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Abstract.  Simulating bleeding in a virtual reality surgical simulator is
an important task that still has not found a visually appealing solution.
Bleeding in a simulator not only tests a surgeon to deal with critical
issues,but also a ects the environment by obscuring the view in which
the surgeon has to operate. For any virtual reality surgical simulator,
bleeding has to be treated, while at the same time the bleeding has
to be responsive to any feedbad that the surgeon may be conducing
to the virtual reality environment. And all this has to be performed in
real-time, i.e. at frame-rate. In this paper we presert a methodology for
solving this particular problem and show preliminary results of real-time
visualization of bleeding in a dynamic virtual reality environment.

1 Intro duction

Hysteroscoypy is the standrad visualization of the inner surface of the uterus
performed by using one hull cortaining both the endoscop and the surgical in-
strument through the cervix into the uterus and applying uid under pressure
for establishing the hydrometra. It is the secondmost often performed endo-
scopicprocedureafter laparoscopy in gynecology|[1]. Diagnostic hysteroscoyy is
usedfor clari cation of pathologic alterations in caseof symptomsor ndings by
imaging modalities like irregular bleeding, endometrial thickening, suspected tu-
mors and problems of infertilit y or sterility. If necessaryit may be subsequetly
continued with therapeutic hysteroscoyy, e.g.for remaoval of polyps and myomas,
endometrial ablation, resectionof adherencesor uterine septa, cateterism of the
fallopian tube or removal of intrauterine device [2].

The side e ects and iatrogenic injuries depend on the procedurethat is per-
formed: while the pure diagnostic hysteroscofy presers almost no major prob-
lems, therapeutic hysteroscoypy is assaiated with a small number of well-known
serious complications. They primarily result from either the inadequate tech-
nique of the surgeon,or the uid overload of the patient. The only way to acquire
su cien t experienceis with the repetitiv e training of speci c skills, procedures
and complication managemen. However, patient involvemernt should be avoided
during early phaseof the surgeon'slearning curve.

Currently the basic visio-spatial and manipulative skills are taught by in
vitro methods using inanimate objects such assheepbladdersor bell peppers|[3].



Theseunits allow the surgeonto learn how to navigate under monoscopicvisual
feedbad, as well as perform basic manipulative componerts of an intervertion.
In this way the surgeondevelops competencein completing a particular task,
but becausethe real-life e ect is lost, one obtains only a limited training in
dexterity and surgical problem solving. Primarily , there is a lack of realistic tissue
reactivity and one cannot experiencethe complexities of abnormal anatomy or
pathologic situations.

It is believed, that a reasonablyrealistic virtual-realit y-basedendoscopicsim-
ulator training for therapeutic hysteroscopiescould contribute to a reducedrate
of complications. The ultimate advantage of such a simulator is the potential
to provide a realistic and con gurable training ernvironment that bridges the
gap between basic training and performing the actual intervention on patients,
without any restriction on repetitiv e training. However, the simulator systems
proposedto date do not achieve the necessarylevel of realism that is required
for this technology to be widely acceptedin the medical community [3,4].

In the simulator, the anatomy and somewell de ned pathologies must be
represerted. Realistic real-time simulation of the changesin the operational site
due to surgical actions and photo-realistic rendering must be achieved, includ-
ing the control of the hydrometra by manipulating the liquid in o w and out o w.
Finally, the manipulator should allow realistic tactile sensations(realized by
force-feedbak). In contrast to other virtual reality applications, creating the ap-
propriate virtual environment is straightforward. The simulator with its monitor
and manipulator correspondsdirectly to the setupin the true surgical situation.

In a hysteroscopicsimulator, special interest is in the simulation of di use
intra-uterine bleeding, obscuring the view of the surgeon,until the correct ac-
tions (adjusting the in o w and out o w of liquid) are performed. It hasto be
emphasized,that the medanism of uid managemen requires specic skills
from the surgeon.On one side, proper uid managemetn is crucial to the pa-
tient's safety, on the other side, it is the only way to keepthe operation site
visible. Consequetly, we facethe task of synthesizing bleeding, which can only
be made realistic if we are also able to model its speci ¢ dynamic ervironment,
in which an almost continuous current of the distension liquid is kept alive.

2 Metho dology

The realistic synthesis of bleeding is an important problem without a de ned
solution. Temporal texture synthesis [5{10] is one possible approach to solve
this problem. However, these techniques are limited in their ability to mimic
certain temporal phenomena,and do not have the full capability of synthesizing
a spatially stochastic, temporally heterogeneougexture like bleeding. Therefore
we have chosena more promising uid dynamics approach [11]. This choice is
motivated by the fact that in the caseof hysteroscopy, the bleeding takesplace
in the cavum uteri distended by liquid.

The precisemathematical equationsdescribingthe behavior of uid owsare
the so-calledNavier-Stokesequations [12]. They are non-linear partial di eren-



tial equations and an analytical solution to them is feasible only for the very
simple casesWith the rapid ewolution of computers, numerical solutions to the
equationshave cometo the front, establishingthe domain of computational uid

dynamics (CFD). This branch of uid dynamics givesa cost-e ective way for
accurate, real ow simulations speci ¢ for engineering purposes.Alternativ ely,
uid solvers from computer graphics domain provide the possibility to achieve
uid-lik e e ects in real-time, where precisephysical accuracyis not asimportant
asjust plain visual delit y.

Foster and Metaxas[13] useda coursegrid on which they invoked a simpli ed
discretized version of the Navier-Stokesequations. The non-linear partial di er-
ertial equations are solved using an explicit nite di erencing algorithm. How-
ever this inducesinstabilities if the time-step is chosentoo high. This limitation
alsomeansthat the speedof the simulation is alsorestricted. Stam [14] proposed
an unconditionally stable uid solver. More speci cally, instead of the explicit
Eulerian integration schemeboth semi-Lagrangian[15] and implicit methods are
usedto solve the Navier-Stokesequations. This provided the basison which to
build real-time interactiv e visualization of realistic uid o ws.

2.1 Intro ducing the Basic Mo del

The state of a volume of uid is determined by its density, temperature and
velocity. In this basic model both the density and the temperature of the uid
are consideredconstart. The behavior of the velocity eld is mathematically
expressedby the Navier-Stokesequations:
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whereu isthe velocity vector eld, represerts the kinematic viscosity coe cien t
and f correspondsto the vector eld of user-inducedforces.

This is the compact form of the Navier-Stokes equations. The quartities
u and f are varying both in spaceand time. The spatial coordinates can be
consideredeither as 2D (x;y) or 3D (x;y;z) coordinates. Equation (1) means
that the uid should consene mass,while in (2) the momertum consenation is
formulated. For the derivation of the equationswe refer the readerto [12].

The velocity eld is used to move around a substance within the uid,
whereby the ewolution of the substanceis governed by the following transport
equation:
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where is the scalar eld of the density of the substance, is the diusion
constart and S is the scalar eld of the amount of substanceinjected. With this
model both the motion of the uid and the related propagation of substances
(lik e blood) can be handled.
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2.2 Metho d of Solution

There are various ways of implementing the above model [16{18]. The di erences
are mainly in regardto possibleimprovemerts in either the visual appearanceor
computational e ciency . In our implementation we optimize the methodology
for real-time visualization of bleedingin the uterine cavity.

The generalmethod is to solve all the terms in (2) and (3) sequettially . This
loop is illustrated schematically in Fig. 1.

Start
2 -
Add Forces _ Di use _ Self Advect _  conserve Mass
1 — — — 1
f r 2y (u r)u r u=20
6 -
Adv ect Di use Add Substance
—

(ur) r?2 S

Fig. 1. Flowchart of the solution. Top line contains the evolution of the velocity eld,
Eqgns. (1) and (2). Bottom line contains the evolution of the substance eld, Eqn. (3).

In practice, eat quartity is de ned on a spatially discretizeddomain. In the
rst stagewe implemented the model in a 2D environment, and our domain is a
squaredgrid. Instead of the uniform grid con guration consideredin [14,18]we
usedthe so-calledstaggeredgrid arrangemert asin [13,16]. 1t means{ asshownn
in Fig. 2 { that the density of the substanceand the external forcesare de ned
at the certer of eac cell, while the velocity eld is orthogonally separatedinto
its scalar componerts and de ned on the facesof the grid cells. In accordance
with the results in [16], our experiments also showed the visual bene ts of less
numerical dissipation by applying this staggeredarrangemer.
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Fig. 2. Spatially discretized staggeredgrid con guration

The simulation is advancedby updating the grid from a previous status over
aprede ned time step t . First, the velocity componerts of the uid areupdated
in four major steps. Step one is the addition of the external force elds to the
velocity eld. The external force elds can corntain e.g. pre-con gured forcesor
more speci cally in our casethe forcesinduced by manipulating the liquid in o w
and out o w during the surgical intervertion. The forces are multiplied by the
time-step, then averagedto the grid faceson which the velocities are de ned and
the corresponding scalar componerts are added to the velocities.



The secondstep is the di usion of the velocity eld. It is solvedin the same
way as for the di usion of the substancein step two of the density solver. How-
ever instead of a diusion rate , a viscosity is used, and eadh componert
of the velocity eld is solved separately For easierconceiwability the method is
explained later as part of the density solver.

The third stepis the self-adwection. It can be interpreted asthe velocity eld
moving itself. It is a non-linear problem, but Stam [14] shoved how a stable so-
lution, viable for computer graphics, can be obtained using the semi-Lagrangian
integration scheme[15]. Basically ead velocity componert is traced bad in time
through the velocity eld to nd whereit camefrom. This can be done using
either a linear particle tracer or a secondorder Runge-Kutta method [19]. From
our experiments the more elaborate latter onedid not provide the improvemerts
worthy of the increasein computation time. At the past points, interpolation
is neededto obtain the past velocities. This may be achieved via simple linear,
or the so-called monotonic cubic interpolation method as proposedin [16]. Al-
though the monotonic cubic interpolation schemereducesthe simulation speed
considerably the realism of the appearanceof the uid improved adequately
(especially when used during the density solution step). Finally the calculated
velocities are transported back to where the badk-tracing originated from.

The fourth step is massconsenation accordingto (1). It is a physical con-
straint that every uid hasto consene mass,meaningthat the ow into a cell
should be equal to the ow coming out of the cell. After the preceding steps
(adding external forces,viscousdi usion, self-adwection) it is not ful lled. Mass
consenation is important also from the computer graphics point of view, as it
forcesthe ow to swirl and have vortices enhancingthe o w's realism.

In order to obtain massconsened velocity eld with appealing vortices, the
mathematical theorem known as Helmholtz-Hodge decomposition is used [12].
The application of the theorem incorporates the task of solving a sparselinear
equation system. There are diversemethods for computing a solution [14], but
we found that the simple iterativ e solver, called Gauss-Seidelelaxation [18], was
the fastest while still giving visually satisfactory results. To minimize numerical
dissipation and maintain the realism of the o w, we alsoaddedvorticit y con ne-
mernt [16] which enhancedthesevortices through an additional force componert.

Let us now move aheadto the secondmajor part of the model. The density
equation (3) governsthe ewolution of the substanceinjected into the uid. The
method of solution is similar to the oneintroduced previously. We start with an
initial density eld, which can be empty, and solve the terms in (3) sequettially .
The rst stepisthe addition of the density valuesof an external source,which are
multiplied by the time-step and addedto the density eld. In our case,external
sourceis e.g.the spurting blood from vesselon the wall of the uterus.

The secondstep is to solve for the di usion of the density. Due to the dis-
cretized domain, the secondspatial derivative is approximated by nite dier-
ences.The straightforward implementation of a di usion task can causestability
problems during the simulation if the di usion rate or the time-step are settoo
large or the grid spacingis too small. To overcomethis problem Stam [14] pro-



posedan implicit, thus stable solution method for the di usion term: nd the
density eld which would di use badkward in time to givethe densitieswe started
with. In this way we again facethe problem of solving a linear equation system.
Due to the reasonsmertioned above the Gauss-Seidelrelaxation [18] was used
here aswell, but here 4-5 iterations are enoughfor a realistic impression.
There is onemoreterm in (3) which hasto be solved. It statesthat the density
of the substanceshould follow and be advected by the { previously updated {
velocity eld. In orderto presenethe stability of the solver, hereagainthe semi-
Lagrangian integration schemeis used[14]. We trace badck the midpoints of each
cell through the velocity eld. Then the new density valuesare interpolated at
thesepoints and their valuesare transferred to the grid cernters where we started
at. For our purposeswe usedthe monotonic cubic interpolation scheme[16] due
to its advantageousproperties in giving a the realistic look to the substance.

3 Results

Figure 3 givesa visual comparison between real bleeding during hysteroscopic
surgerywhen uid in o w and out o w are stopped and our simulated version.The
synthesis has high visual delit y, but what is more important, the synthesis is
being performedin real-time (24 frames/sec)ona 55 55grid, and is responding
to changesin the virtual environment.

One aspect that is essetial in hysteroscofy simulation is the accourting for
the e ect ofinow and outo w uid managemen. In our 2D represertation, we
accourt for this ow by inducing constart velocity into the grid at the lower
left and right corners.For out o w, we allow the velocities to crossthe boundary
in the middle of the lower boundary. In gure 4 we shonv what happens to
the blood when both o ws are switched on in frame 2. Although this does not
yet give a fully realistic represenation of what happensin real hysteroscopic
surgery, it does already demonstrate that the simulated blood can be a ected
by its dynamic virtual ervironment in real-time. A realistic represenation of the
e ect of uid managmen on the bleedingwill be acheived when the simulation
is performed in a 3D virtual environment represenativ e of what is required for
hysteroscopicsurgery.

Current limitation of the model is that it is not yet sucien tly adapted
to an inhomogeneous uid ernvironment capable to capture the visual e ects
originating from the interaction betweenblood and distension uid.

4 Conclusion and Future Research

We have explored the current researt in synthesizing temporal phenomenain
computer graphics. From this researt we have preserted a methodology that
has been optimized for synthesizing bleeding in a virtual reality hysteroscopy
surgical simulator. Preliminary results shaw that the preseried technique, based
on the Navier-Stokes uid equations,canbe solvedin real-time (i.e. frame-rate or
24frames/sec).This uid technique alsoallowsthe bleedingto beinteractiveand



responsive to any changesmade to the virtual reality ervironment in real-time.
Future work will focus on preserting further enhancesparticular to synthesizing
various aspects of bleeding, and explicitly integrating the in o w and out o w of
the uid induced by the surgeonthrough the simulator.
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Fig. 3. Top row: original imagesfrom hysteroscopy surgery during bleeding when uid
ino w and out o w are stopped. Bottom row: frames from real-time synthesis. *

Fig. 4. Interacting with the environment: simulating in o w and outo w. !

! Color version of the gures can be found at http://www.vision.ee.ethz.c h/
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