4. head and eye positions

The groups I and II play leading roles in interpersonal relationships and are comprised of 46

action units. Table 7.1 lists the action units chosen from group I and II for the facial simulation

presented in this thesis. In the following, and according to literature, the action units are referred

to by an identification number.

Table 7.1: Selected Action Units

1 inner brow raiser frontalis, pars medialis

2 outer brow raiser frontalis, pars lateralis

4 brow lowerer depressor glabellae; depressor supercilii; corrugator

5 upper lid raiser levator palpebrae superioris
6 cheek raiser orbicularis oculi, pars orbitalis

7 lid tightener orbicularis oculi, pars palpebralis
8 lips toward each other orbicularis oris

9 nose wrinkler levator labii superioris, alaeque nasi

10 lower lid raiser levator labii superioris, caput infraorbitalis

11 nasolabial furrow deepener zygomaticus minor

12 lip corner puller zygomaticus major
13 cheek puffer caninus

14 dimpler buccinator

15 lip corner depressor triangularis
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Table 7.1: Selected Action Units

16 lower lip depressor depressor labii inferioris

17 chin raiser mentalis

18 lip puckerer incisivii labii superioris; incisivus labii inferioris

19 lip stretcher risorius

20 lip funneler orbicularis oris

22 lip tightener orbicularis oris

23 lip pressor orbicularis oris

24 lips part depressor labii, or relaxation of the mentalis or orbicu¬

laris oris

25 jaw drops masseter

26 mouth stretches pterygoids; digastric
27 lips suck orbicularis oris

28 nostril dilator nasalis, pars alaris

38 nostril compressor nasalis, pars transversa and depressor septi alaeque
nasi

39 lids drop relaxation of the levator palpebrae superioris
41 eyes slit orbicularis oculi

42 eyes close relaxation of levator palpebrae superioris
43 squint orbicularis oculi, pars palpebralis
44 blink relaxation of levator palpebrae and contraction of

orbicularis oculi, pars palpebralis
45 wink orbicularis oculi

Example:

Employing the definitions above, each mimical movement of the eyebrows can be described by
selecting and weighting the action units AU1, AU2, or AU4. In figure 7.6 all possible facial

expressions caused by any combination of these action units are displayed.

Figure 7.5: Action units for eyebrow movements, from [22].

The figures 7.6 to 7.10 show a representative set of 20 action units selected from the table above.

The left image of each figure illustrates the muscles onto a facial photography; on the right, the

corresponding action units are presented. The action units are depicted by numbers in white cir¬

cles that are located at the origin, i.e. the fix point of the corresponding muscles on the skull. All

following photographs show the location of the action units and base emotions as originally
published in [21] and [18], respectively.



138 7 Facial Expression Synthesis

1 Inner brow raiser

2 Outer brow raiser

4 Brow lowerer

6 Cheek raiser

7 Lid tightener

Figure 7.6: Action units of the upper face, from [21]

9 Nose wrmkler

10 Lower lid raiser

15 Lip corner depressor

16 Lower lip depressor

17 Chin raiser
"^m ÊÊÈÈÊËÊÊËÊ&' E9SËËÈÈÊ '"^wwfw^' IBBllili.

Figure 7.7: Vertical action units of the lower face, from [21]

14 Dimpler

20 Lip stretcher

Figure 7.8: Horizontal action units of the lower face, from [21]

11 Nasolabial furrow deepener

12 Lip corner puller

13 Cheek puffer

Figure 7.9: Horizontal action units of the lower face, from [21]

7 2 2 2 Base Emotions

As mentioned earlier, Ekman and Friesen investigated the relationship between facial expres¬

sions and emotions based on photographs of facial expressions The result of this research is a

unique categorization of the emotions (surprise, fear, disgust, anger, happiness, sadness) into

facial action units In order to use them in terms of abstract building-blocks for facial expression
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Figure 7.10:

18 Lip puckerer

22 Lip funneler

23 Lip tightener

24 Lip pressor

28 Lips suck

Orbital action units of the lower face, from [21]

synthesis, we briefly describe the base emotions and their decomposition into specific AUs that

produced the motion

Surprise, figure 7 11a

The inner and outer brows are raised and the skin below is stretched Horizontal wrinkles

are above the whole forehead The eyes are wide open, just as the mouth (jaw rotation),
the lips are relaxed

Fear, figure 7 lib

The outer brows are raised and the inner brows are lowered, wrinkles are visible at the

center of the forehead The upper lid is raised and above the iris the white of the eyeball
is visible The mouth is open and the lips are pulled backwards and are either stretched or

relaxed

Figure 7.11: Base emotions (a) surprise and (b) fear, from [18]

Disgust, figure 7 12a

The upper lip is raised and the lower lip is displaced either towards the upper lip or

moved downwards

Anger, figure 7 12b

The brows are lowered and tightened (AU4) Vertical wrinkles between the brows appear

and the lower lid is stressed and possibly raised The upper lid is stressed and possibly
lowered, which causes staring eyes The lips are either tightened and the lip corner is

pulled downwards or straight, or the mouth is opened rectangularly The nostrils are

sometimes flared

Sadness, figure 7 13a

The inner brows are pulled upwards and the outer brows are relaxed, causing a triangular
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Figure 7.12: Base emotions (a) disgust and (b) anger, from [18]

shaped skin region below the brows The inner corners of the upper lids are raised The

corners of the mouth are lowered

Happiness, figure 7 13b

The corners of the mouth are pulled back- and upwards Sometimes, the mouth is opened
and the teeth are visible The cheeks are raised which causes wrinkles below the lower

eye-lid that can be raised Crow's feet wrinkles occur at the outer corners of the eyes

a win Tiiiiii: m\ ******>" t m 0

Figure 7.13: Base emotions (a) sadness and (b) happiness, from [18]

To conclude each base emotion - surprise and fear, anger and disgust, sadness and happiness -

may be composed from properly weighted action units The corresponding action units and their

intensities in percent are depicted in table 7 2

Table 7.2: Action units corresponding to a base emotion, from [60]

Base Emotion 1

Activation of required action units [%]:

J 6 7 9 10 12 14 15 16 17 20 23 26

Surprise 40 30 - 60 20 25 - 10 - 60

Fear 50 10 80 60 - - - - - - 30 - - 10 - 30

Anger - 30 60 - - 50 20 10 15 - 30

Disgust - 60 40 - - - 20 - - - 60 - 30 - - -

Sadness 40 - 50 - - - - - - - 40 - - - 20 -

Happiness 65 - - - 70 - - - 10 10
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7.3 Data Preprocessing

This section expands on preprocessing steps required to extend the facial model towards facial

expression synthesis. Although already described in section 5.3.6.1, the definition of the bound¬

ary conditions is briefly outlined for facial animation purposes. Furthermore, the integration of

the muscle anatomy into the simulation model and some aspects of mandible movements are

described.

7.3.1 Boundary Conditions

As stated earlier, boundary conditions are required to complete the finite element problem def¬

inition and to avoid rigid body motions. Furthermore, they suppress the simulation of regions
that do not move, and therefore they reduce the overall degree of freedom and computational
costs.

a) b) c)

Figure 7.14: Geometric boundary conditions:

a) Head with boundary conditions,

b) Interactive definition process,

c) Boundary conditions used for the simulation of the VHD.

As with craniofacial surgery simulation, we exclude from consideration all regions from the

finite element computations that will not be affected from changes caused by muscle contrac¬

tions. This includes the backside of the head, hair, shoulders and neck. Additionally, the defor¬

mation of regions on the facial mask that are not affected from facial expressions is suppressed.
Therefore, the eye balls and the bridge of the nose are prescribed to zero movements. Figure
7.14 shows boundary conditions defined for the simulation of both a young man's face and the

VHD.

7.3.2 Muscle Definition

The main preprocessing step of the anatomy-based facial animation is the definition of the cen¬

tral muscle fibers. Since this task cannot be fully automated, user interaction is necessary.

Figure 7.15a illustrates the idealized muscle anatomy at the example of a 3D facial model

obtained from the Visible HumanDataset. The naming of each muscle is shown in figure 7.15b

for the same model. The second image is captured during the muscle editing process in a com¬

mercially available 3D modeler.

In order to simplify the insertion of muscle fibres into a particular facial model, the following
approach is proposed: A facial surface and the corresponding skull are given in terms of 3D

geometries. In addition, a group object of each central muscle fiber is available and comprised
of particular information for each muscle, such as muscle identification j, muscle width m and
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a) b)

Figure 7.15: Definition of central muscle fibers with Alias:

a) Central muscle fibers within the geometrical model,

b) Muscle positioning using a 3D modeler and muscle names.

strength k in proportion to the individual muscle length, and preliminary endpoints. Then,

face, skull, and the muscle object are imported into a 3D modeler. The group of muscles is (non-
proportionally) scaled to the size of the face and registered manually. By selecting and moving
the ends of each muscle fiber the muscles are attached with surface vertices. This procedure is

aided in most 3D modeling systems, such as Alias, by means of a gravity option during vertex

movements.

Finally, the muscle ends and the corresponding surface attachment vertices are aligned, but rep¬

resented in terms of different data objects. Hence, a hashing algorithm is applied to identify the

corresponding indices of each vertex pair with identical coordinates.

7.3.3 Jaw Rotation

Besides action units, the opening and closing of the mouth is an important component of some

base emotions, as for example surprise. While action units are caused directly by muscle con¬

tractions, the opening of the mouth is the result of a jaw rotation.

Similarly to the simulation of orthognatic surgeries, as described in chapter 6, we model the

effect of the jaw opening by means of prescribed displacements on bone regions. The geometric
modeling of the jaw rotation is carried out in the following three steps:

Selection of the mandible:

After skull iso-surface extraction, the lower jaw and the remainder of the skull forms a

unified whole. Hence, the skull region that represents the mandible has first to be

selected. For this purpose we employ - as described in section 6.3.2 - the enrolled and

shaded heightfield of the skull to create a binary surface texture. This is performed inter¬

actively with a painting software that features layered images. As shown in figure 7.16a,
all vertices belonging to the lower jaw can then be clustered and transformed as a whole.

Definition of the rotation axis:

As depicted in figure 7.16b the next step comprises the definition of the rotation axis for

the jaw opening. Therefore, left and right joint of the mandible are selected to properly
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define a straight line that serves as the rotation axis. This step can be fully performed in a

commercially available modeling system, such as Alias.

Rotation of the jaw:

By defining jaw vertices and rotation axis, a jaw opening can be performed for a given
rotation angle, as shown in figure 7.16c.

Figure 7.16: Jaw rotation:

a) Selection of the mandible,

b) Definition of rotation axis,

c) Rotated jaw.

7.4 Synthesis of a Facial Expression

Figure 7.17 sketches the data flow suggested for expression editing purposes. Each arrow

denotes a weighted selection of prior entities which is used to compose an entity of the next step.

Figure 7.17: Mapping between muscles, action units, base emotions and expressions.

Besides the selection of muscles or muscle components, the activation value belonging to a cer¬

tain muscle (or muscle component) is an important parameter to define an action unit. This step

is denoted by arrow l . Similarly to the action units that are composed of muscles, each emo-
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tional expression is defined by selecting and weighting action units The definition process of

the base emotions is represented by arrow 2 Since both steps are independent from an indi¬

vidual face, they are carried out in advance to the expression editing

In order to synthesize a facial expression, three methods might be employed The composition

of a facial expression by means of properly selected muscles 4 on the one hand, or the

weighted superposition of action units 5 on the other hand While both methods are possible,

the superposition of base emotions A is preferable for the following reasons

• As stated earlier, some action units combine several muscles that can not be moved

individually Hence, 4 provides additional degrees of freedom, e g asymmetric facial

plays, but the resulting facial expression might look unnatural

• While the composition denoted by 5 allows the modeling of all possible facial

expressions, it is evident that a highly experienced user would be required to chose the

correct action units for a desired facial expression

• In contrast to 4 and 5 ,
A offers the possibility to abstractly describe an emotional

expression by means of base emotions This method provides a powerful interface to

the prototype that is user-friendly and easy to comprehend It is noteworthy that facial

expressions mostly contain a mix of base emotions on the one hand and that emotional

expressions are most important in interpersonal relationships on the other [20, 18, 19]
If base emotions would not be sufficient to compose a certain expression, action units

could be added subsequently

In addition to the definition of the muscular activity of a certain facial expression, a jaw rotation

might be desired Therefore, the rotation angle of the jaw is fed into the system

For illustration purposes, the graphical user interface is presented in figure 7 18 It is capable of

defining both action units
andbaseemotionsFEMUIselectionofactionunitsselectionofmusclesdefinitionofjawrotationdefinitionofboundaryconditionsFigure7.18:GenericGUIforthedefinitionofbothactionunitsandbase

emotions
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7.5 Performance Improvement

The expensive FEMcomputation would disable any interactivity, thus preventing the prototype
from facial animation purposes. In order to eliminate this drawback, the system provides the fol¬

lowing performance improvements: Without loss of accuracy the editing process of a facial

expression can be accelerated by using precomputed displacement fields for each muscle com¬

pression, for each facial action unit or at least for each base emotion.

Without loss of generality, we reduce the following considerations to the precomputation of

facial action units. The superposition of muscle units or base emotions would be performed
analogously.

Saprnfmrn
jjjjgjj .pmmm*

reference face

selecting and weighting expressions

Figure 7.19: Generic GUI for the superposition of precomputed facial actions.

7.5.1 Precomputing of Facial Action Units

As described in chapter 4, the resulting facial surface is provided with the displacement function

U. The Galerkin projection enables the discretization of this solution function by means of a set

of interpolation functions and a solution vector U.

As discussed earlier, the right-hand side of the global linear FEMequation system Kt/ = F

represents the contribution of the discretized surface forcing function caused from muscle con¬

tractions. Let FAU and FAU be two independent surface load vectors resulting from two facial

acti on units AUl and AU,, respectively. The corresponding solution vectors UAU and UAU can

be computed as

KUAU, ~ FAU, and KUAUj = FAUj (7.11)

thus having for the resulting node vector the composed facial expression

KU = FAU+FA„ with U=UAU+ UAUi (7.12)
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Note that the upper approach is allowed only in the case of linear elasticity. In non-linear set¬

tings more sophisticated approximations have to be found [5].

Furthermore, a weighted superposition of action units is provided; for example, each patch mof

a facial expression comprising the action units AUl and AU, to 60% and 30% is computed as

B = em\0ßU{l + 0ßU^ + Uimt) . (7.13)

Since the polynomial interpolation functions O
m

have to be evaluated for each patch (m), the

computation of the scalar product (7.13) is quite expensive. Hence, for each action unit we pre-

compute the resulting surface by subsampling the piecewise given facial surface to benefit from

the C -continuity. Let B be the vector comprising the coordinates of all vertices of the subsam-

pled original face, and ÜAUk the equally-dimensioned subsampled displacement field resulting

from the activation of an action unit k. Wethen approximate the final facial surface as

B = B + 0,7'Uau, + 0,3 Vau,. (7.14)
j

For each vertex being translated due to the facial action, 6 multiplications and 6 additions are

required.

As depicted with the "SuperPoser" GUI in figure 7.19, a facial expression is then composed

from facial actions BAUk and a reference face B by exploiting the relation

UAUk = BAUk-B. (7.15)

7.6 Results

Figures 7.20a to 7.20d show results obtained with the presented prototype. The editor and the

FEMpipeline is programmed in AVSand the visualization is performed under the guidance of

the commercially available modeler Alias.

Figure 7.20a shows a little smile, which is created by an activation of the muscles cygomaticus

major and depressor labii. In 7.20b the cygomaticus minor, levator labii and levator labii nasi

are activated. Figure 7.20c illustrates the anguli depressor pulling the mouth corners down¬

wards and 7.20d shows the result of a jaw rotation combined with activated depressor labii.

In surgery simulation the prediction quality is of paramount importance and the computational
costs can be neglected to a certain degree; the application of our models in facial expression syn¬

thesis require extensive computations of action units or base emotions in advance. Hence, and

due to the aforementioned reasons we focus on the use of the volumetric approach for the pur¬

pose of surgery simulation and mainly employ the surface-based model in facial expression syn¬

thesis.
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(a)

Figure 7.20: Facial expression synthesis performed at the Visible HumanDataset
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8
Evaluation

This chapter evaluates the prediction capabilities of the volumetric model in surgery simulation.

Westart with a description of techniques employed for the comparison of facial surfaces. Sec¬

tion 8.2 continues with possible error sources in facial surgery simulation. Then, results are pre¬

sented for both models in surgery simulation.

8.1 Error Measurements

In order to validate the prototype in the context of orthognatic surgery simulation, and to obtain

both a quantitative and a visual impression of the quality of simulation, we compare the post¬

surgical face with the prediction. Therefore, we employed two visual approaches and the com¬

putation of the absolute difference volume.

8.1.1 Profile Lines

The most intuitive approach to visualize the prediction capabilities is the comparison of profile
lines. Hence, surgeons use overlaid X-ray scans from the profile to observe the outcome of a

surgical treatment. While 3D surfaces might cover each other, profile lines benefit from a reduc¬

tion of the dimensionality and therefore from the possibility to simultaneously visualize and

compare intersection lines of a plane with several surface objects. The main drawback lies in a

lack of visualization for the 2D error distribution over a facial surface in 3D. This drawback is

diminished during an interactive positioning of the intersection plane, thus visualizing several

contours of the surfaces to be compared.

The error visualization by means of profiles requires first the registration of the surfaces and a

subsampling of the surface elements, then an intersection plane is positioned to compute the

intersection lines between intersection plane and surfaces:

Surface Registration: At first, both geometries have to be registered by using the Procrustes

method as described in section 5.3.2. Since this method is based on manually set land¬

mark pairs on both surfaces, their positioning is a critical issue: Landmarks have to be

defined at facial regions not affected by the surgical treatment. In addition, tissue swell¬

ing that might cover cheeks reduces the overall amount of feature points. Thus, the user

is restricted to landmark pairs around nose, ears and eyes.

Surface Subsampling: The predicted facial surface has to be subsampled, see section 3.3.3. In

149
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a) b)

Figure 8.1: Evaluation methods:

a) Profile lines,

b) Visualization of the error distribution by means of a surface texture.

contrast to the postsurgical laser range scan that is given in the original resolution of

450x512 sample points, the predicted surface is obtained from the finite element simula¬

tion based on a reduced mesh. Hence, the piece-wise defined surface function yielded by
FEMmust be subsampled for each patch to yield a resolution at least comparable to a

laser range scan.

Selection and Computation of Profile Lines: With the preprocessing steps described above,
the profile lines to be visualized are chosen by means of a plane that intersects both facial

surfaces. The intersection plane is placed interactively and the profiles are computed and

visualized instantly.

Figure 8.1a shows three profiles representing the presurgical profile, postsurgical situation, as

well as the prediction of the simulation prototype.

8.1.2 Surface Texture and Global Error Volume

While profile lines are a powerful and intuitive approach to visualize the prediction capabilities
of the system, they do not provide a global visualization of the error distribution over the facial

surface. In order to get an impression of the prediction error over the whole facial surface, an

interactive exploration of the surfaces or at least various profile lines would be required. For

presentation purposes, a static representation of the error distribution in terms of a rendered 3D

surface and a texture map is desirable.

Wevisualize the surface error distribution E{u, v) with pseudo colors mapped to the radial dis¬

tances between prediction B' {u, v) and postsurgical surface scan B" {u, v) as

E(u, v) = \B(u, v)-B"(u, v)|. (8.1)



8.2 Sources of Error 151

It has to be stated that subsequently to a registration both surface share the same (u, v) coordi¬

nate system. The error estimation requires the registered and subsampled surfaces as described

in section 8.1.1, and involves the following steps:

Height Field Transformation: In order to compute the distances between both faces, the

facial surfaces —originally given in cylinder coordinates— are transformed into the

height field representations. This approach allows the computation of the radial distance

in terms of a height difference.

Scan Conversion: A subsequent scan conversion subsamples both surfaces on the same grid,
thus allowing the direct computation of the distance values by means of a Z-buffer. In

order to yield sufficient height resolution, the Z-values are represented by float variables.

Therefore, a generic scan conversion algorithm suited for convex polygons is employed
[40]. In order to improve both accuracy of the subsequent error volume computation and

visualization, subsampling rate and height field resolutions can be increased.

Error Volume: Finally, the absolute value of the volume difference is computed from the reg¬

ular height fields. Therefore, the midpoints of four neighboring pixels on the predicted
surface define a 2D cell. A distorted parallelepiped results from their combination with

the corresponding cell on the postsurgical laser range scan. By transformation of each

parallelepiped into cartesian (X, Y, Z) coordinates and summing up their absolute vol¬

umes, we end in a global error volume.

Visualization: The resulting error distribution is visualized by means of a pseudo-colored sur¬

face texture. For this purpose, the height distances are interpolated between three colors:

red, if the postsurgical surface lies in front of the prediction, green if it lies beyond, and

blue in the case of a perfect prediction. The distance value representing the maximum

saturation can be chosen freely. If a certain distance value exceeds the maximum, the

color corresponding to its sign will be completely saturated. Otherwise, the saturation is

interpolated linearly.

A typical comparison of the prediction result with the surgical outcome comprising profile con¬

tours and pseudo-colored facial surface is shown in figure 8.1b for the case of our example
patient.

8.2 Sources of Error

Before presenting individual cases, some general sources of errors deserve discussion. There¬

fore, we distinguish between sources arising from data acquisition, data preprocessing, simula¬

tion and evaluation. The error sources are presented with those contributing the most error first.

8.2.1 Medical Sources

• Depending on the complexity of the surgery, deviations in results may be due to the

state of reduction in swelling (detumescence) which can take up to one year. Figure 8.2

shows the detumescence according to the visualization method presented in 8.1.2.

Therefore, the patient was scanned two weeks after surgery to obtain a reference sur¬

face, again six weeks and eight months after treatment for documenting the detumes¬

cence. Differences of up to two millimeters were measured at the cheeks.

• Air inclusions between incisors and lips may disappear with the surgical treatment.

They result from misplaced jaws and lead to differences between presurgical prediction
and postsurgical facial surface. For an illustration of this error source, figure 8.3 shows

a presurgical CT compared with the postsurgical situation.
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face shortening
caused from

problems during
bone knitting

Figure 8.2: State of swelling, obtained from the example patient case:

Surface prediction compared with corresponding postsurgical scans

b) 7weeks and

c) 8 months after surgery.

Figure 8.3: Inclusions of air causing deviations on the facial surface:

a) presurgical tomography, and

b) situation after surgical treatment.

• Similarly to air inclusions, slight lip displacements caused by dental braces can occur,

for they are often removed or changed immediately after surgery.

• In a few cases, problems during the knitting of the osteotomies might take place. As

shown in the post-surgical evaluation of our example patient in figure 8.2b, due to heal¬

ing problems after surgery, the face was getting shorter again. This can be observed on

the error distribution of figure 8.2b in comparison to figure 8.2a. Around the lower

chin, a green region occurred 8 month after surgery, i.e. the postsurgical face became

shorter than the results shown in the laser range scan taken immediately after surgery.
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8.2.2 HumanFactors

• Differences in facial muscular activity between pre- and post-operative photographs
and laser range scans are unavoidable. Further, head alignment, head motion artifacts

and even pulse can distort the quality of a laser range scan and result in errors.

• Inconsistencies between the pre-operative planning and the surgery as it is indeed car¬

ried out are unavoidable for practical reasons. Even differences between surgery min¬

utes and performed surgery have to be taken into account. Postoperative measurements

obtained from a comparison of pre- and postsurgical computer tomographies are diffi¬

cult to obtain due to several reasons. See 6.3.4 for a discussion concerning the re-mod¬

eling of the surgical procedure.

8.2.3 Facial Model

Anticipating chapter 9, the volumetric approach turned out to be best suited for the purpose of

facial surgery simulation. Wetherefore restrict our discussion to error sources arising from the

volumetric model:

• The physical model could fail if the relative positions of the upper to the lower lips
would change during surgery, e.g. if the fullness of the lips would be affected. This

source of error is caused in the neglect of any sliding and collision between upper and

lower lips. Similarly, the model does not handle sliding between lips and teeth or gum.

The simulation of sliding over a non-planar surface, e.g. teeth, would require an itera¬

tive approach with non-linear constraints. Furthermore, a collision detection between

upper and lower lips, as well as between lips and teeth would be necessary. Such con¬

siderations would increase the complexity and computational costs immensely and the

benefit would be relatively small. Therefore, such extensions are dedicated to future

work. However, boundary conditions that restrict the lips to slide within a plane that is

perpendicular to one of the main axes could be defined. While this approach would

improve the results in some cases, it would also require presurgical assumptions on the

tissue behavior. It would therefore result in a loss of generality in the facial model.

• The soft tissue simulation is carried out by employing linear elasticity. Hence, increas¬

ing a surface force would result in a linear increase in the displacement. This corre¬

sponds to the idealizations of the body under observation and is valid for small

displacements and small strains. The benefit of this approach during FEMcomputa¬
tions is that each volumetric stiffness integration can be performed over the volume at

rest (small displacements), and that the stress can be computed from the strain tensor

via a linear stress strain relationship (small strains). In FEMliterature [5, 46, 95], this

assumption is denoted by small displacement/small strain analysis. During the evalua¬

tion it has been turned out that in the special case of craniofacial surgery simulation —

prescribed displacements, no surface or volume load— the linear approach provides
reasonable results.

• Up to now, the simulation is performed using a single layered FEMdiscretization. This

means that a single prism element represents the facial surface at its top and the bone at

its bottom. This simplification neglects any variation in tissue elasticity or incompress-

ibility between facial surface and bone.



154 8. Evaluation

8.2.4 Evaluation

• The matching of the post-surgical laser range scan and the result of the simulation

needed for the quantitative evaluation is prone to errors as appropriate reference points
can only be found in unaltered regions of the face. In order to illustrate this issue, figure
8.4 shows the registration of two facial surface scans obtained within a single scanning
session.

Figure 8.4: Registration of two facial surfaces obtained from the same example patient.
Large errors around mouth, eyes and neck are resulting from muscular activ¬

ities; the remaining errors from registration errors introduced by the manually
set landmark pairs.

8.2.5 Data Acquisition

• As discussed in section 5.2.4, the quality of computer tomographies can suffer from

artifacts arising from dental braces or inlays. This affects the tissue segmentation, and

the registration of the laser scan with the facial iso-surface obtained from volume data.

• Besides motion artifacts, as described in 8.2.2, facial surface reflections during the laser

range scanning result in void samples or peeks that have to be removed manually in a

postprocessing step.

8.3 Prediction Results

This section presents the results of orthognatic surgery simulation for several patient cases. We

elucidate the performance of the surface based approach in the case of the Visible Human

Dataset and present the prediction quality of the volumetric approach on a patient data base.

This data base is established on real patient data, i.e. patients with pathologies that are corrected

during a surgical treatment.

8.3.1 Bivariate Model

The surface based model is tested for the case of the Visible Human Dataset. Therefore, we

employed the cryosections for extracting the facial surface in a simulated laser range scan and
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Figure 8.5: Visible HumanDataset craniofacial surgery on the mandible (a) pre-surgical
profile, (b) predicted profile, and (c) predicted frontal Craniofacial Surgery
on the upper jaw (d) pre-surgical diagonal, (e) predicted diagonal, and (f) pre¬

dicted frontal

the CT is used to reconstruct the skull Although no medical treatment was indicated on this data

set and the results cannot be compared with a postsurgical facial shape, the simulation shows

reasonable prediction capabilities of the surface based model

The goal was to predict the facial shape after standard procedures in maxillo craniofacial sur¬

gery Figure 8 5a-c shows the shapes of the skull and face before and after an osteotomy and

advancement of the lower jaw bone These pictures represent the corresponding deformations

of skin in profile and frontal view Obviously, the surgical procedure strongly affects the

appearance of the face This is even more striking in Figures 8 5d-f where an osteotomy and

advancement of the upper jaw bone is presented The affected facial region of the first surgical
procedure is comprised of approximately 3k triangles For each iteration, the computation of the

global stiffness matrix took approximately 17 minutes, the solving of the global equation system
11 minutes The calculations were carried out on a SGI Indigo2, R4400, 200MHz, 192MB

During the production of a short video animation we observed several problems that cannot be

illustrated with a still image The main problem of the surface based approach lies in the proper

definition of boundary conditions and the required iterative solution Especially during the

movement of the upper jaw, the surface area affected also included the region below the orbitals

Wecope with this problem with an iterative solving procedure and the proper setting of bound¬

ary conditions Therefore, in a first step the surface load caused from bone movements and

tissue springs is determined Then the variational surface displacement corresponding to the

surface load is computed during the FEMstep Subsequently, the surface load resulting from

the deviated tissue springs are computed again and so on With the distance to the origin of
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deformation, this procedure results in a decrease in the surface displacement. Since this distance

depends on the surface tensors such as stretching penalty, spring constants and the surface

parameters have to be set carefully, as described in 5.

Aside from the problems mentioned above, the surface-based approach does not provide the

simulation of incompressibility. Hence, for further evaluations and patient cases in facial sur¬

gery simulation we confine ourselves to the volumetric approach.

8.3.2 Trivariate Model

In the following we demonstrate the capabilities of the volumetric facial model on the cases of

four patients. The patient data base is courtesy of the University Hospital Zurich. Based on pre-

surgical computer tomographies and laser range scans of the patients we simulated the surgical
treatment. The evaluation of the prediction was then performed based on postsurgical patient
data as computer tomographies and surface scans. Additionally, photographs of the pre- and

postsurgical situation are provided to visually compare the changes and the prediction capabil¬
ities.

For each patient we visualized the error with profile lines and the error distribution over the

facial surface. A quantitative measurement of the difference volume completes the evaluation

of each case.

8.3.2.1 Patient Case DoDa (Example Patient)

The results of the simulated correction of the short face syndrome of our example patient are

depicted in figure 8.6. He suffered from a retrodisplacement of the maxilla and mandible (upper
and lower jaws) in combination with a deep bite because of a predominantly horizontal growth

pattern of the bases of his jaws in relation to the skull base.

The correspondence of simulation and real surgery is exceptional. The profile lines are given in

figure 8.6d, where blue, green and red represent pre-surgical, simulated and post-surgical situ¬

ations respectively. Minor deviations can only be observed in the region of the mouth. In addi¬

tion, the frontal error visualization reveals artifacts due to swelling.

8.3.2.2 Patient Case KaSu

Figure 8.7 presents the second case, where a retromaxillism with dished-in midface had to be

cured. This malformation is caused by an insufficient anterior (sagittal) growth of the maxilla

in combination with a slightly overprojected mandible. As a consequence, upper lip, nose and

especially paranasal tissues are not sufficiently advanced. Further, the chin is far to prominent.

Again, there is little deviation between simulation and real outcome. The main error at the lower

chin is caused by unaligned scanning positions.

8.3.2.3 Patient Case WiRa

Figure 8.8 shows a complex facial asymmetry due to a chronic disease of the facial bones in the

left midface (fibrous dysplasia). Overgrowth of the left half of the lower jaw, the left cheekbone

and the bones surrounding the eye sockets (periorbital bones) led to a severe transversal devia¬

tion of the occlusal plane.

The simulation of a case of such complexity is demanding due to the correction of asymmetries
as well as because of the rotations and the genioplasty introduced during surgery. As can be seen

in the profile lines, the correspondence at the chin and lips is satisfactory.
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Profiles: (a) pre-surgical, (b) predicted, (c) post-surgical, (d) profile linesPor-

traits: (e) pre-surgical, (f) predicted, (g) post-surgical, (h) error

8.3.2.4 Patient Case WiCh

Similar to the case in figure 8.7, figure 8.9 shows a patient suffering from excessive vertical

growth of the retrodisplaced maxilla. In this case, only the molar teeth are in contact. The incisor

teeth are too far behind and therefore cannot touch their antagonists in the mandible. In addition,
the lower jaw is overprojected to a certain extent.

The surgical procedure only introduced a very small displacement field. Although the resulting
contour lines are acceptable, the accurate simulation of such small bone movements lies beyond
the resolution bounds of the system.
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9
Conclusion and

Future Directions

9.1 Conclusion

With this thesis we present the prototype of an envisioned software system that is capable of

cranio-maxillofacial surgery simulation, surgical outcome prediction, and patient care in

advance of facial surgery. Apart from the prediction of the steady-state postsurgical appearance

using a volumetric FEM-based approach, the synthesis of facial expressions on the predicted
face is possible by employing a surface-based FEMsimulation. Weand our medical partners

are convinced that in clinical practice such a system would improve both planning of the aes¬

thetic concerns raised by facial surgery and communication between surgeon and patient.

To ensure a potential application of our prototype in a medical environment, certain demands

on the envisioned setting were taken into account. Firstly, the facial model build-up, the surgical
planning and the FEMcomputations should take less than one hour. Secondly, the quality of the

geometrical surface representation and its visualization should be outstanding, and thirdly, a

thorough field study on real patient cases must be performed.

Therefore, we developed and subsequently evaluated two physics based facial models that pro¬

vide the desired features. Westarted from a simple surface based model that can be thought of

as an elastic surface stretched over a mesh of springs. While this model is capable of reasonably
predicting the post-surgical surface, we found that it lacks some features that prevent its use in

a medical context. Firstly, it requires the separation of the facial tissue into a surface and a vol¬

umetric component, and thus the explicit definition of surface and volumetric material parame¬

ters. Apart from the fact that this approach is rather inelegant, it suffers from a missing
biophysical motivation. Secondly, in contrast to the volumetric approach, a desired volumetric

behavior in terms of incompressibility —i.e. strains perpendicular or opposite to the original
direction of deformation —would require the extension of the surface based approach by means

of additional external forces that ensure volume preservation. Thirdly, the exact solution of the

surface based model requires a non-linear approach with an iterative solution procedure. While

in facial expression synthesis the required precision is of less importance and the surface based

model is appropriate and of sufficient accuracy after one iteration, the facial surgery prediction
requires a volumetric approach.
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Hence, we extended the surface based model towards volumetric behavior that provides the

simulation of incompressibility by means of linear elastomechanics. This approach, termed the

finite element mixed formulation of static elastomechanics, provides the simulation of fully
incompressible elastic material while still keeping linearity. In addition, the prism elements

employed are directly derived from the surface based model. Therefore, the surface interpola¬
tion functions are extended towards 3D via a tensor product approach to yield prismatic inter¬

polation functions. Instead of connecting top and bottom triangles with a spring mesh, they are

now used to establish prism elements during the set-up of the facial model.

In order to thoroughly evaluate our facial model, we developed several methods to compute and

to visualize the prediction error. By establishing a database comprising pre- and postsurgical
data such as laser range scans, helical computer tomographies, photographs and surgery min¬

utes, we were able to directly compare the prediction against the postsurgical outcome. There¬

fore, we quantitatively described the error and its distribution over the facial surface.

Werestrict ourselves to the prediction of the facial surface after surgeries that are carried out on

the skull, so called cranio-maxillofacial surgeries. In contrast to cranio-maxillofacial surgery,

the simulation of cosmetic or reconstructive plastic surgery, e.g. a face lift that is performed in

the soft tissue, would require more sophisticated approaches during the data acquisition to

obtain the geometry of small wrinkles around the eyes or at the cheeks. In addition, the individ¬

ual thickness of the skin would be very important for the simulation of plastic surgeries, thus

new medical imaging methods and segmentation techniques would first have to be developed.
Furthermore, the physics based modeling of plastic surgery requires more advanced techniques
that allow the geometric representation of several soft tissue types and non-linear constraints,

e.g. sliding effects between different tissue types.

According to our clinical partners, the results obtained are outstanding. Nevertheless, as

described in the following section, to a certain degree the prototype could be improved whith

regard to prediction capabilities and usability.

9.2 Future Directions

This section describes future research directions for improving the performance of the presented

system. It is clear that the problem of facial surgery prediction can be divided into several sub-

tasks that could be solved individually. For the solution of each of these tasks several alterna¬

tives have to be evaluated and the method that performs best has to be chosen for the system. In

the following we describe alternatives to our approaches that might improve the prediction
capability of our system.

The first problem to be solved is the selection of the data to be used for build-up the facial

model. Wedecided to combine the facial surface geometry obtained from a laser scanner with

a volumetric data set from computer tomography. While CT data is well suited for the extraction

of bone tissue, soft tissue discrimination is difficult. In order to improve the simulation of the

soft tissue behavior, with other medical imaging techniques like MRI or PET, additional ana¬

tomical information might be taken into account. In combination with an enhanced tissue seg¬

mentation based on magnetic resonance imaging, the finite element mesh could be improved by
introducing tetrahedral elements. In contrast to the approach presented, this would allow the

generation of a finite element mesh that geometrically represents the soft tissue structure —e.g.

skin, fat, muscles, and cartilage —between skin surface and bone. Apart from a more accurate

elasticity and incompressibility assignment to each finite element, this improvement would

allow the modeling of tissue sliding between several soft tissue types.
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Weintroduced facial surface scans obtained from a Cyberware laser range scanner to get rid of

metal artifacts in computer tomographies. While the mesh resolution of the facial surface is

improved this way and the artifacts are vanishing, the facial surface is represented in a cylindri¬
cal coordinate system and cavities as they occur behind the ears and in the nostrils are neglected.
In addition, due to the long duration of a single face scan, head and muscle movements diminish

the accuracy of the resulting surface mesh. Hence, future research should aim to find alternative

scanning devices that handle cavities and reduce scanning time.

In order to combine the base data sets and to compare the prediction with the postsurgical out¬

come, a registration step is required. Therefore, a semi-automatic method based on user-defined

landmark pairs is employed. Future research should focus on the thorough evaluation of exist¬

ing, and the development of new, fully-automatic and error-tolerant alternatives for the surface

registration.

Wehave learned that simulating soft tissue by means of the mixed formulation in order to sim¬

ulate fully incompressible materials is not required. An incompressibility of v = 0.49 would

be sufficient and could be simulated with the pure displacement based formulation. This would

in turn reduce the computational costs, and the degree of freedom for the elements could be

increased by means of either a finer discretization or more degrees of freedom of the finite ele¬

ments.

The restriction to (^-continuity in the interior might have effects on the volumetric behavior of

the tissue. In the computer graphics group, an extension of the system to full C -continuous tet-

rahedral elements giving additional topological freedom is currently being investigated. Fur¬

thermore, in order to comply with results of biomechanical studies, the integration of non-linear

elasticity into the model is planned. Since, however, the additional computational costs are

enormous, the resulting benefits in comparison to the loss of accuracy during data acquisition
have to be evaluated thoroughly.

Finally, adaptive multigrid methods in combination with hierarchical bases could substantially
speed-up the simulation.
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