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Abstract: 3D virtual endoscopy has been used as an alternative non-invasive procedure for visualization of hollow organs.
However, due to computational complexity, this is a time-consuming procedure. In this paper, we propose a fast volume
rendering algorithm based on perspective ray casting for virtual endoscopy. As a pre-processing step, the algorithm divides a
volume into hierarchical blocks and classifies them into opaque or transparent blocks. Then, in the first step, we perform ray
casting only for sub-sampled pixels on the image plane, and determine their pixel values and depth information. In the next step,
by reducing the sub-sampling factor by half, we repeat ray casting for newly added pixels, and their pixel values and depth
information are determined. Here, the previously obtained depth information is utilized to reduce the processing time. This step
is recursively performed until a full-size rendering image is acquired. Experiments conducted on a PC show that the proposed
algorithm can reduce the rendering time by 70 - 80% for bronchus and colon endoscopy, compared with the brute-force ray
casting scheme. Using the proposed algorithm, interactive volume rendering becomes more realizable in a PC environment

without any specific hardware.
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INTRODUCTION

Endoscopy is an effective medical treatment and
diagnostic technique that enables a doctor to examine
the interior surface of hollow organs such as the
bronchus and colon in a human body. During the
endoscopic procedure, an optical probe is inserted into
an organ’s interior. As such, endoscopy has several
intrinsic defects, such as causing considerable
uncomfortableness to patients, risk of perforation
through an organ, and a limited observation area. In
this context, virtual endoscopy can be an alternative to
the optical endoscopy, since it enables doctors to
examine the interior surface of target organs in a
virtual environment reconstructed from a series of CT
images without inserting an optical probe [1]. A virtual
endoscopy has various merits compared to the
conventional endoscopy. First, sedation or anesthesia
to reduce patient pain is not necessary. Second,
probability of perforation through organs is zero. Third,
various types of images can be acquired by simply
controlling camera parameters and changing the
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camera path. Lastly, many organs such as the
bronchus, colon, and blood vessels can be easily
examined, whereas some organs (e.g. blood vessels)
cannot be examined via a conventional endoscopy [2-3].

For virtual endoscopy, two rendering methods are
usually used; surface rendering and volume rendering.
In surface-rendering-based virtual endoscopy, the
boundary surface is automatically (or manually)
extracted from 3D volume data at the pre-processing
step. Then, the extracted surface is modeled into
triangular meshes and is rendered using a graphics
pipeline [4]. Even though surface rendering can be
performed rapidly due to graphic hardware
acceleration, it still needs to alleviate the preprocessing
burden as well as high hardware requirement [5]. It
may also lose some important information due to the
binary decision in extracting the surface, and the
number of triangles to model the surface. In addition,
its application areas may be limited because it cannot
visualize tissues beneath the interior surface. In
contrast, volume-rendering-based virtual endoscopy
provides realistic rendering images, and make various
operations and applications possible because they can
visualize the data beneath the interior surface.
Although volume rendering can be a good alternative to
surface rendering, it requires a high computational
cost, especially for perspective rendering as is the case
for virtual endoscopy. Therefore, most volume-
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rendering-based virtual endoscopy systems use a high
price graphics workstation with a parallel architecture,
and require a large-size memory to provide desirable
image quality and rendering speed [3], [6]. However,
high hardware cost may limit the general use of virtual
endoscopy. Also, if lossy rendering is allowed in order
to maintain desired rendering speed in a less expensive
hardware, some important information may be lost [2].

To alleviate this problem, we consider pure software-
based volume rendering. There are several software-
based algorithms available, based on volumetric ray
casting [7], voxel projection [8-9], and shear-warp
factorization approach [10], and so on. In this paper,
we adopt the ray casting algorithm, which is known as
a more accurate method for perspective rendering, and
widely used in virtual endoscopy. The ray casting
algorithm consists of three steps; re-sampling along
rays, calculation of color and opacity values at the
sampling points, and combining colors and opacity to
acquire final pixel values. Since these steps are
repeated on every pixel in an image, the algorithm has
a high computational cost; thus real-time or interactive
rendering is not feasible. Therefore, various space
leaping schemes to accelerate ray casting have been
suggested by using object data coherence and/or
temporal coherence [6], [11-17].

Among these schemes, let us focus on the ones
using object data coherence. The depth-based skipping
algorithm acquires depth information by surface
rendering, and uses this information in improving the
rendering speed [6], [15-16]. However, these methods
need a pre-processing step to extract the boundary

surface and requires additional memory for the surface.

Also, it is not guaranteed that the depth information
acquired by surface rendering is the same as the real
depth information. Meanwhile, the potential-field-
assisted skipping method measures the Euclidean
distance between every voxel located inside a hollow
organ and the closest interior surface [11]. By using
the measured distances, empty space can be leaped
over with a locally adaptive skipping method during
the rendering in order to reduce the rendering time.
However, this method requires much time in the pre-
processing step and needs large-size of memory for
calculating and storing the distances of all voxels. In
the block-based skipping method, the volume data is
divided into blocks and they are classified into opaque
or transparent blocks [12]. Then, by eliminating
transparent blocks from the rendering process, the
rendering speed can be improved. However, since some
target organs have small diameters and frequent
winding, a speedup by using a block structure has
limitations. To improve the rendering speed, the
exponential-region perspective ray casting methods
make rays uniformly sample the data throughout the
viewing volume [18-19]. However, their speed
improvement is not noticeable compared to the other
methods, because empty space skipping is not
considered.

In this paper, we propose a fast volume rendering
algorithm for virtual endoscopy on a general PC. This
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approach does not require any additional hardware or
a large-size of memory, and provides lossless image
quality with a considerably improved rendering speed.

PROPOSED ALGORITHM

To obtain a rendered image, the proposed algorithm
performs hierarchical ray casting by gradually
decreasing the sub-sampling interval of image pixels.
Thereby, the rendered image becomes finer step-by-
step. Meanwhile, to reduce the rendering time, the
depth information at each step is stored and used to
estimate the starting depths of rays to be cast in the
next step. Here, the depth information of a pixel
denotes the distance between a virtual camera and a
suitable location before the interior surface along the
corresponding ray. An overall block diagram of the
proposed algorithm and the corresponding image
refining procedure are shown in Fig. 1. The algorithm
consists of a pre-processing step and initial rendering
and refining steps. In the following subsections, the
method is explained in detail.

Pre-processing

Initial coarse rendering
and obtain the depth

information o Sub-sampled pixels
| for initial ray casting

Rendering refinement ¢ O (e O
by reducing the sub-
y reductng Update the depth o o |0 O
sampling interval by half . . .
information for next -
rendering refinement ¢ O (e O
O .0 Jo ©

Sub-sampling
interval = |

O: Newly added sub-
sampled pixels for refining

Final rendered image Image refining procedures

Fig. 1. Overall block diagram of the proposed algorithm and
the corresponding rendered image structure.

Pre-Processing

In this step, the volume is divided into hierarchical
blocks and they are classified into opaque or
transparent blocks. If the total summation of opacity in
a block equals zero, the block is designated a
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transparent block. Otherwise, the block is designated
as opaque. This pre-processing step can be performed
without any noticeable computational burden.

Initial Rendering and Depth Information

In the initial rendering step, ray casting is performed
only for coarsely sub-sampled pixels on the image
plane to determine their pixel values and depth
information. To reduce the rendering time in this step,
we use the block transparency information, which is
obtained in the preprocessing step [12]. If sampling
points on a ray are located in a transparent block, we
can skip the block and move to the first sampling point
in the next block.

Depth Information

In utilizing the depth information in the rendering
refinement, the proposed algorithm is based on two
important points. First, the starting depth of a ray can
be easily estimated from the depth information of its
neighbor rays, which is determined in the previous
step. Second, since the ray density is usually much
larger than the voxel density near the virtual camera,
empty space skipping based on the estimated starting
depth is effective. It should be noted that loss of
information is not allowed in reducing the processing
time. Therefore, any approximation in the depth
estimation, which may cause image quality
degradation, is not permitted. As the depth information,
we use either the voxel-wise depth or block-wise depth,
depending on the length of the voxel-wise depth. Here,
the voxel-wise depth, d,, denotes the distance along a
ray, from a camera to the transparent point just before
the first sampling point having nonzero opacity (see Fig.
3); the block-wise depth, d», denotes the distance from
a camera to the sampling point just before the first
opaque leaf block on a ray (see Fig. 4).

Now, let us consider the decision strategy between
the two kinds of depths. Fig. 2 depicts a 2D side view
showing the relationship among the camera, the
rendered image of N x N, and corresponding sub-
sampled rays of N/Ns x N/Ns, where Ns is a sub-
sampling interval. In this figure, the angle ao between
the two sub-sampled rays can be represented as

a0=2tan'l(%"—-tang). €))

Since wo is the maximum among the angles produced
by a pair of subsequent sub-sampled rays, it would be
considered to drive the most reliable criterion. Then,
the voxel-wise maximum depth, r,, is defined as

r, =(1/sin %) , @)

Pixels at the center line

in the 2D rendered iny

gy S —

a;: Sub-sampling angle at the center
" (o> o> 0> )

N @ Viewing angle

Camera —— N;: Sub-sampling interval
N:. Rendered image size

Fig. 2. Side view showing the relationship among the camera,
the rendered image, and corresponding sub-sampled rays.

in Fig. 3(a). Here, the voxel sampling interval is set to 1
for simplicity. To examine the meaning of r, we may
consider Fig. 3(b), In this figure, we assume that A;
and A2 denote the transparent sampling points just
before the first opaque ones of the two sub-sampled
and subsequent rays, Ri and Rz, respectively, and
dv(R1) and duR2) are shorter than r. Then, in the
examining procedure of six voxels adjacent to A1 and
Ao for sampling, we easily find that ray R’ in the next
step can skip up to d.,, because the voxel opacities
surrounding A: and Az are to be zero. (Here, we
consider the case that d» = dv (R1) = dv (R2), for
simplicity.] However, if A;” and A, which are located
beyond r, are the transparent sampling points just
before the first opaque ones of R; and Rz as in Fig. 3(c),
a similar decision for depth skipping is not possible
because the two voxels between rays Ri and Rz are not
examined to be transparent. Hence, if those sampling
points are located beyond r,, we consider the diagrams
in Fig. 4.

Let us define the block-wise maximum depth, r», as
follows.

%, =N, /(2sin %) , 3)

where Np is the leaf block size as shown in Fig. 4(a).
And we assume that sampling points B:1 and B: in Fig.
4(b) represent the sampling points just before the first
points whose neighbors include opaque voxel(s). If the
distances between the camera and points Bi and B2
are longer than r, we cannot use the voxel-wise depth
dy for skipping in ray R’ in the next step. Instead, we
adopt the block-wise depth, ds, which denotes the
distance from the camera to the sampling point just
before the first opaque leaf block on a ray. Then, we
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can guarantee that ray R’ between Ri: and Rz does not
meet any opaque voxel until it reaches dp. (Note that
we consider the case that d» = d» (R1}) = db (Ro), for
simplicity.) Based on this observation, we define the
depth information, d, for each ray, depending on the
voxel-wise depth and the block-wise depth, i.e.,

dV’ derV,
d=3 d,, d,>r,andd, <r,, C))
Vs db >rb.

This depth information is used for estimating skipping
depths on rays in the next, finer step. Notice that,
before the depth estimation, the depth information of
the sub-sampled rays of the previous steps should be
updated by using their du’s, which are already available.
This is because the depth information, d, depends on r,
and r, which a function of e, and ao is updated at
each step by the corresponding sub-sampling interval.
Note also that d becomes closer to the real depth value
and the ray skipping gets more effective as the step
goes on.

. \Voxels with the

sampling interval of 1

a, : Sub-sampling angle at the center
r, :Voxel-wise maximum depth

v

d, :Voxel-wise depth

Ry, Ry: Rays
s+ @ Transparent voxel

n : Opaque voxel
x  : Sampling point
Ay, A,: Transparent sampling point

Fig. 3. Definition of the voxel-wise depth d, and voxel-wise
maximum depth r,.
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Fig. 4. Definition of the block-wise depth d, and the block-
wise maximum depth rs.
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Fig. 5. Procedure to obtain the depth information from a
virtual camera.
Rendering Refinement based on Depth Information

For the rendering refinement, the algorithm reduces
the sub-sampling interval by half, and performs ray
casting only for newly added pixels (or rays) to
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determine the pixel values and corresponding depth
information. Here, the depth information obtained by
equation (4) in the previous step is utilized in
determining pixel values to reduce the processing time.
As mentioned above, in Figs. 3 and 4, we illustrated
instances where the d, values were almost the same for
subsequent rays. Fig. 5 shows a more general case,
where the viewing angle is tilted and the d, values are
obviously different. As mentioned in the previous
section, criteria r, and r, used in equation (4) are still
applicable for a tilted viewing angle, because ao is
always larger than o1, a2, .... Since voxel-wise depths,
dy for the two rays R1 and Ro, are quite different in the
example of Fig. 5, depth information, d(Ri) and d(Ry),
based on equation (4) are also different. In this case,
we conservatively choose the estimated skipping
distance of R’ as their minimum value. Thus far, in
describing the proposed ray skipping scheme based on
the depth information, we have adopted simplified 2D
diagrams, as in Figs. 3, 4 and 5. If we expand this
concept to an actual 3D case, as in Fig. 6, the
estimated depth (or the skipping distance) of R’ can be
described as follows.

d/R’) =min{ d(Ry), d(Rz), d(R3), d(Ry) }. ®)

Using equation (5), a new refining ray begins
sampling (or ray casting) after de() from the camera.
Thereby, we can skip the transparent space efficiently
and start the rendering near the interior surface. Also
the updated voxel-wise depth value d, of the new ray
and the corresponding depth information d are
subsequently determined for the mnext step. This
rendering refinement step is performed recursively
until a full-size rendering image is acquired (see Fig. 1).

- Tamy PR
@ -~ e e T
Camera [ N dRy)
R, -
\ dRy)

d(-): Depth information for the corresponding ray
d,(R’) = min{d(R,), d(R,), d(R3), d(R,)}

Fig. 6. Depth estimation and utilization to reduce the
rendering time.

Parameters to be Considered

The initial rendering time and the efficiency of depth
information, which affect the total rendering time, depend
on parameters such as the number of total rays, the sub-
sampling factor, and leaf block size. If the sub-sampling
interval for the initial rendering is large, the initial
rendering time can be reduced. However, a longer
rendering refinement time will be needed, because the
number of refinement steps increases and estimated
depths for ray skipping becomes shorter in the earlier
steps. Meanwhile, for a small size of leaf block, the initial
rendering time becomes shorter. However, the interval
where the block-wise depth can be used ((r, - #,) in Fig. 4),
decreases. Thereby, the depth estimation range also
decreases, potentially increasing the total rendering time.
Therefore, a proper selection of parameter values is
important for effectively reducing the rendering time. In
this paper, we experimentally determine the parameters
as described in the following section.

SIMULATION RESULTS AND DISCUSSION

For simulation, we use a bronchus CT data set of
256 x 256 x 283 with voxel dimensions of 0.703 x
0.703 x 1.0 mm3, and a colon data set of 512 x 512 x
127 with voxel dimensions of 0.553 x 0.553 x 1.0 mma3.
The size of output image is set to 256 x 256 for a
viewing angle of 90°. Experiments are performed on a
PC equipped with an AMD 800MHz CPU.

To determine proper parameters experimentally, we
examine the rendering time depending on the initial
sub-sampling factor and leaf block size, and described
in Tables 1 and 2 for the bronchus and colon images,
respectively. Based on these results, we set the initial
sub-sampling interval to 4 and the leaf block size to 4 x
4 x 4 for both images. Note that rendering time
changes depending on parameters in the initial and
refinement stages follow our discussion described in
the previous sub-section.

In Tables 3, rendering times of the proposed and
various existing algorithms are compared for the
bronchus and colon images, respectively. The
rendering time is the average value for 40 images
obtained during navigation following a predefined path.
For fair comparison among the algorithms, we use the
same rendering software besides the skipping part.
Ideal skipping’ in Table 3 shows the rendering time
obtained by assuming that we know real depth values
for all rays. ‘Brute-force’ shows the rendering time
when the rendering is done for regularly sampled rays
without skipping. ‘Potential-field-assisted skipping’
denotes the time obtained by assuming that the
distance to the interior surface of the organ is known
for every voxel [11]. Finally, ‘Block-based skipping’ is
the rendering time when the volume is divided into
blocks, and transparency flags are set to blocks [12].
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Table 1. Rendering time (msec) depending on sub-sampling facter and leaf block size for a bronchus image.

Initial sub-sampling factor

2 4 8
Leaf ‘ Imtle}l Rendering Total Inltla}l Rendering Total Inltlgl Rendering Total
Block size || rendering | refinement rendering | refinement rendering | refinement
4x4x4 290 358 648 74 463 537 19 558 577
8x8x8 368 353 721 95 468 563 24 590 614
Table 2. Rendering time (msec) depending on sub-sampling factor and leaf block size for a colon image.
Initial sub-sampling factor
2 4 8
Leaf Initial Rendering Initial Rendering Initial Rendering
Block size | rendering | refinement Total rendering | refinement Total rendering | refinement Total
4x4x4 339 292 631 80 390 470 22 556 578
8x8x8 390 298 688 98 418 516 26 711 737

Table 3. Rendering time for the bronchus and colon images. In the proposed algorithm, the initial sub-sampling interval

of 4 and leaf block size of 4 x 4 x 4 are used.

Bronchus image Colon image
S Rendering time L Rendering time
Method Rendering time (ratio to ideal Rendering time (ratio to ideal
(ms) - (ms) -
skipping) skipping)

Ideal skipping 396 1.00 365 1.00

Brute-force 1897 4.79 2352 6.44

Potentlgl-f_‘leld—as&sted 1229 310 1027 281
skipping [11]

Block-based skipping [12] 1381 3.39 1552 4.25

Proposed 493 1.24 431 1.18

Relative ratios of rendering time to ‘Ideal skipping’
for the bronchus and colon images are illustrated in
Fig. 7 and Fig. 8, respectively. Here, notice that all the
rendered images obtained from the algorithms above
are identical. From these experimental data, the
proposed algorithm provides the fastest rendering
speed. Figs. 9 and 10 show an exact depth image in
TIdeal skipping’, depth image estimated in our
algorithm, and rendered image that is common, for a
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bronchus and colon, respectively. It should be noted
that there is only a slight difference between the two
depth images. And it makes the rendering speed of the
proposed algorithm similar to the one of Ideal
skipping’. Additional memory for the proposed efficient
skipping, is used to save the block classification result
and the voxel-wise depth, block-wise depth, and depth
information for the 2D rendered image pixels of N/2 x
N/2. This memory requirement is minor compared with
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the original 3D volume data for rendering.

According to the obtained data, it is demonstrated
that the proposed method can provide prospective
results for fast perspective volume rendering in a
virtual endoscopy. The proposed algorithm reduces the
rendering time by 74% for the bronchus image and by
81% for the colon, compared with the brute-force ray
casting scheme. This rendering time is about 2.5 times
faster than the other compared fast algorithms. Our
algorithm makes three major contributions. First, two
types of depth criteria are introduced and efficiently
used without affecting the image quality. Second, the
algorithm can be easily applied for progressive
rendering. In addition, the depth information is refined
during the progressive process so that more efficient
voxel skipping may be possible. Finally, contrary to
other existing algorithms, our approach does not
require any additional hardware or time consuming
pre-processing.

Ratio
to
Ideal
skipping 479
T ®
4 310 3.39
T 1.00 1.24
1 e @
| | ! | !

1 T T T T
ldeal  Brute Potential- Block- Proposed
skipping force  field-  based

assisted skipping

skipping

Fig. 7. Relative ratios of rendering time to ‘Ideal skipping’ for
a bronchus image data set.
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Fig. 8. Relative ratios of rendering time to ‘ldeal skipping’ for
a colon image data set.

() ® ()

Fig. 9. (a) Exact depth image for ideal ékipping, (b) depth
image estimated from the proposed method, and (c) the
corresponding rendered result, for a bronchus image data set.

(@ (b) ()

Fig. 10. (a) Exact depth image for ideal skipping, (b) depth
image estimated from the proposed method, and (c) the
corresponding rendered result, for a colon image data set.

CONCLUSIONS

We propose a fast and progressive volume rendering
algorithm for a virtual endoscopy. By using the
estimated depths in each step, we can efficiently skip
empty spaces and only perform rendering near the
interior surface. Thereby, the ray casting time can be
drastically saved, without any image quality
degradation. We also note in the proposed algorithm
that the depth information is refined simultaneously
during the ray casting for volume rendering.
Experimental data shows that the proposed algorithm
provides much faster performance compared with the
existing algorithms.
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