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Abstract. Virtual endoscopy applications frequently require the visual represen-
tation of several material interfaces to show the relevant data feature to the user.
This requires the specification of complex transfer function which classify the
various materials and color them appropriately.
In this paper, we explore the use of the direct volume rendering for virtual en-
doscopy. We specifically look into the visual representation of different anatomi-
cal features of various volume datasets, which are located below the inner surface
of the organ of interest. Furthermore, we present how interactivity can be accom-
plished with the VIZARD II ray casting accelerator board.
Keywords: Direct Volume Rendering, Indirect Volume Rendering, Virtual En-
doscopy.

1 Introduction

Virtual endoscopy is one of the most active fields of medical applications in computer
graphics. Several different rendering and navigation techniques are used for the virtual
examination of a variety of body organs.

Standard graphics hardware is used to render polygonal surface models [27, 18, 11,
3], extracted with the Marching Cubes algorithm [17]. In contrast, volume-rendering
techniques are used, partially for better visual quality, partially for interactive speed
[24, 31, 8, 1]. Unfortunately, interactive speed was always compromising visual quality,
general applicability, or flexibility. In [24] and [5], key-framed animations are gener-
ated offline, which frequently leads to the time-intense refinement of the key-framed
animation. You et al. used a 16 processor SGI Challenge for parallel volume-rendering
of isosurfaces [31]. In contrast, Gobetti et al. used the 3D texture mapping hard-
ware abilities of high-end graphics systems for volume rendering. However, the lack
of shading reduced the visual quality significantly [8]1. Furthermore, the size of the
texture memory limits the size of datasets severely, while swapping techniques like
1 In 1998 and 1999, several approaches were presented which enable isosurface shading [30] and

volumetric shading [19] using 3D texture mapping. However, this approach does not provide
sufficient performance for interactive endoscopy applications.
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bricking reduce the framerate. The Navigator software of General Electric uses isosur-
face ray casting with approximately one frame per second. Even if the performance
of the 1996 results has significantly improved, it hardly can be viewed as interactive
[6]. Similarly, the Siemens Medical Systems Virtuoso workstation uses a 2D texture
mapping approach for volume rendering [10]. However, this technique provides only
reduced image quality – due to bilinear interpolation and the lack of gradient-based
shading – at a low framerate. The Virtuoso workstation now also provides an option
of using RTViz’s VolumePro board [23]. Unfortunately, VolumePro does not support
perspective projection, which is absolutely mandatory for endoscopic explorations, and
it will not be included into the functionality of VolumePro in the near future. A voxel-
slab based multi-pass approach to simulate a perspective projections for VolumePro has
been proposed by Wan et al. [29]. While no image quality or render performances data
is presented in the web version of that paper, Li et al. [16] speak of five fps at low
image quality for a2563 voxel volume. In their own paper, Li and Kaufman describe
another voxel-slab based system which uses image-based rendering techniques (image
warping) to reduce artifacts and to provide a high framerate [16].

In 1998, VIZARD II was introduced, a flexible architecture which implements a true
ray casting approach with perspective and parallel projections [21]. While VIZARD II
is currently only available as simulation, its first prototype of a hardware implementa-
tion is scheduled for completion in the second quarter of 2001. In this paper, we present
the results of the virtual endoscopy system VIVENDI [3] which uses the VIZARD
II simulation to render virtual flythroughs to various organs from “real life” patient
datasets. The rendering performance will be estimated using the VIZARD II simulator,
which allows a cycle accurate evaluation.

Aliasing problems due to undersampled areas in perspective projections were al-
ready addressed by a number of people. Novins et al. [22] proposed a ray casting
scheme which splits a ray in two, once the ray divergence causes undersampling. A
similar approach was later presented by Kreeger et al. [13]. A different approach was
followed by Levoy and Whitaker [15] and Swan et al. [25]; they used a mipmap-like
representation to account for diverging rays [15] or insufficient support of the sampling
kernels for splatting [25]. Other approaches suggest pre-integrated volume rendering
to reduce sampling artifacts [7]. Here, we focus on the examination of the effects of
oversampling and filtering, in the context of VIZARD II.

Our paper is organized as follows; in the next section, we briefly outline the func-
tionality and performance of VIZARD II. In Section 3, we present the visual results
of the experiments. In particular, we focus on the influence of sampling and filtering
due to the transfer functions of opaque and transparent volume rendering. Finally, we
summarize our paper in Section 4.

2 VIZARD II

The VIZARD II is a special purpose PCI card consisting of several components. The
main design goal has been the implementation of a ray casting algorithm as well as a



high degree of flexibility to enable future changes and other implementations. In the
following, the underlying algorithm, the architecture, and the implemented units are
described.

2.1 Volume Rendering Algorithm

The algorithm implemented on the VIZARD II system mainly follows the work pre-
sented in [14], implementing a full ray casting pipeline. Rays are cast through a volu-
metric, possibly non-uniform, regular dataset. To ensure high image quality, sampling
needs to be freely selectable in each dimension. Different rendering modes such as MIP,
unshaded, shaded, etc. are supported.

Starting with the viewing parameters such as eye position, view direction, view up
vector, etc., the position of the view plane is calculated. For each pointPi;j of the view
plane, a ray is cast into the volume and tested if it hits the volume data. A sample is gen-
erated by trilinearly interpolating the eight neighboring voxels on the grid. In a similar
fashion, the gradient at sample location is computed. Instead of computing gradients
at voxel location on the fly — which would results in a 32 gradient neighborhood per
sample for a central difference gradient operator — gradients are considered to be a
voxel property. This is similar to surface rendering where a normal is a vertex property
and not computed from neighboring triangles on the fly. Another reason for this is that
numerous gradients operators exist but each of them would require a different memory
interface to deliver the required data.

Generally, memory access is a crucial aspect in all volume rendering architectures.
Derived from [12] and similar to VIRIM [9] and others, an eight-way interleaved mem-
ory is used for the VIZARD II system. In contrast to previous approaches, SDRAM
DIMM memory modules are used to allow different volume memory sizes without the
need of fabricating a new PCI card. Since DIMMs come in modules providing a 64 bit
data bus (72 bit including eight parity bits), four DIMM modules are used spending 32
bit per voxel and replicating volume data in one dimension to exploit the remaining 32
bits.

Classification is performed using the sample value for the look-up into the classifi-
cation table which is realized as two 32 bit SRAMs. The result of addressing the two
SRAMs is a (r,g,b,�, ka, kd, ks) tuple. Phong shading is performed using the gradient
at sample position and a look-up table based shading technique as presented in [28,
26]. The tables2 require 3 KBytes of memory and only need to be computed when the
illumination parameters change, i.e. the direction of the lights. The obtained diffuse
and specular shading intensities are multiplied with the material properties and with the
color of the classified sample.

As a last step, each classified and shaded sample needs to be composed with the pre-
viously accumulated color. The final pixel of a ray is obtained once the last pixel of the
ray is composed or once the accumulated opacity is higher than a certain threshold, i.e.

2 One for the diffuse and one for the specular intensity which can be eye point independent.



� � 0:98. For the presented views of endoscopic applications, early ray termination is
a powerful acceleration technique increasing the overall framerate significantly. How-
ever, when classifying the wall of ventricle as semi-transparent to visualize the arteries,
early ray termination performs less efficient.

2.2 Architecture

A schematic overview of the VIZARD II system architecture is given in Figure 1. The
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Fig. 1. VIZARD II system architecture: The second DSP (dashed block) is optional.

VIZARD II system architecture has been designed for a ray casting algorithm and there-
fore has a dedicated memory interface to provide optimal voxel access for arbitrary rays.
A local bus is used to transfer data within the system, but also to enable data transfer
to and from the outside world (PCI bridge). The main component is the reconfigurable
FPGA chip. It controls two SRAM and four DIMM modules. Furthermore, there is
one DSP and a SDRAM which is the external memory of the DSP. A second DSP and
SDRAM are optional and not needed for the implementation of ray casting3.

2.3 Performance

The PCI bus running at 33 MHz is only heavily used during downloading the volume
data onto the card. While static datasets or fixed sequences of volumes can be stored
3 The VIZARD II board has been designed in a joint project with Phillips Research Hamburg

including an implementation of a volume reconstruction algorithm which makes use of the
second DSP.



initially on the card, real time volume updates of entire volumes is currently not possi-
ble.

Generally, data is send to the board and stored in the DIMM modules. The transfer
of a dataset of2563 voxels over the PCI bus takes roughly 0.15 seconds. The classi-
fication tables are also sent over the PCI bus but are neglectable since they are only 2
KBytes in size. Even if the classification changes for every frame, 30 frames per sec-
ond would require 60 KByte/s bandwidth which can easily be handled. Transferring an
entire image back to the host requires 65 KByte/s which results in almost 8 MByte/s for
30 frames per second. This can also be handled by the PCI bus and does not introduce
any bottle-neck.

The overall performance limitation of the system is given by its memory interface.
The used DIMM modules run at 100 MHz and need 70 nsec for a pre-charge and row
activate. In average, this results in 12.7 nsec for each sample. Thus, 80 million trilin-
early interpolated samples can be generated per second. For an one to one mapping of
samples to voxels and a dataset of256

3 voxels, this translates into 5 frames/s. However,
for flythroughs, as presented in this paper, the framerate is much higher. Additionally,
dependent on the classification the overall framerate can be increased significantly due
to early ray termination. Generally, early ray termination is a very powerful technique
in endoscopic applications. For the presented views where the ventricle is classified
opaque, framerates well above 20 can be accomplished which is certainly enough for
endoscopic applications. Please note, even though the VolumePro system of Mitsubishi
can deliver sustained 30 frames per second, correct perspective projections mandatory
for endoscopic applications are not available. This is due to the architecture of Vol-
umePro which requires that rays are sent parallel to each other following an one to one
mapping of samples to voxels. As already mentioned in Section 1, voxel-slab based
multi-pass approaches only simulate a perspective projections at significant lower fram-
erates and low image quality [29].

3 Experiments

In this section, we present an MRI datasets which contains multiple data features. The
dataset is generated by an MRI TOF (Time of Flight) sequence which represents the
cerebrospinal fluid (CSF) filled ventricular system with a very low intensity. In con-
trast, the MRI TOF sequence emphasizes moving particles which are not yet saturated
by the magnetic resonance. This results in a high intensity of voxels associated with
blood vessels. Figure 4 shows the opaque rendered material interface between the low
intensity third ventricle and the surrounding brain tissue. In Figures 5 and 6, we sub-
stantially reduced the opacity value of the this material interface and introduced a full
opaque red material, which represents the blood vessels in viewing direction.

The additional step in the opacity and color transfer functions for the translucent
rendering for Figure 6 introduces additional higher frequencies compared to the trans-
fer functions for the (mostly) opaque rendering in Figure 4. These higher frequencies



require a higher sampling rate to reduce the aliasing artifacts, i.e., staircase artifact, al-
though some of the artifacts are already reduced due to low transparency. This problem
aggravates due to the close position of the view point to the material interface.

These sampling problems can be addressed in many ways (see Section 1). In this
paper, we basically explore two different ways. The first obvious solution is to increase
the rate of samples along the rays through the volume. Depending on the distance
to the material interface in perspective views, oversampling in z (along the rays) of
more than ten samples per unit distance can be required. Figure 2 shows two images
rendered at uni-sampling (a) and eight-times oversampling (b), exhibiting the image
quality differences.

(a) (b)

Fig. 2. Influence of sampling rate of images rendered with binary opacity transfer functions; (a)
uni-sampling, (b) eight-times oversampling.

The second possible solution is a modification of the transfer functions, in particular
of the opacity function. An oversampling of up to ten is only required if binary opacity
changes are specified. If linear, quadratic, or even higher order (in contrast to zero-
order binary opacity functions) opacity functions are used, the oversampling rate can
be reduced. However, higher order opacity classification also introduces blurring [20],
due to its filter properties, if its support is too large. Figure 3 shows two images which
use a binary (a) and a ramp (b) opacity transfer function.

Overall, a combination of oversampling along the rays and higher-order classifi-
cation (in contrast to zero-order binary opacity transfer functions) with a limited filter
width is used (see Fig. 4 - 6). A higher oversampling rate also introduces higher render-
ing costs of VIZARD II. If we assume four-times oversampling, VIZARD II achieves
an estimated framerate of five fps for opaque classifications. If we choose a more costly
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Fig. 3. Influence of binary (a) and ramp opacity transfer functions (b) with uni-sampled volumes.

transparent rendering (more samples), the implicit averaging step can be traded with a
further reduction of the sampling rate, thus achieving a similar framerate. For a bet-
ter visualization of the surface of the material interface between the ventricle wall and
the brain tissue, we can limit the number of contributing samples, once the material
interface is detected. We expect images similar to Figure 5, where we rendered two iso-
surfaces and blended them subsequently with appropriate opacities. As another positive
effect, this techniques would also increase the rendering performance.

3.1 Voxels versus Polygons

Alternative polygonal representations of the data can also be used with a standard graph-
ics accelerator. However, isosurface extraction algorithms like Marching Cubes [17]
tend to generate many, small triangles which pose a significant rendering load a graph-
ics accelerator. In [4], we modified the VIVENDI system to address this kind of data.
Due to segmentation problems of the noisy MRI TOF data, we needed to manually
register and match two different MRI sequences for the ventricular system (MRI TSE),
and for the arterial blood vessels (MRI TOF). Direct volume rendering provides addi-
tional filter steps of the transfer functions which reduce the noise in the data. It also
provides volumetric cues which indicate the volumetric distance between the boundary
of the ventricles, and the blood vessels. For a more detailed discussion of the visual
differences we refer the interested reader to [2].



4 Conclusion and Future Work

In this paper, we explored the use of ray casting for opaque and translucent render-
ing of segmented volume datasets for virtual endoscopy applications. We noticed that
oversampling is in particular mandatory to accomplish good image quality, at least for
segmented datasets as used in this case. Due to the segmentation, the walls of the ven-
tricle are very thin and require a high sampling frequency. A sampling distance of one
yields to insufficient image quality due to undersampling. In general, we found that a
unit sampling distance of 0.25 is necessary to accomplish satisfactory image quality.
For datasets which do not have such high frequencies, the Nyquist frequency suffices to
accomplish good image quality. The higher sampling rate can also be reduced by using
higher order classification functions, since this introduces an additional filter operation.

VIZARD II is a special purpose hardware accelerator for true ray casting and high
image quality. With its highly optimized memory interface, it is capable of generat-
ing up to 80 million trilinearly interpolated samples and gradients per second using one
processing pipeline only. Each sample is Phong shaded using per sample material prop-
erties and composed at high precision to ensure highest image quality. With respect to
endoscopic applications, this performance can deliver about 20 frames per second (fps)
for uni-sampled opaque rendering of the ventricle since early ray termination can be
exploited. With four-times oversampling, this framerate is reduced to estimated five
fps.

Future work will focus on how to avoid such extremely high sampling frequencies
in empty space by applying space leaping. Furthermore, we would like to investigate
how to avoid slicing patterns by jittering the sampling position from ray to ray.
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Fig. 4. Snapshots of the opaque third ventricle from a ventricular system flythrough at varying
sampling rates in z (along the rays); The three different rows show different sampling rates; (I)
uni-sampling, (II) two-times oversampling, (III) four-times oversampling. The two columns show
images rendered with binary (left column) and ramp opacity transfer functions (right column).
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Fig. 5. (a) Snapshot of the transparent third ventricle with opaque red arterial circle of Willis
with a ramp opacity transfer functions. The individually opaque rendered images are blended
by image-processing techniques (without absorption) with 40% and 60% opacity. (b) Transfer
functions for the surface of the third ventricle, and for the surface of the blood vessels (c).
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Fig. 6. (I) Snapshots of the transparent third ventricle with opaque red arterial circle of Willis
with a ramp opacity transfer function. The images are composited using regular direct volume
rendering, taking absorption into account; we use four-times oversampling. (II) Transfer func-
tions of the respective images. The left column shows a more solid surface of the third ventricle
than the right column.


