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Abstract

This thesisis an investigation of the possibilities of realtime surgical simulation,
speci cally within the domain of congenital heart diseases.The problem domain
of surgery on the heart of an infant is preserted and the primary information
necessaryfor a pre-operative surgical simulation tool is identied. Through
cooperation with surgeons,domain speci ¢ abstractions and simpli cations with
respect to soft tissue simulation is identied and usedin the investigation of
models for tissue deformation.

In generalit is not possibleto calculate the deformation of tissue preciselyin
realtime. We therefore needto use simplied elastic models that approximate
the real behavior of tissue. The most popular modelsfor realtime interaction and
response;the Finite Elemert model and the Spring Mass model are presered
and discussedwith respect to to surgery on the heart of an infant. A number
of variations and extensionsof the classic Spring Mass model are investigated
to identify the characteristics that can use the domain speci ¢ knowledge of
tissue deformation and interaction in cardiac surgery. An elastic model and a
geometrical model build speci cally for cardiac surgery simulation is developed
and presertied in this thesis.

The thesisis donein cooperation with surgeonsfrom Arhus University hos-
pital. A surgical simulator supporting the techniquesdiscussedn the thesis has
been evaluated with surgeonsfor pre-operative use. Furthermore the elastic-
models under investigation have been compared and validated formally with
respect to their behavior of deformation.
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Chapter 1

Intro duction

A simulation is an arti cial model of a real procedure,phenomenonor system.
The simulation de nes rules of behavior that represen the real phenomenato
certain degree. Often a simulation is usedin training, recreation of real sit-
uations or prediction of real world phenomena. There are many reasonsto
simulate and not actually executea certain procedure. Generally the real pro-
cedure might not be viable economically or ethically, and the elemens needed
for the proceduremight not be easily available.

When simulating a real phenomenawe often restrict what parts of the real
phenomenawe model through the perspective of use. This is especially true
becausewe have limited computational power and must focus on the important
parts of the simulation.

A wide variety of simulations have been constructed for di erent needs.
Physical phenomena,such as colliding galaxiesand aerodynamic properties are
classicexamples,but also social phenomena,sucd as panic in crowds has been
simulated to designbetter emergencyplans [30]. In the nineties surgical simu-
lation beganto gain respect in the eld of surgery [29].

Simulation is perhaps best known from ight simulators. Sud simulators
are usedfor education of pilots. The simulation is usedinstead of ying a real
airplane to ensurethe safety of people. Furthermore there is a cost assaiated
with bringing an airplane into the air - not to mention the expensedo crashone.
In the rst ight simulators the simulation focusedon the parts that were most
important to simulate; the instruments. The ight instruments were connected
through some logic that would approximate their behavior in the air. Later
more elaborate simulations have beencreated, but always with a focuson those
parts of the real phenomenaof ying that are important to the cortrol of an
airplane

This thesis will deal with realtime simulation of surgical procedures,from
which we would like to learn something about real surgical procedures. More
preciselywe would liketo simulate deformablebehavior in the tissuesin response
to the surgeoninteracting with it, either through instruments or with his hands.
Speci cally we will use the caseof congenital heart diseasesas the primary
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source of problem identi cation and ewaluation. The simulator must support
non-destructive interaction such as probing and grasping and also destructive
interaction such as cutting and tearing.

The thesisis divided into three parts: Problem Domain, Surgical Simulator
and Validation. The Problem Domain includes chapter 2 about the congenital
cardiac diseasesfrom which we will derive our casesof use, which are used
throughout the thesis. Chapter 3 will presernt how the di erent parts of the eld
of surgical simulation work together and how they are treated in this thesis.

The technical issuesof a surgical simulator is discussedand presered in
the Surgical Simulator part. Two dierent tissue models are preseried and
discussedin chapters 4 and 5. A Surgical Simulator supporting a range of
di erent techniques was dewveloped as part of this thesis and is preseried in
chapter 6. Chapter 7 preseris the generalinteraction and visualization problems
of a surgical simulator. Speci cally we will look at how to support topological
changessud as cutting in chapter 8.

The last part of Validation will validate and evaluate the surgical simulator
in two ways. In chapter 9 | make a formal comparison between the elastic
models usedin the surgical simulator, and in chapter 10 the ewaluation of the
Surgical Simulator by surgeonsis presered.



Part |

Problem Domain



Chapter 2

Congenital Cardiac Defects

2.1 Interdisciplinary elds

The eld of Surgical Simulation is clearly an interdisciplinary eld asrecognized
in e.g. [17]. The expert on surgeryis naturally surgeons.They are consequetly
an important part of a group working with surgical simulation.

On the technical side computer sciertists have the skills to analyze and
construct the surgical simulator. The technical side includes discretization of
bio-mecanical modelsthat can be analyzedwith a range of numerical methods
resulting in elastic modelsthat can be calculated on a computer. The technical
side also includes comparison and analysis of the di erent elastic models with
respect to specic casesof use. Many di erent themes are of interest to the
technical side;thesewill be summarizedin chapter 3.

For this thesisto have somevalidity, it wasimportant to cooperate with real
surgeons. The surgeonswould participate in the de nition of problem areas
and the evaluation of an implementation of a surgical simulator. As part of this
thesis | cooperated with pediatric cardiac surgeonsOle Kromann Hansenand
Vib eke Hjortdal from the department of Cardiothoracic and Vascular Surgery
at Aarhus University Hospital. Kromann and Hjortdal are experiencedsurgeons
in the eld of congenital heart disease.The speci ¢ surgical proceduresusedto
evaluate the simulator are derived from congenital heart surgery.

An important part of the processof making this thesis has been the in-
terdisciplinary work with the surgeons.In an ideal interdisciplinary work, the
participants needto learn about the eld of the other participants, to createa
common reference. | have therefore learned about and obsened the work sur-
geonsdo and | have told the surgeonsabout the technical aspects of a surgical
simulator.

Becausethe heart is our focus, we needto model the geometry of the heart.
Thomas Sangild from the MR-Center at Skejby Hospital is currently work-
ing with MR-scanning, segmemation and validation in connection to three-
dimensional cardiac modeling as part of his PhD project. | cooperated with
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Sangild to get the accurate heart morphology as input to the surgical simula-
tion.

2.2 The learning process

We will begin with a short introduction to the processof learning surgery. A
medical studert will have sometheoretical knowledge of surgery from the study
of medicine. Perhaps he has had the chanceto work on a cadaver or a pig.
Practicing to becomea good surgeonwill take many years though, as this is
very much a practical skill that hasto be learned by doing.

Today, surgery is taught by a master/apprentice principle. The master sur-
geonwill take an apprertice in (often only one) and this apprertice will learn
from the master over time. The apprentice will start out observingthe master
surgeonand will later on be allowedto try basic parts of the procedure. Slowly
he will be given more responsibility. In the end, the apprertice is allowed to do
ertire surgical procedureson his own.

At Arhus University Hospital | obsered this master/apprentice principle in
full. Vibeke Hjortdal is the apprentice of Ole Kromann and started out doing
the surgical proceduresl saw. Sheherselfhad an apprertice, who was allowed
to do somebasic parts of the surgery and assisting Hjortdal. When problems
aroseOle Kromann would be called in to help Vib eke and her apprertice.

2.3 Surgical Pro cedures on the heart

As part of the interdisciplinary work | have obsened three surgical procedures
at very closerange, while the surgeonsexplained what they where doing. The
surgical procedureswere afterwards discussedand set in perspective in respect
to the simulator. | have made myself familiar with the anatomy of the heart and
the surgical procedureswith the help of the surgeonsand through the online
encyclopedia: The Heart Center Encyclopedia [13].

The anatomy of the heart and the surgical proceduresare preseried in the
next few sections.

2.4 The heart

A simplied drawing of the heart is preseried in gure 2.1. The heart has
the responsibility of sustaining the circulation of blood in our body, essetially
working as a pump. The heart is functionally divided into the right and left
part by the septum, eac part again divided into an atrium and a ventricle.
Betweenthe chambers of the heart are valvesto restrict the o w of the blood.

The left side of the heart circulates oxygen-rich blood coming from the lungs
to the rest of the body. The pulmonary veins transport the blood from the
lungs to the left atrium and the left vertricle transports the blood out to the
body via the aorta.
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Figure 2.1: Basic anatomy of the heart (from [13])

The right side of the heart circulates oxygen-poor blood from the body to
the lungs. The right atrium receives blood from the two largest veins in the
body, superior vena cava and inferior vena cava, while the right vertricle sends
the blood to the lungs through the pulmonary artery.

Around the heart and the roots of the major blood vesseldies a thin mem-
branes, called the pericardium. Betweenthe heart and the pericardium there is
uid to make the heart move with lessresistancedue to friction.

As indicated by this very short overview of the heart, the heart is a relatively
complexorgan, requiring a high degreeof geometricdetail to represert in alevel
of detail that resenblesreality. Moving one level down, the tissue of the heart
is also a complex structure consisting of three layersthat have distinct physical
characteristics. The tissueis in generalnon-homogeneousthat is, the physical
characteristics is not the sameall over the heart, and anisotropic, that is, the
deformation of tissue dependson the direction of the force.

2.5 Surgical procedures

As part of my cooperation with the surgeons,| obsened three surgical proce-
dures dealing with congenital heart defects. Speci cally the casesof a Ventric-
ular Septal Defect (VSD) and an Atrial Septal Defect (ASD) have beenusedas
examplesin this thesis. Other surgical proceduressuch as repearing a Patent
Ductus Arteriosus (a small vesselthat is to be closed)and a Coarctation of the
Aorta (too narrow aorta ) were obsened.

| obsened the surgical proceduresfrom applying anesthesiauntil the thorax
was closedand the skin was stitched together.
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Figure 2.2: VSD (from [13])

2.5.1 Opening the chest

The surgical proceduresl obsened started out in the sameway; with a scalpel
the surgeonmade an incision in the chestto exposethe sternum. The sternum?
was cut open with an electrical saw, and the chest was held open by a clamp
throughout the procedureto make a working spacefor the surgeon.

While the surgeonworks on opening the chest, he will inevitable destroy
small blood vessels.To minimize bleeding, the surgeonoften usesan electrosur-
gical instrument to make cuts in the tissue and closethe blood vessels.

The pericardium is openednext, and stitchedto the sternum. This e ectiv ely
raisesthe heart from within the chest, creating easieraccesgso the heart.

The next stepis to connectthe patient to the heart lung machine which will
take over the circulation and oxygenation of the blood. Tubesare connectedon
the major arteries and veins, and the connectionsfrom the heart to thesevessels
are temporarily closed. The heart is stopped, allowing for surgery on the heart.

2.5.2 Ventricular Septal Defect (VSD)

This defect is a hole between the right ventricle and the left vertricle of the
heart as seenin gure 2.2. In a normal heart the two vertricles are separated.
To get to the VSD, the surgeoncuts a hole in the right atrium from which the
VSD canbe seen.The VSD is typically closedwith a patch stitchedto the hole.

2.5.3 Atrium Septum Defect (ASD)

The ASD, asseenin gure 2.3, is a hole betweenthe right atrium and the left
atrium of the heart. Simple ASD's are closedwith wires or catheters while
others must be closedthrough surgery. Smaller holesare closedwith suturing,
while bigger holesrequire a patch.

1bone in the middle of the chest
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Figure 2.3: ASD (from [13])

2.6 Observations

Somebasic obsenations where made and discussedwith the surgeons. These
obsenations where used as an initial guide to which models of elasticity and
geometry to select.

2.6.1 Small forces and small deformations

The heart of an infant or small child is a delicate structure that cannot withhold
great stress. The surgeontakescare not to put great stresson the heart. This
also meansthat the deformations of the heart are very small. Becauseof the
material properties of the heart and the very small forces put upon it, the
deformations were often local in nature, a ecting the shape of the heart in only
a relatively small area.

2.6.2 Areas of interest

Through cornversations and obsenations in the operating room it was eviden
that the areain which the surgeoninteracts, is well de ned and can be rather
small, at least for distinct periods of time. Throughout an entire surgical pro-
cedurethe area of interest will change.

2.6.3 Controlled movements

A pattern wasrecognizedin the way the surgeonsusedthe toolsin thesespeci c
surgergical procedures. The deformations were small and very cortrolled. The
tissue was grabbed and pulled aside either to allow accessto other areas, or
to the tissue that was grabbed. The accesswas wanted either for inspection,
cutting or sewing.
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2.6.4 Cutting pro cedure

The task of cutting is very often perpendicular to the surface. Most sweepsof
the scalpel (or other cutting device) are very simple in nature, often short and
straight. This behavior comesfrom the fact that surgeonsmust be very careful
to not cut too much away and generally have to control what is cut and how.

2.7 Goals and cases

The primary goal of this thesisis to investigate how a surgical simulator can be
usedwith respectto surgical proceduresdealing with congenital heart diseases.
Although many of the techniques and solutions discussedcan be usedin a
general surgical simulator, the heart is the ongoing example and referenceof
surgery. | haveidenti ed the special needsthat this kind of surgical procedures
demandsof a simulation and usedthis perspective as| investigate what work
has beendone in the eld. The surgeonshould be able to interact with the
simulator in realtime and receive a realtime visualization.

2.7.1 Three generations of surgical tools

In order to nd out precisely what parts of the surgical procedure we would
like to simulate we have to narrow down how much or which aspects of the real
phenomenawe would needto simulate and represern. One perspective on this in
respect to a surgical simulator, is the three generationsas preserned by Richard
Satava [70].

The rst generation dealsonly with geometrical aspects. This generation of
surgical tool is not actually a simulation. The conceptsintroduced and used
for learning and pre-operative planning are navigation and immersion in three-
dimensional anatomical datasets (as opposite to 2D pictures). In the work by
Thomas Sangild it is shown that this kind of usebearsgreat promise [74].

The secondgenerationdealswith soft tissuedeformation. That is, how tissue
deformsin responseto someinteraction with it.

The third generation dealswith the functionality of tissue and organs, e.g.
blood ow, electrical signalsetc. One example of a third generation simulation
is the discussionof the simulation of a beating heart [64]. The ideais to simulate
the tissue down to cellular size,computing the electrical signalsof a single cell
comprising the pulsation of the heart. The electrical signals are computed by
a dozendi erential equationsand there are hundred thousands of coupled cells
in a complete heart model. Such a simulation could e.g. be usedto test for new
drugs that can prevent arrhythmia becausethe functionality is also simulated.
The key point is that knowledge exists that can explain the behavior of tissue
exactly. An implemenrtation of a mathematical model of heart mechanicsoutside
the scope of surgical simulation has been presened in [52]. A complex Finite
Element model is used as a simulation of a part of the heart beat. Compared
to the secondgenerationit is out of scope to make realtime simulations of third
generation surgical tools.
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| believe that thesethree generationsare not to be thought of asa hierarchy
of better or worse tools for learning and information. The three generations
represen dierent perspectiveson what to learn. As mertioned earlier, one of
the strengths of simulation is that we can focus on those parts of reality that
are important, and simplify or leave out others parts.

The surgical proceduresused as casesin this thesis deal with a heart that
has beenstopped. l.e. the main functionality of the heart is non-functional be-
causethe heart-lung macdhine hastaken over circulation of blood. Furthermore
the proceduresthemselesdeal with re-construction of the heart to an improved
functionality. The most important part of the simulation should therefore be
the soft tissue deformation in responseto interactions and cutting - in the per-
spective of the three generationsthe thesis dealswith the 2. generation.

2.7.2 Goals as dened by the Surgeon

The goal for the surgical simulator as de ned in this thesis is to simulate tis-
sueresponseto the tools usedin a surgical procedure, speci cally a procedure
correcting somecongenital deformation in a heart. The simulator must run in
realtime?, both with respect to visual feedbad and interactivit y.

The soft tissue deformation includesthe calculation of spatial con gurations
of the tissue in responseto absolute constraints of a number of points in the
tissueaswell asgeneralexternal forcesa ecting the tissue. This meansthat the
interaction of surgical tools usedto probe, pinch and stretch can be simulated.
The soft tissue deformation must deliver a complete solution for the systemto
be visualized in realtime on a standard desktop computer.

Another constraint for the systemis that it must support suc techniquesas
cutting, burning, ripping etc. That is, altering the topology of the tissue. The
surgery involving a deformable heart often hasasit's goalto re-model the heart
to support the body with blood in a more favorable fashion. This meansthat
the simulation must support altering the original topology besidesthe elastic
behavior due to grasping and probing?®.

The heart hasa complexstructure and we needa large amount of geometrical
detail to represen the shape of the heart.

2.8 Categories of usage

Somedi erent categoriesof use of a general surgical simulator have been dis-
cussedwith the surgeons.

2Realtime visual and interactiv e respons is often categorized as being above 20 frames per
second.

3As we shall seelater this constraint is severe becauseit prohibits us from doing pre-
calculations to be used in the soft tissue deformation.
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2.8.1 Pre-op erativ e planning

The initial need for the surgeonsof Skejby Hospital was a tool for them to
do pre-operative planning. This meansthat patient specic heart geometry
would be loaded into the simulator and the surgeoncould rehearseor collect
information from the simulation. The caseof rehearsalis very similar to general
training and will be discussedin the next section.

A very important point madeby the surgeonswvasthat the simulator could be
usedin the planning of the procedure. When the surgeonanalysesinformation
from 2d or even 3d imagesof the heart one important aspect is missing; the
deformation he normally experienceswhen analyzing the situation in an actual
surgical procedure. The surgeonis not usedto looking at pure geometrical
models - the surgeonlooks at models that deform when he is investigating
them. He is simply more experiencedat making decisionbasedon what he sees
in actual surgery, which is an open heart. E.g. when a surgeonlooks at an ASD
in actual surgery, he decideswhat to do basedon the location of the hole in the
atrium septum. He looks at the atrium septum from a hole made in the left
atrium, essetially deforming the heart to get a view of the septum. A surgical
simulator should ultimately be ableto presen the surgeonwith the sameimage
of the open heart, and based on this he could make the same decision pre-
operatively as in the actual surgical situation. A static geometry of a closed
heart doesnot resenble what the surgeonsees.

The simulator can also be used to ensurethat a given procedure can be
executedasplanned. The simulator can give the surgeoninformation about e.g.
the level of stressthat the tissueis exposedto or whether a given pieceof tissue
can cover a hole, or be reconstructed and tted into a given shape. E.g. in the
caseof ASD or VSD where the holesare closedwith patches.

2.8.2 Education Scenarios and training.

A generalsimulator could be usedin training and educational scenarios.In re-
cent yearssurgical simulation hasbegunto gain clinical respect and is predicted
to be an integrated part of training to becomea surgeon[45]. In general edu-
cational scenarios,the organ model could be simpli ed or idealizedto support
pedagogicalpoints.

The potential of a simulator for training is to minimize risk of patients,
standardizethe surgery curriculum andtrain on arbitrary (e.g. rare) anatomies.
In section 2.2 learning of surgery procedureswas preserted. A simulator could
support this learning processwith the possibility of training surgical procedures.
A simulator can relieve the student of time pressurebecausethere is no risk to
the patient. A point given by the surgeonswas that it is simply dicult to
navigate in the i heart, it takespractise to learn it.

The Surgical Simulator can be usedas an alternativ e to surgical training on
cadaversor animals. In [37] surgical simulation is preserted asan alternativ e for
the AdvancedTrauma Life Support course . Animals do not correctly represen
an anatomy for realistic training. Cadavers have the correct anatomy, but are
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expensive and can be di cult to acquire. In all casesthe cadaversand animals
are not reusableand raise ethical issues.

A simulator could be usedasa tool in an medical curriculum or asatool to
transfer knowledge. The teachers might usethe simulator to presen a proce-
dure or technique, and the students could afterwards try out the procedure for
themseles.

New or rare surgical procedurescan be recorded by experts, thereby shar-
ing their knowledge. Whole libraries of knowledge could be constructed. The
student can watch the procedure from any angle and can take over control of
the simulator at any time. In this case,a patient specic heart with the rare
condition would be used.

The training scenariosmust be adequatefor the aspectsof the surgical proce-
dure that isto betrained. It is not necessarilythe ultimate goalto just simulate
reality. E.g. in [?, 69 arisk reducing training is setup. Risk estimatesare used
to avoid damageof important tissue. In the training scenariothe student can
feel the risk areasthrough haptic feedba&k. [69] mertions brain and cardiac
surgery as examplesof procedureswith risk areas.

It has beenrecognized[43] that the next big step in surgical simulation for
educational scenariosis a formal veri cation of the usefulnesf training. In [71]
Richard Satava presened the progressin the Metrics for Objective Assesmen
of Surgical Skills Worshop. A Surgical Simulation systemmust be able to shov
Validity and Reliability, seeappendix C.

2.8.3 Skill assessmert

Especially in the US skill assesmenusing surgical simulators hasbeenproposed
asa way of grading peopleor selectingpeoplefor a surgical career[71, 35].

2.9 Contributions

This thesis cortributes to the eld of surgical simulation in two areas:

As far as| am aware this is the rst surgical simulator dealing with cardiac
surgery. This challenge is unique becausethe morphology is very complex in
comparisonwith other organs. Through combinations of techniques! have made
it possibleto interact with the heart in realtime. Thesetechniquesand seweral
others have been implemerted and evaluated with real surgeonsfor the pre-
operative planning process.

Secondlyl have designeda way of comparing elastic models with respect to
their actual behavior over time instead of only their equilibrium. The compari-
son has beendone on a number of elastic models and the results are reported.



Chapter 3

The Researdh Field

This chapter preseris the di erent themesof interest to the technical aspects of
a surgical simulator. The generalproblemsand constraints are preseried aswell
asthe level to which | will deal with the themes. At the TATRICS 3rd annual
preseriation Dr. Kevin Montgomery derived some of the common themesin
surgery simulation researt based on 24 dierent groups working inside the
eld [48]. The presenration by Montgomery wasusedas a guide but the themes
have been extended and claried. The themes are: Datasets, Segmetmation,
Represenation, Simulation Engine, Display, Interaction, Haptics and Usage.
This is clearly a technical categorization, as the Usagetheme is just a single
theme. Usagecan be further divided into dierent aspects of usagesud as:
Validation, Skill Assessmet) Training, Pre-operative information/sim ulation as
described in the previous chapter.

This chapter will serve asan overview of the rest of the thesis which will go
into depth with the most interesting aspects of a realtime simulator of pediatric
heart surgery.

3.1 Datasets and Segmentation

The rst thing we needfor a surgical simulation is somenotion of the shape of
the tissue and organ we are about to simulate. To get realistic models we need
to basethem on real human anatomy. The datasetsthat describe the tissue can
originate from seweral sources.They can mainly be divided into two categories;
patient-speci ¢ and general datasets. General datasetsis avalible through for
examplethe Visible Human project [1].

One method of creating patient-speci ¢ data is to acquire individual mor-
phological information from scannerssuch as MR-scannersor CT-scannersto
retrieve a 3d voxel eld. This voxel eld needsto be segmertted to de ne blood,
muscleand other tissues. The segmemation processoften outputs the geometry
as a number of surfacesconsisting of facesthat can be visualized directly. The
quality of the data from the segmermation is important for the stability and

13
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Figure 3.1: The outer surfacein transparent with the inner in solid

precision of the simulation.

In this thesis| have useddata from the MR-center at Skejby Sygetus and a
segmetation program by SgrenVorre and Thomas Sangild [76, 74]. Becauseof
the realtime issueand the quality of the scanning,the heart is approximated as
a homogeneousjsotropic heart. Homogeneousneaningthat the tissue behaves
the sameeverywhere,and isotropic, that the tissueresistsequally to forcesin all
directions - the heart wall is also a single homogeneoudissue. A lot of manual
tuning of the surfacescreated by the segmetation program had to be done,
becausethe naive segmemation had some noise and unwanted features. The
resulting quality of the segmetation is important becausethe stability of the
soft tissue modeling dependson it. The resulting inner and outer surfacescan
be seenin gure 3.1.

3.2 Representation

The represenation of the tissue is deeply connectedto the simulation engine.
Essetially it is a conversion of the output from the segmeiation to a format
that allows the soft tissue simulation to work asfast as possible. The visualiza-
tion is also a concernin the represeration becausesome structures are more
easily visualized than others. Becausethe heart is a complex structure we need
a detailed geometry to represern it to a satisfactory level of detail for it to look
like a heart.

Someelastic models demand a tetrahedral mesh. The generation of a tetra-
hedral mesh from de nitions of surfacesis called meshing. In this thesis the
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TetGen meshing program has been usedto generatetetrahedral meshesfrom
surfaces[31].

The Represettation is coupledvery tightly to the elastic model chosen. Some
models call for volumetric structures consisting of tetrahedrons (e.g. the Finite
Element model introducedin chapter 4) , while others can use edgesor springs
as their basic building tool (e.g. the Spring Mass model, where the topologi-
cal issuesare discussedin section 5.9). The represenation usedin the actual
implemenrtation of the Surgery Simulator is discussedin chapter 6.

3.3 Soft Tissue Mo deling

Soft Tissue Modeling deals with the issuesof bio-medanical models, and the
numerical methods used to calculate the deformations based on the selected
models. A tradeo must be made between geometrical detail, computational
speed and nally realism and precision. The Soft Tissue Modeling is the main
theme of this thesis.

As mentioned the Soft Tissue modeling is strongly connectedto the selected
represeration, but the soft tissue modeling is also strongly connectedto the
altering of topology through cuts. Dierent categoriesof Simulation Engines
are more or lesssuited for changesin topology.

As explained in the section 3.2, the model needsa lot of geometric detail
to represen a heart. The two remaining constraints are computation time and
deformation accuracy The tradeo betweenthesedependsvery much on usage
aspreseried in [19]. In atraining scenarioit is more important to get realtime
interaction than absolutely correct results, but in a sciertic analysis correct
results are of utmost importance. In a planning situation realtime response
might be important, but this dependsheavily on the speci ¢ planning situation.
The main focus of this thesis is on realtime aspects. We needto update the
surgical simulator with at least 20 frames per second.

it doesn't really matter whether the deformation that the sur-
geonseesin the virtual environment is accurate aslong asit seems
realistic! Just asimportant is that the model is robust and shows a
consistert and predictable behavior over time [58]

Inspired by [58] | list the important parts of the realtime soft tissue simulator
as:

1. Speed(convergenceand update rate)
2. Robustness(consistency stability and realism)

3. Visual result (realism and graphics)

The speedof the algorithms is essetial to the realtime aspect. If the algorithm
cannot deliver some result within % of a secondthe user will experiencetoo
poor a framerate to obtain the illusion of animation.
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The secondmost important aspect is robustnessof the algorithm. Robust-
nesscoversaspectssuc asconsistency stability and realism of the deformations
displayed. It is intentional that realismis only a part of the robustnessdemand.
If we had unlimited computational power, absolute realism would be equal to
robustness- but becausecomputational power is at a shortageand realism can
only be approximated, other terms are important too. A simulation should be
realistic enoughfor it to be useful for the categoriesof usage(seesection 2.8).
We can relax the degreeof realism to a helievable deformation; it is essetial
that the range of deformationsis consistert (that is that they do not di er much
in realismand precision) and perhapsmost important that the method is stable.
If the numerical methods are not stable there is not much usefor it.

In the survey of deformable models [24], a range of di erent models for the
computation of deformablemodelsare presered. In general,very di erent mod-
els exist, both geometrically and physically based. The geometrical models are
purely geometric deformations, these deformations are often fast - but have no
justi cation in real physics. This thesisdealswith the other category, physically
basedmodels. A line can, of coursenot, be drawn clearly, but we can order the
methods asto how well they approximate some physical phenomenon,and to
what degreethey are meerly geometricalheuristics. Three models are preserted
in this thesis, the Finite Elemert, Spring Mass and 3D chainmail. The Finite
Elemert is the most realistic, the Spring Massis lessrealistic and the 3D chain-
mail has very little foundation in physics. The 3D Chainmail is preseried asa
perspective on the two more physically basedmodels.

Someof the questions! will discussare the following: Physical realism ver-
sus physical plausibility, resolution of the model, accuracy of the deformation
dynamics, what deformations can be simulated, interaction, support for topo-
logical changes,preprocessingand computational costs. | will alsolook at the
behavior of the models; whether they are dynamic or static. The behavior of
the nodesin an elastic model is time dependart, resulting in such e ects as
waves and vibrations. In a static model there is one equilibrium for a given
force and there is as such no notion of mass,damping or inertia. Chapters 4
and 5 deal speci cally with two elastic models for soft tissue simulation. The
surgical simulator implemertation is presened in chapter 6. | will furthermore
seehow preciselythe lessrealistic models can approximate a more precisemodel
in chapter 9.

3.4 Interaction and Haptics

The eld of interaction coversthe instrumentation of the tissue; e.g. probing,
grasping, piercing and suturing. The eld of interaction coversboth the physical
devices,collision detection and response[19] of the soft tissue.

Kinds of interaction that hasbeengiven special attention is cutting, tearing
or other topological changes. Two problems with topological changesare the
geometrical changesand the changesin the soft tissue model causedby the geo-
metrical changes.Most importantly someof the precalculationsthat have been
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usedto achieve realtime performanceof tissue deformations are not compatible
with changesin topology becausea recalculation of the precalculated data is
too slow for realtime demand.

Basic instrumentation is discussedin this thesisfor the interaction with the
soft tissue model. Topological changesdue to cutting is given special attention.
Chapters 7 and8 deal with the topics.

3.5 Visualization and Display

Visualization includes standard interfacesto visualization such as OpenGL [55].
Special e ects have previously beenusedto add detail and realism such asblood,
smoke and texture to simulations. Also special display deviceshave previously
beeninvestigated, e.g. stereo 3d.

In this thesisthe standard graphics platform OpenGL[55 hasbeenusedfor
visualization and the implementation runs on a standard desktop computer with
a standard monitor.

3.5.1 Usage and Validation

The Usageof the Surgical Simulation is important. As discussedpreviously |
beliewe it is important to cooperate with surgeonsasthey are the experts. We
needtheir cooperation to tell us if what we are doing is realistic, and wether
we focus on essetials. Many of the recert papers on surgical simulation have
beenbasedon a direct cooperation between surgeonsand computer sciertists.
An expert evaluation of my surgical simulator is discussedin chapter 10.
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Surgical Simulation
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Chapter 4

Finite Element Mo dels

The idea of using continuous models of physics for computer animation was
introduced by Terzopoulos [75]. Bro Nielsen [58] later used Finite Elemert
Models (FEM) methods for surgical simulation.

Continuous equations that govern the behavior of soft body dynamics can
be constructed but are not easily solved. Analytical solutions can be found for
simple casesput for complex casesve must usenumerical methods to discretize
and solve the problem. Finite Element Models [6] essetially decompse the
domain over which the equations of motion are solved.

Finite Element analysisis a generaltheory of how to solve di erential equa-
tions over somecontinuum. In the rest of this thesis we will look only at Finite
Element Modelsasa tool to calculate deformationsin soft tissue. We will refer
to the Finite Elemert techniquesas FEM.

The main advantage of FEM is that they approximate the actual solution
of the equationswe set up for the deformation in theory of elasticity. The main
problem with Finite Element in the scope of realtime simulation is to make it
run fast enough. Seweral techniques are usedto make it run fast. First of all
we use some assumptionsregarding the tissue under study. Furthermore the
solution type consideredis static. More complex models exist, but can not be
implemerted for realtime execution with today's technology.

The idea behind FEM is to divide the continuum of the organ into basic
elemens over which the di erential equations can be solved more easily. The
Theory of Finite Element analysisis in itself alarge eld. Bro Nielsenintroduces
Finite Elemert strain analysisin relation to surgical simulation in [58. Bro
Nielsenwas one of the rst to proposea FEM baseddeformation of organsfor
usein surgical simulation.

FEM have beenusedextensiwely in simulations demanding correct and very
precisesolutions. Realtime solutions have been consideredunrealistic for quite
sometime.

FEM has beenusedin e.g. craniofacial surgery [38] to simulate tissue re-
sponsedue to movemert of bone or bonepartsin the face. The liver has been
e ectiv ely simulated in [16]. In [53] the tissue of the arm is simulated as a three

19
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layer model with distinct physical characteristics. Brain surgery has beensimu-
lated in [32] using FEM to represen nervesand blod vesselwith high precision.

Sections4.1to 4.4 are basedmostly on [?, ?, 24]. | will not de ne FEM gen-
erally, only presert it in su cien t detail to understand how an implementation
is built and where issuesregarding realism and realtime deformation lies.

Initially | will giveashort overview of the sectionsof this chapter. To nd the
deformation of an organ under someload we would like to minimize somenotion
of energy this energymeasureis derived from the Theory of Elasticity, presened
in section4.1. The energy function is de ned in section4.2. To actually solve
this energy function we use FEM to discretize the function in section 4.3 and
setup a set of linear equationsto solve in section4.4. Numerical techniquescan
be usedto solve the linear equations as presened in section 4.5.

4.1 Theory of Elasticit y

Continuum medhanics deal with the prediction and calculation of the e ect of
applying an external load on some body with physical characteristics. The
Theory of Elasticity [67] is the part of Continuum medanics that deals with
elastic materials. That is, materials that returns to their original con guration
when the external load is released. A body covering a cortinuous region is
discretized to a collection of connectedpoints approximating the shape of the
body.

When studying the relationship between forces and deformation, some of
the conceptswe needto de ne are stress,strain, equilibrium and displacemen
[79]. Stressis the strength of the force from interactions such as stretching,
squeezingor twisting. Often stressis characterized as force per unit area.
Strain is the resulting deformation. The stress/strain relationship de nes how
tissue deforms under a given force. When forces are applied to the tissue it
deforms to a con guration of points in which the energy of the tissue is in
equilibrium. The information about the tissue we would like to know is the
displaement of the nodesin equilibrium.

The displacemen vector logically consistsof two di erent kinds of displace-
mernts: The rigid componert and the strain. The rigid componert is the dis-
placemen that is experiencedif we assumethe distance of all points in the
model to be constart. The information we will nd is the strain componert of
the displacemen vector.

The simplest model of static reversible elastic deformation is the linear elas-
tic model. In this model the Stress/Strain relationship is assumedlinear [19],
see gure 4.1. The linear relationship between stressand strain is often used
in surgery simulation. The behavior of real tissue can be represened by a
linear model if the displacemen is relatively small (below 10 % of the mesh
size)[19. Linear elasticity has beenfound experimentally to be valid for small
deformations. This is one of the obsenations of the tissue in children's hearts
from section 2.6. As linear model is only valid for small displacemerts, larger
displacemens demand more complex non-linear models to be used.
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non-linear tissue behavior: ----

Strain

Linear approximation: _—

Stress

Figure 4.1: The linear relationship between stressand strain approximating a
non-linear relationship.

The material properties consideredin this thesis are restricted to homoge-
neous,isotropic, linear elastic materials. Other more complex material behavior
exists, sudh asplasticity (wherestrain doesnot return to zeroafter a cetain stress
amount) or viscousmaterial (where the deformation dependson the history of
the stresson the material). Also more advanced models including non-linear
stress/strain and incompressiblevolumes can be formulated, but it is not re-
alistically solved in real time with support for topological changeswith todays
computing power. An overview of someof thesematerial propertiesis preseried
in [?].

The Finite Element analysis combined with the linear elasticity elegarly
lead to systemsof linear equations that can be solved relatively fast with a
range of standard methods.

In Theory of Elasticity the organ consistsof nodeswith an initial position
Xi = [x;y;z]" wherex; 2 . Each node also de nes a displacemen u;(t) =
[u;v;w]". A node can be either xed or free. The nodal position of a free node
at eadh timestep is de ned asx; + u;(t), a xed nodei is alwaysin position x;.

4.2 The Energy Function

The potential energy of a systemis

= Estran w

Where Eg; ain IS the strain energy and W the work done by external forces.
The potential energy reachesa minimum when the derivative _ is zero, this
is the equilibrium that we seek.

The work W is de ned as:
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The strain energy of the linear elastic body is de ned as:

Z
1
Estran = > "T dx

where" is the stressvector and is the strain vector.The stressvector ", indi-
cating stressdisplacemen relationships [53], is de ned as" = Bu where

2 3
~ 0 0
0 - 0
5 - 0 0 2
y X
- 0 =

The strain vector is de ned in relation to the stressvector " through Hooke's
law:

= C"

That is, we have de ned a linear stress/strain relationsship. C is the material
matrix. Assuming a homogeneousand isotropic material, the matrix is de ned
by the two Lamé material parameters and

2 3
! 00 0
+2 00 0
+2 00 0
c = 0 0 0 00
0 0 O 0 o0
0 0 0 0 0

Often the material parameters are expressedin terms of Young's modulus E
and the Poissonsratio  connectedto the Lamé parametersthrough:

E
1+ T 2)
~ E
T2+ )

Intuitiv ely Young's modulus represen the sti ness of the material and Pois-
sonsratio the compressibility. The closer is to 0.5 the more incompressible
the material is.

The energyfunction we useis then:
z z

E(u)=:—2L u'BTCBudx f Tudx



CHAPTER 4. FINITE ELEMENT MODELS 23

Figure 4.2: Discretization of the shape into triangle elemeris elto e9.

4.3 Discretization of the Energy Function using
Finite Elements

To nd the equilibrium we will discretizethe continuum into elemeris joined at
node points, see gure 4.2. We will choosean elemen type and an interpolation
function of the nodes of the elemerts.

The Finite Elemerts most often used is the tetrahedral elemen with lin-
ear interpolation of the displacemen elds of the four corner nodes. Through
meshing,the shape hasbeendiscretizedinto a number interconnectedtetra-
hedrons, see gure 4.2. Inside a tetrahedron we can estimate the displacemert
by a weighted averageof the displacemen of the four nodesin the tetrahedron.

¥4
u(p) = Nf(p)uf  with p= [x;y;Z]
i=1

u® = [u§T;usT;u§";us"]" being the compound displacemen vector, for an ele-
mert e with nodesnumberedi = 1;2;3;4. N&(p) = o= (af + BPX + Py + d°z) is
the natural coordinate system of the tetrahedron e with i = 1;2; 3; 4 indicating
numeration of nodes.

Using this de nition of u(x), We would like to discretize Bu to be able to
evaluate the expression. Using the de nition of of u(p) the componerts of B
(derivativesof u ) become:

U X NED)
I
X i=1 X
_U - X4 Nie(p)ug
y oy
U X NE)
z z

i=1

If we look at the de nition of Nf(x) we seethat e.g. in the derivation with
respect to x only bf will remain from within the parenthesis, that is:
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Algorithm 1 Creating the global sti ness matrix from elemert sti ness matri-
ces

for (all tetrahedrons e€)

for (the three nodes u of e)
for (the three nodes n of e)

K[n.globalNo,u.gl  obal No]+=K¢n. lo calNo,u.lo calNo]

NF(p) _ 1
- ave®
NP _ 1 .
—y e @
NE(P) - 1 e
—z T @

We can now replacethe derivativesof u in B and rewrite the strain energy to
the discretized strain energy:

1X 4
E(u = = utT BT CB®u®dx
2 Ve
e
where transformed B¢ is a constart matrix that only dependson the shape of
the tetrahedron, seeappendix A.2. Becauseeverything inside the integral sign

is constart, the discretized strain energy reducesto:

1 X
E(u = = uT(B®TCB®V®)u®
2 e
where V€ is the volume of the elemer e. BT CB®Ve will be de ned asK €and
called the elemen stiness matrix. Some characteristics of K € is that it is
symmetric (seeappendix A.1) and positive de nit (per de nition becauseE (u)
is an energy function).

4.3.1 Creating the global stiness matrix K

We needto assenble the global sti ness matrix K represering the erntire mesh
from the elemern sti ness matrices. We transfer the local node numbering to a
global node numbering:

We can seethat an index in K dependsonly on the tetrahedrons incident
to the nodesthat the index represen. This will be used later to enable fast
updates of K when the topology of the meshchanges.
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4.4 Finding the minim um energy con guration

The deformation we seekis the minimal energycon guration of the nodes,that
is when E(u) is 0. We will rewrite E(u) in terms of multiplications.

1

E(u) = Eu Ku f u
A XN
= = Uj Kjiui fj Uj
2
j=1 =1 j=1
We obsene that
U 1=k
Uk - 0 J 6 k
The derivation of E with respectto uy is:
E 11X 1 R
—25 Kkiui+§ UjKjk fk=O
Uk i=1 j=1

As noted in the previous section K is symmetric, and the equation therefore
reducesto:

XN
K ki Uj kaO
i=1

Formulating this for the entire system of equationswe get:
Ku=f

This is a systemof 3N unknown displacemerts, where N is the number of nodes.
The matrix K is sparsebecause(as noted in 4.3.1) the entrancesin the matrix

K related to a given node are only non-zerowhere the nodesindicated by the
row and column index have a connectionto the original node. Standard systems
for solving linear systemsof equations can be chosento solve this system.

4.5 Solving the linear system of equations

A range of standard methods exist to solve the systemof linear equationsK u =
f ; Gaussianelimination, Cholesky Factorization or conjugate gradient to name
a few [39, chapter four].

The linear system preserted is singular, meaning that no unique solution
exists. In the domain of deformation in the three dimensional spacethis fact
has an intuitiv e explanation. Without any positions prescribed, the body has
no unique position in space,and becausethere is no unique position there is no
unigue deformation.
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To make the system non-singular, we would like to prescribe a number of
displacemens. Ku = f written out:

2 32 3 2 3
kiz  kiz it kasn Ug fi
§ ko1 kez it kaan zg Uz z _ g fa z
kan1 kanz i Kanoaw U3 fan
If wewish to prescribe a displacemen of a degreeof freedomuy = ¢, we would
rewrite the above equation assumingk = 2 asan example:
2 32 3 2 3
k11 kiz i Kiawn Ug fi
E 1 0 zg Uy z E K z
kSN 1 Kanz2 it Kanan U3 fan

To re-createK asa symmetric matrix, we subtract multiples of the secondrow:

2 32 2
I<11 0 it Kkiaw uy fi kio «
| T ?. :
k3N1 0 S I U3N fan  kan2 «

At least three nodes(or nine degreesof freedom) needto be prescribed to solve
the system. Intuitiv ely this amounts the number of nodesthat must be held
xed for the body to have a unique position in space.

4.5.1 Fast solving

One technique for solving the system is to explicitly invert the matrix K as
proposedby Bro Nielsenin [58].

Ku = f, u=K

In Bro Nielsenssetup the cost was O(N3) for inverting of K, giving a long
pre-computation but interactive update rates . K ! is a densematrix, but a
selective matrix vector multiplication with a sparseforce vector can give inter-
active rates. Unfortunately this solving method is not compatible with changes
in topology. K 1 cannot easily be updated when K changes.

1Bro Nielsen reports interactiv e rates for up to 250 nodes in 1996, the basic heart model
used is 35000 nodes.
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Inverting a matrix introducesa signi cant numerical error, but according
to [58] the speed-upfactor is around ten times comparedto most other meth-
ods. Considering our goal of realtime changesin the topology, inverting K is
problematic. Re-computing or updating the matrix is not possiblein real time
[59].

Somemethods existto make K smallerby condensation;substitutting bound-
ary conditions in K thereby solving for forceson the surface of the organ [56].
Again this can give a dramatic speed-up, but is not useful when we want to
support topological changes.

4.5.2 Supporting realtime cuts

As explained in section 2.6 surgeonsoften work within a certain area of the
organ for somelength of time. For a technique known as Region-of-Interest
usedwith FEM the assumptionis madethat the surgeononly works inside this
restricted areafor the duration of the simulation. The generalideais to de ne
two FEMSs; a slow one supporting cuts and a fast one not supporting cuts. The
slow FEM will be usedfor the region-of-interest and the fast one for the rest of
the organ. This approadc hasbeenusedin e.g. [14] and [32]. The method was
usedto de ne a Dynamic FEM supporting cuts within the region-of-interest
and a fast static FEM everywhere else. The userwill therefore experiencethat
the organ will respond realistically to cuts and interaction in the de ned area,
and will behave lessrealistically outside this area.

In our casewe would like to support the whole surgical procedure, with
shifting regions-of-irterest, and we will needa method that supports cuts on the
ertire surface. When the number of nodesin the organ increases,K increases
in size. For large systemsdirect methods are often not feasiblein realtime. A
di erent approach is to useiterativ e algorithms which exploit the fact that K
is sparse. Another argumert against direct methods that usepre-calculation of
somesort, is that changesin the topology leadsto changesin the matrix K.
This meansthat the pre-computed data would needto be recalculated, which
would not be compatible with the realtime demand.

In [61] the Conjugate Gradient method is proposedas a well suited method
for solving the linear equationsof the FEM, whilst allowing realtime alterations
of the topology. For details of the Conjugate Gradient see[39] and the in-
troduction by Shewchuk [72]. The iterative methods compute a sequenceof
approximations, x!;x?::: to the solution x, corverging to the real solution.
Many iterativ e methods are of the generalform:

(D) = () 4, (k)

v(K) js the seard direction and ty the distance we move from x®) to x(x+1
The idea behind Conjugate Gradient is to compute a set of orthogonal®> searh
directions v ;v®@;::::v(M  and optimal distancest for ead v(K) such that
a step along v of length t, will line up with x. After n iterations we should

2actually A-orthogonal.
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Algorithm 2 Conjugate Gradient method
r=b-Ax
vV=r
c=rr
for(k=1 to M)

if (v v)% < then exit loop
z=Av

t =c/ (v2)

X=X+t

r=r-tz

d=rr

if (d<") then exit loop
v=r+(d/c)v

c=d

return X

herely reach x. The Conjugate Gradient method was originally introducedasa
direct method, but accunulated round-o errors occur to such a degreethat the
Conjugate Gradient is not usedas a direct method. The Conjugate Gradient is
very e ectiv e as an iterativ e method though.

A nice property of the Conjugate Gradient method is that it can be initial-
ized with a solution guess. Combined with the fact that the interaction forces
often do not changevery much from frame to frame, we can e ectiv ely seedthe
Conjugate Gradient at timestep t with the solution found at time stept 1.
For large models Conjugate Gradient often doesnot nd the solution within
the time allowing for realtime simulation. In this caseone can chooseto show
the approximate solution the algorithm has found at the time of abruption,
and cortin ue the seard seededwith this approximate solution the next frame.
The model will then exhibit a behavior that mimics that of a dynamic sys-
tem, jittering towards the minimum energycon guration. This jittering should
not be mistaken for the animation of a dynamic model. It is only due to the
visualization of approximate solutions.

As can be seenfrom the Conjugate Gradient (Algorithm 2), the dominating
part of the computation is the sparsematrix vector multiplication. The matrix
doesnot needto be explicitly stored, but can be computed directly from a node
and its incident tetrahedrons (seesection4.3.1).

The Conjugate Gradient cornvergeslinearly by a constart factor every it-
eration. This factor depends on the condition number of the matrix K, the
larger the condition number, the slower the cornvergence. According to [21]
there are no theoretical results connecting characteristics of the meshto matrix
characteristics from which convergencecan be deduced. Instead [21] empirically
establishescertain relationships betweenmeshsizeand quality, and the cornver-
gencebehavior. A tetrahedron is of a good quality if the tetrahedrons are of
approximately the samesizeand do not have small angles. When the sizeof the
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nite elemen mesh increasesthe condition number (and thereby the number
of iterations) increase. When the quality of the mesh decreaseghe condition
number increases. Mesh improvemert techniques such as mesh swapping and
mesh smoothing can be usedto improve quality.

Material properties also determine the degreeof corvergence[61]. As the
Poissonratio approaciesto 0.5the material becomesncompressible- at 0.5the
matrix becomessingular and an extra variable, pressure,must be intro duced.
the closerthe Poissonratio is to 0.5, the larger the condition number.



Chapter 5

Spring Mass Mo dels

We will now look at another elastic model, the Spring Massmodel that hasoften
been chosen,when realtime performancewas important. The major di erence
comparedto the FEM is that the Spring Mass Model is a discrete model in its
basic de nition. Both models are of coursediscrete when we actually compute
the resulting deformation, but the FEM is an approximation of a continuum
where the Spring Mass model is discrete from the beginning.

The FEM asdescribed in chapter 4 is a static model, while the Spring Mass
model is intro duced as a dynamic model. That is, a model that exhibits time
dependent movemert of its nodal points resulting in wavesand vibrations.

As with the FEM we represern the organ  with a nite number of nodes.
The Spring Massmodel is a special particle system. A particle systemconsistsof
a number of particles or nodes moving in spaceunder the in uence of external
forces such as gravity, repelling forces, attractiv e forces or collision response.
Particle systemshave often beenusedto simulate natural phenomenasucd as
smoke or re. The Spring Mass model is essetially a particle system with
a xed topology connecting neighboring particles with springs that introduce
repelling and attractiv e forcesinto the systemto constrain the shape.

The Spring Mass systemis often usedin favor of FEM becauseit can easily
run in realtime. The Spring Mass model has mostly been used in realtime
applications for training scenarios. The rst use of the Spring Mass model
for surgical simulation was in Cover et. al. [17] for laparoscopic gall-bladder
surgery. The ertire abdominal region has been simulated in [57], and specic
simulations have beenmade of the liver [12] and gall-bladder [17]. Hysteroscopy
has beenevaluated as a casestudy in [49] with very positive subjective results.

5.1 Spring mass form ulation
The Spring Mass model introducestwo conceptsto model the elasticity of an

organ: Springs and Particles. An organ is de ned as a number of particles
Xi 2 R® wherex; 2 . The particles represent massand inertia but have no

30
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volume. The Spring's forcesare connectionsbetweentwo particles that a ect
the particles with forcesbasedon their distance.

In this chapter the generalnotion of node will be interchangeablewith the
notion of a particle, indicating a physical particle. The notion of an edgewill
be interchangeablewith a spring, indicating transfer of energy

The position of a particle in spaceis governed by Newtons secondlaw of
motion:

f = ma (5.1)

wheref is force, m is the massand a is acceleration,that is the secondderivative
of position x.

A spring connectstwo particles and addsforceto the particles basedon their
distance. Often linear springsfollowing Hook's law are used. A Hookean spring
gives a linear relationship between forces exhibited on the particles and the
di erence betweenthe resting distance and the actual distance of the particles.

To simulate sudch forcesas air resistanceand loss of energy in the system,
the conceptof damping is introduced. Another usefor the damping factor is to
help ensureconvergenceof the numerical solutions. We assumethat we have n
particles that approximate the shape of the organ andi;j 2 f1;2:::ng: With
damping the behavior of the spring masssystem is governed by the following
equation:

X
mixi = yixp+ gy +f; (5.2)
i

This secondorder di erential equation cortrols the position x; 2 R® of a
particle i with massm;. A velocity dependert damping is introduced to the
system via the y; constart; the faster the particle goesthe more energy the
system losesdue to damping. Often Spring Mass systemsare damped beyond
a realistic amourt to increasestability of the system.

Two di erent categoriesof forcesact on the particle, external and internal.
External forcesare forcesthat are external to the organ, e.g. user interaction
and gravity, f; represen the total external force on the particle i. Internal
forcesoriginate from within the organ, in the spring masssimulation they are
represertied by the springs. g; represerts the internal forcesas described by the
spring betweeni and j. (In an actual implementation the spring is not presen
wheng; = 0). For alinear spring g; is de ned as:

Xj Xj
Iixi xjlj

That is, g;j is the vector between the rest and actual con guration of the
spring multiplied by the spring-sti ness multiplied by the spring sti ness k;
betweennodesi and node j, I is the original length of the spring betweeni
and j. Figure 5.1 shovs g; without the k; factor in compressedand stretched
states. Intuitiv ely, the spring adds attractiv e forcesto the particles if they are

further away than nominal distance and repulsive forcesif they are closerthan
nominal distance.

gi = ki (i dixi  Xjii)
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Figure 5.1: Spring response

The Spring Mass model is said to be local becauseead particle can only
react in responseto the behavior of the particles that it is connectedto through
springs. For the dynamic system this meansthat forces propagate through
the organ along the springs, and can only propagate one spring ead discrete
timestep.

The next two chapters deal with the dierent kinds of springs and their
connectivity. The di erent spring typesand their connectivity are essetial for
the actual behavior of the spring masssystem. Section 5.2 dealswith di erent
spring typesand section 5.9 dealswith spring topology issues.

5.2 Internal forces

Sewral di erent kinds of special springs have beenintroduced to fulll some
needseither intro duced becauseof the actual tissue, or becauseof the level of
simpli cations madein the approximation of the tissue behavior. In this section
we will quickly look at somedi erent force models. For simplicity only the basic
linear spring model has beenusedin the implementation.

5.2.1 Home forces

It is a characteristic feature of a Spring Massmodel that there is a faster conver-
gencewhen a few points are grabbed and moved, and a slower convergenceback
to the initial con guration of points when the points are released. To help the
Spring Mass system corvergeto the minimum, one can intro duce springs con-
necting the initial position to the particles. We know that there is equilibrium
in the initial con guration of nodes. In [17] this approac is called home forces.
The homeforcesalsosimulate volumetric forcessimply becausethe Spring Mass
systemwill return to an initial con guration in which volume is presened.

Home forces could also be connectedto rigid bodies giving both a global
(rigid) and local behavior (soft).

Home forcesare not usefull when topological changescan be made, because
the minimal energy con guration is changed.
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5.2.2 Nonlinear force models

If kij is a constart the Spring model is said to be linear, but kj can also be a
function of the distancebetweennodei and nodej to exhibit nonlinear behavior.
In [73] the non-linear stressstrain curve of facial tissue is approximated by a
by-phasic function as follow:

ki if L dixi Xl e

1
il D X0 e

kij =

In [40] a non-linear behavior is approximated by a third-degree polynomial.

Only linear forces have been usedin the implementation preseried to the
surgeons,becausewe get a greater stability and linear forcesshould be a valid
approximation for small forces.

5.2.3 Volume preserv ation

In [73] a force that constrains the volume is usedto model incompressiblema-
terials.

5.3 Solving the second order dieren tial equation

From equation 5.2 we would liketo determine the position of the particles in the
spring masssystemto animate the behavior of the system. If we have a particle
Xj at time t we would like to know the position of x; at time t+ assumingwe
know what forcesact on the particle in that period of time.

To solve the secondorder di erential equation governing the position of the
nodesin time, one often expresseghe equation astwo rst order di eren tial
equationsand solveswith standard methods such as Euler integration or Runga
Kutta. The Verlet method on the other hand is baseddirectly on the second
order di erential equation. The initial valuesof the position x are assumedto
be givenin the rest of this section.

With the introduction of a velocity variable v = x the equation 5.1

x = f=m
is rewritten to:

v = f=m

X =V

The choice of integration method is a trade-o between computation time
and precision of the integration.
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5.3.1 Explicit Euler Integration

The most basic integration formula is the explicit Euler [39, chapter 8]. Euler
integration of the ordinary dierential equation x = h(x) is simply a Taylor-
seriesof order 1:

x(t+) = x(t)+  h(x)
With respect to the secondorder di erential equation 5.1 the solution is:

X(t+ ) x(t) + v(t)
vit+ ) = v+ (f=m)

Explicit Euler integration is very simple to compute, but is inherently unstable.

5.3.2 Runga Kutta

RungaKutta is often preserted asa more preciseand stable alternativeto Euler
integration, but is also slower to compute, becauseh(x) must be evaluated sev-
eral times. Often Runga Kutta 4 is usedin e.g. [4]. Runga Kutta 4 reproduces
the terms of the Taylor seriesup to oneinvolving h*. The error is of sizeO(h®).
Runga Kutta 2 hasbeenusedin e.g. [73].

One advantage of the Runga Kutta family of integration is that they support
a change of stepsizeto increase accuracy of the integration on parts of the
function. This feature is not immediately usefulin a realtime surgical simulator
becausewe will needa stable ow of framesat all times.

5.3.3 Verlet

The Verlet integration is based on two third-order Taylor expansionsof the
positions x(t) , one backward and one forward:

x(t+h) = x(t)+ x(t)h+ %x@ (t)h? + (—15x(3) (t)h® + O(h*)
x(t h) = x(t) x(t)h+ %x@) (t)h? éx@ (t)h® + O(h*)

Adding the equations and isolating for x(t + h) givesus:
x(t+ h) = 2x(t) x(t h)+ x(t)h? + O(h*)

Becausewe integrate Newton's s equations, x is know directly as fm 5.1. The
Verlet method is reasonablyfast to evaluate and is very stable.

The damping of the Spring Mass systemwas intro duced as a linear function
of the velocity. In the standard Verlet method the velocity is not expressed
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directly, and we will therefore use an ad-hoc method of weighting the old and
new positions:

x(t+h) = x(t h)@ )+x()

Verlet integration wasoriginally introducedin the eld of molecular dynam-
ics.Verlet integration is morerarely usedin surgical simulation than the standard
methods of Runga Kutta and Euler integration. Verlet integration was usedin
[36] for advanced charachter physics and [51] for surgical simulation.

5.3.4 Stabilit y

The integration methods usedto solve the di erential equations of the spring
masssystem have a trade-o between numerical accuracy and speed of calcu-
lation. We needa realtime solution, and the numerical accuracyis therefore of
lesserimportance. More important is that the solution is stable.

In [51] Euler, Runga Kutta 4 and di erent Verlet’ methods were compared
with respect to their ability to deliver stable realtime results. It was tested
how large the time step of the individual methods could be set while remaining
stable. Taking into accourt the calculation time of the integration, the Verlet
method is superior to Euler and Runga Kutta 4. The Verlet method is therefore
chosenas a standard in my Surgical Simulator, although other methods could
easily be supported.

Becausestability is most important, somemeasurescan be takento increase
it. One method is to dampen the system beyond a realistic level. Relaxation,
which will be introduced later, is another very e ectiv e way of increasing sta-
bility, but the behavior of the system changesdramatically.

I have experiencedexperimentally that increasingthe model size increases
the in-stability of the models. This is probably due to the energiestraveling
in the systembeing larger, becauseadding more springs intro ducesenergyinto
the system. If this energy gets concerrated in parts of the model, e.g. at the
interaction points, it might lead to instability. Therefore Stability is especially
important for large and complex geometriessuch asthe heart.

5.4 Static equilibrium

The standard Spring Mass system introduced in the previous sectionsis a dy-
namic system. Each particle hassomeinertia and mass. When we simulate such
a system, we get an animation of the system nding the minimal energycon g-
uration. Energy introducedinto the systemwill result in vibrations and waves.
It hasbeennoted in section2.6 that in the caseof surgery, interaction with the
tissue is donein such a way that vibrations do not seemvisible. Becauseof

1Basic Verlet is not checked, but is equivalent to velocity Verlet when the velocity is not
needed
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the relatively small movemerts and the characteristica of the tissue, the state
of equilibrium is reached fast. The ideafor a static solution for the Spring Mass
systemis to approximate the dynamic solution of a full spring masssystem by
a static solution without inertia, massor damping.

In eat timestep we needto nd the static equilibrium of forces. The static
equilibrium is expressedas:

That is, wheninternal forcesand external forcesarein balance for all particles
j-

To guarantee realtime performancean iterativ e algorithm is used although
an accurate solution still cannot be guaranteed at ead time step. The iterativ e
algorithm is seededwith the previous solution becausethis might be closeto
the con guration in the next timestep.

In [7] such a system of equationsis solved with an iterativ e method as the
following:

Algorithm 3 Quasi Static Algorithm
Repeat until time  has elapsed
for every i2Pf1;2:::;ng
@ Fi= g +fi
(b) xi=x+ F;

For every particle we nd the vector represerting forceson the particle. The
particle is then displacedalong this vector. The algorithm looks very much like
an Euler integration without the velocity variable. The constart is in many
ways like the step sizeof a numerical solution of a di eren tial equation. It must
be low enoughfor the algorithm to corverge,but asbig as possiblefor realtime
performance. [7] de nes this constart experimentally. In chapter 9 we nd an
optimal  and spring sti ness by optimization againsta FEM model.

The algorithm guaranteesa given framerate through the constant, but is
not guaranteed to reach the actual equilibrium state. Implicitly the algorithm
is seededwith the positions of the nodesat the previous timestep, and we can
take advantage of the fact that our interaction only causessmall changesead
time step.

5.5 Point interaction

We can make the assumption that the only forcesin uencing the tissue are
concerrated in few areas of small size - we will call this point interaction.
Togetherwith the assumptionthat the deformations are of local nature, we can
restrict the degreeof calculation necessaryto calculate the deformations.
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Figure 5.2: Local interaction and deformation at the two red points.

Due to the assumptionabout point interaction we will not represen gravity,
becausegravity will by its nature a ect all points in the model. Leaving out
gravity seemedrealistic to the surgeons,becausegravity doesnot have a great
e ect on surgical procedures.

Becausewe know that interactions happenin points (or a collection of points
closetogether) and the deformation is local, we can de ne a rangein which we
are interested in the deformation, seethe illustration in gure 5.2.

The Quasi Static algorithm is especially suited for this kind of interaction.
Becausestep b of the Quasi-Static algorithm 3 usesthe most recertly computed
position of the adjacert nodes, a breadth- rst run through the particles from
the interaction point hasthe potential to corvergefaster.

We make a breadth- rst traversal of the nodesin the organ from the in-
teraction point. Nodes are attributed a level that tells us which level of the
breadth- rst traversal the node is in. The (re-)ordering of the nodesis done
ead time an interaction is issuedon the organ, e.g. when we grab the organ
somewhere.

In [7] it is proposedto stop the breadth-rst traversal (cut-o ) at a given
level and e ectively de ne a range in which deformation is calculated. The
level at which to stop is found when the di erence between old positions and
new positions on a given level is lower than somethreshold. For large forces
this unfortunately meansthat we might have to run through the ertire model,
and this cannot be done in time for a realtime response. To accommalate
the realtime demand in my implementation, the level of breadth traversal is
constart through one run of the simulation.

A problem with the cut-o and re-ordering is that someparticles might get
stuck if they are still cornverging from an old interaction when a new ordering of
particles is initialized. When a re-ordering of nodesis issuedsomepatrticle that
where previously inside the active areamight now be outside. If theseparticles
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Algorithm 4 Relaxation
Repeat untii  time  has elapsed

for all(ledges e)
if (actual length of e is too short)

delta = abs(actualLength ,r el axedLength)
displace node 1 of e delta towards node 2
displace node 2 of e delta towards node 1

else if(actual length of e is too long)

delta = abs(actualLength ,r el axedLength)
displace node 1 of e delta away from node 2
displace node 2 of e delta away from node 1

had not reached equilibrium, they will stay in their position out of equilibrium
until they are in an active area again. One solution might be to combine the
previous ordering with the newly issuedone and discard the old ordering when
all particles in the old ordering are at equilibrium.

When dealing with very big (and complex) models like the cardiac model of
this thesis, the cuto method is very successfulbecausethe size of the model
has lessin uence on the performanceof the elastic simulation.

In [7] an analysisof the error intro ducedby larger modelson the convergence
to equilibrium was made. It was found that for larger objects the error did
not cortinue to grow. The interpretation was that the assumption of local
deformation (in a spring massmodel) is true.

5.6 Relaxation

In [66] the phenomenonof elongated springs was identied in simulation of
cloth. Elongated springs are identi ed as a systemin which some springs are
stretched unrealistically in relation to others. We would like the springs to
be of approximately equal length. One solution is to use a technique known
as relaxation [66, 36], in which the springs are iterativ ely transformed to their
relaxed con guration, seealgorithm 4.

The nodes are not displaced until the di erence betweenthe initial length
and the current length is greater than the linear factor. That is, we de ned the
relaxed length as:

8

< |+ linearFactor | if (I > |+ linear Factor )
lrelax = . | linearFactor | if (I <1 linearFactor I)

) | else
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Figure 5.3: Relaxation on a deformedtriangle

wherel, is the actual length of the springs, and | is the natural or initial length
of the springs.

An example of a deformed triangle being realaxed can be seein gure 5.3.
The relaxation helps deformation propagate quickly through the material.

Other kinds of relaxation have beenusedin connection with the 3d chain
mail algorithm [28]wherethe relaxation is usedasan iterativ e method of nding
the minimal energy con guration after a heuristic deformation.

Relaxation has no direct physical interpretation, it is a heuristic model in-
troduced to remove a behavior that did not seemrealistic. Relaxation mimics
non-linear materials in someways becauseit can resist larger forcesthan the
basic linear spring massmodel.

One could argue that relaxation only replacesnon-linear stress/strain rela-
tionships. Although no formal investigation has been made, it is evidert that
relaxation increasesstability of Spring Masstissue, where we would expect the
stability to decreasewith the introduction of a non-linear stress/strain relation-
ship.

In an extreme casewe might imagine a single tetrahedron with relaxation
versus a single tetrahedron with a non-linear stress/strain relationship. It is
clear that if we would seekto simulate a near-rigid material a few iterations of
relaxation would make the tetrahedron seemrigid. If the non-linear stress/strain
relationship should do the same, the step size would have to be very small -
increasingthe computation time beyond the computation time neededfor the
relaxation.

For large models we have experiencedthat the relaxation can increasesta-
bility dramatically but at a relatively big computational cost.

5.7 Local interaction in large models

As explained in section 2.7, heart geometry is complex and demandsa large
geometryto represen the complete shape. Spring Masssimulation of the ertire
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Figure 5.4: Dividing the deformation into an A, B and C area. A area, where
the position is set absolute. B areawhere the position is calculated with Spring
Mass and relaxation. C areawhere position is calculated with relaxation only

model will give us very slow cornvergence. We use both the fact that surgeons
work in regions-of-irterest for a length of time, and the fact that the tissue
behavior is often local. The sameassumption was made in section 4.5.2 with

the FEM.

We will make the assumption that the region-of-interest is certered around
the current interaction point. The region-of-interest behavior will be governed
by the quasi static method with cuto. To get some response from the rest
of the organ, we will do a relaxation of the ertire organ. The relaxation gives
us a faster responsefrom the surrounding tissue than with a pure spring mass
simulation of the ertire organ. The technique is presenied in gure 5.4.

The responsefrom this combined model might not be as realistic as a pure
spring mass simulation, but becauseof the assumption of a region-of-interest
we are primarily interestedin the local behavior. We will get a faster response,
something that can otherwise be problematic for big models.

The model presened in this section will be called a the Local Relaxation
Spring Mass( LR Spring Massmodel). The LR Spring Massmodelis an original
contribution of this thesisasa combination of previoustechniques. This specic
model is shown to be better suited than previous techniques for simulation of
cardiac surgery, seechapter10.

5.8 Hardw are speed-up

The Spring Mass method is one of the simplest physically basedelastic models
that exist. If a physically basedelastic model is to run faster one possibility
is to use dedicated hardware such as in [5]. Dedicated hardware for physics
simulation is not avalible yet, but modern graphics hardware is. Vertex shaders
and pixels shadershave becomepart of a modern 3d graphics hardware, and
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Figure 5.5: 2d regular grid with additional springs

can be usedto do physically-basedsimulation [34]. It was out of scope for this
thesisto implement techniquesin vertex or pixels shaders,but in future researt
e.g. the LR Spring Massmodel could probably be implemented on a vertex and
pixels shader, thereby speedingup the algorithm.

5.9 Spring top ology issues

The springs represen constraints and ow of energy in the spring mass sys-
tem, and the topology of these connectionsas well as the relative position of
particles determine the global behavior of the simulated organ. The logic be-
hind the connection of particles also determinesthe possiblevisualizations and
interaction.

An under-constrained system might have seweral resting positions and the
systemmight easily end up in con gurations of nodal positions which is allowed
by the system, but is not realistic. Parts of an under-constrained system can
collapsebecausepart of the volume might ip into itself. When a grid structure
is usedas basisfor spring connectionsthe systemis under-constrainedbecause
the boxesor cubesare in themselvesunder-constrained. In a 2d grid the missing
forces have beenidentied as missing resistanceto shear. The solution is to
connect springs acrossthe diagonal. These are called shear springs [66], see
gure 5.5. In a 3d grid composedof boxes additional springs connectscorners
of the box to resist a collapse[73].

If the systemis over-constrainedit will exhibit lesselasticity and more rigid
behavior than we indicated through the spring sti ness. Another problem with
an over-constrained systemis numerical stability (these kind of stability prob-
lems are closely related to the problem of stability and spring-sti ness, see
section 5.3.4). Becauseof these di culties, systemshave often been arranged
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in regular structures guaranteeing a homogeneoushehavior all over the organ.
Often regular lattices or prisms with triangular basehave beenused.

The strategy behind the connection of nodes through springs is important
for the visualization and interaction with the organ. The strategies for con-
necting the springs are often divided into two categories; surface and volume
represernations. The surfacerepresenation simply de nes only a surfacewith
no explicit volumetric elemens, the surface model may nonethelessbe used
to approximate volumetric behavior. The volume represenation has elemeris
to ensurea behavior that takesinto accourt the volume of the model. Often
the particles of a volumetric represeration are arranged in a set of connected
tetrahedrons, hexahedronsor other volumetric geometries.

The choice of surface, volumetric or other hybrids, can be regarded as a
hierarchy of approximations in which true volumetric models are more precise
than surfacemodels. A surfacemodel represetting the surfaceof somevolume,
will be faster to compute than a full simulation of volume. The trade-o again
is e ciency of computation versusphysical accuracy[19].

Becausethe topology of springsis soimportant for the behavior of the system
and the speed of computation, the characteristics of the simulated organ can
be takeninto considerationwhen planning the strategy for connectivity. In [12]
the behavior of a liver was simulated by two di erent geometrical componerts;
A 2d elastic surfaceto simulate the membrane of the liver (with torsion springs
to simulate curvature of the surface) and a 3d meshto simulate the interior of
the liver (as a quasi-viscousmaterial)

5.9.1 No best way

If the computation power was not a problem, we might ask ourselveswhat the
best topology scheme would be. There is no simple answer to this question.
Surely, volumetric behavior is more realistic than surface behavior becausea
simple surface model cannot presene volume to the samedegreeas a volume
model. But the spring masssystemmight not exhibit a more realistic behavior
even when the resolution and connectivity of springs resenble some model of
reality more closely If the resolution or detail of the model is increasedthe
behavior cannot be guaranteed to be the sameasin the low resolution model.
This basically hasto do with the fact that a spring masssystemis de ned locally;
there is no global di erential equation that we solve for an energy minimal
con guration, this is implicit in the spring masssystem.

When the resolution is increasedthe propagation of forcesis slower because
forcesonly propagate along one spring ead time step. In a higher resolution
model the massalso hasto be divided in someway, but becauseof di erences
in the connectivity this might not be simple.

The answer is that we must validate the modelswe build, either by comparing
them to previous models, formally validate them againstreal data or get expert
opinions [27]. As it wasout of scope for this thesisto validate against real data,
I have chosento validate against more precisemodels and get expert evaluation
in chapters 9 and 10.
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Figure 5.6: Spring to maintain curvature

5.9.2 Surface models

When springs are connectedin a way that only represerts a surfacethe elastic
model is called a surfacemodel. A classicsurfacerepresenation is the 2d grid
with springs to resist shear and bending [66] see gure 5.5. When a basic
surfacemodel is usedto approximate the behavior of a volumetric organ, there
are of courseno explicit forcesthat reactto changesin volume. Approximating
volumetric behavior of a thin tissue with a surface model covering the surface
of the tissue can lead to bad results becausethe model can easily self intersect.
Surfacemodelsmight in that casebe usedto model the thin tissueasanin nitely
thin 2d grid. Vesselshave beensimulated in this way, approximating the thin
wall of the vesselwith a surface model [19]. In [17] a basic surface model has
beenusedto represert a gall-bladder.

To get somevolumetric behavior additional springsare sometimesintro duced
into the surface basedmodels. The basic approad is to introduce springs to
guarantee some curvature of the organ. If the surface consists of a simple 2d
grid, bending springs can be introduced to resist bending of the surface, see
gure 5.5. In [54] the animation of a muscle along an action line is simulated.
The musclegeometryis organizedin a grid along the surfaceof the muscle. [54]
therefore intro ducesangular springs (see gure 5.6 (a) ) to presene the volume
and the overall shape of the muscle. In [12] torsion springs (see gure 5.6 (b) )
are added to maintain the curvature of the surface. All thesedi erent springs
reduce to a computation over two of three springs arranged to maintain the
curvature of the surface.

The surfacemodel is easyto usefor the heart becausethe data we get from
the segmemation is the inner surface of the heart. With a little manual extra
work, the outer surface can also be generated. In gure 14 the surfacesof the
heart can be seen.

With the needto make cuts into the model, a simple surface model repre-
serting the exterior or interior of the heart is not sucient. As soon as the
surfaceis cut into, the surgeonwould seethat the heart is empty.

Another approach would be to useboth the inner and outer surfaceto rep-
resen the tissue surfaceof the heart. This surfacewould quickly collapseafter
all, becausethe walls are very thin someplaces.

The third possibility of approximating the heart with a surfacemodel would
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Figure 5.7: Surfacemodels of heart

be to approximate the heart walls with onein nitely thin surfaces.The surface
could be calculated from the outer and inner surfacesas a surfacein between
thesetwo surfaces.The heart wall doesnot have the samethicknesseverywhere,
and a represenation of the wall as one in nitely thin surface would pose a
problem both towards the visualization as well as the behavior. The heart
would simply not look the way it doesin reality. The deformation would also
not take into accourt the varying thicknessof the heart wall.

5.9.3 True volumetric model

We will de ne a true volumetric model to be one in which the volume of the
ertire organ is made up of smaller atomic parts which represern volume. Often
such atomic parts are tetrahedra or hexahedral elemerts.

The tetrahedral meshgivesa great deal of exibilit y for an e cien t represen-
tation of anatomical structures [4], but canbedi cult to construct. Tetrahedral
elemerts are structurally stable, but hexahedralelemens are under-constrained.
When hexahedralelemeris are usedto represert volume extra springs are often
inserted acrossthe elemert [73].

The simple volumetric model can be extendedto encompasamnore elaborate
biological features. In [73, 38| a three layer model of the skin tissue is used
becausethe three layers have di erent physical characteristics.

A meshof tetrahedra would represert our heart in satisfactory manner. The
heart would support realistic cuts, and the thicknessof the heart wall would
be part of the simulation. The only drawbadk is that it demandsa meshing
of the surfacesto create a mesh of tetrahedrons instead of an outer and inner
surface. This would require a meshingprogram, which was not built as part of
this thesis. Instead another approac was selected.

5.9.4 Connected Surfaces

As part of this thesisa speci ¢ volumetric model hasbeendeveloped. The model
is developed with the heart model in mind and requires no special meshing(see
section) - it behavesasthough it wasa true volume represenation. This model
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Figure 5.8: Forcesbetweensurfaces

is developed as an alternativ e to the true volumetric tetrahedron or hexahedral
meshof the heart. From the segmertation we get surfacesrepresering the outer
and inner surfacesof the heart muscle. Data from the segmetation is given as
a surfaceconsisting of triangles.

The idea of Connected Surfacesis to use both the inner and outer surfaces
and setup arelationship betweenthem sothat a volumetric behavior is exhibited
- the relationship is de ned as additional forces. Theseadditional forces,called
connectingforces,would propagateforce betweenthe two layersto resistbending
and constrain the distance betweenthe inner and outer surface. The forcesare
represerted asadditional springsconnectedfrom ead particle to particles in the
surfaceon the opposite sideasdepicted in gure 5.8. Note that the particles we
wish to connect may belongto the samesurface, we must just make sure that
connectionsare not madethat already existsin the surface(no double forces).

Becausewe only connecta rather small nite number of springs from eath
particle we must carefully selectthe most important springsto connect. When
deciding on the scheme we want to use for connection of forces we must also
decide on the actual number of connectionsper node. If we had a rather large
number of connectionsper node we could spreadthem randomly in a hemisphere
above the node in the opposite direction of normal. The spring sti ness of a
single connection could be adjusted according to the volume that it represerts
in the hemisphere(the idea being that a greater volume of tissue gives greater
resistanceto forcesin that direction). When we have a rather small number of
connectionsthis schememight result in under constrained surfaces,resulting in
dangling nodes. The solution is to use a schemethat connectsthe nodesin a
regular manner.

We seeka volumetric model that is comparableto the tetrahedron meshand
the constant number of three connectionsper node is selected. The obsenation
that leadsto the actual connection schemeis that the connecting forcesalong
the opposite of the surfacenormal of a particle have the greatestimportance for
the behavior of the organ. Theseforcesdirectly determine how well the organ
presenesits volume with respect to the distance betweenthe surfaces,which is
often the most di cult part. Connectingforcesthat have a greaterangleo the
opposite of the surface normal determine how well the organ resists bending,
but often bending happens over a greater area, and se\eral connecting forces
with a smaller angleo the opposite of the norm can resist bending just aswell.
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(a) Surface springs (b) Springs connecting surfaces

Figure 5.9: ConnectedSurfacefor the Heart

The schemeusedis to nd the closesttriangle in the opposite direction of
the norm of a given particle and connectall the three particles in the triangle
with the given particle. To speedup the seard an accelerationstructure for the
ray-triangle intersection has beenused.

The Connected Surfacesscheme used for connection of the inner and outer
surfaceof the heart can be seenin gure 5.9. Connected Surfacesis an original
contribution of this thesisto easily create a volumetric model from surfaces.

5.10 Evaluation of Spring Mass in comparison
with FEM

We will now look at the behavior of the Spring Mass model in comparisonwith
the Finite Element model.

Often Spring Mass models have beenselectedin favor of FEM becausethey
canimmediately be animated at interactive rates. In recert articles it hasbeen
shown that certain FEMs deliver as fast a framerate as Spring Mass models.
Traditionally though, FEM have not beenusedfor realtime applications.

When it comesto realism of behavior, the Spring Mass model is a signi -
cant approximation of real physical behavior. The primary reasonbehind this
is that the Spring Mass system introduces a discretization into particles and
springs, and secondlytheir behavior. In FEM the behavior of the systemis de-
ned rst, and the discretization is a method to actually calculate the behavior.
The Spring Mass system per de nition has only local information for decision
and calculations. The Spring Mass system consequetly reacts quickly to local
changes,but more slowly to global changes. The FEM doesnot in itself favor
global or local changesalthough methods for solving the system might.
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Figure 5.10: If enoughforceis intro duced on one of the two nodesthat are only
a member of one tetrahedron, it might travel to the other side of the opposite
triangle and e ectiv ely collapsevolume with no forcesto courter the change of
shape for the ertire body of tetrahedrons

The e ect of local information on the behavior of the tissue can be seere.
Becausethe systemhasno notion of the shape of the entire organ irregularities
in the topology can occur if large forces are introduced into the system, see
gure 5.10. The problem can occur becauseof the discretization made in the
integration. This problem is quite sewerebecausenot only is the volume and the
geometryinvalid. A ip canin many casedeadto numerical instabilit y because
the ip canlead to added force or sharpenedconstraints on other nodes of the
model. A ip canalsoleadto other degeneracie®f the mesh. More elemernt ips
might appear becauseof a changein the force distribution. One can introduce
chedks for sudh situations, but at a signi cant computational cost. Furthermore
the systemwould haveto berepaired, which would bedi cult.  Alternativ ely the
simulation could be run at a smaller timestep, lowering the framerate and speed
of corvergence. Furthermore, the integration method would have to support a
changeof stepsize.

The parametersof the Spring Massmodelsin comparisonto the parameters
of the FEM cannot simply be transfered from one model to the other, there is
not clear relationship becausethe very foundations of the models are di erent.

As already discussed,the local information of spring mass models means
that the behavior of the model depends on the topology of springs. If oneis
aware of this fact, it is also one of the advantagesof the model, becausewe can
easily determine or de ne behavior by introducing special springs.

Experiments have shown that Spring Mass and FEM behave almost the
sameway for small deformations, but for larger deformations they behave very
dierently. In [38 craniofacial surgery was simulated with Spring Mass and
FEM and there was someindication that they behave the sameway.

In chapter 9 a comparison between FEM and Spring Mass methods based
on optimal parametersis presened.

5.11 3D Chainmall

To set the two physical basedmodels in perspective, we will do a quick com-
parison to an alternative model of deformation. The 3D chainmail [?, 23] was
intro duced by Gibson asa model to favor sizeof geometry and speedof compu-
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(a) Deformation of a 2D chainmail (b) Node constraints

Figure 5.11: Deformation of chainmail (from [23])

tation. Consequetly the deformation is lessrealistic than Spring Mass model
and FEM.

The 3D chainmail algorithm is build as a fast algorithm that can work on
large datasets. Using voxel datasets directly allows us to use the information
presert in the voxels, e.g. density. Furthermore, translation of the datasets
to surfacesor other represerations, inevitable introduces errors and loss of
information [25].

The algorithm assumesa regular structured grid of voxels, which in turn
are connectedto their six closestneighbors. Each voxel is allowed to move
freely within someminimum and maximum distance in ead axis according to
the positions of the connectedneighbors. If the distance constraint is violated,
the displacemer is transfered to the neighbor voxels depending on the axis on
which the constraint is violated, see gure 5.11. As suc the algorithm exhibits
only plastic behavior in which there are many allowed con gurations of voxels.

The basic idea of constraint handling between adjacert nodes is used in
both 3D chainmail and iterativ e relaxation. The areain which the nodes can
move freely is often larger in 3d chainmail than in relaxation. Furthermore
3D chainmail is build directly on the grid structure and can resolve the con-
straints through oneloop through the setof nodes. It should be noted here that
we are not using relaxation in the surgical simulator for pure resolving of geo-
metrical constraints. We exploit the iterativ e relaxation combined with Spring
Massbasedmovemert of nodesto achieve faster convergenceand more realistic
deformation.

The 3D chainmail algorithm usespoint interaction (as in section 5.2) to
guararntee the fast deformation. The deformation is resolved from the interac-
tion point in a breath rst manner, comparing ead node to its neighbors. As
deformation can be absorbed by the area of free movemen, there is a good
chancethat the deformation is retained within a small region.
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The basic 3D chainmail doesnot nd a minimum energy con guration of
nodesbecausenodesare free to move within a certain area. The deformation is
plastic to somedegree,and seweral con gurations of nodesare allowed. In [28]
Gibson presen di erent iterativ e relaxation algorithms to resolwe this issue. [65]
de nes a shape retaining re-formulation of the 3D chainmail algorithm because
the basic 3D chainmail hasdi culties retaining its shape after an interaction.

In generalwe can seethat the 3D chainmail algorithm is not as physically
plausible as the Spring Mass model or FEM; no forcesor energy are described
in the system. The 3D chainmail algorithm is basically a constraint handling
technique for distances between nodes. The resulting deformation cannot be
realistic, but the deformation (apart from the iterativ e relaxation) is resolved
very quickly comparedto the iterativ e algorithms of Spring Mass models and
FEM.

The chainmail method has beenusedin e.g. knee Surgery[2§



Chapter 6

Design Issuesof a Uni ed
Soft Tissue Simulation

As part of this thesis| have implemented a range of soft tissue simulation tech-
nigues, interaction techniquesand topology altering techniques. Thesedi erent
aspects of a surgical simulation have beenimplemented in a uni ed framework
to enable sharing of common features and facilitate comparisonin the casesof
use. The designis constructed in an Object Oriented perspective [44], and pre-
serted as UML diagrams [41]. In comparisonwith the actual implementation
the designis naturally not a complete description of the implemertation. Sev-
eral elemerts have beenleft out of the UML diagrams for simplicity, and a few
elemens dier slightly comparedto the actual implementation. The general
designof the entire simulator is preseried in gure 6.1.

A soft tissue simulation can primarily be divided into two phenomena;the
geometry/top ology of the organ simulated and the computation of deforma-
tion/elasticit y. The advantage of this assignme of responsibility is that seweral
di erent ElasticObjects can usese\eral di erent Geometry objects. In my soft
tissue simulator the di erent Spring Mass models can use Tetrahedron Geom-
etry, Surface Geometry or ConnectedSurfaceGeometry. The FEM can usethe
Tetrahedron Geometry.

6.1 ElasticOb ject

The general phenomenaregarding an elastic model have been recognizedand
modeled. The UML diagram is preserted i gure 6.2. The behavior of an elastic
model can be divided into the behavior of the componerts that the geometry
is constructed of. That is, the elastic behavior is captured in special Nodes,
Edges, Trianglesand Tetrahedrons. To de ne a complete soft tissue simulation,
specializations of ElasticModel, Node, Edge, Triangle and Tetrahedron classes
must be constructed.

To allow the Geometry classto instantiate the specialized Nodes, Edges,

50
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ElasticObject
1 geometry
timeStep() Tetrahedron
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releaseHold()

Figure 6.1: UML diagram of generaldesign. The phenomenonof a soft tissue
simulator is divided into a Geometry and a ElasticObject. The Geometry class
represerts the geometry and topology of the soft tissue. It has the responsi-
bility to load le-formats and construct the hierarchi of geometric componerts.
The geometric componerts usedto build the actual geometry are Tetrahedron,
Triangle, Edge and Node. The ElasticObject classrepreserts the calculation of
deformation and dynamics. Geometry and ElasticObject communicate through
a well-de ned interface, enabling independert specializations of both classes
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Figure 6.2: UML diagram of a the general elastic model (ElasticObject) and
the specialized elastic models: Spring Mass model (SpringMassObject), Quasi
Static model (QuasiStaticObject) and Finite Elemert model (FiniteElementO-
bject). Specializations of Nodes, Edges, Triangles and Tetrahedronsde ne the
geometrical componerts for usein a speci ¢ elastic model
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Geometry

load(file)
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‘ Surface %—{ ConnectedSurfaces ‘ ‘ TetrahedronMesh‘

Figure 6.3: UML diagram of Geometries. The three geometricaltypesare pure
surface,connectedsurfaceand tetrahedral mesh. All geometricaltypescan load
specic les and make cuts with specializedalgorithms

Triangles and Tetrahedronsin the construction of a geometry, virtual factory
methods [41, p. 473]are overwritten in the ElasticObject. The Geometry object
simply calls the factory methods and receivesa specializedNode, Edge, Triangle
or Tetrahedron.

The ElasticObject hasthe responsibility of caching nodal points for repeated
execution of the sameanimation for usewith the EA. For interaction the Elas-
ticOb ject can create a Hold object with a set of nodesinside a given sphere.

As part of the evaluation of the surgical simulator with the surgeons,the
following elastic modelswereimplemented asdescribedin the previous chapters:

Linear static Finite Elemert method
(Dynamic) Spring Mass system

Quasi Static Spring Mass

6.2 Geometries

The main functionality of the Geometry classand specializationsis to load and
corvert external le-format into the internal data structures. The Geometry
classalso de nes a virtual method for cutting, given a cut-sweep, more about
this in chapter 8.

The simplest specialization of the Geometry is the Surfaceclass. The Surface
classis a surfacerepresenation as discussedin section 5.9. The surface class
canload a 3DS or OBJ le-formats. A setof nodesis created and the triangles
areinitialized over the set of nodes. Trianglesthereby sharenodesof the organ.
A Triangle consistsof three edgesthat are not sharedwith other triangles, i.e.
the edgesare local to a triangle . Two edgesthat connect the same nodes
referenceead other through a mate relation. The mate structure is usedto

1Even though seweral edgesconnect a set of nodes, only a single edge will be active in the
simulation for use with e.g. the spring mass method.
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make traversalsalong the surface,for usein the cutting procedurein chapter 8.
Sincea surfacemodel has no tetrahedrons, none are de ned.

The ConnectedSurfacesGeometry is a specialization of a general surface.
The ConnectedSurfacesseometry correspondsto the connectedsurfacesstruc-
ture preseried in section 5.9. The load operation of a ConnectedSurfacestill
takes3DS or OBJ formats, but can be usedseweral times, adding surfacesto the
model. After the last load operation, the surfaceswill be connectedto create
the connectedsurfacesstructure.

The TetrahedronMeshis a volumetric represeration asdiscussedin section
5.9. The TetrahedronMeshcan load a smesh[31] le-format cortaining a tetra-
hedron mesh. A Set of nodesis created on the basis of the information in the
le-format. The set of tetrahedrons are initialized over the nodes, meaning that
the Tetrahedrons share nodes. Each tetrahedron has four triangles, which are
local to the tetrahedron. To allow for a traversal through the mesh structure
from tetrahedron to tetrahedron, triangle matesare de ned asthe two triangles
de ned by the samethree nodes (corresponding to the edgemate structure in
the caseof SurfaceGeometry).



Chapter 7

Interface: Interaction and
Visualization

The previous chapters have de ned the elastic behavior of tissue. To be able
to actually use the surgical simulation as a tool for training or pre-operative
simulation, we needan interface betweenthe surgeonand the elasticmodel. The
discussionconcerningthe interfacein this chapter coverstwo areas: instruments
for interaction and techniquesfor visualization.

7.1 Tools

In a surgical procedure many dierent instruments for a variety of usesexist.
As part of a surgical simulator we would like to represen these instruments in
the computer. We cannot simulate every part of the real surgical procedure,
sothe designof virtual instruments includes a recognition of what the de ning
properties of the instruments are. We would like the designto be generalenough
for it to be easyto extend with instruments that have properties in common
with existing virtual instruments.

Bruyns and Montgomery dealt with this subject in the seriesof articles about
virtual tools in the spring framework: [50, 10, 9]. Virtual instruments is a
framework for a hierarchy of generalizationsof real instruments [50]. Speci cally
the virtual instruments include an interface to di erent hardware componerts
for interaction.

A generalvirtual instrument has a position and orientation in space. This
information is transferred from a range of speci ¢ hardware componerts for in-
teraction, through a specialization of a sensorclass. The generalvirtual instru-
ment o ers methods for visualization and collision detection. These methods
are usedwith the specializedgeometry and collision responseof a more speci c
tool.

The virtual instruments e ectiv ely reducethe phenomenonof a surgical in-
strument to the functionality of the instruments coupled with a geometrical
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appearance. The dierent surgical tools are arranged in a hierarchy accord-
ing to the functionality of the instruments; monolithic, hinged, telescopingand
lassoinstruments. In [9] virtual instruments for cutting are preserted; scalpel,
scissorsand cauterizing wire. In [10] virtual instruments for probing, piercing
and cauterizing are preserted.

7.2 Collision detection

Collision detection in static geometry has been studied for a long time, and
e ectiv e algorithms have been devised by partitioning the problem spaceinto
trees of geometrical componerts that can be searded quickly. The problem
with collision detection in soft tissue is that the geometry is not static, and the
accelerationstructures will be invalidated quickly.

Di erent approacheshave beenproposed,such as a spheretree collision de-
tection scheme,with dynamic changesof the tree structure [7] and consenative
sizesof leafs. In [28] the spaceis simply divided into a grid where collision
detection is done by cheding if voxels occupy the samegrid point.

Another problem is that instruments often have a complicated geometry. In
[9] it is recognizedthat only parts of the instrument's geometry are important
for the functionality, and therefore alsofor the collision detection. E.g. only the
sharp parts of a cutting instrument are relevant for collision detected.

The instruments are the primary sourcesof collision detection problems (if
we excludeselfcollision). We canusethe fact that the distanceof the instrument
in two consecutive framesis often not large. In [4] this structural coherencyof
movemerts of a scalpel is usedto speedup the collision detection. When the
scalpel has penetrated the tissue, the seard for intersection until the scalpel
leavesthe tissue will usethe structural coherencyby rst looking at the nearest
neighbors, and then doing a full seard. One could probably extend this scheme
to afull breadth rst seard that would stop after a certain depth, after which
a full seard or an accelerationschemeshould be used. An optimal depth could
be found with respect to collision detection time.

7.3 Functionalit y of instrumen ts

After a collision detection there is often a collision response. When an in-
strument has collided with sometissue, the constraint of non-inter-penetration
should generateforceson the colliding objects.

The functionality of the collision responseis instrument dependert; e.g. in
[9] the collision responseof a cutting instrument is discussed.If the instrument
is moved in the direction of cut, the collision responsewill be a cut in the tissue.
If the instrument is moved in a di erent direction, the collision responsewill be
object deformation asin probing.

Cutting will be discussedfurther in chapter 8.
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The main problem with grabbing and moving tissue is how it should in u-
encethe tissue. If nodesare grabbed, forcesmust be intro duced (implicitly or
explicitly) into the systemto make the nodes follow the grab. With Spring
Mass algorithms this reducesto methods basedon forces added to the nodes
or absolute positioning of the nodes. In [12] a penalty method is usedto add
forcesto the nodesthat interpenetrate somevolume as follows:

v vw)k ifv< 0

Foz
€ 0 otherwise

is the rigidit y factor of the collision, is the damping factor, v is the volume
of the inter-penetration and k is the corntact direction. This is a heuristic set
up to introduce forcesthat solve the inter-penetration.

Instead of virtual springs or forcessud as the penalty basedmethods, one
could argue that for rigid/soft deformations where the rigid part maintains its
position, the nodeswill endup in a speci ¢ location. We could just aswell move
the particle to that location. In [10, 73, 36] absolute positioning is used. The
advantageis that we will get a realtime positioning of the nodesin question, the
disadvantage is that these sudden, potentially large movemerts of nodes might
induce instabilit y into the system.

Absolute positioning of nodes is especially useful in connection with the
Verlet integration becausewe have no explicit velocity variable that can grow
out of sync with the position [36].

| have used absolute positioning of nodesin the surgical simulator imple-
mented as part of this thesis.

7.4 Abstract tools

In the surgical simulator implemerted aspart of this thesis, the instruments only
perform collision detection when they receive a use command (from a mouse
click). The grab-tool will grab what is inside the spherewhen used, and the
cut-tool will cut what is penetrated by the cut-sweepwhen used. The collision
detection usedwas therefore a simple exhaustive seard.

If the tools implementation had not been an abstract implementation of
instruments, and cutting should e.g. do progressiwe cutting while the cutting
instrument penetrated the surface,then we would have neededa more complex
collision detection.

The idea of having a generalizedvirtual tool that is specialized for special
interaction or functionality hasbeenusedasthe basisfor the tools hierarchy in
this thesis. The surgeonsbasically neededtwo categoriesof instruments: Grab-
bing and cutting. These instruments were implemented as abstract tools, the
cutting instrument beingatriangle represering the cut-sweep,and the grabbing
instrument being a wireframe sphererepresenting the hand or instrument. The
idea of using abstract tools instead of simulating the geometrical appearance
was actually proposedby the surgeons. The skill of working with instruments
does not depend on their visual appearance,and becausethe instruments are
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Tool

use()
load(file)
save(file)

!
| | |

‘ GrabTool ‘ ‘ CutTool ‘ ‘ ProbeTool ‘

holding

Hold

Figure 7.1: UML diagram of Interaction. The abstract tools are arranged in
a hierarchy. The Tool classis a generaltool implementation and implemerts
the mouse cortrol in 3d. A Tool can load or save interactions for usein the
EA or for other comparisons. The use method represerns a mouseclick. The
GrabTool gets a hold from the ElasticObject and manipulates the position of
this hold. If there is a target ElasticObject for comparisonof ElasticObjects the
tool will also manipulate the position of the nodesin the target ElasticObject.
The CutT ool controls an abstract scalpel, which will issuea cutting operation
on the geometry when the mouseis clicked. The Hold classimplemerts a hold
of a set of nodes, which can be moved around. The GrabTool getsa Hold from
the ElasticObject within a given radius of a point
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abstract they do not have to obey all the laws that normal instruments must.
E.g. the abstract tools do not collide with the soft tissue (there is no collision
response). This is an advantage becausethe target platform was a standard
desktop computer with a mouse, and it can often be dicult to position the
3d point precisely in spacewith a mouse. This is an acknowledgmert of the
fact that we do not have to simulate every part of the real phenomenon,we can
often get a better tool if we take into accourt the caseof use, as explained in
section 2.8.

If the main use casewas di erent, abstract tools might not have been as
e ective. E.g. in certain training scenariosthe tissue responseto the handling
of instruments is important as part of the exercise,becauseit can be di cult
to cortrol the instruments.

See gure 7.1 for an explanation of the abstract tools hierarchy.

7.5 Visualization

A rangeof di erent visualization techniquescan be used,depending on the case
of use. In training simulation realistic visual results can be very important. If
the studert is corvinced that it looks real the ertire experiencemight be more
rewarding for him. Texture mapping is used within surgical simulation to add
detail and make the object seemsmore realistic. A texture mapped organ will
often add to the illusion of actual surgery. A 2d texture mapping hasbeenused
in [40] while a volume texture is usedin [42].

Visual e ects of bleeding, smoke, steam and irrigation can also be addedto
the simulation, to make the Surgical Simulation seemmore real [40, 11, 2].

The visualization of the Surgical Simulator built as part of this thesis is
based on OpenGL [55] rendering. Our primary caseof use is pre-operative
simulation; it is therefore important that we do not add incorrect information
such as an articial texture map to the organ. We have used simple at or
gouraud shading of triangles in the elastic model. Additionally visualizations
speci c to certain elastic models are possible, such as wireframe visualization
of dierent spring categories. For comparison between two elastic models a
visualization is supported in which the di erence in nodal position is usedas a
vertex color.



Chapter 8

Altering Topology of Tissue

In section2.2 on the VSD and section2.3 on the ASD we saw that an important
part of a surgical procedureis to make incisionsinto the tissue. If enoughforce
is put upon tissue it may also tear. This chapter will deal with the issue of
making topological changes,such as cutting or tearing.

Two important issuesexist in enabling topological changesin realtime cal-
culation of deformation. First of all the method usedto calculate deformation
must support changesin the topology fast enough for the simulation to still
run in (near) realtime. The Spring Massalgorithm with the explicit integration
schemespreserned, explicitly supports topological changesbecausethe model
only useslocal information in the calculation of the next step. We can simply
add or remove edgesand nodes and only makes changesin the connectedele-
ments. The Finite Elemert model as preseried with an iterativ e solver of the
linear system of equations also supports the change of topology. The methods
using pre-calculation of inverseor factorization do not explicitly support topo-
logical changes. A changein topology will invalidate the pre-calculations and
they will needto be recalculated, which may take a long time and destroy the
illusion of realtime interaction, seesection4.5.2.

The secondissueof cutting in the organ, is to make the actual changesin
the connectivity of elemens. Assumingthat a cut is represeried as somesweep
through the organ, we would like to make changesto the organ in such a way,
that the surface of the organ follows the sweep closely and does not intersect
the sweep.

The important aspect of topological changesis topological complexity after a
cut and how well formed the elemeris are after a cut. For a realtime application
an increasein topological complexity is not wanted becauseit will increase
the time to calculate deformation. The constraint of well formed elemers is
important becauseit might introduce visual artifacts aswell as instability and
incorrect data in the physical system.

Two di erent strategies exist for creation of the sweep. A static cut, where
oneindicates the total sweepof the cutting instrument - or a progressive method
in which the organ topology changesevery frame in responseto the sweep[51].

60
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\
X

(a) Original mesh and cut (b) removal of element

(c) Split of element (d) Split along border

Figure 8.1: In (a) the original meshis shawn. In (b) the cut is approximated to
the removal of the elemerts inside the cut. In (c) elemeris are split into smaller
elemerts to approximate the cut closely In (d) elemerns are unglued from ead
other and moved to the cut

We will assumethat the sweepis given asa number of triangles, basedon which
the enrtire cut is made.

In [9] it is recognizedthat the cutting algorithm must be de ned in relation
to the represeration usedto model the organ; surface, volumetric, multiple
surfacesor hybrids.

8.1 Strategies for cutting

As stated in [6]], cutting in tetrahedral or triangle meshesis di cult because
tetrahedrons and triangles are not closedunder cutting operations. A tetrahe-
dron that is cut along a sweep does not simply result in another set of tetra-
hedrons. The meshhasto be adapted to make the cut appear where the user
made the cut.

Basically three di erent models for cutting have been proposedas summa-
rized by [22]. In Figure 8.1 the original mesh plus the three basic models of
cutting are presened.

8.2 Removal of elements

The simplest cutting scheme is to simply remove the elemerns intersected by
the cut-sweep[14, 28]. The problem with simply removing tetrahedrons from
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the model is that the volume is not presened. Furthermore the shape of the
cut in the meshwill not resenble the actual cut, it will most likely be jagged
and bigger than the actual sweep, becauseelemeris are most likely larger than
the width of the cutting instrument.

The jagged cut can be smoothed out if the nodal points are translated to
the cut sweep, this will be discussedin section 8.4.

No elemers are added to the model, so the complexity is not increased,
instead the complexity can decrease. This meanswe will lose detail when we
cut into the model. This method is clearly most successfulwhen the model
consistsof many volumetric elemens, sudc asthe 3d chainmail algorithm, see
section5.11.

8.3 Subdividing tetrahedrons

Instead of the very simple method of remaving the elemeris, we could make a full
decomposition of the tetrahedrons in the original topology to sub-tetrahedrons
that divide the topology along the cut sweep. Elemerts in the triangles inter-
sectedby the cut and possibly neighbors are subdivided.

Sudch a method is preserted in [4]. The advantage of subdivision of tetahe-
drons comparedto simply removing the intersected elemeris is that the cut in
the meshis a very accurate represeration of the actual cut. The volume of the
organ is presened, and no nodesare displaced.

The geometricaland visual result is very pleasing, but this hasa price. The
disadvantages are quite sewere for our speci ¢ use of realtime interaction and
visualization. A singletetrahedron intersectedby the cut is replacedby a poten-
tially large number of smaller tetrahedrons. This meansthat the basic number
of primitiv esincreasesafter a cut, and the speed of computation therefore de-
creases.The replacedtetrahedrons might be degenerate that is, elemers with
a bad aspect ratio in which someedgesare very long comparedto others. The
degeneracycan occur becausethe shape of the new tetrahedrons only depends
on the original shape of the intersectedtetrahedron, and the cut made by the
scalpel. The meshmight becomefragmented becauset canbecomenon-uniform
with respect to the size of elemerts, which can have an in uence on the numer-
ical issues.Becauseof this fragmentation very small elemens can occur, and if
they are small enoughthey can have a negative in uence on the stability of the
numerical methods.

In a Finite Elemen systemthesedegenerateelemers will lead to numerical
errors, speci cally in the caseof the Conjugate Gradient method, the conver-
gencewill slow down [21].

In the Spring Mass system degenerateelemerts will have a big in uence
on the behavior of the material as explained in section 5.10. An organ with
degenerateelemeris might behave in a di erent way than if it was made from
a regular grid of elemens. Elemerts with small edgesmight also result in the
error in which parts of the organ will collapseinto itself.

In [22] an intersected elemernt is divided into sewral tetrahedrons but a
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Figure 8.2: Splitting along faces;selectingfacesto unglue, snap nodesto cut-
sweepand remove degeneracy
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number of post-cut methods are devisedto prevent fragmentation. The method

is basedon an edge-collapsescheme. The measureof quality of a tetrahedron is

the ratio betweenthe inscribed and circumscribed spheretimes three (because
the maximum of the ratio betweenthe spheresis 1/3 and the ratio will then be
between1 and 0). The smallestedgeis collapsedby moving one node into the

other (and adding the mass). Although this method was not devised for the

Finite Elemert method, modi cations to the system can be made in realtime

using someof the methods presened in this thesis.

8.4 Splitting along faces in the elements

We would like the number of primitiv esin the physical simulation to remain
more or lessconstart. Consequetly we will have to adapt the mesh without
subdivisions to simulate cuts in realtime. In the seriesof articles by Nienhuys
and Stappen [61, 59, 60] a schemefor cutting without subdivisions is preserted.
The cutting scheme preserted has beenimplemented in the surgical simulator.

The approach for cutting is that the cut is approximated by a set of triangles
in the mesh. The meshis divided alongthe set of triangles found, and the nodes
in the triangles are moved to the cut plane. The algorithm can be divided into
seweral parts: Selecting facesto unglue, ungluing tetrahedrons that are con-
nectedto the faces,snapping nodesto the cut plane and remaoving degeneracy
The processis depict in gure 8.2

8.4.1 Selecting faces to unglue

The sweepis the surfacesindicated by the movemert of the scalpel. The cut
surfaceis the set of triangles from the tetrahedron meshthat most closely ap-
proximates the sweep. We will nd a a cut surfacefrom the cut sweep.

The cut can be approximated by a surfacerepresenied by triangles. In the
caseof our abstract cut tool, the cut sweepis a single triangle. The sweepis
normally connectedand non-branching, and we wish the cut surfaceto have the
samecharacteristics.

The algorithm to nd the cut surface from the cut sweepis preserted in
algorithm 5. The algorithm determinesa feature set for ead Tetrahedron, see
gure 8.3. The feature set is the union of the nodesfrom eat edgeclosestto
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Algorithm 5 nd cut surfacefrom sweep
for all (tetrahedrons t in mesh)

E = edges of t that intersect the sweep
for allledges e in E)

feature.add(node in e closest to sweep)
if ( feature.size()= =3)
cutSurface.add( feature

7

Figure 8.3: Feature selectionof a point, an edgeand a triangle respectively.

the sweep. If the sizeof the feature setis 1 a node is selected,if the sizeis 2 an
edgeis selectedand if the sizeis 3 a triangle is selected. The feature set cannot
be larger than 3 (seeproof in [60]). We selectfeature setsof size3 only, because
we only needthe triangles and features sets smaller than 3 are implicitly part
of the triangle selected.

The algorithm 5 is not guaranteed to give a correct non-branching cut (see
[6Q] for examples). In most casesthe following will hold true:

The cut surfaceis closeto the sweepbecauseonly triangles from tetrahe-
drons that intersect the sweepare selected.

The cut is most likely not branched, as at most one triangle is selected
from ead tetrahedron.

The cut is most likely connected. Two adjacert tetrahedra will have the
samenodes selectedfrom the sharedfacesof the tetrahedra.

8.4.2 Ungluing faces

The outcome from the previous section is usedto actually make the cut in the
topology. That is, from a selection of triangles in the model, we would like to
create a new model in which the boundary of the mesh is enlarged with the
triangles represerting the cut, and only those.

The unglue algorithm 6 takesa local look at ead node and all the incident
tetrahedrons. If the tetrahedrons are divided into distinct setsby the cut surface,
the cut is realizedby making a copy of ead node in the cut-surfaceand replacing
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Algorithm 6 unglue in tetrahedral mesh
input(tetrahedra mesh,cut surface C)
for alll nodes Nin mesh)

T = the set of tetrahedra incident to N
K = the set of components T is divided into by C
for all(lcomponents c in K)

Nc = N.copy()

Substitute N with Nc in all tetrahedra of ¢

them in tetrahedrons on both sidesof the cut. The algorithm is well de ned
in the manner that it createsvalid tetrahedral meshfrom a tetrahedral mesh.
Most facesfrom the cut surface are put into the exterior of the mesh. The
situation in which not all facesare put into the exterior is the situation in which
a single triangle is selected. In order for the algorithm to behave as expected
we needthe initial meshto be cut-regular that is:

Cut-regular A tetrahedral meshis cut regular if for every node all the incident
tetrahedra are connectedthrough their faces.

If the meshwas not cut-regular the unglue algorithm could disconnectcompo-
nents of the mesheven if the cut surfacewas empty (see[61]).

8.4.3 Node snapping

Becausethe cut is made along the facesof the mesh, the resulting surface can
be jagged. Node snappingis introducedto getrid of the jaggedcuts that where
intro ducedby cuts madealongtriangles in the model. The solution is to project
nodesonto the cut sweep. This method can intro duce unwanted deformations
on the surface of the mesh becausesurface nodes are moved. One solution is
to limit the movemen of the node to within the surfacetriangle intersected by
the sweep.

8.4.4 Degeneracy removal

Becausenodes have been moved by node snapping, degeneraciescan occur.
In [6]] a strategy for the dierent casesand solutions is listed. Degeneracie
removal was outside the scope of the thesis and is not implemented in the
surgical simulator.

8.5 Cutting in Connected Surfaces

The ConnectedSurfacestructure consistsconceptually of two surfacesconnected
with additional edges.To make a cut through the ConnectedSurfacesstructure,
we needto cut in both the surfacesand the connecting edges.
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Algorithm 7 unglue in triangle mesh
input(triangle mesh,cut edges C)
for alll nodes Nin mesh)

T = the set of triangle incident to N
K = the set of components T is divided into by C
for all(lcomponents c in K)

Nc = N.copy()

Substitute N with Ncin all triangle of ¢

In section 8.4 we introduced a method to make cuts with minimal new ele-
mernt creation. The algorithm will be usedas a basisfor the cut in the surface
structure. Other algorithms such as the Delaunay inspired approach by Nien-
huys might give better results for triangle meshesbut are not easily generalized
to tetrahedral mesheg[63].

Selecting edgesto unglue is done via feature selection of edges. This is the
casewhen the feature set is of sizetwo, see8.3.

Algorithm 6 can simply be reducedto cutting in a triangle mesh, seealgo-
rithm 7.

For the Connected Surfacesstructure it is not enoughto simply cut in the
surfaces,we also need to remove edgesthat intersect the cut sweep, as they
connectthe two sidesof the cut. Due to the small number of connecting edges,
the nodesin the cut can get underconstrained. This situation can be repaired
by re-connectingthe node to the opposite surfaceon the sameside of the cut?.

Cutting in Connected Surfacesis usedin gure 8.4 wherea cut is madeinto
the heart. Notice that there is no visualization of a solid volumen betweenthe
surfaces.

1This is not done in the implementation though
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Figure 8.4: Cutting in heart
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Chapter 9

Parameter Optimization

In this chapter we will comparethe actual behavior of the modelsintroducedin
this thesis. Speci cally we will comparethe the Spring Mass models with the
FEM to seeto what degreethis family of elastic models can approximate the
behavior of FEM and what framerate and convergenceissuesthere are.

To make comparisonsthat actually comparethe models on an equal basis,
we will needoptimal parametersfor the Spring Massmodelswith respectto the
behavior of the FEM. As discussedin section 5.10, we cannot simply transfer
the parametersfrom the FEM to the Spring Mass model.

In [33] two dynamic elastic models are compared. The referenceis a sim-
plied time explicit FEM and the elastic model under study is a linear Spring
Mass model. The parameters for the models are manually tuned to make the
Spring Massmodel behave asthe FEM. A forceis intro ducedinto the two mod-
els and the time it takesfor the modelsto reach equilibrium is found. There
are se\eral shortcomingsin suc a test. The material parametersare manually
tuned. This is unsatisfactory becauseit is the behavior of the elastic models
that is examined. The models should be compared on an equal basiswith op-
timal parametersfor comparison- we have no guarantee with manually tuned
parameters. The time it takesfor the model to reach equilibrium is measured,
but in real use of a surgical simulation the equilibrium is not reached before
new forces are introduced through interaction with the model. Furthermore
equilibrium in itself doesnot tell us if the models have reached the sameequi-
librium; this dependson the material parameters. As a side note, it seemsodd
to comparetwo dynamic models for static equilibrium; there is no comparison
of the dynamic properties of the materials.

In [20] a Simulated Annealing method is usedto optimize the elastic behav-
ior of a dynamic Spring Massmodel to a dynamic FEM. The test casesusedare
four basic deformations on a regular squareplate in 2d, two stretching and two
shearing. The referencedisplacemen is an analytical calculation of the deforma-
tion of a FEM. The tness of the model is calculated asthe standard deviation.
A Simulated Annealing is used becausea pure gradient-descer delivered bad
results (probably becauseof the dimensionality of the problem and local min-
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Algorithm 8 Standard EA
while (stopcriterion)

parents = population.sele ct Parents( )
nextGeneration = parents.recombi ne()
nextGeneration.m utate()

nextGeneration.a ddFitSurviv ers(populati on)
population = nextGeneration

ima). The optimization preserted only optimizes spring sti ness. Stepsizeand
damping are not optimized. Again, a comparisonfor equilibrium is usedin the
tness analysis. The corvergence(which can often not be completedin a single
frame) is not analyzed.

I will nd an optimal parameterization of an elastic models such that it will
behave as closely as possibleto a static solution to a linear FEM. The FEM
used as a referenceis an actual solution to the linear system of equations, and
doesas sudc not run in realtime. The important contribution in my parameter
identi cation, is that | optimize for a behavior overtime. My parameterswill be
optimized for a referencemodel running at a xed speed. The target model runs
at whatever speedthat speci ¢ model supports. For ead frame of the reference
model, the two models are comparedand a tness measureis calculated.

I have optimized for a speci ¢ behavior asexperiencedthrough the simulator.
Initial experiments shaved me that it was not realistic to hope for equilibrium
in eath frame, neither with quasistatic or conjugate gradient FEM. The tness
of a given parameterization is a measureof how good the model exhibited the
samebehavior in the sameperiod of time.

In [33] hexahedronsare usedas elemerts in the FEM formulation - in order
to corvert theseto a Spring Mass system that is not under-constrained they
needto insert diagonal springs. In my casetetrahedrons have been used as
elemers in the FEM formulation, and no extra springs needto be inserted.

9.1 EA for parameter optimization

The implemented system for optimizing parameters supports a comparison of
two elastic modelsthrough the ElasticComparisonclass. There is a target elastic
model and a referenceelastic model. The idea beingthat we comparethe target
model to a more precisereferencemodel.

We usean Evolutionary Algorithm (EA) [46, 47] for our optimization prob-
lem. Not knowing anything about the behavior of our tness | selectthe EA
becauseit can escape local optima and only needsa tness evaluation of a pa-
rameterization to make a seard for optimal parameters. An EA is inspired
by the classictheory of Darwinistic ewolution; The ttest individuals survive,
mateswith other t individuals and transfer parts of their genetic code to their
o springs. In the EA a population corvergesto the global optimum through a
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(@) ConnectedSurfaces(b) TetrahedronMesh (c) Fixed nodesin red
wall wall

Figure 9.1: The test geometry: A thin wall. (884 nodes,2408tetrahedrons and
9766 edges)

seriesof generations.

The tness function f itness(p1; p2;:::;pn) ! [0; 3], wheren is the number of
parameterswe wish to optimize, de nes a tness landsape which | will visualize
in the casespossibleand useto evaluate the behavior of the elastic model.

A basic EA is presenrted in Algorithm 8. From the current generation we
selectparents to be reconbined or transfered to the next. Parents are selected
basedon their tness. A t parent is onethat behaveslike the referencemodel.
The next generationis mutated slightly. The selectionusedis tournament selec-
tion becausewe expect the tness landscapesto be rather smooth, and cornver-
genceshould not be a problem. When we recombine, we createa new individual
whoseparameter values are the averageof it's parent's numerical values. Mu-
tation adds or subtracts small numbers from the parameters. The most t
individual from the previous generationwill be transferred to the next. The EA
usedin the optimizations has a population size of 20-45, crosswer rate of 0.5
and a mutation rate of 0.5. The initial chromosomesare scattered randomly in
a part of the seard space.

9.1.1 Comparing models

We now de ne how to compare two models and calculate tness. We must
de ne what it meansfor two modelsto behave alike over a time period.

We comparethe modelsin an experimertal setup, meaningthat they are run
under sometest interaction and compared. Three things must be de ned for
such a test: the metric neededto compare two solutions, the test interactions
that are to be performed, and the geometrical object on which the test is run.
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(a) Connected surfaces deformation (b) FEM deformation

Figure 9.2: Nodal tness mapped onto geometry. Deformation asin gure 9.3.

The Geometrical Object usedin the comparisonis a thin wall. In gure 9.1
the wall is depicted astwo surfaces(a) and the tetrahedron mesh(b) . The wall
model is chosenbecausethe Connected Surfacesmodel is designedspeci cally
for this type of model becauseof the heart morphology, seesection5.9.4. The
wall is constructed as a well formed 3d object with equal spacingbetweennodal
points. The wall is xed at three of the three sidesof the wall. In [20, 33] a
brick is usedasthe test case.

The test interaction is a simple grab and stretch. The stretch movemert
lasts for 1.5 secondsfollow by 3 secondswith no movemert allowing the elastic
modelsto nd equilibrium. The deformedwall can be seenin gure 9.3.

The metric is de ned asthe averageof the distance betweennodespaired in
the two models. The nodesare paired through their position in space. Through
the geometrical Object setup we are guaranteed that all points in the target
model are presert in the referencemodel. The tness at a single timestep is
calculated as:

X
fit = X X
i=1

The di erence betweenthe referencemodel and the target model on a nodal
basis can be visualized in the Surgical Simulator!. In gure 9.2 a comparison
betweena Connected Surfacesmodel and a FEM is made.

The target elastic model runs at whatever speedpossible,while the reference
model runs at a xed speed(the nodal positions being pre-calculated).

Becausethe same referencemodel is compared many times to the target
elastic model for which we are nding parameters,the animation of the reference

1Press'6' to activate this view in the surgical simulator.
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(a) Connected surfaces deforma- (b) FEM deformation
tion

(c) Connected surfaces deforma- (d) FEM deformation from side
tion from side

Figure 9.3: Test Interaction
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Algorithm 9 Evaluate tness
INPUT (target,refe  re nce)
OUTPUT(Fitness)
while( tool interaction is not finished)

tool.timeStep()
reference.cached Timetep()
for ( 1/30 of a second )

target.setHoldPo sit io nFrom(r ef ere nce)
target.timeStep( )

difference  += Compare(target,r eference)
fitness = difference / tool.totalTimeS te ps()

model is cached. This is especially useful for the precise FEM becauseit is
computationally heavy.

The complete algorithm to evaluate the tness is preseried in Algorithm 9.

The problem of nding both parametersfor the speedof convergence(step-
size and damping) and the precision of the equilibrium is actually a multi-
objective optimization. As explainedin section5.3, the precision of equilibrium
and speedof convergencedepend on ead other. If wewant a precisecalculation
of equilibrium, we must usesmall time steps- and if we uselarge time stepsthe
equilibrium is not precise. The question is how these two parameters behave
with respectto the FEM. The tradeo betweenthe two parametersin the tness
evaluation is implicit in the interaction test, and depends on the ratio of the
time the tissue is interacted with and the time it is not. The size of the forces
alsoin uence the two parameters.

It isimportant to recognizethe fact that we are not trying to nd parameters
that will make the elastic modelsrun faster. The speed of the elastic modelsis
part of the de nition of the elastic models.

9.1.2 Chromosomes

The sti ness of the springs are generally homogeneousij.e. all springs have the
samesti ness parameters. We could have chosento nd the optimal sti ness
parameters for eadh individual spring. But as the referencemodel is homoge-
neous, optimal individual sti ness parameters would probably be adapted to
the interaction caseused. That is, we would nd a parameter con guration

that would work well with the interaction caseschosen,but not in the general
case(as the material would not behave in a homogeneousnanner in all cases).
Furthermore individual spring sti nesses would increasethe dimensionality of
the problem to an amount not easily solvable with a general EA.
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9.2 Minim um and Maxim um tness

To interpret the tness calculations, we will do a small test to seewhat the
worst realistic result is. We will measurethe tness of a FEM comparedto an
elastic model in which only the points in the Hold object are moved. We move
the points in the Hold becausethese will move correctly in all casesbecause
the positions are merely transfered. The tness in suc a situation has been
experimentally establishedto be 0.202279and will be regardedas a maximum
tness.

As an indication of a minimum tness, a static equilibrium in ead frame is
calculated with the quasi static algorithm. A static equilibrium with the quasi
static algorithm in ead frame is not possiblein realtime though. If equilibrium
is found ead timestep, the tness becomes0.0482.

9.3 Tetrahedral QuasiStatic to QuasiStatic opti-
mization

In this preliminary test we comparea quasi static model to a quasi static model.
This optimization is merely to verify that the EA will nd an absolute minimum
tness of zerofor a simple case. The referencemodel wassetto have a minimum
in (stepsize;stif f ness) = (0:2;0:2). The tness found was practically zero, but
the parameters were not quite (0:2;0:2) though. Seethe table 9.1 and the
convergencein gure 9.5. The answer to this issueis found by inspecting the
tness landscape in gure 9.4, where we can seethat there is a valley in which
the minimum value is reached. We can seethat sti ness and stepsizedepend
on ead other. The stepsizeand sti ness are interchangeablein the QuasiStatic
model when we useabsolute positioning of the nodes. The intuitiv e explanation
is very simple; the sti ness indicates how far the direction of velocity should be
followed and so does stepsize. This is especially true in a homogeneoussetting
in which all spring coe cien ts are the same. Note that this is only true because
we work with absolute positioning of the interaction points. If we were using
forcesfor interaction, a model with greater spring sti ness would resist more to
the force.

| Stepsize | Stiness || Fitness ]
[0.218276] 0.18789 0 |

Table 9.1: Minimum sti ness of Tetrahedral QuasiStatic to QuasiStatic opti-
mization.

From gure 9.4 we can also seethat the minimum is far away from the in-
stability border - and though instabilit y can be intro ducedthrough large forces,
there is good distance to the instabilit y border. In this rst test, the two mod-
elswere run at the samespeed, to be sure that there would be a minimum in
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(0:2; 0:2).

9.4 Tetrahedral QuasiStatic to precise FEM op-
timization
For the Tetrahedronal QuasiStatic model wewishto nd to the optimal stepsize

and sti ness parameters. The tness landscape is 2d, depicted in gure 9.6.
The actual minimum found is preserted in table 9.2.

| Stepsize| Stiness || Fitness |
[0.20286 | 0.490712]] 0.05905|

Table 9.2: Minimum tness of optimization of parameters for a QuasiStaic
model to a FEM

Compared to the previous section, we can seethat the valley in which a
minimum is reached, has shifted into the wall of instabilit y. This indicates that
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the Spring Masssystemis having di culties behaving stiy enoughor corverg-
ing quickly enough. The optimal parameterswill be very closeto the border
of in-stabilit y, and other interactions with a model basedon these parameters
might becomeunstable.

The problem with the instability can be seenin Average tness and Best
tness in gure 9.7 and gure 9.6. In the Best tness gure, we can seethat
the convergenceof the EA becomesquite jittery after generation7. This e ect
appearsbecausesmall di erences in the duration of tness evaluation can mean
that a parameterization that was stable in the previous generation becomes
unstable in the current. In the caseof the best tness another parameterization
will becomethe best, but possiblewith a higher tness. In the AverageFitness
gure we seethe same problem as large oscillations after generation 7. An
unstable parameterization is punishedwith alarge tness adding alarge amount
to the average tness.

The problem is simply that the QuasiStatic Spring Mass model cannot con-
verge quickly enough. One idea is to use relaxation to increasestability and
speed of convergence.

9.5 Tetrahedral Relaxation

If relaxation (from section 4) is the only deformation calculation we make, we
get a result a bit worse than the pure Spring Mass model deformation, see
table 9.3. This is not really a surprise as relaxation in itself is only a heuristic
deformation. But it tells usthat relaxation in itself will not give usgood tness.
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| Linear factor | Relaxation iterations || Fitness |
[ 0.000351211] 1 [ 0.0622297]

Table 9.3: Minimum tness for a parameter optimization for a tetrahedral re-
laxation (in the range 0 to 3) model comparedto a FEM

9.6 Tetrahedral QuasiStatic with Relaxation

The QuasiStatic Spring Mass algorithm has a problem behaving stiy enough
and propagating forcesquickly enough. We will thereforetry to usethe iterativ e
relaxation intro ducedin section4. We hopethat relaxation will propagateforces
more quickly.

The problem has increasedto a four dimensional problem of stepsize,sti -
ness,number of relaxation iterations, and the linear factor of springs.

To get information about the behavior of the QuasiStatic algorithm with
relaxation we would also like to visualize the tness landscape. Unfortunately
this is a 5 dimensionaldataset. From the gure 9.8 (a) we canseethat the linear
factor of the relaxation is bestleft closezerd®. Furthermore we have experienced
somedependencybetweenstepsizeand sti ness, meaningthat we can decideon
a certain stepsize,and only visualize the sti ness. Wethen havea 3 dimensional
system of number of relaxations steps, sti ness, and tness visualized in gure
9.8 (b).

The tness landscapein gure 9.8(b) is not assmooth asthe previous tnhess
landscapes simply becauseof the relaxation. It is not immediately clear where
a minimum could be.

The corvergencan gure 9.9is asexpected. Comparingit to the convergence
of the Quasi Static algorithm without relaxation, we get someindication that
the minimum is more stable becauseof fewer and smaller oscillations. From the
best tness we can clearly seethat the optimal solution is probably not right
next to an instable one, becausethe graph is smooth all the way.

| Stepsize | Stiness | Linear factor | Relaxation iterations || Fitness |
[0.0542248] 0.446545 0.00507468 | 10 [ 0.0497 |

Table 9.4: Minimum tness for a parameter optimization for a tetrahedral Qua-
siStatic model with relaxation (in the range 0 to 15) comparedto a FEM

We initially seededthe EA with a number of relaxations up to 15, this
gave a minimum of 11 iterations and a tness that is 0.01 lower than without
relaxation, seetable 9.4. This is a relatively good result, but at a price. 11
relaxations are large number of relaxations giving an unacceptable framerate.

2Although a visualization is only made for 5 relaxations, similar results occur with larger
or smaller number of relaxations.
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The problem is that there is nothing in the optimization that optimizes for
frame rate. If we constrain the number of relaxations to a smaller number
such as three relaxations per frame, the tness is similar, seetable 9.5. In all
cases,the tness is better then both pure Spring Mass and pure Relaxation
deformation, indicating a synergy e ect.

| Stepsize| Stiness | Linear factor | Relaxation iterations || Fitness |
[0.31525 | 0.490227] 0.0235962 | 1 [ 0.0494 |

Table 9.5: Minimum tness for a parameter optimization for a tetrahedral Qua-
siStatic model with relaxation (in the range 0 to 3) comparedto a FEM

9.7 Dynamic Spring Mass

This sectiondealswith a tetrahedral meshcortrolled by a dynamic spring mass
algorithm. We therefore have a 3d problem: stepsize,sti ness and damping.

The dynamic Spring Mass system exhibits a time dependert movemert,
with wavesand vibrations. The referenceFEM is static, and such phenomena
do therefore not appear. In gure 9.10we comparea low degreeof damping (b)
and a high degreeof damping (a). We seethat when the damping gets higher
the model receivesa lower tness becausewavesand vibrations are damped out.
On the other hand, if the damping getstoo big, the convergenceis slowed down.
The Dynamic Spring Mass model must therefore optimize its parametersfor a
static behavior.

Surprisingly the dynamic systemis ableto get a lower tness than the quasi
static. It seemsthe velocity of the nodes might indicate a seard direction for
the nodes, thereby acceleratingthe convergence. Another sourceof the better
tness could be that the integration usedin the dynamic calculation is more
advancedthan the simple method usedin the QuasiStatic model.
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| Stepsize | Stiness | damping | Fitness |
[0.589101] 0.740875] 0.0665089] 0.0555 |

Table 9.6: Minimum tness for an optimization of parameters for a dynamic
Spring Mass model in comparisonto a FEM.

What we cannot seefrom the optimal parameters,is how the dynamic spring
mass model achievessuch a low tness. It might simply optimize for features
in the test interaction. We will comparethe models for speed of convergencein
section 9.9.

9.8 Quasti Static Connected Surfaces

In this section we will examine the Connected Surface structure from section
5.9.4. The Connected Surface divides the springs into two categories;surface
springs and connecting springs. As a rst test we will optimize for a homoge-
neousspringsconstart. The result is presenied in table 9.7. We can seethat the
optimum becomes0.006 worse in comparisonto the homogeneougetrahedral
mesh.

| Stepsize | Stiness on surface | Stiness in connectingsprings || Fitness |
[0.967284] 0402214 | 0.402214 [ 0.0661307|

Table 9.7: Minimum tness for a ConnectedSurfaceSpring Mass model in com-
parisonto a FEM. Sti ness on surfaceand in connecting springs are the same.
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The two categoriesof springsin Connected Surfacessere di erent needsin
the calculation of deformation, seesection 5.9.4. In table 9.8, the results for
a separate spring sti ness for the springs on the surfaceand in the volume is
preseried. We notice that the tness getsbetter, but is still not asgood asin the
tetrahedral meshcase. The di erence in tness is probably becausethe scheme
of connecting surfacesis not optimal for our test casein which direction of the
connected springs points directly into a node in the other surface. With the
low number of connecting springs, the propagation of force can easily become
biasedin certain directions.

| Stepsize| Sti ness on surface | Sti ness in connectingsprings || Fitness |
[ 1.10633] 0197968 | 0.755308 [ 0.0639859)

Table 9.8: Minimum tness for a ConnectedSurfaceSpring Mass model in com-
parisonto a FEM

The corvergenceof the EA optimizing the Connected Surfaces case (see
gure 9.12)is very slow in the in comparisonto the other optimizations - this
indicates that the interplay between connecting springs and surface springs is
not easily recognized.

9.9 Comparison of models

In [57] Spring massis used in the simulation of abdominal simulation with
cutting becauseit is proclaimed that Spring Mass algorithms are faster than
FEM when cutting should be possible. The conclusionin [33 is that dynamic
FEM and Spring masshave the sameorder of computational complexity.

In [38] a comparisonof spring massand FEM is made within the domain of
craniofacial surgery. It is informally veri ed that spring modelsbehave similarly
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to FEM for small forces. The Spring masssystem is used as a fast realtime
simulation, and the FEM can be usedto make o -line calculations of the same
procedureto verify results. For larger forcesthe behavior of the models are not
identical.

Using the optimal values for the elastic models studied, we will now study
the convergencebehavior of the elastic models. We will usethe sameinteraction
sequenceas we usedto nd the optimal parameters.

The graphscanbe seenin gure 9.13. At 0 secondgshe stretch is started and
at about 1.5 secondsit is stopped. We can seethat none of the elastic models
can keepup with pre-calculated FEM; while there is a stretching all the graphs
are rising. The jitter on the rst parts of the graphs comesmostly from the
interaction sequencewhich is not smooth (as it is recordedin a real setting).
Part of the jitter also comesfrom the iterativ e algorithms.

Comparing the Conjugate Gradient FEM to the Spring Mass models, we
can seethat the CG FEM doesnot mimic the referencemodel as closely as the
Spring Massmodelsfor the rst 4-5seconds.But becausethe CG FEM and the
referencemodel are actually the same,the CG FEM will convergeto an actual
0in tness after about 18 seconds,see gure 9.13(b). The choice of CG FEM
and Spring Mass model dependson the choice betweena fast reasonableresult
and a slow preciseresult. For the use of a realtime interaction, fast response
is important for the credibility of the behavior of the tissue. The Spring Mass
model seemsbetter suited for this kind of use. Another argumert is that slow
convergencegivesthe impression of a material that is too elastic to be tissue.

In the part of the graph where there is an active stretching, the static tetra-
hedral Spring Mass model hasthe worst tness. The ConnectedSurfacesSpring
Mass model looks almost the same, but is a bit better. The Relaxation of
the static tetrahedral Spring Mass has a lower tness again, but the dynamic
tetrahedral Spring Masshasa very low tness on the rst part of the graph.

The Spring Massmodelscan acquire a faster corvergencen the rst seconds,
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| Elastic Model | Framespr second]
QuasiStatic Tetrahedral 57 fps.@
QuasiStatic Connected Surfaces 90 fps.
QuasiStatic Connected Surfaces,one relaxation pr frame 61 fps.
one relaxation pr. frame 106 fps.
Dynamic Spring Mass 86 fps.
CG FEM 12 fps.

Table 9.9: Framerate of elastic models with the wall model

but becausethey are unstable and the best convergenceis closeto instabilit y,
the optimal parametersare often unstable. To nd stable parameterswe should
optimize through a large number of interactions in a saferange around the force
of interaction usedin an actual training scenarioor pre-operative simulation.

From table 9.9 we can seethat the Spring Mass models and pure relaxation
run at about the samespeed of about 90 frames per seconds.

If we introduce a single iteration of relaxation pr. frame, we drop about 30
frames pr. second. In the caseof the LR Spring Mass the drop in framerate
is acceptablebecauseit enablesus to calculate the Spring Mass responsein a
smaller area, thereby speedingup the framerate. Furthermore relaxation helps
the cornvergencein large models.

The CG FEM performanceis unacceptablefor realtime use, 12 frames pr.
secondis not fast enoughfor realtime use. The heart geometry is even bigger,
and would give too slow framerate for the surgical simulator to be useful as
a realtime tool. CG FEM has not previously been comparedin detail to the
Spring Mass model. [61] simply statesthat realtime performanceis possiblein
their implementation. | have opted for the same level of optimization in the
code, and it seemsthat CG FEM is inferior to the Spring Mass model when it
comesto initial fast convergenceand framerate. CG FEM on the other hand
delivers a preciseequilibrium with global behavior.

To sumup, the Spring Massmodel givesa better framerate and faster initial
convergencethan a CG FEM. The fast initial corvergencethat stagnatesis
preferable to a slow corvergencethat reachesthe correct minimum because
we are concernedwith realtime use. If the Spring Mass model is combined with
relaxation, we get a better cornvergence- especially for large models such as
the heart geometry. The LR Spring Mass model usesthesefact to simulate the
deformation in alarge heart geometryat interactiverateswith afast corvergence
to equilibrium.

3Due to implementation issues, all springs are active (in all tetrahedrons) and therefore
restricts the framerate. This has no in uence on the parameter optimization though



Chapter 10

Evaluation with Surgeons

Building a useful surgical simulator demandscooperation and evaluation with
surgeons. The expert evaluation is proposedin [27] as one kind of validation.
The design of the surgical simulator was preseried in chapter 6. The surgical
simulator was evaluated in cooperation with Ole Kromann Hansenand Vib eke
Hjortdal. The surgeonswere generally very positive towards the surgical simu-
lator, seeappendix D

The actual evaluation with the surgeonswas an iterativ e processin which
elastic and geometrical models were presenied and discussed.Di erent geome-
tries were usedin the evaluation, ranging from simple walls and spheresto the
full cardiac geometry.

The surgeonswere exposedto most of the models and alternativ esdiscussed
in this thesis. The iterativ e evaluation with the surgeonshasresultet in the LR
Spring Mass model. This model is designedspeci cally for the cardiac geom-
etry (the wall perspective) and realtime calculation through point interaction,
regions-of-irterest and fast corvergence. LR Spring Mass model (section 5.7)
wasfound to be very realistic, and the surgeonscould easily seehow such atool
could be useful as a pre-operative tool. Interaction is basedon abstract tools
(section 7.4) with absolut positioning of nodes.

The evaluation of elastic models and geometry is conceptually divided into
six subjects. The elastic behavior is divided into deformation equilibrium, the
choice of dynamic or static model and deformation animation ( suc as time
dependart movemert, speed of corvergenceetc.). The generaluseor the simu-
lation techniquesare evaluated through subjects; interaction, simpli ¢ ations of
reality and categories of use for the surgeons.| will furthermore re ect on the
modelsin comparisonto the basic obsenation in section 2.6.

10.1 Deformation equilibrium

In the basic caseof a Spring Mass model and the FEM, the deformation equi-
librium is determined by the material parametersand the choice of the linear

87
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stress-strain model. The linear equilibrium was found to be realistic in most
cases.The surgeonsnoticed that the deformations were unnaturally elongated
when they introduced large forcesinto the surgical simulator. The size of the
forcesintroduced were far beyond a realistic stresson the cardiac tissue of a
child, but becauseof the choice of a mouse as an input device there are no
constraints or haptic feedbadk to guide the amount of stressintroducedin the
tissue. The unatural elongation was expected, asthe linear stress-strain model
is not valid for large forces.

The LR Spring model from section 5.7 was constructed speci cally for large
geometriessuch as the cardiac geometry The deformation equilibrium was
divided into two areasof realistic and lessrealistic deformation. The assumption
that the mostimportant part of the deformation is always closeto the interaction
point was proven to be valid for surgeons. The deformation was evaluated as
very realistic and believable.

The main problem with the Spring Mass based models is that part of the
geometry canrelatively easy ip into itself (seesection’5.10) when the geometry
is compressed. The surgeonsexperiencedthis problem, but did not recognize
this as a serious problem becausethe only clear visible sympton is un-even
shading. The problem is serious though, becasethe topology, and therebye
behavior, of the tissue changes.

10.2 Dynamic or static model

As obsened in section 2.6 the vibrations of the materials are not noticeable
becauseof the characteristics of the interaction with the tissue. The dynamic
and static behavior of a Spring Mass model was evaluated with the surgeons.
The static system was evaluated as the most realistic - vibrations are simply
not noticeable when working on objects of such small scalewith a controlled
interaction.

10.3 Deformation animation

The deformation animation denotesthe behavior over time. Deformation ani-
mation includes corvergencethrough iteration and time dependart movemert.
In the caseof static deformation, animation is naturally part of the movemernt of
interaction points. The iterativ e algorithms usedto calculate the deformations
are also very visible though, becauseequilibrium cannot be establishedwithin
one frame if the interacting forcesare of a certain size.

Through evaluation with the surgeonsit wasfound to be important to geta
fast convergencetowards equilibrium to achieve a realistic behavior. The basic
Spring Mass model and FEM gave a slow corvergencefor large models such as
the heart geometry. If the Spring Mass model was combined with an iterativ e
relaxation, the cornvergencewas faster and gave the impression of a much more
realistic tissue.



CHAPTER 10. EVALUATION WITH SURGEONS 89

With the LR Spring model the deformation animation was very fast in the
area of interest becausethe pure Spring Mass dynamics combined with relax-
ation in a small area givesa very fast corvergence. In the rest of the organ a
relatively fast corvergencewas realized through relaxation initially driven by
movemert of nodesin the area of interest. Again the LR Spring model was
evaluated as more realistic in comparisonto the other models.

The LR Spring Mass(with acut-o at depth four and onerelaxation iteration
pr frame) gave a frame rate of 20 fps. The surgeonsfound it to be fast enough
for interactive use.

10.4 Interaction

The abstract tools from chapter 7 were generally useful for the surgeons,asthey
were more suited for pre-operative planning than completely realistic simulation
of surgical instruments. The grab-tool was successfulbecausethere was no
collision detection that could intro duce unwanted forcesinto the tissue. It was
validated that the surgeonsdid not needpushing and probing instruments, but
only pulling and cutting. In the current implementation there is only onetype
of grab-tool. The surgeonswould like other grab-tools with di erent areasof
interaction - simulating instruments of di erent sizesand shapes.

In the current implementation there is only one point of interaction. The
surgeonactually needsmany more points of interaction to do a completesurgical
procedure. In reality two surgeonsdo the procedurein cooperation, holding and
manipulating instruments.

The cutting did not introduce any collision responseuntil it was activated.
This was helpful for the interaction with the tissue via a mouse. In the current
implemertation the cut-sweepwas a triangle of a constart size, it was noted
that the triangle should be re-sizableto make smaller or more precise cuts.
The cutting in itself was evaluated as realistic even though there was no tissue
response. Tissue responsewould add to the realism, but was not important as
part of the pre-operative tool.

As part of the construction of the Connected Surface structure in section
5.9.4, | assumedthat cuts were perpendicular to the surface, and often go
through the whole tissue. This was evaluated as a valid assumption.

10.5 Simpli cations

Gravity wasneglectedfrom the LR Spring model to simulate point interactions
faster. The missing simulation of gravity was not an issuefor the surgeons,as
gravity is not an issuein real surgery. Of coursegravity is evidert in a surgical
procedure, but the surgeonhas learned how to abstract away from it. When
comparedto the deformationsdue to pushing, pulling and cutting, gravity seems
to be a negligible force in the heart of a child.
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10.6 Categories of Use

It was discussedhow a surgical simulator could be usedin relation to the cat-
egoriesof use preserted in section 2.8. The surgeonscould generally easily see
the use of the surgical simulator as a pre-operative tool. The surgeonswere
very positive towards the possibility of using the surgical simulator as a tool
for analysis of the surgical procedure. It was pointed out by the surgeonsthat
the simulation would give them a more natural presenation of the heart than a
pure geometrical presertation would. Instead of walking into the model to look
at something, the surgeoncan cut the model open and obsene the model, just
like it would look in a actual surgical situation.

The surgeonscould easilyimagine the surgical simulator aspart of a surgical
training, though this was not explicitely part of this thesis.

With respect to skill assesmefy Kromann said that this would not be real-
istic in Denmark becausethe choice of apprentice is a very personalone.



Chapter 11

Conclusion

The goal of this thesis was to investigate the possibility of a realtime surgical
simulator speci cally for congenital cardiac diseases.Previous surgical simula-
tors basedon Spring Mass models or FEM have simulated organswith relative
simple morphology. This thesisrepreserts the rst stepsin the direction of are-
altime surgical simulator that can simulate geometrically complex organs, such
asthe heart. Speci cally for this use,the LR Spring Massmodel wasdeveloped.

A number of Spring Mass inspired models and a Conjugate Gradient FEM
were comparedfor rate of convergenceand equilibrium over a seriesof interac-
tions through time. It was experiencedthat both Spring Mass and FEM had
a convergencethat wastoo slow for a credible realtime simulation for geomet-
rically large models. With an iterativ e relaxation algorithm usedon a Spring
Mass based deformation the corvergenceof force in large geometriesis more
believable. As part of the thesis a number of di erent techniques for surgical
simulation have beenimplemented and evaluated with surgeons.The LR Spring
Mass model was evaluated favorable in comparisonto previous models.

Apart from technical aspects as preseried in this thesis | have learned a
lot from the cooperation with the surgeons. | have had the chanceto learn
about a completely dierent eld. It hasbeena highly motivating factor that |
cooperated with real peoplewith a needfor a tool to analyzereal situations. A
surgical simulator hasthe potential to help the surgeonmake vital decisions.
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Chapter 12

Future Researdt

The eld of surgical simulation is large and many dierent techniques have
beensuggested.In this thesis| have chosento look at someof the most popular
techniques of surgical simulation, but a large amournt of alternativesand small
variations exist.

12.1 Further evaluation with surgeons

Generally a future researd would continue the ewvaluation with the surgeons,
and extend to evaluation of complete surgical proceduresin the simulation.

A speci ¢ next step in the surgical simulator would be to simulate patches.
In section2.5about surgical procedureswe saw that patches are often usedto
reconstruct somepart of the heart morphology. As patchesarein themselhessoft
materials, we can simulate them with someof the sametechniquesassoft tissue.
Working with patchesincludescutting them into someshape and stitching them
onto the tissue.

If the surgical simulator is to be used through a whole surgical procedure
we will also need to simulate suturing in someway. One idea proposed by
the surgeonswasto simplify this operations within the perspective of abstract
tools. For an experiencedsurgeonsuturing is not di cult, and in the simulator
he could simply de ne connectionsbetweenpositions on the tissue.

12.2 Validation

According to Gibson [27] three kinds of validation exist: Expert evaluation,
comparisonto more preciseelastic models and formal experimental validation.
In this thesis| have validated the surgical simulator with expert evaluation and
comparisonto FEM.

To validate the surgical simulator for a speci ¢ caseof usewe needonefurther
step of validation. We needto formally validate that the surgical simulator
is actually useful for the specic caseof use chosen. This kind of validation
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is expectedto be the next big step in the eld of surgical simulation [71, 43].
Richard Satava hasbeenthe primary spokespersonfor the validation of surgical
simulators in training scenarios.A surgical simulator can be tested for validity
and reliabilit y with a seriesof tests, seeappendix C.

12.3 Experimental comparison of models

The experimental comparison of elastic models introduced in this thesis has
beentested on the model introduced in this thesis. A range of variations and
very di erent alternativ es exists for the calculation of deformation, but often
they are not comparedin a rigorous manner. A future researd would include a
comparison of a larger range of models so they could be ordered in hierarchies
basedon their dierent attributes.

A larger comparisonwould be basedon a range of test interactions derived
from real surgical procedures.In relation to a large number of test interactions
we might speci cally for the springs mass model divide the springs into cate-
goriesasin the caseof the ConnectedSurfacesstructure and optimize for spring
sti ness valuesfor ead category of springs. We have someindication from the
parameter optimization of the Connected Surfacesthat a homogeneousset up
of springsis not the sameas a homogeneouset up of the FEM, simply because
springs are locally de ned.

12.4 Seeded iterativ e models

Both the CG FEM and the Quasi Static algorithm are iterativ e methods that
canbe seededvith asolution guess.In the thesiswe have only discusseda simple
seedingwith the nodal positions of the previous frame, but in somesituations
this strategy is not optimal.

One extreme casewhen this simple strategy is not optimal is when an in-
teraction point is released. We would expect the tissue to return to the initial
con guration of points, and it will, but characteristics in especially the Spring
Mass model results in a very slow cornvergence. In future work we could take
advantage of the fact that we can seedthe iterativ e algorithms, e.g. with the
initial con guration after the releaseof interactions points. If multiple interac-
tions points can be active at the sametime (using multiple instruments) and
only oneinteraction point was released,we could set the positions of the nodes
basedon their distanceto the releasedinteraction point. l.e. nodescloseto the
releasedinteraction point would be moved to their initial con guration while
nodesfurther away would be seededwith their current location.

A more generalde nition of the seededterativ e modelswould be to basethe
deformation on two elastic models; a preciseiterative model and a lessprecise
heuristic model. The less precise heuristic model would quickly nd a near-
optimal nodal con guration, and the preciseiterative method would re ne the
nodal con guration.



CHAPTER 12. FUTURE RESEARCH 94

Sud a strategy for deformation hasnot beeninvestigated previously beyond
one method; the 3D chainmail method combinesa heuristic elastic model | with
a relaxation algorithm [25]. The chainmail algorithm is not physically based
though.

12.5 Specialized physical models

The basic Spring Mass model and FEM are very general in nature, and can
be used to simulate a range of dierent material behavior. The LR Spring
Mass model with a Connected Surfacesstructure created as part of this thesis
useddomain speci ¢ knowledgeto create a better elastic model for the specic
caseof surgical simulation in a child's heart. Future researt within surgical
simulation should usethe domain speci ¢ knowledgeto a greater extent, both
with respect to material behavior of tissue and typical interaction in a surgical
procedure. The acknowledgmert of domain speci ¢ knowledgewill allow us to
abstract unimportant parts of reality away and focus on those parts of reality
that are vital to simulation of surgical procedures.
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App endix A

FEM Detalls

A.l K¢ is symmetric

Pr de nition C is symmetric. Therefor K € is also symmetric:
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App endix B

Surgical Simulator
Implementation

B.1 CD-ROM

The sourcecode is available on the CD-ROM coming with this thesis. Binaries
and movies are also available on the CD-ROM.

B.2 Compilation

The surgical Simulator compilesunder gcc 3.2 for cygwin. The implementation
dependson OpenGL, GLUT and MTL.
To compile the ertire surgical simulator type:

make
The surgical simulator is as standard compiledto a le named:
sim.exe

Without any parameters the simulator will run a default surgical simulator
setup. Text les (Init les) are givenasargumen to the executableto setup a
certain geometry and elastic model.

If two init les are given, the Elastic Models are comparedto ead other.
The referencemodel controls the interaction of the target model. With view
number 6 the di erence on a nodal basisis visualized. E.g.:

sim.exe InitTestFEM InitTest2

If two init les and the command EA is given, the EA algorithm is run to nd
optimal parametersfor the secondelastic object. E.g.:

sim.exe InitTestFEM InitTest2 EA
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B.3 Init les

A range of initialization les are avalible, init les are named Init*. If the init
les are for the wall test examplethey are named InitT est*. The heart is named
InitHeart.

B.4 Interaction

The camerais moved in spacewith the keyboard:
w forward

s badkward

a left

d right

The mousecontrols the position of the abstract tool in relation to the current
camera position. If the left mouse button is pressedthe mouse cortrols the
distance of the tool to the camera. If left shift and left mousebutton is pressed,
the orientation of the view and tool is changedwith mousemovemerts.

The Tools are selectedwith:

z GrabTool

X ProbeTool (experimental)

¢ CutT ool

B.5 View

Selectkeyboard the following views:

1 Gouraud shading

2 Flat shading

3 Wireframe

4 Wireframe + gouraud shading

5 connectedEdgegqfor ConnectedEdgesstructure)

6 Comparison of two ElasticObjects
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B.6 Implemen tation details

If the readershould chooseto look at the sourcecode, the following is a guide for
the sources les. The implementation is written in C++ and can be compiled
with gcc3.2under cygwin. The implementation dependson OpenGL and GLUT
for visualization and MTL for basic matrix operations.

SurgerySim.cpp The main le. Contains code for OpenGL initialization, setup
of camera, drawing of some of the scene. Keyboard and mouse
interaction is reacted to and sert to the ElasticObjects. It is also
the responsibility of the SurgerySim.cppto react to argumernts to
the executable,load the init les cortaining initializing information
and instantiate the correct ElasticObjects and Geometry objects. If
an EA is wanted the EA classis instantiated.

ElasticObject.h/cpp De nes the basic Tetrahedron class, Geometry class, Ray
class(for connection of ConnectedSurfaces)Node class,Hold class,
Triangle classand ElasticObject class. The ElasticObject de nes
virtual function with basic drawing capabilities.

SpringMassOhect.h/cpp De nes the ParticleNode class,Edge class(is actually
a Spring, as this is the only Edge classthere is becausethe FEM
model doesnot useedgeclasses) EdgeTriangle class(a special class
for triangles that canhave edges usedwith the Spring Massmodels)
and SpringMassclass.

QuasiStaticObject.h/cpp De nes the QuasiStaticNode classand the QuasiStati-
cObject class.

FEMODb ject.h/cpp De nes the DisplacemeriNode class,the FEMT etrahedron
classand FEMODb ject class

matrixt ypes.h De nes matrix typesused.
matrixutil.h A small collection of functions for matrix manipulation

Iterativ e.h De nes lterativ eSoler class, StepestDecen class and Conjugate-
Gradient class.

Surface.h/cpp De nes the Surfaceclass.
ConnectedSurface.h/cpp De nes the ConnectedSurface<lass.

octree.h/cpp De nes the Octree classusedfor accelerationin ConnectedSurface
class.

TetrahedronMesh.h/cpp De nes the TetrahedronMeshclass.

Tool.h/cpp The Tool hierarchi: Tool class, GrabTool class,CutT ool classand
ProbeTool class.
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ElasticComparison.h/cpp De nes the ElasticComparison class.

EA.h De nes the EA class,the Chromosomeclassand it's specializations.
Is edited for di erent runs of EA.

I3ds.h/cpp Used for loading 3DS les, slight alterations of the original source
code (the OBJ and SMESH le formats are easily loadable and are
loadedin the Surfaceclassand TetrahedronMeshrespectively)

preformer.cpp A collection of classesfor 3d point de nition and manipulation.
mimics someof the Performer library functions and classedor easy
porting.

timeexp.h/cpp Functions for time related evaluation.



App endix C

Validation and Reliabilit y

It has been recognized[43] that the next big step in surgical simulation is a
formal veri cation of the usefulnessof training with surgery simulation. In [71],
Richard Satava preseried the progressin the Metrics for Objective Assesmen of
Surgical Skills Worshop. A Surgical Simulation systemmust be ableto show Va-
lidit y and Reliability. The kind of validity and reliabilit y required is speci cally
for the training scenarioand use of surgical simulation.

The bio-medanical behaviors of the model are not evaluated directly, but
the outcome of a training situation with the surgical simulation is.

The Surgical Simulator built as part of this thesis was not tested on real
students. And the discussionof validity and reliability will be a hypothetical
onewith argumerts from the surgeons.

C.1 Validity

Validity is de ned as:

Face Experts review the tests to seeif they seemappropriate on their face
value

Content Experts perform a detailed examination of the contents of the tests
to determine if they are appropriate and situation speci c.

Construct The determination of the degreeto which the test captures the
hypothetical quality it was designedto measure.

Concurren t The realtionship of the new test score(and those) whoseperfor-
mance has beenevaluated in actual working conditions.

Predictiv e Determining the extent to which the scoreson a test are predictive
of actual performance.
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It is important to note that this kind of validity does not explicitly validate
the bio-mecdhanical model of the simulator. It validates that students learn
something useful from the surgical simulator.

C.2 Reliabilit y

Reliability of a simulator is de ned as:

Inter-rate Determining the extent to which two di erent ewvaluators (raters)
scorethe sametest.

Test-retest Reliability of a test by administering it two (or more) times to
the samepersonsand obtainin a correlation betweenthe scoreson eath
testing

C.3 Taxonomy

A Taxonony of what to train is alsoimportant. [71] hasa hierarchical presen-
tation of goalsin training: Abilities, Skills, Tasksand Procedures.

Abilit y The state or condition of being capable; aptitude; competence;capa-
bilit y; power to do something, physical, mertal, legal etc.

Skill A dewvelopedpro ciency or dexterity in someart, craft, or the like; deftness
in execution or performance; a trade or craft requirering special traning
for competenceor expertnessin its practice.

Task A piece of work imposedupon a person by another; a piece of work to
be done;that which duty or necessiy imposes;an undertaking; a burden-
some, di cult or unpleasan chore or duty; a dicult or tedious under-
taking.

Pro cedure A seriesof stepstakento accomplishan end; a manner of proceed-
ing; a way of performing or e ecting something.

An ability is the simplest possibletraining; psycho-motor, visio-spatial, percep-
tion or haptic abilities. A Skill is a classicsurgery skill such as e.g. instrument
handling, bimanual dexterity, Knot tying, Tissue handling and cutting and sev-
eral abilities. A Task is a classic surgery task sud tissue extraction, closure
etc. A Procedureis a surgery proceduresuch asa VCD or an ACD preseried
in section 2.5.

When building a simulator one must be very carefull about what level of
such taxonomy the training focuseson.
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Evaluation from Surgeons

108



