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model including the cornea, lens, sclera, retina, and choroid, etc, are developed with
the capability of 3D variational change of the ophthalmology. A customized
computational engine using FEM method is provides real-time analysis for
deformation and interaction in eye surgery. The graphical simulation is seamlessly
integrated with the FEM based physical modeling on the advanced OpenGL
architecture and virtual haptic environment.

2. Parametric Eyeball Modeling Using Ophthalmologic Knowledge
Guidance

2.1 Ophthalmologic Knowledge Base

Our online survey on eye disease was conducted in Singapore recently that shows
about 80% of the 168 voting people have myopia (Figure 1). There is also a trend in
the average age of the onset of pupils diagnosed with eye diseases. Eye surgery is
becoming more common and popular. Traditionally, eye surgery trainees practice
using animal eyeballs. There approach presnts problems. First, animals don't suffer
from the same disease as humans. Next, animal eyeballs are not reusable and if a
mistake is made, the eyeball must be discarded and a new one used. Also, there are
differences in terms of ophthalmologic anatomy and pathology between different
races, sex, age, etc.

We are building an ophthalmologic knowledge database for Asian races. The data is
obtained from published literature, public domain eye disease data, and interviews
including online survey. Typical data include (1) Asian eye diseases; (2) Asian eye
biomechanical material property; and (3) Eye surgical instrument and procedures. The
knowledge database will capture various eye diseases for the Asian population
(Figure 2). The eye disease database captures information of geometry and pathology.
The eye material property database keeps biomechanical values such as Young's and
Shear's modules for various parts of the bio-structure. The eye instrument and
procedure database include typical surgical devices and procedures used for a
particular operation. With such an ophthalmologic knowledge database, simulation of
different eye disease scenario becomes feasible.

Figure 1. Online survey on eye disease in Singapore
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Figure 2. Ophthalmologic Knowledge Database

2.2 Parametric Eyeball Modeling

We model the eyeball parametrically. This allows variational change of eyeball
geometry and anatomy.  The cornea is transparent, and resembles a little watch-
glass [7-8]. In the anterior aspect, the cornea is transversely ellipsoid, whereas its
posterior aspect is circular. Looked from in front, the cornea is elliptical. From the
behind, the cornea appears circular. This difference is due to the fact that the sclera
and conjunctiva overlap the cornea anteriorly more above and below than laterally.
Ideally, the cornea forms part of the surface of a sphere. In diseased condition such
as astigmatism, it is more curved in the vertical than in the horizontal meridian. The
sclera forms the posterior opaque approximately five-sixths of the fibrous tunic of
the eye. Its anterior portion is visible, and constitutes the �white� of the eye. The
sclera is thickest behind and gradually becomes thinner when traced forwards. The
choroid is firmly attached to the margin of the optic nerve, and slightly placed at
the points where vessels and nerves enter it. The lens of the eye is a transparent bi-
convex body of crystalline appearance placed between the iris and the vitreous. Its
axial diameter varies markedly with accommodation. Like all lenses, that of the eye
presents two surfaces: anterior and posterior, and a border where these surfaces
meet, known as the equator. The anterior surface is the segment of a sphere.

Figure 3 illustrates the eyeball model represented in a polygonal mode. Individual
parts of the eyeball are parametrically represented and variation of the geometry is
possible. With the ophthalmologic knowledge database, the parametric modeled
eyeballs can provide high fidelity platforms for eye surgical simulation.

2.3 Patient-Specific Image Registration

To improve the realism of eye surgery simulation, it is high important to integrate
patient-specific eye disease information into the simulator. Ophthalmologic images
are embedded inside the 3D parametric model using the atlas-based image alignment
algorithm [11-12]. A uniform polar coordinate system of the eyeball is used in the
process.  A texture mapping technique is applied to match the ophthalmologic images
and the eyeball structure. Alignment of the ophthalmologic image with the eyeball
under the guidance of eye atlas is thus turned into an optimization task.
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Figure 5(a) is an image of the rendered eyeball model. Figures 5(b) is a snapshot of
the graphical user interface. It shows the interaction between the device and the
cornea surface of the eyeball modeled. User can feel the force feedback on the device
via the force feedback device (PHANToM) in our simulation environment shown in
Figure 6.

(a)

(b)

Figure 5. (a) Eyeball model (b) Snapshot of graphical user interface of simulator

Figure 6. Eye surgical simulation environment

The simulation system provides direct interaction with patient-specific model and
volumetric data set while delivering haptic feedback to the user. A real-time volume
rendering technique based on ray casting, trilinear interpolation, and per-sample
gradient estimation algorithms was employed to visualize the patient-specific volume
data. Our physical-based eyeball model and the associated FEM analysis provide the
realistic haptic rendering. User feels the force through the PHANToM. With the
guidance of see-able and magnified internal eyeball 3D representations of the patient-
specific data, a trainee can easily interact with the abnormal eye structures such as
slightly cutting some cornea with a virtual scalpel. In Figure 6, a user is manipulating
the PHANToM to interact with a patient�s eyeball volume MRI data sets under the
assistance of a variety of virtual tools.
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5. Conclusion

To meet the needs of training for ophthalmological professionals, a prototype for eye
surgery simulation is described using the physical-based parametric eyeball model. It
enables simplified eye surgery simulation in a real-time mode and with an easy-to-use
feature. Future works includes building up more accurate and realistic eye models.
More devices and eye surgical operations will be developed. In order to allow users to
realistically operate the simulated tools, appropriate hand-eye co-ordination will be
enhanced through continue application of virtual reality technologies.
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