1998 International Computer Symposium
Workshop on Computer Graphics and Virtual Reality
December 17-19, 1998, N.C.K.U., Tainan, Taiwan, R.0.C.

DISTRIBUTED ViRTUAL ENVIRONMENT FOR VOLUME BASED
SURGICAL SIMULATION VIA THE WORLD WIDE WEB

Ming-Dar Tsai, °Ming-Shium Hieh and

“Wen-Chien Chang

“Institute of Information and Computer Engineering,
Chung Yuan Christian University, Chung-Li, Taiwan/R.O.C.
Email:tsai@iccad.ice.cycu.edu.tw

"Department of Orthopaedics and Traumatology,
Taipei Medical College Hospital, Taipei, Taiwan/R.O.C.
Email:shiemin@mail.tmc.edu.tw

‘Oral and maxillofacial Division, Department of Dental,
Taipei Medical College Hospital, Taipei, Taiwan/R.O.C.
Email:wenchein@mail.tmc.edu.tw

ABSTRACT

It needs long time to educate and train a surgeon because
he has few opportunities to rehearsal his learned surgical
modalities on patients. To solve the problem, we propose a
low-cost distributed VR architecture via the WWW. In this
architecture, Web pages from the server drive VR I/O
devices on clients to let users immerse in virtual environ-
ment. This is different from the conventional approach that
the server is responsible for most works and devices. In
this paper, we focus on the application of volume based
surgical simulation that is usually considered consuming
large computation and acquiring high-priced workstations.
We built a system that uses PC platforms and the WWW
media to accomplish the distributed VR surgical simula-
tion. We introduce the simulation algorithms and the
methods for cooperating the clients with the server. Finally,
we show an example of muskuloskeletal surgery.

1. INTRODUCTION

Today, Web browsers have been ported on most computer
platforms for reading the HTML files {1]. Rapidly grow-
ing numbers of servers broadcast their works as hyperme-
dia documents to allow low cost public access through the
World Wide Web (WWW). Instead of only text or static
graphics, some server sites begin to enrich their Web pages
by using Java or VRML to add user interactions, describe
3D scenes and object behavior [2-3]. The medium of the
WWW no doubt offers great opportunities in many appli-
cations. This paper shows a possibility of using this medi-
um to simulate volume based muskuloskeletal surgery
under virtual environment (VE).

A surgical simulation system takes physical data from
individual patient to make a simulation that will help plan
and rehearse surgical procedures both for verifying and

teaching procedures of an operation. Simulation systems
combining virtual reality technology can provide users
computer-based generation of 3D visual, and even audito-
ry or tactile environments and 3D input tools that allow
surgeons to immerse, navigate and interact with virtual
patients. Virtual reality (VR) simulation can duplicate the
operation field and thereby enhance training and reduce
the need for expensive animal training model [4]. How-
ever, in order to produce a sense of realism for medical
purposes, developers bare faced with providing organ
fidelity, interactivity, physical and physiological properties
of organs and sensory input. However, the integrated
package requires large amounts of computational power,
which has traditionally come from mainframes (e.g., [5-9]).
This is considered as a drawback to promote VR system to
practical uses. But the economic barrier to VR’s uses in
medicine will be much lessened because of the price drop-
ping in CPU, RAN and 3D graphics accelerator. VR tech-
niques begin to work on products based on lower-cost
desktop systems. For example, London-based Virtual
Presence’s MIST system that teaches standard psychomo-
tor skills for laparascopic surgery is based on a Pentium
133 and sells for around $15,000 [10].

The hardware and software of Tele-surgery system are
more expensive and special. For examples, Satava devel-
oped a prototype system of using remote sensors to deter-
mine how severe soldiers wounded then to provide tele-
consultation and tele-presence surgery [11]. Arai et al.
reported a real-time intravascular tele-surgery based on
multimedia communication by using high-speed optical
fiber to connect two places with 350-km distance [12].

The objective of this research is using the HTML language
to provide a “point-and-click” interface for simulating
surgery under VE through the WWW. The scenario is that
the server provides software packages on the WWW to
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simulate surgery and to drive 3D I/O devices such as
shutter glass, head mount display, glove and tracker
equipped on clients. In this research, the simulator on the
server manipulates medical volumes and reconstructs tri-
angulated isosurfaces from the volumes. While, PC clients
are responsible for rendering computation to generate 3D
shaded images and stereographic images of different per-
spectives. The clients can be equipped with a shutter glass
to observe the stereographic images and a tracker to
simulate the surgical procedures.

Currently, the prototype system is used to educate and
train residents of orthopedic department of Taipei Medical
College Hospital. Trainers can operate some different
surgical modalities to show their effects for correcting the
same deformity. They can get more real ideas about the
whole operation and every procedure of a surgical modal-
ity trough the visual assistance of VR. Visiting doctors
also use the system to rehearse surgical modalities before
operation, confirm and discuss surgical plans, and may try
new modalities. Because of using PC platforms and the
WWW media that are familiar to most people, it is easy to
use and not expensive to set up this kind of client.

2. SYSTEM ARCHITECTURE

Figure 1 shows the system architecture. The system in-
cludes four modules at a client. The interface module and
the socket module are implemented by a Java applet. The
interface module interprets and processes every command
from the user. However, the hardware on the client can not
be accessed by the Java applet. Therefore, We packed the
drivers of the hardware as ActiveX controls that follow the
protocol of COM (Component Object Model) [13]; then,
use the VBscript language to deliver data between the
ActiveX controls and the Java applet.

When a client downloaded our Web page from the Internet,
the Java applet of the interface module and the socket
module starts. The VBscript starts the ActiveX controls to
check whether 3D I/O devices on the client are acceptable
and initialize these devices if acceptable. The socket mod-
ule creates a socket to connect with the server. The inter-
face module provides panels to let the user input various
parameters and commands. The rendering module is an
ActiveX control that uses the OpenGL library to drive the
3D graphics accelerator. The triangulated isosurfaces from
the server are rendered at this module. The tracker module
is also an ActiveX control that accepts the data about the
positions and angles of the tracker; then, sent the data to
the server for implementing surgery simulation. Section 3
introduces the interface, rendering and tracker modules.

The system includes four modules on the server. The tri-
angulation module reconstructs triangulated isosurfaces
from medical volumes by using the marching cube algo-
rithm [14]. In this module, a cuboid volume can be divided
into several smaller cuboid subvolumes as the user re-
quested. This module independently reconstructs isosur-
. faces of each subvolume. Because most part of a medical
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Figure 1 System architecture

volume is not changed during simulation, the server does
not need to reconstruct the triangles of the whole volume.
We can improve efficiency if only reconstructing the tri-
angles of the changed subvolumes during simulation. A
user can divide a volume as a non-operated subvolume,
and some independent operated subvolumes. The non-
operated part is considered as not changed during simula-
tion. Only one subvolume will be operated during the
simulation of one surgical modality. For example, a skull
for orthogonathic surgery simulation can be divided into
the brain (non-operated part), mandible or maxilla (inde-
pendent operated parts). Surgeons usuaily operate only on
the maxilla or the mandible under one surgical modality.

The server provides the functions of manipulating volume
data to simulate the corrective osteotomy: of the muskulo-
skeletal system that is used to correct deformities of bones
and joints. Surgeons use the osteotomy to solve functional
and aesthetic problems by skeletal deformities. We modi-
fied the simulation algorithms as reported on [15]. Sur-
geons use the following function to operate on computer-
generated patients as the actual surgical procedures: sec-
tioning anatomic structures of bone and holding (recog-
nizing) separate anatomic structures, removing, translating
and rotating separate structures, fusing and healing up
separate structures and associated soft tissues. To imple-
ment under VE, we modified the simulation system as in a
3D I/O fashion. The user can use surgical instruments to
operate on stereographic images. The swept surface com-
putation module computes swept surfaces of the instru-
ment based on the positions and angles of the tracker at-
tached on the instrument. Section 4 introduces the swept
surface computation and the simulation algorithms.
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Figure 2 User interface on WWW client
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3. VR DEVICE DRIVERS ON CLIENT
3.1 Interface Module

The interface module is actually a Java applet. The applet
shows an interface panel as illustrated in Figure 2. By
pointing and clicking on the panel, the user can send one
of the following commands: choosing a volume, initializ-
ing this volume, setting parameters of the rendering model,
render the volume, simulating surgical procedures (section,
recognize, remove, translate, rotate, fuse and heal up) by
the tracker.

When a volume is chosen, the server sends a pre-rendered
stereographic image of the volume to let the client show it
on an applet frame, The stereographic image also shows
the origin and three primary axes of the volume. After a
user determined to initialize the volume, he can wear a
shutter glass to observe the stereographic image and to set
the coordinate of the volume by using the tracker to match
the origin and the primary axes on the stereographic image.
Then, the module requests the user to divide the volume
and send the division information to the server. The server
reconstructs triangulated isosurfaces of bones for each
subvolume and sends them to the client to shade. However,
the server also reconstructs isosurfaces of the skin if the
user requests.

After initializing a volume, the user can choose one of the
surgical commands (section, recognize, remove, translate
and rotate, fuse and heal up) to operate on the volume by
the tracker. The client sends the positions and angles of the
tracker and the command type to let the server simulate a
corresponding surgical procedure. The user can change
parameters of rendering models including materials, lights,
viewing conditions and the shading model (Phong model).
He can also change these parameters during implementing
the rendering program.

3.2 Tracker Module

Figure 4 shows the ActiveX control for tracker and how it
communicates with the Java applet (interface module).
The control provides a method that the Web page by the
VBscript language use it to request the data of one tracker
point. A tracker point includes six floating numbers, three
coordinates and three angles. When the Web page requests,
the control will send the data of the tracker point to the
applet as an event. The Java applet send the data to the
server with one of the following commands including
initializing a volume and simulating on the volume (sec-
tion, recognize, remove, translate and rotate, fuse and heal

up).

Currently, our system provides the ActiveX control for the
InsideTRAK tracker (made by Polthemus Inc.). The tracker
is actually a transmitter that generates a magnetic field to
detect the coordinate and angular attitude of a receiver
attached on a surgical instrument. Through a specific 'O
port, the control use the .functions of “start”, “stop” and
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“onepoint” to initialize, close and request the tracker. Then,
the tracker sends raw data about positions and angular
attitudes of the receiver through another specific I/O port.
The control interprets the raw data as a tracker point in-
cluding six floating numbers, three coordinates and three
angles. Although this tracker can provide data of continu-
ous points of the receiver, we let the control accept the
data as discrete points under at least 10ms intervals. Under
the same specific /O ports, the ActiveX control of the
tracker can work for any PC platform.

3.3 Rendering Module

Figure 4 shows the ActiveX control for 3D graphics accel-
erator and how it communicates with the Java applet. The
Java applet provides a method to let the VBscript accept
triangulated isosurfaces from the socket connecting the
server and client. Then, the VBscript send the triangles to
the ActiveX control by calling the method provided by the
control. The control uses the OpenGL to drive the 3D
accelerator for rendering the triangles. Because the
OpenGL is standard library, the ActiveX control should be
valid for any 3D graphics accelerator supporting OpenGL.
We have verified the ActiveX control for the accelerators
of the Gloria XXL, Gloria L, Gloria M (by ELSA Inc.).

4 MUSKULOSKELETAL SIMULATOR
ON SERVER '

For manipulating volume data to simulate the muskulo-
skeletal surgery, we use boundary pointers to represent and
simulate boundary changes of bone structures and soft
tissue; then, normalize the values of voxels to let the val-
ues not depend on tissue types. Because the voxel values
are normalized, reposition of bone structures or soft tissues
does not influence the values of their surrounding voxels.
Therefore, we can only change contents of voxels to simu-
late various surgical procedures including sectioning, rec-
ognizing, removing, translating, rotating, fusing and heal-
ing up anatomic structures and associated soft tissue.

4.1 Data structure of volumes for surgical simulation

We define the column direction of a volume as Z-axis
direction, the row direction as Y-axis direction. Tomo-
graphic slices are put sequentially along X-axis (slice)
direction. Each voxel is given two boundary pointers
pointing to the next boundary voxel in Z-axis direction and
-Z-axis direction. We also use the equation as shown in
Figure 5 to normalize the values of boundary voxels. The
voxels Vm and V! belong to different types of tissues;
therefore, there exists a boundary between them. Vm rep-
resents a voxel of more important tissue. V/ represents a
voxel of less important tissue. The importance priorities
for tissues are bone, other soft tissues, skin then air. L is
the voxel length. sm and s/ are the original values of Vm
and V/. The threshold T represents the value of the bound-
ary. gm and g/ are the normalized gray-level values of Vm
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and VI. N (62) is the number of gray levels. The sample
point a represents the boundary, it is an intersection of the
boundary with the line connecting the centers of Vi and
V.. We compute a from sm and s/, T and L. Because a will
not change after normalization, we use it to determine gm.

4.2 Computation of swept surface

We compute the position of surgical instrument by the
information of only one tracker. As illustrated in Figure 6,
the tracker is attached on one end of the instrument. The
other end of the instrument is computed by the position of
the tracker, o the angular attitude of the tracker and S the
length of the instrument.

We use triangles to approximate the swept surface of the
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instrument. As the example shown in Figure 6, we can
obtain two approximate triangles from two positions of the
instrument by connecting the tracker end of the next posi-
tion with the opposite end of the current position.

4.3 Section of anatomic structure

For each triangle swept surface, we compute the (sample)
points that the triangulated swept surface intersects with
the lines connecting the voxel centers along the Z-axis
direction. As a simplified 2D example shown in Figure 7,
an intersection point ao locate inside the pair of boundary
voxels Sf and Sb. Two new boundary voxels So-1 and So
are generated by the swept surface. We change the
boundary pointers of Sf, Sb, So-land So, and normalized
values of So-1 and So to represent the section. The
boundary pointer along -Z- axis direction of Sfis changed
as z coordinate of So-1. The pointer along Z-axis direction
of Sb is changed as z coordinate of So. For the new
boundary voxel So, we give its boundary pointer along -Z-
axis direction z coordinate of So-1, the pointer along Z-
axis direction z coordinate of Sb. For So-1, we give its
pointer along -Z-axis direction z coordinate of So, the
pointer along Z-axis direction z coordinate of Sf. Using ao
we can compute the values of and So-land So by the
equation shown in Figure 6.

4.4 Recognition of anatomic structure

Recognizing an anatomic structure means to find all
boundary voxels belonging to the structure. Because
boundary pointers record the boundary information in Z-
or -Z-axis direction, finding the boundaries of an anatomic
structure can be considered as a 2D problem. That means
we can recognize a structure if we know the endmost co-
lumns of the structure. The endmost columns show the
extents of the boundary voxels on XY-plane. We use the
seed and flood algorithm to find the boundary voxels in-
side the endmost columns. The seed and flood algorithm is
a recursive technique used to fill an area where 2D
boundaries (endmost columns) have been drawn closed.
Here, the closed boundaries are composed of sectioned
boundaries and natural boundaries. For obtaining a sec-
tioned boundary, the surgeon is requested to give each side
of the swept surface a different structure code during sec-
tioning. The two structure codes are used to represent the
right and left divided structures. As the example shown in
Figure 7, the pair of the boundary voxels Tf and Tb from
where the edge left the sectioned structure belongs to 7 an
endmost column of the left structure. Its structure code is
given the one as to the right side of the swept surface. The
boundary voxel Rf from where the edge entered the sec-
tioned structure belongs to R an endmost column of the
right divided structure, the structure codes is given the one
as to the left side of the swept surface. Natural boundaries
are determined by the extents of a pair and its neighboring
pair of boundary voxels. If parts of their extents overlap
(as K column in Figure 7), we consider they belong to the
same structure. Otherwise, they belong to different struc-
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anatomic
structure

Figure8 Determination of translating volume of soft tissues

Ex

Figure 9 Implementing surgery simulation under virtual
environment with a shutter glass and a tracker

tures (as L column in Figure 7) and a natural boundary
exists.

Figure 10 A paix; of images for stereogarphics

When the surgeon held a sectioned structure to move, he
specified a seed voxel on the structure for recognizing and
gave it a structure code. The seed voxel and its corre-
sponding boundary voxel are a recognized pair (seed pair),
and the pairs of boundary voxels on the endmost columns
by sectioned boundaries are also recognized. Then, the
system begins the search at the four surrounding pairs of
the seed pair and repeats the search at the four surrounding
pairs of recognized pair. If the neighboring pair of bound-
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ary voxels is already recognized or not belonging to the
structure, we stop the recursion to the neighbors as the
seed and flood algorithm. As the result, if the endmost
columns of the structure form a closed area, the recogniti-
on computation will stop after all pairs of boundary voxels
inside the structure are recognized.

4.5 Translation of separate structure and associated
soft tissues

Surgeons can operate separate structures with the follow-
ing functions: removing, translating, rotating, fusing and
healing up. Here, we introduce the algorithm of the trans-
lating function. For translating a separate structure, we
clear the voxels where the structure was, then write the
structure to the new place. We change boundary voxels of
the structures as internal voxels to clear the structure. To
change a boundary voxel as an internal voxel, boundary
voxels that the boundary pointers of the voxel pointing to
will become pointing to each other. To translate the struc-
ture, we write the contents of the boundary voxels to the
voxels of the new place where the structure is translated to.
However, the boundary pointers are added z component of
the translation vector.

Simulating soft tissue changes is actually complicated
because soft tissues are not rigid. Usually, finite element
method (FEM) must be applied for computing a rather
precise result (e.g., [16]). However, it becomes computa-
tion expensive. Because the reposition of a structure in the
corrective osteotomy is usually small, we simplify the
reposition of associated soft tissues as rigid and deal with
associated soft tissues of a structure as a separate volume
but just conjoined to the structure. We use the translation
vector and the boundary voxels on the endmost columns of
the translating structure to compute the separate volume of
its associated soft tissues. As the example shown in Figure
8, the translation vector starting from a boundary voxel of
the structure to the surface of the soft tissues forms a sec-
tion surface. After processing the section and recognition
computation, we can obtain a separate volume of soft tis-
sues. A translation simulation is implemented by translat-
ing the separate volume of the associated soft tissues and
the separate structure.

5 IMPLEMTATION EXAMPLE

In our prototype system, the server uses Pentium-II 400
and 256M RAN. One PC client use Pentium-II 233, with a
21” monitor, 64M RAN, a 3D graphics accelerator (Gloria
XXL by ELAS inc.) and also equipped with a shutter glass
(CrystalEyes PC by StereoGraphics) and a tracker (In-
sideTRAK by Polhemus). It takes near $4,000 to set up the
client.

Figure 9 shows a resident uses a surgical instrument at-
tached with a tracker to match the origin and the axes of a
volume constituted by a 256 X256 X 45 CT data of a head.
Figure 10 shows the pre-rendered images that form the



Figure 12 Removing the right premolar tooth,
and sectioning the left premolar tooth

stereographic image as shown in Figure 9. The two images
with the origin and primary axes of the volume are render-
ed under the same parameter, just one for left eye (upper
part), the other one for right eye (lower part). After ini-
tialized the volume, the server reconstructs triangulated
isosurfaces of ‘bones and sends them to the client. It takes
40 seconds to reconstruct 338,156 triangles. At the client,
it takes about 1.5 seconds to obtain a stereographic image.

Figure 11 shows a rgndering result of the skull. Because
the mandible belongs to a type of retrusion, the surgeon
uses the modality of the upper anterior subapical osteoto-
my to move the maxilla backward. In the simulation for
this modality, the server only reconstructs isosufaces of the
subvolume of the maxilla that is about 1/200 of the whole
volume. Figure 12 shows the surgeon sectioned and re-
moved the right upper premolar teeth sockets, then sec-
tions the left premolar tooth and socket. The section and
removal computation for a premolar tooth and socket take
near 1 second. Figure 13 and 14 show the lateral and
frontal views of the rendering results after fusing the skull
and the translated maxilla that takes near 2 seconds to
implement the simulation. Comparing to the rendering
result before simulation as illustrated in Figure 11, the
simulation results show the above modality can correct the
deformity of the mandible retrusion.
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Figure 14 Frontal view after simulation

6 Discussion and Future Works

We proposed a distributed VR surgical simulation system
via the WWW. Different from the usual WWW applica-
tions, our system utilize the VR I/O devices on clients to
let WWW users implement surgery simulation under vir-
tual environment. Although the transmission time and
isosurface reconstruction time for a whole volume can not
offer time-critical interaction, the user can still obtain fast
interactions of observing different perspectives of a volu-
me by the VR I/O processing ability of the client. Alt-
hough the prototype system is now experimented in a
small group of Taipei Medical College Hospital, we view
this research as a feasibility study of new applications
using the Internet for widespread uses. Remote medical
students and residents might access the VR resources to
experience surgical modalities on textbooks or reports

Future works include the following three aspects. First, we
should add a haptic function to the system by using force
feedback devices on clients to let users obtain more realis-
tic feeling when sectioning or repositioning bone struc-
tures. Second, we have to improve the server performance
by distributed computing if we want to let public users
access our web site. Third, we can employ the hypermedia
inheritance of the WWW to build a computer-aided in-
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struction system that assist surgeons to diagnosis, treat,
analysis, plan and rehearse surgical cases.
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